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INTRODUCTION

Following the discovery of isotopes about 1910 (1,2)
there was considerable speculation concerning the pissibility
of differences in the chormcal reactivity of the various
iIsotopes of an element. The first theoretical approach to
the problem was made by Lindemann (3) in 1919 tfien he applied
the methods statistical mechanics to a calculation the
differences in the vapou pressures of the isotopes of lead.

He showed that considerable differences should exist if the
half-quanta of aero-point energy were not present; at that

time the status o” the zero-point energy was still in question.
Since experiments showed no detectable differences in the vapour
pressures Lindemann concluded that the half-quanta mist exist.
As 1t turns out Lindemann was correct in his conclusions regard-
iIng the zero-point energy; the reason he found no differences

in vapour pressure was that at the liigh atomic weight of lead
the differences are too sadl to be detected exp”rimentaiy.

With the discovery of heavy hydrogen in 1932 and the
earlier discoveries of the rare heavy isotopes of carbon (4),
nitrogen (5), and oxygen (6) in 1923-1930 the problem of the
chemical differences of isotopes was attacked once more since
there is a large percentage mi33 difference for t'he isotopes
of these light olenen”s and differences in the chem-cal proper-

ties of these isotopes were expected. Urey, Iricki/edde and

1-
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Murphy (7,8) calculated that Hg and HD should have large
differences in vapour pressures and succeeded in concen-
tratirg deuteriim sufficiently by fractional distillation
to first permit its detection.
E(luilibriu™ Isotope Effects

Following the discovery of deuterum,!Urey and Kitten-
burg (9) calculated by the methods of statistical meehanics
the e”ULIlibrim constants for the exchange reactions of H,
and Dg as wlIl as for the hydro.*en and deuteriim halides.
In every case they obtained values differing from unity,
indicating tliat the isotopes of hydrogen wore not che.mially
identical. These results were soon confirmed experimentally
by the same authors (10) In the foilowing years a fund of
data, both theoretical and experimceinal, was bU.It up substan-
tiating Urey’s observations on the isotopes of hydrogen.

Encouraged by the rosulLts with hydrogen Urey and Greiff
(11), in 1915, calculated equil™r-um constants for possible
exchanges of lihhum, carbon, nitrogen, oxygen, chlorine, and
bromine isotopes. The calculated equilibriutt constants differed
slightly from unity, indicating that the isotopes differed
significantly in their chemical px'opeitii3. For example, the

equilib™M”™ constant fox' tho exchange reaction

wa3 calculated to be 1.044 at 0° C. This was deteimined
experimeenaily by Weei’, Whh, and Urey (12) and found to be

1-.046 at 0° C.
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Ao mass spectrometers wore developed to measium relative
iIsotope abundances more accurately, mmy of these exchange
reactions were studied expiriraentally with results consis-
tently agreeing wth theory* Urey has suminar'ised the earlier
results in an address to the Chemical Society in 1947 (13)e
Besides the theoretical LLraJX>rtanso attached to isotope exchange
reactions, such reactions have been extensively studied with
a view to the separation of isotopes. Although the separation
Is uswa.ly very sod]. in a simple exchange, large separations
arc possible by coiuineir-current extracting columns. The
separated isotopes have many impprtant applications in all
fields science.

Kinetic Isotope hffacts

It follows that it the equilibrUm constants of iaotopo
exchange reactions differ from unity, the isotopic compounds
of an element must react at different rates. This type of an
iIsotopo effect occurring in a unidirectional reaction has become
known as a lintic isotope effect;.

For the hydrogen isotopes such kinetic effects were
observed from the beginning. One of the earliest mthods of
conconnrating deuteriim was the electrolysis of water Wiere
deuterium 1is evolved at a significantly slower rate than
protim (14). In 1934 Dortnoeffor, 3ach, and Fajans (15)
showed that Hg reacted 3.3 tines faster with bromine than
did Dge Simiar results w?re found for the reaction of the

hydrogen isotopes vrith chlorine (16,17). Goroc and Schmdt



(1$) showed that deuterides were more stable than hydridos,
Whle Wynno-Jones (19) determined the rate of ionization of
protiim as ten times that of deutorium. The early results
on the chemcal differences of the hydrogen isotopes have
been sumrnarrsed by Urey and Teal (20), EicdLnoff (21) has
published more recently a review on the fractionation effects
in the chemical and biological reactions of the hydrogen
iIsotopes.

3imiar Kinetic effects for isotopes other than
hydrogen wore not known until the late 1940's. In 194&
Stevenson and co-wrkers (22) reported that the olecti'on-
impact dissociation of propane-I-C3-3 In a mass spectrometer
resulted in a 12% greater frequency of rupture of a C"2-C"2
bond than a C"2-C”s tend. The same group then investigated
(23) the isotope effect in the thermal cracking of the same

compound and found in this cuso an d$ more frequent rupture
of the C™~-C”2 bond than the C"2-CC3 bond.

In 1949 Yankvdch and Calvin (24) reported that in
the thermal decoupooition of mlonic acid labelled with CM

in a curbotyl poition, the probbbiity of rupture of a
cl2-cl12 bond was 12 « greater than the rupture of a C"2-(A"

bond. The magritude of this effect seemed extremely large
and the experiment was repeated independently by digeleisen
and Friedman (25), and Lindsay, BournB, and Thode (26) using
maloi”™ acid of noraal CC content and measuring the Cr2-C/3
Isotope effect mass spectromtrically. These workers obtained

values of 2.0v and 2.5J respectively, in reasonable agreement
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wilth Biggleeaon's theoretical value of 2.05 (27)« It was
expected from theory (28) that the effect fur isotopes of

the seme ulement should bu approXLmaely proputiunal tu AH.

Therefore, the C™ isotope effect should have been only
twice that found fur C-3. Conctderable controversy arose
in the chemical literature un the ratio of and
iIsotope effucts Ln this add in other reactions (29,30).

The effects were measured usually by cowiting
techniques, w.th a reproducibility of only une to two
percent at tJ’e beet uf times, wldle the effects were
mmusured mass sp’c‘ttrutiertMly w.th much greater reproduci-
bility. Yankwich, PrufULslow, and Nystrem (31) have redeter-
mined recently the C"* and C*3 isotope effects in the cmtaonic
acid decumpoustiun using mss tolctrolmbtry Cor both detemLna-
tioM. They have re”rted a iIsotope effect uf 5«5»
compared tu 2.9, fur C~. The ratio of the two effects is
1.91, a figure Ln excellent agreement v.lth theory (28). it
wjuOld appear that the controversy has now been settled; the
original difficulties arose in the errors Ln costing enriched
gl4 samppes.

Since une wil observe a Kinetic isotope effect Ln a
N171110110XM chumcal reaction only Lf the rate-cuntrolling
step involves some change in the bonding of the element in
question, the study of isotope fractionation has considerable

ajiplicatUon in the field uf reaction mechanisms. Further, the
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aiao of the isotope effect is detmmiiied, In by the
nature of the activated complex with the resu-t t--at, In
theory at least, a study of isotope effects should provide
sonic information on the stxucture of the complex* For
these routont kinetic isoLopo effects have been studied
increasingly over the pant seven years* The study of
iIsotope fractionation in tho reactions of organic compounds
lias been esiGCiMaLly fruitful in deteimining reaction
mechanisms. Severeal aut ora have recently reviewed kinetic
iIsotope effects (29,30,32).
VviOnhLions in Isotopic Abundances in nature

Closely related to tiie differences observed in tho
chetmcal proponies of isotopes is the question of the
constancy the natural isotopic cerabieStion of the
lighter elements. If, as we have seen, isotopes are
fractionated in equilibruim and urn-directional processes
in the laboratory, th y should be fractionated in nature
by similar processes occurring under natural conildtieis.
These natural variations have been studied extensively
since about 1935, with the hope t! at the results w.11 aid
in the explanation of biological.,, geological, and cheimcal
phenomena in nature. In certain cases experiments have been
carried out to determine the cnedhanism by which the isotopes
are fractionated in nature.

One of t e first elements whose isotopic valuation
iIn nature was studied was oxygen. Dole and no-»wrlkrs

(33-39), employing sensitive methods of determining witor
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denslties, have studied extensively the motur'd variations
in the abundance of the oxygen isotopes gE and (A® in air,
waaer, and mjinrals, They found variations up to four per-
cent in the Olt) content of t:iese substances, Thode and
Stith (40), using miss spect™o”eeiric analysis, have con-
fimed these resULts, More recently tiaertschi and
Silverman (41,43) have shown tliat the O;(C); content of
sedimentary rock i1s greater than that of igneous rock,

Dole and co-workers found that atmospheric oxygen
was eartthed by some 3® in °® hnm”"pnrnd to waei’. “nce
carbon dioxide is known to be enriahod in cA® by about
3,9® in the CO2 - 120 exchange 1t was suggested (44)
that atmospheric oxygen might arise from carbon dioxide
by m"e"ns of photosyneheni3. Howeevr, several groups
(33,45,46) showed by tracer experiments that the isotopic
content of photosynthetic oxygen was the same as the water
used by the plant,

ID>le, Haafcknge, and darker (47) carried out
experiments to determine whether soil bacteria might cause
the enrichment of the atmospheric oxygen by preferential
removal of g, The slight fractionation found, whhle in
the expected direction, was much too snail to explain the
enrichment of the atmosphere, Dole and Lane (43) recently
have male an extensive study of the respiration of a wide
variety of plants and mimils, and have shown that the

enrichment of gl® in the atmosphere can be accounted for
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by the preferential removal of 0Xo by living organisms

during respiration.
Connitferable work has boon dme on the abundance

of the s™"™0 sal'‘brn "M "es CX2 and 0X3 in nature. Nier

and cr-w~cSkMra (49,50) found variations up to 5% in
cX2/cX3 rattas, ~Lth limes™nes and ~organic mateials

~Mridwd. in CC3, and cartan of organic origin depleted.

Mara (51) andTrofimov (52) have chintiLin?ed the earlier
work of bier.Wickman (53,54) has studied the carbon
isotope content oi a large number of plants and has found
variations clh.lraaseeistic of the environment in ULch the
plants wer'e grown. Craig (55) has published more recently
a comprehensive survey of carbon isotopes in both organic
and inorganic mareoial3, wth results sibitantirting as a
whole the r<suits of earlier wookkrs.

Buchanan, Nakao, and Edwards (56) have studied the
distribution of carbon isotopes in the various biological

systems of balanced aquaria, sealed for as long as three
yMa’j». They found jplants dopleted I1i cX3 and carbonates

such as simil stalls enrtctad in CX3j tawever, tta

fractionation was not us large as that found in nature.

Taylor (57) has reported that the carbon dioxide produced
by tacter!”™ o”dation of organic aci-ds is tapletad Cx3

by 1-1.5%. With the exception of this work, very little
has booli drno to study the .natural frrsticnrtirn systems

in the La”irrrtrry.
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Sulphur lIsotopes in .laturp: In this laboratory Thodo and
co-workers have made an extensive study of the variations
of the S32/S34 ratio in nature (53-63). The ramilta so
far obtained are summarised in rifuro 1* The S value given
at the left of Figure 1 is the per ml enrichment in

compared to meeeerites as the standard, and is defined as

follows:

Although considerable work still mist be done to explain
some of the finer details of the variations, a definite
oveer-ill p- ttern can be seen. In general, sulphates are
enriched While sedimentary sulphides are depleted in

S3\ compared to raeeteoites ~d”ch have been found to be
amisingly constant (59,64)* Sulphides of igneous origin
are reasonably constant in isotopic content and close to
rueteortic sulphur. The results of Figure 1 have been con-
fimied by several other groups (65-67).

Thode, Kacnamira, and Fleming (62) have found that
iIT the s32/g34 ratios of sedimentar- sulphates and sulphides
are --lotted against their geological age the ratios converge
on a value close to that of meete-rites, at an age of about
300 milion years. This suggests that all sulphur at one
time had an isotopic abundance close to that of meteories,
but in the past SO0 milion years tho isotopes have been

fractionated at an ever increasing rate by sowo naturally



FIG. I SULPHUR ISOTOPE DISTRIBUTION IN NAT URE
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occurring geolfcgical or biological process.
The total spread found between sulphides and
sulphates is about #>; reasonably close to the equi-

librium constant for the exchange reaction

calculated by Tudgo and Thode (6S) to be 1.074 at 25°C.

(This constant has boon recalculated In this thesis as

1. - Soe Table 11). Since 1t is known (69) that this
exchange does not take place in a chemical system, it -as
been suggested thut th* biological sulphur cycr , outlined
below, could provide a nechanisa for tho fractionation of the
sulphur Isotopes in nature. Considerable evidence or thi3
has boon accumulated both from nature and from laboratory

controlled experiments.
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Concreto evidence for the fractionation of sulphur

iIsotopes in tho biological sulphur cyclo has come from a

study of sulphate and sulphur samples from the sulphur-

producing lakes in the Cyrenaicun district of 'fries.

Bulin and Postdate (70,71) have reported that those lakes

abound both in .-.ulphate-roducing bacteria and in photo-

synthetic hydrogen sulphide oxidising bacteria. Each year

a layer of elemental sulphur is formed on tho bottom of

tho

lakes by baccerial oxidation o” the hydrogen sulphide

produced from bncceirLal reduction of sulphate.

As presented in Table | analysis of tho sulphur and

sulphate samples slewed that the sulphur is depleted in 34

by 1.5 to 3.2> compared to the .source sulphate, present in

the

lake as a saturated solution of calcium sulphate. These

results definitely show that the sulphur isotopes are

fractionated by naturally occurring biological processes.

TABLE 1

Isotope fractionation in Cyrenaican Lakes

<32/s34 fractionation
reference
-0j 3° S°/30£
21.~ 2257 1.032 61

22.190 22.511? 1.015 This work
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Further evidence that the biological sulphur cycle
couLd fractionate the sulphur isotopes was supplied by a
study of the sulphur wlls of Texas and Luusiana by
Thode, Vaaleso, and Vaaiouch (63). They found, on analyz-
ing sulphide, sulphur, and sulphate depoosts from ten of
these wells, that the sulphur was depleted in 34 by about
4« with respect to the sulphate, whin the sulphide was
deplete- by a fui'thu* 11. “baunbnation of the carbon
isotopes in the surrounding limestone by tho”o authors
and by Taylor (57) showed the carbonate to bn o” organic
origin. *hey thus postulated that the sulphur and sulphide
arose by bactorial reduction of sulphite. These bacteria
can utilize organic carbon cou|Xiundt as a source of energy,
oxidizing them in the process to carbon dioxide. Tutsn
conclusions were strengthened by rilier's isolation of
sulLphato-reducing bacteria from core samples of the w'LLs
(72) and, aa wwil be discussed in detail below, by laeera-
tory experiments which showed that these sulphate-reducing
bacteria do fractionate tho isotopes.

Certain parts of the sulphur cyclo have 1)01/1, and still
are, under investigation in this Laibeoateoy. Ishii (73)
studied tho sulphate mbtabolisb of iigan and ound that the
organic sulphur comlieundt had an isotopic ratio identical
with that of the nutrient sulphate. This was explained on
tho assumption that tho rate of pick-up of the sulphate by

the cells was the rate-conil*elLinf stop. hcLLchoran (74)
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hcrried out a preliminary study of bacceria, both sulphur
oxidizing and sulphate reducing species, Qf special
interest to this thesis was his Study of the sulphate-reduc-
ing bacteria Denulphooybrio desulphuricans-, Thode,
MchEcheran, and Kleerekoper (76) found that when these
bacteria were grown in pure culture under laboratory con-
trolled hondittnea the hydrogen sulphide produced at 25°C
was depleted in 3 by about 1> compared to the m/trient
sulphate.

Waalnuhh (77) made a more extensive study of the
fractionation obtained in the reduction of sulphate by
these bacteria, Wooking with continuous culture tnhhntuues
he found that a gradual lowering of the tempp”™" from
35° to 0°C over a period of months resulted in an increase
in the fractionation from 0,9, to a maximum of 1,3,3 at 6°C

fomowed by a decrease to 1.5® at 0°C (figure 2),

It might be well at this point to uu®te Postgate (75)
regarding the noliennhatire of these bact'erla, "The classi-
fication and hence the norainnCaturn of the sulphate-reducing
bacteria is in a state of chaos, At present we arc obliged
to call them Densiphonybrio desulphurihan3! although the
French prefer 3porovibrin desulphur™”s, and many workers
still call them Vibrio de3ulpeurihan3; their discoverer
Beejnrinhk called them SpirilUm desulph”~rihan3.n  For

purposes of brevity we shall henceforth refer to them as

D, desulphtuihcns,



FIG 2 FRACTIONATION IN BACTERIAL REDUCTION OF SULPHATI

(FROM WALLOUCH REFERENCE 77)
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The tempmature coefficient of the fractirertire factor found
by Walrish (Figure 2) is much bigger than that noradly
found In a unidirectional or an e<qJdiiibriw isotope effect;
It muut be caused by some unknown factors inherent in the
ciachani3ia of the reduction* 1t therefore arpoarod inter-
oscLng to study the bacterial redaction of sulphate to deter-
mine the factors which controlled the observed frrcticer-
tlce « Preliminary results obtained by this author, using
the same techniques, showed that the bacterial reduction
could be carried out to give no depletion of 3™ in the
hydrogen sulphide produced.

The work to be reported in this thesis is for the
m>st part a study o” the reduction of sulphur srraJrcMieds by
the bacteria D* de8ulrh”™eisar.s in an attempt to determine
tho -axliKun frrcticnrtire of isotopes ritrieriie by these
bacteria and risr to elucidate, at least in p/Tt, the
mechanism of the reduction process. The results to be
presented here are the first reported extensive study of
the factors which control the fractionation of isotopes
in rersticni a3 complex as occur in the metabolism of
living organisms, and as such should be of considerable
importance not only to t ose studying frrcticertlce of
i1®etrros in nature, but also to those studying mee-abollc

processes in general.



THEORY

Theory of Isotope Exchange Reactions

As previously mentioned, Urey and Greiff (11) were
the first to apply statistical mc*C*s"m.c3 to the calculation
of equilibria conntants for isotope exchange r actions.
Urey (13) since has developed a relatively simple relation
making it possible to calculate equilibrium conntants from
a knowledge of the vibrational frequencies of the isotopic
moecuies. The theory to be presented here follows the
Urey treatment.

The general case of a typical exchange' reaction
may be written as

(1)

where A and B are mooecules Which have some one element as
a common conntituent and subscripts 1 and 2 indicate that
the moecule contains only the light or the heavy isotope

respectively.

The equilibriura constant for the reaction is given

by (2)

where A?0 is the standarT free energy change. ror a reac-

tion of the type shown in equation (1) this becomes

(3)

-15
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Tho free energy ia related to tho partition func-
tion by the well-known equation
coe (4)
Wiem Eo is the zero point energy of the mooeculo, N is
Avogadro’s number, and Q ia the corapPete partition func-
tion for the moet™uUfl. If we consider the standard state
to be for one mlecule (instead of one mole) in un.t
volume the N drops out* Then, subssituting equation (4)

in equi.?tion1 (3)/ and |sirappifying, we obtain

Instead of taking Eo as the zero point energy of
the mooecuuLe one can take i1t as the bottom olf the potential
energy curve for the Kdecide. Since the potential energy
curves are practically identical for isotopic moecules

Thus the exponnmial term

becomes unity and

(6)

Twrofom, to calculate the equilibrium constant for an
exchange reaction it is necessary to determine the ratio
of partition functions for the isotopic mooccules.

A fair approximation to the comppete partition

function for a polyatomic mooecule is givon as (78)
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Wiere M la the moeculur weight of the molecule considered,
A, 3, C arc the three principal moments of inertia, C is

the symmtry number, ge, gn are the electronic and nuclear

statistical weights respectively, and where w

iIs the mlecular vibrational frequency in cm~l, and the
product is to be taken over all i1 such frequencies.

In our case we are dealing WLth the ratios of
partition functions for isotopic mooeccles.. Tlras, from

equation (7)» after caiceding of terms, we have

(8)

The ratios of the mnmnts of inertia for polyatomic
mooecules arc- mully unknown and are difficult to calculate.
Urey (13) has used the following reasoning to obtain further
simpllfication. If thie left and right sides of equation
(8) are mud”~d”™ by where ml and 02 are the
atomic weights of the isotopic atoms being exchanged, and
n is the number of isotopic atoms being exchanged, and if

the right side of equation (8) is mulliplicd and divided
by the ratio the equation becomos



(9)

since by the Tellor-iiodlich Theorem

(10)

We then define how partition function ratios Wiero

(11)

It is obvious that the eqiULliorium constant K is given by

(12)

Equution (11) has been simppified, for purposes of
calculation, by Urey (13) and also by 3ii:eleisen and Myer

(79). Wo shall use the Jigeleisen and Mayer sippPificltion

here.
Let ¢ Z™i » where Uj corresponds to

the lighter moOecule. Then/Au* is always positive and

eqgiuation (11) becomes

(13)
When AU£ is srnpll, which is true for evory case

except hydrogen, Jigeleisen and i-ayer (79) have shown
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that equation (13) can be simp”™™nd to give

(14)
where the suranaaion is over all 1 vibrational frequencies
of the molecule, counting an n - degenerate fresquency n

times. Tho function”™ has boon terand

the free energy function by Bigeleisen and Myer (79) and
given the symbol G (u). They have tabulated values of
this function for values of u from 0 to 25.

Therefore, although the calculation of a single
partition function would be extremely com licated, we
can calculate, using equation (14)» the partition function
ratios for isotopic moecules from a knowledge of only the
vibrational frequencies of the two mOeccu.es. One can
determine the vibrational frequencies of the moOecule
containing the moot abundant isotope from spectroscopic
data; however the rare isotopic mooecule usual.ly is in
such low concennration that its vibrational frequencies
cannot be determined experimeentaiy. The usual practice
Is to calculate the vibrational frequencies of the rare
mooecule from the frequencies of the abundant mooeculo by
means of well-known "normal vibration equations”™ (BO).

Normal vibration equations relate the frequencies to force

constants and atomic weights. By assuming the force


mOeccu.es
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constants to hold for both isotopic species i1t iIs possible
to calculate frequencies for both isotopic mlecules, and
then find the differences. Whhle these calculated frequen-
cies may bo slightly in error the differences can be evalu-
ated giUte accurately. Dy using these differences and the
experimrinally observed frequencies for the abundant rooeculet
It is possible to calculate the fundaaennal frequencies
for the moleculo containing the rare isotope.

Theory of Kinetic Isotope hffocts

digeleisen (81) has put the theory of isotope
effects in unidirectional reactions into its m>st satis-
factory form miking only the assumptions inherent in the
transition state hypplheoi”™. His development is presented
in the following.

Consider the r actions

Wiem the subscripts 1 and 2 indicate the Mooecule in
question contains only the light or the heavy isotope in
queetion. The rate constants, k™ and k2, for these two

reactions are given by the absolute rate theory as

(15)

(16)



where K 1s the transmission coefficient,

cl» cA2» "2» CB» ~'A* ar concentration terns,

T refers to the activated complex,

As a hypothetical quantity considered as being
the length of a potential box containing the activated
complex,

m 1s the effective mass of the activated complex
along the coordinate of decomposition.

The concentration terms of equations (15) and (16)
can be expressed in terms of partition functions. Choosint
the minimum in the potential energy curve rather than the
aero-point energy au our zero point for calculating par-
tition functions we obtain the following expression for

the ratio of rate constants

.. (17)

where

as defined b the equation (14)e

ligeleisen (tfl) has r Arranged e nation (17) to

give
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(18)

By making sevoral approximations equation (18) nay
be used to calcultn tho ratio of rata constants for isotopic
molecules from a knowledge of vibrational frequencies. For
isotopic atoms heavier than hydrogen the ratio of tho trans-
mission coefficients is assumed to be unity. Usually tho
syanatry numbers are considered the same for tho isotopic
uolecule and its activated complex.

By far the most serious restriction to tho appli-
cation of this theory to the calculation of kinetic
iIsotope effect,s is the fuct that wo know very little about
t n nature of the acti/ated complex. The ratio ia, IS
described as the effective mass of the activated complex
along the reaction coordinate. In practice this ia usually
taken as the reduced laass of the atoms involved in the bond
being broken or formed.

Since wc do not know the structure of the activated
complex we cannot know its fundamental vibrational frequen-
cies. Thereforo, we ca .not calculate the partition function
ratio for the activated complexes of the two isotopic
species. In general we can say that the activated complex

will be intermediate in form between the reactants and
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the products; thus we can calculate the two extreme limits
for the ratio of rate constants* If we assume that the
activated complex is identical Wth the starting matrial
then . and tlie ratio of the rate
constanta becomes the ratio of reduced mason* The other
extreme arises 1f we assume that the activated complex is
the sane as the product moecule* In this caso ~~O(l17™
AU IS not necessarily the same as 50C(u) Au and the
ratio of rate constants will be either larger or srmaier
than the rutio of reduced mssos depending on the values
of tho two free energy functions* In this thesis equation
(1S) will be used to calculate tho ratio of rate constants
for the utLdirectional reduction of

Gaaculation o” Isotope effects Involving tie iulghitc lon

Equilibrim Isotope ExcharMse Recdons: In 1951, fudge and
Thode (6&) reported the calculation of partition function
ratios for a number of ions and mlecules containing sulphur,
and calculated equilibrum constants for possible exchange
reactions between these' comjxmld. At that time no data
was available on the vibrational frequencies of the sulphite
ion so no calculations involving this ion wore possible*
Millet (#2) has presented evidence that sulphite is
an intermediate in the reduction of sullphate by D desulLphuri-
cans* This has been confirmed in this laboratory ($3) by

the use of 373 enriched sulphate and sulphite as tracers™
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Postgate (34) han shown that; sulphite i1s reduced at a faster

rate than sulphate by the bacteria* This evidence along
with the results of Wallouch (77), previously presented,
suggested that the rate-controlling step in the reduction
o” aUlphate could be th© atop WaHouch’s
large temperature coefficient (Figure 2) suggested that
another posibility was the exchange between sulphate and
sulphhte, catalyzed by the bacteria, followed by a step
involving a Kinetic isotope effect;. In either case it
appeared inppeative to obtain vibrational data on the sulph-
ite ion und calculate the theoretical values for these
reactions.

Accordingly pure samples of sodium sulphite in
aqueous solution w?re prepared in this laboratory and the
infra-red and LlalLtan spectra of the sulphite ion very
kindly obtained by Dr. H. Beenntein, National iusearch
Couucd, Ottawa. At about the same time Bernstein pub-
lished the results (37), two other papers were published
(35, 36) on the Raman spoctra of the sulphite ion in
solution. The values reported by the three groups agree
very wen with each other.

(37) calculated the vibrational frequen-
ces of usi’ng the mean values of the Ramin and
I -rod freMursciLri of the four r~d”™ of in

aqueous solution, dimensions of the ion from X-ray data,
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and equations derived frcm a four constant potential
function (80). For our calculations of the partition
function ratio of the sulphite ion we have used as the
Vibrational frequences of the average of the
values for the Raman lines in solution shown in Table 11.
The vibrational frequencies of were calculated from
these valuos using the isotope shift determined by -Bern-
stein (87). The details of the calcmation of the parti-

tion function ratio are given in Appendix 1.

TABLE 11
Vibrational Frei;unncies of the Julphhte lon
lon State wice®l  wioerl W?ofﬂ n v References
s320" solution 968 618 932 465  .uuuan (85)
s32g-  solution 966 612 925 471  Raman (86)
u3205 solid 983 632 947 494 Raman (86)
u320-  solution 967 620 933 469  Raman (87)
uS”™o- solution 1002 632 954 I.R. (87)
s32g- solid 1010 633 961 49 IR. (87)
s340!6" solution 972 623 937 457 calculated (87)

* doubly degenerate

The ratio of the partition functions for the
sulphite ion, 2 y » was found to be 1.O59 at 25°C and
1.068 at Q°C. The partition function ratios calculated

by Tudge and Thode (68) wero based on Urey’s mthods (13),
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tthjoeat the v~aiues calculated in thia thesis follow
Bigeleisen and (79). For purposes cempiriten
of the two methods a second calculation was made of tho
partition function ratio for the sulphate ion (see
Appendix 11). Values of 1.084 at 2%°C and 1.096 at 0°C
were obtained compared to the values of ILOBH and 1.101
calculated by Tudge and Thode (6%$). This was the only
case where the Bigeloison and Myer method gave results
differing from the values reported by Tudge and Thode.

In Table Il wo have assembled partition function
ratios for several compounds and have calculated equi-
librum constants for possible exchange reactions. In
all cases the heavy isotope wvil cencenirati in the
compound listed at tho lift. The values inclosed in tho
heavy black linos were calculated from this w>rk; all
others aro from Tudge and Thode (6B).

From those partition function ratios the equi-

libruim constant for the exchange reaction

Lias bnon calculated to bo 1.024 at 2%°C increasing to
1.026 at 0°C (see heavy linos Table IIl). This is a
typical tibppraturo coefficient for an equilibruim
exchange for isebeiic reactions of sulphur. It is
obvious that Waiouch’s resiuts, shown in Mgurn 2, can-

not be explained on the basis of a tibporatuoe coefficient
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TABLE 111

Equilibrium Constanta for sulphur Exchanges

37 s3\)3
s320; S3203

1.096 1.096
1.084 1.084

1.000 1.000
1.000

1.000

GsJa 1/2

Lcs|2]

H34 1/<2
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H2s34

h2s32

PbS3*
PbS32
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s3bo3
s320"

1.068
1.059

1.026
1.024

1.026
1.024

1.000

s3402

s3202

1.053
1.045

1.041
1.037

1.041
1.037

1.014
1.013

1.000

05,’341

CS22

1.021
1.019

1.073
1.064

1.073
1.064

1.046
1.039

1.031
1.026

1.000

X
m

1.015
1.013

1.080
1.070

1.080
1.070

1.052
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1.037
1.032

1.006
1.006

1.000
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1.013
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Pbs32
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1.059
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Dl
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1.015
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1.010
1.009
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25°
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25°

OO
25°
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25°
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OO
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for an oquilibriura exchange reaction.

It la worthwhile noting in particular one wore
oquilibritm constant involving the sulphite ion. In
1945 ThodGg (<rahara, and diegler (3d) measured experiment-
ally tho eqUAIibrim constant for the exchange reaction

1
and found K 1.019 at 25°C. From Table 11l 1t ia seen
that K for the equilibrium

ia 1.013. Although we do not have the vibrational
frequency 1ata to calculate K for reaction (1), one

w>uULd not expect K and Kg to differ appreciably. Tho
agreement between theory and experiment ia therefore

quite goon. It has been found (13) that the partition
function ratios for the carbonate and the bicarbonate ion
do not differ greatly. Tho fact that the oquilibrium
constants for reactions (1) and (2) arc reasonably close
to each other stands as indirect proof that the experiment-
ally determined constant is reas”™onably accurate.

Kinntic Isotope Effect in iiuuction

It was suggested previously that the fractionation

in the biological reduction of sulphate could occur in the
re Auction step from sulphate t> sulphite. In a chem-cal

reduction carried out and reported in this thesis the

results strongly indicated that the fractionation was
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occurring in the first 5-0 bond breakage. With tho vibra-
tional frequencies of the sulphite ion now known we uro in
a position to calculate the isotope effect for this reaction
using various moels.

Equation (13), from the theory, relating the ratio
of rate constants to the free energy functions of the

reactants and transition complex is (assuming K, = Ko and

Before any calculations of the raiio of rate con-
stants can be made we must make some assumptions regarding
tie structure of the activated corrpPox.

Case I: The transition state is the sane as the
starting materal!. Essentially this mans that there is
no stretching of the sulphur-oxygen bond in the transition
state. In this case the free energy functions of the react-
ant and activated complex are the s&.io and the ratio of

rate constants becomes

IT wo assume that the effective mass along the
reaction coordinate is the reduced mass of the 3-0 bond

being broken, we obtain
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Case Ils The transition state is identical Wth the

product of the reaction, in this case sulphite™ The tera
Is the free energy function for sulphate!
calculated in Appendix 11, and the term

iIs the free energy term for sulphite, calculated in Appendix
I The ratio of the reduced leases remains the same.

Subssitution of the nuneercal values gives

Since the truo configuration of the activated
complex i1s undoubtedly intermediate in fore between the two
limiting cases Just presented, the actual fractionation
factor observed expertisetally should fall between the
lower limit of 1.010 and the upper limit of 1.035 at 25°C.
The tempprature coefficient calculated above is typical
of most Kinetic isotope offsets and again cannot begin to
explain the largo tempprature coefficient found by dallouch.

Sulphur Exchange between Solid Calcines dulphato and

hilphate In Solution
One of tho experimental difficulties in studying
the bacterial reduction of sulphate was the maintenance
of sufficient sulphate in tho nutrient solution so that

each sulphide sample produced was only a smai fraction
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of the total present; thia is necessary in any study of
iIsotope effects to obtain accurate values. One posibility
was to add a large amoimt of a mderraely soluble sulphate
as an effectively infinite source of sulphate ion of con-
stant conccntration. This rmthod is now in use in this
laboratory using Ca S0* ¢ 270 as the source of sulphate
with excellent resets. In this thesis bariim sulphate
and stiontiim sulphate were used for the scmo purpose.

effect in an exchange reaction of the type

Thia equillbrum lias been calculated theoretically as wbOl
as tmesured expcrimnnaHy.

The sulphate ion in solution is of the cu.mmon
tetrahedral XT" type of sym-ieery, classified in spectros-
copy as T<* It lias four funda'amena! vibration fre luenciea
wx =9&0, w2 =450, w* = 1114, and w* = 619, all in tm”1,
of which «2 is doubly degenerate find w- and w are triply
degennrate. The force constants for the sulphate ion are
well known (30) and the isotopic shift has Soos calculated
by Tudge and Thode (of. In Appendix 11, as previously
monsiesod, we have calculated the ratio of partition
functions for the sulphate ion in alliti.on*

Hoorevvr, in a solid such as GalO"’ZUgO the effect
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of the neighbouring caldim ions on the sulphate ion is
to change the aymmery by causing a smal displacement of
the oxygen atoms so that wo no longer have a tetrahedral
XY™ symmetry but an XY2Z2 type 3y°motry (89,9Q) classified
by spectroscopi-sts as C-. This change of syraseery has the
effect of splitting the degenerate vibrational levels of
tne sulphate ion into their CQmFhQnnn8e This is shown by
the frequencies assembled in Table IV for the sulphate

ion in solution and for the sulphate ion of solid CaG(%,-ZH*—O.

Table IV

Vibrational. Frequencies of SOp In Gypsum

'toleeule 1 W-(2) wjCJ) w (3) reference

UQE solution 980 451  113.6Q 618.90 (91)

CaSQ,, *211-0 1QQ6 415 1117 621 (89)
a7 492 1133 669

1144

CauQ,*2H;0 oot 415 1113 618 (92)
4 494 1135 672

CaGOo0*2HgO 1QQ6 415 1115 585 93

’ 492 1136 618 (59)
673

The force equations for ions of the kype
symmetry, as exhibited by the sulphate ion in the crystal
of CaSO"*270, have not been woiked out as yet. To calcu-
late tne vibrational frequencies for the sulphate ion of

CtuP"O, *2Ho0 we have assieeed the sane j-sot-opic shift f°r
1

'
s34 substitution as Tudge and Thode (68) calculated for
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the sulphate ion in solution. Thia is probably a good
approximation since the perturbation of the sulphate in
the gypsum crystal is quite smai as indicated by the
slight splitting of the degenerate levels.

Using the values fbr the vibrational frequencies as
ass«iiibled in Table IV, and utilizing the assumptions
regarding the isotope shift discussed above, the ratio of
partition functions for the sulphate ion in CaSO”.auUgO
was calculated from equation (i4. The details of tho
calculation are given in Appendix 11l1. For the solid
we obtained a value of i.035 at 25°C compared to i1.034
for the sulphate ion in solution. For the excha ge

reaction

K is i.00i at 25°C.

Exxeeiraeetally this was confirmed in the following
manner Ten g rars of CaJOMMN0 was nixed with iO0 Ms. of
water and left at room terpprature for approximately two
wweks with occasional shaking. At the end of this time
equilibria was considered to have been r.ached. The
solution and the solid were then separated from each othor
by filtration, and samples of sulphur dioxide prepared
from the sulphate of each T r mass spcctror-meric analysis.
The dotails of preparation and mass spectrometry will be
presen™d in the experimental section. The results of

seven runs carried out in thia manner are shown in Table V.



TABLE V

Equilibrium Comtant for Exchange Reactions
CaS3209.2H20 + 332*Oz(soln.) = CaS’\O.4,2H20 +s320A:(soIn.)

Run/ s3204 1™"imM)

s’ >
2.2
22.311

[ NS T

22.297
22.262
22.292
22.247
22.267

~N o o0 A~ W

Cad34o,
4

22.232
22.232
22.230
22.252
22.227
22.217
22.227

Average

Ca332°4 umlid)

1.0013
1.0031
1.0030
1.0010
1.0029

1.0014
1.0013

1.0021
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Exppriraennally we have found that at room tempera-

ture in the oquilibrium between sulphate ion in solution and

the sulphate ion in the gypsum crystal ,the 1tt is favoured

in the solid by 0.2%.

Connidering the assumptions mam in

the calculations tlis compares quite favourably with the

theoretical value of 0.1%.

As would be expected, the

iIsotone effect is very s™mai since no great change in the

bonding of the sulphur occurs during the exchange.
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Masa Spectrometry

AH samples were analysrd as aulphur dioxide pas.
The miss spectromter used was ossianially tho one described
by Wanness ad Thodo (94), With slight roOiiicationa as
reported by Warren (t>4)« It is a conventional 90° instru-
ment moOified to permt simultaneous collection and measure-
ment, by means oi a null method, oi ion currents due to
masses 64 (Sa2o0l16) and 66 (0340216, a3201601S). The coHection
systom is so constructed that only ion currents oi these
two musses strike the collector electrodes. A mnmeeic valve
system porm.ts rapid switching from standard gas to unknown
thereby reducing the time required for analysis and mdcing
tne rapid comparison of samples possible.

The analytical procedure for determining the
isotope ratio of the unknown gas com ared to the standard
gas is as follows. The ion current from the inoro abundant
peak (mass 64) is ampllfied by a vibrating reed electrometer
and the output of thia amplifier is applied across a 10,000
6iua put-and-tako potentioimreer. The current from the peak
of mass 66 i1s amppified by a similar nmHiier, the output
of Wiich is balanced b a fraction of the voltage developed
across the potentiometer. At the balance position there
IS aero output from the 06 omUil”~r. The output of this

omUif-er is fed into a recorder to which a test voltage is

-35-
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applied to conttre t -e recorder needle when there iIs zero
output from the arappifier.

With the standard sulphur dioxide gas flowing into
the mass spectrometer arid the put-ana-take potentiometer
adjusted to indicate a ba'ance on the recorder the instuument
is calibrated by moving the ho'tentio;>m)tcr setting a known
amount and m*a“atitiring the displacement of the recorder pen.
Tils calibration is done before and after each run of an
unknown sarappe.

The maggneic valve is switched to allow the unknown
sample to flow into the system. T’e balance point is
shifted by the change in intensity of the 66 ion current,
the 64 ion currents having been balanced previously on
single collection. This change produces a displacement of
the recorder pen which is directly propootional to the
difference in the 64/ob ratio of the two sarampes. Since
the standard has a known ratio the 64/66 ratio of the
unknown can oe calculated by comppring i1ts displacement
from the standard wth the displacement caused by a known
change in the potent”™oppter setting. Six measurements of
the unknown’s displace--ent and 3ix for each calibration
are taken.

The senostivity of the instuument is controlled
by the ion currents and the values of the resistors in

the ion current am- Lification circuits. These are chosen
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so that one centimetre displacement of the recorder pen
corresponds to about 0.25 difference in 64/66 ratio of the
sampPes.

The ion beam of mass 64 is made up of 332q16ql6
Whle mass 66 is composed of 332ql6glS? SN 0-'V?,
and S™o™ql?. These last two make a negligible connri-

bution, thus

Tho value of °?/°-? i,n the tank oxygen used for the

preparation of samples ha3 been determined as 0.00203.

Hence

To determine the reproduccability o® the instument

a large qiuainity of sulphur dioxide was prepared and
separated into break-seal tubes by a Toopler pump; one of
these samples was compared to the line standard at the
start of each days work and periodically t roughout the
day. In Table VI we have collected values obtained for
this secondary standard over a representative poriod of
three monnhs. These results show that during the course
of one days operation the spectrometer gave results with

a roproduccobility of 0.02,S but over a period of months

a roprnducoabiiity of only 0.1#.
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TABLE VX
Maai SpeeCrommear RMwhpduceabblity

Date * «
Difference $32/s34  Duyte Differencd s32/a34
1 June -0.110 22.148 13 July -0.108 22.148
1 June -0.100 22.143 27 July -0155 22.158
1 June -0.102 22.148 3 Aug. -0.146 22.158
7 June -0.118 22.148 10 Aug. -0120 22.143
13 June -0.096 22.143 24 Aug. -0.125 22.153
13 June -0.101 22.143 9 Sept. -0.138 2...153
15 June -0.141 22.153 9 Sept. -0133 22.153
28 June -0.120 22.148 9 Sept. _.Oz.
13 July -0.116 22.148  Average 2.1,

- 0.018* - 0.005*

* compared to the same standard sample
* mean deviation
A gradual trend upwards in the S33/g34 ratio of
thia secondary standard can be aeen. Thia iIs probably due
to alight changes in the atandard gas and changes inherent
in the mass spectromceer. Although this drift would be a
serious factor in compprison of samples analysed months
apart, in the work reported in this thesis samples to be
compared with each other were analyzed usually on the
same dry.
Preparation of dumpies
A.l samples of sul hur dioxide were prepared by
~nuustioi of si-.ver sulphide In rn oxygen utream in r

vacuum line* The vacuum lino (Fig. 3) consisted of three
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part3: an oxygon purifying train, a quarts combustion
tube, and a collection line.

Tank oxygen was used for the combustion of tho
silver sulphide. It was purified before use by passing
through an activated charcoal trap, A, cooled by dry-
ice acetone mixture, a concentrated sulphuric acid bath,

J, and a trap, C, cooled by liquid air. This procedure
was considered to remove all carbon dioxide, moisture,
and hydrocarbons from the gas.

The sample of silver sulphide (20-100 mg.) was
placed in a nichrome boat and inserted into tho quarts
combustion tube through the ground glass joint G. The
line was then evacuated through stopcock 3* with 3" closed.
Following evacuation and 3™ were closed and the remainder
of the line filled with oxygen through S”. When the line
was at atmospheric pressure, as indicated by the manometer
J, stopcock S$ was opened to allow the oxygen to flow
through the line at the Trite of 0.5 litres per minute.
Liquid air was placed around the U-traps D and E to freeze
the sulphur dioxide from the oxygen stream.

The sample of silver sulphide then was heated with
a gas-oxygen flame for one to two minutes to insure com-
plete combustion. Following the combustion the oxygen was
allowed to stream through for about five minutes after
which stopcocks 3j and Sj were closed and the lino was

evacuated. The sample ol sulphur djexiue wus allowed to



come to room temppeature, refrozen, and pumped on to
remove non-condentiblr gases trapped in the solid during
the cQrnPbltion. The sample was transferred to a break-
seal tube F by distillation from a dry-ice acetone bath
around D or E to the tube F cooled by liquid air. After
the distillation cornmplte, as indicated by the pressure
reading on a MclLeod gauge, the sample was sealed from the
line under vacuum.

To test the rrprodutceaiiity of the burning pro-
cedure Tive samples of the same silver sulphide were
burned and the sulphur dioxide samples were analyzed on

the mass spectromiter with the results 3hown in table V1.

TABLE VII
Rerh,rOulcoSility of CoombltiQn IrQcrdurr

Diff. from

Sample Standard s32/s34
CT -1 0.083 22.099
CT -2 0.052 22.134
CT - 3 0.008 22.124
CT - 4 0.009 22 124
CT - 5 0.048 22.134
average 22.123 - 0.013#

"mean deviation

It can be seen that the total variation is 0.1*

and that the me«an deviation is - >.013. Since moot of

the fractionation factors measured in this work are
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considerably larger than those shown in the burning
proceiure these results were considered adequate.

In the burning procedure some sulphur trioxide
Is always produced. The ei uilibrium of the reaction
S02 + 1/2 02 = SO3 is such that above 1200°C S02 is
produced (95) in about 95. yield; as the tempprature
decreases the yield of SO0" increases rapidly. The oxygen-
gas Climme used in the colnbiutiot of the sample certainly
does not produce such high temperatures; however, the
heat of comouusion of pure silver sulphide is such that
tho resultin'gi temperature is sufficiently hi; h. Howeevr,
it has been observed in this laboratory that diffuse samples
of sulphide mixed with inactive ore muut be burnt in an
electric furnace at 1200 - 1400°C to obtain reproduceable
results. It seems probable that the greatest cause of
fractionation of the isotopes in the burning procedure
is the ‘'allure to attain sufficiently high iempeirltlrrs
to ensure quantitative combbuiAon to sulphur dioxide.

All samples of hydroren sulphide whhther produced
b' bacterial or chemical reduction w.-re collected first
as cadmium sulphide by trapping in a cadmium acetate-
acetic acid buffer solution, and then converted to silver
sulphide by t e aaddtion of silver nitrate to the precipi-
tate. By tiis l-ethod a coarse, easily fTiltered precipitate

was obtained. The silver sulphide was .iltercd o. glass
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wool, washed first with hydroxide to remove
chlorides and carbonates, and then with water. It was
dried overnight in an oven at 100°C before burning.
Filtering on glass wool prevented the possibility of filter
paper entering the combiusion lino and producing carbon
dioxide; it had the added advantage that for snail samples
of sulphide, both sample and glass w>ol could be placed in
the burning line to avoid r.eehanical losses.

For quantitative estimations of hydrogen sulphide
a known excess of standard silver nitrate solution was
added to tho cadmium sulphide preccpitate. After filtra-
tion tho excess of sHver ion was backk/fitrated with
standard thiocyanate solution using ferric ion as indicator.

Sulphate samples were precipitated from solution by
the standard barium chloride technique. For precipitation
from bacteria media containing considerable sodium lactate
It was found necessary to add a small amount of picric acid
to aid in coagulation of the precipitate. Otherwise the
barium sulphate remained colloidal and passed easily through
the fTilter paper. q“uatittaiti*ve determinations of sulphate
conccntrations were done in the usual manner by ignition
and weighing of the barium sulphite.

The baritm sulphate samples were reduced to hydrogen

sulphide by digestion with a reducing mixture of the follow-

ing cornposstion
HI (50#) 500 gms
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HC1 (cone.) 4&0 mis.

HjPOg (5(%) 144 mis.
This method is a rnoodifeation of tliat of Shirley and
Pepkowits (96). The .mixture was bailed gently for about
thirty mnutes on preparation to remove traces of sulphur
contsminanns. Abut 100 mgs. of barium sulphate was
added to a flask with 100 m.s. of reducing mixture. The
flask wa3 fitted with a bubbler and a reflux condensor.
A stream of nitrogen bubbling through the reaction mxture
removed the hydrogen sulphide as i1t was produced. The
gases were passsed through a wwter trap to remove HCl vapours
and then through a solution of cadmium acetate viiere the
hydrogen sulphide was removed as cadmium sulphide.

To test the reproduucabiiity of the reduction of
barium sulphate eight portions of the same sample were
reduced, burned, and analysed on the mass spectrometer.

The results of the miss sptctrorbtric analysis with the

per cent yield in the reduction are shown in Table VIII.

The results show that as long as the r action
proceeds essentially to completion (greater than 955) the
results are relroductable to 0.15 but, as tie analyses of
samples 1 and 6 show, when the per cent reaction drops the
discrepancies become larger. As reported in a later section
of this thesis there is a kinetic isotope effect iIn the

reduction of a soluble sulphate by this method, the lighter
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isotopic species, S-“qg- > reacting faster than the heavier
species, « It was thus essential in the isotopic
analysis of sulphate that the reduction of bariim sulphate
be carried out to comppeeion.

TABLE VIII

Re~>Poduueoanlity of Bariim sulphate deduction

£ Yield of 332/534
Sample H2S
| 33.0 22.104
2 97.5 22.035
3 93.5 22.095
4 100.0 22.090
5 97.5 22.090
6 92.3 522.1093
22.114
7 99.3 22.090
a 96.5 22.075

average 22.07s -0.011n

~racan deviation

Where sulphite was used it was oxidized to sulphate
by iodine and then precipitated as b-arivmu sulphate. Ford
(97) has reported that this oxidation gives very reproduce-
able results as far as isotope ratios arc concerned.
Ciutivation of 3icteria

The original stock of i4 desulphurleans used
throughout this work was strain I :757 obtained from

A”mercan Type Coutures, wahhngton, presumably as a



45-
pure culture.

For fractionation experiments using continuous
culture techniques during the first part of this work,
and for much of the routine sub-culturing throughout
Medium 1 was used to grow the braceris. This medium
originally employed by Starkey (93) had the following

corapooition

HI~CI 1.00 g.
MA:A04«TH20 2.00 g.
0.50 g.
K2HP0O4 0.50 g.
CaCl2.6H20 0.10 g.
dodium lactate 3.>0 g.
Ee(NH4)2(304)2.6H20 trace
Diisilled water 1000 mis

pH adjusted to 7.3

For solid tube cultures 2S agar-agar was added to this

nrediuua.

Radium 1 on autoclaving formed r precipitate which
upon production of hydrogen sulphide turned black through
formation of ferrous sulphide. This emrde the medium un-
suitable for growth of bacteria when the cells were to be
harvested by centrifugation and populations measured by

turbidity. / medium was desired which permitted maximum

growth of viable bacteria in the shortest possible time
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with no formation of precipitate.

B/tINin, Adams, and Thomas (>?) have reported that
0.4» (w/v) yeast extract added to essentially medium 1
produces a greater growth of bacteria 1t a shorter time.
D, desulphurigans require a reducing agent i1t the medium
to mantain a low oxidation-reduck-ion jpoennial before
growth will occur. NoormHy ferrous ion serves this purpose
before growth and the product hydrogen sulphide after growth
has begun. Grossman and Postdate (100) found that cells
grown with only ferrous ion present as reducing agent were
only 10$ viable. They further found that cysteine or
sodium sulphide could replace the forrous ion and that with
the use of these compounds greater growth was obtained with
a much greater proportion of the cells viable. 'Miking use
of these observations we have employed the following medium
with excellent results for growth of bacteria when the

cells wire to be . arvosted.

Sodium 3a
NH,C1 1.00 g.
'1gf304*7H20 2.00 g.
Hao->Oi.» 1.00 g.
K2liPO4 0.50 g.
CaGl2*2H20 0.10 g.
Sodiujn lactate 3.5« (.
Yeast extract 4.00 g.
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Cyyteine hydrochloride 0 60 g.
Dissilled water 1000 riis.
pH adjusted to 7.3

With this medium no precipitate was produced
upon autoclaving or upon production of hydrogen sulphido.
The medium is essentially identical With that recently
used by Grossman and Postgate (101) for harvesting cells.

Postgnte (102) has reported the presence of an
anaerobic contaminant mAMNi~:LtiMonally dependent on D, desulph-
uricims in growths of supposedly pure bacteria. When these
growths were plated out for aerobic or anaerobic contamin-
ants they appeared pure; howevvr, when grown from a dilute
inoculum in a stab culture in solid medium 4, given below,
the contaminant appeared as a whhte colony in contrast to
the black colonies of D. desulohuieans. Duuing the cofse
of the work reported in this thesis the wrlding cultures
were periodically subcultured in medium 4. no colonics
other than those of D, desulphuric--ns wore detectable.
Periodic plating on the seme medium under aerobic con-

ditions showed no evidence of aerobic contaminants.

Medium 4

Baato-tryptone 5.00 g.
Yeast extract 4.00 g.
Na2S04 1.50 g.
MgS04«7H20 1.50 g.

Glucose 10.0 g.
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FO(NH4)2(s04)2-7H20 trace
Aggir-agar 2.00 g.
Distilled water 1000 m.3.

EcrprinenttaL procedure for Fractionation Studios

Ch<ezxcal Roriuction of SULphate

The fractionation in the chemcal reduction of
sulphate ion in solution by tho reducing mixture of
hydriodic, hydrochloric, and hypophoaphorous acids
was studied at temperatures of 50, 35, and 18°G. The

conccntration of reagents was

1122504 0.81 TClloSlitro
HI 4.0 mleoSlitro
HC1 1.6 mkLIloSlitro
Hy'02 1.1 mlcosSlitro

The effect of varying the conccntration of the
active reducing agent, hydrioiiic add, was studied over
a conccntr™ation range from 1.6 to 4*0 mlee/litre using
the same conccntratiln of the other reagents as above.

The experimental procedure was to add tho required
amount of reagents to a tlme-tnck flask of 200 mLs.
volume in a constant temppratum bath. A total of seventy
mililitr*es of rer.cti“on mixture was used. One neck of
the fli.sk was fitted with a gas bubbler, one neck was
arranged to permit removal ox samppos, the third was
fitted with a condsnsor and a gas outlet through a

cadmium acetate trap. Nitrogen was bubbled through
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the reaction mixture and the hydrogen sulphide produced
swept out and collected as cadmium sulphide.

Sulphur dioxide samples were prepared from the
sulphide and from a sulphate sample from the reaction
m.xture and analyzed on the m”ss spectromeeer.

The fractionation factor was calculated as

Each sample of sulphide produced corresponded to less
than 51 reduction of the sulphate. For low percentage
reaction such as this the isotopic composition of the
reactant does not change and the fractionation factor

as calculated above is a true measure of the ratio of
rate conntants. For higher percentage reaction the
observed fractionation must be corrected to zero reaction

for a true measiure of the ratio of rate conntants.
Baocerial reduction Experimonts

Continuous Cuuture Six separate series studying the
fractionation in the batcer'i-al reduction of sulphate
using continuous culture techniques were carried out,
of which only the sixth D6, series, is reported here in

det 1l. The experimental procedure was essent-lolly os

follows.
A ninoeiitre bottle of medium

1 (see Cultivation of Baocerio) was prepared and fitted

with o bubbber, o funnel for aseptic addition of maOteial,
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a siphon for removd of maseral, and a gas ouulet.
The wtole system waa ste”“iaed in the autoclave for
one tour at 115ca The uilt was allowed to cool
overnight in the sealed autoclave following wiich it
waa transferred to a constant ttampprature bath at 25°C
and inoculated with about 10 m.s. of an active culture
grown in medium 1.

Nitrogen, purified o” oxygen by pausing tluxiugh
Fieser’s solution, was bubbled through the tootle main-
taining anaerobic conditions and sweeping out the hydrogen

sulphide formed. This was collected as cadmium sulphide
and prepared for mass spectrometry as previously described.

Each time a sample of cadmium sulphide was removed the
sulphate was precipitated from a sample of the medium
to serve as a reference for compprison of the sulphide.
Since each sulphide sample amounted to only about 1$ of
the total sulphate in the medium the experippnnally
mpasured fractionation factor was a true rnpasure of the
ratio of rate conntants.

Following a lag period, usually lasting one to
three days after inoculation, the culture began to pro-
duce hydrogen sulphide. 3terlle solutions of sodium
lactate and sodium or magnesium sulphate were added
periodically to mantain the conccnnFation of those
peOaabeltos. The production of hydrogen sulphide
increased rapidly to a maximum and then began to decrease.

The activity was increased by addition of the remaining
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salts o the original nutrient medium

Reeting Cell S”sprt3Lons To permit a more rigid
contirol over the variables of cell density and con-
centration of meeabbUtes resting cell suspensions
were used for mot o the bacterial fractionation
experiments reported in this thesis.

The method of resting cell suspensions
connisted of growing the bact ria in a suitable
medium (Medium 3a previously described), harvesting
the cells by centrifugation, and resuspending them in
a medium which did not contain any source of available
nitrogen but did contain the essential meeabilltes -
in our case sulphate and lactato. Under these con-
ditions the bacteria could not muutiply but they did
for a period of twenty-four to forty-eight hours
continue to carry on the usual mcTabolic processes of
sulphate reduction and lactate oxidation. By controlling
the number of bacteria used to prepare the cell suspen-
sion the peppuation density could be mantained at a
set level for reasonable lengths of time. The popula-
tion decreased cventu lly, of course, due to death of
the bacterial ceils. THIs technique also pcrm.tied
a more rigid control over clncentration of meeatooites.

The bacteria for U3e In resting cell suspen-

sions were harvested from the growth obtained in 10. mil3
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to 2 litres of Medium 3a usually some sixty hours
after inoculation* The greatestcell density and
activity were found at this time. The cells were
harvested by centrifugation for about fifteen min-
utes at 3200 r.p.m. (1600 x g), washed once with
2.5, NaCl solution, and then resuspended in sodium
chloride solution of the same strength. Since we
were Interested chiefly in relative population den-
sities from run to run rather than absolute value,
the population density was controlled by turbidity
measurements taken with a Model DU Beckman Spectro-
photometer at 5200 AO,

The procedure for fractionation studies was
as follows.

The cells were harvested, a concentrated
suspension made in sodium chloride solution and the
turbidity measured. Cell suspensions for fraction-
ation experiments were prepared by adding the required
ammmt. of this suspension to u solution oi lactate and
sulphate at the concentrations required by the exper-
iment. The cell suspensions were sot up in a constant
temperature bath in Erlenmeyer flasks fitted through
a rubber stopper ~ith a buobler and a ga3 outlet.
Nitrogen, from which the oxygen had been removed by
passing through Kinser's solution, was swept through

the suspension to maintain anaerobic conditio.is and to



53-
remove the hydrogen sulphide produced. Thia hydrogen
sulphide was trapped as cadmium sulphide and handled
in the usual marnnr. D> desulphuricans are not known
to fix nitrogen under heterotrophic conditions although
hydrogenase-producing strains have been reported (103)
to fix nitrogen very slowly during autorophic growth.
This report still requires direct experimental confir-
mtion (104).

Preliminary experimemation showed that 300 OLs.
of bacteria suspension of an optical density o 0.10 to
0.15 when 0.05M in lactate and 0.05M in sulphate would
produce at 30°C sufficient hydrogen sulphide for a mass
spectromoeric analysis in five to eight hours. Diring
this time there was no decrease in turbidity indicating
the bacterial suspension was stable and remained active
for at least that long. Whietver cinditions were changed
so that the rate of production of hydrogen sulphide was
decreased a greater volume of suspension was used to
permit collection of the sample in a reasonable length
of time.

Series of exp riments with the cell suspensions
were carried out to determine the effect of lactate
cinocetMatiin, sulphate colc:cletration, temppeature, age
of cell suspension, and growth of cells upon the isotope
effect in the reduction of sulphate to sulphide. The

details of these various series are given below.
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Vgrl-atj*n of I™tate io”icniratioi. Several
sories whire carried out at 300C varying the 1™t ™0
conccnnration from 0*001 moos/lltre to 0.1 nooea/
litre, at a sulphate conceunration of 0.01 to 0.03
moes/llire .
(b) Effect of bacterial growth* The effect of bac-
terial growth on the isotope effect in the sulphate
reduction was determined by adding ammonium chloride
and yeast extract, in the proportions used in Medium
3a» to two cell 3uspen3ions at 300C aftsr a “~mpl0 of
hydrogen sulphide had boon produced under resting cell
chiMitions. Two further samples o™ hydrogen sulphide
were collected.

In a further run the bacteria were alternately
subjected to growing conditions-by addition of ammon-
ium chloride and yeast extract, and the restin/ cell
conditions - by centrifugation and rosuspension, to
deter Ins the effect of rapid changes between the ex-
tremes on the fractionation. This run was also done
at SOOC.

(c) Vaaiation of sulphate ionc:clliratioi* Tho sulphate
corr<AcMniJMiMIMol was varied In i series of cell suspensions
from 1 x 10*2 mocs/litre to 3 x 10 moes/lltre, at
a lactats conconnration of 0.1 moeesiitre and a temp-

erature of 30°C. To m.intain a supply of sulphate ions
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at low conconnrations an excess of a slightly soluble
sulphate was added. Strontuum sulphate was used to

mabntbin a sulphate conccanruti™ of 6 x 10~*solQesl

litre and barium sulphate was used for a sulphate ion
concce”™atAon of 1 x 10" nmoe”M/Iltie. 1t has b™n
found, as reported in a previous section of this thesis,
that the equilibruum between sulphate in solution and

a solid sulphate such a calcium sulphate involves only
a very small isotope effect.

(d) Effect of temperature. The effect of temperature
on the isotope fractionation in the bacterial reduction
of sulphate was studied in two Bacte--iu were
acclimatised to ttm;o”raturts of 24, 30, 36, and 4OOC by
repeated culture at one of these templerture3. Cdl
suspensions then were prepared at each of these temper-
atures from the acclimatized bacteria and sulphide sam-
ples collttttd. At each tempprature a series of five
runs was carried om varying the lactate conccenration
from 0.02 to 0.10 mooc/litre at a sulphate conccnnration
of 0.03 moee/lltre.

The effect of temperature also was studied dth-
out previous acclimatization oi the bacteria. one series
accliputized to 40 C was lowered to /O C after o"odut-
tion of a sample of hydrogen sulphide at the higher tem-
perature and a further sample was collected. Annohor

series, atclilPbtiztd to /6 C, produced a sample at that
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temppeature, and was then lowered successively to 30°C
and to 24°C with samples collected at each of these
tepppertures.

(e) Effect of Age >f cell suspension. Five cell sus-
pensions w.th lactate concennration 0.10 mneco/lltro on
sulphate coi*cctiniti“ti“on 0.06 mooes/ litre wore set up at
36°C and samples of sulphide collected mil the bactoria
produced no mmre.

Reduction of .suppieo by Goll Siuooems-Qins: The isotope
fractionation in the reduction of sulphite at 30°C by
resting cell suspensions of D, desulphurloana was studied
briefly over a range of lactate conetsorations from 0.01
to 0.10 aoleeslitro at a sulphite oencoenrat,len of 0.04
raoae/litre. The effect of growth on the isetepe effect
was studied by the addition of ammonium chloride and
yeast extract to two of the suspensions after production
of one sample of hydrogen sulphide. Two further samples
were collected.

Pui’e sodium sulphite was prepared IrpapOiaaeiy
before use by adding dilute hydrochhoric acid to comi-
perrCul sodium sulphite and absorbing the evolved sul-
phur dioxide In sodium hydroxide solution in a nitrogen

atmosphere. This sulphite gave no test f r sulphate.



RESULTS

Chheical Rduction of 1Sulphate

The isotope fractionation observed in the
chemical reduction of sulphate by the mixture of hy-
driodic ucid, hydrochloric acid, and hypophosphorous
acid, as weei as the dependence of the fractionation
factor on the terapprature are shown in Table IX, For
each run the hydrogen sulphide produced was only about
2j of the sulphate present; the experimentally deter-
mined fractionation factor is, therefore, a direct
measure of the ratio of rate constants, k" and k£, for
the two reactions

1/
(2)

This ratio of rate constants is seen to be
1.022, indicating a 2.2i faster rate of reaction for
the lighter isotopic species. A calculation o" this
Kinetic isotope effect was made (see theoretical section)
on the assumption that the initial rate-controlling
step involved the breaking of us 1-0 bond in the reduc-
tion of sulphate to sulphite. Upper and lower limits
at 25°C of 1.035 and 1.011 for the fractionation factor

were obtained, corresponding to the two extreme mddls
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of the activated complex

(1) s-o0 bond ccomppieely broken, as in product,

(i1) 3-0 bond the ua™y as in the initial state.
The intermediate isotope effect found experippntally
suggests the rate-controlling step is the initial 3-0
bond breakage with an activated complex containing a
stretched 3-0 bond inter[mediate between the initial and
final states.

The isotope effect calcULat d on the basis of com-
plete bond breakage in the activated complex showed an
increase of 0.3» for a temperature decrease of 25°; the
lower limit, on the other hand, showed no tempprature
confident. A O.X» change in isotope effect is easily
mmasurable with our procedures; one is, therefore, forced
to the conclusion that the isotope effect is independent
of temper*t™”"jre, contrary to theoretical expecCatiltC.
This lack of temperature dependence could be explained
by postulating that the extent of bond breakage decreases
with a tempprature decrease, resulting in a lower fraction-
ation which clmppntatn/ for the expected temper ture
effect. Such a hypothesis is not subject to experimental
verification and mu3tt remain, therefore, a mater of
connectum.

The kinetics of the reaction were not studied
extensively, but results indicated that t e rate was

dependent on the sulphate conccntratilt, the hydrogen
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Womical .-.eduction of Sulphate_ )
Effect of Teaper.ture on Isotope -ructionation

Sample Temp. $S2ZsS4 S32/934  practionation Average

°C (30;; ) ) fractionation
C15-1 17.0 22.00S 22.5S0 1.0206
CI5-2 17.0 22.065 22.504 1.02S5
C16-1 100 22.090 22.57S 1.0215 1022
016-2 10.0 22.095 22.560 1.0214
014-1 350 22.090 22545 1.0201
Cl4-2 350 22.005 22573 1.0221
C 6-1 35.0 22.005 22555 1.0212 Lozz
C 62 350 22075 22.594 1.0235
C10-1 50.0 22.050 22.5SS 1.0215
C13-1 50.0 22.003 22.533 1.0204 1.022
C13-2 50.0 22.055 . 22.550 1.0220
TABLE X

Ghercac&l deduction of SUlphate )
Effect of H ConccnttatCon on xsotope fractionation

Sample HI s377j Fractiecatiec verage

i H.z1. (30, ) (s-) sractienatim>c
C13-1 We 22.003 22.533 1.0204 1.0215
cu-2 4.0 22.055 22.550 1.0220
011-1 S.2 22.053 22.533 1.0210 1.0211
CllI-2 S.2 22005 22.533 1.0205
Cl2-1 1.6 22.075 22.543 1.0212 1.0212

012-2 1. 22.000 22.540 _.0zI2
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ion concentration, and the iodide ion concentration®

The ovee-all reduction reaction can be written as

The 1odine formed is then reduced to iodide ion by
reaction with the hypophosphorous acid. The hydro-
chloric acid acts as a source of hydrogen ion and, in
the case of reduction of barium sulphate, as a dissolv-
ing agent.

Attempts to study the fractionation in the
reduction o” sulphite by this reducing mixture led to
difficulties on two accouuns. The sulphite was deccom-
posed to sulphur dioxide gas by the acidic medium.
Further, the mixture of sulphur dioxide and sulphi.te
ion reacted so rapidly with the hydriodic acid that
large amnuits of elemental sulphur wem deposited
rapidly, even in dilute solutions of the reactants.
The formation of the elemental sulphur probably was
due to a secon ;ary reaction between hydrogen sulphide
and iodine which occured before the iodine was reduced
by the hypophosphorous acid. These observations on the
rapidity of the reaction of sulphur dioxide with hydrio-
dic acid indicate that the rate-controlling step in the
reduction of sulphate is i-he <irst 3tep,
in support of the conclusions drawn from the agreement

of the experimental fractionation factor to that cal-

culated on this assumption.
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The effect of the conceoiratioi of tho reducing
agent, hydriodic acid, on tho fr.donation factor is shown
in Table X* It would not be expected that a change in
tho concennration of one of the r actants would affect
tho isotope effect unloss 3uch vta'inions changed the rats-
ionirolliige stop of tho reaction. The is/ult/ of Table X,
showing no change of fractionation factor with varying
hydriodic acid conneenration, are to be expected; howovvr,
they do stand in direct connxraait to tho rssiUts to be
presented concerning the baecurial reduction of sulphate.
Balt<®oill 'tdOuctioi of Sul-hato
Continuous Culture: The first run carried out by this
author using the continuous culture techniques gave a
fractionation factor between 1.000 and 1.003 at 25°c.
WUouch (77) at the smio temp» rat”™s had obtained a
fractionation factor of 1.011 to 1.012. Several possi-
bilities for the explanation of the reaul-t, such as con-
tamination of baccorial culture, oxygon in tho nitrogen
stream, and variations of different strains of bacteria,
wiero chocked in subsequent runs. These experiments gave
the lower fractionation factors repeatedly. In the sories
D6 tho effect of the length of time for which the con-
tlI1'JUol/ culture was in operation was stud™od. The results

of this run are shown, in part, in figure 4



CiC A

FRACTINNATIfiIiN

IN RFOIICTION OF sill

PWATF RY CONTINUOUS Till

TIHRF

2.0



-62-
wiero we have plotted the fractionation factor as a
function of t£fmm. »ero time was taken aa the time of
removal of the first sample o" sulphide some three days
after inoculation of the system with bacteria.

The results in Figure 4 show that for the first
sixty hours after production of sulphide began there
was no fractionation of the sulphur isotopes, the frac-
tionation factor being 1.000; after sixty hnurs the
fractionation factor began to rise gradually, eventu-
ally levelling off at 1.011 the same value previously
obtained in continuous culture experiments (76,77).
For comperi/ot purposes we have also plotted in Figure
4 the rate of collection hydrogen sulphide as a
function of time. The rate of collection of hydrogen
sulphide depends upon such things as the rate of flow
of nitrogen through the system, the pH of the medium,
and the hydrogen sulphide <300(200"™A2 in the medium.
Howeevr, it should be a fairly good imasure of the rate
production of hydrogen sul hide by the bacteria.

The first pirt of tlie rate* curve In Figure 4 is
typical of the logarithmic phase o* bacceriai growth.
The rapid decrease of the rate after the initial maxi-
mum cannot be explained on the basis of a decrease iIn
bacterial pMMUMALAtMon but must be caused by a decrease

in the ”“enabc)0ic activity of the bacteria. . he r suits
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givet it Figure 4 indicate a dependency of the fraction-
ation factor upon the rate of reduction of sulphate.
The lag ~period between the decrease in the rate and the
increase In tho fractionation factor can be explained
by the hydrogen sulphide hold-up in the culture solu-
tion when the bacteria were very active. Thia hydrogen
sulphide hold-up wiuld tend t@ dilute the hydrogen
sulphide produced later, causing a delay in the first
Resting Coll Studies oMo

| shown in Figure 4 suggested that
thu fractionation of the sulphur isotopes was a func-
tion of the rate o” production of hydrogen sulphide.
It was decided, therefore, to change the technique of
study to resting cull suspensions in order that tho
variables, cell density of bacteria, and conceltration
of mltUDbdltes, could be conn-rolled more accurately.
As has been shown in tho results from the cherm.cal
reduction of sulphate no change in the isotope effect
was to be expected with change iIn rate unless the
mechanism of the reaction changed. The problem under-
taken with the restirg cell su3pltsidns was to deter-
mine definitely —other the fractionation was a function
of the rate, and 1T so to determine what change in the
mechanism occurred to cause the change in t‘*he fraction-

ation. The results presented show the effect of meta-
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boHte cenccenratloc3l tempprature, and igrowth conditlocs
upon the rate and upon the fractionation of the isotopes.
From these results we have been able to draw some defi-
nite conclusions concerning the mechanism of the reac-
tion.
(a) Effect of Lactate Cencocuratiec: Postgate (105) has
reported that the rate of sulphate reduction by D, de-
sulphuricans using lactate as the source of hydrogen is
dependent on the lactate conccenration. Table XC summar-
laoa the results obtained varying lactate oonccenratlec
in the cull suspensions at 30°C at constant cell dennity.
The rate in column four of the table is expressed as
mmles o™ hydrogen sulphide produced per hour per unit
cell p>ppuation. To permit a direct cemppai3en of rates
throughout the work wth resting cells the unit of cell
popidation arbitrarily was taken as 100 mis. of suspen-
sion of an optical density of 0.10.

Columns four and five of Table XI show that
over the range of lactate ooncoemlnratien 0.090 to 0.010
poone/litre the rate and also the fractionation factor
were oasonnialLLy indep-'endent of the lactatfe concentra-
tion. This undoubtedly means that the enzyme systems
involving the lactate were saturated wth lactate; the
rate was controlled by the amount of enzyme or coenzyme

not the conccnnrntion of lactate
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TABLE XI
Bacterial deduction of Sulphate

Effect of Lactate Cooneunrution on Isotope Fractionation

Sample Optical Lactate eT  Fractionation
F OensSty ra>les/1. X 100 Factor
R4-5 0.10 0.096 5.39 1.0127
H3-7 0.16 0.034 5.32 1.0036
R4*4 0.10 0.075 4.33 1.0122
R3-6 0.16 0.073 4.15 1.0102
H3-5 0.16 0.063 5.47 1.0109
R4-3 0.10 0.053 6.40 1.0103
0.10 0.052 5.56 1.0117
R3-2 0.16 0.021 4.53 1.0104
R4-1 0.10 0.011 6.06 1.0120
R3-1 0.16 0.010 4.75 1.0106
R6-1 ,,1 0.12 0.0021 1.14 1.0103
H6-2 a2 0.12 0.0021 0.32 1.0147
R9-2 Al 0.09 o.oolLl 1.30 1.0126
R?-2 t2 0.09 0.0010 1.25 1.0145
H9-2 i3 0.09 0.0010 0.66 1.0143
R9-1 A 0.09 0.0007 1.01 1.0131
RO-1 72 0.09 0.0007  0.40 1.0146

Anoles hydrofen eulphi..le [+ hour per nit cell

population.
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However, as the lactate concentration was
decreased below 0.010 raalee/litre the rate begat to
decrease. Althoigh the variations in the fractiona-
tion factor were rather large tyere was u.general
tread to higlior values at ~wee'ratesj retching in the
c'ajc of sump,e 111-1 ,1 a value'of 1.0131. These
rosULts indicate that the isotope effect is dependent
on the rate of sulphate reduction and increases as the
rate is decreased by lowring the of
reducing agent. The fractionation factor of 1.011
obtained, on the average, in the region independent of
lactate contcntration is identical with that originally
obtained by previous worAors (76,77) at 25°C using
continuous culture techniques.
(b) Effect of dr.etcrial Growth: It was apparent that
the rate could not be increased sufficiently by increas-
ing the lactate conccmration to give the low raction-
ation found in the continuous culture at high aoe.tibooic
activity. It has been reported (70, 106) that the rate
of reduction of sulphate by D, desulphuricans is muich
greater during active growth tnan .1th resting cells.
Therefore, aaaoniua chloride and ye«3t extract were
added to two of the resting cell suspensions, -4-2 and
<14-4, to pjrmit growth of the bact-erla, dubse -uently
two further samples of sulphide were collected under
growing conditions and the fractionation comjpred to that

obtained with resting cells. The results are shown in

Table XI.
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TABLE XEI
BucCerlal Reduction of SULphate

Effect of Coll Multiplication on isotope -‘mctionation

Sample Oppical Time for Kate - Fractionation

U Beenity Sample A 10° Factor
(nours)

I 0.099 7.0 5.56 1.0117
114-2 f/2 2.2 9.25 1.0099
14-2 .3 0.20 1.7 14.4 1.0070
<44 * 0.099 0.7 4.38 1.0122
R4-4 #2 2.5 15.0 1.0099
R4-4 i-3 0.19 1.5 1&8 1.0054

Jt Aroaoniuoa chloride and yea3t extract added
after these saoolas.

-frooOe3 hydrogen aULphide/hour/uxiit cell popu-
lateion

The addition of the nitxogen source caused a
rapid increase in the ceM density shown by the increased
optical density (column two); the cell population doubled
Within four hours after the addition of the 3¢urce of
nitrogen. This increase was accompanied by an incr- ased
rate of production of hydrogen sulphide per unit cell
~ptuation; the active”™ growng calls carriea ou the
Imitate rodscti-on consider. ably fAister totn resting cells.
As the rate- of production of hydrogen sulphide increased

the sulphur i:wtope 1V~tion”™ion decreasvd ra-th-r o°rkedly.



FIG. 5 DEPENDENCE OF ISOTOPE FRACTIONATION ON RATE DURING ACTIVE GROWTH
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TABLE XIII
Bacterial Reduction of Sulphate
Effect of Rapid Changes From Growing to p sting

Conditions on Isotope Fractionation

Sample gppiqal i.H&%% Fractionation Connitions
S ensity Factor
K5-2 rl 0.22 ,8.8 1.0060 growing
R5-2 j2 0.11 10.9 1.0033 resting
R5-2 O 0.11 32.6 1.0058 resting
R5-2 ,4 0.11 16.8 1.0076 resting
as5-2 rb 0.11 69.2 1.0092 growing
R5-2 a6 0.20 37.7 1.0063 growing
R5-2 p7 0.30 25.4 1.0063 growing
R5-2 .8 0.11 19.3 1.0098 resting
52 p9  0.11 1.0105 resting

k.mjles hydrogen sulphide/hour/mit |
soptUation.

That the fractionation factor is directly
dependent upon the ...etubolic activity of the bacteria,
a3 by the rate of production of hydrogen sul-
phide per unit cell popuUation, is shown in .Figure 5 by
the straight line obtained on plotting the fractionation
as a function of rate. Flvo of the six points lie very
close to th? straight line; the sixth point, correspond-
ing t st.ipie i<4-4 >2, is considerably in error for

~nc™n reasons It is appoint fma these resets
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that under conditions of active growth very little
fractionation of the sulphur isotopes occurs.

There are two possible explanation-ns of this
resu.t* First, two separate enzyme system® for the
baacerial reduction process might be postulated. If
one enzyme system were operative uini“r resting cell
conditions and involved a considerable isotope fraction-
ation, and the other enzyme system were operative only
during active growth of the bacteria and involved no
isotope fractionation, then the above result could be
realized. Second, two steps in a single wchanisa
might be cuiapptitive with regal'd to which is rate-
conntrolling If under cornU.tions of active growth a
step) which did not involve the breaking of a 3-0 bond
were ratr-controlling, then no isotope fraciiotuiiot
would occur. On the other hand, 1f under conddtions of
resting cells the step? did involve the
breaking of a 3-0 Odt<a, then considerable fractionation
would result. Since one would not expect to .ind two
sepurate enzyme systems in tin. sa organism to carry
out one rv action the second explanation appears by far
the more likely. To distinguish between t!n two explan-
ation!) further experiments were devised.

In these expsrilpsiit.s the bacteria w-re studied

in a mtinner whic Ip;rmtis'it rapid changes from conditidss

permuting rapid growth to conditidts
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resting cells. The res<Its asaeribied in Table XIllI
show that during these rapid changes in conditleca the
corresponding change in the isotope fractionation was
quite gradual,. If two separate mechanisms were opera-
tive, one under resting cell c™n*d"itions involvin/' con-
siderable fractionation, and the other under growing condi-
tions involving no fractionation, then one would expect
rather abrupt chuges in the isotope fractionation as
the conditions were changed from the two extremes. On
the other hand, if only one rm.chanism were operative and
the change in fractionation iependoi on the change in
the relative rates of two steps then one would expect
a mjre gradual change in the observed isotope fraction-
ation as tiie conditions were changed between the two
extremes. The malts shown in Table XHI support the
second explanation and indicate that the effect of growth
IS a speeding up of the peeaboeic processes, especially
the step iIn the reaction involving a large isotope effect,
(c) Effect of sulphate Conncanration: Since a decrease .
of the lactate concennration beicw the apjperent satura-
tion coi”ceucratlen has been shown to Lower the .ate of
hydrogen .sulphide production and cause an increase in
the isotope fractionation, i1t was interesting to deter-
mine the effect oi sul hate o<.mmnco»nmtion on the | ate

and on the friotlenatioc of the. isotopes, iiie r* nuTts
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TABLE XIV
Bctortal Reduction of Sulphate

EffQ.C.C. of Siu.pha'te Longentration on Isotope nructiocatCoc

oesecgal itro 1 lactate Fractionation
R3 (series) 0.02) varied 1.0100*
R4 (series) 0.010 varied 1.0115*
1'9-3 0.004 0.10 1.0110
4116-1 0.0014 0.10 1.0130 *
HL9-1 0.0006 0.11 1.0037
RIN-2 0.0006 0.11 1.0031
*E-1 0.00001 0.10 0.9969

*jach value average of five detoraicationa
+ 156% reaction, corrected to aero reactions by

method of Stevens (107).

TABLE XV

Naacteial Seduction of Sulphate
iinf-ct af Tempp:-aure on Isotope. FrattLmenatiec*~

Series Teaggeature Average vcrage

v I'reactiellatiell 'D)0cminn”ons
117 Q4 5.30 1.0089
13-14 30 4.99 1.010b 10
R13 36 4.87 1.0128 5
40 5.19 1.0107 5

Nznel!le/rlOur/1UICt coll population .10

* jcteria previously acclimatized to temperature

at which cell suspension “giaLCtaCnede
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presented in Table XIV show that over the range from
(03 mMmOes/litre to 0*001 mOes/litre the sulphate
concentration had no aCfeet on the fractionation factor™*
H”o"ewvi’, as the concentration was lowered 3till further
the fractionation decreased to 1*003 at a sulphate con-
centration of about 6U10~h moee/lltre, as controlled
by the solubility of stiontiim sulphite* At the con-
centration of sulphate given by a saturated solution of
bariua sulplmte the fractionation factor apparently
inverted with reacting 0*3." faster iiian d"20"
This result WH be discussed wre fully in a later
section of this thesis* When some of these runs were
carried out no quantitative rroasure of the rates were
obtained* 'Qulitatively it was observed tliat the rate
was constant for a sulphate concentratton above 0*01
mles, litre, but decreased considerably at lower con-
centrations™

(d) Effect of Tv .ppeaturo: .iaHouch (77) using contin-
uous culture techniques foun.' a Large temperature co-
efficient fox* the isotope effect in the sicterial reduc-
tion of sulphate (Figure 2)* Thi3 could not be explained
on the basis of a normal temperature coelj.icxent ou
either an exchange or a unidirectional r action as was
shown in the theoretical section; i1t was important to
see whhtu«r this was also a rate-controlled phenomenon*

The effect of temperature on tie rate and on the isotope
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fractionation was studied in two mainem. In one case
the bacteria were acclimatised to the different temper-
atures by repeated sub-culturing at that temppeature; In
the o'.her case the temperature of the cell suspensions
was lowered abruptly without any previous acclimitiza-
tion.

The fractionation of the isotopes in the hydro-
gen sulphide produced by cell suspensions reducing sul-
phate at temppratures from 24 to 40°C is shown in Table
XV. In these four s ries the bacteria were Tirst
acclimatized to the tempprature at which the cell sus-
pensions were maintained by growth at ti. .t temppeature.
Column three shows that the rate of production of hydro-
gen sulphide was a minimim at 36°C, increasing slightly
at both lowar and higher temperatures. The fractiona-
tion factor was a muinun at 36°C, decreasing abovo and
below this temperature. There i/ould appear to be some
degree of correlation between the size of the isotope
effect and the rate of sulphate reduction although the
variations in both, especially the rate, are too 3mJ.l
to draw any definite conclusions.

In addition to the exp ri'tents described above
a further study o’ the tempprature ef’oct wa3 'tade in
which the temp rature of a coll suspension was lowered

after each successive sample was produced; in this case



there wan no previous aocllnmvalaatien to the lower
twapp ruturc, Th* suspo:naiecs of series R13 of the above
table were lowered to 30<>C, after production of 3ample3
at 36°Ct and ~rtiier nappies were collected. The tjerap-
erature then was lowered to 24°C and a third set of
samples collected, dories R12 of Table XV origin-
ally produced samples at 40°C, after which the coll
suspensions wre lowered to 30°C a-hd a second set of
samples collected. The r>'suits from these two scries
are presented graphhcally in Figure 6 where the fraction-
ation is plotted us a function of the rate of production
of hydrogen sulphide per unt coll p~pplLtien. Tt tho
lowe tepppratures the rate of hydrogen aulphlie produc-
tion decreased considerably and the isotope effect
incrtased. That the fractionation is again a function
of the rate is shov/n by the reasonable agreement the
experimental points with the curve druwn through them.
The effect of temperature as shown in Figure 6
IS to be contrasted with lo effect as 3how.i by the
results of Tubie XV, .hen the bacteria wor- allowed
to acclimaise themselves to a teppprature by growth at
that te.-pxeatare they apparently worn capable of adjust-
ing their enzyme s/steps in .such a manner as to enable
them to carry on their mptaboli-mp at the nnorrial rate

regardless of the temperature change. hc-wevor» when



FIG. 6 EFFECT OF TEMPERATURE ON ISOTOPE FRACTIONATION
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they were subjected in cell suspension to a sudden
lowering of O hoopp™Ni™"™ without previous acclima-
tization there was a largo decrease in the meO-abdic
rates which was reflected in an increase in the fraction-
ation o” the sulphur isotopes. This w.11 be discussed
more fully when we consider possible mechanisms of the
reduction reaction.

(e) Effect of Are of Cell Suspension: The large decrease
in rate at lower temperatures in the above runs necessi-
tated mantaining the suspensions for long periods of
time to produce sufficient hydrogen sulphide for analysis.
Figure 6 indicated that the increase in the fractiona-
tion was caused by the decrease in the rate. Howeevr,
there remained the eolslbiliiy that the isotope fraction-
ation was affoctod by the age of the cOIl suspension.

To check this prshshiMrilitty five cell suspensions were sot
up at 36°C and samples of sulphide collected u.'iiil no
more hydrogen sulphide was produced. Six to nine sam-
ples of hydrogen sulphide were produced by each suspen-
sion. For each suspension the first sample produced

and the last sample produced were analyzed. The results
gave, on the average a fractionation factor of 1.014 for
the first sample produced decreasing to 1.009 for the
final saM”p<e. For the fifth suspension all the samples

collected were analyzed with the results shown in Table XV.
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TABLE XVI

Bacterial Reduction of Sulphate

Effect of Age of Suspension on Isotope Fractionation

Sample Elapsed Time Fractionation
(Hours)
R15-5 #1 4.7 1.0142
R15-5 #2 10.7 1.0137
R15-5 #3 20.7 1.0119
R15-5 #4 25.7 1.0110
R15-5 #5 34.4 1.0123
R15-5 #6 45.9 1.0109
R15-5 #7 51.9 1.0103
R15-5 /IS 58.9 1.0105
R15-5 #9 79.6 1.0080

The fractionation factors in Table XVI fall into
three groups. The isotope fractionation for the first
two samples was 1.014, decreasing to 1.011 for the next
sixX samppes, and to 1.0080 for the la t sample. This
decrease In the isotope effect, espectally the abrupt
change, is difficult to explain. The cell popuCation
decreased with age making it im ossible to correlate the
observed fractioration with the rat®*e of hydr°gen sclphide

procduction. The results do show, however, that the large
Increase in the isotope effect found previously as the
temppratcre was lowered (fig. 6) must be an effect oi temp-
erature not age, since aging of the cell suspensions has

been shown to cause a decrease iIn the fractionation.
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Reductlon of Sulphite by itcsting Celia

The sulphur isotope fractionation found in the
reduction of aulphite by efill suspensions of D. do3ul-
phuricans at 30°C over a range of lactate concentrations
ia presented in Table XVII. The fractionation factor was
found to average 1.011, identical with the value found
for the sulphato reduction under similar conditions. In
addition the rate of production of hydrogen sulphide per
unit cell population was almost the same as the rate found
in the reduction of sulphate. Postgate (t?4) has reported
that cell suspensions of ¢ desulnhuricans reduce sulphite
at a faster rate than sulphate, with molecular hydrogen as
the reducing agent. The rates were measured by the rate of
hydrogen uptake, which was the same for both sulphate and
sulphite. Since sulphite requires three mole3 of hydrogen
for reduction compared to four moles for sulphate i1t was
concluded that sulphite was reduced more rapidly. No
measurements were made of the rat«j of hydrogen sulphide
production by Postgate. Our results do not support Post-
gate’s conclusions although the systems are not directly

comparable because of the di fcrence in the reducing age 1
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TABLE XVII

Isotope Fractionation in Bacterial deduction

----- of SUIPiite

OpPical Lactate V&t fractionation

Ooenity (Mooee/1.] X106 Factor
110-2 0.08 0.002 6.46 0.0006
ilo-3 0.08 0.024 7.80 0.0003
R10-4 0.08 0.048 5.5b 0.0024
RLO-5 0.08 0.083 3.09 0.e0L25
R10-6 0.08 0.119 2.65 0.0006

rwiles hydrogen .sul.-hlle/ho-ir/unOt ceil population.

TABLE XVIII
BacCerial. deduction of sdlpliLte

Effect of Ceei .multiplic*Hon 0> laoto+e Fractoonation

‘nple Ohtical Time for date / Fractionation
5 Density SamPer'He. .. 10° Factor
dlo-3 1 0.13 4.5 7.31 1.0103
3.5 13.07 1.0061
H10-3 #3 0.32 . .6 2(c.l:, 1 +C0<3&
* 0.13 4.5 3.09 1.0125
RIO-5 2 3.5 11.11 1.0072
'10-5 -3 0.27 13.52 1.0050
4C Hiiuxa :

cell suspension after these samples
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No evidence was obtained for sulphate formation
during the reduction of sulphite contrary to the report
o™ Spieglor (10f$) wio claimed to have found an increase
in the sulphat conc6vtration during the reduction of a
m.xture of sulphate and sulphite in continuous culture*

In Table XVIII are tabulated the results obtained
when ammonium chloride and yeast extract was added to two
of the suspensions reducing sulphite, The optical denity
Increased considerably Indicating cell mitiplicatilt* At
the same time those '!'a,idly dividirg; cells showed an in-
creased rate of sulphite reduction per unit popuh:tion*
As the rate increased the fractionation dropped accordingly,.
The result In the c¢S3« of actively growing cells as seen
to be identical for the reduction of both sul -hite and
sulphite*

Suri ary of RAttults

Al the results presented show that the extent of
the sulphur isotope fractonpation in the bacterial reduc-
tion of sul hate is dependent on the rate of reduction,
regardless o nwother this rate is conn-rolled b' the
terapprature, conccenration of meatboites, or conditions
of growth* In Figure 7 the isotope fractionation obtained
varying these conditions is plotted as a Junction of the
rate of hydrogen sulphide reduction* It is seen that all

the values fall on a smooth curve regardless of the condi-



FIG./ ISOTOPE FRACTIONATION AS A FUNCTION OF RATE
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tions of the experiment. On the same graph we have shown
the isotope effect in the redu.tion of sulphite as a func-
tion of the rate. In this case also the fractionation of
tt;e sulphur isotopes app. ars to depend on the rate in much
the same imunier as for sulphite.

DirtLng the preparation of this manuscript, Kulp
and co-M”7ir™Mirs (109) reported, in a brief note, that they
had observed a large tempprature coefficient for the iso-
tope effect in the redaction of sulphate by D, ile3iuiphurl-
cans. in essential agreement with KaHouch's earlier results
from this laboratory. They auj gested that the siae of the
iIsotope effect was affected by factors Milch influence the
rate of growth, although they made no effort to explain
the r suit nor did they su gest a mechanism. The experiments
of this work show that the isotope effect varies considerably
not only w.th temperature but also w"th conccntration of
mtt t~boltites and conditions of growth. T t m sults show
further that in every case the main effect of these vari-
ables is due to the rate of reduction of ml 'hate under
the conddtions of the exp?jrim"i*t,. finally, the results
taken together suggest a mechanism whereby tho widely
different isotope of ects cun be explained. This m’chanisra

of the baccerial redaction of sulphate is discussed below.



Discussion

It was mntioned previously that the large varia-
tion of isotope effect wWth rate could be explained by
postulating a reaction sequence involving two consecutive
s™eps either of which could bo rate-controlling. If one
of these steps involved a large fractionation of the iso-
topes and the other involved little or no isotope effect,
one could expect a large vuriation in the observed fraction-
ation depending on the relative ratos of the two steps.

Our results show that at low rates of sulphate
reduction the rate-controlling step in the bacterial
sulphate reduction involves an isotope effect of at least
2.5.i. This comp”es with 2.2> obtained in the reduction
of sulphate by chemcal methods. For the chemical reaction
It was shown that the rate-controllirg step was the initial
3-0 bond breakage occurring in the reaction 30/M------- .
Cornpaaison of the two isotope effects sugggets, at once,
that the same step is rate-controlling in the bacterial
reduction at low rates as was rate-controlling in the
chemical reduction. At high rates of sulphate reduction,
during active growth, the rate-coritrolliig step showed

only a very smaH isotope effect. A smll isotope eifect

_21-
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also was obtained at very low sulphate concentrations
indicating that this rate-controllirg step directly in-
volved the sulphate ion in a reaction resulting in very
little fractionation of the isotopes*

A great amount of vork has been reported in the
literature (& M ™NO-11?) shoWlng that the reduction of
sulphur compounds by D« desul-haricans occurs through the
following sequence of reactions Wth a separate enzyme for

each sten-

It has been shown (101) t at the reducing agent,
such as lactate, acts to reduce sulphate and other com-
pounds through a fumarate-succinate cycle outlined below.
Electrons apparently are transferred between the two sys-

tems by a cytochrome system (117-120).

Lactate is thus directly involved in the sulphate roduc-

tionj a decrease in the lactate conccntration decreases

the rate of the reduction reaction.

The scheme for the sulphate reduction, outlined
above, shows that sulphite is an intermediate in the

reduction of sulphate although aLl attempts to isolate



-83-
sulphite in the bacterial cell have failed (82,113-116).

These reaULta along w.th other evidence from inhibition
studies and relative rates of reduction (84,111,112) have
shown that sulphite is reduced faster than sulphate in the
b°ceria, cell. These reasons and especjLalLly the agree-
ment of the isotope effect in the chemical reduction with
the isotope effect at low rates of bacterial sulphate
reduction lead us to the conclusion that at these low
rates the rate-oentreliicg: step in the iacceriai reduction
iIs the first S-0 bond breakage occurring in the reaction
30r-------- as in the case of the chemical reduction.

Any step in the further reduction of sulphite cannot lead
to an isotope effect since all the .sulphite i1s reduced as
rapidly as it Is formed.

It lias been observed in this laboratory (83) that
sulphite and sulphate undergo some isotopic exchange in
the presence of bacteria suspensions containing no lactate
as reducing agent. This suggested that the isotope fraction-
ation observed in the sulphate reduction might occur during
this exchange. Howeevr, wthout a build-up of sulphite no
exchange reaction could occur; in the experiments prom”oing
the exchange sulphite was <aiioi to the suspensions, fur-
ther, this exchange occurs only very slowly with no reduc-
ing agent present and wth only a sm”ai amount of lactate

present does not occur appreciably in forty-eight hours,
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considerably longer than our fractionation experiments*

The low isotope fractionation when the bacteria
were rapidly growing could be explained by potulating a
dilXerent mechanism for the reduction under these conditions*
3 di/cu/sed previously thia second mechanism is considered
to be highly unlikely both on a theoretical basis and from
experimental results. The question then art/e/ of the step
in the reaction sequence which is rate-controlling during
rapid sulphate reduction* lieaults show that this step
involves very little fractionation of the isotopes* The
saiae step is undoubtedly rate-controlling at very low
sulphate concentration, where again a smaH isotc”o effect
was observed* This decrease of isotope effect at very low
sulphate conccntratton suggests that the rate-controlling
stop both in this case and during active growth i3 the
pick-up of sulphate by the bucterial cells* The pick-up
of sulphate by the cell would not involve a large isotope
effect since there is no great change in the bonding of the
sulphur during such a reaction*

The study of uptake of ions and mooecules by cells
(121-124) has suggested that negative ions such as sulphate
cannot enter the bacterial cell passively due to the negative
charge of the bacteria under phy3/ologicai condittons (125,
126)* The theory is that an active anion absorption must

occur deriving its energy from the anaerobic fermentation
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of carbohydrates.

Whheher the "ate of pick-up of sulphate is con-
trolled by the diffusion of sulphate to the cells or by
the active transfer through formation of a sulphate-
enzyme complex in either case the isotope effect would be
small. The isotope fractionation in diffusion is dependent
on the square root of the ratio of the naass of the two
isotopic specie 0 *0p and S™o= . 3uch an isotope offect
would be very amdl for the highly hydrated ions present
in solution; i1f any isotope effect were observed it would
show the 8320? reacting faster. On the other hand the
formation of the enzyme complex in the active transfer would
probably involve an equilibrium with the 3 favoured iIn
the complex to a slight ext-nt. The isotope effects In
the two possible cases are in opposite directions but both
would be quite small. The rosult®> at very low sulphate
connennration (Tat*yXV) showed the S3**D= reacUng faster-
by 0.3$ suggesting that the active transfer was rate-con-
trolling. In view of the 3m~l effect this point perhaps
should be studied further.

The postulate that the pick-up of sulphate is rate-
controlling during active growth and at low sulphate con-
centration is in accord with Michell (127) who states

that at low nutrient conmcnnratisn the limiting factor is

the rate of nutrient availabilitd determined by the rate
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of of to the cell surfa”™ or through
the osmotic barrier.

The lowering of the temperature of tho cell suspen-
sion would cause a greater decrease in the rate of the
reduction step than in the rate of sulphate pick-up, since
the reduction step woULd have a greater activation energy.
That the fractionation increased as the temper—ture was
lowered must mean that the reduction reaction became more
rate conarolliaf; this supnoots our p>rltulatrs concerning
the rate-controlling steps in the reduction reaction.

The few results obtained on the isotope fractiona-
tion in the bactei'ial reduction of sulphite suggest that in
this reduction a reaction sequence occurs similar to that
for suiphate. At high rates of reduction the isotope
fractionation decreased probably because the pick-up of
sulphite becane rcir—ccntrclliag.

It is 1airrrsiiag to soe what variation of isotopic
fractionation ulth rate could be expected theoretically
from a reaction sequence ox the type proposed for the
bucterial reduction. The mechanism we have proposed in-
volves the two steps pick-up of sulphate and reduction to
sulphite competing for control of the rate and can be
witten as follows for the two isotopic species, were

30= (bound) is considered a sulphate inside the bacterial

ceil.



3320J (sol’n)

S340J (sol’n)

Mecannel and Sraoc't (12$) recently have dealt with
the Kinetics of a reaction sequence of this type, from
their equations one can derive the expression given below
for the fractionation factor, assuming a steady-state con-

centrctiot of bound sulphate

This equation shows that if the reduction step
involves a large isotope fractionation whle the first
step, either equilibruim or unidirectional, involves
essenticliy no isotope fractionation, the expriraeetaliy
observed isotope effect will depend on the relative rates
of the three reactions. Large variations in isotope
fractionation would be expected 1f changes in experiracntal

conditions caused changes in the relative rates of the

various steps. From the above theoretical expression it

was impossible to obtain a theoretical curve of fraction-

ation factor versus rate of reduction which Ffitted the
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experimental curve (Fig. 7) w.th any degree of accuracy,
although the general shape of the two curves was alallar.

The results presented have shown conclusively that
the rate of meeabolic processes in Hvirg cells can be
controlled by the rate of nutrient up-take. This obser-
vation woUld be difficult to obtain by Kinetic studies;
this work is another example o” the use of isotope effects
in determining the mchaniam of such complex reactions.

The macinurn fractionation of the sulphur isotopes
obtained in the reduction of sulphate by D. desulphuricins
was 2.5%. Annlysis of sulphur and sulphate sa”i®*les from
the Cyronalcin Lakes of Africa where U. desulphuricans are
known to be active gave isotope effects of 1.5 to 3*2%
(Table 1), in very good agreement wth the results obtained
in the laboratory contrelled exper-menns. Our results
have shown that the exitent of the isotope fractionation
Is closely related to the environment of the organism;
the spread is the isotope fractionation for the samples
from Cyrenaici, collected at different times, is not
unexpected. To explain more fully the mechanism of
sulphur isotope fractionation in nature, experiments iie
in progress in this lab oatory celnbbning n. desuf:.hurl cans
iINn 1 mixed culture with photos”™nhhtic sulphide-oxid-iing
bacteria 3uch as are found in nature. It 13 hoped by this

method to reproduce in the laboratory a simplified bacceriif

sulphur cycle such i1s is found In nature.



Appendix
I. Calculation of J/"’ for SC,

xhe rat,io of partition functions is giv°n by the
Allowing equate (egmJLon (14), theoretical aecUtrn)

Wiere and the sumnation
iIs over all i1 frequencies, costing an n- degenerate fre-
guency n time3. The Tollouing values arc- used for hc/kT
(121?).

The calculations of at 2%$°6 and 0°C aro assembled in
the two tables below. The G (u) values were taken from

layer (79). TieAw , values
are those calculated by Bernstein and Evans (#7) and the
wx values are the average of the Raman lines given in

XX Thp w* values were calculat d from the
and /\‘Wk viTuese
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AN W oW N

AN D w0 W O

*2_

954.5
613.6
923.5
923.5
456.3
450.3

“21

954.5
613.6
923.5
923.5
456.3
456.3

Gclculation of

“11

967.0 12.5
61(5.6 3.0
930.0 6.5
930.0 6.5
468.3 12.0
468.3 12.0

||*1

4.60604
2.96099
4.45644

4.45644
2.20192
2.20192

for 30=

Aoy
0.060320
0.014478
0.031366
0.031366
0.057910
0.057910

GGilciU.ati.on of 'Q*/Qj for SOJ

%
96'7.0 12.5
616.6 3.0

930.0
930.0

6.5
6.5
468.3 12.0
468.3 12.0

U2,

A

5.02667
3.23140
4.86342
4.86342
2.40301
2.40301

Z\u1

0.065829
0.015800
0.034231
0.034231
0.063200
0.063200

(25°G)

C(u2j.)

0.29298
0.21687
0.28734
0.28734
0.17019
0.17019

(0°G)

C(u2.

0.30767
0.23165
0.30218
0.30218
0.18329

0.18329

90-

0.01767
0.00314
0.00901
0.00901
0.00986
0.00986

0("23)

0.02025
0.00366
0.01034
0.01034
0.01158
0.01158
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Il1. Calculation of .yq for S0*

The ~2/~1 ratios for the sulphate ion were re-

calculated using the G(u) values of Bigeleisen and Myer

(79) and the vibrational frequencies and isotope shift

reported by Tudge and Thode (oB). The calc lationa for

25°C and 0°C are swartarised in the following tables

Caaculation of Q@ for 30f (25°0O

«21 "11 N1

1 930 930 0.000
2 451 451 0.000
3 1097.56 1113.60 10.04
3 1097.56 1113.60 16.04
3 1097.56 1113.60 16.04
4 61555 613.90 3.35
4 61555 613.90 3.35
4 61555 613.90 3.35

uz2i

5.29639
5.29639
5.29639
2.97040
2.97040
2.97040

AUj. °(u2<) I1' *AU;j,

0.077403 0.31626 0.02443
0.077403 0.31626 0.02443
0.077403 0.31626 0.02443
0.016166 0.21740 0.00351
0.016166 0.21740 0.00351
0.016166 0.21740 0.00351



Calculation of qJ/Q? for 39:I\(%)

L w2j

930
451
1097.56
1097.56
1097.56

N

615.55
615.55
615.55

A A B~ O W

2H2°-

"11 1*wl
930 0.0
451 0.0

1113.60 16.04
1113.6'J 16.04
1113.60 16.04
613.90 3.35
618.90 3.35
613.90 3.35

Calculation of Qjj/qJ

“21

5.73007
5.73007
5.73007
3.24167
3.24167
3.24167

UL

0.084471
0.084471
0.084471
0.017642
0.017642
0.017642

Cu2i>

0.33015
0.33015
0.33015
0.23220
0.23220
0.23220

-92-

(U . *ZX

0.02789
0.02789
0.02789
0.00410
0.00410

0.00410

for the SJLphate lon of Ca3d0,

The partition function ratio for the 3ulphate ion
in Cu504*2H20 was calculated using the value3 for 3P20£

INn gypsum as given in T- ble iV and the isotope shifts for

sulphate ion in solution given by Tudge and Thode (68).

Thu details of the culculationare given in the foilowing

table.



Calculauion of

W Wi

1006 1006

415 415
493 493
1098.96 1115
111'9.96 1136

581.65 585
617.65 621

1
2
2
3
3
3 1127.96 1144
4
4
4 6618.65 672

AWX

0.0
0.0
0.0
16.04
16.04
16.04
3.35
3.35
3.35

-03-

for Sulphate of CaSO0t«2H20 (25°C

Un

5.30314
5.40448
5.44308
2.80681
2.98053
3.22664

Aui G(u21)

0.077403 0.31648
0.077403 0.31953
0.077403 0.32068
0.01616b 0.20800
0.016166 0.21797
0.016166 0.23140

0.02450
0,02473
0.02482
0.00336
0.00352
0.00374
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