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Allosteric effectors

* The major heterotropic effectors of hemoglobin
* Hydrogen ion,
e Carbon dioxide

* 2,3-Bisphosphoglycerate Those all are negative allosteric effectors because

e Chloride ions when they bind to hemogtobin ~ they make it harder
for oxygen to bind.

* A competitive inhibitor
e Carbon monoxide



The effect of p
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The effect of pH

* The binding of H* to hemoglobin promotes the release of O, from hemoglobin
and vice versa.

* This phenomenon is known as the Bohr effect.
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Bohr noticed that every time :
PH decreases (H+ increases) — P50 increases— affinity decreases

— Protons reduce the affinity —

WHY ?? Next slides
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Mechanism of Bohr effect

Increasing H* (in tissues) causes the protonation of
key amino acids, including the last histidine residue
of the 3 chains (His146).

Electrostatic interaction occurs between the
carboxylic group of His146 and a lysine of the a
chain.

The protonated histidine also forms a salt bridge to
Asp94 within the same chain.

This favors the deoxygenated T-form of hemoglobin.

The pKa of the imidazole ring of His146 is reduced from 7.7
in the T-state to 7.3 in the R-state, meaning that it is
protonated (charged) in the T-state and deprotonated
(uncharged) in the R-state.

Note

When pH> pKa, the group is deprotonated.
When pH < pKa, the group is protonated.

Firstly:

*PH causes protonation or deprotonation of
amino acid depending on its changes relative
to the Pka of the amino acid (relation is
below).

So when H+ increases in tissues, cells or RBCs
protonation will happen and charges will

increase or decrease depending on the amino
acid that will affect electrostatic interactions

(+..-)
Secondly:

(His) “alone” Pka is 6.16 near physiological ph
& affected by surrounding amino acids.

(His146) because it is the last one in its (beta
chain) it is gonna make 2 electros interactions:

1. With (Asp) in the same chain and 2. With
(Lys) in the opposite (alpha chain).



Mechanism of Bohr effect

Increasing H* (in tissues) causes the protonation
of key amino acids, including the last histidine
residue of the 3 chains (His146).

Electrostatic interaction occurs between the
carboxylic group of His146 and a lysine of the a

chain.

The protonated histidine also forms a salt bridge
to Asp94 within the same chain.

 The pKa of the imidazole ring of His146 is reduced from
7.7 in the T-state to 7.3 in the R-state, meaning that it is
protonated (charged) in the T-state and deprotonated

(uncharged) in the R-state.

This favors the deoxygenated T-form of
hemoglobin.

Note
When pH> pKa, the group is deprotonated.
* When pH < pKa, the group is protonated.

Thirdly:

*Metabolism causes the change in PH*
For (His):
PH=7.4 - Pka=7.7
Electrostatic interactions
Release of 02.

Protonated

group tight

T-state

PH=7.4 - Pka=7.3 - Unprotonated
group — No electrostatic interactions
Relaxed - R-state - Strong binding of 02

Q

*charge has gone cuz es- interactions are
broken and it is easier to lose protons*

d

*Pka of (His) reduced from 7.7 into 7.3

Realize the importance of electrostatic
interactions



(b) p Chains oy

Lys

This pH-dependent bond forms in the
presence of acidosis, stabilising the
structure of deoxyhaemoglobin




Where do protons come from?

CO» + HO = > HCO3 & > HCO3- + HT

* CO, and H" are produced at high levels in metabolically active tissues by
carbonic anhydrase, facilitating the release of O,.

* In the lungs, the reverse effect occurs and, also, the high levels of O, cause
the release of CO, from hemoglobin.

e CO2isproduced by metabolism Gilucosc + O2 —> CO.2 + H20
e CO2is converted through carbonic anhydrase (an enzyme) into H+

e H+ produced - protonation— T-state— electrostatic interactions~ Low affinity—> release of 02



The effect of CO,



Mechanism #1 - production of protons

CO» + HO &=——= H»(03; &=——=—= HCOj3 + H7

Tissues Lungs
10 — | *One mechanism & not the only
pH 7.6 one*

= 25 torr CO,

0.8 — : :
= pH 7.4 increasing the pressure of CO2
©
5 40 torr CO, v
B 0.6 PH decreases
- Y
e 0.5 pH 7.2 P50 increases
= 60 torr CO, L
§ Affinity decreases
= 0.2
>

0.0

0 20 100

pO, (torr)



Mechanism #2- formation of carbamates

— The Primary function of hemoglobin = is to transport 02
— The secondary = is to transport CO2

* Hemoglobin transports some CO, directly.
* When the CO, concentration is high, it combines with the free a.-amino

terminal groups to form carbamate and producing negatively-charged
groups

e So rather than having a R ﬁ R\ /,0 Co2is going to bind to
positively charged group N—H + ¢ —— N—C = 4+ H* the (free alpha amino
at the end of the peptide / ” / \ terminal group)

H 0 H 0

we will have negatively

%iharged group

* The increased number of negatively-charged residues increases the
number of electrostatic interactions that stabilize the T-state of
hemoglobin.

= f 1
Carbamate orming carbamate



¥ (fractional saturation)

How can we test that? Which one is more important?
Reducing of PH or formation of carbamate?

Which mechanism has a stronger effect?

* About 75% of the shift is caused by H".

* About 25% of the effect is due to the
formation of the carbamino compounds.

— pH 7.4, no CO,
—pH 7.2, no CO,
— pH 7.2, 40 torr C0,

Tissues Lurgs

—
—

o 20 100
PO, (torr)

* We will put hemoglobin in different
environments:

#1 without CO2

PH=7.4
PH=7.2

Pink VS Blue

P50 —> Increases
Affinity — Reduced

it happens by reducing the PH (H+1 )

How do we know that?

By changing one factor and keeping the other constant.
An increase in CO, tension will shift the oxygen
dissociation curve to the right, even when the pH is held
constant.

#2 with CO2

PH is unchanged .. How? Using a Buffer
PH=7.2

Blue VS Purple

Affinity — Reduced

CO2 does affect the affinity “negatively”



Transport of CO, into lungs &

1. Cells will produce CO2 (gas so it diffuses

out of cells easily)
2. It gets into the RBCs

Approximately 60% of CO, is
transported as bicarbonate ion,
which diffuses out of the RBC.

About 30% of CO, is transported
bound to N-terminal amino groups
of the T form of hemoglobin .

A small percentage of CO, is
transported as a dissolved gas.

The movement of CO, in/out of cells
does not change the pH, a
phenomenon called isohydric shift,
which is partially a result of hemoglobin
being an effective buffer.

*PH will not

change .. Why?

1) We have the
bicarbonate
buffer

2) hemoglobin
isgonna
bind to
protons

Hemoglobin
plays a role in
buffering blood
and stabilizing
PH

Dissolved

CO2
Hp “mate  Protein-bound
Jas CO, —— Hb-CO,
CO2 — CO2 — CO2 Hp Pretens
H* —s Hb-H*
el \b\mvbov\oh: Chemically-
HCO5 Hco, modified
o

# It will take CO2 and forms a carbamate within
the RBCs ( )

# Produced bicarbonate will leave out of the cell it
can diffuse, travel or carry itself (without RBCs) in
blood because it is (negative) ( )

# small amount of CO2 gas is dissolved by itself bcz
it is not really soluble (hydrophobic) ( )

# It will form protons that bind to hemoglobin
increasing electrostatic interactions (

)



Fffect of Chloride ion



Chloride shift

Bicarbonate diffuses out of the
red blood cells into the plasma in
venous blood and visa versa in
arterial blood.

Chloride ion always diffuses in an
opposite direction of bicarbonate
ion in order to maintain a charge
balance.

This is referred to as the "chloride
shift”,

*Bicarbonate ion left the cell.. so cells have lost a
negatively charged group ()

—> The electrical gradient will be disturbed

*So it has to compensate that.. so chloride ions
will enter the cell in place of the bicarbonate

Transport of CO, and the Bohr Effect
Tissue Plasma RBC




Effect of chloride ions

e Chloride ions interact with both
the N-terminus of a2 chain and
Argl141 of al chain stabilizing the

T-state of hemoglobin.

* Increasing the concentration of

chloride ions (ClI") shifts the

oxygen dissociation curve to the

right (lower affinity)

Cl- with hemoglobin

-Even without CO2 or change in PH-

It is gonna stabilize the T-state
increase the P50 (because of

affinity
electrostatic interactions)

decrease the

Sorelease 02

o | %
Val )
W Lys
N 127
Ba @ g :1
@ ~§|
Cs : ( f ay
Val 84 u-n\é e ; iy
(o fie ‘{
: 141 Arg Val 93
B @ ) o-H"0=6
a 126 Tyr 1400 2
Asp e S
I \ ’ ! (ll u, q

1- Tissues make CO2
2- CO2 gets inside cells Production of

protons & bicarbonate
*Bicarbonate out chloride ion in

*protons made electrostatic interactions stabilization T-
state

## Chloride ion bound with hemoglobin further
stabilization for T-state

O2 is released more and more from hemoglobin
So .. It diffuses into the peripheral cells inside tissues



Effect of 2,3-bisphosphoglycerate



2,3-bisphosphoglycerate (2,3-BPG)

 2,3-Bisphosphoglycerate (2,3-BPG) is
produced as a by-product of glucose
metabolism in the red blood cells.

* |t binds to hemoglobin and reduces
its affinity towards oxygen.

Glycolysis is the metabolism of glucose, the molecule
(1,3-Bisphosphoglycerate) is converted into it's isomer
which is (2,3-Bisphosphoglycerate) that has an
important function in regulating oxygen binding to hb.
2,3-Bisphosphoglycerate can return to the pathway
producing pyruvate af ter doing it's function.

2,3-BPG connects to hB right in the centre to
prevent the reconnection of O2 to it[ because it's
a gas- we can't control gases] -> this stabilizes hB
In T-state

Glycolysis

Glucose

v
¥

1,3-Bisphospho- |
glycerate

Y

3-Phospho-<|
glycerate

Pyruvate

o

~. CO

H-q:—o®=
H-C- o-P~
H

2,3-Bisphospho-
glycerate

H,O

PO42_

¥

\ctat/




2,3-BPG —hemoglobin interaction

It's larger in the T-state than R-> 2,3-GPB doesn't connect on R

e 2,3-BPG binds in the central cavity of deoxyhemoglobin only in a ratio of 1
2,3-BPG/hemoglobin tetramer.

* This binding stabilizes the T-state hemoglobin reducing the binding of
oxygen to hemoglobin and facilitating oxygen release.

This is an imp ratio, 402/ 1 hB, the CO2 ratio however we don't
really know ( could be four too cuz 4 chains , 4 N-terminus , but
we don't really know)

2,3-BPG forms salt
bridges with the terminal
amino groups of both 3
chains and with a lysine
and His143.




Effect of 2,3-BPG on oxygen binding

Tissues Lungs (no 2,3-BPG)
10~ | 5--=

Hemoglobin
(in red cells,
with 2,3-BPG)

o
o

o
o

* In the presence of 2,3-BPG, the p50 of
oxyhemoglobin is 26 torr.

* If 2,3-BPG were not present, p50 is close to 1 torr.

e
»

=
(¥

Y (fractional saturation)

| |
0 20 50 100 150 200

| pO> (torr)
@ The c.oncentratlon .of 2,3- - The graph in pink shows
BPG increases at high P i s U how grand the effect
100 of 2,3-BPG is, without ift,

altitudes (low O,) and in
certain metabolic conditions

\mmom the graph is like the

s | (Normal blood) myoglobin graph( but it's
making hemoglobin more * till sigmoidall) showing how
2,3-BPG =8 mmol/L 2,3-BPG decreases the

efficient at delivering

,/(Blood from individual af finity .
oxygen to tissues.

adapted to high altitudes)

% Saturation with O, (Y)

0 40 80 120
Partial pressure of oxygen
(mm Hg)

o




Effect of 2,3-BPG on oxygen binding

Tissues Lungs (no 2,3-BPG)
10~ | 5--=

Hemoglobin
(in red cells,
with 2,3-BPG)

0.8

0.6

* In the presence of 2,3-BPG, the p50 of
oxyhemoglobin is 26 torr.

Y (fractional saturation)

0.0 I J
0 20 50 100 150 200

 If 2,3-BPG were not present, p50 is close to 1 torr.

pO> (torr)
@ The concentration of 2,3-BPG T o
increases at high altitudes (low (Hemoglobin |
0,) and in certain metabolic o ol Ok so the O2 is already low

/,—————‘ and when it goes to lungs
\_z'i‘h?o’;am; *‘; ;';;":"'- how will it be saturated?
) Will it go to the tissues"
empty handed"( e (=l Ja
2,3-BPG = 8 mmol/L <Al Lfb)‘)
./(Blood from individual - = 2
adapted to high altitudes) No why? Go back o the

. . first slide what did we say
higher altitudes( lower O2) , thus, i S el about hB it's allosteric.

increasing the 2,3-BPG levels in hB( to T
promote more release of O2 = T-state) (mm Hg)

conditions making hemoglobin
more efficient at delivering
oxygen to tissues.

In the mountains your body will need
time to readjust and adapt to the

% Saturation with O, (Y)




But

00, is low at high a

titudes!!|

Altitude | Atmospheric PAO, PVO, Pressure Blood
(feet) Pressure | (mm/Hg) | (mm/Hg) | Differential | Saturation
(mm/Hg) (mm/Hg) (¥6)
oea Level 760 100 40 &0 98
10,000 523 &0 31 29 87
18,000 380 48 26 12 [
22,000 321 a0 22 8 60
25,000 282 T 4 3 a
35,000 179 8] 0 0 0
Altitude, ft
0 10,000 20,000 30,000
| | 1 |
800 L 450
o
:g Denver, CO _
€ 600 : ?
) Commercial Ski resort L 100 =2
= a'(f::g" Highest human 4
» a0
g 400 - habitation 8
Q. n
(&)
L 5 )
5 3
g 200 Mt. Everest &
S
(a1]
- 0
0 | I I |
0 2000 4000 6000 8000
Altitude mts.

More binding
Less release

Which do you suppose is better?

Less binding
More release

This one actually;
read the next slide



Better explanation of role of 2,3-BPG

* At sea level the lungs pick up oxygen with 100% saturation of Hb 100 Tissues _ Lungs
(1) and when the oxygen pressure drops to 40 mm Hg in the 238G 1
tissues (2) the Hb will be 55% saturated. | |

e They have released 45% of bound oxygen.

1
oxy-Hb

2!

% Saturation

» At high altitudes (in case of no adaptation), Hb is only 80%

saturated (1’). Thus at 40 mm Hg in the tissues (2) when Hb is deory-riy/ i
only 55% saturated, it will only have released 25% of its oxygen. o ; aliuce | level
e At high altitude (with increased 2,3-BPG production- in red), At Ox:;en pressure (m:ng,

the lungs (3) the Hb will be less bound with oxygen — only 70%
saturation — but at 40mm Hg in the tissues (4) it will be much .
less saturated than on the black curve — 30%. Thus, it will have In normal circumstances the release of

made available 40% of its oxygen. oxygen is 40%,
In high altitudes, the saturation will

. , . . decrease, but in the presence of 2,3-BPG(
* This is not a perfect solution, but over time there is increased hif he riah h l ill .
production of red blood cells to provide more hemoglobin to shift to the right) , the release will remain

compensate for the smaller amount of oxygen it can bind. the same ~ 40%.
But high altitudes with no adaptation/no

2,3-BPG, you'll find that the saturation is
higher but the release is lower, which is
worse.

This all proves why less binding, and more release is
better
*Compensation*


https://i.stack.imgur.com/xxkmN.png

2,3-BPG in transfused blood

 Storing blood results in a decrease in 2,3-PBG (and ATP), hence hemoglobin
acts as an oxygen “trap”, not an oxygen transporter.

* Transfused RBCs are able to restore the depleted supplies of 2,3-BPG in 6—

24 hours.

@ Severely ill patients may be
compromised.

@ Both 2,3-PBG and ATP are

rejuvenated.

With time , 2,3-BPG is degraded as well as
ATP, so when this blood is transfused to
somebody in urgent need , it won't be
effective because it won’t release 02 ( R-
state), and the 2,3-BPG takes time to be
synthesized , that's why blood banks add
it and add ATP before giving the blood unit
to a person.

Dimension of change >

Time spent in cold storage 2>

Changes after 1 days of storage

2,3-DPG

Lactate 1pane

49

0 3 8 24 4 7 14 21 28 35 42

hours days



2,3-BPG and CO2 are important players

1040

50

-
=y
=
-

Percent O, saturation

40

0

Stripped Hb

20

1)
PO, torr

60

Just notice how imp this
combo is->the graph is very
similar to the normal blood
graph .

The combination of CO2 and
2,3-Bisphosphoglycerate is a
more effective player than
decreasing pH or adding
chloride ions.



Effect of temperature



Effect of temperature

Decreased carbon dioxide
(Pco, 20 mm Hg) or H* (pH 7.6)

* An increase in temperature
decreases oxygen affinity and
therefore increases the P50.

* Increased temperature also
increases the metabolic rate of e
RBCs, increasing the production of )
2,3-BP@G, which also facilitates

oxygen u nloading fromH bOZ' !f you're exercisir}g or. you have a fever, gqur tempisin N
increase , now this shifts the graph to the right=> low affinity,

high p50, more O2 release, more O2 required( obv!) So
generally, temperature increases the release of oxygen .
*Dr. Diala: the O2 is needed to generate ATP and synthesize
proteins and any other factors needed for homeostasis to
overcome this emergency state*

ation of hemoglobin

60 carbon dioxide
(Pco, 40 mm Hg)
or H* (pH 7.4)

Increased carbon dioxide
c (Pco, 80 mm Hg)

@

S a9 or H*(pH 7.2)
I




Other considerations



Fetal hemoglobin

"0 Fetal hemoglobin

* Fetal Hb (HbF) has higher affinity(presentin

R-state- it takes/steals O2 from the mother cuz of the
fewer interaction with 2,3-BPG) towards oxygen

than adult hemoglobin (HBA).

Maternal
hemﬂg]nbin

Bl —

Percent of saturaton

* HbA=a2[32 0, flows from
* HbF = 022 maternal
They differ in the primary structure e
* His143 residue in the 3 subunit is i
replaced by a serine residue in the y "
subunit of HbF.( Ser is the major change but O, pressure (pO, in torrs)
we do have different amino acids too between
adult and fetal) COOH
* Since serine cannot form a salt bridge H2N—c|:— H
with 2,3-BPG, it binds weaker to HbF C|3H2

than to HbA. As serine can’t form a salt bridge with 2,3-BPG -as |

what His143 does in adults- this will make the _
binding of 2,3-BPG to hb weaker, so low P50 and Serine (ser)

high affinity.




Etfect of CO



Effe Ct Of CO (Hb + O,) versus (Hb + O, + CO)

* In addition to competing with oxygen in 20
binding to hemoglobin, the affinity of Hb- o
CO towards oxygen increases resulting in
less oxygen unloading in peripheral tissues.

When we have CO, it binds to the heme and keeps

16 -

12 -

h!

Normal Curye
Total Oy

50%COHb

10 4

Blood Oxygen Content (mi/100 mbD

(Hb + O,) versus (Hb + CQ) it in the R- state all the time, so oxygen binding sites &
- to hb are really few. 6.7 Anemia
100 | €O+ hemoglobin Also , CO shifts the oxygen that’s bound to hb from g (or 50% Hg)
the T-state to the R-state , so it’s not released in

9
e tissues!
§ 80
£ So, two factors :increasing affinity and decreasing S T S P A o M T R
§ 60 binding sites. Oxygen Partial Press. (mmHg)
'_% O, + hemoglobin
S 40 :
g ise7 | ey | It's compared to anemia
T NN, NN C e
al = = because CO binding is
H H . o .
0 | , , , | o o irreversible (it doesn’t move
c 1207 o>
° 20 0 s 0 e - from R to T) so that's a lost
PO (m Ho) ~a Nl S -
place for O2 to bind to hb.

His Fsii? His Fxgiy

© Mb:CO complex @® Oxymyoglobin




Relevant information

* Increasing the amount of CO in inspired air to
1% and above would be fatal in minutes.

* Due to pollutants, the concentration of CO-Hb in
the blood is usually 1% in a non-smoker.

In smokers, CO-Hb can reach up t-
"0 10% in smokers.

* |f this concentration of CO-Hb in the blood
reaches 40% (as is caused by 1% of CO in
inspired air), it would cause unconsciousness

initially, followed by death. =
A word of advice: you're a role model people, respect your self and look up to it . Peoplggu e Fs
will listen when you talk, and take your health advice, so don't do stupid and selfish P~ & %;7/
things such as smoking, people will dlsregard what you say" casi <l 5 led (Sai ) dsaa 6l i
" g0 ) e iR | g 5 e g ad ) Le Gdaadd | g e oK) )5 S 1Y) "
a sl @llaa 3 gla Al CSa WL sy giSa"Capall sl oy ) el

So think twice before picking up a habit that may ruin your health and your image.

Be an extraordinary doctor :)




Summary

100

80

Hemoglobin o
% Saturation

20

0O 20 40 o60 80 100 120 140

Partial Pressure O,



For any feedback, scan the code or click on it.

Corrections from previous versions:

Versions Slide # and Place of Error Before Correction After Correction
N Slide 26 won’t have enough 02 to Won’t release
V1i=>V2 make a difference
In the opposite In the opposite
V2 > V3 Slide 7 below (Beta chain) (alpha chain)
. N ) “won”t release”
V3 S va Slide 26 release d T
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