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CERAPTER IV: THE

1. A defindtion of and some characteristics of a chamlical bhond

2, Chemical bonds are explainahls in terma of quantum mechanica

3. The {ermation of a chemical bond inveolves a change in the form of ensrgy
Equilibriom exists beltwean bond making and breaking

The concept of Lfree ensrgy

Koq is exponentially related to

Covalent bDonds are vary stoong
jeak bonds have energles hetween 1 and T keal/mole
Enzymes are not invelved in the malding =:'::.-*&a'.--:in;;} of wealc
The distinetion between polar and non=-polar molecules
Van der Wasals forces
Hydrogen bonds
Sorme londc bends are in affect hydrogen bonds

interazctions derand complementary melecular surfaces

molacules form hydrogen Londs
Wanl: bonds form between zlmost all the moleculas in mqueocus solutions
Organic molecules which temd to form hydregen bonds are water seoluble
The uniquenmss of moleculsr shapes = the concept of selective stickiness
The advantage of /' (' between 2 and 5 koal/mole
Wealk bende attach enzymes Lo substraies
The shapes of most melecules are detormined Ly weak
‘olymaric molecules are sonetlmes heolileal
Protein structures are ususlly irregular
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DHA molecules are very steble at physliological temperature




Host madium size and almoat all very large prolzin molecules are
agpregations of smaller polypepilde chains

Sub=units are economical
The principle of self{-assamhly
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Iist of Legends te the Figures and Tables of Chapter IV:
THE IMPORTANCE OF WEAK CHEMICAL BOHDS
Figure IV-l Rotatien about the GS-Cé bond in glucese. This carben-carbon bond
is a single bond and so any of the three configurations shown im (a), (b), and (&)

may eccur.

Figure IV=2 The planar shape of the peptide Lond. Here 1s shown a portiem of
an extended polypeptide chain. Virtually ac retatien is possible about the peptide
bond because of 1ts partial double bend character ( EC-—H:ﬁ Jriag g;-CﬂLg Jo ALl
the atoms in the zrey must lie in the same plane. Retation iz possible, however,

arcund the remaining two bomds which make up the pelypeptide backbene. Henece a

polypeptide chain can assume many conligurations.
Figure IV=3 The structure of a water melecule.

Figure IV-l Diagram illustrating van der Waals attraction and repulsion ferces
in relationship te electron distribution of menoatemic melecules of the inert rare

gas argen., (from Pauling, Ceneral Chemistry, 2nd editiem, p. 322)

Figure IV-S Drawings of several melecules with atoms shown as spheres with

radii equal to their van der Waals radii.

Fipure IV=( The arrangement of molecules im a layer of a crystal formed by the
amine acid glycine. The packing of the melecules 1s determined by the van der Waals
radii of the groups, except for the N-H O contacts which are shortened by the

formation of hydrogem beonds.

Figure IV-T Schematic drawing shewing the complememtary relation between the

surface configuratlons of an antigen and an antibody.

Figure IV-8 Examples of ecellular hydrogen bonds.




Figure I¥=9 Directienal properties of hydrogen bonds. In (a) the vecter alemg
the covalent O=H bond peints directly at the accepter oxygen, thereby forming a
streng bend. In (b) the vecter points away from the oxygen atom, resulting in &

mach weaker bond.

Figure IV-10 Schematie diagram of a lattice formed by HE{} molecules. The energy

gaimed by forming specific hydreogen bonds ( ) betwsen 1[20 molecules Tavers the

arrangement of the melecules in adjacent tetrahedrons. Oxygen atoma are indicated
by large cireles, colered differently accerding te plames, amd hydropen atoms by
small circles. Although the rigidity of the arrangement depends upeon the temperature

of the molecules, the pictured structure is, mevertheless, predeminant in water as

well as in ice.

Figure iV-1l The twe stereolsemers of the amino acid alanine. (Redrawn from

Pauling, Ceme®s] Chemistry, 2nd edition, Freemam 1958,

Mgure IV-12 Illustrative examples of van der Waals hydrophebic bonds between the
non-pelar side groups of amimo acids. The hydrogens are not indicated individually.
For the sake of clarity, the van der Waals radii are reduced by 20%. The s tructural
formulas te the right of each space-filling drawing indicate the arrangement of the
atems. A) iseleucine-isoleucine bend; B) phenylalanine-leucine bend; C) phen=
¥lalanine-phenylalanine bond. (Redrawn from Neurath and Scherage, The Proteins,

Vol. I, Academic Press 1963.)

Figure TV=13 The distiction between internal and extarns]l wesk bonds. The
external bonds in (a) lead to extended fibrous molecules which often asscciate in
sheet-like structures. The silk proteins are an axample. When intermal bhends are
formed, the structure is often much more compact. The wrieus globular proteins.
like hemoglebin {see Chapter VI), belomg to this type of structure. Sometimas,

however, internal bonds held together lemg, thin helical melecules (e). The .- helix




conformation of the polypeptide chain (see Chapter VI) is am example.

Figure IV-1L The hydregemn bonded base pairs im DNA., Adenine is always attached
te thymine by twe hydregem bends, while guanine always bonds te cytesine by three
hydrogen bonds., The ebligatery pairing of the smaller pyrimidime with the larger
purine allews the twe sugar-phesphate backbones teo have identical helical confipur-
atiens., All the hydregen bemds in beth base pairs are strong, since sach hydregen

atem peints direetly at lts acceptor atom (nitrogen or oxygen).

Figure IV-15 The breaking of terminal hydregen bonds im DNA by random thermal
metien., HAecause the internal hydrogen bends econtinue te hold the twe chains together,
the immediate reforming of the brokem bends is highly prebable., Al=e shown ia the
very rare alternative: the breaking of further hydregen bends, and the consequent

disentangling of the chains,

Figure IV-15 Schematic drawing of the hemeglebin molecule, showing the existence

of li sub-umits (2 and 2p8). The two chains are shown in light celer, and the
two 3 chains in dark celer. Fach sub=-unit contains a heme melecule (red). The
iron=-containing molecule which bonds exygen in this drawing 15 adapted from Perutsz

(Scientific Americam: Nev., 196L). The irregular blocks represent regions where

{-ray diffraction ahalysis revesls a high concentration of atems. lNe attempt has

been made to show individual atems.

Tabla IV=1 The numerical relationship between the equilibrium comstant amd £\ G

=0
at 25 C,
Table IV-2 Van der Waals radii ef the atoms im bielogical melecules,

Table IV=3 ipproximate bond lengths of bielegleally impertant hydregem bonds.




THE

Until now we have focused gur attention on the existence of discrete
srpenic molecules and, following classlcal organic chemlsiry, have emphasized

the covalent bonds which hold them together, It takes little insight,

however, to realize that this type of analysis iz inadequate leor describing

a cell, and that we must alasc concern ourselwes with the exact shupe of

polecules and with the several factors which bind them together in an organs
iged Tashion. The dlstribution of moleculss in cells 18 not random, and we
mast agk ourselves which chemical laws determine this distribution. Clearly
covalent bonding 1s not involved; by definition, atoms united by covulent
bonds belong to the same moleculs,

The arrangemsnt of distinot molecules in cells 1s controlled 1lnstead by
ghemical bonds much wesker than covalent bonds, Atome unlted by covelent
honde are capable of wea® interactions with nearby atoms, These interactions,
gomotimes called "secondary bonds," oceur not only between atoms in different
molecules, but also between atoms in the same molecule, Weak bonds are
important not only in deciding which molecules lie next to each other, but
also in glving shape to flexible molecules like the polypeptides and pely-
nucleotides, It is, therefors, very useful to have a feeling for the nature
of weak chemical interactions and to understand how thelr "weak" charactar
makes them indispensable to cellular existence, The most important include

van der Yaals bonds, hydrogen bonds and ionic bonds.
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A definiticn of and scme characteristics of & chemical bond

A chemical bhend is an attractive foree which helds atoms together, Agpre-
finite size are oalled molecules, Origimally it was theught that enly
bends hold atems togethar iln melscules, but now, as we shall show later

in this chapter, weaker attractive forces are known te bhe importamt in holding
many i=mportant macromolecules, For exasple, the four pelypeptide chains

i K.,

ibined action of several bonds, L is

of hemorlebin are held togothar by tha ceo

thus now customary %o aloso call weak positive erachions chemical bonds, =ven

though they are not NS strong emough ssfTectivaly bind two atoms tegether,

Chemical bonds a haracterizsad 1 } ral wa A most obvious character-
ranzth, trong bonds almoat never fall apart at phys-
This is why atomsz united by cevalent bonds alwaya beleng
ealk bondes are sasily broken, and whem they exdst singly,
when prreseant in erdersd preups do weak bonds exish
correlated with its length, se that
atoms connectad by ong hond § always clossr together thsn tha same twe
wealk bond, lee, e hydropen ntoss bound ceval=
molecula (HiH) 0.C A apart, while the same btwo atoms,
he van de 1ls foross inatead, are hels ¢ A apert,
bond charactoristle is the masdimum mumbear da which
can make, The number of ralent bonda an atom forms is callsad 1ta
ny for example, has & valence of two: £ can nmoevar feomm more than

‘mere is more varlabllity in the case of van der anls bonda,

i g ] @ gl 1 E1E -
o ke,

factor ls puw starlc: he numbor of possible bomds 18 limd-

mmbher of atons which car mlbtangous touch asach other. he

formatlon of hWydrogen




bonds is subject to more restrictions., A covalently bonded hydiregen atowm ususlly
participates in only one hydregen bend, while an exyien atem seldom participatss
in more than twe ydrogen bonds,

The angls betwesn two bonds eriginating from a single atom 1s called the

rl

bond angle. The angle between two spacilic covalent bomds is always approximately
the same, For sxample, when a carbon atom has four single bonds, they are directed
ally (bond anzle = 109°). In contrast, the angles betwesn weak bends

are much more variable.

Bonds differ also iln the freedem of rotation they allow, ingle covalsnt
v R
{ gk L i

double and triple honds are quite

bonds permit free rotation of bournd ;~.:.:::_'._-5F while

rigid, For example, the carbonyl (C=0) and imine (N-H) groups bound Sogsther by
iFiguva (i :I
in the same plans,because of the partial double

the riglid peptide bond must lie
borki eharacter of the psptide bond, Muech weaker, ionic bhonds show ce pletely

behaviert they imposs no restrictions on the relative erientations of

boncded ALOMS,.

Cherical bends are sxplainable in terms of guantum mechanice

-t

The nature of the forces, strong as well as weak, which give rise to chemical
bonds remained a mystery %o chemists until the Guantum Theory of the atum (quantum
mechanics) was developed in the 1920's, Them, for the first time, the various
empirieal laws about how chemical bonds are Tormed were put on & {irm thaeretic
bagls. All chemienl beonds, weak as wall as strong, were realiszod b= based on
electrostatic forces. Quantum mechanieal explanations were provided not only for
;

covaleni bonding by the sharing of electrone but, in additiom, for the formation

of weakar bonds,




Rotation about the Cg-Cg bond in glucose. This carbon-carbon

. single bond and so any of the 3 configurations shown in (a), (b),

and {¢) may occur,




planar shape of the peptide bond,
polyoentide ct « Yirtuall
peptide bond because of its partial double bond

ALoms
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The fermation of & chemlcal bond invelves a chance in tha form of energy

fhe spontenecus formation of a bend between iwo atoms always invelves the
release of some of the internal ensrgy af the unbonded atome and its comversion
to another energy form. The strenger the hend, the greater the amount of energy
which is released upon ita formation. The bending reaction bhetween twe atoms
i and B 1z thus deascribed byi

':5‘1 IV=l) A * B>AB + energy

where AR represents the bonded agrregal he rabe of the reaction ia preportional
the the {requency of collision halwee: gand B Phe unit moat commonly used %o
moggure energy 1s the calerie, the aseunt of emergy ruquired to raise the tesper-

m of water from 145" C to 15,5° Co Since thousands of calories
gre usually invelvad in the “reaking of a mole of chemical bonds, most chemical
enaryy changes in chemical reactions are axpreased in keal/moles

Atans jeimed by chemical bonds, however, de not ferovor remain together,
Thars &lso exist ferces which break chesdical bonds, Iy far the most impertant of
these ‘erees arises from heat esergy. Collislons with fast meving melecules
(etoms) can break chemical bonds, During a collision, some of the kinetic emorgy
of a moving molecule is given up as it pushes apart two bonded atoms. The faster
a moleciule ia » (the highor the temperaturs), the greater 1s the preobability
that, upon eollisien, it will bhreak a bond snoe, as the temperature of a ocol-

helr bonds decrsases. The

breaking of bonid 18 thus WA wlicatad by the foremlat

The amount of onmergy which =ust be added to hrsak a bond 18 exactly eq al to
amount which has basn released upon its formation. This equivalence follows

the First Law of Tharmodynamies, which stabed t energy (except insefar as

is interconvertibls with mass) can be nolther made nor lost,
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Taouilibriim existe hetwean hond making and breaking

Every bond thus is a result of the combined actions of bond making (arising
from slectrestatic interactions) and bond breaking forees, When an sguilibrium is
resched in a clossd sysben, the number of bonds forming per unit time will sgual
the mmbar breaking.. Then the prepertion of bomded atems is deseribed by the

followling Mass Action formmlat

(eq IV=3) Ky, ™ cong’"

o cm; x GI‘}IICIB

is the equilibrium constant, and canr.'g, cmcﬂ, and cone™D are the concens

(whers E‘aq
trations of A, B, and AB in noles/liter), Whether we start with only free A and B,
with only the moleculs AB, or with a combination of AB and fres A and B, at sequil=

ibrium the propertions of A, B, and AR will reach the concentration given by K.q.

The concept of free emerpy

Thers always exists a change in the form of emsrgy as the proportion of bonded
atoms moves toward the equilihrium concentration, The bicleogically moet useful way
to sxpress this enargy change utilizes the physical chemists' concept
gy (G)e# Hore we will net give a rigorous description of free emergy and show how
it differs frem the other ways of measuring emergr. Yor thisz, the reader must re-
far to a chemisiry text which discusses the Second Law of Thermedynamica, Yo must

suffice by saying that free emerjy is emerpy which has the ability to do werk,

Tha Second Law of Thermodrmamics talls ua that there alwiys occurs a decrease
of free enargy (AG is negative) in spontansous reactions. When equilibrium is
reached thers is no further change in the amount of free ensrgy (A0%0). The squile
#It was the cusbom in She 'nited States until recently to refer to fres energy by

the gymbol F. How, howsver, most new tecis have adopted the intermstional symbel
G which honers the great nineteenth century ednfyal physicist Gibba,
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{hrius obate fer & closed collschion of atoms 13 thus that state which comtainz tha
least aount of free enariys.

The {ree snergy lost as equilibrlum is sppreached is transformed’ alther
into heat or used to incrsase the amount of entropy. Hers, we shall not attempt
to define entrepny , this task sust be laft to & chemical bexb), except be
gay that the ascunt of entropy i1s a measure of the amount of diserder, The greater
ths diserder, ths greatar the arwount of entropy. The sxistence of entredy mepns

-

that many sponbtenscus chemlcal reactions de not proceed with an evelutlon of heat.

A%

For exsmpla, in Lhe disselving of Ha C1 im wabtur, heat is adserbed, There is,

nonetheless, a net deorsase in free eneryy hecause of the imerease of diserdey

=
af the i ; ions as thay move from a soli £ liguid phass,




Kgq i8 cxponentially related to /.G

. It is obvious that the stronger the bond, end hence the greater the change
in free ensrgy (/. 0G) which accempanies it formation, the greater the proportien

of atems which must exist in the bonded form. Thia commen sense idea iz quanti-

tatively expressed by the physiocal chesmical ferwulas
(eq IVely) AG = =R 1n Keq OF Keg ™ e K

re I is the universal gas consiant, 7 the absoluls temperature, e = 2,718,

the logarithm of ¥ %o the bass o, and :m1 the equilibrivm constant w212
FRT b AN e at naleT tRnaxtnitiinEh
Insertion of the appropriate valuas of R (= 1,987 eal/degree/ncle) and T

5 ‘ot [E-1)
(= 208 at 28°C) tells usithat & O values as low as 2 keal/mels can drive & bond-~ 1':'1-.\".-.'”?

reaction te virtual completion if all recctants are presant 2t =olar concentrations.

Covalent bonds are very strong

™

The 2. G velues accenpanying the formatlion of covalent bonds from free atoms
like hydrogen orf oxygen are very large and negative in sign, uvsually =50 to =110
koal/mole. Application of eq IV-L tells us thab Eggq of the bonding resction will
be correspondingly large, and so the coneentration of hydregen or oxygen atoma
existing unbound will be very, very small. Por example, a A G value of 100 keal/mole

tells ua that, if we start with one =ole/liter ef the reacting atoms, only ome in

th’O atoms will remain unbound when equilibrium is reached.

deak bonds have emergies between 1 and 7 keal/mole

The madn types of weak bonds Lrpertant in blological oystens are the vam der
Waals bends, hydrogen bonds, and lenic bends, Sometines, as we shall soen point
out, the distinction between s hydrogen bond and an ienic beord is arbitrary. The
weakest of the bonds are the van der Vaals bonds. These have snergles (1-2 keal/mole)
waleh are only alightly greater than the kinetic energy of heat motion. The energies

of the hydrogen and ilonic bonds range between 3 and 7 keal/mele.




Table IV=l

The mumerical relstionship betwean

the equilibrium comstant and (0 at 25°0

Keq AG keal/mels

L.089
2.726
1,363
0
=1.363
2,726
=14, 009
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In liguid solutions, almost all meoleculss ars formd== a mumber of weak

bonds te nearby atoms. All moleeculss are ahls to form van der Waals bonds

while hydrogen and iomic bends can alss form betwesn molaculea (ions) which

have & met charge or in which the charge is umequally distributed. Some
molecules thus have the capacity to fora several types of weak bonds.
Energetic considerations, howsver, %ell us that melecules will alweys have

a greater tendency to form the stronger bend.




V=9

Engvmes are not iuvolved in the making (breaking) of weak bonds

Tha ensrpgy of the strongest weak bond is only aboub 10 times larger than

the average energy of dinotic motion (haat) at 25'“(' {G-ﬁ ‘E{GBIJ""IOJ.-HJ- Sinee Hﬁ-ﬂ :

18 & significant eprend in the energies of kinetic motion, there always exist
many molecules with sufficlent !dnetlc energy to break the strongest weak bond.

Weak bonds therefore are constantly belng made and Lroken at physloloegical

temperatures. The average lifetime of a single weak bond is only a very omall
s ks e ———

fractien of & sacond. Calls thms do not nesd a special mechanisnm to spesd uwp
the rate at which 4dbkey are made and brolen., Cerrespondingly, ensymas never

particinate in reactions of weak bonds,.

The distinetlion hatween polar and noun-poler molecules

All forma of weak intersctiens are based upon attractions betwsen electrlie
charges, These elechtrie charges can ! cr very Lesporary, depending
upon the atems isvelved. For example, the oxygem molecule (0:0) has a
gymetrical distribution of elactrons between its two cXygenm atoms, and so
each of its two atoms is uncherged., In contrest, there is a non-uniform
distribution of chargs in water (HeOiH) whare the bond electrons are unevenly
gharad {}'iLﬂlrﬂ IV=3)e They are held more strongly by the axygen atom,
whioh thus carrles a considerable segative charge, vhile the two hydrogen
atoms togethar have an equal amount of positive charge. The center of the
positive charse is on one slde of the center of t'w nepgative charpge. Suech
& combinabion of separated positive and negzative charges is called an elsctric

dipole moment. !lelecules like Hy0, which seatais a dipele moment,




van der Waals radius of hydrogen = .2 &

. covalent bond length = .95 A

/
il . 5L a
\\\\ ffﬂ#,r;n van der YWaals radius of

S

;,1 (O=--smi=m oxygen = 1. A

7

direction of dipecle mement

The structure of a water molecule
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are called polar molecules (a category which includes molecules with & net

permenent charge, such as ';EiEC"g}.

Hone-polar molecules are those with no effective dipole moments., In Clig

(methane), for example, the carbon and hydrogen atoms have wvery similar
saffinities for their shared electron pairs, and so neither the carbon nor
the hydrogen atom is strongly charged.

The distribution of charge in a molecule cen also be affected by the presence
of nearby molecules, particularly if it is & polar moleculs, This may cause a
non=polur molecule to acquire & slight polar character. If the second molecule
{s not polar, its presence will still alter the non=polar molecule, establlishing
g fluctuating charge distribution, Duch induced effects, however, give rise to
& ruch smaller separation of charge than is found in polar molecules, thus
regulting in smaller interaction energies, and, correspondingly, wealer chemical

bonds,

Van der Waals forces

Van der Wasls bonding arises from a non-gpegific attractive force originating
when two atoms approach very close to each other. It is based not upon the
existence of permanent charge separations, but rather upon the induced fluctuating
charges csused by the nearness of molecules. It therefore operates between all
types of mclecules, polar as well as non=-polar., It depends heavily upon the
distance between the interacting groupe, since it is inversely proportiomal to
the sixth power of distance (Figure IV-¢f),

There ales exists a more powerful van der Waals repulsive force which comes
inte play at even shorter distances, This repulsion is caused by the overlapping
of the outer electron shells of the atoms invelved, The van der Waals attractive
and rerulsive forces belance at & certain distance specific for each type of atom,

| i-'-.r:,-...-'r.— -5
This distance is the so-called van der Waals redius (Table IV=3), The van der Waals

bonding energy between two ENEIELE® atoms separsted Ly the sum of their wvan der Wasals




108 —
Weak van der Waals atiraction

Very strong van der Waals attraction

About 4

Van der Waals attraction just
balanced by repulsive forces due to
interpenetration of outer electron ahells

-4 Diagram illustrating van der laals attraction and repulsion

forees in relationship to electron distribution of moncatomic molecules of

the inert rare gas argon. (from Pauling, General Chemistry, 2nd edition, p322)




A
o wa = o~ 1L ] = =
‘ Pable IV-# Van der Waals radii of the atoms in biological molecules

Van der Wasls radius

1,24
1.54
1.LA
1.94
2 1. Hf_fg:'s
Cl :'3 group 2,04

half thickness
of aromatic molecule




wings of several molecules with atoms shown as spheres with
van der Waals radii.




intrecses wWiththe size o the respective. Alems, Foi- hwe Querate Odoprs i+

radii\is only asbout 1 keul/mole, which is just slightly more than the average

. bharral ensrpgy of molecules at roo= terperature (0.5 keg],fa-_q]_a;,

This means thas van der Wasle forees are am effective binding feres st
phyaiologleal tesperatures only when several atosns in o glvea nwelecule are bound
to several atoms in another molocule Then thé enaryy of intersction is much
greater than the dissocisting tendency due to random thermal movements., In opder
for several atong to interact effectively, Whe colesoular i must be vary goed,
gince the distance seperating any Swe interacting atoms oust not be such greatar
thas the som of their van der YWasls redil (Flgure IV-=(). Ths strengii of inter-
action repidly sppreaches terc when this distance 1s only alightly exceedad.
Thus, the sirenpgest type of van der Jaals contacts arise when a meleculs contains

':’HI:; £ C._E__I-I:f

a cavity emeobly complsmentary in shape %e & protruding group of smother .-mldc'.‘.qfr
This is the type of altvatlion thought to exlist between an entigsn and 1ts specific
antibedy (see Chapber XV). In thie instance, the binding ensrgiss sometines can
be as larpe @ 10 koal/mele, so that the antigen-antibody complexes seldem f£all
asart, Many polar moleculsa are bub seldom alffected by ven der Fanls interactioms,
since such melscules acquire a lower cnergy state (lose more free emergy) by

forming other types of bonds.

Hydrogen Londs

& bydrogen bhond arises batwesn & covelently bound hydrogesn aton with some
{F.:%_.'_ul: IE-3%)

positive charge and a negatively charged covalemlly bound asceptor ateny For
exnrple, the hydrogem atoms of the lmdno greup (Nell) are attracted by the megatively
charged keto oxygen atoms (C=0)., Sometimes the hydrogen bonded atems belong to
groups with a unit of charge (e.g., 'I!E}+ ar C g}. In other cases, both the denor
hydrogon atems snd Lhe nogative acceptor atems have lses than a undt of charge.

e biclegically west important hWydregen bemds invelwe lydregeén stoms

covalently beund So exygen (O<H) or nitregen atems (N=il)., lLikewise, the nogative
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A
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Hydrogen bond between wncharged carboxyl

sroup and the hydroxyl group of tyrosine

Hydrogen bond between;charged amino

and a charged carboxyl group

Hydrogen bond between hydroxyl group

3

of serine and peptide group

= % . Examples of cellular hydrogen bonds
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acceptor ators are usually nitrogem or agygen. In Table IV="are listed soms of
the most imcortens hydregen bonds, Dend energies range between 3 and 7 mlfmaln,
the strongar bonds involving the greater charpge differences betwsen donor and
accepbor atons. Hydrogen bonds are thus weaker Lhan cov lent bends, yet considerably
stronger Hhi q ha A lmydregen hend, therefere, will hold two atoms
closer together than the sua of their wvam dor Yaals redii, but not so close
together as a covalent bond would hold them,

Hydrogen boads, unlike van der ¥Wasls bonds, are highly directionsl. In

optimally strong hydrogen bends, the hydrogen aton polats directly at the sccepter

aton (Figure ;'u-?ﬁ. If it points indirectly, tha bond energy is much leas.

Hydrogen bonds are also much mere spacific than ven der Jaals bends, since they
demsnd the existence of molecules with complementery donor lpdrogen and acodpbter

groups.

Some lonic bonds are in effect hydrogen bonds

Mamy organie molecules possess feonlc greups which contain a unit or more
of net pusitive or negative charge. The negatively charged monenucleotides,
for example, contain phosphate groups [;"L'l =} with three units of negative charge,
while each amine acid (except proline) has & negative earbexyl greup (C: g]*
a positive aminoe group, both of which emrry & umit of charge. Thase charged
groups are usually neutralized by nearby, oppositely charged groups. The

elactrostatic .L"cruuﬂ :J.x:t.!_n' "hzst.u&:m the opposiiely charged groups are called

By

L u-n-i.-'m’:; STENTY e Oy Ui 2 seslidveay 13 s ke I.-"'r". [T
fonic bonds. §In : 1} cases, ri!.‘.'udr' an inorganic eation like Na' s K 4 or ‘!@;

or an inerganic anion like C1~ er S% , neutralizes the charge of the lonized
orgunic molecules, 'hen this hajpens in aguecus solution, the neutralising
cations and snions do not oceupy fixed positions, becavse inergande lons are

usually surrounded by shells of water melecules and se do not directly bind to




'l'.b].-ﬂ-u Approximate bond lengths of biclogically important
hydrogen bonds

Approxinate Bond Length
2,70 £ 104

2,63 & J104
2,08 & 3k
3.04 & 134
2.93 & 20l
3,10 & .34
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Figure IV= Y Directional properties of hydrogen bonds. In (a)
the weetor along the covalent 0-H hond points directly at the
agceptor oxygen, thereby forming a strong bend. In (b) the wvector
points away from the oxygen atom, resulting in = much weaker bond.
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eppositely charged groups. Thus it 45 now believed that, in water solutions,
elsctrostatic bonds to surrounding inorganie eations or anions are not eof primary
importance in determining the molecular shapes of organic moleculas.

On the other hand, highly directions]l bonds result if the oppositely

charged groups cen form hydrogen bonds %o each other. For exanmple, both the ch

and EE!3+ groups are often haeld together by strong hydrogon bonds, Sinece these

hydrogzen bonda are stronger than those which Lrwolve groups with less thenm a
unit of charpe, they are correspemdingly shorter. A strong hydrogen bond ecan
alss ferm between a group with a undt charge amd a group having less than a unit
charge, For exanple, a hydrogsn atom belonging to an amino . reup {-:112} bonds

- )
strongly to an exygen atom of a carbexyl greup (C g,} .

Weak interactions demand cornlemsnbary moleculer surfaces

Weak binding forces are effective only when the interacting surfaces are
very close. This is possible only when the molecular suriaces have conplemeatary
stroctures, so that a protruding group (or positive charge) on onge surface is
mitched by & cavity (or megative charge) on another, i.e,, the interacting
molecules must, in a sense, have a lock and key relationship. Im eells this
requirement often means that some moleculss hardly ever bond to obher molecules
of the same kind, because such molecules do not have the properties of symmetry
necessary for self-interaction. For exmmsple, some (polar) molecules contain
donor hydrogen atoms, and no suitable sceeptor atoms, while others can accept
hydrogen bonds, Lut have no Wydrogen aloms to donate. On the obher hand, ,
there do exist many molecules with the symwtry te permit gtrong self-

interaction in cells, water being the nest important example.




Ha0 molecules form hvdrogen beskds

Under physielogleal conditions, water melecules raraly ionize te form
H* ond (5™ ioms. Imstead, Shey exist as pelar HO-H molecules. Heth
the hydrogen and oygen atoms ferm strony hydrogem bonds. In each Hgy0
molecule, the wgygen atom can bind to two external hydrogenSatoms, while
sach hydrogen atom can bind %o &n adjacent oxygen atem. These bonds are

o

directed tetrahedrally (Figure 1:‘-15;, 80 that in 1ts solid and liquid
forms, esch water melsculs tends to have lour nearest neighbers, one in
sach of the four directions of a tetrgzhedron. In ice the bonds to these
nedghbors are very rigld and the arrangement of molecules fixed. Above
the malbting temperature (0°C) the energy of thermal netion is suffieient
to breaikk the Ipnirogen bonds and to allow the water molecules continmously
to change their mearest neighbors. Even iun the liquid form, howvever, at a

glven instant most waber molecules are bound by four streng Wydrogem bonds.

Weak bonds form between almost ell the molecules im agueous solutions

The average enorgy of & scoondary bond, though small eompared to that
of & covelent bend, is nonetheless strong emough compared to heat amergy
to insure that most molecules in aqueous selution will form secondary bonds
to other meleculea., The prepertdon of bonded Lo nen-bended arrangemonts is
given hy eq IV, corrected to take into account the high concentration of
molsculea in & liguid. I8 tells us that interactions energized as low a8
2= keal/mole are sufficient at phyaiclorical tesperstures to force moat
moleculss to form the maxcimum nuwber of geod secondary bends. CIFFEENGED
Oy I S AT T BN THR D v (D Nt S DR

The specifiec structure of a selubtion ab a given instant is markedly
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1ttice formed by HsD molecules. The energy
} between HoO molecules favers the

e = o T i e e e o
ent etrahedrons. -\.-:‘L‘_:-'g.'lfu ALOmMS Are J.....fia.ci.-'-..l".?d u:_lr
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1tly according to planes, and hydrogen atoms by small

the rigidity of the arrangement depends upon the temperature of the

» the pictured structure is, nevertheless, predominant in water as well as in
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. influenced by which solute molecules are present. This is not enly because

molecules have very specific shapes but also hecause the molecules differ in
which types of secondary bonds they can form. This meens that a moleculs
will tend to move until 4% is nexk %o a molecule with which it can ferm

the strongest type of secondary Lend.

Selutions of course are not stetie. DPaceuse ei the disruptive influence
of hsat, the specific comliguration ef & solution is constantly changing
from cne into anether arrangement of aoproximately the sere ener;y contemt.
Equally important in hiologlecal systems ig the fact that the metabolisn is
contioually transferming one moleculs into another and se auvtomaiically
changing the nature of the secemdary bonds which can form. The sclutiem
atructure of cells is thus belng disruptsd nob only by hesat metion but &lse

by the metabelle transformations of 1ts aclute molecules.

Organie molecules which tend to form Wrdrspen bends are water saluble

The enerpgy of hydrogen bonds per atomic group is ruch stronger than
that of wvan der Wanls contacts. Thus those moleeules which can ferm
kydrogen bonds will form them in preference o van der Waals contacts.
For exampla, 1 we try to rdx water with a2 compound which cammot form
hydrogen bonds, such as benszene, the water and bangema moleculas rapidly
saparate from sach other, the water melecules Terming hydrogen bonds
among thenselves while the bensens molecules attach to each other by wvan
der Yeals bends. <TH IRBERLON) TS YLy (AIPL Eon il Sl
W BSRY IR IS DA Pk 09 D ke a1 R a0
ARSI BUEZD) I8 BHpPOZAM LY, LJOR SRRy Thus 1t is effectively

impossible to insert & nom=hydrogen bonding molecule inko water.
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On the other hamd, polar melecules like glucese and pyruvate, which com=

. tain a large mumber of groups (8.g., =0y or =0H) that form axcellent hrdrogen

boads, are gomewhat saluble in water (hydrophyllic as oppesed %o h;ﬁrnphohiq}.
This is becsguse, while their imsertion inte a waler lattiee brsaks waler-water
ydrogen beads, it results gimultanecusly im hydrogen bends betwesn glucesa
and water. These sltermative arrangements, however, are not usually as satis-
fectery as the water-water arrangements, so that even the mest pelar melecules
ordinarily have only limited selubllity,

Thes almost all the melecules which cells are censtantly acquiriag {either
threush feood intake or blosynthesis) are somawhat insoluble in water. These
melecules, by their thermal movemsnts, ramdonly cellide with oLher melscules
until they find cosplementary melecular surfaces on which to attach and thereby

relsase water melescules for water-watar ialeractions,

The uniquenesa of melecular shapes = Lhe concept of seluchive stickiness

tven though most cellular molecules are built up frem oaly & small number
of groupa such as OH, 1:523, CHy, proat specificity exdista as to Which moleculas
tend e lie mext to each ether. This is because each melecule has unigue
binding properties. Ome very clear demomatration comes frem the speoificity
of sterioiscmers. /or example, proteins sre always constructed from l-amino
acids, mever frem their mirrer imajes, the d-amine aclds (Figure IV=i|).
Though the d and 1 aminoe acids have idemtical covalent bonds, their binding
prope-ties Lo assyrmetrical meleculss are often vary differemt. Thus mest
snzymes sre specific for l-amine acids, F an l=-amine aclid 13 ahle be atbach

w, the d-anime acid 1s umable to hind,

ral rule exdsts that in calls most meleoulos can maks Jood "weak"

with enly a smell mumber of other molecules. This is partly because
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FIG. 29-2 The two stereoisomers of the amino acid alanine.

The two stereoisomers of

iy 1 L L ¥
Chemistry 2nd editlon,
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all molecules in bislogical systems exlist in am agquecus anviremmesnt, The

formantion of & bond in & coll depends not only upen whathar or mot two mele-
gcules bind well to each other, but alse upon whether or not the bLoud will pepr-
rlt thedr water solvent to lerm the macci-wma namber of pgood hydregen bhemda,

e strong tendenoy of water to sxtlude nop=pelar groups ia frequently re-
e ynists
Parrad to as Wydrephobic bemiing. Some EELERYIIED like to eall all the bonds
(Frouie JU-1)
between noa=polar groups im & water selution Wydrephebic bonds, In a sense

this tarm is & confueing mismomer, for the phenomenom which 1t seeks to empha=
gize i3 the absence, not the presence, of Donds. {(The bends which tend to ferm

batwoen the nopepolar groups are due Lo van der Waals attrachtive ferces.) On the
other hand, the term hydrophebic bend is often usaful since it emphasiszes the
faot that ner=polar mreups will try te arrange themselves se that they are not
in contact with water meleculss.

Conalder, Jor example, the saergy dillerence betwesn the binding iam water
of the amine aclds alanine and glicine %o a third melecule which has a surface
compionentary teo alanine. Alanine diffors from glyveims by the presence of ome
methyl group. Yhem alanime is bound %o the tidrd molecule, the van der “aals
contacts arouad the methyl greup yield 1 kesl/mele of energy. Chis energy is net

released when glycime in bound instead, This small energy difference alome would

glve (using equation IV=l) enly a factor of & between the bimding of slanine and
glycias, This caleulation doew nob take into consideration, however, the lact

that water is trying %o exclude alenmine much more than glycime, The presence

(=) ey

of alanine's Cily group upsets the water lattice much more sericusly than does
the hydrogem abtem slde group of glynine. A a8 ia atill diffieult to
predict hew larpe a4 correction facter mmst be introduced feor thie dismption of
the water lattics by the hydrophebic side groups. A curremt guess iz that the
water Lende to axcludes alanine, thrusting it toward a third meleculs with a

i:}'m;ﬂ"&ﬂblt forcea Z=3 l{ﬂhlfm]_s: larger than the force which axeludes glyeins,.
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Illustrative exarmples of van der Waalstbonds between th

.

The hydrogens are not indiczted individually.

4Ll
m

reduced by 203.

f each space-filling drawing indicate the arrangementiol

-

L) iseleucine-iseleucine bond; B) phenylalanine-leucine bond; C)ohen=
is0leucine=1504 1 na J Daenyflalanine=Lcucille oond; L, phen

awn: from Neurath and Scheraga, I

rlalanine-nherylalarine bond. (Redrawn f

Vol. I, Academic Press 1963.)
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. ‘s thus arrive at the importanit conelusiem that, in the agueeus interier

of cells the emergetic differsnce betwesn the hinding of even the mos ginilar
wolecules to & third melecule iz at least 2-3 keal/mole (whem the differeance
invelves a nen=polar groupls requently it 1s 3= keal/mels, sinece the differ=

ences between mamy moleculss imvelve pelar groups which cun ferm hydrogen bends.

The advantaze of Al's between 2 and 5 koal/mele

e have paen that the enargy of Just ona secondary bond (2-5 keal/mele) is




often sufficient to insure that a weule preferentially binds to a selocted
enery differences are not 80
large that rigld lattice levelop within a cell -- the interler
of a cell never crystallizes, as it would if the energy of secandary bonds
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dLTecn internal and external weak bonds. The

[ibrous molecules which often associate in
sheet=11k sruetu ; : exarple. “When internal boliis ars
lormed, tne 3;p;c;ure ﬁhLu more mo The various globular proteins,
like hemeglobin (see uLu) { structure., OSometimes,
however, internal bonds hold together long, thin helical molecules (c). The o
helix conformation of the polypeptide chain naj VI) 1s an example.
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repeat over and over along the molecule.

Often these regular groups aAre arranged in helical configpurations, held
togather by seccndary bonds. The helix is 2 patural confermation for regular
linear polymers since it places each ~enomer sroup in an identical orientation
within the moleoule. Bach monomer thereby forms the same group of secondary
bends, On the contrary, when a regular linear polymer has a non-helicul
arranpement, different momomers must lorm different secondary bands. Clearly
an unstable state ocours i1f any one set of sscendary bonds is much stronger
than amy of the other arrangements. Thus, helleal sywmetry deea not evelve
frem the particular shape of the nonomer, but is instead the natural censequence
of the existence of a unigue menomer arrvangement which ls signiflicantly more
gtable then all other arrangemants.

It 12 very ilmportant %o remember that most biopelywers are net regular
polymere containing identicel monomers. Instead they often have irregular
aide groups attached to & regular backbone. When this happens, as in the cabe
for both mucleic acids and proteins, we need not necessarily expect a helical
structure. This is because & 3-D arrangement which is emergeticslly wery
satlafactery fer the backbone groupe often produtes very unsatisfactory
bending of the side groups. The 3-D structure of many irregular polymers is
thus a comprosdse between the tandency of regular backhenss to form a regular
helix and the LYendemcy of the slde rroups te twist the backbhona inte & configur-
ation which maximizea the strength of the secendary bonds formed by Lthe mids

groups,

Frotein stroctures are usually irresular

case of proteins, the cospromise between the aide groups and the
backbene groups nsually is decided in faver of the side groups. Thus, as we
shall present in much greater detall in Chapter VI, most amine acida in preteins

are not part of regular helices., This is because almost one half of the aide
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groups are largely nom-polar and can be placed in contact with wabter only by a
conaiderable lmput of freo energy. This conclusion was at first a surprise to
many chenists, influenced by the fect that backbone greups could form atrong
internal hydrogen bonds while the nen=polar greups could form only the much weaker
van dor Wasls bends, Thedr past reasoning was faully, however, because it did net
consider either the fact that the polar backbone can form almost as strong extermal
hydrogen bends to water or the equally irmportent fact that a significent amount
of snergy is nacossary to push non=polar side preups inte a hydrogen honded water
lattice.

This arpunent loads to the interesbing prediction thab inm nigueou: solutions
macromolecules containing a larjge mumber of non-pelar slde groups will temd %o be
more stahle than moleculss conteining mosily peolar groups. If we disrupt a polar
molecule held together by a large mmber of internal hydrogen benda there iz aften
enly a small change in free energy since the polar groups can also hydrogen bond
to water. On the contrary, whgn we disruplt molecules having mawy acn=polar Zroups,
there is ususlly & rmuch greater loss in free energy because the dlsruption

necessardly inserts non-pelar groups inte water.

DA can form & reguler helix
At first plance, DMA looks even more unlikely te form a regular helix than

does an irrepular polypeptide chain. It mot only has an irregular sequence of
side groups, bub in addition, all its side groups are hydrophobie. BHoth the
purines (adenine and guanine) and the pyrinidines (thymine and cytosine), even
though they contein polar C=0 and Ny groups, are quite inseluble in water because
their flat sides ere completely hyrdropheble,

Nonetheless, most DMA molecules have regular helical struetures. This is

because moat MHA molseules conbain twe polynuclectide strands which have complee

mentary structures (see Chapter IX for more details). .3nt.h internal and extarnal

secondary bends sbabilise the structure. The two strands are held together by
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hydrogen bonds between peirs of corplementary puorines and pyrimidines (Figure IV-if).
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Fig. 25. {a) Hydrogen bonding between il:2 paired bases in DNA. (&) Com-
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there is no preference for the direction of the pairs.

T —
g




DHA by random

ren bonds continue to

Also shown is the wvery rare alternative:
e hydrogen bonds, and the consequent dis-




Iv - 2k

pairs are very stable at reonm lemperature.

The same principls alse governs the stability of mest protein melscules.
Stable protain Shapes are never due to the presence of just ofie or two weak bonds,
but must always represent the ccoperative result of a nusber of weak bends,

rdered collections of hydrogea bonds becoms less and less stabls as their
temperature is raised above physiclogical temperatures. At Lhese abmormally
high temperaturas, the simultaneous bLreakege of several weak bonds is nere
frogquent., Aftor a significant number have brokem, & molecule usually loses its
original form (the precasa of "denaturation”) and assumes an inactive ("dematured”)

confiruratsion.

L)
Most medium size and almost all very large croteiu molegules are a;_‘;ra_;am

of smaller polypeptide chains

Earlicr we pointed out how the reallisasiion that macremolecules are all
polymers censtructed from resular, small mononers, like the amino aclds, greatly
gimplified the problem of selving maergmoleculs siructnre. It Las, morecver,
recently becoma clear that most of the very large protelins are regular aggregates
of wick smaller polypeptide chains containing not more than LOD amine acids
apiete. For example, the protein Ferritin, which functions in nmasmmals bto store
iren atoms, has a =olecular weight of ahout LED,000. It contains, however,
net a single polypeptide chaln with 1,000 amino acids, but instesd 2L identical
amaller pelypeptlide chains of about 200 andne ecids each, Oimilarly, the preoteln
conpenant of Tobacco Mesale Virus waa orizinally thought to have the horreundous
solecular weight of 30,000,000, test fortugately, 1t was subsequently discovered
(see Chapter XII) that each TMV protein contains 2150 Ifentical smaller protein
molecules, each containing 158 amine aclds, Even much smaller protein melecules
are frequently constructed from a mumber of polypeptide chadns. Hemoglohin,
which has a melacular weight of only 64,500, contains four polypeptide chains,

QT {'l}l-""‘.:"""'t ll,i {@’}
2 o{chains and 23 chains, each of which has = melecular weight o£416,000, °




Schematic drawing of the hemoglobin molecule, showing the existence
3 (2 - and 23)., The two --chains are shown in 1light color, and the
3 chains in dark color. Bach sub-unit contains a heme molecule (red). The
iron=-containing molecule which bonds oxygen in this drawing is adapted from Perutz
lentific American: MNov., 196L). The irregular blocks represent regions where

diffraction analysis reveals a high concentration of atoms. No attempt has
been made to show individual atoms.




In all three examples, as with mest other protein aggregates, the smaller

. urdts are held topether by sscendary bonds. This 1a shown by the fact that they can

be dispersed by the addition of reagoents (B.F«, urea) which tend to break

secondary bends, tut not covalent bonds, it bonds are not, however, the only
force holding macromolecular units tegether. In some cases, for example in the
protsin insulin, disulchide bonds (5=3) hatween cysteine reslduss sre the main

binding force.

Sub=-upite are economical

loth the congtruction of polymers [rom monomors and the use of olymerie
molecules themselwes as sub-units o build 2iill larger molecules, reflect a
vory genoral building prineiple applicable Se all complax struogtures, non-living
as well as living. This primel gtates that it is much casier to reduce the
impact of conatructlon mistakes we can discard them Lefore Shay are incer-
porated into the limal product. This is shown by considering tuo albermative
ways of censtructing a moleecule with 1,000,000 atens, In seheme (2) we build
the structure atem by atom, while in scheme (b) we first budld 1,000 semller units,
sach wilh 1,000 atoms, and subsequently put the sub=-units together into the
1,000,000 atom preduct. Now consider that our huilding process randosly malkes

. : i L A
mistakes, smd inserts the wrony atem with a frequency of 10 7, Lat us assunme
that cach mistake results in a non-functlonal preduct.

Under scheme (a) each molecule will contain, en the average, 10 wreng atoms,
and so there will exist almest mo good products. Under scheme (b), however,
there will oeeur nistakes in only 1% of the sub=-gnits. Thus, if a device exists
to throw away the had sub-units, them good products can be easily made and the
gell will hardly be bothered by the presence of the 15 of non=functicnal sub=-units.
T™is concept is the basis of the sssembly line in which complicated indusirisl

products 1ike radios and aubemebiles are consiructed. At each stage of aasembly
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there are devices %o throw away bad sub=unite. In industrial assembly lines,
the mistakes were initially removed hy human hands; now manuel centrel is often
replaced by autemated control. In cells, the mistakes are sometimes comtrelled
by the specificity of enzymes: if a mencmeric sub-unit ia wrongly put together,
usually it will not be recognized by the polymer making specific enzyme,. and
hance not incorporated intko & macromclecule. In other cases, the laulty
subatances are rejectsd boacaunse they are unable Lo spontanscusily hecome part

of stahle molugular asgregates.

The princirle of self-assembly

A0 values of l=0 koal/mole mean not only that single weak bonds will be
spontaneously made, but also that atructures held tegether by several weak bonds
will be apontaneously fermed. For example, an unsteble, unfolded polypeptide
chain tanda 5o ascume & large numbey of rande= ceoniigurations as a result of
thermal movements. Moot of these conformatlons are alsc thermodynamically
ungtable. Inevitably, however, some of these thermel movemants bring together
groups which can form good wesk bonda, These groups btend te stay Logether
bacause more [rea enerpy is lest when they Torm than 1s geined by thely breakage.
Thus,by & rendoem series of movements, the pelypeptide chaln graduslly assumes a
configuration in which mest, 1f not all, the atoms have flxed pesitiens withln
the molocule,

Apgregntion of separate moleoules slso occcurs spoantensously. The pretedn
hemoglobin furnishes a clear example, It can be broken spart Ly the addition of

I'u"J'F' melecufes witl & 35-{',*(:&-'«.\!,
reagents like urea whichlreak sscondary bends to yleld (SRR Trahotaings

hak moledales

If hewever, the urea 1s removed, theENENEROSRIR uickly aggregate with each

othar to form functiomall hemoglebin molecules. The surface structure of the &>
half mcieceles

TS 1a very specifio for they bind only to cach other and ned with any

. other cellular melecules,

This same pgeneral principls of self-assembly oparates te build even larger
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and more cowmplicated struetures, like the cell membrane and the cell wall, Both

are mogaie surfnces containdng large rumbers of varicus molecules, some largs,
likes proteins, snd others much smaller, like lipids. A% present, virtually
nothing is lonowm about the precise arrengement of the nolecules in these very
large, complioated structurss, sonethelsss, there 1s every reason te believe Shat
the eonstituent maleculss form atsable contacts enly with othar molecules in the
¢ell membrane (or wall), This 18 very sasy 0 visunlize in the case of lipids,
Theyr are axtremely insoluble in water becavcse of thelr leag, non-jpolar Wrdrecarbon
4

chains, These pewly synthes!sed lipids wlll thus heve a abrong temdency bo

attach to other liplds in bthe esll monmbrans or cell wall by varm der Wsals foroes.

Summary
HMany lmporteant chemical svents in eells do no%t invelve the making or
breaking of eovalemt bends. The cellelar leeation of moat molecules depends
the existence of "weak" (secomdary) attractive or repulsive forcss. In
sddition, wealk bonds are lapertant in determining the shape of many molsoules,

especially very large ocnes. The most importent ef those "week" forees aret

antd jonee. bead e
Gydrogen bonding, van der “aals intersetion, fﬁ;ﬁmwy;mig;ﬁ:ﬂlﬁhmm
Ei S iaTed VI DA P EEG Sge  Oven though thess forces are
relatively weak, they are still larg nnugh to ensure that the right molesules
(groups) interact with each other. Feor cxmmple, the surfatce of an enzy=s 18
aniquely ahsped bte allow specifie atbr ien of itz subsirates.
Ihe ormation of sll chemical honds, weak interactions as wall as streng

cevalant honda, procesds mceording to the lews of thermodynamics. A bond tends
e
- " ' : ; S

e form whan 1% resulis in a rele sl [ree anergy ﬁis negetive), In ondar

fer it to e broken, this same amount of [ree enerpy must be supplied. fecause

the fermation of ecovalent bonds between atons usually invelve® a very large




negative ﬁ', covalantly bound atoms alaos%t never separate spontanecsusly. In

A=

contrast, the & values accompanyins the formastien of wask bonds are only several
times larper than the avera e thermal emergy of molecules at phyaiclegiscal
temperatures, Single weak bonds are €Xe frequently being made and broken in
1iwine eells.

Molecules having peolar (charg: d) groups interact quite differently from
non=pelar molecules (im which the charge is syrmetrically distrib T

cules oan form good hydregen Londa, whi wi=polar molecules can lerm

i % =

only van d aals bond the meat ilmportant pelar melecule is water. Hach

L]

lecule can form four good hydrogen beonds Lo other water meleculss.

watar mol
wlar molecules tend %o be soluble in water (to va 18 degrees), mons

wlecules are not because they cannobt hydropen bead to water molecules.

very distinet moslecule has a unigue melecular shape which restricte

the numbar of molescules with wh cod secondary hoids. Strong

sacondary iatersctions demand bo R CO smontary {(lock and key) relationw

&l

ship, between Lthe twe bomding surfe g and bthe involvemen!: of many atons.

While molecules hound togethar hy only r bwo ssecndary beods GRER frequently

fall apart, a collection of t y weak bonde can result in & stable a;gregate.

Tha facht that double ie 0 Vi ls spontanecusly arart desonsirsies

the extrema atability poasible | uch azgregate. The formatien of muth

AFETOZALAE Can j ¢ pontansously, with the cerrect bonds forming in a
‘agihion (the principles of self-sssembly).

shapa ol :.:nl_'.'u 4c molaoula sharmined by seconiary beids.

i

™ nese
polymers all contain single 1 s aboul which free robution is peoasinle. They
do not, however, exist in a variety of shapes, This is because, in gemeral,

the formation of one of the pessible configurations invelves a maxirum decraase

in fres emergy. This encrgetically preferred configuration iz thus formed




sxclusively. Some polymeric molecules have regular helical backbones held in
shapa by sets of ' Anternal sscontary nds between backbone groups.

- stmyotures cannob hea Il NROWETEI, if '-f.:]"i_-' 1}-:_1.-.CU Lhe 5;!“:11‘1‘:

Rsgular halical sk

vhere they camnob lorm laverable weak bonds,

vhere an irregular distribution of non-pelar side Eroups

& highly irregular confloermatlion, permdtting the non=-

der Vasls bonds with each other. Irregularly distributed

o non=heliceal molecy n the LMA

Vi Tar,

pairing of purinea with pyrimidines allows

moleculs, for ew

the non=polar arcmatic top of each other in the center of the

molecule.




