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.1.0 INTRODUCTION

A:; not ed in the c~ nt ract roIx~~a1 more t han ~0 j o r  cent of t he i n i t i a l  NAI)H in
the TNT Reductase teaqct t t  i:: consumed in a i e.tct ion which is independent of TNT.
This  high rate of n o n — sp e c i f i c  NAD U ox i d a t i o n , at t r i b u ted  to NADH Oxidase ,
result:;  in less reproducible baseline NADH level:; . Fur ther , since the level of
NAt)H Oxidase in the  reagent var ies  d irec t ly  w i t h  t he  level of TNT Reductase , the
contaminant imposes a l imit  on the level of TNT Reductase in the reagent. The
contaminant does have one advantage since it  permi ts  use of higher in i t i a l  NADH
concentrations which promote more ropid reaction rates  for TNT reduction .
However , these rap id x c.ic: ion ~~~~~ could  also 1 o attained by increasing the
TNT Reductase concentration it  the NADH Oxidase were eliminated .

E f f o r t s  have been made to reduce the level of NADH Oxidase in TNT Reductase
preparations. The’ method s used have included f u r t h e r  use of cellulose-based
ion exchange chromatography as well as gel permeation chromatography. Those
e f f o r t s  were unsuccessful in reducing NADH Oxidase act ivi ty, as measured at
saturating substrate concentration, to levels below the 0.1% usually obtained
in the pur i f icat ion.

Al though the purificat ion methods employed have not exhausted the possibilities,
it seemed clear that a more fun damental , rigorous approach to the problem should
be taken. The identity of the non-specific NADH oxidizing act ivi ty  has not
been established , and the designa tion ‘NADH Oxidase” is one of convenience
only. It seemed possible that NADH oxidation is an activity of TNT Reductase

• i it s el f , possibly due to side—reaction of en~ yme-NADH complexes. Before making
further attempts at large—scale purification of TNT Reductase , it was necessary
to explore this possibility.

There are two general methods of approaching this question . Powerful enzyme
purification techniques may be used in attempts to separate the two activities.
Alternatively, the identity of the enzyme act ivi t ies m a y  be explored by indirect
methods. For example, the preparation may he subjected to partially denaturing
conditions. D i f f e r e n t i a l  loss of the two activities is indirect evidence for
non—identity of the two enzymes.

Thus far, much of the data indicates that the two enzyme activities may reside
on a single macromolecular species. However , this coincidence of both
activities on a single protein has not been shown directly.

~~~ 1__
~___-•____•



2.0 JNvl:: ;’rI~~vr tON

2. 1 Gortor al

This section conta ins  brief  st a t  emeiit :; of al l  work accomplished dur ing the
• cent ract  period , toge t her w i t h  t h e  results ob ta ined .  A detailed discussion

of the operational and t echnica l  problems emicount er ed and the results achieved
is presented in Section 3.0.

The work presented in t h i s  report deals p r imar i ly  wi th  the physical character-
ization and attempted separation of TNT Reductase and NADII Oxidase activities.

.~~. 2 ?~tternnted Phv ;ica~ ~~~ ‘.tr ~m t  ion of TNT~~ e and N.\DH Ox idase Activit jes

• 2 . 2 .1  Isoelectr ic  l’ocu~~in ~j  - Sej~~ra tio~~~~~~!~harqe

TNTase preparations have been subjected to isoelectric focusing in sucrose
densi ty  gradients.  Separation by charge of TNT Reductase and NADH Oxidase
has not been accomplished a:; both enzymes have apparent isoelectric points
of 4 .5  ~ .05. U n f o r t u nat e l y ,  much of the TNTase ac t iv i ty  is rapidly and
irreversibly lost at this pH due to denaturat ion of the protein. Addition
of TNT to the system did not protect the enzyme .

2.2.2 Ccl Filtration - Separation by Size

Gel f i l t r a t i o n, using Sephadex ~;-150 (Pharmacia F in e  Chemicals , Piscataway ,
N . J . ) ,  was used to invest iqatc the relative molecular weights of TNTase and
NADH Ox.idase. The peak:; of both emm ~ yme a c t i v i t i es  were in the same tubes ,
indicating tha t the hydrodynamnic si:~c of the molecular  species wi th  TNTase
ac t iv i ty  is very s imilar  to t h a t  of the molecular species wi th  NADH Oxidj ise
activity .

2 . 2 . 3  DF.AE-Cellulose Chromatog m:aphy - Separation by Charqe

In the course of enzymatic pur i f ica t ion, some interesting data involving DEAS—
cellulose column chromatography was accumulated . Peak TNT Reductase activity
is eluted prior to elut ion of peak NADH Oxidase act ivi ty.  NADH Oxidase is

• eluted at a slightly higher salt concentration.

Exposure of TNTase fract ions wi th  the lowest levels of NADH Oxidase contamina-
tion to 3 successive DE-52 Diethylaminoethyl Cellulose anion exchange columns
produced a recurrent value of approximately 0.10% contamination .

2.2.4 Sepharose - Active Site Recognition

Work utilizing Pharmacia Blue sepharose
R 
CL-68 affinity chromatography was

• undertaken in an attempt to separate NADH Oxidase from TNT Recutase. It
• appears either that the Blue Sepharose environment was unfavorable and that

the enzymatic activities were in fact destroyed by exposure to the Blue
Sepharose matrix or that the enzymes did bind to the matrix but were not
eluted by the substrates used. Neither NaC1, NADH nor TNT appeared to
displace the enzyme(s) such that the original level of pre—column enzymatic

4 ’  activity was recovered .
4 —
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1

2 .2 .5  Polyacrylamnide Gel Electrophoresis

A more sensitive NADH Oxidase assay system utilizing the Beckman Luminescent
Photometer was developed for the purpose of detecting low levels of NADH
Oxidase activity following subjection of the enzyme to polyacrylainide gel
electrophoresis. The luminescent system utilizes io~~ M NADH whereas the
spectrophotometric system uses i~~

4 N NADH . The luminescent system appears
to be at least 35 times more sensitive in the detection of NADH Oxidase
activity than the spectrophotometric system.

Approximately 6.6% of the original TNT Reductase and 1.7% of the original NADH
Oxidase activity loaded on each respective polyacrylamide gel was detectable
after exposure of the enzyme(s) to electrophoresis. The fastest migrating
band in the polyacrylaznide gel appears to contain the TNT Reductase units.
The NADH Oxidase activity is located in the same region of the gel where the
highest concentration of TNT Reductase activity is also located. This
indicates that it is not possible to separate TNT Reductase and NADH Oxidase
activities using the polyacrylainide gel electrophoresis technique of separation.

2.3 Attempted Identification of the Electron Acceptor in the NADH Oxidase
Reaction

2.3.1 Elimination of Oxygen

There was no reduction in NADH Oxidase activity following the removal of
dissolved molecular oxygen from solution , possibly indicating that the enzyme
does not use molecular oxygen as hydrogen acceptor

• 2.3.2 Addition of Putative Inhibitors (CN, N 3)

NAD~ , sodium cyanide and sodium azide were examined as potential inhibitors of
TNT Reductase and/or NADH Oxidase in an attempt to further characterize the
physical properties of TNT Reductase and NADH Oxidase. It appears that none
of these compounds substantially inhibit the activity of either TNT Reductase
or NADH Oxidase. It appears that NADH Oxidase does not use molecular oxygen
as hydrogen acceptor.

2.3.3 Use of Radioactive Tracer

Tritium labelled NAD}! (T) was prepared by an enzymatic procedure and added to
a TNTase-NAD}( Oxidase preparation . After essentially complete reaction of
NADH(T) , only 50% of the label appeared in water. Approximately 25% of the
label was retained in a nucleotide fraction with molecular size and spectrum
characteristic of NAD+, while the remainder of the label appeared in a lower
molecular fraction which also had a characterisitic nucleotide spec~.rum .
Interpretation of these data is somewhat difficult, but it appears that the
NADH Oxidase reaction is not a simple electron transfer to molecular oxygen.

2.4 Effec t  of NADH and NAD}L Analogs on TNTase and NAD}1 Oxidase Activities

-3-
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2.4.1  Kinetics of TNTase Destruction in NADH

Kinetic methods were used to examine the relationship of TNT Reductase activity
to NAD H Oxidase activity . NADH Oxidase activity is stable in the presence of
NADII , while TNT Reductase activity is rapidly lost. In addition , previous data
concerning the concentration dependence of NADH-induced TNTase inhibition, were
confirmed. The kinetics of TNTase destruction in l0~~ , 1

0-6, and 10~~ M NADH
show that the rate of NADS-induced inhibition of TNTase depends on the 0.07
power of the NADH concentration. This would appear to indicate that this process
is an indirect one. It appears that TNT does protect TNT Reductase from
NADH-induced inhibition , probably by binding at the active site.

2. 4.2 Kinetics of TNTase Inactivation in io~~ M NADH Analogs

The NADH analogs (cz-NADH , Nicotinamide Ilypoxanthine Dinucleotide , 3—Acetyl—
pyridirie—DPNH) were utilized in an attempt to further characterize the physical
properties of TNT Reductase and NADH Oxidase. It was found that the NADH
analogs used affect  the activities of TNTase and NADH Oxidase in a
similar manner , except that ct-NADH is apparently not a TNTase substrate. The
rate of TNTase inactivation in ~~~~ M NADH analogs appears to be somewhat more
rapid than in i~

-
~ M NADR .

It also appears that ct-NADH is not a substrate for TNT Reductase. However,
a-NADH does inactivate TNT Reductase activity. The rate of inactivation of
TNT Reductase by io~~ M ct-NADR under pre-incubation conditions appears to be (
the same rate as that found for i0 4 M B-NADH . In this study , the t~ for
TNTase inactivation by both a- and ~-NADH was approximately 70 seconds.

2 . 4 . 3  Kinetics of TNTase Inactivation in NADPH

The effects of substituting NADPH for NADH on the activities of TNTase and
NADH Oxidase were determined . Both activities were increased in similar
proportion.

2.4.4 Effect of Additives on Inactivation of TNTase

Addition of catalase, which destroys hydrogen peroxide, to NADH preincubations
did not protect TNTase activity nor did N—methyl-L-tryptophan, which can react
rapidly with highly reactive forms of oxygen which might be produced in this
system.

2 .4 .5  Effect of Preincubation in i.o-~ M Hydrogen Peroxide on TNTase Activity

Preincubation of enzyme preparations with hydrogen peroxide, a possible product
of NADH oxidation, does not inhibit TNTase activity.

2.5 Effects of Group Specific Reactive Compounds on TNTase and NADH Oxidase

N—ethylmaleide (NEM) , p—chloromercur ibenzoate (PMB) , phenylmnethyl sulfonyl-.
fluoride (PMSF) , acetic anhydride, iodoacetic acid, 3—bromo pyruvic acid and
N—bromosuccinimide (NBS) were used as group specific reagents in an attempt to
physically characterize the structure of the enzymatic active site(s) .

-4-
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NEM, PMB , PMSF, iodoacetic acid and 3-bromopyruvic acid did not appear to
affect either TNT Reductase or NADH Oxidase activities. This possibly suggests

L - that neither f t e ’t~ sulfhydryl groups nor serine residues exist in the enzymatic
active site(s).

Acetic anhydride inhibilod both TNT Reductase and NADH Oxidase activity by
approximately 50%. This suggests that lysine and/or tyrosine residues may
contribute to the enzymatic activities.

N-bromosuccinimide inhibits both TNT Reductase and NADH Oxidase activity
proportionately depending cmi the concentration of NBS used . This indicates
that possibly a tryptophan, tyrosyl and/or histidyl residue contribute(s)
to enzymatic activity tn the active ~;itc(s)

2.6 Attempts to Differentially Denature TNTase and NADH Oxidase Using Physical
Me thods

2.6.1 Storage Effect

TNTase is quite stable when subjected to prolonged frozen storage , while a
significant fraction of the NADH Oxidase activity is lost. After approximately
one year of frozen storage, the TNTase lost 8.0% of its original activity
whereas the NAUR Oxidase lost 34.8% of its original activity.

2.6.2 Heat

Thermal denaturation experiments indicate that loss of TNTase activity,
produced by storage at elevated temperatures , is paralleled closely by loss
of NADH Oxidase activity. The correlation coefficient, obtained from a
linear regression analysis, was 0.714.

2.7 Luciferase Glow Effect: Removal of DTE

Removal of dithioerythritol (DTE) by dialysis from the Luciferase reagent does
• not appear to eliminate the Luciferase glow effect.

- ______________



• 3.0 DISCUSSION

3.1 Attt~mj Phyaical Se~~ raLion of TNTase and NA [MI Oxidase Activities

3.1.1 I~;oeleetric Focusing — Separation by Charge

1~;oe1t•ctric focusing was performed in nucrose density gradients using an
LKB 8100 ampholirte eleetrofocusing apparatus. The system was cooled using
a recirculating re~ r i~ r at  e~1 bath .  System temperature  was r . i ainta ined  at
approximately 40C. Power input was 4-6 w a t t s  f o r al l  runs.  pit ranges tested
were 3.5-10, 4—6 ~umd 5-H . Determination o1 pH a! respective column fractions
collected was made using a Beckman Zeromatic pH m eter equipped with a
combination electrode. Where appropriate , f rac t ions  were concentrated using
?•:mico:t 1i a i ~ert— D ~ t :t  i ~ a 1 ~~~~~~~~ I icai ~~ a o a u~d aasa yed I ur  T~ T ~ed u ctj ~~e
arid NADH Oxidase activity.

Separation by charge of TNT 1~eductase and NADH Oxidase was not accomplished
using the isoelectric focusing technique as both enzymes have isoelectric
points of 4.5 ~ .05. Unfortunately, at this pH, much of the TNTase activity
is rapidly and irreversibly lost due to denaturation of the protein. Addition
of TNT to the system did not protect the enzyme .

3.1.2 Gel F i l t r a t ion  — Separation by Size

• Gel filtration , using Sephadex G-150 (Pharmacia Fine Chemicals , Piscataway ,
N.J.), Uc1S used to inve~..tigate the relative molecular weights of TNTase and
NADH Oxidase. A Sephadex G—l50 column (2.5 x 29 cm) was prepared according

t to the maufacturer ’s directions. A 6.0 ml sample of TNTase was loaded on
the column and eluted with 0.05 M potassium phosphate buffer , pH 7.0.  The
collected fractions were concentrated using Amicon Type CF25 Centriflo Membrane
Cones (Axnicon Corporation , Lexington, Mass.) and assayed spectrophotometrically
for respective TNT Reductase and NADH Oxidase activities. The data are shown
graphically in Figure 3-1. The peaks of both enzyme activities were in the
same tubes , indicating that  the hydrodynamic size of the molecular species with
TNTase act ivi ty is very similar to that  of the molecular species with NADH
Oxidase activity.

3.1.3 DEAE-Cellulose Chromatograph y - Separation by Charge

A DE—52 Diethylaxninoethyl Cellulose anion exchange column (1.0 x 16 cm) was
prepared using 1 g DE— 52 resin/l5 mg total protein . A linear gradient of
0-0.4 M KCL in .05 M potassium phosphate buffer , pH 7.3, was established.
The column was run in the cold (4°C). A total of 82 fractions were collected
and assayed for TNT Reductase and NADH Oxidase activities. The data are shown
graphically in Figure 3-2.

Peak TNT Reductase activity appears to elute from DE~-52 at a slightly lower
salt concentration than peak NADH Oxidase activity . Peak TNT Reductase
act ivi ty  eluted with approximately 0.12 M KC1 whereas peak NADH Oxidase
activity eluted with approximately 0.14 M KC1.

—6—
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A post-DE-52 TNTaSe fraction from a main batch of purified enzyme containing
0.168% NADH Oxidase contamination was loaded on a 20.0 ml DE—52 column and
eluted with a 100 ml linear gradient of 0—0.4  N potassium chloride in .05 M
potassium phosphate , pH 7.3, buffer. Three consecutive fractions containing
0.10% contamination were then combined , loaded on a 5.0 ml DE-52 column, and
eluted with a similar 50 ml linear gradient. All columns were run in the cold
(4°C) .  Approximately 1.0 g DE-52 resin/ 15 mg total protein was used . Exposure
of TNTase fractions with the lowest levels of NADH Oxidase contamination to 3
successive DE—52 columns produced a recurrent value of approximately 0.10%
NADH Oxidase contamination .

3.1.4 S~ pharose — Active Site Recognition

Work utilizing Pharmacia Blue SepharoseR CL-68 a f f in i ty  chromatography was
undertaken in an attempt to separate NADH Oxidase from TNT Reductase . Blue
Sepharose was chosen because it is specific for binding the tertiary protein
configuration known as the dinueleotide fold which forms the NAD-binding
site in many proteins.

A 5 ml bed volume for every 20 mg of protein to be chromatographed was used .
.05 M potassium phosphate buf fer , pH 7.0 , was used as the starting buffer .
The chase buffers  tried consisted of 1 mM NADH , 10 suM NADH , 10 pg/mi TNT and
100 pg/mi TNT in starting buffer. The first column was run at room tempera—
ture (23°C) ,  the second and third columns were run in the cold (4°C) .
Fractions were collected and assayed for TNT Reductase and NADH Oxidase
activity. None of these eluents displaced any substantial amount of
enzymatic activity from any of the three columns run.

It , therefore, became necessary to search for an eluent which might di splace
enzymatic activity from the column matrix . 2.0 ml TNTase was added to 2.5 nil
Blue Sepharose CL-68 suspended in .05 M potassium phosphate buffer , pH 7.0.
The pellet was resuspended in 5.0 ml cold 0.5 M NaC1 in bu f f e r  and centrifuged
(4°C) .  The pellet was then resuspended in 5.0 ml cold 1 suM NADH and 10 pg/ml
TNT ( for substrate protection) in buffer  and centrifuged (4°C). The super—
natants were assayed for TNT Reductase and NADH Oxidase activity. The data
are shown in Table 3-1. Neither NaCl, NADH nor TNT displaced the enzyme such
that the original level of pre-column enzymatic activity was recovered .

It is possible that the TNT Reductase and NADH Oxidase were inactivated by
exposure to the Blue Sepharose matrix and were either eluted in the void
volume or bound (possibly irreversibly) to the column matrix . It is also

• possible that no loss of activity occurred on the column and that the enzymes
did in fact bind (possibly irreversibly) to the column matrix but were not
eluted by the substrates used as eluents. TNT protection was used in an
attempt to protect the enzyme in the column environment as previous studies

• show that preincubation of TNTase in NADR-containinq solution leads to
enzymatic destruction whereas preincubation with TNT protects the enzyme

• against destruction (see Section 3.3.1.4) .
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3.1.5 Polyacrylamide Gol Eloctrophoresis

3.1.5.1 },ujninescent Pbotometer Assay System

A more sensitive NADH Oxidase assay utilizing the Beckman Luminescent Photo-
meter was developed. This assay was required tor the purpose of detecting
low levels of NADH Oxidase activity followinq subjection of the enzyme to
polyacrylamide gel elt’ctrophoresis. The luminescent photometer assay system
differs from the normally used spectrophotometric assay system both in NADH
concentration used and in relative sensitivity. In the photometer system
the NADH Oxidase reaction is coupled with the lucif erase li ght emission system.
This reaction allows the detection of lower levels of enzymatic activity by
monitoring re la t ive chanq’~s in the system ’s light output. The liqht output
is a function of the amount of NADH remaining a f t e r  the interaction of a given
enzyme sample. The spectrophotmetric system directly measures the rate of
NADI! consumption at a wavelength of 340 nm. The luminescent system utilizes
10~~ M NADH whereas the spectrophotometric sys tem uses i0~~ M NADH. The
luminescent system appears to be at least 35 times more sensitive in the de-
tection of NADH Oxidase activity than the spectrop hotometric system .

10 p1 aliquots of various TNTase dilutions were allowed to preincubate for 5
minutes in 1.0 ml aliquots of 2.0 x io~~ H NADH. 20 p1 samples of each respective
dilution were then injected into photometer cuvettes and assayed for li ght loss
based on the amount of NADH consumed during the preincubation period . The
cuvette contained 1.0 nil .05 M potassium phosphate , pH 7.0, 50 p1 luciferase
mix and 10 p1 tetradecamizi l dissolved in e thanol .  The data are shown graphically
in Figure 3—3. The calibration curve constructed equates relative enzymatic
activity with % light output in the luminescent photometer system .

• Figure 3-4 is a flow diagram which i l lustrates the basic overall luminescent
photometer assay system.

3.1.5.2 Use of Polyacry lamide Gel Electrophoresis

The polyacrylaMde gels and respective electrophoresis solutions were prepared
as described in Davis , B.3. (1964) “Ann. N. Y. Acad . Sci. 121” , 404— 427 . .001%

• Bromphenol Blue in water was used as indicator solution during the electro—
phoresis run. 600 pg total protein was loaded on each respective gel in order

• to increase relative yield recoveries after exposure of the enzyme(s) to elec-
trophoresis. The gels were run at 1 mA/tube unt i l  the sample band migrated
into the upper gel surface; after which the gels were run at 4 mA/tube for
2.5 hours. The gels were then removed and subjected to one of two procedures;
either preparation for assay or fixative staining .

Gels designated for fixative staining were stained with a 1% Coomassie Blue
indicator solution (in 7% acetic acid) for approximately 20-25 minutes .  The
destaining process involved submersion of the gels in a series of 7% acetic

• acid solutions for several days at 37°C. The destainina process is necessary
for the removal of excess dye from the gels.

Fixative staining results indicate that the fastest mig~.-ating band in the
polyacrylamide gel appears to contain the TNT Reductase units. This band
apparently is located approximately 1 cm ahead of the bulk of additional protein
in the gel. Therefore , it appears to be a good techn ique for  fur ther  puri-
fication of TNT Reductase although recovery of enzymatic activity is relatively
low.
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• Ge1 ; prepared for .t:;:;ay were cut info 8 equal I e:r1t ii scqment . Each seqme’nt
wan resuspended in . 0’~. N potassium phosph.tt e but fer  , pu 7 .0 , and allowed to
sit in the cold (4

( 
C) (worn 1¼1ht . (St abil ily studies show t hat. a go 1 segment

conta in ing  ~rNT Hetluetase act iv i ty treated in t h i : .  manner ,)~.poars to ret a in

t the  enzymat ic act i v i ty  I or - several day:;.) t~.ich segment was then rueorated III
• a t (‘:;t t ube and cent ri fuqed . The nupernatant was then .i:;:;ayell 5}~i’(’t )0p1)IJt 0

met r ical l y at 14) nU~ I ot rN’r R( ’ductaso .wt iv i ly  . The supernatant from those
gel segments showing act  i v i t y  were then a;;sayed for NM)II Oxidase activity
using the I uminescent photometer ,u;:;ay system uice NA11I Oxidase act ivity
could not ho dot (‘ci ed us i sq the c’~’,went ional :;poct . rophotometer assay syst em
at 340 sin .

Approximately ( . (~ % el the  or iqi  nal TNT Reductase and 1 .7% of the or i qi  nal
NADH Oxid,ise act ivit y loaded on each rt’spc’ct iv. ’ i~~iyacry lamide gel was dot oct —
able after cx sure of the  enzyme(s) to clectroplioresi:;. There appears to be

• approx imately a 17% lo:;s of TNT Eeduct:ase and .i 25% loss of NAUH Oxidase
act ivi ty  due to i n te r a ct  ton of the ~sl 1oct ive enzymatic act ivi t i os with t he
marker dy~ ( .00 1% Bromp henol tU ne In water)  used in t h e  gels.  The dye had no

• effect on the a:;:;ay b lank r a t  e~;

Injection of gel extraction from t h e  handing region contain ing  the highest
• concentration of TNT Rt’d~ ct~i~~ act i vi t v  ig n i  t icantly dec r eases % 01 light

output in t h e  inm i ‘sct’nt photometer assay sy st em . It  ~i ’ .’ar: ; tha t t h i s  t ic—
crease is due 1 o NAI ) II Oxidase ,tct -  ivity as none o I I he ot he r var i aid en test od
in the assay system cau:;otl a similar reduction in l igh t  out put. The pol yacryl—
anr ide gel material , cle~-t i  ophuresis b u f t o r  ( .0’ H Tris, .4 N qlycine in water ,
p it  8.3) , and marker d y~ used in the gel;;  ( .00 1 ‘~ Bromphenol. Blue in water) were
assayed to determine whet her any ot these components in the system were re-
sponsible for the decrease in % l ight  output observed . The reproducibi l i ty  of
values obtained u si ng  the  luminescent . photometer assay sy st em was checked on
numerous occa;;ions.

The fact that the NAI’III Oxidase act i v i t y  1:; apparentl y located in the same
• reqion of the gel where t h e  highest conentrat ion of TNT Reductase act ivity 1;;

also located appears to indicate that it. is not possible to separate TNT
Reductane and NAUH Oxidase activities using I lie polyacryl.untde gel  electro—
phoresis technique of separation. These data appear to support the hypothesis

• that both TNT Reductase and NADH Oxidase act ivit ies  reside on a :;inqle macro —
molecule or macromolecular complex.

3.2 At temp_ted I dent. .1 11 cation of Electron A.cct’j~~ir m t  he NA~)H 0xidasr~React ion

3.2.1 El imina t ion  of Oxvq~en

It is know n that molecular oxygen serve s as e lec t r o n  acceptor  for some microbial
N~\DH k) x idases . It  seemed possible t h a t  e l i m i nat i o n  o t  oxygen from solut ion m igh t
eliminate the enzyme activi ty.
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In an in i t i a l  experiment , l iminat ion  of oxygen from 0.05 M potassium phosphate
•j  assay b u f f e r , pit 7.0 , was attempted by f i rs t  boiling , then cooling while bubbling

~~ nitroqen through the solution. NADU and TNT Reductase were rapidly added (2% of
total volume) and NNMI Oxidase activity was measured. No reduction in NADH
Oxidase activity was observed .

A further attempt to eliminate molecular oxygen from the NADH Oxidase assay
system was made. It was proposed that removal of dissolved molecular oxygen was
incomplete in the previous experiment. Therefore , a new oxygen scavenging pro-
cedure utilizing glucose and Glucose Oxidase was designed based upon the following

• reaction:

Glucose Oxidase
Glucose + 0, -

~~~~~~~~ — —~~~~ qiuconic acid + H ,0,

Elimination of oxygen from solution was accomplished in .05 H potassium phosphate
assay bu f f e r , pH 7.0 , in two steps. The buffer was first bubbled with nitrogen
for 1 hour, after which .1 M glucose and Glucose Oxidase (Beckman Type III, 10
lu/mi) were introduced into solution. NADH and TNT Reductase were rapidly
added (2% of total volume) and NADH Oxidase activity was measured . The results
of this experiment (see Table 3-2) show no reduction in NADH Oxidase activity ,

• possibly indicating that the enzyme does riot use molecular oxygen as hydrogen
acceptor. (Note that other studies (see Section 3.3 .5)  show that hydrogen peroxide
does not interfere with enzymatic activity).

3.2.2 Addition of Putative Inhibitors (CN, N1)

NAD+ , sodium cyanide and sod ium azide were tested as potential inhibitors of TNT
Reductase and/or NADH Oxidase activity in an attempt to fu r ther  characterize
the physical properties of TNT Reductase and NADH Oxidase.

The concentrations of NAD~ , sodium cyanide arid/or sodium azide were lO
3M. TNT

Reductase and NADH Oxidase activities were assayed spectrophotometrically at
340 nxn following addition of each respective potential inhibitor. The results

• appear in Table 3—3. It appears that none of these compounds substantially
inhibi t the activity of either TNT Redcutase or NADH Oxidase . NADH Oxidase does
not appear to use molecular oxygen as hydrogen acceptor.

3 . 2 . 3  Use of Radioactive Tracer

In an attempt to identify the eiectro~ acceptor in the NADH Oxidase reaction,
Tritium labelled NADH ( T) was prepared by an enzymatic procedure and added to a
TNTase - NADH Oxidase preparation. After essentially complete reaction of
NADH (T) , only 50% of the label appeared in water . Approximately 25% of the label
was retained i~ a nucleotide fraction with molecular size and spectrum charact-
eristic of NAD , while the remainder of the label appeared in a lower molecular
weight fraction which also had a characteristic nucleotide spectrum . Interpret-
ation of these data is somewhat difficult, but it appears that the NADH Oxidase
fraction is not a simple electron transfer to molecular oxygen.

— 15—
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TAJ3LE 3-2: Attempted Identification of Electron Acceptor in the NADH Oxidase
Reaction: Elimination of Oxygen from Solution.

Solutions STEP 1 STEP 2 NADH Oxidase

4 Solution bubbled for Addition of .1M Addition of GO Type
(10 H NADH) 1 hr. with nitrogen glucose to solu- III (10 lU/mi) to (lu/mi )

——  _____________________ tion 
— 

solution

(1) Positive No No No .0061
Control

Yes No No .0054

(3) Yes Yes No .0061

(4)  Yes Yes Yes .0047
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TABLE 3—3: Ad~iit ion or Pu t  at ive Inhibj tor

— • TNTase NADII Oxidase
(1) 10 M NAD ( lu/mU (lu/sil) Con tami~~ ni

(a) Positive Control ,
without NAD+ 9 839 .0068 .0691

(b) Experiment , with
NAD~ 11.592 .0068 .0587

—3( 2) 10 N Sodium Cvax;icle ’ or
Sodium Azide

(a) Positive Control ,
without sodium cyanide ,
without sod ium azide 7. 64.’ .0057 .0746

(b) Experiment , w i t h
sodium cyanide 6.624 .0085 .1283

(c) Experiment , with
sodium azide 7 .4~~2 .0057 .0765
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3.2.3.1 Preparation of Labelled NADH(T)

4
Tritium label was enzymatically transferred from 1- H—D-Glucose to the PRO-S
position of NAD+ via the following reactions:

hexokinase(1) Glucose + ATP -
~~~~~~~~~~ ~ glucose-6-phosphcite + ADP

(II) Glucose-6-phosphatc + NAD
+ 

~~ucose-6~~ 
6-phosphoglucona te + NADII +

phosphate
dehydrogenase

Glucose tritiated in the 1-position, was purchased from ICN. Additional quantities
of NAD+ and ATP were added to a Beckman Enzymatic  Glucose Reagent Kit (HK-Endpoint)
in order to optimize transfer of the 3H-label from glucose to NAD+ to make NAD (T)*.
The initial concentrations of each componen~ were as follows: 19.5 mM NAD+,
20.1 mM ATP, 18.8 mM cold glucose, 10 pM 1- H-glucose, Hexokinase (2 lU/mi) and
Glucose-6-Phosphate Dehydrogenase (5 lU/mi). All components were dissolved in
100 mM triethanolainine buffer , pH 7.85. These components were mixed and allowed
to react for 30 minutes , 37°C. The pH of the system was then brougit to approximately
9.5—10.0 with 1.OM NaOH so as to eliminate hexokinase and G—6-PDH activity (to insure
they would not interfere with NADH Oxidase activity later) and to stabilize the
NA.D(T) formed during the reaction period.

3.2.3.2 Introduction of NAD (T) * into TNTase Preparation

A 0.5 ml aliquot of the NAD U(T ) solution described above was added to 2 .5  ml
• 

TNTase containing 14.8 U/mi with 0.18% NADH Oxidase and 2.0 ml 50 mM potassium
phosphate bu f f e r , pH 7.0 and placed in a 30°C bath. Conversion of NADH (NAD T* )
to NAD+ in the presence of NADH Oxidase was monitored spectrophotometricaily
at 0, 10, 30, and 50 minutes. TNT Reductase activity was also assayed at those
time intervals so as to monitor the TNT Reductase inactivation in the presence of
the NADH (NADT*) . These data are given in Table 3-4. At the completion of the
reaction (60 minutes) the sample was loaded on a Rio-Had polyacrylamide gel
(P-2) column.

3.2.3.3 Separation of Reaction Products

A Bio-Rad P-2 column was equilibrated with a 50 mM potassium phosphate , pH 7.0
solution. 5.0 ml of the reaction solution was loaded on the column and eluted
overnight in the cold (4°C). 150 fractions were collected (each fraction was
.72 ml) and then counted for radioactivity . Results are given in Figure 3-5.

3.2.3.4 Analysis of Fractions

A 10 )11 aliquot of each fraction was added to 10.0 ml Beckman Ready-~SoivTM 
HP

(High Performance Pre-Mixed Liquid Scint i l la t ion Cocktail for Aqueous Samples)
and counted in a Beckman LS—230 Liquid Scintillation System. Initially all
fractions were counted for .1 mimi . Peak radioactivities were located and
fractions containing significant radioactiv i ty were then each counted for 10
minutes. Figure 3-5 shows the radioactivity profile. Three peaks of radio-

• activity were located. The first two peaks were scanned spectrophotometrically
from 200—400 nm.
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TABLE 3-4: Addition of TNTase to NAD(T) *

Time NADH (NADT ) ~‘ NAD+ 
TNT Reductase

- (mm ) COD340) (u/mi)

- 0 --- 12.3 (calculated )

• 1 5.32 3.870

10 3.56 1.705

30 2.48 1.410

60 2.30 2.230

• P.C. 14.841
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• TABLE 3-5: NADH Oxidase assays (P-2 Column).

FRACTION # NADH OXIDASE (u/mi )

40 .0042

41 .0051

- 42 .0044

43 .0037

P.C. .0275
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The absorption p~ofi i~’ for j~t-~ k #1 was similar to that obtained for an N/W
4

•~ s tandard .  Absorption at 340 nm , characteristic of NMMI (T), was not observed .
The scan for peak ~2 was similar to that obtained for an ATP Standard . Hexo-
kinase endpoint and 6-P—GDH assay:; indicate that labeled glucose accounts for
only l 2~ of the radiaactivity located in Peak ~2. An aliquot of solution from
peak ~3 (fraction #101) was placed in a dessicator containing drierite in a
105°C oven for approxirately 2 hours. All liquid was evaporated out of the fraction
tube. The residue in t h e  tube was reconstituted with 0.72 ml 11

2
0. A 10 p1 aliquot

of the solution was then recounted for ~~spective radioactivity . 1.4% of the ¶
original counts remained indicating that this tube may have contained labeled H

2
0.

Note that 85% of the total counts loaded on the column were recovered .

Fractions containing protein were located spectrophotometrically by determining
absorption at 280 nm . Protein was located in fractions #37-#50 (see Figure 3-5
for plot of this data). NADH Oxidase activity was also located , peak enzyma tic
activi ty being in fraction #41 (see Table 3-5). Note that no ~H — counts were
associated with NADII Oxidase

3.3 Effect of NADH and NADH Analogs on TNT Reductase and NADH Oxidase Activities

3.3.1 Kinetics of TNTase Inact ivat ion by NAD U

3.3.1.1 Post — NADII Treatment

TNTase was pre—incubated in a pre-warmed (30°C) assay cuve tte con taining 10~~M
NADR in .05M potassiumti phosphate assay buffer , p11 7.0. At appropriate intervals,
the preparations were assayed for TNT Reductase or NAD}I Oxidase activity . The
data are shown graphically in Figure 3—6.

Pre-incubation of TNT Reductase with 10 ’1M NADH inactivates the enzyme; the degree
• of inactivation is a function of the pro-incubation time period . On the contrary ,

pro-incubation of NADH Oxidase with 10 4M NADH does not inactivate the enzyme.
These observations suggest that TNT Reductase and NADH Oxidase may indeed be two
distinct active sites.

3.3.1.2 Kinetics of TNTase Inactivation in l0~~ or 1o
_6
~t NADH

The expgrimentai procedure is described in Section 3.3.1.1. The data for 1O 4

and l0 ii NADH are shown graphically in Figures 3—7 and 3-8 respectively .

The kinetic analysis of TNT Reductase inactivation at 10 4M NADH indicated tha t
• the half time (t

~,
) was approximately 73 seconds. The t~ for 10 6M NADH was

approximately 94 seconds.

3.3.1.3 Data Analysis of the Kinetics of TNTase Inactivatic’r~ in NADH

Kinetic analysis of TNTase inactivation at various NPtDH concentrations (see
Table 3-6) indicate that ti-c rate of NADH - induced inhibition of TNTase depends
oxi the 0.07 power of the N~ D!1 concentration. The data arc shown graphically in
Figure 3-9.

t• .
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TABLE 3-6: Kinetics of TNTase Destruction in NADH

___________ _________________
NADU (M) t~~~(Seconds)

L .0x 10
4 

73

l . 0 x1 0
6 94

5.0 x l0~~ 110

1.0 x ~~~~ 114
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L ~~. 1.4 Piot cot- ion 1 - t t or t: Pi~ ’- i nI’ubat b i t  w i t h 4.45 X 1I~~
t
M TN’I’

The N o —  ~ neubat ion pr~~ct’t1u e was an donori bed i i i  Sec t i till ~3 . 3 . 1 . I exeept• tha t
4 .45 X l0~~ M TNT W a :;  itieluded . TIte final ( 1 i U ~~~t U t  i , i t  j O l t  ot TNT i t t  t h e  a~;nay
cuvet t o  was 4. ~t X 10 ~ 14. The IOSII I t are  :;ltowxt q m- ,t~ i1t j call y U 1~ jqure~ 3- .1.

lucius ion of TN t’ in pro— inoubat jolt solut iu f l5  cont ai n i  WI I O M  NADII doc~ protect
• ••  TNT~ Rodiict . m e  act i ~ i t y . The t f o r  enzyme (k ’ : .t  ru(-t. ion in the presence of 4 . 45  X

10 M TN I’ was 97 scctmds , COmp5tled wi t h a t ot 73 second;; obt~~in ~ d i it t ho absence
of TNT.

• 3. 3. 1 .5. E f f e c t  of Inc  rca sod TNTast’ Coiice,,t- i i  t • ion o j i  t he Ni  lit’ t 05 o l  NTU 1I (  —

Induced I nit I b it ion

TNTa’;c was pre— i uculiat ott at 100 X assay t ’ O T I I t l t  t- r at  ion iii 1 0 4
M NAD1I in  . 0’~M

pot , m  ;-; :;j urn phosplia I bufh • r , p11 1.0, fo t - vat  tOUS t i no: ; . Al ~ (lUot S we to tli ~ n added
to pro—warmed TNT~t so a;;;; my rn i• x a i t t i  at ’ t iv it y w•i tt ’t-orth’d -

A 00— ford  incr(’a:;&’ in TN I’.isc co i n -o ut  rat ion d itl not s~ qn it i t- .int ly •p l t et the rat e
of TN’rase in act iv . it  ion . The t~ was B’i ~t’rt~ini ; in 10 N NADI I compared with the
prcvj ously  obse rvccl va 1 In ’ (11 7 ~ ;~ecoiids oh a in e d  ~~t low TNT ast ’ colicent rat lOfl.

3. 1. 2. K i n o t i ( ; ;  ot  1’N I’ane liiart iV .tt ion in N~\TMl Aih-t1oI J;;

3 . 3. ~~~. 1. NAIMI Mialo~js: - 
Enm~yu~~tic As~n1y ;;

Three NADH analoqs ( t—N Ar ) i t , N i c ot i  n,-tmido tiypoxanth ine I)i nucleot i dt’, and
3—Acety 1 pyr id inc — 1)PN1I) wore ut i l l  zed i l l  an at t empt to 1ur~ 1te r cliarart or i ~e t ho

¶ phy:; i cal p t ( ~Ps ’~~t i en ~if TNT Reduct •tsc and NADII Ox i dane . it) N rOiit t’ti t ra i t’IIS ol
each of the NADI I .mual oqi; WO to used. TNT Heduct ane  aliti NADI I (lxi t3,i~~t’ act iv it i cii
were assayed spec I ropho I ome t. r i t - 51 1 ly at 340 r im .  The data appear i i i  Tab i t ’  3—7 .

The three NADII aria I otis used appeat t o have ;; inn l a m -  e t [oct 5 Ofl the act iV it ~ 01TNT R~ductaso and NA1M1 Ox id.uso , eXcept t hat  a—NA1 )il appears to In’ a poom- m u —
strate for TNTaso .

3 . 3 . 2 . 2 .  K in o t  -n o f  TNTaso Itiact i v i t  Ion i i i  10 NADU J~ii.i 1 o ;

The rate of TNTas~ i na c t i v a t i o n  in 10 NAIMI ,inaloqs appear~; to bi-’ somewhat more
rapid than in 10 N NADU . The ~ xpe i-i m e n t a l  p e -~ ced u,-o used was an d e n - i  it~ed in
Section 3. 1. 1 . I ex;-t ’j ’t  t h a t  10 N Nicot i nami  do Uypo x~ nt h i  no J I j  nucl i ’ot  ide ,itid
10 N 3—Acet.ylpyr idino—t)PN1I woro nmihs t I t itl ed I or I U N NM)II . The dat a i it
shown iraph ical ly i l l  FIgure  1—1 0.

The kind j O  anal yn i ;  of TNT R e d i n -t  .tst’ ittact iV.it. on i n  I 0
4M Ni cot i namide

i1ypoxanthi~ e Di Iiti (1t’Ot. i cit’ iiiI icatotl t h,it t Wa;;  approximately (~ 3 ; ;P ’(-ondn . The
t~ for  10 N 3—Acoty ipyr I dine — I)PN1I was apIlroxi mate y ~i7 scoonds

_ i f p

4- • - .-~~-~~~~~~~ -~~-‘--~~~
5-- --- -~~- -  L.~~~~~ - - 1 ~~~ ~~~~~~~~~~~~~~~~~~~~~~~ A~_~~_• • • — ~~~~~~~~~~~~~~~



TABLE 3-7: Effect Using NADII Aitalogs on TNT Reductase and NADR Oxidase Assays

TNTase NADH Oxidase
(Ill/mi) (lu/mi) Contaminant

—4 . -(1) 10 M Nicotinamide tlypoxanthine
Dinucleotide , Reduced Form 11. 024 .0057 .0509

(2) IO~~ M a—Nicotinamide Adenine$4 Dinucleotide , Reduced form 0.812 .0057 .7020

- 

1 

(3) l0~~ M 3-Acetylpyridine - DPNH 7.957 .0034 .0427

(4)  1O 4 M ~—NAD fl (Positive Control) 15.426 .0061 .0395

4
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3 . 3 . .‘. 1 . I~~ —~~~~Ij i~ : 
- 

1ii i~ t i  V.tt 1(11 1 ti t ‘1’N l I-~S ’t t I t ~~~t .ini ’ Act j vt t y

4 4
In-Iu ~ joii of tO M a -- NAI)$I wIth 10 N ~ 

- - NAIII I .iiid It ) ~i I 3 / rn I  TNT t i n t  enzym.it  Ic
p i t-  - I ticuhat ion) y io I il - ; t inn i it ;; equ t v.t t e n t  t~ a :;t . t i ~~t , t  rd TN l’ Rodimet a . t

4
aS~;a~ Colt —

i t t  i r ig I to  U — NAIIII . lL ~ ‘wove r • p l t ~- I in-uba L i  t i r i  t i t  ‘t ’NT Rot l t ~~’t .t; ; t ’ in 0 M t~ — NADI I
fom I mi i;;tt i’ :; can: ; en .tpp t ox m m t  d y  a 1 ‘~~- i na~-t I vat i on  of 1N’I’ Reduct~~:;c . t et  I VII y
Rern.t in  i iiq Crt ~’.ym.tt I c  .t~~t iv it y Wa:. .t ;;- ; my o~t u- , i  n~ i t) 3 ; ’ i . ’ui I TNT and it) N — NAI)II
in  . (3Sr .t ‘- ‘  tass i ttrn pho:-;pit,t I t ’  hii ftc’ r, pIt 7.0.

3 . 1 . ) . 4 .  COifl p a i t n o I i  t ’t Lit I tt’t t ’ilt Di h i t  t o l  t - ;~~~ t a — . i t td I~ — NttDtl

TNT.t~ c’ was ElUded to di I I t ’teim t cttt tCt’ltt rat i ~ ‘1l: - I )  t~ I t  - 
~t l t ( i  ~—NAl t Ii in .05 M 

~~~~ 
t a :;;; I urn

c but for • pIt 7. 0, and .ts n .myt -d tot NAI 1II Ox i ~l~l;;~- act I vit y . Pu t ’ t s ’: ; j oct I Vt’

Concent  i a t  I oil;; of a— ari~I t~—NA1)II t imed and t lie . m - n ; . ty  result i; stiipt ’st1 in T.itiI 0 3 8 .
The rI -:; iil I ii i riti ict t 0 that equivalent t -oltC o l t t  i a t  i on;. of ii— a t ic i  i~—NA11l t appeat to
cxli ib  it s m i  l a r  act iv it I c- to, NADI I Ox i sta ;s ’

1.3 . - ‘.5 . a—NAI )t1 .1 : ;  Suhnt r i t e tol IN I K- ~ t~ i~ - t  a:~~’

TN’r~t;a’ was pretnculnmtt’d ii ; both i O N  a—NAI 1I I jutl 10 ~—NAt)Il i tt .05 N pota;;;ium
phosphat o b u f fe r , p!t 7.0, t or vat- iou;; t i un’ i it t ~~i v.c I :; and . ts :; . iyod for mespoct I ye

TNT Reductase activity . Time m o s u l  t s art ’ ~ li~ wit graph i cally iii t-’i qitre 3-- Il . I t
appe ,i rs that (l—NAI)It i 5  !~P

t_ a subst i-a I e fo t TNT Roduct  ama’. Note that - the obse rvt’d

~ct iv i t  y using ct—NAD)l j~o-;ni1tl y can in- at t m ibti t t’d to the pi  t ’ :;t ’l t t ~~t ’ of le;;:; thati
3% o f L~— NAIil t in the ~--NAI )!( prep t r51 t b it .

3. 1 . .‘ . (~~~. Kinet ics: 10 
1
M I1--Nttl)II vs. 10

1 
N t~—NADIl

The e xpt ’ r I m e n  ta I p i~ n-o d i t t o  used Wa;;  t hit’ s.t~u~’ ,m ;; t.h.it dc~ t’ t thoU in Sect i O~ t 4 . ~. .

Wi ttt the except ton t iia~ the prc-pat-at b it;; coti  t a in i nq 10 N ~—NAfllI were .an:;.myctt
lit t Iii’ prt1ottee of 10 N ~—NAt )t1 . The dat 5m is p r es e nt  1’d q t -aph t t ’al ly itt 1-’iqtirt’
3~ 1 -

, 
. ~l 0 M ct—NAIiu t appear ;;  to  i nact i vat o TN’i’ Reductast’ .t~~t iv it y at the same rate

a;; 10 N ~—NAD11 . The t tot both ;i~ and i~— NAt)I( w~l ; ;  .tpproximat ely 10 st ’csaud:;

3. 1. 1~ Studies 1k; i l;q NAI1PII

Submt it ut ion of l0~~ N NAUPH t o i -  10
1 

N N AI -IH in  TN’r R~ dut ’t .umt’ and NAD!! Oxidase
as say;; gave s 1mb l , i  r i l tC I 0.1: ;e’; in  Ito tIm 0 l t .~yUi ( ’  .ict i Vt t ic i i .  T u e  d.m I a art ’ present- t’~i
in Table  3—9.

TNPa;;t! was pre i ncuba t ed in  a p re—warmed ( 11° ) a msay t~UVt ’ t to ~~ tt t  a t  ni  nq I ~~4 N
NNW!1 in  .05 N potassium ~‘1t; ispha t e buffe r, pIt 7.0. At apu’toI’1 Lit e tnt cm vii ;:
the p reparations were s t : ;n iyed  fo I - TNT Ro dt t ~’t .15 1 ’ sIt ’ I lvi I y . ‘I’Iit’ data is shown
qra ~ h ic.tl ty  in Figure 4 — i  3 . K m e t  t~’ atmalys i of TNT R ’dn~’t , t ;a ’  I n .tc t  I vat ion4,t
10 M NMWH gave t~ of 50 seconds ccmrnpart’d with t imi ’ t of 7 4  ~t’conds i t t  10 N
NAI)}l.

3. 3.4. l-~[fect of AUdit ivos ti l l Inaet iv~tt io n ~~ l TN I’a ;n’

The experimental procedure is de’scrit~c’d ltt Sort ion 4 . 3. 1 . 1 . w i t  It the excopt ion
that either SO lu/mi c’atal ast’ or it) - 

N N rnt’thyl —1 , — t t-ypt ophan wait 1mw luthed in
the pro i ncubat ion. TN t’ Re5lu c -t  .t;;i’ act iv it y was meamut ~‘d at t c i  .4 minutes. Tiit’
dat a .mp}’t ’ars in Tatilt’ 1-10.
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TABLE 3-8: The Effect of Different Dilutions of a- and ~—NADH on NADU
Oxidase Activity.

NADH a-NADH ~-NADH
(N) (ID/mi) (lU/mi)

2.0 x ~~~~ .0084 .0068

1.0 x )0~~ .0068 .0084 r
5.0 x 10~~ .0047 —

2.5 x l0~~ .0034 .0037

1.0 x 10~~ .0027 .0034

I
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TABLE 3-9: Subs t i tu t ion  of NADP II for NADH in Enzymatic Assays

TNTase NADJ I Oxidase
Cofactor Activity (ri/mi) Activity (U/mi)

NADH 17 .2 .016

NADPJI 21.2 .024 • 1

TABLE 3-10: Effect of Additives on Inactivation of TNTase

- 
- Addition to Preincubatiori Nixture TNTase Activity

None , NADH omitted (positive control) 18.1

None 3.3

50 lU/mi catalase 3.5

10 N N-methyl—L-tryptophan 1.5

TABLE 3-11: Effect of Pre—’incubation in Hydrogen Peroxide on TNTase Activity

Preincuba tion Addition TNTase Activity

None (positive control) 14.5

~~~~ N Hydrogen Peroxide 13.7
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Add ition of ca talase, which destroys hydrogen peroxide, to NADFI pre-incubations
did not protect TNTase activity against NADH—induced inactivation nor did
N-methyi—L--tryptophan , which can react rapidly with highly reactive forms of
oxygen which might be produced in this system.

3.3.5. Effect of Pre—Incubation in 1O~~ N Hy qg~p PeroxicIe on TNTase Activity

TNTase was pre-incubated in .05 M potassium phosphate buffer, pH 7.0, containing
10 1.1 hydrogen peroxide for 3 minutes. TNT Reductase activity was then measured.
The data appears in Table 3-il.

Pre—incubation of TNTase preparations with hydrogen p- - roxide, a possible product
of NADH oxidation , does not produce inhibit ion of TNTase activity .

3.4. Effects of Group Specific Reactive Compounds on TNTase and NADH Oxidase

N—ethylmaleide (NEM), p-chloromercuribenzoate (PMB), phenylmethyl sulfonyl—
fluoride (PMSF) , acetic anhydride , iodoacetic acid , 3-bromopyruvic acid and I -

N-bromosuccinimide (NBS) were used as group specific reagents in an attempt to
physically characterize the structure of the enzymatic active site(s).

Approximately l0~~ M concentrations of NEM, PMB, PMSF, iodoacetic acid and
3—bromopyruvic acid were used . Each respective compound was added to 0.2 ml
TNTase and allowed to pre—incubate on ice for 30 minutes. Samples were then
assayed for respective TNT Reductase and NADH Oxidase activities. The results
appear in Table 3-12.

NEM, PMB , PMSF, iodoacetic acid and 3-bromopyruvic acid did not appear to affect
either TNT Reductase or NADH Oxidase activities. This possibly suggests that
neither free sulfhydryl groups nor serine residues exist in the enzymatic active
si te(s) .

Aliquots of various concentrations of N—bromosuccinimide in .05M potassium
phosphate buffer, pH 7.0, were added to 0.2 ml TNTase and allowed to pre-incubate
on ice for 60 minutes. Samples were then assayed for respective TNTase and NADH
Oxidase activity.

N-bronmosuccinimide inhibits both TNT Reductase and NADH Oxidase activity proport-
ionately depending on the concentration of NBS used . The data appears in
Table 3-13. This indicates that possibly a tryptophan , tyrosyl and/or histidyl
residue contribute(s) to enzymatic activity in the active site(s) .

TNTase was treated with acetic anhydride as follows: 10 mg total protein was
suspended in 100 ~1 .10 M sodium acetate, .10 M sodium pyrophosphate buffer ,
pH 8.5 , and cooled on ice. 10 p1 acetic anhydride/lO mg total protein was added
to the suspension and allowed to incubate for approximately 1.5 hours. An aliquot
of the suspension was then assayed for TNT Reductase and NADH Oxidase activity.
The remaining treated enzyme was dialyzed overnight vs. 30 volumes .05 M potassium
phosphate buf fer , pH 7.0 , and assayed for respective enzymatic activities. Posi-
tive controls verified that the assay mix minus acetic anhydride was not the cause
of loss of respective activities. The data appear in Table 3-14.
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TABLE 3-12: Effects of Group Specific Reactive Compounds on TNTase and NADH
Oxidase

TNTase NADH Oxidase
Group Specific Reagent (Ill/mi) (lU/nil) Contamination

First Experiment

(1) NEM 8.593 0.0240 0.279

(2) PMSF 9.478 0.0246 0.260

(3) PMB 10.495 0.0226 0.215

(4) Positive Control 8.527 0.0226 0.265

Second Experiment

(1) lodoacetic acid 7.871 0.0135 0.172

(2) 3—bromopyruvic acid 8.757 0.0203 0.232

(3) Positive Control 7.511 0.0145 0.193

C
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TABLE 3-14: Effect of Acetic ~nhydride on TNTaSe and NADU 
Oxidase

TNTase NADH Oxidase

(Ill/nil) (IU/utl) Contamination

positive Control

(No acetic anhydride) il.479 0.0270 0.23~ 2

Experimental 
6.002 0.0169 0.2818

Experimental
(post dialysiS) 

6.002 0.0098 0.1633

L
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Acetic anhydride inh i hit s both TNT Reductase and NAD H Ox I dane activity by
approximately 50%. This possibly sucjqests that iy~;ine and/or tyrosine i enidues
contribute to the i enpec t ive  enzymat ic  a c t i v i tl e n  observed in the active site(s)

3. ~~~. A t t e~~~ts to t)i fferentiallX l)enature_TNTase and NM)1I Oxida nt’ U n i n ~
t-let  In

3.5. 1. Stot-age Effec

TNTase is quite stable when subjected to prolonged frozen storage , while a
significant fraction of the NA!)H Oxidase activity is lost. After approximately
one year of frozen storage, the TNTase lost. 8.0~- of its or ig ina l  a c t i v it y  wh ereas

- -
- 

the NADII Oxidase lost 34.8% of its original ac tivi ty.

3.5.2. Heat

M iquots of TNTasc were placed in thormostated water baths of appropriate temp-
erature . At selected time intervals, samples were withdrawn and assayed for
TNT Reductase and NAPH Oxidase activity. The data appears in Table 3-15.

The rma l. dena turation experiments indic ate that  loss of TNT Reducthse a ct i v i t y ,
produced by storage at elevated temperatures , is par al leled closely by loss of
NADH Oxidase ac t iv i ty. A linear regression analys is  showed tha t the corre la t ion
coeff ic ient  for residua l TNT Reductane and NADII Oxidase a c t i v i t i e s  was 0 .714.

3.6. Luciferase fliow Effec t :  Removal of L)TE

Four Luciferase reagent vials were combined to y ie ld  one s tandard 1,uci[erase
reagent to be used in this experiment. 2.5 ml Luciferase reagent was dialyzed
for 4 hours vs. 180 volumes .02 N potassium phospha te buf fe r , pH 7.0, with 5.0
mM I-74N to remove the D’FE from the reagent. 0.9 mg DTE was added to another 3.0 ml
Luci fer a se reagen t to increase the DTE concen tra tion to 2 mM DTE ( the standard
Luc i (era se reagent used contains .5 mM DTE). It total of 3 separate l,uciferase
reaqent samples were tested containing no DTE,0.5 mM DTE and 2 inN LYrE .

The Luciferase reagent samples were tested usinq the luminescent photome ter
assay system. The Beckman luminescent photometer was blanked with 1.0 ml .05 ~i
potassium phosphate b u f f e r , pH 7 .0 .  50 pi of the desired I.uciferane reagent and
10 p1 tetradecanal in ethanol were added to the assay cuvett-e . The Luciferase
glow effect was examined over a several minute time—period. 20 p1 injections of
2. 0 x io~~ 14 NAT)l1 into various assay cuvettes containing different concentrations
of LYrE were then examined for relative % light output. The data appears in
Table 3-16.

Removal of LYPE by dialysis from the Luciferase reagent does not eliminate the
Lucifera se glow e f fe ct. It, theref ore , appears tha t .  IY~E is not re la ted to the
cau’ c of the Luciferase glow e f f ec t .

(
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TABLE 3—15 : Thermal Denaturation of TNTase and NADU Oxidase

Incubation TNTase NADU Oxidase

Temperature (°C) TIme (Hr.) Activity (U/mi) Activity (U/mi)

0 (control) 0 18.0 .012

30 1 12 .0  .007

2 12 .3  .008

20 8 .3  .009

35 1 12.7 .011

2 11.0 .011

20 5.5 .007

40 1 6.2 .010

2 4.3 .006
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TABLE 3-16: Removal of DTE from Luciferase Reagent

(DTE) in Glow Effect
Luciferase Luciferase Mean % Light Standard

Reagent (% Light Output) Signal : Noise Output Deviation

(1) Standard
Reagent
(.5 mM
DTE) .24 127.2 30.5 3 .1

(2) Without
DTE (post—
dialysis) .24 53.2 12.8 0.3

(3) 2 mM DTE High Glow — 45.2 1.4

~- 0

-43- ~~~~~~~~~~~~

—-

~~~~~~~~~~~

- 

~~~
. _ - . ~~~~~~~~ , — - ~~~~~~~~~~~~~~~~~ - —- 

.~~~ ~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~



-

4.0 CONCLUSIONS

From the resul ts  di ncun,;ed in Sect ions ~ .0 and 3.0, thc’ following conclusions
may be drawn :

The accumulated data .g~peat to support the hypothesis that both
TNT Reduet .u;e and NItt)h1 Oxidaso activ i t ics reside on a single
macromo h’cu I e or macrornol ecu 1.11 complex and t hat the two act iv it i en
may be insepar.tb le  . Isoc i ectr ii ’ focus i ng experlment s indicate that
the isoelectr ic  point .s a re  id~ ntica1 . Ccl filtration data suggests
that the stoKes rad i i are esseut iaily identical . Considerinq t his
result , gel elect  rophores is data i ndi cat e that the tie t charges anne—

- - ciated with these enzyme activities are identical. These data , taken
in  concer t  , suggest that the tw act iv i t  ics cannot be sepatat cd u~ tnq
c lassi  cal methods. Fur ther  evidence for  close associ at ion ot TNT
Reductase and N~DH Oxidase was ol)t ained from &‘naturation and chemical
modi f icat ion  expe r iments which showed concurrent loss of  both ict ivities . —

Molecular oxygen does not appear to be the electron acceptor in the
NAPH Oxidant ’ re. tct  ion . Pata obt .i m e d  us i  nq a radiol ~ot o}’t ’ t race::
suggests that  t h is  reaction may involve reduction of NMMI (or NAt) ) .
That is , NADU ma y servo as bet-h electron donor and acceptor in the
NItL) 1I Oxidase r eact ion .

- 
: Dithioerythritol (DTE) does not appear to be related to the cause

of the Luciferase glow effect. Elimination of DTE from this system
reduces ligh t output hut does not reduce glow . Very high level s of
DTE do produce enhanced I.uci ferasc’ glow .

A
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5.0 RECOMMENDATIONS

Further work should be directed toward the identification of the actual
mechanisms of NAt)lL Oxidase activity ~nd NADU—produced TNTase destruction.
A useful step in understanding these processes is determination of the fate
of NA DU . This would be especially useful in the case of NADH Oxidase activity,

where the electron acceptor is unknown. Preliminary data , obtained using
radioisotape labeled NADH(T) indicate that NADH itself may serve as electron

acceptor in the NAL )II Oxidase reaction. Direct identification of the reaction
products may prove useful .

An immunochemical approach to the separation of TNT Reductase and NADH Oxidase
activities, might also be explored . Immune methods can be extremely powerful
since they make it possible to separate proteins based on their individual
surface structure. TNT Reductase activity could be eliminated by incubation

with NADH, leaving only NADU Oxidase activity . This preparation could be used
to produce an antibody preparation specific for the NADE Oxidase active site.
After obtaining the antibody , it is expected that two types of experiments could

be performed . The first is direct titration of the TNT Reductase-NADH Oxidase
preparations with the anti-serum. The variables to be measured are the activities

of both enzymes. This procedure might provide a method for reducing the NADH
Oxidase activity in TNTase preparations. The second procedure to be attempted

using the antibody preparation might be immuno-affinity chromatography. This

procedure night also be successful in eliminating NADH Oxidase activity from
TNT Reductase preparations , or , alternatively, might demonstrate the association
of these act ivi t ies .
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‘ 7.0 GLOSSARY OF’ SPECIAL TERMS

The following are definitions of special terms and abbreviations used
throughout this report:

TNT : c~-2 , 4 , 6-tr ini troto 1uCfle

WAD and NADH : oxidized and reduced forms, respectively, of
nicotinamide adenine dinucleotide

NADP and NADPH: oxidized and reduced forms, respectively, of
nicotinam ide adenine dinucleotide phospha te

FMN and FMNH 2: oxidized and reduced form s, respectively, of
flavin morionucleotide

TNTase: TNT reductase, the enzyme which catalyzes reduction
of TNT and DNT in the presence of NAD ( P)H

DTE: dithioerythritol

I
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