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Eo%eins in Solution§an5

Membranes

* The folded conformations of a native protein gives it
properties that are different from the unfolded
polypeptide chain.

* The properties are NOT only the sum of all properties
of the single aminoacids

* The compactness allows the proteins to rotate and
diffuse rapidly.

* Domains of proteins are relatively resistant to
protease.



Eo%eins in Solution§an5

Membranes

* Multidomain proteins can be separated by protease
treatment.

* The separated domains can be reconstituted to form a
functional protein

* The folded conformation of proteins brings residues
into close proximity

* They are being held in place by the fold

* Their local relative concentration is so high that
reactions occur between them.
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Membranes

* Many of these properties are not evident in protein
crystals

* Appear in solution or membranes
* Proteins need a certain flexibility

* Protein conformation is largely unaltered when in a
crystal

* Exceptions intrinsically flexible sidechains and surface
loops



Eo%eins in Solution§an5

Membranes

* The intermolecular forces of proteins in a crystal
lattice are similar to the intra molecular forces of a
folded protein

* Crystallization conditions favor the folded proteins
* Exception to this

* Very small proteins

* They have the most mobile conformations

* Glucagon: 29 aa

* Diluted solution--- random coil

* Concentrated solution --- trimeric helical structure
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Membranes

* Conformations of small peptides in crystal structures
need to be validated in solution

* Protein domains have only one compact folded
structure

* Conformational changes in a protein are mainly used
to rationalize unexpected protein behaviour

* Many conformational changes may involve localised
alterations or changes in degree of flexibility.

* Structural rearrangements have been found only for
quarternary structures



Agueous solubility

* Some proteins aree extremely soluble

e Structural proteins are nearly insoluble
* Proteins interact with the solvent with their surfaces

* Globular proteins have charged and polar residues on
their surfaces

* Solubility is goverend by their interactions with water

e Structural proteins interact with other proteins more
strongly than with water
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Agueous solubility

* Solubility of a protein increases at pH values farther
away from pl

* pl of a protein is the pH where the protein has zero net
charge

* At extreme pH values proteins unfold ---affects
solubility

* Most proteins can be solubilised in aqueous solution

by adding detergents or chaotropic ions (urea,
GdnHCl)



Logarithm of solubility
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FIGURE 7.1

The solubility of hemoglobin (with carbon monoxide bound) in various electrolytes at differ-
ent concentrations and 25°C. Solubility is expressed as grams per 1000 grams H,O. (From
A. A. Green, J. Biol. Chem. 95:47-66, 1932.)
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Preferential Hydration

Volume of exclusion = V,
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Hydrodyiamic Data

Table 7.1  Hydrodynamic Properties of Frofteies of Krower Straciure
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Sedimentation analysis
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FIGURE 7.4

Correspondence between the average volume occupied by
each amino acid residue in solution and in folded proteins.
The line has a slope of unity. The values for the partial
molar volumes in solution are from Table 4.3, those for
folded proteins from Table 6.3.



vdrodynamic properties

Table 7.2 Examples of Translational and Rotational Diffusion Rates

Translational Rotational
diffusion coefficient relaxation
Molecule (1077 cm?/s) time
H,O 200 1072 ns
Glycine 1067
Alanine 91e
Ala-Gly 724
Tryptophan 8.7 ns®
Globular proteins
Myoglobin 30 ns®
Ribonuclease A 12.6° 22 ns?
Lysozyme 10.6° 30 ns®
Chymotrypsin 45 ns*
Immunoglobulin G 3.8 504 ns'
Serum albumin 6.7¢ 125 ns/
Unfolded proteins
Serum albumin 1.9¢8
Pepsinogen 2.58
Chymotrypsinogen 3.2¢
Tropomyasin 2,29
Fibrinogen 2.0k 3.5 msh
Myosin 0.84¢
Collagen 0.5 ms”
Poly(benzyl-Glu) (My, = 3.4 X 10°)
a-Helix 0.85¢
Random coil 1.30¢6
Tobacco mosaic virus 0.3-0.4¢ 1.2-1.6 ms®




Spectral Properties - fluorescence

Table 7.3 Exposure of Tyrosine Residues of Various Conformational States

of Bovine Pancreatic Trypsin Inhibitor (BPTI)

Fractional Exposure of Tyr Residues (%)

Compared with R

Compared with Gly-Tyr-Gly

Comparison Perturbation Comparison Perturbation
Form of BPTI® spectra® spectra® spectra spectra
R 100 100 84 86
(5-30) 73 80 39 69
(30-51) 64 67 51 57
(30-51, 5-14) + (30-51, 5-38) 60 63 47 53
(30-51, 14-38) 49 49 37 42
(30-51, 5-55) 27 41 16 35
Refolded + (5-55, 14-38) 36 37 25 32
Native 36 35 25 30




Chemical Properties

Table 7.4 Effects of Various Mutations of lonized Residues on the
Appareni pK, Value of His 64 of Subtilisin at Low Ionic Strength®

Mean distance from
charge to His 64

Effective dielectric

Mutant Measured ApK,? nitrogen atoms (A)¢ constant, D, 44

Asp 99 — Ser —0.40 12.6 48
Glu 156 — Ser —0.38 14.4 45
Ser 99 — Lys (—0.25) 15.0 65
Ser 156 — Lys (—0.25) 16.5 59
Lys 213 — Thr +0.08 17.6 173
Asp 36 — Gln —0.18 15.1 90
Asp 99 — Lys —0.64 (13.8) 55
Gly 156 — Lys —0.63 (15.5) 50
Asp 99 — Ser and

Glu 156 — Ser —0.63 (13.5) 57
Asp 99 — Lys and

Glu 156 — Lys —1.00 (14.7) 66

4 The effective dielectric constant was calculated using the equation

where Agq is the change in number of charges and r is the distance in A.

244

Dy=—"——
I (Ag)r(ApK,)



Chemical Properties

T ————

Table 7.5 Relative Raies of Alkylation of Histidine and of Two
His Residues of Ribonuclease A

Second-Order Rate Constant®
(107* s~ M)

Ribonuclease A

Alkylating reagent L-Histidine His 12 His 119
[odoacetate 7.3 51.1
lodoacetamide 0.012 1.1 0
Bromoacetate 0.086 20.5 184.5
L-ce-Bromopropionate 0.0027 0.19 0.66
D-x-Bromopropionate 0.0028 4.16 1.84
D-¢-Bromo-n-butyrate 3.60 1.11
f-Bromopyruvate 0 911
f-Bromopropionate 0.0229 0 6.33

“ Reactions were carried out at 25°C and pH 5.3-5.5.

® His 12 is always alkylated at atom N<, His 119 at N*'; reaction of one
atom inhibits reaction at the other.

From R. L. Heinrickson et al., J. Biol, Chem. 140:2921-2934 (1965); R. G.
Fruchter and A. M. Crestfield, J. Biol. Chem. 242:5807 -5812 (1967).



hemical Properties

— - 1.0
,ﬁr'g-_'
21
»
03 s N 0.5
L L
. 0.2 E,
] = 05 |
|
- |
l
-1.0 — /|
0.1+ =
_1.5 L
0 L l | [ | | |
12 B 8 10 12

bk,

Competitive labeling of the three ce-amino groups, of resi-
dues 1, 16, and 149, of a-chymotrypsin. A: Reactivities of
the groups with acetic anhydride as a function of pH. The
reactivities are relative to the nonionized standard and are
expressed as aer, where @ is the fraction of nonionized «-
amino group and r is the relative reactivity of the nonion-
ized form. The solid lines are the theoretical curves for the
following pK, and r values, respectively: 7.9 and 0.10 for
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hemical Properties
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Chemical Properties

CH;  Ala 107

Ser 36 Phe 34 %\I‘
FIGURE 7.6
Covalent cross-link between Glu 35 and Trp 108 of hen lysozyme produced by iodine treat-
ment. The positions of these two residues in native lysozyme are shown at lefi. lodine pre-
sumably reacts initially with Trp 108, but then the adduct reacts preferentially with Glu 35
rather than with water, owing to the proximity of the Glu side chain. The structure of the
cross-linked protein is shown at right. (Adapted from C. R. Beddell et al., J]. Mol. Biol.

97:643-654, 1975.)
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Side Chain Rotations

Table 7.6 Rotation of Aromatic Rings in BPTI

Frequency of 180° Rotations
(s~") at Temperature of

Activation Parameters

Enthalpy AH?* Entropy AS*

Residue 4°C 40°C 80°C (keal/mol) [cal/(mol - °C)] Volume AV (A%)
Tyr 10 Rotating rapidly at all temperatures

Tyr 21 Rotating rapidly at all temperatures

Tyr 23 <5 32X 102 5X 104 26 35

Tyr 35 <1 50 5 X 104 37 b8 60

Phe 4 Rotating rapidly at all temperatures

Phe 22 Rotating rapidly at all temperatures

Phe 33 Rotating rapidly at all temperatures

Phe 45 30 1.7 X 10% 5 X104 17 11 50

From G. Wagner et al., Biophys. Struct. Mech. 2:139-159 (1976); . Mol. Biol. 196:227 -

231 (1987).



Reversible Unfolding transitions

o

£

o =

Z 3
g E E
E o] 2
e i =
E (3] =
= w =
§ f—: S
5 £ s

= T

5

[=]

=

o

1] . 0.5 1.0 1.5 2.0
8 GdrCl {Ad)



P

Reversible Unfolding Transitions
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Reversible Unfolding Transition

Top

LUrea

FIGURE 7.12

Transverse urea-gradient electrophoresis of cytochrome ¢. The folded protein was layered
on the top of the polyacrylamide gel, which contained a linear gradient of urea from left to
right. Electrophoresis at pH 4.0 was from top to bottom. At low urea concentrations, the
protein remains folded and migrates rapidly; at high urea concentrations, it is unfolded and
migrates more slowly. The same pattern is obtained starting with unfolded protein. This and
the continuous band of protein through the abrupt unfolding transition indicate that unfold-
ing and refolding were rapid relative to the time of electrophoresis. Therefore, the fraction
of unfolding at equilibrium determined the rate of migration. The smooth shape of the tran-
_sition, with a single inflexion point, indicates that only two conformational states with differ-
ent electrophoretic mobilities were present to significant extents. (From T. E. Creighton, J.
Mol. Biol. 129:235-264, 1979.)
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Reversible Unfolding Transition

For conditions transition
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Reversible Unfolding Transition

For conditions
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Reversible Unfolding Transition

For a two-state transition, the equilibrium constant between the N and V
states can be measured directly from the average fraction of unfolding (a)
in the transition region:

IN] 1—a
— e ?-I.
A= 01" a e

Where the value of a is significantly different from o or 1, the value of K., is
known. This gives the free energy of N relative to that of U, AGg,, under each set of
conditions :

ﬂGﬁ}M=GH—GU=—RTI‘“ ch {?,]I}
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Reversible Unfolding Transition

AGg = AGH:2 + m [denaturant]  (7.12)
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Nature of the unfolded state

* Some proteins have been found in a state that is neither folded
nor unfolded.

* The molten globule state:

* 1) the overall dimensions of the protein aer much less then for
the rndom coil and only slightly larger than for the folded state

* 2) the average content of secondary structure is similar tot he
folded state

* 3) the side chains are in homogenous surrounding

* 4) Many amide groups exchange hydrogens much more rapidly
than they do in the folded state

* 5) the enthalpy of the molten globule is nearly the same as for
the fully unnfolded state

* Interconversion of the MG state with the folded state are slow
and cooperative. MG - unfolded are rapid and non cooperaive



Fralacantial binding Predeanbal hydragion
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FIGURE 7.14

Schematic illustration of preferential binding and preferential hydration by solvent additives.
I preferential binding, the additive occurs in the solvation shell of the protein at a greater
local concentration than in the bulk solvent. Preferential hydration results from exclusion of
the additive from the surface of the protein, (From % M. Timashe and T. Arakawa, in Pro-
fein Struciure: A Practical Approgck, T, E, Creighton, ed., pp. 331 -345. IRL Press, Oxfond,
i5849.)



Nature of the unfolded state

Hy 0 + NPD
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FIGURE 7.15

Schematic illustration af why a nonpolar additive, such as 2-methyl-2 4-pentanedial (MPI)
decreases the selubality of a protein but destabilizes his folded conformation, In the folded
state, the MPLY is repelled by the high charge density on the profein surface, producing pref-
erential hydration, This decreases the solubility of the folded conformation, and MPL is a
potent agent for inducing crystallization of proteins. MPD} decreases the stability of the
fnlded siaie because the electrostatic repulsions are minimized in the unfoldes] stnte and bhe-
cause the MPD interscts favorably with the nonpolar surfaces that are exposed by unfolding,
(From 5. M. Timashelf and T. Arakawa, in Praliein Siructiere: A Practicsl Approach, T, E.
Creighton, ed., pp. 331=345. [RL Press, Crlard, 1989.)



Nature of the unfolded state
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Nature of the unfolded state
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FIGLURE 7.17

Thermal stabilicy of iibonuchease A a8 a Tanction of the gon-
centration af ures and various puanidinium (Gdm*) solis
The temperature &1 the midpoinl of the thermal unfoklmg
transition, T, is given. (Adapted from P. H. Van Hippel
and K. Y. Wong, |, Biol. Chem, 240:3%909-3923, 19%65.)
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Thermodynamics of Unfolding
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Thermodynamics of Unfolding
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by unfolding (A%/residue)

FIGURE 7.19

Relationship between the measured change in heat capacity
upon unfolding of several proteins and the nonpolar surface
area that is buried in the interior of the protein and is as-
sumed to be exposed to solvent upon unfolding. Note that
the relationship is not one of direct proportionality, in that
it does not extrapolate to the origin, (Adapted from P. L.
Privalov and G. |. Makhatadze, |. Mol. Biol. 213:385-1391,
1990.)
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Thermodynamics of Unfolding
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FIGURE 7.%i

Tempernture dependence of the difference In free energy
beresen the folded and unfolded states of several proteens.
expresstd per mole of prowein, Lys, hea lvaoeyme: RNase,
ribonuclease A; Mb, metmyoglobing Ct, a=chymoirypsin:
Cyt. cyiochrome c. The pH of each solution was thei for
which the protein ks most stable, {Adapied from P. L, Priva-
fov and M, M. Khechimoshvili, [ Mol Biol. 86:665 - 684,
1974}



Thermodynamics of Unfolding

R —
|
-
— 1
I I i | I I B
0 20 & B0 B

Tempenne | *C|

FIGURE 722

Unfodding of apomyoglobin at high amd low femperatures
measured calorimetrically. In ihe lower trace, folded opa-
myaglabin at room femperature was copled to —10°C; the
trough in the heat capacity is caused by the release of heat
upen unfolding ot =6°C. The coaled salution was then
warmed, io prodees the wpper troce. The peok ot —6°C
comespomds 1o 1he uptake of heat as the apomyvoglobin re-

falds; this is folbowed by 8 second peak of hean uplake,
ashove 50%C, aa ihe prodein wrfelds. (From Y. Orilks 2t al.. [

Mual, Hiofl, 203127 - 138, 1988.)



Thermodynamics of Unfolding
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FIGURE 7.23

The specific enthalpy diference, Ah (per gram of protein),
Between the folded and unfolded states af five proteins:
H.PMdmse, ribonusclease A; Lys, hen lysozyme: O, hovine a-
chymatrypsing Cyt, cytochrome ¢ Mb, meimyoglobin, The
pH of each solution was that at which the protein is most
stabde, (Adapied from P, L. Privaloy and M. M. Khechinash-
vili, . Mol. Hiol. B6:665 - 6E4, 1974



Thermodynamics of Unfolding

AG,oeig = AH* — T AS*

T
+ Acp[(T—— T*)— Tln —T-,;]



Thermodynamics of Unfolding

Table 7.7 Free-Energy Contributions of Various Groups to the Stability of
Cyclic Dipeptide Crystals in Water, Compared with Their Free Energy of
Transfer to a Nonpolar Liquid

Transfer from Water to

Cyclic dipeptide crystal® Nonpolar liquid
Groups (kcal/mol) (kcal/mol)
I
—L—NH— —0.38 £ 0.29 +6.12°8
+0.55 (hydrogen bonded)®
Apolar hydrogen, — CH —0.31 £ 0.05 —0.45¢
Phenyl ring —1.37 £ 0.43 —2.58¢
—OH —0.07 £ 0.26 12,23

¢ From K. P. Murphy and S. J. Gill, Thermochim. Acta 172:11-20 (1990).
® From M. A. Roseman, J. Mol. Biol. 201:621-623 (1988).
¢ From D. J. Abraham and A. J. Leo, Proteins: Struct. Funct. Genet. 2:130-152 (1987).



Thermodynamics of Unfolding

GN — GV

Contribution (kcal/mol)
Greater conformational entropy of U? + 167
Net stabilizing interactions® — 198
Solvation of nonpolar surface in U¢ +17
Net stability —14

4T AS ones AS,ons = 4.35 cal/(K - mol - residue)

> Sum of van der Waals interactions in N, net greater stabil-
ity of hydrogen bonds and other polar interactions in N rel-
ative to U, minus any conformational strain. Calculated
from AH* = 1.54 kcal/(mol - residue).

© Favorable interactions of nonpolar surface with water at
25°C, calculated from AC,[T — T* — T In (T/T*)], where
T*=112°C and AC, = 12.5 cal/(K - mol - residue), the
measured value for hen lysozyme.



Thermodynamics of Unfolding

Arg Arg  Asp Arg
Ly= Arg Mg Gin Gin Ly
Asp Lys Lys Glu  Glu Asp
Gln Gln Gin Ser  Ser Gln
Agn Gl Asn Thr  Thr Ser Glu Gln
Glu Ser Glu Tyr  Tyr Tyr Ser His
His Thr  His Cys  Gly Cys Thr Ser Ser
Acceptable Asp Tyr Tyr Ser Gly  Ala Ala Cys Gly Thr
raplacameants Gin Sar Ly= Gzly Thr Ala  Met Pt Gly Ala Cys
Glu Thr Cys Ala  Gly Tip  Trp Trp Ala Mat  Ala
Ser Cys et Met  Met Leu Leu Wal Met Trp Lewu
Thr Sar Gly Leu Ser Leu Leu Wal Pha mMet Phe Leu Lau Wal
Ala  Phe Als Pro  Ala lle  Ala Val  Wal e la lle  Leu e le Wal e
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Fractional accessibility of normal residue
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Thermodynamics of Unfolding
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Thermodynamics of Unfolding
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Thermodynamics of Unfolding
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Thermodynamics of Unfolding
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Thermodynamics of Unfolding

Keon Ky
U f N<7—>Ab-N  Therefore, the affinity of the polypeptide for the anti-N
Ab antibodies is lower by the factor [1 + (1/K )] If K 18
very small, this factor becomes 1/K_, (Fig. 7.30).
K. = [Ab - N] Values of K__  measured with a few unfolded pro-
N [N] [Ab] teins or fragments are in the range of 107°-107%. These
_ [Ab-N] [Ab - N]
®P - ([U]+ [N])Ab] 1
K cons
K
= ( ”l ) (7.24)
1
Kconf



Thermodynamics of Unfolding
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Thermodynamics of Unfolding

Thiol-disulfide equilibria (Kgg)

Unfolded

Protein conformational equilibria
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(30-51, 5-5b) (30-51, 5-55, 14-38)
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FIGURE 7.33 (30-51, 14-38)
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Biosynthetic folding

* Molecular chaperones
* Prolyl peptide isomerases

* Protein disulfide isomerase



	Proteins in Solution and in Membranes
	Proteins in Solutions and Membranes
	Proteins in Solutions and Membranes
	Proteins in Solutions and Membranes
	Proteins in Solutions and Membranes
	Proteins in Solutions and Membranes
	Aqueous solubility
	Aqueous solubility
	Aqueous solubility
	Preferential Hydration
	Hydrodynamic Properties in Aqueous Solution
	Slide Number 12
	Sedimentation analysis
	Hydrodynamic properties
	Spectral Properties - fluorescence
	Chemical Properties
	Chemical Properties
	Chemical Properties
	Chemical Properties
	Chemical Properties
	Membrane Proteins
	Slide Number 22
	Reversible Unfolding transitions
	Reversible Unfolding Transitions
	Reversible Unfolding Transition
	Reversible Unfolding Transition
	Reversible Unfolding Transition
	Reversible Unfolding Transition
	Reversible Unfolding Transition
	Reversible Unfolding Transition
	Reversible Unfolding Transition
	Nature of the unfolded state
	Nature of the unfolded state
	Nature of the unfolded state
	Nature of the unfolded state
	Nature of the unfolded state
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Thermodynamics of Unfolding
	Slide Number 58
	Biosynthetic folding

