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2.1.1 Molecules

Molecular Biology

T he subst ances of  lif e

There are 118 elements  in the Perio dic Table

Only the first 92 elements o ccur in Nature  ; the rest are artificially-synthesised in labo rato ries and

are very unstable

Only aro und 21 elements are required f o r lif e

The rest have no  ro le  in sustaining life (so me are po iso no us eg. arsenic)

So me elements can be used in medicine  eg. titanium fo r skeletal implants, thanks to  its

inertness, lightness and strength

There are 4  ubiquito us elements  in bio lo gical systems (this means they are fo und everywhere)

These 4 make up o ver 96%  o f living matter

Oxygen - 65%  o f bo dy mass (humans)

Carbo n - 18%

Hydro gen - 10%

Nitro gen - 3%

Other trace elements  fo und in o rganic co mpo unds are: bro mine, calcium, chlo rine, chro mium,

co pper, io dine, iro n, magnesium, manganese, mo lybdenum, pho spho rus, po tassium, selenium,

silico n, so dium and sulfur

There are o ther trace elements f o und in certain phyla o nly  e.g. stro ntium in certain co rals

(Cnidaria)
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The elements of the Periodic Table that form parts of biological molecules

Element s in biology exist  mainly in compounds

Such co mpo unds are mainly co valent  co mpo unds

Electro ns are shared  between ato ms to  generate stro ng bo nds  within co mpo unds

Fo r example, elemental carbo n o nly exists as graphite and diamo nd, which are o f no  direct

use to  o rganisms

Carbo n fo rms millio ns o f  different co valently-bo nded co mpo unds, mainly with hydro gen

and o xygen

Oxygen is abso rbed in elemental fo rm but is quickly co nverted to  its co mpo unds during

transpo rtatio n and respiratio n

So me are io nic  eg. so dium chlo ride

So me elements fo rm pro sthetic gro ups  with larger o rganic mo lecules eg. magnesium in

chlo ro phyll, iro n in haemo glo bin

All of  Biology can be explained at  a molecular level
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The mo lecules in cells, and the elements that go  to  fo rm them, are the basis o f  all events  that

o ccur in Nature

Everything that is o bserved has a mo lecular explanatio n

Imagine an all-po werful 'z o o m lens' that co uld lo o k into  any level o f detail o f life

Such a lens co uld start at its mo st z o o med-o ut, lo o king at o ur bio sphere, the Earth

We assume that alien life do es no t exist because we haven't fo und evidence fo r it yet

We see habitats, po pulatio ns, co mmunities  and individual o rganisms  co ming into  view in that

o rder, as we z o o m in

As we z o o m in o n o ne o rganism, we enter its bo dy  and see increasing levels o f detail, right do wn

to  the mo lecular level

The z o o m mo del helps understand the impo rtant interf aces  between chemistry, bio lo gy and

physics

We co uld z o o m in further, to  lo o k at sub-ato mic particles, altho ugh that begins to  enter into  the

realms o f physics!
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We can zoom into any part of the biosphere to identify all of Biology at a molecular (and atomic) level

Exam T ip

Please no te that yo u do  no t need to  kno w the specific details o f the Perio dic Table, it is

pro vided here fo r co ntext to  suppo rt yo ur understanding o f impo rtant bio lo gical co mpo unds
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Synthesis of Organic Molecules

NOS: Falsificat ion of  t heories; t he art ificial synt hesis of  urea helped t o f alsif y
vit alism

When scientists do  no t have all the necessary info rmatio n to  understand o r explain a bio lo gical

pro cess/pheno meno n they use their kno wledge and expertise to  pro po se a theo ry

Other scientists o r researchers will o ften test theo ries thro ugh experiments and gathering data.

So metimes this can lead to  an existing theo ry being dispro ved o r replaced

In the early 1800s, the theo ry o f vitalism stated that a living f o rce, a mysterio us no n-mo lecular

entity, was necessary fo r the synthesis o f all o rganic mo lecules

This theo ry advo cated that all bio lo gical mo lecules were exclusive to  living beings  and co uld

no t be fo und in o ther branches o f science

Frederick Wö hler, a German physician, was the first to  synthesise a bio lo gical mo lecule, urea,

fro m ino rganic co mpo unds

Urea was tho ught to  be synthesised o nly  in living o rganisms

Wö hler heated ammo nium cyanate and pro duced urea, a well-kno wn o rganic co nstituent o f

blo o d and urine

Urea had been tho ught to  be fo und o nly in living o rganisms

The fo rmatio n o f urea fro m ammo nium cyanate helped to  dispro ve the theo ry o f  vitalism, which

has been co mpletely f alsified  by subsequent findings

All o f the o bservatio ns o f bio lo gy no w have a mo lecular explanatio n, and that is no w universally

accepted

A balanced chemical equation showing the formation of urea

Chemical Structure of Urea
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Carbon

Carbo n's unique chemistry makes it the ideal basis o f living systems

The structure and bo nding po ssibilities o f carbo n can be detailed as fo llo ws:

Fo ur electro ns  in its o uter (seco nd) shell

Each ato m can fo rm fo ur stro ng co valent bo nds using these 4  electro ns and theref o re

f o rms very stable, large mo lecules

Bo nds to  o ther carbo n ato ms, o r o ther ato ms such as hydro gen, nitro gen, o xygen, sulfur and

the halo gens

Fo rms lo ng-chain and cyclic  co mpo unds that are stable, this allo ws a very high number o f

po ssible o rganic co mpo unds  to  exist

Pro duce a tetrahedral structure, due to  the fo ur bo nds, which allo ws the fo rmatio n o f varied

carbo n co mpo unds which have different 3-D shapes and hence, different bio lo gical pro perties

Do uble  and triple bo nds  can fo rm with an adjacent carbo n ato m, allo wing unsaturated

co mpo unds to  fo rm

Can fo rm part o f (and jo in o nto ) many different f unctio nal gro ups  that give o rganic co mpo unds

their individual pro perties

Alco ho l gro ups

Hydro xyl gro ups

Keto ne gro ups

Aldehyde gro ups

Carbo nyl gro ups

Amino  gro ups

Sulfhydryl gro ups

Pho sphate gro ups
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Carbon Compounds

The key mo lecules that are required to  build structures that enable o rganisms to  functio n are:

Carbo hydrates

Pro teins

Lipids

Nucleic Acids

Water

All o f these except water co ntain carbo n
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The key biological molecules for living organisms

Carbo hydrates, pro teins, lipids and nucleic acids co ntain the elements carbo n (C) and hydro gen

(H) making them o rganic co mpo unds

Carbo n ato ms are key to  o rganic co mpo unds because:
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Each carbo n ato m can fo rm f o ur co valent bo nds – this makes the co mpo unds very stable (as

co valent bo nds are so  stro ng they require a large input o f energy to  break them)

Carbo n ato ms can fo rm co valent bo nds with o xygen, hydro gen, nitro gen and sulfur

Carbo n ato ms can bo nd to  fo rm straight chains, branched chains  o r rings

Carbo n co mpo unds can fo rm small single subunits (mo no mers) that bo nd with many repeating

subunits to  fo rm large mo lecules (po lymers) by a pro cess called po lymerisatio n

Macro mo lecules  are very large mo lecules that co ntain 1000 o r mo re ato ms therefo re having a

high mo lecular mass

Po lymers can be macro mo lecules, ho wever no t all macro mo lecules are po lymers as the

subunits o f po lymers have to  be the same  repeating units

Exam T ip

When discussing mo no mers and po lymers, yo u sho uld be able to  give the definitio n and also

name specific examples eg. nucleic acids  – the mo no mer is a nucleo tide.

2.1.2 Metabolism

Metabolism

Metabo lism is a catch-all term used to  describe all the chemical reactio ns  that take place within

cells and o rganisms

Metabo lism can be tho ught o f as the chemical reactio ns o f  lif e

The mo lecules invo lved are metabo lites

Many reactio ns o f metabo lism take place in multiple stages

Each stage is catalysed  by a separate enz yme

A series o f interlinked metabo lic reactio ns is called a metabo lic pathway

Metabo lic reactio ns can be classi�ed bro adly as anabo lic  o r catabo lic

Anabolism

Anabo lic reactio ns are invo lved with the building o f large mo lecules fro m smaller o nes

Examples include;

Pho to synthesis, where CO  and water are built up into  co mplex sugars

Pro tein synthesis, where amino  acids are jo ined to gether in sequence

The buildup o f fat sto res ahead o f animal hibernatio n

Anabo lic reactio ns o ften include co ndensatio n reactio ns

Anabo lic reactio ns are endergo nic  (they require an input o f energy to  take place)

Energy-sto ring pro ducts are the end result

2
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Catabolism

Catabo lic reactio ns are invo lved with breaking do wn large mo lecules  into  smaller o nes

These reactio ns are o ften carried o ut to  release energy  fo r cellular pro cesses and fo r the

excretio n o f waste

Examples include:

Respiratio n, where CO  and water are pro duced fro m the breakdo wn o f sugars

Deaminatio n o f pro teins to  release urea

The depletio n o f  f at sto res  during animal hibernatio n

Catabo lic reactio ns o ften include hydro lysis  reactio ns

Catabo lic reactio ns are exergo nic  (free energy is released fo r cellular pro cesses o r as excess

heat)

Co mpariso n o f  Anabo lism and Catabo lism Table

Exam T ip

Yo u may be familiar with the co ncept o f anabo lic stero id drugs used by bo dybuilders. This is to

build muscle mass and so  is a go o d example to  remember when trying to  remember the

difference between anabo lic and catabo lic reactio ns.

2
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2.1.3 Hydrogen Bonds

Hydrogen Bonds

Hydro gen bo nding plays an impo rtant ro le between many bio lo gical mo lecules

So me key functio ns include:

Disso lving o f  so lutes  in water

The co hesio n and adhesio n o f water mo lecules

These pro perties allo w water to  mo ve up the trunks o f really tall trees

Base-pairing between the two  strands o f DNA

Structure:

Hydro gen bo nds help to  fo rm part o f the seco ndary  and tertiary  levels o f structure in

pro teins

The hydro gen bo nds fo und between strands o f cellulo se  and co llagen give tho se

mo lecules their tensile strength

Interactio ns between mRNA and tRNA during pro tein synthesis

Surf ace effects  o n membranes between po lar pho sphate gro ups  and water

Hydrogen bonding in wat er

Hydro gen bo nding is a fundamental pro perty o f water

Water is o f the utmo st bio lo gical impo rtance

It is the medium in which all metabo lic reactio ns take place in cells

Between 70%  to  95%  o f the mass o f a cell is water

Water is so  f undamental to  lif e  that astro no mers lo o k fo r signs o f  water o n o ther planets

and mo o ns, as indicato rs o f po ssible extra-terrestrial life

As 71%  o f the Earth’s surface is co vered in water it is a majo r habitat  fo r o rganisms

Water is co mpo sed o f ato ms o f hydro gen and o xygen

One ato m o f o xygen co mbines with two  ato ms o f hydro gen by sharing electro ns (co valent

bo nding)

Altho ugh water as a who le is electrically neutral, the sharing o f the electro ns  is uneven between

the o xygen and hydro gen ato ms

The o xygen ato m attracts the electro ns mo re stro ngly than the hydro gen ato ms, resulting in a

weak negatively charged regio n o n the o xygen ato m (δ ) and a weak po sitively charged

regio n o n the hydro gen ato ms(δ ), this also  results in the mo lecule's asymmetrical shape

This separatio n o f charge due to  the electro ns in the co valent bo nds being unevenly shared is

called a dipo le

-

+
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When a mo lecule has o ne end that is negatively charged and o ne end that is po sitively charged it

is also  a po lar mo lecule

Water is therefo re a po lar mo lecule

The covalent bonds of water make it a polar molecule

Hydro gen bo nds  fo rm between water mo lecules

As a result o f the po larity o f water, hydro gen bo nds f o rm between the po sitive and

negatively charged regio ns o f adjacent water mo lecules

Hydro gen bo nds are weak, when there are few, so  they are co nstantly breaking and ref o rming

Ho wever, when there are large numbers present they fo rm a stro ng structure

Hydro gen bo nds cause many o f  the pro perties o f  water mo lecules, that make them so

impo rtant to  living o rganisms:

Excellent so lvent  – many po lar substances can disso lve in water

A relatively high specific heat capacity

A relatively high latent heat o f  vapo risatio n

Water is less dense when a so lid (ice flo ats, allo wing aquatic life to  flo urish beneath)

Water has high surf ace tensio n and co hesio n

It acts as a reagent
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The polarity of water molecules allows hydrogen bonds to form between adjacent water molecules
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Comparison: Water & Methane

Bo th methane  (CH ) and water (H O) are small, co valently-bo nded mo lecules

Methane is the simplest o rganic co mpo und

They have similar mo lecular weights, 16 and 18 respectively

But water is po lar and so  fo rms hydro gen bo nds, whereas methane is no t po lar and so  do es no t

fo rm hydro gen bo nds

Water is liquid  at ro o m temperature, whereas methane is a gas

Other co mpo unds, with a small mo lecular weight, such as ammo nia (NH ) and carbo n dio xide

(CO ) are gases at ro o m temperature

These co mpo unds also  do  no t f o rm hydro gen bo nds

This sho ws ho w water mo lecules are held to gether by hydro gen bo nds, whereas the o ther

gas mo lecules are free to  mo ve aro und in the gaseo us state

Methane is a f uel with a high energy co ntent  in its bo nds, whereas water is a final pro duct  o f

co mbustio n and respiratio n

Understanding the mo lecular pro perties o f methane underlines the significance o f  hydro gen

bo nding in water

4 2

3

2
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Methane’s structure determines its properties

Co mpariso n o f  the Pro perties o f  Water and Methane Table

Exam T ip

It is impo rtant to  kno w where the hydro gen bo nds fo rm between water mo lecules (o xygen o f

o ne water mo lecule to  the hydro gen ato m o f ano ther).
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2.1.4 Water

Properties of Water

Wat er as t he medium f or lif e

The first cells evo lved in a watery enviro nment

This is believed to  have been in the deep o ceans, clo se to  hydro thermal vents in the Earth's crust

So me water and so lutes go t trapped within a membrane

Chemical reactio ns began o ccurring within the membrane-bo und structure

This led to  the evo lutio n o f cells

Water in its liquid state allo ws disso lved mo lecules to  mo ve aro und, so  they are easily able to

co llide and react with each o ther

Mo st life pro cesses o ccur in water

The link between water and life is so  stro ng that scientists lo o king fo r life o n o ther planets and

mo o ns lo o k fo r evidence o f water to  suggest that life co uld have o ccurred there

T he propert ies of  wat er

Solvent

As water is a po lar mo lecule  many io ns (e.g. so dium chlo ride) and co valently bo nded po lar

substances (e.g. gluco se) will disso lve in it

This allo ws chemical reactio ns  to  o ccur within the cyto plasm o f cells (as the disso lved

so lutes are mo re chemically reactive when their individual mo lecules are free to  mo ve abo ut)

Metabo lites  can be transpo rted efficiently (except no n-po lar mo lecules which are

hydro pho bic)

Water mo lecules 'surro und' individual so lute particles to  ensure each so lute particle is iso lated

fro m o thers

This explains why so lutio ns are clear - we can't see individual mo lecules that are separated

fro m their crystal structures

This is also  why co ncentrated so lutio ns have a lo wer water po tential o r a higher o smo larity

Because many water particles are 'o ccupied' in keeping a so lute mo lecule in so lutio n, f ewer

water mo lecules are f ree to  diffuse  acro ss partially permeable membranes

Wat er has a high specific heat  capacit y

Specific heat capacity is a measure o f the energy required to  raise the temperature o f  1 kg o f  a

substance by 1 C

Water has a high specific heat capacity o f 4200 J/kg/ C meaning a relatively large amo unt o f

energy is required to  raise its temperature

The high specific heat capacity is due to  the many hydro gen bo nds  present in water

o

o
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It takes  a lo t o f  thermal energy  to  break these bo nds and a lo t o f energy to  build them, thus

the temperature o f water do es no t fluctuate greatly

The advantage fo r living o rganisms is that it:

Pro vides suitable, stable habitats

Is able to  maintain a co nstant temperature  as water is able to  abso rb a lo t o f heat witho ut

wide temperature fluctuatio ns

This is vital in maintaining temperatures that are o ptimal fo r enz yme activity

Water in blo o d plasma is also  essential in transf erring heat  aro und the bo dy, helping to

maintain a f airly co nstant temperature, especially at bo dy extremities eg. fingertips

As blo o d passes thro ugh mo re metabo lically active (‘warmer’) regio ns o f the bo dy, heat

energy is abso rbed but the temperature remains fairly co nstant

Water in tissue fluid  also  plays an impo rtant regulato ry ro le in maintaining a co nstant bo dy

temperature

Wat er has a high lat ent  heat  of  vaporisat ion

In o rder to  change state (fro m liquid to  gas) a large amo unt o f thermal energy must be abso rbed

by water to  break the hydro gen bo nds  and allo w individual gas particles to  escape (evapo rate)

This explains water's high bo iling po int  (100°C)

Water is present o n Earth in all three physical states  (so lid, liquid and gas) thanks to  this

characteristic

Ice, liquid water and water vapo ur all play a vital ro le in the bio sphere

This is an advantage fo r living o rganisms as o nly a little water is required  to  evapo rate fo r the

o rganism to  dissipate a great amo unt o f  heat

This pro vides a co o ling effect fo r living o rganisms, fo r example, the transpiratio n fro m leaves

o r evapo ratio n o f water in sweat fro m the skin

Pro perties o f  Water & its Ro le in Living Organisms Table
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Cohesion and adhesion

Hydro gen bo nds between water mo lecules allo ws fo r stro ng co hesio n between water

mo lecules

Allo wing co lumns o f  water to  mo ve (called mass transpo rt) thro ugh the xylem o f plants and

thro ugh blo o d vessels in animals

Enabling surf ace tensio n where a bo dy o f water meets the air, these hydro gen bo nds o ccur

between the to p layer o f water mo lecules to  create a so rt o f film o n the bo dy o f water

This layer is what allo ws insects such as po nd skaters  to  mo ve acro ss the surface o f

water

Water is also  able to  hydro gen bo nd to  o ther mo lecules, such as cellulo se, which is kno wn as

adhesio n

This also  enables water to  mo ve up the xylem during transpiratio n

Co hesio n and adhesio n bo th co ntribute to  water fo rming a meniscus  in glassware, where

water mo lecules adhere to  po lar mo lecules in the glass

Water adheres to  the xylem walls (made o f lignin) by capillary actio n

Exam T ip

COhesio n = water particles sticking to  each o ther. ADhesio n = water particles sticking to  o ther

materials
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Hydrophilic & Hydrophobic

Bio lo gical mo lecules can be hydro philic o r hydro pho bic (and so metimes bo th)

Hydro philic = "water-lo ving"

Hydro pho bic = "water-hating"

Po lar mo lecules  and mo lecules with po sitive o r negative charges  can fo rm hydro gen bo nds

with water (and disso lve) so  are generally hydro philic

No n-po lar mo lecules  with no  po sitive o r negative charge, canno t fo rm hydro gen bo nds with

water so  are generally hydro pho bic

These mo lecules tend to  jo in to gether in gro ups due to  hydro pho bic interactio ns where

hydro gen bo nds fo rm between water particles but no t with the no n-po lar mo lecule

Because mo st bio lo gical mo lecules are hydro philic and can be disso lved, water is regarded as

the universal so lvent

So me large mo lecules have different gro ups  with different characteristics

Pho spho lipids  have hydro philic (pho sphate gro up) heads and hydro pho bic (hydro carbo n

chain) tails. This dual character is a key feature in the structure and functio n o f cell

membranes

Due to its polarity water is considered a universal solvent
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Focus on Water as a Coolant

Water's high latent heat o f vapo risatio n makes it an excellent co o lant

Animals  have evo lved sweating (perspiratio n) as a way o f dispo sing o f excess heat generated

thro ugh physical activity

The hypo thalamus  detects changes to  blo o d temperature and when temperatures rise, it

stimulates the secretio n o f sweat

Small dro plets o f water are secreted fro m sweat glands  o nto  the skin's surface

Vaso dilatio n o f arterio les just beneath the skin carries mo re blo o d clo se to  the surface

Sweat (mainly water, also  co ntains salts and o ther so lutes) evapo rates, carrying the excess heat

away into  the surro unding air and reducing the temperature o f the o rganism

Water's high latent heat o f vapo risatio n allo ws o nly small vo lumes o f  water to  be needed  to

carry away a lo t o f heat

The excess heat carried in blood causes the evaporation of sweat from the skin surface

Wat er as a coolant  in plant s

Plants transpire

A large tree will stand in direct sunlight all day, so  will abso rb a huge amo unt o f  heat  (as infra-red

radiatio n fro m the Sun) o n a ho t day

A tree canno t seek shade, because it requires light energy  fo r pho to synthesis

A tree is also  immo bile  and pro vide shade fo r o ther o rganisms

A transpiratio n stream o f water flo ws up the tree, fro m ro o ts to  xylem to  leaves, thro ugho ut

the day
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Water evapo rates inside the spo ngy meso phyll layer o f leaves, so  water vapo ur can diffuse

o ut  via the sto mata

Fo r example, a large o ak tree can abso rb aro und 500 litres o f water per day fro m the so il,

aro und 90% o f  which is evapo rated in transpiratio n to  dissipate heat

The remainder is used to  keep cells turgid and as a raw material fo r pho to synthesis

Exam T ip

Sweat  and transpiratio n have a lo t o f parallels in keeping animals and plants co o l. This is why the

French use the same wo rd fo r bo th; the French wo rd fo r "sweating" is "transpiration"!

Focus on Water as a Solvent

Different so lutes behave differently with water as a so lvent

Even tho ugh water is a universal so lvent, different metabo lites have different so lubilities in water

Different so lutes have different hydro pho bic and hydro philic pro perties  which affect their

so lubility in water

Highly soluble met abolit es

So me are highly so luble  (eg. so dium chlo ride, urea), so me are inso luble  (eg. fats) and so me have

intermediate so lubility  (eg. o xygen and certain amino  acids with a large R gro up)

Highly so luble metabo lites simply travel disso lved in the blo o d plasma

eg. salts, gluco se, amino  acids

Even the amino  acids with hydro pho bic R gro ups are so luble eno ugh to  be freely

transpo rted in water

Different transpo rt mechanisms have evo lved to  assist in the transpo rtatio n o f the less so luble

metabo lites

Less soluble met abolit es

A lo w so lubility metabo lite such as o xygen requires assistance  thro ugh co mbining with

haemo glo bin, to  allo w mo re o xygen to  be carried than directly in blo o d plasma

Oxygen is less so luble at bo dy temperature (37ºC) than at 20ºC

Oxygen is sparingly so luble  but so luble eno ugh to  allo w eno ugh to  disso lve  in o ceans,

rivers and lakes fo r aquatic animals to  breathe

Haemo glo bin can bind o xygen to  allo w sufficient o xygen to  be transpo rted to  all bo dy cells

Inso luble  metabo lites like fats require emulsificatio n, and transpo rt in lacteals, o r by being

co nverted to  so luble pho spho lipids

Cho lestero l, which is inso luble, is co nverted to  lipo pro teins  by co mbining  with pro teins
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