Chem 352 - Lecture 2

Weak, Noncovalent Interactions in an
Aqueous Environment

Question of the Day: “If non-covalent interactions are so weak, why are they so
important to the creation, functioning, and maintenance of biological systems?”

Introduction

Concept: Weak, noncovalent interactions are critically important
determinants of biomolecular structure, stability, and function.

We will be focusing our attention on,

+ Being able to describe and recognize the weak,
noncovalent interactions.

+ Being able to explain the role that water plays in
influencing these interactions.

+ As well as recognizing the role that pH plays in influencing
these interactions.
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Importance of Noncovalent Interactions

Importance of Non-covalent Interactions

Here are a couple of examples of how weak, noncovalent
interactions influence the structures of proteins and nucleic

acids.
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The protein ubiquitin The nucleic acid B-DNA
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Importance of Non-covalent Interactions

And here is an example of how weak, noncovalent interactions
influence the interactions between protein molecule.

Non-covalent interactions are involved in s well as the interactions that allow
defining the structures of both the the hormone to bind specifically to its
hormone and its receptor... receptor
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Human Growth Hormone (hGH) binding to its cell surface
receptor and stimulating muscle growt!
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Importance of Non-covalent Interactions

A characteristic that distinguishes noncovalent interactions
from covalent interactions (bonds) is the energy required to
disrupt them.
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Types of Noncovalent Interactions

Types of Noncovalent Interactions

Types of Non-covalent Interactions
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Types of Noncovalent Interactions
Charge-Charge Interactions o__e
+ Sometimes also called
+ An lonic “Bond” in salts
+ ora Salt Bridge in biomolecules

+ Couloumb’s Law equation describes the force of interaction (F)
between two charges, g1 and qz, which are separated by a distance of r,
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, Where k = ——
4re,
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. &, is the permittivity of a vacuum, ¢, = 8.85x10~

Jem

+ C stands for coulomb and is a unit of charge.
+ The net charge on a proton or electron is equal to 1.6022x10-19 C

Odyssey:
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Types of Noncovalent Interactions 0
Charge-Charge Interactions o__e

+ When not in a vacuum, the intervening medium between the
two charges can react to their presence in a way that reduces
the force of interaction between the charges.

+ Coulomb’s Law equation can be modified to take this into
consideration.

F:k%%
er?

* Where ¢ is the relative permittivity factor or dielectric
constant

+ &= 1ina vacuum or in air
+ ¢ = 11010 in a non-polar organic solvent

+ & = T4 in water (This is one of highest.)
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Types of Noncovalent Interactions

Charge-Charge Interactions ‘ L

+ Water’s high dielectric constant, £ = 74, explains why it is
particularly good at dissolving some salts.

< Combuston o gucose

The energy of the the Na* - CI 00
interaction in solid NaCl ———————*
(Melting point = 801°C = 1.474°F)

add water
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The energy of the the Na* - Ck
interaction in solid NaCl
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Types of Noncovalent Interactions

Charge-Charge Interactions —

+ Coulomb’s Law equation allows us to calculate the force
of the interaction action between two charges, how do
we determine the energy of interaction?

+ Energy has dimensions of force x distance.
* To get the energy of interaction at a distance r, we need
to integrate the force of the interaction with respect to
distance from o to r.

* This is also the energy required to pull the two charges
apart, that is say, to break the interaction

4492
Er

E=k
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Types of Noncovalent Interactions

Charge-Dipole Interactions b
+ Some molecules interact because they are polar
and possess a permanent dipole moment.
+ Even though polar molecules have no net charge,
they can still orient themselves relative to a
charge to produce a net attractive interaction.

+ The energy of this interaction,
however, falls off more rapidly with
distance than a charge-charge
interaction.
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Types of Noncovalent Interactions

Dipole-Dipole Interactions @

+

Likewise, two molecules, each with permanent dipoles,
can orient themselves in a way to produce a net attractive
interaction.

+

The energy of this interaction, however, falls off even
more rapidly with distance than either a charge-charge or
charge-dipole interaction.
+ The dipole interactionsares | -
“short-ranged” than the chai ~ins
Ex—
3

Chem 352, Lecture 2 - Weak, Noncovalent Interactions

14

Types of Noncovalent Interactions

Induced Dipole Interactions

+ Molecules that have no charges or permanent dipoles can,
however, be induced to have a dipole.

+

Such molecules are said to be polarizable.

+

In the presence of a charge or dipole, the molecule's
negatively charged electrons can be pulled or pushed
relative to their positively charged nuclei to produce an
induced dipole.
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Types of Noncovalent Interactions

Charge-Induced Dipole Interactions and
Dipole-Induced Dipole Interactions

—~ ~
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+ These interactions are always attractive.
+ And the energy of these interactions fall off with distance
even more rapidly than the others.

Charge-Induced Dipole Dipole-Induced Dipole

- 1
Ex— EO(F

r

+ Therefore, these interactions are quite “short-ranged”.
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Types of Noncovalent Interactions

But Wait! There’s More...

Induced Dipole-Induced Dipole Interactions

This one is probably the hordest one.
rap your head around, because.

& :) 8 el bt o psms chage
X — (+1) or partial charge (5+/5-)
+ Even for non-polar molecules in the absence of an external charge
or dipole, the positions of the electrons are constantly fluctuating
in time with respect to the nuclei, which leads at any moment in
time, in an instantaneous dipole

‘When two such molecules come very close to one another, these
fluctuating dipoles will synchronize with one another to produce a
net attractive interaction.

As you probably expect by now, the energy for this interaction
falls off even more rapidly with distance than any of the others.
1
Eox—
7
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Types of Noncovalent Interactions
Induced Dipole-Induced Dipole Interactions
D -
S| 8 |

+ This interactions is also called a London Dispersion Force.

+ Though the weakest of all the interactions, it is always present
and makes a substantial contribution to the stability of
biological macromolecules.

Benzene ’
Boiling Point = 80.1°C The nucleic acid B-DNA
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Types of Noncovalent Interactions

Van der Waals Interactions

+ Concept:While molecules are attracted one another by these
noncovalent interactions, they are stopped from coming any closer
when their electron clouds begin to overlap.

* The van der Waals interaction
combines the attractive (London)
dispersion interaction with the
electron repulsion interaction and is
used to define the van der Waals
radius, ro, for an atom.

+ The electron repulsion interaction
is positive and falls off very rapidly
with increasing distance

1
Eox—
2
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Types of Noncovalent Interactions

Van der Waals Interactions

+ The van der Waals radii of atoms are used to produce the
spacefilling, 3D models of molecules.
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Types of Noncovalent Interactions

Hydrogen Bonding Interactions
+ This interaction is a special case of a dipole-dipole
interaction.
* It occurs when one of the dipoles involves a hydrogen
atom covalently bonded to an electronegative atom (the
donor).
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Types of Noncovalent Interactions

Hydrogen Bonding Interactions

+ Concept: Hydrogen bonds are among the strongest, most
specific non-covalent interactions.

The distances between the

donor and acceptor atoms are
usually less that the sum of the
van der Waals radii, suggesting a
partial covalent contribution to
the interaction.

+
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Types of Noncovalent Interactions

Hydrogen Bonding Interactions

+ Hydrogen bonding interactions also play a very important
role in determining biomolecular structures.
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The at-helical secondary
structure in a folded protein
involves hydrogen-bonding
between the turns

The base pairings in nucleic
acids
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Types of Noncovalent Interactions
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The Role of Water
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The Role of Water

Water plays a major role in biological systems

+ Water comprises approximately 70% of the mass for most
living cells.
+ We have also seen that with its high dielectric constant it

can, when present, greatly mitigate the strength of most of
the non-covalent interactions.
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The Role of Water
The Structure and Properties of Water

+ Water displays some very unique and unusual properties.

TABLE 2.4 Properties of water compared to those of some other
hydrogen-containing, low-molecular-weight compounds

Molecular | Melting Boiling Heat of Vaporization
Compound | Weight | Point (°C) | Point (°C) | (kJ/mol)

GCH, 16.04 -182 —164 8.16
NH; 17.03 -78 -33 23.26
H,0 18.02 0 +100 2071
HS 34.08 -86 -61 18.66

Melting poines and boing points
trend with the number and
strengehs of the non-covalent

In general, the strengeh of the
dispersion interaction scales with
the molecular weight of a molecue.
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The Role of Water

The Structure and Properties of Water

+ These unique properties arise from water’s polarity, but
also from its ability to simultaneously form 4 hydrogen
bonding interactions with its neighbors.
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The Role of Water

Water as a Solvent

Concept: Water is an excellent solvent for polar molecules and
many salts because of its hydrogen-bonding potential and its polar
nature.

+ Substances that dissolve readily in water are said to be
hydrophilic.
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The Role of Water

Hydrophobic Molecules in Aqueous Solution

+ Molecules that do not interact favorably with water and
therefore do not not dissolve well in water are said to be
hydrophobic.

* Non-polar, organic molecules are a prime examples.

* When water cannot interact
favorable with a molecule, it will
form highly organized clathrate
structures around the molecule.

Because of the loss of entropy
for these water molecules,
dissolving non-polar molecules in
water becomes
thermodynamically unfavorable.
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The Role of Water

Hydrophobic Molecules in Aqueous Solution
+ Molecules that do not interact favorably with water and

therefore do not not dissolve well in water are said to be

hydrophobic.

* This is why oil and water do not
mix.

* The water pushes the oil aside
5o as to minimize its surface
contact with the oil molecules
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The Role of Water

Amphipathic Molecules

+ Concept: A molecule is amphipathic if some parts of its
molecular surface are significantly hydrophilic while other parts
are significantly hydrophobic.

+ Examples include

* soaps
* detergents

* membrane
phospholipids
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The Role of Water

Amphipathic Molecules in Aqueous Solution

+ When placed in water, amphipathic molecules, such as
soaps, detergents and phospholipids, will aggregate to
form micelles (soaps & detergents) and bilayer vesicles
(phospholipids).

+ T =5 . l.2gytosim ir
hy i rater whil
hy m water.
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The Role of Water

Amphipathic Molecules in Aqueous Solution

+ When placed in water, amphipathic molecules, such as
will aggregate to
ind bilayer vesicles

it
micelle
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Acid-Base Equilibria
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Acid-Base Equilibria

Acids and Bases as Proton Donors and Acceptors

+ Concept: Many biological molecules are weak acids or
weak bases.

+ This means that under different conditions of pH the
charges on a molecule will change.

« This, in turn, will influence the charge-charge-
interactions they participate in.

+ The pH of an aqueous solution is a measure of the
hydrogen ion concentration.

pH = log(IH'])
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Acid-Base Equilibria

The pH Scale and the Physiological pH Range

+ Concept: The distribution of charges on the surface of a
biomolecule affects its functional characteristics, such as
receptor binding (e.g. hormones), catalysis (enzymes), and
structural stability.

whkikbbh

(Shown is a surface model a protein at different pH’s that is
colored to show the regions with a net positive charge (blue)
and regions with a net negative charge (red))
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Acid-Base Equilibria

Water has a slight tendency to produce H3;O* and OH- ions.
+ The process is called ionization and can be thought of
as an extension of the hydrogen bonding interactions.
Hydrogen Bonding

H0
[HaOhcededt

At Equlibrium
+1 lonization

H30‘§ /N * -1

OH

[H:0*] = 0.000Bhet  © F@EH®0.0000001 M
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Acid-Base Equilibria

lonization of Water and the lon Product
+ The ionization reaction can be represented as either the
transfer of a hydrogen ion (proton) from one water
molecule to another,
H0 + H,0 === HO" + OH
+ or as the splitting of a water molecule into hydrogen ion
plus a hydroxide ion.

H,0 HY o+

+ The equilibrium can be characterized by an equilibrium
constant, K.

here,

Ay Aoy~ where,

K = HTon an* = activity of H*
" agp aorr = activity of OH-

a0 = activity of H:0
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Acid-Base Equilibria

lonization of Water and the lon Product

+ As an approximation, the activities of the hydrogen ion
and the hydroxide ion can be set equal to their molar
concentrations.

+ And because the water is also the solvent, it is present in
great excess to the water that participates in the reaction.
* We can therefore ignore its contribution to establishing
the equilibrium by setting its activity equal to I.

i+ Gon- aanlet,
Kn- =— =[]
0 a0 = activity of [OH]
[H*][OH™] a0 = | (because it is the solvent)
K=

K, =[H*][0H"]
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Acid-Base Equilibria
lonization of Water and the lon Product
+ For pure water
[H*] =[OH™] = 1.0x10"M
K, =[H'][OH™]
K, = (1.0x107")(1.0x 1077
K, = (1.0x107'%)
+ And since
[H*] = (1.0x1077)
pH = — log[H*] = — log[1077] = 7.0
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Acid-Base Equilibria

Acids and Bases can be defined in different ways
+ The operational definitions of an acid and a base

* An acid is a substance, that when dissolved in water,
causes the pH to go down from pH 7.
* A base is a substance, that when dissolved in water,
causes the pH to go up from pH 7.
+ This is called an operational definition because you need
o carry out an operation, i.e. measure the pH, in order to
apply the definition.

Chem 352, Lecture 2 - Weak, Noncovalent Interactions

42

Acid-Base Equilibria

Acids and Bases can be defined in different ways
+ The Arrhenius definitions of acids and bases

* An acid, when dissolved in water, releases hydrogen
ions, [H*]

* A base, when dissolved in water, releases hydroxide
ions, [OH]

+ This definition tries to explain why the pH goes down
when an acid is added to water

+ And why the pH goes up when a base is added to water.

Since, K, =[H'][OH7]

[H*] =
[OH-]
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Acid-Base Equilibria

Acids and Bases can be defined in different ways
+ The Brensted-Lowry definitions of acids and bases
+ An acid is a proton donor
* A base is a proton acceptor
+ In every acids/base reaction
* There are two reactants, an acid and a base
* And there are two products, also an acid and a base

+ The products are referred to as the conjugate acid and the
conjugate base

 Compared to the Arrhenius definitions, the Bronsted-Lowry
definitions more close reflect what is actually going on

+ They also account for some bases that are missed with the
Arrhenius definitions.
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Acid-Base Equilibria

Comparing the Arrhenius and Brensted-Lowry definitions.
+ The Arrhenius definitions

* Acid: HOl  —— W & oF
* Base: NaOH —>  Na* + OH
K,
= —log([H')) = — w
« pH=—log(H*)) ]og([OHil)

+ The Brgnsted-Lowry definitions of acids and bases
o HBr + HO —  H0* + Br
acid  base acid base

o HO + NHy  ——> NH# + OH

K,
= — log| +]) = — log v
. PH=—log([H;0"]) log ([ H’\)
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45



Acid-Base Equilibria

Strong Acids

+ Strong acids are those that become nearly 100% ionized

HA ——— W+ A
~0% ~100%
+ There are only a handful of strong acids, including,
« HCI
* HBr
« HI
* HNO;
« HCIOs
* HSO4 and HSO4

+ For these, [H*] just equals the concentration of the acid.

Chem 352, Lecture 2 - Weak, Noncovalent Interactions 46

46

Acid-Base Equilibria

Comparing the strengths of weak acids.
+ Acid/Base reactions reach an equilibrium very rapidly

+ The equilibrium constant for a reaction, in which an acid
either releases or donates a proton, is called the acid
dissociation constant, Ka

" T PGS
N “7 A

B O e ho 4 A _HOAT)
“ [HA]
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Acid-Base Equilibria

Ka and pKa

+ Concept: A convenient way to express the strength of an acid is
by its pKg; the lower the value of pKo, the stronger the acid.

* PK, = —log(K,)

strongest acid on.this list
. ) The'stronger an
acidhis, the lower
D) its P is

weakest acid of Hhis st
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Acid-Base Equilibria

‘Weak Acid and Base Equilibria: Ko and pKa
+ Determining the pH of a strong acid
Bripeiqrmining the pH of a strong base

wiRetearmipingfthe péiohpimsenloacistid solution (C, =
0-3@“,{);“%({}]‘@ PHBPE giaropyben HCl dissolves in
water it completely dissociate to form H* and Cl-ions.
For Strong Acids
[H1=C,  (except HiSOs)

pH = —log[C,]
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Acid-Base Equilibria

‘Weak Acid and Base Equilibria: Ko and pKa

+ Determining the pH of a strong acid

+ Determining the pH of a strong base

Predigermining the pH of a weak acid

Wieterhsialnethd AN Fadiveakysisiide solution?
For Strong Bases MOHx

[OH] = xC,
K., K,
[HY] = —2% = —»
[OH] ~ XC,

PH = pK, +1log[xG,]
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Weak Acid ar)
+ Determit $
* Dernfegphoptisoongime . |
| - | And we can use this one
+ Determinifig=ttiesphiiofla wealldacidC, - H'] Jmp—m
PrdBesermining the b0 3 Weak b3 ons and you get,

What is the pH of a 0.3pMacetic acid solution?
=———— or [HF+K[H'] -KC,=0

e’

[HF i ey SRS
: 2 L e,
LocheVs Aawﬁéﬁ, 168D
2a A bk
T -l

o B et e e |
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Acid-Base Equilibria

Titration of Weak Acids and the The Henderson-Hasselbalch
Equation
+ When describing titration curves and analyzing buffers, it
is helpful to rearrange the equilibrium expression for the
acid dissociation constant to produce what is called the
Henderson-Hasselbalch Equation.

_ M)A

“7 [HA]
o _ o (HA]
[H*] =K, (—[ A

_ [A7] \ Henderson-Hasselbalch
H = pK, +log ( [HA]) Equation
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Acid-Base Equilibria

Titration of Weak Acids: The Henderson-Hasselbalch Equation

The Henderson-
Hasselbalch equation
describes an acidlbase.

of % e,
s i, \\
Prableti:’ |/ “imees Henderson-Hasselbalch

Ez}uztion
ollowing the
2

(e withiny | pH P
Calculation the-pH-of a-sefgtion that results

s e,

A Proon anor) onfugato Baso Proton Acceptor) A7)

5 e e

se2x 10
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Acid-Base Equilibria

Buffer Solutions

+ Concept
functic~ *-
pH be
solutio
of av
conjug
least s
acid o

o ammonia bufer

formate buffer

acid airj i
of the L |/ Tror
in negemm |©

7
s po ke

Chem 352, Lecture 2 - Weak, Noncovalent Interactions 54

54

Clicker Question:

Which buffer sysGidoBaseyEquilibiace w use if you

wished to maintain the pH of a solution at pH 72
Buffer,SolyEians bufrer

TABLE 1 § e o

caonch =
SROEeNIPROSh 2 L3
oo . oo P
Famizfdd. Phosphate buffer Fomoion
sesicacd = eemeen R
o
GroH-—00 s ses | kit
st on
PO, — oo . RS E—
Phosghorc scd = W 2 | e
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Diyrogenprosphate o - R —— il 1310
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cabonats on = (Gomormeon " 2
o :
Prena Prenoima on 12010
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Acid-Base Equilibria

Titrations Curves
+ For molecules with multiple ionizable groups, each is treated
independently.

pl = Isoelectric pH
Net Charge = +1 0

NS =t
Problem; l

Draw the titration curve for the titragjon 0. 10 MHistidine with
1.0 M NaOH. (pKar = 1.8,/pKaz = 6.0, pKaz = 9.2)

What is thefisoelectric pH (pl) for bistidi
r/ ' <

: §

Video Tutorial Chem 352, Lecture 2 - Weak, Noncovalent Interactions 56
Sketching a Titration Curve

56

Acid-Base Equilibria

Titrations Curve for the Amino acid Glycine
+ Glycine has two titratable groups
« a carboxylic acid group (pKoi=2.5)
« an ammonium group (pKez=9.5)

And without oraof.the fna oH (at the second

Ror,000H Hfor200 Fnon 20

V

Fractionofgcine

57
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Interactions Between Macroions
Interactions Between Macroions 59
Large molecules with multiple 72‘1:’ f
ionizable groups are called ?\ — g EY
polyelectrolytes 5 5 2
+ Examples include nucleic acids v g — S
S 2

and proteins.

+ These molecules are also
referred to as macroions

(o) Repusion. BNA e, wih iy et
o, sl epe o st s

+ Macroions with a net negative or
positive charge, will tend to repel
other copies of themselves. ﬁ{p

+ Whereas mixtures of positively
and negatively charged
macroions will tend to attract
each other

3
%

N

e

S
o C‘l:‘,‘l?,‘:l.ﬁ_“:l’."““:é,”.,"‘"@f‘;fl‘::,"f?i’f:.“.”“"“
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Interactions Between Macroions

Dependence of protein solubility on pH

Lowest solubily oceurs

Solubilty, m/mi

5 " {6) sosiecti poit: protein aggragates. A he isoslstric pain,

postive and negative harge on the surzoes, resuting n an

o
@ Solbity of -actogiobuln it varying pH. noreased fendency 1o ggregate and precipitate
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Interactions Between Macroions

Small molecular weight ions in a
solution containing macroions can
help minimize the charge
interactions between the

Nagatalycharged

macroions.
+ This why salts are often added *""**
to a solution of a farte fom o

macromolecule in order to
help stabilize it.

{6) The counterion atmosphers. Whn  macrion
exampie, negatulychargedis plced i an qusous salt
ollon, Sl (o o he opposie i tend o cluser dbout .
forming a counlron atmosphore. Thers ar e cations an
arions st the macroarian shown hs: ar away o e
macroion, ha serage concsniatons of atons an sions are:
ey
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Interactions Between Macroions

The magnitude of the effect of small Storgalrecion
ions depends on their

concentrations, or more specifically, Q O .

their ionic strength.

32 o i s, th coerion aimosphee i a0
taiore i i h st of 1 mraore

+ The ionic strength (/) of a
solution is related to the
concentrations and charges of
these small ions
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‘M; = molar concentration of ion i 25 igh onc srengn, th oot simsphre conosnusied
harge on fon 7 ok e o sty oo i e
)T ifluence fioni srengh,
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Up Next

Lecture 3:The Energetics of Life
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