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GAS TRANSPORT AND pH REGUlATION 

25.1 INTRODUCTION TO GAS TRANSPORT 

Large organisms, especially terrestrial ones, require a relatively tough, imperme
able outer covering to help shield them from dust, twigs, nonisotonic fluids 
like rain and seawater, and other elements in the environment that might be 
harmful to living cells. One of the consequences of being large and having an 
impermeable covenng IS that mdivJdual cells of the organism cannot exchan e 
gases directly with the atmosphere. Instead there must exist a specialized e~
change surface, such as a lung or a gill, and a system to circulate the gase 
(and other materials, such as nutrients and waste products) in a manner tha~ 
will meet the needs of every living cell in the body. 

The existence of a system for the transport of gases from the atmosphere 
to cells deep within the body is not merely necessary, it has definite advantages. 
Oxygen is a good oxidizing agent, and at its partial pressure in the atmosphere 
about 160 mmHg or 21.3 kPa, it would oxidize and inactivate many component~ 
of the cells, such as essential sulfhydryl groups of enzymes. By the time o, gets 
through the transport system of the body its partial pressure is reduced to a 
much less damaging 20 mmHg (2.67 kPa) or less. In contrast, C0

2 
is relatively 

concentrated in the body and becomes diluted in transit to the atmosphere. In 
the tissues, where it is produced, its Partial pressure is 46 mmHg (6.13 kPa) or 
more. In the lungs it is 40 mmHg (5.33 kPa), and in the atmosphere only 0.2 
mmHg (0.03 kPa), less abundant than the rare gas, argon. Its relatively high 
concentration in the body permits it to be used as one component of a physiolog
ically important buffering system, a system that is particularly useful because, 
upon demand, the concentration of C02 in the extracellular fluid can be varied 
over a rather wide range. This is discussed in more derail later in the chapter. 

Oxygen and CO, are carried between the lungs and the other tissues by 
the blood. In the blood some of each gas is present in simple physical solution 
but mostly each is involved in some son of interaction with hemoglobin, th~ 
major protein of the red blood celL There is a reciprocal relation between 
hemoglobin's affinity for 0, and CO,, so that the relatively high level of 0

2 
in 

the lungs aids the release of CO,, which is to be expired, and the high C0
2 level in other tissues aids the release of Oz for their use. Thus a description of 

the physiological transport of O, and CO, is the story of the interaction of these 
two compounds with hemoglobin. 

25.2 NEED FOR A CARRIER OF OXYGEN 1N BWOD 

An o, carrier is needed in blood because 0 2 is not soluble enough in blood 
plasma to meet the body's needs. At 38"C, 1 L of plasma dissolves only 2.3 mL 
of 0 2 . Whole blood, because of its hemoglobin, has a much greater oxygen 
capacity (see Clin. Corr. 25.1). One liter of blood normally contains about 
150 g of hemoglobin (contained within the erythrocytes), and each gram of 
hemoglobin can combine with 1.34 mL of O,. Thus the hemoglobin in 1 L of 
blood can carry 200 mL of O,, 87 times as much as plasma alone would cany. 
Without an 0 2 carrier, the blood would have to circulate 87 times as fast to 
provide the same amount of O,. As it is, the blood makes a complete circuit 
of the body in 60 s under resting conditions, and in the aorta it flows at the 
rate of about 18.6 m s-'. An 87-fold faster flow would require a fabulous high
pressure pump, would produce tremendously turbulent flow and high shear 
forces in the plasma, would result in uncontrollable bleeding from wounds, 
and would not even allow the blood enough time in the lungs to take up 0,. 
The availability of a carrier not only permits us to avoid these impracticalities, 
but also gives us a way of controlling oxygen delivery, since the 0

2 
affinity of 

the carrier is responsive to changing physiological conditions. 
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'spiratory System Anatomy Affects Blood Gas Concentration 

1e respiratory system includes the trachea, in the neck, which bifurcates in 
=thorax into right and left bronchi, as shown schematically in Figure 25.1. 
1e bronchi continue to bifurcate into smaller and smaller passages, ending 
.rh tiny bronchioles, which open into microscopic gas-filled sacs called alveoli. 
is in the alveoli that gas exchange takes place with the alveolar capillary blood. 

As we inhale and exhale, the alveoli do not appreciably change in size . 
.ther, it is the airways that change in length and diameter as the air is pumped 
co and out of the lungs. Gas exchange between the airways and the alveoli 
en proceeds simply by diffusion. These anatomical and physiological facts 
.ve two important consequences. In the first place, since the alveoli are at 
e ends of long tubes that constitute a large dead space, and the gases in the 
1eoli are not completely replaced by fresh air with each breath, the gas 
mposition of the alveolar air differs from that of the atmosphere, as shown 
Table 25.1. Oxygen concentration is lower in the alveoli because it is removed 
• the blood. Carbon dioxide concentration is higher because it is added. Since 
= do not usually breathe air that is saturated with water vapor at 38°C, water 
por is generally added in the airways. The concentration of nitrogen is lower 
the alveoli, not because it is taken up by the body, but simply because it is 

luted by the CO, and water vapor. 
A second consequence of the existence of alveoli of essentially constant 

'e is that the blood that flows through the pulmonary capillaries during expira
m, as well as the blood that flows through during inspiration, can exchange 
.ses. This would not be possible if the alveoli collapsed during expiration and 
mtained no gases, in which case the composition of the blood gases would 
1ctuate widely, depending on whether the blood passed through the lungs 
1ring an inspiratory or expiratory phase of the breathing cycle. 

Physiological Oxygen Carrier Must Have Unusual Properties 

·e have seen that an 0 2 carrier is necessary. Clearly this carrier would have 
be able to bind oxygen at an 0 2 tension of about 100 mmHg (13.3 kPa), the 

1nial pressure of oxygen in the alveoli. The carrier must also be able to release 

2 to the extrapulmonary tissues. The 0 2 tension in the capillary bed of an 
tive muscle is about 20 mmHg (2.67 kPa). In resting muscle it is higher, but 
uing extreme activity it is lower. These 0 2 tensions represent the usual limits 
ithin which an oxygen carrier must work. An efficient carrier would be nearly 
By saturated in the lungs but should be able to give up most of this to a 
orking muscle. 

Let us first see whether a carrier that binds O, in a simple equilibrium 
presented by 

Oxygen + carrier .=:; oxygen · carrier 

\BLE 25.1 Partlal Pressures of Important Gases Given in 
Milllmeters of Hg (kPa) 
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FIGURE 25.1 
Diagram showing the tesplratoty tract. 
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FIGURE 25.2 

Oxygen saturation curves for two .. hypo
thetical oxygen carriers and for 
hemoglobin. 
Curve A: Hypothetical carrier with hyperbolic 
saturation curve (a simple carrier), 90% satu
rated in the lungs and 66% saturated at the 
partial pressure found in interstitial fluid. 
Curve B: Hypothetical carrier with hyperbolic 
saturation curve (another simple carrier), 56% 
saturated in the lungs and 20% saturated at 
the partial pressure found in interstitial fluid. 
Dashed curve: Hemoglobin in whole blood. 

would be satisfactory. For this type of carrier the dissociation constant woul 
be given by the simple expression 

Kd = [oxygen][carrier] 
[oxygen · carrier] 

and the saturation curve would be a rectangular hyperbola. This mod< 
would be valid even for a carrier with several oxygen-binding sites per molecult 
which we know is the case for hemoglobin, as long as each site were indeper. 
dent and not influenced by the presence or absence of 0 2 at adjacent sites. 

If such a carrier ha~ a dissociation constant that permitted 90% saturatioJ 
in the lungs, then, as shown in Figure 25.2, curve A, at a partial pressure of 2• 
mmHg (2.67 kPa) it would still be 66% saturated and would have delivere< 
only 24% of its 0 2 load. This would not be very efficient. 

What about some other simple carrier, one that bound 0 2 less tightly am 
therefore released most of it at low partial pressure, so that the carrier was, say 
only 20% saturated at 20 mmHg (2.67 kPa)? Again, as shown in Figure 25.2 
curve B, it would be relatively inefficient; in the lungs this carrier could fill onl' 
56% of its maximum 0 2 capacity and would deliver only 36% of what it coul< 
cany. It appears then that the mere fivefold change in 0 2 tension between th( 
lungs and the unloading site is not compatible with efficient operation of , 
simple carrier. Simple carriers are not sensitive enough to respond massive}~ 
to a signal as small as a fivefold change. 

Figure 25.2 also shows the oxygen-binding curve of hemoglobin in norma 
blood. The curve is sigmoid, not hyperbolic, and it cannot be described by ' 
simple equilibrium expression. Hemoglobin, however, is a very good physiolog· 
ical 0 2 carrier. It is 98% saturated in the lungs and only about 33% saturatec 
in the working muscle. Under these conditions it delivers about 65% of the 0: 
it can carry. 

It can be seen in Figure 25.2 that hemoglobin is 50% saturated with 0 2 ar 
a partial pressure of 27 mmHg (3.60 kPa). The partial pressure correspondinE 
to 50% saturation is called the P 50 • The term PSD is the most common way oJ 
expressing hemoglobin's 0 2 affinity. By analogy with Km for enzymes, a relatively 
high P50 corresponds to a relatively low 0 2 affinity. 

The Steep Part of the Curve lies in the Physiological Range 

Note that the steep part of hemoglobin's saturation curve lies in the range of 
0 2 tensions that prevail in the extra pulmonary tissues. This means that relatively 
small decreases in oxygen tension in these tissues will result in large increases 
in 0 2 delivery, this effect becoming more pronounced as the partial pressure 
of 0 2 diminishes within the physiological range. Furthermore, small shifts of 
the curve to the left or right will also strongly influence 0 2 delivery. In Sections 
25.3, 25.5, and 25.6 we see how physiological signals effect such shifts and 
result in enhanced delivery under conditions of increased 0 2 demand. Small 
decreases of 0 2 tension in the lungs, however, such as occur at moderately high 
altitudes, do not seriously compromise hemoglobin's ability to bind oxygen. This 
will be true as long as the alveolar partial pressure of 0 2 remains in a range 
that corresponds to the relatively flat region of hemoglobin's 0 2 dissociation 
curve (see Clin. Corr. 25.2). 

Finally, we can see from Figure 25.2 that the binding of oxygen by hemoglo
bin is cooperative. At very low 0 2 tension the hemoglobin curve tends to follow 
the hyperbolic curve, which represents relatively weak 0 2 binding, but at higher 
tensions it actually rises above the hyperbolic curve that represents tight binding
Thus hemoglobin binds 0 2 weakly at low oxygen tension and tightly at high 
tension. The binding of the first 0 2 to each hemoglobin molecule enhances the 
binding of subsequent 0 2 molecules. 
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Hemoglobin's abihty to bind 0 2 cooperatively is reflected in its Hill coeffi
tt, which has a value of about 2.7. (The Hill equation is derived and inter
ed on p. 119.) Since the maximum value of the Hill coefficient for a system 
1uifibrium is equal to the number of cooperating binding sites, a value of 
neans that hemoglobin, with its four oxygen-binding sites, is more coopera
than would be possible for a system with only two cooperating binding 
but it is not as cooperative as it could be. 

HEMOGLOBIN AND AUOSTERJSM: EFFECT 
OF 2,3-BISPHOSPHOGLYCERATE 

)globin's binding of 0 2 was the original example of a homotropic effect 
•erativiry and al1osterism are discussed in Chapter 4), but hemoglobin also 
its a heterotropic effect of great physiological significance. This involves 
eraction with 2,3-bisphosphoglycerate (BPG) (Figure 25-3), which is 
y related to the glycolytic intermediate, 1 ,3-bisphosphoglycerate, from 
it is biosynthesized. 
had been known for many years that hemoglobin in the red cell bound 
'1 less tightly than purified hemoglobin could (Figure 25.4). It had also 
:nown that the red cell contained high levels of BPG, nearly equimolar 
emoglobin. Finally, the appropriate experiment was done to demonstrate 
arionships betvveen these two facts. It was shown that the addition of 
· purified hemoglobin produced a shift to the right of its oxygen-binding 
bringing it into congruence with the curve observed for whole blood. 
>rganic polyphosphates, such as ATP and inositol pentaphosphate, also 
is effect. Inositol pentaphosphate is the physiological effector in birds, 
t replaces BPG, and ATP plays a similar role in some fish. 
ood's model of allosterism explains heterotropic interaction. Applying 
del to hemoglobin, in the deoxy conformation (the T state) a cavity 
1ough to admit BPG exists between the (3 chains of hemoglobin. This 

lined with positively charged groups and firmly binds one molecule 
'gatively charged BPG. In the oxy conformation (the R state) this cavity 
:r, and it no longer accommodates BPG as easily. The result is that the 
of BPG to oxyhemoglobin is much weaker. Since BPG binds preferen
he T state, the presence of BPG shills the R-T equilibrium in favor of 
lie; the deoxyhemoglobin conformation is thus stabilized over the 
>globin conformation (Figure 25.5). For oxygen to overcome this and 
1emoglobin, a higl1er concentration of oxygen is required. Oxygen 
1 the lungs is sufficiently high under most conditions to saturate hemo
nost completely, even when BPG levels are higl1. The physiological 
3PG can, therefore, be expected to be upon release of oxygen to the 
10nary tissues, where 0 2 tensions are low . 
. ignificance of a high BPG concentration is that the efficiency of 0 2 

~ increased. Concentrations of BPG in the red cell rise in conditions 
( with tissue hypoxia, such as various anemias, cardiopulmonary 
1cy, and high altitude. These high levels of BPG enhance the formation 
emoglobin at low partial pressures of oxygen; hemoglobin then deliv
)f its 0 2 to the tissues. This effect can result in a substantia) increase 
,unt of 0 2 delivered because the venous blood rerurning to the heart 
tl individual is (at rest) at least 60% saturated with 0 2• Much of this 
mciate in the peripheral tissues if the BPG concentration rises. 
'G mechanism works very well as a compensation for tissue hypoxia 
he partial pressure of oxygen in the lungs remains hig11 enough that 
tding in the lungs is not compromised. Since, however, BPG shifts 
-binding curve to the right, the mechanism will not compensate for 
xia when the partial pressure of 0 2 in the lungs falls too low. Then 

FIGUJIE 25.3 
2,3-Blsphosphoglycerate (BPG). 

mmHg 

1.33 4.0 kPa 

Partial pressure of oxygen 

FIGURE 25.4 
Oxygen dissociation curves for myoglo
bin, for hemoglobin that has been 
stripped of CO, and organic phosphates, 
and for whole red blood cells. 
Data from Brenna, 0., Luzzana, M., Pace, M, et 
a/. Adv. Exp. Bioi. Med. 28:19, 1972. Adapted 
from McGilvery, R. W. Biochemisrry: A Funaional 
Approach, 2nd ed. Ppiladelpbfa.· Saunders, 1979, 
p.236. 

Hb[T) ~=~Hb(R) 
+ + 

8ft 1r 
Hb·BPG(T) Hb·O,(R) 

FIGURE 25.5 
Schematic representation of equilibria 
among BPG, 0 2 , and the T and R states of 
hemoglobin. 
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the increased efficiency of 0 2 unloading to the tissues is counterbalanced by a 
decrease in the efficiency of loading in the lungs. This may be a factor in 
determining the maximum altitude at which people choose to establish perma
nent dwellings, which is about 18,000 ft ( -5500 m). There is evidence that a 
better adaptation to extremely low ambient partial pressures of 0 2 would be a 
shift of the curve to the left. 

25.4 OTIIER HEMOGWBINS 

Although hemoglobin A is the major form of hemoglobin in adults and in 
children over seven months of age, accounting for about 90% of their total 
hemoglobin, it is not the only normal hemoglobin species. Normal adults also 
have 2-3% of hemoglobin A,, which is composed of two a chains like those 
in hemoglobin A and two 8 chains. It is represented as a 282 . The 8 chains differ 
in amino acid sequence from the f3 chains and are under independent genetic 
controL Hemoglobin A2 does not appear to be important in normal individuals_ 

Several species of modified hemoglobin A also occur normally. These are 
designated A131 , A132 , A1b, and Atc. They are adducts of hemoglobin with various 
sugars, such as glucose, glucose 6-phosphate, and fructose 1,6-bisphosphate. 
The quantitatively most significant is hemoglobin A," formed by covalent 
binding of a glucose residue to the N tenninal of the f3 chain at a rate that 
depends on the concentration of glucose. As a result, hemoglobin A1c forms 
more rapidly in uncontrolled diabetics and can comprise up to 12% of their 
total hemoglobin. Hemoglobin A" or total glycosylated hemoglobin levels are 
a useful measure of how well diabetes has been controlled during the days 
and weeks before the measurement is taken; measurement of blood glucose 
only indicates how well diabetes is under control when the blood sample is 
taken. Chemical modification of hemoglobin A can also occur from interaction 
with drugs or environmental pollutants (see Clin. Corr. 25.3). 

Fetal hemoglobin, hemoglobin F, is the major hemoglobin in newborn 
infants. It contains two y chains in place of the f3 chains and is represented as 
a,y,. Shortly before birth y-chain synthesis diminishes and /3-chain synthesis 
is initiated, and by the age of seven months well over 90o/o of the infant's 
hemoglobin is hemoglobin A. 

Hemoglobin F is adapted to the environment of the fetus, who gets oxygen 
from maternal blood, a source that is far poorer than the atmosphere. To 
compete with the maternal hemoglobin for 0 2 , fetal hemoglobin must bind O, 
more tightly; its oxygen-binding curve is thus shifted to the left relative to 
hemoglobin A. This is accomplished through a difference in the influence of 
BPG upon the maternal and fetal hemoglobins. In hemoglobin F two of the 
groups that line the BPG-binding cavity have neutral side chains instead of the 
positively charged ones that occur in hemoglobin A. Consequently, hemoglobin 
F binds BPG less tightly and thus binds oxygen more tightly than hemoglobin 
A does. Also, about 15-20% of the hemoglobin F is acetylated at theN terminals; 
this is referred to as hemoglobin F,. Hemoglobin F, does not bind BPG, and 
its affinity for oxygen is not affected at all by BPG. The postnatal change from 
hemoglobin F to hemoglobin A, combined with a rise in red cell BPG that 
peaks three months after birth, results in a gradual shift to the right of the 
infant's oxygen-binding curve (Figure 25.6). The result is greater delivery of 
oxygen to the tissues at this age than at birth, in spite of a 30o/o decrease in the 
infant's total hemoglobin concentration. 

In many inherited anomalies of hemoglobin synthesis there is formation 
of a structurally abnormal hemoglobin; these are called hemoglobinopathies. 
They may involve the substitution of one amino acid in one type of polypeptide 
cha.in for some other amino add or they may involve absence of one or more 
amino acid residues of a polypeptide chain. In some cases the change is clinically 
insignificant, bur in others it causes serious disease (see Clin. Carr. 25.4). 



.5 PHYSICAL FACTORS TIIAT AFFECT OXYGEN BINDING 

gh Temperature Weakens Hemoglobin's Oxygen Affinity 

mperature has a significant effect on 0 2 binding by hemoglobin (Figure 25.7). 
below-normal temperatures the binding is tighter, resulting in a leftward shift 
the cuiVe; at higher temperatures the binding becomes weaker, and the 

rve is shifted to the right. The effect of elevated temperature is like that of 
~h levels of BPG, in that both enhance unloading of oxygen. The temperature 
ect is physiologically useful, as it makes additional 0 2 available to support 
: high metabolic rate found in fever or in exercising muscle with its elevated 
nperature. The relative insensitivity to temperature of 0 2 binding at high 
rtial pressure of oxygen minimizes compromise of 0 2 uptake in the lungs 
der these conditions. 

The tighter binding of 0 2 that occurs in hypothermic conditions is not 
portant in hypothermia induced for surgical purposes. Decreased 0 2 utiliza
n by the body and increased solubility of 0 2 in plasma at lower temperatures, 
well as the increased solubility of CO,, which acidifies the blood, compensate 
hemoglobin's diminished ability to release 0 2 . 

w pH Weakens Hemoglobin's Oxygen Affinity 

drogen ion concentration influences hemoglobin's 0 2 binding. As shown in 
ure 25.8, low pH shifts the curve to the right, enhancing 0 2 delivery, whereas 
.h pH shifts the curve to the left. It is customary to express O, binding by 
noglobin as a function of plasma pH because it is this value, not the pH 
hin the erythrocyte, that is usually measured. Erythrocyte cell sap pH is 
ter than the plasma pH, but these two fluids are in equilibrium, and changes 
)ne reflect changes in the other. 

The influence of pH upon 0 2 binding is physiologically significant, since 
ecrease in pH is often associated with increased oxygen demand. Increased 
tabolic rate increases production of carbon dioxide and, as in muscular 
'fcise and hypoxic tissue, lactic acid. These acids produced by metabolism 
p release oxygen to suppon that metabolism. 
The increase in acidity of hemoglobin as it binds 0 2 is known as the Bohr 

ect; an equivalent statement is that the Bohr effect is the increase in basicity of 
no globin as it releases oxygen. The effect may be expressed by the equation 

HHb + 0 2 =; Hb02 + H+ 

s equation gives the same information as Figure 25.8-that increases in 
lrogen ion concentration favor formation of free oxygen from oxyhemoglo
' and conversely, that oxygenation of hemoglobin lowers the pH of the so
on. 

5 CARBON DIOXIDE TRANSPORT 

: carbon dioxide we produce is excreted by the lungs, to which it is trans
ted by the blood. Carbon dioxide transport is closely tied to hemoglobin 
I to the problem of maintaining a constant pH in the blood, a problem that 

be discussed subsequently. 

od C02 Is Present in Three Major Forms 

bon dioxide is present in the blood in three major forms, as dissolved CO,, 
!Co,- (formed by ionization of H2C03 produced when C02 reacts with H 20), 
as carbaminohemoglobin (formed when C02 reacts with amino groups of 

tein). Each of these is present both in anerial blood and in venous blood 
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Oxygen dissociation curves after birth. 
Adapted from Oski, F. A., and Delivoria
Papadopoulos, M. j. Pediatr. 77:941, 1970 
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Oxygen dissociation curve for whole 
blood at various values of plasma pH. 
Adapted from Lambertson, C.]. In: P. Bard (Ed), 
Med1cal Physiology, 11th ed. St. Louis, MO· Mosby, 
1961, p. 596. 
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OxygCil Af6nity 
SOme abn~n:nal hein0gl6bins have .. an a~-
tered ~flillitY, for oxygen. If oxy&en affinity 
is incr~~~d (Pso 4e~ased)1 oxygefl d~livery 
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pr0~i't:~f'ii~~~\ ,flot{>_r>ir.-n<>.r#Ft>Ig(\<1•· 
<Cllfve::tlt;t_nd f6~ the.blOoff ,?ra:~p~tie,nr:Wi:t~ _) 
Hb.~hl)eJ(¢urve b)• O)>viopsly;ihepati.,ht•s · · 
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(see the top three lines of Table 25.2). Net transport to the lungs for excretion 
is represented by the concentration difference between arterial and venous 
blood, shown in the last column. Note that for each form of carbon dioxide 
the arterial-venous difference is only a small fraction of the total amount present· 
venous blood contains only about 10% more total carbon dioxide (total 
C02 is the sum of HC03 -, dissolved C02 , and carbaminohemoglobin) than 
arterial blood. 

After carbon dioxide enters the bloodstream for transport, it generates 
hydrogen ions. Most come from formation of bicarbonate ion, which occurs in 
the following manner. 

Bicarbonate Formation 

Carbon dioxide enters the blood and diffuses into erythrocytes, whose mem
branes, like most biological membranes, are freely permeable to dissolved co,. 
Within the erythrocytes most of the carbon dioxide is acted on by the intracellular 
enzyme, carbonic anhydrase, which catalyzes the reaction 

Clrbonic 
C02 + H 20 H,co, 

anhydrase 

This reaction proceeds in the absence of a catalyst, as is well known to all who 
drink carbonated beverages. Without the catalyst, however, it is too slow to 
meet the body's needs, taking over 100 s to reach equilibrium. Recall that at 
rest the blood makes a complete circuit of the body in 60 s. Carbonic anhydrase 
is a very active enzyme, having a turnover number of the order of 106 , and 
inside the erythrocytes the reaction reaches equilibrium within 1 s, less than 
the time spent by the blood in the capillary bed. The enzyme contains zinc 
and accounts in part for our dietary requirement for this metal. 

The ionization of carbonic acid, H 2C03 ~ H+ + HC03-, is a rapid, spontane~ 
ous reaction. It produces equivalent amounts of H+ and HC03-. Since, as shown 
in the last column of line 2 in Table 25.2, 1.69 meq of bicarbonate was added 
to each liter of blood by this process, 1.69 meq of H+ must also have been 
generated per liter of blood. Addition of this much acid, over 10-3 equiv of H+, 
to 1 L of water would give a final pH below 3. Since the pH of venous plasma 
averages 7.37, most of the H+ generated during HCO,- production must be 
consumed by buffer action and/or other processes. 'Ibis is discussed below. 

Because of the compartmentalization of carbonic anhydrase, essentially 
all conversion of C02 to H2C03 , and ultimately to HC03-, occurs inside the 
erythrocyte. Negligible amounts of C02 react nonenzymatically in the plasma. 
Thus virtually all of the increase in HC03- in venous as compared to arterial 
blood is generated in erythrocytes. Most of this diffuses into the plasma, so drat 
venous plasma Hco,- is higher than the arterial, but the erythrocyte was dre 
site of its formation. 

Carbaminohemoglobin Formation 

It has been observed that in the presence of carbonic anhydrase inhibitors, 
such as acetazolamide or cyanide, blood will still take up a certain amount of 
carbon dioxide rapidly. This is due to the reaction of carbon dioxide with amino 
groups of proteins within erythrocytes to form carbamino groups (Figure 
25.9). Hemoglobin is quantitatively the most important protein involved in this 
reaction. DeoXyhemoglobin forms carbamino hemoglobin more readily than 
oXyhemoglobin. OXygenation causes release of C02 in carbaminohemoglobin. 

Carbaminohemoglobin formation occurs only with uncharged aliphatic 
amino groups, not with dre charged form, R-NH3 +. The pH within erythrocyte£ 
is normally about 7.2, somewhat more acidic than the plasma. Since protein 
amino groups have pK values well to the alkaline side of 7.2, they will b< 
mostly in the charged (undissociated acid) form. Removal of some of the un· 



charged form via carbamino group formation shifts the equilibrium, generating 
more uncharged amino groups and an equivalent amount of H+, as shown in 
Figure 25.10. Carbamination, like HC03- formation, generates H+. 

TheN-terminal a-amino groups of proteins have pKvalues in the range of 
7.6-8.4. TheN terminals of hemoglobin's polypeptide chains are the principal 
sites of carbamination. If they are blocked chemically by reaction with cyanate, 
carbamino formation does not occur. 

TheN-terminal amino groups of the J3-globin chains are part of the binding 
site for BPG. Since they cannot bind BPG and also form carbamino groups, a 
competition arises. Carbon dioxide diminishes the effect for BPG and, con
versely, BPG diminishes the ability of hemoglobin to form carbaminohemo
globin. Ignorance of the latter interaction led to a major overestimation of the 
role of carbaminohemoglobin in carbon dioxide transport. Prior to the discovery 
of the BPG effect, careful measurements were made of the capacity of purified 
hemoglobin (no BPG present) to form carbaminohemoglobin. The results were 
assumed to be applicable to hemoglobin in the erythrocyte, leading to the 
erroneous conclusion that carbaminohemoglobin accounted for 25-30o/o or 
more of C02 transport. It now appears that 13-15% of C02 transport is via 
carbaminohemoglobin. Table 25.3 summarizes the contribution of each major 
form of blood carbon dioxide to overall CO, transport. 

Two Processes Regulate [H+] Derived from C02 Transport 

Buffering 
Hemoglobin, besides carrying 0 2 and C02 in the covalently bound form of a 
carbamino group, also plays the major role in handling the H+ produced in CO, 
transport. It does this by buffering and by the isohydric mechanism (discussed 
below). Hemoglobin's buffering power resides in its ionizable groups with 
pK values close to the intraerythrocyte pH. These include the four N-terminal 
amino groups and the imidazole side chains of the histidine residues. There 
are 38 histidines per hemoglobin tetramer; these provide most of hemoglobin's 
buffering ability. 

In whole blood, buffering takes up about 60% of the acid generated in 
normal carbon dioxide transport. Although hemoglobin is by far the most 
important nonbicarbonate buffer in blood, the organic phosphates in the eryth-

TABLE 25.2 Properties of Blood of Humans at Rest'" 
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Curve a shows the oxygen dissociation 
cutve of normal blood with a hemoglobin 

· of15 g ciF•i'so P.rnmHg, n 2.8; at pH 
7.4,' 37"C. CurVe b shows that of blood 
from a _patiein with Hb Rainier, having a 

· hemoglobin of 19.5 g dL _,, P, 12.9 
· mmHg,-n- ·1~2. at the same pH arid tempera
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FIGURE 25.9 

H 
A-N/ fr + W 

'c 
II 
0 

Carbamino for:mation from a free amino 
group and carbon dioxide. 

R-NH3 +-;::::::::!: R-NH2 + H+ 

FIGURE 25.10 
Dissociation of an ammonium ion to 
yield a free amino group and H+. 

· A,rlerla! . vena~~ A-V Difference 
'· 

',:::·::· '. ,,..,,.._::, ·._, .. _. '···.' 
-- ~ · ,;:c~. -;S~;fr ''s~~~-''';·. :)',::·"·'--., ,··: :(;ells ·. ·. ,'IilOod, '.'CeQs Blood Serum CeQs Blood .,, .. _.,,,._ 

Hb carbamino groups (meq L -t of 1.13 1.13 1.42 1.42 +0.29 +0.29 
blood) 

HC03- (meq L _, of blood) 13.83 5.73 19.56 14.84 6.41 21.25 +1.01 +0.68 +1.69 
Dissolved CO, (meq L _, of blood) 0.71 0.48 1.19 0.82 0.56 1.38 +0.11 +0.08 +0.19 
Total CO, (meq L-' of blood) 14.54 7.34 21.88 15.66 8.39 24.05 +1.12 +1.05 +2.17 
Free o, (rnmol L _, of blood) 0.10 0.04 -0.06 
Bound O, (mmol L-' of blood) 8.60 6.01 -2.59 
Total 0, (rnmol L _, of blood) 8.70 6.05 -2.65 
Po, (rnmHg) 88.0 37.2 -50.8 
Pea, (mmHg) 41.0 47.5 +6.5 
pH 7.40 7.19 7.37 7.17 -0.03 -0.02 
Volume (cc L _, of blood) 551.7 448.3 1000 548.9 4511 1000 -2.8 +2.8 0.0 
H,O (cc L _, of blood) 517.5 322.8 840.0 514.7 325.6 840.0 -2.8 +2.8 0.0 
cJ- (meq L _, of blood) 57.71 24.30 82.01 5684 25.17 82.01 -0.88 +0.88 0.0 

Sow·ce: From Baggon,). Trends Biochem. Sci. 3.N207, 1978, with permission of the publisher. 

Q Hemoglobm, 9 mM; serum protein, 39.8 g L -l of blood; respiratory quotienl, 0.82. 
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TABLE 25.3 Major Fonns of Carbon 
Dioxide Transport 

Hco,~ 

C02 (dissolved) 
Carbaminohemoglobin 

78 
9 

13 

TABLE 25.4 Processes Occurring at 

the N Terminals of the 
a Chalns and f1 Chalns 
of Hemoglobin 

Carbamino 
formation 

Yes Yes 

BPG binding 
H+ binding in 

the Bohr effect 

No 
Yes 

Yes 
No 

TABLE 25.5 Control of the Excess H+ 

Generated During Normal 
Carbon Dioxide Transport 

Buffering 
By hemoglobin 
By other buffers 

Isohydric mechanism 
(hemoglobin) 

FIGURE 25.11 

50% 
IOo/o 
40% 

Schematic representation of oxygen 
transport and the isohydric carriage of 
col by hemoglobin. 
In the lungs Oeft) 0 2 from the atmosphere re
acts with deoxyhemoglobin, forming oxyhe
moglobin and H+. The H+ combines with the 
HC03- to form H20 and C02 • The C02 is ex
haled. Oxyhemoglobin is carried to extrapul
monary tissues (right), where it dissociates in 
response to low P0 . The 0 2 is used by meta
bolic processes, and C02 is produced. C02 

combines with H20 w give HC03- and H+. 
H+ can then react with deox:yhemoglobin to 
give HHb, which returns lo the lungs, and 
the cycle repeats. 

rocytes, the plasma proteins, and so on also make a significant contribution. 
Buffering by these compounds accounts for about lOo/o of the H+, leaving about 
50o/o of acid control specifically attributable to buffering by hemoglobin. These 
buffer systems minimize the change in pH that occurs when acid or base is 
added but do not altogether prevent that change. A small difference in pH 
between arterial and venous blood is therefore observed. 

Isohydric Mechanism 
The remainder of the H+ arising from carbon dioxide is taken up by hemoglobin 
but not by buffering. Recall that when hemoglobin becomes oxygenated i; 
becomes a stronger acid and releases H+ (the Bohr effect). In the capillaries 
where 0 2 is released, the opposite occurs: ' 

Hb02 + H+ =o HHb + 0 2 

Simultaneously, C02 enters the capillaries and is hydrated: 
C02 + H20 Oo H+ + HC03 ~ 

Addition of these two equations gives 

HbO, + C02 + H20 =o HHb + HCO,~ + 0 2 

revealing that to some e:A'tent this system can take up H+ arising from C02 , and 
can do so without a change in H+ concentration (i.e., with no change in pH). 
Hemoglobin's ability to do this, through the operation of the Bohr effect, is 
referred to as the isohydric carriage of C02 • As already pointed out, there is 
a small A-V difference in plasma pH. This is because the isohydric mechanism 
cannot handle all the acid generated during normal CO, transport; if it could, 
no such difference would occur. Figure 25.11 is a schematic representation of 

Pulmonary 
ccipilla~as, .· 

vein 
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Extrapulmonary 
capiUaries 

To 
r~etabolism 

.:x:r· 
H20+C02 

\_From 
metabolism 



0 2 transport and the isohydric mechanism, showing what happens in the lungs 
and in the other tissues. 

Estimates of the importance of the isohydric mechanism in handling normal 
respiratory acid production have changed upward and downward over the 
years. The older, erroneous estimates arose out of a lack of knowledge of the 
multiple interactions in which hemoglobin participates. The earliest experi
ments, titrations of purified oxyhemoglobin and purified deoxyhemoglobin, 
revealed that oxygenation of hemoglobin resulted in release of an average of 
0. 7 H+ for every 0 2 bound. This figure still appears in textbooks, and much is 
made of it. Authors point out that with a Bohr effect of this magnitude the 
isohydric mechanism alone could handle all of the acid produced by the meta
bolic oxidation of fat (RQ of fat is 0.7), and buffering would be unnecessary. 
Unfortunately, the experimental basis for this interpretation is physiologically 
unrealistic; the titrations were done in the total absence of carbon dioxide, 
which we now know binds to some of the Bohr groups, forming carbamino 
groups and diminishing the effect. When later experiments were carried out in 
the presence of physiological amounts of carbon dioxide, there was a drastic 
diminution of the Bohr effect, so much so that at pH 7.45 the isohydric mecha
nism was able to handle only the amount of acid arising from carbamino group 
formation. This work, however, was done prior to our appreciation of the 
competition between BPG and C02 for the same region of the hemoglobin 
molecule (see Table 25.4). Finally, in 1971, careful titrations of whole blood 
under presumably physiological conditions were carried out, yielding a value 
of 0.31 H+ released per 0 2 bound. This value is the basis of the present assertion 
that the isohydric mechanism accounts for about 40% of the H+ generated 
during normal carbon dioxide transport. The quantitative contributions of vari
ous mechanisms to the handling of H+ arising during carbon dioxide transport 
are summarized in Table 25.5. The major role of hemoglobin in handling this 
acid is obvious. 

HC03- Distribution Between Plasma and Erythrocytes 

We have seen that essentially all of HCo,- formation is intracellular, catalyzed 
by carbonic anhydrase, and that the vast bulk of the H+ generated by C02 is 
handled within the erythrocyte. These two observations bear upon the final 
distribution of HCo,- between plasma and the erythrocyte. 

Intracellular formation of HC03- increases its intracellular concentration. 
Since HCo,- and Cl- exchange freely across the erythrocyte membrane, HCo,
will diffuse out of the erythrocyte, increasing the plasma HCo,- concentration. 
Electrical neutrality must be maintained across the membrane as this happens. 
Maintenance of neutrality can be accomplished in principle either by having a 
positively charged ion accompany HCo,- out of the cell or by having some 
other negatively charged ion enter the cell in exchange for the HCo,-. Since 
the distribution of the major cations, Na + and K+, is under strict control, it is 
the latter mechanism that is seen, and the ion that is exchanged for HC03- is 
cl-. Thus as HCo,- is formed in red cells during their passage through the 
capillary bed, it moves out into the plasma and Cl- comes in to replace it. The 
increase in intracellular Cl- is shown in the last line of Table 25.2. In the lungs, 
all events that occur in the peripheral capillary beds are reversed; HCo,- enters 
the erythrocytes to be converted to C02 for exhalation, and Cl- returns to the 
plasma. The exchange of cl- and HCO,- between the plasma and the erythrocyte 
is called the chloride shift (Figure 25.12). 

The intraerythrocytic buffering of H+ from carbon dioxide causes these 
cells to swell, giving venous blood a slightly (0.6o/o) higher hematocrit than 
arterial blood. (Hematocrit is the volume percent of red cells in the blood.) 
This occurs because the charge on the hemoglobin molecule becomes more 
positive with every H+ that binds to it. Each bound positive charge requires an 
accompanying negative charge to maintain neutrality. Thus as a result of 
buffering there is a net accumulation of HCo,- or Cl- inside the erythrocyte. 
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(a) Bicarbonate efflux from and chloride 
influx into erythrocytes in 
extrapulmonary tissues. 
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pulmonary tissues. 

FIGURE 25.12 

Schematic representation of the chloride 
shift. 
(a) In the capillaries of the extra pulmonary 
tissues, C02 produced by tissue metabolism is 
converted to HC03- in the erythrocytes. Thts 
HC03- exits the erythrocytes in exchange for 
ct-. (b) In the capillaries of the lungs, HCo,
enters the erythrocytes in exchange for Cl-. 
Within the erythrocytes HC03- is converted 
to C02 . C02 subsequently diffuses out of the 
erythrocytes and is exhaled. 
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BPG 
HHb:::: + 02 ~ Hb02 + C02 + BPG + H+ 

co, 

FIGURE 25.13 

Interaction of H+, BPG, C02 , and 0 2 with 
hemoglobin. 
This is a schematic, intended to denote the di
rection of the equilibrium, not the stoichiome
tJy of the reaction. 

fraction 
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Hb oxygen 
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onset of 
chronic 
acidosis 

FIGURE 25.14 

In chronic acidosis, BPG concentration 
decreases, returning hemoglobin's oxy
gen affinity toward normal. 
This schematic diagram illustrates the rapid 
decrease in hemoglobin's oxygen affinity due 
to decreased pH. Lowering pH immediately 
lowers the activity of BPG mutase. In conse
quence, the concentration of BPG gradually 
diminishes as normal degradation proceeds. 
As BPG concentration diminishes, hemoglo
bin's oxygen affinity rises. 

An increase in the osmotic pressure of the intracellular fluid results from this 
increase in concentration of particles. As a consequence, water enters the cells 
causing them to swell slightly. Typically, an arterial hematocrit might be 44.B 
and a venous hematocrit 45.1, as shown in Table 25.2 by the line labeled 
"volume (cc L -I of blood)."' 

25.7 INTERRElATIONSHIPS AMONG HEMOGLOBIN, OXYGEN, CARBON 
DIOXIDE, HYDROGEN ION, AND 2,3-BISPHOSPHOGLYCERATE 

By now it should be clear that multiple interrelationships of physiological 
significance exist among the ligands of hemoglobin. These interrelationships 
are summarized schematically in Figure 25.13. This equation shows that changes 
in the concentration of H+, BPG, or C02 have similar effects on 0 2 binding. 
The equation will help you remember the effect of changes in any one of these 
variables upon hemoglobin's 0 2 affinity. 

BPG levels in the erythrocytes are controlled by product inhibition of its 
synthesis and by pH. Hypoxia results in increased levels of deoxyhemoglobin 
on a time-averaged basis. Since deoxyhemoglobin binds BPG more tightly, in 
hypoxia there is less free BPG to inhibit its own synthesis, and so BPG levels 
will rise due to increased synthesis. The effect of pH is that high pH increases 
BPG synthesis and low pH decreases BPG synthesis; this reflects the influence 
of pH on the activity of BPG mutase, the enzyme that catalyzes BPG formation. 
Since changes in BPG levels take many hours to become complete, this means 
that the immediate effect of a decrease in blood pH is to enhance oxygen 
delivel)' by the Bohr effect. If the acidosis is sustained (most causes of chronic 
metabolic acidosis are not associated with a need for enhanced oxygen delivel)'), 
diminished BPG synthesis leads to a decrease in intracellular BPG concentration, 
and hemoglobin"s oxygen affinity returns toward normal (Figure 25.14). This 
system can respond appropriately to acute conditions, such as vigorous exercise, 
but when faced with a prolonged abnormality of pH, it readjusts to restore 
normal (and presumably optimal) oxygen delivel)'. 

25.8 INTRODUCTION TO pH REGUlATION 

We have noted the large amount of H+ generated by carbon dioxide transport, 
and we considered the ways in which the blood pH is controlled. This is 
important because changes in blood pH will affect intracellular pH, which in 
tum may profoundly alter metabolism. Protein conformation is affected by pH, 
as is enzyme activity. In addition, the equilibria of important reactions that 
consume or generate hydrogen ions, such as any of the oxidation-reduC[ion 
reactions involving pyridine nucleotides, are shifted by changes in pH. 

Normal arterial plasma pH is 7.40 :t 0.05; the pH range compatible with 
life is about 6.8-7.8. Intracellular pH varies with cell type; that of the erythrocyte 
is nearly 7.2, but that of most other cells is lower, about 7.0. Values as low as 
6.0 have been reported for skeletal muscle. 

It is fortunate for both diagnosis and treaunent of diseases that the acid-base 
status of intracellular fluid influences and is influenced by the acid-base status 
of the blood. Blood is readily available for analysis, and when alteration of body 
pH becomes necessal)', intravenous administration of acidifying or alkalinizing 
agents is efficacious. 

25.9 BUFFER SYSTEMS OF PLASMA, INTERSTITIAL FLUID, AND CELLS 

Each body water compartment is defined spatially by one or more differentially 
permeable membranes. Each contains characteristic kinds and concentrations 
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FIGURE 3.30 

Changes in globin chain production 
during development. 
Based on a figure in Nienhuis, A. W. and Ma
niatis, T. In: G. Stamatoyannopoulos, A. W. Nien
huis, P. Leder, and P. W. Majerns (Eds), The Mo
lecular Basis of Blood Diseases. Philadelphia: 
Saunders, 1987, p. 68, in which reference of 
Weatherall, D.J_, and Clegg,]. B., The Thalas
semia Syndromes, 3rd ed. OXford: Blackwell Sci
entific Publications, 1981, is acknowledged. 

on the DNA target. Rather, the contacts from one monomer combine with those 
of the second monomer to form a continuous interaction through the single 
binding site in the DNA. 

3.5 HEMOGWBIN AND MYOGWBIN 

Hemoglobins are globular proteins, present in high concentrations in red blood 
cells, that bind oxygen in the lungs and transport the oxygen in blood to tissues 
and cells around the capillary beds of the vascular system. Hemoglobins also 
transport carbon dioxide and protons from the tissues to the lungs. Hemoglobins 
carry and release nitric oxide (NO), a potent vasodilator and inhibitor of platelet 
aggregation (see p. 995). In this section the structural and molecular aspects of 
hemoglobin and myoglobin are described. The physiological roles of these 
proteins are discussed in Chapter 25. 

Human Hemoglobin Occurs in Several Fonns 

A hemoglobin molecule consists of four polypeptide chains, two each of two 
different amino acid sequences. The major form of human adult hemoglobin, 
HbA1 , consists of two a chains and two (3 chains (a,j3;). The a polypeptide 
has 141 and the (3 polypeptide has 146 amino acids. Other forms of hemoglobin 
predominate in the blood of the human fetus and early embryo (Figure 3.30). 
The fetal form (HbF) contains the same a chains found in HbA1 , but a second 
type of chain (y chain) occurs in the tetramer molecule and differs in amino 
acid sequence from that of the (3 chain of adult HbA1 (Table 3.8). Additional 
forms appear in the first months after conception (embryonic) in which the a 
chains are substituted by zeta (!:) chains of different amino acid sequence and 
the e chains serve as the (3 chains. A minor form of adult hemoglobin, HbA,, 
comprises about 2% of normal adult hemoglobin and contains two a chains 
and two chains designated delta (8) (Table 3.8). 

%of 
Total 
globin 
synthesis 

y 

6 12 18 24 30 36 1 6 12 18 24 30 36 
Birth 

Postconceptual age (weeks) Postnatal age (weeks) 

TABLE 3.8 Chains of Human Hemoglobin 

Adult HbA, a,J3, 
Adult HbA, a,8, 
FetuS HbF ci.iY2 
Embryo Hb Gower- I (2e2 
Embryo Hb Portland [{Y2 

42 46 



Myoglobin: A Single Polypeptide Chain with One 0 2-Binding Site 

Myoglobin (Mb) is an 0,-carrying protein that binds and releases 0 2 with 
changes in rhe oxygen concentration in the sarcoplasm of skeletal muscle cells. 
In contrast to hemoglobin, which has four polypeptide chains and four 0 2-

binding sites, myoglobin contains only a single polypeptide chain and one 0 2-

binding site. Myoglobin is a model for what occurs when a single protomer 
molecule acts alone without the interactions exhibited among the four 0 2-

binding sites in the more complex tetramer molecule of hemoglobin. 

A Heme Prosthetic Group Is at the Site of 0 2 Binding 

The four polypeptides of globin subunits in hemoglobin and the one of myoglo
bin each contain a heme prosthetic group. A prosthetic group is a non polypep
tide moiety that forms a functional part of a protein. Without its prosthetic 
group, a protein is designated an apoprotein. With its prosthetic group it is 
a holoprotein. 

Heme contains protoporphyrin IX (see Chapter 24) with an iron atom in 
its center (Figure 3.31). The iron atom is in the ferrous (2+ charge) oxidation 
state in functional hemoglobin and myoglobin. The ferrous atom in the heme 
can form five or sO, ligand bonds, depending on whether or not O, is bound 
to rhe molecule. Four bonds are to the pyrrole nitrogen atoms of the porphyrin. 
Since all pyrrole rings of porphyrin lie in a common plane, the four ligand 
bonds from the porphyrin to the iron atom will have a tendency to lie in the 
plane of the porphyrin ring. The fifth and the potentially sixth ligand bonds to 
the ferrous atom are directed along an axis perpendicular to the plane of the 
porphyrin ring (Figure 3.32). The fifth coordinate bond of the ferrous atom is 
to a nitrogen of a histidine imidazole. This is designated the proximal Wstidine 
in hemoglobin and myoglobin structures (Figures 3.32 and 3.33). O, forms a 
sixth coordinate bond to the ferrous atom when bound to hemoglobin. In this 
bonded position the 0 2 is placed between the ferrous atom to which it is 
liganded and a second histidine imidazole, designated the distal Wstidine. In 
deoxyhemoglobin, the sixth coordination position of the ferrous awm is unoc
cupied. 

FIGURE 3.33 
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FIGURE 3.31 
Structure of heme. 

Heme 

(Proximal His FB 

N 

,..,..---'""'- I 
N N 

1/ 
---Fe---

0(1 

FIGURE 3.32 
Ligand bonds to ferrous atom in oxyhe
moglobin. 

Secondary and tertiary structure characteristics of chains of 
hemoglobin. 
Proximal His FS, distal His E7, and Val Ell side chains are shown. Other 
amino acids of polypeptide chain are represented by a-carbon positions 
only; the letters M, V, and P refer to the methyl, vinyl, and propionate 
side chains of the heme. 
Reprinted with permisswnfrom Perutz, M. Br. Med. Bull. 32:195, 1976. 
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The porphyrin parr of the heme is positioned within a hydrophobic pocket 
of each globin subunit. In the heme pocket X-ray diffraction studies show that 
approximately 80 interactions are provided by approximately 18 residues to 
the heme. Most of these noncovalent interactions are between apolar side chains 
of amino acids and the apolar regions of the porphyrin. As discussed in Chapter 
2, the driving force for these interactions is the expulsion of water of solvation 
on assodation of the hydrophobic heme with the apolar amino acid side chains 
in the heme pocket. In myoglobin additional noncovalent interactions are made 
between the negatively charged propionate groups of the heme and positively 
charged arginine and histidine side chains of the protein. However, in hemoglo
bin chains a difference in the amino acid sequence in this region of the heme
binding site leads to stabilization of the porphyrin propionates by interaction 
with an uncharged histidine imidazole and with water molecules of solvent 
toward the outer surface of the molecule. 

X-Ray Crystallography Has Assisted in Defining 
the Structure of Hemoglobin and Myoglobin 

The structure of deoxy and oxy forms of hemoglobin and myoglobin have been 
resolved by X-ray crystallography. In fact, sperm whale myoglobin was the first 
globular protein whose full three-dimensional structure was determined by this 
technique. This was followed by the X-ray structure of the more complex horse 
hemoglobin molecule. These structures show that each globin polypeptide in 
the hemoglobins and the single subunit of myoglobin are composed of multiple 
a-helical regions connected by turns of the polypeptide chain that allow the 
protein to fold into a spheroidal shape (Figure 3.33). The mechanism of coopera
tive associations of 0 2 , discussed below, is based on the X-ray structures of 
oxyhemoglobin, deoxyhemoglobin, and a variety of hemoglobin derivatives. 

Primary, Secondary, and Tertiary Structures of 
Myoglobin and the Individual Hemoglobin Chains 

The amino acid sequences of the polypeptide chain of myoglobin of 23 different 
animal species have been determined. All myoglobins contain 153 amino acids 
in their polypeptide chains, of which 83 are invariant. Only 15 of these invariant 
residues in the myoglobin sequence are identical to the invariant residues of 
the sequenced mammalian globins of hemoglobin. However, the changes are, 
in the g.-eat majority of cases, conservative and preserve the general physical 
properties of the residues (Table 3.9). Since myoglobin is active as a monomer, 
many of its surface positions interact with water and prevent another molecule 
of myoglobin from associating. In contrast, surface residues of the individual 
subunits in hemoglobin are designed to provide hydrogen bonds and nonpolar 
contacts with other subunits in the hemoglobin quaternary structure. Proximal 
and distal histidines are preserved in the sequences of all the polypeptide 
chains. Other invariant residues are in the hydrophobic heme pocket and form 
essential nonpolar contacts with the heme that stabilize the heme-protein 
complex. 

'While there is surprising variability in amino acid sequences among the 
different polypeptide chains, to a first approximation the secondary and tertiary 
structures of each of the subunits of hemoglobin and myoglobin are almost 
identical (Figure 3.34). Significant differences in physiological properties be
tween a, {3, y, and 8 chains of hemoglobins and the polypeptide chain of 
myoglobin are due to rather small specific changes in their structures. The 
similarity in tertiary structure, resulting from widely varied amino acid se
quences, shows that the same tertiary structure for a protein can be arrived at 
by many different sequences. 

,_,. . '" .,. 
~ - ' 



HEMOGWBIN AND MYOGLOBIN 117 

TABLE 3.9 Amino Acid Sequences of Human Hemoglobin Chains and of Sperm Whale Myoglobin" 

NA 1 2 3 Al 

MYOGLOBIN Val Leu Ser Glu Gly Glu 
Val Leu Ser Ala Ala Asp 
Val Gin leu Scr Gly Glu Glu 
Val Leu Ser Pro Ala Asp 
Val His Leu Thr Pro Glu Glu 
Gly Hi5 Phe Thr Glu Glu A5p 
Val His leu Thr Pro Glu Glu 

9 10 11 12 13 

MYOGLOBIN Gln Asp Ilu 

~~~~ §Giy§uo 
!;~H~ a AI• I '" ~ 13 Gly lu Ala 
S Human a Ala lu Ala 
g 13Gly1Ala 
~ 1

8 
Gly Glu Thr 

5:J Gly Gl Ala 

MYOGLOBIN 

"("""' . § Human: 
g ~ 
• 1 

~ ' 
MYOGLOBIN 

0{Ho= o 0 p 
9 Human a 
g ~ 
~ 1 

' 
MYOGLOBIN 

z(Ho= a • p 

~ Human; 

• y 

~ ' 
l'YJYOGLOBIN 

z ("""' 0 

- ~ § Human a 

g ~ 
~ 1 

" ' 

3 4 5. 6 El 

Glu Ala Glu Met Lys 

Pro ASp Ala Val Met 

Pro Asp Ala v.l M~ 

Ala Der Ala Ilu Met 
Pro Asp Ala Val Met 

3 4 6 7 EF! 

L ' 

"" HI 

" ., ~. ~:. E §. f~ ~t 
.u::; Asn Leu Lys G!y 
leu Asp Leu Lys GJy 
Leu A:m Leu Lys Gly 

6 7 8 G 9 10 11 

Glu Phe nu '" Glu Ala 

Arg u Gly 
Lys Ser 

'"' Cys 
V.l "'" His Cys 

Asn Val 

Ly• ~ ~ '" 
Sl"y, ~o0 ~Lou Gly 

u;; u:; Gly Asll Val 

Arg Gly Asn Val 

6 7 

Ala Mel 
Ser Leu 
Ser Tyr 
Ser Lt'u 
Ala Tyr 
Ser Trp 
Ala T}r 

Am 
Asp 

Gin 
Asp 
Glo 
Gin 

Glo 

9 10 11 12 

y Ala Leu Glu 
ys Pht> Lt'u Ser 
ys Val V..l Ala 

Lys Phe Leu Ala 
ys V:-~1 Val 

ly.~ Met VJ.I Thr 

AI~ lys Vnl 

6 7 
Tcp ,., ,, ,, ,., 

ys ,, 

Gin Leu 

"" A= Ala Ala 
Thr Asn 
Ser Ala 
Ab Tlo 
Thr Ala 

14 15 

Phe Lys 
Phe Leu 

"'" ""' Phe I= 
l<o v.J 
Leu Val 
Leu Val 

2 3 
Glu Asp 
Al> Gin 
Pro Lys 
Ala Gin 
Pro Lys 
Pro lys 
Pro Lys 

8 " 
Glu Leu 
Ab l<o 
Thr Phe 
AI• l<o 
Thr Phe 
Thr Phe 

Tlo '"' 
12 13 

llu llu 

~0 ; ~ v~ 
lj 

i<o 

'" Gly 

'" Gly 
Gly 

Gly 

14 

Ph• 
I 

ol 

16 

'" Gly 
V.l 

'" V.l 
V..l 
V..l 

14 

"" '~ 

"'" V..l 
c, 
Tlu c, 
15 

"'' Se• 

"" "' Ala 
Ala 

AI• 

8 9 

Yal leu 

10 lJ 12 13 14 

H~U 
Val lys 
Val ~ 
Val Lys 
Val Thr 
llo TJo 

v• "'" 

15 

"" n. 
V.l 
n. 

"" Val 

v,l 

16 17 18 

His 

ko ~ V•l V<ll Arg 
Leu Ala 
Leo 1

10 

His 
leu llu 
Leu Arg 

16 17 18 19 

Lp; Asp ilu Ala 
Thr Val J..<,u Thr 
A-m AJa .t'U Ala 
1111" V.ll Leu Thr 
A.'in Ala Leu Ala 
Ser Ala Leu Ser 

A.>n Ala Lt:u Ala 

19 

"' H" 
His 
Iiis 
His 
His 
Asn 

20 

Ala 
Ser 

Hi.o; 

''" His 
Ser 

His 

GH 1 2 

HI• Pm 
Leu Pro 
Phe Gly 

"'" Pho 
Phe 
Pho 

Pm 
Gly 
Gly 
Gly 

H 21 22 

L]'l' 

Lys 
Lys 
Lys 
Lys Tyr 
Arg yr 
Lys yr 

Gly 
Am 

Ly• 
Alo 
Ly• 
Ly' 
Ly• 

" 
Lys 

A•g 
His 

"' His 
His 

His 

Al6 ABl B1 

Glu Ala Asp 
Gly Gly His 
A= 
Gly Ala His 

"'" ..... 
""' 

3 4 

3 

Val Ala 
Ala Gly 
Glu Glu 
Ala Gl]• 
Val Asp 
Val Glu 
Val Asp 

6 

Lys Hil; 

A•p 
Gly kip 

"'P 
Gly Asp 
Gly Am 
Gly Mp 

E 15 16 17 

Leo GJy Ala 
Gly Leu Tlo Leo 

Pho Gly Glu 
Th• "'" Ser Asp 
Gly Asp 

''" A•p 

G 1 

HC 1 2 ' Leu Gly Tyr Gin 

4 

Gly His 
Glu Tyr 
Glu Val 
G!u Tyr 
Glu Val 
Asp Ala 
Ala Val 

l8 

llo 
AI• 
Gly 

"' 

8 

Ly• ,, 
So 
Se 

,, ,, 
,, 
l<o 
V•l 

"" V..l 

6 

ly 
ly 

Gly 
Gly 

I 
ly 
I 

Dl 

"" His 
Gly 

"" Th' 

'" '" 
20 

Ll" 
Gly 

"" Ala 
Gly Leu. Ala 
Ala llu Lys 
Gly Leu AI~ 

4 

H3 

Ala Gin Gl 
Val His Ala 
Leu Gin Ala 
Val H~~ Ala 
Val Gin Ala 

Val Gln Ala 
Met Gin Ala 

5 

Gly 

Source: Based on diagram in Dickerson, R. E., and Geis, I. lbe St1ucture and Function of Proteins. New York: Harper & Row, 1969, p. 52. 

~Residues that are idemical are enclosed in box. A, B, C, . . designate different helices of tertiary structure (see text). 

Approximately 70% of the residues participate in the a-helical secondary 
structures generating seven helical segments in the ex chain and eight in the f3 
chain. These latter eight helical regions are commonly lettered A-H, starting 
from the first (A) helix at the NH,-terminal end. The interhelical regions are 
designated as AB, BC, CD, . , GH, respectively. The nonhelical region 
between the NH,-terminal end and the A helix is designated the NA region; 
and the region between the COOH-terminal end and the H helix is designated 
the HC region (Figure 3.33). This naming system allows discussion of particular 
residues that have similar functional and structural roles in hemoglobin and myo
globin. 

A Simple Equilibriwn Defines 0 2 Binding to Myoglobin 

The association of oxygen to myoglobin is characterized by a simple equilibrium 
constant (Eqs. 3.1 and 3.2). In Eq. 3.2 [MbO,) is the solution concentration of 
oxymyoglobin, [Mb] is that of deoxymyoglobin, and [0,) is the concentration 
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~ M 
FIGURE 3.34 
Comparison of conformation of (a) myoglobin and (p) f3 chain of HbA,. 
Overall structures are very similar, except at NH2-terminal and COOH-terminal ends. 
Reprinted with permission from Fersht, A. Enzyme Structure and Mechanism. San Francisco. 
Freeman, 1977, pp. 12, 13. 

of oxygen, in moles per liter. The equilibrium constant, Keq, will also have the 
units of moles per liter. As for any true equilibrium constant, the value of Keq 

is dependent on pH, ionic strength, and temperarure. 

K., 
Mb+O,=MbO, 

[Mb][O~ 

K., = [MbO~ 

(3.1) 

(3.2) 

Since oxygen is a gas, it is more convenient to express its concentration as the 
pressure of oxygen in torr (1 torr is equal to the pressure of I mmHg at O"C 
and standard gravity). In Eq. 3.3 this conversion of units has been made: P50 , 

the equilibrium constant, and po,, the concentration of oxygen, being expressed 
in torr. 

[Mbl · po, 
Pso = [MbO,) (3.3) 

An oxygen-saturation curve characterizes the properties of an oxygen-binding 
protein. In this plot the fraction of oxygen-binding sites in solution that contain 
oxygen ( Y, Eq. 3.4) is plotted on the ordinate versus po, (oxygen concentration) 
on the abscissa. The Y value is simply defined for myoglobin by Eq. 3.5. 
Substitution into Eq. 3.5 of the value of [MbO,) obtained from Eq. 3.3, and then 
dividing through by [Mb], results in Eq. 3.6, which shows the dependence of 
Yon the value of the equilibrium constant P50 and the oxygen concentration. 
It is seen from Eqs. 3.3 and 3.6 that the value of P50 is equal to the oxygen 
concentration, p01 , when Y = 0.5 (50% of the available sites occupied)-hence 
the designation of the equilibrium constant by the subscript 50. 



--~n=u=m==be~r~o~f~b~in=d=i=nz~s~it~e~s~o~c~c~u£p~ie~d~Y=-
total number of binding sites in solution 

[MbO,] 
y = [~M7b:--] +---:-[M.::;-b--,-0--=,] 

Y= po, 
P,. + po, 

(3.4) 

(3.5) 

(3.6) 

A plot of Eq. 3.6 of Y versus po, generates an oxygen-saturation curve for 
myoglobin in the form of a rectangular hyperbola (Figure 3.35). 

A simple algebraic manipulation of Eq. 3.6 leads to Eq. 3.7. Taking the 
logarithm of both sides of Eq. 3.7 results in Eq. 3.8, the Hili equation. A plot 
of log ([Y/(1 - Y)] versus log po,, according to Eq. 3.8, yields a straight line 
with a slope equal to 1 for myoglobin (Figure 3.36). This is the Hill plot, and 
the slope (n,j) is the Hili coefficient (see Eq. 3.9). 

0 
0 
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in capillaries of 
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p02 pressure 
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FIGURE 3-35 
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(torr) 

___r__ =po, 
1- y p5f) 

(3. 7) Oxygen·binding curves for myoglobin 
and hemoglobin. 

y 
log--= logpo,- log P50 1- y 

Binding of 0 2 to Hemoglobin Involves Cooperativity 
Between the Hemoglobin Subunits 

(3.8) 

Whereas myoglobin has a single 0 2-binding site per molecule, hemoglobins, 
with four monomeric subunits, have four heme-binding sites for 0 2 . Binding 
of the four 0 2 molecules in hemoglobin is found to be positively cooperative, 
so that the binding of the first 0 2 to deoxyhemoglobin facilitates the binding 
of 0 2 to the other subunits in the molecule. Conversely, dissociation of the first 
0, from fully oxygenated hemoglobin, Hb(0,)4 , will make the dissociation of 
0 2 from the other subunits of the tetramer easier. 

Because of cooperativity in oxygen association and dissociation, the oxygen 
saturation curve for hemoglobin differs from that for myoglobin. A plot of Y 
versus pD2 for hemoglobin is a sigmoidal line, indicating cooperativity in oxygen 
association (Figure 3.35). A plot of the Hill equation (Eq. 3.9) gives a value of 
the slope (n") equal to 2.8 (Figure 3.36). 

y 
log--= n" Iogp02 - constant 

1- y 
(3.9) 

The meaning of the Hill coefficient to cooperative 0 2 association can be evalu
ated quantitatively as presented in Table 3.10. A parameter known as the co
operativity index, Rx, is calculated, which shows the ratio of p02 required to 
change Y from a value of Y = 0.1 (10% of sites filled) to a value of Y = 0.9 
(90% of sites filled) for designated Hill coefficient values found experimentally. 
For myoglobin, n" = I, and an 81-fold change in oxygen concentration is 
required to change from Y = 0.1 to Y = 0.9. For hemoglobin, where positive 
cooperativity is observed, n" = 2.8 and only a 4.8-fold change in oxygen 
concentration is required to change the fractional saturation from 0.1 to 0.9. 

The Molerular Mechanism of Cooperativity in 02 Binding 

X-ray diffraction data on deoxyhemoglobin show that the ferrous atoms actually 
sit out of the plane of their porphyrins by about 0.4-0.6 A. This is thought to 
occur because of two factors. The electronic configuration of the five-coordi
nated ferrous atom in deoxyhemoglobin has a slightly larger radius than the 
distance from the center of the porphyrin to each of the pyrrole nitrogen atoms. 

Myoglobin 
41= 1.0 

log p;:J2 

Hemoglobin 
llH = 2.8 

FIGURE 3.36 
Hill plots for myoglobin and hemoglobin 
HbA,. 

TABLE 3.10 Relationship Between Hill 
Coefficient (n,) and 
Cooperativity Index (R,) 

05 
0.6 
0.7 
0 .. 8 
0.9 

1.0 

1.5. 
2.0 
2.8 
3.5 
6.0 

10.0 
20.0. 

n 1520 
_.··. 533 
. 243 
. 132 .. 

81;0 

18.7. 
.9.0 

'') 3.5 
2.1 
!.6 
L3 

Nega_tive. substrate 
coOp_erativity 

N0ncoopefa£ivity 

' Positive substrate 
cooperativity 

Source: Based on Table 7.1 in Cornish-Bowden, A. 

Principles of Enzyme Kinetics London: Butter
worths Scientific Publishers, 1976. 
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FIGURE 3.37 

Accordingly, the iron can be placed in the center of the porphyrin only with 
some distortion of the porphyrin conformation. Probably a more important 
consideration is that if the iron atom sits in the plane of the porphyrin, the 
proximal His F8 imidazole will interact unfavorably with atoms of the porphyrin. 
The strength of this unfavorable steric interaction is due, in part, to conforma
tional constraints on the His FS and the porphyrin in the deoxyhemoglobin 
conformation that forces the approach of the His FS toward the porphyrin to 
a particular path (Figure 3.37). These constraints become less significant in the 
oxy conformation of hemoglobin. 

The conformation with the iron atom out of the plane of the porphyrin is 
unstrained and energetically favored for the five-coordinate ferrous atom. When 
0 2 binds the sixth coordinate position of the iron, however, this conformation 
becomes strained. A more energetically favorable conformation for the 0 2 li
ganded iron is one in which the iron atom is within the plane of the porphy
rin structure. 

On binding of O, to a ferrous atom the favorable free energy of bond 
formation overcomes the repulsive interaction between His F8 and porphyrin, 
and the ferrous atom moves into the plane of the porphyrin ring. This is the 
most thermodynamically stable position for the now six-bonded iron atom; one 
axial ligand is on either side of the plane of the porphyrin ring, and the steric 
repulsion of one of the axial ligands with the porphyrin is balanced by the 
repulsion of the second axial ligand on the opposite side when the ferrous 
atom is in the center. If the iron atom is displaced from the center, the steric 
interactions of the two axial ligands with the porphyrin in the deoxy conforma
tion are unbalanced, and the stability of the unbalanced structure will be lower 
than that of the equidistant conformation. Also, the radius of the iron atom with 
six ligands is reduced so that it can just fit into the center of the porphyrin 
without distortion of the porphyrin conformation. 

Since steric repulsion between porphyrin and His FS in the deoxy conforma
tion must be overcome on 0 2 association, binding of the first 0 2 is characterized 
by a relatively low affinity constant. However, when 0 2 association occurs to 
the first heme in deoxyhemoglobin, the change in position of the iron atom 
from above the plane of the porphyrin into the center of the porphyrin triggers 

Heme 
Group 

Distal 
Valine 

Repulsive 

Proximal 
Histidine 

N 

CH 

CH, 

Sterle hindrance between proximal histidine and porphy
rin in deoxyhemoglobin. Distal 

Histidine 
From Perutz, M. Set. Am., 239:92, 1978 Copyright© 1978 by Scientific 
American, Inc. All rights reserved. NH 



a conformational change in the whole molecule. The change in conformation 
results in a greater affinity of 0 2 to the other heme sites after the first 0 2 

has bound. 
The conformation of deoxyhemoglobin is stabilized by noncovalent interac

tions of the quaternary structure at the interface between a and {3 subunits in 
which the FG comer of one subunit noncovalently binds to the C helix of the 
adjacent subunit (Figure 3.38). In addition, ionic interactions stabilize the deoxy 

X 

(b) N 
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FIGURE3.38 
Quaternary structure of hemoglobin. 
(a) cx1{32 interface contacts between FG cor
ners and C helix are shown. (b) Cylinder rep
resentation of a 1 and {32 subunits in hemoglo
bin molecule showing a 1 and /32 interface 
contacts between FG corner and C helix, 
viewed from opposite side of x-y plane 
from (a). 
(a) Reprinted with permission from Dickerson, 
R. E., and Geis, I. The Slructure and Action of Pro
teins. Menlo Park, CA: Benjamin, Inc., 1969, p. 
56. 
(b) Reprinted with permission from Baldwin, ]., 
and Cbothia, C.]. Mol. Bioi. 129:175, 1979. Copy
right© 1979 by Academic Press, Inc. (London) 
LJd. 
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NH3~-H10 0:1 lys 

coo_,_ .... ·.... ····-----~oc - A4 c
11 

Asp 

/ ··----... *H3N~-~-~1 o:
1 

Val 

HC3 o:2 Arg cr:·· 
~ ./ 

Gua+ ········--ooc - H9 a1 Asp 

coo-······H3N -cs a1 Lys 

/ FIGURE 3.39 
HC3 !32 His 

~ 
Salt bridges between subunits in deoxyhemoglobin. 
Im+ is imidazolium; Gua+ is guanidinium; srarred residues account for approxi
mately 60% of alkaline Bohr effect. 

FG1 ~2 Asp- coo-·····!m+ 

C02 !l2 Glu-coo-- ·· Gua+- FG4 a1 Arg Redrawn from Perutz, M. Br. Med. Bull. 32:195, 1976. 

89 
FG1 

CH, 

c 
0 

(a) 

Fe 

CH2 

conformation of the protein (Figure 3.39). These interactions of the deoxy 
conformation are now destabilized on the binding of 0 2 to one of the heme 
subunits of a deoxyhemoglobin molecule. The binding of 0 2 pulls the Fe>+ 
atom into the porphyrin plane and moves the His FS toward the porphyrin and 
with it the F helix of which the His FS is a part. Movement of the F helix, in 
turn, moves the FG corner of its subunit, destabilizing the FG noncovalem 
interaction with the C helix of the adjacent subunit at an ad32 or az/31 subunit 
interface (Figures 3.38 and 3.40). 

Leu83 
F4 

FIGURE 3.40 

(b) 

Stick and space-filling diagrams drawn by computer graphics showing move
ments of residues in heme environment on transition from deoxyhemo
globin to oxyhemoglobin. 
(a) Black line outlines position of polypeptide chain and His F8 in carbon monoxide 
hemoglobin, a model for oxyhemoglobin. Red line outlines the same for deoxyhem
oglobin. Position of iron atom shown by circle. Movements are for an a subunit. (b) 
Similar movements in a f3 subunit using space-filling diagram shown. Residue labels 
centered in density for the deoxyconformation. 
Redrawn with permission from Baldwin,]., and Chotbia, C. J Mol. Bioi. 129:175, 1979- Copy
right© 1979 by Academic Press, Inc. (London) Ltd. 



The FG to C intersubunit contacts act as a "switch," because they exist in 
two different arrangements with different modes of contact between the FG 
corner of one subunit and the C helix of the adjacent subunit. The switch in 
noncovalent interactions between the two positions involves a relative move
ment of FG and C in adjacent subunits of about 6 A. In the second position of 
the "switch," the tertiary conformation of the subunits participating in the FG 
to C intersubunit contact is less constrained and the adjacent subunit changes 
to a new tertiary conformation (oxy conformation) even without 0 2 bound. 
This oxy conformation allows the His F8 residues to approach their porphyrins 
on 0 2 association with a less significant steric repulsion than in the deox:y 
conformation (Figure 3.40). Thus an 0 2 molecule binds to the empty hemes in 
the less constrained oxy conformation more easily than to a subunit conforma
tion held by the quaternary interactions in the deoxy conformation. 

In addition, Val Ell in the deoxy conformation of (3 subunits is at the 
entrance to the 0 2-binding site, where it sterically impedes 0 2 association to 
heme (see Figure 3.33). In the oxy conformation the heme in (3 subunits moves 
approximately 1.5 A further into the heme-binding site, changing the geometric 
relationship of the 0 2-binding site to the Val Ell side chain, so that the Val Ell 
no longer sterically interferes with 0 2 binding. This is an important additional 
factor that increases affinity of 0 2 for the oxy conformation of the (3 chain over 
that for the deoxy conformation. 

The deoxy conformation of hemoglobin is referred to as the "tense" or T 
conformational state. The oxyhemoglobin conformational form is referred 
to as the "relaxed" or R conformational state. The allosteric mechanism 
shows how initial binding of the oxygen to one of the heme subunits of the 
tetrameric molecule pushes the molecular conformation from the T toR confor
mational state. The affinity constant of 0 2 is greater for the R state hemes than 
the T state by a factor of 150-300, depending on the solution conditions. 

The Bohr Effect Involves Dissociation of a Proton on Binding of Oxygen 

The equilibrium expression for oxygen association to hemoglobin includes a 
term that indicates participation of H+ in the equilibrium. 

Hb + 402 "' Hb(0,)4 + xW (3.10) 
r R 

Equation 3.10 shows that the R form is more acidic, and the H+ dissociate when 
hemoglobin is changed to the R form. The equivalents of H+ that dissociate per 
mole of hemoglobin depends on the pH of the solution and the concentration of 
other factors that can bind to hemoglobin, such asci- and bisphosphoglycerate 
(see Chapter 25). At pH 7.4, the value of x may vary from 1.8 to 2.8, depending 
on the solution conditions. This production of H+ at an alkaline pH (pH > 6), 
when deoxyhemoglobin is transformed to oxyhemoglobin, is known as the 
alkaline Bohr effect. 

The H+ are derived from the partial dissociation of acid residues with pK~ 
values within 1.5 pH units of the solution pH, which change from a higher to 
lower pK~, on the change of the T to R conformation. For example, the HC3 
His 146({3) in the deoxy (T) conformation is predominantly in its imidazolium 
form (positively charged acid form), which is stabilized by a favorable interaction 
with the negatively charged side chain of the FG 1 Asp 94({3) (Figure 3.39). This 
ion pair makes it more difficult to remove the imidazolium proton and thus 
raises the pK~ of the imidazolium to a higher value than normally found for a 
free imidazolium ion in solution, where a stabilization by a proximal negatively 
charged group does not normally occur. However, on conversion of the protein 
to the R conformation, the strength of this ionic interaction is broken and the 
imidazoliurn assumes a lower pK~. The decrease in pK~ of histidine at blood 
pH results in conversion of some of its acid form to its conjugate base (imidazole) 
form, with dissociation of H+ that forms a part of the Bohr effect. Breakage of 
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this ion pair with release of protons accounts for 50% of the H+ released on 
conversion to the R conformation. Other acid groups in the protein contribme 
the additional H+ due to analogous decreases in their pK~ values on changing 
from the T to R conformation. 

The equilibrium involving hydrogen ions produced by the Bohr effect has 
important physiological consequences. Cells metabolizing at high rates, with 
high requirements for molecular oxygen, produce carbonic acid and lactic acid, 
which act to increase the hydrogen ion concentration in the cell's environment. 
As the increase in hydrogen ion concentration forces the equilibrium of Eq. 
3.10 to the left, from the higher 0 2 affinity conformation (R) to the lower 
affinity conformation (T), an increased amount of oxygen is dissociated from 
the hemoglobin molecule. 
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