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As demonstrated in a previous paper from this laboratory (10), Mycobacterium
phlei possesses considerable phosphorylating activity toward D-gluconic acid. In
enzyme preparations obtained from Lowenstein- or gluconate-grown cells the
reaction could also proceed, though very slowly, at the expense of inorganic
polyphosphates (Kurrol’s salt). The product of the reaction was identified in either
case as 6-phosphogluconate, but properties of the enzyme were not studied.

The present report deals with the mycobacterial gluconockinase (D-gluconale
6-phosphotransferase, EC 2.7.1.12) which utilizes adenosinetriphosphate (ATP) as P
donor, and is a part of work on the carbohydrate metabolism in mycobacteria.

MATERIAL AND METHODS

M. phlei was cultured statically on liquid glutamate-citrate-salt medium with
glucose as the main source of carbon (2). After growth for 7 days at 37°C, cells
were collected and washed with dist. water by centrifugation.

Active extracts were prepared either by grinding acetone-dried cells in the
cold as described previously (10), or more often by exposing fresh cell suspension
{(20% in 0.05 M-tris-HCl buffer, pH 74) to 24 ke/s ultrasonic vibration from
a MSE 100 W generator for 2 successive 5 min. periods, the temperature being
maintained within (—20°. Homogenates were centrifuged for 20 min. at 9,000
rev./min. (MSE refrigerated centrifuge) and the resulting supernatants preserved
for further experiments. The protein concentration was approx. 4—6 mg/ml and
the specific activity, as measured under the conditions described below, amounted
to 9 umoles/hr/mg protein.

A 20-fold increase in specific activity was achieved by a procedure which
involved: 1) incubation of extract with deoxyribonuclease, 2) fractionation with
ammonium sulfate, and 3) filtration on a Sephadex G-100 column (9, 10). Some
attempts to purify the enzyme further by means of starch block electrophoresis
resulted in considerable loss of activity (Fig. 1). Therefore, in the majority of
experiments Sephadex G-100 eluates were employed.
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The rate of reactions was measured by the acid-labile P disappearance method.
If not otherwise indicated in the text, the reaction mixture contained in a final
volume of 040 ml: 2 pmoles of ATP (Sigma), 2 umoles of potassium gluconate
(Pfizer), 2 pmoles of MgSO; or MgCl,, 40 pmoles of tris-HCl1 buffer (pH 9) and
enzyme preparation. At zero time and at appropriate time intervals of incubation
(379, 0.1 ml samples were withdrawn for acid-labile phosphate determinations
(10 min. in N H,SO, at 100°). For this purpose the Fiske-Subbarow method was
used with elon (p-methylaminophenyl sulfate) as the reducing agent. The unit
was defined as that amount of enzyme which catalysed phosphorylation of 1 pmole
of D-gluconate per minute under the above conditions.

Protein was determined by the Lowry et al. procedure (5).

The extinctions were measured in a photoelectric colorimeter of Chinese
production (model 581), filter No. 65.

RESULTS

Fig. 2 shows the requirement of the mycobacterial gluconokinase
for Mg ions. In the presence of excess of gluconate, the activity increased
with increasing concentration of Mg?*t, maximum activity being

Table 1. Effect of various metal ions on the mycobacterial gluconokinase activity.

A concentration of 5 mM-ATP was used with a molar ratio Metal/ATP = 1. Other

conditions as in Methods except for sample No. 3 ‘which was incubated at pH 7.5
to avoid precipitation

Sample Divalent metal ion added Rate, \pel.' cent of control

No. with MgSO,

1 None 25

2 MgSO, 100

3 MgSO, + 1 mM ZnSO, 358

4 CacCl, 80

5 MnSO, 75

6 CoCl, 70

§ Referred to a control incubated at pH 7.5.

attained at a molar ratio Mg2*/ATP = 0.5. At higher relative concentra-
tions, Mg was inhibitory. Activation of the enzyme also occurred when
Mg was replaced by such divalent metal ions as Ca, Mn and Co. Zn
ions (1 mM) exhibited a negative influence (Table 1). Addition of
0.2 M-NaCl caused a small (about 10%) but reproducible decrease in
activity.

The pH profile of the mycobacterial enzyme was characterized by
a broad optimum of about 8 to 10.5 (Fig. 3). The enzyme was most stable
in the same range of pH and underwent partial denaturation at pH
below 7 (Fig. 4).
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Fig. 1. Starch block electrophoresis of a gluconokinase preparation from M. phlei.
2.1 ml of Sephadex G-100 eluate (about 5.5 units) were concentrated with Carbowax
to 0.5 ml volume and applied to a block of starch prepared as described previously
(9). Electrophoresis was conducted in 0.05 M-veronal buffer, pH 8.6, at 200 V and
75 mA in the cold. After 14 hr of migration, the block was cut into 0.5 cm
width segments which were extracted with 2 ml of 0.10 M-tris-HCl, pH 9, and
gluconokinase activity determined. Reaction mixtures contained 2.8 pumoles of ATP,
2.8 pmoles of D-gluconate, 1.4 umole of MgSOs and 0.2—0.4 ml of supernatant in
a final volume of 047 ml. Incubation 30 min.

Fig. 5 shows the influence of temperature on the enzymatic activity.
It is evident that reaction rate was higher at 40° than at 50°. When,
however, the heating was carried out at pH 7.4 in absence of the
reactants, the enzyme appeared less sensitive to temperature (Fig. 6),
and this was true both for Sephadex G-100 eluate and dialysed 35—75%
sat. ammonium sulfate fraction.

Addition of p-chloromercuribenzoate (PCMB) to the reaction mixture
in a final concentration of 0.1 mM abolished enzymatic activity in 100%.



374 Marian Szymona and Halina Kowalska

12
-
i o—— o
vod \
2 °
v
£
E osf *
<
)
<
E 06
w
o~
<
b
S o4
¢ o
>
3 027
- [
L-§
v r T
o 25 50 75 100 125

Mg SOs added (mM})

Fig. 2. Influence of MgSO4 on the mycobacterial gluconokinase activity at a constant
level of ATP. The reaction mixture contained: 5 mM-ATP, 5 mM-potassium
gluconate, 100 mM-tris-HC1 buffer, pH 9, 0.05 ml of enzyme (Sephadex eluate) and
indicated amounts of MgSO; in a final volumne of 0.40 ml Incubation 7.5 min.

10 mM-iodoacetate was, however, completely inefficient. On the other
hand, 25 mM-NaF caused a fall of activity by 60% (Table 2).

In a number of specificity tests, the enzyme proved to be specific
for ATP and D-gluconate. The saturating level of the latter substrate
must have been 1.5 mM or less since higher concentrations up to 15 mM
did not increase the activity. There was no reaction towards D-galactonate,

Table 2. Inhibition of the mycobacterial gluconokinase activity. Standard assay
conditions, Inhibitors were added at the beginning of incubation

Sample Inhibitor Concn Rate, per cent of cantvol
No. : (mM) without addition
1 None 100
2 NaF 25 40
3 Iodoacetate 10 100
4 p-Chloromercuribenzoate
(PCMB) 0.1 0

D-xylonate, D-ribonate or 2-oxo-D-gluconate (Northern Regional Res.
Lab., USA). When either ITP (Bohringer, Germany) or CTP (K. a. K.
Lab., USA) were substituted for ATP, the initial rate was about 5—10%
of that with ATP, and might be due to the contamination of these
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Fig. 3. Influence of pH on the mycobacterial gluconokinase activity. Standard assay

conditions except for buffer as indicated: A, maleate; @, tris-HCI; [], glycine-NaOH,

X, carbonate. Incubation 5 min. pH values of the buffers were adjusted with use
of glass electrode (Radiometer, Copenhagen).

nucleotides by traces of ADP. Inorganic polyphosphate was not utilized
by the enzyme preparations obtained from glucose-grown M. phlei.
Peak eluates from the Sephadex G-100 column were devoid of gluco-,
manno-, fructo- or phosphofructokinases. They did not reveal phosphatase
activity either toward ATP or 6-phosphogluconate.
On prolonged incubation, the uptake of ATP always exceeded 50%
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Fig. 4. Influence of pH on the mycobacterial gluconokinase stability. O, Sephadex
G-100 eluate; ®, 35—75% ammonium sulfate sat. fraction (dialysed). To 0.1 mil-
-aliquets of either enzyme preparation were added 0.05 ml of 0.2 M-buffer as
specified in Fig. 2, and kept in stoppered tubes for 24 hr at 4°. Thereafter, 0.05 ml-
samples were removed and incubated with 0.30 ml-volumes of standard mixture
(pH 9.5) for 10 min. Further procedure as in Methods. After incubation, pH was
checked with phenolphtalein and found to be above 8 in all tubes.
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Fig. 5. Influence of temperature on the mycobacterial gluconokinase activity.
Standard reaction mixtures.

of easily hydrolysable phosphorus (Fig. 7) thus indicating the presence
of active adenylate kinase, which had been reported to occur in M. phlei
by Oliver and Peel (7). This possibility was tested with a mixture
consisting of: ATP (2 wmoles), AMP (2 wmoles), MgSO, (2 uwmoles),
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Fig. 6. Influence of temperature on the mycobacterial gluconokinase stability.

0.1 ml-portions of Sephadex G-100 eluate (0.05 M-tris-HC! buffer, pH 7.4) were

transferred into small tubes and heated in water bath at the indicated temperatures

for 60 s. After cooling in ice-bath, to each tube 0.25 ml of standard reaction mixture
was added and the enzyme activity assayed as in Methods.
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Fig. 7. Time course of ATP utilization for the phosphorylation of D-gluconate.
Reaction mixture contained: 2.16 umoles of ATP, 4 wmoles of MgSQO, 10 pmoles
of potassium gluconate, 80 pmoles of glycine buffer (pH 10.6) and Sephadex G-100
eluate (0.1 ml) in a fotal volume of 0.78 ml.

tris-HC1 buffer, pH 9 (256 wmoles) and Sephadex G-100 eluate (0.05 ml)
in a total volume of 0.25 ml. After incubation for 30 min. at 37°, suitable
aliquots of the mixture were chromatographed on Whatman No. 1 filter
paper with isobutyrate-ammonia-water as the solvent and molibdate-
-perchloric acid as the reagent (3). Under these conditions a separate
spot of ADP appeared on the chromatogram with concomitant diminu-
tion of the two spots of AMP and ATP originally present in the reaction
mixture. A control sample incubated in parallel without enzyme revealed
no ADP formation.

DISCUSSION

Phosphorylation of gluconic acid was frequently encountered in
biological material but only in a few cases the corresponding enzymes
were subjected to further studies. These are the gluconokinases of
Escherichia coli (1), Pseudomonas fluorescens (6), Saccharomyces cere-
yisize (8), rat and hog kidney (4). The results obtained in the present
paper allow to compare gluconokinase of Mycobacterium phlei with
similar enzymes of other origin.

All the gluconokinases so far described in sufficient detail were
activated by Mg or other divalent cations. Where tested, optimum pH
was sharp: 6.2 for the hog kidney enzyme and 7.2 for yeast. The E. coli
enzyme preparation proved to be absolutely specific for D-gluconate,
while that of Pseudomonas fluorescens contained a separate kinase
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phosphorylating 2-oxo-D-gluconate as well. PCMB and heavy metals
caused inactivation (though Zn?t stimulated the hog kidney enzyme),
which indicates that SH groups were essential for gluconokinase activity.

The mycobacterial enzyme differs from animal gluconokinases in
that it was inhibited by NaF and ZnSO,. Another difference lies in the
broad optimum pH which covers a range from about 8 to 10.5. Its
substrate specificity was restricted to D-gluconate and ATP, and the
phosphorylation of D-gluconate with inorganic polyphosphates describ-
ed earlier (10) might have been due to another type of enzyme analogous
to that phosphorylating D-glucose (9). The ATP gluconokinase of M.phlei
withstood dehydration of cells with cold acetone and was more stable
in alkaline pH’s than below pH 7. Sodium chloride in concentrations
exceeding 0.1 M was inhibitory. This behaviour resembles that of yeast
hexokinase (11) but contrasts with the M. phlei polyphosphate gluco-
kinase which was more stable at slightly acidic pH’s and required,
besides Mg?*, 0.25 M-NaCl or other neutral salt for maximum activity (9).

It may be of interest to add, that the gluconokinase activity of
M. phlei as measured in cell-free extracts was 5—150 times higher than
that of Pseudomonas fluorescens or yeast and hog kidney, respectively.
The 20-fold purified enzyme revealed an activity of about 3 units/mg
protein and utilized ATP almost completely due to the combined action
of both gluconokinase and adenylate kinase. Attempts to separate the
latter enzyme by means of starch block electrophoresis were unsuccessful.

It seems that the enzyme preparation from M. phlei, as obtained in
the present study, could be used for the quantitative determination of
gluconate or ATP.
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STRESZCZENIE

Komorki M. phlei dezintegrowano w aparacie ultradzwiekowym MSE
i zawartg w ekstrakcie 6-fosfotransferaze ATP:D-glukonian (glukono-
kinaze) oczyszczano stosujac kolejno: 1) inkubacje z dezoksyrybonukleazg,
2) frakcjonowanie siarczanem amonu, i 3) sgczenie na kolumnie sefa-
deksu G-100. W kilku przypadkach zastosowano réwniez elektroforeze
w bloku skrobiowym. Ok. 20-krotnie oczyszczony enzym uzyto do ka-
dania jego wlasno$ci. Otrzymane wyniki pozwalajg na wyciggniecie na-
stepujacych wnioskow.

Mykobakteryjna glukonokinaza jest enzymem o kwasnym charak-
terze (w pH 8,6 wedruje do anody) i mniejszym od heksokinaz ciezarze
czgsteczkowym (z kolumny sefadeksu G-100 wyplywa w ostatnich frak-
cjach). Enzym ten posiada czynne grupy SH (inhibicja pod wplywem
PCMB) i wykazuje maksimum aktywnosci w szerokim zakresie pH od
8 do 10,5. Ta cecha zdecydowanie rozni glukonokinaze M. phlei od glu-
konokinaz innego pochadzenia. Badany enzym wymaga jonow metali
dwuwarto$ciowych (Mg, Ca, Mn, Co). Metale ciezkie (Zn) oraz stosun-
kowo duza sita jonowa (0,2 M NaCl) wywierajg dzialanie hamujace.
Enzym jest mniej trwaly w pH ponizej 7 i w warunkach oznaczenia
wykazuje niskie optimum temperatury (ok. 40°), jakkolwiek w nieobec-
nosci reaktantéw (pH 7,6) znosi 1-minutowe ogrzewanie w 65° bez straty
aktywnosci. Specyficznoé¢ mykobakteryjnej glukonokinazy wydaje sie
by¢ ograniczona do ATP i kwasu D-glukonowego. CzeSciowo oczyszczony
preparat nie zawiera heksokinaz ani enzyméw hydrolizujacych ATP
wzgl. 6-fosfoglukonian, zawiera natomiast kinaze adenylanowsa, ktéra
umozliwia zuzytkowanie ATP praktycznie w 100%.

OBJASNIENIA DO TABEL

Tab. 1. Wplyw réznych jonéw metali na aktywnosé¢ mykobakteryjnej glukono-
kinazy. Stosowano 5-milimolarne steZzenia ATP przy molarnym stosunku me-
tal/ATP = 1. Pozostale warunki jak w Metodach z wyjatkiem préby nr 3, ktérg
inkubowano przy pH 7,5, aby unikngé precypitacji cynku. Proba nr, dodany jon
metalu dwuwartosciowego, szybkosé, % kontroli bez dodatku, §— odniesiona do
kontroli inkubowanej przy pH 7,5 z MgS0,s lecz bez ZnSO,.

Tab. 2. Hamowanie aktywnos$ci mykobakteryjnej glukonokinazy. Standardowe
warunki oznaczania. Inhibitory dodano na poczatku inkubacji. Préba nr, inhibitor,
stezenie, szybko$é, % kontroli inkubowanej bez dodatku.

OBJASNIENIA DO RYCIN

Ryc. 1. Elektroforeza w bloku skrobiowym preparatu glukonokinazy z Myco-
bacterium phlei. 2.1 ml eluatu z sefadeksu G-100 (ok. 5,5 jednostek) zageszczono
karbowaksem do 0,5 ml objetoSci i naniesiono na blok skrobiowy, przygotowany
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jak w poprzedniej pracy (9). Elektroforeze przeprowadzano w 0,05 M buforze wero-
nalowym, pH 8,6, przy 200V i 7,5 mA w pokoju-chlodni. Po 14-godzinnej migracji
blok pocieto na 0,5 cm-segmenty, ktére ekstrahowano 2 ml 0,1 M buforu tris-HCI,
pH. 9, a nastepnie oznaczano w ekstraktach aktywno§é enzymatyczna. Mieszanina
inkubacyjna zawierata: 2,8 wmole ATP, 2,8 umole D-glukonianu, 1,4 umola MgSO,
i 0,2—0,4 ml ekstraktu w koncowej objetosci 0,47 ml. Inkubacja 30 min.

Ryc. 2. Wplyw MgSO; na aktywnosé mykobakteryjnej glukonokinazy przy
stalym stezeniu ATP. Mieszanina reakcyjna zawierala: ATP (5 mM), glukonian
potasu (5 mM), tris-HCl, pH 9 (0,1 M), 0,05 ml enzymu (eluat z sefadeksu oraz
zmienne ilosci MgSOs w koncowej objetosci 0,40 ml. Inkubacja 7,5 min.

Ryc. 3. Wplyw pH na aktywnoéé mykobakteryjnej glukonokinazy. Standardowe
warunki oznaczen z wyjatkiem buforu jak niZzej: A — maleinian; ® — tris-HCl;
[J — glicyna-NaOH; X — weglan. Inkubacja 5 min. pH buforéw nastawiano przy
pomocy elektrody szklanej (Radiometer, Copenhagen).

Ryc. 4 Wplyw pH na stabilno$§¢ mykobakteryjnej glukonokinazy. o — Eluat
z sefadeksu G-100; @ — dializowana frakcja po strgceniu siarczanem amonu
(35—T75%). Do 0,1-mililitrowych prébek wymienionych preparatéw dodano 0,05 ml
0,2M buforu jak w legendzie do ryc. 2, i pozostawiono w zamknietych probéw-
kach na 24 godziny w 4° Po uplywie tego czasu pobrano 0,05-mililitrowe objetosci
i inkubowano z dodatkiem 0,30 ml mieszaniny standardowej (pH 9,5) przez 10 min.
Dalej postepowano jak w Metodach.

Ryc. 5. Wplyw temperatury na aktywnos¢ mykobakteryjnej glukonokinazy.
Stosowano standardowe mieszaniny reakcyjne.

Ryc. 6. Wplyw temperatury na stabilnosé mykobakteryjnej glukonokinazy.
0,1-mililitrowe porcje eluatu (0,05 M bufor tris-HCl, pH 7,4) przeniesiono do malych
probéwek i ogrzewano na lazni wodnej w odpowiednich temperaturach przez 60 sek.
Po oziebieniu do kazdej probéwki dodano 0,25 ml standardowej mieszaniny i wy-
konano oznaczenia jak w Metodach.

Ryec. 7. Przebieg czasowy zuzytkowywania ATP do fosforylacji D-glukonianu.
Mieszanina reakcyjna zawierala: 2,16 umole ATP i 4 pmole MgSO,, 10 pmoli gluko-
nianu potasu, 80 pumoli buforu glicynowego (pH 10,6) i eluat z sefadeksu G-100
(0,10 ml) w catkowitej objetosci 0,78 ml.

PE3IOME

Knerxu M. phlei gesunrerpuposasu B yubTpa3ByKoBoM anmapate MSE
M cojep:Kallyroca B 9KcTpakTe 6-chocdorpancdepasy ATE-JI-raroxoHaT
(rIIOKOHOKMHA3Y) OYMIIAIM, IIPUMMEHAA NOCIeAO0BaTeNbHO: 1) MHKybanmio
¢ Ie3oKcupubOHYKIeasoit; 2) dpakumoHMpoBamme cynn(aToM aMMOHUA
u 3) duanTpammio Ha Kojouke Sephadex G-100. B HeckKOJIBKMX chaydadx
[IPUMEHAJIM TaKxKe 9JeKTpodope3 B KpaxMaJbHOM Osoxke. OUMILEHHBIN
npubausureapHo 20 pa3 9H3MM MCIIOJNB30BAJM MAJISI MCCICAOBaHMIA €ro
cBoiicTB. Ilosyd4eHHBIe pe3yJabTATHI JAIOT CJIEAVIOLME BBIBOABL

MukobaxTepuaJsbHad IVIIOKOHOKMHA3a — 9TO SH3MM KMCJIOTO XapakTepa
(8 pH 8,6 murpupyer X aHOZYy) ¢ MEHBIUMM MOJIEKYJAPHBLIM BECOM, 4YeM
TeKCOKMHA3bl (13 KoJIoHKM Sephadex G-100 BbIMJbIBaeT B IIOCJIEIHUX
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dpakuuax). OTOT SH3UM MMeeT axTMBHbIe rpynnel SH (3amezsenue mpo-
ucxomuT nox AevicreueM PCMB) 1 mpoaBiisieT MakKCHMAJBHYIO aKTUBHOCTE
B mmMpoKoM auanazoHe pH or 8 mo 10,5. OTa uepra oramMuyaeT TJIHOKOHO-
knHaszy M. phlei or rJIOKOHOKMHA3Z MHOTO TIpoMcxoXpenma. Mccie-
JOBaHHBIA 9H3UM Tpebyer aByxBaseHTHbIX uoHoB (Mg, Ca, Mn, Co).
Tszxenble MeTaabl (Zn) ¥ OTHOCUTENBHO Goubluas moHHada cuiaa (0,2 M
NaCl) oka3eIBarOT TOPMO3AIIEE JeiicTBME. DH3UM SABJSAETCH MEHEe Ipod-
HeiM B pH mumke T M B ycnoBuax o6o3HaUYeHMA MOKA3LIBAET HUBKMUIA
ONTUMYM TeMOepaTypbl (okoso 40°), XoTA mnpu OTCYTCTBMM CyBCTPATOB
(pH 7,6) Bblgep:kuBaeT MMHYTHOe HarpeBanme mnpu 65° 6e3 yTparthbl
aktuBHOCTH. CrelmMpuuHOCTE MMKOGAKTEPMANBHOM TJIIOKOHOKMHA3bI, Ka-
xercd, Oyner orpamndeHa 7o AT u [I-Ty1r0KOHOBOM KKCJIOTBI. HacTHMYHO
OUMIIEHHBII IIpernapar He COAePIKUT IE€KCOKMHA3 ¥ 3H3MMOB, TUIPOIU3N-
pyomux AT® yu 6-docdoraokoHaT, 3aT0 COAEPXKUT ANEHMJIOBYIO KMHAa-
3y, KOTOpas CII0OCOOCTBYeT IIPaKTUMYECKOMY wucroab3oBaHMio ATEP Ha
100%.
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