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INTRODUCTION
BCTYII

Water scarcity is one of the greatest
challenges of the twenty-first century.
Agriculture,  encompassing  crops,
livestock, fisheries, aquaculture and
forestry, is both a cause and a victim of
water scarcity. It accounts for an
estimated 70 percent of global water
withdrawals, while competition with
other sectors for water is increasing and
water resources are impacted by climate
change, in terms of both quantity and
quality. More frequent and severe water
extremes, including droughts and floods,
impact agricultural production, while
rising temperatures translate into
increased water demand in agriculture
sectors. As water scarcity is defined as
an imbalance of supply and demand,
it impacts those areas where a lack
of infrastructure or capacity prevents
sufficient access to water  as well
as theregions that have a physical
scarcity of water.Water withdrawals
grew at almost twice the rate of
population increase in the twentieth
century, and a 50 percent surge in
food demand is expected by 2050.

It is clear that there is an urgent need
to address water scarcity

The Global Framework for Water
Scarcity in Agriculture (WASAG) is a
Partnership hosted by the Food and
Agriculture Organization of the United
Nations (FAO), which brings together
government institutions,
intergovernmental agencies, research
organizations, advocacy groups and
other stakeholders. These partners are
committed to collaborate in finding
solutions to the challenges posed by
water scarcity in agriculture in the face
of climate change and an increasing
water population.

JedinuT Boau - 071Ha 3 HAUOLIBIIUX TPOOIIEM
XXI cromittsa. CinbChbKe TOCIOAAPCTBO, IO
OXOIUTIOE CLIBCHKOTOCTIONNAPCHKI KYJIBTYPH,
TBApUHHUIITBO, AaKBaKyJBTYpy Ta JICOBE
rOCIIOIAPCTBO, € 1 MPUYUHOI0, 1 KEPTBOIO
nedinuty Boau. Ha iioro wactky mpunanae
OpIEHTOBHO 70 BIJICOTKIB CBITOBUX
B0J103a00piB, TOJII IK KOHKYPEHIIisl 3 IHIIUMU
rajy3sMd 3a BOJy 3pOCTa€, a Ha BOJHI
peCypcH BIUIMBAIOTH 3MIHHM KIIIMary, SK 3a
KIIBKICTIO, Tak 1 3a gAkicTio. Yacrimi Ta
CYBOP1 BOJH1 KPaHOIII1, BKJIIFOYAI0UU TIOCYXY
Ta ITOBEHI, BILJIUBAIOTH Ha
CLIIBCHKOTOCTIONNAPCHKE BUPOOHMIITBO, TOJI
SK TIABUIICHHS TEMIIepaTypu MOBITPA
MIPU3BOJIUTH JI0 30UTBIIECHHS MOIHUTY HA BOTY
y CUIbCbKOMY rocnojapctBi. OCKUIbKU
nediuT BOAM BHU3HAYAETHCS K JHcOaIaHC
MONMUTY Ta MPOIO3HIIi, BIH BIJIUBAE Ha Ti
palioHu, /i€ BIICYTHICTb IHPPACTPYKTYPH YU
MOTY>KHOCTEH TEpPEnIKOHKAE JTOCTATHBOMY
JOCTYITY JI0 BOJIM, a TaKOXX Ha PErioHH, SKi
MaroTh ¢GiznuHui ii gedinur. Bukopucranus
BOJIM 3pOCTaj0 MaklXe BJABIYI IIBUIIIC, HIXK
TEMITH TIPUPOCTY HaceaeHHs B XX CTOMITTI, 1
OYIKYETBCS 50-BiACOTKOBE  3pOCTaHHS
nonuty Ha 1y 10 2050 poky.

3po3ymisio, L0 ICHY€ HarajibHa notpeba y
MOA0JIaHH1 Je(MIIUTY BOJIH.

I'mobanpHa pamka nedinuty BoaMm B
cutbebkomy rocmomapctBi (WASAG) - 1e
MapTHEPCTBO, opraHizoBane Opraxizali€eio
O6’eqnannx Hamiit 3 npoaoBoibCTBa Ta

citbebkoro  rocmoxaapcta  (FAO), 1o
o0'eIHy€e Jep’kaBHI YCTaHOBHU, MIKYPSIOBI
YCTaHOBH, OCIITHUIIBKI oprasizarii,

aJBOKAIlIIfHI Tpynmu Ta IHII 3aIiKaBIeHI
croporn. Ili  maptHepm  3000B’s3aHi
CHIBHpAIIOBaTH Yy TMOIIYKYy BUPILICHHS
mpo0OJsieM, TOB'sI3aHUX 13 ASPIIUTOM BOIU B
CUIbCBKOMY T'OCHOJAPCTBI, B YMOBax 3MiHH
KJIiMaty  Ta  30UIbLIEHHS  KUIBKOCTI
HAaCEJICHHS.



STRUCTURE, PROPERTIES, MOLECULAR STRUCTURE OF
WATER, ITS PHYSICAL PROPERTIES, MECHANISM OF
MOVEMENT THROUGH THE PLANT

CTPYKTYPA, BTACTHBOCTI, MOJIEKYJISIPHA BY10BA
BO/U, II ®I3NYHI BJACTUBOCTI, MEXAHI3M IITEPECYBAHHAA
1O POCJIMHI

Water, like carbon, has a special role
in living things. It is needed by all
known forms of life. All organisms
on Earth are made up mostly of
water, thus water is the biological
medium of life here. Water is a
simple molecule, containing just
three atoms, two hydrogen and one
oxygen.  Nonetheless,  water’s
structure gives it unigue properties
that help explain why it is vital to all
living organisms. In fact, without
water, life would not be
possible. This simple fact is why
scientists are constantly looking for
water on other planets - the presence
of water could indicate the presence
of life.

Water is a common chemical
substance on planet Earth. In fact,
Earth is sometimes called the
““water planet” because almost
75% of its surface is covered with
water. If you look at Figure 1, you
will see where Earth’s water is
found. The term water generally
refers to its liquid state, and water
is a liquid over a wide range of
temperatures and pressures on
Earth. However, water also occurs
on Earth as a solid (ice) and as a
gas (water vapor)

Bona, sk 1 Byriens, Biairpae
0COOJIMBY pOJIb y KUBUX OpraHizmMax.
Bona notpiGHa Bcim BigoMuM popmam
KUTTA. Ycl opraHisMud Ha 3emu
CKJIAJaoThCa 3c¢OUIBIIOr0 3 BOJIU,
TOMY BOHA € 010JIOT1YHUM
cepeZoBUIIEM KUTTA Ha 3emii. Boaa -
1le IpocTa MOJEKyJa, IO MICTUTh
BCHOT'O TPH aTOMHU, JIBa BOJTHIO Ta OJIWH
KUCHIO. TUM HE MEHII, CTPYKTypa

BOJIH HaJae i YHIKQJIbHUX
BJIACTUBOCTEH, K1  JOIOMAraroTh
MOSICHUTH, YOMY BOHA JKUTTEBO

BXJIMBA I BCIX XKHUBHX OPTaHi3MiB.
HacnpaBni 6e3 Boau kuTTs Oyno 6
HemoxxnuBuM. lleit mpoctuit daxkr,
YOMY BYEHI MOCTIHHO LIYKaIOTh BOIY
Ha 1HIIUX IJIaHeTaX - HasBHICTh BOJU
MOX€ BKa3yBaTH Ha TMPUCYTHICTh
KUATTS

Boga - momumpena XiMiuHa pevdoOBHHA
Ha rianeti 3emuts. Hacnipapai 3emitto
1HOI1 Ha3UBaIOTh "BOJIHOIO
IJIAHETO", OCKINBKU Maiike 75% ii
MOBEPXHI BKPUTO BOAOK. SIKIIO BHU
MOJMBUTECh HA PUCYHOK 1, BH
nobaunTe, JIe 3HAXOAUTHCS BOJA HAa
3emui. Tepmin BOJA  3arajioMm
BIZTHOCUTBCS IO BCHOTO PIAKOTO CTaHy, a
BOJIa - 1€ piJIMHA B IIUPOKOMY Jlana3oHi
TemnepaTyp 1 Thcky Ha 3emm. OnHak
BOJIa TaKOX 3YCTpIYaeTbcs Ha 3eMyi SK
TBepJa peuoBrHaA (J1i1) 1 AK ra3 (BoAsHa
napa).



Boaa Ha 3emui

Total Water
on Earth

3 Fresh water

%

cecaps and Glaciers 68.7%

Ground Water 30.1%
Other 0.9%

0.3%

(oceans) ' ‘4

87% Lakes
11% Swamps
2% Rivers

IS the most abundant

Water
substance in living systems, making
up 70% or more of the weight of most
organisms. The first living organisms

doubtless arose in an aqueous
environment, and the course of
evolution has been shaped by the
properties of the aqueous medium in
which life began.

This chapter begins with
descriptions of the physical and
chemical properties of water, to which
all aspects of cell structure and
function are adapted. The attractive
forces between water molecules and
the slight tendency of water to ionize
are of crucial importance to the
structure and function of
biomolecules. We review the topic of
ionization in terms of equilibrium
constants, pH,and titration curves, and
consider how aqueous solutions of
weak acids or bases and their salts act
as buffers against pH changes in
biological systems. The water
molecule and its ionization products,
H* and OH—, profoundly influence the
structure, self-assembly, and
properties of all cellular components,
including proteins, nucleic acids, and
lipids. The noncovalent interactions
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Figure 1. Where is all the water?
97% is in the oceans and is saline
water, unusable for human
consumption.

Pucynok 1. [le Bcs Boma? 97%
3HAXOIUTHCSI B OKeaHax 1 IIe
COJIOHa BOJia, HCIpHAATHA IJIA

CITIO)KMBAHHA JHOAMHOIO.
Ipicua Boga — 3 %
[onspuwmii 1ix Ta 15000BHKH — 68,7%
ITigzemui Bogu -30,1%
Irmn — 0,9%.
Iosepxuesi Boau — 0,3 %0
i+ 87% - O3sepa; 11% -bonora; 2% - Piuku

Bona HaWIMOIIMPEHIIIa
pEUYOBHHA B KUBHUX CHUCTEMax, IO
craHoButhk 70% abo Ouiplle BIX
Macd  OUIBIIOCTI  OPraHi3MIB.
[lepmni KUBI OpraHi3mu,
0e3nepevyHo, BUHUKIN Y BOJHOMY
CepeloBUII, 1 XiJ  E€BOJIOLI]
dbopmyBaBcs BJIACTUBOCTSIMU
BOJHOTO CEpPEOBHUILA, B SKOMY
MIOYaJIOCs JKUTTSL.

Kuura mouynHaeThCs 3 ONMUCIB
b13UIHIX Ta XIMIYHHUX
BJIACTUBOCTEN BOAM, JIO0 SIKHUX
IPUCTOCOBAHI BCl aCMIEKTH OyJ10BU
ta  ¢yHkuii  kmitaH.  Cua
OPUTSATAaHHS MK  MOJICKYyJaMHU
BOJM Ta HE3HAYHA TEHIEHI[S IO 11
10HI3aIlli  MarTh  BUpIIIATIbHE
3HAQYEHHS JUISl  CTPYKTypU Ta
byHKLii 010MOJIEKYI. Mmu
po3MIsiIaEMo  TeMy 1oHI3amii 3
TOYKH 30pY KOHCTaHT DPIBHOBArH,
pH Ta xpuBHMX THUTpyBaHHs, a
TaKOX SIK BOJIHI PO3YHMHH CIAOKUX
KUCIOT a00 OCHOB Ta iX coJied
Tit0Th sIK Oydepu potu 3minu pH
B 010JIOTTYHUX CHUCTEMAX.
Mosekyna BOOM Ta OPOAYKTH 1l
ionizamii, H* ta OH", riamuboko
BIUTUBAIOTh HA  CTPYKTYypy 1
BJIACTUBOCTI  BCIX  KJIITHHHHUX



responsible for the strength and
“recognition”
are
influenced by the
of water,
its ability to form
hydrogen bonds with itself and

of
biomolecules

specificity
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Transpiration is the process of water
movement through a plant and its
evaporation from aerial parts, such as
leaves, stems and flowers. Water is
necessary for plants but only a small
amount of water taken up by the roots is
used for growth and metabolism. The
remaining 97-99.5% is lost by
transpiration and guttation. Leaf surfaces
are dotted with pores called stomata, and
in most plants they are more numerous
on the undersides of the foliage. The
stomata are bordered by guard cells and
their stomatal accessory cells (together
known as stomatal complex) that open
and close the pore.

Transpiration  occurs through the
stomatal apertures, and can be thought of
as a necessary "cost" associated with the
opening of the stomata to allow the
diffusion of carbon dioxide gas from the
air for photosynthesis.

Transpiration also cools plants, changes
osmotic pressure of cells, and enables
mass flow of mineral nutrients and water
from roots to shoots. Two major factors
influence the rate of water flow from the
soil to the roots: the hydraulic
conductivity of the soil and the
magnitude of the pressure gradient
through the soil. Both of these factors
influence the rate of bulk flow of water
moving from the roots to the stomatal
pores in the leaves via the xylem

KOMIIOHEHTIB, BKIIIOYAlOUHM OLIKH,
HYKJIETHOBI KHCIIOTH Ta Jimigu. Ha
HEKOBAJICHTHY  B3a€EMOJIIO, 110
BIIIIOB1Ia€ 3a MILHICTD Ta
crienu(iuHICTh «PO3MI3HABaAHHSD
cepen OiOMOJIEKYJd, BH3HAYAJIBHO
BIUIMBAIOTh BJIACTHBOCTI BOIU, SK
PO3YMHHUKA, BKJIFOYAIOYH i1 3/[aTHICTh
yTBOPIOBaTH BOJHEBI 3B’S3KH 13

co0010 Ta 3 PO3UNHHUKAMH.
Tpancnipanis - ne npouec pyxy Boau
4yepe3 pOCIHMHY Ta BHUIIAPOBYBAHHS 3
HAJ3€MHUX YaCTUH, TaKUX SK JIHCTS,
crebila Ta KBiTH. Boma HeoOximHa
pOCIHMHAaM, alie JIMIIEe HEeBEIUKa KiIbKICTh
BOAM, fKa TIPUHAMAETHCS  KOPIHHSAM,
BUKOPUCTOBYETHCS JJII POCTY Ta OOMIHY
pedoBuH. Pemta 97-99,5% BTpauaerbes
yepe3 TpaHCHipalliio Ta ryraiito. JINCcToBi
MOBEPXHI BCIsIHI MOpaMH, K1
Ha3UBAIOTHCS MPOIUXAMH, a B OLIBIIOCTI
poCIMH iX OuUIblle HAa HIKHIM CTOPOHI
mucTs. [Iponuxu - MIKpOCKOIIUHI OTBOPH

B emifiepMici POCIMH pa3oM 3 JBOMa

CrelialbHAMHA, MAa€ThCcsl HA  yBasi
3aMUKAIOUUMH, KIITHHAMH, M0 iX
OTOYYIOTb.

Tpancmipaniss  BiOyBaeTbCs  yepes
CTOMaJbHI OTBOpPH, 1 iX MOXKHA

pO3MIISIIATH SIK HEOOXIJIHY «BapTICThHY,
MOB’5I3aHY 3 BIJKPUTTSAM MPOTOK, 1100
JI03BOJIUTHU TU(DY3110 BYTJIEKHCIIOTO ra3y
3 MOBITPS JUTSL dboToCHHTE3Y.
Tpaucnipariist TakoX 0XOJOKYE POCIHUHH,
3MIHIOE OCMOTHYHUN THUCK Ha KIIITHHM Ta
3a0e3neyye MacoBHil MOTIK MiHEpaJbHUX
MO’KUBHUX PEYOBUH 1 BOJAU BiJl KOPEHIB 10
narodiB. Ha mBuUAKICTh MOTOKY BOAM BiJ
I'PYHTY JI0 KOPEHIB BIUIMBAIOTh /IBA OCHOBHI
(dakTopu: TIOPONPOBITHICTH IPYHTY Ta
BEJIMYMHA TpajJi€eHTa THUCKY uepe3 IPYHT.
O6uaBa 11 (akTopu BIUIMBAIOTH HA
IIBUAKICTE 00'€EMHOTO TMOTOKY BOJH, IO
pPYXa€eTbCsl BiJl KOPEHIB A0 NPOAMXIB Yy
JHMCTKAX Yepe3 KCUIEeMy.



Control of Transpiration
Transpiration is a passive process,
meaning that ATP is not required for
water movement. The energy
driving  transpiration is  the
difference water potential difference
between the water in the soil and the
water in the atmosphere. However,
transpiration is tightly controlled.
The atmosphere to which the leaf is
exposed drives transpiration, but
also causes massive water loss from
the plant. Up to 90 percent of the
water taken up by roots may be lost
through transpiration.

Leaves are covered by a
waxy cuticle on the outer surface
that prevents the loss of water.
Regulation of transpiration,
therefore, is achieved primarily
through the opening and closing of
stomata on the leaf surface. Stomata
are surrounded by two specialized
cells called guard cells, which open
and close in response to
environmental cues such as light
intensity and quality, leaf water
status, and carbon  dioxide
concentrations. Stomata must open
to allow air containing carbon
dioxide and oxygen to diffuse into
the leaf for photosynthesis and
respiration. When stomata are
open, however, water vapor is lost
to the external environment,
increasing the rate of
transpiration.

Therefore, plants must maintain a
balance between efficient
photosynthesis and water loss.

KounTtpous Tpancmipamii

Tpancmiparis (Big jaT. trans — 4gepes,
spiro JTXaHH) poIIeC
BUTIAPOBYBAaHHS BOIM 3 IMOBEPXHi
pOCIMH, IO BIAOYBAa€THCI Uepe3
OpOaUXU Ta KyTUKYTy. OCHOBHHUM
OpraHoM TpaHCIpalii € JHCTOK.
[HTeHCHBHICTD TpaHCHIpallii 3a1€KUTh
BiJl TEMIIEpaTypH, BOJIOTOCTI TOBITPA,

HIBUAKOCTI BITDY, CBITJIA,
KOHIICHTpAIlli BYTJIEKHUCIOTO Tra3y.
Tpaucmipariis 3arobirae

NeperpiBaHHIO JIUCTKIB, PO3BAHTAKYE
IPOBITHY CHCTEMY POCIWHHU Bij
HAJUTAIIKY BOAM (PETYJISAIis BOTHOTO 1
TEMIEPATYPHOTO PEXKUMIB POCIIHH).

VY pesynbTaTi BTpaTH BOIU B XOJl
TpaHcmipamii B  KJIITHHaX  JIUCTS
3pocTae BcucHa cuia. Lle npu3Boanuth
10 HOCUJICHHS MOTJIMHAHHS
KIITHHAMH JIUCTa BOAU 3 CYAHH
KCUJIEMH 1 TIEpEeCyBaHHIO BOAH TIO
KCWJIEMl 3 KOpPIHHS B JIMCTA. Takum
YMHOM, BCPXHIW KIHICBHU IBUT'YH, AKHUU
Oepe y4acTb y TPAHCIIOPTi BOJM Bropy 10
pociuHi, 00YMOBJIEHHUH TpPaHCHIPAIIED
mucTd. Pociiman BCMOKTYIOTBH BOJIOTY, IITIO
YTPUMYETbCSI B IPYHTI, 4Yepe3 KOpeHi,
IpUYOMY 1151 BOJIa MOKE OpaTH MOYaToK y
rmuOoKuX mapax rpyHty. Hampuknan,
3€pHOBI pPOCIMHU MAalTh KOPEHI1
3aBIAOBXKKHM J10 2,5 METpiB, a KOpeHi
JESIKUX POCIIHMH ITyCTelNi MPOHUKAIOTh
y TpyHT Ha rnubuny20 metpis. Bona,
110 11 BUKA4yKTb POCIMHHU 3 I'PYHTY,
TPAHCIIOPTYE >KUBUIIbHI PEUOBUHU 0
aucta pociivH. PocimHa TpaHcmipye,
KOJIN BOJIOTICTh MOBITPS
HaBKOJIMITHBOTO CEepEeJOBUINA HUXKYA,
HIX BOJIOTICTh TMOBITPS B TOpax
POCIMHHOI TKaHUHU; y
OPOTHJIEKHOMY BHIIAJKy PpOCIIHHA
MIOTJIMHAE BOJISIHY Tapy 3 MOBITPSI.



Plants have evolved over time to
adapt to their local environment
and reduce transpiration. Desert
plant (xerophytes) and plants that
grow on other plants (epiphytes)
have limited access to water. Such
plants usually have a much thicker

waxy cuticle than those growing in
more  moderate, well-watered
environments (mesophytes).

Aquatic plants (hydrophytes) also
have their own set of anatomical
and morphological leaf
adaptations.  Xerophytes and
epiphytes often have a thick
covering of trichomes or of
stomata that are sunken below
the leaf’s surface. Trichomes are
specialized hair-like epidermal
cells that secrete oils and
substances. These adaptations
impede air flow across the

stomatal pore and reduce
transpiration. Multiple
epidermal layers are also

commonly found in these types
of plants.
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Tpancmipaiiisi BIANOBITA€E TMPUOIU3ZHO
3a 10 % yciei Bojorm, IO
BUIAPOBYETHCS 3 CYXOJI0TY.

JIucts BKpUTI BOCKOBOO KYTHKYJIOKO Ha
30BHIIIHIA TOBEPXHi, IO 3arnobirae
BTpaTi Boju. Peryimsiis TpaHcmipariii,
OTXKE, JIOCATAEThCS Yy TEPIIy Yepry 3a
paxXyHOK PO3KPUTTS Ta  3aKPUTTI
OpOANXiB Ha JIHMCTKOBIM IMOBEpXHI.
[Tpoauxu OTOYEHI JIBOMa
CIICIIaTi30BAaHMMH  KJIITHHAMH,  SKi
HA3WBAIOTHCSI OXOPOHHUMH KJIITHHAMH,
K1 BIJKPUBAIOTHCS Ta 3aKPUBAIOTHCS Y
BIJIMOBIAb Ha €KOJIOTIYHI CUTHAJIH, TaKl
SIK IHTCHCUBHICTB Ta SIKICTh CBITJIa, CTaH
BOJM B JIMCTI Ta KOHIEHTpAIlis
ByTJIeKHCIIOro rasy. [Ipoguxu moBuHHI
BIIKpUBATHCS, 100 TOBITPs, IO
MICTUTh BYTJIEKHCIHNA Ta3 1 KHUCEHBD,
T yHAYBAJIO B JIUCT 1711 HOTOCUHTE3Y
Ta auxaHHd. OjHaK, KOMH MPOJUXHU
BIJIKpUTI, BOJHA Tapa BTPAYaA€ThCS 10
30BHIIIHLEOTO CepeIoBHIIIA,
30UTPIIYIOYH IIBUAKICTH TpaHCHiparii.
ToMmy pocIvMHU IMOBHHHI MIATPAMYBATH
Oastanc MIXK e(hEeKTUBHUM
(hOTOCHHTE30M Ta BTpaTaMU BOJIH.

Figure 2. The cohesion-tension
theory of sap ascent is shown.
Evaporation from the mesophyll
cells produces a negative water
potential gradient that causes water
to move upwards from the roots
through the xylem.

Pucynox 2. [Ilokazana Teopis
Kore3sii Ta HaTATYy MigHoMy PiAUHHU.
BunapoByBanus 3 KJIITUH
Me30h1Ty CTBOPIOE HEraTUBHUUI
TPaJlIEHT TOTEHIIATy BOJH, SIKUN
3MYIIIy€ BOIY PyXaTHUCS Bropy Bijl
KOPEHIB Yepe3 KCUiemMy.



Inside the leaf at the cellular level,
water on the surface of mesophyll
cells saturates the cellulose
microfibrils of the primary cell
wall. The leaf contains many large
intercellular air spaces for the
exchange of oxygen for carbon
dioxide which is required for
photosynthesis. The wet cell wall
Is exposed to this leaf internal air
space, and the water on the surface
of the cells evaporates into the air
spaces, decreasing the thin film on
the surface of the mesophyll cells.
This decrease creates a greater
tension on the water in the
mesophyll cells (Figure 2), thereby
increasing the pull on the water in
the xylem vessels. The xylem
vessels and  tracheids are
structurally adapted to cope with
large changes in pressure. Rings in
the vessels maintain their tubular
shape, much like the rings on a
vacuum cleaner hose keep the hose
open while it is under pressure.
Small perforations between vessel
elements reduce the number and
size of gas bubbles that can form
via a process called cavitation. The
formation of gas bubbles in xylem
interrupts the continuous stream of
water from the base to the top of
the plant, causing a break termed
an embolism in the flow of xylem
sap. The taller the tree, the greater
the tension forces needed to pull
water, and the more cavitation
events. In larger trees, the resulting
embolisms can plug xylem vessels,
making them non-functional.
Transpiration is a passive process,
meaning that metabolic energy in
the form of ATP is not required for
water movement

Ycepenuni TUCTS HA KIITUHHOMY PiBHI
BOJla Ha IMOBEPXHI KIITHH Me30(hiuTy
HACUYy€ IENIOJ03HI  MiKpodiOpuau
NMEePBUHHOI KIITUHHOI CTiHKH. Jluct
MICTUTb 0araTo BEIUKUX MIKKIIITUHHUX
MOBITPSAHUX MPOCTOPIB [JIT  OOMIHY
KUCHIO Ha BYIJICKUCIAW Tra3, SKUU
HeoOxiauuii ansa ¢potocuHTe3y. Bosora
KIITUHHA CTiHKAa MiJJA€TbCS BILTUBY
HOTO  BHYTPIIIHBOTO  TOBITPSTHOTO
MPOCTOPY JIMCTS, 1 BOJA HA TIOBEPXHi
KJIITUH BHIIAPOBYETHCS y TOBITPSHI
MPOCTOPH, 3MEHIIYIOUHM TOHKY IUTIBKY
Ha MTOBEPXHI KIIITHH Me30(]iy.

Ile 3MeHIIEHHS CTBOPIOE  OLIBIILY
HAmpyry BOJAM Yy KIITHHaX Me3o]iry
(puc. 2), THM caMUM 301TIBIIYIOYN TATY
3a BOJIOIO B cyuHax kcwiemu. CyauHH
1 Tpaxei  KCWUJEMH  CTPYKTYpHO
OPUCTOCOBAHI JJIA  CHpaBJieHHS 3
BEJIMKUMU 3MIHaMu THUCKY. Kuiblst B
MOCYJIMHAX 30epiratoTh CBOIO
TpyOuacty ¢opmy, mogiOHO 0 Kijelb
HAa [UIAHTYy THJIOCOCa, TPHUMAIOYU
LNUIAHT  BIJIKPHUTUM, NOKA  BIH
3HaXOJUThCS MiJ THUCKOM. HeBenuki
nepdopariiii Mix eIeMEHTaMH ITOCYANHU
3MEHIIYIOTh ~ KUIBKICTb 1  PO3MIp
OynpOamok  ra3zy, SKIi  MOXYTh
YTBOPIOBATHUCS 3a JJOTIOMOTOIO ITPOLIECY,
3BAHOTO  KaBiTali€r.  YTBOPEHHS
ra3zoBux  OynpOamok B KCuUJieMi
nepepuBae Oe3mepepBHUN TMOTIK BOJU
Bl OCHOBU JO BEpPXIBKM POCIIMHHU,
BUKJIMKAIOUW PO3PHB, TKUH HA3WBAIOTh
€MOOJTI€0 B TOTOLI KCUJIIEMOBOTO COKY.
Yum BUILE JAEPEBO, TUM OUIBIIUMHU
OyoyTh CWJIM HAaNpyrW, HEOOXIIHI ISt
BUTSTYBAHHS BOJIU, 1 TUM O1JIbIIIE TTOA1H
KaBiTaIlii. Y BEIMKHUX JEPEB OTpUMaHi
eMO0I1T MOXYTh 3aKyMOPUTH CYAUHU
KCUJIEMH, poOmstun ix
He(YHKITIOHAIbHUMH.



The energy driving transpiration
Is the difference in energy
between the water in the soil and
the water in the atmosphere.
However, transpiration is tightly

Tpancmiparttis - e MacuBHUMN MPOILEC, TOOTO
MeTaboiiuHa eHeprisi y Burisagl ATD He
noTpibHa g pyxy Boau. Tpancmiparis, 1o
pyXae eHepriero, - 1e PI3HULS CHeprii Mix
BOJIOI0 B IPYHTI Ta BOJOIK B aTMmocdepi.

controlled. OHak TpaHCITiparis KOPCTKO
KOHTPOJTIOETHCSI
Hydrogen bonds between water Bonnesi 3B’SI3KH MiX

molecules provide the cohesive forces
that make water a liquid at room
temperature and that favor the extreme
ordering of molecules that is typical of
crystalline  water  (ice).  Polar
biomolecules dissolve readily in water
because they can replace water-water
interactions with more energetically
favorable water-solute interactions. In
contrast, nonpolar biomolecules
interfere with water-water interactions
but are unable to form water-solute
Interactions—consequently, nonpolar
molecules are poorly soluble in water.
In  aqueous solutions, nonpolar
molecules tend to cluster together.

Hydrogen bonds and ionic,
hydrophobic (Greek, “water-fearing”),
and van der Waals interactions are
individually weak, but collectively they
have a very significant influence on the
three-dimensional structures of
proteins, nucleic acids,
polysaccharides, and membrane lipids.

MOJICKYJIaMHU BOJIU 3a0€3MeUyIOTh CHITH
Koresii, skl poOJISITh BOLY PIAMHOIO IIPU
KIMHATHIA TeMmIepaTypi 1 CHpPHSIOTH
EKCTpEeMaIbHOMY BIIOPSIIKYBaHHIO
MOJIEKYIL, XapaKTepHOMY TUTSI
KkpuctajaigyHoi Bogau (mpony). Ilonsphi
O1OMOJIEKYJIM JIETKO PO3YUHSIOTHCA Y
BO/I1, OCKUTBKA BOHU MOXYTbh 3aMIHUTH
B3a€EMOJII0  BOJAA-BOJAa Ha  OUIbLI
CHEPreTUYHO CIPUSATINBI  B3a€MOJIL
BoJa-po3urH. HemonspHi 6ioMonekynu
HABITaK¥, TEPEIIKOKAIOTh B3a€EMOJIIT
BOJ/Ia-BOJIa, aJie HE 37aTHI YTBOPIOBATH

B3a€MOIIT BOJA-PO3YMH. OTtxe,
HEMOJIApH1 MOJIEKYJIH IIOTaHO
PO3UMHSIIOTBCS Yy BOJAL. Y BOJHHX

PO3YMHAX HEMOJISIPHI MOJEKYJH, SIK
MIPAaBUJIO, CKYITUYIOTHCS.

BopaueBi 3B’SI3kM, 10HHI, Ta B3a€EMOIIL
BaH Jep Baaasca I1HAWBIIyaIbHO
cialki, alne B CYKYMHOCTI BOHU MaroTh
BarOMHMid  BIUIMB HA  TPUBHUMIpPHY
CTPYKTYpY O1JIKIB, HYKJIETHOBHX
KUCJIOT, TIOJIicCaXapu/IiB Ta MEMOpaHHUX
JIITIIB.

TABLE 1. Melting Point, Boiling Point, and Heat of Vaporization of Some Common

Solvents

TABJIHIIA 1. Tewmneparypa

IUIaBJICHHS,

TeMIeparypa KUIMIHHA Ta TEIIoTa

BUIIAPOBYBAHHSA NCAKUX 3BUYANHUX pOS‘II/IHHI/IKiB

Po34YMHHUKH Melting point (°C) | Boiling point (°C) | Heat of vaporization (Jx/r) (J/g)

Water 0 100 2,260

Methanol (CH3;0H) —98 65 1,100
Ethanol (CH3CH>0OH) —117 78 854
Propanol (CH;CH,CH,0OH) —127 97 687
Butanol CH3(CH,),CH,0OH) —90 117 590
Acetone (CH3COCHs3) —95 56 523
Hexane (CH3(CH2)4CHs) —98 69 423
Benzene (CgHg) 6 80 394
Butane (CH3(CH,),CHs) —135 —0.5 381
Chloroform (CHCls3) —63 61 247
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Hydrogen Bonding Gives Water Its
Unusual Properties

Water has a higher melting point,
boiling point, and heat of vaporization
than most other common solvents (Table
1). These unusual properties are a
consequence of attractions between
adjacent water molecules that give
liquid water great internal cohesion. A
look at the electron structure of the H.O
molecule reveals the cause of these
intermolecular attractions.

Each hydrogen atom of a water
molecule shares an electron pair with the
central oxygen atom. The geometry of
the molecule is dictated by the shapes of
the outer electron orbitals of the oxygen
atom, which are similar to the sp®
bonding orbitals of carbon. These
orbitals describe a rough tetrahedron,
with a hydrogen atom at each of two
corners and unshared electron pairs at
the other two corners (Fig. 1a). The H-
O—H bond angle is 104.5° slightly less
than the 109.5° of a perfect tetrahedron
because of crowding by the nonbonding
orbitals of the oxygen atom. The oxygen
nucleus attracts electrons more strongly
than does the hydrogen nucleus (a
proton); that is, oxygen is more
electronegative.  The  sharing of
electrons between H and O is therefore
unequal; the electrons are more often in
the vicinity of the oxygen atom than of
the hydrogen.

The result of this unequal
electron sharing is two electric
dipoles in the water molecule, one
along each of the H-O bonds; each
hydrogen bears a partial positive
charge and the oxygen atom bears
a partial negative charge equal to
the sum of the two partial

positives.

BoaHeBi 3B’13KkH HAT1a10TH BOII
He3BMYAlHI BJaCTHUBOCTI

Boma mae Bumy Ttemmneparypy
IUTaBJICHHSA, TEMIIepaTypy KHUIIIHHSA Ta
TEIJIOTY BUTIAPOBYBAHHS, HIXK OUTBIIICTh
IHIIMX NOIIMPEHUX PO3YMHHUKIB (Ta0I.
1). Lli He3BHualiHi BIACTHUBOCTI -
HACJTIZIOK TIPUTATAHHS MIXK CYCITHIMH
MOJIEKYJIaMU BOJH, SIK1 HAJAIOTh PIIKIN
BOAl BEJIMKY BHYTPIIIHIO KOTeE3ilo.
[lornsim Ha eNEKTPOHHY CTPYKTYpY
mosiekynn H>O BusiBisie mMpUUMHY IUX
MIKMOJIEKYJISIPHUX B3a€MOZIIH.

Koxen aToM [ipporeny
MOJIEKYJIM BOJM PO3[IISE EIEKTPOHHY
napy 3 HeHTpaTbHUM aTOMOM OKCHTEHY.
['eomeTpiss MOJEKyTM TMPOIUKTOBAHA
dhopmamu 30BHIIITHIX opOiTtanei
eNeKTpoHiB atoMa OKCUTEHY, AKi CXOXKI
Ha sp°-3B'a3y104i opbiTani Kapbony. Lli
opOiTaji ONMUCYIOTh IPpyOui TeTpaemp 3
aTOMOM BOJIHIO Y KO’)KHOMY 3 TBOX KYTiB
Ta HEMOJAUIEHUMH MapaMu €JIEKTPOHIB Y
IBOX 1HIIMX KyTax (puc. la). Kyt 3B's13ky
H-O-H nopisaioe 104.5° menme, Hix
109.5° ineansHOrOo TeTpaempa depes
CKYMUYEHHS pO3MyILIyBalbHUX OpOiTanen
aToMa KHCHIO. SIJIpO KUCHIO MPUTATYE
€JIEKTPOHU CHJIBbHINIE, HIXK SAPO
BOAHIO (MIPOTOH); TOOTO KHUCEHb €
OUTBIII eNeKTPOHETaTUBHUM. Tomy
po3noain enektponiB Mk H 1 O €
HEPIBHOMIPHUM, €JIEKTPOHU YaCTIIIE
3HAXOAATHCS MOOIU3Yy aToMa KUCHIO,
HI)K BOJIHIO.

Pe3ynabTaToM 1IbOTO HEPIBHOMIPHOIO
oOMiHYy €JIEKTPOHAMHU € JiBa
CJIEKTPUYHUX JIUIIOJISL Y MOJICKYIIl BOJIH,
M0 OJTHOMY B3JIOBX KOKHOTO 31 3B'SI3KiB
H-O; xo’keH BOJEHb HECE YaCTKOBUHM
MO3UTHBHMI 3apsill, a aTOM KHCHIO Hece
YaCTKOBUN HETAaTHUBHHUM 3apsii, PIBHHI
CyMi IBOX YaCTKOBHUX IMO3UTHUBIB.
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As a result, there is an

electrostatic attraction between the
oxygen atom of one water
molecule and the hydrogen of
another (Fig. 3c), called a
hydrogen bond. Throughout this
book, we represent hydrogen
bonds with three parallel blue
lines, as in Fig.3c.
Hydrogen bonds are relatively
weak. Those in liquid water have a
bond dissociation energy (the
energy required to break a bond) of
about 23kJ/mol, compared with
470 kJ/mol for the covalent O-H
bond in water or 348 kJ/mol for a
covalent C-C bond.

H
l/'
@ -
) <25 2
s (™
B (b)

VY pe3ynbTati MK aTOMOM KHCHIO
OJIHIET MOJIEKYJIM BOJAM Ta BOJAHEM 1HIIIOL
(puc. 3C) BHHHKAE EIECKTPOCTATHYHE
MPUTATYBAHHS, AK€ Ha3UBaCThCS
BOJTHEBUM 3B’SI3KOM. Y 11l poOOTI MH
MIPE/ICTABIISIEMO BOJTHEBI 3B I3KH TphOMa
napajelbHUMH CHHIMHU JIHISIMH, SK Ha
pPHUCYHKY 3C.

Bomuesi 3B’A3kM  BIJHOCHO ci1aOKi.
BomHeBi 3B’S3KM, 1O 3HAXOASATHCA Yy
PiAKiA BOJI, MAaIOTh €HEPTIIO JAMCOIIAIi]

Figure 3. Structure of the water molecule
Pucynok 3. CTpykTypa MOJEKYJIU BOIU

The dipolar nature of the H,O
molecule is shown by (a) ball-and-
stick and (b) space-filling models.
The dashed lines in (a) represent the
nonbonding orbitals. There is a
nearly tetrahedral arrangement of
the outer-shell electron pairs around
the oxygen atom; the two hydrogen
atoms have localized partial positive
charges (") and the oxygen atom
has a partial negative charge (c”).

3B'SI3Ky  (€Heprito, HEOOXIAHY IS
PO3pUBY 3B'3KY) 0113bK0 23 KJ[>K/MOIIB,
nopiBasHo 3 470 kJDx/Moiab s
KoBaJIeHTHOTO 3B's13Ky B O—H y Boj1 a6o
348 kJDk/Monp UIsI  KOBAJIEHTHOTO
3B's3ky C—C.
104.5°
£~
——
S Hydrogen bond
\ 0.177 nm
N
" Covalent bond
O 0.0965 nm
(e)
IToka3ana JIUTIOJIbHA npupoaa

monekyan H,O: (a) xynectepxHeBa
mojenb Boau (D) MaciirabHa MOETb.
[TynkTupHi JiHii B () IpeICTaBIsIIOTh
posmyiyroul opOitaii. IcHye Mmaibke
TETpacapUIHE poO3TantyBaHHS
€IEKTPOHHUX nap 30BHIIIHBOI
00010HKM HaBKOJI0O aToMa OKCHUTEHY;
Ha JIBOX aToMax [pporeny
JIOKaJ1130BaH1 YaCTKOBI MO3UTHUBHI 3apsIu
(%), a atom OkcureHy Mae 4acTKOBHU
HETraTUBHUH 3apsn (7).
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(c) Two H,O molecules joined by a
hydrogen bond (designated here, and
throughout this book, by three blue
lines) between the oxygen atom of
the upper molecule and a hydrogen
atom of the lower one. Hydrogen
bonds are longer and weaker than
covalent O—H bonds.

The hydrogen bond is about 10%
covalent, due to overlaps in the
bonding orbitals, and about 90%
electrostatic. At room temperature,
the thermal energy of an aqueous
solution (the kinetic energy of motion
of the individual atoms and
molecules) is of the same order of
magnitude as that required to break
hydrogen bonds. When water is
heated, the increase in temperature
reflects the faster motion of
individual water molecules. At any
given time, most of the molecules in
liquid water are engaged in hydrogen
bonding, but the lifetime of each
hydrogen bond is just 1 to 20
picoseconds  (1ps=107'2%s);  upon
breakage of one hydrogen bond, another
hydrogen bond forms, with the same
partner or a new one, within 0.1ps.

The apt phrase “flickering
clusters” has been applied to the
short-lived  groups of  water
molecules interlinked by hydrogen
bonds in liquid water. The sum of all
the hydrogen bonds between H,0

molecules confers great internal
cohesion on liquid water.
Extended networks of

hydrogen-bonded water molecules
also form bridges between solutes
(proteins and nucleic acids, for
example) that allow the larger

(¢) ABi monexynu HpO cmonydeni
BOJHEBUM 3B’SI3KOM (ITO3HAYEHUM B
I KHU31 TpbOMa CHHIMH JIIHISIMH)
MK aTtoMoM OKCUTeHY BEpPXHBOI
MOJIEKYyn Ta atomMoMm [iaporeny
HIDKHBO1.BOIHEB] 3B’S3KM MOBIII Ta
cialmri, Hi>k KoBaJieHTH1 3B’ s13knO—H
CTaHOBUTh OJIN3BKO 10 %
KOBAJICHTHOTO, Yepe3 MEePEKPUTTS Ha
opOiTainsx 3B'si3yBaHHs 1 6:13pK0 90
% emekTpocTaTHYHOTO BomHeBuit
3B 130k [Ipu KiMHaTHIH Temmeparypi
TEIJIOBa €HEPTis BOIHOTO PO3YHHY
(KIHETMYHA EHEprisd PyXy OKPEeMHX
aTOMIB 1 MOJIEKYJI) Ma€ TOW camMuit
MOPSIIOK, IO 1 eHepris, HeoOXigHa
JUIsL PO3PHUBY. BOJHEBUX 3B SI3KIB.
[Ipu HarpiBaHH1 BOJM TIiJBUILCHHS
TeMIIepaTypy BU3UBAE MIBUAIIUN PyX
OKpeMHUX MOJIEKyld Boau. Y Oylib-
SIKUA MOMEHT OUIBIIICTh MOJICKYJ Y
piakii  Bomi  Oepe  ydactb Yy
BOJAHEBOMY 3B’SI3Ky, aji€¢ 4ac KUTTS
KO)KHOTO BOJHEBOTO 3B’SI3KY
crtagHoBuTh Jjuire Big 1 go 20
mikocekynn (1 mc = 102 ¢); npnm
PO3pHBI OJIHOTO BOJHEBOTO 3B'S3KY
YTBOPIOETHCS  IHINMUN  BOJHEBHM
3B'30K 13 TUM JK€ MapTHEpoM abo
HOBUM, nipoTsirom 0, 11c.

Bnyuny ¢pasy «Mmepextiusi
KJIACTEPH» 3aCTOCOBYIOTH 70
HEJIOBTOBIYHUX T'PYIT MOJIEKYJ BOJIH,
3’€IHAHUX BOJHEBUMM 3B’ SI3KaMH Yy
piakii Boal. Cyma BCIX BOJHEBHUX
3B’S3KIB - Mk Mosiekyinamu  HpO
HaJa€ BEJMKY BHYTPILIHIO KOTE3110
piakiii  Bomi. Po3mmpeni wmepexi
BOJAHECBUX 3BSI3KIB MOJICKYJT BOIHU
TaKO)X yTBOPIOIOTb MOCTH  MIX
PO3YMHEHUMU peYOBHUHAMHU (OUTKH Ta
HYKJICTHOBl KHCJIOTH, HaNpPHKIAN),
SIK1 JIO3BOJISIOTH OLIBIIINM
MOJIEKYJIaM B3a€MOJIIATH MK COOOO
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molecules to interact with each other
over distances of several nanometers
without physically touching.

The nearly tetrahedral
arrangement of the orbitals about the
oxygen atom (Fig. 3a) allows each
water molecule to form hydrogen
bonds with as many as four
neighboring water molecules. In
liquid water at room temperature and
atmospheric  pressure, however,
water molecules are disorganized and
in continuous motion, so that each
molecule forms hydrogen bonds with
an average of only 3.4 other
molecules. In ice, on the other hand,
each water molecule is fixed in space
and forms hydrogen bonds with a full
complement of four other water
molecules to yield a regular lattice

Ha BIJCTaHI KUTbKOX HaHOMETPIB, HE
TOPKaKYHUCh (HI3UYHO.

Maiixke TETpacIpUIHE
po3TailyBaHHs  opOiTajgelt aroma
KUCHIO (puc. 3a) J03BOJISIE KOXKHIM
MOJIEKYJIi BOJIM YTBOPIOBATH BOJHEBI
3B’M3KK 3 YOTUpMa CYCIAHIMH
MOJICKyJIaMH BOJW. Y PIgKii BOII
npu KIMHATHIM —Temmeparypi Ta
aTMOC(EpPHOMY THCKY MOJICKYJIH
BOAM JI€30PTaHI3yIOThCS Ta MAarOTh
MOCTIMHUM pyX, Tak IO KOXKHA
MOJIEKYJIa YTBOPIOE BOJIHEBI 3B SI3KU
y cepeaHboMy Jjumie 3 3,4 IHIIUX
MOJIEKYJl. 3 1HIIOrO OOKY, B JIbOIY
KOXXHA MOJIEKYJIa BOJIU (PIKCYETHCS Y
IPOCTOPI ¥ YTBOPIOE BOJAHEBI 3B’ SI3KU
3 IOBHUM Ha0OpPOM YOTHPHOX 1HIIMX

structure (Fig.4).

O
- )
4&:(3{—‘_,/{9@ & _4_-.-55'-4 =
NNCaa e : =0

A 4

_ MOJIEKyJa

MOJIEKYJ BOJAM, 1100 OTpUMAaTH
MPaBWIbHY CTPYKTYPY I'paTku (puc.
4).

Figure 4. Hydrogen bonding in ice. In ice,
each water molecule forms the maximum of
four hydrogen bonds, creating a regular crystal
lattice. By contrast, in liquid water at room
temperature and atmospheric pressure, each
water molecule hydrogen-bonds with an
average of 3.4 other water molecules. This
crystal lattice of ice makes it less dense than
liquid water, and thus ice floats on liquid water.
Pucynok 4. Cnosnydyenns aromis I'izporeny
Jboay. Y JbOJI KOKHa MOJIeKyJia BOIHU
YTBOPIOE MAaKCUMYM YOTHUPH BOJHEBI 3B’SI3KH,
CTBOPIOIOYM 3BHYANHY KPUCTAIIUHY PEIIITKY.
Hapnaku, y piakid  BoJai  KIMHATHOI
TEMIEPATYPHU Ta aTMOC(HEPHOTO0 THCKY KOKHA
BOAU 3B'$I3y€TI>C${ BOIHEM 13
cepenHiM 3HaueHHsSM 3,4 IHIIUX MOJIEKYII
Boau. L5 kpucTaniyHa peuriTka Jb04y poOUThH
il MEHII NIIUTBHOI, HIXK piJKa BOJA 1, TAKUM
YUHOM, JIiJI TIJIaBa€ Ha PIKik BO1
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Breaking a sufficient
proportion of hydrogen bonds to
destabilize the crystal lattice of ice
requires much thermal energy, which
accounts for the relatively high
melting point of water (Table 1).
When ice melts or water evaporates,
heat is taken up by the system:

H>O(solid)-> H,O (liquid) AH
= +5.9kJ/mol

H,O(liquid) - H,O(gas) AH =
+44.0 kJ/mol

During melting or evaporation,
the entropy of the aqueous system
increases as more highly ordered
arrays of water molecules relax into
the less orderly hydrogenbonded
arrays in liquid water or the wholly
disordered gaseous state. At room
temperature, both the melting of ice
and the evaporation of water occur
spontaneously; the tendency of the
water molecules to associate through
hydrogen bonds is outweighed by the
energetic push toward randomness.

Recall that the free-energy
change (AG) must have a negative

value for a process to occur
spontaneously:
AG =AH - TAS,

where AG represents the driving
force, AH the enthalpy change from
making and breaking bonds, and AS
the change in randomness. Because
AH is positive for melting and
evaporation, it is clearly the increase
in entropy (AS) that makes AG
negative  and drives  these
transformations.

Jns  po3puBy  AOCTaTHBHOI
YaCTKH BOJHEBUX 3B S3KIB  JUIA
necradurizarii KPUCTAJIIYHOT

pelIiTK JhOAY TMOTpiOHA 3HAYHA
TEIJIOBA €HEPTis, 0 OOYMOBIIIOE
BIJIHOCHO  BHCOKY  TEMIIepaTypy
niaBiieHHs Boau (T1aba. 1). Komum i
TaHe a0o0 BUIAPOBYETHCS BOJA,
cucTeMa 3adupae TerIo:

H2.O (tBepma) = H,O (pinka)
AH = +5 9k JIx/Mo11b

H,O (pinka) 2 H,O (ra3) AH
=+44.0 xJI>x/Mo11b

[lim 4ac tutaBneHHs abo
BUITAPOBYBAHHS CHTPOIIS BOJHOI
CHUCTEMH 3pPOCTA€, OCKUIbKU OLIbII
YIOPSIKOBaHI ~ MacHMBH  MOJIEKYJ
BOAM  MEPEXOJsiTh Yy  MEHII
YIOPSIKOBAaHI BOJIOPOJHI MAacHUBH B
plakii BOJI1 abo IMOBHICTIO
HEBIOPSIKOBAHU I ra30mno110HuI
CcTaH. 3a KIMHATHOI TeMIiepaTypu
BIJIOYBA€THCS AK IJIABJICHHS JIbOMY,
TakK 1  BHIIAPOBYBaHHS  BOJHU
MHUMOBIJIBHO; TEHACHIS MOJEKYJ
BOJM JIO acoljiaiii 4epe3 BOJHEBI
3B’SI3KM  TIEPEBAXKAE EHEPTCTUYHUM
MOIIITOBXaM JI0 BUITaIKOBOCTI.

Haramaemo, 1110 3MiHa BIIBHOI
eneprii = (AG) wMae  HeraTuBHE
3HAQYCHHS I TOro, 100 IIpoIec
BIJIOYBCSI CHOHTaHHO:

AG =AH —TAS,

ne AG pymiiina cuia, AH 3MiHa
EHTAJIbIIi BiJ] YTBOPEHHS Ta PO3PHUBY

3B’s13KiB, a AS — 3MiHa eHTpomii.
OCKIIBbKM €HTadbMis Mac€ IIO3UTHBHE
3HAYECHHS TS ILIABJIEHHS Ta
BUIIAPOBYBAHHS, OYEBHUIHO, 1110

30umbIIeHHs eHTporii (AS) poouts AG
HETaTUBHUM 1 TMPHU3BOAUTH 1O ILIHX
EPETBOPEHb.
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Figure 5. Common hydrogen bonds in biological systems. The hydrogen
acceptor is usually oxygen or nitrogen; the hydrogen donor is another

electronegative atom.

Pucynok 5. 3araabHi BojHeBi 3B’SI3kM Yy O0i0JI0TiYHHX cHCTeMaXx.
AKIIEenTOPOM BOJTHIO 3a3BHUail € KHCEHb 200 a30T; JIOHOP BOAHIO — 1€ OJIUH

eJIeKTpOHeFaTI/IBHHﬁ dTOM.
Water Forms Hydrogen Bonds
with Polar Solutes

Hydrogen bonds are not
unique to water. They readily
form between an electronegative
atom (the hydrogen acceptor,
usually oxygen or nitrogen with a
lone pair of electrons) and a
hydrogen atom covalently bonded
to another electronegative atom
(the hydrogen donor) in the same
or another molecule (Fig. 5).
Hydrogen atoms  covalently
bonded to carbon atoms do not
participate in hydrogen bonding,
because carbon is only slightly
more electronegative than
hydrogen and thus the C—H bond
iIs only very weakly polar. The
distinction explains why butanol
(CH3(CH2)2CH20H) has a relatively
high boiling point of 117°C, whereas
butane (CH3(CH2).CH3) has a
boiling point of only 0,5°C. Butanol
has a polar hydroxyl group and
thus can form intermolecular
hydrogen bonds. Uncharged but
polar biomolecules such as sugars
dissolve readily in water because

Boaa yrBoproe BoaHeBi
3B’SI3KH 3 MOJISIPHUMHU PO3YHHEHUMU
pevYoBHMHAMM
Bonanesi 3B’SI3kM BJIaCTHUBI HE JIHIIE
BoAl. BOHM J€rKOo yTBOPIOIOTBCA MiXk
€JIEKTPOHETaTUBHUM aTOMOM
(akuenTopoM BOJHIO, SIK TMPABUIIO,
KHCHEM YU a30TOM 13 HEPO3IUICHOIO
Maporo eJIEKTPOHIB) Ta AaTOMOM BOJIHIO,
KOBAJIGHTHO TMOB'SI3aHUM 3  1HIIUM
€JIEKTPOHETaTUBHUM aTOMOM (JJOHOPOM
BOJIHIO) y Till UM 1HIIIN MOJIEKYJ (puC.
5). AroMu BOJHIO, KOBAJICHTHO
NOB'A3aHI 3 aroMaMu BYIJIELIO, HE
OepyTh y4acTi y BOJHEBOMY 3B SI3KY,
OCKLIIbKHU BYIJIELb € OLTBII
€JICKTPOHETaTUBHUM, HIXK BOJICHb, 1
TakuM 4nHOM 3B's30k C-H myxe
C1aOKOTIOJISIPHUIA. BigMinHICTB
MOSICHIOE, qyoMy OyTaHoJ
(CH3(CH2)2CH20H) Ma€  BIJIHOCHO
BUCOKY Temriepatypy kuminHs 117°C,
tomi sk Oyran (CH3(CH2).CHs3) wmae
temneparypy kumiHas gume 0,5°C.
byranon mae moONSIpHY TIAPOKCHIBHY
rpyny 1, TakKUM YHHOM, MOXe
YTBOPIOBATU MIKMOJIEKYJISIPHI BOJAHEBI
3B’s3ku. HeszapspkeHi, ane MoJIsIpHI
010MOJIEKYJIH, Takl SIK IIYKpH, JIETKO
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of the stabilizing effect of
hydrogen bonds between the
hydroxyl groups or carbonyl
oxygen of the sugar and the polar
water  molecules.  Alcohols,
aldehydes, ketones, and
compounds  containing N-H
bonds all form hydrogen bonds
with water molecules (Fig.6) and
tend to be soluble in water.
Hydrogen bonds are strongest when
the bonded molecules are oriented to
maximize electrostatic interaction,
which occurs when the hydrogen
atom and the two atoms that share it
are in a straight line—that is, when
the acceptor atom is in line with the
covalent bond between the donor
atom and H (Fig. 7).Hydrogen bonds
are thus highly directional and
capable of holding two hydrogen-
bonded molecules or groups in a
specific geometric arrangement. As
we shall see later, this property of
hydrogen bonds confers very precise
threedimensional  structures  on
protein and nucleic acid molecules,
which have many intramolecular
hydrogen bonds.

Between the
carbonyl group

Between the
hydroxyl group

Between peptide
groups in

pPO3UMHSAIOTBCS Yy BOAl  uepe3
CTaOLTI3yI0uy 10 BOJHEBUX 3B’SI3KIB
MDK TIIPOKCWJIBHUMH TpylnamMu abo
KapOOHIJIbHUM  KHCHEM IYKpy Ta
MOJIIPHUMU MOJIEKYJIaMU BOJIU.
Cnupt, anpAeriiy, KEeTOHH Ta
CIIOJIYKH, IO MICTATh 3B’sI3kH N—H,
YTBOPIOIOTH ~ BOJHEBI  3B’SI3KH 3
Monekynamu Boau (puc. 6) 1, sK
MIPaBUJIO, PO3UUHSIIOTHCS Y BOJII.
BojHeB1 3B’s3KM CTalOTh CUIILHUMU, KON
MOB'sI3aHI  MOJIGKYJIM OpPIEHTOBaHI Ha
MaKCHUMI3aIlio €IeKTPOCTATHYHOI
B3a€EMO/II1, IKa BHHUKAE, KOJIM aTOM BOIHIO
Ta JBa aToMH, SKI HOro IUIATH,
3HAXOATHCS Ha MPAMIii JiHII, TOOTO KOJIH
aTOM aKIeNTopa 3HAXOJUThCS Ha OJHIM
OpsIMiil 3 KOBAJIEHTHUM 3B'A3KOM aTOMY
noHopa ta H (puc. 7). BonHeBi 3B’s13KH,
TaKMM YHHOM, € BHUCOKOHAINPABICHUMH 1
3aTHI YTPUMYBAaTH JABlI MOJEKyJIu abo
IPyNH, TMOB'SI3aHI 3 BOJHEM, y IEBHOMY
T€OMETPUYHOMY pO3TalllyBaHHI. Sk Mu
mo0ayuMo  3rogoM, ISl  BJIACTHBICTH
BOJHEBUX 3B’SI3KIB HaJae AyXKe TOYHI
TPUBHUMIPHI CTPYKTYpH MOJEKyjlIaM Oijika
Ta HYKJICTHOBHUM KHCIIOTaM, SKi MaloTh
Oararo BHYTPIITHBOMOJICKYJIAPHUX
BOJIHEBUX 3B’ S3KIB

Between
complementary

of an alcohol of a ketone polypeptides bases of DNA
and water and water
H R H
R R! R*
\D \C/ -\-\VNH o R"*-. -~ C e CH:‘
| CH N C .
(I:) Thymine
H b C_ Co
. D.H\ E[ H D N G
H /'h‘“cf’ ‘Cf’ﬂ“x H L N_\_H _NH
1£ (IJ o8 o .
ﬂ\' é Adenine
., c..;x - :
1 I
N—
R

Figure 6. Some biologically important hydrogen bonds.
PucyHnok 6. Jlesiki 6ios1oriuno Ba:xk/JIuBi BOJHEBI 3B’ I3KH.
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‘ :
O
‘ I
4 Strong H | Weaker
hydrogen bond ; .
< O ydrogen bon lp ¢:,/{} hydrogen bond
/

Figure 7. Directionality of the hydrogen bond. The attraction between the
partial electric charges (see Fig.3) is greatest when the three atoms involved
(in this case O, H, and O) lie in a straight line.
When the hydrogen-bonded moieties are structurally constrained (as when
they are parts of a single protein molecule, for example), this ideal geometry
may not be possible and the resulting hydrogen bond is weaker.
Pucynox 7. CnpsimoBaHicTh BOJHEBOro 3B'si3Ky. [IpuTsArHeHHS Mix
YaCTKOBUMH EJICKTPUYHUMHM 3apsiiaMu (IUB. pHC. 3) € HAHOUIBIIOI, KON
TpH 3aitydeHi aromu (y ganomy Bunagaky O, H ta O) nexxatb Ha OgHIN npsAMiid
JIHII.
Konu ginstHkuy, moB'si3aHi 3 BOJHEM, CTPYKTYPHO OOMEXeH!1 (K, HapUKIal,
KOJIM BOHU € YaCTHHOIO OJIHIET MOJIEKYJIU O1JIKa), 1151 1/1ealibHa T€OMETPist cTae
HEMO>KJIUBOIO, 1 OTPUMAaHUI BOJIHEBUI 3B'SI30K ci1alIIae.

Table 2. Some Examples of Polar, Nonpolar, and Amphipathic
Biomolecules (Shown as lonic Forms at pH 7)

Ta6auus 2. Jleski npuKkiIaan MOISPHUX, HEMOJIAPHUX Ta aMPiIaTUIHUX
6iomozekyn (rmokasasi sik i0HH1 popmu nipu pH 7)

Polar Nonpolar

i [
Glucose CHQOIC-)I Typical wax CHa(CHZ)T—CH=CH—(CH2)S—CH2—C\
OH (I)
CH:;(CHQJT—CH=CH—(CH2)7—CH2
HO OH H H

H OH Amphipathic
Phenylalanine 'NH
Glycine *NH;—CH,—CO00 [
CH,—CH —C00
Aspartate +NH,
00C—CH,—CH—C00 Phosphatidylcholine 5
I
lactate  CH,—GH—CO0 CHy(CHy)1sCHy—C—0—CHa
OH CH;%(CH2)1nCH2—(|%—O—(|3H ? 'Ir'(CHaJa
0 CH,—0—P—0—CH,—CHj,
Glycerol OH ? | * 2

|
HOCH,—CH—CH,0H 0

I:I Polar groups ’:I Nonpolar groups
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= 24 (7) * Q( ) + U Hydrated
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+ — A = Note the orientation
. | T + of the water molecules
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CI” ion

Figure 8. Water as solvent. Water dissolves many crystalline salts by
hydrating their component ions. The NaCl crystal lattice is disrupted as water
molecules cluster about the Cland Na* ions. The ionic charges are partially
neutralized, and the electrostatic attractions necessary for lattice formation
are weakened.

Pucynok 8. Boga sik po3unnHuk. Bojga po3unnsie 6arato KpucTaliyHUX
coJiel rigparariieto ix ioHiB. Kpucraniuna pemitka NaCl mopyuryerbcest, KOau
MOJICKYJIM BOJM CKym4ytoThbcs HaBkoyio ioHiB Cl ta Na'. lonni 3apsmm
YaCTKOBO HEUTPATI3yIOThCS, a EJICKTPOCTaTUYHI 3apsjau, HEOOXiaH1 IJIs
YTBOPEHHS I'PATKH, MTOCIA0TIOI0THCS

Water Interacts Electrostatically Bona €JIeKTPOCTATHYHO
with Charged Solutes B3a€EMOi€ i3 3apAIKeHUMH
PO3YHHHHUKAMHA

Water is a polar solvent. It Bona - THIOJIAPHUI
readily dissolves most po3uMHHUK. BOHa Jilerko po3umHs€E
biomolecules, which are generally Oimbmicte  OioMonmexkyn, — sKi
Charged or polar Compounds 3a3dBU4an € 3apAKCHHUMU abo
(Table 2); compounds that dissolve TO’UipHAME crionykamu (1abit. 2);
eaSin in water are hydrophIIIC CHOJ’I}{KI/I, SK1 JICTKO PO3YHHAIOTHCS
(Greek “water-loving™) In Y BOAlL, HAa3HBAIOTH rigpopuibHUMHU
’ ) rpelbKa, «BOJIOJIOOHAY).
contrast, nonpolar solvents such as (Hp 5 BO )
AdBIIdKHW, HCIIOJIAPHI PO3YHMHHUKH,

chloroform and benzene are poor

) Taki K xjJopodopMm Ta OEH30II, 11e
solvents for polar biomolecules but ;o posupmmmKE s monspHIX

easily dissolve those that are giomonexys, are J—
hydmphOb'C—nonpOla_r _ PO3YMHSIOTE rigpodooni
molecules such as lipids and menomspri Mmomexymm, Taki sk
Waxes. JIIIANA Ta BOCKU.
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Water dissolves salts such as NaCl
by hydrating and stabilizing the
Na" and CI" ions, weakening the
electrostatic interactions between
them and thus counteracting their
tendency to associate in a
crystalline lattice (Fig. 6). The
same factors apply to charged
biomolecules, compounds with
functional groups such as ionized
carboxylic acids (—-COQ), protonated
amines (—NHs"), and phosphate esters
or anhydrides. Water readily
dissolves such compounds by
replacing  solutesolute  hydrogen
bonds with solute-water hydrogen
bonds, thus screening the
electrostatic interactions between
solute molecules.

Water is especially effective
in  screening the electrostatic
interactions between dissolved ions
because it has a high dielectric
cnstant, a physical property
reflecting the number of dipolesin a
solvent. The strength, or force (F),
of ionic interactions in a solution
depends upon the magnitude of the
charges (Q), the distance between
the charged groups (r), and the

dielectric constant (&) of the solvent
in which the interactions occur:

Q:1Q>

2

F= g
For water at 25°C, & (which is

dimensionless) is 78.5, and for the

very nonpolar solvent benzene, ¢is
4.6.

Bona pozuunsie comi, taki sk NaCl,
rigpaTaiiero Ta cTadiIi3aIlier0 10HIB
Na* Ta  CI, I10CJIa0JIIOIOYH
€JICKTPOCTATUYHY B3aEMOJII0 MiX
HUMH 1, TAKUM YHUHOM, MPOTUIFOYN
iX CXWJIBHOCTI JO TpUETHAHHS 0
KpUCTaIIYHOI penniTku (puc. 6). Ti x
dakropu 3aCTOCOBYIOTh 10
3apsAHKEHUX OI0OMOJIEKYI, CIOJYK 3
(GYHKITIOHATbHUMHU rpynamu,
TaKUMU SK 10HI30BaHI KapOOHOBI
kuciotu (—COQO"), mnpoToHi30BaHI
aminu (—NHz"), edipu abo anriapuan
dochopuoi kucimotu. Boma nerko
PO3YMHSIE TaKi CIIOIYKH, 3aMIHIOIOUH
HEPO3YMHHI BOJTHEBI 3B’ A3KH
BOJOPO3YMHHUMU BOJHEBUMU
3B’sI3KaMU, TUM CaMHUM EKPaHYIOUYd
€JICKTPOCTATUYHI  B3aEMOJII  MiX
MOJIEKYJIaMU PO3YMHEHUX PEYOBHH

Boga ocobnuBo edexTtuBHA IS
€KpaHyBaHHs €JIEKTPOCTaTUYHUX
B3a€EMOJIIA MK PO3UMHEHHUMHIOHAMH,
OCKIJIbKH BOHA Mae BHCOKY
TIEJIeKTPUYHY  MOCTIAHY,  (i3u4Ha
BJIACTUBICTD, 1 Ka B1I00pakae BETUUUHY
IUNOJIA 'y PO3YMHHUKY. Benuunna a6o
cuna (F) 10HHMX B3aeMOJINA Yy pO3YHMHI
3aNeKUTh Bia BenmmuuHM 3apsaiB (Q),
BiZICTaH1 MiX 3aps/KCHUMU Tpynamu (I)

Ta  JICJCKTPUYHOI  MOCTIHHOKO (&)
PO3UMHHUKA, Y SKOMY BiJOyBalOThCs

B3aEMO/IT :
Q1Q:
2

= o
Hns Bomm mpu 25°C £us BeIuuyuHa
ckianae 78,5 (06e3posmipHa), a s
CaMOro HEMOJISIPHOTO PO3YMHHUKA

oenzony & —4,6.
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Thus, ionic interactions are
much stronger in less polar
environments. The dependence on
r? is such that ionic attractions or
repulsions operate only over short
distances—in the range of 10 to 40
nm (depending on the electrolyte
concentration) when the solvent is
water.

Entropy Increases as
Crystalline Substances Dissolve

As a salt such as NacCl
dissolves, the Na* and CI ions
leaving the crystal lattice acquire
far greater freedom of motion
(Fig. 2-6). The resulting increase
in entropy (randomness) of the
system is largely responsible for
the ease of dissolving salts such as
NaCl in water.

In thermodynamic terms,
formation of the solution occurs
with a favorable free-energy

change: AG =AH — TAS, where
AH has a small positive value and
TAS a large positive value; thus
AG is negative.

Nonpolar Gases Are Poorly Soluble in

Water

TakuM 4MHOM, 10HHI B3a€EMOII]
3HAYHO CWJIBHIII Y MEHII IMOJSPHUX
cepeIoBUIIAX. 3a1eKHiCTh Bij I Taka,
110 10HHI MIPUTATAHHS abo
BiJIIITOBXYBAHHS TPAIIOIOTH JIUIIIEC HA
HEBEJIMKUX BIJICTAHAX - y MeXaX BiJl
10 mo 40 wHM (3aleXHO Bif
KOHIIEHTpallli eNeKTPONITy), KOJIU
PO3YMHHUKOM € BOJIA.

Entponis 30inbmyerbest  y
Mipy PpO3YMHEHHSI KPHCTAJIYHHUX
pe4YoBHH

VY Mipy po3uuHEHHS COJIi, TAKO1
gk NaCl, iomm Na" Tta CI, mo
3QIMIIAIOTh  KPUCTAIIYHY PELIITKY,
HaOyBalOTh 3HAYHO OLIBIIOT CBOOOIU
pyxy (puc. 2-6). 30uiblICHHS
eHTpomii (BUMaAKOBOCTI) CUCTEMHU B
pe3ynbTaTi  PO3UMHEHHS  3HAYHOIO
MIpOIO  BIAINOBIJIa€ 3@  JICTKICTh
po3unHeHHs coiied, Takux sk NaCl y
BOJII.

Y TepMoaMHAMIYHOMY IUIaHI
YTBOPEHHS PO3YHMHY BIOYBA€ThCS 3a
CIIPUSITINBOL 3MIHU BUIBHOL

eneprii: AG =AH — TAS, ne AH mae
Majie TO3UTHBHE 3HadeHHs, a TAS —
BEJIMKE MMO3UTHBHE 3HAYEHHS;, TAKHM
ynHoM AG Mae HeraTHBHE 3HAYEHHS.

Henossipui rasm moraHo
PO3YHHSIOTHCS y BOAI
Mosnekynu 610JIOTTYHO BaXKITUBUX

The molecules of the biologically
Important gases CO,, O,, and N, are
nonpolar. In O, and N, electrons are
shared equally by both atoms. In CO,,
each C=0 bond is polar, but the two
dipoles are oppositely directed and
cancel each other (Table 3). The
movement of molecules from the
disordered gas phase into aqueous
solution constrains their motion and the
motion of water molecules and therefore
represents a decrease in entropy.
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ra3iB COz, Oz ta N2 HenoisipHi. B
Oz 1 N2 enekTpoHM JAUIATHCA
oHakoBo o0oma atomamu. Y CO2
KoxeH 3B'130k C=0 € monsipHuM,
aje JBa JUNOJNI TMPOTHIICKHO
CHpPSIMOBaHI Ta CKaCOBYIOTH OJMH
onHoro (tabma. 3). Pyx monexyn 3
HEBIOPSAKOBAHOT ra30Boi (a3u y
BOJIHUI PO3UMH OOMEXYe iX pyX 1
PYX MOJIEKYJ BOIM i, el mporiec
npoTikae  3i 3MEHIICHHSM
SHTPOTIIi.



The nonpolar nature of these gases
and the decrease in entropy when
they enter solution combine to make
them very poorly soluble in water

Henonspuicth  1mux  rasiB  Ta
3MEHIIIEHHSI SHTPOIIi MijJ yac moma-
JaHHSA 1X Y PO3YHMH IOETHYIOTHCS,
3aBASKM  YOMY BOHHM  TIOTaHO

(Table 3).

PO3UYHHSIOTBCS Y BoJii (Tad. 3).

Table 3. Solubilities of Some Gases in Water
Taoauus 3. Po3uuHHiCcTh JeAKUX ra3iB y Boai

Gas Structure®
Nitrogen N=N
Oxygen 0=0
Carbon dioxide 58
0=C=0
Ammonia H\ﬁl/H \
N &
Hydrogen sulfide H H
yarog N/ \

S

Solubility
Polarity in water (g/L)Jr
Nonpolar 0.018 (40°C)
Nonpolar 0.035 (50°C)
Nonpolar 0.97 (45 °C)
Polar 900 (10 °C)
Polar 1,860 (40 °C)

*The arrows represent electric dipoles; there is a partial negative charge
() at the head of the arrow, a partial positive charge (c+) not shown here)

at the tail.

TNote that polar molecules dissolve far better even at low temperatures than
do nonpolar molecules at relatively high temperatures.

* CTPIIKH — 1€ SJICKTPUYHI IUTIOJ1; YaCTKOBHUH BiA'€MHUM 3apsi/l Ha TOJIOBI
CTP1JIKH, YaCTKOBHM MO3UTUBHUHN 3apsif ( TYT HE MOKa3aHO) HAa XBOCTI.

T 3ayBakTe, 110 MOJSPHI MOJIEKYJIM PO3UYUHSIOTHCS HabaraTo Kpaiie
HaBITh IPHU HU3BKINA TEMIIEPATYP1, HI’K HEMOJIAPHI MOJIEKYJIH MPHU BiTHOCHO

BHUCOKI TeMIieparypi.

Some organisms have
water-soluble carrier proteins
(hemoglobin and myoglobin, for
example) that facilitate the
transport of O,. Carbon dioxide
forms carbonic acid (H,COs3) in
aqueous  solution and s
transported as the HCOs
(bicarbonate) ion, either free—
bicarbonate is very soluble in
water (~100 g/L at 25°C)—or
bound to hemoglobin. Two other
gases, NH; and H.S, also have
biological roles in  some
organisms; these gases are polar
and dissolve readily in water.

Hesiki OpraHi3zmMu MaroTh
BOJOPO3YMHHI O1IKU—HOCIi
(Hanpuknan, reMoryio0iH Ta
MIOTJIO01H), AK1 MOJIETIYIOTh
TpancnioptyBanHs ~ O,.  /IBookuc
BYIJICII0  YTBOPIOE  BYIJIEKHCIIOTY
(H2CO3) y BomHOMY poO34MHI i

TpaHcnopTyeTrbest sk ioH  HCOg3
(6ixapOoHaT), BITbHUN — OikapOOHAT
rapHo posuuHHUK y Boxi (~ 100 r/x
npu 25°C) abo moB'sI3yeThC 3
remoryio0iHoM. JIBa iHmux rasu, NHj
ta H)S, Takoxx MaroTh O10JOTIYHY
poJib Y JACSKUX Opra”iamax; Iii rasu
MOJISIPHI 1 JIETKO PO3YMHSAIOTHCS Y BOJII.
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Nonpolar  Compounds  Force
Energetically Unfavorable
Changes in the Structure of Water
When water is mixed with
benzene or hexane, two phases
form; neither liquid is soluble in
the other. Nonpolar compounds
such as benzene and hexane are
hydrophobic—they are unable to
undergo energetically favorable
interactions with water molecules,
and they interfere with the
hydrogen bonding among water
molecules. All molecules or ions
in aqueous solution interfere with
the hydrogen bonding of some
water  molecules in  their
immediate vicinity, but polar or
charged solutes (such as NaCl)
compensate for lost water-water
hydrogen bonds by forming new
solute-water interactions. The net
change in enthalpy (AH) for
dissolving these solutes is
generally small.
Hydrophobic solutes, however, offer
no such compensation, and their
addition to water may therefore result
in a small gain of enthalpy; the
breaking of hydrogen bonds between
water molecules takes up energy
from the system. Furthermore,
dissolving hydrophobic compounds
in water produces a measurable
decrease in entropy. Water molecules
in the immediate vicinity of a
nonpolar solute are constrained in
their possible orientations as they
form a highly ordered cagelike shell
around each solute molecule.

Omnak rigpodoOHi

HenossipHi cnoJiyku 3yMoBJIHOIOTH
€HepPreTU4HO HeCIPUATIUBI 3MiHU
Y CTPYKTYPi BoaH

Komu Boma 3mimyerhes 3
OCH30JI0M abo TeKCaHOM,
YTBOPIOIOTBbCA OBl  (pa3u; KOAHA
piAMHa HE pO3YMHHA B JIPYTiil.
Henomnsipai cioiyku, Taki sik 6€H3011
Ta rekcaH TiIpo(oOHI — BOHU HE
3MaTHI ~ 3a3HABATU  EHEPreTUYHO
CIPUSATIMBUX B3a€EMO/IIN 3
MOJIEKYJIaMU BO/IH, 1
MEPENIKOKAIOTh BOJTHEBOMY
3B’SI3Ky MIXK MoJIeKyJaMu Bojau. Bci
MOJIEKYJu a00 10HM Yy BOJHOMY
PO3YMHI TMEPEIIKO/DKAIOTh 3B’ A3KY
BOJHIO JIEIKMX MOJIEKYJI BOJIU y iX
oesnocepenHii  OMM3BKOCTI,  ajie
MOJISIPH1 200 3apsIKEH]1 PO3UMHHUKU
(manpuknan, NaCl) KOMIEHCYIOTbH
BTpau€HI  BOJHO-BOJIHI  BOJHEBI
3B’SI3KH, YTBOPIOIOUM HOB1 B3a€MOJIT
COJIIOT-BOJIA. 3aranpHa ~ 3MiHA
enTanbmii (AH) nms po3unHeHHs 1ux
PO3YMHEHUX PEYOBHH Y IIJIOMY
HEBEJIHKA.

PO3YMHHUKN HC

IPOTMOHYIOTh TaKO1 KOMIIEHCAIlii, 1 TOMY
iX J0/1aBaHHS JI0 BOJU MOXKE TIPU3BECTH
JI0 HEBEJIMKOTO TOCHWJICHHS CHTAJIBIIIT,
pO3pUB  BOJHEBUX  3B’S3KIB  MIXK
MOJICKYJIAaMH BOJM 3a0Hpae SHEpTiio i3
cuctemu. KpiMm TOro, po3YMHEHHS
riapopoOHUX CIIOJIYK y BOJI
NPU3BOJUTH JI0 TIOMITHOTO 3HHKCHHS
eHTpomii.  Monekynu  BOaW, IO
3HAXOJAThCSA y 6e3nocepeHii
OMU3BKOCTI BiJl HEMOJSPHOI PO3UNHEHOT
PEYOBUHU, OOMEXKEHI Y CBOTX MOKITUBUX
OpI€HTAIIISX, OCKUIBKHA BOHHU
YTBOPIOIOTh ~ CWJIBHO  BIOPSAKOBAHY
000JIOHKY HAaBKOJIO KOXHOI MOJEKYJIH
PO3YMHEHO1 PEYOBUHU.
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These water molecules are not
as highly oriented as those in
clathrates, crystalline compounds of
nonpolar solutes and water, but the
effect is the same in both cases: the
ordering of water molecules reduces
entropy. The number of ordered
water molecules, and therefore the
magnitude of the entropy decrease, is
proportional to the surface area of the
hydrophobic solute enclosed within
the cage of water molecules. The
freeenergy change for dissolving a
nonpolar solute in water is thus
unfavorable:

AG =AH - TAS,
where AH has a positive value,
AS has a negative value,
and AG is positive.

. - Hydrophilic

f-(fO 0 - @ )).‘\'j. “head group”
5 . ok

“Flickering clusters” of HoO
molecules in bulk phase

Highly ordered H0 molecules form
“cages” around the hydrophobic alkyl chains

(a)

24

= o’«—— Hydrophobic
e\ alkyl group

I[li wMomexkynu BOau HE
HACTUIbKY CHUJIBHO OPIEHTOBAHI, SIK
y  KjJaTparax,  KpUCTaIIYHUX
CIIOJIyKax HETOJISIPHUX
PO3YMHHUX PEYOBUH Ta BOJU, AJIE
ehekT omHaKOoBHH B 000X
BUIAJIKaX: BHOPSIKYBAHHS
MOJIEKYJ BOJAY 3MEHIIY€E €HTPOIIIIO.
KibKIiCTh yHOPSAJIKOBAHUX MOJIEKYI
BOJM, a OTKE, 1 BEJIMYMHA CHTPOIIi
3MEHILIYETHCS, MPOMOPLINAHO IUIOIII
MOBEPXHI T11poPoOHOT PO3YMHEHOT

pPEYOBUHH, VYKIAJAEHOI B KIITKY
MOJICKYJT BOJAW. 3MiHAa  BUIBHOI
eHeprii 19 PO3YMHEHHS

HETMOJISIPHOTO PO3YMHHUKA Y BOII,
TaKUM YMHOM, HECTIPUSITIINBA:

AG =AH - T AS,
ne AH mae o3utuBHE 3Ha4eHHs, AS
— HeraTuBHe 3HaueHHd, a AG -
MMO3UTHUBHE..

Figure 9. Amphipathic
compounds in agueous
solution. (a) Longchain
fatty acids have very
hydrophobic alkyl chains,

O each of which is

=" surrounded by a layer of

Q highly ordered water
molecules.
Pucynok 9.

AMdinaTu4yHi CNOJTYKH
Y BOJIHOMY PO34MHi.
(a) XKupui xuciotu 3

JIOBI'UM JIAHIIOTOM
MaroTh Ayxe riapodoOHi
AJIKUJIBHL JIQHITIOTH,
KOXXEH 3 SIKHX OTOYCHHH
Iapom BHCOKO
YHOPSAIKOBAHUX MOJICKYJT
BOJIM.



Dispersion of
lipids in HpO

_ Each lipid

w3 molecule forces
surrounding HqoO

% molecules to become
£ highly ordered.

Clusters of lipid
molecules

Only lipid portions
at the edge of

the cluster force the
ordering of water.

%, are ordered, and
entropy is increased.

Micelles

#  All hydrophobic
groups are
sequestered from
water; ordered
shell of HpO
molecules is

, minimized, and
G- entropy is further
increased.

(h

Amphipathic

Fewer Ho0O molecules

compounds Amd¢inaruuni

(b) By clustering together in
micelles, the fatty acid
molecules expose the smallest
possible hydrophobic surface
area to the water, and fewer
water molecules are required in
the shell of ordered water. The
energy gained by freeing
immobilized water molecules
stabilizes the micelle.

0) OO'enHaBIIMCH Yy MIICIH,
MOJICKYJIH ~ KUPHUX  KHCJIOT
iAal0Th BOAl SAKHAWMEHIITY
rigpooOHy TMOBEpPXHIO, a B
000JTOHIII BITOPSAIKOBAHOI BOIU

NOoTpiOHO  MEHIIE  MOJEKYJ
BOJIH. Enepris, 3n100yTa
BHUBIJIbHCHHSM

IMMOO1T130BaHUX MOJIEKYJT

BOJIY, CTAOLIII3y€ MILICJIH.

CIOJIYKH  MICTSITh

contain regions that are polar (or
charged) and regions that are nonpolar

(Table 2). When an amphipathic
compound is mixed with water, the
polar, hydrophilic region interacts
favorably with the solvent and tends to
dissolve, but the nonpolar, hydrophobic
region tends to avoid contact with the
water (Fig. 9a). The nonpolar regions of
the molecules cluster together to present
the smallest hydrophobic area to the
aqueous solvent, and the polar regions
are arranged to maximize their
interaction with the solvent (Fig. 9b).

25

noJisipHi (abo 3apspkeHi) obnacti Ta
HenossipHi  (tabn.  2).  Komm
am@IinaTuyHa CrHojJyKa 3MIIIYETbCS 3
BOJIOIO,  TOJISIpHA,  TiApodiabHa
00JacTh B3a€MOJIIE€ 3 PO3ZYMHHUKOM 1
Ma€ TEeHJEHIII0 0 PO3YMHEHHS, aje
HEMoJsIpHa, TiipodoOHa 001acTh Mae
TEH/JCHLII0 YHMKAaTH KOHTAaKTy 3
Boji010 (puc. 9a). HemomsipHi qinstHKA
MOJIEKYJT KJIACTePYIOThCS Pa3oM, 1100
MpeCTaBUTH HaiMeHIy riapodoOHy
o0jacTh BOJHOTO pO3YMHHHKA, a
NOJISIpHI 00JacTi BIAIITOBaHI TaKHM

YUHOM, 100 MaKCHUMAaJIbHO
B3a€EMOIIATH 3 PO3YMHHUKOM
(puc.9Db).



These stable structures of
amphipathic compounds in water,
called micelles, may contain
hundreds or thousands of
molecules. The forces that hold
the nonpolar regions of the
molecules together are called
hydrophobic interactions.

Many biomolecules are
amphipathic: proteins, pigments,
certain vitamins, and the sterols
and phospholipids of membranes
all have polar and nonpolar
surface  regions.  Structures
composed of these molecules
are stabilized by hydrophobic
interactions among the
nonpolar regions. Hydrophobic
interactions among lipids, and
between lipids and proteins, are

the most important
determinants of structure in
biological membranes.

Hydrophobic interactions
between nonpolar amino acids

also stabilize the three-
dimensional  structures of
proteins.

Hydrogen bonding between
water and polar solutes also
causes some ordering of water
molecules, but the effect is less
significant than with nonpolar
solutes.

Part of the driving force for
binding of a polar substrate
(reactant) to the
complementary polar surface
of an enzyme is the entropy
Increase as the enzyme
displaces ordered water from
the substrate (Fig. 10).

Ili crifiki CTpyKTYypu amMpINMaTUYHUX
CIOJIYK 'y BOAl, II0 Ha3UBaIOThC
MilleJ1aMM, MOXXYTh MICTHTH COTHI 4YH
TUCSIY1 MOJICKYJI

Cunu, Kl yTPUMYIOTh HEMOJISIPHI
JTUISSHKA  MOJIEKYJT pa3oM, Ha3WBalOTh
rizpopodoHumMu  B3aemoaismu. Cuna
riipo@oOHUX B3a€MOMAIN HE 3yMOBIICHA
OyAb-SIKUM BHYTPIIIHIM TOTATOM MIX
HenoysipauMu  parmerTamu. LBummre,
IIe Pe3yJbTaT JOCSATHEHHS HaNOUIBIIOT
TEPMOIMHAMIYHO1 CTa0ITLHOCTI CUCTEMHU
32 paxXyHOK MiHIMI3aIii  KIJIBKOCTI
BIIOPSAKOBAHUX MOJIEKYJT BOJIM,
HEOOXITHUX JUIsl OTOUYEHHS T1IpOPOOHUX
YaCTUH MOJIEKYJ PO3YMHHHUKA.

barato OioMoJIeKy €
aM(pIMaTUYHUMU: TPOTETHH, MITMEHTH,
MEBHI BITaMIHM, a TaKOX CTEPOJH Ta
docdomimian MeMOpaH MarOTh MOJSPHI
Ta  HENOJSAPHI  JUISHKH  TOBEPXHI.
CTpyKTypH, CKJIaACHI 3 IHX MOJICKY,
CTaOUII3yIOThCS rigpohoOHUMU
B3aEMOIIIMH MDK HENOJISIPHUMHA
obnactsmu. ['ipodoOHI B3aemomii Mixk
JIIIAAMHA Ta MK JIITAaMHA Ta OUIKAMU €
HaWBaKJIUBIIIIUMU JneTepMiHaHTaMU
CTPYKTYpH y O10JIOTIYHUX MeMOpaHax.
['iapodob6Hi B3aeMoil MDK
HETOJIIPHUMU  aMIHOKHCJIOTAMHU TaKOX
CTaOUII3YIOTh TPUBUMIPHY CTPYKTYPY
O1JIKIB.

CrionyyeHHs BOJAHIO MK BOJIOO Ta
MOJIIPHAMHA ~ PO3YMHHHKAMHU  TaKOX
BUKJTHKAE TIesIKe BITOPSIKYBaHHSI
MOJIEKYJ BOJU, ajie e(EeKT € MEHII
3HAYHUM, HI)K Y HETIOJSIPHUX PO3UYNHHUX

PEYOBHH.
YactuHoo  pywidHOT  cHiIM 7S
3B’A3yBaHHS  TOJSIPHOTO  cyOcTparty
(peareHry) 3 KOMIIJIEMEHTAPHOIO

MOJIIPHOIO  TIOBEpXHEI0  (EepPMEHTy €
30UTBIIIEHHST €HTPOMii, KoIu (GEepMEHT
BUTICHS€  BIOPSIKOBaHY  BOAy 3
cyoctpary (puc. 10).

26



Ordered water .__
interacting with \ "

el O
substrate and enzyme T '
\\ D
o T':) ) t.f
@ _C b o] o 8]
)
& @, R
iy
] - &
3 5}
)| Substrate s ] {
P
=] H
e %S G
:} Ox :"'.: - =]
’ e} J O
- Enzyme
D
' o]
O::” Q\}. Q. an
> G:u'—:
4
'.'5;') -
a & o S
E} o H;J \';-.D -
| C'ff,:
’ O . w]
Disordered water o '
displaced by
enzyme-substrate '-‘-¢:-1)

interaction A

Enzyme-substrate interaction
stabilized by hydrogen-bonding,
ionie, and hydrophobie interactions

van der Waals Interactions Are
Weak Interatomic Attractions

When two uncharged atoms are brought very
close together, their surrounding electron
clouds influence each other. Random
variations in the positions of the electrons
around one nucleus may create a transient
electric dipole, which induces a transient,
opposite electric dipole in the nearby atom.
The two dipoles weakly attract each other,
bringing the two nuclei closer. These weak
attractions are called van der Waals
interactions.

As the two nuclei draw closer together, their
electron clouds begin to repel each other. At
the point where the van der Waals attraction
exactly balances this repulsive force, the
nuclei are said to be in van der Waals
contact.

Figure 10. Release of ordered water
favors formation of an enzyme-
substrate complex. While separate, both
enzyme and substrate force neighboring
water molecules into an ordered shell.
Binding of substrate to enzyme releases
some of the ordered water, and the
resulting increase in entropy provides a
thermodynamic push toward formation of
the enzyme-substrate complex.

Pucynoxk 10. BusinibHeHnHst
BIIOPSI/IKOBAHOL BOJIH crpusie
(popmyBaHHIO (¢epmenTHO-
cyOCTpaTHOTO KOMILJIEKCY. Xoua

OKpeMO 1 pepMeHT, 1 cyOCTpaT 3MyIIYIOTh
CYCI/IHI MOJICKYJIA BOJIM B YIIOPSIAIKOBAHY
000/0HKY. 3B'si3yBaHHS cyOcTpaty 3
dbepMeHTOM 3BUIBHSE YaCTUHY
BIIOPSIIKOBAHOI BOJM, 1 B PE3YJbTATI
30UTbIIEHHS €HTpOIIi 3a0e3neuye
TEPMOJUHAMIYHU I MOLITOBX 10
dbopmyBaHHS (PEepPMEHTHO-CYOCTPATHOTO
KOMILIEKCY.

B3aemonii  Ban-nep-Baanbca —
¢J1a0KI MiKATOMHI IPUTATYBAHHS
Komu JIBa HE3apAIKEHUX aToOMU
30JMKYIOTBCSI, €JIEKTPOHHI XMapH, IO iX
OTOYYIOTh, BIUIMBAIOTh OJIHA Ha OJHY.
BumaakoBi  KOJMBaHHS B IOJIOKEHHI
€JIEKTPOHIB HABKOJIO OJHOTO sIpa MOXYTh
CTBOPUTH MEPEXiTHUN NEKTPUIHUI JUTIOIb,
SKUN 1HIYKY€E TepexigHuil, MpOTHICKHUN
CJIEKTPUYHUHN JIUIONb Y CYCITHBOMY aTOMI.
JIBa aunoni ciaabKo MPUTATYIOTHCS OJMH 3
oNHMM, 30mmKyroun aBa sapa. Lli crabki
MPUTATYBAHHS HA3UBAIOTh B3A€EMOAIAMH
Ban gep Baaabca. Komm 1Ba sapa
36J'II/I)KYIOTBCH, ix CHGKTpOHHi XMapu NOYMHAIOTh
BIIIITOBXYBAaTH OJIHA OJTHY. Y TOM MOMEHT, KOJIH
NPUTATHCHHA Ban ACp Baannsca TOYHO
BPIBHOBAXKYE MO0 BIAMTOBXYHOUY CHIY, SJIpa
nepeOyBaloTh y KOHTakTi Ban nep Baanbca.
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Each atom has a characteristic van Koxxen atomMm Mae XapakTepHUii
der Waals radius, a measure of how paniyc Ban nep Baanbca - mipy Toro,
close that atom will allow another to wHackiyibku  OMM3BKO 1EH  aToM
approach (Table 4). In the “space- m03BOIUTH HAOIMU3UTHCS JO 1HIIOTO
filling” molecular models shown (tabmu. 4). ¥ MoJeKyJISIpHUX MOACIISIX
throughout this book, the atoms are «3amoBHEHHS KOCMOCY», TOKa3aHUX Y
depicted in sizes proportional to their 1mifi  kHM3i, aTomMm  300pakeHi
van der Waals radii. po3Mipamu, PONOPIIIITHUMU
paniycam Ban nep Baanbca.
Tabauus 4. Paniycu Ban-nep-Baansca ta KoBanentni (mpocti) paaiycu

van der Waals Covalent radius for ACAKHX CICMCHTIB
Element radius (nm) single bond (nm) ~ Sources: For van
R R e . der Waals  radii,
H 0.11 0.030 Chauvin, R.
0 0.15 0.066 (1992)  Explicit
N 0.15 0.070 periodic trend of
C 0.17 0.077 van der Waals
S 0.18 0.104 radii. J.  Phys.
p 0.19 0.110 Chem. 96, 9194—
| 0.21 0.133 9197. For covalent

radii, Pauling, L.
(1960) Nature of the Chemical Bond, 3rd edn, Cornell University Press,
Ithaca, NY.
Note: van der Waals radii describe the space-filling dimensions of atoms. When
two atoms are joined covalently, the atomic radii at the point of bonding are less
than the van der Waals radii, because the joined atoms are pulled together by the
shared electron pair. The distance between nuclei in a van der Waals interaction or
a covalent bond is about equal to the sum of the van der Waals or covalent radii,
respectively, for the two atoms. Thus the length of a carbon-carbon single bond is
about 0.077 nm + 0.077 nm = 0.154 nm.
Table 4. van der Waals Radii and Covalent (Single-Bond) Radii of Some Elements
Jlxxepena: J{ns pagiyciB van der Waals: Chauvin, R. (1992) Explicit periodic trend
of van der Waals radii. J. Phys. Chem. 96, 9194-9197. Jl;i1 KOBaJICHTHHX PaJiyCiB:
Pauling, L. (1960) Nature of the Chemical Bond, 3rd edn, Cornell University Press,
Ithaca, NY.
[Ipumitka: pamiycu Ban nep Baanbca ommcyroTh po3Mipu aToMiB, IO
3anoBHIOWOTH TpocTtip. Komm nBa aTtomu 3'€nHaHi KOBAJICHTHO, aTOMHI
pazaiycu y Toulll 3’€IHaHHS MEHII, HiXK paaiycu Ban nep Baanwca, Tomy 1110
aToMu 00'€ THYIOTHCS CIIUTHHOIO €JICKTPOHHOIO NTapot0. BifcTanb Mix siapamu
y B3aemojii BaH Jnep Baanbca ab0 KOBaJ€HTHOrO 3B’SI3KY MNPUOIU3HO
JOPIBHIOE CyMi BaH Jiep Baanbca abo KOBaJeHTHUX PajiycCiB BIAMOBITHO JJIsI
AIBOX aromiB. Takum YHUHOM, JOBXXHMHA OAUHUYHOI'O 3B'H3Ky BYTJICLIb-BYTJICTb
ctaHoBUTH ipubsmu3HOo 0,077 um + 0,077 am= 0,154 HM.

28



Hydrogen bonds
Between neutral groups

Between peptide bonds

lonic interactions

Aftraction

Repulsion

Hydrophobic interactions

van der Waals interactions
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Any two atoms in
close proximity

Table 5. Four Types of Noncovalent (“Weak™) Interactions among

Biomolecules in Aqueous Solvent

Tabauusa 5. Yothpu TUIHM HEKOBAJICHTHUX ''claOKuX' B3aeMOIIN

010MOJIEKYJT Y BOJAHOMY PO3YHHI

Weak Interactions Are Crucial to
Macromolecular Structure and
Function

The noncovalent interactions we
have described (hydrogen bonds
and ionic, hydrophobic, and van der
Waals interactions) (Table 5) are
much weaker than covalent bonds.
An input of about 350 kJ of energy
is required to break a mole of (6 x
10%%) C-C single bonds, and about
410 kJ to break a mole of C—H
bonds, but as little as 4 kJ is
sufficient to disrupt a mole of
typical van der Waals interactions.

Caadka B3aemMojisi Mmae
BUpilIAJIbHE 3HAYEHHS IS
MaKpPOMOJIEKYJISPHOI CTPYKTYpPH
Ta QyHKUIl
Onucani HaMU HEKOBAJICHTHI
B3a€MO/Ii1 (BOJIHEBI 3B’ SI3KM Ta 10HHI,
rigpodoOHi Ta Ban nep Baanbcosi
B3aemMoii) (tabm. 5) Habararo
ciaOKimn, HDK KOBAJCHTHI 3B’SI3KH.
Heo06xigHo BBecTn 6sm3bK0 350 K /K
eHeprii, MO0 po3ipBaTH  MOJIb
(6x10%) C—-C—oMHUYHKX 3B’ A3KiB, i
om3pko 410 x/Ix, mobd posipBatu
Mosib C—H-3B’s3kiB, ajie Bchboro 4
k/[k nmoctatHbo, 1m00 MOPYIIMTH
MOJIb TUIIOBOTO (PyproHa B3aeMO/Ili

Ban nep Baansbca.
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Hydrophobic interactions are also
much weaker than covalent bonds,
although they are substantially
strengthened by a highly polar solvent
(a concentrated salt solution, for
example). lonic interactions and
hydrogen bonds are variable in
strength, depending on the polarity of
the solvent and the alignment of the
hydrogen-bonded atoms, but they are
always significantly weaker than
covalent bonds. In aqueous solvent at
25°C, the available thermal energy can
be of the same order of magnitude as
the strength of these weak interactions,
and the interaction between solute and
solvent (water) molecules is nearly as
favorable as solute-solute interactions.
Consequently, hydrogen bonds and
ionic, hydrophobic, and van der Waals
interactions are continually formed
and broken.

Although these four types of
interactions are individually weak
relative to covalent bonds, the

cumulative effect of many such
interactions can be very significant.
For example, the noncovalent binding
of an enzyme to its substrate may
involve several hydrogen bonds and
one or more ionic interactions, as well
as hydrophobic and van der Waals
interactions. The formation of each of
these weak bonds contributes to a net
decrease in the free energy of the
system. We can calculate the stability
of a noncovalent interaction, such as
that of a small molecule hydrogen-
bonded to its macromolecular partner,
from the binding energy. Stability, as
measured by the equilibrium constant
(see below) of the binding reaction,
varies exponentially with binding
energy.

30

I'iapodobui B3a€MOJI1 TaKOXK
ClIaOKIIIl 3a KOBAJIEHTHI 3B’SI3KH,
X04Ya BOHM 3HAYHO IOCHIIOIOTHCS
BHCOKOITOJIIPHUM PO3YMHHUKOM
(HampuKIIaI, KOHIICHTPOBaHUM
COJIbOBUM PO3YHHOM). lonni
B3aeMOIIl Ta  BOJHEBlI 3B SI3KU

BIPI3HSIOTECA MK COOOIO0 CHIIOIO,
3aJIC)KHO BiJ] TIOJIIPHOCTI PO3UYNHHUKA
Ta BUPIBHIOBAHHS aTOMIB, ITOB'SI3aHUX
13 BOJIHEM, ajie BOHU 3aBXKIU 3HAYHO
cmaOKimmi 3a KOBAJCHTHI 3B’SI3KU. Y
BOJHOMY pO34YMHHUKY Tmpu 25°C
HasiBHA TEIJIOBA €HEPTis MOXKe OyTH
TaKol K BEJMYMHM, SK CHIa IUX
clIa0KUX B3a€EMOJIN, a B3a€EMOIIST MIXK
MOJIEKYJIaMH COJIIOTa Ta PO3YMHHHKA
(BOAM) Mailke HACTUIBKHU XK CIIPUSTINBA,
SK 1 B3a€EMOJII PO3YMHHUX PEUYOBHH.
OTKe, BOJHEBI 3B’SI3KM Ta 10HHI,
rizpopoOHi Ta Ban nep Baanbcosi
B3a€MOAIT TOCTIMHO (QOpMyIOThCS Ta
MOPYIIYIOTHCA.

Xoua i YOTHPHU
B3aEMOJIIM  IHAMBIAyaJIbHO  ClaOKi
10/10 KOBaJICHTHHX 3B'SI3KIB,
CyKynmHuii edekrt 0araThbOX TaKHX
B3a€EMOJIN MOXe OyTH Jy’e 3HAUHUM.
Hanpuknan, HEKOBAJICHTHE
3B'sI3yBaHHA ~ (QepMeHTy 3  HOro
cyOcTpaToM MOKE BKJIFOUATH KiJIbKa
BOJHEBUX 3B'SI3KIB Ta OJHY YM OLIbIIe
10HHHUX B3a€EMO/IIH, a TaKOXK
rizpodobHi Ta Ban nep Baanbcosi
B3a€MOJIi1. YTBOpPEHHS KOXHOI 3 IHX
CIa0KKMX 3B'SI3KIB  CHPHUSIE YHUCTOMY
3MEHIIIEHHIO BUIbHOT €Heprii CUCTEMH.
Mu MOXeMO O0YHUCTUTH CTaOUIBHICTD
HEKOBAJICHTHOI B3aeMOAli, Takoi K
HEBEJIMKAa MOJIEKyJa, TOB's3aHa 3
BOJHEM, [0 II MaKpOMOJIEKYJISPHOIO
nmapTHepa, 3 eHeprii 3B'I3yBaHHI.
CralinbHICTh, BUMIpSHA MOCTIHHOIO
piBHOBaroro (nuB. Hmxue) peakmii
3B'I3yBaHHS, 3MIHIOETHCS
€KCIIOHEHIIIaJIbHO 3aJIeKHO Bl €Heprii
3B'sI3yBaHHS.
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The dissociation of two biomolecules
(such as an enzyme and its bound
substrate) associated noncovalently
through multiple weak interactions
requires all these interactions to be
disrupted at the same time. Because
the interactions fluctuate randomly,
such simultaneous disruptions are
very unlikely. The molecular stability
bestowed by 5 or 20 weak
interactions is therefore much greater
than would be expected intuitively
from a simple summation of small
binding energies.

Macromolecules  such  as
proteins, DNA, and RNA contain so
many sites of potential hydrogen
bonding or ionic, van der Waals, or
hydrophobic interactions that the
cumulative effect of the many small
binding forces can be enormous. For
macromolecules, the most stable (that
IS, the native) structure is usually that
in which weak-bonding possibilities
are maximized. The folding of a
single polypeptide or polynucleotide
chain into its three-dimensional
shape is determined by this principle.
The binding of an antigen to a
specific antibody depends on the
cumulative effects of many weak
interactions. As noted earlier, the
energy released when an enzyme
binds noncovalently to its substrate is
the main source of the enzyme’s
catalytic power. The binding of a
hormone or a neurotransmitter to its
cellular receptor protein is the result
of  weak interactions. One
consequence of the large size of
enzymes and receptors is that their
extensive surfaces provide many
opportunities for weak interactions.

Jlucomiarist IIBOX O10MOJIEKYT
(Hanpukian, ¢epMeHTy Ta HOro
3B’S13aHOTO cybcTpary),

acollifOBaHUX HEKOBAJCHTHO Yepes
0araTo ciaOKHX B3a€MOJIM, BUMarae
OJIHOYACHO  MOPYIIMTH  BCl 1
B3aemoii. OCKUIBKM  B3aeMOAIl
KOJIMBAIOTHCS BUMAJAKOBAM YHHOM,
TaKi OJTHOYACHI nepedoi
MajouMOBIpHi. OTke, MOJNEKyIsIpHA
CTaOUTBHICT, OTpUMaHa 3a
nonomororo 5 abo 20 cmabkux
B3a€MOJIM, 3HAYHO Oijblma, HIK
MOHa 0yJ10 6 3p03yMITH IHTYITHBHO,
BiJl. ' MPOCTOTO  TiJCYMOBYBAaHHS
MaJMX €HEPriil 3B s3KY.

MakpoMosiekynu, Taki K OLIKH,
JJHK Tta PHK, wMicTaTh CTIIBKH
MUISHOK ITOTEHIIHHOIO BOJHEBOIO
3B'I3Ky abo ioHHOrO, Ban nep
Baainbca abo riapohoOHUX
B3a€EMOJIN, 10 HAKONMUYyBaJbHUM
ebext  OaraTboxX  MaJMX  CHJI
3B'I3yBaHHS MOXKE OYTH BETUYC3HUM.
JUiss ~ MakpoMOJIEKyJl  HalOuIbLI
CTIMKOIO (TobTO PIHOIO)
CTPYKTYPOIO 3BUYATHO € Taka
CTPYKTypa, B SKIi MaKCUMAaJIbHO
MOXJIHMBE ciaOke 3B’si3yBaHHA. Llei
IPUHITUI BU3HAYAETHCS CKJIAJTAHHIM
OJIHOTO MOJIITETITUTHOTO abo
MOJIIHYKJIEOTHIHOTO JIAHIIOTa B H1OT0
TpUBUMIpHY dopMmy. 3B'A3yBaHHS
AQHTUTCHY 3 KOHKPETHUM aHTHUTLIOM
3QJIEKUTh Bi CYKyNHUX €(EeKTiB
OaraTbox cJIaOKMX B3aeMomin. Sk
3a3HAYANIOCs paHille, E€HEepris, 110

BUJIUISAETHCS, KOJIN dbepMeHT
HEKOBAJICHTHO  TPUB'SA3YETHCS  JI0
cyocrpary, OCHOBHE  JDKEpeso
KaTamiTH4HOi  cuiam  (pepMeHTy.
3B's13yBaHHS TOPMOHY abo

HEeHpOTpaHCMITepa 3 HMOro OLIKOM
KIITUHHOTO peIenTopa pe3yjabTaT
CJIa0OKMX B3a€MOIIH.
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At the molecular level,
the complementarity
between interacting
biomolecules reflects the
complementarity  and
weak interactions
between polar, charged,

OaHuM 13 HACHIAKIB BEIUKOTO PO3MIPY
dbepMeHTIB Ta pEHenTopiB € Te, IO iXHsA
oOmupHa TIOBEepXHS 3abesnedye Oarato
MOYKJIMBOCTEN IS CIIA0OKHUX B3a€MOIIH.
Ha MOJIEKYJIAPHOMY

B32€MO/IONIOBHIOBAHICTh B32€EMO/IIIOUUX
OioMoOJIeKy BiJI0Opaxae
B32€MOJIONIOBHIOBAHICTH Ta CI1A0Ky B3aEMOIII0

piBHI

MIK MOJISIPHUMU, 3apsKEHUMU Ta
Ha TOBEPXHIX

and hydrophobic groups
on the surfaces of the
molecules

rizpopoOHUMU
MOJIEKYJI

rpynamu

Figure 11. Water binding in hemoglobin. The crystal structure of
hemoglobin, shown (a) with bound water molecules (red spheres) and (b)
without the water molecules. These water molecules are so firmly bound to
the protein that they affect the x-ray diffraction pattern as though they were
fixed parts of the crystal. The gray structures with red and orange atoms are
the four hemes of hemoglobin.

Pucynok 11. 3B'ss3yBanHs Boau B remorJiodini. Kpucraniuna ctpykrypa
reMorjo0iHy, Mmoka3aHa (a) i3 TOB'I3aHUMH MOJIEKYJIaMH BOJU (YEepBOHI
chepu) ta (b) 6e3 monekyn Bomu. Lli mMoyieKynu BOJIM HACTUIBKH MIITHO
MOB'A3aH1 3 OUIKOM, IO BOHM BIUIMBAIOTh HA PEHTreHOrpadpiuHy KapTUHY,
HIOM BOHM OyJiM HEPYXOMHUMH 4YacTUHaMH KpucTana. Cipli CTpYKTypH 3
YEPBOHUMH Ta IOMapPaHYCBUMHU aTOMaMH — 11¢ YOTUPH TE€MH T'eMOTJIO01HY

Komu crpyktypy Oinka, Takoro sk
remorniobin (puc. 11) Bu3HA4aOTH 3a

When the structure of a protein such
as hemoglobin (Fig. 11) is

determined by x-ray crystallography #OToMore© PEHTTEeHOJIOTiYHOT
KpI/ICTaJIOI‘pa(pll, MOJICKYJIM BOJU YaCTO
water molecules are often foundtobe . i HACTUILKH

bound so tightly as to be part of the
crystal structure; the same is true for
water in crystals of RNA or DNA.

IIJIBHO, IO € YaCTHHOI KPUCTAJi4HOT
CTPYKTYpPH; T€ K CaMe CTOCYETHCSI BOAU B
kpucraiax PHK a6o THK.
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These bound water molecules,
which can also be detected in
aqueous solutions by nuclear
magnetic resonance, have distinctly
different properties from those of
the “bulk” water of the solvent.
They are, for example, not
osmotically active (see below). For
many proteins, tightly bound water
molecules are essential to their
function. In a reaction central to the
process of photosynthesis, for
example, light drives protons across
a biological membrane as electrons
flow through a series of electron-
carrying proteins. One of these
proteins, cytochrome f, has a chain
of five bound water molecules (Fig.
12) that may provide a path for
protons to move through the
membrane by a process known as
“proton  hopping”  (described
below). Another such light-driven
proton pump, bacteriorhodopsin,
almost certainly uses a chain of
precisely oriented bound water
molecules in the transmembrane
movement of protons
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Ili mom'si3aHi MOJEKyIW BOAM, SKi
TaKOXX MOXYTh OyTH BHUSBJICHI Yy
BOJAHMX PO3YMHAX 3a JOIMOMOIOIO
SJIEPHOTO  MAr”HiTHOTO  PE30HAHCY,
MalTh BHPA3HO PI3HI BJIACTHUBOCTI,
HIDK BJIACTUBOCTI ““OCHOBHOI” BOIH
po3unHHUKa. Hampukian, BOHU HE €
OCMOTHYHO aKTUBHUMU (JIUB. HUXKYE).
Jlns 6aratboXx OLIKIB Ba)KIIMBO IS 1X
(YHKITIOHYBaHHS IIUIBHO TIOB'A3aHi
MoJeKynu Boau. Hampuknman, vy
peakiii, MmO € MEeHTPAIBHOI IS
npouecy (poTocuHTE3y, CBITIO pyXae
IPOTOHM IO Ol0JIOTIYHIA MeMOpaHi,
KOJM €JIEKTPOHU TMPOTIKAIOTh 4Yepe3
HU3KY OUIKIB, 10 TEPEHOCAThH
enekTpoH. OnuH 3 [OUX OLUIKIB,
nuroxpoM f, Mae JaHIIOr 13 I'SITH
3B'I3aHUX MOJIEKYJ Boau (puc. 12), mo
MOXK€ 3a0€3MeUUuTH MUISAX MPOTOHIB
JUIsl TIEPEMIIIEHHST 4Yepe3 MeMOpaHy
MPOLIECOM, BIIOMHUM SIK “IPOTOHHUI
cTpuOOK” (onucaHui HIbK4Ye). [HIIMIA
TaKuM JIETKUKA IPOTOHHUM HAcoC,
0aKTepiOpIIONICHUH, Mail)ke HaIeBHO,
BUKOPHCTOBYE JIAHITIOT TOYHO
OpPIEHTOBAaHUX TIOB'SI3aHUX MOJIEKYI
BOAM TpU TpaHCMEMOpaHHOMY pyci
IPOTOHIB

Figure 12. Water chain in
cytochrome f. Water is bound in a
proton channel of the membrane
protein cytochrome f, which is part
of the energy-trapping machinery
of photosynthesis in chloroplasts.
Five water molecules are
hydrogen-bonded to each other
and to functional groups of the
protein, which include the side
chains of valine, proline, arginine,
alanine, two asparagine, and two
glutamine residues. The protein
has a bound heme, its iron ion
facilitating electron flow during
photosynthesis.
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Electron flow is coupled to the movement of protons across the membrane,
which probably involves “electron hopping” (see Fig. 14) through this chain
of bound water molecules.

Pucynok 12. Boasiumii jganmior y nutoxpomi f. Boma mos's3ana y
IIPOTOHHOMY KaHaJli MEMOPaHHOTO OUIKa IUTOXpoMy f, SIKU € 4aCTUHOIO
E€HEePreTUYHOro MexaHi3mMy (OTOCUHTE3Y y XJloporacTtax. [1'1Te Monekyn
BOJIM MOB'sI3aH1 M c00010 BOJHEM Ta (HYHKIIOHAIbHUMU TpyHamMu O1JKa,
70 AKUX HajekaTh O14HI JIAHIIOTW BaJliHy, MPOJIiHY, apriHiHy, ajaHiHy,
JIBOX acmapariHy Ta JBOX 3aJUIIKiB TItoTaMiHy. biok Mae 3B's3aHuil TeMm,
HOTro 10H 3aji3a MOJIETIIYE MOTIK eIEKTPOHIB mia yac Gorocunrtesy. [loTik
CJIEKTPOHIB TOB'SI3aHUN 3 MEPEMIIICHHAM MPOTOHIB MO MeMOpaHi, MIO,
HMOBIpHO, TIepenbayae “‘cTpuOKU eNeKTpOoHIB” (muB. puc. 14) depes 1ei
JIAHITIOT 3B’SI3aHUX MOJIEKYJ BOJIU.

Solutes Affect the Colligative
Properties of Aqueous Solutions

Solutes of all kinds alter certain
physical properties of the solvent,
water: its vapor pressure, boiling
point, melting point (freezing point),
and osmotic pressure. These are
called colligative (“tied together”)
properties, because the effect of
solutes on all four properties has the

same basis: the concentration of
water is lower in solutions than in
pure water.

The effect of solute
concentration on the colligative
properties  of  water IS

independent of the chemical
properties of the solute; it
depends only on the number of
solute particles (molecules, ions)
in a given amount of water. A
compound such as NaCl, which
dissociates in solution, has twice
the effect on osmotic pressure,
for example, as does an equal
number of moles of a
nondissociating solute such as
glucose.

Po3uuneni pPe4OBHHU
BILIMBAIOTh HAa  KOJIraTuBHi
BJIACTHUBOCTI BOJAHUX PO34YHHIB
Po3unHM BCIX BHIOIB 3MIHIOIOTH

NIEBHI ¢b13u4Hi BJIACTUBOCTI
PO3YMHHUKA, BOJW: THCK IIapH,
TeMIreparypa KUITIHHS,
TeMIIepaTypa TUTaBJICHHS
(TemmepaTypa  3aMep3aHHs) Ta

OCMOTHYHHMH THUCK. IX Ha3uBaroTh
KOJIJIITaTUBHUMU “3B'sI3aHUMU
pa3oM” BIIACTMBOCTSAMHU, OCKIJIbKH
BIUIUB PO3YMHHUX PEUOBHH Ha BCI
YOTHPH BJIACTUBOCTI MAa€ OJHAKOBY
OCHOBY: KOHIICHTpAIlisi BOAH Y
pO3YMHAX HIKYaA, HDK Yy YHUCTIH
BOJII.

BruB  xoHmeHTparii  po3unHeHO1
PEYOBMHU Ha KOJII31MHI BIACTUBOCTI
BOAA HE 3aJEXKNATh B XIMIYHHUX
BJIACTHBOCTEW PO3UYMHEHOI PEYOBHHH,
e 3aJIeKUTh JUIIE BIJ KUIBKOCTI
PO3YMHEHUX  YaCTUHOK  (MOJIEKYII,
10HIB) y 3a/1aHii KiJTbKOCTI Boau. Taka
cnonyka, sk NaCl, ska nucouitoe y
pO3uWHI, Ma€ TOABIAHY Jil0 Ha
OCMOTUYHHMIA THUCK, HANPUKIAN, SIK i
piBHY KUTBKICTh MoJien
HEPO3IIII0YOT0 PO3UMHHUKA, TAKOTO
SIK TJIFOKO3a
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Figure 13. Solutes alter the
@ = H,0 Forming @ = Solute colligative properties of
ice crystal | agueous solutions. (a) At

< = | & =, 101 kPa (1 atm) pressure,
T T T T / T T / pure water boils at 100°C
OlilTilllc 5 li TU:LC, and freezes at 0°C. (b) The
. v presence of solute molecules
N \fmh © reduces the probablll_ty of a
oRgQe” | gggﬂ water molecule leaving the
o ‘\@ o C, solution and entering _the gas
| phase, thereby reducing the
e e vapor pressure of the
i : : : : solution and increasing the
n pure water, every In this solution, the L. i L
molecule at the surface is effective concentration of b0|I|ng pOIﬂt. Slmllarly, the
Hy0, and all contribute H,0 is reduced; only 3 of T
I,nzthe VApOT pressure. every 4 molecules at the prObablllty of a water
Every molecule in the bulk surface and in the bulk molecule C0|||d|ng with and
zolution is Hy0, and can phase are Hy0. The vapor ... . .
contribute to formation of pressure of water and the Joining a fOFmIng ICE CryStaI
ice crystals. tendency of liquid water to i
emter a srystat are rednced 15 €dUCEd when some of the
proportionately. molecules CO”Idlng with the

crystal are solute, not water,
molecules. The effect is
depression of the freezing
point.

Pucynok 13. Po3unHeHi pe4yoBHMHH 3MiHIOIOTH KOJLUIIraTHUBHI
BJIACTHBOCTI BOJJHUX PO34YMHIB.

(a) IIpu Tucky 101 xITa (1 arm) yucra Boaa kunuth ripu 100°C 1 3amep3ae
npu 0°C. (b) HasBHicTh MOJIEKYyJT pO3UYMHHUKA 3MEHIIIYE WMOBIPHICTh TOTO,
110 MOJIEKYJIa BOJIA BUIJIE 3 PO3YMHY Ta BCTYIIUTH Y Ta30BY a3y, TUM CaMHUM
3HM3UBIIM THUCK TAapU PO3YMHY Ta MIABUIIUBIIN TEMIIEpaTypy KHUITIHHS.
AHaNOTIYHO 3MEHIIYEThCS WMOBIPHICTh CTHUKAHHS MOJICKYJA BOJU 3
MPUETHAHHAM IO KPUILITAIIO JIOIY, KOJIM YaCTUHA MOJIEKYJI, 1110 CTUKAKOTHCS
3 KPUCTAJIOM, € PO3YMHEHUMHU, & HE MOJICKYyJIaMU BOJIH. EQeKT — mpurHiueHHs
TOYKH 3aMEpP3aHHSI.

Solutes alter the colligative  Po3uunneni peYOBUHH
properties of aqueous solutions by 3MIHIOIOTb KOJLIIraTHBHI

lowering the effective concentration Ba¢THBOCT! BOIHHIX PO3THHIE, 34

of water. For example, when a
significant fraction of the molecules
at the surface of an aqueous solution
are not water but solute, the tendency
of water molecules to escape into the
vapor phase—that is, the vapor
pressure—is lowered (Fig. 13).
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PaxyHOK 3HUXEHHS €()EeKTUBHOI
KOHIIeHTpalii Boau.Hampuxnan,
KOJIM 3HAauyHAa 4YaCTHHA MOJICKYI
Ha TIOBEPXHI BOJTHOTO PO3YMHY €
HE BOJOIO, a PO3YUHEHOIO,
TCHJICHITiS MOJIEKYJ BOJIN
BUXOIUTH y a3y mapu, ToOTO
TUCK Tapu — 3HUXKYEThCS (pHuC.

13).



Similarly, the tendency of water
molecules to move from the aqueous
phase to the surface of a forming ice
crystal is reduced when some of the
molecules that collide with the crystal
are solute, not water. In that case, the
solution will freeze more slowly than
pure water and at a lower
temperature. For a 1.00 molal
aqueous solution (1.00 mol of solute
per 1,000 g of water) of an ideal,
nonvolatile, and nondissociating
solute at 101 kPa (1 atm) of pressure,
the freezing pointis 1.86°C lower and
the boiling point is 0.543°C higher
than for pure water. For a 0.100 molal
solution of the same solute, the
changes are one-tenth as large.

Water molecules tend to move from a
region of higher water concentration
to one of lower water concentration.
When two different aqueous
solutions are separated by a
semipermeable membrane (one that
allows the passage of water but not
solute molecules), water molecules
diffusing from the region of higher
water concentration to that of lower
water concentration produce osmotic
pressure (Fig. 12).
This pressure, measured as the force
necessary to resist water movement
(Fig. 12c), is approximated by the
van’t Hoff equation:

IT=IicRT
in which R is the gas constant and T
Is the absolute temperature. The term
ic is the osmolarity of the solution,
the product of the solute’s molar
concentration ¢ and the van’t Hoff
factor i, which is a measure of the
extent to which the solute dissociates
into two or more ionic species.

Tak cam0 3MEHIYETHCS TEHJIEHLISA PYXY
MOJICKYJI BOJM BIJ BOJHOI (a3u 10
MOBEPXHI  YTBOPIOIOYOIO  KpHUCTana
JAbOJy, KOJM 4YacTHHA MOJIEKYJ, IO
CTHKAIOThCS 3 KPHUCTAJIOM, €
PO3YMHEHOI0, a HE BOJOI0. Y IbOMY
BUIAJIKy PO3YMH 3aCTUTHE MOBUIBHILIE,
HIDK YHCTa BOJIa Ta TIPH OUTBIN HU3BKIN
temriepatypi. Jas 1,00 MomsumpHOTO
BogHoro  po3uuny (1,00  monb
po3uuHeHoi peyoBuHu Ha 1000 r BoM)
17IealIbHOTO, €HEPrOHE3aJIeKHOTO  Ta
HEPO3JIIJILHOTO PO3UYMHEHOTO PEYOBUHU
npu tucky 101 kIla (1 atm)
Temnepatypa 3amep3aHHs Ha 1,86°C
HUK4a, a TemriepaTypa kurninas 0,543°C
BHUIIA, HK M1 yuctoi Bogu. s 0,100
MOJISUTBHOTO PO3YMHY PEUOBUHH 3MIHU
Ha OJIHY JIECATY PO3UMHEHOI PEUOBUHU €
OUIBIIUMU.

Monekynu  BOOM,  SK  TPaBHIIO,
MepeMIIIyIOThCsl 3 00yacTi  OLabln
BHCOKOI KOHIICHTpAIIii BOJIN J0 OJHI€T 3
HIKYO0I KOHIeHTpallli Boau. Komu nBa
P13H1 BOJIHI PO3YMHH BIJOKPEMITIOIOTHCS
HaIIBIIPOHUKHOIO MEMOpPaHOI0 (TaKoro,
SKa JI03BOJISIE TPOIYCKATH MOJICKYIHU
BOJIM, aJI€ HE POZUMHSIOTHCA), MOJIEKYIIH
BOAM, 10 AUGYHAYIOTH BiJ 001acTi
OLTBIII BHCOKOi KOHIICHTpAIii BOJH JO
HIKY01 KOHIICHTPAIIi1 BOJIH, CTBOPIOIOTH
OCMOTUYHMI THCK (pHc. 12).

Lleit THCK, BUMIpSHUI SIK cuia,
HEOoOXiIHa AJIsi Omopy PyXy BoIu (pHC.
12¢), anpokcumyeTbesi piBHSHHSIM Ban
I'oda:

IT=icRT
y sskomy R — razoBa cramna, a T —
a0CoJI0THA TeMIlepaTypa.

Tepmin iC - 1me OCMOJISIPHICTB
pO3UMHY, T00YyTOK MOJISIPHOI1
KOHIICHTpaIlii pO3YMHHUKA C Ta

koedirtienTa Ban ['oda, i, 1110 € Miporo
TOTO, HACKUJIbKU pPO34YnH
ICOLIIIOETHCS Ha ABa a0o OUIbIIe
10HHUX BHJIIB.
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Figure 14. Osmosis
and the
measurement  of
osmotic pressure.
The initial state. The
tube contains an
aqueous  solution,
the beaker contains
pure water, and the
semipermeable
membrane  allows
the passage of water
but not solute. Water

Pure
water

Nonpermeant
solute dissolved
in water

Piston

flows from the
_ beaker into the tube
Semipermeable to equalize its

membrane .
concentration across

the membrane.

(b)The final state. Water has moved into the solution of the nonpermeant
compound, diluting it and raising the column of water within the tube. At
equilibrium, the force of gravity operating on the solution in the tube exactly
balances the tendency of water to move into the tube, where its concentration
is lower. (c) Osmotic pressure () is measured as the force that must be applied
to return the solution in the tube to the level of that in the beaker. This force
Is proportional to the height, h, of the column in (b).

Pucynok14. Ocmoc Ta BUMipIOBAHHS OCMOTHYHOI'0 THCKY.
(a) I[ToyatkoBuii ctan. Y TpyOIll € BOJHUN PO3YMH, Yy CKISHI[l MICTUTHCS
YHICTa BOJIA, a HAIIIBIPOHUKHA MEMOpaHa JJ03BOJISIE TPOITYCKATH BOJTY, aJie HE
po3unHsieThcs. Boga Tewe 13 CKISHKM y TpyOKy, 1100 BHPIBHATH i
KOHIIeHTpaIllito no memoOpani. (b) Kinuesuii cran. Bona nepemictunacs y
PO34YMH HEMPOHUKHOI CIOJIYKH, PO30ABUBIIY 11 1 MIHSIBIIN CTOBITYMK BOJU
BcepeauHi npoOipku. [Ipu piBHOBa3i cuia TSOKIHHS, MO Ji€ HA PO3YUH y
TpyOIll, TOYHO BPIBHOBAXKYE TEHACHIIIO MIEPEMIIICHHS BOJAU Y TPYOKy, A€ ii
KOHLIEHTpAIisl HUXKYa.
(c) OcMOTHYHHMI TUCK BUMIPIOIOTH SIK CHILY, IKY HEOOXITHO MPUKIACTH IS
MOBEPHEHHS PO3YMHY y MPOOIPKY 10 PIBHS, 110 3HAXOIUThCA y cTakaHi. Ls
CuJia MpONopLIiHA BUCOTI, ToA, cTOBNLA B (b).

In dilute NaCl solutions, the ¥  posemenux  posumnax  NaCl
solute completely dissociates int0  po3YMHHMK TOBHICTIO aUCOIlitoe Ha Na*
Na" and Cl, doubling the number ta  Cl,  momBowYM  KIJIBKICTH

of solute particles, and thus i = 2.
For nonionizing solutes, i is
always 1. For solutions of several
(n) solutes, is the sum of the
contributions of each species:

PO3YMHEHUX YACTHHOK 1, TAKAUM YHHOM, |
= 2. Jlns HEIOHI3yIouuX PO3UYMHEHUX
peuoBuH, | 3aBxaun 1. [ po3uuHiB
JEKUTbKOX (N) peYOBUH — 1€ CyMa BHECKIB
KOXKHOTO BUTY:

37



II = RT(iycq + i + -+ + i,C,)
Osmosis, water movement across a
semipermeable membrane driven by
differences in osmotic pressure, is an
important factor in the life of most
cells. Plasma membranes are more
permeable to water than to most other
small molecules, ions, and
macromolecules. This permeability is
due partly to simple diffusion of water
through the lipid bilayer and partly to
protein channels in the membrane that
selectively permit the passage of
water. Solutions of equal osmolarity
are said to be isotonic.

Extracellular
solutes

/ Intracellular
e 4 . solutes
. . - _.. z . /
5 = " (a) Cell in isotonic
. b . e ® 4 *  solution; no net water
< . ] movement.

{b) Cell in hypertoniec (e) Cell in hypotonic
solution; water moves out solution; water moves in,
and cell shrinks. creating outward pressure;

cell swells, may eventually
burst.

II = RT(iycq + isCce + --- + i,0,)
Ocmoc, pyx BoAM 1O HAIiBIPOHUKHIN
MeMOpaHi, 3yMOBJICHHH PI3HUIICIO
OCMOTHYHOI'O TUCKY, Ba)KJIMBUM
(dakTop KUTTS OUIBIIOCTI KJIITHH.
MeMmOpanu mna3Mu OLIbII MPOHUKHI
JUIS. BOOM, HIK JJIS OLIBIIOCTI 1HIIHX
MaJIuX MOJIEKYII, 10HIB Ta
Makpomoiekyia. Ll  OpOHUKHICTH
HYaCTKOBO INOACHIOETHCA IIpOCTOIO
mudy3ier0  BOAM  Yepe3  JIIIIHUM
JBOIIIAPOBHI 1 YaCTKOBO OUIKOBHUMA
KaHall y MeMOpaHi, $IKI BHOIPKOBO
MO3BOJISIIOTH MIPOXOAUTH BO/II.
Pozuunu piBHOI OCMOJISIPHOCTI
Ha3UBaIOTh 130TOHIYHUMH.

Figure 15. Effect of extracellular
osmolarity on water movement
across a plasma membrane. When
a cell in osmotic balance with its
surrounding medium (that is, in an
isotonic medium) (a) is transferred
into a hypertonic solution (b) or
hypotonic solution (c), water moves
across the plasma membrane in the
direction that tends to equalize
osmolarity outside and inside the
cell.

Pucynok 15. Bruius
MO03aKJITHHHOI OCMOJIAPHOCTI Ha
PYX BOAM MO IUIa3MAaTHYHIH
memOpani. Komu wimituHa B

OCMOTHYHOMY Oaytanci 3
HaBKOJMIIHIM 11  CepeIOBHIIEM
(TobTO B 130TOHIYHOMY

cepenoBui) (a)

NEePEeXOAUTH y TinepToHIuHUM po3urH (b) abo rinoToHiyHUM po3urH (C), Boja
pYXaeTbCs MO IJIA3MATUYHIA MEMOpaHi B HaNpsSMKY, 110 Ma€ TEHIEHIIIO
BUPIBHIOBATUCH OCMOJIIPHICTD 30BHI 1 BCEPEIUHI KIITUHH

Srrounded by an isotonic solution, a
cell neither gains nor loses water (Fig.
15). In a hypertonic solution, one
with higher osmolarity than the
cytosol, the cell shrinks as water
flows out.
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OtoueHa  130TOHIYHMM  PO3YMHOM,
KJIITHHA HE HAOWpae 1 HE BTpayvae BOAY
(puc. 15). V rinepToHiyHOMY pO34HHI,
SAKUH Mae OUTbIIYy OCMOJSIPHICTh, HIX
IIUTO30J1, KIIITHHA CKOPOUYETHCS Y MIpy
BUTIKAHHS BOIHU



In a hypotonic solution, with lower
osmolarity than the cytosol, the cell
swells as water enters. In their natural
environments, cells generally contain
higher concentrations of biomolecules
and ions than their surroundings, so
osmotic pressure tends to drive water
into cells. If not somehow
counterbalanced, this inward
movement of water would distend the
plasma membrane and eventually
cause bursting of the cell (osmotic

Y TINOTOHIYHOMY PO3YHMHI 3 MEHIIOIO
OCMOJIIPHICTIO, HIXK Y IIUTO30J1y, KJIITHHA
HaOyxae, KOJHU MOTparuisie Boaa. ¥Y CBOIX
MPUPOJAHUX  CEPENOBUIIAX  KIITHHH
3a3BU4Yail  MICTATH  OUIBII  BHCOKI
KOHIIEHTpaIlii 010MOJIEKYJI Ta 10HIB, HIXK
iX OTOYEHHS, TOMY OCMOTHYHHIA TUCK M€
TEHJCHIII0 3arHaTh BOAY Y KIITHHH.
Sxo HE SKUMOCH YHHOM
BpPIBHOBaXXYBaTHCh, TO L€ BHYTPILIHINA
PyX BOIM PO3BIIOBATHME IUIA3MATUYHY
MeMOpaHy 1 BpEIITi-peIT CIPUIYUHATUME

lysis).
Several mechanisms  have

evolved to prevent this catastrophe. In
bacteria and plants, the plasma
membrane is surrounded by a
nonexpandable cell wall of sufficient
rigidity and strength to resist osmotic
pressure and prevent osmotic lysis.
Certain freshwater protists that live in
a highly hypotonic medium have an
organelle (contractile vacuole) that
pumps water out of the cell. In
multicellular animals, blood plasma
and interstitial fluid (the extracellular
fluid of tissues) are maintained at an
osmolarity close to that of the cytosol.
The high concentration of albumin and
other proteins in blood plasma
contributes to its osmolarity. Cells also
actively pump out ions such as Na* into
the interstitial fluid to stay in osmotic
balance with their surroundings.

Because the effect of solutes on
osmolarity depends on the number of
dissolved particles, not their mass,
macromolecules (proteins, nucleic acids,
polysaccharides) have far less effect on
the osmolarity of a solution than would an
equal mass of their monomeric
components.
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PO3pUB KIITHHHU (OCMOTUYHHUHN JII3HC).

Jlst 3aIr00IraHHs i
KatacTpodi CKJIaJiocs JeKUIbKa
MeXaHi3MiB. Y OakTepiii Ta pOCIUH
ia3MaTU4Ha  MeMOpaHa  OTOYeHa
HEPO3IINPIOBAHOIO KJIITUHHOIO
CTIHKOIO JIOCTaTHBOI MKOPCTKOCTI Ta
MIIIHOCTI, o0 MIPOTUCTOSTH
OCMOTHYHOMY THCKY Ta 3amnobiratu
OCMOTHYHOMY J3HUCY. Jeski
MIPICHOBOJIHI HAUTIPOCTII, SIK1 )KUBYTh
Y BHUCOKOTINOTOHIYHOMY CEpEeI0BHIL,
MalTh OpraHeny (CKOpOYyBaJabHY
BaKkyolll0), sKa BHUKauye BOIY 3
KIITUHU. Y 0araToKJIITUHHUX TBapuUH
miazMa KpoBl Ta 1HTEPCTHUIIalbHA
piauHa (MO3aKIITUHHA PiTUHA TKAHUH)
HIATPUMYIOTECS 3 OCMOJISIPHICTIO,
Onu3bKOl0 10 1uTo30i1y. Bucoka
KOHIICHTpaIlisl adbOyMiHy Ta 1HIIUX
OUIKIB y TUIa3Mi KpOBi CHpusie HOro
OCMOJISIPHOCTI. Kmituan TaKOX
aKTUBHO BUKAYyIOTh 10HH, Taki sik Na*,
B IHTEpCTHULIAIbHY piIuHYy, 1100
3QJIMIIATHCS B OCMOTHYHOMY OajaHci 3
OTOYCHHSIM.

OCKUTBKH BIUTMB PO3UYMHHUX PEUOBUH Ha
OCMOJIIPHICTh 3QJICKHUTHh BiJ KUTBKOCTI
PO3YMHEHHX YaCTUHOK, a HE iX Macw,

MakpoMmoJekynu (OUIKM, HYKJIETHOBI
KHCIIOTH, noJricaxapmin) MaroTh
HabaraTo MEHIINH BILJIUB Ha

OCMOHHPHiCTB PO3UHNHY, HIK OJHAaKOBa
Maca ix MOHOMCPHUX KOMITOHEHTIB.



For example,
polysaccharide composed of 1,
glucose units has the same effect

osmolarity as a milligram of glucose.

One effect of storing fuel

polysaccharides (starch or glycogen)
rather than as glucose or other simple
sugars is prevention of an enormous

Increase in osmotic pressure within
storage cell.

Plants use osmotic pressure to
achieve mechanical rigidity. The very

high solute concentration in the p
cell vacuole draws water into the
(Fig. 15). The resulting osm

pressure against the cell wall (turgor

pressure) stiffens the cell, the tissue,

the plant body. When the lettuce in
your salad wilts, it is because loss of
water has reduced turgor pressure.
Sudden alterations in turgor pressure
produce the movement of plantparts
seen in touch-sensitive plants such as
the Venus flytrap and mimosa (Fig.

16a, Fig. 16Db).

Osmosis also has consequences for
laboratory protocols. Mitochondria,
chloroplasts, and lysosomes, for
example, are bounded by
semipermeable  membranes. In
isolating these organelles from
broken cells, biochemists must
perform the fractionations in isotonic
solutions (see Fig. 10). Buffers used
in cellular fractionations commonly
contain  sufficient concentrations
(about 0.2 M) of sucrose or some
other inert solute to protect the
organelles from osmotic lysis.

a gram of a

Hanpuxknan, epam
noJyricaxapujly, 10 CKJIAJA€ThCA 3
1000 oauHHMIL TJIOKO3HW, Mae€
TaKH# ke BIJTUB HA OCMOJIPHICTD,
K Mminiepam TIOKo3U. OJHHM 13

000
on

as

epekriB  30epiraHHd  JpKepen
eHeprii SIK noJTicaxapu/iiB
(KpoXMaJTto 4M TJIIKOTEHY), a He K
TJIFOKO3W YW  IHIIUX — TPOCTUX
th LYKPIB, € 3a1o0IraHHs
©  pemmuesmoro 1 IBUIIICHHS
OCMOTHYHOTO THUCKY B Kamepi
30epiraHHs.

PociuHu BUKOPUCTOBYIOTH
OCMOTHUYHHM TUCK ISl TOCSITHEHHS
MEXaHI4HOi XKopcTKocTi. Jlyxke
BHCOKA KOHIICHTpAIisI PO3YMHEHOT
PEYOBUHU y BaKyoJl POCIWHHOT
KIITUHA BTITYE BOAY y KIITHHY
(puc. 15). OTpumanuii
OCMOTHYHHI THUCK Ha KIITHHHY
CTIHKY (THCK Typropy) Hampyxye
KIITHHY, TKaHUHY Ta POCIHHHE
Ti70. Canar B'ssHe TOMY, 110 BTpaTa
BOJAM 3HU3WIA THCK TYpropy.
PantoBi 3MiHM THCKY Typropy
MPU3BOAATE JO PYXY POCIUHHUX
YaCTHH, 10 CIOCTEPIralTh Yy
pPOCIIUH, YYTJIMBHX JO JOTHUKIB,
TaKUX SIK MyXojoBka BeHepu Tta
mimo3a (puc.16a, puc 16 0).

lant
cell
otic

and

OcMoCc TakoX Ma€ HACHIOKUA Ui
1ab0paTopHUX MPOTOKOJIIB.
Hanpuknan, MITOXOH/JIpIT,
XJIOPOIJIACTU Ta JI30COMU OOMEXKEH1
HaMiBIIPOHUKHUMHU MeMOpaHaMH.
Buninsitoun 1i opranenu Bijg po3oUTHX
KJIITHH, 010XIMIKH ITOBUHHI
BUKOHYBAaTH (bpaxuioHyBaHHS B
130TOHIYHHUX po3unHax (muB. Puc.10).
bydepu, 1mo BHUKOPUCTOBYIOTH Yy
KIITUHHUX (bpakiioHyBaHHSX,
3a3BHYan MICTSITD JIOCTAaTHIO
KoHIleHTpamiro (mpubmuzao 0,2 M)
caxapo3u abo SKOiCh 1HIIOI 1HEPTHOI
PO3UMHEHOI PEUOBMHH [UISI 3aXUCTY
OpraHeI BiJl OCMOTHYHOTO JI3UCY
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Undisturbed mimosa plant

Weak Interactions in Aqueous
Systems

u The very different
electronegativities of H and O
make water a highly polar
molecule, capable of forming
hydrogen bonds with itself and with
solutes. Hydrogen bonds are
fleeting, primarily electrostatic, and
weaker than covalent bonds. Water
Is a good solvent for polar
(hydrophilic) solutes, with which it
forms hydrogen bonds, and for
charged solutes, with which it
interacts electrostatically.

Mimosa plant when touched or
shaken

Figure 16 a. Touch
response in the Venus
flytrap. A fly approaching
an open leaf (a) is trapped
for digestion by the plant

(b).

Pucynok 16 a. Biamosinp
Ha JOTHK y MYXOJOBII

Benepu. Myxa, 10
HaOIMKAETHCS hi ()
BIIKpUTOTO JIMCTKa (),

3axoruieHa pociauHoi (b)
JUTSL TPABIICHHS

Figure 16b. The feathery
leaflets of the sensitive
plant (a) close and drop (b)
to protect the plant from
structural damage by wind.
Pucynok 16 6. II’saramcTi
JHUCTIBKU YyTIUBOI
pociuHu (a) 3aKpUBAIOTHCS
Ta omyckaroTbes (0) st

3aXHCTy  POCIHHH  Bif
CTPYKTYPHHUX MOITKOIKCHb
BITPOM

Caabka B3aemMolisi y BOJHHX
cucremMax
m Jlyxe pi3Hi enekTponeratusu H
1 O pobsATh BOAY BHUCOKOMOJSPHOIO
MOJIEKYJIOIO, 3JaTHOI yTBOPIOBATH
BOJIHEBI 3B’A3KH K 13 CO00I0, TakK 1 3
pO3uMHHHMKaMH. BojHeBI  3B’SI3KH
IIBUJIKOTUTMHHI, HacaMmIiepe
€JIEKTPOCTATUYHI, craoxiri 3a
KOBaJIeHTHI. Boma —  xopommui
PO3YMHHUK LISt HOJISIPHUX
(rinpoIbHUX) PO3UYNHHHUKIB, 3 SIKUMHU
BOHA YTBOPIOE BOJHEBI 3B’SI3KH, 1 IS
3apAKEHUX PO3YMHHUX PEUYOBUH, 3
SKUMH B3aEMOJIIE €ICKTPOCTATUYHO.
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Nonpolar (hydrophobic) compounds
dissolve poorly in water; they cannot
hydrogen-bond with the solvent, and
their presence forces an energetically
unfavorable ordering of water
molecules at their hydrophobic
surfaces. To minimize the surface
exposed to  water, nonpolar
compounds such as lipids form
aggregates (micelles) in which the
hydrophobic moieties are sequestered
in the interior, associating through
hydrophobic interactions, and only
the more polar moieties interact with
water.

Numerous weak,
noncovalent interactions decisively
influence the folding of

macromolecules such as proteins
and nucleic acids. The most stable
macromolecular conformations are
those in which hydrogen bonding is
maximized within the molecule
and between the molecule and the
solvent, and in which hydrophobic
moieties cluster in the interior of
the molecule away from the
agueous solvent.

The physical properties of
aqueous solutions are strongly
influenced by the concentrations of
solutes. When two aqueous
compartments are separated by a
semipermeable membrane (such as
the plasma membrane separating a
cell from its surroundings), water
moves across that membrane to
equalize the osmolarity in the two
compartments. This tendency for
water to move across a
semipermeable membrane is the
osmotic pressure.

Henonspai  (rizpodoOHi)  CHONTyKH
MOTaHO PO3YHMHSIIOTHCS y BOJIi; BOHU HE
MOXYTb 3B’s3aTH BOJEHD 13
pPO3YMHHUKOM, 1  iX  HasBHICTh
NPUMYIITY€E EHEPTeTUYHO HECTIPUSTIINBE
BIIOPSIIKYBAaHHSI MOJICKYJT BOJIM Ha iX
riapodoOHUX MTOBEPXHSX. Jns
MiHIMI3amii MOBEPXHI, IO MiJTAETHCSI
BIJIUBY BOJIM, HEIOJIAPHI CIIOJIYKH, TaKi
K JIOiAM, YTBOPIOIOTH  arperaru
(minienmm), B sgkuxX  TigpodoOHi
dbparmenTu CEKBECTPYIOThCS y
BHYTPIIIHIX  IIapax, AacoLIII0YHUCh
gyepe3 TiaApodoOHI B3aemonii, 1 JuUIIe
OLTBII TIOJISIPHI dbparmeHTH
B3a€EMOJIIOTH 13 BOJIOIO.

Yucmenni ciaaOKl, HEKOBAJICHTHI
B3a€MOJIi1 BUPIIIATBFHO BIUIMBAIOTH Ha
CKJIaIaHHA MAaKpPOMOJIEKYJ, TaKuX SK
OUIKW Ta  HYKJEIHOBI  KHUCIJIOTH.
Haii6inbm cTabuTbHI
MaKpOMOJIEKYJISpHI KOH(popMarii — 11e
Ti, y SKHAX BOJHEBUH  3B'SI30K
MaKCHUMaJIbHUH y MEKax MOJICKYJIH Ta
MDK MOJICKYJIOIO Ta PO3UYMHHHKOM, 1 B
SIKUX riapodob6Hi dbparmeHTH
CKYNUYIOTbCS y BHYTPIIIHIM YacTHHI
MOJICKYJIM ~ TIOJalli  BiJl  BOJHOTO
PO3YMHHHKA.

Ha ¢i3uuni B1acTUBOCTI BOJHUX

PO3YHHIB CUJIBHO BILIUBAIOTh
KOHIICHTpAIlli PO3YMHHUX PEUYOBHH.
Komu 1Ba BOIHMX  BIIUIIJIEHHS
po3iIeHl HaI1BIPOHUKHOIO
MeMOpaHOO (manpukman,
MJIa3MaTHIHOI0  MEMOpaHO, o
BIJIOKpEMJIIOE  KJITUHKY  BIT i

OTOYEHHS), BOJIA MEPEMIILYETHCS 10
uid MemOpaHi JUisl BUPIBHIOBAHHS
OCMOJISIPHOCTI y JIBOX BIJIIJICHHSX.
[ls TeHaeHIls MEpeMilleHHs BOIU
yepe3 HaliBIPOHUKHY MeMOpaHy €
OCMOTUYHUM THUCKOM.
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THE WORLD OF
BIOCHEMISTRY

Touch Response in Plants: An Osmotic
Event

The highly specialized leaves of the
Venus flytrap (Dionaea muscipula)
rapidly fold together in response to a
light touch by an unsuspecting insect,
entrapping the insect for later digestion.
Attracted by nectar on the leaf surface,
the insect touches three mechanically
sensitive hairs, triggering the traplike
closing of the leaf (Fig. 1). This leaf
movement is produced by sudden
(within 0.5 s) changes of turgor pressure
in mesophyll cells (the inner cells of the
leaf), probably achieved by the release
of K_ ions from the cells and the
resulting efflux, by osmosis, of water.
Digestive glands in the leaf’s surface
release enzymes that extract nutrients
from the insect.

The sensitive plant (Mimosa pudica)
also undergoes a remarkable change in
leaf shape triggered by mechanical
touch (Fig. 2). A light touch or vibration
produces a sudden drooping of the
leaves, the result of a dramatic reduction
in turgor pressure in cells at the base of
each leaflet and leaf. As in the Venus
flytrap, the drop in turgor pressure
results from K* release followed by the
efflux of water

lonization of Water,Weak Acids, and
Weak Bases

Although many of the solvent properties
of water can be explained in terms of the
uncharged H>O molecule, the small
degree of ionization of water to
hydrogen ions (H*) and hydroxide ions
(OH") must also be taken into account.
Like all reversible reactions, the
ionization of water can be described by
an equilibrium constant. When weak
acids are dissolved in water, they
contribute H by ionizing; weak bases
consume H* by becoming protonated.

CBIT BIOXIMII
CrocyeTbcs  peakiii 'y pocCIuHax:
ocMoTH4YHa i By3bkocmernianizoBaHi
muctas Myxomop Benepu (Dionaea
muscipula) TIBHUIKO CKIATAIOTHCS Y
BIAMOBIAL HAa JIETKHH IOTHK KOMAaXH,
10 HE M103PI0E, 3aXOILTIOI0YN KOMaXy
TUISL MOJAJIBIIIOTO TpaBJICHHS.
3axormieHa HEKTapoOM Ha JIMCTKOBIH
MOBEPXHi, KOMaxa TOPKAETHCS TPHOX
MEXaHIYHO UYTJIMBHX BOJOCKIB, SKi
BUKJIUKA€ TIACTKA, 110 3aKPUBAE JIUCT
(puc. 1). Le#t pyx aucts BUPOOISETHCS
panroBumu (mpotsarom 0,5 ¢) 3MiHaMu
TYypropHOro THUCKYy Yy  KIITHHaX
me3ohiry (BHYTPpIIIIHI KJIITUHH
JUCTKA), WUMOBIPHO, IO JOCSTAIOTHCS
BUBLIbHEHHSM ioHIB K 3 KmitHH 1
BUIUIMBAE 3 HUX OCMOCOM BOJIH.

TpaBHi 3a703u B TOBEPXHI JIUCTA
BUJUISIOTH (DEPMEHTH, SIKI BUIOOYBaIOThH
TIOXKMBHI PEYOBHUHH 3 KOMAXH.

UyrtnuBa pocnuHa (Mimosa pudica)
TAKOX 3a3Ha€ 3HAYHOI 3MIHM (OpMH
JIACTS, BUKJIMKAHOI MEXaHIYHUM JTOTHKOM
(puc. 2). Jlerkmii motuk abo BiOparis
OPU3BOJUTH JIO PAMNTOBOrO BHCHXAHHS
JUCTS, BHACHIJIOK PI3KOTO 3HIKCHHS
TUCKY TYpropy y KIITHHaxX B OCHOBI
KOXKHOTO JIUCTOYKa 1 JUCTKa. Sk 1 B
MyxosioBll BeHepu, mnamiHHSA THUCKY
Typropy € HacmiakoM Bukugy K 3
HACTYITHUM BUTOKOM BOJIH

Ionizamisa BoamM, cJa0KMX KHCJIOT Ta
CJ120KHX OCHOB

Xoua 0arato BIACTUBOCTEH pPO3UYMHHUKA
BOJIH MOHA HOSICHUTH qepes
HesapspkeHy  Mmojekyny HoO, wmany
CTYIIiHb 10HI3aIlii BOAU N0 10HIB BOIHIO
(H") Ta ioniB rigpokcuay (OH™) Takox
ciij BpaxoByBaTH. Sk 1 Bcl 00OpOTHI
peaxiiii, 10H13aIlil0 BOJAM MOKHA OMHCATH
MOCTiHOIW piBHOBarow. Komm cmabki
KUCJIOTH PO3YMHSIOTECS Y BOi, BOHH
CrpusitoTh ioHi3yBanHi0O H; ciabki 6asu
CITO)KHBAOTh H, CTar4u
IPOTOHI30BAHUMH.
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These processes are also governed by
equilibrium constants. The total
hydrogen ion concentration from all
sources is experimentally measurable
and is expressed as the pH of the
solution. To predict the state of
ionization of solutes in water, we
must take into account the relevant
equilibrium  constants for each
ionization reaction. We therefore turn
now to a brief discussion of the
ionization of water and of weak acids
and bases dissolved in water.

[li mpouecu TakoX KePYHOThCS
KOHCTaHTaMHU PiBHOBAry.
3arajibHa KOHIICHTpAIlisl 10H1B BOJIHIO 3
yCciX  JDKEpen  eKCIIePUMEHTAIBHO
BUMIPIOETBCST 1 BHpakaeThcsi sk pH
po3unHy. JI7s MPOTHO3YBaHHS CTaHy
10H13aI1li PO3YMHHUX PEUOBHH Y BOJ1
MU TIOBMHHI BpPaxOBYBaTH BiAIMOBIiIHI
KOHCTAHTH pIBHOBAru I KOXKHOI
peakiii ioHi3aii. Tomy Mu meperizeMo
70 KOPOTKOTO OOTOBOpEHHS 10H13aIlii
BOJY, CJIAOKWX KHCJIOT Ta OCHOB,
PO3YMHEHUX Y BOJII.

Pure Water Is Slightly lonized
Water molecules have a slight
tendency to undergo reversible
ionization to yield a hydrogen ion (a
proton) and a hydroxide ion, giving the
equilibrium
Hy O == H™ + OH™

Although we commonly show the
dissociation product of water as H, free
protons do not exist in solution;
hydrogen ions formed in water are
immediately hydrated to hydronium
ions (H3O%). Hydrogen bonding
between water molecules makes the
hydration of dissociating protons
virtually instantaneous:

H—0H—0 == H—(ll —H + OH
H H H

The ionization of water can be measured
by its electrical conductivity; pure water
carries electrical current as H* migrates
toward the cathode and OHtoward the
anode. The movement of hydronium
and hydroxide ions in the electric field
Is anomalously fast compared with that
of other ions such as Na*, K*, and CI-.
This high ionic mobility results from the
kind of “proton hopping” shown in
Figure 17.
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Yucrta Bojaa cjaadoioHizoBaHa
Monekyau BOAM  MalOTh
HE3HAYHY TEHJICHIIIIO 710
000pOTHOT 10HI3aIlil, OTPUMYIOUU
10H BOAgHIO  (mpoTOHA) Ta
T1IPOKCHUI-10H, 1110 JIa€ PIBHOBAry
H0 == H* + OH"

Xoua MU 3a3BHYall OKA3yeEMO
MPOAYKT paucoranii Boau sk H,
BUIbHI TMPOTOHM HE ICHYIOTH ¥
pO34uHI; 10HHA BOJHIO, 10
YTBOPIOIOTBCS Yy  BOJI, HEraiHo
riApaTyloTh 70 1OHIB  TIAPOHIIO
(H3O"). 3'emHanHs BOIHIO MiXK
MOJIEKYJIaMH BOJU poOuTh
TiApaTaiio JUCOLIIIYUX MPOTOHIB
MPAKTUYHO MUTTEBOIO:

H—0 11 H—0 ,_-H—l:ln —H + OH

H H i

loni3ariiro BoJii MOKHA BUMIPATH 32 11
€JICKTPOTIPOBIIHICTIO; YHCTa BOJa
Hece eJNIeKTpUYHHMUA cTpyM, Komu H'
Mmirpye y Oik karoma 1 OH™ mepen
aHogoM. Pyx ioHIB TiApoHiI0 Ta
TIIPOKCHIY B EJICKTPUYHOMY TIOJI
QHOMAJIbHO HIBUAKUN Yy MOPIBHSAHHI 3
IHIIMMU 10HAMU, TakKUMH gk Na’,
Kfra ClI. g BucOKa Ii0OHHA
PYXJIUBICTh € pE3yJabTaTOM BUIY
«IPOTOHHOTO CTpuOKay,
MOKA3aHOro Ha PUCYHKY 17.



Hydronium ion gives up a proton

H H

~ 0+/ Proton hop
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0 — |
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Water accepts proton and
becomes a hydronium ion

Figure 17. Proton hopping. Short “hops”
of protons between a series of hydrogen-
bonded water molecules effect an
extremely rapid net movement of a proton
over a long distance. As a hydronium ion
(upper left) gives up a proton, a water
molecule some distance away (lower right)
acquires one, becoming a hydronium ion.
Proton hopping is much faster than true
diffusion and explains the remarkably high
ionic mobility of H* ions compared with
other monovalent cations such as Na* or
K",

Pucynok 17/. IlporonHuii cTpudox.
KopoTki «cTpuOKH» MPOTOHIB MK PSAIOM
MOJIEKYJI BOJIM, TIOB'SI3aHUX 3 BOJIHEM,
BIIZIMBAKOTh Ha HaHSBHHaﬁHO H_IBI/I,I[KI/II‘/'I
pPyX CITKM HPOTOHA HA BEIUKY BiJCTaHb.
Komu 1ioH Trigponito (JiBUH BepxHiil)
Bijtae IIPOTOH, MOJIEKYJIa BOAX Ha TesAKIN
BiJICTaHi (MpaBopy4 3HU3Y) HaOyBae ¥oro,
NEPEeTBOPIOIOYNCH HA 10H  TiIPOHIIO.

CkauyBaHHS TpPOTOHIB Habarato IIBUALIE, HK CHOpaBXHSA AUQPY3isd, 1 MOACHIOE

HAJ3BUYAlHO BUCOKY

IOHHY  PYXJIUBICTb

OJITHOBAJICHTHUMHM KaTioHaMu, TakuMu sik Na* a6o K.

No individual proton moves very
far through the bulk solution, but a
series of proton hops between
hydrogen-bonded water molecules
causes the net movement of a proton
over a long distance in a remarkably
short time. As a result of the high ionic
mobility of H* (and of OH~, which also
moves rapidly by proton hopping, but in
the opposite direction), acid-base
reactions in aqueous solutions are
generally exceptionally fast. As noted
above, proton hopping very likely also
plays a role in biological proton-transfer
reactions (Fig.12).

Because reversible ionization is
crucial to the role of water in cellular
function, we must have a means of
expressing the extent of ionization of
water in quantitative terms. A brief
review of some properties of reversible
chemical reactions shows how this can
be done.

ionis H" mnopiBHsHO 3 iHmIMMH
XKonen okpemuii [POTOH  HE
[POCYBAETBCS  BIIEPEI  4epe3  Macy

pO34MHY, ajie cepisi MPOTOHOBUX CTPUOKIB
MDK MOJIEKyJaMH BOJH, TMOB'A3aHOI 3
BOJIHEM, BUKJIMKA€E YUCTUH pyX IPOTOHA Ha
BEJIMKY BIJICTaHb y HaJI3BUYaliHO KOPOTKUMI
qac. BHacnigok ~ BHCOKOi  10HHO{
pyxmuBocti H™ (i OH™, skuit Ttakox
HIBUJIKO PYXA€ThCA IIJISAXOM CTPHOKIB
MIPOTOHIB, ajJ€ y 3BOPOTHOMY HampsMKY),
KHUCJIOTHO-JIY)KHI ~ peakuii 'y BOJHHUX
po3uMHax, SK NpPaBWIO,  HAI3BUYANHO
mBHIKI. SIK 3a3Hauvanocs BUILE, IyXe
WMOBIPHO, 10 CKayyBaHHsS MPOTOHIB
TaKOK Tpa€ poJib y O10JIOTIYHHUX peakIisx
MepeHoCcy MPOTOHIB (puc. 12).

Ockinbky 000pOTHA 10HI3AIlis Ma€e
BUpIIIAJIbHE 3HAYEHHS JUIsl pOJIl BOAM Y
KITUHHIA (YHKIII, MM TOBMHHI MaTH
3aco0u BUPaKCHHS CTYIEHS 10H13a11ii BOIN
y KUIbKICHOMY BuUpaxeHHI. KopoTkwuii
OTJIAT JESKHX BIACTUBOCTEH OOOpPOTHUX
XIMIYHHX peakiliii mokasye, sk e MOXKHa
3poOUTH.
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The position of equilibrium of any
chemical reaction is given by its
equilibrium constant, Keq (sometimes
expressed simply as K). For the
generalized reaction
A+B=C+D

an equilibrium constant can be defined
in terms of the concentrations of
reactants (A and B) and products (C and
D) at equilibrium:

_ [CID]
” [AIIB]

Strictly speaking, the
concentration terms should be the
activities, or effective concentrations in
nonideal solutions, of each species.
Except in very accurate work, however,
the equilibrium constant may be
approxi  mated by measuring the
concentrations at equilibrium. For
reasons beyond the scope of this
discussion, equilibrium constants are
dimensionless. Nonetheless, we have
generally retained the concentration
units (M) in the equilibrium expressions
used in this book to remind you that
molarity is the unit of concentration
used in calculating Keq.

The equilibrium constant is fixed
and characteristic for any given
chemical reaction at a specified
temperature. It defines the composition
of the final equilibrium mixture,
regardless of the starting amounts of
reactants and products. Conversely, we
can calculate the equilibrium constant
for a given reaction at a given
temperature if  the  equilibrium
concentrations of all its reactants and
products are known. The standard free-
energy change (AG) is directly related
to Kegq.

K,
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Cran piBHOBaru OyIb-sAKOi XIMIYHOI
peakiiii 3amaeTbcst i KOHCTAHTOIO
piBHoBaru Keq (iHoai BHpa)kaeThCs
npocro sik K). [ns y3aranbHeHOi
peakiii
A+B=C+D

KOHCTAHTa pIBHOBaru MOXe OyTH
BU3HAUEHA 332  KOHIICHTpAIISIMU
pearenTiB (A 1 B) i mpoaykris (C 1 D)

_[CID]

. .M [AJB]
IIpH pP1BHOBA3I:

TepMmiHaMM ~ KOHLEHTpaLii
NOBUHHI OyTH axmuenicms abo
e(heKTUBHI KOHIICHTpAIii y
HEJIeaTbHUX PO3YMHAX KOXKHOTO
Buay. OnHaK, 3a BUHSATKOM YK€

TOYHOT poboTH, KOHCTaHTa
piBHOBaru mMoke OyTH HaOIMKeHa
NUIIXOM BUMIPIOBaHHS

KOHIIEHTpaliii y piBHOBa3l. 3
MIPUYHH, II10 BUXOIATH 32 MEXI i€l
JUCKYCli, KOHCTAaHTU PIBHOBAaru €
0e3po3MipHUMH. TUM HE MEHI,
MU, SIK TIPaBUJI0, 30€PETIN OTMHUIT
koHneHnrpanii (M) y Bupazax
pIBHOBarv, BUKOPUCTAHUX Yy UIH

KHM31, o0  Harajgatv, 1o
MOJISIPHICTh € OJIMHUIIECIO
KOHIICHTpAIIii, 10

BUKOPHUCTOBYIOTH /ISl OOUMCIICHHS
Keg.

Koncranta piBHOBarm e
(hIKCOBaHOIO 1 XapaKTEPHOKO Jis
OyAb-sIKOT XIMIYHOI peakiii npu
3a/laHin TeMIeparypi. Bin
BHU3HAYa€ CKJIaJ KIHIIEBOI
PIBHOBaXXHOI CyMillll HE3aJekKHO
BIJ BUXITHUX KUIBKOCTEN
peareHTiB Ta NpOAYKTiB. | HaBmaku,
MU MOXKEMO OOYUCIIUTH KOHCTAHTY
pIBHOBAru Jyisl IaHoi1 peakiii npu
JaHii TemmepaTypi, SKIIO BigOMi
PIBHOBaXKH1 KOHIEHTpaIii BCIX ii
peareHriB Ta MIPOJYKTIB.
CranpmapTHa 3MiHa BUIBHOT €Heprii
(AG) O6e3nocepenHbO MOB'sI3aHa 3
Keg.



The lonization of Water |Is
Expressed by an Equilibrium
Constant

The degree of ionization of
water at equilibrium (Eqn 1) is small;
at 25°C only about two of every 10°
molecules in pure water are ionized at
any instant. The equilibrium constant
for the reversible ionization of water
(Egn 1) is

_[H']IOH ]
“ [H0]

In pure water at 25°C, the
concentration of water is 555 M
(grams of H,O in 1 L divided by its
gram molecular weight: (1,000
g/L)/(18.015 g/mol)) and is essentially
constant in relation to the very low
concentrations of H* and OH-,
namely, 1 x 107 M. Accordingly, we
can substitute 555 M in the
equilibrium constant expression (Eqgn
3) to yield

(2-3)

_ [H'I[OH]

q=

K 55.5 M
which, on rearranging, becomes
(55.5 M)
Keg = [H'][OH-]= Kw (4)
where Kw designates
product (55.5 M)(Key), the
product of water at 25°C.

The value for Keq, determined
by electrical-conductivity
measurements of pure water, is 1.8
x 101 M at 25°C. Substituting this
value for Keq in Equation 2—4 gives
the value of the ion product of
water:

the
ion

Kw = [H*][OH ] (55.5 M)(1.8x
106 M) = 1.0 x 10" M?
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Ionizanmis BOOM  BHpaXKaAETbCH
NMOCTIHHOI0 PIBHOBAr o0
Cryniab  10HI3alii BOAW  TpH

piBHOBA31 (PIBHAHHSA 1) HEBEIUKMUIA;
npu Temrepatypi 25°C y Oynb-sakuii
MOMEHT 10HI3YEThCS JIUIIE MBI 3
KoxHUX 10° MOJIEKYJI YMCTO1 BOJM.

Koncranra piBHOBaru IS
000pOTHOL 10H13aIi1 BOJIU
(piBHSHHS 1) JIOPIBHIOE
[H"][OH |
K. = (2—3)
q [[,0] (2—3)

VY gucriii Boai 3a Temneparypu 25°C
KOHLIEHTpALisl BOJU CTAHOBUTH 55,5
M (rpam H,O B 1 5, nonuieHe Ha
rpam MojekyisipHoi Macu: (1000
r/m)/(18,015 r/mMonp)) i Mo cyti €
MOCTIHOIO CTOCOBHO HaMHIKUYOT
KOHIIEHTpaIlii

_ [H'IIOH ]

555
H* ta OH—, acame 1 x 10" M.
BiamoBigHO, MH MOXKEMO 3aMIHHTH

K

eq

55,5 M y  piBHOBaXHOMY
NOCTITHOMY BHpa)KE€HHI (pIBHSIHHS
3), mo0  OoTpUMaTH  SIKH,

nepectapisitoun, ctae (55.5 M)
Keq = [H'][OH-T= Kvw (4)
ne Kw mosnauae m00yTOK

(55,5 M) (Keq), ionHuii 100yTOK

Bosiu ipu 25°C.

3nauenHs qusa  Keq,

BHUMIPIOBAaHHSAMHU

€JIEKTPOIMPOBITHOCTI YUCTOI BOJIH,

cranoeuts 1,8 x 10 M mpm
temmneparypi 25°C. 3aMiHUBIIN 1I€

3HaueHHs Ke(q y piBHsAHHI 24,

JAETHCS 3HAYEHHS 10HHOTO TI00YTKY

BOJIU:

Kw=[H+] [OH7] (55,5M) (1,8x 10

M) =1,0x 10 M?

BHU3HA4YCHC



Thus the product [HY]J[OHT] in
aqueous solutions at 25°C always
equals 1 x 10" M2, When there are
exactly equal concentrations of H" and
OH-—, as in pure water, the solution is
said to be at neutral pH. At this pH, the
concentration of H* and OH" can be
calculated from the ion product of
water as follows:
K,=[H']JOH ] = [H]
Solving for [H*] gives

[H']=VEK, = V1x10 %w

H1=[0OH 1=10"m
As the ion product of water is constant,
whenever [H*] is greater than 1x 107
M, [OH] must become less than 1x
107 M, and vice versa. When [H*] is
very high, as in a solution of
hydrochloric acid, [OH"] must be very
low. From the ion product of water we
can calculate [H*] if we know [OHT],
and vice versa.
The pH Scale Designates the H* and
OH~ Concentrations

The ion product of water, K, is

the basis for the pH scale (Table 6). It
IS a convenient means of designating
the concentration of H* (and thus of
OH") in any aqueous solution in the
range between 1.0 M H" and M OH".
The term pH is defined by the
expression

1
szl{)gm:—ltlngll

The symbol p denotes “negative
logarithm of.” For a precisely neutral
solution at 25°C, in which the
concentration of hydrogen ions is
1.0x107"M, the pH can be calculated as
follows:

1

H=log — —
P o 0 % 107

Tomy, mooyrox [H'] [OHT] y
BOJHUX po3unHax npu 25°C
3apkaM gopiBHIoe 1x 1074 M2,
Konu € piBHOMIpHI KOHIIEHTpaIlii
H+ ta OH", sx y wuyuctii Boml,
PO34YUH BBAXKAETHCS HEUTPAILHUM.
[Tpu upomy pH konuentpamiro H*
ta OH— wMoXxHa O0O0YMCIUTH 3
10HHOTO TOOYTKY BOJIM HACTYITHUM
YHUHOM:

K,=[H'JOH ]=[H']

Po3s’si3yBanns ams [H ] nae
[H']= VK, = V1x10 %
[H']=[OH |=10 "m

OckiTbKH TOOYTOK 10HIB BOJIU
€ MOCTIMHHM, Imopasy, koau [H']
nepesumye 1x107 M, [OH] mae
craBatu MeHe 1x 107 M, i HaBnaku.
Komu [H'] myxe BHCOKHH, SK ¥y
po3uuHi consHOi kucimotu, [OHT]
MOBUHEH OyTH Jy)Ke HHU3BKHM. 3
10HHOTO JOOYTKY BOIW  MOJKHA
obuncautu [HY], sximo 3uaemo [OH™
], 1 HaBmakwu (3aaa4i).

Ilkama pH mno3Hauae
koHnenTpaumii H" Ta OH™

lonanit m00yTOoK BOmM, Kw
ocHoBa s mkanu pH (ta6n.6). Le
3py4YHUI 3acio BU3HAYCHHS
konuentpamii H® (i, omke, OHY) y
Oyab-sIKOMYy BOJHOMY pPO3YHMHI B
mexax Big 1,0 M H + o M OH—.
Tepmin pH Bu3HauaoTh BUpa3zoM
pHZlogﬁ:—long'l

CumBon p II03Ha4yae
"HeratuBHUI norapudm". [l TouHO

HEUTPaIbHOTO pO34UHY pu
temmneparypi  25°C, 'y  sKomy
KOHIICHTpAIIis 10HIB BOJTHIO

cranosuth 1,0 x 10'M, pH moxHa
OOYHMCIIUTH TaK:

= log (1.0 X 107)

=log1.0+1log 10" =0+7=17
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TABLE 6 The pH Scale The expression pOH is
[H*] (M) pH [OH ] (v)  pOH* sometimes used to
5 T describe the basicity,
10 }1} 0 10 3 14 or OH— concentration,
1[1_2 ! 1{1_12 13" of a solution; pOH is
e 2 10~ " 12 defined by the
1 - : . " 11 expression pOH= -log
ig_ﬁ g ig_g 18 [OH], which s
- o analogous to  the
- ; 6 10 s 8 expression for pH.
13_3 ; 13_5 ; Note that in all cases,
10~° 9 10-5 5 PH+pOR=I4-
0 T B

—-11 -3
ig 12 1; ig 2 3 JUTSL OITUCY OCHOBHOCTI
10-13 13 101 ) posumay 363
1014 14 10° (1) 0 KOHIIEHTpaIlii OH;
pOH BU3HAYAETHCS

Bupaszom pOH=—log [OH], ananoriuaum Bupasy st pH.3BepHITH yBary,Iio
y Bcix Bumnaakax pH+pOH =14.

NUTAHHS 3 BIOXIMII

Ionnuii 100yTOK BOAM: ABi
LIIOCTpaTUBHI NPO0JIeMH
lonHuit 700yTOK BOAM J03BOJISIE
o0YMCAUTH KOHUEHTpauiro H+,
BpaxoBytouu koHIeHTpariro OH-, 1
HABMAaKW; HACTYIHI MpoOJeMU
JIIEMOHCTPYIOTh 1e. Ska
koHnentparist H +y pozunni 0,1 M
NaOH?

K, =[H"]JJOH]
Solving for [H7] gives

[H]

WORKING IN BIOCHEMISTRY
The lon Product of Water:

Two lllustrative Problems

The ion product of water makes it

possible to calculate the concentration

of H*, given the concentration of OH-

, and vice versa; the following

problems demonstrate this.

What is the concentration of H* in a

solution of 0.1 M NaOH?

Po3B’si3yBanns nis [H =] nae
K. 1x107"sm® 10 MM
C[OH] 0im 10 lwm

=10 ¥ M (answer)
2.What is the concentration of OH— in a 2. Ixa xonuentpanis OH™ y po3uuni 3

solution with an H* concentration of 1.3x 10° KoHuentpaniero H* 1,3x 10 M?
4
M?

K, =[H"]JJOH ]

Solving for [OH] gives Po3B’si3yBanns miss [OH | mae
. K, 10x10 "
O =9~ 1ax 107 u

=77 x 107" M (answer)
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When doing these or any other
calculations, be sure to round your
answers to the correct number of
significant figures.

The value of 7 for the pH of a
precisely neutral solution is not an
arbitrarily chosen figure; it is derived
from the absolute value of the ion
product of water at 25°C, which by
convenient coincidence is a round
number.

Solutions having a pH greater
than 7 are alkaline or basic; the
concentration of OH " is greater than
that of H*. Conversely, solutions
having a pH less than 7 are acidic.

Note that the pH scale s
logarithmic, not arithmetic. To say
that two solutions differ in pH by 1
pH unit means that one solution has
ten times the H* concentration of
the other, but it does not tell us the
absolute  magnitude of the
difference. Figure 18 gives the pH
of some common aqueous fluids. A
cola drink (pH 3.0) or red wine (pH
3.7) has an H' concentration
approximately 10,000 times that of

blood (pH 7.4).

The pH of an aqueous solution can be
approximately measured using various
indicator dyes, including litmus,
phenolphthalein, and phenol red, which
undergo color changes as a proton
dissociates from the dye molecule.
Accurate determinations of pH in the
chemical or clinical laboratory are made
with a glass electrode that is selectively
sensitive to H* concentration but
insensitive to Na*, K*, and other cations.
In a pH meter the signal from such an
electrode is amplified and compared
with the signal generated by a solution
of accurately known pH

PoGmsium  mi  um  Oyap-ski  iHIO
PO3paxyHKH, OOOB'SI3KOBO  MOTPIOHO
OKPYIJIATH CBOI BI/INOBI/II HA IPABUJIbHY
KUTbKICTh 3HAYYITUX [TUPDP.

3nauenns 7 g pH TouHO
HEUTPATLHOTO PO3YMHY HE € JOBLIBHO
obpaHoro 1M(dporo; BOHA BHBEACHA 3
a0COJIIOTHOT BEJIMYMHU 10HHOTO TOOYTKY
Boau npu 25°C, 1o 3a 3py4yHUM 301rom
00CTaBUH € KPYIJIUM YUCIIOM.

Po3unnu, mo wMatore pH
Oimpmie 7, €  ayxHuMu  abo
OCHOBHUMHM;  KoHIeHTpamiss OH"

nepeBuIye KouieHTpamito HY. 1
HABIIAKWA, PO3YMHHU, 10 MarTh pH
MEHIIIE 7, € KUCIIUMH.

3BepHITh yBary, mo mkama pH e
JorapuMidHOI0, a HE
apubmetrnunoro. Ckazatu, MmO JBa
PO3YMHU BiAPI3HAIOTHCSA 3a piBHeM pH
Ha | oguHuuio pH, o3Hauvae, 1m0 0auH
pPO3UYMH Ma€ y JEciTh pasiB OUIbIIY
KOHIeHTpaniro HY, HiX iHIIMIA, aie me
HE TOBOPUTH HaM TMIPO aOCONIIOTHY
BenuuuMHy pi3Huii. Ha pucynky 18
HaBegeHO pH Jedxkux  3araibHHUX
BoaHuX pimuH. Hamiii xoma (pH 3,0)
abo uepBoHe BuHO (pH3,7) maroTh
KoHIeHTpamiro HY, mpubausuao B 10
000 pasiB Oinmbine, HiX Yy kpoBi (pH
7,4).

pH BoaHOro po3umHy MOXKHa
BUMIPATH, BUKOPHCTOBYIOYH pi3Hi
IHAUKATOpHI ~ OapBHUKH,  BKJIIOYAIOYU
Jakmyc,  ¢denondTanein Ta  QeHon
YEpPBOHUH, SIKI 3a3HAIOTH 3MIH KOJIBOPY,
OCKUIBKM TIPOTOH BiJIMEXKOBYETHCS  BiJ
MOJIEKY M OapBHUKA. TO4YHE BU3HAYEHHS
pH y ximiuniit a0o kIiHIYHINA aboparopii
NPOBOJSITH 32 JIONMIOMOTOIO  CKJISTHOTO
eNeKTPo/a, KUl BUOIPKOBO YyTIMBHUI J10
KOHIICHTpaIIii H*, ane HEUYTJIMBUM 10
karionis Na®, K* ta inmmx. ¥ pH-merpi
CUTHan BiJ TaKoro eJeKTpoa
M ICUITIOETHCS 1 MOPIBHIOETHCS 3
CHUTHAJIOM, IO TEHEPYEThCS POZUYMHOM
TOYHO Bigomoro pH.
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1M NaOH
~ Household bleach
— Household ammonia
basie Figure 18.
10 The pH of some
aqueous fluids
99— — Solution of baking
soda (NaHCO,)
8 F—— — .
— Seawater, egg white
Pucynok 18.
7 Neixtral = Human blood, tears pH BOTHHX
- Milk, saliva pinux
6
5 Black coffee
— Beer
4 Tomato juice
Increasingly ~ Red wine
acidic
3 Cola, vinegar
= Lemon juice
— (Gastric juice
1M HCI
Measurement of pH is one of the BuwmiproBanuss pH — oxgHa 3
most important and frequently used HaiBaXkIHMBiIIUX i 9acTo
procedures in biochemistry. The pH BukopuctoByBaHMX mpoueayp y
affects the structure and activity of 6ioximii. pH BIuIMBae Ha CTPYKTYpY
biological macromolecules; for Ta AKTUBHICTh 010J10TYHIX
example, the catalytic activity of makpomosneky; HaTpPUKIAI,

enzymes is strongly dependent on pH
(see Fig. 21).

Measurements of the pH of blood and
urine are commonly used in medical
diagnoses.

KaTaJiTU4YHA aKTUBHICTh (PEPMEHTIB
CUJILHO 3aJIeKUTh BiJl pH (quB. puc.
21). BumiptoBanust pH kpoBi Ta cedi
3a3BUYail 3aCTOCOBYIOTh Y MEUIHUX
largo3ax.
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The pH of the blood plasma of
people with severe, uncontrolled
diabetes, for example, is often below
the normal value of 7.4; this
condition is called acidosis. In
certain other disease states the pH of
the blood is higher than normal, the
condition of alkalosis.

Weak Acids and Bases Have
Characteristic Dissociation
Constants

Hydrochloric, sulfuric, and

nitric acids, commonly called strong
acids, are completely ionized in dilute
aqueous solutions; the strong bases
NaOH and KOH are also completely
jonized. Of more interest to
biochemists is the behavior of weak
acids and  bases—those  not
completely ionized when dissolved in
water. These are common in
biological systems and play important
roles in metabolism and its regulation.
The behavior of aqueous solutions of
weak acids and bases is best
understood if we first define some
terms.

Acids may be defined as proton
donors and bases as proton acceptors.
A proton donor and its corresponding
proton acceptor make up a conjugate
acid-base pair (Fig. 16).

Acetic acid (CH3;COOH), a
proton donor, and the acetate anion
(CH;COO"), the corresponding
corresponding  proton  acceptor,
constitute a conjugate acidbase pair,
related by the reversible reaction

pH m1azMu kpoBi Jirojiel 3 BaXKKUM,
HEKOHTPOJHLOBAHUM niabeTom,
HaAIMpUKJIaJ, 4acTo OyBa€ HUXKYE
HOPMaJIbHOTO 3HaueHHs 7,4; e
CTaH HAa3MBAETHCS alMI030M. Y
JISSKUX  IHIIUX  XBOPOOJMBUX
ctanax pH kpoBi BuIie HOpPMH,
CTaH aJKaJio3y.

CaalKi KMCJI0TH TAa OCHOBM MAaKOTh
XapPaKTePHi KOHCTAHTH JUCOIiamii
Consni, cipuaHi Ta a30THI
KHCJIOTH, SKi 3a3BMYail Ha3HMBaIOTh
CHILHAMH KHUCJIOTaMH, TIOBHICTIO
10HI3YIOTBCSA Y PO3BEACHUX BOIHUX
po3unHax; wmiHi ocHoBu NaOH Ta
KOH Takoxx MOBHICTIO 10HI30BaHI.
bioximikiBs OuIbIIE LIKaBUTh
MOBE/IIHKA CITAOKUX KHUCIIOT Ta OCHOB
— SIK1 HE TIOBHICTIO 10HI3YIOThCSI TIPH
pO34YMHEHH1 y BOoAl. BoHu nmommpeni
y  OIOJOriYHUX  CHCTEMax 1
BIIITPAIOTh  BaXJIMBY  POJb Y
MeTabodi3Ml  Ta MOTO  peryJisilii.
[loBeniHKky ~ BOAHUX  pO3YUHIB
C1aOKUX KUCIIOT Ta OCHOB HalKparie
3pO3YyMITH, SIKIIO CIIOYaTKy
BU3HAYUTH JISIKl TEPMIHH.
Kucnorn Moxyts OyTH BHU3HAYeHi SIK
JIOHOpYM  TIPOTOHIB, a OCHOBH
aKIIENTOpY MPOTOHIB. J[oHOp mpOTOHA
Ta HOro BIANOBIIHUN  aKLEOTOP
IpOTOHA  CKJIaJaroTh CIIPSDKEHY
KHCIIOTHO-JIYXHY mapy (puc. 16).
OuroBa kucnota (CH3COOH), nonop
npoToHa i aHioH arerary (CH3COO),

BIIMMOBIIHMM ~ aKIENTOp  IPOTOHA,
CTAHOBIJIATH napy CIPSDKCHHUX
KUCJIOTHUX  OCHOB, IIOB's3aHy 3

00OpPOTHOIO PEAKIII€I0

CH@CC}D‘H — H ny CHqCGD

Each acid has a characteristic
tendency to lose its proton in an
aqueous solution. The stronger the
acid, the greater its tendency to lose
its proton.

KoxHa xwuciora Mae XapakTepHY
TEHJICHI[II0O BTpadyaTd MPOTOH Y
BOJHOMY pO3uuHi. YuM cuiibHIIIA
KHUCJIOTH, TUM OUIbINA i1 TEHJEHIIS
BTpayaTy MPOTOH.
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The tendency of any acid (HA) to lose
a proton and form its conjugate base
(A) is defined by the equilibrium
constant (K¢q) for the reversible
reaction

HA — H" + A",

Equilibrium constants for
ionization reactions are usually
called ionization or dissociation
constants, often designated Ka.
The dissociation constants of
some acids are given in Figure 16.
Stronger  acids, such  as
phosphoric and carbonic acids,
have larger dissociation
constants;weaker acids, such as
monohydrogen phosphate
(HPO4?), have smaller
dissociation constants.

which is sika

TenneHmiss Oyap-sSKOi  KUCIOTH
(HA)  BTpawatm  mpoToH 1
YTBOPIOBATH  WOr0  CHPSKEHY
OCHOBY (A) BU3HAYAETHCA
KOHCTaHTOI piBHOBaru (Keq) s
000pOTHOI peakIlii

CHATT
eq [HA] - a

Koncrantn pIBHOBaru
JUISL peakiiil 1oH13alii 3a3BUyaii
HAa3UBaIOTh KOHCTaHTaMU
1oH13amii abo gucoriamii, sKi
4acTo [I03HAYaIOTh K..
Koncrantn pucomiami OeaKkux
KHCJIOT HAaBEJICH]1 Ha pUCYHKY 16.
BimbIm CHUIBHI KHCIIOTH, TaKl SIK
dbochopna  Ta  BYyIUIEKHUCII

KHUCJIOTH, MaroTh OLIBIIII
KOHCTAHTH AUCOIAIIii; cIa0KImIi
KHCJIOTH, TaKl SIK

moHorigpogochar  (HPO,?),
MaloTh ~ MEHIII  KOHCTaHTH
T COITIAL].

Monoprotic acids ¢0 7
Acetic acid CHKC\ — CHKC\ + H"™
(K,=1.7T4 x 10-5m) OH 0~
pK, =4.76
Ammonium ion NH; — NH, + H"
(K, =5.62 X 10710 ) pK, = 9.25
Diprotic acids
Carbonic acid _ N _ . .
(K, = 1.70 % 10~4m); H,C0; = HCO; + H HCO; =— CO;~+H
Bicarbonate pK, = 3.77 pE, =10.2
(Ko =6.31 x 10-11n)
Glycine, carboxyl Pl‘IH; /0 NH3 /0 NHi /0 NH, /0
- 3 ) 7 z 7 7
(Ko =457 X 10730 ope” | = cm,el | o+ Hr cH.C. = cmcl o+
Glycine, amino ~ N N N
(K, = 2.51 3 10~10n) OH o 0 0
pK,=2.34 pK, = 9.60
Triprotic acids
Phosphoric acid
(K, = 7.25 X 10-3m);
Dihydrogen phosphate | HiPO, 7 H,PO; + H' H,PO; = HPO} i+ H* HPOZ~ == P03~ + H*
(K, =1.38 x 10~ m); K =914
Monohydrogen phosphate Pha = 2. pK, =6.86 pK, =124
(K, =3.98 x 10-18n)
1 2 3 4 5 6 7 8 9 10 11 12 13
pH

Figure 19. Conjugate acid-base pairs
consist of a proton donor and a proton
acceptor. Some compounds, such as
acetic acid and ammonium ion, are
monoprotic; they can give up only one
proton.
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Pucynok 19. ChpsokeHi KUCIOTHO-
OCHOBHI TMapu CKJI3Jal0Th JIOHOP
MPOTOHA 1 aKuenTop mporoHa. Jleski
CIIONTYKH, TaKi SIK OLITOBA KUCJIOTa Ta
10H aMOHIIO, € MOHONPOTHYHHUMHU;
BOHU MOKYTh BiIMOBUTHUCH JIUIIIE Bij
OJTHOTO TIPOTOHA.



Others are diprotic (H,CO3 (carbonic
acid) and glycine) or triprotic (H3PO4
(phosphoric acid)). The dissociation
reactions for each pair are shown
where they occur along a pH
gradient. The equilibrium or
dissociation constant (K;) and its
negative logarithm, the pKa, are
shown for each reaction.

200001 munpotnyHi  (HaCO3
(Byrjekucia KMCIoTa) 1 TIIuH) abo
tpunpotuudi  (H3POs,  (docdopna
kuciora)). Peakmii npucomiarii s
KOXKHOI IMapy MOKa3aHi TaM, Ji¢ BOHU
B110YBalOTHCS B3JIOBX IpajiieHTa pH.
KoncranTa piBHOBaru abo gucorriarii
(Ka) ta 1i HeratmBHHWU norapudm,
pKa, mokasani 1151 KOXKHOI peakiii.

Also included in Figure 19 are Ha pucynky 19 Takox
values of pKa, which is analogous to pH Bxiroueni 3naueHHs pKa, mo €
and is defined by the equation aHasiorom  pH BH3HAYAETHCS

IBHSAHHSIM
pK,=log — = —log K, ° 1
K. pK, = log i —log K,
The stronger the tendency to dissociate :
YuM  CWIBHINIE  CXWIBHICTH IO

a proton, the stronger is the acid and the
lower its pKa. As we shall now see, the

aucolianii MpoTOHA, THUM CHIJIBbHIIIA

pK, of any weak acid can be determined

quite easily

Titration Curves Reveal the pKa of
Weak Acids

Titration is used to determine
the amount of an acid in a given
solution. A measured volume of the
acid is titrated with a solution of a
strong base, usually sodium hydroxide
(NaOH), of known concentration. The
NaOH is added in small increments
until  the acid is consumed
(neutralized), as determined with an
indicator dye or a pH meter. The
concentration of the acid in the original
solution can be calculated from the
volume and concentration of NaOH
added.
A plot of pH against the amount of
NaOH added (a titration curve) reveals
the pKa of the weak acid. Consider the
titration of a 0.1 M solution of acetic
acid (for simplicity denoted as HAC)
with 0.1 M NaOH- at 25°C (Fig. 20).

KHCJIOTa 1 HYoKuni ii pKa. SIk Mmu Tenep
O0aunmo pKa Oymp-akoi  ciabkoi
KHACIOTH MOKHAa BH3HAYUTH JIOCHTH
JIETKO.
Kpugi TurpyBaHHs BUABJIAIOTH
pKa ciabkux kucjaor

TutpyBaHHS BHUKOPUCTOBYIOTH IS
BU3HAUEHHS KUIBKOCTI KHUCIOTH Y
JaHOMY po3uuHi. Bumipsauii o0'em
KUCJIOTH TUTPYIOTH PO3YMHOM MIITHOT
OCHOBH, 3a3BUYall TIAPOKCUAY HATPIIO
(NaOH), Bimomoi konmentpartii. NaOH
JOJAI0Th HEBEIMKUMHU TOPIISMU 10
TUX Tip, TOKM KuciIoTra He Oyxae
BUTpaueHa (HeWTpamizoBaHa), K II€
BH3HAYEHO 3a JI0TIOMOT 00
IHAMKaTOpHOTO OapBHUKa abo pH-
meTpa. KoOHIEHTpalifo KUCIOTH Y
BUX1JTHOMY PO34YHHI MOXKHA OOYUCITUTH
3 00csAry Ta KOHUEHTpalii J10AaHOIO
NaOH.

Hiarpama pH npotm  KijgbKOCTi
nonanoro NaOH (kpuBa TUTpyBaHHS)
BusBige pKa cnabkoi  KHCIOTH.
Poszrnsinemo  tutpyBanmns 0,1 M
pO3YMHY  OLTOBOI  KHUCIOTH (11
npoCcTOTH, 110 no3HavyaeTbest HAc) 0,1
M NaOH- npu Ttemnepatypi 25°C
(puc.20).
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9 Figure 20. The
titration curve of

8 CH,COO~ | acetic acid.
g After addition of

r [CH;COOH] = [CH;COO~] each increment
6L of NaOH-to the
= pH 5.76 acetic acid

5L Buffering solution, the pH
pH | region of the mixture is
4 H 376 measured. This
PRI value is plotted

3 against the
| amount of

4 expressed as a
fraction of the

0 | l I l | 1 | | -
0 010203040506 07 0809 10 total NaOH

OH™ added (equivalents)

|
|
2| '
CH;;GGDH : N ao H_
I
|
I
|
|

required to
convert all the
| I | acetic acid to its
0 50 100% deprotonated
Percent titrated
form, acetate.
The points so obtained yield the titration curve. Shown in the boxes are the
predominant ionic forms at the points designated. At the midpoint of the
titration, the concentrations of the proton donor and proton acceptor are
equal, and the pH is numerically equal to the pK,. The shaded zone is the
useful region of buffering power, generally between 10% and 90% titration
of the weak acid.
Pucynok 20. KpuBa tutpyBanHs onroBoi kuciotu. Ilicms momaBaHHS
koxHO1 opiii NaOH 1o po3unHy o1ITOBOi KMUCJIOTH BUMIPIOIOTH pH cymiii.
Ile 3nauenHs moOymoBaHo mpoTu KimbkocTi NaOH, BupaskeHOi sk 4acTka
3aranbHO1 NaOH, HeoOxiHOT /1711 IepeTBOPEHHS BCI€T OLITOBOT KUCTIOTH Y ii
JIenpoToHoBaHy QopMmy, arerar. OTpuMaHi TaKUM YHUHOM TOYKH JAIOTh
KpUBY TUTpPYBaHHS. Y TOJIAX MOKa3aHO IMepeBakarodi 10HHI (GopMH Y
3a3HAYEHUX TOYKaX. Y CEpelHIi Toulll TUTPYBAaHHS KOHUEHTpalil JoHOpa
MPOTOHA 1 akuentopa mnpoToHa piBHI, a pH uwncenpHOo nopiBHIOE pKa.
3ariHeHa 30Ha — 1€ KOpHCHA 00J1acTh OyPepHOi cuim, K npasBuiio, Big 10 %
10 90 % TuTpyBaHHS CI1A0KOT KUCIOTH.

Two reversible equilibria are VY mporieci OepyTh y4acTh JBi
involved in the process: 00OpOTHI piBHOBAru:
H,O =— H™ + OH (2-5)
HAc =— H™ + Ac (2-6)
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The equilibria must simultaneously
conform to their characteristic
equilibrium constants, which are,
respectively,

K, = [H JOH ]
[H*[Ac ]
Ke = "THAq

At the beginning of the titration,
before any NaOH is added, the acetic
acid is already slightly ionized, to an
extent that can be calculated from its
dissociation constant (Egn 8).

As NaOH is gradually introduced, the
added OH— combines with the free
H* in the solution to form H,0, to an
extent that satisfies the equilibrium
relationship in Equation 7. As free H*
Is removed, HAc dissociates further
to satisfy its own equilibrium
constant (Eqn 8). The net result as the
titration proceeds is that more and
more HAcC ionizes, forming Ac’, as
the NaOH is added. At the midpoint
of the titration, at which exactly 0.5
equivalent of NaOH has been added,
one-half of the original acetic acid
has undergone dissociation, so that
the concentration of the proton donor,
[HAC], now equals that of the proton
acceptor, [Ac]. At this midpoint a
very important relationship holds: the
pH of the equimolar solution of acetic
acid and acetate is exactly equal to
the pK, of acetic acid (pK, =4.76;
Figs 19, 20). The basis for this
relationship, which holds for all
weak acids, will soon become clear

As the titration is continued by

adding further increments of NaOH,
the remaining nondissociated acetic

acid is gradually converted
into acetate.

BpiBHOBaKeHHS MOBHUHHI
OJIHOYACHO BIJIITOB1IaTH ix
XapaKTCPUCTHYHUM  KOHCTAHTaM
pIBHOBAru:

=1x 10 "m (227

=174 x 10°m (2-8)

Ha mouartky TuTpyBaHHs, Mepesl TUM,
K noxatu Oyab-skuii NaOH, orroBa
KHCJIOTA BXKE TPOXH 10HI3Y€ETHCS 70 TiET
MIpH, SIKy MOXXHAa OOYMCIUTH 3 1l
MOCTINHOT Aucowialii (piBHAHHS 8).

ITo mipi Toro, sk NaOH mocrtymoBo
BBOJUTHCS, JOJaHuH’ OH
HOEHYETHCS 3 BUTBHUM H' 'y po3uuHi,
yrBoptoroun H20, y Tiii Mipi, sika
3aJI0BOJIbHSIE PIBHOBaXXHOMY
CHIBBIJIHOILIEHHIO y piBHAHHI 7. Konu
BubHM H™ Bupmanserscst, HAc nami
BiIMEKOBYEThCS JIJIL  3aJJ0BOJICHHS
KOHCTAHTH piBHOBarw (piBHSHHA §).
Yuctuit pe3yabTaT 1o Mipi
TUTPYBAaHHS TIOJISITAE y TOMY, IO BCE
Ooutpmre 1 Oinmbme HAc 10HI3yeTheH,
yTBOprOroun Ac’, sik noaaerbest NaOH.
VY cepenHiil TOYLll TUTPYBaHHS, y SIKY
nomano piBHO 0,5 exBiBamenTta NaOH,
[I0JIOBUHA BUXIAHOI OIITOBOI KHCJIOTH
3a3Hajia JMCOIiaIii, Tak 1 (0)
KOHIIEHTpallist JoHOpa npoTtoHa [HAC]
Tenep JIOPIBHIOE KOHIICHTpAIIii
akuenropa nmporona [AcC]. Ha manuii
MOMEHT ICHYE JyXe BaXJIMBUH
B3a€MO3B'sI30k  pH  ekBiMOIIIpHOTO
PO3YMHY OIITOBOI KHCIIOTH Ta arerary
TOYHO J0piBHIOE pKa O1TOBOT KHCIOTH
(pKa = 4,76; puc. 19, 20). Hezabapom
Oynme 3’scoBaHa OCHOBa IS ITUX

BIJIHOCHMH, M0 CTOCYEThCS  BCIX
cJ1a0KUX KUCIIOT
Ilo Mipi IPOJIOBXKEHHS

TUTPYBAHHS NUISIXOM JOJAaBaHHS
noganbiux nopiiit NaOH, pemra
HEIUCOLIIHOBAHOT OILITOBOT
KHUCJIOTH MOCTYIIOBO
MEPETBOPIOETHCS Yy AllETAaT.
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The end point of the titration occurs
at about pH 7.0: all the acetic acid
has lost its protons to OH-, to form
H,O and acetate. Throughout the
titration the two equilibria (Eqns 5, 6)
coexist, each always conforming to
its equilibrium constant.
Figure 21 compares the titration
curves of three weak acids with very
different  dissociation  constants:
acetic acid (pK,= 4.76); dihydrogen
phosphate, H,PO, (pK; = 6.86); and
ammonium ion, NH," (pK, = 9.25).
Although the titration curves of
these acids have the same shape, they
are displaced along the pH axis
because the three acids have different
strengths. Acetic acid, with the
highest Ka (lowest pK,) of the three,
IS the strongest (loses its proton most
readily); it is already half dissociated
at pH 4.76.

Dihydrogen phosphate loses a
proton less readily, being half
dissociated at pH 6.86. Ammonium
ion is the weakest acid of the three
and does not become half dissociated
until pH 9.25.

The most important point
about the titration curve of a weak
acid is that it shows graphically that a
weak acid and its anion—a conjugate
acid-base pair—can act as a buffer.

lonization of Water, Weak Acids,
and Weak Bases

Pure water ionizes slightly, forming

equal numbers of hydrogen ions

(hydronium ions, Hs;0") and
hydroxide 1ions. The extent of
ionization is described Dby an

equilibrium constant

KinmeBa Touka THTpyBaHHS HACTa€
npubmusHo npu pH 7,0: Bcs omToBa
KucioTra BTpatwia mpotonn go OH,
yrBoproroun H20 Tta anerart. [Ipotsrom
TUTPYBaHHS ICHYIOTh [IBI pIiBHOBaru
(piBHSIHHS 5, 6), KOXKHA 3 SKUX 3aBXKIH
BI/IMOB1/Ia€ CBOiil MOCTIIHINA PIBHOBA3I.
Ha pucynky 21 mnopiBHIOIOTH KpHBI
TUTPYBaHHS TPHOX CIAOKUX KHUCIOT 13
TyxKe pi3HHMH KOHCTaHTaMH
nucorrianii: onroBa kwuciora (pKa =
4,76); nurigpodocdat, H.POs (pKa =
6,86); 1 ion amoniro, NH4* (pKa=9,25).

Xoya KpHBI TUTPYBaHHS LUX
KHUCIIOT MAarOTh OJHAKOBY ¢dopmy,
BOHU 3MIIYIOThCA B3A0BXK oci pH,
OCKIJIbKM TPU KHUCIOTH MalOTh Pi3HY
MiHICTE. OnroBa  KUCIOTA 3
HaviBuimuM Ka (HaitHmkuum pKa) 13
TPHOX € HAMOLIBII CUIIHHOIO (BTpayae
MPOTOH HANOUIBII JIETKO); BOHA B¥KE
HaIoJOBUHY JucolioBana npu pH
4,76

Hurinpodocdar BTpayae npoToH
3HAYHO BaXUE, Oymyun
HarmiBaucomiiopanuM npu pH 6,86. lon
aMOHIIO € HalCI1a01I00 KUCIOTOIO 3 IIUX
TPROX 1 HE CTAa€  HAMOJOBUHY
mucoriiioBanum 10 pH 9,25.

HaiiBaxxmuimmm MOMEHTOM
010 KPHUBOI TUTPYBaHHA ClIaOKO1
KHCIIOTH € Te, [0 BOHA TIpadidyHO
TIOKa3ye, 110 crabka KUCIoTa Ta i aHIoH
— COpshKeHa mapa KHUCIIOTHO-OCHOBHA
MOXYTh JIISITH SIK Oydep.

Tonizauist Boau, cjiadKux
KHCJIOT Ta CJIa0KUX OCHOB
UucTta Boma 10HI3Y€ThCS HE3HAYHO,
YTBOPIOIOYM PIBHY KIJIBKICTH 10HIB
BonHIO (ioHM Tigponito, H3zO%) Ta
rigpokcui-ioH1B. CTymiHb 10HI3aIli
OMKCYIOTh MOCTIHHOIO PIBHOBATO1O,
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pK, = 9.25
[NHI]=[NH;]

| [CH,COOH] = [CH,C00-1]

0

NH,

Figure 21.
Comparison of the
titration curves of
three weak acids.
Shown here are
the titration curves for
CH3;COOH, H,POy,
and NH;".  The
predominant  ionic
forms at designated
points in the titration
are given in boxes.
The  regions  of
buffering capacity are
indicated at the right.
Conjugate acid-base
pairs are effective

OH~ added {equivalents)

T | T | T | T | T
0 01 02 03 04 05 06 07 08 09 10

buffers between
approximately 10%

| and 90%

0 50
Percent titrated

100%

neutralization of the
proton-donor species.
Pucynox 21.

[TopiBHSHHS KPUBUX TUTPYBAHHS TPHOX CIAOKUX KHUCIIOT.

Tyr mnokaszani kpusi turpyBanHs CH3COOH, H,PO, ta NH; ™.
[TepeBaxkatoui ioHHI (HOPMH Y BU3HAYEHUX TOYKAX TUTPYBAHHS HaBEACH1
y nossix. O6macti 6ydepHoi eMHOCTI BKazaHi nmpaBopyd. CipsbKeHi napu
KHCJIOTU-OCHOBU € epekTuBHUMU Oydepamu mix mpubdmauzao 10 % 1 90
% HelTpani3ali€ero BUA1B IPOTOHIB-IOHOPIB.

__ [H']IOH]
Koq= o]

;‘rom which the ion product of
water, Ky, is derived. At 25°C, Ky =
[H][OH] = (55.5 M)(Keg) = 10

M?2,

The pH of an aqueous solution
reflects, on a logarithmic scale, the

concentration of hydrogen ions

1
:pH = log Tt

log [H*

].
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+ _
K., = IO |
[H20]

3 SIKO1 BUXOJIUTh 10HHUU
nooytok Bomu, Kw. Ilpu 25°C
Kw = [H"] [OH"] = (55,5 M)
(Keq) = 101 M2,
pH BOJITHOT'O pO34YUHY
BiloOpaxkae y JorapudMiuHInA
IIKaJi  KOHIICHTpAIlil0  10HIB
BOJTHIO:

pH = log = —log [H™].

L
[H]



The greater the acidity of a solution,
the lower its pH. Weak acids partially
ionize to release a hydrogen ion, thus
lowering the pH of the aqueous
solution. Weak bases accept a
hydrogen ion, increasing the pH. The
extent of these processes is
characteristic of each particular weak
acid or base and is expressed as a

dissociation constant,
oK — [HY])[A7]
as Lreq [H"‘s] 41-.
m The pKa expresses, on a
logarithmic  scale, the relative

strength of a weak acid or base:
i 1 ]
pk,y = log E = —log K.

m The stronger the acid, the lower its
PKa; the stronger the base, the higher
its pKa. The pK, can be determined
experimentally; it is the pH at the
midpoint of the titration curve for the
acid or base

Buffering against pH Changes
Biological Systems

Yum O1bIIa KUCIOTHICTh PO3UMHY, TUM
HwKyuid oro pH. Cnabki kuciaotu
YaCTKOBO 10HI3YIOThCA, o0
BUBUJIBHUTH 10H BOJHIO, THUM CaMHM
3HIKyoun pH BOJHOTO pO34YMHY.
CnaOki OCHOBHM MPHUIMaIOTh 10H BOJIHIO,
nigummytroun  pH.  Crymiae  1ux
MpOLIECIB  XapakTepHa JUIsi KOXKHOT
KOHKpPETHOi  ci1a0koi Kuciaoth abo
OCHOBH 1 BUPaXaEThCS SK KOHCTaHTA
JIACOIiaIii.
[HAT]

[HA]  OF
m pKa Bupaxae y norapudmidsiii

Ky Kog =

KAl BIJHOCHY MIIHICTh CJIaOKO1
KHUCJIOTHA abo OCHOBH:
1
Wy = log — = —log K.
Phga g K, g s

m UuM cuibHINIA KUCIIOTA, TUM HIDKYE
ii pKa; 4uuM cuibpHIIIE OCHOBa, THM
pulie 11 pKa. pKa moxnHa BuU3HauuTH
eKCIIepuMEeHTaIbHO; 11e pH B cepenuni
TOYKHU KPUBOT TUTPYBAHHS KUCIIOTH a00
OCHOBH.

in Bydepusania nporu 3minn pH
B 0i0oJIOriYHMX cHcCTeMax

Maiixe KokeH 010JIOTTYHUHN MPOIIEC

Almost every biological process is pH
dependent; a small change in pH
produces a large change in the rate of
the process. This is true not only for
the many reactions in which the H" ion
Is a direct participant, but also for
those in which there is no apparent role
for H* ions. The enzymes that catalyze
cellular reactions, and many of the
molecules on which they act, contain
ionizable groups with characteristic
pKa values. The protonated amino and
carboxyl groups of amino acids and
the phosphate groups of nucleotides,
for example, function as weak acids;
their ionic state depends on the pH of
the surrounding medium.
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3aJIeKUTh BiJ pH; HeBenuka 3miHa
pH npu3BOaUTH 10 3HAYHOI 3MIiHH
MBUIKOCTI Tiporiecy. Lle BipHO He
TIIBKKA A1 0aratboxX peakuid, y
skux 10H H' € OGesnocepeanim
YYaCHHKOM, ajie 1 JJs TUX, Y SIKUX
oueBHUAHOI poii 1y1st ioHiB HY Hemae.
depMeHTH, 110 KaTalli3yloTh
KJIIITUHHI peakilii, i 6arato MoJeKyII,
Ha SKI BOHH [JIIOTh, MICTATh
10HI3yI0Yl TPYNU 3 XapaKTepHUMU
3HaueHHssMu  pKa.  Hampuknan,
IPOTOHI30BaH1 aMiHoO- i
KapOOKCHJIbHI TPYIU aMIHOKHCIIOT 1
dochaTHi  rpynmu = HYKICOTHAIB
(GYHKLIOHYIOTH SK CJIa0Ki KHCIOTH;
iX 10HHMH cTaH 3anexuTh Big pH
HaBKOJIMIIHBOT'O CEPEIOBHUIIA.



As we noted above, ionic
interactions are among the forces
that stabilize a protein molecule and
allow an enzyme to recognize and
bind its substrate. Cells and
organisms maintain a specific and
constant cytosolic pH, Kkeeping
biomolecules in their optimal ionic
state, usually near pH 7. In
multicellular organisms, the pH of
extracellular fluids is also tightly
regulated. Constancy of pH is
achieved primarily by biological
buffers: mixtures of weak acids and
their conjugate bases. We describe
here the ionization equilibria that
account for buffering, and we show
the guantitative relationship
between the pH of a buffered
solution and the pKa of the buffer.
Biological buffering is illustrated by
the phosphate and carbonate
buffering systems of humans.

Buffers Are Mixtures of
Weak Acids and Their Conjugate
Bases

Buffersare agueous systems
that tend to resist changes in pH
when small amounts of acid (H*) or
base (OH") are added. A buffer
system consists of a weak acid (the
proton donor) and its conjugate base
(the proton acceptor). As an
example, a mixture of equal
concentrations of acetic acid and
acetate ion, found at the midpoint of
the titration curve in Figure 20, is a
buffer system. The titration curve of
acetic acid has a relatively flat zone
extending about 1 pH unit on either
side of its midpoint pH of 4.76. In
this zone, an amount of H*orOH-
added to the system has much less
effect on pH than the same amount
added outside the buffer range.

SIk MM B)K€ BII3HAYaJM BHIIE, 10HHI
B3aeEMOIl BIIHOCATH O CHJI, SKIi
CTaOUII3yIOTh ~ MOJEKyly Oulka 1
JIO3BOJISIOTE (PEpMEHTY pO3Mi3HaBaTH 1
3B's13yBaTH ioro cyocrpar. Kiitunu ta
OpraHi3Mu HiATPUMYIOTh CHELUPIUHUIM 1
MOCTINHUI ATO30JIbLHUN pH,
MIATPUMYIOYH  OIOMOJIGKYIH Yy iX
ONTUMAJIbHOMY 10HHOMY CTaHi, $K
npaBuio, mnobmmzsy pH 7. VY
OaraTokIITMHHMX  opraHiamiB  pH
MO3aKJITUHHUX PIIUH TaKOX >KOPCTKO
perymoetbest. Cranicts pH gocsiraerbest
Hacamriepes; OiojoriyHMMH OydepaMu:
CyMillaMu CJIaOKMX KHCJIOT Ta iX
KOH'FOTOBaHUX OCHOB. MM OIIUCYEMO TYT
10H13aI[1i{H1 PIBHOBArH, IO MOSCHIOIOTH
Oydepuzariiro, 1 MOKa3yeMO KUTbKICHY
3allekHIcTh MK pH 3a0ydepennoro
po3unny 1 pKa Oydepa. bionoriune
OydepyBanHs LTIOCTPYETHCS
dbocharHnMu Ta KapOOHATHUMH
OydepHrMEU cuCTEeMaMHu JIFOAHH.
Bydepn — ne cymimi crabkux
KHUCJIOT Ta 1X CIIOJIYYeHHX OCHOB
bydepni BomHi cucTemu, SKi
MParHyTh MPOTUCTOATH 3MiHaM pH mpm
JI0JaBaHHI HEBEIIMKOI KUUIBKOCTI KUCIIOTH
(H") a6o ocuoBu (OH"). Bbydepna
crcTeMa CKIIAAA€ThCS 3 CI1a0KOT KHCIIOTH
(ToHOpa TpOoTOHA) Ta ii KOH'FOrOBAHOI
OCHOBH (axuentop MPOTOHA).
Hanpuknan, CyMiI piBHUX
KOHIICHTpAII1i OI[TOBOT KUCJIOTH Ta 10HA
arierary, 3HaiiJieHa B CepequHi TOYKH
KpuBOi TUTpyBaHHS Ha pUCyHKY 20, €
oydepnoro CUCTEMOIO. Kpusa
TUTPYBAHHS OITOBOI KHCJIOTH Ma€
BIIHOCHO PIBHY 30HY, IO MPOXOJHTH
npubnau3zHo Ha 1 onuuuimo pH 3 00ox
OokiB Bix 1i cepeaHboro 3HaueHHs pH
4,76. YV uiii 30Hi kinekicte H* a6o OH,
10 JTIOJIA€THCS B CUCTEMY, Ma€ HabaraTo
MeHImM BmiuMB Ha pH, HK Ta cama
KIJIBKICTD, KA JOJAE€THCS 11032 MEKaMH

Oydepa.
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K, =[H"][OH™]

OH~

H,0

N

Acetic acid
(CH,COOH)

)
g <

Acetate
(CH,COO™)

[H"][Ac™]
: [HAc]

K =

FIGURE 22. The acetic acid—
acetate pair as a buffer system.

The system is capable of
absorbing either H* or OH-"through
the reversibility of the dissociation of
acetic acid. The proton donor, acetic
acid (HAc), contains a reserve of
bound H*, which can be released to
neutralize an addition of OH™ to the
system, forming H,O. This happens
because the product [H*][OH]
transiently exceeds Ky, (1 x 104 M?),
The equilibrium quickly adjusts so
that this product equals 1 x 104 M?
(at 25°C), thus transiently reducing
the concentration of H*. But now the
guotient [H*][Ac)/[HAC] is less than
Ka, so Hac dissociates further to
restore equilibrium. Similarly, the
conjugate base, Ac", can react with H*
ions added to the system; again, the
two ionization reactions
simultaneously come to equilibrium.
Thus a conjugate acid-base pair, such
as acetic acid and acetate ion, tends to
resist a change in pH when small
amounts of acid or base are added.
Buffering action is simply the
consequence of two reversible
reactions taking place simultaneously
and reaching their points of
equilibrium as governed by their
equilibrium constants, Ky and K.

PUCYHOK 22. ITapa ounroBokucia
KHCIIOTa K OydepHa cucrtema.
CucreMa 31aTHa norinuaaty ado H*, abo
OH™ 4epe3 000poOTHICTH AMCOLIALIT
onTOBOI KHCJIOTH. JloHOp mHpOTOHAa,
ornroBa kuciora (HAc), micTuth 3amac
3B’s3aHoi  HY, skumit Moxke OyrH
3BUILHEHUN TUIS HeHTpaizaiii
npuenqHaniss OH™ 1o cucremy,
yrBoproroun  H2O. Ile BinOyBaeTbes
toMmy, 1o g0oyrok [H'] [OH™]
TuM4acoBo nepesuirye Kw (1 x 1014
Mz). PiBHOBara MIBUIKO
HAJIAIITOBYETHCS TaK, IO el JO00YTOK
nopisuioe 1 x 107 M? (mpu 25°C), Tum
caMuM TUMYaCOBO 3HIDKYIOUH
KoHIleHTpamito ~ H'.  Ane  3apas
koedimient [H'] [Ac)/[HAc] menmi,
Hix Ka, tomy HAc nani po3nanaerncs,
o6 BiJTHOBUTH piBHOBary.
AHaloriyno, KoH'roraTHa OCHOBa Ac,
MOXKe pearyBaTd 3 ioHamm HT,
JOJJaHUMHU JI0 CHCTEMH; 3HOBY JIBi
peakIiii i0Hi3allii 0JHOYAaCHO PUXOAATh
y piBHOBary. Takum 4uHOM, CIIOTydeHa
KHCIIOTHO-OCHOBHA Tapa, Taka SK
OIITOBA KHUCIIOTA Ta 10H arerary, Mae
TEHJICHIII0 TPOTHCTOATH 3MiHI pH mpu
OJAaBaHHI  HEBEIUKHUX  KUJIBKOCTEN
kucnotu abo ocHow. Jlist Oydepu3artii €
MPOCTO HACHIIJIKOM JIBOX 3BOPOTHHUX
peaxiiii, 110 B110yBarOTHCS
OJIHOYAaCHO 1 JIOCSTal0Th iX TOYOK
pIBHOBaru, sIKi  KepywTbcad  iX
KOHCTaHTamMu piBHOBaru, Ky 1 Ka
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This relatively flat zone is the
buffering region of the acetic acid—
acetate buffer pair. At the midpoint of
the buffering region, where the
concentration of the proton donor
(acetic acid) exactly equals that of the
proton acceptor (acetate), the
buffering power of the system is
maximal; that is, its pH changes least
on addition of H* or OH—". The pH at
this point in the titration curve of
acetic acid is equal to its pK,. The pH
of the acetate buffer system does
change slightly when a small amount
of H" or OH— is added, but this
change is very small compared with
the pH change that would result if the
same amount of H* or OH— were
added to pure water or to a solution of
the salt of a strong acid and strong
base, such as NaCl, which has no
buffering power. Buffering results
from two reversible reaction
equilibria occurring in a solution of
nearly equal concentrations of a
proton donor and its conjugate
proton acceptor. Figure 22
explains how a buffer system
works

Whenever H* or OHis added to a
buffer, the result is a small change
in the ratio of the relative
concentrations of the weak acid
and its anion and thus a small
change in pH. The decrease in
concentration of one component of
the system is balanced exactly by
an increase in the other. The sum
of the buffer components does not
change, only their ratio. Each
conjugate acid-base pair has a
characteristic pH zone in which it
Is an effective buffer (Fig. 21).

Ils BimHOCHO piBHA 30Ha € OydepHOI
30HOK  OydepHOoi mapu  OITOBOI
KHCIIOTa-alerar. Y cepeAHiil Todil
Oydepnoi ob6nacti, g€ KOHIEHTpaLis
JIOHOpa TMPOTOHA (OITOBOI KHCIIOTH)
TOYHO JOPIBHIOE aKIENTOpy IPOTOHA
(amerarty), oydepna MOTYXKHICTh
CUCTEMH € MaKCUMaJIbHOIO; TOOTO HOro
pH 3MiHIO€ETBCA IOHAWMEHIE TIPU
noxaBanHi H" abo OH". pH y wiit Toumi
KpPUBOI TUTPYBaHHS OLITOBOI KHUCIOTHU

nopiBatoe ii  pKa. 3naueHHs pH
areTaTHoi oydepHoi CUCTEMH
HE3HAYHO 3MIHIOETBCS, KOJIH

OAEThCI HEBEJIMKA KuUlbKicTh HY
a6o OH", ane 11 3MiHa € qy’Ke MaJIOkO
MOpiBHAHO 31 3MiHOO pH, 110
MIPU3BEJIE 10 TOTO, K y YHCTY BOIY
JIOJIaAyTh TaKy X KuTbKicTh H™ abo
OH", a6o 10 poO34MHY COJl CHJIBHOI
KHACIIOTH Ta  MIIHOI  OCHOBH,
Hanpuknag NaCl, sxka He Mae
Oydepnoi cwmm. bydepyBanus €
pe3yinbTaTOM  JBOX  OOOPOTHHX
peaKkIiitHuX pIBHOBAT, 10
BUHUKAIOTh Y PO3YMHI MaiKe PIBHUX
KOHIIEHTpAIlil JTOHOpa MPOTOHA Ta
HOro  KOH'IOTOBAHOTO  aKIIeNTOpa
nporoHa. Puc. 22 mosicHIoE, SK
npairtoe OydepHa cuctema.

Koxnoro pazy, xomu g0 Oydepa
nonaetbess Ha6o OH, pesynbratom €
HEBEJIWKA 3MiHA  CIIIBBIJHOIIECHHS
BIIHOCHUX KOHIIGHTpaIii cirabkoi
KHUCJIOTH Ta 1i aHI0HA 1, 0T)KE, HeBEINUKA
3mina pH. 3HWKEHHS KOHIICHTpaIi
OJHOTO  KOMIIOHEHTAa  CHCTEMH
BPIBHOBAXKYETHCS came
30umbIIeHHAM  1Hmoro.  Cyma
KOMITOHCHTIB oydepa HE
3MIHIOETHCS, JIMIIE iX BIJHOIICHHS.
Koxxna  cmomyyHa  KHCIOTHO-
OCHOBHA Mapa Ma€ XapakTepHy 30HY
pH, y skiii BoHa € e(peKTUBHUM

oydepom (puc. 21).
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The H,PO4/HPO42 pair has a pK, of
6.86 and thus can serve as an effective
buffer system between approximately
pH 5.9 and pH 7.9; the NH,*/NHj3 pair,
with a pK, of 9.25, can act as a buffer
between approximately pH 8.3 and pH
10.3

A Simple Expression Relates pH, pKa,
and Buffer Concentration

The titration curves of acetic acid,
H2PO4 , and NH4* (Fig. 18) have nearly
identical shapes, suggesting that these
curves reflect a fundamental law or
relationship.

This is indeed the case. The shape
of the titration curve of any weak acid is
described by  the Henderson-
Hasselbalch  equation, which is
important for understanding buffer action
and acid-base balance in the blood and
tissues of vertebrates. This equation is
simply a useful way of restating the
expression for the dissociation constant
of an acid. For the dissociation of a weak
acid HA into H* and A", the Henderson-
Hasselbalch equation can be derived as
follows:

[H'A]
K=" THaA]
First solve for [H*]:

. .- |HA]
[H"] = K“—Iﬁ i

Then take the negative logarithm
of both sides:

[HA]
[A]

Substitute pH for -log [H*] and
pKa for -log Ka:

—log [H'] = —log K, — log

[HA]
[A7]

Now invert -log [HA]/[A], which
involves changing its sign, to obtain the
Henderson-Hasselbalch equation:

pH = pK, — log
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[Tapa H,PO,/HPO,2 mae pKa 6,86 1,
TaKMM  4YMHOM, MOXE CIYXHUTH
e(heKTUBHOIO Oy(PepHOIO CHCTEMOIO
MK npubauzno pH 5,9 1 pH 7.9;
napa NH;*/NHs, 3 pKa 9,25, moxe
BHUCTYIIATH B sIKOCTi Oydepa mix pH
8,3ipH 10,3

IIpoctuii Bupa3 mnos'szye pH, pKa i
KOHUeHTpaui 0ydepa

Kpusi  tuTpyBaHHA OLITOBO1
xucnotu, HoPOs i NHa™ (puc. 18) marots
Maike OJHaKoOBY (opMy, IO T03BOJISE
MPUITYCTUTH, 1110 11l KPUBI BiI0OpaKaroTh
byHIamMeHTanbHUR 3aKOH abo
B32€MO3B'A30K.

e pnidicno Ttak. d®opma KpHUBOi
TUTPYBaHHS OyIb-sKOI C1a0KOi KHCIOTH
ornucaHa PIBHSHHSIM XeHyepcoHa-
Xaccenpbanpxa, SKE€  BaXIHUBE  UIA
po3yMiHHa OydepHoi nii Ta KHUCIOTHO-
JTy’KHOI PIBHOBAarWm y KpOBI Ta TKaHHUHAX
xpeOeTtHux. lle piBHSHHA — KOPHCHHI
crocid  BITHOBIGHHA  BUpazy  JUiA
KOHCTAaHTH Jucomiamii  kuciotu. Jlus
aucoriarii cabkoi kuciorn HA na H' i A

piBasiast  ['ennmepcona-Xaccenbbanbxa
MOKHa OTPUMATHU TaKUM YUHOM:
[H'IA™]
K,=———
[HA]
Cnovartky Bupinrnite st [H']:
[HA]
H] = Koo
H = K
[ToTiM Bi3bMITH HETATUBHUU
norapudm 000X CTOPIH:
HA
—log [H'] = —log K, — log [[31 ]l

3aminite pH mns -log [H'] 1 pKa
st -log Ka:
[HA]
[A7]

Tenep nosepuits -log [HA]/[A
], mo mependavae 3MiHy MOTO 3HAKY,
o6 oTpuMartu piBHAHHA | eHaepcoHa-
Xaccenbbanpya:

pH = pK, — log



[A~]
[HA] (9)

pH = pK, + log

Stated more generally,

[proton acceptor]
[proton donor]

This equation fits the titration
curve of all weak acids and enables
us to deduce a number of important
quantitative  relationships.  For
example, it shows why the pK, of a
weak acid is equal to the pH of the
solution at the midpoint of its
titration. At that point, [HA] equals
[A], and

pH = pK, + log

pH =pK, + log 1

As shown in Box, the Henderson-
Hasselbalch equation also allows
us to (1) calculate pKa, given pH
and the molar ratio of proton
donor and acceptor; (2) calculate
pH, given pKa and the molar ratio
of proton donor and acceptor; and
(3) calculate the molar ratio of
proton donor and acceptor, given
pH and pKa.

Weak Acids or Bases Buffer Cel
and Tissues against pH Changes
The intracellular

against changes in internal pH
provided by buffer systems.

The cytoplasm of most cells contains
high concentrations of proteins, which
contain many amino acids with
functional groups that are weak acids

or weak bases.

and extracellular
fluids of multicellular organisms have
a characteristic and nearly constant pH.
The organism’s first line of defense

[A7]
[HA] (9)

pH = pK, + log
Buiemn 3aransHO,

[proton acceptor]
H =pK, +1 ; -
P PRa ™ 108 [proton donor]

Ile piBHSHHSA BIANOBIAAE KpUBIN

TUTPYBaHHS BCIiX CIaOKHMX KHCIOT i

J03BOJISIE  HAaM  BUBECTH DS
BAKJIMBUX KITbKICHUX
cmiBBigHOMmEHb. Hampukian, 1e
nokaszye, uoMy pKa cnabkoi

KHCJIOTH JopiBHIOE pH po3umHy B
cepeanHl TOYKH HOro TUTPYBaHHS.
VY ueit moment [HA] mopiBaioe [A7],

= pK, + 0 = pK,

Sx  mokazaHo  BuIIe,
I'enpepcona-Xaccenp0anpxa  TaKOXK
no3Boisie (1) oOuucoutu pKa 3
ypaxyBaHHsiM pH Ta MomspHOro
CHIBBIIHOIICHHS] JOHOpa TNPOTOHA Ta
akuenTtopa; (2) obumciutu  pH,
3a1aHUI pKa Ta MOJISIpHE
CHIBBIIHOIICHHSI JOHOpa TPOTOHA Ta
akienTopa; Ta (3) oOUYKUCIUTH MOJISIPHE
CIIBBIJTHOIIICHHS JIOHOpAa MPOTOHA Ta
aKIenropa, 3 ypaxysanasaMm pH ta pKa.

PIBHSHHS

KaiTuau, mo MicTarh cJaadki
KHCJI0TH 200 OCHOBM I TKAHUHHU
nporu 3minu pH
BHYTpIIIHBOKIITUHHI Ta MO3aKIITUHHI
piaAMHM  OaraTOKJIITUHHUX OpraHi3MiB
MarloTh  XapakTepHMH 1  Maibxe
nocriitauii pH. [lepiia niHig 3axucty
OpraHi3My BiJl 3MiH BHYTPIIIHBOTO
pH 3abe3neuyerbcs  OydepHuMu
cucremamu. l{uTommazma OLIBIIOCTI
KJIITUH MICTUTh BUCOKI KOHIICHTpAITii
OinkiB, sAKi  MICTITh  Oararo
aMIHOKHUCIIOT 13 (PYHKI[IOHAJILHUMU
rpynamu, siki € C1abKMMHU KUCIIOTaMH
a00 ciTabKUMH OCHOBaMH.

Is

IS
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For example, the side chain of
histidine (Fig. 23) has a pK, of 6.0;
proteins containing histidine residues
therefore buffer effectively near
neutral pH. Nucleotides such as ATP,
as well as many low molecular
weight metabolites, contain ionizable
groups that can contribute buffering
power to the cytoplasm. Some highly
specialized organelles and
extracellular compartments have high
concentrations of compounds that
contribute  buffering  capacity:
organic acids buffer the vacuoles of
plant cells; ammonia buffers urine.

CH, CH,
% H [ *H
C—N T (—N
H “cH “CH + H*
%%
HC—N HC—N
H

WORKING IN BIOCHEMISTRY
Solving Problems Using the
Henderson-Hasselbalch Equation
1.Calculate the pKa of lactic acid,
given that when the concentration of
lactic acid is 0.010 M and the
concentration of lactate is 0.087 M,
the pH is 4.80.

Hanpuxman,  OlyHMil  ;aHIor
rictuauny (puc. 23) mae pKa 6,0;
OUIKM, 1110 MICTATh 3aJHIIKHU
TICTUIMHY, TOMY  €(EeKTHBHO
OydepyroTbcs OIT HEUTPaTBLHOTO
pH. Taxi mykmeoruau, sk AT®D, a
TakoX Oarato MeTabodiTIB HHU3bKOI
MOJIEKYJISIPHOT Macu MICTSITh
10HI3YI0Y1 TPYIIH, SIKI MOKYTh CITPUATH
Oydepniit cum 1mTorazMu. Jlesxi
BY3bKOCIICLI1aJII30BAHI OpraHein Ta
MO3aKJIITUHHI  BIIQJIJIEHHI  MalOTh
BHUCOKI KOHIICHTpAIi CHOJYyK, IO
crpusitoTh  OydepHiii  37aTHOCTI:
OpraHiuHi  KUcIoTH  OydepyroTh
BaKyoOJIi POCIMHHUX KIIITHH; aMiadyHU
oydep ceui.
Figure 23. The amino acid
histidine, a component of
proteins, is a weak acid. The pKa
of the protonated nitrogen of the
side chain is 6.0.

Pucynok 23. AMIHOKHCITOTa
rICTUONH,  CKjJaJoBa  OUIKIB
cnabka KHCJIOTA. pKa

POTOHI30BAHOTO a30Ty OIYHOTO

JIAHIIOra CTaHOBUTH 6,0.
MUTAHHSI 3 BIOXIMII
Po3p’si3yBanHs 3a1a4 3a
nonomMorow piBHsiHHs ['engepcona-
Xacceab0aabya

1. Pozpaxyiite pKa  MOJ0YHOI
KHCJIOTH, BPaxOBYHOYH, IO KOJIHU
KOHIICHTpAIlls MOJIOYHOI  KHUCIIOTH

cranoButh 0,010 M, a KoOHIIEHTpaIIis
nakrary - 0,087 M, pH cranoButh
4,80.

[lactate]

pH = pK, + log

[lactic acid]

B [lactate]
pKa = pH — log [lactic acid]
0.087
= 4.80 — log 0.010 4.80 — log 8.7
=4.80 — 0.94 = 3.9 (answer)
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2.Calculate the pH of a mixture of 0.10
M acetic acid and 0.20 M sodium
acetate. The pKa of acetic acid is 4.76.

_ [acetate]
=R [acetic acid]

0.20
= 4.76 + log 010 - 4.76 + 0.30 = 5.1 (answer)

3.Calculate the ratio of the
concentrations of acetate and acetic
acid required in a buffer system of pH
5.30.

pH = pK, + log

[acetate]

0 [acetic acid]

[acetate]

[acetic acid] AL
To see the effect of pH on the
degree of ionization of a weak acid,
see the Living Graph for Equation 9.
Solving Problems Using the
Henderson-Hasselbalch Equation
1.Calculate the pKa of lactic acid,
given that when the concentration
of lactic acid is 0.010 M and the
concentration of lactate is 0.087 M,
the pH is 4.80

pH —

2. Pozpaxyiite pH cymimi 0,10 M
onroBoi kucaotu Ta 0,20 M
anerary Hatpito. PKa omnroBoi
KUCIIOTH - 4,76.

[acetate]

AL ARl [acetic acid]

0.20
= 4.76 + log 010 - 476 + 0.30 = 5.1 (answer)

3. PospaxyiiTe CHiBBIIHOIICHHS
KOHIICHTpAIli{l arieTaTy Ta OITOBOI
KHUCITIOTH, HeOOX1THUX y OydepHiit
cuctemi pH 5,30.

[acetate]

[acetic acid]

pK,

5.30 — 4.76 = 0.54

0.54 = 3.5 (answer)

[[{o6 mo6auntn BruuB pH Ha
CTYyMiHb 10H13aIlii cJ1a0KO1 KUCJIOTH,
nuB. JKuswuii rpadik piBHIHHS 9.
Po3B’s3yBaHHs 3amay 3a JONOMOIOKO
PIBHSIHHS I'ennepcona-
Xaccennpbanpya
1.  Pospaxyitte pKa
KHCJIOTH, BpaxXxOBYIOYH, M0 KOJH
KOHIIGHTpAI[is MOJOYHOI  KHCIIOTH
cranoButh 0,010 M, a KOHIIEHTpaIis

nakrary - 0,087 M, pH cranoBurs
4,80.

MOJIOYHO1

[lactate]

pH = pK; + log

[lactic acid]

_ [lactate]
LSS [lactic acid]
0.087
= 4.80 — log 0.010 4.80 — log 8.7
= 4.80 — 0.94 = 3.9 (answer)
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2.Calculate the pH of a mixture of 0.10
M acetic acid and 0.20 M sodium
acetate. The pKa of acetic acid is 4.76.

2. Pospaxyiite pH cymimi 0,10 M
onroBoi kwuciaoru Ta 0,20 M
aneratry Hatpito. PKa onroBoi
KuUciotu - 4,76

[acetate]

pH = pK; + log

_ 0.20
= 4.76 + log 0.10
3.Calculate the ratio of the

concentrations of acetate and acetic
acid required in a buffer system of pH
5.30.

pH = pK; + log

[acetate]

=476 + 0.30 = 5.1

|acetic acid]

(answer)

3. PospaxyiiTe CHiBBITHOIIICHHS

KOHIIEHTpaIlii  ameraty  Ta

OIITOBO1 KUCJIOTH, HEOOXITHUX Y

oydepniit cucremi pH 5,30.
[acetate]

[acetic acid]

log = pH — pK,

[acetic acid]

= 5.30 —

[acetate]

[acetic acid]

To see the effect of pH on the
degree of ionization of a weak acid, see
the Living Graph for Equation 9.

Two especially important
biological buffers are the phosphate and
bicarbonate systems. The phosphate
buffer system, which acts in the
cytoplasm of all cells, consists of
H,PO4 as proton donor and HPO4? as
proton acceptor:

H.PO; — H'" + HPO?

The phosphate buffer system
IS maximally effective at a pH
close to its pK, of 6.86 (Figs 2-16,
2—18) and thus tends to resist pH
changes in the range between
about 5.9 and 7.9.
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= antilog 0.54 = 3.5

4.76 = 0.54

(answer)

[[{o6 mobauntn BrmMB pH Ha

CTYMiHb 1oHI3amli  cimabkoi
KUCIIOTH, AuB. JKuBuii rpadik
piBHSIHHS 9.

JIBa 0COOJIHMBO Ba)KJIUBHUX
6iomoriunux Oydepa — dpocdarna
Ta  OlkapOOHAaTHAa  CHUCTEMH.
docharna Oydepna cucrema,
gKa Jil€ y IUTOIUIa3Mi BCIX
KIiTHH, ckiamaeTbest 3 HoPOy sk
noHopa mporoHa Tta HPO4? sk
aKIenropa MPOTOHA:

H.PO, == H' + HPO}

®docdarna OydepHa cucrema €
MaKCUMaJIbHO €(EKTHBHOIO IMpHU
pH, 6nu3bkomy 1o ii pKa 6,86
(puc. 2-16, 2-18), 1, oTxe, Mae
TEHJICHITI0 TPOTUCTOSITH 3MIHAM
pH y nmiama3oni npuOIM3HO BiX
5,9 107,9



It is therefore an effective buffer
in biological fluids; in mammals,
for example, extracellular fluids
and most cytoplasmic
compartments have a pH in bthe
range of 6.9 to 7.4. Blood plasma
Is buffered in part by the
bicarbonate system, consisting
of carbonic acid (H.CO3) as
proton donor and bicarbonate
(HCO3Y) as proton acceptor:

Tomy BiH € edekTUBHUM Oydepom y
010JIOTIYHUX PIIWHAX; HAMPUKIIA, Y
CCaBIlIB TMO3aKJITHHHA pIIMHA Ta
OUIBIIICTD UTOIUIA3MATUYHUX
BiJIJIIeHh MatoTh pH y Mexax Bif 6,9
no 7,4. IlmasmMa KpoBI YacTKOBO
Oydepusyerbcst 32 JOIMOMOTOIO
CUCTEMU OixkapOoHaTiB, 101(0)
CKIIAZIAEThCS 3 BYTJICKUCIIOTH
(H.CO3) sx pmoHOpa TIpOTOHA, 1
oikapoonary (HCO3") ax akmentopa
MPOTOHA!

H:CO; == H" + HCO;

K, =

This buffer system is more
complex than other conjugate acid-
base pairs because one of its
components, carbonic acid (H.CO3),
is formed from dissolved (d) carbon
dioxide and water, in a reversible
reaction:

_ [H'J[HCO3]
[H,CO4

I[Is Oydepna cucrema € OUIBII
CKJIaJHOIO, HIK 1HIII KOH'IOTOBaHI
mapd  KUCJOTHO-IYXXKHOI  TapH,
OCKIJTBKM OAWH 13 i1 KOMIIOHCHTIB,
BYTJICKHCIIOTA (H2COg),
YTBOPIOETBCST 3  po3unHeHoro (d)
BYTJIEKHCIIOTO Ta3y Ta BOJIU Y
3BOPOTHIN peaKIii:

COs(d) + HaO =—= HsCO4

E¢=

[HsCO4]

27 [CO4(d)][H,0]

Carbon dioxide is a gas under
normal conditions, and the
concentration of dissolved CO; is the
result of equilibration with CO, of the

gas (g) phase:

JIBOOKMC Byrjeur — He ra3 y
3BHYAallHUX YMOBax, a KOHUEHTpaLis
pozunneHoro CO; € pe3ynbTaTomM
piBHoBaru CO; razoBoi () ¢a3u:

K,

The pH of a bicarbonate buffer
system depends on the concentration
of H,CO; and HCOj, the proton
donor and acceptor components

. [C':'E'urd”

pH OydepHnoi cucremu GikapOboHarty
3aIeKUTh BiJl KoHieHTparii H2CO3
ta HCO3-, KOMIOHEHTIB JI0HOpa
IIPOTOHA Ta aKIENTOpa

68



The concentration of H,COs in
turn depends on the concentration
of dissolved CO,, which in turn
depends on the concentration of
CO; in the gas phase, called the
partial pressure of CO,. Thus the
pH of a bicarbonate buffer exposed
to a gas phase is ultimately
determined by the concentration of
HCOs in the aqueous phase and
the partial pressure of CO; in the
gas phase (Box ).

Human  blood plasma
normally has a pH close to 7.4.
Should the pH-regulating
mechanisms fail or be
overwhelmed, as may happen in
severe uncontrolled diabetes when
an overproduction of metabolic
acids causes acidosis, the pH of the
blood can fall to 6.8 or below,
leading to irreparable cell damage
and death. In other diseases the pH
may rise to lethal levels

Although many aspects of cell
structure and  function are
influenced by pH, it is the catalytic
activity of enzymes that is
especially  sensitive. Enzymes
typically show maximal catalytic
activity at a characteristic pH,
called the pH optimum (Fig. 24).
On either side of the optimum pH
their catalytic activity often
declines sharply. Thus, a small
change in pH can make a large
difference in the rate of some
crucial enzyme-catalyzed
reactions. Biological control of the
pH of cells and body fluids is
therefore of central importance in
all aspects of metabolism and
cellular activities

Konnentpanis H2CO3, y cBoio uepry,
3aJIEKUTH BIJI KOHIICHTpAIlii
po3zunneHoro CO2, sika, B CBOIO 4EPTY,
3aJIeKUTh Bl KoHueHTpamii CO2 B
razopiii  ¢asi, 3BaHOI TapIllaJbHUM
tuckom CO2. Takum umHOM, pH
riapokapOOHATHOTO oydepa, 110
MiIIA€ThCS BIUIUBY Ta30BOi (a3, B
KIHIICBOMY  paxyHKy  BHU3HAYa€ThCS
konneHntpamiero HCO3z y Bomi Ta
¢dazoBuMm Tuckom CO; y ra3oBiil ¢asi
(Bcragka).

[Tnazma KpoBi JIOAWHM 3a3BUYAl
Mae pH, Omu3pkuit g0 7,4. Skmio
MeXaH13MH peryitoBaHHs pH BUXonats 3
Jaxy abo TepeBaHTaXYIOThCS, SK II€
MOXKe CTaTHUCS npu BAKKOMY
HEKOHTPOJILOBAHOMY  Jl1a0eTi,  KOJH
HaJIBUPOOHHUIITBO META0OIYHUX KHUCIIOT
BUKJIMKae anunao3, pH kpoBi Moxke
BractTu 1o 6,8 abo HmKYe, IO
MIPU3BOUTH 70 HEITOTIPABHOTO
MONIKO/KEHHS KJIITUH Ta 3arudeni. [Tpu
IHMMX  3axBOproBaHHAX pH  moxke
M1THIMATUCSA JI0 JICTAIBHOTO PiBHS.
Xoya Ha Oarato acmekTiB OyAOBH Ta
¢bynkuii xmtuH BrumBae pH, aine
0COOMBO KaTtacTpodiyHa aKTHUBHICTb
dbepMeHTIB € 0COOJMBO  YYTJIUBOIO.
depMeHTH, SK TPaBUIIO, MPOSIBISIOTH
MaKCUMaJIbHy KaTaJITUYHY aKTHUBHICTb
IIpY XapakTepHoMy pH, KKl HA3UBAKOTH
ontumasibhuM pH (puc. 24). Ilo oOunBa
0ok BiA onTumanbHoro pH  ix
KaTaJliTUYHa aKTUBHICTh YacTO Pi3KO
3HIKYEThCSI. TakuM YHMHOM, HEBEIUKA
3miHa pH Moxe mpu3BecTH 10 3HAYHOI

PI3HUII y MIBUIKOCTI JNESIKUX
BUPIIATBHUX peaxiiii, 10
KaTalmi3yloThcsi  (epMeHTamu. Tomy

OlomoriyHuii KoHTpodb pH kimiTHH 1
PIIVH OpraHi3My Ma€ TOJIOBHE 3HAUYCHHS
y BCIX acmekrax MeradoiizMy Ta
KJIITUHHOI JISUIBHOCTI
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Vs Pepsin

Trypsin
\

Percent maximum activity
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S
I

MAlkaline
phosphatase

Buffering against pH Changes in
Biological Systems

m A mixture of a weak acid (or
base) and its salt resists changes in
pH caused by the addition of H* or
OH™ The mixture thus functions as a
buffer.

m The pH of a solution of a
weak acid (or base) and its salt is
given by the Henderson- Hasselbalch
equation:

[HA]
[A ]

pH = pK; — log

m In cells and tissues,
phosphate and bicarbonate buffer
systems maintain intracellular and
extracellular ~ fluids at their
optimum  (physiological) pH,
which is usually close to pH 7.
Enzymes generally work
optimally at this pH.

70

Figure 24. The pH optima
of some enzymes. Pepsin is a
digestive enzyme secreted into
gastric juice; trypsin, a digestive
enzyme that acts in the small
intestine; alkaline phosphatase of
bone tissue, a hydrolytic enzyme

thought to aid in bone
mineralization.
Pucynoxk 24. OnTtumanbHuii

noka3Huk pH aeskux ¢epMeHTiB.

[lencun — TpaBHUH QepMEHT, 110

BUJUISIETbCA Y NUTYHKOBHH CIK;

TPUIICUH, TpaBHUU  (epMeHT,

SAKUU JIi€ Y TOHKOMY KHUIIICYHUKY;

aykHa  QocdaTtaza  KICTKOBOI

TKaHUHH, T1APOI TUYHUM

dbepMeHT, SKHd, SK BBaXKaIOTh

JIoTIOMarae y MiHepani3aiii KiCTOK
Bydepusaunia nporu 3minu pH y
0ioJIOriYHMX cHcTeMax
m Cymim crnabkoi kucimotu (abo
OCHOBM) Ta ii COJIi YMHHUTH OIMIp
3MiHAM pH, CHPUYUHEHUM
nonasanHsaM H' a6o OH™. Takum
YUHOM, CyMilll (YHKIIOHYE SIK
Oydep.

mpH po3umny  crabkoi

KHCJIOTH (200 OCHOBH) Ta HOTO COJIl
BHU3HAYAIOTh PiBHSHHSIM
Xenaepcona-Xaccenboanbxa
[HA]

(A1

m VY KIiTHHaX 1 TKaHWHaX

Oydepni cucremu docdariB 1
OikapOOHaTIB MIATPUMYIOTh
BHYTPIIIHBOKIIITUHH1 Ta
MO3aKJIITUHHI ~ PIIMHA TPU  iX
onTUMaIbHOMY  ((hi310I0TTHHOMY)
pH, sikuii 3a3Buuail OIM3BKUNA 10
pH 7. ®epmeHTH, K IpaBuio,
ONTHMAJBHO  TPAIIOIOTh  TIPH
usomy pH.

pH = pK, — log



BIOCHEMISTRY IN MEDICINE
Blood, Lungs, and Buffer:
The Bicarbonate Buffer System
In animals with lungs, the
bicarbonate buffer system is an
effective physiological buffer near
pH 7.4, because the H,CO; of blood
plasma is in equilibrium with a large
reserve capacity of CO2(g) in the air
space of the lungs. This buffer system
involves three reversible equilibria
between gaseous CO; in the lungs
and bicarbonate (HCO3") in the blood
plasma (Fig.25).

BIOXIMIsI B MEJIUIIUHI

Kpos, Jsereni ta 0ydep: bydepna
cucreMa OikapOoHaTy

Y tBapun 3 JjereHsMmu OydepHa
cucrema OikapOoHATy € epeKTUBHUM
dbi3io10riyHUM Oydepom nodauzy pH
7,4, ockinbku HyCOs; mmasmu KpoB.i
3HAaXOJIUTHCS y PIBHOBA31 3 BEIUKOIO
pesepBHOIO 3maTtHicTIO COZ (T) y
MOBITPSAHOMY TpOCTOpi JiereHiB. Lls
OydepHa cucrema mnepeadadae TpH
000pOTHI piBHOBaru MiX
razonoAionum CO, y nereHsix Ta
oikapoonarom (HCO3) y mna3mi
KpoBi (puc.25).

H* + HCOg
A

reaction 1

Aqueous phase H‘-’,C e

(blood in capillaries) reaction 2

1,0 —|[ 1,0
4
CO,(d)

reaction 3

Figure 25. Reversible equilibria
between gaseous CO; in the lungs
and bicarbonate (HCOj3) in the
blood plasma.

Pucynok 25. PiBHOBaru Mix
razononionuM CO; y JnereHsx Ta
o0ikapoonarom (HCO3) y mnazmi

Gas phase
(lung air space)

CO,(g)

KpOBI.

When H* (from lactic acid produced
In muscle tissue during vigorous
exercise, for example) is added to
blood as it passes through the tissues,
reaction 1 proceeds toward a new
equilibrium, in which the
concentrationof H,COs is increased.
This increases the concentration of
COy(d) in the blood plasma (reaction
2) and thus increases the pressure of
COy(g) in the air space of the lungs
(reaction 3); the extra CO, is exhaled.
Conversely, when the pH of blood
plasma is raised (by NHs production
during protein catabolism, for
example), the opposite events occur:
the H* concentration of blood plasma
is lowered, causing more H,CO; to
dissociate into H and HCOg3™. This in
turn causes more COy(g) from the
lungs to dissolve in the blood plasma.

Komu H' (mampuknaa,  Mojo4Ha
KHCJIOTa, IO YTBOPIOETHCS y M S30Bid
TKaHWHI TIiJi Yac EHEePriiHUX BIIPAB)
JIOTAE€THCS 10 KPOBI MPU MPOXOIKEHHI
yepe3 TKaHWHHU, peakuis | mepexoauThb
0  HOBOi  piBHOBar", y  SKiid
koHueHrpaiiist H2COz 36inbmryetses. Le
30inbpInye konmeHtparito CO2 (d) y
mia3Mi KpoBi (peakiis 2) 1, TakuM
yuHOM, 30umbIIye THCK CO2 (g) vy
MOBITPSIHOMY ITPOCTOP1 JIETEHIB (peaxiis
3); 3aitBuii CO2 BuauxaeThes. | HaBnakw,
npu miaBuineHHi pH mmasMu  KpoBi
(nanpuknaz, npu BupoOHUTBI NH3 min
yac KaraboJi3My OLUIKa) TparuisitoThCs
NPOTHIICKHI TOii: KoHIeHTpamis H y
IUIa3Mi KpOBI 3HMXKYETHCS, BHACIIIOK
yoro O0inpire HoCO3 nucomniroe va H* ta
HCO3s Lle, y cBotO 4epry, Opu3BOJIUTh
0 TOTO, IO B TIUIa3Mi KpPOBI
po3unHsieTbcst Outbme CO2 (T) 13
JIETEHIB.
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The rate of breathing—that is, the
rate of inhaling and exhaling
CO2——can quickly adjust these
equilibria to keep the blood pH
nearly constant.
The CO: in the air space of the
lungs is in equilibrium with the
bicarbonate buffer in the blood
plasma passing through the lung
capillaries. Because the
concentration of dissolved CO> can
be adjusted rapidly through
changes in the rate of breathing,
the bicarbonate buffer system of
the blood is in near-equilibrium
with a large potential reservoir of
CO..

Water as a Reactant
Water is not just the solvent in which
the chemical reactions of living cells
occur; it is very often a direct
participant in those reactions. The
formation of ATP from ADP and
inorganic phosphate is an example of
a condensation reaction in which the
elements of water are eliminated
(Fig. 26a).

The reverse of this reaction—
cleavage accompanied by the
addition of the elements of water—is
a hydrolysis reaction. Hydrolysis
reactions are also responsible for the
enzymatic  depolymerization  of
proteins, carbohydrates, and nucleic
acids. Hydrolysis reactions, catalyzed
by enzymes called hydrolases, are
almost invariably exergonic. The
formation of cellular polymers from
their subunits by simple reversal of
hydrolysis (that is, by condensation
reactions) would be endergonic and
therefore does not occur.

[IIBuakicTe OUXaHHA — TOOTO
MBUJIKICTh BAUXy 1 Buauxy COz —
MOXE IIBHUIKO PpEryJIroBaTH  IIi
piBHOBard, 100 MiATPUMYBATH
p1BEHb KPOBI1 Mal’ke NOCTIHHUM.

CO; y moBITpSHOMY IIPOCTOPI JICTEHIB
3HAXOJIUThCS y pi1BHOBA31 3
OikapOoHatHUM Oydepom y 1Ia3Mi
KPOBI, III0 MPOXOAHTH Yepe3 JEreHEBI
karimsapu. OCKIJIBKM KOHIIEHTPALIIFO
pozunHeHoro COz MOKHa IIBUJKO
pEeryJiloBaTh 3a JOMOMOTrOK 3MIHU
IMIBUJIKOCTI  nuxaHHs, OydepHa
cucrema OikapOoHaTy KpOBI
3HaXOIUTHCSA y Mamnxe
PIBHOB&XKHOMY CTaHI 3 BEJIMKUM
noTeHiHuM pesepByapom CO2

Boaa sk peareHr
Bopa - nie He nIpoCTO PO3YMHHUK,
y sAKOMY BiJIOyBalOThCS XIMIYHI
peaxiiii )KUBUX KIIITUH; TyXKe 4aCTO
€ 0e3mocepe/IHiM YYaCHUKOM IUX
peakuiil. YrBopenua AT® 3 A1
Ta Heopra"iyHoro docdary e
MPUKIIAJIOM peakilii KOHJEHCAIlll,
opu  SKi  €IeMEHTH  BOJH
BUBOJIATHCS (puc. 26a).

3BOpoTHUI OIK M€l peakiii —
PO3IICTITICHHS], III0 CYTTPOBOIKYETHCS
OJaBaHHSIM €JIEMEHTIB BOIU —
peakuis rigpomaizy. Peakuii rigpomnizy
TaK0K BIJIITOB1IAIOTH 3a
(dbepMEeHTaTUBHY  JICTIONIMEPU3AIIIO
OUIKIB, BYIJIEBOJIB Ta HYKJICTHOBUX
KHCJIOT. Peakmii  rigpomisy, 110
KaTami3yloThCcsi  (epMEHTaMu,  SKi
HA3WBAIOTh  TiApoia3aMu, Manxe
HE3MIHHO € €K30PTOHIYHUMHU.
YTBOpEeHHS KIITUHHUX MOJIMEpPIB 13
iX cyOOAMHMIIP TPOCTHM 3BOPOTOM
riapoi3y (TobTO peakiisiMu
KOHJIeHCcallii) 0ysi0 6 eHaeproHIYHIUM
1 TOMY HE B1JI0yBa€ETHCS.
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Figure 26.

o ¢ ? ' Participation  of
H-—O-FAJ-{]’—U' + H,0 &= R—0—P—0H + HO—P—0~  Wwater in biological
(E:r (E)— o o reactions. (@)
(ATP) (ADP) ATP is a
Phosphoanhydride (a) phOSphoanhydride
formed Dby a
0 0 condensation
R—(J—;i’—(}' +H,0 == R—OH + 1—14;_}—?*—{r reaction (loss of
& - the elements of
Phosphate ester Water) between
) ‘ (b) ADP and
o 0 phosphate. R
R"—(.{ + H,0 === i‘{l—(:'f + HO—R? represents
OR? OH adenosine
Carboxylate ester monophosphate
’ (c) (AMP).
0 0 5 o This _condensat_lon
. N s I reaction requires
R—C—0—P—0" + H,0 == R—C_ +HO—P—0 energy
0- OH 0" '

Acyl phosphate
cyl phosphate ()

The hydrolysis of (addition of the elements of water to) ATP to form ADP
and phosphate releases an equivalent amount of energy.Also shown are some
other condensation and hydrolysis reactions common in biological systems
(b), (c), (d).

Pucynok 26. Yyacte Boam y Oiomoriunux peakmisx. (a) AT® — me
dbocdoanriipus, YTBOPEHHMM peakili€el0 KOHJEHcallli (BTpaTa e€JIEeMEHTIB
Boau) Mk AJI® 1 dpochaTtom. R — monodocdhar anenozuny (AMP). L
peakiiis koHAeHcalli norpedye eHeprii. ['imponi3 (1omaBaHHS €JIEMEHTIB
Boau) 10 AT® 3 yrBopeHHsiM AJID Ta dochary BUBLIbHSE €KBIBAJICHTHY
KUTBKICTh eHeprii. IlokazaHi Takok AesKl 1HIN peakilii KOHJEHcalll Ta
riApoi3y, nomupeHi y 6ionoriuaux cuctemax (b), (c), (d).

As we shall see, cells Sk Mu mobauynmo, KIIITUHHU
circumvent this thermodynamic o0xomsiTe 10  TEPMOAMHAMIYHY
obstacle by coupling endergonic mepemikomy, 3'€IHYHOUHM — peaxiiil
condensation reactions to exergonic enaeproHiuHoi  KOHJICHcallii  Ha
processes, such as breakage of the exceproniuni mnporecu, Taki sK
anhydride bond in ATP. pPO3pUB  AHTHIPHUIHOTO 3B'A3KYy B

ATO.

73



Water and carbon dioxide are the
end products of the oxidation of
fuels such as glucose. The overall
reaction can be summarized as

Bona ta Byrmekucnuii ra3 € KiHIIEBUMUA
NPOAYKTaMHU OKHCIIECHHS TaJHUB, TaKUX
SK TJIIOKO3a. 3arajbHy pPeakiliio MOXKHa
M1JICYMYBaTH SIK

Glucose

The “metabolic  water”
formed by oxidation of foods and
stored fats is actually enough to
allow some animals in very dry
habitats (gerbils, kangaroo rats,
camels) to survive for extended
periods without drinking water.

The CO, produced by
glucose oxidation is converted in
erythrocytes to the more soluble
HCOs, in a reaction catalyzed by
the enzyme carbonic anhydrase:

“MeTtaboJiiuga Boxa” 110
YTBOPIOETHCS TP OKHUCIICHH] MPOTYKTiB
Xap4yBaHHS Ta KHPIB, 110
30epiraloTbcs, HACOpaBlIl JOCTaTHS,
mo0 JesKkli TBapUHU HA JyXKe CYXUX
MICISIX ICHYBaHHS (MIIIAHKH, KEHTYPY

nypyd, BepOJOad) TpUBAIMNA  Yac
BIDKMBAJIU 0€3 MUTHOI BOJIU.
CO;, MmO yTBOPIOETHCA TpHU

OKHCJICHHI TJTIOKO3HU, IEPETBOPIOETHCS B
ESPUTPOLIUTAX JI0 OLIBII PO3YUHHOI
HCO; y peakmii, Karaii3oBaHii
(hepMEHTOM BYTJIEKHCIIOI aHT1Apa30lo;

CO; + H,O0 =— HCO: + H"

In this reaction, water not
only is a substrate but also
functions in proton transfer by
forming a network of hydrogen-
bonded water molecules through
which proton hopping occurs
(Fig.14).

Green plants and algae use
the energy of sunlight to split water
in the process of photosynthesis:

2H-0 + 2A

In this reaction, A is an
electron-accepting  species,
which varies with the type of
photosynthetic organism, and
water serves as the electron
donor in an
oxidationreduction sequence
that is fundamental to all life.

VY 1wl peakilii Boja € HE TUIbKU
cyOctpatoMm, aine W (QyHKIIOHYyE Yy
nepeiadl  OpOTOHIB,  YTBOPIOIOUU
MEpeXy MOJIEKYJ BOJHU, TOB'SI3aHOI 3
BOJHEM, 4Yepe3 sKy BiIOyBa€eThCs
MPOCKaKyBaHHS MPOTOHIB (puc. 14).

3e5ieHl POCIMHU Ta BOJAOPOCTI
BUKOPUCTOBYIOTh €HEPTil0 COHSYHOTO
CBITJIA IS PO3LICIUICHHS BOAU Y
nporieci (POTOCUHTE3Y:

light [}2 o EAHE

—

£ 18070 peakiii A — e
€JEKTPOHOAKIIENTOP, IO  MpuiiMae
€JIEKTPOH, SKUN 3MIHIOETHCA 3aJI€KHO
BiJl TUITY (OTOCHUHTETUYHOTO
OpraHiamy, 1 BoJa BHCTYIA€ JIOHOPOM
€JICKTPOHIB y MOCJ1JOBHOCTI
BiJIHOBJICHHSI OKUCITFOBAJILHOT PEIYKITIi,
AKa € OCHOBOIIOJIOKHOIO [UJIsi BCHOIO
HKUTTSL.
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Water as a Reactant
mWater is both the solvent in which
metabolic reactions occur and a

reactant in  many biochemical
processes, including hydrolysis,
condensation, and oxidation-

reduction reactions.

The Fitness of the Aqueous
Environment for Living
Organisms

Organisms have effectively adapted
to their aqueous environment and
have evolved means of exploiting the
unusual properties of water. The high
specific heat of water (the heat energy
required to raise the temperature of 1
g of water by 1C) is useful to cells
and or ganisms because it allows
water to act as a ‘“heat buffer,”
keeping the temperature of an
organism relatively constant as the
temperature of the surroundings
fluctuates and as heat is generated as
a byproduct of metabolism.
Furthermore, some  vertebrates
exploit the high heat of vaporization
of water (Table 1) by using (thus
losing) excess body heat to evaporate
sweat. The high degree of internal
cohesion of liquid water, due to
hydrogen bonding, is exploited by
plants as a means of transporting
dissolved nutrients from the roots to
the leaves during the process of
transpiration. Even the density of ice,
lower than that of liquid water, has
Important biological consequences in
the life cycles of aquatic organisms.
Ponds freeze from the top down, and
the layer of ice at the top insulates the
water below from frigid air,
preventing the pond (and the
organisms in it) from freezing solid.

Boaa sk pearent

m Boma — po3umHHUK y SKOMY
B110YBaIOTHCS METa0OIIYHI peakKilii,
TaKk 1 peakTaHT y 0araTbox
010XIMIYHUX TIpoIlecax, BKIIOYAIOUH
peakiiii Tiapoii3y, KOHJEHcalli Ta
OKHUCJICHHS-B1JHOBJICHHS.

HpuaarHicTh BO/JHOI'0
cepeloBHIIA IS JKHUBHUX
OpraHi3miB

OpraHizmMu eeKTUBHO IPUCTOCYBAIINCH
JI0 CBOTO BOJHOIO CEpelOoBUINA Ta
PO3BUHYIIHUCA 3aC00aMU BUKOPUCTaHHS
HE3BUYHHUX BJIIACTHBOCTEH BOoaM. Brcoka
MMATOMa TEIIOEMHICTh BOAM (TEIIoBa
eHepris, HeoOXimHa IS TIiIBUIICHHS
temneparypu 1 r Bogu Ha 1C), kopucHa
KJIITUHAM 1/ab0 opraHi3Mam, OCKIJTbKH
JIO3BOJIAE BOJI MISATH SK ‘“‘TEIUIOBUU
Oydep”, 30epiraroum  TeMmeparypy
OpraHizmy B1JIHOCHO MOCTINHO,
OCKUTBKH TeMITepaTypa HaBKOJIHUIITHBOTO
CEpe/IOBUINIA KOJMUBAETHCSI 1 TEIUIO
YTBOPIOETHCSA K TOOIYHHN TMPOTYKT
Metabomizmy. Kpim  Toro,  mesiki
XpeOeTHI  BHUKOPHUCTOBYIOTH  BUCOKY
TEIJIOTY BUIIApOBYBaHHsI BoH (Tab. 1),
BUKOPUCTOBYIOUM  (TaKMM  YHHOM
BTpayaroyur) HaUIMIIKKU Teria Tijia JUis
BUIIAPOBYBAaHHA MOTY. Bucokuii cTymninb
BHYTPIIIHBOI ~ 3TypTOBAHOCTI  PIiJIKOi
BOJM 3a PAXYHOK BOJIHEBOTO 3B’SI3KY
BUKOPHUCTOBYETHCSI POCIIMHAMH SIK 3aci0
TPAHCTIOPTYBAHHSI PO3YMHEHHX
MOKUBHUX PEUYOBUH BIJI KOPEHIB J10
nucTs y mporeci Tpancmiparnii. HaBiTh
IIUIBHICTh JIBOJY, HIDKYA, HIK Yy
piaKOi BOJM, Ma€ BXXJIMBI O10JI0T1UH1

HACIIKK Yy  KUTTEBUX  IUKIIAX
BOJTHUX OpraHi3MiB. CraBku
3aMep3aloTh 3BEpXy BHH3, a Imap

JHOJIY BTOP1 130J10€ BOAY 3HHU3Y BIJ
XOJIOJTHOTO TIOBITPSI, HE JJAIOYH CTaBY
(1 opranizMaMm y HbOMY) 3aMEP3HYTH
TBEPIOMY TLIY.
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Most fundamental to all living
organisms is the fact that many
physical and biological properties of
cell macromolecules, particularly the
proteins and nucleic acids, derive
from their interactions with water
molecules of the surrounding
medium. The influence of water on
the course of biological evolution has
been profound and determinative. If
life forms have evolved elsewhere in
the universe, they are unlikely to
resemble those of Earth unless their
extraterrestrial origin is also a place
in which plentiful liquid water is
available.

HaiiBaxnuBimmmM JUIT BCIX JKUBHUX
OpraHi3MiB € TOH (akrt, 1o Oarato
b13uaHUX Ta 010JI0TTYHUX
BJIACTUBOCTEHN KITITHHHIX
MaKpOMOJIEKYJI, 30KpeMa OLIKIB Ta
HYKJIETHOBUX KUCJIOT, BUTUIUBAIOTH 13
iX B3aeMoJli 3 MOJEKyJIaMH BOJHU
HAaBKOJIUIITHLOTO cepeoBuIna. Brums
BOJAM Ha XiJ OIOJOTIYHOI E€BOJFOIIIT
OyB TAMOOKMM 1 BHU3HAYaJIHHUM.
ko KUTTEBI dbopmu
€BOJIIOIIOHYBIM B 1HIIUX MICIIX
BcecBiTy, BOHM HaBpsg 4u OyayTh
CXO0K1 Ha 3€MHI, SKIIO IX [103a3eMHE
MOXO/PKEHHSI TAKOXK HE € MICIIEM, JIE €
6araro pinkoi Boqu (puc.25).

SHALLOW-WATER
HYDROTHERMAL
VENTS

SEA ICE, PERMAFROST
AND POLAR REGIONS

COLD SEEPS AND
MUD VOLCANOES

DEEP-SEAANOXIC , DE
LAKES AND BRINES ~ HYDROTHERMAL

M
VENTS

HOT-SPRINGS,
FUMAROLES AND
MUD VOLCANOES

HYPERACIDIC LAKES
AND VOLCANOES

DESERTS AND
ARID ENVIRONMENTS

ACID MINE
DRAINAGE

Figure 25.
Adqueous
environments
support
countless
species. Soft
corals, sponges,
bryozoans, and
algae compete
for space on this
reef  substrate
off the
Philippine
Islands

Pucynok 25. Boane cepefoBuiie niaTpuMye HE3J1UYEHHY KUIbKICTh BU/IIB.
M’siki kopasu, TyOKH Ta BOJOPOCTI 3MararoThCsl 3a MiCIIe Ha I[bOMY
pudoBomy cyocTpati 61151 DUTINMTIHCEKUX OCTPOBIB
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Tasks

1. Simulated Vinegar One way
to make vinegar (not the
preferred way) is to prepare a
solution of acetic acid, the sole
acid component of vinegar, at
the proper pH (see Fig. 15) and
add  appropriate  flavoring
agents. Acetic acid (Mr 60) is a
liquid at 25°C, with a density of
1.049 g¢g/mL. Calculate the
volume that must be added to
distilled water to make 1 L of
simulated vinegar (see Fig. 16).

2. Acidity of Gastric HCI

In a hospital laboratory, a 10.0 mL
sample of gastric juice, obtained
several hours after a meal, was
titrated with 0.1 M NaOH- to
neutrality; 7.2 mL of NaOH- was
required. The patient’s stomach
contained no ingested food or drink,
thus assume that no buffers were
present. What was the pH of the
gastric juice?

3. Measurement of Acetylcholine
Levels by pH Changes

The concentration of acetylcholine (a
neurotransmitter) in a sample can be
determined from the pH changes that
accompany its hydrolysis. When the
sample is incubated with the enzyme
acetylcholinesterase, acetylcholine is
quantitatively converted into choline
and acetic acid, which dissociates to
yield acetate and a hydrogen ion:

/8

3axaui

1. Imitamis Oury Opnum i3
Croco0iB MPHUTOTYBaHHA OUTY (HE
Kpalyum criocobom) €
MPUTOTYBaHHS PO3YMHY OIITOBOI
KHUCJIOTH, €IWHOTO  KHUCJIOTHOTO
KOMIIOHEHTa OIITY, npu
npaBuwibHOMY pH (1uB. Puc. 15) ta
JIOJaBaHHS BIIIIOBITHUX
apomatu3atopiB. OmTOBa KHCIIOTa
(Mr 60) - wme pigdHa 1§pu
temneparypi 25 ° C, UIUIBbHICTD
1,049 r/ma. O64ucaiTh 00’ €M, IKUI
HEOOX1THO IOIATH bi (o)
JTUCTUIILOBAHOI BOJIH, 11100 3po0UTH

1 1 imitoBaHoro oury (mauB. Puc.
16).

2. Kucaornicts nurynkosoi HCI1
VY nikapusHii nadoparopii 10,0 mi
3paska [UTYHKOBOTO COKY,
OTPUMAHOTO dYepe3 KilbKa TOIUH
micist ki, TutpyBanu 0,1 M NaOH
10 HeWTpanbHOi peakiii. [ToTpiOHO
Ooyno 7,2 mn NaOH. VYV myHky
naiieHTa He OyJIo BX)KMBaHOI 1K1 Ta
HAToiB, TOMY MPUITYCKAIOTh, IO
Ooydepi He Oyno. Sxum O6yB pH
[UTYHKOBOTO COKY?

3. BumiproBannusi piBHiB
aleTHJIXoJiHy 3a 3miHoo pH
KonnenTtparis aleTUIIXOIIHY
(HeiipoTpaHcMiITTEpa) Y 3pa3Ky MOXKE
OyTu BH3HayeHa 3a 3MiHOIO pH, mIo
CynpoBOKye Horo riaponis. Komu
npoba 1HKYyOyeTbcsi 3 (epMeHTOM
AIeTHIIXOJIIHECTEPA30t0, AlETUIIXOJIH
KUTBKICHO MEPETBOPIOETHCA HA XOJIH
Ta OLTOBY KHCIIOTY, fIKa JHUCOIIIOE 3
OTPUMAHHSM aleTaTy Ta i0Ha BOJHIO:



CHs
| H0

0
CH1;_J:|:_D_CH2_CH2_ t T—_CHH e

Acetylcholine

CH,

CH,

|
HO—CH,—CH,—* Il\I—E‘.H;; + CH—C—O0- + H*

CH;

Choline

In a typical analysis, 15 mL of an
aqueous solution containing an
unknown amount of acetylcholine
had a pH of 7.65. When incubated
with acetylcholinesterase, the pH of
the solution decreased to 6.87.
Assuming that there was no buffer in
the assay mixture, determine the
number of moles of acetylcholine in
the 15 mL sample.

4. Osmotic Balance in a Marine
Frog

The crab-eating frog of Southeast
Asia, Rana cancrivora, develops and
matures in fresh water but searches
for its food in coastal mangrove
swamps (composed of 80% to full-
strength seawater). When the frog
moves from its freshwater home to
seawater it experiences a large
change in the osmolarity of its
environment (from hypotonic to
hypertonic).

(a) Eighty percent seawater contains
460 mM NacCl, 10 mM KCI, 10 mM
CaCl2, and 50 mM MgCI2. What are
the concentrations of the various
ionic species in this seawater?
Assuming that these salts account for
nearly all the solutes in seawater,
calculate the osmolarity of the
seawater.

(b) The chart below lists the
cytoplasmic concentrations of ions in
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Acetate

VY tunoBomy aHaiizi 15 M1 BOTHOTO
pO3UHHY, IO MICTUTh HEBIIOMY
KUIBKICTh alleTHIIXOMiHYy, Maau pH

7,65. [Tpu 1HKyOaIii 3
aleTUIIXOJIIHECTEPA3010 pH
po3uMHy  3HU3UBCA OO0  6,87.
[Ipumnyckaroun, 110 B

JOCIIKYBaHId cymilmil He OyJo
Oydepa, BU3HAUTE KUIbKICTh MOJIEH
AllEeTUWIXOJIIHY B 3pa3ky 15 mi.

4. OcmoTn4HMi 0aJIaHC y
MOPCHKii ka0l

Kaba, sxa ictp kpabiB IliBaeHHO-
Cxiguoi A3ii, Rana cancrivora,
PO3BUBAETHCS Ta  J0O3pIBaE Yy
OpicHIA BOAl, aje IIyKae DKy B
npudepeKHUX 0OJI0TaX MAHTPOBUX
oonorax (ckmagaroTees 3 80% 0
MOBHOIIIHHOT ~ MOPCBKOi  BOJM).
Komu xaba mepexoauTh 31 CBOEL
MPICHOBOJHOT 710 MOPCHKOi BOJIH,

BOHA BIJYYBa€ BEJIHUKY 3MIHY
OCMOJISIPHOCTI CBOTO CEpe/IOBHUIIA
(Big TIIOTOHIYHOT hi (o)
TIIEPTOHIYHOT).

(a) Bicimuecsr BiICOTKIB MOPCHKO1
Bogu Mictuth 460 MM NaCl, 10
MM KCI, 10 MM CaCI2 Ta 50 MM
MgCI2. Slki KoOHLeHTpalli pi3HUX
BUJIIB 10HIB y LI MOPCHKIA BOA1?
AKIIO TPUIYCTUTH, MO III COJi
CKJIaJIal0Th Mailke BCi PO3YMHEHI
PEYOBMHM B  MOPCBHKIM  BOI,



R. cancrivora. Ignoring dissolved
proteins, amino acids, nucleic acids,
and other small metabolites,
calculate the osmolarity of the frog’s
cells based solely on the ionic
concentrations given below.

Na™ K~
(mm) (mm)
R. cancrivora 122 10

(c) Like all frogs, the crab-
eating frog can exchange gases
through its permeable skin,
allowing it to stay underwater
for long periods of time without
breathing. How does the high
permeability of frog skin affect
the frog’s cells when it moves
from fresh water to seawater?

(d) The crab-eating frog uses
two mechanisms to maintain its
cells in osmotic balance with its
environment. First, it allows the
Na* and CI- concentrations in its
cells to increase slowly as the

ions  diffuse  down their
concentration gradients.
Second, like many
elasmobranchs  (sharks), it

retains the waste product urea in
its cells.
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00YHCIITH OCMOJIIPHICTH MOPCHKOT
BOJIH.

(b) Ha rpadixy Huxde HaBeICHO
KOHIICHTpAIlll IHUTOIIa3MaTHIHUX
ioHiB y R. cancrivora. IrHOpyrOUn
PO3UMHEH1 OUIKH, aMiHOKHCIIOTH,
HYKJICTHOB1 KUCIIOTH Ta 1HII Jp10HI
METa00IITH, 00YHCITIOIOTH
OCMOJISIPHICTh KJIITHH xKabu
BUXOJSYA BHUKIIOYHO 3 10HHHUX
KOHIICHTpAIliii, HABEICHUX HUXKYC.

CI— O3 I+ MEE‘ =
(mm) (mw) (mu)
100 2 1

(c) Sk 1 Bci xabwu, xxaba, siKa iCTh
KpabiB, MoOXe  OOMIHIOBATHCS
razZaMM 4Yepe3 CBOIO IPOHUKHY
HIKIPY, JO3BOJISIOUU 1M TpUBAIHIMA
yac mnepeOyBaTU TijJ BOJIOIO, HE
nuxarodn. Sk BUCOKA MIPOHUKHICTh
IIKIPY BIUIMBAE Ha KJIITUHU Kalw,
KOJIM BOHA NEPEXOAUTH B[l MPICHOI
BOJIH JI0 MOPCHKOI BOJIH?

(d) Kaba, ska icTte KpaOis,
BUKOPHUCTOBYE JIBa MEXaHI13MH, 11100
iATPUMYBaTH KJIITUHU B
OCMOTUYHOMY Oastanci 3
HABKOJIMIITHIM cepenoBuieM. [lo-
nepiIie, 1e J03BOJIsI€ KOHIEHTpaIlli
Na* i CI" B fioro KJIiTHHAX MOBIJILHO
30UTBIITYBAaTUCS, OCKIJIBKA  10HU
TudyHAYIOTh BHU3 IO TPal€eHTaM
ix koHmeHtparii. Ilo-apyre, sK 1

Oararo IJTACTUHO35I0pOBUX
(axynu), BOoHa 30epirae B CBOIX
KJIITHHAX  BIAXOAM  MPOIAYKTY
CCYOBHHU.
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HN~ TNH,
Urea (CH N0

The addition of both NaCl and urea
increases the osmolarity of the
cytosol to a level nearly equal to that
of the surrounding environment.
Assuming the volume of water in a
typical frog is 100 mL, calculate how
many grams of NaCl (formula
weight (FW) 58.44) the frog must
take up to make its tissues isotonic
with seawater.

(e) How many grams of urea (FW
60) must it retain to accomplish the
same thing?

5. Properties of a Buffer

The amino acid glycine is often used
as the main ingredient of a buffer in
biochemical experiments. The amino
group of glycine, which has a pKa of
9.6, can exist either in the protonated
form (~NH3") or as the free base
(—NH,), because of the reversible
equilibrium

R—NH; R—NH, +

(a) In what pH range can glycine be
used as an effective buffer due to its
amino group?

(b) Ina 0.1 M solution of glycine at
pH 9.0, what fraction of glycine has
its amino group in the -NH3* form?
(c) How much 5 M KOH must be
added to 1.0 L of 0.1 M glycine at pH
9.0 to bring its pH to exactly 10.0?
(d) When 99% of the glycine is in
its —NHs* form, what is the
numerical relation between the pH

HonaBanus sk NaCl, Ttak 1
CEYOBHMHHU 30UIBIIYE OCMOJISPHICTD
IIUTO30J1y JIO PIBHS, MaiyKe PIBHOTO
PIBHIO HaBKOJIMIITHBOTO
cepenoBumia. Ilpumyckarouu, 110
0o0'eM BOJM y THIIOBOI >Kalu
craHoBuTb 100 My, OOYHCHITSH,
ckimpku TpamiB NaCl (mon.maca
58,44) xaba NMOBHHHA NTPHUIHATH,
mo0  3poOutu  1i  TKaAHUHU
130TOHIYHUMH 3 MOPCHKOIO BOJIOIO.
(e) Ckinbku rpamiB ceuoBunu (FW
60) BoHa MmoBWHHA 30epertu, o0
BUKOHATHU T€ came?

5. Baacrusocri 0ydepa

AMIHOKHCIOTHUNA  TJIIMH  YacTo
BUKOPUCTOBYETBCS  SIK ~ OCHOBHUU
iHrpenieHT Oydepa B Ol0XIMIUYHUX
eKCIIepUMEHTAaX. AMiHOTpyma
rmnuHy, mo mae pKa 9,6, Moxe
icHyBaTH a00 B MPOTOHI30BAHOMY

sursiai (—NHs), abo y Burmsmi
BitbHOT  rpymu  (-NH2)  uepes
piBHOBAry

H r—nNH: R—NH, + H*
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(a) ¥V skomy miamazoni pH moxke
OyTHM BUKOPUCTAHWM TJIIHMH SK
edekTuBHUN Oydep 3aBASKH CBOIM
amiHorpymi?

(b) SIka yactka ¢paxuii ruinuny y 0,1
M po3unni rmiuuny npu pH 9,0 mae
cBOIO amiHOrpyny y popmi —NH3z*™?
(c) Cximbkn 5 M KOH HeobxinHo
nonatu a0 1,0 1 0,1 M rminuny npu
pH 9,0, mo6 nosectu #oro pH TouHO
1o 10,0?

(d) Ko 99% rniuuny nepebyBae y
dopmi  —NHs", sxe  uuciose



of the solution and the pKa of the
amino group?
6. The Effect of pH on Solubility

The strongly polar, hydrogen-
bonding properties of water make it

an excellent solvent for ionic
(charged) species. By contrast,
nonionized,  nonpolar  organic

molecules, such as benzene, are
relatively insoluble in water.

O
. H/_;j/(g —0OH
9
Benzoic acid

pK, =5

In principle, the aqueous solubility
of any organic acid or base can be
increased by converting the
molecules to charged species. For
example, the solubility of benzoic
acid in water is low. The addition
of sodium bicarbonate to a mixture
of water and benzoic acid raises
the pH and deprotonates the
benzoic acid to form benzoate ion,
which is quite soluble in water.
Are the following compounds
more soluble in an aqueous
solution of 0.1 M NaOH or 0.1
M HCI? (The dissociable
protons are shown in red.)
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crhiBBiHOIIEHHS! MK pH po3unny
ta pKa aminorpymnu?

6. Biuine pH Ha po34ynHHIiCTH
CuJibHO TOJISIPHI BIACTUBOCTI
BOJIM, 1110 3B'SI3YIOTh BOJY, POOJISTH
11 IpEeKpacHUM PO3UYUHHUKOM IS
10HHUX (3aps/PKEHUX ) BUIIB.
Hagpnaku, He1oHI30BaH1 HEMOIAPHI
OpraHiuHi MOJICKYJIH, TaKi K
OEH30J1, BITHOCHO HEPO3YMHHI Y
BOJII.

O

-..________.-'.‘-_“-\-\. ’_y: _D
J

Benzoate ion

B mpuHuumi, po3uyumHHICTE y BOA1
Oylib-SIKO1 OpraHigyHO1 KMCJIOTH a0o
OCHOBH MO€ OyTH 30LIblIeHa
IUITXOM TIEPETBOPEHHS MOJICKYJ Y
3apsajkeHi  Buau.  Hampukian,
PO3YMHHICTH OCH30MHOI KUCIIOTH Y
BOJI1 HU3bKA. JlonaBanHs
OikapOoHaTy HATpil0 70 Cymin
BOAM Ta OEH30WHOI KHUCIOTH
nigsuirye pH Tta  nmemnpotonye
OCH30IHY KHCIIOTYy 3 yYTBOPEHHSIM

OeH30aT-10Ha, SIKUH JIOCUTh
PO3YMHHUH Y BO/II.
Uu € Takl CHOAYKM  OUIbII

PO3YMHHUMH y BOJHOMY PO3UYHHI
0,1 M NaOH a6o 0,1 M HCI?
(IucoriiioBaHi MPOTOHU TOKa3aH1
YEPBOHUM KOJILOPOM. )
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Pyridine ion B-Naphthol
pE.=5 Pk, =10
(a) (b)
O
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Pie
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N-Acetyltyrosine methyl ester

pK, =10

7. Treatment of Poison Ivy Rash

The components of poison ivy and

()

7. JIikyBaHHA OTPYIHOIO
IUTIOIEBOT0 BHCHILY
KomnonenTamu 0TpyWHOTO IUIIOIIA

poison oak that produce the Ta orpyitHoro nay0a, ski &narTh
characteristic itchy rash are catechols  xapakrepuuii cBepOISTUUil BUCHIIL, €
substituted with longchain alkyl kartexoumu, 3aMilleHi
groups. JIOBTOJIAHIFIOTOBUMHU  aJIKIJIBHUMU
rpymnamu.
OH
I___oH

g
g HI[CHQJ‘;,I_CHH

pK,=8

If you were exposed to poison ivy,
which of the treatments below would
you apply to the affected area?
Justify your choice.

(a) Wash the area with cold water.
(b) Wash the area with dilute vinegar
or lemon juice.

(c) Wash the area with soap and
water.

(d) Wash the area with soap, water,
and  baking soda  (sodium
bicarbonate).
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AxOn BU MOTpanmuiad 10 OTPYHHOTO
IUTIONIA, SKE 3 METOJIB JIIKYBaHHS
HIDKYE BU 3aCTOCYBAIM 10 YPAXKEHOI
ninstHku? OOTpyHTYHTE CBil BUOID.
(a) Buwmwmiite AUISTHKY XOJIOZHOIO
BOJIOIO.

(b) Bumwiite ninsSHKY pO3BEICHUM
oLITOM a00 JUMOHHHUM COKOM.

(c) Buwmwmiite ninsHKY MWIOM Ta
Boz010. (d) BumuiiTe niisHKY MUJIOM,
BOIOHO Ta Xap4oBOrO COI010
(GikapOoHaT HATPiIO).



8. pH and Drug Absorption
Aspirin is a weak acid with a pKa of
3.5.

i

C
CH, 0
f OH

2
E'?"\:j__.-"'-

(@)
O
|

It is absorbed into the blood through
the cells lining the stomach and the
small intestine. Absorption requires
passage through the plasma
membrane, the rate of which is
determined by the polarity of the
molecule: charged and highly polar
molecules pass slowly, whereas
neutral hydrophobic ones pass
rapidly. The pH of the stomach
contents is about 1.5, and the pH of
the contents of the small intestine is
about 6.

Is more aspirin absorbed into the
bloodstream from the stomach or
from the small intestine?

Clearly justify your choice.

9. Preparation of Standard Buffer
for Calibration of a pH Meter

The glass electrode wused in
commercial pH meters gives an
electrical response proportional to
the concentration of hydrogen ion.

To convert these responses into
pH, glass electrodes must be
calibrated against standard
solutions of  known H*
concentration.

Determine the weight in grams
of sodium dihydrogen
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8. pH Ta adcopOuisn jikiB
AcmipuH - 11 ci1abka KHCJIoTa 3
pKa 3,5.

OH

O

b

O

CHj

Bin BCMOKTy€TBCSI B KpOB dYepe3
KJIITUHY, 1110 BUCTHJIAIOTh NUTYHOK 1
TOHKMWA KulleyHuK. [lornmuHanHs
BUMAara€e IMpOXO/JKEHHS  4Yepes
Ia3MaTUYHy MeMOpaHy,
MIBUAKICTh  SKOi  BHU3HAYAETHCS
MOJIAPHICTIO MOJIEKYJIH: 3apsiKeHl
Ta  BHCOKOIOJSPHI  MOJIEKYJHU
IPOXOJATh TMOBUIBHO, TOMI SIK
HEUTpaJibHI T1apo(POoOH1 TPOXOAIThH
mBuako. pH BMmicTy mITyHKa -
ommseko 1,5, a pH BMicTy TOHKOI
KHIIIKY - OJIU3BKO 6.

Uu OiblIe aclipUHy BCMOKTYETHCS
B KpOB i3 NUIyHKY YH 3 TOHKOI
KUIIKH?

YiTko oOrpyHTYyiiTe CBiii BUOID.

9. ITinroroBKa CTaHAAPTHOIO
Oydepa nis kajaiOpyBaHHA
BuMipoBaua pH

Cxnaaui €JIEKTPO/, o
BUKOPHUCTOBYETHCSI B KOMEPIIIHHUX
BUMiproBadax pH, nae enexTpuuHy
XapaKTEPUCTHKY, MPOTIOPIIITHY
KOHIICHTpaIlii 10Ha BojHIO. Jls
NEepeTBOPEHHs IuX peakuiid y pH
CKJISTHI €JIGKTPOJIM TOBHHHI OyTH
BiJIKaJIIOpOBaHi y BiJMOBITHOCTI 31
CTaHJAAPTHUMH PO3YUHAMH B1IOMOT
KoHmeHTpartii H.



phosphate (NaH;POs x H0;
FW 138.01) and disodium
hydrogen phosphate (Na;HPOu;
FW 141.98) needed to prepare 1
L of a standard buffer at pH 7.00
with a total phosphate
concentration of 0.100 M (see
Fig. 19).

10. Calculating pH from
Hydrogen lon Concentration
What is the pH of a solution that has
an H* concentration of

(a) 1.75 10 mol/L;

(b) 6.5 101° mol/L;

(c) 1.0 10“*mol/L;

(d) 1.5 10° mol/L?

11. Calculating Hydrogen lon
Concentration from pH

What is the H* concentration of a
solution with pH of

(a) 3.82;

(b) 6.52;

(c) 11.117

12. Calculating pH from Molar
Ratios

Calculate the pH of a dilute solution
that contains a molar ratio of
potassium acetate to acetic acid
(pKa= 4.76) of

(@) 2:1; (b) 1:3;

(c) 5:1; (d) 1:1;

(e) 1:10.

13. Working with Buffers

A buffer contains 0.010 mol of lactic
acid (pKa= 3.86) and 0.050 mol of
sodium lactate per liter.

(a) Calculate the pH of the buffer.
(b) Calculate the change in pH when
5mLof0.5MHClisaddedto 1L of
the buffer.
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Busznaure Bary B rpamax
aurigpodocdaty HATPIIO
(NaH.PO4 x H2O; FW 138.01) Ta
rizpodochary Harpito (NaHPOq;
FW 141,98), HeoOXimHHX IS
NPUTOTYBaHHS | J1 CTaHIapTHOTO
oydepa npu pH 7,00 13 3aranpHOIO
KoHIIeHTparlieo ¢ocdary 0,100 M
(muB. Puc. 19).

10. Po3paxynox pH Bin
KOHIIeHTPAaUil iOHiB BOAHIO
Sknii pH po3umnny, AKuil Mae
KoHIeHTparitiro H*

(a) 1,75 107 mMonn/x;

(6) 6,5 10" momp/n;

(c) 1,0 10* mons/m;

(r) 1,5 10°° mons/n?

11. O6unc/ieHHs1 KOHUEHTpauii
iony Boauio npu pH

Ska xoHieHTpaiis H* po3uuny 3
pH

(a) 3,82;

(0) 6,52;

(c) 11.11?

12. O6uncaenns pH Bix
MOJIIPHUX Koe(ilieHTiB
O6uncnite  pH  po3BeneHoro
pPO34YMHY, SIKMM MICTUTh MOJISIpHE
BIJIHOIIICHHS aleTaTy KaJliio 0
ouroBoi kuciotu (pKa= 4,76)

(a) 2: 1; (6) 1: 3;

(¢)5:1;(r) 1: 1;

(m) 1:10.
13. PoboTa 3 Oydepamu
bybep wmictuts 0,010 wmomb

MosouHoi kuciotu (pKa= 3,86) ta
0,050 monp JnakTaTy HaTpil0 Ha
JITP.

(a) O6uucnite pH Oydepa.

(b) O6uucaiTe 3Miny pH, ko g0 1
1 6ydepa nogarots 5 M1 0,5 M HCI.



(c) What pH change would you
expect if you added the same
guantity of HCl to 1 L of pure water?

14. Calculating pH from
Concentrations

What is the pH of a solution
containing 0.12 mol/L of NH,CI and
0.03 mol/L of NaOH (pKa of
NH;*/NHj3 is 9.25)?

15. Calculating pKa

An unknown compound, X, is
thought to have a carboxyl group
with a pKa of 2.0 and another
ionizable group with a pKa between
5and 8.

When 75 mL of 0.1 M NaOH was
added to 100 mL of a 0.1 M solution
of X at pH 2.0, the pH increased to
6.72.

Calculate the pKa of the second
ionizable group of X.

16. Control of Blood pH by
Respiration Rate

(@) The partial pressure of CO: in
the lungs can be varied rapidly by
the rate and depth of breathing.
For example, acommon remedy to
alleviate hiccups is to increase the
concentration of CO: in the lungs.
This can be achieved by holding
one’s breath, by very slow and
shallow breathing
(hypoventilation), or by breathing
in and out of a paper bag.

Under such conditions, the partial
pressure of CO: in the air space of
the lungs rises above normal.
Qualitatively explain the effect of
these procedures on the blood pH.
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(c) Sxoi 3miau pH B odikyBauu,
AKOM 110 1 J1 4MCTOi BOAM TOAAIN Ty
camy kinpkicTs HCI?

14. O6uncaenns pH Bix
KOHIEeHTPALii

Axuit pH po3umHy, 10 MICTUTH
0,12 moms/m NH4Cl1 Ta 0,03 mons/n
NaOH (pKa of NH;"/NHg is 9.25)?

15. Po3paxynok pKa

Herimoma cmonmyka X BBa)KaeTbes
CIOJIYKOIO 3  KapOOKCHJIBHOIO
rpynoto 3 pKa 2,0 Ta iHmorw
10H13yI04010 Ipymoto 3 pKa mix 5 1
8. Komu 75 mm 0,1 M NaOH
pmogaBaiu go 100 Mo 0,1 M
poszunny X mnpu pH 2,0 pH
nigBUIyBaBcs 10 6,72.

OO6uuncinite pKa apyroi 10H13yr0401
rpynu X.

16. Kontposas pH kpoBi 3a
JOIOMOT0OI0 INBUIKOCTI INXAHHA

(@)IMapmianeauit  tick  CO, B
JIETEHAX MOXKE MIBUIKO
3MIHIOBATHUCS 3aJICIKHO BIJT

IIBUAKOCTI Ta TVIMOWMHHU AOUXAHHS.
Hanpuknan, nomupeHuM 3aco0om
JUIST  TIOJICTIIECHHS THUKAaBKU €
nigBuiieHHs: koHueHtpaiii CO; B
nereHsx. Llporo Mo’kHA JIOCSTTH,
3aTPUMYIOYM  JIUXaHHS,  JIyXKe
IIOBLILHUM 1 HETJTNOOKUM
TUXaHHAM (TIMOBEHTHJIALIS) abo
BJIMXAIOYH 1 BUMMAIOUH TarepoBUid
MakKeT. 32 TAKUX YMOB TapIliaTbHUMI
tuck CO2 y OBITPSIHOMY MPOCTOPI
JIET€H1B M1 HIMAETHCS BUIIIEC HOPMH.
SIKICHO TOSICHITH BIUIUB  IUX

nporeayp Ha pH kpoBi.



(b) A common practice of
competitive short-distance runners
Is to breathe rapidly and deeply
(hyperventilate) for about half a
minute to remove CO: from their
lungs just before running in, say, a
100 m dash.

Blood pH may rise to 7.60.
Explain why the blood pH
Increases.

(c) During a short-distance run the
muscles produce a large amount of
lactic acid (CHsCH(OH)COOH,
Ka= 1.38 10*) from their glucose
stores. In view of this fact, why
might hyperventilation before a
dash be useful?
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(b) [Tommpena MpaKTHKa
3MarajdbHUX OITyHIB Ha KOPOTKHUX
MUCTAHINAX - AUXaTH IIBHUIOKO 1
TJIMO0KO (TIMepBEHTUITIOBATH )
MIPOTATOM TIPUOJIU3HO TIBXBUJINHH,
mo6 Bumamuth CO; 3 JIereHIB
oesrnocepeIHbO Mepea Oirom  y
ckaxiMmo 100 M. pH kpoBi Moxe
nigaatucs 1o 7,60. [ToscHiTh, YoMy
niaBuInyeTbest pH Kposi.

(¢) IMlimx wac Oiry Ha HEBETUKIH
BIJICTaH1 M'131 BUPOOJISAIOTH BEJIUKY
KUIBKICTh ~ MOJIOYHOI ~ KHCJIOTH
(CH;CH(OH)COOH, Ka= 1.38 10
%) 31 cBOiX 3amaciB IJIFOKO3H.
3Bakaroun Ha Ued (Qakr, YoMy
MOXKe OyTun KOPHUCHOIO
TIIIEPBEHTHIISIIS TTepe]T TUpe?
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