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CHAPTER I*

A. Introduction

The nhysico-chemical study of biological molecules is a 

rapidly expanding area of investigation which allows an ex

amination of the relation of biological process to molecular 

structure. The structural relationship of DNA to cell re

production and genetics is a prime example of this quest to 

explain life processes in terms of structure and function

at the molecular level.

* The heme proteins are particularly interesting in this

regard. These proteins are composed of a polypeptide chain 

and a non-peptide prosthetic group called a heme which con

sists of a porphyrin bonded to an iron atom. The way that 

the peptide is attached to the heme and the manner in which 

the peptide is folded about the heme to a large extent gov

erns the physiological activity of the molecule.

For example, hemoglobin's ability to bind molecular ox

ygen for transport in the blood stream is affected by the 

oxidation state of the heme iron; the ferrous state will 

bind oxygen while the ferric state will not. The mode of 

peptide attachment has been found to be critical for the 

stabilization of the ferrous state.

Catalase and peroxidase are heme enzymes which catalyze 

reactions involving the decomposition of hydrogen peroxide. 

Unlike hemoglobin, these molecules require that the heme iron
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be in the ferric state. The folding of the protein plays an 

important part in the determination of the electronic proper

ties of the heme iron and the retention of the catalytic ac

tivity of these molecules.

The heme protein studied in this work is the oxidized 

form of cytochrome c which has a molecular weight of 13,000 

and is composed of a peptide chain of 10lj. amino acids and a 

heme group. Cytochrome c is important biologically because 

it is cart of the electron transfer chain found in cellular 

mitochondria. The oxidation-reduction of the heme iron pro

vides the vehicle of electron transfer for this process.

» Before discussing cytochrome c, it is useful to consider

some physico-chemical and structural features of proteins in 

general.

Protein structure is divided in three categories, pri

mary, secondary, and tertiary, according to the method of 

K. Linderst/rm-Lang. (1 )

Primary structure concerns itself with the peptide skel

eton of the molecule; features resulting from the joining 

together of amino acids in a fixed, way by means of peptide 

bonds. The primary structure of a protein can be determined 

by hydrolyzing the molecule and determining the amino acid

sequence by methods such as ion exchange chromatography or
• * - ,

electronhoresis.

Coiling of the peptide chain into ordered patterns, 

usually beta-pleated, sheets, spirals, or helices, accounts 

for the secondary level of protein structure. The most
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probable secondary structural form is the alpha-helix pro

posed by Pauling and his co-workers. (2) This coil is

4 stablized by formation of a series of hydrogen bonds between

a amine hydrogen and a carbonyl oxygen three amino acid units 

along the chain. The fact that the atoms comprising the pep

tide bond lie in the same plane without strain also stabilizes 

secondary structure.

When the secondary structure of a protein folds into a 

compact form, the resulting amorphous pattern is referred 

to as the tertiary structure. If it were not for this fold

ing process the alpha-helix would not be stable enough to 

exist in solution and the molecule would become a random 

coil. (3) For the heme proteins the tertiary structure ap

proximates a spherical shape so the molecules are refered 

to as globular. Forces, in addition to hydrogen bonds, 

thought to stabilize the tertiary structure include salt 

bonds, hydrophobic bonds, and van der Waals interactions.

Tertiary structure can be determined by the x-ray dif

fraction technique, Kendrew’s work on myogoblin is the most 

striking example of this technique. (Ij.)

Protein denaturation Involves the breakup and unfolding 

of the molecule caused by heat, acid, base, or other reagents 

which renders the molecule physiologically inactive. Dena

turation reactions are often studied to obtain information about 

conformational changes in protein structure.

Ibe mode of attachment of the peptide portion of cyto

chrome c to the heme is illustrated in Figure I-I. As is



Figure 1-1 Mode of Attachment of Heme to Protein in 
Cytochrome c
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seen the peptide is bonded to the heme by two histidine 

imidazole nitrogen-1'-’me iron bon Is above and below the plane

W of the pyrrole str ■ ture. Then<* positions are refered to as

the 5>th and 6th bonding positions of the heme iron. The pep 

tide is also bond’ to the hemop phyrin thru two thioether 

links attached to the vinyl groups on the outer edge of the 

pyrrole system.
•I

B. Statement of the Problem

The purpose of this work was to study the tertiary

structure of oxidized cytochrome c by observing the thermal 

denaturation reaction at pH 2.9 using viscosity measurements 

as the experimental method. Viscosity has been found to 

yield information about gross conformational changes which 

occur during the unfolding reaction of a protein. (£) (6)

*



CHAPTER II»
Experimental Technique

The cytochrome c (Sigma Chemical Company - Type III -

Lot 31B-6JL(.7) was dissolved in the 0.1 N KC1 solvent at 15° 

and oxidized by adding a small cyrstal of potassium fer

ricyanide to the solution. Completeness of oxidation was 

checked by observation of spectra at mp before and 

after the addition. Tne pH of the solution was adjusted to 

pH 2.9 with HC1 and NaOH using a Beckman Zeromatic pH meter,

' after which the solution was filtered through a medium po

rosity fritted funnel using positive pressure and stored 

at 10°. The viscosity measurements were made within ip8 

hours of preparation.

Concentration measurements on the protein solutions 

were made at room temperature with a Beckman DU-2 spec

trophotometer. A value of 22.i). was used for the absor

bance of a 1.00g/l00ml solution at 5>5>O mp for a 1-cm path. 

Prior to analysis, the solutions were reduced with sodium 

dithonite.

Viscosity measurements were made with two Ostwald vis

cometers (Sargent 833O£) which were cleaned using the meth

yl od of Kragh (7) and immersed in a constant temperature water

bath which allowed dual operation. Outflow times for water 

at 2f?.0° were 114.8.1+1 + 0.02 sec. and 169.13 ± 0.02 sec. 

Temperature variance of the bath measured with a Beckman
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differential thermometer, amounted to + 0.02 in the 10° to 

4-5° range, and + 0.1° above i|.£0, after thermal equilibration 

for 15> minutes.

Density of the solvent was obtained at 2£° with a 10 ml 

pycnometer and calculated relative to water at the other tem

peratures. Protein densities were calculated using the par

tial specfic volume equation.

a , = wt. of soln. x dnn-|Vprifc (Vol. of soln - wt. of
s°ln- vol. of soln. vol. oi soln. 1_

V
V = 0.707 = partial specific volume

Experimental trials to obtain intrinsic viscosity were 

carried out at 10° using five concentrations of cytochrome c 

from 0.1 g/l00ml to 0.7 g/l00ml and at higher temperatures 

using O.Ij. g/l00ml and 0.9 g/l00ml protein solutions.

A choice of techniques was available for determining the 

temperature dependence of reduced viscosity: (1) The vis

cosity of the protein and the solvent could be measured in 

the same viscometer (after cleaning) at each increment 

between 10° and 60° or (2) the protein and solvent viscosi

ties could be measured in separate multiple temperature runs 

by introducing the solution into the viscometer, measuring 

the flow time, raising the temperature of the bath , and 

measuring the flow time of the same solution again; repeat

ing this process until the maximum temperature is reached.

The second technique, less accurate because solvent vis

cosity had to be obtained indirectly, was chosen for its 

experimental convenience. B, the equipment constant, was
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obtained by measuring the flow time of water at incre

ments from 10° to 60°. Next the solvent viscosity was de

termined over the same range of temneratures. From this 

information a solvent viscosity function was obtained graph

ically for use at any particular temperature of the protein 

viscosity determination.

Finally, four trials of 0.931 g/100 ml cytochrome c 

were carried out in the same manner except the bath was 

cooled from 63° to 10° upon completion of the run to check 

reversibility of the denaturation reaction. Concentration 

corrections of 2^-3$ had to be used, at the higher temperatures

'because of the evaporation losses.

i



CHAPTER III*

Results

Viscosity measurements using an Ostwald viscometer are 

calculated from equation III-1 which is derived from Poi- 

seuille’s equation for capillary flow. (8)

Equation III-1

X} = d B t

q = viscosity
d = density
t = time of out flow
B = equipment constant; proportionality factor

J
B is determined by measuring the flow time of a liquid 

(water) of known viscosity and density. Viscosities of un

known liquids are then determined by measuring the flow time 

and density and substituting into equation III-1. B has a 

small, non-uniform temperature dependence and must be meas

ured within a few 0.1° of the temperature at which the un

known is run. Table III-1 shows the temperature dependence 

of B for the two viscometers.

Table III-1 Tne Temperature Dependence of the Equipment Constant B 

t°C. B x 10^-Viacometer # 1 Bx'1(P - Viscometer # 2

10.0 6.0347 5.2578
15.0 6.0265 5.2755
20.0 6.0219 5.2850
25.0 6.0396 5.2997
30.0 6.0498 5.3059
35.0 5.9614 5.2376
4o.o 5.9921 5.2677
45.0 5.9770 5.2596
5o.o 5.9476 5.2426
55.o 5.9602 5.2448
60.0 5.9428 5.2339
63.0 5.9293 5.2227



10.

J

The two common viscosity parameters which are used to 

study protein structure, reduced viscosity and intrinsic 

viscosity, are defined as follows:

’l/'lo- 1 = ’Jsp

Lim I, /o = [ijj 
C*O
r} = viscosity of the protein solution 
r}0 = viscosity of the 0.1N KG1 solvent 
r|gp = specific viscosity
c = concentration of the protein solution in g/l00ml 
n /c = reduced viscosity of the protein solution 
GO = intrinsic viscosity of the protein

To obtain the temperature dependence of the viscosity of 

oxidized cytochrome c, a plot of intrinsic viscosity vs. temp

erature would provide the most meaningful information since 

any concentration dependence would be eliminated. However, 

in the present work, anomalous results were obtained when 

intrinsic viscosity determinations were attempted. Figure 

III-1 and Figure III-2 show reduced, viscosity vs. concentra

tion for cytochrome c and ribonuclease, respectively. The 

ribonuclease plot was obtained from an experimental trial 

performed in this work and. is in agreement with the litera

ture. (9) Ribonuclease exhibits the "typical" protein be

havior because the plot has a positive slope and can be 

extrapolated to zero concentration to obtain intrinsic vis

cosity. As is seen cytochrome c exhibits a negative slope 

and cannot be extrapolated to zero concentration. Table 

III-2 shows this negative slope behavior at other tempera

tures



11

'Figure III-1 The Reduced Viscosity of Oxidized Cytochrome c, 
pH 2.9, 10°C., as a Function of Protein Concentration

Figure III-2 flue Reduced Viscosity of Ribonuclease, pH 2.1, 25>°CO, 
as a Function of Protein Concentration
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Table III-2 The Concentration Dependence of Reduced Viscosity 
of Oxidized Cytochrome c as a Function of Temperature.

fr°C- X|sp/c (O.ipOO g/lOOml) /c (0.918 g/lOOml)

10.10 9.01 3.92
1£.OO k.11 3.91
20.30 9.U3 4.13
2.9.22 6.10 4.39
29.99 9.99 4-91
3U.87 7.38 9.26
39.9U 7.92 9.87

Since intrinsic viscosity cannot be used (at least for 

Ostwald viscometer determinations), it was decided to obtain 

a plot of reduced viscosity vs. temperature using the tech

nique described earlier. The concentration of the cytochrome

4 c was 0.931 g/100 ml.

Ihe most critical part of the calculation was the de

termination of the solvent viscosity, r|o, at the various 

protein viscosity determination temperatures. This was done 

by plotting log vs. 1/T°K. to obtain a linear function 

and an equation using the point-slope formula. It was found 

that this plot, shown in Figure III-3, was not linear over 

the entire temperature range; consequently, three equations 

were used over the temperature ranges shown in Table III-3. 

Table III-3 Equations for Solvent Viscosity

Temperature Range (°C) Equation

10° - 30° Log rf0 = 887.1 1/T°K. - 2.7^31
40° - 9o° Log x}0 = 831.8 i/t°k. - 2.8363
90° - 60° Log i|o = 832.7 1/T°K. - 2.8261

Ihe protein viscosities, , were obtained directly from 

experiment by use of equation III-1 and the corresponding sol

vent viscosity obtained from the appropriate equation. Ihe
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Figure III-3 Log of Solvent Viscosity as a Function of 
Temperature
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reduced viscosities were calculated and are tabulated in 

Table III-lp.

Table III-4 The Change in Reduced. Viscosity of 0.931 g/l00ml 
Oxidized Cytochrome c at pH 2.3 as a Function of Temperature

t°c. i|3p/c (ml/g)

10.05 2.70 + 0.20
14.70 3.32 + 0.03
20.10 3.30 + 0.18
20.15 3.36 ± 0.33
30.15 3.80 ± o.21
40.10 4.18 ± 0.26
45.35 6.42 ± 0.22
45.40 6.30 ± 0.23
50.00 8.93 + 0.34
50.30 8.96 ± 0.30
55.10 9.54 ± 0.30
60.00 9.73 ± 0.12
10.10 (reversal) 3.35 + 0.33

Figure III-I4. shows the reduced viscosity vs. temperature 

curve obtained from the best experimental values. This graph 

includes the reduced viscosity value obtained after cooling 

the bath from 63° to 10° showing that the denaturation re

action is reversible.

Thermodynamic quantities can be obtained for the de

naturation reaction on the assumption that only two forms 

of the protein exist in equilibrium, i.e., native and de

natured as shown by the following equation:
7

N^D

where N = the native state of the protein and D = the de

natured state of the protein.

Toe equilibrium constant for this reaction would be 

given by:

K = (D)/(W)

at each temperature. Thermodynamic parameters for the re



Temperature (°C.)

Figure III-5 The Change in Reduced Viscosity of 0.931 g/l00ml
Oxidized Cytochrome at pH 2<>9 as a Function of Temperature 
x = reversal
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action can bo obtained from a van’t Hoff plot of log K vs. 

l/T°K. The slope of this plot yields the enthalpy of de

naturation according to the following equation:

= d ln K = ~^H 
d(l/T) R

Slope

The method of obtaining relative proportions of (D) and (N) 

from Figure III—ip to insert in the equilibrium constant ex

pression has been described by Sophianopoulos and Weiss. (10)

The transition temperature may be determined graphically 

since it is the point where K = 1 and Log K = 0. From a 

knowledge of both the transition temperature and the en

thalpy of denaturation, the entropy of denaturation can be 

computed from the Gibbs free energy relationship:

AS = AH/Ttp &G = 0

In Table III-£ the data for the van’t Hoff plot shown in 

Figure III-5 are given.

Table III-£ The Van’t Hoff Plot for the Thermal Denaturation 
of Oxidized Cytochrome c at pH 2.9

Log K

1.3^1+
0.796

-0.01+5
-0.833

1/T°K. x IO3

3.01+6
3.091+
3.1^0
3.192

The thermodynamic quantities obtained from the van’t 

Hoff plot are given in Table III-6.

Table III-6 Thermodynamic Parameters for the Thermal Dena
turation of Oxidized Cytochrome c at pH 2.9

AH(kcal/mole)

67.U ± 7

AS (e. u.)

211 + 1£

ttr°0.

The main source of uncertainty in this procedure is
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Figure III-£ The Van’t Hoff Plot for the Thermal Denaturation 
of Oxidized Cytochrome c at pH 2.9
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picking the value for the reduced viscosity of the native 

form since the bottom of Figure III-I4. is not flat like the 

portion above 55°. The value of the reduced, viscosity used 

in the calculations was 3»35> ml/g, the value obtained after 

reversibily cooling the bath from 63° to 10°.



CHAPTER IV
*

Discussion and Conclusions

The fact that reduced viscosity, rather than intrinsic 

viscosity, was used In the denaturation plot requires some 

caution in regard to drawing conclusions.

Literature values for the intrinsic viscosity of glo

bular proteins range from 2,$ to 1£ ml/g while values for a 

helical rod or random coil are in the neighborhood of 2$ to 

£0 ml/g. (11 ) (12). If we assume that the reduced viscosity

• in the present case is a close approximation of "normal" 

intrinsic viscosity values, it would appear that the over

all globular structure of the molecule has not changed since 

the maximum reduced viscosity value is 9.73 ml/g. This is 

evidence against a drastic unfolding of the tertiary struc

ture and unraveling of the secondary structure. Probably 

the denaturation involves the breaking of one or both of 

the weaker imidazole nitrogen-heme iron bonds with the 

stronger thioether linkages remaining intact.

The positive enthalpy, indicating that bonds are being 

broken, and the large positive entropy, showing an increase 

in the degree of disorder in the molecule, suggest that the 

t tenacity with which the peptide is held in the folded, posi

tion about the heme has been reduced. Also, it is possible

that some of the alpha helix of the free peptide has un

coiled. Ihe fact that the denaturation is reversible may
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also mean that only small changes have occured.

Sullivan (13) has studied this reaction using difference 

spectra at ip1Ij. mp. Hisvs. temperature plot is shown 

in Figure IV-1 . The behavior of reduced viscosity is strik

ingly similar to this shown by difference spectra. Thermo

dynamic quantities obtained from his studies are shown in 

Table IV-1:

Table IV-1 Thermodynamic Parameters for the Thermal Dena
turation of Oxidized Cytochrome c at pH 2.9

AH(kcal/mole ) Z\S (e.u.) ttr°C•

£0.2 ±5 157 ± 10 Li-7.5

Further work is indicated in this area especially in 

trying to obtain intrinsic viscosity data from viscometry 

methods other than that of Ostwald. The Stokes law falling 

ball method and the Couette revolving cylinder method are 

two alternate methods of obtaining viscosity data. Similar 

concentration dependence of reduced viscosity from these 

techniques would indicate that the anomalous behavior is in

herent in the protein solution and. not an experimental arti

fact from the capillary type of viscometer.

In conclusion, we have shoim that the concentration de

pendence of the reduced viscosity of oxidized cytochrome c 

at pH 2.9 Is amomalous. The thermal denaturation reaction 

which was studied seems to indicate that large structural 

changes are unlikely.
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Figure IV-1 The Change in the Extinction Coefficient of Oxidized 
Cytochrome c at pH 2.9 as a Function of Temperature
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