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ABSTRACT

Hydrogenase of Azotobactervwas purified to a large extent

aﬁa in good yield. The enzyme is believed to bé heterégeneous.

The purified hydrogenase was titrated at two temperatures
and the number of ionizing groups and their respective TK's were
determined. The titration of denatured protein shows that it un-
folds to a great extent with release of many more titrable groups.
Also the isoimic pH of hydrogenase was determined using a free-
boundary electrophoretic cell.

Spectral properties of hydrogemase are reported. The U.V.,
vigible region and E.S.R. spectra were obtained.

A new method of assaying hydrogenase activity was devised
and the kinetics and mechanism of hydrogenase-catalyzed reactions

at the dree rodical

is put forward. This clearly showsfhechanlqm is unlikely.

The redox potentials of the enzyme system are reported and a

discussion of the use of the data to elucidate the mechanism of

nitrogen fixation is inoluded.
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CHAPTER ONE
HISTORICAL INTRODUCTION
A - Intrqduction to nitrogen fixation

Al though nitrogen fixa,tioﬁ was discovered very esrly in the his-
tory of the world civilisation, and is as important as photosynthesis
(carbon dioxide fixation) not enough work has been done to emable us
to elucidate the mechanism of this process,

In this laboratory Azotobacter bacteria, which are capable of
fixing nitrogen both in the soil and in vitro, are studied. The
bacterium, gram-hegative with spherical geometry, was digcovered in
1901 (1).

The availability and application of iskopic nitrogen, LN and
13I\T, in recent years made progress possitle (2, 3). The production
of cell~free extracts made the application of physico-chemical tech-
niques possible (4).

Many mechanisms have beeh postulated, some are more likely than
others, but none have beén proved yet. However, it is almost certaip
(5,’6) that ammonia‘is the key product and not hydroxylamine as it has
been suggested. Possible intéxfmedia.tes in the nitrogen cycle ag ob-
tained from inhibition studies will be discussed, and the reader is
refened to Greents thesis which contains a fui]. digcussion of the Sub=
ject (7).

Nitrous oxide was found to be a reversible competitive inhibitor
(8, 9) of nitrogen fixation, and according fo findings in this Labora-
tory, it is not wtilized by Azotobacter (10). Compounds isosterie,

and isoelectronic to nitrous oxide, such as carbon dioxide, azide,



and cyanate might be expected to have similar effects on nitrogen fix-
ation (20), in fact carbon dioxide has not been fully investigated,
and cyanate behaves quite differently. Azide, however, is very simi-
lar to nitrous oxide. To explain this the following hypothesis has
been suggesteds compounds like nitrous oxide cdmbine in one way or
the other (either éhamiaﬂly by bond formation or sterically by occu-
pying the active site) with the enzyme system(s) thus inhibiting the
reaction. Hyponitrous acid acts as a poison to Azotobacter (11),
while mitramide is not utilized by it (12).

As it was mentioned above, hydroxylamine is not the end—product
of nitrogen fixation (13). It was found that hydroxylamine (14)inhilovted both
nitrogen pixation and bastsrke( resperoHon
though not to an equal extent. In the 1light of further evidence,
Virtanen (15) discarded hydroxylamine as a major stage in the pathway
of fixation. Hydrazine also inhibited nitrogen fixation in Azotobactr
(16).

The basis of the hypothesis that ammonia is the end key-product
of biclogical nitrogen fixation is its utilization with almost no
lag time (2, 17, 18); compounds easily reducible to ammonia are also
utilized the expense of nitrogen fixation (18, 19). However, in the
cage of cultureg trained to utilize ammonié, fixation and ammonia up-
take ocour simultaneously (21).

" Equally, at high concentration of hydrogen, nitrogen fixation
ig inhibited (22). To explain this effect both Shug (22) and Winfield

(23) proposed different mechenisms in which hydrogenase and 'nitrogenase!

interacted.



To :gum the above information three mechanisms for nitrogen fixe
ation will be written:

Virtanen (13):

+ 02, B

N, ¥, NH, OH
Wilson (2):
Ny N0 __ NE(CH), __,NE,
Roberts (24, 25):
HN_ O, —$N,0
2 2
UE; 32

N,—> NH + NOH

2 :
i} 21—1 44-{—9 I‘THZOH é————‘L‘"b HI‘TO2

Many other mechanisms based on theoretical grounds have been pro=

posed (26 - 30), but their merits will not be discussed here.

B = Introduction to the system hydrogensse

Hydrogenase is 'the enzyme responsible for hydrogen metabolism in

bioclogical systems, ,
H, + M Hydrogenase»mz

Hydrogenase is found in many systems; some fixing nitrogen, some not
fixing nitrogen and even sSome thé,t do not have a normal hydrogen metaw-
bolism, A 1ist of these organisms may be found in Callendar's thesis
(31).

It was noticed that the properties of hydrogenases, extracted
from two different sources, are not idemticsl (32, 33). Some hydro=

genases reduce compounds that can be poiSonous to others (34, 35).



Al though the hydrogenases of E. Coli and Azotobacter vinelandii are
similar (36, 37), we can not say that hydrogenase is a general re-
ductase.
Hydrogenase has been assayed by different methods:
1 - reduction of methylene blue (39),
2 -~ reduction of ferrocyanide (40),
3 - evolution of hydrogen (41),

and 4 - D, - exchange reaction (75).

Any one system may be used, but no correlation ink activity as measured
by the different methods, can be arrived at. Even "'blr?g addition of a
cofactor that increases the rate of the reaction with ferrocyanide,
no appreciable change in the reactivity towards the deuteuriumeexchange
reaction (37, 38) .ha.s been ohserved. It was suggested that tritium
should replace Dz; but no reports of such Work have appeared (42).

Oxygen (36), and carbon monoxide (43, 44) inhibit the catalysis
of methylene blue and ferrocyanide reductions. Nitrogen and nitrous-
oxide (45) inhibit the evolution of hydrogen from viologen blue.
Oxygen inhibition has been explained on the basis of oxidised sul-
phydryl groups (5L, 52). The other effedts have been combined with
the following:

1 = getivation of the enzyme after being inhitvited may

be achieved by storing the enzyme under H, in the cold (46),

2 « bacteria grown on nitrate or smmonium nitrogen show

1ow hydrogenase activity (47, 49, T4),
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and 3 - that hydrogen inhibits nitrogen fixation (49, 50),
and a hypothesis claiming that the enzymes hydrogenase and 'nitrogenase!
are identical., A summary of reasons against this theory, as given in
Green's thesis follows (7):

1 - Other organisms unable to fix nitrogen contain hydro-

genase

2 = Vanadium ione inhibit fixation while they have no
effect on hydrogenase activity,

3 = A deficiency of iron causes inhibition of both
tnitrogenase! and hydrogenase, whereas a molybdenum deficilency reduces
the first and does not affect the latter.

It has been stated more than once that hydrogenase is a highly-
particulate metallomenzyme (7, 51). Extracts of the enzyme When
centrifuged at high g~values give very low activity figures for the
supernatent and very high figures for the precipitate. Whether this
is true or an artifact of the method of separation, we will try to
show in this work.

The metal ion involved in the enzyme has been proved to be iron
(31, 53 - 58). It is note~worthy that tremsition metel ions in comw
plexes or in the solid state catalyze hydrogen reductions (60 - 62),

The hydrogenase of Desulfovibrio desulfurieans has been purified
and studied by Rittenberg and co-workers (57, 59), while that of
Azotobacter was studied by the Burris-Wilson group (75). Mechanisms
explaining the mechsnism of hydrogenase have been put forward (63 - 66).

B
para = H, + E~+E{ —E + ortho - H2

H
(aissociative mechanism)



andpara.-H2+m—>EH3~>H{+ortho-H2

( exchange mechanism)
or E:0H + HtH - EtH + H:0H
E:H + Si0H — S H + Et0H
Callendar's work on Desulfovibrio desulfurieans showed that its
hydrogenase is capéble of reducing highly ﬁng—substituted azo0 Ccomlw
pounds (31). Stewart's work on the hydrogenase of Azotobacter vine=
landii ™ - shows that the enzyme can reduce some derivatives
of hydrazine (76).
Work on other reductases have been cione, gpecially on nitrate,
nitrite, and hydroxylemine reductases, and a mechanism for the enzyme

action has been postulated (67 = 69).

NO, _
Hydro-w : . 5 - -
H2 Sonass ‘Benzyl Viologen reductass NO3 »»NOQ —*HNOZ ,N02 :NH2
5% +3 +1 i

h3 '1
Work on synthetic materials catalyzing the reduction with hydrogen

may throw light on the possible mechanism of hydrogenase (70 =~ 73).

Cu™ + H, — Cull” + ¥
+ i+ +
Cull + Cu ——= 2Cu + H

and Ag + 5, s AgH + H
2Agi” B, ——> 2hai 5
or (:93-PH)3 RWOL + Hy, —> (1’3-I’H)3 Eh-Cl*

6
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(P --1=H)3 Rh-C1 + c-c —— (P -PF) [‘-11 o1+
H / G

\ /

(1331>H)3 - RhC1  + -.c\.

P3-PH = triphenyl phosphine

# intermediates have been isolated and N.M.R. spectra obtained.



CEAPTER TWO

BExtraction and Purification of hydrogenase

A - Introduction
It is agreed that no significant and precise physico=-chemical

studies can be made on a protein unless it is highly pure. Hydro=-
genases did not receive all the attention they deserve; only one,

that of Desulfovibrio dwsulfurieans, has been puwified to a certain
extent (57). Callendar purified the hydrogenase of Azobacter vinelandii
but the preparation was not very satisfactory.(31).

Hydrogenase has been described as a high molecular weight pro=-
tein that tends to form aggregates easily sedimented. | Many workers
realized that this could be due to their methods of extraction and often
tried to oha.rige them.

Most of the published work on hydrogenase purification methods
shows that chemically harsh methods such as: heating, agdition of ace=
tone, butenol, acid, and several stages of salting-out etc., have been
used. Consequently, end although, they obtained highly purified hydrow
genase, their yields were infinitessimal., It is the author's belief
that these methods should be replaced by more sopﬁsﬁcate& and gentle
methods.,

In this work, molecular seive chromstography coupled with physical

methods have been used to purify the hydrogenase of Azobacter vinelandii.



B - Techniques

i - Bactoriological exsmination

Bac'l;eria prepared by Stewart in 1962 have been used. Before ex-
traction they were examined under s microscope, and it was found that
they were not contaminated. The same technique as that of Stewart
(76) has been used,

ii - Ultrasonic disruption

The bacteria were disrupted by‘inadiation, for 20 minutes, by
Ultrasonic waves (20 Ke/s), After centrifugation (Spinco Ultracentri-
fuge Model L) at 30,000 xg for one hour at 0°C, the solution Was ex-
amined sgain under the microscope, the remaining cells have been Te=
moved by filterstion through a glass~filter No. 5 or Oxoid filters,
Both of these methods have been found to be satisfactory.

In an attempt to wnderstand the reason why the activity of a
disruptate falls down after a continuous increase of activity (76),

- the following hypothesis is put forward. These waves bresk the cell
walls of bacteria, the content is then dissolved in the medium, It
was suggested that ultrasonic waves might have s denaturing effect on
protein (77) so it might be possible to explain the above mentioned
observed effect as follows:

Let Ay B, and C, represent cells, protein, and denatured proteins,

then the process can be written as

K

A ——— B
2
B ——s C
the rate of production of B should be

(B) = A eklt
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if no denaturing effect exists,
By plotting the results of Stewart we obtain a curve fitting the
first-order kinetic law. Fig. II.1l.
Po study the second part of the process, a solution of hydro=
)._.-p.\.uikjg ‘
genase'as described later, was subjected to ultrasonic waves and g
plot of these results showed that the process is a zero order re-

action as we might have expected; Table IT,l., Fig., 1IT.2.

iii -~ Nitrogen content

The nitrogen contents of solutions of hydrogenase have bean
measured by the micro-kjeldhal method. The results were within
L 0.596 error.

iv - Iron Content

The method of Camexon (78) for the assay of Fe in biological
6ompounds, has been used in this work.

v -~ Inzyme Assay

Hydrogenase was assayed by measuring the uptake of hydrogen in
a‘Warburg flask, The reduced species used was Methylene blue (39, 7).

vi = Buffers

Phosphate buffer solutions have been prepared according to the

buffer recipe of Gomori (79).

C_=~ Theory of Chromatography.
Molecular sieve chromatography is a nswly developed tool. Many

a theory has been proposed to explain the operational mechanism by
which separation of proteins of different molecular weights is
achieved, Some of these fit the experimental data and two will be

discussed here.



TABLE IT.l.

Effect of Ultrasonic Waves on Cell disruption (Stewart)

t (minutes) 0 5 10 15
Biuret protein l\mL}h‘M 476 2.88 3,22 3.73

mg/hr 105 108 115 172
% 1/

% QH2 100 104 110 164

TABLE I1.2.

Effect of Ultrasonic waves on a purified hydrogenase soloution

% (minutes) k% 10%sec™ % Aotivity

0 200 100
5 194 97
10 180 90
15 o172 . 86
0 16 8
25 156 78
30 144

\ 72.
Conditions: Hydrogemsse = 30 x 107¢ gn x, [ uf

mo;1  =5x10™k

and PH N6

11,
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i = Flodin Theory ‘802

A new development in the field of Molecular sieves followed the
preparation of dextran gels by Flodin. These gels allow molecules
of certain size, thus molecular weight, to penetrate through their
microscopic structure, The moleculos in question districute them=
selves between the solid phase (beads of gels) end the mobile phase
(eluant). Let this distribution coefficient be Kp» A molecule
that has a very large molecular weight (such a& TeM.V., or Blue
Dextran, etc.,) will be completely excluded and the volume of the gel
then will be equal to their elution wolume. This volume, usually
called the yoid volume, will be denoted by V o @nd can be measured
from the elution wlumes of anyone of the above mentioned mgcro-
molecules. Equally, very small molecules (such as KCl, Ii Cl, or
even better D20) will be completely free to diffuse through the gel.
This will give us the internal volume of the gel, Yi. ‘

‘The elution volume of any macromolecule should be given by the
following expression:

Vi = V9 + ngi

Ve - Vo
or KD = Vi

Yfe notice that KD is independant of the flow rate and the physical
dimensions of the column,

Several empirical relations {81, 82) have been publlshed cor=
relating the molecular weight to KD or.Y.e

V.
i

ii = Ackers! Theory (83)

On the other hand Ackers assumes that molecular sieving is
merely a restricted diffusion process, in which the macromolecule has
to cross a barrier. This reduces the flow rate and a preferential
flow of low or high molecular weight macromolecule is achieved.

For a system, where the gel has been added to the mgcromol ecul e,

K, is defined by:

D

13,
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iy = Vp/T
where Vp = non=exolitded volimes
nd vy = internal volunes
For a system at equilibrium with a totel volune Vj and a 1iquid phase
volime V,; the penstrable volume 7 ig given by
G Gy =0
¢ 0 = -

P P Cp

=

VP =

where @, is the amount of matromoleciles in the gel;
Q is the totel smount of macromolecules in the system;
Q’J. is fho amount of macromoleculeés in the liquid phase;
Cx is the concentration of macromolecules in the gel,
Co is the concentration of macromolecules in the liquid phase;
and 8o
A = Oy

K e e R |

D CL.V

For & themodynamically reversitle process (not aspplicable for a

Wco-v

1
and K = i

For 8 column operating en’cifaly by the molegulay exclusion prineiple

and under nonweequilibrium oonditions, KD should bo identical +o thet
of Flodin and the flow-equation should bet

Q
t
Ve‘vozaﬁz " Vl



KD obtained from equilibri.um and non=equilibrium processes on
=75 are identicals on G-100, slightly different; and on G=200 com=
pletely unreconcilable. '

This led to the postulation of a restricted diffusion process,
where KD is intorpreted as a parameter depending on the size and
diffusion coefficieﬁt of the macromolecule. This is summarized as
follows:

1 « For a molecule of radius a, which is smaller than the pore
radius r, penetration is only ppssible if its centre passes by the
pore a.f r=g. For a small particle this is possible, but the larger
the molecule the lower is the probability of penetration due to
~steric hindrance.

2 - A molecule that enters a pore will encounter a higher
hydrodynamic pressure ‘ch,a.n its surroundings, and its diffusion cow
efficient is decreased due to the increased frictional coefficient.
This effect is generally more marked in large molecules than in small
ones‘."

3 - Renkin equation (84) which relates the Stokes radius a, of
a macromolecule diffusing within a restrictive barrier of effective
pore radius r, to the equivalent free cross-sectionsal pore area Ao,_
and effective actual areaAr available for diffusion, is equated to K‘D‘

2= D71 - 204 2+ 2:09 )7 - 0.5 (3]

The Stokes radius of a molecule can then be calculated from the

value of KD.

154



Once the S'l:bkes radius is estimated; the molecular weight cen be
determined by the well known hydrodynamic relation

¥ = 41N a3

[EOW.JU SR S,

37
where ¥ is the partial specific volumed
ISV
7= ( bﬂ)T
and is usually 0.73 for proteins,

Assuming that the viscosity coefficient is close to unity at

infinite dilution, the frictional and diffusion coefficients will bet

fo = Gﬁ'?oa.
kT ]
and D =W

D =« Extraction of

ydrogenase and Results

Proteins and mucleic acids combine to form complexes of high
molecular welght. This comb:?nation is due to3

1 = the hydrophobic character of proteins and mucleic acids,

and 2 - the interactions between the large number of partial chérges
on both macromoléculeé.

The hydrogenase of Azotobacter vinelandii forms such s complex
with nucleic acids and many Wdrkers reported‘tha'b hydrogenase is
highly particulate (7, 51), Protamine sulfate was used to remove
the mucleic acids, but this removed all the proteins that were at-

tached to thems Different media of extraction have been used without

great success (43, 56, 57)

16,
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It was thought that guanidine hydrochloride should be an ideal
compound to bresk these complexes, since it is known to be a strong
H-bond competitor (86), After diéruption of Azotobacter bacteria,
enaugh guanidine hydrochloride was added to the solution and left in
%he cold (4°C) for 24 hours. The concentration of guanidine hydro-
chloride was 2M. The solution was then centrifuged and dialyzed
against a buffer_. At the end of a 4~hour dialysis, the buffer solug
tion turned yellowish. The buffer solution was analyzed forv sulphur
and iron and they were detecteds The dialysate showed no hydrogenase
activity. We conclude that guanidine hydrochloride is a strong
dena‘bura.nt; |

Potassium chloride was choSen then for two reasons:

1 - It increases the ionic strength without saltingmout the
proteins.

2 = It broadens the double-layer and thus makes any combination
of protein-nucleic acid impossible.

Azotobacter vinelandii bacteria were dissolved in a buffer satu-
rated with KC1, and disrupted. The solution was allowed to equilibrate
at 4°C for 24 hours, then centrifuged and dialyzed. An increase in
a.otivit& was observed and all further purifications were treated simi-
larly: Table II.

The extracted solutions were put on a Sephadex G-25 and G=50
chromatography columns.

Chromatography on G-25% The chromatogcraphy eluent showed 4 peaks,

% The author would like to mention the help and assistance of Miss L.

Kotite in the early chromatography experiments.



three of which showed absorption at a wave~-length of 410 . KD = 0,01,
Kpy = 0.73, Ky = 0.61, K = 0.55. However, at a K value greater than
unity, a green fluorescing pigment appeared (see Harris (85)).

It was then decided that a 50% saturated ammonium sulfate for 1
hour shéuld be followed by the addition of solid sephadex G=~25. The
50% saturated ammonium sulfate extraction is used to decrease the
high molecular weight proteins and nucleic acids (KD(o.lo). The ad=
dition of solid G~25 hau a tiwo-fold advantage.

1 - Concentration of the protein {84),

and 2 - removal of the yellow-green pigment.
Chromatography on G-50. The extract was then passed through a G50
column. The element showed tWwo peaks, one in the molecular weight
Tegion of 1 x 10° and the other at about 7 x 10% Tt was decided to

eluate the extract through a G-75 column.

Chromatography on G-j[ﬁ; The eluant showed three peaks at

KD = 0,114
KD = 0,310

Using a calibration curve, (courtesy of Mr. B. A. Allsopp)
the molecular weights of these three proteins were estimated.

MW (1) = 1.1 x 10°
MW (2) = 7.9 x 104

I

U T (3) = 2.6 x 107
These fractions were found equally active in terms of hydrogen up=

i

take per mg. of nitrogen (see table) and it was noticed that their
molecular weights are in the ration of 5:3:1,

Their radii, frictional coefficients, diffusion coefficients
are listed in table II,3.



TABLE IT. 2.

Activities of hydrogenase solutions on purification

Aﬂo; / ’ a
H,/ml mgN,/ml %10 Yieldd
JLE, 2 QH2
Cells 7.65 3. 74 2,04
Disruptate 13.0 3.77 3.44
Supernatant (Centrifugate) 4.34 2.33 1.89
Supernatant + KCL 11.0 2.00 - 5.55
Ammonium sulfate 50% 10.0 0.50 20.0
G-25 9.83 0.13 75.6
G~T75 9.70 0.03 324.
G=75 Componen k 1 2 3
A/}xlxloznp ! 1.0 5.0 9.0
mel,/m 0.31 1.49 2.90
QH,¥10 3,22 %.%6 3,10
TABLE 1T, 3.
Hydrodynemic consbants of hydrogenase
Component 1 2 3
K 0.310 0.110 0.037

D
Molecular Weight (Flodin) 2.6x10% 7.9::104 1.1:10°7

Moleaular Veight (Ackers)  6.5x0% 2.9x10°  7.1x10°
Stokes radius (A°) 26.6 43.9 58.8

£ x10° 5.0 8.3 11
o’ 7.9 4.8 3.6

100

37.2

19.

Purifi-
cation
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CHAPTER THREE

Thermodynamic properties of hydrogenase

A - Hydrogen egquilibria in Hydrogenase

a= Introduction

Amino acids polymerize in a certain fixed pattern to form proteins.
A protein molecule in sclution is a highly complex but ordered struc-
ture. Since many amino acids, even in the combined state, have one

or more freely ionizing groups, these protrude into the medium and
equilibrate with the available hydrogen ionms.

The jonization constant of any uncombined group of an amino acid,
will differ from the pK of the same group when the amino acid is in
s protein. This effect is explained on the basis of the electrosta-
tic theory in macromolecules of Kirkwood (89). Many peculiar aspects
of proteins and some of the mysteries of enzyme chemistry have been
golved using models based on this theory, in particular haemegrotein
reactions and the Bohr and haeme effects (90,91).

The importance of hydrogen ion equilibria is two-fold. First,

a knowledge of the number of freely ionizing groups in a protein

and their respective dissociation constants can be obtained.
Secondly, a knowledge, although small,of the structure of the pro=-
tein in agueous solutions can be arrived at., The amino acid groups
in a protein are usually hydrogen-bonded to other groups thus forming,
the helix main body ( tertiary structure ) which in tur is TeSpone
sible for the quaternary structure (97). If hydrogens ions are added
to such a solution, these compete with the hydrogem~bonde and breask
them; the helix unfolds bringing about changes in the tertiary and
quaternary structure of the protein(92). This is usually described
a8 a 'reversible dematuration' but should be termed more coxrectly
as 'reversible changes in the configuration!

Although solid protein structure has been extensively studied
using X=-rays (93,9‘4), no detailed intensive studies have been made o
on protein in solutions. It is the authcr's belief that the latter
is much more important since all reactions of biological signifi-

cance involving proteins and enzymes oocur only in the nqueous phase.



b~ Theory of ion associatio® (95,96).

Titration curves and more generzally association-dissociation

curves may be treated as follows:

k(l)

P + H+ ~:-*-~::3‘ (PH)
el

: 1

(em)* + g% TmmITzzz (em)*P

(n)

(n=1)+ + g +n
(Pﬂh_l) + B gizmmeemd (PHn)

P,repreéen’cing the proteins H+, hydrogen ions, and n is the number

of combining sites and kn(.;.zc being:

Ler]
K3 = -ppyr— (1)
(2) T A _
“int [eH] (&) (2)
) o _[PEnl
“int ~ 2| : (3)

The subscript 'int' refers to intrinsic ionization 'constan_:ts. The
constants 'kint‘ are not thermodynamic association constan%s, gince
- effects of solvents molecules, ionic strength, etc.y have no’c been
included, |

The concentration of the intermediate species, P, PH, PI—IZ,...
PHn’ are not experimentally determinable, However, when any amount
of [Hﬂ is added or taken from the solution, Wwe cen célculate what
percentage of it reacted with the protcin. Let™ be this percen~

tage, then~ can be expressed as:

) . Mole combined of [E*], ()
Total protein

. 23.



H+] -[H'i.,
v = . — (41)
F] -
where [H ]represents the total concentration of hydrogen ions-

and[H ‘) is the concentration of the free hydrogen ions in solution.
Let us for simplicity's sake represent k( ) by,ki and so on,
then using equations (1),(2),and (3) we can express Vin tems of

the n association constants as followss

[PH] = x, [H] [P] (5)
[PH)) = Kk, @2 [e) (6)
i k1k2k3......kn{H]nﬁ>] (7)

and ~» can be expressed by:

i i [H) + 2k, [H] +....+nk1k2..k LH]“ (8)

1 0+ kl[H]-!-klkz[H? +oeenitkylonk (2"

and for an identical, and non-interacting groups system equation

(8), may be rewritten as

LB ii (_r.l.:g.‘:._l)}k[H] o
1+ ‘{' f TL (n=jl )}klﬂﬂi
Jd

i=1 =1
The product appearing in equation (9) becomes:

7jif (m=gpr) ™ | ()
J=1 J ( n-i)til
Uging the binomial theory
(1 + k[H])n =1+ Z’ Bt ()
i=]l (n-i)!i!

differentiating equation (12) with respect to (k[H])

(x[g]) 4 d§1+klf%ﬂ)n= k[Hn ( 1+ k[E) )2 (13)

i —mmmiome ( k[H 3
(n-:.)m ( x[g])

=

P'C\(\:)

Bquations (12), and (13) are seen to be identical to the denom

minator and numerstor of equation (11) and the létter becomes:

Eqguation (9) becomes:
SR ( & f/})
A - f_("’ ¢ (/)-c)/4’ £ Cn
- /+¢{ (}( [ﬁ.})‘(

("~ Il{ !

24.



R

D m klEln ((1+ k{E)PE
(1+ x(E} )"
rearranging equation (14) We obtains

T

i
P}
(o}

0
w
L e |
s

log mpn-

n =
~mw—— = +
and log ’\) X PH

nk {H]

1 + kfH]

(14)

(15)
(16)
(17)

Thus a plot of ( n=0)/A versus fH should yield a strgight line,

the intercept ofwhish is pK.

The above treatment-assumes that these reacting sites or

groups are all identical and non-interacting., But this as it might

be realised is o highly hypothetical situation.

However, most proteins have five different types of ionizing

groups (97),
1- Carboxyl groups,
2- Imidazole groups,
3~ Sulphydryl groups,
4= Ammonium' groups,

" and 5=~ Phenolic groups.

Fortunately the ionization of these groups are quite separated

from each other that they can be treated separately; tut no justiw

fication can exist for treating these ionizations as noneinteracting.

If we assume that the interaction is of purely electrostatic

nature, and this is a fairly close approximation, we cam write the

Gibbs free energy of the system as follows:
AF =AF; . + RT #(z)
-42)

or 'k = kinte

and equation (15) should be written as

(18)
(19)

25,



'ﬁ:?:;“' =King 2 x) (20)

which in the logarithmic form is @

- )
1log .E;).-- = pH + K, . - 0.434¢(2). (21)

¢

It is a good approximation to assume that ¢(Z) equals the electro

gtatic free energy We s Which can be calculated in the following

1
manner. Suppose that 4 Vions of charge z, are added to the pro-

tein which has Z charges on it, then

Z2) =W, =2 ANz, -
¢( ) ‘el 23 ;R-%- = 2wz,2 (22)

wh AN ‘
ere ¢ . ——RT (23)

A Ybeing a constant, and NyR, and T have their usual meaegpings.

A more detailed study (98) expresses w as :
2

w = -—-é-—— (1 - _--8'---) (24)
DRKT 1+%Xd '

and the more extended treatment following thé lines of Hermans
and Overbeek (99) as: |
W= e 14 0.6 R+ 0. 4K E) ™ (25)

D€ ,»and’K, have %{Refr usual mesnings; R, is the radius as de=
fermined from the molecular weight and debi by,and R, ie the effec-
tive radius.

Va;]_.ues of w can then be obtained and used in conjunction
with equation (21).

B~ _Technigue,results end analysis.

A solution containing the enzyme was titrated by successive
additions of 10 ul. of acid ( HCl ) or base ( NaOH ), The concen-
tration of the titrant was chosen such that the change of wvolume
at the end of each titration was not greater than 5k, pH readings

were taken after each addition of titrant,once a constant pH-

26,
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value wag observed. Temperature control was achieved by placing the
#essel'containing the enzyme in a thermostated bath.

The results of the titrations were plotted by a computer,
Fig. 111.1~5. The computer programme is included. Fig.111.1,and 4
represent the acid ( HCl) titrations at 2300 and 0°C reépectively.
Fig.111.3, and 5, represent the base (NaOH) titrations at 23°C
and 0°C respectively. Fig.lll.é, represents the titration of the
} denatured protein at 2300.

In order to analyse our results equation (15) is invertad
and rearranged to yields

Lo L+ xlE 1

e = mZnaliZn 2 1/n 4 emEeae
v kn[H | kn (1)
A plot of 1/ versus 1/ H should yield a straight line the intercept
of which on the 1/ axis is 1/n, and the slope of which is 1/kn.
However, Scatchard (108) believes that such plots do not show
the non-linearity of the process; he suggests the use of:
3
...:-—— = k( N- '\))
1H]
where plots of V/[H] versus Vshould yield straight lines the inter-
cepts of which on the "Y/[H]and /U axer are kn and n respectively.
Fig.111.6,8,11, and 13 are the analyses of Fig.lll.l and3.;Fig.lll.
9,10,14, and 15 are the analyses of Fig.l1ll.4 and 5; while the ana-
lysis of Fig.1l11.2 is shown in Fig.111.7 and 12.
A table ( Table 111.1 ) showing & specimen of the calculations

is included., Table 111.2. shows the regults of the analyses.
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$J0B XCCCCZ87 JTKLASCHKA  IBJOB 6.0 2000
$EXECUTE 1BJOB | - RS
$1BJOB F10CS

$IBFTC MAIN

DIMENSION A(200120)-Np(lO)cT(GO)¢XN(6)¢YN(°6¥

DO 21 L=1.16

IF(L+LTe16) K=1
IF(LeEQL16) K=5 .
NFAM=K # 2~ 1 '
T KSIX=K¥®6 :
- READ(5+2) (NP(IYal=1eK)

20

21

FORMAT (.13)

READ(5¢3) (TCI)eI=14KSIX)

FORMAT(BA6) ’

READ(Se4) (XN(I)eI=146)e (YN(I)sI=1436)
FORMAT(6A6436A1) v
DO 20 I1=1 NFAMs2

1A=1+1

NM=NP (1)

DO 20 J=1.N

READ(Se1) ACTe)sALTAGY) -

FORMAT(2E743) .

CALL DlOT(A.NP.KuToXNuYN

.5TOP

END

SIBFTC GRAPH DECK

SUBROUT INE PLOT (A+NP+KsTeXNaYN)-

e 0 33. 2
suB TEST 1 S

DIMENSION A(204120)4P(121) oC(?O)oAM(IO)sAX(IO)vD(ﬁ)oNP(lO)Q

1UY(6)1UX(6)-T(60)oXN(é);YN(Bb)oNA(ZO)

DATA(C (1) al=14342)/1H¥s1H+ /0 (CUIY0]E= 210290?)/1HD91H leXolHlolH—/

1UD(1)eI=1 04 ) /AHMIN « SHRANGE ¢ 1 HX ¢« 1HY/

DATA (C(l)sl= 501902)/1H301H401H501H601H791H801H911H0/

M=K P-1

kK= p K

NX=101

CNY=S

DO 6 1=14KK

AMCTI)I=A(T41)

AX(])=0,

IFACT=(1=1)/2.

IF(MOD(1+2)eEQel) N=NP(IFACT+1)
DO 6 J=1aN
IF(ACT 1 U9 eGTeAX(I))  AX(I)=A
IF(ACTI e U)oL TeAMIIY) AMC1)=A(T4J)
IF (<4l Te2) GO TO 29

_'Do 7 I1=34Me2

29
25

IF(AMET)oLLTeAMU 1)) AM(1)=AM(])
IF(AX(T1)eGTeAX(1)) AXC1)=AX(])
IF(AM(T+1) el TeAM(2)) AM(2)=AMIT+1)
[IF(AXCI+1)eGTeAX(2)) AX(2)=AX(1+1)
D=1 :
DO B 1=1s2 .

IF(IDeEQel) AP=AM(T)

IF(INDeEQe~1) AP=AX(1)



CIF(IDeEQs1 e« ANDeAPJLTe10eE-8) GO TO 20
CIF (AP L Tel0sE~BsORAPGEa10.E12) - GO TO 21
DO 9 J=1.20 S ey
X=10e %% (J=9) : RO e
Y=10a%¥%(J=8) o
IF(APsLTeYsANDeAPGE«X) GO TO 22
IF(IDsEQe—1) X=Y
DO 10 J=1etl
TXLEXHEX®Oe ] *10-**((l+!D)/2)*FLOATlID*(J 1))
T XHEXLAX#0el #10e¥%¥((141D)/2) ' ol Ere
S 10 IF(AD.LT.XH.AND.AP.GE XL) GO TO 23 a L
T .20 XL=0, , T S A P S R
" 23 IF(IDeEQel) AM(I)=XL . T S T T
IF(INeEQe1) AXC(II=AX(1)=AM(1)
8 IF(IDeEQe=17 AX(I)=XH o .
CIF(IDeEQe~1) GO TO 24 , _ T e R
1D=-1 . T ' R
Tal _ GO TO 25 ' L
T 284 IF(NXeENQe51 ¢OReNXeEQe101) GO TO 42 _
s WRITE(642) o T Ui
2 FORMAT(1HO+6X+16HFORMAT INCORRECT) R o SO
 RETURN
42 DO 30 I=146 ,
: CUXCTYSAMOI ) +AX (1Y ¥FLOAT(I=1)/5.
30 UYCT)=AMI2)+AX(2)YX¥FLDAT(6~1)/5e
' 1F(KeEQal) GO TO 35
WRITE(6412) i< '
12 FORMAT(]H]-&XcI?tEX-lQHCURVEb IN THIS PLOTZ/) o
. DO 38 L=141942 : : o o
TUU 38 MAML)YS(L=-1)/2+1 R T
h : WRITE(64106)  (MA(LY+C(L)sL=1+19+2) ' LT
e 106 FORMAT(1HO+ 1 X+s 1 7HPLOTTING SYMBOLS+s 7(6H CURVEWI3¢2He 9A2)/2X13(6H
R 1CURVFE « I342Hs 4A2) 44X+ 48HSYMBOL D INDICATESvTWO"OR'MORE_COI&CIDENT
S 2POINTS) ‘ : R P AR -
235 DO 32 I=14K
NS=6%(1~1)+1
NF =Ng+5
IF(KeEQel) WRITE(G108) 14 {TINT) +NT=NSNF)
32 IF(KeGTel) WRITE(6431) 10 (TINT)eNT=NSWINF)
31 FORMAT (1HO 16X «8HCURVE NOW 1342X+6A6) . T R
108 FORMAT(1H1 +6X+8HCURVE NO»13.2x.6Ae.ax.4aHvaBOL D PNDICATES TWO OR
1 MORE COINCIDENT POINTS) S e
IF(KeGTal) WRITE(6412) K
DO 40 1lvy=1«NY ' '
. DO 41 IX=1eNX
41 P(IX)=C(23) : L
Y= AM(P)+((AX(P)/FIOAT(NY—I))*FLOAT(NY-IY))A
DO 13 1=1eMs?2 . : o
IFACT=(1=-1)/2
N=NP{IFACT+1) -
DO 13 J=14N ‘
IFCACT+1sJ)eEQ o10e%%13) GO TO 13
: IFCA(I+14JY=Y) 13e27427
27 CONTINUE
ACT+14J)=10e%%13

.



DO 11 IX=1eNX - »
X= AM(1)+((AX(1)/FLOAT(NX 1))*FLOAT(IX—1))
IF(A(I+J)eEQa10e%*13) ~ GO TO 11

O IF(ACT s ) =X) 2Be28Be11 :

28 IF(P(IX)eNESC(23)) PLIX)=C(21)

CIF(P(IX)eEQeC(23)) P(IX)}=C(1)
AlleJ)=10e%%13
GO TO 12

11 CONTINUE

13 CONTINUE

26 DO 4 IX=1sNX

= IR=0 . 8
T CALL STEP(IYsIR4NY) ) -
IQ=1R
i CALL STEP (I1XsIQeNX)
AC=C(23) o v -
IF(IQeEQedo OR.IQ.FQ.B) AC=C(25)

IF(I0«ENe2eANDs IReEQe0) AC=C(2T7)
IF(10eEQeR e AND e IReEQe2) - . AC=C(29)
_ IF(P(IX)eNF s C(El)-AND.P(IX).Nb-C(I)) PCIX)=AC
4 CONTINUE L R -
IF(IR=1) 33434434 o A L R
33 IF(IYeLTBaOReIYeGTes3) WRITE(6+4100) (PCIX)3IXZ1aNX)
S IFC1YeGTe7eANDe Yol To44) WRITE(6s101). YNCIY=7)y (POIX)alX=1¢NX]
6o 1o 40 : AR s S A
34 IYFACT=(1Y-1),10 o : ; TR - o
IF(IYelLTeBeOReIYeGTea3) wansté.iOE) UY(IYFACT+1)¢ _ tp(1x>;1x=1.
lNX)
CIF(IYeGTe7eANDeIYelLTo24) WQIT&(6o103) thxv-v).' UY(IYFACT+1).
, 1(PCIX)sIX=1sNX) PR P T
100 FORMAT(IH +15Xs101A1)
101 FORMAT(IH +2XeA1+12Xs101A1)
102 FORMAT(1H +5XeEQe341Xe101A1)
103 FORMAT(1H ¢2XeA102X1EDe3¢1Xs101A1)
40 CONTINUE : , ' ‘
T WRITE(6+104) (UX(1)e1=146) oo S A BN v
104 FORMAT(1HOW6(11XeESQe3)) T e e e e i
~ CWRITE(64105) (XN(I)el=146) R Co
105 . FORMAT (1HO « 48X« 6A6)
' RETURN
21 WRITE(643) D(I1)4DCIDIR)
3 FORMAT(1H1+6X+2A6+23HOUT OF RANGE OF PROGRAM) *

RETURN -
-~ END L
$IBFTC AINC DECK

SUBROUTINE STEP([4KeJ) | AL
' DIMENSION N{11) S : R
‘DO 20 L=14+6 ’ B T LIt S

"N(L)y =L
- TIF(L«EQel) .N(LI=1 :
‘ IF(LeGTel) NtL)=(L— l)*(J—l)/b+l

IF(1eEQeN(L)) K=K+1
20 CONTINUE . _ ' :
IF(14EQeN(1)s0Re1+EQeNIE)) K=K+l

PETURN , . .




'0.310€ o5 }

Yo

' 0.110€ 05

. 100E 04 A - —

F:ig.ﬂI.é

36,

0-400E o4 O.164E 06

0.324E 06

1]

0.494E 06

23



0. 189E 05 A

940

0.129€ 05 1

" 0.680E o4 1

5 o

'
¥

- 37.

, Fi glﬁ.l

0. 900E 03 - '
- 0.300€ 08

'0,603é 10

0. 120E 11

1/Cc]

. -



38,

O37E 05 ' o - ' ‘

0247E 05

Of27E05 <

07006 03 ' — - —
0300€ .04 . 0600EST | _ ©0.1.0F o8 ~ 0.130E o8

e



39..

. Q3I0E 0§ -

F:igng

0.210¢6 05 +

- Q44oE 05 -

01006 04 4——— - —
0200E o4 0.223E 06 0.402€06 ~ 0602£06
| 4/re; |

BE .



0530604 1

F"ua.m.lo.

- 0410604 -

o

02305 04- 4

 0500£034— — )

0l0EoL  ogooedo ~ ol20Em " QIgoE W

2



027027

olQiEOZ i

e

0156027

¥

0Qo0folt-

1
L

Q3of of : '

: ' | | 060D E-O3
) . 0320 €-03 0460£03 -



42.

0313E0T |

F 19.T0.42,

0243607 4+
w/fc]

0163 £07 |

0330 E06 |

O300E05

080E-04 o 048E-03



43.

-

0645603 +

Fi%.]]I.dB.

04%E03 |

e

0325€03 +

 046SEO03

P Y A o PO T S WP

0500F ol
0400 E-0¢- 041DE-03 ~ 08106-03 OI12NE-02 0. 161 £

e e e —



| . 44.
0O340E 402
0250F 402
e
OIg0€ 102
010pE {02
o200 :0-' N
0400 £-04 0220€-03 0400€ 03 OSBOE-03 0.760E-03




' 0,566 £107
0420 £ 107
g
re]

0280 € +07

07

Ol40€ -

0200 £

0.700F —at

0470603

0.370€-03

Fiq.1m.45.

45

oNn7€..02

vtV

0.1676-02



_ TABLE.ITI.2.

Themmodynamic properties of hydrogenase.

00w T
T K0’ K on K0’ K n
23.0°C - 2.86 | 4434 40 1.06 . 8.98 20
0.6°c  1.08 4.96 20 5.53° | e:ze' 7

‘The pK of the denatured protein at 2300 = 4.48. "

!

n of Carboxyl groups ' =70, |
.
AF, 5.91 Kcal/ mole 12.23 Keal/ m?)le -
AT, 6.25 " 10.44 "
AH 10.5 " S L =1l.45 M

AS 15.6 Cal/ d'eg./male - 80 Cal/ dég,‘ymo/e"

46.
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C» Electrophoresis,

‘A— In%roduction.

Electrophoresis is the phénomenon of ion migration due to an
electric field. Paper as a supporting medium for electrophoretic
migration was first suggested by Konlg (100) in 1939. The first
analytical application of this new tool was the isolation of &
yellow pigment from snake venom (101). Since then, paper eleetropho-
resis has become one of the most widely used analyticsl methods in
protein chemistry. |

Free-boundary electrophoresis was'however, the first to be
observed, and Tiselius (102) pioneered in this field. A1l theore- |
tical treatments of electrophoretic mobilities are much simpler,
although‘by no means simple and thorough, for the case of freew
boundéry than paper, gel or other types of electrophoresis. This
is because structural considerations of the matrix used need not
be taken into account.

| Many texts have been written on the subjedt and Bier'w treatise
(103) is an excellent one.
b~ Theory.

Ions subject to an electric field move towards the positive
or negative electrode according to the sign of their charges; the
speed.with which they move ig determined by the nét total charge
on the ions.

In free-boundary electrophoresis, the movement of these ions
is due o the chemical end electrical potentials. Guggenheim (104)

pointed out the impossibility of separating these two, and used,
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for the first time, the temm electrochemical potential n,
n, =g + 3508 7 (1)
where p, is the chemical potential, .Zi-‘is the charge on the i ion,
e is the charge of an electron, and ¢ is the electricel potential.
The .evaluation of the electrical poténtial is achieved by assuming
that the distance (x) from the interface, is connected with the average
potentlal "V (x) by a Boltzmann equa.tlon.
() = nyo0) ema( - —Aop ) (2)
there n,(®) is the number of ions in the bulk of the solution.
The potential distribution at the interface of the double-layer
is given by Poisson's ogquation (105). ‘

div[g grea n;{x)] = =47 () (3)

where & is a constant (dielectric constant) a.nd/:)(y) is the space .

charge density. For one dimensional system:

____gx). - _Qf.f’.../ﬂxl (4)

but the space charge density /)(x) is made up from the individual ionic

charges ory :
“ argen or £{x) = %’ zien.-i{x) (5)

 combining relations (2), (4), and (5) we obtain the so-called Boltz-

mann-Poisson equation (105) which is the basis of the double-layer

theory:
7 jep(x)
LD oL L g iony () e ( - ghont) (6)
dx &
This may be simplified to:
U R () (7)
dx ' '

with the use of the electroneutrality principle, naomely:



& 2, ny(e0) =0 (8)
whereX.is given by QZn (w) z
G LA MG (9)
&€ kT
The solution of equa$1on (7) is
"(x) =Y (0) e | (10)

Using boundary conditions and other relations; the surface charge

can be given by:

_ Yo _ Z*Q/\I/(z!
B/W-xl _.t(_gﬁn k ! > (2 e LT F ‘é’[__ - 1(,7_ ) ( ”}
DK \N€2,2 ¢ .
where n=zn Qx:) =z_n (0) (12)
and { En k 7 . 26 Yez) - 220N
g = 1 | (ze kT +Z¢ &T (13)

2//2 2
and for a spherical 1nterfaoe Debye and Huckle (106) the total

charge &b o
= 47a"c =€ 0 W(a) (1 +La) (14)

'From the above treatment wé can conclude that}many factors
‘affect the electrophoretic mobility. |
1- Factors relative to the proteins
a- Sign of charge,
b~ Magnitude of charge,
¢~ Size, shape, and molecular weight of the protein.

2- Factors relative to the electrolyte solution:

a~ DH of the solution, (acid-base equlibria of protein)

b~ Ionic strength or effeotively the thickness of
the double-layer.
c- Concentration of electrolyte (s).

d- Temperature and viscosity of the solution.

%= Factors relative to the supporting medium 3
a~ Carrent density, and voltage,

b~ Physical dimensions of the capillaxy.

* . - . "
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A relation relating the field intensity and the voltage or current
density has been found by Kunkel and Tiselius (107).

E= g = Qii-c_ » (15)
where V is the applied voltage; i the current density, k the con-
ductivity of the medium, and 1 and § are the length and width of
the capillary. The electrophoretic mobility U, is connected with
the electrophoretic potential or Zeta-potential (‘q ), and this

in turn is connected with the charge density.

T e 9
U " Erey (16)

= 2% o.?mefﬁ (amn

Combining equations (16) and (17) we obtain a relation in terms
of G only:
o= 0.33;:108@ (;1)% (18)

Where d is the thickness of the double-layer, n is the viscosity
of the medium, a ig the radius of the spherical protein, £is the
dielectric constant of the medium, and p is the ionic strength of
the electrolyte. |

Combining equations '14) and (16) we obtain a relation relating
d to & , namely:

d=n U/a. (19)
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b - Technigue, results and analysis

It was found, from early experiments that paper electrophoresis
is not satisfactory. It was then decided o use a free-boundary
electropheetic cell, Fig. III.l6.

When the cell had been filled, the D.C. supply was switched on,
and the movement of the boundary was plotted against the time and the
mobility U caloulated.

From the mobilities of the protein at different pH-values, the
charge density had been estimated, Table III.3, and a plot of pH
versus the charge was obtained, Fig.III1.17. The isoionic point was

found to be at pH = 6.64.

TABLEO III » éo

Electrophoretic mobilities of hydrogenase.

BT
5.70 5.70 3.3
5.86 48 2.8
6.06 3.5 e
6.38 . 1;6;: - "e,gé.
6.81 1.0 0.5
6.94 '-1.9? - -1.1
7.2 5.5 2.0 ?

7.52 5.2 .30



([T - = -— Pt-teetrodes ___,_,_-hL o 53.

.| Sooml

\ sooml.

/‘5 LT
% Bojler Reservoirs

\§r/ | ' \}‘ - FI'SIIIIG

I L

100 ml. .
toom U SN ) énsymc reservoif

AV
S
S,

o |
| . '%5F

1

/———» 4 mvm.diamefter.

45¢em

| sem




54.

5.50 | | 6.so‘ o H 7.5



CHAPTER FOUR

Spectral properties of Hydrogenase

A - Theory of Optical Spectrascopy (102—1112

One of the great achievements of ciuantum mechanics is the analysis A
of spectra. The energy levels, hamiltonians, and finally the wave
functicns, that are obtained from different types of spectral measure-
ments may be combined to give the total hamiltonian }@T y Oor the wave
function 7Y/ of the system.

For an ion in solution, the total wave function can be represented

by the following relation:

- : : . (4)
AR RN AN A A i
where /¥ NZ ’ ’\‘l'; ’ ’)‘E » H s represent the spinporbi'bal, vibrational,

translational and rotational wave functions respectively.
Incident energy, in the form of radiation (equation(2)) may

excite a molecule and & transition from </\I{I to 4/1;'[ levels can be

observed ;
EF = hm Q)
L] and £ Jetand for the ground and excited state wave functions
respectively. These transitions are best accounted for by the electric
dipole mechanism, Transitions may occur if and only if the transition
moment Q, given by equation (3) is non-zero,
Q = <ylir[ s (3)
r is a vector of the same symmetry as the electric dipole.
$ince M. and "7, do not change in the condensed phase, the quantum

mechanical selection rules are dependent on Yy, /¥ and /¥, -
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The 8pin selection rule

Ny - Yz Fo C4)

or
AS Z o (s)
The orbital selection rule :

4’/\/1(/1 0 [r] Yiar o 2 fo ¢
However, due to spin~orbit coupling, the spin selection rule is
not fully wvalid, since the factorization of 8pin and orbvital angular
momenta is imposgible. In other words:

Ly SR LS LL LI LY LS TR (s (1)
Excitations due to $pin orbit-coupling are known as spin-forbidden
transitions.

The orbital selection rule is, however, based on the assumption
that no vibrational interactions exist (equation (8)).

</\7U\,(,) }r.{/\/’v(’z}?tzo (9
and thus the selection rule is:
LY

R TIPS 5
If however, vibrationel interactions do exist, then eauation (9) can
become zero and yet a transition is observed. Such forbidden excit-
ations are known as Orbital or Laporite forbidden transitions.

The forbidden bands may be recognised if their @ factors ( their
transition moments) are estimated. Q, however, is related to the
oscillator strength f which in turn is related to the bend intensity.

The intensity is given by: _
-le € ;
I1=1_¢€¢ (o)

-0
where I and T are the intensities of incident and transmitied light

respectively. £, the oscillator strength will be



4—6)(30 kax

where ¢ is the extinction co-efficient, A is a constant, O and U,
are the frequencies at which the excitation starts and dies off res-
pectively. The +ransition moment Q, will then be given by:
~2 X
O =a.2a4x 16, C13)

L table of representative values for different transitions in transi -
tion metal complexes is given (112), Table IV.1.

The observed excitations of a complex can be assigned energy
fron &  gugeno-Tanabe plot (113), and the ratio . ﬁ of the G-level

energy in the excited state to that of the ground state can be cal-

culated.

G —level in complex (1)
/J] EG—level in free ion

/3 is of great importance since it ig a measure of the ionic or
covalent character of the complex.
S = (/—a) (3
when X = o the complex is fully ionic,

while when x = % the complex is fully covalent.

B - Results and Analysis

The Uptra Violet and visible spectra of hydroéenase havé been
obtained on the Perkin-Elmer 350 Spectrophotometer, Fig. IV.1l. The
protein shows two absorptions in the U.V. due to tﬁeﬁ-electron
systems of the aromatic groups. While the iron in the enzyme shows
4 transitions in the visible region of the Spectrum. The results have

been analysed and tabulated, Table IV.Z2.

58.
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TABLE IV.1

Oscillator strengths and extinction co-efficients of different

transitions.

~ T N &
spin-forbidden, Laporte-forbidden 10~ 1m0~k
spin-allowed, Laporte-forbidden 13072 10
spin-allowed, Laporte-forbidden + p - 4 mixing 1x10™0  1x102
spin allowed, Laporte-forbidden + Intensity stealing 1:\{'1.0"2 J.J'c.'LO3
spin alloved, Laporte-allowed 1x0™0  1x104

TABLE IV.2

Ogcillator strengths and transition moments of hydrogenase excitations

A DV ewd! ne by ~ ~ Q

245 40,800 - - - -

285. 35,000 - - - -

355 28,100 2 500  4.651077  1.2x707°
410-415  24,300-24200 12 2,100 1.0x10~%  1.6x0”?
550 18,200 3 400 5.0110'6 2.5x10‘6
720 13,900 1 800 3.0x10'6 2.1x10'6

61.
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The d5 Sugano-Tanabe diagram ¥ig. IV.2, was used and the energy

levels have been assigned spectroscopic terms.

LNV ok 13,900 om g 6 Ay
iyl ook K's 200 evn' 47;“:}(6 e——-——-fl,a
£MN41 ok 24300 om' 4€ +A (6) gl"sg
LMYl ok 28, loo it (b) Pig

TheP value has been estimated from the ratlou of the energy of

term to that of the free ion

24 360
. =z O
/7’_ 322‘0 74

then X can be estimated from eguation (15) and we obtain
X = o, /7.

In other words the ferric ion in the enzyme has 34% covalent bonding
character and 665 ionic bonding character.

Comparing the oscillator strengths of Table IV.2, to those of
Table IV.l, we can arrive at the following conclusiéns:

1 -4y and /¥, [are spin-allowed, Laporte forbidden transition

2 - L/ﬁ% |is a spin-allowed, Laporte forbidden transition with

a certain amount of p - d orbitals mixing.

and 3 = (/\%’ is 2 spin-forbidden, Laporte forbidden transition.

C_~ Theory of Electron Spin Resonance Spectroscopy

A spinning electron gives rise to two effects: an angular momentum
and & magnetic moment (equations (1) and (2) respectively).
My, = h S ¢
Me =XTHhS=-gfs (2)
where 4 is Planek's constant, h, divided by 27, ¥ -is the maognetogyric

ratio, g is a constant, and /3 is the Bohr magneton unit
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e (3)

the g-value for a free electron is 2.0032.
However, a spin is quantized and ms the spin quantum number can be:
my = * /2 (4)
the degeneracy of the spin may be removed by applying a magnetic
field, H. The hamiltonian for the system can be written then:
Ho=gpHs (s)
and a signal is observed only when the energy required $o separate
these levels has been supplied. ————
7 ol
7/

\\
~
N,

2RI

hvo=ghH (6 o k\):gsH

63,

Let these levels be called/ol and( /3 |. The intensity of these tran-

gitions can be calculated by the use of the probability theory and

applying the Boltzmann distribution law. ILet N¢>< and N/S be the mumber

of spins in each quantum state {of| and </3| :
(7)

then ND( + NB = N
BE 3R H
and -ﬁﬂ;—eﬁk e kT (g)
/\% -
H (9)
or MNLéN(h %é) |
/9)
Nﬁ = L N( !+ Cz'é—/—’/) _ ¢
, z kT
The transition probability ? for the perturbing field V is
20 [t vl ] 26 (E, ) (11)

wp T E

and equation (11) will be zero when:
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X(Eﬁ—t‘;— Av) =0 (72) \
or )
Eg-% = h~

For a transition metal ion, a many-electron system, the hamiltonian

may be written as:

%/(G.I.Jr Mg ™ A/i-b 13)

2
2
where é{ 57 (____ - ?:_‘?_ )71;119 gaseous ion he.miltonian7 (1¢)
G.I ¢ 2m 2 7 ;
< 1Y)
A= £ 2 | the crystal field hamiltonion,
¢k 7 /;:'/‘

o A .
and DA(;L =57 §7r;) £ - A, the epin-orbit interaction hamiltonian (I¢]
- _

and vl = AL 22U (17

2m2e® PX3

§

Although our results do not yet allow us to calculate the spln-or'blt
coupling constant, we will include the analysis for the sake of com~
pleteness. |

Let us represent state | and £ /3 | by their quentum mumbers,

then we can write:

LUn s o [LHSH = M<im, T LSlemsus ] g
so A ML_ Ms = <(_ MLSM;1&(5LJLHLSM5>:L‘£‘/ ?(K’)m;/m; Crg)

£ ”41/””5[ | (20
¢

and

H Y

s
but Hund's rule requires that A - 4+ L f (21)

so }\: E[J}-E[D'/} vhere 2.: L%S

/
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D ~ Technique and Results

The £.5.R. spectra of hydrogenase solutions under different con~
ditions have beenobtained on an X-bandVarian V4502-15 spectrometer.
Four spectra are included, Fig.lV.3 and 4. Table IV.3 shows the “
conditions under which these spectra have been obtained.

TABLE IV.3
100 XKG/s Channel

Solution K P.A.dB. M.A. S.L. R.  Fig.Ref.
EnzymetH, 77 6 2000 800 1 a
Enzyme réduced 113 10 8000 500 1 b
Enzyme+H,0,, 193 10 8000 1000 1 c
Euzyme+0, 193 10 4000 630 1 d

Ficld Sweep 1KG/5 minutos centred at 3.3 KG.
Pig.IV.3.8, shows that the cnzyme doces not produce free radicals, since
no signal at g=1.98 was obscrved. Aleo the oxidised cnzyme does not
show any cignal. The signal in Fig.B.4.c, is due to the frec radical
0H. Thile fhe reduced enzyme shows a signal at a rather high g-vhluc
g=2.06. This leads us to agsume that fhe iron atom is highly distorited
in the complex.

The reason why no signal was observed in the oxidised fomm of
hydrogenasc is not known. But to follow the idea of Hall and co-Worker
(114), we will assume that two or more pairs of forric ions couple with

each other in a certain fashion leading to a total spin of zéro.

e - /P —_— e o o
4= T S -
.-J-—:..\r:~.‘ o\(~ o —— —— - -
AT T e m = - ST
- e T

No signals at high fields were observed on either

forms of the enzyme (reduced endoxidised.)









CHAPTER FIVE

Kinotics of Hydrogenase Catalysed Reactions

A ~ Introduction

Hydrogenase is the enzyme catalyzing the éxidation of hydrogen
in biological systems . Like all other enzymes, hydrogeénase is
reversible; it is reported that hydrogenase produces hydrogen from
easily oxidizable biomolecules (41)

Although hydrogenase is found in many biological systems and has
been purified to & certain extent (57), ite kinetic properties have
not been studied extensively. The only reactions‘that have been
studied in some detail, are the reduction of ferricyanide (40),
methylene blue (39), the deuteurium exchange (75), and the ortho-
para conversion (64). Two methods of assaying hydrogenase activity
have been used: the Warburg respirometric method based on the up~
take of hydrogen gas from a closed oall and following the change of
ﬁressure in the cell (119); and the second method is based on the
enrichment in heavy water when the reactions are conducted in an
atmosphere of heavy hydrogen. The first of these methods is most
inadequate for detailed kinetic studies because of the many sources
of error, while the second is sound and elegant but requires much
elaborate equipment,

Hydrogenase is of particular interest since it is present in
most nitrogen-fixing systems; this is not to say however, that they
require it.

The ability of hydrogenase to reduce certain ions is used in the

present work to assess the activity of the enzyme. The reactions
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are simple, involving the production of a basic group, the rate of
production of whiech is measured by the consequent change in pH.

Three ions have been studieds nitrate, nitrite, and sulfateions.

B - Theory and Mechanism

Hydrogenase-catalyzed reductions can only ooéur thropgh two
mechanisms,; one involving & hydride ion and the other a free radical
namely the hydrogen atom. Both of these will be discussed in the
following paragraphf.

1 - Free radical mechanism of hydrogenase catalysis

Let Ey S, X, and P represent the enzymey substrates; an inter-

mediate, and the product respectively. Then we ocan writet

R,
E+ H,=—>EF + 2 (1)
S + r&i;égé X (2)
k.

X ~g£$I’ (3)
Mathematically the rat®s can be written ass |
SRR [ - 030 0% -y 1P (4
LI, kIS [H)™ - (e k) [X] - (5)

and 93%?1 = X [X] (6)

-

Whén the sfeady state is reached, the use of the steady state ap-
’prdXimation, namely that the rate of formation of intermediates

equals to zero, is justified. Equations (4) and (5) yields
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g [B)E) - k,[m (57 - K [s)H" + 1-‘-225913-%3-- =0 (7)
k, [S)[H)"
and X = -éﬁl_;-ﬁg- (8)

If we assume that the concentration of the free radical is verxy
small, terms involving this concentration to high powers, (n52),

mey be neglected, and equation (7) gives:

K

[H]= (3 )"a < [H)) )% (9)

Combining equations (8) and (9) we obtain the expression:

1= (/iR 18) 005 (10)
and the rate of productlon of“produ ts is given by
_ga[_.éi.sl =V (kl/kz)z Xk kS/(k +k ) [S]E{] (11)

The rate then, should be independent of the enzyme concentration,
and proportional to the concentration of the substrate and the
hydrogen pressure to the power n/2.

2 - Bydride ion mechanism for hydrogenase catalysis

Using the seme notations as in paragraph B - 1, we can write
the following scheme:

ke,
E+ H, —— BE-H

2 T (12)
ks,

B-H. + S q,___X (13)
ko

X.EE; P » (14)

The rates will be given by:

S ) - k) k) (8] kK] (1)
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A feals) - g, ) [X) (26)
Aty | (17)

Using the steady state approximation, eguations (15) and (16) become

klfx]IHg) = kﬁIE'H; = kaIE’H;[S:‘f k4 CX] = O (18)

and [ X] = _é%ig ..1%2]. (19)
Combining equations (19) and (18) we obtain:
ko[B8, ] [s] o | ()

(%)= —p=fe-~grrysmoRc TS
and the rate 2( 45 35 L®]

and the rate expression becomes:

) k kk [E)[H,)[S]
*3%2' =V - ‘E;(éﬁi'l'ﬁgjgl‘ﬁgﬁg’f§j (21)

C - Technique, results and analysis

1l -~ Technigue

A solution of known concentration of substrate and enzyme was
introduced to a special ccll fitted with sockets for two electrodes
and a bubbler, Fig.V.l. The initial pH was read and hydrogen bub-
bling was started; readings were taken every 15 seconds, Fig.V.2.
First order plots, log (pH - pﬁx)) vergus time, were plotted and the
observed rate calculated from the slope of the line, Fig.V.3. The
pH-meter, & Radiometer pH-M4, was standardized with the National

Bureaus of standards buffers (115).

2 - Effect of Bnzyme concentration on the observed rate
The effect of enzyme concentration on the rate of nitrite re-

duction has been studied. It was found that the rate is proportionsl
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to the enzyme concentration when the latter is highly purified, Table
V.4. This is in direct contradiction to equation (11), while it is
in agreement with equation (22).

3 . Effect of hydrogen ion concentration on the observed rate

The pH-profile of the nitrite reduction reaction has been ob-
tained, Table IV.2, Fig.V.5. The sharp peak is due to tertiary
structure configurational changes as predicted from Chapter three.

4 - Effect of substrate concentration on the observed rate

The retes of raducticn of three ions, nitrite, nitrate, and
sulfate have been studied over a wide range of concentration. These
show self-inhibition after reaching a maximum, Fig. V.6-8., Talble V.
3-5. This optimal concentration was found, from initial studies, to
be dependent on the enzyme concentration, as predicted by equation
(22).

5 - Analysis of results

From plots V.4-7, it is obvious that the mechanism involving
a free radical is not the true mechanism. However the mechanism in-
volving a hydride ion predicts both the dependence on enzyme concen-
¢ration, Fig.V,4, énd the pecularities of substrate self-inhibition,
Fig.V.6-8. Ve will assume it is the actual mechanism, and try to
analyze the results in the light of the Michaelis-Menten scheme (106)
The Michaelis-Menten scheme gives the following equations for V

and V., the rates of the reaction with and without an inhibitor res-

I

pectivelys

13-
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1 K
- 1 + S
v ' 2
o Voax 9 | (23)
v o+ Ks[_;_fj_ = Voax , (24)
on L 1 X , [I]} (25)
- - + -+ = 25
Vi Vnax Vnax 2 1
where k, ( k, + )
g - 2t (26)
5 k_ k
35
and k (k' + K, )
K - __g__iT_l.;Té_-_ (27)
375

where the prime denotes the intrinsic rate constants in the presence
of aninhibitor.

We con assume that the increasing part of plot V.6 represents
the rate of the reaction in the absence of any inhibitor. Then plots

of equations (23) and (24) using the results of Table V.6, give Fig.

V. 9 and 10.
K, =1.73 x 1074 gecTt
_ -4 o=l
Vhax = 220 x 10 sec.

On the other‘hand we can assume that the decreasing part of plot V.6,
represents the rate of the reacgtion with an inhibitor concentration
given by

_ Td =Tsl -[sl,,,
Where‘[S] and [S] max &Fe fle actual and the optimal concentration of

the substrate. A plot of equation (25) gives us Fig.V.1l.

K. =1.05x 10 4gec7?
V. =185 x10™4 sec?t

8l.
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TABLE V. 1.

Effect of hydrogenase concentration on the koh&_‘»,'

e 6 . =1
(E] x 10°gu,/nl kobsx1049ec
4.0 34
8.2 €
17.2 114
23.1 . 162
30.3 - 200
[¥0y7) = 5 x 1074
pH N6 y S.T.P.
TABIE V. 2.
Bffect of pH on kobs
H range pH kobsx1049ec-l kobsx104seE' ol ] -
5.50=5.93 5.72 13.7 . =9340l
5f79_2J7 5.98 21'% 17.4  5.85 gmilyml
5.75-6.12 5.84 22, )
5.72-6.02 5.89 23,0 22.8 5.90 [NO,]=Siox15” M
5.99-6.58 6.%0 3.1 53.3 6.3 ,
5.95-6.56 6.0 35.4 36 <
6.05-6.54  6.%0 3.1 0.6 6.3 L
2.09-2.53 2,31 0.1 . .
.21-6.87 54 0.1
6.38-6.93 6.66 38.4 - 39.3 6.60
6.39-7.10 6.75 33.3
6.38-2.10 6.8  32.4 32.9 6.80
6.38-6.95 6.67 39,2
2.42-2.95 610 5.2 38.2 6.69
.43-6.92 T 43.5
6.47-6.97  6.88 46,0 44.8 670
2.64—7.11 6.88  29.4 24.4  6.88
82-7.22  17.02 0.7 S
6.78-7.22 6,92 0.7 0.7 T.07
7.12-7.43 7.2 29.0 '
7.19-T.46  T.32 248 26,9  1.29
7.8%3-8.03  7.92  22.2
1.87-7.97  7.92 D5 2.4 7.9
7.88-8.11 8.00 3.9
7.86-8.08  T7.97  23.0 2.4 7.98
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TABLE V, 3.
Effect of[NOE] onk .
[§05] M k X046
) -6
1.0x10”4 119 [E]= 231 X'0 gmba/m]
2.0x1074 126 pH~ 6, . TP
3.0x10~4 139
4.0x10~4 161
5.0::10‘4 162
6.0x10™4 174
8.0x10~4 168
1mim'3 150
5.0x10™7 139
1.0%1072 115
5,0x10“2 94
1.0x107} 73
TABLE V. 4.
Effect of [Nog] en k..
- 4. -1
NOZ | M k . x10"sec -5
1 34 = obs LE] = 116 x10 gm N, fmi
1.0x10™4 11031103126 pH~ 6,
2.0x10™4 105 —
5.0x10™4 141 s T
. 41
7.5%10~4 14051503158
5.0x10™2 143;160
7.5%1077 1053146
1.0::10"2 11835125
2.5x102 97,100

1.0x107" 90;95



Effect of [SOZ] on k_

TABLE V.5 .
bs

ENE kg0
5,0x10™2 1215123
1.0x10™4 1503180
1.5x1074 1615161
2.0x10~4 1615192
2.5x10™4 1925192
3,0x10™4 2025216
5,0x10~4 1965225
1.0x1077 1983196
5.0%10"7 1695160
2.5%10™2 180;195
5.0x10"2 1705180
1.0x107% 184;186

TABLE V. 6.

4. =1

sec

8.

LE] = 11 bxiogmN, Imi
'PH’V 6) .

SIT' ?v

A Michaelis-Menten Analysis of the nitrite reduction rates

vx10t

119
126
139
161(152)
162
174
168
1%
139
115
94
73

1s] 1/v
1.0x10™4 84
2.0x10°4  97.4
3.0x10"%  174.6
4.0::10’4 62,2
5.000°4  61.7
6.0x10°%  57.6
8.0x10"%  @.3
1.01107° 6.7
5.041070  T1.9
1.0x107°  89.0
5,002 107
9.99x107% 137

1/8)
1x104
5.0%10°
3.3x10°
2.5%10°
2.0x107
1.67x107
1.25%10°
1.0%30°
2.0x10°
1.0%10°
20

10

175
119
63
46.4
38
32.4
29

1469-6.25x10~4

1.25x10~4
3.75x10"%
438510
9 .38:&0"5
4.94x10™2
9.93x10™2



CHAPTER SIX

OXIDATION-REDUCTION POTENTIALS

A - Introduction

Whatever might be the true mechanism of hydrogensse catalyzed
reactions, it is thought that at least one oxidation-reduction reace

tion is involved.

- 42 4 - 42 ++
H Iz — Fe + e ——2H Pr™ - Fe C/]

ey e )
The estimation of the equilibrium constant and the ¥edox potential
of the first reaction seems interesting, since it may throw light
on the e/mye/rks of bM possible hydrogenase-catalyzed reactions

and also elucidate some other obscure aspects of hydrogenase catalysis.

B - Theory
3 - General Theotry

Two species of different oxidation states in the same medium,
will tend to reach equilibrium, at which point the energy of the
system is minimum. Let system (1) be represented bys

Red.'==>0X + o (3}
Vhere Red., and ox. stand for the reduced and oxidised states res-
pectively. Then the 'equiliﬁrium constant may be written.
x = [& (4)
At equilibrium, the free energy of the system is given by:
AF = - RTIn K (5)
= — RTIn [oXl/Red]-
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and from electrochemical considerations,AF may be expressed as:
AF  =-nF + A E = nF(E-E,) (7)

combining equations (6) and (7) we obtain the well known Nernet's

E=E, + RT‘llgg’%J | (8)

ii- Effect of ionic strensth

equation:

It is obvious that the above derivations yield non-thermo=
dynamic constants, since all the equations were expressed in terms
of concentrations and not activities.

The thermodynamic treatment is as follows:

E=E +RT 1n(A /A) (9)
nF
=B, + RT In\f,/f I)J_QMR] (10)
= E, + RT 1n{0}+ BT in(f, /5 ) (11)
nF  [R] TWF -

If the ratio ofJQJR}is unity then equation (11) becomes;

E=E, + BT In Fp/f
nF

I the activity coefficient is given by the Debye-Huckle theory:

log £ = ’f 42 (P)% (12)

where;x is the ionic strength; more refined derivations give f as:

0.5 (uB, |
log £= -7% 2 ‘ (12)

rearranging equation (11) and combining it with equations (12)
and (13) we obtain respectively:
\
169.5 (B - By) =% (22 +1) (uff (13)
' 1
and 169.5 (E - Ej)==1 (2z + 1) ()1)5/(1 + (}1)2 ). (14)
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plots of (E—-Eo) ToTsus /}l or 1/74/ i -H’jk) should give an approximate
measiire of the charge on the iron.

iii - Effeet of Temperature

Equations 5, 6, and 7 are equivalent %o

AF =AH - T8 (16)
and from thermodynamic considerationss
‘ . {MF. 1)
N £
whére subscript P is to denote that the process is at constant
pressure, Combining (16) and (17) we obtains
AT =M 4 T(—%%) %)

while equations (20) and (7) yields

&

- nIE =p T - TnF(a ) | (19)
o;AH=—nF‘[E_-T(7~')J - - @)

Many redox reactions have been found to be pH-dependéent. This -

3

=

Q.
-~

iv Bffect of wH

is due to the ionizations accompanying the redox process. Let

equation (3) be writtent

Red ;:s_ox_+ e [ﬁ')
o w . BT (O | 22
thenE-—I‘O+nf1n%—R% (22)

Let the accompanying ionization be rep’:’cesented.byz
K. .
Red H e=——s Hed + H

then Iﬁ -[%[H)J——
and the tota]‘.. reduced form is

(2] =T + [27] @Y
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and equations (23) and (24) yield:

R7)(H). (253)
9 x (2¢)
) = SE) K
or (B7) fg% + K,
thon B = B_+ ﬁg log (1 + LI%I).% (27)
¥

if% = 1 then equation (27) reduces to:

i ] ‘ (28
Eh=EO+%log(l+(E_) - )
i

B - Techniques, results end analysisg

a8 - Techhique

Four electrodes, three of platinum and one of silver &ere
prépéred as described (117). The ferrocyanide-ferricyanide system
(118) was used t6 check their reversibility. I+t was found that the
tﬁrée platinum electrodes\; of which only two had 2 small error,
Wwere reversiblo, while the silver electrode was found to be com<
pletély non~reversible, Fig.VI.l., Table VI.1. The o electrodes
with the small error Were used throughout this work and their average
EM.F. is quoted.

Solutions of hydrogenase were prepared containing different
“amounts of the reduced and oxidized species, (the fomer prepared by
addition of dithionite and dyalizing the excesns)

b - Results and Analysis

i Deﬁemination of Eo

Different amounts of reduced and oxidized species were put in



92.

a cell (Fig. V.1.) and the E.M.F. measured, The E.M.F. obtained was
plotted versus log (Red)/(0X) as in equation (8). The slope was
found to be 0.058 and we conclude that there is only one eleétron
transferred and that E = 520 ﬁv at p = 7.00 (Table VI.2. Fig.VI.z,)

ii -~ Bffect of Temperature

The same solutions as above Were prepared and cooled to 0. "
n was still found to be unity and
AH = — O.32 Keallwnde.
Afﬁ= 12 Keal | rmacte.
pS = 45 tal{deg./mdle
(Table VI.2.)

iii - Effect of pH on EO

Buffers of different pH values but constant ionic strengths were
piepared,.Table VI.3. The effect of pd on EO was investigated as
“shown in Table VI.4 and Fig VI.3.

iv - Effect of ionic strength on Eo

Solutions of the same pH, but different ionic strength were pre-
pared and the B.M.F. of hydrogenase of these ionic strengths were
obfained° Table VI.5. The results were plotted according to

equations (14) and (5) Fig. VI.4 and 5.



TABLE IV. 1

95‘

Redox potentials of the ferrocyanide/ferricyanide system

R = ferrocyanide/

ferricyanide

1/9
2/8
3/7
4/6
5/5
6/4
7/3
8/2
9/1

Total concentration of cyanide complex

log R

-0.954
~0.602
~0.366
-0.176
0.000
0.176
0.366
0.602
0.954

Ey Es

21%3.6 215

180.2 181
170.0 170
160.0 160
151.0 151
140.1 139

Es

Ey

.9 187.0 103.2
192.9¢  194.6 167.1 97.4
1 154.2 o4.4
A4 144,11 90.3
.0 134.7 86.7
.0 125.0 80.1
+1 113.0 72.9
127.3 126.9 101.2 6l.1
110.2  108.5 8l.7 48.9

-
=

0.0091 M.

Eo from literature at the correctionic strength and
concentration = 413.9 mv

E%obs

Electrode (1) and (2) 160.0
Electrode (3)
Electrode (4) is irreversible.

134.5

TABLE IV, 2

Ec of hydrogenase

Reduced/Oxidized

1/9
2/9
3/7
4/6
5/5
6/4
7/3
8/2
9/1

E°2

577
558
542
530
522

mu

509

500
486
463

E%cal
402,5
376.0

E°mw
538
516
504
490
482
470
460
445
422

E corr.
11.4

7.4
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TABLE IV, 3.

Buffers of constant ionic strength

ME. of 0.4M
B pf KE,PO, K,HPO, g x 10° gm of KC1
5.9 5.86 45.0 5.0 98.0 3.7653
6.1 6.04 42,0 8.0 105,6 3.62%6
6.3 6.27 39.0 11.0 115.2 3.4450
6.5 6.48 34,0 16.0 131.2 3. 1464
6.7 6.64 28.0 22.0  150.4 2.7885
6.9 6.89 22.0 28.0 169.6 2.4306
7.0 6.99  20.0 30.0 176.0 2.3114
7.1 7.08 16.0 34,0 188.8 2.0728
7.3 7.27 11.0 39.0 204.,8 1.7745
7.5 7,48 8.0 42.0 214 .4 1.5732
7.9 7.85 3.0 47,0 230.4 1.2973

Dilute to 250 ml.
[P0, ] 0.080M

[p)

0. 300N



TABLE IV. 4

Effect of pH on E obs

pH Emu
5.86 468
6.04 475
6.27 498
6.48 521
6.64 538
6.89 . 535
6.99 | 520
7.08 512
7.27 501
7.48 492
7.85 488
TABLE IV. 5

Effect of Ionic Strength on E obg

1) 5(p)? 4%}%% Bny
1.000 .500 . 333 500
0.600 . 387 279 510
0.400 .316 . 240 515
0. 300 273 .214 520
0.150 .194 .162 540

0.075 « 157 .120 565



oo P -&lectrode NOs 1,and .
a . P N 3
¢ ) A: - n Ne 4,
A .
()
Joo+
Fiq.@. 1.
5 ISE
. v &
EMF s n
mv. i S
Iso -, o
-q -
] X
100+
400 -0 0.00 +050

%4



650 |

500 |

EMF in mV.

~4.00 000

108 roxs



. 78

580

7.00

5.00

S40 +

500 -

Aw

vt w3

450




600 <

dd

EM; i’n

5004

2l

0055 ' 0.50

| 0.5 V/a

99



7004.

9. vV1.§
6007 Fj
,d/ope = ’/2

b

SS Z#_:: o)
g i P

it Zr’#}: 4.
\y

500~

"Lﬁ _ 0.50

¥
o) 0.28

(s ]
n
N

\_

N



CHAPTER SEVEN

DISCUSSION.

It is obvious from Chapter II, that hydrogeﬁase itself is not
a highly particulate enzyme, but forms compléxes with nucleic acids
which may have much higher molecﬁlar weights. Also we found that this
compleX is held together by electrostatic forces and can be broken
down by increasing the ionic strength of the solution containing it.

Other workers (57) showed that when the hydrogenase of Desulfo-
vibrio desulfuricans is chromatographed on an ion-exchanger, three
components are obtained, the enzymic activity of which is fairly
similar,

Fron the K. values obtoined the molecular weights (Flodin

D
method) the hydrated molecular weights, the Stokes radii, and the
diffusion and frictional coefficients have been obtained. We can
conclude with certainty, from the dg,a thats

1 - The protein is highly hydrated.

2 = Since the Stokes radii are not in a ration of 5;3:1 as
the molecular weights are, the protein camot be glob-
ular, bﬁt may possibly be rod-shaped.

% - Three or five protein moeities may combine to fom a
triangular or péntagehal prism - this dould be proved by
ultracentrifﬁgation, diffusion, and light scattering ex~
periments.

Again, Wwe come to'question the validity of these results. Is

this observed Heterogeneity an’. artifact due to the preparation
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method (nameiy the use ofv'high ionic strongth solutions  or is it
the real etate in which the 4"9r'otein exists? This can be established
by studying the effects of ionic sStrength and pH on the three compo-
nents of the G-75 ckromatography. Changes in pH and/or ioni¢ strength
could show recoxﬁbination or further dissociation of the oligomers.
Haemoglobin is an ideal examplefagsociation-di‘ssociation of polymeric
groups (1é0-122).The results from the analysis of the titration curves
show the ratio of the number of freely ioniZing carboxyl group to
that of the ammonium groups ié 2:1l. The iso’iohic o, as determined
from electrophoresis, ie in agreement with this datum. The pK's and
IEl's of the enzyme are reasonably w‘ithiﬂ the range of pK's and BH's
of other proteins. It is worthwhile noting that the denatured pro-
teins shows an increase of basicity and &n increase in the number of
titratable groups. This can be interpreted as follows; the protein
unfolds by breaking the hydrogen bonds (hence increase of bg.s‘ncity /
(123) ), and this change in the configuration (the increase of the
number of titrable groups) is responsible for the enzyme readtivity.
If the profein ig subject to such‘cha,nge's, the sharpness of the
nitrite-reduction pH-profile can be accounted for. However, the
effect of pH on the helical structure should be studied in detail
in order to explain the eff'éct just described. |

From the values of /X, ﬁ ‘('r:;‘gv. IVl4 and 15) the anomalies of the
E.S.R. spectra and the high g-value, we conclude that the iton is &
high spin, non haeme, highly distorted ion and Goordinated to oxygen

and nitrogen ligands only. The absence of signal when the enzyme isg
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under hydrogen pressure show.s that the free radical mechanisom is
not operative. On the other hand, the hyérido ion mechanism as
suggested by Eley, is found to fit the kinetic results for the reduc-
tion of olefins catalyzed by a rhenium complex, The same features
(substrate self-inhibition, absence of E.S.R., H-radical signal,
and the identification of the hydride ion by N.M.R.) shows that the )
mechanism involving the hydride ion is the most likely one at the
present time.

To link the present work to nitrogen fixation, we will try to
see how hydrogenase can act asg a reductant to the species suggested

by Bauer (30). He gives the AF of the following reactions ass

_ ~AF Reol|mole
1 W,+e—W, - 63
2 W, + H — WH | - %0
3 NE+E +e — NH, -47._
4 WH,+H + & — NyHy -5t
5 N2H5 + 20 + ¢ — N?_H5+ + 14
6 N2H5+ —s NH4+ + NH 7
7 NH + H0 —sNILOH
8 NEOH+ H, —» 'NH3 + B0

It is obvious from our redox potentials that hydrogensse cannot
act as o catalyst for these reactions, but these AF's have been cale
culated for the species when in the gas phase, We will assume that
the free energies will be lowered in the aqﬁeous phase and that
Initrogenase! 153 a surface catalyst, namely it adsorbs the nitrogen
and carries out the first step. Then the nitrogen fixation cycle may

be tentatively put as:
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+ +
NZ\ - NyH LN 1\721{3 1\121{3 N2H5‘ N2H5 NHZOH NHZO)H
N2 H, N2H2 - NLH, N2H 4 NZH A NH 4+1\1H NH I\TH3
Our assumption that nitrogenase may carry out the first process
namely:

N, + e 5 N~
is not without proof since Zacharias claimed that nitrogen fixation
is higher when the nitrogen circulated had been irradicated with U.V.
rays thus forming N,' or N,” radicals((24)-
We c¢an equally recall that reductior of hydrazine (which is
immediately transformed to hydrazine acetate in cul wires of Azoto-

bacter) may occur without going along the whole cycle.
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