


BUILMI HABYAJIbHUIM 3AK/IAJL YKOOICIIUIKH
«[MOJITABCbKM# YHIBEPCUTET EKOHOMIKH I TOPTIB/II»
(TIYET)

T. B. CaxHo, A. O. CemeHOB

BIOTEXHOJIOTIA BOOX
(WATER BIOTECHNOLOGY)

HABYAJIbHUA MMOCIBHUK

IToATaBa
IIYET
2020



VK 606:628.1](075.8)
C22

PexomeHnnoBaHO 10 BuAaHHS, PO3MIILIEHHS B €IEKTPOHHIN 0i0aioTeni Ta BUKOPHCTAHHS B OCBITHHOMY
MpoIieci BYSHO0 Pajioro yHiBepcuTeTy, potokoi Ne 3 Bix 19 mrotoro 2020 p.

ABTOpH:
T. B. Caxno;
A. O. Cemenos.

Penenszenru:
I'. M. boiixo, n.1uen. H., nipodecop, 3aBimyBau kadenpu IlontaBcbKOTro 1HCTUTYTY
€KOHOMIKH 1 [PaBa;
B. IO. Kpukynosa, mnpodecop xadeapu OiotexHomorii Ta ximii I[lonTaBchkoi
JIEpKaBHOI arpapHO1 aKaJeMii.

Caxwno T. B.

C22 Biorexnosnoris Bogu (water biotechnology) : waBuyanbuuit mociouuk / T. B. CaxHo,
A. O. Cemenos. — Ilonrasa : ITYET, 2020. — 85 c. — 1 enekrpon. ont. auck (CD-R). —
TekcT ykp., aHIJI. MOBaMHU.

ISBN 978-966-184-380-5

HaBuanpHuii MOCIOHUK MPUCBAYEHO BHBYECHHIO (I3UYHMX i XIMIYHUX BIIACTUBOCTEH BOJIHM, IO
AKOT IPUCTOCOBAHI BCi aCIeKTH Oy/10BH Ta (DyHKIIT KIITHH, IPUJIIEHO YBary CTPYKTYpi Ta QyHKIIisAM
GioMoJIeKy, MexaHi3MaM B3a€MO/Iii MOJIEKYJT i BOJHEBUM 3B’ sI3KaM.

Tlinpy4HUK pO3paxoBaHO HA CTYAEHTIB 3aKJIa/IiB BUIIOI OCBITH crnewnianbHocTi 162 BioTexHomorii
Ta OioiHXeHepis.

V]IK 606:628.1](075.8)

© T. B. Caxno, A. O. Cemenos, 2020
© Bummmii HaBuaIbHMI 3aKi1al Y KOOICIIUIKA

«[lonTaBchkuii YHIBEpCUTET €KOHOMIKH 1
ISBN 978-966-184-380-5 Toprisii», 2020



SMICT

INTRODUCGTION ..ottt nnne e 4
|27 O 174 1 T PP PP P PPRPTRTPPRPPY 4
Weak Interactions in AQUEOUS SYSTEMS .....c.eeivrieriieiieeieesieesiee e aeeeseeesieesneesneesneens 5
CrnaOKki B3a€MOIT Y BOTHUX CEPEMOBHIIIAX ...uvveervreesreessresssresssessssessssesssssesssnessssessnnes 5
lonization of Water, Weak Acids, and Weak Bases ...........ccccuvveiniiiincininincnns 37
Jucomiantist Bogu. CnaOKi KHCIIOTH Ta CIA0KI OCHOBH. ......cccvvvreeesirrreeeesiissneeeessnssnns 37
Buffering against pH Changes in Biological Systems ...........ccccccoivieivii e, 53
Ponb 6ydpepuux cucteM y miarpuMiil pH y G10JOTTUHUX CUCTEMAX .......vveeruvereernreesss 53
Water as @ REACIANT ..o 65
|01 0: 1B 4 G 1T <) < AT PR RR PSPPSR 65
The Fitness of the Aqueous Environment for Living Organisms.........c.ccccceevvervennn, 68
[TpuaaTHICTh BOAHOTO CEPEAOBUIIA JJISI JKUBUX OPTAHIZMIB ....vveeniiieeaniieeesnreeeasieness 68
0V =T 1T PSP PRP 70
|3 11025 10) T 1) 001 1 1 PSPPSR 70
g Te g =T Uo oo S 71
J I EOD 020050 (e 0% 212 02 & (T 71
TASKS -t 77



INTRODUCTION

Water is the most abundant
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 responsible for the strength
and specificity of “recognition” among
biomolecules are decisively influenced
by the solvent properties of water,
including its ability to form hydrogen
bonds with itself and with solutes.

BCTYII

Bona — HalnomMpeHima
pEYOBHHA B IKUBHUX CHCTEMax, IO
cranoButh 70 % abo OumbIe Big Macu
Oinpmiocti  oprani3miB. [lepmi  kuBi
OpranisMu  0€3MepeyH0 BHUHUKIU Yy
BOJHOMY CEpEIOBHIN, 1 XiJ EBOJIOIIT
dbopMyBaBCsi BJIACTUBOCTSAMH BOJHOTO
CEPENIOBUIIA, Y IKOMY TTOYANIOCs KUTTSL.

Kuura mnounHaeTbcs 3 ONUCIB
GBBUYHUX Ta XIMIYHUX BJIACTUBOCTEH
BOJIH, JIO SIKUX TIPUCTOCOBAHI BC1 ACTIEKTH
OynoBu Ta yakuii kmiTuH.  Cuiam
OPUTSATaHHS MIX MOJIEKYJIaMHd BOJU Ta
HE3HAaYHa TEHJEHIA 10 1oHI13alli BOIHU
MalTh BHUpINIAJbHE 3HAYCHHS IS
CTpYKTypu Ta (yHKIi OioMonekya. Mu
pO3rISAaEMO TEMY 10HI3AIli 3 TOYKH
30py KOHCTaHT piBHOBaru, pH Ta kKpuBux
TATPYBaHHS, Ta SK BOJHI PO3YHMHU
CIabKMX KHUCIOT a00 OCHOB Ta iX coJei
nitoTh sk Oydepu npotu 3minu pH y
OlosoriyHuX cucTemMax. Mojekyiaa BOgu
Ta TPOMYKTH i 10HI3aIii H' ta OH
rMOOKO BIUIMBAIOTh HA CTPYKTYpY 1
BJIACTUBOCTI BCIX KJIITHHHUX
KOMITOHEHTIB, BKJIFOUAIOYHU O1JIKH,
HYKJIETHOBI KuCJIOTH Ta mimigu. Ha
HEKOBAJICHTHY B3a€EMO/IIO, 110
BIJIITOB1IA€ 3a MILHICTE Ta
crnenuIuHICTh «PO3MI3HABAHHSI» Cepel
010MOJIEKYJI, BHU3HAYaJIbHO BIUIMBAIOTh
BJIACTUBOCTI BOJHW, SK PO3YMHHHKA,
BKJIFOYAOYM 1i 3JaTHICTh yTBOPIOBATH
BOJHEBI 3B’S3KM 13 co0or0 Ta 3
PO3YMHHUKAMHU.
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1.WEAK INTERACTIONS IN AQUEOUS SYSTEMS
1.CJABKI B3ACMO/II Y BOJHUX CEPEJOBUILIAX

Hydrogen bonds between water
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.

BonneBi 3B’S3kuM MK MOJIEKYyJaMH
BOJIM 3a0e3MeuyroTh CHJIM Koresii, sKi
poOOJIAITE BOJY PIAMHOIO TPU KIMHATHIN
TEeMIIepaTypl 1 COPUSIIOTh EKCTPEMATILHOMY
BIIOPSAKYBAHHIO MOJIEKYJ, XapaKTEPHOMY
U1t KpucTanmiyaoi Boau (mpoxy). Tomsphi
O10MOJIEKYJIA JIETKO PO3UMHSIIOTHCS Y BOJII,
OCKUIBKM ~ BOHH  MOXYTh  3aMIHUTH
B3a€EMO/III0 BOJIa-BOJIa Ha OLIBII
€HEPreTUYHO CIPUATIMBI B3a€EMOJII BOJa-
PO3YHH. Henonsphi 010MOJIEKYJIH
HABIAKH,  TMEPEHIKO/KAIOTh  B3a€EMOJII]
BOJa-BOJIa, ajie HE 3JaTHI YTBOPIOBATU
B3a€MO/IIi BoJa-po3unH. OTKe, HEMOJSIpHI
MOJIEKYJIM TTOTaHO PO3UYUHSIIOTHCA Y BOL. Y
BOJHUX PO3YMHAX HEMOJSIPHI MOJIEKYIIH,
SK TPABUIIO, CKYITIYIOThCSI.

Bopguesi 3B’s13kH, 10HHI, Ta B3a€MOI1
BaH jJep Baanbca iHauBiIyanbHO CclaldKi,
aJle B CYKYNMHOCTI BOHHM MarOTh BaroMui
BILUIMB HA TPUBHUMIPHY CTPYKTYpYy OLIKIiB,
HYKJIETHOBUX KHCJIOT, TOJIICaxapHIiB Ta
MeMOpaHHUX JIMIIB.

TABLE 1 Melting Point, Boiling Point, and Heat of VVaporization of Some Common Solvents
TABJTHUIIA 1 Temnepatypa IJaBlIeHHs, TeMIepaTypa KHUIIIHHS Ta TEIUIOTa BUIIAPOBYBAHHS JESIKUX

3BHYAaHUX PO3YMHHUKIB

Solvents Melting point (°C) | Boiling point (°C) | Heat of vaporization (JI»/r)
(J/9)

Water 0 100 2,260
Methanol (CH;0H) —98 65 1,100
Ethanol (CH3CH,0OH) —117 78 854
Propanol (CH3;CH,CH,0OH) —127 97 687
Butanol CH3(CH,),CH,0H) —90 117 590
Acetone (CH3COCHz) —95 56 523
Hexane (CH3(CH,)4CHs) —08 69 423
Benzene (CgHs) 6 80 394
Butane (CH3(CH,),CHs) —135 —0.5 381
Chloroform (CHClI3) —63 61 247




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. la).
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 (c")

BoaneBi 3B’SI3KM HAJalOTH BOAL
He3BMYAMHI BJIACTUBOCTI

Bona Mae OUTBII BUCOKY
TEMIIepaTypy IUIABJICHHS, TEeMIEpaTypy
KUITIHHS Ta TEIJIOTY BUMNApOBYBaHHS, HIXK
O1IBIIICTD THIITUX MOIITUPEHUX
po3unHHMKIB (Tabn. 1). Lli He3BuuaiiHi
BJIACTUBOCTI HACHIZIOK TPUTATAHHS MIXK
CYCIAHIMH MOJIEKYJIaMH BOJIH, SIK1 HA/TalOTh
plaKii BOJI1 BEJIUKY BHYTPIIITHIO
3rypToBaHicTh. llornsag Ha eJIeKTpOHHY
CTpykTypy Monekyiu H,O  Bussise
MPUYHHY 11170:¢ MDKMOJICKYJIIPHUAX
B3a€MO/I1H.

Koxen arom ['maporeny monexkynu
BOAM PO3AUIAE EICKTPOHHY TMapy 3
IIEHTPATBHIM aTOMOM Oxcwureny.
['eomeTpiss  MOJEKyIM  MOPOJAMKTOBaHA
dhopmamu 30BHIIIHIX opOiTanen
eJIeKTpoHIB aToMa OKCUTEHY, AKi CXO0XI1 Ha
sp>-3B's3yroui  opbitani KapGomy. Ili
opOiTaii OMUCYIOTh TPyOWi TeTpaeap 3
aTOMOM BOJTHIO Y KO)KHOMY 3 JIBOX KYTIB Ta
HETMO/IICHUMHU TIapaMu €JIEKTPOHIB Yy JBOX
iHmmx kytax (puc. la). Kyt 3B"s13xy H-O—
H nopismioe 104.5° menme, wix 109.5°
iICATBHOTO TEeTpaeapa Yepe3 CKYIMYCHHS
PO3IyITyBaTbHUX opOitaseit aToma
KHCHIO. SIIpO KUCHIO TIPUTATYE EICKTPOHU
CUJIBHIINIE, HDK SIpO BOAHIO (IIPOTOH);
TOOTO KHCCHb € OLTBIII
CJICKTPOHETAaTUBHUM. ToMy  pO3MOaLI
enektpoHiB Mk H 1 O € HepiBHOMIpHUM,
CJICKTPOHU YaCTIIIE 3HAXOIATHCS TOOIU3Y
aToMa KHCHIO, HIX BOAHIO. Pesymbrarom
BOTO HEPIBHOMIPHOTO OOMiHY
CIICKTPOHAMH € JBa CIICKTPUYHUX JIHITOJISA
y MOJICKYJII BOJH, IO OJHOMY B3JIOBXK
KO>kHOTO 31 3B's3kiB H-O; KOXXEH BOJCHBL
Hece YacTKOBUM MO3MTHBHMI 3apsan (G'), a
aTOM KHMCHIO HECE YaCTKOBHM HEraTWBHUU
3apsn, PIBHUKA CyMi JBOX YaCTKOBHX
nosutuBiB (26'). VYV pesymbrari Mik
aTOMOM KHMCHIO OJTHIET MOJIEKYJM BOJAM Ta



and the oxygen atom bears a partial
negative charge equal to the sum of
the two partial positives (2 ¢*). As a
result, there is an electrostatic
attraction between the oxygen atom
of one water molecule and the
hydrogen of another (Fig. 1c), called
a hydrogen bond. Throughout this
book, we represent hydrogen bonds
with three parallel blue lines, as in
Fig.1c.

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.

d
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BogHeM iHmOiI (puc. 1c) BUHHUKaE
CIEKTPOCTATUYHE  TMPUTATYBAHHS,  SKE
HA3MBAETHCS BOJHEBUM 3B SI3KOM. Y IIH
poOOTI MM  TPEACTABISIEMO  BOIHEBI
3B’SI3KM  TphOMa MapajieIlbHUMU CUHIMU
JHISIMH, SIK HA PUCYHKY 1cC.

BoaHeBl 3B’SI3KM BIZHOCHO CJIaOKI.
BoaneBi 3B’S3kM, 10 3HAXOASTHCS Y
pIIKIH BOJI, MarOTh CHEPrii0 JIUCOIliaIii
3B'I3KY (€HEprito, HeOOX1IHY JI PO3PUBY
3B's13Ky) Os113bKO 23 KJI/MOJIb, TOPIBHAHO
3 470 xJ/x/Momp IS KOBaJE€HTHOI'O
3's13ky B O—H y Bomi abo 348 k/[»/Moiib
JUIs1 KOBAJICHTHOTO 3B's13Ky C—C.

Hydrogen bond
0.177 nm

Covalent bond
0.0965 nm

OL

(ec)

FIGUREZ1 Structure of the water molecule

Pucynok 1 Ctpykrypa MoJieKyJId BOAH

The dipolar nature of

and (b) space-filling models.
dashed lines in (a)

the H,O
molecule is shown by (a) ball-and-stick
The
represent the
nonbonding orbitals. There is a nearly
tetrahedral arrangement of the outer-

ITokazana JIATIOJIbHA pupoa
monekynmn HpO: (2) KynecTepkHeBa
mozeiab Boau (D) macmtabHa MO,
[TynkTupHi JiHiT B (a) NPeaCTaBISIIOTH
po3mymrytoul opOitam. IcHye wmaiixe
TETpaeapHIHE po3TalryBaHHS

€JIEKTPOHHUX nap 30BHIIIHBOT
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shell electron pairs around the oxygen
atom; the two hydrogen atoms have
localized partial positive charges (c")
and the oxygen atom has a partial
negative charge (o).

(¢) 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 = 10™%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,O molecules

000JIOHKK HaBKOJO aTomMa OKCHUTEHY;
Ha  JIBOX atomax  [imporeny
JIOKaJTi30BaHI  YacTKOBI  IMO3WTHBHI
sapsau (o), a atoMm OKcHreHy Mae
YaCTKOBUI HeraTuBHUi 3apsa (G).
(c) JBi momexkymu H,O cnomydeni
BOJTHEBUM 3B’SI3KOM (IIO3HAYEHUM B
I KHU31 TphOMa CHHIMHU JIHISIMH)
MDK aToMOM OKCHUTEeHY BEpXHBOI
MOJIEKYJIM Ta aToMoM [ijporeny
HIDKHBOI. BoaHeB1 3B A3KHM IOBIIl Ta
cial1r, HK KoBajJeHTHI 3B’ s13ku O—H.
BonHeBuii 3B’M30K CTaHOBUTH
omm3bko 10 % KOBaJEHTHOTO, 4epes
NEPEKPUTTS HA OpOITaISIX 3B'SI3yBaHHS
1 6imu3pko 90 % eneKTpoCTaTUYHOTrO.
[Ipy KiMHATHIM TeMIiepaTypl TEIIoBa
€HEeprisg BOJAHOIO PO3UMHY (KIHETUYHA
€HEepria pyxy OKpEeMUX aToMiB 1
MOJIEKYJI) Ma€ TOW CaMHUil MOPSAOK,
10 1 €HEeprisi, HeOOXiIHA ST PO3PUBY
BOAHEBUX 3B’si3kiB. [lpu HarpiBanHi
BOAM  MIABUIICHHS  TEMIEpaTypH
BU3UBA€ MIBUAIIMA PyX OKpPEMHUX
MOJIEKYJT BOAH. Y OyAb-sIKHA MOMEHT
OUTBIIICTE MOJIEKYNT y PIOKi BoIl
O0epe yd4acTb y BOJHEBOMY 3B’SI3KY,
ayie 9ac JKUTTA KOXHOTO BOJHEBOTO
3B’SI3KYy CTaHOBUTH Jiniie B 1 g0 20

- -12
nikocekyHn (1 me = 107 c); npm
PO3pHBI OJHOTO BOJHEBOTO 3B'SI3KY
YTBOPIOETHCS THITU N BOJIHEBUI

3B'30K 13 TUM K€ IMapTHEpPOM abo
HOBUM, TipoTsiroM 0, 11c.

Bnyuny ¢Qpazy «MepexTiiuBi
KJIaCTepU» 3aCTOCOBYIOTh hi (o)
HEJIOBFOBIYHUX TPYI MOJIEKYJ BOJIH,
3’€IHAHUX BOJHEBUMM 3B’ SI3KAMHU Y
pinkiii Bomi. Cyma BCIX BOJHEBHX
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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
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.
1a) 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 structure (Fig.2).

! crJIa 34eTIIICHHS MOJICKYJT BOAM MK COOO00

3B’3KIB MK Mousiekynamu H,O Hamae
BEJTMKY BHYTPILIHIO KOresifo = pizkiii
Bojal. Po3mmpeni mepexi BOAHEBHUX
3BSI3KIB  MOJIEKYJI ~ BOJU  TaKOX
YTBOPIOIOTb MOCTH MK PO3YHMHEHUMHU
pedoBMHaMu (OLIKM Ta HYKJIETHOBI
KHUCITIOTH, HAPUKIIAM), SIKi JO3BOJISIOTH
OUTBIIIMM MOJIEKYJIaM B3a€EMOJIISITH MK

c000r10 Ha BIJICTaHI KUTBKOX

HAaHOMETPIB, HE TOPKAIOUUCH (H13UIHO.
Marixe TETpacIpUIHe

po3TairyBaHHs ~ opOiTajeil  aroma

KUCHIO (puc. la) m03BoJiIE KOXHIM
MOJIEKYJII BOJM YTBOPIOBATU BOJHEBI
3B’SI3KM 3 YOTHpMa  CYCIOHIMHU
MOJIEKYJIaMHA BOJH. Y PIAKIMA BOJI MpHU
KIMHATHIH TeMrneparypi Ta
aTMOC(EPHOMY THCKY MOJEKYJIH BOJIU
J€30pTraHi3yl0ThCs Ta MaloTh
MOCTIMHUN  pyX, TaKk W0 KOXKHa
MOJIEKYJIa YTBOPIOE BOAHEBI 3B’SI3KU Y
cepeaHboMy Jmme 3 3,4  1HIIUX
MOJIEKYJ. 3 1HIIOTO OOKYy, B JhOIY
KOXKHA MOJIEKyJia BOJAU (DIKCYEThCA Y
MPOCTOP1 1 YTBOPIOE BOJHEBI 3B A3KH 3
MOBHUM HA0OpPOM YOTHPHOX IHIIHUX
MOJIEKYJ  BOAM, 1100  OTpUMAaTH
NPaBUJIbHY CTPYKTYPY IpaTku (puc. 2).
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FIGURE 2 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.

Pucynoxk 2  CroilydeHHS  aTOMIB
[pporeny nboay. Y 5bOoJl KOXHA MOJIEKysa
BOJM YTBOPIOE MAKCUMyM YOTHPU BOJIHEBI
3B’SI3KH, CTBOPIOIOYM 3BHYANWHY KPUCTAIIYHY
pemnitky. HaBnaku, y pinkiii Boal KIMHATHOI
TEMIIepaTypyu Ta aTMOC(EPHOro TUCKY KOXKHA
MOJIEKYJIa BOJM 3B'SI3yETbCS BOJHEM 13
cepeHiM 3Ha4YeHHsSM 3,4 1HIIMX MOJEKYJ
Boau. Ll kpucraniyHa peuniTka Jb01y poOUTh
il MEHII HIIJIBHOI, HDK pigKa BoJa 1, TAaKUM

YUHOM, JIIJI TUTaBa€ Ha PiAKIA BOJII.

Breaking a sufficient proportion
of hydrogen bonds to destabilize the
crystal lattice of ice requires much
thermal energy, which accounts for the

JInss po3puBYy JOCTaTHHOI YaCTKH
BOJHEBUX 3B A3KIB [UIA Aecradimizarii
KPUCTAJIIYHOI PEHNTKU JbOLY MOTpiOHA
3Ha4YHa TEIJIOBA €HEpris, 10 0O0YMOBIIIOE

relatively high melting point of water BUAHOCHO BHCOKY TeMiepatypy
(Table 1). When ice melts or water maBieHHs Boau (1adm. 1). Komu mig tane
' . a00 BHUIAPOBYETHCS BOAA, CHCTEMa
evaporétes, heat is taken up by the 3aGHpae Temno:
system: _ o H,O (tBepma) = H,O (piaka) AH =
H,O(solid)> H,O (liquid) AH = 45 9x Tsk/momn
+5.9kJ/mol H,O (pi
o 2 pinka) =2 H,O (ra3) AH
H.O(liquid) > H,O(gas) AH = =444.0 xJIx/mons
+44.0 kd/mol IMix 4ac IUIABJIEHHS abo

During melting or evaporation,
the entropy of the aqueous system

BUITAPOBYBAHHS CHTPOTIISI BOJHOT CUCTEMU
3pOCTa€, OCKUIbKH OUIBII YHOPSIKOBaHI

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

MacHBU MOJIEKYJ BOAM TMEPEXOIsTh ¥y
MEHIII YIOPSIKOBaHI BOJOPOIHI MACUBHU B

piaKiit BOJI1 abo IIOBHICTIO
HEBIOPSIKOBAHUM Ta30MOAI0HUI  CTaH.
[Tpu KIMHaTHIH TeMIiepaTypi

B1I0YBA€ThCS SIK IUIABJICHHS JIbOJY, TaK 1
BHUITAPOBYBAHHS BOJIH MHMOBIJIBHO;
TEHJIEHITII MOJIEKYJ BOJM JO acoriarii
yepe3 BOJHEBl 3B’A3KH  IEpEeBaXKae



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)
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CHEPTeTUIHUM MOIITOBXaM JI0
BHITaJKOBOCTI.

Haramaemo, 110 3MiHa BIJIBHOI
eneprii (AG) Mae HeraTWBHE 3HAYCHHS
I8 Toro, 1o0 mpouec  BIAOYBCS
CIIOHTAHHO:

AG =AH - TAS,

ne AG pymriitHa cuna,

AH 3MiHa eHTaNbMil BiJ yTBOPEHHS
Ta PO3PHUBY 3B’SI3KIB,

a AS — 3MmiHa eHtpomii. OCKIUIbKH
CHTPOMIsI Ma€ IMO3UTHUBHE 3HAUEHHS IS
TUTABJICHHS Ta BUIIAPOBYBAHHS, OYEBUIHO,
110 30unpIneHHs earporii (AS) poouts AG

that makes AG negative and drives these HOTATUBHIM =1 HPH3BOAMTE A0 X
. IICPCTBOPCHD.
transformations.
A N,/
Hyd T I
ydrogen NS N/ NS N/
acceptor O N O O O N
Hydrogen H H H H H H
donor | | | | | |
O O O N N N

FIGURE 3 Common hydrogen bonds in biological systems. The hydrogen acceptor is
usually oxygen or nitrogen; the hydrogen donor is another electronegative atom. Pucynok
Pucynok 3 3aranbHi BOJHEB1 3B’SI3KM y OIOJOTIYHUX CUCTEMaxX. AKIENTOPOM BOIHIO
3a3BUYail € KUCeHb a00 a30T; TOHOP BOJHIO — 1€ OJUH €JIEKTPOHETATHBHUI aTOM.

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. 3). Hydrogen atoms
covalently bonded to carbon atoms do

Boga yrBoproe BOAHEBi 3B’SI3KM 3
NOJISIPHUMM  PO3YHMHEHUMH PeYOBHHAMM
Bonanesi 3B’S3kM BIAcTWBI HE JIMIIE BOJI.
Bouu JIETKO YTBOPIOKOTHCS MK
CJICKTPOHETAaTUBHUM aTOMOM  (aKIENTOPOM
BOJHIO, SK TIPAaBWJIO, KHCHEM YH a30TOM i3
HEPO3/11JICHOIO MapOI0 EJIEKTPOHIB) T ATOMOM
BOJHIO, KOBAJICHTHO IIOB'S3aHUM 3 1HIITUM
CJIEKTPOHETaTUBHUM  aTOMOM  (JIOHOpOM
BOJIHIO) Yy Tid 4M 1HIINA Mozekymi (puc. 3 ).
ATOMH BOJHIO, KOBAaJEHTHO IIOB'S3aHl 3
aToMaMM BYIJICI[l0, HE OepyTh ydacTi Yy
BOJHEBOMY 3B’S3KYy, OCKUIBKH BYIJICIb €



not participate in hydrogen bonding,
because carbon is only slightly more
electronegative than hydrogen and thus
the C-H bond is only very weakly
polar. The distinction explains why
butanol (CH3(CH,),CH,OH) has a
relatively high boiling point of 117°C,
whereas butane (CH3(CH,),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 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. 4) 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.
5).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.
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OUTBIII EJIEKTPOHETAaTUBHUM, HIK BOJICHB, 1

TakuM  uynHOM  3B'm30k C-H  myxe
CTaOKOMOIApHUM.  BiAMIHHICTE  TOSICHIOE,
gyomy Oyranon (CH3(CH,),CH,OH) wmae
BITHOCHO BHCOKY TeMIepaTypy KHITIHHS

117°C, Toni six 6yran (CH3(CH;),CH3) wmae
temriepatypy kuninus juime 0,5°C. byranon
Ma€ TMOJSIPHY T1IPOKCUIIBHY TPyMHy 1, TaKUM
YMHOM, MOK€ YTBOPIOBATH MIMKMOJIEKYJISIPHI
BOJIHEB1 3B’si3ku. HesapspkeHi, ajne moJspHi
OlOMOJIEKYJIM, TakKi SIK  IIYKpH, JIETKO
PO3UMHSIOTBCS Yy BOJlI 4Yepe3 CTaduII3yrouy
JIIF0 BOAHEBUX 3B’SI3KIB M1 T1APOKCUIBHUMHU
rpynamMu abo KapOOHUIBHUM KHUCHEM LIYKPY
Ta MOJSPHUMU MOJIeKyJlamMu Boau. Cnuptu,
albACT1IN, KETOHU Ta CIOJYKH, IO MICTATh
3B’s13k N—H, yTBOpIOIOTH BOJHEBI 3B S3KU 3
MoOJIEKyJlaMd Boau (puc. 4) 1, K IpaBuUIIO,
PO3UYUHSIIOTHCS Y BOJI.

Bonauesi 3B’ A3KU € HAWOLIBIII
CUIIPHUMH, KONH  TIOB'I3aHI  MOJIEKYIH
OpIEHTOBAHI1 Ha MaKCHUMI3a1l10

CJICKTPOCTATUYHOT B3a€EMOJIIi, SKa BHHHUKAE,
KOJIM aTOM BOJHIO Ta JIBa aTOMH, SIKI HOTO
JJISATh, 3HAXOMSATHCSA Ha MpsAMIN JiHIT, TOOTO
KOJIM aTOM aKIIENTopa 3HaXOAUThCS Ha OIHIN
npsMid 3 KOBaJEHTHUM 3B'I3KOM aTOMy
noHopa ta H (puc. 5). BoaHeBi 3B’s3kH,
TaKUM YWHOM, € BHCOKOHANPABICHUMHU 1
3[1aTHI YTPUMYBaTH JIBI MOJIEKYJU a00 TpyIu,
MoB's3aHI 3 BOJHEM, y  IIGBHOMY
rCOMETPUYHOMY  pO3TallyBaHHI. Sk Mu
M00aYMMO 3r0JIOM, ISl BJIACTHUBICTh BOJHEBHUX
3B’SI3KIB  HAJA€ JyKe TOYHI TPHUBUMIPHI
CTPYKTYpH MOJIEKYJIaM O1JIKa Ta HYKJIETHOBUM
KHCJIOTaM, I MalOTh Oararto
BHYTPIITHHOMOJIEKYJISIPHIX BOJTHEBUX
3B’SI3KIB.

SAK1



Between the
hydroxyl group
of an alcohol
and water

R

Between the
carbonyl group
of a ketone
and water
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Between peptide
ETOUpS In
polypeptides

H R

Between
complementary
bazes of DINA

FIGURE 4 Some biologically important hydrogen bonds.

Puc.4 Jlesiki 610J10T19HO BaXKJIMB1 BOJHEBI1 3B’ SI3KH.

N &~
_P/
/

—O—=

o

Strong
hydrogen bond N //4(}

—P
/

Weaker
hydrogen bond

Thymine

Adenine

FIGURE 5 Directionality of the hydrogen bond. The attraction between the partial
electric charges (see Fig.1) 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.
CrpsiMOBaHICTb BOAHEBOTO 3B'A3Ky. [IpUTATHEHHS MIXK YACTKOBUMHU €JIEKTPUYHUMU
3apsanaMu (quB. puc. 1) € HAOUIBILIOKO, KOJU TpH 3aIydeHi aToMu (y AaHoMy Bunaaky O,
H ta O) nexats Ha 0JIHINM MPAMIi JTiHIi.
Konu ainstHky, moB's3aH1 3 BOAHEM, CTPYKTYPHO OOMEXKeHi (K, HAMPUKIIAJl, KOJU BOHU €
YaCTUHOIO OJHIET MOJEKynu Oinka), I 1JeaibHa TEeOMETpPis CTa€ HEMOXKIHUBOIO, 1
OTPUMAaHHI BOJTHEBHI 3B'SA30K Ci1alIIae.
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TABLE 2 Some Examples of Polar, Nonpolar, and Amphipathic Biomolecules
(Shown as lonic Forms at pH 7)

TABJIMIIA 2 Jleski npukiaan NOJSIPHUX, HEMOIAPHUX Ta aM(PidiIbHUX 010MOJIEKYJ
(mokasadi sk 10HHI popmu ripu pH 7)

Polar Nonpolar
i Il
Glucose CHQOEI Typical wax CH(OHy);—CH—CH—(CHy)— CH;—C_
H /L OH '5|}
CH,(CH,),—CH—=CH—(CH,),—CH,
o NOH H
H OH Amphipathic
Phenylalanine ‘NH
. _ 3
Glycine *NH,—CH,—COO0 |
CH,—CH —C00~
Aspartate +NH;
~00C—CH,—CH—COO0~ Phosphatidylcholine
. Il
Lactate CH;—CH—COO CH,(CH,),;CH,—C—0—CH,
OH CH3(CHz)15CH,—C—0—CH 0 *N(CHa)a
0 CH;—0—P—0—CH,—CH
Glycerol OH ? | 2 *
o
HOCH;—CH—CH,0H [ 1 Polargroups [___| Nonpolar groups
b:ﬁﬁ)
'\'»W’ =) L q
\" + A
) U, D Hydrated
Q G ) yf 9:% ? Na' ion
N s ( iy
' :_l} \\\/ %_/ O= O J —, Q ()]
Na* m - at )

( " { — — ) ' Note the orientation
= TN A I 7 79 Coad of the water molecules
CcI- ) g _L r Q. ’.O” 3 CJ\ 5 ) Hydrated
\ X = % < :U— \:J ) i ]
] ‘ _ Ly —T— 1 __'_ + s 5 CI” ion
p @ | ) .

FIGURE 6 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.

Pucynox 6 Boga sk po3unHHMK. Boma po3uuHsie OaraTto KpUCTaIi4HUX COJIeH
rigparariero ix ioHiB. Kpucramiyna pemritka NaCl mopymiyerhbcsi, KOJIU MOJEKYIU
BOJM CKymuyloThcsi HaBkosio ioHiB Cl Ta Na'. JoHHI 3apsgd 4YacTKOBO
HEUTPaAi3yIOThCA, a EJIEKTPOCTATUYHI 3apsau, HEOOXITHI JUIsl YTBOPEHHS IPATKH,
MOCJIa0TIOI0THCS.



Water Interacts
with Charged Solutes

Water is a polar solvent. It
readily dissolves most biomolecules,
which are generally charged or polar
compounds (Table 2); compounds that
dissolve easily in water are hydrophilic
(Greek, “water-loving™). In contrast,
nonpolar solvents such as chloroform
and benzene are poor solvents for polar
biomolecules but easily dissolve those
that are  hydrophobic—nonpolar
molecules such as lipids and waxes.

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 (—-NHjy"), 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.

Electrostatically

Water is especially effective in
screening the electrostatic interactions
between dissolved ions because it has
a high dielectric constant, a physical
property reflecting the number of
dipoles in 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
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Bona ejexkrpocTtaTHYHO B3aemojie
i3 3apsIKeHMMH PO3YUHHUKAMM

Bopna - nmonspHui po3unHHUK. BoHa
JIETKO PO3YMHAE OUTBIIICTE O010MOJIEKYI,
AKi 3a3BUYAd € 3apsDKEHUMH  abo
HNOJIIPHUMH  crojiykamu  (Tabim.  2);
CIOJIYKH, K1 JIETKO PO3UMHSIOTHCSA Y BOJI,
Ha3uBalOTh TrigpodisbHUMHU  (TpeIbKa,
«BOMONMOOHa»).  Hammaku,  HemosspHi
PO3UMHHHMKH, Taki sK XjopohopMmM Ta
OCH30J1, 11 TOraHi pPO3YMHHUKH  JIJIS
NOJISIPHUX ~ OIOMOJIEKyJ,  aje  JIETKO
PO3UMHSIOTH  TiAPOOOHI  HEmosIpHI
MOJIEKYJIU, TaKi sIK JIIIIA Ta BOCKHU.

Bona pozuunsie comi, taki sk NaCl,
rigparaniero Ta crabinizamiero ionis Na' ta
ClI, nmnocnabmioouM  €IEKTPOCTATHYHY
B3a€EMOJIII0 MK HHMHM 1, TaKHM YHHOM,
MPOTUJIIIOYU TX CXUIIBHOCTI JI0 MPUETHAHHS
0 KpuctaniyHoi pemritku (puc. 6). Ti x
(dbakTopu 3aCTOCOBYIOTH [0 3apsI>KEHUX
010MOJIeKyJI, CHOJNYK 3 (DYHKI[IOHAIBHUMHU
rpynamu, TakuMH SK 10HI30BaH1 KapOOHOBI
kuciotu (—COQ), mpoToHi30BaH1 aMiHU (—
NH3), edipu abo anrimpuau docdopHoi
KHCIIOTH. Boja 7erko po3uuHsAe Taki
CIIOJIYKH, 3aMIHIOIOYH HEPO34YHMHEHI
BOJHEBI 3B’SI3KH BOJOPO3YMHHUMHU
BOAHCBUMH 3B ’S3KaMH, THM  CaMHUM
CKPaHYIOUM EJICKTPOCTaTUYHI  B3aeMOIl
MDXK MOJICKYJIAaMH PO3YMHEHUX PEYOBHH.

Boga oco6mmBo
eKpaHyBaHHS CIIEKTPOCTATUIHUX
B3aEMOJIN MDK PO3YMHEHUMH 10HAMH,
OCKUIbKM BOHA MAa€ BHCOKY JIEJIEKTPUUYHY
MOCTIMHY, (i3UMyHa BIIACTUBICThH, SKa
BiJoOpakae  BEIMYMHY  JUOONS Y
po3unHHKMKY. Bemnmumna a6o cuima (F)
10HHUX B3a€MOJII y PO3UMHI 3aJICKUTh Bl
BenuuuHU 3apsamaiB (Q), BiacTaHi MK
3apsHKEHUMU rpynamu () Ta

eeKTUBHA IS

JEJEKTPUYHOI MOCTIHHOIO (&) PO3UMHHHUKA,



solvent in which the interactions
occur:
Q193
F= 2

Er

For water at 25°C, & (which is
dimensionless) is 78.5, and for the

very nonpolar solvent benzene, ¢is
4.6. 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 ClI  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..
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y SIKOMY B110YBalOThCS B3aEMOJII :

Q102
F = 2

Er

s Bomu npu 25°C €18 BeIWYMHA
ckianae 78,5 (0e3po3mipHa), a JjIsl caMoro

HEMOJIIPHOTO PO3YMHHHUKA — OCH30IIy & —
4,6. TakuM 4HHOM, 10HHI B3a€MOJII1 3HAYHO
CWJIBHIIII Y MEHII MOJSIPHUX CEPETOBUILAX.
3ajie)KHICT,  BI I  Taka, IO 10HHI
MPUTSATAHHS abo BIJIIITOBXYBaHHS
IPAIOIOTh JIMIIE HAa HEBEJIUKHUX BIJCTaHIX
- y mexax Big 10 mo 40 HM (3aieXHO Bij
KOHIIEHTpaIlii EJIEKTPOJIITY), KOJIN
PO3YMHHUKOM € BOJIA.

Entponis 30i1bmyerscss 'y Mipy
PO3YHUHEHHS KPUCTAJTIYHUX PeYOBUH

VY Mipy pO3UMHEHHS COJIl, TaKOl SK
NaCl, iomn Na’ ta Cl, mo 3anumaioTsh
KpUCTaJIYHy PEIIITKY, Ha0yBalOTh 3HAYHO

Outerry  cBoOomy pyxy (puc. 2-6).
30uTbIIeHHsT  eHTpomii  (BUIAAKOBOCTI)
CHCTEMH B  pe3yjibTaTi  PO3UMHEHHS

3HAYHOIO MIPOIO BIJMOBIAAE 3a JIETKICTh
po3unHeHHs coiier, Takux sk NaCl y Boi.

v TEPMOJIMHAMIYHOMY a1
YTBOPEHHS PO3YMHY BiIOYBA€ThCSA TIPH

CIpUATIMBIA 3Mini BimbHOI eneprii: AG
=AH — TAS, ne AH mae mayie mMo3uTHBHE
3HaueHHs, a TAS — Beiuke NO3UTUBHE

AG

3HA4YCHHAA, TaKuUM
HCTAaTUBHC 3HAYCHHAI.

YUHOM Mae€
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TABLE 3 Solubilities of Some Gases in Water
TABJINLA 3 Po3unHHICTH AeSIKUX I'a3iB y BOaI

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

Gas Structure*
Nitrogen N=N
Oxygen 0=0
Carbon dioxide L Y
0=C=0
Ammonia H\}ll/H \
N 5
Hydrogen sulfide H H
e \S’X L

*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.

* CTpUIKM — 1€ €JEKTPUYHI JUNOJII; YaCTKOBUH Bil'€MHMI 3apsij HA rOJIOBI CTPLIKH,
YaCTKOBUM MO3UTHUBHMIM 3apsij ( TYT HE ITOKa3aHO) HA XBOCTI.

T 3ayBakTe, IO MOJIAPHI MOJIEKYJM PO3UMHSIOTHCA Habarato Kpaiie HaBiThb NpHU
HU3BKIM TeMIlepaTypi, HIXK HENOJSpPHI MOJIEKYJM TpU BIAHOCHO BHCOKIM

TEeMIIepaTypi.

Nonpolar Gases Are Poorly Soluble
in Water

The  molecules of the
biologically important gases CO,, O,,
and N, are nonpolar. In O, and Ny,
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. The nonpolar nature of these
gases and the decrease in entropy
when they enter solution combine to

Hemnoasipui rasu
PO3YHHSIIOTHCSA Y BOI

Mosnekynu  O10JIOTIYHO — BaXJIMBUX
ra3iB CO,, O, ta N, menomspui. B O, 1 N,
CJIEKTPOHU  JIISATHCS  OJHAKOBO 0OOoMa
atromamu. Y CO, xoxkeH 3B's130k C=0 €
MOJIIPHUAM, aJie JIBa JUIOJI TPOTHUIICKHO
CIpsIMOBaHI Ta CKAaCOBYIOTb OJWH OIHOTO
(tabus. 3). Pyx moJiekyn 3 HEBMOPSIKOBAHOT
ra3oBoi (pa3u y BOJHUIA PO3UMH OOMEXKYE iX
pyx 1 pyX MOJEKyJl BOIM 1, Ll mpouec
MpoTiKae 31 3MEHIICHHSIM  EHTPOITIi.
HemonspHicTh 1MX Ta3iB Ta 3MEHIICHHS
SHTpOMil MpH TOMaJaHHI iX y pO3YMH
MOETHYIOTHCS, 3aBISKH YOMY BOHHU IOTAHO
pO3UMHSIOTECST v Boal (Tabn. 3). Jleski
OpraHi3MH MaloTh BOJOPO3UMHHI OlIKH—
Hocli  (Hampukiaa,  reMoryio0iH — Ta

MMOoraHo



make them very poorly soluble in
water (Table 3). Some organisms
have water-soluble carrier proteins
(hemoglobin and myoglobin, for
example) that facilitate the transport
of O,. Carbon dioxide forms carbonic
acid (H,COs) in agqueous solution and
Is transported as the HCOjs
(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.

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
agueous 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
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MIOTJIOO01H), K1 MOJIETIIYIOTh
tpancnioptyBaHHs ;. J[BOOKHC ByTJeEIO
yrBopioe Byriekucioty (H,COs3) y BogHOMY
po3uuHi 1 TpaHcnoptyerbes sk ioH HCOj
(6ikapOoHaT), BiTbHUN — OikapOOHAT TapHO
po3unnHMiA y BoAi (~ 100 r/n mpu 25°C) abo
MOB'SI3YETHCA 3 TEMOTJIOO0IHOM. JIBa 1HIIMX
rasu, NH3 Ta H,S, Takoxx MaroTh 610J10T14HY
pOJIb y JESKUX OpraHi3Max; Il Ta3u MOJIIPHI
1 JIETKO PO3UYMHSIOTHCS Y BO/II.

Hemnouasipui CIIOJIYKH
3YMOBJKOIOTH eHepreTu4Ho
HEeCIIPUATJIMBI 3MiHU Y CTPYKTYPi BOAU

Konu Bosa 3mimyerbest 3 0€H30J10M
abd0 TeKCaHOM, YTBOPIOIOThCS [B1 (asu;
KOJIHA piAMHA HE PO3YMHHA B JAPYTiil.
Hemnonsipui cnonmyku, Taki sk O€H30J Ta
rekcad TigpogoOHI — BOHM HE 3JaTHI
3a3HAaBATH E€HEPreTUYHO  CHPUATIMBHUX
B3aEMOIIA 3 MOJIGKYyJIaMH  BOJH, 1
HEPELIKOIKAIOTh BOAHEBOMY 3B SI3KY MIXK
MoJIeKyJlaMd Boju. Bci monekynu abo
10HM Y BOJHOMY PO34MHI MEPEIIKOKAIOTh
3B’SI3KY BOJHIO JIESIKUX MOJIEKYJI BOAM Y iX
Oe3nocepeiHii OJM3BKOCTI, aje MOJSpHI
a00 3aps/KEeHI PO3YMHHUKM (HampHKIa,
NaCl) kOMIEHCYIOTh BTpau€Hi BOJHO-
BOJIHI BOJIHEB1 3B’S3KH, YTBOPIOIOYH HOBI
B3acMOIl COJIIOT-BOJA. 3arajbHa 3MiHA
entanbmii (AH) nis po3umHeHHS 1HX
PO3YMHEHUX PEYOBHH Y LIJIOMY HEBEJIMKA.

Opnak TiapodoOHI PO3YNHHUKHA HE
MIPOTIOHYIOTh TaKOi KOMIEHCAIlii, 1 ToMy ix
JI0JTaBaHHS 0 BOJU MOXKE MPU3BECTH O
HEBEJIMKOTO TIOCUJICHHS CHTAJIBITIT; pO3PUB
BOJHEBUX 3B’SI3KIB MK MOJIEKYJIaMU BOJIA



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. 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.
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3abupae eneprito 13 cucremu. Kpim Toro,
PO3YMHEHHS TiApo()OOHUX CIONYK Y BOJI
MPU3BOAUTH JO TIOMITHOTO 3HI)KECHHS
EHTPOITi. Monekynu BO/IH, 111(0)
3HAaXOIAThCA y O6e3mocepeiHiii OIU3bKOCTI
BiJl HEMOJSPHOI PO3YMHEHOT PEUYOBMHH,
oOMexeH1 y CBOIX MOKITUBUX
OpIEHTAIlISAX, OCKUIBKH BOHU YTBOPIOIOTH
CHWJIBHO BIOPSJIKOBaHY 00O0JIOHKY HaBKOJIO
KOXHOI1 MOJIEKYJIM PO3YMHEHOI PEUOBHHHU.
[{i Monekynu BOAM HE HACTUIBKU CHIIBHO
OpIEHTOBAHI, AK y KJIaTpaTax,
KPUCTAIIYHUX  CIONYKax  HEMOJSPHHUX
PO3YMHHUX PEYOBHH Ta BOJHU, ane e(eKT
OJTHAKOBUH B 000x BUTIAJKAX:
BIIOPSAKYBAHHSI MOJIEKYJl BOJIU 3MEHIITYE

eHTpomio. KUIbKICTh  yHOPSIKOBAHHUX
MOJIEKYJ BOJW, a OTXe, 1 BeJIMYUHA
EHTpOMil  3MEHUIYEThCS, MPOMOPIIIHHO

TUTOLII TTOBEPXHI T11podoOHOT PO3UMHEHOT
PEYOBHHH, YKIAJACHOI B KIITKY MOJEKYI
BOAW. 3MmiHA BUIBHOI  eHeprii s
PO3YMHEHHST HETIOJISIPHOTO PO3YMHHUKA Y
BOJI1, TAKUM YHHOM, HECIIPUSTINBA!

AG =AH-T AS,
ne AH Mae no3uTUBHE 3HAYECHHS,
AS — HeraTuBHE 3HaYEHHS,

a AG — no3uTHBHE..



“Flickering clusters” of HoO
molecules in bulk phase

)/// We
/ a D
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Hydrophilic
“head group”

FIGURE 7 Amphipathic compounds in
aqueous solution. (a) Longchain fatty acids
have very hydrophobic alkyl chains, each of
which is surrounded by a layer of highly
ordered water molecules.

Pucynok 7 AmdidinpHI CIOIYKH Y BOTHOMY
PO3YMHI.

(a) KupHi KHCIIOTH 3 JOBTUM JIAHITIOTOM
MaroTh Ay>Ke T1ipodoOH1 aIKUIbHI JIAHITIOTH,
KOJXEH 3 SKUX OTOYCHUU mrapoM BHCOKO
YIHOPAAKOBAHHUX MOJICKYJI BOJH.

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

(a)

, "‘3

\S D Dispersion of

)i b&‘?c{ lipids in HpO

b ~ Each lipid

{ ‘ | molecule forces
surrounding HgO
molecules to become
o «q highly ordered.
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Clusters of lipid
molecules

Only lipid portions

Yo

at the edge of
= %\ { the cluster force the
)) 7 (e Vs T 4 ordering of water.
P 748 &) ,,b‘* Fewer Hz0 molecules
A A Y A «5 4%, are ordered, and
g . P entropy is increased.
3 >.d )
wi s -4

Micelles

All hydrophobic
groups are
sequestered from
water; ordered
shell of HpO
molecules 1s
minimized, and
entropy 1s further
increased.

(hy

Amphipathic compounds contain
regions that are polar (or charged) and
regions that are nonpolar (Table 2).

(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.

6) OO'egnaBImCh y MilETH,
KUPHUX KHCIOT MIiAAAlOTh BOJI  SKHAWMEHIITY
rigpodoOHy MTOBEPXHIO, a B 000J10HITI
BIIOPSAJKOBAHOI BOJAM MOTPIOHO MEHILE MOJIEKYI
BOJIM. Enepris, 3100yTa BUBUIbHEHHSIM
IMMOO1TI30BaHUX MOJIEKYJI BOJU, CTa01T13y€ MILIETH.

MOJIEKYJIN

AmdidinbHi  CrOTyKH  MICTITh
nosipHi  (abo  3apspkeHi) oOnacTi  Ta
HenossipHi (tabdn. 2). Konm amdidinpHa



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. 7a).
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. 7b). 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. The
strength of hydrophobic interactions is
not due to any intrinsic attraction
between nonpolar moieties. Rather, it
results from the system’s achieving
greatest thermodynamic stability by
minimizing the number of ordered water
molecules  required to  surround
hydrophobic portions of the solute
molecules.

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
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CHoJiyKa 3MIIIYEThCS 3 BOJAOIO, MOJISIpHA,
rizpodinbHa  00NacTe  B3aEMOJIE 3
PO3YMHHUKOM 1 Ma€ TEHIECHINIO [0
PO3YMHEHHS, aje HemoysipHa, TinpododHa
00JacTh Ma€ TEHJICHIIII0O YHUKATA KOHTAKTY
3 Bojor0 (puc. 7a). HemomsapHi AiISHKH
MOJIEKYJT ~ KJIACTEPYIOThCS  pa3oM, 1100
NpeACTaBUTH  HaWMeHINy  riipodoOHy
00J1aCTh BOJAHOTO PO3YMHHUKA, a MOJISIPHI
00JIacTl BJAIITOBaHI TaKUM YHHOM, IIIOO
MaKCHUMAaJIbHO B3a€EMOJIISITH 3 POZYUHHUKOM
(puc. 7b). 11 cTilikKi = CTPYKTypHu
aM(pimaTUYHUX CHOOJYK Yy BOJAl, WIO
HA3WBAIOTHCS MilleJIaMU, MOXYTh MICTHUTH
COTHI 4M THUCAYl Moisekyn. Cuim, sKi
YTPUMYIOTh HEMNOJSPHI AUISTHKA MOJEKYJI
pasom, Ha3UBaIOTh rigzpogodoHuMH
B32a€EMOISIMH. Cuita riapodoOoHUX
B3a€EMOJIIA  HE 3yMOBJIEHA  OyAb-SKUM
BHYTPIIIHIM TMOTSATOM MDK HENOJSAPHUMU

dbparmentamu. I[lIBuame, 1e pe3yabTar
JIOCSITHEHHSI HAOUIBIIOT TEPMOIUHAMIYHOT
CTaOUIBHOCTI ~ CHUCTEMH 32  PaxyHOK
MiHIMI3aIlli  KUIBKOCTI  BIIOPSIKOBAHUX
MOJIEKYJ BOAM, HEOOXITHUX JJIsi OTOUYCHHS
riapohoOHUX YaCTUH MOJIEKY
PO3YMHHUKA.

Bbararto O610MOJIeKY T €
aM(pimaTUYHUMU:  TPOTEIHU, MITMEHTH,
MEBHI BITaMiHHU, a TaKOX CTEpPOJIM Ta

docdoninian MmemMOpaH MarOTh MOJSPHI Ta
HEMOJIAPHI JIISHKH moBepxHi. CTpyKTypH,
CKJIQZICH] 3 IUX MOJIEKYJI, CTaOUIi3yIOThCS
rigpopoOHIMHU B3a€MOIIIMU MK
HenoyiipHUMU ~ obmactsimu.  ['impodoOHi
B3aeMoO/Iil MDK JHITZaMH Ta MDK JIITZaMA
Ta OlnkamMu € HaWBAKITUBIIIMUA
JeTEpMIHAHTAMU CTPYKTYpH y O10JO0TTYHUX
MeMmOpanax. ['impodoOHI B3aemojii Mix

HETOJIIPHUMH ~ aMIHOKHCIIOTAMH  TaKOXK
CTallTI3yIOTh  TPUBUMIPHY  CTPYKTYPY
O1JIKIB.

CriosrydeHHs BOJHIO MiX BOJOIO Ta
MOJIIPHUMUA PO3UMHHUKAMUA TaKOXK
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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.

8).
Ordered water __
interacting with \\
substrate and enzyme

\

\
Q’-‘:.‘

c z.—a

Substrate

(-’ - \F’Q‘?}. -.0" o=

BUKJIMKA€E JESIKE BIOPSAIKYBAaHHS MOJEKYII
BOAU, aye e(eKT € MEHII 3HAYHUM, HIXK Y
HETMOJISIPHUX PO3YUHHUX PEUOBHH.
YactuHoto  pymriHoOi cumm A
3B’A3yBaHHS MOJIIPHOTO cyOcTpary
(peareHTy) 3 KOMIUIEMEHTApPHOIO TOJISPHOIO
MOBEpXHE0  (QepMEeHTy €  301IbIICHHS
eHTpomii, KoJu  (EepMEHT  BUTICHSE
BIIOPSIZIKOBAHY BOAY 3 cyOcTpaty (puc. 8).

FIGURE 8 Release of ordered water favors formation of
an enzyme-substrate complex. While separate,
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.

both

Pucynox 8 BuBUIbHEHHS BIOPSAKOBAHOI BOJM CIIPHUSE

displaced by
enzyme-substrate
interaction

o A \
Disordered water o

cyocTpary

Enzyme-substrate interaction
stabilized by hydrogen-bonding,
ionic, and hydrophobic 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

dbopmyBaHHIO  (EPMEHTHO-CYOCTPATHOTO
Xoya okpeMo 1 pepMeHT, 1 cyOcTpaT 3MYyLIYIOTh CYCIIH1
MOJIEKYJIM BOAM B YHOPSAJIKOBaHY OOOJIOHKY. 3B'sI3yBaHHS

BIIOPSIKOBAHOL
eHTporii 3a0e3nedye TEPMOJAMHAMIYHMA MOIITOBX [0
dbopmyBaHHS HEPMEHTHO-CYOCTPATHOTO KOMILJIEKCY.

KOMILJIEKCY.

3 dbepMeHTOM  3BUIBHSIE

BOAM, 1 B PE3yJbTari

YaCTUHY
30LJIBIIIEHHS

B3aemonii Ban-nep-Baaanca
cJIa0Ki Mi’KaTOMHI NPUTATYBAHHS

Komu nBa He3apsamxkeHux aroma
30JMKYIOThCS, €IEKTPOHHI XMapH, 10 X

OTOYYIOTh, BIUIMBAIOTh OJUH HAa OJHOTO.
BumaakoBi KOJMBaHHS B MOJIOKEHHI
€JICKTPOHIB  HABKOJO  OJHOTO  sjpa
MOXYTb CTBOPUTH nepexiTHuil
CJEKTPUYHUA AUMNONb, SAKUH 1HAYKYE
nepexiaHui, MPOTUJICKHUI
€JICKTPUYHUA JUMOJb Y CYCITHBOMY

atomi. J[Ba mumoni ciabKo NPUTATYIOTh
OJIMH OJHOTO, 30MKyrouu nBa sapa. L1
cnabki MPUTSATYBAHHSI Ha3UBAIOTh
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called van der Waals interactions. As the
two nuclei draw closer together, their

B3aemoaisimu Ban nep Baaabca. Komu
IBa siipa 30JIMKYIOTHCS, iX €JNEeKTPOHHI

XMap¥ TOYMHAIOTh BIIITOBXYBATH OJTHE
OJHOTO. Y  TOM  MOMEHT, KOJH
npuTArHeHHs Ban nep Baansca TouHO
BPIBHOBAXKYE 110 BIAIITOBXYIOUY CHIY,
sqpa nepe0yBaloTh y KOHTakTi Ban aep
Baanbca. KoxkeH arom mae xapaktepHui
paniyc Ban nep Baanwsca - mipy Toro,
HACKUIbKU OJIM3BKO II€H aTOM JT03BOJIUTH
HAOMM3UTUCS 10 1HIIOro (tabmn. 4). Y
MOJICKYJIIPHUX MOJIEIAX «3allOBHCHHS

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. Each atom has a
characteristic van der Waals radius, a
measure of how close that atom will allow
another to approach (Table 4). In the

“space-filling” molecular models shown kocmocy», mokasaHux y Ml KHH3I,

throughout this book, the atoms are aToMH  300pakeHi po3mipamu,

depicted in sizes proportional to their van EPOHOPHIHHHMH pamiycam Bam  nep
aajibCa.

der Waals radii.

Table 4 —van der Waals Radii and Covalent (Single-Bond) Radii of Some Elements
Tabmuns 4. — Paniycu Ban-nep-Baanbca ta KoBanenTHi (mpocTi) paaiycw AESKHX
€JICMEHTIB

Sources: For van der Waals
radii, Chauvin, R. (1992)

van der Waals Covalent radius for

Element radius (nm) single bond (nm) . .

Al e _—~ Explicit periodic trend of

H 0.11 0.030 van der Waals radii. J. Phys.

0 0.15 0.066 Chem. 96, 9194-9197. For

N 0.15 0.070 covalent radii, Pauling, L.

C 0.17 0.077 (1960) Nature of the

S 0.18 0.104 Chemical Bond, 3rd edn,
Cornell University Press,

P 0.19 0.110 lthaca. NY

I 0.21 0.133 o

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.

Jlxepena: [{ns paniyciB van der Waals: Chauvin, R. (1992) Explicit periodic trend of
van der Waals radii. J. Phys. Chem. 96, 9194-9197. Jlns KOBaJCHTHUX pPaJiyCiB:
Pauling, L. (1960) Nature of the Chemical Bond, 3rd edn, Cornell University Press,
Ithaca, NY.

[TpumiTka: pamiycu Ban nep Baanmbca onmucyroTh po3Mipy aTOMIB, IO 3alOBHIOIOTH
npoctip. Konu nBa atomu 3'€1HaHi KOBaJE€HTHO, aTOMHI PajlyCH y TOYIll 3’ €IHAHHS
MEHII, HDK paaiycu Ban nep Baanbca, ToMy 110 atomMu 00'€THYIOTHCSI CIIJIBHOIO
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CJIEKTPOHHOIO Taporo. Binctanb MK siapamMu y B3aeMoaii BaH Aep Baambsca abo
KOBAJICHTHOTO 3B’s3Ky MPHOJIU3HO JOPIBHIOE CyMi BaH aep Baambca ab0 KOBaJIEHTHUX
paaiyciB BIAMOBIMHO 71l TBOX aTOMiB. TakuM YWHOM, JOBXHHA OJMHUYHOTO 3B'S3KY
BYIJIELIb-BYIJIELb CTAHOBUTH NpuOin3HO 0,077 Hm + 0,077 am= 0,154 HM™.

Hydrogen bonds
Between neutral groups

Between peptide bonds

b /-
C=0111H—N
= il L

~
C=01H—0—
el

Table 5  Four Types of
Noncovalent (“Weak™) Interactions
among Biomolecules in Agqueous

lonic interactions 0 Solvent
i _ Tabmumss 5 Yotupu THOHM
Attraction Sl md g S HEKOBAJICHTHUX "crnabkux"
e o B3a€MOJII 010MOJIEKYJl y BOJHOMY
Repulsion i Halé pO3UHHi
water
C-Hg/C-Hg
i A
Hydrophobic interactions ([H Iﬁ
Cl'Hg ~
CH,
van der Waals interactions Any two atoms in
close proximity
Weak Interactions Are Crucial to Caabka B3aEMOJist Mae
Macromolecular ~ Structure  and BupimaabHe 3HAYEHHS st
Function MAKPOMOJIEKYJSAPHOI  CTPYKTYpH  Ta
The noncovalent interactions we  dynkmii
have described (hydrogen bonds and Omnwucani HAMU HEKOBAJICHTHI
ionic, hydrophobic, and van der Waals B3aemonii (BogHEBI 3B’SI3KM Ta 1OHHI,

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. Hydrophobic
interactions are also much weaker than
covalent bonds, although they are
substantially strengthened by a highly

rigpopobni Ta Bam gep Baanbcosi
B3aeMoyii) (tabn. 5) nHabarato ciaOkinmii,
HDK KOBaJIEeHTHI 3B’ s13ki. HeoOX11HO BBECTH
omusbko 350 xJIx eHeprii, mo0 po3ipBaru
Moib (6x10%°) C—C—oQMHNYHHUX 3B’SI3KB, i
onu3bko 410 xJIx, 1106 po3ipBatu Moab C—
H-—3B’s3kiB, ane Bchoro 4 k/[)k 10CTaTHBO,
100 MOPYLIIUTH MOJIb TUIIOBOTO (hyproHa
B3aemonii Ban gep Baanbca. T'igpodoOni
B3a€EMOIII TakOXX Cia0Kilm 3a KOBAJCHTHI
3B’SI3KHM, X04Ya BOHW 3HAYHO TMOCHIIIOIOTHCS



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 Dbinding reaction, varies
exponentially with binding energy. 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
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BHUCOKOIOJISIPHAM PO3YMHHUKOM
(HampuKIIam, KOHIICHTPOBAHUM COJHOBUM
po3unHOM). lOHHI B3aeMoOfii Ta BOJHEBI
3B’A3KU BIAPI3HAIOTHCS MiXK COOOIO CHJIOIO,
3aJICKHO BIiJl TOJSPHOCTI PO3YMHHUKA Ta
BUPIBHIOBAHHS  aTOMIB, TIOB'SI3aHUX 13
BOJHEM, ajie BOHH 3aB)KIH 3HAYHO CJIAOKIIII
3a KOBaJEHTHI 3B’SI3KH. Y  BOJHOMY
po3unHHUKY mnpu 25°C HasBHa TEIJIOBA
€Heprig Moke OyTH TaKoi * BEJIUYUHH, SIK
CHJIa IINX CJIA0OKMWX B3a€MOIM, a B3a€MOIIs
MDK MOJICKYJIAaMH COJIIOTa Ta PO3YMHHUKA
(BOAM) Mailke HACTUIBKU K CHPUSITINBA, SIK
1 B3aeMOJli pO3YMHHUX pedyoBUH. OTXe,
BOJIHEB1 3B’S3KM Ta 10HHI, TiApodoOHI Ta
Ban nep BaanbcoBi B3aeMojii MOCTIHHO
(GOpMYIOTBCS Ta MOPYLIYIOTHCA.

Xoya [l YOTHPU THUIU B3AEMOIIN
1HIMBIIyallbHO CJ1a0KI I10JI0 KOBAJICHTHHUX
3B'SI3KIB, CYKYITHUN €eKT 0araThOoX TaKHX
B3aEMOJIIA MOXe OyTH JyK€ 3HAYHHUM.
Hampuknan, HeKoBaJeHTHE 3B'SI3yBaHHS
dbepmenty 3 Horo cyOcTpaToM MOXeE
BKJIIOYATH KUIBKA BOJHEBHUX 3B'S3KIB Ta
OIHy 4YM OuIbllle 10HHUX B3a€EMOJIN, a
TakoX TiapodoOHi Ta Ban nep Baanbcosi
B3a€EMOJIii. YTBOpPEHHSI KOXHOI 3 IUX
CTaOKMX  3B'SI3KIB  CIPHUSAE  YUCTOMY
3MEHILEHHIO BUIBHOI €Heprii cucreMu. Mu
MOKEMO o0unCIUTU CTa0lIBHICTh
HEKOBAJICHTHOI ~ B3a€EMOJIi, Takoi  SK
HEBEJIMKa MOJIEKYyJa, TMOB'A3aHa 3 BOJHEM,
0 11 MakKpOMOJEKYJISpHOrO MapTHepa, 3
eHeprii 3B'I3yBaHHS. CralbuIbHICTD,
BUMIpSIHA TIOCTIHHOIO pIBHOBAarow (IuB.
Hwxue) peaxiiii 3B'i3yBaHHS, 3MIHIOETHCS
CKCIIOHEHITIaTbHO ~ 3aJIEKHO BiA  eHeprii
3B'si3yBaHHs. [{ucoriaiiss ABOX 010MOJEKYJ
(manpuknan, ¢pepMeHTy Ta HOro 3B’sI3aHOTO
cyOcTpary), acoiiiioBaHUX HEKOBAJICHTHO
gyepe3 0arato ciabKux B3a€EMOJIiM, BUMarae
OJIHOYACHO TMOPYIIMTH BCl 111 B3aEMOIII.
OCKI1JIBbKH B3a€EMOI11 KOJIMBAIOTHCS

BUITQJIKOBMM 4YHWHOM, TakKl OJHOYacCHI



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.

At the molecular level, the
complementarity between interacting
biomolecules reflects the
complementarity and weak interactions
between polar, charged, and
hydrophobic groups on the surfaces of
the molecules.
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nepedoi MaJIONMOBIpHI. OTtxe,
MOJIEKYJISIpHAa CTaOUIbHICTh, OTPUMaHa 3a
JornomMoror 5 ado 20 cimabKux B3a€EMOJIIMN,
3HaYHO OuNbIIa, HDK MOXHa Oymo O
3pO3yMITH  IHTYiTUBHO, BiJl IPOCTOTO
iICYMOBYBaHHS MaJIUX €HEPTii 3B’S3KY.

Makpomorekynu, Taki sik oiaku, JJHK
ta PHK, MicTaTh CTUIBKM  JUISHOK
MOTEHIIIMHOTO  BOJIHEBOTO  3B'SI3Ky  a0o0
ioHHOTO, Ban nep Baannca abo rigpodooHux
B3a€EMOJIINA, 10 HAKOMUYYyBaJbHUU eQeKT
0araTbOX MaJMX CHUJI 3B'S3yBaHHS MOXKE OyTH
BEIUYE3HUM. J[7I1 MakpoOMOJIeKysl HalOIbII

CTiMikOI0  (TOOTO  PIAHOIO)  CTPYKTYpOIO
3BUYAIHO € Taka CTPYKTypa, B SKIi
MaKCUMAaJIbHO MO>KJIMBE cinabke

3B’si3yBaHHA. llel NpuUHOMI BU3HAYAETHCS
CKJIaJaHHSAM OJHOI0 MOJIIENTUIHOro ado
NOJIIHYKJICOTUAHOTO ~ JIaHIora B HOTo
TpUBUMIPHY QopMy. 3B'sI3yBaHHS AaHTUTEHY 3
KOHKPETHUM  aHTHTUIOM  3aJICKUTh  BiJ
CYKymHHUX e(eKTiB 0araTboX  CJIaOKHuX
B3aemoJid. Sk 3a3Hauvanmocs  pailie,
EHEpris, M0 BHUIUIAETHCA, KOIM (PEpMEHT
HEKOBAJIEHTHO TPUB'SI3YETHCS 10 CyOCTpaTy,

OCHOBHE JDKEpPEJI0  KaTaJiTUYHOI  CHJIH
depmenTy. 3B'si3yBaHHS TOPMOHY abo
HeWpoTpaHcMmiTepa 3 roro O1IKOM

KJIITUHHOTO pelenTopa pe3yiabTaT Cla0Kux
B3aeMoaiii. OOHUM 13 HACIIAKIB BEIHUKOIO
po3Mipy (€pMEHTIB Ta PEUENTOPIB € T€, IO
ix oOmmpHa TMOBepXHs 3abe3nedyye Oarato
MOKJIUBOCTEH JJIs1 CITAOKUX B3a€MO/IIMH.

Ha MOJIEKYJIIPHOMY piBHI
B3a€MOIOITOBHIOBAHICTH B3a€MOIIFOUYNX
OloMomeKy BiJI0Opaxae
B3a€MO/IONIOBHIOBAHICTh Ta cinadky

B3a€EMOJIII0 MK TOJSPHUMH, 3apsIKEHUMHU
Ta T1ApoOOHUMH TpPyIlaMH Ha TOBEPXHIX
MOJIEKYIL.



27

FIGURE 9 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 9 3B'sizyBaHHs Boau B reMoriio0iHi. KpucranpiuHa cTpykTypa reMoriiobiHy,
MokasaHa (a) 13 MOB'I3aHUMH MoJIeKyJIaMu BoAu (4epBoHi cdepu) Ta (b) 06e3 MoeKys
Boju. L1 MoJleKysii BOJIM HACTIIBKH MIITHO TIOB'sI3aH1 3 O1IKOM, 1110 BOHH BILIMBAIOTh HA
peHTreHorpadgiyHy KapTUHY, HIOM BOHU OyiM HEpYyXOMUMH yacTuHaMmu Kpuctana. Cipi
CTPYKTYPH 3 YEPBOHUMH Ta TOMapaHUYEBUMH aTOMaMH — 11€ YOTUPHU Te€MH TeMOTII00IHY.

When the structure of a protein
such as hemoglobin (Fig. 9) s
determined by x-ray crystallography
water molecules are often found to be
bound so tightly as to be part of the
crystal structure; the same is true for
water in crystals of RNA or DNA.
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,

Komu cTpykTypy Oi1Ka, Takoro sk

remMorjgo0iH  (puc. 9) BHU3HAYaKTH 3a
JOTIOMOT OO PEHTIeHOJIOT1YHOT
kpucrajorpadii, MOJEKYJId BOAU YaCTO

BUSBIISIIOTH 3B ’SI3aHUMHM HACTLIBKHA IIUJIBHO,
10 € YaCTUHOIO KPUCTAIYHOT CTPYKTYPH; T€
XK caMe crocyeTbes Boau B kpuctanax PHK
a6o JIHK. Lli moB'sa3aH1 MOJIEKYJTH BOJAH, K1
TaKOXX MOXYTb OyTH BHSBJICHI Y BOIHHX
pO3duMHaX  3a  JOMOMOTOI0  SIIEPHOTO
Mar”iTHOTO pE30HaHCYy, MAalOTh BHPA3HO
pI3HI  BJACTUBOCTI, HIXX  BJIACTUBOCTI
“OCHOBHOI” BOAM po3umHHMKA. Hanpukian,
BOHH HE € OCMOTHYHO aKTHBHUMH (JIUB.
HKue). [{ns 6aratbox OUIKIB BaXKJIMBO IS
iX (QyHKUIOHYBaHHS WIUIBHO MOB'SI3aHI
MoOJIeKyNd Boau. Hampuknan, y peakiii, 1o
€ LEHTPaJIbHOI AJIs mporecy (poTocuHresy,
CBITJIO pyXa€ TNPOTOHH MO OI0JOTIUHIN
MeMOpaHi, KOJH €JIEeKTPOHU MPOTIKAIOTh
yepe3 HU3KYy OUIKIB, 10 TEPEHOCAThH
enexkTpoH. OnuH 3 MUX OUIKIB, IUTOXPOM f,



cytochrome f, has a chain of five bound
water molecules (Fig. 10) that may
provide a path for protons to move
through the membrane by a process
known as “proton hopping” (described
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Ma€ JIAaHLIOT 13 M'STH 3B'S3aHUX MOJEKYJ
Boau (puc. 10), o Moxe 3a0e3neYnTH UISIX
OPOTOHIB  JUJII  TEpeMIlIEHHS  4Yepe3
MeMOpaHy  MpOIECOM,  BIJOMHUM  fK
“npoTOHHUN CTpPUOOK” (ONUCAHUN HUXKYE).

below). Another such light-driven Iummii Takuii Jierkuii HOPOTOHHHMH HAacoc,
proton  pump, bacteriorhodopsin, 0GakrepiopiforcuH, Marxe HAICBHO,
almost certainly uses a chain of BukOpHCTOBYE JAHIIOT TOYHO OPIEHTOBAHUX
precisely oriented bound water moB's3aHHX MOJICKYJI BOJIH npu
molecules in the transmembrane TpaHcMeMOpaHHOMY pycCi IPOTOHIB

movement of protons

FIGURE 10 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

Pt L GIn®® photosynthesis in chloroplasts. Five
B s Heme | Water molecules are hydrogen-bonded to
X W@q | -:O}—---/ propionate each other and to functional groups of
S /H--‘ H the protein, which include the side chains
Ag@\/N\ @010~ “Asn® of valine, proline, arginine, alanine, two
- IR o’ ‘o HN asparagine, and two glutamine residues.
__q{/o q @:é 5 The protein has a bound heme, its iron

156 - g - .
5 . :::\@ ion facilitating electron flow during
o M =75 xu photosynthesis. Electron flow is coupled

|? H 2
i /\’/I\) | \@s to the movement of protons across the
%0‘ "\N/ N membrane, which probably involves
A . “electron hopping” (see Fig. 14) through
| this chain of bound water molecules.

H'—j:-H Pucynok 10 Boasauii jnaHmor vy
HOOC C muroxpomi . Boma moB'szaHa y

H / s i
0 IPOTOHHOMY KaHaji MeMOpaHHOTO OlKa

nuroxpomy f, SKuUH € YacTHUHOK EHEPreTUYHOro MexaHi3My (OTOCHHTE3Y V
xjoporiactax. [I'iTh  MoONekyn BOAM TMOB's3aHI MK CO0OI0 BOJHEM Ta
(GYHKIIOHATFHUMU TpyIiaMu O1JIKa, 710 SIKMX HaJlexaTh O1YH1 JIAHIIOTH BaJIiHY, IPOJIIHY,
apriHiHy, ajaHiHy, IBOX aclapariHy Ta JBOX 3aJUIIKIB TJlOTaMiHy. bBijok Mae
3B'sI3aHUNA TeM, WOro 10H 3aji3a MOJIETrNHIy€e MOTIK €JIEKTPOHIB MiJ 4ac (DOTOCHUHTE3Y.
[ToTik enexkTpoHIB MOB'A3aHUH 3 IEPEMIIIEHHSIM TPOTOHIB [0 MEMOpaHi, 1110, UMOBIPHO,
nependoavyae “‘CTpuOKM eIeKTpoHIB” (AuB. puc. 14) depe3 1ed JaHIIOT 3B’S3aHUX
MOJIEKYJ BOJIH.

Solutes Affect the Colligative
Properties of Aqueous Solutions
Solutes of all kinds alter certain
physical properties of the solvent,
water: its wvapor pressure, boiling
point, melting point (freezing point),
and osmotic pressure. These are called

Po3uynHeHi pe4oBHHH BILIMBAKWTh
HAa KOJIraTHBHI BJIACTHBOCTI BOJXHHX
PO3UMHIB

Po3unHHu BciX BUIOIB 3MIHIOIOTH IIEBHI
Gi3W4yH1 BJIACTMBOCTI PO3YMHHUKA, BOJM:
TAUCK  Tapu, TeMmreparypa  KHIIIHHSA,
TeMmreparypa IUIaBJIeHHS  (TeMmmepaTypa



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.
@ = H;0 Forming @ = gglute
ice crystal )

émmmm

Coccoooo000d |

ih)

In pure water, every
molecule at the surface is
H;0, and all contribute

to the vapor pressure.
Every molecule in the bulk
solution is H;0, and can
contribute to formation of
ice crystals.

proportionately.

L]

In this solution, the
effective concentration of
H;0 is reduced; only 3 of
every 4 molecules at the
surface and in the bulk
phase are H;0. The vapor
pressure of water and the
tendency of liquid water to
enter a erystal are reduced

x,t’-_;-
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3aMep3aHHsA) Ta OCMOTMYHHMH THCK. IX
Ha3WBaIOTh KOJUIITAaTUBHUMH ‘‘3B'I3aHUMU
pa3oM” BJIACTHUBOCTSIMH, OCKUIBKH BILIMB
PO3YMHHUX pPEUYOBMH Ha BCl YOTHPHU
BJIACTUBOCTI  Ma€  OJHAKOBY  OCHOBY:
KOHIICHTpAIlisl BOJAM y PO3YMHAX HUKYA, HIXK
y 4HCTIA Bojl. BrniamB  KoHIEHTpalrii
pPO3UMHEHOI  PEYOBMHM  Ha  KOJI31HHI
BJIACTUBOCTI BOAM HE 3aJIEKUTh BIJ
XIMIYHHX BJIACTUBOCTEH PO3YHMHEHOT
PEUYOBUHH; 11€ 3aJICKUTH JIUIIIE BiJ KIJTLKOCTI
PO3YMHEHUX YaCTUHOK (MOJIEKYJI, 10HIB) Y
3a/laHli KUIbKOCTI Bojau. Taka cronyka, siK
NaCl, ska aucolile y pO3UHHI, Mae
NMOABIMHY M0 HAa OCMOTHYHUU THCK,
HallpUKIad, SK 1 PIBHY KUIBKICTh MOJER
HEPO3AUISIOYOT0 PO3YMHHHUKA, TAKOTO SK
TJII0KO03a.

FIGURE 11 Solutes alter the
colligative properties of aqueous
solutions. (a) At 101 kPa (1 atm)
pressure, pure water boils at 100°C
and freezes at 0°C. (b) The presence
of solute molecules reduces the
probability of a water molecule
leaving the solution and entering the
gas phase, thereby reducing the
vapor pressure of the solution and
increasing the  boiling  point.
Similarly, the probability of a water
molecule colliding with and joining
a forming ice crystal is reduced
when some of the molecules
colliding with the crystal are solute,
not water, molecules. The effect is
depression of the freezing point.

Pucynox 11 Po3umHeni pedoBUHU

3MIHIOIOTh KOJUTITATUBHI BIACTUBOCTI BOJAHUX PO3UMHIB.

(a) IIpu tucky 101 kIla (1 atm) uncra Boga kunuth rpu 100°C 1 3amepzae ripu 0°C.
(b) HasiBHICTH MOJIEKYJT pO3UYMHHHUKA 3MEHIIY€E WMOBIPHICTBH TOTO, L0 MOJIEKYJa BOAU
BUWJIE 3 PO3YMHY Ta BCTYNUTh y Ta3oBy ¢a3zy, TUM CaMUM 3HHU3UBIIM THCK IMapH

pO3UMHY Ta MIABUILMBIIM TEMIEPATypy KHUIIHHA.

AHAJIOTIYHO 3MEHIIIYETHCS

WMOBIPHICTh CTUKAHHSI MOJIEKYJIM BOJM 3 MPUEAHAHHAM 10 KPHUIITAIIO JHOIY, KOIU
YaCTUHA MOJIEKYJ, IO CTUKAKOTHCA 3 KPUCTAIOM, € PO3YMHEHNMH, a HE MOJIEKYJIaMHU
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Boau. EdekT — mpurHiueHHs TOYKU 3aMep3aHHS.

Solutes alter the colligative
properties of aqueous solutions by
lowering the effective concentration 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. 11). 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 point is 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).

Po3uriHEeH1 pEYOBMHM  3MIHIOIOTH
KOJUTITATUBHI BJIACTUBOCTI BOJIHUX
PO3YHHIB, 3a paxyHOK 3HUKECHHSA

e(EeKTUBHOT KOHIIEHTpAIIii BOIH.
Hampuknan, xonu 3HayHa 4YacTHHA
MOJIEKYJl Ha TIOBEPXHI BOJHOTO PO3UHHY €
HE BOJOI0, a PO3YUHCHOI, TEHJICHIIIS
MOJICKYJT BOJIM BUXOAUTH y (dazy mapu,
TOOTO THICK Mapu — 3HUXKY€ETbes (puc. 11 ).
Tak caM0 3MEHUIYeTbCA TEHACHLIS PYXY
MOJIEKYJ BOJM BiJ BOAHOI ¢a3u [0
MOBEpPXHI YTBOPIOIOYOr0 KpHUCTajia JIbOIY,
KOJIM YacCTHHA MOJIEKYJ, 110 CTUKAIOTHCS 3
KPUCTAJIOM, € PO3YMHEHOI0, a HE BOAOK. Y
IbOMY  BHUIIQJKy  PO3YMH  3aCTHUTHE
MOBUIBHIIIE, HI’K YACTa BOJIa Ta MPH OLIBII
HU3bKIN TeMIiepaTypi. Hns 1,00
MOJISITBHOTO BOJIHOTO po3uuHy (1,00 momnb
po3unHeHoi peuoBuHU Ha 1000 T BOIM)
171€aIbHOT O, €HEProHE3aJIeKHOTO Ta
HEPO3JIJILHOTO  PO3YMHEHOTO PEUYOBUHHU
npu tucky 101 xIla (1 aTtm) Temnepatypa
3amMep3aHHs Ha 1,86°C  Hmxkua, a
temrepatypa kuminag 0,543°C Buiua, HiX
g yuctoi Boau. st 0,100 mosstabHOTO
PO3YMHY PEYOBMHU 3MIHU Ha OJIHY JECATY
PO3YMHEHOT PEYOBUHU € OUTBIITUMHU.

Monekyau BoaM, SK  IIPaBUIIO,
NEePEMIIIYIOThCSl 3 00J1acTi OUIBII BUCOKOI
KOHIICHTpAIlii BOJAW 10 OJHIET 3 HMXYOI
KOHIIeHTparlii Boau. Konau nBa pi3Hi BOJIHI
PO3YHHH B1JIOKPEMJTIOIOTHCS
HaIBIPOHUKHOIO MEMOPAHOIO (TaKoro, siKa
JI03BOJISIE€ MPOITYCKATH MOJIEKYJIM BOJIH, aje
HE PO3UYMHAIOTHCA), MOJEKYJIU BOJHU, IO
TudyHAYIOTh BiJ 00JacTi OUIBII BHCOKOI
KOHIICHTpAITii BOJIY 10 HIDKYO1
KOHIICHTpAITii BOJIH, CTBOPIOIOTH
OCMOTHUYHUH TUCK (puc. 12 ).

FIGURE 12 Osmosis and the measurement of osmotic pressure.
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water
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solute dissolved
in water
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(a) 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 flows from
the beaker into the tube to
equalize its  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

Piston

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).

Pucynok12 Ocmoc Ta BUMIpIOBaHHS OCMOTHYHOTO TUCKY.
(a) INouatkoBwuii ctan. Y TpyOIll € BOAHUI PO3YMH, y CKIISHIII MICTUTBCS YHCTa BOJA,
a HamiBOPOHUKHA MeMOpaHa J03BOJIsi€ IPOIYCKATH BOY, ajle He po3unHsAeThes. Boaa
TeYe 13 CKIIAHKHU y TpYOKY, 100 BUPIBHATH 11 KOHIIEHTPALIIIO IO MEMOpaHI.
(b) Kinuesuii cran. Boma mnepemicTuiacss y PpO3YMH HENPOHUKHOI CHOJYKH,
p030aBUBILY ii 1 MIJHABIIA CTOBIYUK BOAM BcepeAauHi mpoOipku. Ilpu piBHOBa31 cua
TSOKIHHSL, 110 JI€ Ha PO3YMH y TpyOlll, TOYHO BPIBHOBAXY€E TEHIECHIIIO MEPEMIIIEHHS

BOJM Y TPYOKY, /i€ i KOHIIEHTpaLlisl HIXKYa.

(c) OcMOTHYHMII THCK BHUMIPIOIOTh K CHUJYy, SIKy HEOOXIJHO MPUKIACTH IS
MOBEPHEHHSI PO3YMHY Yy MPOOIpKY 10 PiBHS, IO 3HAXOIUThCA Yy crakaHl. Llg cuia

MPOTIOPITiiiHA BUCOTI, roJ1, cTOBMIS B (b).

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

Ileit THCK, BUMIpSHHN SK CHJIA,
HEOOXiIHa JJIsi OMopy pyXy Boau (puc.
12¢), ampokcumyeThCs PIBHAHHAM Ban
T'oda:

IT=1icRT

y skomy R — razoma crana, a T —
a0CoJII0THA TeMIlepaTypa.

Tepmin iC - 1ie OCMOJSIPHICTH
pPO34HHY, 100yTOK MOJISIPHOT
KOHIIEHTpalli  pO3YMHHMKa C  Ta

koedimienTa BaH ['oda, I, mo € Miporo
TOT0, HACKUIBKH PO3YUH JAICOIIIOETHCS Ha



to which the solute dissociates into two
or more ionic species. In dilute NaCl
solutions, the solute completely
dissociates into Na* and CI, doubling
the number 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:

I1 = RT”:]_C]_ + T:Q(?Q + - + T:HCNJ

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
sofutes Intracellular

- {a) Cell in isotonic
solution; no net water
movement.

{b) Cell in hypertoniec
solution; water moves out
and cell shrinks.

(e) Cell in hypotonic
solution; water moves in,
creating outward pressure;
cell swells, may eventually
burst.
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nBa abo Oigpmre 10HHMX BHIOIB. Y
po3Benenux posunHax NaCl po3unmHHHK
noBHicTIO jucoritoe Ha Na' Tta CI,
MOJBOIOIOYM  KUIBKICTh ~ PO3YMHEHUX
YAaCTUHOK 1, TaKUM 4HmHOM, | = 2. Jlua
HCIOHI3YIOUMX PO3YMHCHUX PEYOBHH, |
3apkad 1. g po3umHiB Aekiibkox (N)
PEYOBHH — II€ CyMa BHECKIB KOXKHOTO
BUTY:

I1 = RT(icq + isce + -+ + 1,0,)

OcMmoc, pyx BOAM MO HaMIBIPOHUKHIN
MeMOpaHi, 3YMOBJICHU I PI3HHIICIO
OCMOTUYHOTO THUCKY, BaXJIMBUN (akTop
KUTTS OUIBIIOCTI KIITUH. MeMOpaHu
m1a3Mu OUIBII TIPOHWKHI JIJIT BOJW, HIXK
JUIS OLIBIIIOCTI IHIIMX MAaJIUX MOJIEKYI,
10HIB Ta MakpoMOJeKyJ. L{sg mpoHUKHICTB

YaCTKOBO MTOSICHIOETHCS MIPOCTOIO
mudy3ier0  BOAM  Yepe3  JINigHUN
JBOIIAPOBUMA 1 YAaCTKOBO OLIKOBUMU

KaHaJlaMd y MeMOpaHi, siKIi BHUOIPKOBO
JIO3BOJIAIOTh MPOXOJAUTH BOJl. Po3umHu
P1BHOI OCMOJISIPHOCTI Ha3UBaIOTh
130TOHIYHUMH.

FIGURE 13 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.

Pucynok13. Bruus MO3aKJIITHHHOT
OCMOJIIPHOCTI Ha pyx BOJIH 10
miazMatuyHii MemOpani. Komm kiituHa B
OCMOTHYHOMY OaylaHCl 3 HaBKOJHUIIHIM i

cepenoBuiieM (TOOTO B 130TOHIYHOMY
CEpEIOBUIII) (a) MEePEXOIUTh y
rinepTOHIYHUN PO3UYHH (b) abo

TIMOTOHIYHUN PO3YMH (C), BOJIa PyXa€ThCS MO TUIa3MaTUYHINA MeMOpaHi B HalpsIMKY,
10 Ma€ TeHCHIIII0 BUPIBHIOBATUCh OCMOJISIPHICTD 30BH1 1 BCEPEANHI KJIITUHH.



Srrounded by an isotonic solution,
a cell neither gains nor loses water (Fig.
13). In a hypertonic solution, one with
higher osmolarity than the cytosol, the
cell shrinks as water flows out.

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 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.
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OToueHa 130TOHIYHUM PO3YHUHOM,
KJIIITHHA HEe HaOupae, HE BTpavyace BOIY
(puc. 13). ¥V rineproHiyHOMY pO34HHI,
AKUI Mae OUIbIly OCMOJIAPHICTh, HIXK
IIUTO30J, KJIITHHA CKOPOUYYETHCA Y Mipy
BUTIKAHHS BOJU.

Y  TiNOTOHIYHOMY  pPO3YMHI 3
MEHIIIOI0 OCMOJIIPHICTIO, HIK Y IUTO30.1Y,
KJIITUHAa HaOyXae€, KOJU MOTpaIlisie€ BOJA.
Y CBOIX NOPUPOJHUX  CEPEHOBHUILNAX
KJIITUHU 3a3BUYail MICTSTh OUIBII BHCOKI
KOHLIEHTpal[li 610MOJIEKYJI Ta 10HIB, HIXK iX
OTOYEHHSA, TOMY OCMOTHYHHH THUCK Ma€
TEHJICHIIII0O 3arHaTd BOJY Yy KJIITHUHH.
ko HE SIKUMOCH YHUHOM
BpPIBHOBAKYBAaTUCh, TO L€ BHYTPIIIHIMI
pPyX BOJIM pO3BIIOBAaTUME IJIa3MaTUUHY
MeMOpaHy 1 BPEIITI-PEIIT CHPUUUHATUME
PO3pUB KIIITUHU (OCMOTUYHUH JII3HUC).

Jis 3amoGiraHHst il katactpodi
CKJIAJIOCS  OEKUIbKa  MeXaHi3MiB. Y
OakTepii Ta  pOCIMH  IIJIJa3MaTUYHA
MeMOpaHa OTOYEHa HEPO3IMHPIOBAHOO
KJIITUHHOIO CTIHKOIO JIOCTaTHBOT
KOPCTKOCTI Ta MIITHOCTI, jii (o]0}
MPOTHUCTOSTA OCMOTHYHOMY THCKY Ta
3amo0iraTd OCMOTHYHOMY Ji3ucCy. Jlesxi
MPICHOBOAHI MPOTHCTH >, SKi JKHBYTH Y
BHUCOKOTITTOTOHIYHOMY CEpEeIOBHIIIL,
MaloTh opraHeiny (CKOpOYyBaJIbHY
BaKyOJII0), sIka BUKA4Yy€ BOJY 3 KIITUHU. Y
0araToKJIITHHHUX TBApUH IJIa3Ma KPOB1 Ta
IHTepCTHIliabHA pifuHA (MTO3aKITITHHHA
piAMHAa  TKaHWH)  MIATPUMYIOTBCS 3
OCMOJISIPHICTIO, OJIU3BKOIO JI0 IIMTO30JIy.
Bucoka koHueHTpalis aibOymiHy Ta
1HIIMX OUIKIB y TUIa3Mi KPOB1 COpHsiE HOTO
ocMoJisipHOCTI. KIITHHU TakoX aKTHUBHO
BUKAuylOTh 10HM, Taki sk Na', B
IHTEePCTHUITIATBHY piauny, o0
3QJIMINATUCS B OCMOTHYHOMY Oayianci 3
OTOYCHHSIM.

2 NPOTUCTN — OAHOKMITUHHI @60 GaraTOKNITUHHI OpPraHiaMu, WO He MatoTb CneLiani3oBaHNX TKaHWH.



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. For example, a
gram of a polysaccharide composed of
1,000 glucose units has the same effect
on osmolarity as a milligram of glucose.
One effect of storing fuel as
polysaccharides (starch or glycogen)
rather than as glucose or other simple
sugars is prevention of an enormous
Increase in osmotic pressure within the
storage cell.

Plants use osmotic pressure to
achieve mechanical rigidity. The very
high solute concentration in the plant
cell vacuole draws water into the cell
(Fig. 13). The resulting osmotic
pressure against the cell wall (turgor
pressure) stiffens the cell, the tissue, and
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 (Box 1).

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. 8). Buffers wused in cellular
fractionations ~ commonly  contain
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Ockisbku BILJIUB PO3YMHHUX
PEYOBUH HA OCMOJIAPHICTH 3aJICKHUTh BiJl
KUTBKOCTI PO3YMHEHUX YAaCTHHOK, a HE 1X
MacH, MaKpOMOJICKYJH (O1IKH, HYKJIETHOB1
KHCJIOTH, MOJicaxapuii) MaloTh Habararo
MEHIIMN  BIJIMB  HAa  OCMOJISIPHICTD
pO34MHY, HDK OJHaKoBa Maca ix
MOHOMEpPHUX KOMMOHEHTIB. Hampukian,
epam Todicaxapujay, IO CKJIAAA€ThCs 3
1000 omuHMIIL TIIOKO3W, MAa€ TaKWH Ke
BIUIUB HA OCMOJISIPHICTb, SK Milicpam
roko3d. OgHuM 13 e(ekTiB 30epiraHHs
najauBa SK MojicaxapuiiB (KpoXMalllo YU
[JIIKOTEHY), @ HEe SIK TVIFOKO3W YM IHIIHUX
OpOCTUX  IYKPIB, €  3ano0iraHHs
BEJIMYE3HOTO MIABUIIEHHS OCMOTHUYHOTO
TUCKY B Kamepi 30epiraHHs.

Pocnunu BUKOPHCTOBYIOTh
OCMOTHYHUHA THUCK Il  JOCATHEHHS
MEXaHIYHOi »opcTKocTi. Jlyxke BHCOKa
KOHIIEHTpalisl PO3YMHEHOT PEYOBUHU Y
BaKyOJIl POCIMHHOI KIIITUHHU BTSITYE BOJIY
y kmtuny (puc. 13). Otpumanuit
OCMOTUYHUN THCK Ha KIITUHHY CTIHKY
(THCK  Typropy) HampyxXye KJIITUHY,
TKaHUHY Ta pociuHHe Tino. Canar B'siHE
TOMY, LIO0 BTpaTa BOJAM 3HU3UJIA TYprop
TUCK. PanToBi 3MIHUM THCKY TYypropy
NPU3BOIATH 10 PyXy POCIMHHHUX YaCTHUH,
IO CIOCTEPIraloTh Y POCIWH, YYTIUBUX
710 JOTHKIB, TAKUX SIK MyXOJIOBKa BeHepu
ta MimMo3a (BcraBka 1).

OcMOC TakOX Ma€ HACIIAKA I
nabopaTopHux mpoTokoiiB. Hampukian,
MITOXOHJPii, XJOPOIUIACTH Ta JI30COMHU
oOMeKeH1 HaI1BIPOHUKHUMHU
MeMmOpanamu. Bupgiistoun 111 opraHenu
BiJl pO30OUTHX KIITHH, OI0XIMIKM TOBHHHI
BUKOHYBAaTH dbpakiioHyBaHHS B
130TOHIYHMX po3unHax (auB. Puc. 8).
bydepu, 1m0  BHUKOPUCTOBYIOTH y
KITUHHUX (paKiiOHYBaHHSX, 3a3BUYAil



sufficient concentrations (about 0.2 M)
of sucrose or some other inert solute to
protect the organelles from osmotic
lysis.

SUMMARY 1. Weak
Aqueous Systems

n 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.

m  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.

m 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 aqueous solvent.

m The physical properties of

Interactions in
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MICTSATH JIOCTATHIO KOHIICHTPAITIO
(mpubmm3no 0,2 M) caxaposu abo SKOiCh
1HIIOT IHEPTHOT PO3UYMHEHOT PEYOBUHHU JIJISI
3aXHCTy OpraHel Big  OCMOTHYHOTO
JI3HCY.

PE3IOME 1 Cnabka B3aemonis y
BOJHUX CHCTEMAX
m [lyxe pi3ni enextponeratuu H i O

pOOJISITH BOJlY BHCOKOIIOJIIPHOO
MOJIEKYJIOI0,  3/aTHOK  YTBOPIOBaTH
BOJHEB1 3B’SI3KM SIK 13 CO0OOIO, Tak 1 3
PO3YMHHUKAMU. Bonnesi 3B’ SI3KU
IIBUJIKOTUIMHHI, HacaMIiepe.
€JIEKTPOCTAaTUYHI, craoxinm 3a
KoBaJIeHTH1. Boga — Xopouuii po3unHHUK
TUTSt MOJISIPHUX (rizpodinbHUX)

PO3YMHHHKIB, 3 SKHMH BOHa YTBOPIOE
BOJHEBl 3B’SI3KW, 1 JJIs 3apsKEHUX
PO3YMHHHMX PEYOBHH, 3 SKMMH B3aEMOJIIE
€JIEKTPOCTATUYHO.

mHEnoJsipHi  (riApodoOHI) CHOIYKH
MIOTAaHO PO3YMHSIIOTHECS Y BOJi; BOHH HE

MOXYTh 3B’s13aTU BOJICHb 13
PO3YMHHUKOM, 1 iX HasBHICTb MPUMYIIY€E
€HEePreTUYHO HECIIPUSATINBE

BIIOPSAKYBAaHHS MOJIGKYJT BOAM Ha iX
riapodobHNX moBepxHsX. [ MiHIMIZaIil
MOBEPXHi, IO MiTAETHCSA BIUIMBY BOJIH,
HEMOJIIPHI  CTOJIYKH, Takl SK JIIIIH,
YTBOPIOIOTh arperatu (MIileian), B SIKUX
riapodoOHI (PparMeHTH CEKBECTPYIOTHCS
y BHYTPIIIHIX IIapaX, aCOLII0I0YNCH Yepe3
rigpodgoOHi B3aeMoxii, 1 Juie OUIBII
NOJISIpHI ~ ()parMEHTH  B3aEMOJIIOTH 13
BOJIOIO.

mUnciaendi cnabki, HEKOBaJICHTHI
B3a€EMOJII1 BUPIIAIHHO BIUIMBAIOTh Ha
CKJIaJJaHHS MaKpOMOJIEKYJ, TaKuX 5K
OUIKM Ta HYKJIETHOBI KUCJIOTH. HalOiabin
cTaOUIbHI MaKpOMOJICKYJIPHI
KoH(popmarli — 1e Ti, y SKUX BOJHEBUU
3B'I30K  MaKCUMaJbHUH Yy  MeXax
MOJIEKYIH Ta MDK MOJIEKYJIO Ta
PO3UMHHUKOM, 1 B SKUX TiApo¢oOHi



aqueous  solutions are  strongly
influenced by the concentrations of
solutes. When two agueous
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.
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(¢parMeHTH CKyNUyIOTbCA Yy BHYTPIIIHIM
YaCTHHI MOJIEKYJHM TOAal BiJ BOJHOTO
PO3UYMHHUKA.

m Ha ¢i3uuni BIacTMBOCTI BOJHUX
PO34YMHIB CUJIBHO BILJTUBAIOTh
KOHIIEHTpaIlli po3YuHHUX pedoBUH. Konu
IBa  BOAHUX  BUIAUICHHS  PO3IUICHI
HaITIBIPOHUKHOIO MeMOpaHOI0
(HampuKIIaJ, TIa3MaTUYHOI MEMOpPaHoIo,
0 BIJOKPEMJIIOE  KIITHHKY Big 1l
OTOYCHHS), BOJIa TMEPEMINIY€EThCS MO IiH
MeMOpaHi TUISL BHUPIBHIOBAHHS
OCMOJISIPHOCTI 'y JABOX BijauieHHsaX. Lls
TEHJEHLIs TMEpeMIIIeHHs BOAM 4Yepe3
HaIlBIPOHUKHY MEMOpaHy € OCMOTHYHHUM
THUCKOM.

BOX 1 THE WORLD OF BIOCHEMISTRY BCTABKA 1 CBIT BIOXIMIi

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

CrocyeTtbca
OCMOTHYHA I
BysbkocmnerianizoBani JIUCTS MyXOMOP
Benepu (Dionaea muscipula) mBumgko
CKJIaJIalOThCA Y BIJNOBIAL HA JETKUU
JOTUK KOMaxW, IO He MiJ03PIOoE,
3aXOIUTIOIOYN KOMaxy ISl IOAIBIIIOTO
TpaBJcHHS. 3axoIJIecHa HEKTapoM Ha
JIMCTKOBIM MOBEPXHI, KOMaxa TOPKA€EThCA
TPHOX MEXAHIYHO YYTJIMBUX BOJIOCKIB,
K1 BUKJIUKAE MACTKa, [0 3aKPUBAE JIUCT
(puc. 1). Lle#t pyx nuctst BUPOOIAETHCS
pantoBumu (mipotsirom 0,5 ¢) 3MmiHaMu
TYpropHOTO THUCKY Y KIIITHHaX Me30(piTy
(BHYTpIIIHI KJIITHHH JIUCTKA), IMOBIPHO,
110 JIOCATAIOThCS BUBLIBHEHHAM ioHiB K
3 KJIITHH 1 BUIUIMBAE 3 HHUX OCMOCOM
BoJM. TpaBHI 3aJl03U B MOBEPXHI JIUCTS
BUJILJISIIOTH (PEPMEHTH, SIKI BUI00YBAIOTh
MO’KMBHI PEYOBUHHU 3 KOMaXH.

UytnuBa pociauHa (Mimosa pudica)
TAaKOX 3a3Ha€ 3HA4YHOI 3MIHU QopMu
JIUCTS, BUKJIMKAHOT MEXaHIYHIM
notukoMm (puc. 2). Jlerkmit motwk abo
BiOpalisi MpPU3BOIUTH JO PanTOBOTO
BUCHUXAHHS JIUCTS, BHACTIJOK pPI3KOTO

peakiii |y  pOCIUHaX:
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in turgor pressure in cells at the base of 3HmXKeHHS THCKY Typropy y KJIiTHHaX B
each leaflet and leaf. As in the Venus ocCHOBI KOKHOTO JIUCTOYKA 1 JIUCTKA. SIK i
flytrap, the drop in turgor pressure B MyxoJiOBLli BeHepu, mamiHHS THCKY
results from K+ release followed by the typropy € nacnmigkom Bukugy K' 3
efflux of water. [MOJAJIBIINM BHJIMBOM BOJIH.

R H
(a) (b)

FIGURE 1 Touch response in the Venus flytrap. A fly approaching an open leaf (a)
is trapped for digestion by the plant (b).

Bianosinp Ha 10TUK y MyXxoioBil Benepu. Myxa, 1o HaOImXaeTbesi 10 BIAKPUTOIO
JUCTKa (@), 3aXoIieHa pociauHoro (b) 1 TpaBlIeHHS

(a) (b}
FIGURE 2 The feathery leaflets of the sensitive plant (a) close and drop (b) to
protect the plant from structural damage by wind.
[I’ITHUCTI TUCTIBKK YYTIWBOI POCIMHHU (a) 3aKPUBAIOTHCS Ta OIMYCKAIOThCS (0) s
3aXUCTY POCIHHM Bijl CTPYKTYPHHX TMOIIKO/KEHb BITPOM

2.10NIZATION OF WATER,WEAK 2 JIUCOIIIALISA BOJIU, CTABKUX
ACIDS, AND WEAK BASES KHNCJIOT TA CJIABKUX OCHOB
Although many of the solvent Xoua  0OaraTo  BJIACTHUBOCTEH
properties of water can be explained in po3unHHHKa BOAW MOXKHA IOSCHUTH
terms of the uncharged H,O molecule, the uepe3 nesapsmxeny wmomaekyny H,0,
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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. 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 thereOfore turn
now to a brief discussion of the ionization
of water and of weak acids and bases
dissolved in water.

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
H,O == H"™ + OH™ (2-1)

Although we commonly show the
dissociation product of water as H, free
protons do not exist in solution; hydrogen
jons formed in water are immediately

hydrated to hydronium ions (HsO").
Hydrogen bonding  between  water
molecules makes the hydration of
dissociating protons virtually
instantaneous:

EI—U\ EI—EJ,\ .._"II—(III*—II+E)H_

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 OH™

Majly CTYIiHb 10HI3allli BOJAW /O 10HIB

+ . . . —
BoaHio (H") ta ioniB rigpokcumy (OH)
TaKOXX CJIJI BpaxoByBaTU. SK 1 Bci

0o0OpOTHI peakIlii, 10HI3amil0 BOIU
MOXHa omucaTu MOCTIIHOTO
piBHoBaroto. Komu cmabki KuCIOTH

PO3YHMHSIOTHCS] Y BOJII, BOHH CIPHUSIOTH
iomisypammio  H';  cmabki  6Gasm
CIIOKHUBAIOTh H*, cTaruu
npoToHi3oBaHUMU. Lli mporecu Takox
KEPYIOThCSI KOHCTaHTAaMH PIBHOBArH.

3aranpHa  KOHIIEHTpAIllsl  10HIB
BOJTHIO 3 yCix JKepen
EKCTIICPUMEHTAILHO  BUMIPIOETBCA 1

BUpaxaeTrbcs Ak pH posumny. [l
MIPOTHO3YBaHHSI CTaHy 10H13a11i
PO3YMHHUX PEYOBUH Y BOJA1 MU ITOBHHHI
BpaxOBYBaTH BIJIMOBIJIHI KOHCTAHTH
pIBHOBarm Il KOXHOI  peakuii
ioH13amii. Tomy Mu mepeiaemo 10
KOPOTKOT'0 OOTOBOPEHHS 10H13a111i BOJIH,
C1aOKUX KHUCJIOT Ta OCHOB, PO3YMHEHUX
y BOJI.

Yucra Boaa c1ad0o0ioHiz0oBaHAa

Monekynu BOJIH MaIOTh
HE3HAuYHy TEHACHII0 10 O0OpOTHOI
10HI3alli, OTPUMYIOYM 10H BOJHIO

(mpoToHa) Ta TIAPOKCUA-IOH, IO MAa€
piBHOBary

H,0 === H* + OH™ (2-1)

Xo4a MM 3a3BHYAM TTIOKA3yEMO
MPOAYKT Aucoliaiii Boau sk H, BUIbHI
MPOTOHU HE ICHYIOTh Y PO34YMHI; 10HU
BOJIHIO, 1110 YTBOPIOIOTHCS Y BOJII,
HEraitHO TiApaTyIoTh 10 10HIB IJIPOHII0
(H30"). 3'eHaHHS BOJHIO MiX
MOJIEKYJIaMU BOJIU POOUTH T1IpaTallito
JUCOIIIOI0YNX TPOTOHIB IPAKTUIHO

MHTTEBOIO:
H— H— = H—OQ*—H + OH~
o o o +
H H 11

lonizaitito BoJ MOYKHA BUMIPSTH

3a i eJIeKTPOIPOBIIHICTIO; YHUCTAa BOJAA
v +

HECe eJEeKTPUYHHM CTpyM, koiau H
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toward 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

mirpye y Oik karoma 1 OH™ mepen
aHogoMm. Pyx 10HIB TiIpoHIIO Ta
TIIPOKCUAY B  ENEKTPUYHOMY MO
aHOMaJIbHO IIBHJIKHM y TOPIBHSHHI 3
iHmmMu ionamu, Takumu sk Na®, K' ra
Cl. Ils Bucoka i0HHA PYXJHBICTh €

in Figure 14,

Hydronium ion gives up a proton

H H
\0+/

Wy

Proton hop

pe3yabTaTOM  BHIY  «IIPOTOHHOTO
CTpuOKay», TOKa3aHOTO Ha PUCYHKY 14,

FIGURE 14 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
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

Pucynox 14 [IpoToHHuUii cTpuodOK.
KopoTki «cTpuOKu» MPOTOHIB MK PAIOM MOJIEKYI

i @y o o
Ve @ 6
H ‘\_) \@,_\
H~'0\
@ away (lower
(tofﬂ
H /
()
o,/
(0——@3{ - + +
) cations such as Na™ or K.
2y
H— 0
@)
,0~H BOJM, IOB'I3aHUX

H
Water accepts proton and
becomes a hydronium ion

3 BOJHEM, BIUIMBAlOTh Ha
HaJ[3BUYANHO MIBUJKUN PyX CITKH MPOTOHA HA BEJIUKY
BijicTadb. Konu 10H TiApoHi0 (JIIBUM BepxHiN) Biagae

MPOTOH, MOJIEKYJIa BOJAM Ha JesAKid BiACTaHi (MpaBopyd 3HU3Y) HaOyBae WHOro,
MEPETBOPIOIOYUCH Ha 10H TipoHit0. CKauyBaHHsS MPOTOHIB Ha0araTo MIBUIIIE, HIXK
crpasxHs 1uQysid, 1 NOSACHIOE HAA3BMYAiHO BHCOKY 10HHY pyXJuBicTh ioHiB H'
TMOPIBHAHO 3 iHIIMMHU OJTHOBANIEHTHUMH KaTioHaMH, 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.10).

Because reversible ionization is
crucial to the role of water in cellular

KomeH  oxkpemuii OPOTOH  HE
NPOCYBAEThCA  JOYXKE  CHIBHO  4epe3
HACUTTHUN PO3YMH, ajie Cepis MPOTOHOBUX
CTpUOKIB ~ MK  MOJIEKYyJaMH  BOJH,
MOB's13aHOI 3 BOJHEM, BUKJIMKAE YHCTHUH
pyX TIPpOTOHA Ha BEIWUKY BIICTaHb ¥
HaJ3BUYAHO KOPOTKUH uac. Bnacmigox
BHUCOKOI ioHHOI pyxmuBocti H (i OH™,
SKUW TaKOX HIBUIKO PYXAEThCS MUISTXOM
CTpUOKIB TPOTOHIB, ajie y 3BOPOTHOMY
HamnpsSMKY), KHCJIOTHO-TY>KHI peakuii y
BOAHUX  PO3YMHAX, SK  TIPaBUIIO,
HAI3BAUYaWHO IBHIKI. SIK 3a3Hadasocs
BUIIE, JYXE HMOBIPHO, IO CKadYyBaHHS
IIPOTOHIB TAKOX I'Pa€e pojib y O10JOTTYHUX
peakIiisax nepeHocy npotoHis (puc. 10).

OckiapkM 00OpPOTHA 10HI3AIS Mae



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.

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+1D (2-2)

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

_ [CID]
“~ [AJB]

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
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BUpIIIAJbHE 3HAYEHHS JI1 POJIi BOJIU Yy
KIITAHHIA (QYHKIII, MA TIOBHHHI MaTu
3aco0u BUpaXEHHS CTYIICHSI 10H13a1lli BOIU
y KUIbKICHOMY BupaxkeHHI. KopoTkuit
OTJISiA] JCSIKUX BIACTHUBOCTEH 00OPOTHUX
XIMIYHHMX pEakIliii mokasye, K I1e¢ MOXHa
3pOOHUTH.

[TonoxxeHHs1 piBHOBaru OYb-sIKOi
XIMIYHOT peakii 3aa€ThCA il
KOHCcTaHTO piBHoBarm Keq (iHomi
BUpaXaeTbcss  mpocto sk K).  Jos
y3araJlbHEHO1 peakiii

A+B=C+D (2-2)
KOHCTaHTa PIBHOBaru Moxe OyTu
BHU3HAYCHA 32 KOHIEHTPAI[ISIMU PEarceHTiB
(A 1B) 1 npoaykris (C 1 D) npu piBHOBa3i:
_[CID]
“ [A]B]

TepmiHaMu KOHUEHTpalii MOBUHHI
Oyt  axmuenicmb  a00  e(pEeKTHBHI
KOHLEHTpAI[li y HEHIJaJIbHUX pPO3UYMHAX
KOXHOTO BHy. OHAK, 32 BUHATKOM JTyXKe
TOYHOI pOOOTH, KOHCTAHTa pPIBHOBAaru
MOXe ~ OyTu  HaOMMKeHa  IUISIXOM
BUMIPIOBAaHHSI KOHIIGHTpAIlld y PIBHOBA3I.
3 NpUYWH, MO0 BUXOMATH 3a MEXI €l
JUCKYCli, = KOHCTAHTH  pIBHOBaru €
0e3po3MipHUMU. TUM HE MEHII, MH, SK
paBUJIO, 30€periii OJMHUII KOHIICHTpAIlil
(M) y Bupa3zax piBHOBAaru, BUKOPUCTAHUX
y i KHM31, 100 HarajaTd, II0
MOJISIDHICTh € OJMHHUIICI0 KOHIICHTpAIi,
0 BHKOPHUCTOBYIOTH [IJI1 OOYHUCICHHS
Keq.

KoHcranTa piBHOBaru € pikcoBaHOIO
1 XapakTepHOW Mg Oyab-sSKOi XIMIYHOT
peakiii mpu 3amadiii Temmneparypi. Bix
BU3HAYA€ CKJIaJ KIHIIEBOI PIBHOBAXXHOI
cyminri HE3AJIEKHO BIJI BUX1THUX
KUIBKOCTEW peareHTIiB Ta MPOAYKTiB. I
HaBMAaKd, MK  MOXEMO  OOYMCIUTH
KOHCTaHTy PIBHOBaru i JAaHOI peakilii
npu  JaHii Temreparypi, SKIIO BiIOMI



temperature  if  the  equilibrium
concentrations of all its reactants and
products are known. The standard free-
energy change (AG) is directly related
to Keq.

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 (Eqn 1) is
[HT][OH ]

K= W 2-3)

In pure water at 25°C, the
concentration of water is 55.5 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 55.5 M
in the equilibrium constant expression

1

k. - [HIOH ]
(Egn 3) to yield
which, on rearranging, becomes
(55.5 M)(Keg) = [H'][OH-] = K (2-4)

where K,, designates the product
(55.5 M)(Keg), the ion product of water
at 25°C.

The value for K, determined by
electrical-conductivity measurements of
pure water, is 1.8 x 10™® M at 25°C.
Substituting this value for Kg in
Equation 2—4 gives the value of the ion
product of water:

Kw = [H[OH] (55.5 M)(1.8x
10" M) =1.0 x 10 M?

Thus the product [H'][OHT] in

5.5 M
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pPIBHOB@)XHI ~ KOHIIGHTpaIlii  BCIX
peareHTiB Ta MPOAYKTIB.
CrangapTHa 3MiHAa BUIBHOI €HEpTii

(AG) 6e3mocepenHbo MoB's3aHa 3 Keq.

lTonizanis BOIU

NOCTIiHOI PIBHOBATI 010
Cryninp 10HI3allli BOAM TpPU PIBHOBA3I
(piBHSIHHS 1) HEBEJIMKHUI; pu
temrepatypi 25°C y Oynb-IKUH MOMEHT
ioHi3yeTbess mmme aBi 3 Koxmmx 10°
MoJIeKysl — yuctoi Boau. KoHcraHTa
pIBHOBAru Jjisi 00OpOTHOI 10HI3aIlli BOAU
(p1BHSAHHS 1) JOPIBHIOE

_ [HT[OH ]
Keq = [H,0]

Y uyuctii BoAl mpH TeMmmeparypi
25°C KOHIIEHTpAIlis BOAU CTAHOBUTH 55,5
M (rpam H,O B 1 1, moaineHe Ha rpam
moJiekysipaoi macu: (1000 1/m)/(18,015
r/MOJIb)) 1 MO CyTI € TOCTIHHOIO TIO
BITHOIIIEHHIO bi o) caMoi HU3bKO1
xoruentpauii H ta OH—", a came 1 x 107
M. BianoBizmHO, MU MOXKEMO 3aMIHHUTH
55,5 M y pIBHOB&XHOMY HOCTIHHOMY
BUpaxeHHI1 (piBHAHHSA 3), 1100 OTpUMaTU

K = [H"][OH ]*

eq

BHPAKAETHCA

(2—3)

e
55.5 M v
SIKUH,

nepectapisitoun, ctae (55.5 M)

Keg = [H'][OH-1= K, (2-4)

ne Kw no3nagae no0ytok (55,5 M)
(Keq), ionHuii 100yTok Boau mpu 25°C.

3nauenns s Keq, BHU3HAYCHE
BUMIPIOBAaHHSAMH €JIEKTPOIPOBITHOCTI
YHUCTOI BOAU, CTAaHOBUTH 1,8 X 10" M
npu Temrepatypt 25°C. 3aMiHUBIIN L€
3HaueHHd Keq y piBHAHHI 2—4, naeTbcs
3HAQ4YEHHS 10HHOT'O JIOOYTKY BOJIU:

Kw = [H +] [OH] (55,5 M) (1,8x
10-16 M) = 1,0 x 10 M?
Tomy, nobyrox [H'] [OHT] y BomHmX



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,=[HJOH |=[HP
Solving for [H'] gives

[H']= VK, = V1 x 10 2

[H'1=[OH ]1=10 "™

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 (Box 2).

The pH Scale Designates the H* and
OH™ Concentrations

The ion product of water, K, is
the basis for the pH scale (Table 6). Itis
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
pH=1ogm=—lcnng'l

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:
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posunHax npu 25°C 3aBxau A0pIBHIOE 1x
10 M?. Komm €  piBHOMIpHI
koHneHTparii H+ ta OH", sk y uyucriii
BOJ, PO3YMH BBAXKAETHCSI HEHUTPATLHUM.
Ipu upomy pH xommentpaumito H' Ta
OH— wMoxHa oOO0YHCIMTH 3 10HHOTO
100yTKY BOAM HACTYITHUM YHHOM:

K,=[H'I[OH ] =[H"]?
Po3p’sa3ysanns as [H 7] nae

H*'1=VEK, = V1x10 %

H']=[OH ]1=10"w™

Ockibku JOOYTOK 10HIB BOJM €
MOCTIHUM, 1opasy, KOJIU [H']
nepesumye 1x107 M, [OH ] mae craBatu
menme 1x 107 M, i naBnaku. Kom [H']
Jy’)K€ BHUCOKHH, SK Yy PO3YMHI COJISTHOL
kucinotu, [OH] moBuHen OyTu ayxke
HU3BKUM. 3 10HHOTO JOOYTKY BOJH
MokHa obumcnutd [H'], sxmio 3HaeMo
[OH], i HaBnaku (BcTaBKa 2).

IIxkana pH
koHuenTpaunii H + ta OH™

lonnnii 1o0yToK Boau, Kw ocHOBa
s wkanu pH (tabdn.6). Lle 3pyunnii
3aci6 Bu3HaueHHs KoHuenrtpauii H' (i,
orkxe, OH") y Oyab-ikoMy BOJIHOMY
po3unHi B Mexax Big 1,0 M H + no M
OH—-. Tepmin pH Bu3HauaOTh BUpPa3oM

MHo3Havae€

1
pHZIOgm:—lEIgIH}I

CuMBOJ p mo3Hadae "HEraTUBHUU
gorapudm". I TOYHO HEUTPATIBLHOTO
po34MHy npu Temiepatypi 25°C, y sskomy
KOHIICHTpAIlisl 10HIB BOJHIO CTaHOBUTH
1,0 x 10""M, pH MoHa 0OGYHCIIHTH TAK:

9 b
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- 1 -
———— —log(1.0x 107  pH=log ———— = log (1.0 X 107)
ox107 ¢ P ox107 %

=log 1.0 +1og 10" =0+7=17 =log 1.0 +1log 10" =0+7=17

pH = log

TABLE 6 The pH Scale

[H*] (m) pH [OH ] (m) poOH* The _expression pOH _ IS
sometimes used to describe
10° (1) 0 10714 14 the basicity, or OH-—
10! 1 1012 13 concentration, of a
102 2 10 12 12  solution; pOH is defined
1073 3 10~ 11 by the expression pOH= -
104 4 10~1° 10 log [OH], which is
10°° 5 102 g  analogous to the
108 6 108 g  expression for pH. Note
10-7 7 10-7 7 that in all cases, pH +
ID_E 8 10—6 6- pOH: 14
9 5 Bupa3z pOH inHoxi
ig..m 13 13 4 ﬁ BHKOPHUCTOBYETBLCA JJIA
11 _3 OIUCY OCHOBHOCTI
10 11 10 3 po3urHy a00 KOHIIEHTpaIlii
1012 12 102 2 -
. o OH"; pOH Bu3HavaeTbCA
10_ ' 13 100 1 Bupasom pOH=-log [OH],
10 14 10 (1) 0 aHaJIOTIYHUM BHUpazy AJis

pH. 3BepHiTh yBary, 1o y
Bcix Bunaakax pH + pOH = 14.

BOX 2 WORKING IN BIOCHEMISTRY BCTABKA2 POBOTA B BIOXIMII

The lon Product of Water: Two [onnui#t  g00yTOK  BOAM:  JABI
Illustrative Problems LTFOCTpaTUBHI TIPOOJIeMHU

The ion product of water makes it Tonnmii  n00OyTOK  BOIM  JO3BOJISIE
possible to calculate the concentration oGuucouTH KOHIICHTPAILII0 H+,
of H”, given the concentration of OH—, BpaxoByroun kounenrpanito OH-, i

and vice versa; the following problems naBnakwu; HACTYIIHI npoOIeMu
demonstrate this. JEMOHCTPYIOTb II€.
1.What is the concentration of H” in 1.5Ixa xonmentparis H + y po3uusi
a solution of 0.1 M NaOH? 0,1 M NaOH?
K, =[H"]JJOH]
Solving for [H7] gives Po3p’si3yBanns st [H =] nae

K., 1x10"wm 10"w
[OH ] 0.1M 10w

=107 M (answer)

[H'] =




2.What is the concentration of OH™
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2. Slxa xonuentpauis OH™ y po3uuni
3 koHrentpamieo H 1,3x 10 M?

= [H"]JIOH ]

Po3p’s3yBanns aiist [OH | nae

in a solution with an H’
concentration of 1.3x 10 M?
K,
Solving for [OH ] gives
[OH"] =

K, 10x10"n°
===

1.3 x 10 *m

=77 %10 M (answer)

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 is
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 15 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).

PoGmsun 11 uym  Oyap-aki  1HIN
pO3paxyHKH, 0OOB'SI3KOBO OKPYIJISITE CBOI

BIMOBIII  HAa  NOpPaBWIbHY  KUIBKICTh
3HAYyIIMX Hudp.
3HauenHas 7 mia pH  TouHO

HEUTPaTbHOTO PO3YMHY HE € JOBUIBHO
oOpaHo 1udpor0; BOHA BHUBEJACHA 3
a0COJIIOTHOI BEJIMYMHU 10HHOTO JI00YTKY
Boau mpu 25°C, mo 3a 3py4yHUM 30iroMm
00CTaBHH € KPYTJIUM YUCIIOM.

Pozuunu, mo marots pH Oinbiie 7, €
JY>)KHUMH a00 OCHOBHUMH;, KOHIIGHTpAIIis
OH™ nepesumrye konuentpamito H'. 1
HABIIaKH, PO3YMHH, 110 MatoTh pH Mente 7,
€ KUCITUMU.

3BepHITh yBary, mo mkaiza pH e
jgorapuMivyHOO, a HE apuPMETUYHOIO.
Ckazatu, 1O JBa PO3UYUHH BIAPIZHSIIOTHCS
3a piBHeM pH Ha 1 ogunuito pH, o3Hauvae,
M0 OJAWH pO3YMH Ma€ y JeciTh pasiB
Ginbme koHuentpamito H', a immmii, ane
BiH HE TOBOPUTH HaM TIPO aOCONIOTHY
BenuuuHy pisHmmi. Ha pucynky 15
HaBeZeHO pH Aeskux 3aradbHUX BOTHUX
piauH. Hamiit kona (pH 3,0) abo uepBone
suno (pH 3,7) marorh koHuentpamiro H',
npubau3Ho B 10 000 pa3ziB Ouiblle, HIXK Y
kpoBi (pH 7.,4).
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1M NaOH
~ Household bleach
— Household ammonia
basic
10 — —
. , FIGURE 15 The pH of
9 ~ Solution of baking  some gqueous fluids
soda (NaHCO,)
Pucynok 15 pH Bognux
8 - Seawater, egg white pUIMH
7 Meutral ~ Human blood, tears
— Milk, saliva
6
5 Black coffee
— Beer
4 Tomato juice
Increasingly — Red wine
acidic
3 Cola, vinegar
~ Lemon juice
— Gastric juice
1M HCI
The pH of an aqueous solution PH BoaHOro po3uMHy  MOXHa
can be approximately measured using BumipsTH, BUKOPHCTOBYIOUH pi3Hi
various indicator dyes, including ingukaTopHi  OapBHHMKH,  BKIIOYAIOYH
litmus, phenolphthalein, and phenol nakmyc,  denondranein Ta  denon

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

YEPBOHMM, SKI 3a3HAIOTh 3MIH KOJBODY,
OCKIJTbKM TIPOTOH BIIMEXOBYETHCS Bl
MOJICKYJT OapBHUKA. TodYHE BHU3HAYCHHS
pH y xiMiyHil abo KiIiHIYHINA JabopaTopii
MPOBOJATH 32  JOTMOMOTOK  CKJISTHOTO
eNeKTpoaa, SIKUM BUOIPKOBO UYTIMBUU 0



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.

Measurement of pH is one of the
most important and frequently used
procedures in biochemistry. The pH
affects the structure and activity of
biological macromolecules; for
example, the catalytic activity of
enzymes is strongly dependent on pH
(see Fig. 21). Measurements of the pH
of blood and urine are commonly used
in medical diagnoses. 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
agueous solutions; the strong bases
NaOH and KOH are also completely
ionized. Of more interest to biochemists
iIs 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
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konuentpauii H', ame HewyTnuBumil 10
. . + + . .
karioHiB Na', K" ta iHmmx. Y pH-metpi

CHUTHAII Bifg TaKoTro eIeKTPoIa
TJICUTIOETHCS 1 TTIOPIBHIOETHCS 3 CUTHAJIOM,
M0 TEHEPYEThCS  PO3YMHOM  TOYHO
Bijjomoro pH.

BumiptoBanus pH — ogHa 3
HaNBa)KJIUBIIINX 1 JacTo

BUKOPUCTOBYBAHUX MpoOLEAYyp y OloXimii.
pH BmiuBae Ha CTPyKTypy Ta aKTHBHICTh
O10JIOTIYHUX MAaKpPOMOJICKYJ; HaIpHUKJIa,
KaTaJITMYHA  AKTHUBHICTh (dbepmeHTIB
CWJIBHO 3alexuTh Big pH (muB. puc. 21).
BuwmiproBanns pH kpoBi Ta ceul 3a3BU4ail
3aCTOCOBYIOTh Y MEIWYHUX JiarHoszax. pH

IJa3MUd  KpPOB1  JIIOAEH 3 BaKKUM,
HEKOHTPOJHOBAHUM J1a0€TOM, HAIIPUKJIIA],
gyacTo  OyBae  HWXKYE  HOPMaJIbHOTO

3HaueHHA 7,4; 1ell CcTaH Ha3UBAETHCA
anua030M. Y JIeAKUX 1HIIMX XBOPOOJIMBUX
ctanax pH KkpoBi BuIlle HOPMHU, CTaH
aJIKano3y.

Ciaabki KMCJIOTH Ta OCHOBH MAaKTh
XapaKTePHi KOHCTAHTH JUcoLianii

ConsHi, cipyaHi Ta a30THI KHCJIOTH,
IK1 3a3BUYaii  HAa3MBAlOTh CHJIBHUMU
KHCJIOTaMH, TOBHICTIO 10HI3YIOTBCS Y
pPO3BEACHUX BOJHHUX PO3YMHAX; MIIIHI
ocHoBu NaOH Ta KOH Takox moBHICTIO
10HI130BaHl. BiOXIMIKIB OUIBIIE I[IKABUTH
IIOBEIIHKA CIIA0KUX KHCJIOT Ta OCHOB — fIK1
HE MOBHICTIO 10HI3YIOThCSA pu
pO3uMHEHH] y BoJl. BoHu mnommpeHi y
O10JIOTIYHUX CHCTEMaxX 1 BIOICParOTh
BaXUIMBY pPOJb y MeTaboJi3mi Ta HOro
perymsnii. [loBeaiHky BOJHHMX PO3UYHHIB
c1a0KUX KHCIIOT Ta OCHOB HaHKpaiie
3pO3YyMITH, SIKIIO CIIOYAaTKy BU3HAYUTH
JesIKI TEPMIHH.

Kucnorn MoxyTh OyTH BH3HaueHi
SK JOHOPU TIPOTOHIB, a OCHOBU —
aKIenTopu MpoTOHIB. JIOHOp MpOTOHA Ta



proton acceptor make up a conjugate
acid-base pair (Fig. 16). Acetic acid
(CH;COOH), a proton donor, and the
acetate anion  (CH3COO"), the
corresponding corresponding proton
acceptor, constitute a conjugate
acidbase pair, related by the reversible
reaction

CHﬂ;CDGH — H nE CHﬂ;CGD

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. The tendency of any acid (HA)
to lose a proton and form its conjugate
base (A’) is defined by the equilibrium
constant (K¢,) for the reversible reaction

HA — H" + A",

which is
[HJ[A]
Ko=—"7"7"—"7""=K
aq [HA] |
Equilibrium constants for

ionization reactions are usually called
ionization or dissociation constants,
often designated K,. 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
(HPO,*), have smaller dissociation
constants.
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HOro BIJAMOBIIHUM aKIENTOp IPOTOHA
CKJIQIAl0Th CIPSDKEHY KHUCJIOTHO-TYXKHY
napy (puc. 16). OuroBa Kucjora
(CH3;COOH), nmonop mnpoToHa 1 aHIOH
alerary (CH3;CO0), BiJIITOBITHUT
aKIeNTOp TPOTOHA, CTAHOBIATH TAPY
CIPSHDKCHUX KHCJIOTHUX OCHOB, TIOB'S3aHY
3 000POTHOIO PEAKITIEI0

GH=;GDGH — H™ + CHqCD‘D

Koxna kuciota mae XapakTepHy
TEHJICHI[I}I0 BTpayaTH MPOTOH y BOJHOMY
po3unHi. UMM CHJIBHINIA KHUCIIOTH, THM
Ounbia ii TEHJEHIsST BTpayaTH MPOTOH.
Tenpenmiss Oynp-saxoi kuciaotu (HA)
BTpa4yaTH TPOTOH 1 YTBOPIOBATH HOTO
CIpsDKEHY OCHOBY (A’) BH3HAYa€eThCs
KOHCTaHTOlO  piBHoBarum  (Keq) s
000pOTHOT peaxili

HA — H' + A",

sgKa

o _HUAT]

eq [HA] Ka

KoHcTanTH piBHOBaru sl peakiiii
10H13a1111 3a3BUYal Ha3UBaIOTh
KOHCTAaHTaMu 10HI3amii abo aucoriamii,
gki dJacto mno3HayaroTh K,. Koncrantm
nucoraiii JeIKuX KUCJIOT HaBeIAeHl Ha
pUCYHKY 16. Biiblll CUIbHI KUCIOTH, TaKi
gk (dochopHa Ta BYIJIEKUCTI KHUCIIOTH,
MalOTh O1idbIIl KOHCTAHTH JHUCOLHALil;
cia0Kimi KHUCJIOTH, TaKl K
moHorigpogochar  (HPO,”),  maroTh
MEHII KOHCTAaHTH AUCOIaI].



Monoprotic acids
Acetic acid
(Ky=174 %X 1075Mm)
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al 'l// _— al 'l/
CH,C_ |+ CH;C__

OH

0
7

pK, =4.76
Ammonium ion
(K,=5.62 x 10~-10)

Diprotic acids
Carbonic acid
(K, =170 x 10~4m);
Bicarbonate
(Ka=6.31 x 10711 )

H,C0, — HCO3 + H*
pK, = 3.77

Glycine, carboxyl DllH'? y NH3 p
= -3 M) 7 7

{f(a = 4.57 X 10—3m); CH,C — CH,C

Glycine, amino N N

(K, =251 x10"10m) OH

pK, =2.34

Triprotic acids
Phosphoric acid
(K, =725 x10—2wm);
Dihydrogen phosphate
(K, =138 x 10" m);
Monochydrogen phosphate
(K,=398 x 1013 )

H:PO, &= H,PO7 + H*
pK, = 2.14

H,PO;y = HPOi  + H*

NHf ——= NH, + H'
pK, =9.25

HCO3 = COZ + H*
pK, =102

HPO3~ =— PO}~ + HT
pK, =124

pK. = 6.86

1 2 3 4 5

6 7 8 9 10 11 12 13
pH

FIGURE 16 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. Others

are diprotic (H,CO;3 (carbonic acid) and

glycine) or triprotic (HsPO, (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.
Pucynok 16 — CripsiskeHi KUCIIOTHO-OCHOBHI Mapy CKJIaJal0Th JOHOP MPOTOHA 1

akienTop mnporoHa. Jleski Cmoiayku, Taki

SK OIITOBa KMCJIOTa Ta 10H aMOHIIO, €

MOHOMPOTUYHNMH; BOHH MOXYTh BiIMOBUTHCH JIMIIIE BiJl OJHOTO MPOTOHA. [HmI -
munpotuyHi (H,CO3; (Byriekucna kuciora) i rminuH) a6o TpunpoTtwuHi (HzPO,
(bocdopna kucnora)). Peakiii aucoriamii Jyisi KOXKHO1T Tapu MOKa3aHi TaM, /€ BOHU
Bi10yBatoThCs B310BXK TpagienTa pH. Koncranra piBHoBaru abo aucorriarii (Ka) Ta 1i
HeraTuBHUM jorapudm, pKa, mokaszaHi 11 KOKHOT PEaKITii.

Also included in Figure 16 are
values of pKa, which is analogous to pH
and is defined by the equation

Ha pucynky 16 Takoxx BKJIHOYEH1
3HayeHHss pKa, mo € anamorom pH
BU3HAYAETHCS PIBHIHHSIM

1
K =lov — = —loc K pK,=log — = —log K,
]:' a g K-a g E: 1 KE
The stronger the tendency to duM - cubHile  CXMIBHICTE 110
dissociate a proton, the stronger is the AHCOHIaOll  IIPOTOHA, THM  CHJIBHIIIA

acid and the lower its pKa. As we shall
now see, the pK, of any weak acid can be
determined quite easily.

KHCJIoTa 1 Hkunil ii pKa. Slk Mu Tenep
O6aunmo pKa Oyab-aKoi c1a0Koi KUCIOTH
MO>KHA BU3HAYUTH JIOCUTH JIETKO.



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. 17).
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KpuBi TurpyBanHs sBussaswts pKa
CJIA0KNX KHCJIOT

TutrpyBaHHS BUKOPHUCTOBYIOTH JJIs
BU3HAYCHHS KUTHKOCTI KHCIOTH Y JTaHOMY
po3uuHi. Bumipsauii  o0'eM  KHCIOTH
TUTPYIOTh ~ PO3YMHOM  MII[HOI  OCHOBH,
3a3Buuaii  rigpokcuay Harpito  (NaOH),
BijjoMoi koHueHTpanii. NaOH nomaroTh
HEBEJIMKUMH TMOPIISIMUA 10 THUX TMip, MOKH
KHUCIIOTa HE oyne BUTpayeHa
(meWTpamizoBaHa), SK II€¢ BH3HAUYC€HO 3a
JIOMIOMOT'OI0  1THAMKATOPHOrO0 OapBHHKA abo
pH-metpa. KoHUEHTpalit0o KUCIOTH Yy
BUXITHOMY PO3YHMHI MOXXHAa OOYHCIUTH 3
o0csary Ta KoHIeHTpaitlii qoganoro NaOH.

HMiarpama pH 1npotw  KUIBKOCTI
nomanoro NaOH  (kpuBa TUTpyBaHHS)
BusBisie pKa cnabkoi kucinoru. Po3risiHemo
tutpyBanHs 0,1 M po3umHy ONITOBOI
KUCIOTU (AJI1 MPOCTOTH, LIO MO3HAYAETHCA
HAc) 0,1 M NaOH- npu Temneparypi 25°C
(puc.17).

FIGURE 17 The titration

curve of acetic acid. After

. addition of each increment

9
gk CH,CO0-
TF [CH,COOH] = [CH,C00"]
6k

pH

pH = pK,_, = 4.76

21— CH,COOH

|
|
|
|
|
|
|
|
|
|
1

| | | | | | I

T of NaOH- to the acetic
acid solution, the pH of
the mixture is measured.

—T—pH 576 This value is plotted

Buffering against the amount of

region NaOH- expressed as a
fraction of the total

76 NaOH-  required to
convert all the acetic acid
to its deprotonated form,
acetate. The points so

4 obtained yield the titration

curve. Shown in the boxes

0
0 010203040506 07080
OH™ added (equivalents)

19 1.0 are the predominant ionic
o forms at the points
designated. At the

0 50
Percent titrated

|{__ midpoint of the titration,
100% the concentrations of the
proton donor and proton
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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.

Pucynox 17 KpuBa TutpyBanHs OnToBoi KHCIOTH. [licist momaBaHHS KOXKHOI MOPIIii
NaOH 1o po3umHy oONTOBOI KuCIOTH BuMipioloTh pH cywmimi. Ile 3HadeHHs
nobynoBano mnpotu KuibkocTi NaOH, Bupaxkenoi sk wyactka 3araibHoi NaOH,
HEOOX1THOI /IS TIEPETBOPEHHS BCI€l OLITOBOI KHMCJIOTH Yy 11 JIEMPOTOHOBaHY (opMmy,
anerat. OTpuMaHl TAKUM YHMHOM TOYKU JAIOTh KPUBY TUTPYBAHHS. Y MOJSX MOKa3aHO
nepeBaxarodi 10HHI (GOpMH Yy 3a3HAYEHUX TOYKaX. Y CEpelHId TOYIll TUTPYBaHHS
KOHIICHTpAIIil JOHOpa MPOTOHA 1 aKIeNTopa MPOTOHA PiBHI, a pH YKCeNbHO JOPIBHIOE
pK,. 3aTineHa 30Ha — 11e KOpUCcHa 00iacTh OyepHoi cuim, sk npasuio, Big 10 % go

90 % TuTpyBaHHS C1a0KO1 KUCIIOTH.

Two reversible equilibria are
involved in the process:

H,0 == H* + OH (2-5)

HAc == H*" + Ac (2-6)
The equilibria must
simultaneously conform to their

characteristic equilibrium constants,
which are, respectively,

K,=[H'IOH ]=1x 10 14 42 (2-T)
[H l[Ac™] . ,

= - = = (2 )

K. [HAc] 1.74 x 107 m 2-8)

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 (Eqgn 8).

As NaOH is gradually
introduced, the added OH ™ combines
with the free H" in the solution to form
H,O, 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,

Y mpomeci OepyTh ydacTb Bl
00OpOTH1 PIBHOBArM:
H,O0O =— H" + OH (2-5)
HAc == H' + Ac (2-6)

BpiBHOBa)KeHHH ITOBUHHI OJHOYaCHO

BIJINIOBIJIaTH X XapaKTepUCTUYHUM
KOHCTaHTaM PiBHOBAaru:
K,=[H'JOH ]=1x10 "M (2-7)
[H"[Ac™] - _
- : - (2-8)
K. [HAC] 1.74 X 10° M )

Ha mouaTtky TUTpyBaHHS, Mepe THUM,
gk npomatm Oymb-skuii  NaOH, ormroBa
KHCIIOTAa BXE TPOXHM 10HIZYEThCA 1O Ti€l
MIpH, SIKYy MOXHA OOYHMCIUTHU 3 1 OCTIMHOT
avcortiamii (piBHSIHHAS).

ITo mipi toro, sk NaOH mnoctynoBo
BBOJAUTHCS, Aonannii OH moenaHyerbes 3
BinbauM H' y posuuni, yrBoproroun H,0, y
TIM Mipl, sIKa 3aJ0BOJILHSE PIBHOBAXKHOMY

CHIBBIAHOWIEHHIO y piBHAHHI 7. Komu
BimpHMit H®  Bumanserscs, HAc pami
B1IMEKOBY€EThCS TS 3aJI0BOJIEHHSA

KOHCTaHTH piBHOBaru (piBHsHHA §). Yuctuit
pe3ynbTaT Mo Mipi TUTPYBAHHS MOJSATAE Y
ToMy, 10 Bce Oinpime 1 Oumpme HAc
10HI3YETHCS, YTBOPIOIOUN AC’, SIK TOJTAETHCS
NaOH. V¥ cepenniii To4lll TUTPYBAaHHS, Y AKY
nomano piBao 0,5 exBiBamenta NaOH,
MOJIOBUHA  BHUXIJHOI  OLITOBOI  KHUCIIOTH
3a3Hasa JUcolianii, TaKk 0 KOHLIEHTpPAaLis



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 16, 17). 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. 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 (Egns 5, 6) coexist, each
always conforming to its equilibrium
constant.

Figure 18 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

o1

noHopa mporoHa [HAc] Ttemep mopiBHIOE
KOHIIGHTpaIlii akienTopa npotona [Ac’]. Ha
JaHUM MOMEHT ICHY€ JyX€ BaKJIMBUHN
B3a€MO3B's130K pH eKBIMOJIIPHOTO PO3YHHY
ONTOBOi KUCJIOTH Ta alerary TOYHO
nopiBHIoe pKa onropoi kucnotu (pK, = 4,76;
puc. 16, 17). Hezabapom Oynme 3’scoBaHa
OCHOBA JUIsl LIMX BIJHOCHH, IIIO CTOCYETHCS
BCIX CIa0KUX KUCIOT.

[1o Mip1 MPOAOBKEHHS TUTPYBaHHS
HUISIXOM JIOJIaBaHHS MOAAIBIINX MOPIN
NaOH, pemra HenucoIiHOBaHOT OITOBOT
KHCJIOTH TOCTYIOBO MEPETBOPIOETHCS Y
anerat. KiHlleBa TOYKa TUTPYBaHHS
Hactae npubnauzno npu pH 7,0: Bes
OIITOBAa KHCIIOTa BTpaTWjia MPOTOHU JI0
OH, yrBoproroun H,O Ta amerar.
[IpoTsiroM TUTpyBaHHS ICHYIOTh JIB1
piBHOBaru (piBHSAHHS 5, 6), KOXKHA 3 STKHX
3aB)XKIM BIAIMOBIZA€ CBOIM  IMOCTIMHIN
piBHOBA3I.

Ha pucynky 18 nopiBHIOIOTH KpHBI
TUTPYBAHHS TPbOX CIAOKUX KHCIOT 13
Jy’)K€ PI3HUMM KOHCTaHTaMM JIMCOILIAI:
ontoBa kucimora (pKa = 4,76);
nurinpodocdar, H,PO, (pKa = 6,86); 1
ion amomniro, NH," (pKa = 9,25).

Xo4ya KpWBI TUTPYBaHHS ITMX
KHUCJIOT MaloTh OJHAKOBY (opMy, BOHU
3MIIYIOTBCS B370BXK oci pH, oCKuIbku
TPU KHUCJIOTH MalOTh PI3HY MILHICTb.
Ourosa kwuciiora 3 HauBumuMm Ka
(HaitHmkuuM pKa) 13 TppoX € HaOUIbII
CUJIBHOIO (BTpayae MPOTOH HANUOIIBII
JIETKO); BOHA  BXE  HaIlOJOBUHY
JIUCOILIIFOBajIa npu pH 4,76.
Jurigpodocdar BTpayae MPOTOH MEHIII
JIETKO, OyIy4r HaMiBIUCOI[IHOBAaHUM MPU
pH 6,86. lon amoHil0 € HaiiciabIIo0
KHCIIOTOI0 3 IMX TPhOX 1 HE CTae
HaIOJIOBUHY JucoIiioBanuM 110 pH 9,25.
HaiiO11p1 BaXJIMBUM MOMEHTOM IIIOJIO
KpUBOI TUTPYBaHHS CIA0KOi KHUCJIOTH €



acid and its anion—a conjugate acid-
base pair—can act as a buffer.
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Te, MO BOHA rpadivyHO TIOKA3yE, IO
ciabka KUCIOTa Ta ii aHIOH — CHpsDKEHa
napa KHUCJIOTHO-OCHOBHA MOXYTh [IATH

sk Oydep.

14 FIGURE 18 Comparison of
e Widpamt ] the titration curves of three
ol titration NH, N weak acids.
) , Shown here are the
11 [N”:[‘}J:;if ] o€ titration curves for
41— 3.

| [CH,COOH] = [CH,C00"]

[ etcoon]

0

CH3;COOH, H,PO,4, and NH,4
*. 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  buffers between
approximately 10% and 90%
neutralization of the proton-

3 donor species.
| Pucynox 18 —

OH~ added (equivalents)

| | | | | | | I |
0 01 02 03 04 05 06 0.7 0.8 09 1.0

(=]
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Percent titrated

[TopiBHSAHHS KPUBUX
TUTPYBaHHS TPbOX CHAOKUX

KHCJIOT.
| Tyt MOKa3aHi KpHBI
100% TUTPYBAHHS CH;COOH,
H 2 PO4_ Ta N H 4 * .

[lepeBaxkatoui i0HHI HOpMH Y

BU3HAYCHUX TOYKAX TUTPYBaHHA HaBeaeHl y moisx. O6macti OydepHoi emMHOCTI
BKa3aHi nmpaBopyd. CpspkeHi mapy KUCIOTH-OCHOBH € e(heKTUBHUMU Oydepamu Mixk
npu6bsm3HO 10 % 190 % HelTpasizalli€ro BUJIB MPOTOHIB-IOHOPIB.

SUMMARY 2 lonization of Water,
Weak Acids, and Weak Bases

m Pure water ionizes slightly,
forming equal numbers of hydrogen ions
(hydronium ions, H;0") and hydroxide

jons. The extent of ionization is
described by an equilibrium constant,
i H"][OH ]
Koqg= —57 77—
[H20]

from which the
ion product of water, K,, is derived. At

PE3IOME 2 /Ilucouniamis BOIH,
CJIA0KMX KUCJIOT TA CJIA0KMX OCHOB

m UYucrta Bojma  1OHI3YEThCA
HE3HAYHO, YTBOPIOIOYU PIBHY KIJIBKICTh
ionip BogHio (ioHM rigponito, HzO") Ta
rigpokcua-ioHiB.  CrymiHb  10Hi3amil
OTHUCYIOTh MOCTIMHOI PIBHOBAroO}lo,
. [H']JOH]
Koq = T L0]
3 SIKOT BUXOJUTh 10HHUU TOOYTOK



25°C, Ky, = [H'][OH ] = (55.5 M)(Keg) =
10 M2,

m The pH of an aqueous solution
reflects, on a logarithmic scale, the
concentration  of  hydrogen ions:

1
pH = log i log [H ]_.

m 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,
e H'AT]
Ky Kog = =

4

[HA] "

m The pKa expresses, on a
logarithmic scale, the relative strength of
a weak acid or base:

1
phRs = log o —log K.
d

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

3.BUFFERING AGAINST PH
CHANGES IN BIOLOGICAL
SYSTEMS
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
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Bozu, Kw. ITpu 25°C Kw = [H'] [OH] =
(55,5 M) (Keq) = 10 M2,

[ ] pH BOJIHOT'O PO3UHHY
BifoOpaxkae y JorapudMidHii mKam
KOHIICHTPAIII0 10HIB BOJIHIO:
pH = log L; = —log [H™].

[H]

m UYuMm Oulbla KHUCIOTHICTD
po3uuHy, TUM Hikumil oro pH. Cnalki
KHCJIOTH YaCTKOBO 10HI3YIOThCA, 100
BUBUIPHUTHA 10H BOJHIO, THM CaMHUM
3HWKYIOUYM pH  BOJHOrO  po3uunHY.
CnabKi OCHOBH MpPHUIIMAIOTh 10H BOJIHIO,
niasuinyrodn pH. Ctymiab 1IUX MPOIECiB
XapakTepHa IS KOXXHOI KOHKPETHOI
caabkoi  KUCJIOTH a00  OCHOBM 1
BUPAXKAETHCS K KOHCTAHTA IUCOLIAILi.
o [H'JAT]

1'!"*41- -hc-q [H:"'a] a

m pKa Bupaxae y nmorapudmiuHiii
IIKaJli  BIAHOCHY  MIIHICTh  CJIaOKOi
KHCJIOTH abo OCHOBH:

1
phy = log - —log K.
d

m YuMm cusibHIIA KHCIOTA, TUM
Hk4e i1 pKa; yuM cuipHIIIE OCHOBA,
tum  Bume il pKa. pKa wmoxna
BU3HAYUTH €KCIIEpUMEHTaIbHO; 11e pH B
CepellMHl TOYKM KPUBOI THUTPYBaHHS
KHUCIIOTH 200 OCHOBH.

3.POJIb BY®EPHUX CUCTEM B
MNIATPUMIII PH B BIOJIOTTYHHUX
CUCTEMAX

Maitxe KokeH O10JIOTIYHUN Mpolec
3anmexuTh Bin pH; HeBenmka 3mina pH
MIPU3BOJAUTEL 0 3HAYHOI 3MIHHM IIBHIKOCTI
nporecy. lle mificHO He TUTBKH IS
GaraThox peakuiff, y skux ion H' e
Oe3rmocepeHiM YJYaCHUKOM, aje 1 I THX,
y AKMX O4eBUIHOI poi ans ionis H' Hemae.



role for H* ions. The enzymes that
catalyze cellular reactions, and many
of the molecules on which they act,
contain  ionizable  groups  with
characteristic  pK, 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. 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, keeping
biomolecules in their optimal ionic
state, wusually 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 quantitative relationship between
the pH of a buffered solution and the
pK, 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 aqueous 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
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depMeHTH, N0 KaTaJdi3ylTh KIITHHHI
peakiiii, 1 6araTo MOJEKyJ, Ha SKi BOHH
JIIOTh, MICTATh  10HI3yHOYl Tpynd 3
XapaKTEPHUMHU 3HAYCHHSIMU pKa.
Hanpukman, npoTOHI30BaHI — aMiHO- 1
KapOOKCUJIbHI ~ TPYMU  aMIHOKHUCIOT 1
docharni rpynu HYKJICOTH/IIB
GYHKIIOHYIOTh SIK  CHaOKi  KHCJIOTH; iX
10HHUH CTaH 3aJIC)KUTh Bim pH
HABKOJIMIIIHEOTO CEepeloBUINA. SIK MU BXKe
BiJ3HAYaJlM  BHIE, 10HHI  B3aeMOAIL
BIIHOCATh JO0 CHJI, 5Kl CTaOUII3yIOTh
MOJIEKYJTy O17Ka 1 JI03BOJISIIOTH (DEpMEHTy
po3Mi3HaBaTH 1 3B'sI3yBaTH HOro cyOCTpar.
Knituan Ta  oOpraHisMu  MiATPUMYIOTh
crenupiyHUN 1 TOCTIMHMM IUTO30JIbHUN

pH, miarpumytoun OiloMoOJdeKynIH Yy iX
ONTUMAJIBHOMY  10HHOMY  CTaHi, K
MIPaBUIIO, o3y pH 7. v
0araToKJIITUHHUX OpraHi3miB pH

MO3aKJIITUHHUX PIAUH TaKOoX KOPCTKO
perymoetbes. Cramicte pH nmocsiraetscst
Hacamriepesr  OlojoriyHUMU — Oydepamu:
CyMmilmaMu  CJa0KMX  KHCJIOT Ta  iX
KOH'IOTOBaHUX OCHOB. MU omMcyeMo TyT
10HI3aIliiiHI PIBHOBAarW, W10 IOSCHIOIOTH
Oydepuzamito, 1 TOKa3yeMO KUIBKICHY
3aJIeKHICT  MDK  pH  3a0ydepeHHoro
posunHy 1 pKa Oydepa. bionoriune
OydepyBaHHs 1MOCTpYeEThC (PochaTHUMU
Ta KapOOHATHUMH Oy(pEepHUMHU CHUCTEMaMU
JFOVHH.

bybepu — mue cymimi ciabkux
KHCJIOT Ta iX CIOJIy4YeHUX OCHOB
bydepni  BomHi  cucrteMu,  SKi

MparHyTh NTPOTUCTOSNTH 3MiHaM pH mpu
JI0JTaBaHH1 HEBEJMKOI KIJTBKOCTI KHCJIOTH
(H") a6o ocuosu (OH"). Bydepna cucrema
CKIIAJAEThCs 3 CHabKoi KHUCIOTH (JOHOpa
MpOTOHA) Ta 1l KOH'IOTOBAaHOI OCHOBU
(akmenirop mpotoHa). Hampuknam, cymimn
PIBHMX KOHIIEHTpAILlli OLITOBOI KUCJIOTU Ta
10Ha aneraTy, 3HalJeHa B CEepPeMHI TOYKH
KpUBOi THUTPYBaHHS Ha pPHUCYHKY 17, €
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the midpoint of the titration curve in
Figure 17, 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

oydepHoro cucremoro. Kpusa tutpyBaHHs
OLITOBOI KHCJIOTH Ma€ BIJHOCHO pIBHY
30Hy, IO TPOXOAWTH MPUOIM3HO Ha |
omuaumro pH 3 o000x OokiB Bim il
cepennboro 3HaueHHs pH 4,76. Y wiit 30Hi
kinbkicte HW a6o OH', mo gomaeTbes B
CHUCTEMY, Ma€ Habararo MEHIIWN BIUIMB Ha
pH, HIX Ta cama KiJIbKICTb, SIKa JTOJIA€ThCS

amount added outside the buffer
range.

mo3a Mexamu oydepa.

Acetic acid HAc Ac— Acetate
(CH,COOH) \ (CH,COO™)
H*
_ [H"I[Ac™]
K. = [HAc]

FIGURE 19 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 (HACc), 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 K, (I x 10™ M?. The
equilibrium quickly adjusts so that this
product equals 1 x 10™ M? (at 25°C),
thus transiently reducing the
concentration of H*. But now the quotient
[H][Ac)/[HAC] is less than Ka, so Hac
dissociates further to restore equilibrium.
Similarly, the conjugate base, Ac’, can

PUCYHOK 19 — Ilapa ouroBokucia
KkucioTa Ak OydepHa cucrema. Cucrema
3maTHa nornuHati a6o H', a6o OH™ uepes
00OPOTHICTh AMCOINiallli OITOBOT KHUCIOTH.
Jlonop mpotona, omroBa kuciora (HAc),
MiCTHTh 3amac 3B s3aHoi H', skumii Moxke
Oyt  3BUIBHEHMM JUIsi  HeWTpasizarii
npuennanas OH™ 1o cucremu, yrBoproroun
H,0. Ile BinOyBaeTbcs TOMY, 1O TOOYTOK
[H*] [OH ] TumuacoBo nepesurye Kw (1 x
10 MZ). PiBHOBara IIBUIIKO
HAJIAIITOBYEThCSI TakK, 110 Led J00YyTOK
mopiBaioe 1 x 10™ M? (mpu 25°C), M
caMuM TUMYaCOBO 3HIDKYIOYH
KOHIICHTPAIIi10 H". Ane 3apa3 Koe]ilieHT
[H] [Ac)/[HAc] menmuii, Hix Ka, Tomy
HAc nmam pos'enHyeTbesi, 1m00 BiIHOBUTH
pIBHOBArYy. AHQJIOTIYHO,  KOH'IOTaTHa
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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.

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 19
explains how a buffer system works

Whenever H or OH "is 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

ocHOBa Ac’, Moxke pearysaTu 3 ioHamu H',
JIOJJaHUMH JI0 CHCTEMH; 3HOBY JIB1 peakiii
ioHI3amii  OMHOYACHO  MPUXOIATH Y
piBHOBary. TakuM 4YWHOM, CHOJy4YeHa
KHUCJIOTHO-OCHOBHA Mapa, Taka K OITOBa
KHACTIOTa Ta 10H aIeTrary, Ma€ TEHIEHIII0
npoTucTosTH 3MiHI pH mnpu momaBaHHi
HEBEIMKUX  KIJIBKOCTEH  KHUCJIOTH  abo
ocHoBu. Jlis Oydepuzamii € mpocTo
HACJIITKOM JIBOX 3BOPOTHHUX PEAKIIiH, 110
B1IOYBaIOTHCS OJIHOYACHO 1 JOCATAIOTh 1X
TOYOK PIBHOBaru, fAKI KEpPYyKOTbCA 1X
KOHCTaHTaMu piBHOBaru, Ky 1 Ka.

L{s BiHOCHO piBHA 30HA € OyhepHOIO
30HOK OydepHOi mapu OITOBOI KHUCIIOTa-
anerat. Y cepenHid Touil OydepHOi
00J1acTi, JIe KOHLEHTpaIlisl JOHOpa MPOTOHA
(OTOBOT  KHUCIOTH) TOYHO  JIOPIBHIOE
aKienTropy mnpoTtoHa (amerary), OydepHa
MOTYXHICTh CHCTEMH € MaKCUMAaJIbHOIO;
TOOTO Moro pH 3MiHIOETHCS IIOHAWMEHIIIE
npu noaasanni H' a6o OH'. pH y wiii Touni
KpUBOI TUTPYBaHHSA OLTOBOI  KHUCJIOTH
nopiBHoe i pKa. 3nauenns pH areratHoi
OydepHOi cUCTEeMU HE3HAYHO 3MIHIOETHCS,
KOJTM JTOJIA€THCSI HeBENMKa KijibkicTh H' abo
OH, ame msg 3MiHa € JOyXe Maloko
MOPIBHSHO 31 3MiHOIWO pH, 1m0 mpusBene a0
TOTO, K Y YUCTYy BOJY JOJanyTh TaKy X
kizpkicte H a60 OH', a6o 10 PO34YHHY coti
CWIBHOI KHCJIIOTH Ta MIIHOI OCHOBH,
Hanpukiang NaCl, ska we Mae OydepHOi
cuni. bydepyBaHHS € pe3yiabTaTOM JBOX
000OpPOTHUX pEaKUiHUX piBHOBAr, IIO
BUHUKAIOTh y PO3YMHI Maibke pIBHHUX
KOHIICHTpAIlii JOHOpa MPOTOHA Ta WOro
KOH'IOTOBaHOTO aklenTopa mnpotoHa. Puc.
19 nosicHIOE, sIK mpaiftoe OydepHa cucTema.

Koxnoro pazy, komu 10 Oydepa

+ -
nomaetbcst H™ abo OH', pesynapTatom €
HEBEJIWKa 3MI1HA CHIBBIIHOIIEHHS BIIHOCHUX
KOHIIEHTpAIlii c1a0Koi KUCIOTH Ta 1i aHIOHA



change in pH. The decrease iIn
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. 18).
The H,PO,/HPO,? 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,"/NH; 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,
H,PO, , and NH," (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'JTA™]

K= THaA]
First solve for [H™]:
_ [HA]
[H™] = Ffam

Then take the negative logarithm
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i, omke, HeBenmuka 3MiHa pH. 3HWKEHHS
KOHIICHTpAIlii OJTHOTO KOMITOHEHTa CHUCTEMU
BPIBHOBAXXYETHCS came 301IbIIEHHSAM
iamoro. CyMa KOMIIOHEHTIB Oydepa He
3MIHIOETBCS, JIMIIE iX BigHomeHHs. KoxxHa
CIOJIyYHA KHUCJIOTHO-OCHOBHA TMapa Mae
XapakTepHy 30Hy pH, y ki BoHa €
edextuBHUM Oydepom (puc. 18). Ilapa
H,PO,/HPO,? wmac pKa 6,86 1, Takum
YUHOM, MOXE CIYXKUTU  €(EeKTUBHOIO
OydepHoro cucremoro Mixk npubimuzHo pH
5,9 i pH 7,9; mapa NH,"/NH3, 3 pKa 9,25,
MOKe BUCTyHaTH B sAkocTi Oydepa mix pH
8,31pH 10,3.

IIpocTuii Bupa3 nos'sizye pH, pKa i
KOHLIeHTpaui 0ydepa

Kpusi tuTpyBaHHS OITOBOi KHCIIOTH,
H,PO, i NH;" (puc. 18) MaioTh Maiixe
OJTHaKOBY (hopMy, III0 JTO3BOJISIE TIPHUITYCTHUTH,

10 i KpHBI B1J1I0OpaaroTh
(byHIaMeHTaIbHUI 3aKOH 200 B3a€MO3B'SI30K.

Le mificho Tak. ®opma KpHUBOi
TUTPYBaHHS OyJb-AKO1 CJIa0KOT KHUCIOTH
onucaHa PIBHSIHHSIM XeHaepcoHa-
XaccenbOanbpxa,  sIK€  BaXJMBe A

po3ymiHHs OydepHoi mii Ta KHCIOTHO-
JY’)KHOI pPIBHOBAaru y KpOBI Ta TKaHHHAX
xpebeTHux. Lle piBHAHHS — KOpUCHHI cTIOC1O
BIJIHOBJICHHS  BUpa3dy Uil  KOHCTaHTHU
Jaucoriamii kucaoTu. s qucorriamii ciradbkoi
kucnotu HA ma H' 1 A piBHsHHS

I'enaepcona-Xaccennbanbxa MOKHA
OTpUMATH TAKUM YHHOM:
o _ [HA]
: [HA]
Crnouarky Bupimits ans [H']:
. [HA]
[H] = Kam
[ToTtim BI3bMITh HETaTUBHUMN

aorapudm 060X CTOpIH:



of both sides:
[HA]
[A ]

—log [H'] = —log K, — log

Substitute pH for -log [H'] and
pK; for -log K:
[HA]
[A™]

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

pH = pK, — log

[A~]

H = pK, +1

Stated more generally,

[proton acceptor]
H = pK, +1 - :
P Pfa T 108 [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 [AT, and

pH = pK, + log 1 = pK, + 0 = pK,

As shown in Box 3, the
Henderson-Hasselbalch equation also
allows us to (1) calculate pK,, 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 pK..
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[HA]
[A]

—log [H'] = —log K, — log

3aminite pH ans -log [H'] i pKa ans -
log Ka:
[HA]
[A7]

Tenep mosepwuith -log [HAJ/[A'], mo
nepeabavae  3MiHYy HWOTO  3HaKy, 1100
OTpUMATH PIBHSHHS ['ennepcona-
Xaccenbbanbua:

pH = pK, — log

[A7]
[HA] (9)

pH = pK, + log

binenr 3aransHO,

[proton acceptor]
— + : :
pH = pK, + log [proton donor]

Ile piBHSHHA BIANOBITAE  KPUBIH
TUTPYBaHHS BCIX CITAOKUX KUCIOT 1 103BOJIsIE
HaM BHUBECTH pPsSJ BAXKIUBUX KUIBKICHUX
CHiBBIIHOIIEHb. Hampuknaa, 1e MoOKasye,
yomy pKa cnabkoi kucinotu nopiBHoe pH
pO3UYMHY B CEpeIuHI  TOYKH  MOro
TuTpyBaHHs. Y 11eit momeHT [HA] nopiBHIOE
[A], 1

pH = pK, +log1 = pK, + 0 = pK,

Sx mokazaHO y BCTaBIll 3, PIBHSIHHS
['ennepcona-Xaccenpbanbxa TaKOXK
no3Boiisie (1) o6uncout pKa 3 ypaxyBaHHsIM
pH Ta MomnsipHOrO CHIBBIAHOIIEHHS JTOHOPA
MpOTOHA Ta akuenrtopa; (2) oduuciutu pH,
3amannii pKa Ta MOJIIpHE CHiBBIIHOIICHHS

JIOHOpa TMpoToHa Ta akuentopa; Ta (3)
OOYUCIUTH  MOJIIPHE  CHiBBIJHOIICHHS
JJOHOpa  IPOTOHAa Ta  aKIeNnropa, 3
ypaxyBaHHaM pH ta pKa.



Weak Acids or Bases Buffer Cells
and Tissues against pH Changes

The intracellular and
extracellular fluids of multicellular
organisms have a characteristic and
nearly constant pH. The organism’s
first line of defense against changes in
internal pH is 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. For
example, the side chain of histidine
(Fig. 20) 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.

a
CH, CH, proteins,
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KiaiTuHu, mo MicTaTh cjJadKi KHCJI0TH a00
OCHOBH i TKAHNMHHU NPoTH 3Minu pH

BHYTpIlIHROKTITUHHI Ta MO3aKJIITUHHI
piavHA 0araTOKIITUHHHUX opraHi3MiB MaroTh
XapaKTepHI/II/I 1 Maibke MOCTIHHUMN pH Hepma
JiHIA ~ 3aXUCTy  Opra”iaMy Big  3MiH
BHYTPIITHHOTO pH 3a0e3Meuy€eThCs
oydepauMHU CHUCTEMaMH. [uromnnazma
O1IBIIOCTI KJIITUH MICTUTh BHCOKI
KOHIIGHTpaIlii OiNKiB, sAKI MICTITh Oarato
aMIHOKUCIIOT 13 (DYHKI[IOHAIIbBHUMH TPYIaMH,
Kl € CIaOKUMH KHcIIoTaMu abo ciaOKumu
ocHoBaMH. Hampuknan, OIYHMM  JIAHITIOT
rictuauny (puc. 20) mae pKa 6,0; 6iiaku, 1o
MICTSTh 3AJIAILIKU TICTUANHY, TOMY
edexTuBHO Oy(depyroThCsi O HEUTPAIBHOTO
pH. Taxi wnykneotumu, sk AT®D, a Takox
O0aratro MeTaOOJITIB HHU3BKOI MOJIEKYJISPHOI
Macu MICTATh 10HI3yIOYl TPYIH, AKI MOXYTb
cripusitd OydepHii cuial nurtoruiazMu. Jleski
BY3bKOCTIEI[IaTi30BaH1 opraHenu Ta
MMO3aKJIITUHHI BIJIUIEHHS MAIOTh BHCOKI
KOHIIGHTpAIlli  CHONyK, 10  CIPHUSIOThH
OydepHiii 3maTHOCTI: OpraHiuHi KHCJIOTH
OydepyroTh Bakyodl POCIMHHUX KIIITHH;
amiauHuii Oydep ceui.

FIGURE 20 The
amino acid histidine,

component  of
is a weak
acid. The pKa of the

| H —_— | H protonated nitrogen of

C—N\ C—N the side chain is 6.0.
H /CH CH + H'" Pucynok 20—
d AMIHOKHCIIOTA
HC— \I HC —N TICTUIWH, CKJIaJ0Ba
H OLIKIB cirabka
KHCJIOTA. pKa

MPOTOHI30BAHOI0 a30Ty O1YHOTO JIAHI[IOra CTAHOBUTH 6,0.



BOX 3 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.

[lactate]

LS LT [lactic acid]

B [lactate]
pKa = pH — log [lactic acid]
0.087
= 4.80 — log 0010 4.80 — log 8.7

=4.80 — 0.94 = 3.9

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]

lanswer)

A=k es [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.

B [acetate]
TSRS [acetic acid]

[acetate]
[acetic acid] pK,
=5.30 —4.76 = 0.54

[acetate]

= antilog 0.54 = 3.5 (answer)

[acetic acid]

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

Solving Problems Using the
Henderson-Hasselbalch Equation
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BCTABKA 3 POBOTA B
BIOXIMII
Po3p’si3yBaHHs 3a/7a4 3a J0NMOMOIOI0
PiBHSIHHS I'enpnepcona-
XacceabOaabua

I. Pospaxyiite pKa MOJIOYHO]
KUCIIOTH,  BpPaxOBYIOYM, IO  KOJIW
KOHIIEHTpaIlis MOJIOYHO1 KHUCIIOTH

cranoButh 0,010 M, a KoHIEHTpaIlls
naktaty - 0,087 M, pH cranoBurs 4,80.

[lactate]

pH = pKa + log [lactic acid]

- [lactate]
pKa = pH — log [lactic acid]
0.087
= 4.80 — log 0.010 4.80 — log 8.7
=480 — 0.94 = 3.9 (answer)

2. Pospaxyiire pH cymimi 0,10 M
onroBoi kuciaotu Ta 0,20 M aumerary

Hatpito. PKa onroBoi kucnoru - 4,76.
[acetate]

H=pK, + log ————
P P 08 [acetic acid]

= 4.76 + log

0.20 ) .
010 476 + 0.30 = 5.1 (answer)

3. Pospaxyiite cmiBBiIHOIICHHS
KOHIIGHTpAIlii  aleraty Ta  OITOBOI
KHUCIIOTH, HEOOXiIHUX Yy OydepHiii
cuctemi pH 5,30.

3 [acetate]
L L [acetic acid]

[acetate]
log [acetic acid] e =
=530 — 4.76 = 0.54
[acetate]

= antilog 0.54 = 3.5 (answer)

[acetic acid]

[Ilo6 mnobauntu BrumB pH Ha
CTYIIIHb 10HI3alil CIa0KO1 KUCIIOTH, JMB.
rpadik piBHSIHHS 9.

Po3B’s3yBaHHs
JIOTIOMOTOI0  PIBHSTHHS
Xaccenpbanbua

3axa4 3a
I'ennepcona-



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,PO, as proton donor and HPO,? as
proton acceptor:

The phosphate buffer system is
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JlBa 0COOJIMBO BA)KJIMBHX
Oionoriunux Oydepa — ¢docdatHa Ta
OixapOoHaTHA CUCTEMH. docparna

OydepHa cucrema, sika i€ y IUTOIUIa3Mi
BCIX KIITHUH, ckiagaetbest 3 HoPO, sk
JIOHOpA IPOTOHA Ta HPO,? six aKuenropa
IpPOTOHA!

H:PO, = H' + HPO;
docharna OydepHa cucrema €
MakCHMaibHO  e(dekTuBHOWO Tmpu  pH,

maximally effective at a pH close to
its pK, of 6.86 (Figs 16, 18) and thus
tends to resist pH changes in the range
between about 5.9 and 7.9. It is
therefore an effective buffer in
biological fluids; in mammals, for
example, extracellular fluids and most
cytoplasmic compartments have a pH
in sthe range of 6.9 to 7.4. Blood
plasma is buffered in part by the
bicarbonate system, consisting of
carbonic acid (H,COs) as proton donor
and bicarbonate (HCOj3) as proton
acceptor:

HoCO: == H" + HCOyq

[H*[HCO:]
K= g co,)

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:

COs(d) + HaO — H-C0O4
Ki - o0
[CO5(d)[H50]
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:

onuspkoMy 110 ii pKa 6,86 (puc. 16, 18), 1,
OTK€, Ma€ TEHJICHIIII0 IPOTUCTOSITU 3MIHAM
pH y niamazoni npubnuzno Bix 5,9 o 7.9.
Tomy BiH € edexktuBHUM OydepoMm y
O1OJIOTIYHMX  PIAMHAX; HANpUKIANL, y
CCaBIIIB MO3aKJIITHHHA PIWHA Ta OUIBIIICTh
[IUTOTIa3MAaTUYHUX BiJIJIEHb MatoTh pH y
Mexax Bin 6,9 go 7,4. Ilnazma KpoBi
4acTKOBO OydepusyeTbcsi 3a JTOMOMOTrOKO
cucteMu OikapOOHATIB, IO CKJIAJAETHCS 3
Byranekuciotd  (H,CO3) sk moHopa
nporoHa, 1 Oikapobonatry (HCOj3) sx
aKIlenTopa MpoTOHA:

HoCO; == H" + HCO;

_ [H'JHCO3]
Ky = [H,CO.]

I[ls Oydepna cucrema € OUIBII
CKJIQJJHOIO, HIDXK I1HIII KOH'IOTOBaHI Mapu
KHUCJIOTHO-TY>KHO1 MapH, OCKIIBKH OAMH 13
il kommoneHTtiB, Byraekuciora (H,COjy),
YTBOPIOETHCS 3 PO3YMHEHOTO (d)
BYTJIEKUCIIOTO Ta3y Ta BOJAU y 3BOPOTHIM

peaxiii:
COsz(d) + HaO — H.CO4
Ky = [H_z'l}-"-j:;l
[CO4(d)][H0]
JIBookuC Byriemp — L€ ras y
3BHYAHUX yMOBaX, a KOHIIGHTpaIlis
pozunHeHoro  CO, €  pe3yabTaToMm

piBaHOoBaru CO, ra3oBoi (T) ¢dazu:



_ [CO4(d)]

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

K,

and acceptor components. The
concentration of H,CO; 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 HCO3™ in the aqueous
phase and the partial pressure of CO,in
the gas phase (Box 4).

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. 21). 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
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~_ [COu(d)]
Ks = [COsig)]

PH Oydepnoi cucrtemu OikapOoHaTy
3asiekuTh Big  koHmeHtpamii H,COs; Tta
HCO;3', KOMIIOHEHTIB JOHOpa IPOTOHA Ta
akmenropa. Konnenrpariiss H,COgz, y cBoto
4yepry, 3alleXuTh  BiJ  KOHIICHTpaIlii
po3unHeHoro CO,, sKa, B CBOI Yepry,
3ayiekuTh B KoHieHTpallii CO, B ra3o0Biii
dazi, 3BaHoi mapuiagsbHUM THCKOM COs.
Takum umHoMm, pH rigpokapOOHATHOTO
Oydepa, 1m0 MIATAETHCS BIUIUBY Ta30BOi
¢da3u, B KIHIIEBOMY PaxXyHKy BU3HAYA€ThCS
koHuentparietro HCO3 y Boai Ta dha3oBum
tuckoMm CO, y ra3oBiit (asi (BcraBka 4).

[11a3ma KpoBi JIOUHU 3a3BUYall Ma€e
pH, 6mu3pkuit 1o 7,4. Skmo MexaHi3MH
perymoBanHs pH Buxomsts 3 naxy abo
NEPEBAHTAXKYIOTHCS, SIK II€ MOYKE CTaTHCS
npu BOKKOMY HEKOHTPOJLOBAHOMY
niaberi, KOJIN HaJIBUPOOHUIITBO
META0OJIYHUX KHMCJIOT BHUKJIHMKAE alluao03,
pH xpoBi Moxke Bnactu 1o 6,8 abo HUXKUeE,
0 MPU3BOAWTH JIO  HEMOIMPaBHOTO
NOIIKOJDKEHHsT KIITHH Ta 3arubeni. [Ipu
IHIMX ~ 3axBoproBaHHsAX  pH  moxe
IITHIMATHUCS JI0 JICTAJIbHOTO PIBHS.

Xoua Ha 0arato acrekTiB OyJq0BU Ta
¢dyskuii kaiTuH BrumBae pH, ane oco0amBo
KatacTpodidyHa aKTUBHICTH (PEPMEHTIB €
ocobmmBo  uymmBorw. DepMmeHTH, K
NpaBUjIO,  MPOSBISIOTH  MaKCHMAaJIbHY
KaTaJlITUYHY aKTUBHICTh pu
xapakrepHoMy pH, skuli Ha3uBarOTh
ontumanibhuM pH (puc. 21). Ilo obunsa
0oku Big ontuMaisHOro pH iX kaTamiTnyHa

aKTUBHICTh YacTO pI3KO 3HHKYETHCS.
Takum uynHOM, HeBenuka 3MiHa pH Moxke
MPU3BECTH 10  3HAYHOI  PI3HHIN Y

MIBUAKOCTI JCSKUX BHUPIIIAIBHUX PEaKil,
0 KaTami3ylTbhes (epmeHtamu. Tomy
O1oyoriyHni KOHTpoJb pH KIITHH 1 piaUH



central importance in all aspects
metabolism and cellular activities.

Percent maximum activity

100

50

MAlkaline
phosphatase

of

pH
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OpraHi3My Ma€ TOJIOBHE 3HAUYEHHS Yy BCIX
acmektax MeTaboni3My Ta  KIITHHHOI
TISUTBHOCTI.

FIGURE 21 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 21 OntuMaibHUN NOKa3HUK
pH neskux ¢epmentiB. Ilencun — TpaBHUM
(epMEeHT, 10 BUAUISETHCS Y HUTYHKOBHUH CIK;
TPUIICUH, TpaBHUU GEPMEHT, SAKUU Jii€ Yy
TOHKOMY KHUIIEYHHKY; JyxkHa ¢ocdaraza
KICTKOBO1 TKQHWHH, TIAPOJITUYHUN (PEPMEHT,

SAKUH, SIK BBAXKAIOTH JOIOMarae y MiHepaii3alii KiCTOK.

SUMMARY 3 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
iIs usually close to pH 7. Enzymes
generally work optimally at this pH.

BOX 4

MEDICINE
Blood, Lungs, and Buffer: The

Bicarbonate Buffer System

BIOCHEMISTRY IN

PE3IOME 3 bydepusauia nporu
3minu pH y 0ioJioriyHux cucremax
m Cymim cnabkoi KucioTu (6o OCHOBH)
Ta 1i coJi YMHUTH omip 3MiHam pH,
CIIpMYMHEHNM jnoaBaHHsM H™ a6o OH™.
Takum yuHOM, Cymim (YHKIIOHYE SK
oydep.

mpH po3uuHy ciabKoi KHCIOTH
(a00 OCHOBM) Ta MOro COJIi BU3HAYAIOTh
PIBHSHHSIM XeHJepcoHa-Xaccenbbanbxa
[HA]
A
m VY KimTHHaxX 1 TKaHMHAX OydepHi
cucremu (dochariB 1 OikapOoHATIB
HNIATPUMYIOTh BHYTPIIIHBOKIITUHHI Ta
MO3aKJIITUHHI plLOIMHU npu ix
ontTuMasibHOMY  ((i3ionoriusomy) pH,
AKUW 3a3Bu4ail Onm3pkuit 1o pH 7.
®depMeHTH, SIK MPaBUIO, ONTHUMAIbHO
MPALOIOTh IpU oMy pH.

pH = pK; — log

BCTABKA 4
MEJIULUHI
Kpos, Jereni Ta 0ydep: bydepna
cucreMa OikapOoHaTy

BIOXIMIA B



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
(HCOy3) in the blood plasma (Fig. 1).
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,CO; is
increased. This increases the
concentration of CO,(d) in the blood
plasma (reaction 2) and thus increases
the pressure of CO,(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 HCO;".

This in turn causes more CO,(Q)
from the lungs to dissolve in the blood
plasma. The rate of breathing—that is,
the rate of inhaling and exhaling CO,—
can quickly adjust these equilibria to
keep the blood pH nearly constant.
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Y TBapun 3 JereHsmu OydepHa
cuctremMa OikapOboHary € e(QeKTUBHUM
dbi3ionoriuaumM 6ydepom nooauzy pH 7,4,
OCKUIBKHU H,CO, ILIa3MU KpOBI
3HAXOJUTHCS Y PpIBHOBa3l 3 BEIUKOIO

pesepBHOto  3matHicTIO CO, (1) ¥y
NOBITPSHOMY  mpocTopi JjereHiB. Lls
Oypepna cucrema mnepegdoavyae Tpu

000pOTHI PIBHOBAaru MiX Ta30MOII0HUM
CO; y nerensix ta 6ikapobonarom (HCO3)
y mnasmi kposi (puc. 1). Komn H'
(HampuKIJIaa, MOJOYHA KHUCIOTa, IO
YTBOPIOETHCS Y M’SI30B1i TKAHWHI T1J] Yac
EHEPrifHUX BIPAaB) JOJAETHCS O KPOBI
Opyu  TPOXOJKEHHI  4Yepe3  TKaHUHH,
peakmiss 1 mepexoautb 10  HOBOL
piBHOBaru, y skiit xonreHtpamis H,CO;
30UIBLIY€ETHCS. Le 30UTBLIYE
koHueHTpaiito CO, (d) y mia3Mmi Kposi
(peakuiss 2) 1, TaKUM YHUHOM, 30UIbIIYyE
tuck CO, (g) y HOBITPSHOMY HPOCTOPI
nereHiB  (peakuis 3); 3aiBuii  CO,
BUIMXA€ThCs. | HaBMaku, MpyY MiABUIICHH]
pH mnasmu kpoBi (Hampukiag, TIpH
BupoOHUITBI NH3 mig yac karabomizmy
OlKa) TPaIUISIOTHCS MPOTUIICKHI MO
KoHIeHTpalis H' 'y nmmasmi  Kposi
3HIDKYETBCS, BHACHIJIOK YOTO Oljblie
H,CO; nucoritoe na H Ta HCO3-.

Ile, y cBOIO 4epry, MpU3BOJIUTH J10
TOTO, 110 B IJIa3Mi KPOBI PO3YMHSAETHCA
oineme CO, (1) 13 nereHiB. IlIBuaKicTH
JTUXaHHA — TOOTO IIBUJKICTh BIUXY 1
Bunxy CO, — MOKe MIBUIKO PETYJIIOBATH
Il piBHOBaru, o0 MiATPUMYBaTU PiBEHb
KpPOBI Mai)Ke TOCTIMHHIM.
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Aqueous phase

(blood in capillaries)

H* + HCO;
A

reaction 1

HzFD:s

reaction 2
H,0 —|[*> H,0
COid)

reaction 3

Gas phase
(lung air space)

CO,(g)

FIGURE 1 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,.

4 WATER AS AREACTANT

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.
22a).

PUCYHOK 1 CO; y noBitpsHOMY
OpOCTOpl  JIETEHIB  3HAXOJIUTHCH Y
piBHOBa3l 3 OikapOoHaTHUM Oydepom y
mia3Mi  KpoBl, 10 MPOXOAUTH Yepe3
JIET€HEB1 KaIuJisipu. OckiIbKu
KOHIIeHTpaIlito po3urnHeHoro CO, MoxHa
MIBUIKO PETyJIOBaTH 3a JIOMOMOTOIO
3MIHM IIBUJKOCTI JuxaHHs, OydepHa
cucteMa OikapOOHATy KPOBI 3HAXOIUTHCS
y Maiike pIBHOB&XKHOMY CTaH1 3 BEJIUKUM
noTeHiitHuM pesepByapom COs.

4. BOJA SIK PEAT'EHT

Bopa - e He MpocTO pO3UMHHUK, Y
AKOMY BiIOYyBalOThCS XIMIYHI peakiii
KUBUX  KIITHH,  JyX€  4YacTo €
Oe3nocepe/IHIM YYaCHUKOM IMX PEAKITIH.
VYtBopennss AT® 3 AJld Ta
HeopraHigyHoro Qocdary € NPUKIATOM
peakinii KoHJIeHcallii, Tpu SKid eJIeMEHTH
BOJIM BUBOJATKLCA (puc. 22a).
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O FIGURE 22 Participation

- I i . ) i
R-O-i;-ﬂ-i:*—{r + H,0 &= R—0—P—0H + HO—P—0~ of water in biological

(o Y )" ) reactions. (a) ATP is a

(ATP) (ADP) phosphoanhydride formed

Phosphoanhydride
wsphoanhydride (a)

O

I I
R—0—P—0" + H,0 &—— R—OH + 1-1+:.>—II*—0‘

Phosphate ester

by a condensation reaction
(loss of the elements of
water) between ADP and
phosphate. R represents
adenosine monophosphate
(AMP). This condensation
reaction requires energy.

O

0"

® The hydrolysis of
P © _ (addition of the elements
R'—C +HO0F==R'-C +HO—R of water to) ATP to form
OR” OH ADP and phosphate
Carboxylate ester releases an equivalent
<) amount of energy. Also
o 0 0 0 shown are some other
Rt—0—t—0-+ 1,0 ==r—’ +mo—p—0- condensation and
o OH A- hydrolysis reactions
common in biological

Acyl phosphate (@ systems (b), (C), (d)

y Olosoriunux peakiisx. (a) ATO —

AnenozaaMoHobochat

Pucynok 22 Yyacte Boau
e ¢docdoanriapua, YTBOPEHUN pPEaKIII€0

(BTpara enemeHTiB Boau) Mk AJ[D 1
dbochatom. R — monodocdhar anenoszuny (AMD). L
KOHJIeHcalll

norpedye  eneprii. ['igpomi3

(monaBanHs eneMeHTiB Boau) A0 AT® 3 yrBopennsm A D
Ta (ochaTy BHUBLIBHSE EKBIBAJICHTHY KIJIbKICTH €HEpIii.
[Toka3zani TakoX JeAKl 1HIN peakiii KOHJEHcallli Ta

TiJIpoIti3y, mommpeHi y 6ionorivaux cuctemax (b), (c), (d).

KOHJICH CaIl1
AM® HoN OHJIeHCall
N =N peaxuis
0 \ />
Il Q N
HO—IT—O N
o 0]
OH OH

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

3BopoTHHH Oik 1Imi€i peaxiii
PO3WICTITICHHS, 10  CYIPOBOKYETHCS
JOJIaBaHHSIM €JIEMEHTIB BOJU — PEAKIIIs
rigponizy. Peakimii rigposizy  Takox
BIJIMIOBIJIAI0Th 3a (depMeHTaTUBHY
JenoJiiMepu3aillito OLIKiB, BYTJIEBOAIB Ta
HYKJIETHOBUX KHUCIOT. Peakiiii rigpodizy,
MO KaTami3yloThCcs (GEepMEHTaMH, SIKi
Ha3HMBalOTh riipojiazamu, Maixe
HE3MIHHO € €K30pTrOHIYHUMH. Y TBOPEHHS
KIITHHHUAX TOJIMEpIB 13 iX CyOOaMHUITH
OPOCTHUM  3BOPOTOM TiApoidi3y (ToOTO



condensation reactions) would be
endergonic and therefore does not occur.
As we shall see, cells circumvent this
thermodynamic obstacle by coupling
endergonic condensation reactions to
exergonic processes, such as breakage of
the anhydride bond in ATP.

You are (we hope!) consuming
oxygen as you read. Water and carbon
dioxide are the end products of the
oxidation of fuels such as glucose. The
overall reaction can be summarized as

CHHIE[}H + EUz —_— EC{]_: " EH_J[}
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 HCOg3', in a reaction
catalyzed by the enzyme carbonic
anhydrase:

C0Os + HoO == 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:

light

2H-0 + 2A — 02 + 2AH,

In this reaction, A is an electron-
accepting species, which varies with the
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peakmisiMu  KOHAeHcarlii) Oymo O
EH/ICPTOHIYHUM 1 TOMY HE BiI0OyBa€ThCA.
Sk My mo6auMMo, KIITHHH OOXOAATH IIFO
TEPMOJIUHAMIYHY TIEPEIIKOYy, 3'€THYIOUH
peakiii eHAeproHiYyHOi KOHAEHCcAIlli Ha
€KCEproHIYHI MPOIIECH, Taki SK PO3pPHUB
AQHTUJIPUIHOTO 3B'A3Ky B ATO.

Bu (cmoxiBaemoch!) crioxuBaere
KHCEHb, ynTatouu. Bona Ta Byriaexkucnui
ra3 € KiHIEBUMH MPOTYKTaMU OKHUCIICHHS
NajguB, TaKUX SK TJIOKO3a. 3arajibHy
PEaKIo MOXKHA IMiICYMYyBaTH 5K

CHHIE[}H + EDE —_— EC{]_} . EH_}[}
Glucose

“MertalosiuHa Bozja” 10
YTBOPIOETHCS TPU OKHUCIIEHHI TPOJYKTIB
XapuyBaHHS Ta XUPIB, M0 30epiraroTbes,
HACIIpaB/l JOCTaTHS, 00 JIeSKI TBapHUHU
HAa JyXe CyXHX MICHSX ICHYBaHHS
(MIIaHKu, KEHTypy IIypu, BepOIItoIn)
TpUBAJIMl Yac BWXKUBaTU 0€3 MHUTHOI
BOJIH.

CO,, w0 yTBOPIOETBCA TIpHU
OKHCJICHHI TJIIOKO3H, TEPETBOPIOETHCSI B
eputporuTax 10 Otk po3unHHOi HCO3
y peakmii, Karaji30BaHiil (epMeHTOM
BYIJICKHCIIOIO aHT1/Ipa3oro:

C0Os + HoO == HCO; + H"

VY umiii peakiii Bojga € HE TUIbKU
cyoctparom, ame ¥ QYyHKIIOHYyE Y
nepenadi MpOTOHIB, YTBOPIOIOYH MEPEKY
MOJIEKYJl BOJM, TIOB'SI3aHOI 3 BOJHEM,
yepe3 sIKy BiAOYBa€TbCsl MPOCKAKyBaHHS
npoToHiB (puc. 14).

3eeHi  POCIWHU Ta BOJOPOCTI
BUKOPHCTOBYIOTh ~ €HEPTil0  COHSYHOTO
CBITJa JJIsl PO3MICTUICHHS BOJU y MPOIIECi

dboToCUHTE3Y:

9H.O + 2A 22 0, + 2AH,

Y  m#i  peakmii A - 1€
€JIEKTPOHOAKIIETITOD, 1110 npuitmMae
€JIEKTPOH, SKUN 3MIHIOETHCS 3aJIEKHO BiJl
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type of photosynthetic organism, and
water serves as the electron donor in an
oxidationreduction sequence that is
fundamental to all life.

TUNYy (POTOCHHTETUYHOTO OpraHi3my, 1
BOJIa BHUCTYIIA€ JOHOPOM EJIEKTPOHIB Yy
HOCIT1JOBHOCTI BIJTHOBJICHHS
OKHCIIIOBAJIBHOT  pemykKIi, fka €

5.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 1°C) is useful to cells
and orzy 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. Most
fundamental to all living organisms is

OCHOBOIIOJIO?KHOIO AJIsI BChOI'O XUTTA.

S.NMPUIAATHICTH BOAHOI'O
CEPEJOBHUIIA JIA ZKUBUX
OPT'AHI3MIB

Opranizmu e(heKTUBHO
MPUCTOCYBAJUCh JI0 CBOTO  BOJHOIO
CepeZIOBHINA Ta PO3BUHYIHUCS 3acobaMu
BUKOPHCTAHHS HE3BUYHUX BIIACTHBOCTEH
BoAM. Bmcoka mMTOMa TEIJIOEMHICTH
BOJM (TErioBa €HEpris, HeoOXigHa Jis
MiBUINEHHS TeMIiepaTypu | T Boau Ha
1°C) xopucHa KJIITHHaM Ta OpraHizmam,
OCKUIBKM JO3BOJIIE BOJl [JIATH SIK
«TermoBul  Oydepy, ATPUMYIOUU
B1JIHOCHO TEMIIEPATYPY OpraHizmy
MOCTIIHOIO, KOJIN TeMIeparypa
HABKOJIUIITHHOTO cepeIoBHINa
KOJIMBAETHCSA 1 TEIUIO YTBOPIOETHCS SIK
MOOIYHUI MTPOTYKT METAa00III3MYy.

Kpim  Toro,  nmeski
BUKOPHCTOBYIOTh BHCOKY TETJIOTY
BUMAPOBYBaHHsA  Boau  (TaluL. 1),
BUKOPHCTOBYIOUYH (TakuMm YUHOM
BTpayarOyd) HAMIUIIKA  Telia  JyIs
BUIAPOBYBAHHS MOTY. BHUCOKMIl CTYyIIHb
BHYTPIIIHBOI 3rYPTOBAHOCTI PIAKOI BOAM
32  paxyHOK  BOJHEBOTO  3B’SI3KY
BUKOPUCTOBYETHCSI POCIMHAMHU SIK 3aci0
TpaHCTIOPTYBaHHS PO3YMHEHUX
MOKUBHUX PEUOBUH B1JI KOPEHIB JI0 JIUCTS
y  mpoueci  TpaHcmipamii.  HaBith
IIUTHHICTh JIbOJY, HFDKYA, HIXK y PIIKOi
BOJIM, Ma€ BaXXJIMB1 010JIOT14HI HACTIIKHA Y
KUTTEBUX LUKJIaX BOJHUX OPTaHI3MIB.

CraBku 3aMep3al0Th 3BEpXy BHU3, &
map JbOay Bropi 130J10€ BOAY 3HU3Y Bij
XOJIOJHOTO TIOBITPs, HE JawuM cTaBy (i
opraHi3aMamM y HBbOMY) 3aMEpP3HYTHU

XpeOeTHI



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.

Aqueous
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TBepAOMYy Tiny. HalBaknmuBimmm 1ist
BCIX JKMBHUX OpraHi3MiB € TOH (hakT, 110
Oaratro  ¢i3muHEX Ta  OIOJOTIYHHUX
BJIACTUBOCTEHN KIITUHHUX MaKPOMOJIEKYII,
30KpemMa OUIKIB Ta HYKJIEIHOBUX KHUCIOT,
BUIUIMBAIOT, 13 iX  B3aeMomail 3
MOJIEKYJIaMU ~ BOJM  HABKOJMIIHBOIO
cepenoBuiia. BrumB Bogu  Ha  Xin
010JIOT1YHOT €BOJIIOIT OYB TJIMOOKUM 1
BU3HAYAJbHUM. KO XKUTTEBI (Qopmu
CBOJIIOIIIOHYBAIM B 1HIIUX  MICIIAX
BcecBiTy, BOoHM HaBpsia 4d OyAyTh CXOXI
Ha  3€MHI, SKIO0 1IX  I103a3eMHE
MMOXOPKEHHS TaKOK HE MICIIE, ¢ € 0araTo

BOJIH.

T

Gy

environments support countless species. Soft corals, sponges,

bryozoans, and algae compete for space on this reef substrate off the Philippine

Islands.
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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/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:

77
3axaui

1. Imitamis Oury OpgauM 13 cnoco0iB
MPUTOTYBaHHS OUTY (HE KpaIluM CIIOCOOOM) €
MPUTOTYBaHHS PO3YMHY OIITOBOi KHCJIOTH,
€IMHOTO KHUCJIOTHOTO KOMITOHEHTa OITY, MPH
npaBwibHOMY pH (uB. Puc. 15) Ta nogaBanHs
BIIIIOBITHUX apoMaTH3aToOPIB. OuroBa
kuciora (Mr 60) - 11e piluHa Ipu TeMIepaTypi
25 ° C, mpnemicts 1,049 r/min. OO4YMCIITH
00’eM, SAKHMH  HEOOXIZHO  JOJaTH O
JTUCTUIBOBAHOI BOJM, MO0 3pobutn 1 1
iMiToBaHorO onty (1uB. Puc. 16).

2. Kucaornicrs murynkosoi HCl1

VY nmikapuaniii maboparopii 10,0 Mi 3paska
IIUTYHKOBOTO COKY, OTPMMAHOI'O 4Yepe3 KiJbKa
rojuH micis ki, TutpyBaau 0,1 M NaOH no
HedTpanbHOi peakuii. [ToTpibHo Oyno 7,2 mi
NaOH. V nuynky maimieHta He OyJo
B)KMBAHOI 1K1 Ta HAIMOIB, TOMY MPUITYCKAIOTh,
mo OydepiB He Oyno. Sxkum OyB pH
IUTYHKOBOTO COKY?

3. BumipioBaHHs1 piBHIiB alleTHJIXOJiHY 32
3miHow pH

KonnenTpartis aleTUIIXOJIIHY
(HeMpoTpaHCMITTEPA) y 3pa3Ky Moxe OyTu
BH3HauUeHa 3a 3MiHOI pH, mo cympoBomxkye
roro riaponiz. Komu mpoba iHKYyOyeThcs 3
bepmeHTOM aIeTUIIXOJIIHECTEPA3010,
alleTUIIXOJIIH KUIBKICHO TIEPETBOPIOETHCS Ha
XOJIIH Ta OLUTOBY KHCIIOTY, SIKa JIUCOLIIOE 3
OTPUMAaHHSM alleTaTy Ta 10Ha BOJHIO:
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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 NaCl, 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 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.

Acetate

Y TtunoBomy aHamizi 15 MJI BOJHOTO

pO3UMHY, 1[0  MICTUTh  HEBIJIOMY
KUIBKICTh ~ alleTunxoiiny, wmamu pH
7,65. [Ipu 1HKyOar1i 3

aneTuixoiiHecrepazoro  pH  po3uuny
3HU3HUBCA 10 6,87. Ilpumnyckarouu, mo B
JNOCIIKYBaHIA  cymimi  He  OyJo
Oydepa, BU3HAUTE KUIbKICTh MOJICH
AllEeTUWIXOJIIHY B 3pa3ky 15 mi.

4. OcMoTHYHMI 0aJIAHC Y MOPCBKIH
ka0l

XKaba, sxa icte kpabiB IliBmeHHo-
Cxigaoi  Asii, Rana cancrivora,
PO3BUBAETHCS Ta JI03pIBA€ y TMPICHIM
BOJI, ajle WIyKae 1Ky B MNPUOEPEKHUX

0oJi0Tax MaHTPOBUX 6oJioTax
(ckmamarothess 3 80% 10 TOBHOIIIHHOI
MOPCBKO1 BOJIN). Komu xaba

NePEXOAUTh 31 CBOEI MPICHOBOJHOI 0
MOPCHKOT BOJM, BOHA BiUyBa€ BEIIUKY
3MIHY OCMOJISIPHOCTI CBOTO CE€pPE0OBHIIA
(B TIMOTOHIYHOI JI0 TINEPTOHIYHOT).

(a) BiciMzmecar BIACOTKIB MOPCBHKOI
Boau mictute 460 MM NaCl, 10 MM
KCl, 10 MM CaCl2 ta 50 MM MgCI2.
Sxi KOHIEHTpAIlii pi3HUX BUJIIB 10HIB y
il MOPCHKIN BOJI? SIKIIO MPUITYCTUTH,
0 III COJIl CKJIagaroTh MaWXe BCl
PO3YMHEH] PEUYOBUHHU B MOPCHKINA BO/II,
OOYHUCHITH  OCMOJIAPHICTH  MOPCBHKOI
BOJIH.

(b) Ha rpadixky HuXKYEe HaABEICHO
KOHIICHTpAIlli [IUTOIIa3MaTUYHUX 10HIB
y R. cancrivora. IrHopytoun pozunHeHi
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Na™ K~
(mu) (mm)
R. canchvora 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.

0

¢

Hng ~

OUIKH,  aMIHOKHCIIOTH,  HYKJIETHOBI
KACJIOTH Ta 1HOIN ApiOHI MeTabodiTH,
OOYHCIIIOIOTh ~ OCMOJISIPHICTh ~ KJIITHH
xabu BUXOASYM BHUKIIOYHO 3 10HHHUX
KOHIICHTpAIliii, HABEJICHUX HUXKYE.

Cl— Ca I+ ME—E‘ -
() (mw) (mm)
100 2 1

(c) Sk 1 Bci xabwu, xaba, sika icTh KpaOiB,
MOX€ OOMIHIOBAaTUCS Ta3aMH 4yepe3 CBOIO
MPOHWKHY  IIKipy, JO3BOJISAIOUM i
TpUBaIUil Yac epeOyBaTH i1 BOJIOIO, HE
auxaroun. Sk BHCOKa TPOHHMKHICTH
IIKIpY BIUIMBA€ HA KIITUHU *aOW, KOJIU
BOHA MEPEXOJUTh BiJl MPICHOI BOAMU JIO
MOPCBKO1 BOAU?

(d) Kaba, saxa ictb  KpaOiB,
BUKOPUCTOBYE JIBa MEXaHIi3MH, 1100
MIATPUMYBATH KIITHHH B OCMOTHYHOMY
OasaHCi 3 HaBKOJUIIHIM CEPEIOBHUIIEM.
[To-nepmie, 1€ J03BOJSIE KOHIIEHTpAIlli
Na" i CI'" B iforo KmiTMHaX TNOBiIBHO
301JIbIITYBATHCH, OCKLJIbKHU 10HU
JU(YyHAYIOTH BHU3 IO TpajieHTaMm iX
koHieHTpariyii. Ilo-mpyre, sik 1 Oarato
MJIACTUHO35I0POBUX (akynu), BOHa
30epirae B CBOIX KIITHHAX BIIXOIU
MPOYKTY CEUOBUHU.

NH,

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.

HonaBanua sk NaCl, Tak 1 ce4oBUHH
30UIBbIIIYE OCMOJISIPHICTh ITUTO30JYy 1O
PIBHS, Maiike  pIBHOTO  PIBHIO
HABKOJIMIITHBOTO Cepe/I0BHUIIIA.
[Ipunyckatoun, mo oO0'eM BomAM Yy
THIIOBOI kabu cranoBuTh 100 M1,
oOumchith, ckinbku TpamiB  NaCl
(mom.maca 58,44) xaba MOBWHHA
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(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 (-NH5") or as the
free base (—NH,), because of the reversible
equilibrium

R—NH; R—NH, + H

(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 -\NH;" 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 —
NH;" form, what is the numerical relation
between the pH 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.

OpUWHATH, 100 3poOuTH 11 TKAaHWHU
130TOHIYHUMH 3 MOPCHKOIO BOJIOIO.

(e) Ckinbku rpamiB ceuoBuaHn (FW 60)
BOHA MOBHHHA 30€perTH, mood BUKOHATH
Te came?

5. BaacTusocri 0ydepa

AMIHOKHCIIOTHHI CIIIUH 4acTo
BUKOPHUCTOBYETHCS SIK OCHOBHHUMI
iHrpeaienT Oydepa B O10XIMIYHUX

eKCIIepUMeHTax. AMIHOTpyna TIILHHY,
mo Mae pKa 9,6, moxxe icHyBatu abo B
nportonizoanomy urisiai (-NH3"), ab6o
y Burisai ButbHOT Tpymu (—NH;) depes
piBHOBary

R—NH; R—NH, + H

(a) ¥ sxkomy mianazoni pH moxe Oytu
BUKOPUCTAHUN TIILIHMH SIK €()EKTUBHUN
Oydep 3aBasiku cBOiN aMiHOTPYTIi?

(b) Sxa wactka dpaxuii roinuay y 0,1
M poszumuni rainuny npu pH 9,0 mae
cBOIO aminorpyny y ¢popmi —NH;™?

(¢) Ckimpkm 5 M KOH mnHeoOxigHO
noxatu 10 1,0 1 0,1 M rminuny npu pH
9,0, mo6 momectu Horo pH TouHO HO
10,0?

(d) Komu 99% rniuuny nepeOyBae y
dopmi  -NH3",  sxe  uucnose
cniBBiAHOWIEHHA MDK pH po3umny Ta
pKa aminorpynu?

6. Biius pH Ha po3uMHHICTH

CuIbHO TIOJIAPHI BIIACTUBOCTI BOAM, 11O
3B'SI3YIOTh BOJY, POOJISATH ii MpeKpacHUM
PO3YMHHHUKOM JIJIs1 I0HHUX
(3apsmxenux) BuaiB. HaBmakw,
HE1OH130BaH1 HEMOJISIPHI OpraHivHi
MOJIEKYJIH, TaKi sIK O€H30J1, BIJIHOCHO
HEPO3YMHHI Y BOJI.
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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 agueous solution of 0.1 M NaOH or 0.1
M HCI? (The dissociable protons are shown
in red.)

A
L
H
Pyridine ion
pK,=5

(a)

Lo

N ﬁ | Hﬁj’
| A

O

b
J

Benzoate ion

B npunIum, po3unHHICTE Y BOJ1 Oy/b-
SKOi OpraHiyHOi KHCJIOTH a00 OCHOBH

MOXke OyTu  30UIbIIEHA  IUISIXOM
MEPETBOPEHHS MOJIEKYJT Y 3apsiKeH1
BU/JIU. Hanpuxnan, PO3YMHHICTh

OEH301HOI KHCIIOTH y BOJl HH3bKAa.
JonaBanHs OikapOOHaTy HaTpPilO J0
CyMmiln BOAM Ta OEH30MHOI KHUCIOTH
nigsuirye pH Ta genpotonye 6eH30MHY
KHUCIIOTY 3 YTBOPEHHSIM OeH30aT-10Ha,
SIKAUH JIOCUTh PO3YMHHHM Y BOJII.

Uu € Taki COJYyKH OLIBII PO3UUMHHUMHU
y BogHomy po3uuHi 0,1 M NaOH a6o
0,1 M HCI1? (HucormiiioBani NpOTOHU
MOKa3aHi YepPBOHUM KOJBOPOM. )

OH

B-Naphthol
pK, =10

(b)

cH, :\'—é—@H2 /! Non
LT\
G
0" “o—cH,
N-Acetyltyrosine methyl ester
pK, =10

()

7. Treatment of Poison lvy Rash

The components of poison ivy and poison
oak that produce the characteristic itchy rash

7. JlikyBaHHA OTPYHHOI0 ILUIIOIIEBOI0O
BUCHILY

Komnonentamu OTpyHMHOro IUIIOIIA Ta
OTPYHHOTO ny0a, K1 TAl0Th



are catechols substituted with longchain
alkyl groups.

OH
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XapaKTepHU CBEepONAYUI BHUCHI, €

KaTEeXO0JIH, 3aMiIeHi
JIOBI'OJIAHIIFOTOBUMH AJIKIJIbHUMU
rpynamu.

(L\H _OH
]
" (CHy),—CH;

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,
baking soda (sodium bicarbonate).

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

i

)
¢, o 9§

C
{__,f““x
@]/ OH

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

and

pK, =8

AxOu BU MOTpanuivd N0 OTPYHHOTO
IUTIOIA, SKE€ 3 METOMIB JIKyBaHHS
HIDKYE BHM 3aCTOCYBAIM JI0 YPa)kKEHOI
ninstHka? OOrpyHTYyiiTe CB1i BUOID.

(@) BumwmiiTe AUISIHKY  XOJIOZHOIO
BOJIOIO.

(b) Bumwmiite IISHKY PO3BEIECHUM
OIITOM 200 JIUMOHHUM COKOM.

(c) Bumuiite AUISTHKY MUJIOM Ta BOJIOKO.
(d) BumuiiTe IissHKY MHUJIOM, BOJIOIO Ta
Xap4oBOIO COJI00 (OiKapOOHAT HATPIIO).

8. pH T1a aGcopOuis JikiB
AcnipuH - 11e cnabka kucnora 3 pKa 3,5.

(@) OH

O. _CHs

T

O

BiH BCMOKTY€TBCSI B KPOB 4epe3 KIITUHU, 110
BUCTUJIAIOTHh IITYHOK 1 TOHKHHM KHIIICYHUK.
[TornmuuanHs BUMarae MPOXOKCHHS Yepe3
IUIa3MaTUYHy MeMOpaHy, HIBUAKICTH SIKOT
BU3HAYAETHCS  TOJSAPHICTIO  MOJICKYJIU:
3apsAKEHI Ta BHCOKOIOJISPHI  MOJIEKYJH
IPOXOJSATh IOBUIBHO, TOJI SK HEUTpaJbHI
riapodo6Hi mpoxonarhk mBuAKo. pH BMmicTy
nutyHka - 6mmsbko 1,5, a pH BmicTy TOHKO1
KHILIKY - OJIM3BKO 6.

Uwu Giblne acmipuHy BCMOKTYETHCSI B KPOB 13
IUTYHKY Y4 3 TOHKOT KUIIKK?



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 used 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 phosphate
(NaH,PO, x H,O; FW 138.01) and
disodium hydrogen phosphate
(Na;HPO,; 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. 16).

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 10™° 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) 11.11?

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.
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Yitko oOrpyHTYHTE CBil BUOID.

9. ITinroTroBKa cTaHaapTHOTrO Oydepa mis
KaJiopyBanHs BuMipoBaua pH

CxJIstHUI eNeKTpo/i, 10 BUKOPHUCTOBYETHCS
B KOMepliiiHuX BuUMIptoBauax pH, mae
CIEKTPUYHY XapaKTEPHUCTHUKY, MPOMOPIIHHY
KOHIICHTpAIlii 10Ha BOJIHIO. st
MEepPeTBOPeHHsT IUX peakmiit y pH ckisHi
€JIEKTPOJIM MOBHHHI OyTH BiIKamOpoBaHi y
BIJIMOBIAHOCTI 31 CTaHIAPTHUMH PO3YMHAMU
BifoMoi KoHIeHTparii H'.

Busznaute Bary B rpamax pgurigpodocdarty
Hatpito (NaH,PO, x H,O; FW 138.01) Ta
rinpodocdary Hatpito (Na;HPO, FW
141,98), HEeoOXiAHUX JJIsi IPUTOTYBaHHSA 1 11
cragaaptHoro Oydepa npu pH 7,00 i3
3arajgpHOI0 KOHIeHTpalieo ¢ocdary 0,100
M (muB. Puc. 16).

10. Po3paxynox pH Bix koHueHTpamii
iOHIB BOJAHIO

Sxuii pH po3uuny, sikuii Ma€ KOHIIEHTPAIIIO
H+

(a) 1,75 10™ moub/x;
(b) 6,5 10™° moub/x;
(c) 1,0 10* wmoms/m;
(d) 1,5 10®° moms/n?

11. O0unceHH KOHIEHTPaLil ioHy
BoAHIO npu pH

SIka xonuenTpauis H' posunny 3 pH
(a) 3,82;

(b) 6,52;

(c) 11.11?

12. O64ucaenns pH Bix MmosspHuX
Koe@IiuieHTiB

OO6uucinite pH po3BeeHOro0 po3uuny, SKui
MICTUTh MOJISIPHE BiIHOIIEHHS alleTaTy
KaJtito 70 onrToBoi kuciotu (pKa= 4,76)

(a) 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 5
mL of 0.5 M HCl is added to 1 L of the
buffer.

(c) What pH change would you expect
if you added the same quantity of HCI
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,/NHjs 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 5 and 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, a
common 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 CO2 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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13. Po6ora 3 0ydepamu

bydep wmictute 0,010 ™Monp MoONOYHOI
kuciotu (pKa= 3,86) ta 0,050 Mmonb nakrary
HATPIIO HA JITP.

(a) O6uucnite pH Oydepa.

(b) OOGuucmite 3miny pH, xomum g0 1 =
oydepa nonarots 5 M 0,5 M HCL.

(¢) Axoi 3miau pH Bu ouikyBamu, skO6u 10 1 1
YUCTO1 BOJW JoJaJId Ty caMy KuibKicTh HCI?

14. O64ucaenns pH Bix koHUeHTpaLii

Skuit pH po3unny, 1mo mMictuth 0,12 Mo/
NH,Cl ta 0,03 moas/n NaOH (pKa of
NH,"/NH; is 9.25)?

15. Po3paxyHnok pKa

Hesinoma criommyka X BBaXKa€eThCs CIOJIYKOIO
3 kapOokcuiibHOIO rpymnoro 3 pKa 2,0 ta
1HIIOO 10HI3yH04OI0 Tpynoro 3 pKa mix 51 8.
Koau 75 mi 0,1 M NaOH nogasanu 10 100
M 0,1 M po3uuny X nipu pH 2,0 pH
IiBHIIYBaBCs J10 6,72.

O6uucnite pKa apyroi ioHi3ytouoi rpynu X.

16. KonrpoJs pH kpoBgi 3a nonomororo
IBUJAKOCTI INXAHHSA

(a)[Mapmianeauit THCK CO, B JICTEHAX MOXE
IMIBUAKO  3MIHIOBATUCSA  3aJIe)KHO  BiJ
IIBUIKOCTI Ta TIIMOVHA IUXaHHSL.
Hanpuknan, momumpeHuM 3acoboM  Juis
MOJICTIICHHS. ~ THMKaBKH €  ITIBUIICHHS
koHneHTparii CO, B nerensx. I{poro moxxna
JOCSITTHA, 3aTPUMYIOYM  JHWXaHHSA, JyXKe
[IOBUIBHUM 1  HEIJIMOOKAM  JUXaHHAM
(TIMOBEHTHIISAILIS) abo BJIUXAIOYN 1
BUMMAIOUX ManepoBUi MakKeT. 3a TAKUX YMOB
napiianbauii Tick CO; y MOBITpSIHOMY
IpOCTOpl  JIETEHIB  MIJHIMAETHCS  BHIIE
HOpMH. SIKICHO TOSICHITH BIUIMB  IHX
nporeayp Ha pH kpoai.



(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 (CH3;CH(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) Ilommpena npakTHKa 3MaraJibHUX OITyHIB
Ha KOPOTKHUX AWCTAHINISAX - JUXATH IIBUAKO 1
rO0KO  (TIMEPBEHTHIIIOBATH)  MPOTATOM
npuOIM3HO MiBXBWINMHY, 100 Buaamutu CO,
3 JIeTeHIB Oe3nocepeHbo mepen Oirom y
ckaxiMo 100 M. pH kpoBi Moke MigHATHCS
no 7,60. IloscHiTh, YoMy miaBHUITYeThcs pH
KpOBI.

(c) Ilig yac 6iry Ha HEBeIUKIiH BiICTaH1 M'SA31
BUPOOJISIIOTh BEJIHMKY KUIBKICTh MOJIOYHOI
kucnoru (CH;CH(OH)COOH, Ka= 1.38 10™)
31 CBOIX 3amaciB TJIIOKO3U. 3Ba)Kalouu Ha Len
¢akr, 4YoMy MOxe OyTH KOPHUCHOIO
TIEPBEHTWIALIA TTepe] TUupe?
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