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“ABSTRACT'

The. 1nh1b1t1on of jack bean urease by a number of K ‘
heterocyclic mercaptons was 1nvest1gated The following compounds
not previously tested as urease 1nh1b1tors were found ta be effective
inhibitors:  1,3,4-thiadiazole-2,5-dithiol; 5-mercapto-3-phenyl-
1,3,4-thiadiazole- 2- thione. 5- amino-1,3, 4-th1ad1azo1e-2 -thiol; and
‘rhodenine. The Tatter two compounds requ1red preoxidation w1th H
hydrogen peroxide Pefone they were effective. - Inhibition of urease
- by"these‘heterocyc11c'mencaptans was reVeréed by reducing agents.

The inhibitory properties of the heterocyclic mercaptans were found
to be due to varying amounts of the corresponding disulfides or "
olysu1f1des in the-mercaptan'preperations The results aro consist-
ent with the hypothesis of a thiol-disulfide exchange reaction between
| one or more molecules of either a disulfide or polysu1f1de and one or .

more of the sulfhydryl groups of urease. ’
| ‘.The disu]fides of 5-amino-1,3, 4-th1ad1a201e-2-th101 and
5- mercapto-B-pheny] -1, 3 4-thiadiazole- .2-thione were prepared and their
"propert1es 1nvestigated ‘They were found to be very potent 1nh1b1tors
of jack bean urease. Spectroscop1c studies of the mercaptans and
~the corresponding disu1f1des provided information regarding the .
tautomeric conformat1ons of the mercaptans under various cond1t1ons.

¥ The 1nh1b1t10n of so11 urease activity by heterocyc11c s

mercaptans and a;number.of.othen compounds was 2150 studied.
’Hydroouinone ond'1.4-benzoqu1none were the most effective soil
- urease {nhibitors but wou1d“be unsuitob]e for practical use-becauSe

they.ore strong, irritants. The ddsulfides‘of the heterocyclic

“n.
»

!
I -
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. mercaptans wh1ch were potent 1nh1b1tors of jack bean urease 1n

&

' v1tro. were not very, effective as' soi@ urease 1nh1bitors

1 3, 4-Th1adiazo]e 2,5-dithiol "is not as toxic as the

"benzoquinones and is also an effective 5011 urease inhibitor. ' In

.“laboratory experiments w1th 5011, 1,3,4- thiadiazole 2 5-dithio]l B

when applied at 100 ppm of soil caused a 46% reduction in sofl as

. wprease activity. This compound is the most Satisfactory one for

v

field tests with fertilizer urea.
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. LIST OF ABBREVIATIONS AND DEFINITIONS

Ky Michaelis constant
Kep o ~ solubility-product constant
EC ' ot standard electrode potent1a1 (un1t activities

of oxidant and reductant)

o . formal electrode potential (unit concen-
- : tration ratio of oxidant and reductant)

.gﬁ . - redox potential (experimentally measured)
ﬁ%w / e !
nm N ‘nanometers L . MO AN
. , : o n’n A N
em~ 1 wave number (I/wavelength, used in infrared
. spectroscopy)
‘MH# o o megahertz (IOé‘cches per second)
m/e R _ mass/charge ratio (each peak in a mass
s ' - spectrum is character1zed by its m/e rat1o)
Xmax “ h | wavelength at which maximum‘absorption occurs
C, e a molar ext1nct1on coeff1c1ent (Beer's law:
: optwcal denS1ty e]c) :
n.m.y, - " nuclear magnetic resonance spectroscopy
™S - - tetramethyls1lane (an 1nterna] standard for
e n.m.r. spectroscopy)
DMSO . 5 dimgthyl sulfoxide
DMSO 46 -+ deuterated dimethyl sulfoxide

2 L I



sor ppm

ps.

Au

Parent Peak

®

Basé Peak'
M.P.-

C;C

meq

TRIS

. EDTA

BSA

NADH

ATP

KBr

the chem1ca1 sh1ft of a proton 1n the
n.m:r. spectrum . :
_Ak(cps) X 106
ascillator frequency (cpSY

cycles per seéond

‘the d1fference between the ‘&bsorphon

frequency of a proton in the n.m.r. spectrum. -

and the absorption frequency of the
1nternal _standard (usua]]y TMS)

A4

in mass spectrometry the parent peak is.
the one which corresponds to the
molecular ion. The m/e value of the
" molecular 1on is equal to the'molecular .
we1ght - _

_.phe most {ﬁFense_peak iﬁ a‘mass Speétrwn
me1tfﬁg point
cation ex;hangé_capacity

\\\jﬁlsiedy%valgptgf

tris (hydrﬁxymetﬁyl) éminomethaﬁé' :
_(éthy]enedinitri]o) tetraacetic acid

" bovine ﬁerﬁ& a]bumeﬁ :
reddced‘nicotinamidg adenine dinuﬁ]éotide
adénbsipe’tfiphosphate

LPheﬁy] group

potassium bromide

viti



~WseD
SU .

o

A:0.A.C.

N

water-soluble carbodiimide. In this

study the following one was used:

- 1-(3-dime thylaminopropyl )-3-ethy1-
~ carbodiimide hydrochloride

~Sumner unit.  One. Sumner unit is the .

- amount of urease that liberates one

~-milligram of ammonia N from a 3% urea
solution at pH 7.0, and 20°C in § minutes.

,'Inteknatjoné1'unit. One International unit
- 1s- the amount’ of .urease that catalyzes the
~ decomposition of one pequivalent of the

bond involved in one minute (usually defined

- .at _309C, although 20°C can be used).
© 1 SU (20°C) = 14.28 IU (20°C) A

4

the,mblarrconcehtration'of inhibitor at

- which a urease preparation has 50% of its

activity remaining o '
Association of Official Agricultural
Chemists -

{
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INTRODUCTION
L

The ability to control the rate of hydro]ys1s of urea by
the enzyme urease has practica] implications in both med1c1ne and
agriculture. It 15~well known that urea itself is re]at1ve1y non-
toxic but the free anmonia that results as one of the products of .

urea hydrolysis certainly is toxic. | |
| Urease inhibitoréecouldﬁbe-of.value in treating hyper-
amnonaemic states by'redueiné the contribution of gastric urease to
blood ammon1a lévels resu1t1ng from 1nfect1ons of ureo]yt1c bacteria
(F1shbe1n, 1967). Chem1pa1 urease 1nh1b1tors admin1stered to patients'
in hepatic coma have been shown to loweg blood ammon1a levels but
‘ eva]uation of the clinical benefit of this treatment is st1]] under
1nvest1gation (Summersk1ll et al, 1967).
In agr1cu]ture non-protein n1trogen sources have become
| popu]ar as feed supp]ements for rum1nants because they are cheaper -
.than convent1onal prote1n sources. Urea 1s used as a non~prote1n
n1trogen source, but it can only be used in 11m1ted quant1t1es
'because of prob]ems ar1sing from the rapid hydro]ys1s of urea in the
rumen. Urea is hydro]yzed to ammonwum b1carbonate more rap1d1y than
the amnonmn ions can be used by the rumen mi croorgamsm A large
'port1on of the excess ammonium is absorbed across the rumen wall
1nto the blood stream of the animal, resulting in both toxicity and
the 1heffic1ent use.of_nitrdgen. Larger quantities of urea could ‘
be 1nc6rporated intg ureaffeeds if rumen.urease activity could be

reduced (Jones, 1968). .
’ : ™



Urea is now one of the 1mportant nitrogenous fertilizers.
At high rates of urea application, part1cu1ar1y on ca]careous so0ils
of Tow buffering capacwty, there can be poor crop responses Severa]
factors are respon§1b1e for some of the’ prob]ems encountered when
urea is used and the primary ones are the loss of n1trogen by vo]at-
*  ilization of ammonia gas, and tox1c1ty to plants caused by ‘the
R ammonia produced by the hydro]ys1s of urea, These problems could be
g eliminated if the-hydro]ysis rate of urea was'COntrolled  The rate
-at which ammon1um blcarbonate is produced from urea in the so11 could
‘be retarded by either decreasing the rate at which urea dissolves in
‘the soi] solution or by reducing soi1‘urease activjty.> A‘nunber of
“slow reiease urea ferti]izers are now on the market such as: urea-
forma]dehyde polymers, su]fur coated urea, and various other types of
coatIngs and mixtures (Beaton et al, 1967, Lunt, 1971, Mays and
Terman, 1969).' A large nymber of compounds have a]so been evaluated
ﬂas soil urease 1nh1b1tors with a view to decreas1ng the rate at which
urea fertilizer “hydrolyzes in the soil. |
The initial obJect1ve of_this researchowas to assess the
effectiveness of a number of chemicals as soil urease inhibitors. A
new class of urease inhibitors, the heterocyclic mercaptans, were
discovéredstring the initia1&experiments Subsequent]y, additional
- work was carried out to delineate the mechan1sm by which these
compounds inhibit urease. The heterocyc11c mercaptans that were
studied in detail were: 1,3, 4-thiadiazole-2,5-dithiol, 5-amino-1,

3,4-thiadiazole-2-thiol, S-mercapto -3-pheny1-1,3,4- th1ad1azo]e 2~

th1one, and 2- th1oxo 4-thiadiazolidinone (rhodan1ne)



LITERATURE REVIEW

‘I, Distribution of Urease

The enzyme urease (urea aﬁfdehydro1ase EC No. 3.5.1.5)
h1ch cata]yzes the hydrolysis of urea was the fwrst e zyme to be
pur1f1ed, and was first crysta111zed from. fh&vJaCk bean (Canava11a
~ ensiformis) by Sumner (1926). Urease is found in some higher p]ants
} and in many spec1es of bacteria, yeasts, and fungi (Sumndr, 1953)
"A1though urease was the f1rst enzyme to be pur1fied, its properties -
and mechan1sm are st111 not fully understood.

“In blologlcal-systems urea 1S'formed by the enzymatic
‘ dégradation‘df purines, and By the urea-orﬁithine.cyc1e‘(Kamfn and
Handler, 1957, Reinbothe and Mothes, 1962). Urease serves differing

' N
functions 1n‘various organisms. 'Citru]]us seeds contain high concen-

- trations of urease which functions as a storage protewn to.be

f consumed dur1ng genn1nation (Williams, 1950). In some m]croorganisns

‘urease is involved in n1trogen metabolism, partiéu]ar]y when nitrogen

is»limiting (Kaltwasser et gl, 1972). It was originally thought that

urea was a required nitrogen source . for T-Strain mycoplasmas and

urease Was necessary to break down. urea so it could be used in

_n1troge bmetabolism (Ford and MacDona]d 1967) However, more reeent
work indicates that these mycoplasmas can use several other ni'trogen
fsouroes (Ford et al, 1970, Masover and Hayflick, 1973) |

In both plants and m1croorganlsms the synthes1s of urease
is frequently 1nduced by its substrate urea. and repressed by the
Lproduct ammonla (Durzan, 1973, Magana- P]aza and Ruiz- Herrera 1967,

Matsumoto et a1, 1968, Shim et al, 1973, Stewart, 1965) Several

<
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species of Pseudomonas, Hydrogenomonas and Mi crococcus synthesize

.large quant1t1es of urease under cond1t1ons of nitrogen starvation
(Kaltwasser et al, 1972) It is-not c]ear whether urea is an

1nducer or-a "non-repressor nitrogen source“ and thus causes
"derepression" due to lack of nitrogen precursors of the repressor-
protein. Ka]twasser suggested that ammon1a or am1no ac1ds can
function as precursors of repressor protein. It is a]so possible

that urea cou]d be present as an inducer durwng nitrogen starvation,
s1nce,the endogenous metabolism of purines will produce urea (De Turk,

,1955)_ Sporosarcina ureae and Proteus vulgaris have urease as a

.'const1tut1ve enzyme since both produce ]arge amounts of it under
;a11 culture conditions (Ka]twasser et afl, 1972)
‘ Some yeasts and unicellular a]gae can, ut1]1ze urea as a
n1trogen source but do not possess urease (Cook and Bou]ter, 1964
Left]ey and Syrett 1973, Roon and Levenberq, 1968). These organisms
have been found to possess a new enzyme capable of hyro]yz1ng urea ’
cal]ed ATP: urea- am1do1yase which is an ATP dependent biotin
requiring enzyme (Roon and Levenberg, 1968, 1970). ATP: urea
amidolyase 1s‘e1ther two separate enzymes (Thompson and'Muenster,

| :1971) or an‘enzyme,cOmplex‘(Whitney and Cooper, 1972). The |

: hydroiysis is in tuo steps; tbe binding»of bicarbonate and urea
followed by the re]ease of allophanate; and then the hydro]ys1s of
al]ophanate to ammon i um bicarbonate (Roori and Levenberg, 1970
wh1tney and Cooper. 1970). Urea am1dolyase has‘a Tower KM for urea

than urease and may function in env1ronments where urea concentra—

tions are very low (Roon and Levenberg. 1972)



i1. Properties of Urease

Most of fhe studies of the kinetics and properties of urease

have been with jack bean urease. Although urease was once considered

o specific for urea it has been shown more recently to be capable of

' hydro]yz?hg hydroxyurea (Fishbein et al, 1965), dihydroxyurea
(Fishbein, 1969b) and semicarbazide (Gazzola et al, 1973).

| The final end prbduqt of -urea hydrolysis is ammonium
Bi&arponate. vThe séqv%née of products is-mos¢ likely one of the 

three following possibilities (Varner, 1960).

o . o o
N UREASE 1 |
X “2":]':5-:% —726-5-—9 HaN-C-OH  +  NHg

2H,0

- V

2 NH3+CO, + 2H0 £ 2NHy + HCO3; + OH

N R I
2. HpN-C-NHp -MBEASE S pon-C-on  +  NHg
UREA 2~ |

| . N\
2NHs + HCO3 + OH £&——5 co, + 2NHg



. 9  UREASE y | N
3. HpN-C-NHp —UREASE a0 — Co, + 2NH3
| . UREA
2 Ha0

2NH, + HCO3 + OH~

‘Isotope studies of urea hydro]ys1s in H, 018 enr1ched water
eliminate react1on sequence 1 as a poss1b111ty but do not indicate
‘which of sequences 2 or 3 are correct (Wang and Tarr, 1955)

ATthough carbam1c acid has been shown to be present in the ;Etionm
mthure dur1ng the hydro]ys1s of urea by urease (Sumner _E.E_. -1931),
it is possible that carbamic ac1d can be fonmed from ammonia and
-.“carbon diexide Gorfn (1959) used carbonic anhydrase to prevent

the fonmat1on of carbamate from anmon1a and carbon dioxide, “and was
ab]e to show that carbamate is present during the hydro]ys1s of urea.
The initial kinetic parameters for the hydro]ys1s of urea at 11m1t1ng
_ substrate concentrat1ons are cons1stent w1th carbam1c acid and ammonia
as first reactjon Products (Blate]ey gt,gl, 1969). Thus, reaction

sequence 2, which involves the enzymatic cleavage of urea to ammonia

'”_:and carbamic acid, fo]]owed by the chem1ca] hydrolys1s of carbamic

ac1d to ammonia and carbon d1ox1de is the currently accepted mechan1sm

for the complete reaction in the urease-cata]yzed hydrolysis of urea.



Urease 6ct1vity.is affected by pH, buffer, salt, and urea
concentrations (Howell and Sumner, 1934). Fasman and Niemann (1951)
investfgated the effects of phosphate buffers on urease\actiyity,
and found sodium and potass1um ions inhibited urease, and phosphate
oehaved'as an aotiyator. Kistiakowsky gt_gl_(1952) suggested that
the inhibitory species are complexes of either sodium or potassium
with the var1ous phosphate anions in solut1on |

The optimum pH for urease act1v1ty is pH 7.0 1n maleate
buffer (K1strakowsky and Rosenberg, 1952) and pH 8.0 in tr1s (hydroxy-
methyi) aminOmethane (TRIS)-suifateVbuffeh'(wa]] and Laidler, 1953a):
The difference in the pH‘optima between various’buffer systems and |
other anomalous resu]tslhave been c]arifieo somewhat by hore recent’
work. In citrate ano'TRIS huffers the end product is ammohiun carbaﬁate
.whereas phosphate and maleate buffers catalyze the chemical hydrolys1s
}of carbamate to ammonia and carbon d1ox1de (Jespersen, 1975). " The
ammonium ion concentration result1ng_from the'hydrolys1s»of urea would
be higher”in the'phosphate-and maleate butfers than in thg citrate and
TRIS buffers. The ammonium ion has been shown to inhibit urease
~iHoare and Laidler »1950) Thus, most of the diffehences between
various buffer sys tems can be attributed to the d1fferences in the ‘end
v products of urea hydro]y51s _ |

Fischgold (1934) found ureése actiyity to be independent of 
oxidation-reduction potential (Ex) over a fairly wide range, but Sizer
and Tytell (1941) found the activity"df jack bean urease to vary with
Ep.. Some of the compounds S1zer and Tyte]] used to poise the Eh can

anh1b1t ureasé, so their resu]ts are in quest1on



.The variation of enzyme activity with enzyme concentration
should be 11near when the substrate is in excess. Urease activity has
been shown by some workers to vary 11near1y with enzyme concentration
(Kistiakowsky et al, 1952) and others have found a nonlinear relation-
ship (Wall and Laidler, 1953b, Peterson et al, 1948). Wall and
Laidler (1953a) found the kinetics of urea hydrolysis by urease to
follow the Michaelis-Menten schéme with the rate falling off somewhat
at high substrate concentrationsf; Conflicting results were reported
by K1st1akowsky and Rosenberg (1952) which 1nditated that urease
~ deviates from Michaelis- Menten kinetics at both high and low substrate
~concentrations. In order to account for these deviations they pro-

- posed the existence of either two types of active sites with differing
M1chaells constants or identical s1tes which 1nteract with each other.
The Michaelis constant of urease is 1ndependent of ionic strength
(Kistiakowsky and Thompson,-1956) ‘The first step of urea hydro]ysis ﬁ,
invoIves the reaction of an uncharged urea mo]ecule w1th the enzyme, |
S0’ the magnitude of the dissociation constant for the enzyme substrate
_complex should not vary with jonic strength. ,Thus, the observed
hichae1isuconstant is a true one. 'Carbon and nitrogen kinetic

' 1sotope effects have been demonstratlon for urease (Rabinow1tz et al,
1956, Singleton et al, 1951) Lynn and Yankvnch (1962) studied €13
1sotope effects in deta11 and concluded that the mechanism is very

. comp]ex. Lynn (1967) found the temperature dependence of urease to
,'vary wtth the enzyme preparation used, and although Michael1s—Menten
kinetics were followed, each preparation had a un1que pair of kinetic

parmneters ~ Lynn and Yankwich (1964) suggested that urease preparations

A



‘contain a mthureyof 1sozymes and interconversions between the
isozymes are responsible for the kinetic comp]ex1ty Subsequent
work by other.authors, which will be discussed later, has confirmed
this hypothesis.

The rates ofyenzyme—eatalyzed reactions tend to increase
with temperature until at higher temperatures the rate decreases
rapidly due to denaturatibn of the enzyme (Ashmore, 1963). Over
fntermediate'temperature ranges the temperature dependence of‘most'
enzymes can be described by the Arrhenius equation: |
k= AeEa/RT ) ‘1\

K = rate constant. -
A = pre-exponential factor
Ea = activation energy |
- R = gas constant |

| T = temperature in 9K -

‘ The activation energy of an enzyne is dependent on the
'»exper1mental cond1t1on§ Actlvat1on energ1es varying from 4.4 kcal/
mole to 11.7 kcal/mole have been reported for urease (Larson and
Ka]llo, 1953, Miller et a], 1968, S1zer, 1943) .Sizer (1943) reported
the” existence of a temperature d1scont1nu1ty in the Arrhenius p]ot
‘of urease, but this observat1on has been d1sputed by others /
1(K1$t1akowsky and/Lumry, 1949, Miller et a] 1968). The anoma]ous
'temperature effects are probably caused by changes in the d1str1- B
but1pn of the var1ous 1Sdmer1c forms of urease under different
experimenta] conditlons thus resulting in correSponding changes in

the temperature dependence bf urease act1v1ty.» c f

}



The molecular weight of urease has been determined many
times and typical values are 483,000 (Sumner et al, 1938) and 487,000
(Siegel and Monty, 1965). The isoelectric point of urease has been
shown to be between pH 4.9 and pH 5.1 (Contaxis and Reithel, 1971a,
Creeth and Nichol, 1960, Sumer and Hand, 1929). Two isoelectric
points of pH 4.75 and 5.15 have been reported for different components
of a mixture of urease isozymes (Fishbein and Nagarajan, 1972a).
Recent work indicates that urease is a nickel metalloenzyme and
contains nine atoms of.nickel per urease molecule (Dixon et al, 1975).
The exact function of the nickel atoms in urease has not yet been
~ clarified.
a The presence of sulfhydryl groups in ureasé was first
demonstrated by Sumner and Poland (1933), and sulfhydryl groups have
since been shown to be essentiaT for the catalytic activity of
urease. Hellerman et al (1943) found three types of sulfhydryl
’groups; 20 - 22 groups per ureasé molecule that are highly reactive
but not,hecessary for enzymic activity, another 20 - 22 that are
somewhat less reactive but essential for enzymic¢ activity, and 60
relatively unreactive groups that are not involved in enzyme activity.
However, the reagents they used to titrate sulfhydryl groups have
beén criticized for‘either'qot reacting completely or being nonspecific
(Cecil and HcPhee.'lQSQ,#éorih et al, 1962). More recent work
indicates that there are 26 - 28 reactive sulfhydryl groups per urease
molgéule, another 7 - 9 that are hecessaryhfor enzymic activity and
: 50 that can only beﬁtiffgted after‘urease has been exposed to 6.0 M
guanidine hydrochloride (Andrews and Rekhel, 1970). Guanidine

10
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~ hydrochloride causes urease to unfold so the squhydry] groups in-

i

o

the interior of the enzyme are\accesSib]g to the tftration reagent.
Titration of urease activity with specific urease inhib-
itors and reagents specificifor sulfhydryl groups have been used fo
determine the number of active sites per ureése molecule. The results
have varied from two to eight active sites per mo]écu]e.' Titration
of‘ureasevwith N—ethy1mé]eimide indicates eight active si;es per

molecule (Andrews and Reithei, 1970, Gorin and Chin, 1965) and with

. silver 1onsfthree to four (Ambrose et al, 1951) Two mo]es of

capry]ohydroxam1c acid will completely 1nh1b1t one nnle of urease
(Kobash et al, 1966) and inactivation of urease by deuterons
indicates four to six active sites (Sét16w, 1952).

| Many pro?&’ns of molecular weigh§ over 50,000 - 100,000
aﬁe stable assemb]igép;f structural subunits. Structural subunits
of .molecular weight 50,000 - 60,000 (Gorin 93_319‘1967) and 80,000
are formed whenvurease is treated with sodium dodecy1 su1fate.

Guanidine hydrochloride w111'dissociate urease into subunits of

ho]ecu]ar weight 83,300 (Reithel et al, 1964), and other dissociating

agents give subunits of 60,000,(Blatt1er and Reithel, 1970), 30,000
and 90,000.(C0ntaxis and Reithel, 1972). End group analysis and
peptide composition imply a structural subunit of molecular weight
75,000 (Bai Tey and Boulter, 1969).

A number of studies have been carr1ed out to determine
the smallest subunlt that st111 possesses catalytic act1v1ty
Diffusion rate studles suggest that\a subunit of molecular weight
17,000 may be active, although the observed activity may have

resulted from an aggregationvof the smaller units (Hand, 1939).
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"Ureasé can disgociate into a stable and catalytically a;tive ha]f—.
unit of molecular weightv240,000 (Sehgal ahd>Nay10r, 1966, Sehgal
gg_gl, 1965). Dissociation cah be accdmp]ished by addition of glycols
(Blattler et al, 1967, Contaxis and Reithel, 1971b, Goi'in et al, 1969),

by high bH (Fishbéjn and Négarajan, 1972b), low pH (Gorin et al, 1968)
and high ionic strength {Lynn, 1970). Both hydrophobic (Contaxis
and Reithel, 19715) and electrostatic (Fishbein and Nagarajan, 1972b)

fbrces have been posfulated to explain the bonding between the two

- half-units. Urease extracted from Bacillus pasteurii only exists in
the half-unit form (Tanis and Maylor, 1968).
The presence of polymeric forms of_ureasebin some prepar-

ations has been observed many times (Kuff gz_gl)41955, McLaren et al,

1948, Reithel ahd Robbins, 1967, Sumner et al, 1938). . The polymeric
forms of urease are he]d together bykintermoleculgr disulfide bonds
(Fishbein and Nagarajan, 1971) and the polymeric forms can be
converted to the monomer by tﬁ% addition of su]fite’(Creeth and Nicol,
1960, Nicol and Creeth, 1963); The specific activities of each of
the polymers 15 approximately the same as thg monomer, and each of
 the polymers i; a linear aggregate of moqpméfs (Fishbein et al,
1970, Fishbein et al, 1973).

Using gel e]ectrdphqresis and a stain sénsit%ve to urease.
concentrations approaching those used in kinet%c studies, Fishbein
(1969a) was able to detect at least twelve isoenzymes of urease

(Fishbein et al, 1969). These included the half-unit of urease,

polymers up to the pentamer, and a number of iSOZymes differing only

\

slightly from the principal forms. Fishbein (1969a) suggested that

the s1ight1y differing forms of urease may be either conformational

12



isozymes or molecules differing by a smal)lsubunit of molecular
weight 20,000 or less. .Two very similar isozymes of urease can be
separated on‘DEAE-Sephapex'(Lyﬁn, 1971a). The isozyme content of
urease preparations‘varies}with the source of the enzyme and the
purification'brocedure (Fishbein, 1969a). The cohf1icting kinetic
results and anomalous temperature effects reported by many previous
authqrs(are quite reasonable in the light of the more recent work.
concerning.the stfuctural'comp]exity of urease. Many of the ear1y
workers used heterogeneoﬁs mixtures of urease isozymes and the_:
kinetic parameters of their prebarations depended on the propbrtions
of each of the isezymes. = |

III. Soil Urease

Urea can be weakly absorbed by soil although it is also

~ simultaneously hydrolyzed to ammoniuﬁlbicarbonate by soil urease
(Broadbent.et al, 1958). The primary retention mechanism by which
urea isvheld'ih soil is salt formation between ﬁrea and the carboxylic
groups of soi]korganit matter. ‘Af acid pH values urea can be proton-
"atedvand behave as a catibn‘(érbadbeht and Lewis, 1964, Chin and
Kroontje, 1962). -Urea can compiex with clays by hydrogen bonding
(Mitsui and Takatoh, 1963), and also become protonated on the carbonyl
groub to form hemisalts in acid montmori11enites (hortiend,‘1966).

As well the carbohy] of ureq’can éoordihafe with various intér]ayer
"cations in montmorillonite (Farmer and Ahlrichs, 1969). The ammonium
ions from the hydrolysis.of drea in soil can then be oxidized by tﬁe

nitrifying bacteria to nitrite and then nitrate (Pang et al, 1973).
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The decompdsitién of urea in soil has been observéd during
the.ammonif{cation_of cqléiumfcyanamide since urea is an 1ntenned1a€é
product in this reaction (Cowie, 1920). Gibson (1930) measured the
rafe'of urea hydrolysis in a large number of soi1§°and in‘stérile
s0i1 extract solutions inoculated with soil. He found urease in
every soj1 studied and ghe ratebof urea hydrolysis to be véry rapidk
compared to other Soi] processes., The distribution‘of urease activity
in yaribus soil types is not WeTl-correiaféd'w1th sbi] properties .
koGarity'and Myers,’ 1967) é]though a re]atfonship betﬁeen'urease |
| actiiity and Qrganic ;arbqn content is often observed (Conrad, 1942a,
palal, 1975, Myers and McGarity, 1968). Urease activity is usually
highest in the surface horizons of forest soils (Gibson, 1930,

Roberge and’Knowleé, 1966, 1968), and‘lowest’in alkaline and saline
s0ils (Skujins and McLaren, 1969). Weak urease activjty has been
observed in the lower'miﬁeral horizons of various soils (Cdnrad,_
1940c, Myers and McGarity, 1568), The ability to»hydrolyze urea

was found to vary from 17-71% fdr soil bacteria and 78-98% for soil
fUngi (Lloyd and Sheaffe, 1973, Robergeaand Knowles, 1967). Soi1s'
that have been treated with urea for long periods of t{me_dg not .

have appreciab1&;higher urease activities br peréentages of ureolytic
microorganisms than similar untreated soils (Lloyd and Sheaffe, 1973). |
However, 's0i1 ureqfé activity can he induced by the addition of sma]lln
amounts of ufear(Paulson aﬁd'Kurtz, 1969). The addition of easily )
metabolizableﬂcafbon and nitrogen sdurces will stimulate soil
‘.urease activity.whichbis due to thé increase in total microbial
pobu]ation pf'which the‘ureo]ytic microflora is . a portiqn (Paulson

and Kurtz, 1969).

.
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Urease activity has been detected in soils that have been
air-dried and stored for sixty years and in 9,500 yeér-old.buriéd
pérﬁafrost peat samples (Skujins and McLaren, 1968). Urease
activity can also bevobserved in‘iyophilized urea-urease mixtures
at 60% relative hunidity which implies that urea could be hydrolyzed
in air-dry soil (skujins and McLaren, 1967). Conrad (1940a, 1940b)
was éble to show that urea hydro]ysfs iﬁ soil is a biochemical .

proceséf The presence of to]dene and 6ther antiseptics has qn]y a
| s]ight/ﬁffect on 5611 ureasevactivity, and §011 urease is a]éé'
resistant to digestion_t&} added trypsin (Conrad, 1940b, 1942b).
Conrad (1940b) nggeSted'thét}mos§ of.so11 uyease\aétivfty is
extréce]]u]ar and bgcurs;as a,ligno-proteinvcomplex. Paulson -and
}Kurti (1969) a]tehedvsojl'ureaée acfiVity by adding v&fioug-amend—
ments and cé]culated from a regressioh equationvthat 79-89% of soil
urease activity was extface]]uiar and comp]eiéd by soil colloids.

_ If soil urease is exthace]]u]ér in nature it must be
sfabi]ized andgproteCted frbm pr°té01ysisAjh'order to remain active.
The breakdqyn by soil microbrganisms 0f a numbef of sub;trath_such
' as dextrans and gelatin is not retarded by binding thésé substrates

with kao]inité and i1lite, although behtonite'has a slight protecting

s

effect?(LynCh and Cotnofr; 1956, Olness and‘C1app, 1972), Digestion
of various protéins‘adsorbed on clays by proteolytic enzymes occufs
a]mosi as rgpidly aé_the same process in free so]ution'(Ensminge;

and Gieéeking, 1942,‘MtLaren,’1954). The digestibn of lysozyme
adsorbed on kaolinite by bacte;ia is more rapid than the same‘process
in sé]utioh~(Estermann and MclLaren, 195%9. The highest degree of

protection from proteolysis occurs_whén a protein is complexed with

!/
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- lignin (Estermann et al, 1959). Clay, surfaces may-actually act as

z

-a surface .to concentrate the protein substrate and the proteolytic
enzyme, thus aliowing more rapid hydroly51s (Estermann and McLaren,
1959, McLari;rand Estermann, 1956). Although small quant1t1es of

crystalline urease can be extracted fram soi] (Briggs and’Sega],

‘s
1963), more recent work indicates that a significant amount of soil
£

urease can be extracted as an organo-urease complex (Burn et al,

1972a, 1972b, Mclaren et a_! 1975) " The extracted organo—urease

complex was found to be res1stant to digestion by pronase. (Burns
et al, 1972a) | A |

The Michaelis Cthtant Qt soil Qrease was détennined to be
252 mM by Paulson and Kurtz (1970) but Tabatabai (1973) using a

different assay technidue found a range of values between 1.1 and |

3.4 mM. The optimum activity of soil urease is at pH 7.0 (Vasilenko,

: 1962) Since most of 's0il urease is complexed w1th 5011 const1tuents ,

©oitis useful to cOmpare the propert1es of 5011 ureqse w1th urease
'bound to clay minerals and to other solid supports ;Urease has been
bound to a large variety of solid supports, such as gelatin (Bolimeier

~ and Midd1eman,.1974); g]aSS‘(Weetall and Harsh,,1969), and barjum
stéarate covered glass slides (Lanqmuir and Schaefar,'1938). ‘Sundaram-
and Crook}(1971) added urease to kaolinite and found an increase in
Ky with binding from 11.7 mM to 40 mM, and the pH optimum remaining
unchanged at pH 6. 65. The pH bptimun of an enzyme would be expectedl
to increase after b1nd1ng to a clay mineral because the pH at a c1ay
surface can be 1-2 units ]owerlthan the bulk solution (McLaren, 1962,

McLaren and Packer, 1970). ‘Urease immobi1ized in‘hydrocarbonfbasedf

liquid-surfactant membranes has a Ky of 180 mM at pH 7.0 (May and Li,
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1972) and urease microencapsulated in nylon has a KM of 3.8 mM
‘/ (Sundaram, 1973) Urease bound covalently to njﬁon has a Ky of 3.5
mM, a pH optimum of 7.0 and an'activation energy of 9.6 kcal/mole
between 25 and 40°C (Sdndaram'anq Hornby, 1970). Inso]ubiiized
" urease also exhibits'a greéter stability than:urease in so]ugipn 7
(Riesel and Kagqhalski, 1964). Model énzyme-humic acid'qomplexes have
-beeh prepareduby reacting trypsin and pronase With p-benzoquinone to
’, produce enzymaticé]]y:active‘polymeré having many?charactéristics in
'cannon w1th soil humic ac1ds (Rowell et al, 1973). | |

The ava11ab1e ev1dence 1mp11es that most of soil urease
resides as part of large,cross—11nked organ1c po]ymers, in such a
~ manner that the stability of urease is enhanced«ahd the entry of
proteb]ytic enzymes is restricted' but the substrate and producté can
d1ffuse freely through the matr1x |

Under certa1n cond1t1ons poor crop responses to the app11-
cation of urea fertilizer have been reported’ (Cgurt gg‘glg_IQGQa,
‘Stephen aﬁd Waid, 1963). A numbér of reasons have been suggested,”

such as toxicity from ammonia‘produced'by urea hydrolysis, nitrite .

accumulation during n1tr1f1Cat1on, the presence of biuret in urea and .

the loss of gaseous n1trogen by several mechanisms.

| ~ An equilibrium between ammon1um ions and ammpnia,gas occurs
in adﬁeous solutions of‘ammoniumléalts. Af pH values below sé?en
the ammonium ion predominates, whereas above-bH‘B.O free amhonia_is
the predominant. form. (A1though the ammonium ion is4re1ative1y non-
toxic, ammonia gas is very toxic'(Warren, 1962) and'in_studies of

‘begcised beet root discs and beet root mitochondria, ammonia was

-
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found to 1ﬁterfere with=the elethon transport system, specifically
the NADH oxidase system (Vines and Wedding, 1960).
| The alkaline hydro]ys1s products of urea can ra1se the pH
" of soil h1croenv1ronments high enough for ammonia to be volatilized
and Tost from the soil (Ernst and Massey, 1960). The loss of
'n1trogen by ammonwa vo]at111zat1on is favored by a high 1nit1a1 501{
pH (0verre1n and Moe, 1967) 1ow cation exchange capacity (Martin and -
Chapman, 1951) andvby high femperatures (Watkins et al, 1972).
Ammon1a ]osses vary1ng from 0.4 to 80% of the app11ed nitrogen have
‘been reported for agricultural so1ls (Gasser, 1964, Kresge and Satche11
1960) and from 3:5 to 24.9% for fqrest soils (Nomm1k, 1973a, Qverre1n,
1968) Volatilization loss studies are dependent on eXperimenta]
_technlque (watk1ns et al, 1972), so the abso]ute magnitude of n1trogen
1oss may be difficult to pred1ct but comparat1ve stud1es are st111
valid. Some of the ammonia vo]at1lized from urea-fertilized soil
could be reabsorbed by edjacenf soil (Hanawalt, 1969, Mahendrappa
and Ogden, 1973) Urea has been mixed with acid materia]é such as
phosphor1c and boric acids 1n order to reduce vo]at111zat1on losses
(Bremner and Douglas, 1971b Nommik, 1973b). Leach1ng losses of
urea under field cond1t1ons have been found to be qu1te Tow
(Overrein, 1969) The same soil conditions which enhance,ammonia
volat111zat1on w111 also 1ncrease ammonwa tox1c1ty

Inorgan1c nitrogen as n1tr1te in the so11 can be lost if

the soil pH is ac1d via several chem1ca1 react1ons as shown below:
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(1) - Decomposition of nitrous acid:

3HNO, - > 2n0l 4 HNO3 + Hy0

(2) Van-§1yke reaction involving a- amino acids:

Nfi

3 nk
n—cu-—c~ou+ HN02 —> n—éH OH + Hp0 + N, T
.-

(3) Decomposition of ammonium nitrite:

NHgNO; ————> No! + 2H0

The ahnonidh jons produced by’the hydrolysis of‘uréa‘are

first oxidized to nitrite by Nitrosomonas SP.» which are then oxidiZed

to nitfate‘by,Nitrobécter §bg, Fdr nitrite to accUnuiate soil

_conditions must be suitable for the oxidation of émmonié by Nitro-

somona§ but unsuitable for the oxidétion of nitrite by Nitrobacter
(Chapman and Liebig, 1952). Accumulation of nitrite in soil is

favored by pH values. of PH7 to pH8 and high- ammonium ion concentra~ “f‘
t1ons (Hauck and Stephenson. 1965, Netse]aar et al, 1972). The '
react1ons 1nvolv1ng the vo]at111zat1on of n1trogen from n1tr1te

require 10w pH (A111son. 1963, Sabbe and Reed, 1964) which is not

favorab1e for the accumulatlon of nitrite. Toxicity to p1ants
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from accumulated . nitrite has been observed subsequent to the addition
of urea fertilizer (Court et a] 1962, Court et al, 1964b).

Biuret, which interferes with protein synthesis in plants
(Hebster et al, 1957) can be formed by the thermal decomposition of
‘urea during the preparation of commercial granu]ar urea (Court et al,
1964a) The biuret content of most fertilizer urea produced currently -
is quite low and if the biuret content is less than 1%, 11tt1e or no
damage to crops results (Low and Piper, 1961, Smika and Smith, 1957,
Ni]kinson and Ohlrogge, 1960). _ ;

_ The prwmary problems associated with the use of urea

ferti]izer.are‘nitrogen Toss as ammonia and toxicity due .to ammonia
and nitrite. | |

IV. Assay of Urease Activity

The methods fortkierm1n1ng urease activity can be grouped
' 1nto two categories: (1) fixed time, and (2) continuous assays.
The fixed t1me assays involve the react1on of urease with an excess

of urea, stopping the react1on after a predetermined time period and

measuring the concentration of one of the products. The concentration

of base (Gorin and Chin, 1966), of ammonium (Sumner and Hand, 1928)
and of %c0, from 1/c-1abelled urea (McDonald et al, 1972) have all
been used as a measure of urease act1v1ty c
v The cont1nuous urease assays are (1) potentiometric
determinat1on of the ammon1um bicarbonate produced by urea hydrolys1s
(katz, 1964), (2) coupling ammonium production with an ammon1um
requiring enzyme such as glutamic dehydrogenase (Ka]twasser and

Schlegel, 1966) or horseradish peroxidase which 1s stimulated by
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‘ammonium (Stutts and Fridovich, 1964), and (3) using a buffer and

pH‘indicator bf similar pKa's, and spectrophbtometrica]]y following

the éo]or change of the indicator (Ruiz-Herrera and Gonzalez, 1969).
Many methods.haVe been used to assay urease activity in

| spi]. Soi]'fs a heterogeneous system comprising a large number of

components and a number of factors must be considéred in the study

of a soil enzyme. The fol1dwing aspects are 1ﬁborténtv1n the assay

of soil urease-acti?ity: (1) sampling and storagé'of the soil,

(2) prevention of microbial groﬁth during thevassay, (3) buffer,

(4) method of stopping the rea;tion, (5) extraction solution,

(6) measurement of the amount of urea hydro}yzed.

v Air-dkying of soil samples and storage at either room
temperature or 5°C in closed containérs is fhe accepteq pretreahnént
technique (Dalal, 1975, Zantua and Bremner, 1975b). A number of
sterilants such as to]uehe‘(orobnik, 1961, Roberge, 1968), a high
éngrgy electron beam (McLareh.gg_gl, 1957) and 60Co radiation»(Robekge
and Know%es, 1968) have been uséd.to preventvmicrbbia1 activity. . The
most commoﬁ]y used:one; toluene, has some disadvantages, which can be
overcome if ionizing radiation is used as-a sterilant (Roberge, 1968).
Soil ureasejassays have been performed in both the bresencé (Tabatabai
and Bfemner, 1972) and absence (Zéntua and Bremnef, 1975a) ﬁf buffer.
- Soil urease assays in the absence of buffer are more 1ikely to resemble
field conditions and also produce more@conéisteht resu]ts'(Zantua and
Bremner, 1975a). Phenylmercuric aéetaté (Douglas and Bremner, 1970)
~ and silver sulfate (Tabatabai and: Bremner, 1972) have been used to

'stop the reaction and the most common extractant is 2M KC1 (Douglas
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and Bremner, 1970, }abatabai and Bremner, 1970). “eve:ral wmethods
have.been used to detect the amount of urea hydrolyzed during en
assay (1) measurement. of residual urea in the soil (Douglas and
Bremner, 1970, Keeney and Bremner, 1967, Simpson and Melsted, 1963),
(2) determination of the'ammonium produced'by hydro1ysfs (Roberge,
1968), (3) the amount of 14002 evelved froh 14c.1abelled urea
(Skujins and McLaren, 1969) .

V. Urease Inhibitors

Most studies Qf’prease-iﬁhibition have been with either
jack bean or bacteriaI urease and the‘hydroxamic acids have received
the most attention of any of the known urease inhibitors. The
'hydroxamic acids are specific and nonicompetitive inhibitorsvof urease
(Gale and Atk1ns, 1969, Kobashi 1962) There are differences
in behav1or between aliphatic and aromat1c hydroxam1c acids, the
~ former are irreversible -and inhibition is progress1ve with time and
the latter are instantaneous réversib]e inhiBitors (Kobash et al,
1971)7 Inhibftion df‘urease by,hydroxamic acids is dependent on both .
~ the stefic and hydrobhobicvprbperties of the substituent gfoup | \<L
(Kumakf et al, 1972). The most powerful inhibitor of the hydroxamate \
class is caprylohydroxamic acid (Hase and Kobash1, 1967).
| Hydroxyurea_and djhyroxyurea act as urease inhibitors but
are also hydrolyzed. " The hydrolysis curves are biphasic'in‘nature,
that is, an initial rapid rate of hjdro]ysis'is followed by a S}oWer
hydrolysis rate (Fishbein, 1969b, Fishbein .and Carbone, 1965, Gale,
1965),i Hydroxylamine, onevof the‘hydroiysis products fof'both
hydroxyurea and;dihydroxydfee is a hon-compefitive reveréib]e

inhibitor of urease (Fishbein, 1969b, Fiskbein and Carbone, 1965).



It has‘beén suggested'thatlthe catalytic and ihhibitory sites
are separéte for hydroxyurea and dihyroxyurea (Fishpein, 1969b).
~ Oxytetracycline (Belding and Kern, 1963), suramin (Wills,

1952, Wills and Wormall, 1950), su]fife ions and bisulfite ions
(Ambrose et al, '1950) have been shown to inhibit urease. Thiourea

and methy]ufea are fnhibitors‘of urease but the iatter is a much
strongef inhibitor than }he former (KistiakoWsky and'Shaw, 1953,
Shaw and Réva], 1961a). | Both of these compounds are non-competiti ve
inhibitors above pH 7.0 but are cbmpéfitive inhibitors at pH 6.0.
'Substituted phenyigreas have also been shown to be inhibitors of jack
» bean urease (Cerve]11 et al , 1975). |
! Some meta] ions inhibit urease and can be grouped‘in the'
' following order of inhibitory power: Ag*>HgH>cuH>cd*+>Mn++~CoH
>Pb+f>Ni++:(foren and Burger, 1968). The ofder of inhibition is
inversely proportional to the Ksp values of the corresponding sulfides
}of.thé various metals (Hughes et al, 1969, Shaw, 1954). Thus, metals
which'fonn the most insoluble sulfides are the best inhibitors, which
implies that metal ions inhibit urease by reacting with essent1a1
sg]fhydryl groups at the active site (Shaw and Raval, 1961b)

D1hydr1c phenols inhibit urease and the 1nh1b1t1on can be
reversed by thiol compounds (Quaste]. 1933). Quastel suggested that
’:on1y the oxidized form of d}hydr1c.phenols, that.is theucorfespohding
quinones, are~toxic to urease, | Since‘thiOIS form addition products
with some quinonés (Cec11 and McPhee, 1959), it is likely that
d1hydr1c phen015 and quinones inhibit urease Qy blocking essential

4}
sulfhydryl groups at the act1ve~s1te.

&
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Soil urease inhibitors have been investigated with a view
to eliminating some of the problems caused by the rapid hydrolysis
of fertilizer urea. Acetohydroxamic acid, dihydric phenols, and
benzoquinones havé been shown to be inhibitors of soil urease
(Bremner and Douglas, 1971a, Bundy and Bremner, 1973). Dithiocarba-
" mates have been patented as soil urease inhibitors (Hyson, 1963) but
their effectiveness has been questioned by others (Bremner and
‘Douglas, 1971a). Acetohydroxamic acid and p-chloromercuribenzoate
reduce thé maximum rate of ammonia volatilization from urea%ﬁ)rtilized
soil, but the total amount of ammonia volatilized over an extended
period of time is not changed by these inhibitors (Moe, 1967, Pugh and
~ Waid, 1969a, 1969b). 2;S#Dimethyl-1,4-benzoquinone, a potent urease
inhibitor Has been found effective in reducing gaseous nitrogen loss
from urea app11ed to a Thurman sand (Bremner and Douglas, 1973). Some
'urease 1nhib1tors are a]so nitr1f1cation inphibitors which will result
1n‘ammqniun accumulating over an-extended\per1od of time and the
increased possibility of ammonia vo]ati]ization losses (Bundy and

Bremner, 1974a, 1974b, Moe, 1967).

VI. Properties of the Mercapto-Substituted Thiadiazoles

Q Preliminary studies to'evaiuate a number of compounds for
the inhibition of soil urease act1v1ty showed that several heterocyclic
-mercaptans were. potent 1nh1bitors of soil urease. Additional studies
were carr1ed out to elucidate the mechan1sm by which these compounds
'inh1b1t urease. ‘The fo110w1ng heterocyc11c mercaptans were stud1ed
in detail: 1, 3 4-th1ad1azole 2,5-dithibl, 6- am1no 1,3,4- thlad1azole-_
Z;thioi 5~mercapto 3-pheny1 1,3,4- thiadiazole- 2 thione, and rhodanine
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.'(2-thioxo—44fhiadiazolidinoﬁe) These compounds can also be named
as the corresponding th1one becau5e the possibility of thione- th1o]
tautomerism exists, There are three tautomeric possibilities for

1,3,4-th1adiazq1’e-2,s-dithiol (Sandstrom, 1968):

14

1A - 1B . 1C

S._-S._S ) HS
Y =Y
o Ny Nen
5-Amino-1,3,4-thiadiazole-2-thiol has four tautomeric

possibilities (Sandstrom, 1968):

2A | . 2B
HSY NH S sYSTNHZ
N-—-—-N — yN—N

TRY

S N
HS\H/ \fNH = SYSYVNE:J
N—-——-N§H —_— | Wy
2D . 2c .

Similar tautomeric possibi]it1es also exist for the other

- two compounds . 8

/;‘



Although there is some disputé concerning the tautomeric
form ofyheterocyclic thioamides, the thione form is probably’thé
predominant one (Katritsky and Lagowsky,‘1963, Sandsfrom and
Wennerbeck, 1966). Infrared spectroscopic studies have shown that
.2-pheny1-1,3,4-thiadiazo]ine75-thione_probab]y existé as the thione
. tautomer 1in ch]orofonn_(Ainswofth, 1958). X-ray diffraction studies
(Downie et al, 1972) to determine bond lengths indicate that in' the
solid state Séamino-l,3,4—thi§ﬁiazo]e-2-thi§1 exists as the thione
(ZB); Thorn (1960) compared the ultraviolet spectra in 95% ethénb]ﬂ
of 1,3,4-thiadiazole-2,5-dithiol with its S- énd N- methyl derivatives
and sugges%ed that the dithione tautomer predominates (lA). However,
in chloroform, i;frared spectra show the presence of a thiol group
(Thorn, 1960)i
The . d—gffect, in which an e]ectroneéative atom such as
nitfogen is adjacent to a nucleophile, such as sulfur, the reactivity
of the nucIeophi]e is enﬁgﬁied {Jencks, 1969). The heterocyclic
: meréaptans considered in this study possess a nitrogen atom adjacent
to the cafbon atom with thé Mércépto substituent. Thus the mercapto
group should be very reactive in either the thione or thiol tautomer.
- 1;3,4—Thiadiazo1e—2,5—dithiol forms a soluble, colored,
1:1 comp]ex‘with‘palladium énd also forms soluble complexes with

~ several other divalent meta1 ions (Majumdar and Chakrabartty, 1958).

The colored complexes formed by 1,3,4-thiadiazole-2,5-dithiol with

paTlladium and bismuth have been used for the colorimetric determin-

ation of both of these elements (Majumdar and Chakrabartty, 1958).



VII. Summary

| Urease is w1de1y distributed in bacter1a yeasts and fungi, -
and is also found in some h1gher plants. Urease has been shown to .
have severa] d1fferent functions, but is pr1mar11y 1nvo]ved in
n1trogen metabo]1sm part1cu]ar]y when nitrogen is limiting.

The mechan1sm of the urease-catalyzed hydro]ys1s of urea
involves the enzymatic hydrolysis of urea to ammonium carbamate, ]
‘followed by the chemica] hydro]ysis of the carbamate to ammonia and
carbon dioxide, wh1ch at neutral pH is 1n equilibrium with ammonium -
b1carbonate In some buffers the hydro]y515 proceeds on]y as far as
ammoni ym carbamate, and in others the comp]ete hydro]ys1s takes p]ace

Va]ues of 2 - 8 for the number of active sites per urease
molecule have been reported. Urease has been shown to be a su]fhydryl
’dependent enzyme, and recent work indicates that urease . :s a nickel
metalloenzyme.

Molecular weights of 483,000 and 487,000 have been reported
for urease. Twe]ve active isozymes of urease have been reported
These include a half-unit of urease, severa] higher po]ymers, and a
. number of isozymes that differ only slightly from each other.
Inact1ve structural subunits of mo]ecu]ar we1ghts varying from 30,000
- 90 OOO have also been'found when urease is treated with d1ssoc1at1ng
agents. Variations in the proportions of various isozymes under
different conditions are responsible for the anomalous kinetic:
behayior sometimes observed‘during fhe hydrolysis of ureajby urease.

Urea is hydrolyzed very rapidly by soil urease to

bamm8n1um b1§hrbonate, and the ammonium ions can then be oxidized by

<
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the nitrifying bacteria in thé soil to nitrité and then nitrate.
Urease actfvity‘can be found in most soiis,band the highest activities
have.begn found in the surface horizons of forest soils. Most of the
soil urease aétivity is extracellular and complexed with soi1‘¢0110ids X
and is stable for long period of time. Ureaghasvoccasionally-been'
:.sﬁown to be less efficient than other nitrogenous fertilizers. The
| problems with urea fertilizer are caused by toxicity to plants frbm
hitrité aﬁd ammonia, aﬁd the loss of nitrogen by volatilization of
ammonia. | ' : | | |

The hydroxamic acids, hydroxyurea d1hydroxyurea, hydroxy1—
“mine, and “the substltuted ureas have been shown to be urease. 1nh1b1tors
Heavy metals, some of the d?hydr1c pheno]s, and the quinones all
inhibit urease by reacting w1th the essential sulfhydryl groups of
the enzyme. o , B | , o . » .
' The urease inhibitors of interest in this stud} are a number
of heterocy§1ic mercabtans. These compouhds can rearrangé by a
thione-thiol tautomerism, and‘in most studies théothione tautomer: has
been found to predéminate. These mercapto groups are very reactive
because of the close proximity of an electronegative nitrﬁgen atom.

1,3,4-Thiadiazole-2,5-dithiol also forms colored complexes with

several metal ions.



© MATERIALS AND METHODS

. I.  MATERIALS

‘A11 chemicals . used wére of reagent grade. The urease was‘

extracted from B grade jack bean mea1.‘yhich was obtained from
Caliochem, San Diggo, Ca]iférnia. Sepharbse’ZB and CH-Sepharose 4B
| were obtained from Pharmacia (Canada) Ltd., Dorval Quebec. The pro-A
tein standard Bovine Serum Albumen (BSA), was obtained from Cyclo
Chém1ca1 Los Angeles, €alifornia. Acetohydroxamic acid, N'-methy1-N-
‘hydroxyurea, crotonylidene diurea (CDU), formamidine acetafe, acetami-
dine acetate,'aéetamidoxima, and crotonaldehyde thiourea were obtained
from the Research Council of Alberta. Hydroxyurea, 1-(3-dimethyTamino-
propyl)-3¥ethy1carbodijmfde dihydrochToride, sym-dimethylhydrazine,
carbon disu]fide and all of the otherlcompounds used for the inhibition
stdies'were obtained from Aldrich Chehica] Company Inc. 3 »4-Dimethy1-
2,5-dithione-1,3,4-thiadiazolidine, 2,2'-di(5-amino- 1,3,4-thiadiazole) .
disulfide, and 5 5 d1(3 pheny] 1,3,4- th1ad1azo]e 2-thione) disulfide
Awere synthesized as descr1bed in the methods section. The structures
and names of all of the compounds cons1dered as either jack bean urease
or soil urease 1nh1b1tors are 11sted in Appendix I. ‘The water used in
the studies with Jack bean urease was f]rst de-ionized and then
d1st111ed in glass apparatus.

The ethano] (95%) used as solvent for the spectroscopic
studies, andlgigf as an inhibitor so]Qent was redistilled once by the
following procedure. Approximately 5 litres of 95% ethanol was placed
. in a glass still, the firét»SOO-ml of distillate was‘discakded the
subsequent 3 11tres of distillate collected and the ethanol remaining

in the st111 was dlscarded
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The soil sampje used in this investigation was the Ap

- horizon of a Chernozem (Malmo silt Toam) obtained from the University
Farm at Ellerslie (NE24-51-25-W4). This location was seeded to grass
during 1964-67 and was fallow from 1967-70. The p10t (50" X 50') was
randomly §amp1ed in five locations and the five'subsamples were mixed
to produce a composite sample. The composite sample was air-dried

for three:days, ground to péss a 12 mesh sieve and_stored in p1ast1c

bags at. room temperature. The data from the mechanica] and chemical

.

~ analyses of the soil are listed in Appendix IT.

II. METHODS.

A. ROUTINE CHEMICAL ANALYSES

1. Prote1n

So]ub]e prote1n was detenn1ned by the method of Lowry et al,
(1951) using BSA as a standard. The relative prote1n content of
column effluents was monitored by measuring the absorbance of the

effluents at 280 nm on a Unicam SP 1800 Ultraviolet Spectrophotometer.

X
2. Soil Analyses: o ~

The mechanical ana]ys1s of the soil samplie was carr1ed out
by the pipette method (lemer and Alexander, 1949). 5011 pH was
determined in a 1:2.5 soil-water suépension (Peéch, 1965); Catioh
"'exchange capacity was determ1ned by leaching the sample with normal
. ammonium acetate, extract1ng the adsorbed ammonium with normal sod1un |
. chloride and d1stn]11ng the extract by the magnesium oxide method -
(A.O.A.C., 1955). Total carbon content was determined by the Leco
dry combustion method (McGil], 1976). The sample was placed in a

\
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Leco induction furnace, ox1d1zed and the carbon dioxide evo]ved

was measured manometrica]]y

3. Nnnqn1um.

~

Ammonium ion concentrations nere detenmined‘by the Fawcett
and Scott (196Q) version of the indophenol blue procedure The sample
was made up to a vo]ume of 2 ml with deionized distilled water, and
the following solutions were added immediately after each other to the
samp]e 2 ml of sod1um phenate (25 g phenol and 12.5 g sod1um
hydroxide/11ter) 3ml of 0. 01% sodium nitroprusside, and 3 m1 of
0.02 N sodium hypoch]or1te solution. | After 30 minutes at room temper-v
ature, the concentrat1on of ammonium_ ions was caicdlated from the
optical density of a colored comp]exnmeasured at a wavelength of
630 nm (€ = 21,600).

A The indophenol b]ue"procédure involves thé déve]opment'of

a blue dye By}ammonia, hypochlorite, and phenol undgn é]ké]ine
conditiohs. Someﬁyariations of the indopheno] blue procedure develop
a color with urea. The specificity of this method is dependent on

the order of addition of the reagents, and if the feaction is begun at
Tow pH a colored. complex can be formed w1th urea as well as some. -
amines and amino. ac1ds (Wearne, 1963). | The method emp]oyed in this
study is specific for only the ammoni um ion.

4. FUrea; ‘ ‘

Unea was determined by thé\Watt and’Chrisp (1954) methed.
The sample was made‘to a volume of 15 ml with distilled water and
10 m1 of color reagent‘(lﬂ ml concentrated HC1, 100 ml1 of 95% ethan01‘

and 2.0 g of p—dimethy]amindbenza]dehyde) were added. After 10
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minutes~at room temperature’the urea concentfation was ca]cu]ated
from the- opt1ca1 density of a colored complex measured at a wave-
length of 430 nm (¢ = 224).

This method is less sensitive than some of the other
methods used for the determination of urea but it was found to be
reproducible and free of 1nterferences |

~B. PURIFICATION OF JACK BEAN_UREASE

1. Reccystallizatibn of Crude Jack Bean Meal:

Most of the experiments reported in this ‘thesis were carried
out with a once‘recrystallized preparation of jack bean meal. The”
meal was recrysfellized by a mddified version of the procédure of
Mamiya and Gorin (1965).,_Jack'beén meal (50 g).was suspended in the
ektractfonﬂsoldtion (90 ml of ecegone made up to 250 m1 with water
containing 1% (v/v)2-mercaptdefhan01)_at 399C. After stifring for’
five minutes the mixture was filtered in_a Buchner funnel and the
Vfi1trate'stored at 4°C for 48 hours. The filtrate was then centri-
_fuged at 37,000 X g for 15 m1nutes and the supernatant was discarded.
The precipitate was suspended 1n 100 m1 of 20 mM phosphate-1 mM EDTA
buffer (pH 7.0). After’é4 hours at 4°C .the mixture was centrifuged .
at 37,000 X g for 15 minutes, ahd the supernatant was used for
inhibition sfudies and further burification.

2. Preparat1on of the Affinity Gel:

Hydroxyurea was chosen as the affinity 11gand 51nce it has
beeh successfully used by others for the pur1f1cat1on of urease (WOng
and Shobe, 1974). Three techniques were used to prepared affinity

gels for urease: 1. .Using the proceduré outlined by Cuatrecasas and

i



Anfinsen (1971); Sepharose 2B was activated with cyanogen oromide,

to which eth&]enediamine was coupled, followed by succinylation with
succinic anhydride, and the addition of hydroxyurea mediated by a
water-soluble carbodiimide [i-(3—dimethy]aminopropy])-3-ethy1carbod1-
‘imide hydroch]dride]. This compound wiI] bevabbreviated as WSCD |
when referred to again in this thesis. 2. An affinity ge]iwas‘aTso
prepared by coupling hydroxyurea co gH-Sepharose 4B 1n the presence -
of the water-so]uble.carbodiimide (NSCD) - The procedure f1na11y
adopted involved the carbod11m1de-med1ated binding of ethy]ened1am1ne
to CH-Sepharose 4B; followed by succinylation, and then the carbodi-;
imide-mediated binding of hydroxyorea. The‘reaction sequence. is
out]fned in Figure 1. The conditions deSCr{bed by Cuatrecasas and
Anfinsen (1971) were used for each reaction. The fo]lowing washipg
procedure was fo]]owed during the preparat1on of each one of the
aff1n1ty ge]s 'After»each react1on was comp]eted the ge] was trans-
~ferred to a Buchner funne1 and washed extens1ve1y before the next
react1on was carried out. ‘The gel was washed with three d1fferent
wash solotions in the following sequence' 1. 0h1NaC1 (50 m]/m] of
packed ge]),:0.2 M KH2PO4 (50 ml/ml of packed gel) and distilled
'water (200 ml/ml of packed ge]) The wash1ng procedure was necessary
to remove unreacted startlng mater1als so they would not interfere
w1th subsequent reactions The presence.or absence at each step of’
.4 free amino or hydroxylamino group was monitored using the 2,4,6-

: trinitrobenzene-sulfonate-sodium borate reagent (Cuatrecasas and
Anfinsen, 1971) The prepared gel was washed (20 ml/m] of packed
‘ge]) W1th 20 mM phosphate 1 mM Z-mercaptoethanol buffer (pH 7. 0)

- before it was used for the purification of urease.
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agarose

BEANH(CH,) s-COOH  +  HpN-(CHg)p-NHy

e CH-Sepharose 4B ethylenediamine
s o
CHz-N~(CHy) 3-N=C=N-CpHs* HC1
(WSCD)
YV
agarose
. "': /O
B4 NH (CHy) 5-C-NH(CHp ) p-NHp - + CHg-CY
; 0 : , l /0
CHZ-C§0

succinic anhydride

agarose

>~ v 0
R NH(CH2)54%-NH(CH2)2-NH-ﬁ—(CH2)2-COOH + HoN-C-NHOH
0 0 hydroxyurea

WSCD

B NH (CH ) 5 C-NH(CHp) 5=NH-CCHy) 5~ -NH-C-NHOH
0 0 .0 0

Figure 1: Prgcedure for the preparation of the affinity gel that

s used for the purification of jack bean urease
(Procedure #3).
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3. Purificatipn of Urease by Affinity Chromatography:

{
The purification of jack bean Urease was attempted using

the three types of affinity gel that were described in the previousf
section. The procedure employed for the purification of urease by
affinity chromatography was adopted from that emp]oyed by Wong and
- Shobe (1974).. A column containing 50 ml of affinity gel was
“equilibrated with 20 mM phosphate-1 mM 2-mercaptoethanol buffer
(pH 7.0). ApprOximately 15 to 30 m1 of a partially purified jack
bean urease solution was applied to the co]umn The co]unn'was
then washed at a flow rate of 1.0 m1/minute w1th 20 mM phosphate-
1 mM Z-ﬁgrcaptoethano1 buffer (pH 7.0) and fractions of 8-10 mt
were co]]ected The column was washed unt11 the absorbance of the
effluent at 280 nm was less than 0. 01. The elution buffer was then
changed to 0.2 M phosphate 1mM 2-mercaptoethano] buffer’ (pH 4, 6)
and the effluent fractions were monitored for urease activity.
Whenfurease.activfty cou]d no longer be detected in the eff]ueni,
the gel was washed with 1. 0 Titer of 0.4 M phosphate buffer (pH
4.6) and 2.0 Titers of distilled water and the gel was then
equilibrated W1th 20 mM phosphate-1 mM 2-mercaptoethanol. If the
'aff1n1ty gel was to be stored for any length of time it was stored
in 0.4 M phosphate buffer (pH 4.6). The fract1ons of the elution
buffer conta1n1ng urease act1v1ty were pooled and 1nmed1ate1y
dialyzed against four changes of 20 mM phosphate 1 mM EDTA buffer
(pH 7.0) containing 1 mM Z—mercapfoethano]. The fifth change of

buffer did not contain any 2-mercaptoethanol.
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C. ENZYME ASSAYS

1. Jack Bean Urease'

Urease activity was assayed by the Chin. and Gorin (1966)
modificat1on;@f Sumner's procedure (Sumner and Hand 1928). This
method- is a fixed time assay and has the advantage~of being :
relatively simple. The substrate contained 3.0 g of urea dissolved
in sufficient 0.68‘M phosphate-1 mM EDTA buffer (pH 7.0) to make
100 m1. .The urease solution, which was stored at 40C was diluted
to the proper range for assay in 20 mM phospnate41mM EDTA buffer
(PH 7.0) and allowed to stand at room temperature for 2.0 hours.
One m1 of the urease solution was mixed with 1 ml of the substrate
| Solution; after exact]y 5Am{nutes at room temperature 1 ml of IM |
H2S04 was added quickiy to stop the reaction. A 10- 25 ul a11quot
of the final reaction mixture was ana]yzed for the anmonium-’ ion
concentrat1on by the previously described procedure.

The urease activity of column efflvents was determined by
taking 0.2 ml of each fraction, diluting to 1.0 ml with 20 mM
_phosphate 1 mM EDTA buffer (pH 7. 0), and the urease act1v1ty was
determ1ned by the prev1ous]y descr1bed procedure

2. Soil Urease:

The urease activity of soil was determ1ned by a method
based on the one employed by Simpson and Melsted (1963). Unless
otherwise stated, the so11 urease’ exper1ments_reported-1n this thesis
were carried out under the following conditions. Each sample (25 g
- air-dry soii) was incubated in 5\200 ml Erlenmeyer flask. Five

milliliters of urea solution (8.6 g urea/liter) and 1.0 ml of
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distilled water were added to each sample to produce an initial
substrate concentration of 400 ppm urea-N (w/w of soil), and a
moisture concentration of. 32% (w/w of soil, equivalent to fie]d
capac1ty).‘ The substrate concentration was found to be in excess,
and thus suitable for urease assay. Antimicrobia] agents were hot
used in order to better simulate field conditios. The blank
contained the same quantities of soil and water as the samples.
The f]asks were sealed with parafi]m placed in a constant tempera-
ture incubator, and they were incubated for 24 hours at 25°C. At
the end of the incubation period the f]asks were removed from the
incubator, and the urea was extracted and ana]yzed | .
In ordew to extract urea from the soil, the fol]oW1ng weré
added to each flask: 0. 2 g CaC12, 0.2 g Norit- A deco]or1z1ng ctMon,
5 m] of 1% H9012 so]ut1on, and enough d1st111ed water to dilusr % a
total volume of 100 ml. The samples were shaken for 20 m1nutek4qﬁﬁ
filtered through Whatman #1 f1fter paper. Ten m111111ters of urea
color reagent were added to 15 ml of the f;]trate, and the urea
vconcentration was detevmined by the previously described procedure.'
_The.qmount of urea that hgd been hydrolyzed was’ca]cu]ated_by
difference. )

“The purpose of the;mercuric chloride in the extracting |
solution was to stop thé‘reaction. Calcium chloride'wéé used for two
'reasons; (1) ca]ciuﬁ causesvthd Clay to flocu]até during extraction
and thereby produces a clear filtrate; (2) ca1c1um chloride is a
.neutral sa]t, and the color produced ‘by the watt and Chr1sp (1954)

'procedure 1s pH sensit1ve



38

D. INHIBITION STUDIES

1. Jack Bean Urease: >

» A once recrysta111zed Jjack bean urease preparaiion
(Specif1c Activity = 5- 10 S.U./mg of protein) was used n these
studies. Prior to the inhibition studies, the urease was dialyzed
‘against 20 mM phosphate-1 mM EDTA buffer (pH 7. 0) for three days at
4°C (20 m enzyme was dia]yzed against 100' ml buffen). The'dialysis
buffer was changed every 24 hours. The dialysis.procednre was
necessary to remove trace amounts of 2-mercantoethanol whjch inter-
fered with some of the inhibitors.
Fran 2 to 50 u] of inh1b1tor solution were added to 0.2

Sumner Units (S.U.) of urease dissolved tn 1.0 ml of 20 mM phosphate-
1‘mM EDTA buffer (pH 7.@); the mixture was'preincubated for 4.0 hours,:
followed by the addition of substrate and determination of enzyme

activity as previously described, 'The preincubatiyz
4

hours was necessary to allow the urease and’ tbg
to equ111br1 (see Results aﬁaﬁpast§s1on§g % K tudi c).
Th§§;01low1ng solvent systems were used to dissolve the

inhibitors; acetone, ethano], redistilled ethanol, water and ‘ethanol
- containing O.S%VDMSO (v/v). The heterocyclic mercaptans readily =

, dissolved in ethanol, but‘it,was necessary to add an equimolar amount
of sodium hydroiide to dissolve them in water. Control exper1ment5'
were carried out using only the inhibitor solvents, and the salvents
were found to have no effect on urease activity. Each preparat1on-of
inhibitor was arbitrarily assigned a preparation number in order to

dtstinguish between the various treatments.

o



Inh1b1tory action was ca]cu]ated as % ﬂh1b1t1on

-mg NH%-N produced by

% inhibiti = 100 - enzyme + inhibitor
nhibTion mg NoG-N produced by  * 1001
L enzyme J

“The index of fnhibition (Isg) was taken as the concentra-
tion of inhibitor in the reaction volume (2.0 ml) necessaryvto
produce a 50% inhibition of urease. 7

« The compounds that were studied were: 1,3,4;£hiadiazo1e:
2,5-dithiol; S—amind—l 3, 4—thiadia201e-2;thiol' 5—mercaptb—3-pheny1—
1,3,4-thiadiazole-2- th10ne, rhodanine; 2,2' d1(5 -amino- 1,3,4- th1ad1a—

-0le) disulfide; 5,50 d1(3 -pheny1-1,3,4~ th1ad1azo1e 2-thione)

“isulfide; acetohydroxamic acid; and 3,4-d1methy1—2,5—d1th1one—1,3;4-

-niadiazolidene, 5¥Mertapto-3—pheny1-ﬁ,3,4-thiadiazo1e—2—thione
was converted to the -acid by disso]ying the compound in water and
precipitating it with hydrochloric acid.

2. Soil Urease:

Un]ess4othen~ise specified, the 5011 urease inhibition
studies were carried out using the assayuconditions’previous1y
described - Fach spi] sample used for these studies was treated with
the uree sojution ihat also contaiﬁéd the inhibitor at a concentration
equivalent to 100 ppm (w/w) of g&il; The inhibitors that were iﬁso]e
ut e in Qater were added as a siurry. The inhibitor concentration
of'IOO"ppm (w/w of soil) falls within the range of values (50-300

ppm, w/w of soil) employed in previously published work (Bremner and

Douglas, 1971a). The inh .itors were omitted from the control sampies.

39



e,

" The blank, 'the control samp]es, and fhe-sampies that'contained the

nh1b1tors were incubated, extracted and ‘the urea ana]yzed by the

.h. oo

previously described procedure ’ 3

The %‘inhibition;was calculated in the following manner:

S final urea
; initial urea .  concentration
% inhibition = 100 - | concentration with #nhhibitor X 100
’ £ initial urea “final urea con-

centration in

concentration
: control samples

, 5 _
A1l of the calculated results are the means of triplicate

determ1nat10ns

Each of the compounds that’Was assayed for inhibitory
power, was added to soil, the incubation and extraction procedure
was carried out, and the filtrate tested for interference with the

urea. color reagent. None of the compounds interfered with the color

“reagent.

3. Effect of EDTA on the Inh1b1t1on of Jack " Bean Urease by 1,3,4-
' Th1ad1azo1e 2,5-dithiol: .

EDTA (disodium salt) was added to an ethanolic solution of

'1,3,4-thiadiazo]e—2,5—dithio1 as a means of determining the role of

metai-thiazo]e comp lexes ih the inhibition of urease. Sodium hydroxide
was added to solubilize the EDTA. The solution contained the following
concentrations of each compound: 1,3,4-thiadiazoje-2,5-dithio]
(5.0 X 10=9M), EDTA (2.5 X 10-5M), and sodium hydroxide [ .5 X 10-5m).
An experiment was also carried out us1ng 1denf 22l concentrat1ons of
1 3,4~ th1ad1azole 2,5-dithiol and sodium hydwwx1de but without EDTA.

,//

These ethano]ngsovut1ons were fested gor inhibitory power against
f: 2

. Jack bean‘gyease by the previously described procedure.

‘?\%gm

o
!
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4. Inh1b1t1on of’Jack Bean Urease by Metal Complexes of 1,3,4-
Thiadiazole-2,5-dithiol:

Metal ions were added to solutions of 1,3,4-thiadiazole-2,
5-dithiol in order to determ1ne if the meta] comp1exes of these com—
pounds were 1nh1b1tory.‘ The various metal salts were each d1sso]ved
in water and a small emdunt of these solutions (<1% of final volume)
Were added to ethanolic solutions of 1,3,4-thiadiazoTe-2,5-dithiol.
The fiha] concentration of i;3,4—tﬁiadiazo]e-2,5-dithib] was 10'3M
and the molar rat1os of the thiadiazole to the various metaf’

@.k‘é*

o

given in the Results aner1scuss1on sectJon w1th1n th hours
prepar1ng these solutions they were added to Jack bean urease for
'1nh1b1t1on stud1es

Solutions of a number of meta]»sa]ts were also added to

ethanolic and alkaline aqueous (0.1 N NaOH) solutions of 1,3,4—

Thnee;of-tﬁbﬁcompounds considered in this study were treated
with hydrogen peroxide to determine if the oxidized forms of the
ﬁete?ocyclic mercaptans were inhibitory. The following procedures
were dsed: (1) An ethanolic solution was made up with the following
concengrations of mercaptan and oxidant: 5-amino-1,3,4-thiadiazole-
‘2-thiol (4.0 X 10-3M) and hydrogen peroxide (4.0 X 10-3M); (2)

An ethanolic solution was made up containing rhodanine (10-3M) and
hydrogen peroxide‘(IO’SM). (3) Anwethandlfc solution was made up

containing 1,3,4-thiadiazole—2,5-dithio] (iO‘3M) and hydrogen peroxide
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(10'3M5t A1l three of these solutions were allowed to stand at
room temperature for 24 hours and then stored at 4°c.

The solutions conta1n1ng the ox1d1zed _compounds were then
tested for inhibitory power using the prev1ous]y described technique.
- Control exper1ments using the same so]utions without the hetercyclic
menceptans were also carried out and no effect on urease activity
was found “ |

6. Effect of Reducing Agents on: the Inhibition of Jack Bean Urease
by Heterocyc11c Mercaptans

Two enzyme preparatiogs [O 2 S U./m1, disselved in 20 mM
~ phosphate-1 mM EDTA buffer (pH 7.0)] were treated with sodium su]fite
and 2-mereépt0ethanol,in order to e$sess the effect of reducing agentS
on thevinhibition of jack bean urease by . the heterocyclio mercaptans.
One enzyme preparation was treated with sufficient sodium sulfite
| so]ution (IO'IM)'toiproduce a final concentrat%on of th‘ and the
other enzyme so]ut1on was treated with sufficient 2 mercaptcethano1

to produce a final concentrat1on of 1 mM. Both of the enzyme so]ut1one
were preincubated for 1 hour at room tempergture, and then cach prepar-
ation was used for a series of 1nh1b1t1on studies emp1oy1ng four dif-
ferent inhibitors: 1,3,4-th1adiazo]e—2,5-dithio]; 5-mercapto-3-
pheny1-1,3,4~thiadiazo]e-Z-thione; rhodanine_(oxjdized‘with hydrogen
peroxide as previously described)' 5-amino-1,3,4-thiadiazole-2-thio]l
(oxidized with hydrogen peroxide as previous]y described)., The
inhibition stud1es were carried out by the previously described
procedure.

7. Dialysis Studies:

"Four breparat1on§ of jack bean urease were each inhibited
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by'the addition of an excess of one f,the heterocyclic mercaptans
and then each one was dialyzed agaith different buffer systems in
orden-to“determine what conditibns were capable of reversing the
- inhibition. Urease solutions of‘activity 0.2 S.U./ml diséoyved in
v20,mM phosphate-1 mM EDTA buffér'(pH 7;0) were used. Ethanolic
solutions of each fnhibitdr were qddéd to different urease prepara-
tions_to produce the foliowing concehtrations in the enzyme solutions:
1,3,4-thiadiazole-Z,S—dfthioi, 1.3 X 10-4M; S-mercapto-3-phenyl-
" 1,3,4-thiadiazole-2-thione, 8.0 X 10-4M; 5-amino-1,3,4-thiadiazole-
2-thiol, 2.0 X 10-4M (oxidizéd with. hydrogen pero*jde as previously
:described); and rhodanine, 6.0 X 107M (oxidized with hydrogen
peroxide as preVious1y described). Each enzyme solution with its
_réspective inhibitorAwas allowed to,incﬁbate at room temperature
| for 4.0 hours, and then assayed'for urease actiVity. Three‘of the
urease'sb1utions_wer? inactive, but the hrease.sdlution that had been’
treated with rhodanibe still had some residual activity.

Each inhibf~,d~enzyme solution was then divided into three
fractions and each fr:EE?Bh was dialyzed at 49C against a different
- buffer system (25 ml enzyhe was dialyzed égainst'loo ml buffer). . \
The three buffer systems were: (1) 20 mM bhosphate—l mM EDTA |
(pH 7.0) (2) 20 mM phOSphate 1mM2 mercaptoethanol 1 mM EDTA = SN
buffer (pH 7.0) (3) 20 mM phosphate -1 mM sodium sulfite-1 mM EDTA \
buffer (pH 7.0). A control sample, consisting of uninhibited urease
was also dié]yzed against 20 mM phosphate-1 mM EDTA buffer (pH. 7.0).
The activfty of the control samp]e‘dfd not change appreciably during

the course of the experiment.
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The dialysis buffers wefe changed every 12 hours, and the
u}ease activity was determined in.dupjicate every 24 hohrs for the
first three days. The dialysis buffers were éhanged twice more over
a period of two days and on the fifth day the urease aétivfty"was |
determined again. A1l of the enzyme solutions were then dialyzed
for 24 hours against three-changes of 20 mM phosphate-1 mM EDTA
buffer (pH 7.0), énd thevfinal urease aCtivity was theﬁ detenmined.

The activity was expressed as % original activity:

» original'activity - activity of inhibited sample (in S.Uf/m1) XVIOO

activity of control (in S.U./m1)

8. Time Studies: - : o

' A series of experiments were carried out to determine the

rates at which a number of inhib%tors inactivated jack bean urease.
A uréase preparation [0.2 S,UL/m], disso]ved in 20 mM

phosphate-1 mM EDTA buffer (pH 7.0)J was allowed to stand at room

temperature for 2.0 hours. An ethanolic solution of the inhibitor
was then added to the enzyme preparation: At a number of subsequent
time intervals, two aliquots of 1.0 m] each were removed from the
eniyme-iﬁhibitoryreactibn mi xture and assayed for urease activity

by the previously deséribed techniqﬁe. The % inhibition was then
calculated for each sample time._ This procedure was repeated for
each inhibitor. The‘fo]lowing inhibitors were employed in this study:
1,3,4-th1adiazo]e-2,5-dithio]; rhddanine (oxidiiedeith hydrogen -
perioxide as previously described); 2,2‘—d1(S-amino;1,3;4—thiadiazole)
disﬁ]fide;"and 5,5'—di(34pﬁény1-1,3,4-thiadiazo]e-Z—thione) disulfida,

The inhibitor concentrations and preparation numbers are listed in
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the oppnopriate‘section of the Results and Discussion. The latter
two compounds just'previously Tisted are the corresponding dimerskof
two of the heterocyclic mercaptans that were studied. The dimers
were chosen for the .time studies because the inhibitory activity

- of each mercaptan was actually caused by trace amounts of the
corresponding disulfide (dimer) in the mercaptam preparation. This

topic wi11»be discussed more ful]y'in the Resu]ts and Discussion

" section.

E. SYNTHETIC CHEMISTRY

1. Procedure for the Preparation of 3,4- D1methy1 -2,5-dithione-1,3,4-
: th1ad1azo]1dene :

> Since th1s compound is not commercia]iy avai]ab]e it.had to
be synthesized. }Stoichiométric amounts of Sym-dimethy1hydraziné
dihjdkoch]oride, potassium hydroxidé‘and,carbon,diSUIfide were rdluxed
‘in efhano] for 9 hours. The compound waS‘préoipitatéd by adding water'
and pur1f1ed by recrystallizing once from 95% ethan01 (Thorn, 1960)
The structure was verified by infrared, n.m.r., ultraviolet, and mass
spectroscopy. The spectroscopic experiments will be discussed in a
later section. | | |

2. Preparation of Dimerized Thiadiazoles:

Dimers of two of the heterocyclic mercaptang were prepared
by oxidation witn‘anvexcess of hydrogen'peroxide. A‘so1ution of‘BO%
hydrooen’peroxide (0.15 moles) was added with rapid stirring to 0.1

_moles (13.3 g) of 5-amino-1,3,4-thiadiazole-2-thiol dfsso]ved in
1,000 m1 of 95%:ethan01. The solution was allowed to stand at room
temperature for 24 houré, the precipitate was filtered, washed with

500 m1 of 95% ethanni, and dried unqer Vacuum for 48 hours. The
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product, 2,2'-di(5-amino-1,3,4-thiadiazole) disulfide, was then
used fof inhibjiion sfudies.
| A solution of 30% hydrogen peroxide (0.0037 moles) was

added Qith rapid stirring to 0.0025 mo]es‘(0.565 g) of 5-mercapto-3-

pheny1—1,3,4—thiadiazo]é-z-thione dissolved in 300 m] of 95% éthanol.
| The solution was allowed to stand at room temperatufe for 24 hours, |
the precipitéte‘was filtered, washed\with 200 ml of 95% ethanol,
and dried under vacuun for 48 houfs. The product, 5,5'-di(3—phehy1-
1,3,4—thiadiazoie—Z—thione) dfsu]fide was then used fof inhibition
studies. g - - | .

| The mohomeric and dimeric foﬁns of both of these heterocyclic
‘mercaptans were stud1ed by 1nfrared, n.m.r., ultraviolet, and mass
f_spectroscopy A small quantity of each dimer was pur1f1ed by
sub11mat1on under vacuum at ZOOOC for 24 hours, and then they were
both used for add1t1ona1 mass spectroscop1c studies.

"F. SPECTROSCOPY

The spectroscopic studies of 3,4-dimethy1-2,5-dithione-
1,3,4-thiadiazolidene were carried out using the following instruménts.
A Beckman Model IR-20 grating Infrared Spectrophotometer was uséd‘tO‘
obtain the infrared spectrum;\a Varian Associates Mode1 A50/60
~ Spectrometer was used to dbtain the>Nuc1ear Magnetic Resonance
(n.m.r.) spectrum, a Unricam SP1800 Ultraviolet Spectrometer was used
tp obtain the u]trévjo]et §pectrum, and an AEI Model MS-2 Mass
Spectrometer was used to obtainjthé mass spectrum. The infréred
spectrum was obtained using sodium chloride cé1]s, and the sample

was dissd]ved in chloroform. The sample was dissolved in deuterafed‘
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chloroform (CDC1;) in order to obtain the n.m.r. spectrum, and the
sample was dissolved in redistilled 95% ethano] for the ultraviolet
study. 7 ‘ |

The spectroscopic studfes of 5-amino—1,3,4fthiadiézole-2-
thiol, 5-mercapto-3-pheny1-1,3,4—thiadiazole—2—thione, 2,2'-di(5-
amino-l,3,4—thia&iaio]e) disulfideland 5,5'-di(3-phenyl-1,3,4-
th{adiazole-Z-thione) diSulfide were carried out using the following
instruments. A Perkin-Elmer Model 451 grating Infrared Spectro-
photometer was used to obtain infraréd sbeqtka, a Varian Associates
Model 100 Spectfuneter was used to obtain the h;m.r.'spectfa,'a Unicam
SP 1800.U1thavio1et Spectrometér was uged to‘obtain the ultraviolet
spectra, and an AEI ModeT.MSfZ Mass Spectrometer was used to obtain -
the'mass'speétra. The samples Weré made up 1in potassiumlbromidé
| (KBv) pe]iets in order to obtain the infrafed spectra, and the samples
were dissolved in deuterated dimethy? sy]foxide (DMSOdﬁ) to obtain the
n.m;r. sbectra. The‘samp1e solvent used in the ultraviolet studies
~was redistilled 95% ethanol. |
| The ultraviolet molar extinction coefficients were ca]cu]afed

from an average of three determinations.



RESULTS AND DISCUSSION

I. Purification of Jack Bean Urease

The recrystallization of urease from jack bean meal in an '
acetone-water m1xture gave a low yield (Table 1), but the preliminary
purification was necessary to produce a su1tab1e preparat1on for
_ aff1n1ty chromatography because the crude so]ut1ons gave poor results.
The chem1ca1 structures of-the three types of gel that were used in
the various attempts to purify Jack bean urease are listed in Figure
- 2. The urease solut1ons _that had been chromatographed on gels pre-
pared by procedures 1 and 2 were of very low specific act1V1ty
However, CH-Sepharose 4B, to which ethylened1am1ne succ1n1c anhydride,
and hydroxyurea were bound (procedure 3) was successful (Figure 3,
Table 1). The length of the side chain between the agarose matrix
and the hydroxyurea'1igand is 8 units for the gel prepared by procedure
1, and 7 and 15 units for procedures 2‘and 3 respectively (Figure 2)
The longer side - cha1n obta1ned by binding the additional compounds in
procedure 3 is necessary for purification of urease to be successfu]
Steric h1nderance in the b1nd1ng of proteins to aff1n1ty columns has
been shown to be important for urease (Shobe and Brosseau, 1974),
and other enzynes as well (Cuatrecasas .and Anf1nsen 1971). Most of
the inhibition studJes were carr1ed out using the preparation obtained
from the acetonewater recrystallization. For comparison, one study
" was. carr1ed out with Jack bean urease that had been pur1f1ed by
' affinity chromatography
The specific activity of the Jack bean.urease purified'by

affinity chromatography is within the range of values that have been

48
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Procedure 1

HN(CH2)2 -NH -~ C - (CHZ)g'— C - NHC - NHOH

o 0 0

‘Sepharose 2B

Procedure 2

!

HN(CHy)5 - C - NH < C - NHOH

: 0 0o . | -
Sepharose 48 '

Procedure 3

-----

HN(CHy) 5 - C - HN(CH,)y -NH - C - (CHg)y - C - NHCNHOH

R 0 -0 . 0 0
Sepharose 4B

Figure 2: Side chain structures of the three types of affinity gels
' prepared for the purification of jack bean urease by
affinity chromatography. L '
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reported in the literature (Table 1). The specific actlivity of
pure urease‘preﬁarations has generally ranged from 80-170 S.U./ny
prbtein (Gorin et al, 1962, Hanabusa, 1961, Hill and Fl1liott, 1966,
Shadaksharaswamy and Hi11, 1962), although values a§ high as %00

S.U./mg protein have been reported (Iynn; 1971b) .

3
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1. Inhibition of Jick Bean Urease

A. Preliminary Studies

The 1nhibition of jack bean urease by 1,3,4-thiadiazole-2,
5-dithiol is i]?ustfated by Figure 4. This type of inhibition curve

is typ1ca1 for most of the heterocyclic mercaptans d1scussed in this

thesxs The concentrat1on at which inhibition occurs is quite abrupt;‘
' The inhibition of jack bean urease by both 1,3,4-thiadiazo]é—2,5—
"dithiol and 5-amino-1,3,4-thiadiazole-2-thiol is affected by the
solvent in wh1ch the 1nhib1tor is 1n1t1a11y dissolved (Tab]es 2 and 3).
There is a tenfo]d increase in the 1nh1b1tory power of these compounds
when ethanol rather than water is used as the inhibitor solvent
(Tab]eg 2 and 3). There is significant variation 16 the results, and
even using the same inhibitor solvent, ethanol, the I, vaiues varied
from 1.4 to 6. 4 X 10‘5 M for d1fferent preparat1ons of 1,3 4~=11ad1a—
z0le-2,5- d1th1ol (Table 2). The same type of experimental variation
was also observed for 5-amino-1,3,4-thiadiazole-2-thiol (Table 3).
However, a rumber of different exper1menfs w1tb the same preparation
of 1.3,4- thladlazo1e 2,5-dithiol (preparat1on 8A) gave reproducible
| u50 values (Tab?e_2)n Inhibitiun was also unaffecfed by enzyme purity
(Table 2). Thus, the oncerfecrysta11ized’preparation of jaclk bean
urease was considered to be satisfactory for inhibition studies.
S—Mercaptowsuphenfiw1,3,@~thiadiézoie-2—thione fs inter-
mediate in potency when compared é§ a urease inhibitor with the other
two heteroéyc1ic mercaptans (Table 3). Ethanciic soiution f 1,3,4-
t.iadiazoie-7. " dithiol and 5-mercépto~3-pheny]-1,3,@~th1adiazo?e—24

thione are an intense yellow color. The inzensity o7 the colov of
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Figure 4: Inhibizion of jack bean urease by 1,3,4-thiadiazole-2,5-

dithiol. Inhibitor preparation 7jA, ( = 1.55 x IO_JM)
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these preparations was observed to be proportional ‘to their
inhibitory powef.v -

In”Tab1e‘3 for exampTe one of the pfeparatiohs of 5-amino-
1 3,4-thiadiazole-2- t;101 had no effect on jack bean urease even at
the h1ghest 1nh1b1tor concentrat1on, and thus no 150 was given. The -
maximum concentratlon of that compound that was employed is listed in
a footnote to the table. That format for noting the non-inhibitory
preparations is used'in a]j of the subsequent tables.

In order to explain the experimenta1'varietion and- the
inhibitor solvent effects, it was necessary to propose and 1nvest1gate
a number of different possible 1nh1b1t1on mechan1sms dur1ng this

Ro Rz

study. Neutral amino thiones possessing the Ry - & _,é i} S- moiety

are strongly nucleophilic due to the presence of an electronegative

,nitrogen atom (Carlissor et al, 1974a), which is also observed with

hydroxylamine, hydroxamic acids, oximes and a variety of other com-
pounds . AHydroxyﬁamine and hydroxamic -acids are good urease inhibitors,
so it is possible that heterocyclic mercaptans 1nh1b1t urease when

they tautomer1ze to the thione form. 1,3,4-Th1ad1azo1e—2,5—d1th1o1 was
most inhibitory when it was dissolved in ethanol (Table 2), and the
dithione tautomer is considered to be the dominant form in etoano1
(Thern,*1960). However, 3,4-dimethy1-2,5-dithione-1,3,4-thiadiazol-
idene, which is forced into the dithione tautomer by having a methyl
group substituted on each nitrogen, was found to be ineffective

(Table 3). Thus, it is unlikely that the inhibition of urease by the
heterocyciic mercaptans can be attributed to the thione tagfomers

of these compounds.
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B. Metal Complex Studies

Ethanolic solutions of 1,3,4-thiadiazole-2,5-dithiol
andf5~mercapto—3-pheny1—1,3,4-thiadiazo]e~2-thione‘were a yellow
color, and theTinhibitory power of each preparation was observed
to be proportiunaT'to the intensity of the color. These compounds
form stable colored comp]exes with a number of metal ions. The
inhibitory cspecies m1gnt be a 1 1-Tigand complex formed by the
reaction of the thiadiazole witi. .race amounts of metal jons
present as impurities in e1ther the compounds themseTves or the
reagents that were used. |
The metal complexes of 1,3,d-thiadiazole-2,5-dithiol
-were the only ones studied in this investigation. The addition
hof EDTA and sodium hydroxide to an ethanolic solution of 1,3,4-
th1ad1azo]e 2,5~ d1th1o] produced a preparation that was coTor]ess B

as well as non- 1nh1b1tony (Table 4). The sodium hydrox1de was
added to solubilize the EDTA. The removaT of the 1nh1b1tory power
of 1,3,4- th1ad1azo]e 2,5-dithiol by EDTA 1mpT1es that inhibition is
~mediated by a metal ion. However, the addition of only sodium
hydroxide also eliminated both color and the inhibitory_power of
the preparation (Table 4); When distilled water was used as an
inhibitor solvent in the preliminary studies (Tab]es 2 and 3),
sodiun hydroxide was used to dissolve the inhibitors. Thus, the
' decreased pofency of the heterocyclic mercaptans when ﬁhey were
initia]]y\dissoTved in water was likely caused by the.sodium
hydroxide that had been added |

None of the metals that were cons1dered in this s:E@y

formed soluble co]ored coT;Texes with 1 3,4- th1ad1azo]e 2,5- d1th1o]



59

‘W 50T X G2'T 03 dn SUOLIAJUBIUOD UOLILGLYUL FB P3AUBSQO UOLRLQLyul ON °q

2 3|qel ul vg uoigededaad 40y UsALE SL L043U0D By3 4oy anfeA OS] D

B

a

q . duou HOBN + (1) | . v6

g  duou HO®N + ¥103 + (1) | | v6
¢-0T X T°¢ : 00T = +N3/(1) V6
0T X 0°€ - 001 = ++!N/(1) . | v6
001 X 0°€ o - Y6
¢-0T X b1 01 = +US/(1) - | v8
¢-0T X 9°1 00T = ++Us/(1) | v8
: ¢-0T'X 871 . 00T = +~4z/(1) o | ,, v8
e DL.X 6°T . | 00T = ~247(1) . : v8
» 0T X8T 00T = +03/(1) 4031qLyut | 8
W <051 o uorgeaedadd 403 LqLyuL | w Jaqunu
40 uoL3Lsodwo) uc Ljededsad
403 LqLyu]”

*|0URY3D PALLLISLPAL JUBALOS JOFLQLYUT " [OLYILP-G 2
-310ZePRLYI-pE T AQ 3SRAUN 4O UOLILGLYUL BYJ UO SPLXOJIPAY WNLPOS PUB Y103 40 SI08449 ay3 pue - .
LOLY2LP-G2-0ZRLPRLYF-p E T 40 saxa|dwod [e19w AQ A3LAL3O® 35@3dn UR3Q OBl JO UOLLGLYU]

H .
¥ °9lqel




Table 5

Formation of soluble colored complexes between various metal ions

and 1,3,4-thiadiazole-2,5-dithiol.

Ethanol .Nater
‘ \ ) - Supernatant “ Supernatant

fon Salt Used Solubility color Solubility - color
Fett Fe$04 ‘ trace ~ none \htracé none
Fe™™  Fe citrate solwble ' none Soluble none
Mnt* MnSO0 trace “none trace . none
Sn** SnCly very soluble. .drange vefy\so]yb]e none
Ni+ NiC]é soluble ' none trace none
cutt CusS0y trace none trace none
- Mg*t MgSO0, soluble ‘none trace none
Ca*t - CaCly soluble none trace none
Pb**  Pb acetate trace none trace none
A AIK(SO4) 9 trace none soluble none
Znt+ InS0, “soluble none trace none
Ba** Ba(OH) 5 trace none’ trace none
Co** CoCl, - trace none trace none
cd™  Cd acetate trace none trace none
Ag* AgNO 3 trace none trace none

60
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in alkaline aqueous solutions, and only the stannous‘ion formed a
soluble colored complex with 1,3,d-thiadiazole-2,5-dithiol in
ethanolic solutions (Table 5). No change in the inhibitory power
could be observed when verious metal ions were added to ethanolic
solutions of;1,3,4-thiadiazole-2,5-dithiol (Table 4). The stannous
ion,'which formed a soluble colored cbmp]ex with 1,3,4-thiadiazole-
2,5-dithiol, only caused a slight increase .in thg inhibitory power
of the inhibitor’sblution (Table 4). Thus, it is unlikely that the
inhibition of jack bean uréase by the heterocyclic mercaptahs can
be explained by the interactidn’of a metal-thiazole complex with
the enzyme.

| Recent work suggesfs that urease is a nickel metalloenzyme
(Dixon et al, 1975). Inhibitidn of urease could occur via a réactién
between a heterocyc]ic mekcéptan and a nickel atom of theLUrease
mo]ecu]é. This particular hypothesis was not exb]ored because
another proposed'mechahism'was found to be satisfactory.

The role of interactjons between the mercapto group of the

heterocyclic mercaptan and the su]fh}dry] (mercapto)_grbups of urease
will be discussed in éubsequenf sections of this thesis.

C. Effect of Oxidized Heterocyclic Mercaptans on Urease

-Ethanolic solutions of three of the heterocyclic mercaptans
were oxidized-with hydrogen peroxide. The ethanolic solutions of
S—amino—l,3,4—thiadiazo1e-2—thio] and rhodanine were not inhibitory
prior to peroxide treatment but after they had been oxidized were
potent urease inhibitors (Tab1e 6). When hydrogen peroxide wa§

added to an ethanolic solution of 1,3,4-thiadiazole~2,5-dithiol, a.
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' precipitate formed, and there was only a slight change in the
inhibitory power of the inhibitor solution (Table 6). Later
sections in this thesis will discuss the breparation,'character—
ization, and the'iﬁhibition of urease by the oxidized heterocyclic
~ mercaptans. |

D.- Effect of Reducing Agents on the Inh1b1t1on of Urease by the
Heterocyclic Mercaptans

Urease pretreated with either sodium su1f1te or 2- mercapto—
ethanol was unaffected by any of the heterocyc11c mercaptans (Table
7). Thus, under reducing conditions none of the heterocyclic mercap4
tane are effective as urease inhibitors. The hydrogen peroxide
treated preparations of rhodanine and 5-amino-1,3,4-thiadiazole-2-
thiol were used because often'the unoxidized preparations of these
~ compounds were nat inhibitory. The thiol-disulfide system is known
to be quite sensitive to redox conditions, and mild redueing agents
such as sodium su]fite'or 2-mercaptoethanol can either break or
prevent.the formation of a disulfide bond (Boyer, 1960).

E. Dialysis Studies

. The activity of‘a urease preparation that has been inhibited
by a heterocyclic mercaptan can be partia]]y restored if the enzyme-
inhibitor solution is dialyzed agecinst a reducing aQent (Table 8).
2-Mercaptoethanol was- more effective than sodium sulfite at eliminat-
ing the 1nhibit10n'of urease by three of the fnhibitors.: Both
reducing agents © . - equally effectivevfor_restorfng activity to
rhodanine—inhibifed urease. In all cases no change in activity
occurred during dialysis of the urease-inhibitor solutions against

the original buffer (20 mM phosphate-1 mM EDTA, pH 7.0) in the
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absence of reducing agents (Table 8). Thus, the inhibition of
urease by(#he heterocyclic mercaptans is irreversible under the
assay conditions that were emp10yed for the inhibition studie-
Total inhibition of urease by rhodanine was not achieved even
though an inhibitor concentration (6.0 X 10-9M) éonsiderably in
excess of the Ig, value was employed. The inhibition of urease by
1,3,4-thiadiazole-2,5-dithiol wag.less regdily reversed than inhibi-
tion caused by the other compounds (Table 8). 1,3;4-Thiadiazole-
2,5-dithiq] has two mercapto groups and could form polymers via
disulfide 1inkages.with severé] urease mo]ecu]es to produce én
fn;o]ub]e precipitate that is'ifreversibly inactivated.

The dialysis buffers Were changed to 20 mM phosphate-1 mM
EDTA buffer (pH 7.0) after 5 days of d1a1ys1s in order to de‘:rmine
if removal of the reducing agents would affect the enzymic activity.
Sulfite ions inhibit" ur@ase, and the removal of the sodium sulfite |
should causé an incréase in activity. However, for both reducing
hgents, the removal of the reducing agen* had no effect or. the urease
activity (Table 8). |

Since‘urease that has been 1nh151ted by heterocyclic
mercaptans can be restored to partial activity by reducing agents, it
“is ‘likely fhat inhibition may occur' via fo-mation of a disulfide bond
between the‘mercapto group of a heterocyci.c mercaptan and a sulfhyd-
ryl group of urease. "In the next section the following topiés will
be discussed:

1. how a disulfide bond can be formed;

A7 2. " a proposed mechanism of inhibition;

3. evidence for the inhibition mechanism.



F. Inhibition o bfoeterogyc1ic Disulfides

- The prev.... studies concerning the effect of reducing
agents on the inhibitioﬁ of urease by themhetérocyciic mercaptans,
implicate the formation of an inhibitor-urease disu?fiae bond.
inhibition may be caused in two wéys. A disuifide bond can be -
formed between a mercapto group of ‘the inhibitor and a sulfhydry]l
(mércapto),group at the active Sitezof urease, thusvb16cking the
active site. A disulfide bond canvé1so be formed at a location
other than‘the active site, and the inhibitfon caused by a change in
the conformation of the enzyme. Hcwever, a thiol will not react with
another thiol if no externai oxidAnt is present, because a disulfide

bond is in a higher oxidation state &¢han two thiols. It is possible

2

for a thiol to react with a-cisulfide by thiol-disulfide exchange
- to produce a new disulfide pfoduct as outlined in the following

reaction (Boyer, 1960):

RSH ¢ RI-S-S-R' 3 RS-t b RU-SH

Aisog urease‘Has been purified;by thio]—disu1fié§ e;chénge
using a Sepharnse-glutathione co?uuh}withﬁiiméFEthgpyrﬁ%ﬁﬁéﬁoound
to gEuL :hi0m3 by a di$d1fide 1€ﬁkage [Cev ssen g;igl) f974b).

Itz thiméwdisué€idé.2xchaﬁge.i¢gct€0n is resoonuibie
the dnibizion of urease by Tz heterocyclic mercaptans. fren i
;:;uif?ﬂef‘af hese cémp ndy shovid be @v@ﬁ wove o Tfecoive L hibite
dmfméﬂoéﬁ;JSQNﬁhsgueazo1&m2ﬂthiug ahd v'mg~ﬁapia~3mpheﬁy;»,dedﬂ
Uotadizzole-e-thiu 2 were oyl dized to their disulvides whic

¢.¢ ~di(B-amino-1,3,4-thiadiazols) Jdisulfide ane 5.0 -di(3-phany

1.3,4-thiadiazote-2-*tipne) 4i:uT7 de  younecti =T The ~roperi.

67
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of the disulfides and the veriffcation of their structures are given
in Section IV of this thesis. 1,3,4:Thiadiazo1e—2,5—&1thio] was not
considered because it is disubstituted and upon oxidation could form
higher polymers that would be more difficult to study,

-Thé 250 values for the inhibition of jack bean uréase by
2,2'di(5-amino-1,3,4-thiadiuzole) disulfide and 5,5'-di(3-phenyl-
1,3,4-thiadiazole—2-thione) disulfide are lower than the corresponding
mercaptans by factors of 500 and 100 respectively (Table 9).- The I,
values of a number of different disulfide p}eparations-are also
 fairly reproducible (Tab™ : 9, f,otnotes d and e). 2,2'—01(5;amino—
1,3,4—thiadiazo]e)‘Hisu]fi@e was dissolved in;95% ethanol containing
0.5% DMSO because the inhibitor was sparingly soluble in ethanol, and
- DMSO increased the solubility of the compound.

5,5'-Di(3~pheny]-1,3;4-thiadiazole—2—fhione) disulfide is
equivalent to acetohydroxamic acid as a ureaée inhinitor and 2,2'-di
(S—am{no-l,3,4-thiadiazo1e) disulfide is more poteht than acetohydrox-
amic acid (Table 9). Acetohydroxamic acid, a well-known urease
inhibitor was “ncluded in this sﬁudy for comparison. A]?hough the Ig,
va%ﬁe for acetohydro%&mic aé¥ﬁ listed in Table 9 is different rom
the value reported by Kobashi et al. (1971), the experimental
conditions are quite different in both cases.

RN

The extremely potent antizurease.activity of the hg;érocyciiu

-

-

Tiulvides and the effect of veduciag agents on the inhibizior of
urezse supports the hypothesis of inhibition mediated by « .hiol-
disulfide exchange. Thus, heterocyclic mercaptans are not inhibitory

in either the thione or thici form, but only when they are i~ the
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disu]fide or polysulfide iuvyii. The ‘iphibition df urease by the
heterocyclic mercaptans can be attributed to trace quantities of
the corresponding disu]fiees‘or polysulfides present as impurities.
The increased inhibitory power of the oxidized mercaptans (Table 6)
was caused by the higher concentrations of‘the disulfides which had
been formed durlng oxidation. The ability of sodium hydroxide to
e11m1nate the inhibitory power of 1,3,4- thiadiazole-2,5~-dithiol can
be exp]a1ned by the assumption that the disulfides or polysulfides
had been cleaved by the sodium hydroxide. It has been known for
some time that the‘hydroxide jon can cleave disulfane derivatives
(Schmidt, 1965). | |

The 1nh1b1t1on of urease by 2,2'-di(5-amino-1,3,4-thiadia-

zole) disulfide can be represent ﬁy the fo]uowxng scheme

ESH 4 HZNWS\II/S*SYSWNH
——N N—N
E-G- S<_NH S NH
€8 ! \JT 2 . \( \r 2
- N—=N o —N

The same scheme can be postulated for thefdisu]fides of .

rhodanine’and.5-mercapto—3-pheny1-1,3,4-thiadiazo1e—2—thione.

3 +
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1,3,4-Thiadiazole-2,5-dithiol is disubstituted and may form higher
polymers there could be more than one inhibitory species.

| G. Time Studies

The disulfides of two of the heterocyclic mercaptahs,
2,2‘-d€(5—amino-1,3,4;thiadiazole) disu]f%de and 5,5'-di(3-phenyl-
1,3,4—th1adiazole42—thione)‘di§u1fidé were employed for the tfme
studies because the-disu1fide rather than the mercaptan is the active
inhibitory form. For similar reasons an oxidized ethanolic solution
of rhodanine was used in ihe time studies. | |

When the inhibitors were added to solutions of jack bean
ureaée, the inhibft;on of the'ureasé increased for 2-3 hours and

then remained constant (Figures 5, 6, 7 Q@d 8). Thus, the nv91n\uba_

tion time of 4 hours that was chosen for the 1nh1b1t1on 51

suff1c1ent to allow the enzyme-inhibitor system to reach; nju YHum.

5§

The rate at wh1ch these compounds inactivate urease was prrFCf“10na1

o

tc the initial inhibitor w=entration (Figures 5, 6, 7 and 8).
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Figure S:- Effect of time on the inhibition of jack bean ‘irease by
1,3,4-th!adiazole~2,5-dithiol. Preparation #10A.
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Figure 6: Effect of time on the inhibition of jack bean urease by
S.5'—di(3—pheny1-1,3,4~thiadiazole-2—thione) disulfide.
Inhibitor concentration 3.5 x 10-6M N —.

Inhibitor~conceﬁtration 7.0 x 10—6M o—e—6



73

100

R4
O .

80

60
Inhibition, A
—x o,

40 &=

20
! 0 L. 1 | 1 i J
0 50 100 150 © 200 250 . 300

. e, minutes

FiguréA%: Effect of time on the inhibition of jack bean urease by
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Figure 8: Effect of time on the inhibition of’jacV bean urease by
rhodanine. Preparation #1E. (oxidized with HZOZ)" I

Inhibitor concentration 1.5 x 10~5M S ——
Inhibitor concentration 3.0 x lOdSM D
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I1I. Evaluation 6f Various Compounds as Soil Urease Inhibitors

The compoundé evaluated in this study were a number of
'heterbcyc]ic mercaptans, two disulfides, and a number of known urease
inhibitors such'as phenols, benzoquinones, hydroxamates, thiourea, and
re]afed'compoﬁnds.

Only the first iwovheterocyé]it mercaptans ]istedAin Table
10 inhibit soil urease to any extent. In fact 2-mercaptobenzoxazole
1ncreased the rate of urea hydrolysis in soil. The potassium salt of
5-mercapto-3-pheny1- 1 3,4-thiadiazole- 2 thicne was found to be ineffec-
tive as a soil urease inhibitor although -t was an effective inhibitor
of jack bean urease in phosphate buffer at pH 7 0 (Table 3). The most
effective of the heterocyc11c mercaptans , 1,3,4—th1ad1azo]e—Z,S-dithio]

was stud1ed in more detail. Inhibition wa¢ Jinear with inhibitor
concentration up to 40 ppm of 1,3,4-thiadiazole-2,5-dithiol, but
1eve11éd of f somewhat at higher inhibito» conCentratfons (Figure 9).

The inhibition of soil urease by 1;3,4~thjadiazo]e~2,5-d1thio] increases
with higher moisture content Up to a moisture concentration of 40%

(w/w of soil) and s then unéffected by moistur- content between 40

and 120% (Figure 10). | |

The éxperiments with jack bean urease, previousiy discussed
in thfs‘thesis, prove that'these hetérocyc]ic mercaptans are more
effective affer they have been oxidized to the corresponding disulfide.
However, the disulfides of s;amino-l,3,4-th1ad1§zd1e-2-thio1 and
5-mercapto-3-pheny1-1,3, 4 th1ad1azo1e 2-thione are bot less effective
‘than -expected (Table 10) ‘as soil urease inhibitors. The fo]]owing .

reasons coqu explain the obse%ved'discrepancy: (1) the environment

o
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Figure 9: Effect of inhibitor concentration on the inhibition
of soil urease activity by 1,3,4~thiadiazole~2,5-dithiol.
Substrate concentration 400 ppm urea-N, soil moisture 327%,
temperature 25°C, and an incubation time of 24 hr.
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Figure 10: Effect of moisture content on the inhibition of soil
urease activity by 1,3,4~thiadiazole-2,5-dithiol. Substrate
concentration 400 ppm urea-N, inhibitor concentration 50 ppm,
temperature 25°C, and an incubation time of 24 hr.
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Table 10

Effect of Various Compounds on Soil Urease Activity

. Heterocyclic Sulfur Compounds

Cohgound

1,3,4-thiadiazo1e—2,S—dithiol
5-amino-1,3,4-thiadiazole-2-thiol
2-mercapto-1-methyl imidazole

‘rhodanine

neothiocyanic acid
trithiocyanuric acid
2-mercapto-4(3H)quinazolinone

2-mercaptopyridine-N-oxide, sodium salt ‘
5—mercapto-3—pheny1—1;3,4—thiadiazo]e—Z-thione,

potassium salt
2-mercaptobenzimidazole
2-mercaptobenzathiazole
2-mercaptobenzoxazole
2 ,6-dimercaptopurine
2-thiazoline-2-thiol

,2,2'—di(5—amino—1,3,4—thiadiazole) disulfide
5,5'—di(3-pheny1—1,3,4—thiadiazo1e—2-thione)

disulfide

Phenols and Benzoguinones

Compound_

hydroquinone
catechol
4-chlorophenol
phenol

p p' bephenol
4-phenylphenol

-pyrogallol

resorcinol

1-napthol

1,4-benzoquinorie
2,5-dimethy1-1,4-benzoquinone
2,6—dimethy1-1,4—benzoquinone
2,6-dichloroquinone-4-chloroimide
tetrachloro-1,2-benzogquinone

£ (ph = 7.0)!

(0.284)
(0.378)

(0.284)
(0.170)

(0.290)

% Inhibition

46
27
13-
10

—_—_ O ONOOO OO

N

“ Inhibition

88
a7
14
10
5
5
2
0
1
88 .
50
45 -
30 °
6
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Table 10 (continued)

Urea Ana]ogs,,Thioureé Derivatives and Hydroxamates
Comgound ‘ . : % Inhibition
acetohydroxam1c acid 17
hydroxyurea _ 16
N'-methyl-N- hydroxyurea - 15
thicurea , ' g 9
Ccbu . 5
acetaldehyde th1ourea . ‘ 0
sod1um oxamate ‘ 0
Aldoximes and Imides
Compound ¢ Inhibition
formamidine acetate . 0
acetamidine acetdte 0
acetamidoxime 3
N-hydroxysucciniinide 0
phthalimide 1]
Other Heterocyclic Nitrogen Compounds
Compound 9 Innibition
4-amino-1,2,4-triazole | 4

5-aminotetrazole monchydrate

2-amino-5-methy1-1,3,4-thiadiazole
3-pyridinol

2(1H)-pyridone

4(1H)-pyridone

cyanuric acid

2-sulfonamide-5- acetam1do 1,3,4- Fh1ad1azo1e

The experimental conditions are described in the materials and
ethods section. . In the absence of inhibitors 312 ppm of the
dded urea-N was hydro]yzed '

Due to the low solubility of these compounds in water they
were applied as a slurry.

EO' values obtamned from Webb, 1966. |}
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of somlkurease is dffferent than that of urease in solution and
the mercapto compounds could inhibit soil urease by a different
mechanism, i.e. a metal-thiazole complex or che]at1on of the nickel
atoms in the urease molecule. (2). The higher solubility of. the
thiol compounds’may allow them to diffuse more readily through the
soil to the active site of urease where other soil constituents
}could act as oxidants and catalysts to promote the formation of a -
disulfide‘bond between the thfb] group and the essential sulfhydryl
group of urease. | |

thydric phenols and quinones have been shown to be

effective inhibitors of soya bean urease (Quastel, 1933),”1ack beénﬂ
urease (Grant and Kinsey, 1933), and soil urease (Brémnér and
Douglas, 1971a,4Bundy and Brémner,‘1973). The dihydric phenols a;e//
only effective inhfbitors éfter thev o »ye aufooxidized to thE/qégque i
form (Quastel, 1933). The two most probable mechanisms fp? the \
1nh1b1t1on of urease by quinones are: (1) oxidation of essentia]
sulfhydryl groups and (2) rea~tion of the quinones with sulfhydryl
groups by 194—addition (Hoffmann-0stenhof, 1963, Webb, 1966). Thiols
react readily with_1,4-benzoquinone by 1,4-addition to give a mono-
substituted hydmoqu{none which is subséquent]y oxidized bm excess
1,4-benzoquinone to a substituted benzoquinone (Burton and David,

1953, Schubert, 1947, Snell and Weissberger, 1939) as illustrated

sm@

by the following scheme:
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In the presence of oxygen, hydroquinéne will be oxidized again
" to 1,4-benzoquinone and the addition cycle can repeat itself.
At’increasing_pH values the redo% p;tentia] decreaées, but
the maximum inhibition of urease by quinones occurs between pH 7.0
and 8.0. If oxidation of sulfhydry] grdups were responsible for the
inhibition of urease by quinones the inhibition should increase with
decreasing pH.} The addition mechanism for the inhibition of urease
b; quinones is the_most Tikely one (Webb, 1966). In the case of
“either oxidation or the rormation of an addition product, inhibition

can still bercorrelated with the redox potential of the quinone

,/,r—/ .

because a redox Step is also inVo]ved in the formation of. an addition
product (Webb, 1966).

The redox potentials of several of the quinones and the
\‘ .

v '

quinone forms-corresponding to the dihydric phenols in Table 10 are
lTisted. Inhibition of soil urease by both hydroguinone and 1,4-benzo-
quinone are‘idénfﬁgél us expected since hydroédinone_oxidizes very
readily to the quinone form. Tetrachloro-1,2-benzoquinone has a
fairly high redox potential_but'is'inéffective as @ soil urease
inhibitor.  Since all four of the évai1ab1e positions on tetrachloro-
1,2—benzoquihOne are occupied by chlorine atoms, it would not be able
to form an addition product with'a thio]! Phenols which are unable
to be oxidized to the quinone form will also be ineffective as urease
inhibitors.

Acetohydroxamic acid and hydr0xyurea both inhibit soil
ureasé but are much less effécfive than some of the .other compounds

. studied (Table 10). : B
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The aldoxime class of compounds were consitdeved becaune of
their structural similarity to the hydroxamates. However, the ald
oximes and the imide class of compounds, as well as various other
heterocyclic nitrogen compounds were found to be ineffective as soil
urease inhibitors,

The most promising compounds as 50t urecase nhibs o1 ae
several of the phenols and benzoquinones (Table 10) and the first two
heterocyclic mercaptqns listed in, Table 10. Phenols and benzoquinones

e )

are strong irritants (Webb, 1966) and may be of limited practical use
as urease inhibitors. Although 1,3,4-thiadiazole-2,5-dithiol is sone.
what Tess éffective as a soil urease inhibitor than some of the benzo-
quinones, it i. auch 1g§s toxic and thQs is the most =suitabie inhibditor
for practical applications.

| A considerable volume of work has been performed on the inhi-
bition of nitrification in soil in order to improve the efficiency of
nitrogen feftilizers (Fujikawa, 1071). 1,3,@~Thiadiézo1e—2,awmithéu
" has béen shownn to inhibit ﬁitriffcation in prre culture (Fujikawa,
1971) and 2,2'-di(5-amino-1,3,4-thiadiazole) disulfice nas alsc heen
shown io.comp)eie1y‘inhibit nitr:rication in pure “ulture® ¢ Sondens

trations as low as 0.1 ppm {w/v of culture solution). It i

%71

o]

pcasible

that the inhibition of nitrification by the heterocyclhic mercapiens
could a156 occur by a thio]—disu1f§de exchange in a manner anaiog’
to the inhibi’ sn of urease by these compounds. The hetorcoyc ic mer-
captans and the v disuifides are worthy of furiher inV&A<?ﬁﬂ5€@ﬂ viith
regard tu both the inhib{tion of urease activity and the iohibrtion
of nitrification.

a.zmm&%dwdwd%inow*hhmmmw.



81

“ . . oo - : e ) .
% ‘rv.-‘;. i . . N . |,_‘.4 ;

IV SYnthetlc Chem1stny : a RN

A. Preparat1on of.3,4-~ Dimethyl 2,5~ D1thione 1,34~ Th1ad1azol1dene

The synthesis Was carr1ed out as indicated 1n the Mater1als
and Methods sect1on us1ng 0.1 mo]es of the starting materlmls The»p
crude prodyct was recrysta]112ed from ethano1 to yield white need]es

of 3, 4-dime thy1- 2,5- d1th10ne 1,3,4- thmdiazohdene “ N
éﬁ* Theoretica] y1e1d 178 X 0.1 = 17.8° g
7I Actua] yleld 4 79 ' ‘ b

% Yield ;urg%x 100 2?%

i(L1t value 50%,4Thorn, 1960)

The yield was sonewhat Tower than the lwterature value |
’because some product was 1ost dur1ng pur1f1cation The melting paint
was 1dent1ca1 to the 11terature value, and the molar ext1nct1on coef-
ficients of the u]trav1olet absorpt1on peaks. for 3, 4 d1methy] 2,5~

~ dithione- 1,3,4- th1ad1azo]fdene were 17 -34% h1gher th&n the literature
‘values (Figure 11) The\singlet peak at 3. 92 ppm in the n.m.r.
spectrum corresponds to the methyl ‘?otons of the compound (ngure 11).
The parent 1on (m/e 178) in the mass spectrum corresponds to the mole-
cular we1ght of the compound (Tab]e 11).

Thus, the properties ]1sted in F1gure 11 and Table 11 are
conswstent w1th the proposed structure of 3,4- dvmethyl 2, 5 -dithione-

1,3, 4 thiadiazohdene

‘B. PrOperties of Two of the Heterocyc]ic Mercaptans and the Corres-
ponding Disu?fides = _

5 Amino-1, 3, 4-thiad1azole 2 thiol and S—mercapto 3- pheny]—
- 2- thione 1,3,4- th1ad1azole were each oxidized to their respect1ve

| disulfides as described in the Materia]s and Methods section. 1.3,4:-

{ B . . [



v/k n.m.r. Spectrum
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M.P. = 1680C (L1t -value 168- 169°C Thorn, 1960)

4 (60 iz, in coc1y) ) 3.92 | -
\ (S, 6H,H3C-N-N- ~CH5) intdrnal standard, TMS “'j' )
o ™S = tetramethy]s11ane o \fff[( ;//p\\J/* )
s = s1nglet . e ?- S ;<\ , At )
, : | 9 é o
UltraV1olet Spegtrum (1n 95% ethanol) o o B
W269 (268) nm i' : : | f-‘ 328 (327) nm
€ 14,300 (10*700) T 14,000 (12,000)
e—\ﬁb1ar extnnct1on coeff1c1ent o | |
L1terature va]ues in brackets (Thorn, 1960) N
| Infrared-Spectrum (Jn CHCl3) |
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em-1 . : 1975, Dyer, 1965)
930M |, o - rocking
wos o - C=S stretching
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1380 M - ~ C-H bending
1480 5 . _C-H bending
b 3000 W o N C-H stretching
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Figure 11: Propert1es of 3 4- d1methy1 -2,5- d1th10ne 1,3,4-thiadia-
' *zo]idene

. jz .
4 .
M . v .

Y



Méss Spectrum of 3,4-dimethy1-2,5-dithiq,e#1,3,4-thiad

: m(é .

15

28

43
a4

45

46
58
61

64

P

72

73
74

!

!
/

/ .

.76 /’

{

101
105

178

179

. 180

181

4z

Table ‘11

iazo]idéne
x?.
¥ of Base Peak . ﬁ 

I
7.5 R

5.7
9.7
9
6.3
"
6.5
13
6.2
45
35
32
| 11'. .
n |
9.9
9.4

100 {Base and Parent)

7.5 ()
| S|
14 . (Pr2)
0.92 . (P+3)
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. Th1ad1azo]e 2,5-dithiol was not cons1dered because it is d1subst1—d5
\tuted w1th mercapto groups, and upon ox1dat10n could form higher

. polymers that would be more difficu1t to study 7

The 1nfrared Spectra of the monomers and dimers of these

two compounds are shown 1n Figures-lZ 13, 14 and 15, and the exact
absorption frequencies are 1isted in Appendices II, iv v and VI.'
The ultrav1olet Spectra are shown in F\gures 16 17 and 18. No'l
u]trav1o]et spectrum could be obtained for 2, 2'- di(S amino-1,3,4-
thiadlazole) d1su1f1de because 1t is only sparingly soluble 1n
ethanol, the solvent of cho1ce for these studies \An u]travio]et
spectrun of 2 5 dithlone 3,4~ d1methy1 1 3, 4 th1ad1azo11dene is

' shown for compar1son (F1gure 16). The n.m.r. spectra are presented
)1n F1gures 194 20, 21 and 22, and F1gure 23 is' an n.m.r. spectrun
of the sdivent (DMSGHG) alone. The exact values of the n.m. r
absorpt1 ns, the mo]ar ext1nct10n coeffic1ents of the u travio]et '
maxima and additwona] propertxes of thesg}compounds are; 11sted in |
Figures . 24 25 26 and 27 The mass spectﬁ}tare listed in, Tab]es
12,713, 14, 15 16 and 17, Tab]es 16 and 17" each conta1n a mass

spectrun of one of the d1su1f1des that was. purified by sublimation.

The spectroscopic resu]ts confirmed that the monomers have

been converted to the corresponding d1mers and’ a]so prov1des evid-
ence for the th1one-thio] tautomerism of these.compounds,. The -

infrared spectra'of'5~amtno41 3, 4-thiadiazoje4?4th161‘andvitsfdimer

in the so]id phase (KBn,peilets) differ somewhat from each other as )

expected (Figures 12 and 13) “The two features of the infrared

spectrum which suggest that 5-amino-1, 3, 4 th1adiazo]e 2- th1o] is 1n

84
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Figure 12: qurared spectrum of 5-amino-l,3, 4-th1adiazole-
2-thiol in a KBr pellet. . Lo _ _ ,

NI I A IR O R T R A TN T o S B
‘ ! “’M.-.‘,; .
rated spectrum of 2, 2'-di(5-am1no-l.3 4=

1su1f1da in a KBr pellet.

Figure 13: I
thiadiazole)

(U3 K U A I I IR

l,l]#i 1 1 1 11

. -’ m. .' [
Figure 14: Infrared spectrum ofeS-mmrcapto-B-phenyl-
1,3, 4-th1adiazole-2-th§oue in\a KBr pellet.”

Figure 15- Infrated apectrun of 5 5' -d1(3-phenyl-1 3,4~

thiadiazole=~2-thione)- diqulfi@g‘in a KBr pellet.

>
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Figure 16: Ultraviolet spectrum of 3, &-dimethyl -2, S—dithiqpe-l 3,4~

thiadiazolidene in 952 ethanol. . é
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Figure 17: Ultraviolet spectrum of S—amino—l 3, A-thiadiazole-z-thiol
in 95 ethanol. - :
. \ ’ .

S

- 210 - 250 300 350 , 400 450
. kaelength, : '
1 ‘Fisure 18: Ultraviolet spectrum of 5-mercapto-3-phenyl-1 3,4~
*thiadiazole-2-thion¢ in 952 ethanol.
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Figure 19: n.m.r. s pectrum of 5~amino-1 3 4 thiadiazole-z-thiol _

in DMSOds' .
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Figure 20: n.m.r. spectrum of 2, 2‘-di(5-smino—1 3, 4—thiadiazole)
disulfide in DMSOd ..
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Figure 2 n%m.r spectrum of S-mercapto—S—phenyl-l 3 l»-t\hiadiazole
-2—thione in DMSOd . .
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Figurc 22: a.m.r. spectrun of 5, 5'-d1(3-pheny1-1 3, 4-thudiuole
-Z—thiono) d:l.lulf:l.dc in DHSOd6 .
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M.P. = "236-238°C'(decomposes)
Fine white crystglﬁ.- } 7
n.m.r. Sgectﬁm: g
B (100 Mz, in DMSOz) . |

§:6.96 (S, 2H, -NHy), 13.13 (S, W, sﬁ-ﬁ-gf)v

;o
/

internal standard, TMS
S =singlet

* The compound was assumed to be in the thione tautomer in
DMSO. The chemical shift is consistent with a proton
bound to a heterocyclic nitrogen -atom (p 209, Jackman -and
Sternhell, 1969). A R

Ultravilet Spectrum: = L T
"maac = 310 nm :
€= 9,300 . ‘
~ e= molar extinction coefficient
Structure
\ .
9



M. P. =

- 236-238°C (decomposes)

Fine yellow crystals.

n.m.r. Spectrum: . o

(100 MHz. in DMSO )
s 7. 72 (S 4H, NH ) 1nterna1 standard ™S

S = sing1et

Figure ZSY

Structure

. ,qum,sr-—s\( \rNH2

Properties of 2 2'-di(5-am1no-1 3 4- thiadiazole)
disulfide.' :

91



M.P. = 85-870C .
-ane‘ white crystals. \ | ; .
n.m.g. Séectrumb , - T i

(100 Mz, in Duso,w)“ar | o

8 7.60 (m, SH, @-H), 3.72 (S, IH, -SH)*

‘~interna] standard, TMS | ~v. | |
s = singlet | m = ﬁul;iplet
* To obtain the 1ntegraﬁ1§n for this peak, the value for the

water peak in Figure 22 was subtracted from the combined
(SH + H,0) peak in Figure 21.

Ultraviglet Spectra: .

| (a) Spectrum of the potassium salt:

Maz = 236 nm - | 273 nm . 347 nm
€= 16,200 + 830 11,800 + 320 9,700 + 50

(b) Spectrum in the bresen&e of a reduing agent:
(molar ratio of 2-mercaptoethanq1/th1azo]e = 10).ﬂ

Mgz = 239 nm 270 nm - 347 nm

€= 14,800 + 600 11,700 + 370 . 9,400 + 130
ef"@Piar’extinction‘coefficient"

Struéture

R > ,‘ L | .8 | | ‘ | A .
n 7 HST _\rs o ,//_-‘

- N—N

O | » - |
-~ \

Figure 26: Properties of 5-mercapto-3-phenyl-1,3,4-thiadiazole-
2-thigne. = - : |

¢
(. LI B
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M.P. .= 133.5-1349C

Orahge crystals

n.mr. §pectrun
(100 Mz, in DMSOds)
& 7.62 (m, 10H, ¢-H)

“internal standard, TMS
m = multiplet
Ultraviolet Spectrum:

: )hqx = 225 nm 271 nm 344 nm
€= 26,300 . 19,000 13,800
€= mo]&f extinction.coefficient

Strdcture

SY S \fs

N—N. - N—N

.

~ Figure 27: Properties of 5.5'-di(3 pheny1-1,3,4- thiad1azole~
- z-thione) disulfide



94

the thione tautomer are: (a) the absence of a thiol peak, (2) the
broad =N-H stretching peak at 2270 cn™? (Figure 10). When N-H
stretching occurs between 2800 and 2§OO em L, there is some hydrogen
'bénding‘{nv61ved. The Hfsappeirance of the peak at 2770 qm‘l when
‘the dimer is formed (Figure 13) is also expected if the thione tauto-
‘mer predominates. This is in agreement with‘the X-ray crystallography ,
studies of Downie gg_gl,.(1972) who were able to show that in the solid
sfate 5-amino-1.3,4-th1ad1azo]e-2-thio1.is present as the“thjonektauto-
-mer and hydrogen bonding occurs between the proton on the ring nitrogen 
nnd a thione grodp of another molecule. The infrared spectrum of the
dimer is consistent with its expected structure (Figure 13); The
infrared épectrun_of>5?mercapto~3—pheny1-1,3,4-th1adiézo]e-2-thione
" has a peak at 2330 a1 (Figure 14) corrésponding to a thiol group.
This peak is absent from the 1nfrared spectrum of the dimer (Figure
15) which is additiona] evidence for the proposed structure Thus,
- in the solid state‘S—mercapto—3-pheny1-1,3,4-th1ad1azo1e~2—th1one
exists as the th1o! tautomer. |

-The ultraviolet spectra did not provide much 1nformat1on
wffh respect to thione-thiol tautomerism. Although the extinction
coefficients for 5-mercapto-3-phenyl-1,3,8-thiadiazole-2-thione and
'5,5'-di(3—pheny1-1,3,4;thfadiazo]e—2-thione) disu]fidé’aré di fferent,
theg;bsorption maxima and the nppearance of the spectra arenboth
similar (Figures 18 26 and 27). The u]travio1et spectra of the
potassium salt of 5~mercapto -3-phenyl-1,3,4- thiadiazole-2-thione
and the corresponding acid under reducing conditions are identical

(Figure 26). It was necessary to add a reducing agent to the acid:

0
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ip order to prevent oxidation'and fpfgatioh of the dimer._ The
conclusions of Thorn (1960) rggaﬁding the thione-thipl tautpmerism
of 1,3,4-thiadiazole-2,5-dithiol in 95% ethanol were criticized by
Sandstrom (1968) as he'suggestéd that the compound exists as a
monoanion rather than as a tautomer of the acid.

N.m.r. studies are most commpnly'carrfed out in carbon
.tetrachloride or deuterated chloroform (CDC1z). In this study it
Was necessary to use deuterated dimethyf sulfoxide (DMSO4.) as-a
'solveht‘because the compounds were ihso]uble in the other solvents.
S-Anind-l,3,4-ppipd1azolé;2-thio] wps assumed“to be present as. the
thione tautomer when:diséoivedzin DMSO, since the proton (=N-H)
which is able to tautomerize absorbp at 13.13 ppm in the n.m.r. °
' specfrum (Figures 19 and 24). Thiol protons usually absprb in the
region of 0.9;4.0 ppm'and a proton bound to a heterocyclic nitrogen
atom can absorb as far downf%e]d as 13.7 ppm (Jackman and Sternhell,
1969) The absence of the additional proton in the n.m.r. spectrum
of 2 »2' -di(5- amino-1,3, 4 thiad1azo1e) disulfide is support1ng ev1dence
for the proposed structure of the dimer (Figures 20 and 25). .The

n.m.r, spectrum of 5—mercapto-3—pheny1 1,3,4-thiadiazole-2-thione has
‘a multiplet pgak at 7.60 ppm corresponding to the phenyl protons,
ahd a singlet peak at 3.72 ppm representing a combined peak of either
a mercapto or imino group plus trace amounts of water (F1gures 21 and"
26). The add1tiona1 proton carries out an exchange with the protons
 of the trace amount of water, and thus it was not possyb]e to deter-

mine if the proton wps on the sulfur or the nitrogen. The n.m.r.

spectrum of 5,5'-di (3-pheny1-1,3,4-thiadiazole-2-thione) disulfide
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has a mu1tip1et at 7. 62 ppm corresponding to the pheny] protons

- and additional peaks occurvat 2.50 p‘_é§bd 3.32 ppm which can be
attributed to DMSO ond'trace amounts of water respective]y (Figures
22 and 27) The addit1ona1 peaks were 1ndent1ca1 to the DSMO blank
which absorbed at 2.50 ppm and 3. 30 ppm respect1ve1y (Figure 23)

The mass spectra of S—am1no—1,3f4-th1ad1azo]e—2—th1o] and
Sémercapfo—3-pheny1fl,3,4—thiadiazo]e-2-thione'were consistent with
the known structures of these compounds (Tables 12 and 14). - The
mass spectrum of 5,5'-di(3-pheny1-1,3.4-thiadiazo1e—2-€mione)
»disu1fide (Table 15) has the correct mass ion (mOiecular weight 450),
but the mass spectrum of 2 2" d1(5 -amino-1,3,4- th1adia201e) d1su1f1de
is not consistent with the pgﬁéﬁlated structure (Table 13). " The
‘apparent mass ion of 256 for 2,2'-di(5-amino-1,3,4-thiadiazole)
dfsulfide'is;8’1ess than the expected molecular weight. The mass
spectra (Tables 16 and 17) of‘bofh-disulfides that had been purified
by sub]imation‘were,simi1a;‘to the original spectrum of 2,2'-di(5-
amino-1,3,4-thiadiazole) disulfide (Table 13). Since a mass ion of
256 was found for the‘sublimated disu]fidesn(Tobles 16 and 17),_wh1'ch~
had molecular weights of 264 and 450 respectfve1y, it is likely that w_
a‘ﬂurma]irearrangement is taking pToCe during sublimation. 2,2'-Di |
(5-amino-1,3,4-thiadiazole) disu]fide cou]d also have rearranged_in
the mass spéctrometer to produce an erroneous spectrum. All of the
mass spectra that h@d an apparent mass ion of 256 also contajned
significant peaks of m/e values 32, 64, 96, 160 and 192 in common
(Tab]es-13. 16 and 17). The mass ion of 256”ano a fragmentation

pattern of m/e values thaf_are,even'mUTtiples of 32 could be
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Table 12'

Mass spectrum of 5 amino 1,3,4-thiadiazole-2-thiol.

m/e ¥ of Base Peak
28 37
32 9.1
43 9.8
45 ' 5.7
. 57 37
59 7.8
60 10

Table 13

136

100 (Base and Parent)

P+
P+2
P+3)

"m/e ¥ of Base Peak
64 - 8.1
74 21
< 76 5.4
133
134 ‘5.1
135 8.7
0.43

Mass spectrum of 2 2'-di(5 amino-l 3 4 thiadiazole) disu1f1de

m/e % of Base Peak
27 4.1
28 42
29 . 4.6
32 . 20
42 15
43 18
44 7.7
45 11~
46 4.2

- 47 6.7
57 67
58 5.0
59 27 -
60 24
64 53

259 .

- m/e % of Base Peak
74 41
76 15
77 6.5
96 7.6
101 - 5.5
128 B 10
133 100 (Base)
134 5.8 4
160 13
192 11
- 224 5.0
256 11 (Parent)
257 0.61  (P+1)
. 258 3.8 (P+2)
0.24 (P+3)

/

R //L

/

/

/

!

/

97

~



Tab]e 14

98

Mass spectrum of 5-mercapto-3-pheny1 -1,3 4-th1ad1azo]e 2-thione.

m[e % of Base Peak
28 6.8
38 4.7
39 8.6
50 « 9.6
51 30

- 52 4.9
63 7.7
64 18
65 - 5.5
76 - 5.9
77 47

Table 15

"m[e;' % of Base Peak
91 - 100 (Base)
92 v 8.9
103 v 5.8 .
135 - 9.2
150 18
225 6.7
226 .49 (Parent)
227 7.0 §P+1§
228 6.8 (P+2)
229 0. P+3

~J
=)

Mass spectrum of 5 5'-d1(3 phenyl 1 3 4- thiadiazole 2- thione)
~disulfide. _

m/e

%-of Base Peak

27

28

32
38
39
44
50

51

63

64 -

76
-7

18

(=]
.
~J

e
O'l\l(ﬂb-lm-b\l-h
L] 1 ] L) [ ] L]

Tl OO

w-bw..

' ,100 (Base)

‘m/e

¥ of Base Peak

78 7.1

91 21

105 7.6

135 . 97

136 8.8

137 4.7 .

149 6.2 e
226 6.2 B

450 7.6 (Parent)
. 451 1.8 (P+1)
452 2.3 (P+2
453 - 0.58  (P+3)



T Mass spectrum of 2,2'-di(5-amino-1

~ Table 16

it

purified by sublimation.

»3,4-thiadiazole) disulfide:

‘% of Base Peak

m/e - % of Base Peak

13 4.3

27 8.6

28 29

29 . 5.4

32 46

33 . 4.3

42 13
- 43 - 8.9

44 6.8

45 .22

46 - 7.9

47 .1

58 5.0 <

59 22

60 13

NOAE
& . , o
Table 17 _
-"Mass spectrum of 5,5'-di(3-pheny1-1,3,4-thi

disulfide: purified by sublimation.

. .m/e_ % of Base Peak -
3 - 20 - e
64 100 (Base)
66 12 o
91 5.6
96 32
- 98 4.2
. 128 44

130

7.3

We
64 100 .= (Base)
66 8.9 4
74 36
9 18
101 50
128 33
130 - 5.7
160 28 .
162 6.1 .
192 13
256 36 (Parent
257 - 2.1 (P+1
258 12 '§P+2)
259 0.75 (P+3)
s . .

adiazole-2-thione)

m/e % of Base Peak .
160 21
162 4.9
192 11
. 256 ~.32 (Parent)
- 257 . 2.7 §P+1)
258 11 (P+2
259 - P+3)

0.61 -

'ﬂ‘

99 -
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expl}nned by assuming that the ortg‘iﬁd? isulfide decomposed to
s(ﬂfur; (Sg rihg; 'bb'lecdla]/r‘ weight, 256) a d:‘ a number of other |

. products. - A o )
| No furtﬁer-attémpt was made to characterize the disulfidés' |
by mass _spectrphetry aS the infrared and n. |

were deemed sufficient. -

. e %'V : n ‘ . :
-4 h . k - ot e
. . J . ’ .. ) ’ .




 CONCLUSIONS -

o
/

| Several 1mportant conc]usions have been fonmed regarding

; the inhibition of both 1ack bean urease. and 5011 urease by hetero-
nyclic mercaptans Additiona] 1nfonnation with respect to the
chemica] properties of two ‘of these heterocycIic mercaptans “has a1so '
been obtained. | | )

- The fo]]owing heterocyc]ic mercaptans were: found td be’ effective
”1nhib1tors of.Jack bean urease: 1,3,4-thiadiazole- 2 5- dithiol ‘
5~ amino-l 3, 4-th1ad1azo]e 2-thiol; —mercapto-3-pheny1 -1, 3 4- thiadia-
 zole- 2-thione and rhodanine ‘Inhibition was 11ke1y,due to trace
.unounts of the po]ysulfides or disu1fides of these compounds in the ":’
mercaptan preparations | |
' 2. The results are consistent with 1nh1bit1on occurr1ng ‘via a thiol-

' d1su1f1de exchange reaction between a dimer or polymer of one of these
tcompounds and a su1fhydnyl group of urease The following react1on '
' scheme out11nes this hypothesjs for the dimer of 5- am1no-1 3 4-thia- e

diazole 2- thiol |

'E-sn“ - "2"Y Ys— Y \fNH2 |

1‘

E-5-S sjr““z . Hs]/ Wuuz
- Ln B

o o : P .
3. Inhibition;ofrjock bean.urease by these heterocycIic mercaptans

{.;_coojd,betprevented'byhpre1ncubet1ngvthe enzyme with either 2-mercapto-

101



“ethanol or sodium sulfite. Inhibition could also be partially
reversed by - dialyzing the inhibited enzyme against either of the-

same two reducing agents Two of these heterocyclic mercaptans. _
5-un1no-1.3,4-th1ad1azole-2fthiol a\n'd rhedenine. were more potent
inhibi tors after they had been pretreeted with hydrogen peroxide.

" The effect of reducing and oxidizing agents on inhibition supports
the hypothesis of an- inhibitor- -enzyme disulfide bond

4. Disulﬁdes of two of the. heterocycbic,mercaptans were found to |
.be‘ ve'ry potent 1nh1‘t‘>1tors‘ of Jack hean urease. Unlike the hetero-
cyclic mercaptans inhibi tion by the disulfides was found to. be |

repmduc1b1e The inhibition of Jjack bean urease by the hetemcyclic

: mercaptans 1s not due to these conpounds themselves but to varying

amounts of the corresponding dwsu’lf'ides in the 1nhib1tor preparatmns

For 1.3,4—thiad1azo]e-2,5 dithio‘l there is a possibility of h\igher
pol‘ymers being im‘)o‘lved.__ “C.onlpari_s'onv'of the .infrared and n.m.r,
spectra of these two eon.peunds prove which of the tautomeric forms
predbmin’ete under}severiﬂ di fferent ‘COnditions. 5-Ain1"no-1,3,4-~
thiad*l"azfﬂe-z-thio.liv }is in the thi’one 'tautom‘erjin_ the solid state,

and is probably also.in the thione form when dissolved in dimethyl'

Q.
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sulfoxide. 5-Mercapto-3-pheny1-1,3,4-thiadiazole-2-thione is in the

~ thiol form in the soHd state Mass spectroscopic stud'ies ‘gave
 anomalous resuIts which would require further work.

5. The most effective soil urease inhibitors listed 1n order of
effectiveness are: hydroquinone ~ 1,4~-benzoquinone > 2,5- d‘lmethyl-

-1 4—benzoqu1none ~ catecho'l ~. 1 3, 4-th1 adiazole-2,5- d1th1o1

2,6-dimethy1- .1.4-benzoqu,inone\> 2.Gfdich‘lproquinone-4-chloroim1de ~ _
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Sfamino-1,3;4-th1adiazdle-z-thiol > acetohydroxamic acid. Most of
the Héterocyclic nitrdgen compounds were‘found to be ineffective."
The disulffdes of two of thp'heterocycljc mercaptans were'not very
- effective inhibitors of soil ufease. although they were poWerfu1

inhibitors of jack bean urease. However, 2,2'-di(5-amino-1,3,4~

fhiadiazole) disulfide may have some potential as a nitrification
1nh1b1tor ‘SinCe the phenols. and ;enzoquinones'are toxic and
robably unsuitable for practical use, 1,3, 4-th1adiazo]e-2 5- d1th1o]
is the most promising soil urease inhibitor.
6. The heterocyclic mercaptans employed in this study wou]d not be
efféctive in environuants with Tow redox potent1als because the disul-
fide bond between the inhibitor and urease is not stable under
reducing conditions Thus. these compounds gou]d not be used.as
| addjtives to feed urea in order to rzzﬁard rmne:},’ urease activity,
because the rumen is anaerobic and reducing. }
7. A'numbgr of other énzymes areﬂalso ;ulfhydry1 dépéndent such as
Iactaté dehydrogehase. malic’d;hydrogénasé, papaih,'the aldolases,
and the :alcoholl dehydro‘geha_ses' (Boyer, 1960). T_hnesé'- ‘enzymes were |
not investigated in this stpdy1but.woﬁld élsb react with a disulfide |
; inhibi;or and might'be of intgreﬁt for futuré‘wo[k; , |
( 8{ Field studies shpuld‘bé carried out to assess the féasibility of |
- using 1,334-thiadiazole-2,5-dithiol in a slow-release urea fertilizer.
A siqqushOUId also';e iqitiatedito delineate the meéhﬁnismAby which
the hetérbcyc'lié- 'dfs'ulfides in‘hibit nitrification, and to determine
the potentiaI of these compounds as n1trif1cat1on 1nh1bitors in
f1e1d applications.
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“ APPENDIX I

COMPOUNDS' EVALUATED FOR EFFECTIVENESS AS SOIL UREASE INHIBITORS
R . i

c

‘A. Heterocyclic Sulfur Compounds

HSTSTSH' - d o HSTSTN“%

N——N N N
1,3,4-thiadlazolé-2, 5-dithiol 5-amino-1, 3, 4-thiadiazole
: : ’ '=2-thiol
SH g \ S o
A - - S{_SH
-N”kN—CH : | W
H .
2-mercapto-l—methylimidazole rhodanine
- e “w. ’ "
‘] |
\
N HS N/LSH>

HS

neothiocyanic acid

‘trithiocyanuric acid
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N§rsﬂ - O Yy
: '*\‘ . : | S
o ' | g'—Na*'
2—mer¢apt6—4(3H)—qu1nazolinone K 2—mercaptép‘kidinefN-oxide,
' sodium salt

' -+ V- S j ' “. h ' B v .
K _‘ S\N'r____\Nrs ,\ ,:/>—SH |

S-mercapto-3~-phenyl-1, 3,4~thiadiazole Zﬂmercaptobénzimidazole
' —-2-thione, potassium salt ' ’ C

S "‘ | ~<) : .
Do | Vol

2-mercaptobenzothiazole - 2-mercaptobenzoxazole

N ‘
2,6-dimercaptopurine o 2-thiazoline-2-thiol

)

O 0 ol 80 0l

- 2,2'-d1(5-amino-1,3,4~thiadiazole) disulfide
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5,5"'-d1i(3-phenyl-1,3, 4-thiadiazoleé-2-thione) disulfide

B. Phenols and Benzoqﬁinones

" OH - ' OH

i OH

OH

hydroquinohe , ' catechol

(1, 4-dihydroxybenzene) L (1,2-dihydroxybenzene)
i : ) B .

OH | - OH
Cl | .

4~chlorophenol : phenol

p,p'-biphend} : 4-phenylphenol
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pyrogallol o " resorcinol

(1,2,3~trihydroxybenzene) - (1,3—dihydroxybenzene)‘“
' : o : &
OH g |
' ‘ .0
l-napthol =~ . 1, 4~benzoquinone
o | | -0
l*i#: . o . v :
o B J | _ S
‘ 2,54d1methyl;l,é-benzoquinone‘ o 2,6-dimethyl-1, 4-benzoquinone

" ppend

2;6—d1chlotoquinongy4-chlorbimide o tetrachlorofl,Z-benzoqﬁinone
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C. Urea Analogs, Thiourea Derivatives, énd Hydroxamatesi

| : . { '
CHzC—NHOH | ~ HyN—C—NHOH

acetohydroxamic acid _ hydroxyurea

H_g__ —NHOH : o o H2N-C—NH2

CHs
.N'—methyl-N—hydroxyurea : ‘ thiourea
g }
1 . a T +
CH3C=N—C—NH2- ‘ - HzN"‘ -C-0 Na
acetaldehyde thiourea . sodium okamate

‘ Hsc]/\rN-C—NHZ
Wi K
crotonylidene diurea (CDU)

(2—oxo-§—ﬁethyl-é—ureidohexahydropyrimidine)
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D. Aldoximes and Imides ’

[y

sf" | @
H-C—NH, + CHyE-oH

| 'NH - 1
»cuaé-nuz * CHyC-OH

formamidine acetate’ acetamidine acetate

o (:fia ‘i‘f’z } o : .‘ '

acetamidoxime N—hydroxysuccinimide
O ..
N-H
o

phthalimide

"E. Pyridine Derivatives and Heterocyclic Nitrogen Compounds

o | HoN N\.N‘. . o.
[y e

4—amino-1,2,4-triézble S—aminotetrézdle monohydrate
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X Y
- 2-aminothiazole 2—-amino-5-methyl-1, 3,4-thiadiazole

" HO

L)

b
H
3-pyridinol . ’ ; 2(1H)-pyridone

N.
| |
lic;*k§}‘(’Lt)Pl
'4(1H)—pyridoﬂe : - | c¢yanuric acid
: | s? ki .
CHZ5C—-N<_-S\_SO,NH
3 . 27772
e

24sulfonamide—5-aéetémido—l,3,4hthiadiazole



Appendix 11

Chemical and Physical Analyses of‘the‘Soi] Used

‘Total CEC Total Mechanical Analysis
PH  meq/100 g . Carbon, % .~ Sand Silt Clay
' . A y 4 z

6.40 37  6.40 29 39 @
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Appendix III
I .
Infrared spectrum of 5-amino-1,3,4-thiadiazole-2-thiol in a KBr pellet
| Aséignment

| (Colthup, Daly and Wiberley,

‘Absorption bands, cir? - 1975, Dyer, 1965)

3360-S ~ NH, .stretch.

3265 S. | NH, stretch
3070 S l NH, stretch
2910 S N-H stretch*

2770 M N-H stretch* °
1585 S thiazole ring stretch
1525 S =N-H bending
148é S thiazole ring stretch
1355 S thiazole' rifg stretch
1320 5 N-C=S
1280 M =C-NHé
1045 S C=S stretching
1015 M
740 S =N-H

665 M C-S stretch
600 W ° C-S stretch
552 W C-S stretch

s = strong o M= hedium W = weak

* In heteroaromatic compounds the N-H'stretch'frequency_is
Towered to 2800-2600 cm=! if there is appreciable hydrogen
bending (Co]thup, Daly and Wiberley, 1975).'



Appendix IV

Infrared spectrum of 2,2'~di(5—amino-1,3,4?thiadiazole)

{

Absorption bands, cm-Z

3270
3100
1638

- 1500

1385

1315
1128
11030
675
610
565

S £ = w

S

disulfide in a KBr pellet . A

strong .

o)
‘ Assignment
(Colthup, Daly and Wiberley,
1975, Dyer, 1965)
| NH, stretch
NH, stretch
-S-C=N

thiazo]e‘ring stretching

thiazole ring stretching

\C:NHZ -

C-NH2

C-S sprétch

C-S “stretch

C-S stretch
M=

medium W = weak
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Infrared spectrum of 5-mercapto-3-pheny1-1,3,4-thiadiazole-

Absorption bands, cm

3420
2330
1640

2-thione in a KBr pellet

-1 .

M
W
W

1585/ W

1490
1480
1450

1420
1345
1290
1230

1065
1030
835
755
690
680

600.

S

w £ = X

w =

= X X X X u»n X

S = strong M = medium

Assignment

(Co]thup, Daly and Wiberley,
1975, Dyer, 1965)

C-H stretch (aromatic)
S-H stretch

S-C=N

ring gtretch (aromatic)
riné_stre£ch (aromatic) .
thiazo1e ring stretching
ring stretch (aromafic)
thiazole éing stretchin@;ﬁi‘

T

Y
‘Gv‘\}‘!y.

ffnﬁVStretch (aromatic)

C-H bend (aromatic)

=S stretching

C-H bend (aromatic)

C-H wag (aromatic)

C-H wag'(éromatic)
C-S stretch

C-S stretch

W = weak
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Appendix VI

Infrared spectrum of 5,5'-di(3-phenyl-1,3,4-thiadiazole-2-

thione) disulfide in a KBr pellet

Ph
Assignment ;
, (Colthup, Daly and Wiberley,
Absorption bands, cm? 1975, Dyer, 1965) |
3430 S , C-H stfeﬁ%ﬁ (aromatic)t :
1585 M | " ring stretch (aromatﬁcs
1485 S ‘i thiazole ring stretch
1320 M | th{azole ring stretch
1215 S ~ ring stretch (arbﬁaﬁjc)
1030 M C=S stretching
900 W C-H bend (aromatic)
812 M . | C-H+*bend (aromatic)
752 M | ] C—H wag (aranagﬁ.&a
695 M '_C—H-wag'(gr} B
680 S » § E’ES St{:‘aﬁ
640 W & ¢S stretch
590 W | =S stretch

S = Strohg M = medium W = weak



