
Classes 6 and 7

(Ch. 5, pp. 157-174)

Protein structure & function:

Myoglobin & Hemoglobin
We will have a “structure” activity in lab next week which will 

complement the lecture material.

There is also a HW (#3) due Tues, Sept 29.



What do aerobic organisms absolutely need to 
generate energy during metabolism?



• Function of myoglobin?

• Function of hemoglobin?

• How do structural differences lead to 
different functions?

• Quantitatives of ligand-protein binding

• Physiological factors that affect O2 
binding by Hb

• Hemoglobin mutants 



Myoglobin (monomer)

Figure 5-3
Heme prosthetic group:

Compound covalently attached to protein 
that contributes to protein’s function.



Figure 5-10

Hemoglobin (tetramer)



Comparison of Mb & Hb ß subunit  

Figure 5-6



What is the difference between Mb and Hb?

Myoglobin Hemoglobin



Need Hb to concentrate O2 in our blood



Mb and Hb both bind O2 via heme



Heme in myoglobin (similar in Hb)

Figure 5-3

Figure 5-5



Deoxy-Hb                       Oxy-Hb 

Mb does NOT undergo significant conformational 
change when it binds O2, but Hb DOES!



Tetrameric hemoglobin (dimer of dimers)
Packing contacts (horizontal) vs. sliding contacts (vertical)

Figure 5-8



Conformational changes in Hb along sliding 
contacts upon O2-binding

Figure 5-10

Deoxy-Hb
Low O2 affinity

Oxy-Hb
High O2 affinity



Heme has high affinity for CO (CO poisoning)

Figure 5-5



Hyperbolic O2 binding curve for Mb

Figure 5-4

% saturation = 
fraction of binding 

sites occupied

Partial pressure of O2



Sigmoidal O2 binding curve for Hb

Figure 5-12

Sigmoidal curve == 
positive cooperativity

Binding of 1st O2 is most 
difficult (low affinity)

Once 1st O2 is bound, 2nd, 
3rd and 4th O2 bind with 

increasing ease (switch to 
hi affinity)



O2 loading/unloading by Hb

Figure 5-12



Mb cannot substitute for Hb

Figure 5-4



Mathematical equation for Hb O2 binding curve



Hill’s coefficient (n) – indicates cooperativity

Figure 5-12



Conformational change upon O2 binding 

Figure 5-11



Conformational change upon oxygen binding 



Small molecule effectors of O2 binding

• CO2, H+ (i.e. pH) and 2,3-bisphosphoglycerate (BPG)

• When these molecules bind to Hb, they preferentially 
stabilize deoxy-Hb conformation, so they decrease affinity 
for O2 (allosteric inhibitors).

• These small ligands bind, not at the heme, but at a 
different (characteristic) site on Hb. 



Bohr effect (pH)
Important for delivery of O2 to actively metabolizing tissues

Figure 5-16



BPG stabilizes deoxy-hemoglobin

Deoxy-Hb
(T-state)

Oxy-Hb
(R-state)

Figure 5-18



Effect of BPG on O2 binding

Figure 5-17



BPG and high altitude adaptation

Figure 5-17

High altitude adaptation – 
increase [BPG] to 8 mM



• Fetal Hb (𝛂2𝛄2) binds BPG with lower affinity than adult Hb 
(𝛂2𝛃2) – so binds O2 with higher affinity

BPG and fetal development

Adult Hb 𝛃 subunit has His143 in central cavity
Fetal Hb 𝛄 subunit has Ser143 instead

Pritišanac et al. Fetal Hemoglobin and NIRS

FIGURE 1 | Oxyhemoglobin dissociation curves (ODC) of adult and neonatal

blood sample: ODC reflects the relationship between paO2 and SaO2. The

factors that change the oxygen affinity for hemoglobin are illustrated

(pCO2-partial pressure of carbon dioxid, 2,3-BPG- biphosphoglycerate,

FHbF-fraction of fetal hemoglobin).

variation in FHbF, especially in the term neonates at birth with a
mean FHbF of 82% (min–max 5–100%). This suggests that FHbF
at birth, and its eventual decline is an individual characteristic of
each term and preterm neonate (6). Higher FHbF were observed
in neonates exposed to risk factors for maternal or fetal hypoxia
(7). Furthermore, in very low birth weight neonates, higher FHbF
were related to the lower incidence of retinopathy of prematurity
(ROP), suggesting that HbF could be a protective factor for
oxygen-related tissue injury in preterm neonates (8).

A continuous non-invasive oxygenation monitoring is of
great interest during postnatal resuscitation as well as during
neonatal intensive care (9). Pulse-oximetry is the most common
oxygenation monitoring method, based on detecting changes
in the absorption of oxygenated and deoxygenated blood
hemoglobin at two wavelengths: 660 nm (red) and 940 nm
(infrared) (10). Nonetheless, arterial saturation measured by
pulse-oximetry (SpO2) provides only the information about
the saturation of arterial blood without giving any insight into
oxygen consumption. Moreover, SpO2 values show a respectable
bias, when compared to direct measurements of arterial blood
saturation (SaO2) in neonates, which can result in an undetected
hypoxia (11–13).

Tissue oxygenation monitoring by near-infrared spectroscopy
(NIRS) enables the assessment of oxygen delivery to the end
organs, most commonly to the brain, peripheral muscle or
kidney/flank. The method is based on the absorption changes
of oxygenated and deoxygenated blood hemoglobin in near-
infrared part of the spectrum (700–1,000 nm) and reflects a
mixed tissue saturation (14, 15).

NIRS measurements in neonates are, therefore, a matter
of increasing interest in neonatal intensive care, especially in
assessing cerebral tissue oxygenation in the first minutes after
birth (16, 17). On the one hand insufficient oxygen supply can
cause hypoxic tissue damage and on the other hand an excess in

oxygen supply increases the risk of oxidative stress (18). NIRS
monitoring of cerebral tissue oxygenation in combination with
treatment guidelines reduces the burden of both cerebral hypoxia
and hyperoxia (19).

There are several factors, which affect cerebral tissue
oxygenation and oxygen extraction in neonates such as
gestational age, postnatal age, brain injury, total hemoglobin and
blood transfusions (20–22).

Simultaneous measurements of tissue oxygenation and
SpO2 combined with a venous occlusion (for peripheral
measurements) enable the calculation of fractional oxygen
extraction (FOE), i.e., the amount of oxygen that is extracted
from blood to a tissue (23). Venous occlusion causes an increase
in blood volume by interruption of venous (out) flow, whereas
arterial (in) flow remains unaffected. Thus, the measured changes
in oxygenated, reduced and total hemoglobin during venous
occlusion are caused only by the arterial inflow and oxygen
consumption of tissue (24).

Based on the physiological characteristics of HbF, in particular
its left-shifted ODC, the individual differences in FHbF and
therefore in hemoglobin affinity for oxygen, are expected to affect
the measured cerebral and peripheral oxygenation and oxygen
extraction. Since NIRS measurements mainly reflect the venous
department (arterial:venous contribution = 25:75) (25) higher
FHbF should lead to lower oxygen extraction, since the unfolding
of oxygen from the HbF molecule requires lower partial oxygen
pressures (26). After a transfusion of adult red blood cells (RBCs),
on the other hand, the shift to the right in ODC (Figure 1) should
enhance oxygen unfolding and lead to an increase in FOE.

The aim of this review is to summarize the studies, which
investigated whether the individual differences in FHbF affect
cerebral and peripheral tissue oxygenation or FOE measured
by NIRS.

METHODS

Search Strategy
Articles were identified using the stepwise approach according to
the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) statement (27). We performed a systematic
search of PubMed/Medline, EMBASE, Cochrane library and
CINAHL databases for articles published between inception of
the databases and May 2021 that addressed HbF and tissue
oxygenation monitoring by NIRS in term and preterm neonates.
We have applied a search restriction to human studies and to
the publications in English. Search terms included: newborn,
neonate, preterm, term, infant, HbF, hemoglobin F, fetal
hemoglobin, near-infrared spectroscopy, NIRS, cerebral tissue
oxygenation, peripheral tissue oxygenation, fractional oxygen
extraction (see Supplement 1). Studies on fetal hemoglobin in
terms of sickle cell anemia and thalassaemia were excluded.
Additional published reports were identified through a manual
search of references in retrieved articles and in review articles.

Study Selection Criteria
The two authors (E.P., G.P.) evaluated the retrieved articles
independently by reviewing the titles and abstracts. The full text
was analyzed if there was an uncertainty regarding eligibility
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Mutant Hbs 

Three types of defects:

• Change in surface residues (ex. HbE [GluB8(26)ß->Lys])

• Change in internal residues (ex. Hb Hammersmith)

• Change along 𝛂1-𝛃2 sliding contacts (ex. Hb Kansas)



Figure 5-5

Hb hammersmith
Phe CD1 (42) ß --> Ser

PheCD1 and HisF8 are 
the only 2 invariant 

residues in all known 
Hbs.



Hb Kansas (altered sliding contacts)
Asn G4 (102) ß --> Thr

Eliminates H-bond that stabilizes R-state.  Mutant preferentially 
stays in T-state (low O2 affinity; n=1.3)

(deoxy) (oxy)



Sickle cell anemia
HbS [Glu(6)ß --> Val]

Figure 5-19 & 5-20



HbS heterozygotes are resistant to malaria

• Intracellular parasite lives in RBCs
• Lowers RBC pH by 0.4 units which favors deoxy-Hb (Bohr’s 

effect)
• Increased sickling of RBCs with Hbs which are removed by 

spleen early in infection
• Parasite eliminated!


