Structure and function
of proteins

MYOGLOBIN, HEMOGLOBIN
(heme proteins)



Reversible binding of a Protein to a Ligand.:
Oxygen-Binding Proteins

MYOGLOBIN, HEMOGLOBIN

Oxygen- poorly soluble in aqueous, diffusion
iIneffective-few millimeters

No AA bind O2

Evolution- proteins —transport and store oxygen
Hemoproteins (heme, reversible binding of oxygen)
Heme- Fe oy




Myoglobin- single binding site for O2

Transport O2 in muscle tissue

Globins

Protein ligand interaction can be described

guantitatively

In general, the reversible hinding of a protein (P)
to a ligand (L) can be described by a simple equilib-
rinm expression:

FP+L =— PL (h—1}

The reaction is characterized by an equilibrivim con-
stant, K, such that

[PL]

K, = TPIL]

i5-2)
The term K, is an association constant (not to be
confused with the K, that denotes an acid dissociation
constant; p. 63). The association constant provides a
measure of the affinity of the ligand L for the protein.

K, has units of m™"; a higher value of K, corresponds to

It is more common (and intuitively simpler), how-
ever, to consider the dissociation constant, K, which
is the reciprocal of K, (K3 = 1/K,) and is given in units
of molar concentration (m). K, is the equilibrinm con-
stant for the release of ligand. The relevant expressions
change to

. [PIIL] o
Ky =i (5-6)
_[PIIL] R
[PLI == (5-T)
Nt T = (5 g)
=T+ i, v

When [L] is equal to Ka, half of the ligand-binding sites
are oceupied. As [L] falls below K5, progressively less of
the protein has ligand bound to it. In order for 90% of
the available ligand-binding sites to be oceupied, [L]
must be nine times greater than K.
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‘Saturation curve of myoglobin
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or Kg. The curve has a horizontal asymptote at # = 1 and a vertical
asymptote (not shown) at [L] = —1/K,. (b} A curve describing the bind-
ing of cxygen to myoglobin. The partial pressure of O in the air above
the solution is expressed in kilopascals (kPa). Oxygen binds tightly to

myoglobin, with a Psy of only 0.26 kFa.
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Coordination of Heme in Hb/Mb

F8

o
= Coordination bond of Fe2+ - histidine F8 proximal (F helix
= Partially to histidine E7 distal (in E helix).
Proximal Distal
histidine 0, “y histidine
LoX
9 ‘:'/;, T e Oy, =COON
| SN B b
: )
__( : NN \f{z'
‘ ' -
F helix Heme - Ehelix £
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ﬂVIyogIobin X hemoglobin

Myoglobin/Hemoglobin Comparison:

Myoglobin:
Cnly 1 hame and 1 polypeptide chain
of 153 amino acids. MW = 17,800

Val FG5

1
Leu Heme
3
. Og
4

M Helix F
‘ Leu F4

T state R state

Hemaoglobin:

< heme units and 4 polypeptide chains;
2 & chains with 141aming acids, and

2 B chains with 148 amino acids.

MW = 84 200

FIGURE 5-11 Changes in conformation near heme on O; binding
to deoxyhemoglobin. (Derived from PDB ID 1HGA and 1BBB.) The
shift in the position of the F helix when heme binds O, is thought to
be one of the adjustments that triggers the T — R transition.

I 1
s 5 10
(h) pQ; (kPa)

or Ky The curve has a horizontal asymptote at # =1 and a vertical
asymptote (not shown) at [L] = —1/K,. (b) A curve describing the bind-

Myoglobin — hyperbolic binding curve for oxygen o . e s e e

the solution is expressed in kilopascals (kPa). Oxygen binds tightly to
myoglobin, with a Psp of only 0.26 kPa.

-oxygen-storage protein

-Hemoglobin- multiple subunits- O2 binding sites

-oxygen transport

Biochemsitry-2-3-HbM-en 6



‘ Functions of hemoglobin and myoglobin

Function O, transport O, storage
Location Only in the Only ir skeletal
erythrocyte mus:l_e |
0, affinity in Low High
lissues |
O, &ffinity In bungs  High »H,Igh
0, affinity change  Yes No
wih Po,
Allosteric Yes No
regulation
Qualernary Yes—tetramer No—monomer
structure —

Biochemsitry-2-3-HbM-en
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Structure of Hemoglobin
[ primary — AA

] secondary (a helixes A-H)
Tertiary (space composition ...)

o helixes, hydrophobic inside,
hydrophilic outside,
hydrophobic pocket - heme
Quartery-(subunits)

Biochemsitry-2-3-HbM-en 8




Coordination of Heme in Hb/Mb

F8

o
= Coordination bond of Fe2+ - histidine F8 proximal (F helix
= Partially to histidine E7 distal (in E helix).
Proximal Distal
histidine 0, “y histidine
LoX
9 ‘:'/;, T e Oy, =COON
| SN B b
: )
__( : NN \f{z'
‘ ' -
F helix Heme - Ehelix £

Biochemsitry-2-3-HbM-en



Hemoglobin A

(0(2 Bz) M: 65 kDa

Proximal
histidine

Distal
histidine

Biochemsitry-2-3-HbM-en
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‘ Quaternary structure, tetramer

4 subunits

- hydrophobic
- electrostati

Interactions

Human
hemoglobin, B, 8
two alpha(red) o
two beta(yellow)

subunits,

Biochemsitry-2-3-HbM-en
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Environmental Oxygen Effects Binding Affinity

Musclein ~ Vein  Relaxing Artery
exercising  [O,]  muscle Myoglobin [O,]
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CONFORMATION OF T

TENSE. LOW AEEINITY) 2"™0*2€0: < 2HCo, CONFORMATION OF R
( > | 0 ) KARBONATDEH YDROGENASA |H (RELAX1 LOW AFFINITY)
LUNG/BLOOD bl
‘.‘_,*"'—'d' { o ] "'h..,_“hﬁ\\ : ”,".- s ._l ..._\\‘\‘
i Eaéé “\ 4 D, 2H* +2,3-BPG / \E/ \

. / ) '1", 4 Dz ZH" +2,3-BPG ’,’
\\ﬁ“*-.. ll\ltz/,l """ T \\“m.i N\ {IZ 'II ___,--/{
T TISSUE/BLOOD |
2H* + 2 HCOD,
DEOXYHEMOGLOBIN | HARBONATDEHYDROG INASA |H/ OXYHEMOGLOBIN
2H,0+2C0, — 2H,CO,
Hb (T)=——= Hb (R)
+ |
BPG 0,
Y/, N
/ \
Hb - BPG (T) Hb - Oz (R)

Figure 3-10. Equilibrium between the tense (7') and relaxed (R)
forms of hemoglobin.
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Dioxygen: Uptake, Transport & Storage

HEb binds dioeoygen and transports O o e issws.
How does N manages to get O, transferred from HiE?

I pp——— -
= VP e — Harmoglobon is & muech mors

e T Wyoglobin - imricate and sentient molecule
r o than Myocgiobin is!

—o transports H* and SO,
in additiom to T,

saluration 1]

. Einding properties i Hb

Pag = 26 are regulated by inberactons
betersen =eparate, mon-
5 " L a1 L adjmcent sies.
10 20 30 E Bl S0 100
Chy DRSS UrE Loy HeErT1iy I_G im is an
" T allosteric proteimn;

wihereas Mhyogiobin is moil

o' o

1 Dioxygen binds cooperatively to hemoglobin!

The binding of O2 to hemoglobin enhances the binding of additional
O2 to the same hemoglobin (take advantage of high concentrations
of O2 in the lungs; sigmoid curve ). Binding of O2 to Myoglobin is
not cooperative; hyperbolic cure).

[ Affinity of hemoglobin for O2 is pH dependent!

H+ and CO2 promote the release of bound dioxygen (for instance in
active tissues such as in muscles). Reciprocally, higher
concentrations of O2 promote the release of CO2 (e.g. in the lungs).

—-Ditoxygen-affinity-of the tetrameric-hemoglobinisregulated
by 2,3-BiPhosphoGlycerate (lowered by the presence of BPG)!

1ochemsitt
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| mportance-of 2,3-Bisphosphoglyceric-actd(2,3-

Bisphosphoglycerate or 2,3-BPG, also known a o TOO'

diphosphoglycerate or 2,3-DPG) D:FL_D_CH _
| ‘ 0
o |

-glycolytic intermediate 1,3-bisphosphoglyceric |
acid (1,3-BPG). O
-2,3-BPG is present in human red blood cells at

approximately 5 mmol/L.

-It binds with greater affinity to deoxygenated 0y
hemogdlobin (e.g. when the red cell is near °® ®

respiring tissue) than it does to oxygenated o 9 f"-"“' o, _o'®
hemoglobin (e.g., in the lungs) due to spatial B2 ® D;" 1 s % [31
changes: 2,3-BPG fits in the deoxygenated i ®
hemoglobin configuration), but not as well in the @ %
oxygenated .0y
-It interacts with deoxygenated hemoglobin beta ~
subunits by decreasing their affinity for oxygen, so

it allosterically promotes the release of the

remaining oxygen molecules bound to the

hemoglobin, thus enhancing the ability of RBCs to
release-oxygen-near-tissues-that need-it most.

2.3-BPG is thus an allosteric effector.
Biochemsitry-2-3-HbM-en 15



http://en.wikipedia.org/wiki/1,3-Bisphosphoglyceric_acid
http://en.wikipedia.org/wiki/Hemoglobin
http://en.wikipedia.org/wiki/Allosterically
http://en.wikipedia.org/wiki/Allosteric_effector

The Transportation of Blood Oxygen

Any one subunit receives an oxygen molecule will increase the
oxygen-binding affinity of the others

(R)

relaxed state

When environmental [O,]

When environmental [O,] Artery decreases, Hb releases
increases, Hb binds oxygen oxygen to Mb

fficientl ~
efficiently a \

Muscle

ﬁ. —> D

Vein .—) @)
—>

_ (T) \ )
Hemoglobin gngestate = —
- Myoglobin
Biochemsitry-2-3-HbM-en 16




Environmental Oxygen Effects Binding Affinity
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ALLOSTERISM

1. BPG metabolism

— A. Regulation of O, transport

[1] Bisphosphoglycerate 1.0
¢ mutase 5.4.2.4
i Bisphosphoglycerate
1,3-Bisphospho- [2] phosphogly
glycerate phosphatase3.7.3.13 0.8
. j 2,3 S 06
g o U.
ATP Bisphospho- E 1
3-Phospho- glycerate (BPG) 5
glycerate  [217 =04
O\%/O
e S
2-Phospho- ® H_(F_O‘®
glycerate H,C— O—® 0.0

pH=7.40

1 Myoglobin
2 Hemoglobin (Hb)

3 Hb +BPG
4 Hb +CO, +BPG

0 10

30 40

20
O partial pressure (mmHg)

2. Saturation curves

50

Biochemsitry-2-3-HbM-en
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Hemoglobin transport H+ and CQO2

= Products of cellular oxidation H+, CO?2
= From the tissues to lung and kidneys

CO, + H,0 == H* + HCO7

This reaction is catalyzed by carbonic anhydrase, an
enzvine particularly abundant in erythrocvtes. Carbon

B H= and CO, Promote the Release of O,. The Bohr Effect (1904)
h"ltlU‘z- _ h.'":: b 0‘: H IJ‘:_':—' - _“J‘ - Ti‘:,_,-._.
Eiguil briam " I3} 1.0
e L - @ Saturation ¥ = _pOa” pHTE
IMEC| (p05)7 + (g -~ - r H¥
B / — H.-’ - ClzHR + + {'Zf'flz,
oy g a1 = / SRH T <N
Saturation ¥ ME] [ ) L‘r‘ - {J_‘r_”c'?} = I rd pHT.2 In al:tt'-l‘.f-‘h" f %I the abveah
Frg -g 05— Iy .-*"' metabolizing \ . of the lungs
& =+ D oand [0y] »p0s g = mlogpQ, - nieg A = Ay rigsue .
Sy : o El | 4| AShE rclni?fic:-ﬂz HE'
B, ;¥ Pa=
Satwabon ¥ = = o 513 4 5 4] + .,
I n PO+ Po i L Arghigald HID {1513) .'_.- _.-"'; "'~._
T By e ok i/ Latr” 1 1 '!:'.-l:l?
rm II-' WM 20 30 40 50
Cooperative O, Binding makss / fa'.... b Og pressure [0y
Hemaglobin a More Efficient y JoA=%
i | kiztharel frmelngd alcohol] Is Righly polsoncus because |t s comeried o afoxic product ffomaldehyde) In &
DID:‘:}"QEI’I TFEFIEFIEII"tEI' f reaction calalyzed by fhe enzyme aloohol dehydropenase, Fart of the medcal realment for medanol
g 50 polsaning Is bo asmminisier athans! (s slcohal) In large amounts. WHYTT?
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T h e B O h r Eff e Ct H+ and CO, Promoie the Release of O,. The Bohr Effect (1904)

pHTE
Clak + II1 + G0y

a decrease in blood pH or an increase in blood CO2 s SN advey £ N\in the atvec
"

: 05k _.'. . matabolizing | | of the lurigs

Hoos tissue .,
i W releases Og H-P

concentration will result in hemoglobin proteins
releasing their loads of oxygen and a decrease in

“co,

carbon dioxide or increase in pH will result in T % A

. . . . g pressure o0
hemoQIObIn pICklng up more oxygen. Slnce Carbon Kathamol (melqygl alcobol] s Righty solsoncus because |tk comeried 1o & fowic product (fomaldehyde) in a
dioxide reacts with water to form carbonic acid, an s S e o S T g S e e

increase in CO2 results in a decrease in blood pH.

Most of the CO2 is transported as bicarbonate, which is formed within
red blood cells by the action of carbonic anhydrase:
CO2 + H20 > HCO3- + H+

1 The major portion of the Bohr Effect is due to the fact that
Increasing p(CO2) causes a decreased red cell pH (acidosis).

1 A secondary part of the Bohr Effect is due to the fact that CO2
reacts covalently with hemoglobin to form carbamino-hemoglobin
which has a reduced O2 affinity.

R—NH2 + CO2 » R—NH—COO- + H+
The bound carbamates form salt bridges that stabilize the T-form!
(The Tense-form of hemoglobipassesses.a lower O2 affinity).

20


http://en.wikipedia.org/wiki/PH
http://en.wikipedia.org/wiki/Carbonic_acid

BPG
stabilizes
Tform

07 bond
weakens
association

03 affinity 70
times h_iP er
Deoxyhemoglobin than in Tform Oxyhemoglobin
Tform R form

Biochemsitry-2-3-HbM-en
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— D. Hemoglobin and CO, transport

Lungs
Co, 0, o, g

T

Co,

Lungs I

~» HCOP }{:Hcog? + H%b [—D Hb-0, + [H,CO;]
ae ae p

rF'N

Blood Erythrocyte

v
e ce -

—
HCOY HCOP +HPHb Hb-0, * [H,CO;,]

POy + j
30-40 mmHg (—’ €0, * M0 —{T—+[H,C0,]
\
Co,
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Veins Arteries T
Tissue
o,

m Carbonate dehydratase [Zn2®] 4.2.1.1

J
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\Types of Hb

Embryo Hb Gower-2 ttatis 0

Fetus HbF AaYe ~1%
Adult HbA tafe 90%
Adull HbA, b ~2%
LL'Adult HbA, 22fa-Glucose ~5%

= Fetal Hb (HbF small increase affinity in
comparison to HbA)

= HbAlc — glycosylation

= HbAlc reference value:

= [J men 140-180 g/l ; 8,1-11,2 mmol/l

= [ women: 120-16(giocgll . 7,4-9,8 mmol/l

msitry-2-3-HbM-en 23




Hemoglobin- transport oxygen in bood

Erythrocytes (red blood cells, 6-9um in diameter)
Precursor stem cells- hemocystoblast — maturation- large amount of

hemoglobin, lose their nucleus, mitochondria, endoplasmatic

reticulum
= 120 days survivor

FIGURE 5-8 Dominanl interaclions between hemoglobin subunits.
In this representation, a subunits are light and B subunits are dark.
The strongest subunit interactions (highlighted) occur between unlike
subunits. When oxygen binds, the &8, contact changes little, but

ken (PDB ID 1HGA).

there is a large change at the a8, contact, with several ion pairs bro-

viocLeLnsite

py in pOyin
tissues lungs
1.0
High-affinity

atate

0.8 |
Transition from

low- to high-
affinity state

0.6

0.4

0.2

4 5 12 16
POz (kPa)

FIGURE 5-12 A sigmoid (cooperative) binding curve. A sigmoid
binding curve can be viewed as a hybrid curve reflecting a transition
from a low-affinity to a high-affinity state. Cooperative binding, as
manifested by a sigmoid binding curve, renders hemoglobin maore
sensitive to the small differences in O; concentration between the tis-
sues and the lungs, allowing hemoglobin to bind oxygen in the lungs
iwhere pOs is high) and release it in the tissues (where pO; is low).
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¥
+ H:N—CH,— HEMOGLOBIN

neenzymova reakce
) irreversibilni

H,0

CH,OH

aldimin
{lakilni)

_N—rCH,— HEMOGLOBIN
e

Amadoriho
presmyk

N———CH:—' HEMOGLO

glykovany hemoglobin

(ketoamin; aminoderivat fruk

Glycosylated hemoglobin is the form of hemoglobin
to which glucose is bound. The binding of glucose
to amino acids in the hemoglobin takes place
spontaneously (without the help of an enzyme) in
many proteins, and is not known to serve a useful
purpose. However, the binding to hemoglobin does
serve as a record for average blood glucose levels
over the lifetime of red cells, which is approximately
120 days.

The levels of glycosylated hemoglobin are therefore
measured in order to monitor the long-term control
of the chronic disease of type 2 diabetes mellitus
(T2DM). Poor control of T2DM results in high levels
of glycosylated hemoglobin in the red blood cells.
The normal reference range is approximately 4—
5.9 %. Though difficult to obtain, values less than
7% are recommended for people with T2DM.
Levels greater than 9% are associated with poor
control of the glycosylated hemoglobin, and levels
greater than 12% are associated with very poor
control.

Diabetics who keep their glycosylated hemoglobin
levels close to 7% have a much better chance of
avoiding the complications that may accompany
diabetes (than those whose levels are 8% or
higher).[61] In addition, increased glycosylation of
hemoglobin increases its affinity for oxygen,
therefore preventing its release at the tissue and
inducing a level of hypoxia in extreme cases.[62]

Biochemsitry-2-3-HbM-en 25
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Role in disease
Hemoglobinopathies

Genetic diseases (mutation In globin chain)
Altered rate of Hb production (thalassemias)

Sickle cell hemoglobin HbS (mutation)

’ Lung Tissues
Lo ) B Ja) P
HbA 2 — ,:—-,: )
B| (p Yol
i Oxy-HbA | | Deoxy-HbA
y = \ E ‘ N - ;\ -1'—7, y y o
(= l g ¥ Ja,)‘-.. pe ) V\ai lq’l pe /; { ) pe ,.l
HbS )4 /~,-_._-'\ —— B 2 b 4 p @ -
(p fa ) val—{ = Joval —{( @8 Joval—( = h (
S & .v__w/.r 2 "-‘ & 7 ._/ NS 4
‘ Oxy-HbS ’ | Deoxy-HbS lorming polymer

Figure 3-12. Formation of linear aggregates betwean maolecules of sickle cell hemoglobin.
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Hemoproteins

8. Heme
R; CH,

L
!
|

HC— a__w,?,--""l ~ \y—R
3 '.\I‘ | . B 3
-_::!___ NH ) M=

*-f{f " Fet \

%_ b iff
R 1-__K\r/'”%":"l' s ——CH;

0X. red.

.'I \
Coo® Coo®

Hemoglobin je jen jednim z proteinu patficich do velké skupiny zvané hemové
proteiny (hemoproteiny).

Do této skupiny dale patfi, napfr.:

1 myoglobin (vazba a depozice kysliku ve svalech)

1 cytochromy (pfenasece elektrond v elektron-transportnim fetézci mitochondrii)
[ katalazy a peroxidazy (rozklad a tvorba H202)

1 cytochrom P450 (hydroxylacni systém/enzym)

Jejich spoleénym znakem je to, ze ve své molekule obsahuji hem (cyklicky
tetrapyrrol).

Biochemsitry-2-3-HbM-en 27



‘ Hemoproteins

i i .
oo? Oay protoporfirin
@
o L
TH i .-—\.-Iﬁ'
. Py e,
cHo .?x o e_cn, oH
f Spl _E;‘”m{ z;:;
¢c—r4/F W
E!,CH—I:':H J{IAREH ﬁéﬁ_. ,C—CH,
L
Iml Hl::[']:g ih) '::IE

His- residue- heme coordination, oxygen on the other site

Fe2+--Fe3+, heme iron — higher affinity for CO (carbon monooxide),

- NO (nitric..) TOXIC to aerobic metabolism

-Blood: different color- oxygen rich- bright red arterial blood

-- dark purple oxygen depleted venous blood
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‘ Other hemoproteins

Catalysis
Cytochrome P450s |
scytochrome c oxidase
speroxidases

*Electron transfer/transport
scyctochrome a

*Cvytochrome b

scytochrome c

The cytochrome P450 superfamily (officially abbreviated as CYP) is a large and diverse group of enzymes
that catalyze the oxidation of organic substances. The substrates of CYP enzymes include metabolic
intermediates such as lipids and steroidal hormones, as well as xenobiotic substances such as drugs and
other toxic chemicals. CYPs are the major enzymes involved in drug metabolism and bioactivation,
accounting for about 75% of the total number of different metabolic reactions.[1]

The most common reaction catalyzed by cytochromes P450 is a monooxygenase reaction, e.g., insertion of
one atom of oxygen into an organic substrate (RH) while the other oxygen atom is reduced to water:

RH + O2 + NADPH + H+ — ROH + H20 + NADP+
Cytochromes P450 (CYPs) belong to the superfamily of proteins containing a heme cofactor and, therefore,
are hemoproteins. CYPs use a variety of small and large molecules as substrates in enzymatic reactions.
Often they form part of multl component eIectron transfer charns called P450- contarnrnq svstems The Ietter

450 reflects wavelength of the absorption maximum of the enzyme when itis in the reduced state anz%

Yorhpreiad with e,
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http://en.wikipedia.org/wiki/Organic_compound
http://en.wikipedia.org/wiki/Enzyme_substrate
http://en.wikipedia.org/wiki/Metabolism
http://en.wikipedia.org/wiki/Lipid
http://en.wikipedia.org/wiki/Steroid
http://en.wikipedia.org/wiki/Xenobiotic
http://en.wikipedia.org/wiki/Toxic
http://en.wikipedia.org/wiki/Drug_metabolism
http://en.wikipedia.org/wiki/Cytochrome_P450#cite_note-pmid18052394-0
http://en.wikipedia.org/wiki/Monooxygenase
http://en.wikipedia.org/wiki/Redox
http://en.wikipedia.org/wiki/Heme
http://en.wikipedia.org/wiki/Cofactor_(biochemistry)
http://en.wikipedia.org/wiki/Hemoprotein
http://en.wikipedia.org/wiki/Molecule
http://en.wikipedia.org/wiki/Substrate_(biochemistry)
http://en.wikipedia.org/wiki/Electron_transfer_chain
http://en.wikipedia.org/wiki/P450-containing_systems
http://en.wikipedia.org/wiki/Carbon_monoxide

Feroxidases (EC number 1.11.1.x) are a large family of enzymes that typically
catalyze a reaction of the form:
ROOR' + electron donor (2 e-) + 2H+ — ROH + R'OH
For many of these enzymes the optimal substrate is hydrogen peroxide, but others
are more active with organic hydroperoxides such as lipid peroxides. Peroxidases
can contain a heme cofactor in their active sites, or alternately redox-active
cysteine or selenocysteine residues.
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