MONTANA

STATE UNIVERSITY

Escherichia coli B glucose-6-phosphate dehydrogenase : purification and characterization of the
enzyme
by Kenneth Geoffrey Dennison Allen

A thesis submitted to the Graduate Faculty in partial fulfillment of the requirements for the degree of
DOCTOR OF PHILOSOPHY in Biochemistry

Montana State University

© Copyright by Kenneth Geoffrey Dennison Allen (1973)

Abstract:

Escherichia coli B glucose-6-phosphate dehydrogenase has been purified by a seven stage procedure
involving column chromatography and fractionations. The enzyme was purified 1157-fold to a final
specific activity of 82 units per milligram measured at pH 7.4.

The purified dehydrogenase was found to consist of five electrophoretic species, all of which exhibited
enzymic activity. Denaturation in 8 M urea or one percent sodium dodecyl sulphate and one percent
mercaptoethanol resulted in a single protein band upon electrophoresis. The purified enzyme was found
to have a subunit molecular weight of 53 x 10"3 daltons by sodium dodecyl sulphate polyacrylamide
gel electrophoresis, and 26.50 x 10”3 daltons by ultracentrifugation in the presence of 6 M
guanidine-hydrochloride. Equilibrium between these two values was observed in 6 M
guanidine-hydrochloride. The enzyme exhibited an activity optimum at pH 8.5 with enzymic activity
2.27-fold of the value at pH 7.4. Maximal stability of the enzyme was observed below pH 8.0.
Treatment with the sulphydryl reagents, p-chloro-mercuribenzoate and N-ethyl maleimide implicated a
cysteine residue involved at the active site of the enzyme. The N-terminal amino acid of the
dehydrogenase was found to be methionine by chromatography of dansyl derivatives. Kinetic
investigations of the purified enzyme gave values for the Michaelis-Menten constants of NADP+ and
G6P as 1.80 x 10”-5 moles and 2.23 x 10"-4 moles respectively. Competitive inhibition of the enzyme
activity was observed with ATP and NADPH. NAD+ appeared to be a noncompetitive inhibitor for
both the substrates, and analysis of the kinetic data by Hill plots further implicated an allosteric role for
NAD+ in controlling glucose-6-phosphate dehydrogenase activity. "'
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ABSTRACT

Escherichia coli B glucose-6-phosphate dehydrogenase has been
purified by a seven stage procedure involving column chromatography
and fractionations. The enzyme was purified 1157-fold to a final
spec1f1c activity of 82 units per milligram measured at pH 7.4,

The purified dehydrogenase was found to consist of five eléctro-=
phoretic species, all of which exhibited enzymic activity. De--
naturation in 8 M urea or one percent sodium dodecyl sulphate and

one percent mercaptoethanol resulted in a single protein band upon
electrophoresis. The purified enzyme was found to have a subunit
molecular weight of 53 x 103 daltons by sodium dodgcy] sulphate
polyacrylamide gel electrophores1s, and 26.50 x-10° daltons by
u1tracentr1fugat1on in the presence of 6 M guan1d1ne hydrochloride.
Equilibrium between these two values was observed in 6 M guanidine-
hydrochloride. The enzyme exhibited an activity optimum at pH 8.5
with enzymic activity 2.27-fold of the value at pH 7.4. Maximal
stability of the enzyme was observed below pH 8.0. Treatment with

the sulphydryl reagents, p-chloro-mercuribenzoate and N-ethyl malei-
‘mide implicated a cysteine residue involved at the active site of

the enzyme. The N-terminal amino acid of the dehydrogenase was found
to be methionine by chromatography. of dansyl derivatives. Kinetic.
investigations of the pur1f1ed enzyme gave va1u§s for the Michae]is—_d
Menten constants of NADPT and G6P as 1.80 x 107° moles and 2.23 x 10
moles respectively. Compet1t1ve inhibition of the enzyme activity was
observed with ATP and NADPH. NAD* appeared to be a noncompetitive
inhibitor for both the Substrates, and analysis of the kinetic data by
HiT1 plots further implicated an allosteric role for NAD+ 1n,contro111ng
g]ucose 6- phosphate dehydrogenase activity. o
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INTRODUCTION

A1l organisms require energy to sustain the complex array of chem-
ical reactions that constitute a 1iving cell. Heterotrophic organisms,
~ such as animals, fungi and most bacteria, require a supply of organic.
compounds from their environment for utilization as sources of energy.
Ultimately this-energy is obtained by oxidation-reduction reactions in
the cell. The most commonly ehp1oyed'organ1c compounds for~use as
energy sources are the six-carbon sugars, and in particular D-glucose.
~ The initia] stage of energy production.from glucose common to all heter-
otrdphic Qrganisms is the sequence of anaerobic reactions known as
g1yco1ysis. The end product of tﬁé-g1yco1yt1C~pathWay, pyruvic acid,
can be furtﬁer oxidized under aerobic conditions by the series of enzymic
conversions known as the Kreb's tricarbéxy]ic acid cycle (TCA cycle).
ThislTCA cyc]e is the final common oxidafivé catabolic pathway of all
carbohydrate molecules under aerobic conditjons, and coupled to 6x1—
dative phosphorylation provides for the productipn'of ATP, the main
cellular high energy compound utiTizéd in bijochemical processes.

Another pathway of g]ucbse catabolism is possible via the hexose
monophosphate shunt (HMP shunt), a]so'knoWn as the pentose phosphate
or phosphogluconate pathway. This pathway of glucose mefabo]ism
branches off frqﬁ glycolysis at the common'intermediate glucose-6-
phosphate-(G6P) and proy{des for the metabolism of glucose independently

of the TCA cycle. The branch point at G6P and the possibility of




Ea

utilization of this compound by phosphoglucoseisomerase, via‘g1yco1ysis,
or by glucose-6-phosphate dehydrogenase, through the HMP shunt,
provides the cell with the first "choice" of pathways in catabolic car-
bohydrate mefabo?ism. ‘Thefmechanism'of control of the direction of |
glucose utilization must be linked to the part1§u1ar metabolic needs of
the cell.

The HMP shunt provides for the complete oxidation of glucose-6-

phosphate to carbon dioxide in which six molecules of G6P are oxidized

to yield six molecules each of ribu]ose-S-PO4 and carbon dioxide; the

net reaction can be considered as

. G6P + 12 NADPT ———— 6 C0, + 12 NADPH + 12 yt + Py

The ‘reduced dinucleotide phosphate when coupled to oxidative phos-
phorylation would result in-the formation of ATP. It is doubtful, how-

ever, that this complete oxidatiyg degradation of G6P octurs in-the cell.

An important conseqdence of the HMP shunt enzymes is that they facilitate,

in concert with the glycolytic sequence, the reversible 1ﬁtérconversion
of three-, four-, five-, six- and seven-carbon sugars via transaldolase
and transketolase reactions.

The study reported here is concerned with the purification and pro;
perties of thé first enzyme of the HMP shunt, namely glucose-6-phos-
phate dehydrogenase (G6PDH) [EC. 1.1.1.49]; This enzyme is of par-

ticular interest and.importance since it catalyzes the dehydrogenation of




glucose-6-phosphate, the branch point intermediary common to both
glycolysis and the HMP shunt and is a presumptive point for the control
and regulation of cellular metabolism.

The dehydrogenation of glucose-6-phosphate results in the produc-
tion of 6-phospho-8-gluconolactone. This enzymic oxidation requires the
presence of the coenzyme nicotinamide adenine dinucleotide phosphate
(NADP+) as the hydrogen acceptor. The &-lactone of 6-phosphogluconic

acid is hydrolyzed in vivo by g]ucono]éctonase to produce the free acid.

e o HO\ O
- c? NADP* NADEHH+\C_. Mg O\g’/
—OH E { ~OH —OH
" HOH T O ) e HO-
—-OH  G6PDH —OH| Lactonase L OH
—OH . . ~OH
CH,-OP CH,—Op CH, -op

G6P ———» 6-phospho-§-glucono ——» 6PG
lactone

o’/ o’

AG =-0,1Kcal/mole AG =-5,0Kcal/mole
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The glucose-6-phosphate dehydrogenase catalyzed oxidation of.glucose—
6-phosphate is readily reversible with A6 = ~.1 keal mo'le--1 for the
reaction. Reversibility has been demonstrated with the yeast enzyme

utilizing 6~phospho-d-gluconolactone and feduced nicotinamide adenine

1

dinucleotide phosphate (NADPH) as substrates.  The hydrolysis of the

6—phospho-8—g1ucono]actone_acid is highly exergonic, AG®" = -5 kcal

1

mole™', and the equilibrium strongly favors the free acid. The reaction

is rapid at physiological pH, and the half-time for the hydrolysis of

the lactone ring is 1.5 minutes at pH 7.4.]

Nevertheless, specific glu-
conolactonases, which cata]yie this lactone hydrolysis, have been iden-

tified from numerous bacterial sources. Recently Kupor and Fraenke’l2

have shown that an Escherichia coli mutant lacking the gluconolactonase

enzyme, has only slightly impaired growth rate, and'q]ucose-G;phdsphate

is still metabolized via the HMP shunt, since the &-lactone of phospho-

gluconic acid hydrolyzes sponﬁaheous]y.
Originally it was aésumed‘thét the HMP shunt fuﬁctioned primarily

to provide ribose for the synthesis of nuc]eotides,7 but recently this

rationale has come under question. Ir Eschevichia coli the formation of
pentoses from glucose occurs by both an oxidatiVe and nbn—oxidétive
pathway. The oxidative formation of pentoses is brought about by the
HMP shunt, and the non-oxidative synthesié of pentoses arises by

transaldolase and transketolase mediated hexose ‘and pentose intercon-

_versions. Recently quantitative studies have been undertaken to eluci-




date the relative contribution of these two pathways to the pentose pool.

Numerous studies involving ¢'% Tabeled g]ucosé3*7 have shown that

‘the HMP shunt accounts for only 10-40% of the glucose metabolized by

7.ha've shown in studies using'1;018~

" E. coli. Caprioli and'Ritfenburg
glucose as the sole carbon source that the Tabeling pattern in the nucleo-
sides fndicatéd that 70% of the ribose resulted from non-oxidative trans-
ketolase catalyzed condensation. The oxidative.pathWayF‘namely the

HMP shunt, accounted for only 30% of the ribose found in both PNA and

DNA. These studies on the origfn of cellular ribose throw doubt on the
original assumptions for the function of the.HMP shunt. Thus it

appears that the majority of tHe ribose in DNA and RNA arises from a

non-oxidative pa1:hway.6"7

If this is indeed the case, then it is neces-
_sary to question the major role of the HMP shunt in the catabolism of

glucose.” Studies with E;'Cd1f, yeast'(Céndidé'uti1f§) and'NeurospOra

¢rassa have recently shed Tight on this role. Model and.Rittenburg,8
in Tabeling studies with E;'ggﬂj_have shown that a decrease in ‘amino
acid biosynthesis resultiﬁg from nitrogen starvation causes a concomi-
tanf decrease in the utilization of the HMP shunt, and this effect was
' reversib]e.upon resupplying NH4+'£0 the media; In addition, an E. ¢oli. .
mutant capable of usiﬁg ribose as the sole carbon source was cu]tured;
qnd the utilization of the hexose MP shunt was not diminished by the
presence of ribose in the culture media. These findings supporf the

postulate that the HMP shunt exists to provide reduced nicotine adenine




dinucleotide phosphate (NADPH) for biosynthetic purposes, such as the
synthesis of amino acids from ammonia, and lipid biosynthesis.
Fusca]dog'ggggl:'have investigated the role of the HMP shunt in

Neurospora c¢rassa by the study of HMP- mutants on colonial morpho1ogy.

Two single site mutants were isolated; one_produced a defective G6PDH
and the other produced a defective 6-phosphogluconate dehydrogenase
(6PGDH), the second enzyme in the HMP shunf. Both of these mutations
resulted in reduced,participafion_df the HMP shunt in giucose metabolism,
Thé-morpho]pgy of either of the mutants reverted to the wild type by
_ gYowth.on a media supplemented with a carbon source, such as glutamate
or acetate, that result 1n‘broduction of NADPH by an alternate pathway.
No phenotypic reversion to wild type morphology waslexhibited when
either df these mutants was supplemented with ribose as a carbon

10

source. Similar results have been obtained by Osmond and Rees - on

the HMP shunt of Candida utilis. These studies strongly. indicate that

the major;ro1e of the HMP shunt is the production of NADPH" Hanson
and Levei11e]1 have suggested that as much as 50% of the cellular
" NADPH requirement may be prbvided by the first two dehydrogenases of
‘the HMP shunt. This rationale on. the role of the HMP shunt 1§Asupported '
in mammalian systems by its 1oca1iéat{on in tissues associated with
1ipid biosynthesis.

‘ Since GEP is the first carbohydrate intermediary common to two

metabolic pathways, it can be‘degraded by phosphoglucoseisomerase and




'requirement of the ce11; Peren and Fraenkel

other enzymes of the glycolytic sequence, or by G6PDH through the HMP

- shunt. The optional utilization of G6P by these two pathways leads to

the question of the control of the route of G6P catabolism, and the fac-
tors governing the pathway of metabolism of -this intermediary. The gene-
tics of E. ¢oli G6PDH and.6PGDH, the first two dehydrogenases of the HMP

shunt, have been investigated by Fraénkel and coworkers.].2 These two

. enzymes are constitutive and their synthesis is at a constant Tevel,

12 This does not

unaffectéd by -growth conditions or substrate 1e§els.
imply that the utilization of the HMP shunt is unaffected by variations
in §e11u1ar substrate concentrations, or by the particular metabolic

12 havé mapped the loci for.
the structurd]igenes of G6PDH and 6PGDH by conjugation and transduction

experiments in both E. coli and Salmonella typhimurium. In both or-

_ganisms the loci for the dehydrogenases appeared in the same region of

the chromosome but they were not closely 1inked: In addition, the
stPUCtura1'1oci for.both G6ﬁDH and 6PGDH did not exhibit any linkage
to enzymes of glycolysis Suéh as pﬁosﬁhog]dcoseisomerase or phospho- -
.fructokinase; _These results clearly showed that the metabolic Tinkage
of the.firsf two dehydrdgenages of tﬁe HMP shunt-is not reflected in
any genetic 11nkage; These findings in conjunctﬁon with the constifu-

tive hature of the activities, precludes any operon control in the

13 14

classical manner proposed by Jacob and Monod; Fraenkel and Banjerjee

have reported increased levels of G6PDH synthesis in a mutant of E. coli.




This mutént mapped very near to the normal E. ¢oli B wild type Tocus

and the enzyme’produced was indistinguishable from the normal protein.

8,9,10,15

Several authors have attempted to explain control of the HMP

: ) 0 ] ’ . - » »
shunt in terms of increased or decreased variations of activities of

the shunt'enzymes acting in respdnse to cellular requirements for
NADPH.  Both in vivo studies and experiments with cellular extracts
hgve been attempted inhérdér to acqouni_fqr the control of catabolism
in the demonstrated absence of genetic control. -

GEPDH, or Zwischernferment as it is called, was first identified

16

by Warburg and Christian in 1931, Their investigations led to the

discovery of nicotinamide adenine dinucleotide phosphate as an obTi-

_gatory coenzyme. An active preparation was originally obtained from

...... 17

‘accomplished from sources as varied as mammalian mammary glands

-and Sanwa11;

erythrocytes, and also from Brewer's Yeast (Saccharomyces carlsber-

Since these initial studies, the enzyme has been isolated

from a wide variety of sources, and several purifications have been

23 and

..... 18,19,20,21,22,24,25,26 0 oo

fications involved fractionation of crude cellular extracts and chroma-

'tograﬁhy on a wide range of adsorbants.

“'Escherichia coli B. G6PDH has been partially purified by Scott27

15 27

The initial work by Scott and Cohen

~

crude extract of the E. coli enzyme, and Sanwalll® has reported a 170-

resulted in a.

fold purification from the same source.

T T




MATERIALS AND METHODS

Biochemical Reagents and Supplies

Bacto nutrient broth : Difco Laboratories
Levigated alumina Norton Company
B-Mercéptoethano] (BME) | o Eastman Kodak Company

Ethylene diamine tetracetic _
acid (EDTA) disodium salt . ~ -+ Eastman Kodak Company

Tris (hydroxymethyl) amino. _
methane (TRIS) . o Sigma Chemical Company

Nicotinamide adenine dinucleotide .
(NAD*), sodium salt Calbiochem

Nicotinamide adenine dinucleotide
phosphate (NADP™) sodium salt ' Calbiochem

" Nicotinamide adenine dinucleotide, .
reduced (NADH) Calbiochem .

Nicotinamide adenine dinucleotide
phosphate, reduced (NADPH) tetra-

sodium salt : : Calbiochem )
Glucose-6-phosphate, disodium .
salt (G6P) T Calbiochem
6-Phosphogluconate, sodium _ :
salt (6PG) . ‘ _ . Calbiochem
Adenosine 5' triphosphate, . '
dipotassium salt . Calbiochem
" Adenosine 5' monophosphate, o
~sodium salt ' Calbiochem
Folin Cioca]teau.pheno1 reagent (2N) : -Fischer Scientific Company
Guanidine hydrochloride - Schwartz Mann
5-Dimethyl amino napthalene sulphonyl
. chloride (Dansyl-chloride) : Sigma Chemical Company




Dansyl amino acids

Deoxyribonuclease I (DNAse I)A

Bovine serum albumin
Yeast alcohol dehydrogenase °

Ribonuclease A (RNAse A), bovine

© pancreas

Chymotrypsin, beef pancreas .

Sodium tauryl sulphate, sodium
dodecylsulphate (SDS)

Acrylamide -

N,N'—methy]ene-bié-acry]amide
(Bis)

Tetraethylene methylene diamine

(TEMED)

Riboflavin

Phenazine methosulphate
2,2'-di-p-nitrophenyl-5,5"-
dipheny1-3,3'=(3,3'-dimethoxy-

4 ,4'-diphenylene)ditetrazolium
chloride (nitro Blue tetrazolium)
Coomassie Brilliant Blue

Ami&o Schwartz, Napthol™
Blue Black

Bromophenol Blue

Diethyl aminoethyl cellulose,
(DEAE-cellulose), Celliex D

Ammonium sulphate, ultra pure

Sigma Chemical Company

Worthington Biochemical
Corporation

Sigma Chemical Company

Sigma Chemical Company

Mann Research Laboratories

Mann Research Laboratories

Mann Research Laboratories

Eastman Kodak Company
Eastman Kodak Company

Eastman Kodak Company
Canalco '

Calbiochem

Sigma Chemica1 Company

Mann Research Laboratories

"Allied Chemical

Allied Chemical

BioRad Laboratories

Mann Research Laboratoriés




?

Spectroscopic plates, type 11-G

Silica thin-layer chromatograms
type 6060

Eastman Kodak Company

Eastman Kodak Company
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Bacterial Strain

(ATCC 1303). The cells were obtained from General Biochemical Cor-

poration; they were grown in Kornberg media and harvested in late-Tog
’ I

‘phase.

E. ¢oli B, wild type, cells were also grown in 40 liter batches in

a chemostat. A slant of E. coli B, wild type, cells was obtained from
Dr. P. D. Skaar, Montana State University, Bozeman, Mohtana,.and
cultured in a liter of sterile nutrient solution containing 8 gms of

Bacto nutrient broth and 5 gms NaCl. The resulting.starter culture was

'groWn in a shaker for 12 hours at 37° C. The starter culture was added

to 40 liters of sterile nutrient. broth in a 60 Titer culturing vessel
and grown for 12 hours at 37° C with aeration and stirring. The cells
were then cooled by passage through a stainless steel.coil immersed in
icé and collected with a Sharp]es:Centrifuge, type' T.1., at an effluent

rate of 200 mls pér mfn. The cells were stored at -10° C unt11'used.-.

“Buffer Recipes

0.1 M'Tris - 12,17 grams of Tris (0.1 moles) was dissolved in a

. Titer of doubly distilled water, and the pH adjusted to 7.4 at 4° C by

the addition of glass distilled hydrochloric acid (HC1).

© 33'mM Tris buffer - The above buffer was diluted 1:3 with the

addition of doubly distilled water.




Phosphate Buffers -~ Potassium phosphate buffers were prepared by
the addition of equimolar solutions of potassium dihydrogen bhosphate
(KH2P04) and potassium dihydrogen phosphate (KZHPO4) until the pH of
the resu]tiﬁg.sblutions was. 6.8 at 4° C. The following potassium phos—
phate buffers were made in this manner: 500 mM; 120 mM; 90 mM;
60 mM and 1.0 mM, all at pH 6.8. 7.46 grams of potassium:ch1oride
(KC1) were added to each Titer of 1.0 mM potassjum phosphate buffers
in order to raise the_ionfc strength. A1l buffers employed confained 0.1

mlis of B-mercaptoethanol per Titer of solution (1.3 mM unless otherwise

indicated.) The B-mercaptoethanol was added to the buffers both as a

sacrificial reductant, and to complex with trace heavy metal contaminants

ﬁresent in the solutions.

Glass Distilled Constant Boiling Hydrochloric Acid

Seven hundred and fifty milliliters of reagent grade hydrochloric’
acid was diluted 1:2 with glass distilled water and disti]led.ip a 3-

necked flask. The first 500 milliliters of distillate was used for

~general 1aboraﬁory purposes, the second 500 m1 fraction was used for

buffer adjustments, and the'residue was discarded.

Glass Distilled Water

House distilled water was redistilled in a Corning Model Ag-2 glass
distillation apparatus. The distillate was collected and stored in 10

gallon carboys. This water was used in the preparation of all buffers




‘ribonuclease I (DNAse I) per 100 gms of cells were added to the lysate

_was:then-centrifuged down at 30,000 xg-at 4° C in a Sorvall RCB

and solutions employed in this study. -

* Saturated Ammonium.Su1phate.[(NH4)ZSO4]

A saturated solution of ammon i um su1phate.(Manh'ReSearch Labor-
atories, ultra.pure) was made by adding soi%d ammonium sulphate to.
0.1 molar Tris buffer, pH 7.4, with coﬁstaqt stirring. A small excess
of solid was left in tﬁe solution to insure saturation. Five mM (1.86gm)
of disodium EDTA was added to eéch 11£er of‘satufated.solution to che-

_1ate residual heavy metals. 0.1 mls of BME (1.3‘mM) was also added to

~ each 1fter of solution. The pH of the saturated solution was adjusted

to neutrality by the addition of a small amount of soiid Tris. The

soTution was stored in a stoppered bottle at 4° C.

‘Lysis of the E. coli B Cells

E. ¢01i B wild type cells were Tysed by the following procedure. -
100 gréms of-frazeﬁig,'ggli_ée11s wefg allowed to thaw s1ow1y and 100
mls of 0.1 molar Tffs buffer pH 7.4 Qére added. The resultant slurry
was ruﬁtured in 40 ml batches at'Z0,00d psi by the use of an Aminco
French Pressure ce]]'(Amefican Instrument Co.;.Inc,; Silver Springs,

Maryland), and the lysate was cooTed in’ice;"O.G milliérams‘of deoxy;

and the mixture was left standing at 4° C for 3 hours. By this time the -

"stringyness" due .to DNA in the lysate had disappeéred; The cell debris
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centrifuge and discarded. The supernatant was reclarified at 30,000 xg,

at 4° C for 30 mihutes, and the volume of the qrude solution was measured.

'Enzyme Activity Measuréments and Calculations

The substrates used fotlenzyme assays -were obtained from Calbio-
chem Co., and were.made up in 0.1 M Tris buffer pH 7.4. The solutions

were stored at 4° C, and were prepared freshjy each week.

‘Nicotinamidé Adenine Diniicleotide Phosphate

Sodium salt, dihydrate M ='801.4 - A 7.5 mM solution was obtained

by_diséo]ving 30 milligrams in 5.0 mls of 0.03 Tris buffer, pH 7.4.

D-Glucose-6-Phosphate

4

» Disodium salt, dihydrate MW ="340.1 - A 12;0 mM solution was

prepared by dissolving £.0408 gms in 10 mls 0.10 M Tris buffer pH 7.4.

6-Phosphogiuconi¢ Acid

Sodium salt Md = 342.1 - A 12 mM solution was prepared by -
“ dissolving 0.041 gms in 10 mls of 0.1 M Tris buffer pH 7.4.

-.,Maqnesium'Ch]OFide

‘ MgCTé:6H20 MW = 203.3 - A 0,15 md]ér solution was prepared by
dissolving 3.05-gms of crystals in 100 mls of 0.1 M Tris buffer pH 7.4.
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Enzyme Assay Solution

Assay solution was prepared freshly each day from the stock solu-

tions. Each milliliter of assay solution contained the following.

0.8 s . 0.1 M Tris buffer pH 7.4
0.05 mls 7.5 m NADPT

10.05 mls 0.15 mMg™t

0.10 mls ' 12.0 mM G6E

This solution was used for assaying G6PDH. An identical solution for

the assay of 6PGDH activity was prepared ékcept that 0.1 ml of 12 mM

6—phosphog1ucohate was substituted for the glucosejG-phosphate.so]ution.

The unit of-activ%ty of both G6PDH and 6PGDH is defined as thé
amount of enzyme that reduces one micromole of NADP+ per minute.
The assay is performed in a-pary Model 14 recording spectrophotometer”
by measuring the incréésé in absofbance,at 3400 A. The reduced co-
enzyme (NADPH) prodﬁcea by the enzyme dehydrogenation of G6P has an
absorption maxima at 3390 Z. Tﬁe ektincfion coefficient at this wave-

1

Tength (5590 7 ) has a value of 6.21 x 10° 0D units mole™'. Oxi-

dized coenzyme (NADP') does not exhibit an absorption peak at 3390 A.
Calculations of the activity for both dehydrogenases involve the use

of the following equation:28
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Units of enzyme activity (umoles of reduced NADPH+ produced
per min) =

340m1n'] _ . o
6.21

. AOD

Specific activity of the dehydrogenases is defined as enzyme activity .
units per mi]}igram of protein. The prote%n-cbncentratfon determinations
are explained later. | .

Activity determinations for G6PDH and 6PGDH were performed as
follows. - A meésured amount of assay solution was pipetted into a
quartz cuvette (1 cm pathlength) in a Cary Model 14 recording spectro-
photometer, set at 3390 R . The.instrument was balanced, and then a
known volume of enzyme solution was bipetted into the cuvette to yield
a final volume of 1.0 mis.  The increase in absorbance at‘3390 ﬁ was

plotted on the recorder. -

Units m]-] =

6.21 . vol. of enzyme (2)
. _soin. used , ml. '

Since the enzyﬁes G6PDH and 6PGDH are metabolically Tinked, the
enzymic product of G6PDH provides substrate for 6PGDH, and conse- -
quently two molecules of NADPH+ are produced for each molecule of
GSP when both enzymes are present. Conseqﬁent]y; in the initial

stages of purification when both activities were present in the solution,

N
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it was necessary to determine the activity of 6PGDH independently in
order to evaluate that due to G6PDH alone. This was accomplished by

specfrophotometric determination of the enzyme so1ution:with G6P

- containing assay solution, which gave an increase in absorbance due

~ to both G6PDH and 6PGDH activity, and a determination with 6PG

containing assay so]ution_which'géve an increase in absorbance due to
6PGDH activity alone. The G6PDH ect1Vity was calculated as ‘the

difference between the. two values.

Protéin Determinations

six tubes. The volume in each tube was made up to 1 m1 by the addition

Two methods of protein concentration determinations were used.
The Low}y method (Folin-Ciocalteauphenol reagent) was used when

nucleic acid concentrations were high enough to preclude spectropho-

“tometric measurements of protein. .When nucleic acids had been

. removed, a direct spectrophotometric -protein determination was em-

ployed.

: Lowrj‘Protein Determination® (Fo]1n C1oca1teaupheno1 reagent)

A standard protein concentrat1on versus absorbance curve was made
up as follows. Between O and 100 ﬁgrams of a standard bovine serum

album1n solut1on, in about 15 ug increments, was added to a series of

of water, and each tube was shaken thoroughly.’ An.a1ka11ne copper

reagent was made by mixing a 2% Na2C03 in 0.1 N NaOH solution with
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a 0.5% CuSO4-5H20 in 1% sodium citrate in the ratio of 50:1. Five

mls of this alkaline copper solution was added to each tube and the

. mixture was Teft standing for 10 minutes at room temperature after

thorough stirring. After standing, 0.5 mis of T N Folin-Ciocalteau
phenol reagent was piﬁetted into each tube and immediately mixed. The
optical density of each tube was measured at 7500 R.after 30 minutes.
The standard curve was obtained by plotting micrograms of. protein versus

optical density at 7500 A. Al1 the reagents employed were stable in-

~ definitely, except for the phenol reagent which was replaced when a

~greenish hue developed.

The same procedure was employed for determinations of unknown
protein concentrations, and several determinations were performed at

various dilutions.

" Once the nucleic acids in the protein solutions were removed it

was possible to use a direct spectrophotometric protein determination

. using a Cary 14 fecording spectrophotometer. The following equation

was emp]oyéd:

mgns protein ml™! = (Absygnon) X 1.45 - (Absypoqs) 0.74°8  (3)
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Ammon%um sulphate precipitations were accomplished by the drop-
wise addition of an appropriate volume of saturated ammonium sulphate

to.the"protéin solution with continuous stirring at 4° C. The saturated

ammonium sulphate solution was added at the rate of 100-200 mls per

hour. Precipitated proteins were left overnight before céntrifuging.

'Diéthy]'Amihé Ethyl Céllulose (DEAE-cellulose) Anjon Exchangé Reésin

DEAE—ceTlQ]ose, exchange capaéity 0.69 milliequivalents per gram
was obtained from BioRad Laboratories. Before use the anion exchanger
material was treated to remove any impurities as follows.

~1. Approximately 500 gms of DEAE.cellulose was soaked in 4
liters of water for one hour. |

2. The suspension was stirred and left to settle for 20 minutes
and.thé fine parfic]e; poured off. This process was répeated twice.

3. The DEAE was then washed with 3-4 Titers of 1/10 N NaOH. .
for 10 minﬁtes and the sTurry was vacuum filtered in a Buchner funnel.
This procedure was repeateq twice.

'4. “The DEAE was then washed to neutrality with water, 3-4 Tliters,
thrée fimes, and again vacuum filtered using a Buéhner fuﬁne](

5. 3-4 liters of 95% ethanol was then added and the suspension
was stirred and left standing for 10 minutes. The DEAE-cellulose

filtered, and the process repeated twice.
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6. Ethanol traces were removed by washing with water and filtration.

7. A second washing with 3-4 Titers .1/10 N NaOH was performed

" and repeated twice.

8. The purified DEAE was washed to neutrality with water and
filtration. '
The purified DEAE was stored in- a sealed flask and 1 ml of 0.1 molar

sodium azide ‘was added to refard-any bacterial growth.

Preparation’ of Hydroxyl Apatite Anien Exchange Material

" Hydroxy1l apafite Ca5(PO4)3'0H was prépared using a modification
of Ley1'n's30 method. _- , _

Two 1iters.of 0.5'M CaC}2 and 2.1iters of 0.5 M NaZHPO4 were
allowed to flow into a 4 liter glass beaker from two drqpping’funné]s.
The flow rates from the two fﬁnne]s were equal, approximate]y.15'mls
per ﬁinute. The beaker was fitted with a stirfing mo?or andla glass
stirrer whose width was just léss than that.of the heakers; the:stirriqg
rate was-80-100 rpm. When the.precipitation of inactive-brushite

(calcium phosphate CaHP0,-2H,0) was completed, the brushite was

allowed to settle and the supernatant was aspirated with a water pump.:

~ The calcium phosphate was then treated in the fo110wing manner to con-

vert it to the active hydroxyl apatite which would be used as an anion
exchanger. ‘ | |
1. 'The brushite was washed with 3-4 liters of water four'timés;

complete settling was; aiTowed each time.
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2. Three liters of water‘was added to the washed brushite and 100
mls of %resh]y prepared 40% (w/w) NaOH was added. Stfrriné was
commenced at approximate1y 80 rpm, and the contents of the beaker
were heated to boiling within 45 minutes.” Very gentle boiling was
continued for one-hdur, with continuous stirring, and the resultant
hydroxyl apatite was allowed to sediment for 5 minutes;. The supernatant
wés removed‘by suction.

3. The hydroxyl abatite.wés washed with four portions of 3-4 liters
of water; the stirrer was operated for 5 minutes and after é sedimenta-
~ tion time of 5 minutes the supernatant was removed by suction;

4, The washed hyhroxyl.apatite was heated to boiling with 0:01
M Na phosphate buffer, pH 6.8, with stirring once boiiing had com-
menced; the apatite was allowed to settle for 5 minutes and the super-
natant was aspirated. This operation was repeated twice with 0.01 M
'NaPO4, and twice with 0.001 M NaPO4 buffer (pH. 6.8). Each time; how-
ever, the boiling was continued for 15 minufes. '

" After the fifth boiling in phosphate buffer the preparation was
complete, and the resultant hydroxyl apatite was stored in 0:001
molar sodium phosphate Euffer.
Care was taken throughout the preparation to avoid an ékcessive]y
vigorous stirring rate. The final product consists of minute crystals
of hydroxyl apatite either in a free stéte; or Toosely bound to 1n§om-

pletely converted brushite particles. Vigorous mechanical stirring
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results in a breakdown such that a column of hydroxyl apatite can

only be operated with a pump.

Ammonium Sulphate Precipitation

Tﬁe crude enzyme preparation (approximate volume 500-600 mls)

was precipitated by the addition of saturated ammonium sulphate solu-

- tion (cf. above) to a final saturation of 55%. The suspension was

stored in sealed Titer bottles at 4° C until used.

‘Chromatography on DEAE-Cellulose

Treated DEAE cellulose (cf. above) was packed in a large (5 x 100
cm, bed volume 1800 mls) chromatographic column (Pharmacia). The
DEAE was added to'the column as a s]ﬁrry, stirred, and was allowed.to

settle under gravity. When the adsorbant had settled the stopcock was

"~ opened and the DEAE bed was packed down under TO psi of nitrogen.

The column was packed in segments_in this manner, and the top of ‘the

bed was stirred before each addition of  fresh DEAE slurry. When packed

the column was washed with 2 Titers of 1.0 molar KC1 in 0.03 molar Tris
buffer, pH 7.4, to remove any residual impurities. The column Was then -

equilibrated with 2-3 Titers of 0.03 molar Tris buffer, pH 7.4; and was

. ready for use.

Approximately 300 mls of the suspension from the ammonium su1;

phate fractionation was centrifuged at 30,000 xg. ‘The precipitate

which contained most of the G6PDH activity-(approXimate1y 700 units)
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was dissolved in a liter of 0.03 molar Tris buffer,applied to the top
of the DEAE 6o1umn and washed on to equilibrium buffer. "The supernatant
contained most of the 6PGDH activity and was discarded. The redisso]véd
precipitate was added to the DEAE column at a flow rate of 75~100 mls
per hour, and the yellow proﬁein so]utidn could be seen to be absorbed
in the top 10% of the column bed.. The effluent during the 10ading
procedure was discarded. |

A Tinear KC1 gradient was conétructgd by a]iowing 120b mls 6f 0.35
molar KC1 to flow into 1200 mls of 0.15 molar KC1 with stirring; both
solutions were made in 0.03 molar Tris buffer pH 7.4. The gradienf
was started‘and 20 ml. fractions were collected. The elution of G6PD
was preceded by a yellow fraction, which provided a convenient marker
for enzyme elution. 100-120 20 ml fractions were collected before
the Tinear KCI gradient was stopped. Proteins, and nucleic acid, which
feméined bound to the column,were displaced by washing with 2.0 Titers

of 1.0 molar KC1 in 0.03 molar Tris buffer. The column could be

“ reused after equilibration with 2.3 Titers of 0.03 molar Tris buffer.

The DEAE cp]umn was used repeatedly until irregularities in the loading
procedure, such as non-uniform loading and streaking, bhecame evident.
The absorbant was then removed, retreated and packed as described;
above.

Fach of the 20 ml fractions was assayed for G6PDH and 6PGDH ac-

: tivity, and the protein concentration was determined by the Lowry
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method (cf. above). Tubes contaihing in excess of 40 units of activity
were pooled and precipitated at 60% ammonium sulphate saturation. The
protein was stored as a suspension in 60% ammonium sulphate until

further use.

Hydroxyl apatite was introduced as a thin slurry into a Pharmacia
coTumn (diam = 2.5 cm, 1enath 45 cm, bed vol. = 200 mls) and allowed
to pack under gravity at a flow.rate of 100 mis per hour. The packed
column was washed with 1.0 liters of 500 mM phosphate buffer, pH 6.é,
in order to replace the Na+ fon employed in the preparation with K+

ion. According to Stoll.and Neumans-1

sodium ions slowly replace Ca
in the hydroxyl apatite Tattice resulting in breakdown of the abso;—
baﬁce-characteristics and a Tower flow rate of the hydkoky1 épatite
exchanger. Potassium ion does not affect this replacement, and so-
dium fon can be exchanged quantitatively with potassium by shoéking
with 0.5 mM k', The co]ﬁmn was then washed with ];O mM Kt phosphate

buffer for 24 hours in order to remove the éxcess phosphate ions absorbed.

Thé column was not in equilibrium with the regeneration buffer until

after about 24 ‘hours of washing.30
The prec1p1tated protein from the 11near salt gradient DEAE column
chromatography was centrifuged at 30 000 xg and the supernatant dis-

carded. The precipitate was redissolved in 30-40 mis of 1.0 mM PO,




26

buffer ﬁH 6.8 contéining 0.1 mo]es/1iter of potassium chloride, and
assayed for G6PDH and 6PGDH activities. Protejn was measured
spectrophofometrica11y, since nucleic acid had been removed. The
potassidm chloride (0.1 M) was added to the 1;0 mM PO4 buffer in order
to increase the ionic sfrength and reduce the possibility of enzyme
inactivation. The salt does not affect the é1ﬁtion'df proteins or the

30 The vedissolved

absorbance_characteristics of hydrp§y1 apatité;
protein was applied to the top of the hydroky1 apatite column over a
period of 2-4 hours; and could be seen as a tight yellow band at the top.
The column was eluted stepwise with the following sequence of K+

phosphate buffers, pH 6.8: 1.0 mM; 30;0 mM; 60,0 mM; 90.0 mM; 120

"~ mM. Qne to one and a half column void volumes of each buffer were

used; this was sufficient to elute any brqteins at the particular buffer

concentfation. Fractions (4 mls édch) were collected throughout the

~gradient and assayed for G6PDH activity; protein was determined by

direct spectrophotometric measurement at 2800 A and 2600 A. Tubes

with a.specific activity in excess of 20.0 units per milligram were

pooled and the total volume measured. The pooled fractions Were assayed
for G6PDH and protein. The activity was precipitated by the addition

of saturated ammonium sulphate solution to-a final. concentration of |
60% saturation. The protein was stofed as a suspension in 60% ammon-
ium sulphate for further use;

The hydroky] apatife column was washed free of bound protein by
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1.0. Titers of 500 nM K phésphate buffer, pH 6.8, and regenerated by
wash%né for 24 hours with 1.0 molar PO4 buffer, pH 6.8. The column
could be used repeatediy and.re1iab1y over a period of a year, and the
adsorbant was only replaced when it begén'td disintegrate and exhibit

a flow rate of less than -a column -void volume in five hours.

Treated DEAE cellulose was packed in a Pharmacia Cofumn (diameter
1.5 cm, 1éngth 45 cm) with a bed volume of 40 mls, as described before.
The column- was prewashed with 1:O~1iters of 0;5 molar KC1 in 0.03 M
Trizma buffer pH 7.4; and equi]fbrated with 1;0 Titers of 2.0 mM G6P 1in
Trizma buffer; The substrate was added to fhe equilibration buffer in
order to provide substrate protection for the enzyme during the ch%oma-
togréphy. The precipitated_protein from the hydrokyT apétite column
chromatography was centrifuged éf 30;000 kg; and the precipitate was
dissolved in 10 mls equilibration buffer: The supernatéht was discarded.
The redissolved proteim was applied to the top of the DEAE cellulose
column; and washed'oﬁ with é small aﬁount_of buffer;

An ekponentia] gradient was cénstkucted by allowing a solution of
0.33 molar KC1, 2.0 m 66P, in 0.03 molar Trizma buffer pH 7.4 to Flow
1nto,a_]QO ml (fiked constant volume) of 0.2 molar KCI; 2.0 M G6P in
the same buffer with continuous stirfing; The gradient was started

and applied to the top of thé column and 4 ml fractions were collected.
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Fractions were assayed for any G6PDH activity present, and the protein
concentrations were determined by direct spectrophotometric measure-
ment. The tubes of highest specific activity were pooled, assayed

and used as outlined below.

A glass column of diameter 1.0 cms and 10.0 cms in length was made
and fitted with a feeding device: This column was packed with a 2 ml

pad of hydroxyl apatite and treated as déscribed above. The pooled

. tubes from the. exponent1a1 DEAE chromatography were applied to the

~.column and washed on with 1.0 mM PO4.buffer pH 6.8 conta1n1ng

0;] moles of KCI per 1iter; G6PDH was stable when adsorbed on hy-
droxyl apatite and this techniqde afforded a convenient method ofi
storage of the activity without the-problem of ammonium sulphate.
pfecipitation-of small volumes of pfotein solution obtained from the
exponential DEAE chrométography. The adsorption of thé'activity onto
a pad of hydroxyl ﬁpatite also provided a rapid and simple procedure
for cdncentration of the acfivity, in addition to a stab]e storage
method By passing a sma11 "volume of 120 mM K PO4 buffer pH 6.8
through the pad the act1v1ty was eluted in a small volume, and any
decomposition products were.removed by a short prewash with 1.0 mM

PO4 buffer.
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The purified E. coli B G6PDH was eIectrophoresed on polyacryl-
amide gels using a modification of the procedure of Ornstein32 and

Davis. 33

Prior to electrophores1s the enzyme solution was d1a1ysed
for 3 hours, 4° C aga1nst 33 mM Tr1zma buffer pH 7.4, this procedure
was employed to remove the potassium salts present in the sample and

thus reduce the time réquired for e1ectrophoresis; The polyacrylamide

~gels were prepared in glass tubes, 10 cms long and 5 mm in diameter,

held upright in rubber caps which fitted snugly enough to prevent leakage

33 vere fol-

during the preparation of the ge]s: The procedures of Davis
lowed during the preparation of the polyacrylamide gels with the following
modifications.. The sﬁa?] pore; or separatory; gel, was prepared first

to yield 1.é mis of a 5% po1yécry1amide gel with 0.8% cross 1jnkage due

to NN'-methylene bis ‘acrylamide. The polymerization of this gel was
accomb]ished with ammonium persulfate cataTysis; and was comp1eﬁe in

about 20-30 minutes; Aftef the preparation of this,geT:'the‘ge1 tubes
were rinsed with Targe pore; or stacking;_gel solution to remove the
water exuded durfﬁg the poTymerization of the small pore gel; The
ﬁubes.were then dried with Tint free paper and the top of the small

pore gel was touched to remove traces of the rinsing solution. Largé

pore gel solution (0.6 mls) was then added on top of the small pore

~gel and.photopolymerized under a fluorescent 1ight with riboflavin

cata]yéis. Polymerization was complete in about 45 minutes and yielded




30

a 3% polyacrylamide gel, 8% cross Tinkage due to NN'-methylene bis
acrylamide. The gel tubes ﬁere removed from the rubber caps and
placed in the:electroﬁhoresié chamber and Tris/glycine electrophoresis
buffer added. The sample gel procedure of Dav1‘s33 was omitted, and
instead a few crystals of sucrose wefe dissolved in the protein sam-

ple solution to increase the solution density, and measured aliquots.

. layered on top of Targe pore gel. Electrophoresis was performed at

1.5 mA peé tube and the direction of e]ectrophoreéis was from the top

to the bottom of the chamber. In some cases a drop of Bromophenol

Blue Qas gdded to the upper chamber and its.paséage through the gel
served as a convenient harker 6f the electrophoretic front. The
e1ectrophore§is was run at 4° C and was complete in 2-4 hours. Re-
moval of the gels from the tubes and the protein staining and‘destaining
procedure was performed according to Davis..33 In most cases staining

of thg.protein bands by Amido Schwartz (Napthol Blue Black) was allowed

to occur overnight, before the destaining procedure was employed. After

| destaining, the gels could be stored in 7% acetic acid for several

weeks. Gels were also stained for the Tocalization of enzyme bands

on the basis of the catalytic activity performed by the protein. A’

modification of the procedure developed by Rattazzi‘g;igl,34 was used.

The activity staining procedure is based on the hydrogen ion released
by the enzymic dehydrogenation of aglucose-6-phosphate. The activity

staining solution was made as follows:
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Tris-HCT 1.0 M, pH 8.6, 4mM EDTA 12,

'NADP 10 mg m1™)
a6P 25 mg m™ 1.,
Phenazine methosu]phafe 2 mg m1™]
Nitro Blue Tetrazolium 2 mg ol 2.

Cobaltous -chloride 0.5 M . 1.0
| | 21.0
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mis
mls
mls
mls
mis
mls
mls

This Qo]ume of staining solution was sufficient for the staining of

five .gels; the purple activity bands developed within 30 minutes when

incubated at 37° C. The activity stain diffused very rapidly, and the

. ge]é became coated with a purple precipitate very shortly after develop- -

ment. Storage in 10% formalin solution diminished the diffusion of

the bands, but resulted in fading of the stain.

6 M Uréa Polyacrylamide Gel Eléctrophorésis

Basic 6 M urea polyacrylamide gels were prepared in glass tubes

10 cms long and 5 mm in diameter. The gels were preparéd as described

above with the following modificationsl Urea was added to all the gel

sotutions to yield a 6 M so]ution,'and consequently the preparétive

solutions had to be warmed in a water bath (60° C) to dissolve the urea

prior to preparation of the.ge]s; A 3% separatory gel (0.8% cross linked)

and a 3% stacking 'gel (8% cross Tinked) were prepared, both 6 M with

respect to urea. The po]ymerizatjoh of those gels required longer
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‘ periods than necessary for the urea free polyacrylamide gels. When

prepared, the gel tubes were placed in the e]ectfophoresis'chamber and
Tris/g1ycine e1ectrophoresis”guffer, pH 8.4, containing 6 M urea, was
added. .

perature in 8 M urea, and layered on top of the urea gels with the aid
of a Hamilton microliter syriﬁger In most cases 100-150 micrograms of
urea incubated protein was empﬁoyed; Gels were run at 5 mA per tube
for a period of 4 hours. The gels were then removed from the tubes,

stained, and destained as déscribed previously.

" Sodiun Dodecyl Sulphate 681 Electrophoresis

I4

The molecular weight of the purified E;'coli B G6PDH protein was
estimated by sodium dodecyl sulphate (SDS) gel electrophoresis of a

protein sample dissociated in- the presence of SDS and gB-mercaptoethanol.

" The procedure employed was-based on the technique qeve16bed by Heber

and Osborn,35

aﬁd their analysis of the reliability of this method of
molecular Qeight determination. ' |

"The SDS gels were prepared in glass tubes 10 cms Tong with an
internal diameter of 5 mm. For a typical run; 15 mls of 10% acrylamide
so]ution(O.B%‘bis:acry1am?de) was mixed with 13.5 mls of gel buffef con-
taining 56 mM of NaH2P04, 144 mM of NazHPd','O.Z% SDS, 0.045 ml of

N,N,N';N'-tetramethy1ene'diamine and 1.5 ml of freshly prepared
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ammonium persulphate (15 gms ﬁer m1) and polymerization was allowed

to occuf for about 30 minutes., E;légii_B G6PDH and standard protein
samﬁ]es were dissociated with SDS and B8ME in the following manner.
Incubations were run at 55° C for one hour in 10 mM sodium phosphate
buffer, pH 7.0; containing 1% SDS and 1% BME; When the incubations were
complete the solutions were allowed to cod] and 50 pgrams of the SDS-
dissociated protein was mixed with 3 ﬁ1iters of 0.05% bromophenol blue,
i drop of glycerol, 5 ﬂ1iter of BME and 50'ﬁ1 of 10 mM Na phosphate
buffer, pH 7.0, containjng 0.1% SDS and 0.1% BME. The po]ymérized

~ SDS polyacrylamide gels were placed in the electrophoresis chamber and

the electrophoresis buffer, 28 mM NaH2P04, 72 mM NaHP04, containing

0.1% SDS, was added. The protein samples were loaded on top of the gels
and the electrophoresis was performed at 8 mA per tube with the anode

in thg Tower chamber. The electrophoresis was run'for 2-4 hours, by |
which time the marker.dye, bromopheno]l b]ue;.had moved. three quarters

through the gel. After electrophoresis the gels were removed from the

tubes with the aid of.a long syringe needle. The length of the gel

- and the distance moved by the marker dye were measured and recorded.

‘ The removgd_ge]s were stained with Amido Schwartz, and in some
cases with Coomassie Brilliant Blue. The Amido thwartz stain was pre;
pared by dissolving 1 gm of solid in 100 mls of 7% acetic acid. Coo-
massie-Brilliant Blue fixative stain was prepared by dissolving 1.25 gms

in a mixture of 454 mls 5% methanol and 46 mls of glacial acetic acid.
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The gels were placed in the fixative stain and left overnight. When
the Amido Schwartz stain was employed the gels were destained electro-
phoretically in 7% acetic acid. Coomassie Blue stained gels were de-

stained electrophoretically in a solution containing 75 ml of glacial

‘acetic acid, 50 ml of methanol and 875 ml of glass distilled water.

After destaining was complete the Tength of the gels and the positions

of the protein bands were measured and recorded.

High Speed Sedimentation Equilibrium Ultracentrifugation -

The method of thantis36 was used to determine the subunit mole-

cular weight. A small length of dialysis tubing waé boiled in 100 mis

of 100 mM EDTA in glass distilled water. The tubing was boiled for
one hour and allowed to cool. Ninety-five percent ethanol was then
added to the solution to yield a final concentration of 70%; the treated
tubing was stored in this soiution-for future use. |
Prior to sedimentation analysis it was necessary to denature the

protein by dialysis agéinst the appropriate denaturantl

‘A 6 molar solution of guanidﬁné—hydrobhloride; containing 0.2
moles of B-mercapto ethanol, was prepéred in 0.1 M Trizma hydfoch]oridé
buffer and the‘pH was adjusted to 6.0 by the addition of glass disti1fed
hydro;hldric acid. de ml of a purified sample of E. ¢oli.B G6PDH,

containing approximately 300 ﬁgrams per ml of protein, was denatured

by the addition of solid guanidinehhydroch1or1de sufficient to yield a
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'_6 M solution. B-Mercapto ethanol was added to this solution to yield

- a final concentration of 0.2 moles. .The treated dialysis tubing was

presoaked in 100 m1 of 6 M guanidine;hydroch1oride, pH 6.0, for sev-

~ eral hours, and the denatured G6PDH solution was then placed in the

tubing., The protein sample was-dialysed égainst 250 m1 of the stock

_ guanidine—hydroch1oride solution for 72 hours with five changes of di--

a]ysate; When the dialysis was complete the protein-so]ut{on was re-
moved from the'diaiysjs bag and'p1écedlin a tightly capped v1a1; é
5 ml sample of the final dialysate was also rémoveq and stored in a
similar vial for future use. | |

A double sectored equilibrium sedimentatfon cell with sapphire

windows, obtained from Beckman Instruments, Palo Alto, California, "

was cleaned and assembled. Fifty microliters of fluorocarbon #43

(Beckman Instruments) was introduced into each sector of the cell with

‘a Hamilton mTcro1iter/syringe. Thi's quantity of fluorocarbon served to

raise the cell contents above the bottom of the cell. One hundred and
ten micrﬁ]jters'of thé diSsociéted énd'dialysed G6PDH solution waé
placed fn the right hand secéor of the cell, and 110 microliters of
the final dia]&sate wés placed in the left hand_sector‘ The two small
loading apertures of the cell wefe sealed with plastic gaskets secgred
by-sérews;

The sealed double sector cell was placed in a An-D aluminum rotor

- (Beckiran Ihstruménts), and balanced with a couhterweight. The vrotor
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was placed in the chamber of a‘Spinco.Mode1 E analytical ultra-
centrifuge, équipped with Rayleigh optics; and the chamber was evacu—‘
ated and cooTed; The rotor speed was raised to 40,000 rpm and main-
“tained at this value for 24 hours. Interferograms of the spinning cell
contents were taken at this time and again after an additional 12 hours.
The exposures were taken on a Kodak Spectroscopic plate which was
developed immediate]y; The rotor speed was then 1pwered,and the proce-
dure répeated; Pictures were obtained at 24 and 36 hour intervals for
three different centrifugation speeds at each protein concentration. Three
different brotein concentrations, 280, 140 and 85 ' Hg per ml, were em-
ployed in the ultracentrifuge esfimation of the molecular weight. In
each case the rotor was spun at 40,000 rpm for 24 hours prior to 1ower1ng
the speed to the value at which pictures were first obta1ned
The_spectroscop1c plates were allowed to dry thoroughly after
' devéTépment, and were then analyzed using a Nikon Profile Projector’
(Nipon Kogaku KK., Tokyo; Japan)L Each exposure on the.plate was
aligned onlthe rotatihg table of the projector, and the distance from
the reference hole to the solution meniscus was.measured and recorded.
A convenient Rayleigh frihée, on the soﬁutfbn,-was selected and the fringe
height at 0.1 mm increments was recorded from the solution meniscus |
to the bottom of the so1utioh.co1umn; The‘f1uorocafboh #43 meniscus
ma}ked the bottom of the solution column, and served to raise the solu-

tion column above the bottom of the cell. Each ekposure on each plate
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was read and recorded in this manner.

" N-Términal Amino Acid Détérminations

“Two milliliters of a purified sample of E: coli B G6PDH, con-

taining 0.3 mg/ml  protein, was made alkaline by the addition of -

'sufficient-so1id sodium carbonate to yield a'0;1 M solution. The

solution was- then boiled in a water bath for 5 mins, and allowed to

" cool to room. temperature.’ An equal volume of an acetone sampie con-

st

taining 2.0 mg/ml of 5-dimethyl amino naphthalene-sulphonyl chloride

(Dansyl-chloyide) was added to the heat denatured protein solution.

The mixture was'a]]bwed to react until the yellow color due to the

Dansyl-chloride had disappeared; this was complete within 5 minutes.
The solution was then evaporated to dryness in a vacuum dessicator,

and the small amount of solid was dissolved in 1 ml of 5.7 M hydro-

' chlo?f;'acid prepared by diluting reagent gfade hydrochloride 1:1

with glass distilled water; The solution was'then transferred to

a Cariu§ tube Which was cooled in an'acetone-dry'ice bath and evacu-
ated with a vacuum pump: The Carius tube was sealed under vacuum
with a flame. One hg samp]és of standard Dansyl-amino acid derivatives,
obtained from Sigma Chemic&] Co.,.St. Louis, Missouri, were also dis-
solved in 1.0 ml -of 5.7 N hydrochloric acid' and sealed in evacuated
Carrius tubes as described ébove. These acid solutions were then

Heated in an oven at 110° C for 8 hours, ccoled in an acetone-dry

ice bath, and broken dpen; The sbiutions were again evaporated to
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dryness in a vacuum dessicator, usually within 24 hours, and the solid
taken up in 1.0‘m1 of acetone. The sampTes were transferred to tightly
stoppered vials and stored at 4° C;.

Thin Tayer chromatography was performed on Eastman Chromagram
Sheets, Fastman Kodak Co., Rochester; New York, éi]ica gel thin Tayer
plates PPePOQPed-bn inert polyethylene terepha1ate} The plates were
dried in a 40° C oven foriseveral hours.prfor to useL .Twenty micro-

liter samples, containing 20 pa of the acetone solution of

the standard Dansyl amino acid derivatives were spotted on the lower

end of the thin layer plate about 2 cms apartl Between 100-200 micro-
liters of the G6PDH N-terminal Dansyl derivative was similarly spotted
on the thin layer plate. During this épotting proceduré a small stream
of nitrogen was directed on the thin 1ayer plate; this facilitated rapid
evaporat1on of the acetone and 1nsured small spot sizes.

The spotted plates were pTaced upr1ght in glass chromatography

tanks and developed until the solvent system reached the top of the

» plate. - Care was taken to insure that the sample spots on the p1até

were positioned above the solvent meniscus when fhe plate was placed

in the ohromatography tank: The solvent reached the top of the thin
1ayef piate within 2-3 hoors, and the plates were removed from the tank
and allowed to air dry for 20 minutes. The developed plates were ob- -

served under an ultraviolet light, and the Dansyl amino acid derivative

-spots fluoresced ye11ow; Unreacted Dansyl-chloride, and the Dansyl-
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amino acid derivative spots fluoresced yellow. Unreacted Dansyl-chio-
ride, and the Dansy1~hydrokide and amine formed during the hydrolysis
appeared as blue spots.

The solvent systems used were prepared freshly for each develop- -

ment; and discarded after use. The following solvent systems were

ehployed.
| 1. Chloroform 38 parts
Ethéﬁo] , 4~parts
‘Acetic Acid 3 parts
2. Ch]droforh 70 éarts

Benzyl Alcohol 30 parts

Acetic Acid - 3 parts B
3. Benzene - 80 parts
Pyridine 20 parts
-'ﬂcefic'Aéid ' : 5.part§ ‘ ”, ‘
4. MN-Butanol ' 36 parts -
Pyridine. . 20 parts
'Acetic Acid _ 6 parts
Water 24 parts

4Thin ]ayér plates were also developed in which.the G6PDH N-terminal
Dansyl derivative was co-spotted with a standard Dansyl amino acid
derivativé. These b]ates were treated and developed in the same

manner as described previously.

D

1
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Stability and Activity Studies

: A]] activity and stability studies were performed using a Cary 14
recording spectrophotometer obtained from Varian Associates, Palo Alto, i
California. Activity measurements were made at 3390 M. Studies were
performed using-purified E;'égii‘B G6PDH whi;hﬂhad been previouﬁ]y
dialysed for 6 hours.against 0.1 M Tris-hydfoch]oride buffer, pH_7;4,
without the addition of B-mercapto ethanol, |

(a) pH Activity Studies .

A purified sample of G6PDH, specific -activity 20, 148 ﬁgrams per'

milliliter, was diluted 1:40 and assayed for activity as described pre-

“viously. In each case, however,'thé'assay was performed using 0.1 Tris-

hydrochloride buffers ranging in pH from 10;0 to 5.5 by 0.5 increments.

~Enzyme activities were measured and reported as increments in adsorption,

. [} -
at 3390 A, per minute, per ml of enzyme aliquot.

' (b)'pH'Stability'Studies

A series of 0.1 M_Tris—hydroch1oride buffers,'in glass distilled
water, was prepared ranging in pH from 10;0 to 6.0 by 0.5 increments.
B~Mercaptoethanol was omitted from these buffers. 0.9 ml of each of
the Tris buffer was pipetted into a series.of nine vials, and 100 micro-
1iters.of the G6PDH solution specific activ{ty 67, was then added to
each vial. Each of these incubation solutions was immediately assayed
for activity, at pH 7.4, as described previously. The pH incubation
so]utfqns were stoked:at 4° ¢ and.éssayed every 24_hours, over a per-

jod of five days; these assays were again performed at pH 7.4. Enzyme
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"Kihgt1C'Stud1es

" Model 14 recording spectrophotometer set at a wavelength of 3390 R.
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: . °
activities were reported as increments in adsorption at 339C A per

minute, per ml of enzyme aliquot.

"IhVéStigatidh'Of'Su1'hydkyl'G?éUpS'IhVO1V¢d'1h' nzymé Activity

A sample of purifiea Eﬁ'géli_B G6PDH (specific activity 85 units/mg)
in 0.1 M Tris-hydrochloride, pH 7.4; was used for this investigation;

A series of six vials was prepafed and.fhe.purified'G6PDH was incubated
in solution containing buffer (0.1 M Tris pH 7.]); 5 mM NEM, and 5 mM
NEM solutions with 3.75 mM NADP®, 6 mM ATP, 6 mM G6P, 3 iM ATP/3mM

66P mixture, and finally-a 3 mM ATP/1.9 mM NADPY mixture. In all
incubations the NEM so]ﬁtion was added last. Incubations were per-
formed at 4° C and room teﬁperature for a period of 30 hours.

A Qim11ar series of incubation vials was prepared using'p~ch1;ro-.
mercﬁribenzoic (PCMB)-in p]ace'of the NEM. PCME incubations were
perfoﬁmea at 4° C for'1.5 hours. The PCMB solution was added to-the
incubation vial last. _ - |

. The incybatéd samples Qere'assayed at pH 7.4 using a Cary Model 14

recording spectrophotomefer, as described previously.

In preparation for these studies, a samp1é of purified E. coli B

G6PDH was dialysed against 1 Titer.of 0.1 M Tris-hydrochloride buffer,

pH 7.4, for six hours. Kinetic studies were performed using a Cary
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In a’typical experiment the initial reaction rate of the enzymic de-
hydrogenation was measured under conditions where the concentration of
one of the substrates, NADP+ or GGP; was varied from a saturating con-
centration to a value 100-fold less.

~ A series of six vials was prepared containing concentrations of

- the variable substrates ranging from a saturating concentration to a

value of approximately 100-fold 1eés; These so}utions were prepared

in 0.1 M Tfis hydroch1oride pH 7.4, and stored at 4f C. A sclution
containing a saturating concentration of the other;.non=variab1e; sub- .
strate was a]sé prepared in the same buffer. The variable substrate;
150 microliters, was pipetted into.a 3 ml quartz cuvette; and 100
microliters of the dialysed enzyme solution was also added: The
cuvette was then placed in the'spectfophotometer; and 2;85.m1 ~of the
non¥variabie substrate so1utiop was.pipetted_in rapidly enough to in-
suré mixing of the cuvette contents. The recorder was empToyed to mea-
sure the initial rate of the enzymic_reaétion; by measuring the initial
slope prodﬁceq. These rates were recorded as changes in absorbance;
measured at 3390 3, per minute at 25° C. This procedure Qas repeated
for eaEh conéentratiqn of the variable substrate.' In each case a ffked,
enzyme aliquot (1OQF1) and a fixed aliquot of non-variable sybsfrate solu~

tion (2.85 ml ) was employed. It was important to insure rdpid and

thorough mixing of the cuvette contents in order to be able to measure

the initial reaction rates. For this reason 3 ml cuvettes weré chosen
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~1in favor of the 1 ml cuvettes employed in previous. assays.
Kinetic é*periments Were performed'a11owing each substrate (NADP
, or'G6P) to be the variable, wﬁile the other was maintained at a fixed
saturating Eoncentration. The procedure described above was emp]oyedl
In addition, kinetic analyses in.tHe presence of certaih nucleotides
were investigated; In these experiments the nuc]oetidé,'at a fixed
_ concentration, was-addea to the solution containing the non-variable
substrate and pipetted'into the cuvette last. In all kinetic ekper-
_‘iments the initial rates of the enzyﬁic reaction were recorded as a
function of the variable substrate concentration; Kinetic investigations
in the presence of the following nucleotides were méde;
1. Adenosine 5' monophosphate (AMP)
"’ . Adenosine 5' triphosphate {ATP)
Nicofinamide adenine dinucleotide (NAD+)

. Nicotinamide adenine dinuclectide, reduced (NADH)

I3 B R )

Nicotiﬁamide adenine dinucleotide phosphate; reduced (NADPH)

3 . . 3 . A o~

™17 T




RESULTS AND DISCUSSION

_E.’'coli B cells, harvested in the late log stage of growth, were
rupturéd in a French Pressure Ce11_as deéscribed in the Materials and
Methods section. Table I shows typical yields of enzyme units obtained

from the rupture of the E. ¢oli cells.

Table I

Units of Eschérichia ¢oli B Glucose-6-phosphate dehydrogenase Obtained
‘ by Cell Rupture with a French Pressure Cell

" Gms E.-c011' Tot. Units Tot. Units Tot. mg Units G6PDH/ Units 6PGDH/
" B .Lysed GO6PDH . 6PGDH Protein mg Protein mg Protein
1000 4,400 1,409 55,880  .078 - .031
1000 4,352 2,082 57,408 .975 .035’

Rupture with the aid of a French pressure ¢ell provided much better
“yields than cell lysis by grinding with levigated alumina in a mortar

and pestle. Table II compares the yields obtained from these two

methods of rupture.

44
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Table II

Yield of Escherichia -coli B Glucose-6-phosphate dehydrogeﬁase
‘ ) by Method of Rupture

Method of Units G6PDH  Units 6PGDH -G6PDH/ ~ 6PGDH/ - " 'Units G6PDH|
Rupture per g cells per g cells mg Protein mg Protein Units 6PGDH

French , , _ ) : :

Pressure 4.3 2.1 ' 075 - .035 2.05 .

Cell - ' ' (3.0)

Alumina . ' . , - : _ : '

Grinding 1.8 1.51 - .030 - .017 1.15




Figure 1

Ammonium Sulphate Fractionation of Crude Eschépichia co1% B

. G]ucose¢6-phosphate’deﬁydrogenase

Enzyme Preparation
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Table II indicates that French pressure cell lysis not only

results in larger yields of G6PDH but in addition increases the ratio

of G6PDH to 6PGDH activities.

"~ Ammonium Sulphate Fractionations

The crude enzyme preparation was fractionated with a saturated sol-
ution ofyammonium su]phate'as described previous]y: _The fractionation
was-performed in order to-précipitate the G6PDH protein from the solu-
tién of the crude preparation and leave the majority of 6PGDH'activity

in the supernatant. Figure 1 shows the percentage activities of the

two dehydrogenases remaining in the supernatant upon fractionation with

various ‘saturations with ammonium sulphate. The graph shows that by

bripging the crude extract to 50% saturation, by the addition of

‘ éaturated ammonium sulphate solution, 91% of the G6PDH activity is

precipitated while 53% of the 6PGDH‘a§tiVity remains in the superQ
natant. At 55% saturation all the GGPDH activity was précipitafed and.
41% 6PGDH’femained in the supernatant. Consequent]y'amhonium sulphate
precipitations of the érude qe]] lysate were performed between these

two values. "It was found that the most convenient method of storage

of the~activ1ty was hrecipitation of the crude preparation at 55%

ammonium sulphate saturation, and storage of the resultant mixture in
stoppered bottles. When used at a later date, the slurry was centri-

fuged (30,000 xg) and the supernatéht discarded. When storage in this




Figure 2

Elution prof11e of prote1n and glucose-6- phosphate dehydrogenase from

DEAE ce11u1ose chromatography w1th linear potassium ‘chloride orad1ent

9
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manner WaS'emp1byed, tﬁe G6PDH activity was stable indefinitely.
Storage of G6PDH activity in this manner for six months resulted
in. 95% recovery 6f the'activity;

The 55% ammonium sulphate precipitation vesulted in a two-fold
purifﬁcation of the G6PDH activity: The values for a typjca1'fracj
tionation are shown in Tab]e-IiI: | '

'DEAE=Cellulose Chromatography with a Linear Potassium Chloride Gradient

The 55% ammonium sulphate precipitate was dissolved and applied to

the top of a large (5 x 1000 cm ) DEAE-cellulose column as described

-,1n the Materials and Methods- section. In a typical run, 700 units of

G6PDH activity, and approximately 200 units 6PGDH activity, in 1000

mls of buffer were loaded onto the column at a rate of 75-100 ml ber
hour. The gradient app]icatioﬁ, and tube collections are described
under the Materials and Methods secfion. A ye]Tow.fraction, presumab]y
a flavin-Tinked protein, preceded the e]ution‘of G6PDH p%otein, and
served asra marker for the elution of the acfivity. Table III shows

the data obtained from a typical separation on DEAE-cellulose, and Fig-

ure 2 illustrates the elution profile of a typical potassium chloride"

gradient.

Purification as hfgh as 14-fold has been obtained by this chromato-
Qraphic‘pfoceduke; however, 8 to.10-fold values are typical. The
yields from the DEAE;ce11u1osélchromatography remain in the 80-85%

range despite small variations in the purifications obtained. The
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Table III

Chromatography of Eschérichia coli B Glucose-6-phosphate dehydrogenase

on DEAE-Cellulose Using a Linear Potassium Chloride Gradient

& Applied Recovered

. Tot. Units|Tot. Units|Protein|Spec. Act. | Tot. Units|Tot. Units|Protein Spec Act.| Fold| %

' G6PDH 6PGDH (mg) |(units/mg) G6PDH 6PGDH (mg) | (units/mg) \Pur. Rec.
666 166 6.25 0.104 585 0 946.1 0.82 8 |87.6

[A°)
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~ DEAE-cellulose was used repeatedly over periods of six months, and

was'only ireated and repacked when poor separations and irregularities
in 1oading.were eXhibited. Treating and packing procedures .are described

under'the Materia]s and Methods -section. The chromatographic technique

provided G6PDH activity free from 6PGDH activity, and in addition re-

moved 90% 6f the nucleic acids present in the ammonium sulphate frac-

tionation. Precipitation of the recovered activity at 60% ammonium
~ sulphate saturatfpn provided the best means of storing the protein.

“This precipitation also resulted in a 2-fold purification (Table VIII).

Hydroxyl Apatite Chromatography

The brgparation of the hydroky] apatite adsorbant yielded 300 ml
of the adsdrbant; The properties of the adsorbant varied betweenlpre—:
pafations; however, these variations were in the concentration of the
potaséium phosphate buffer necessary to displace the-act{Vity. Reso-
Tution andvcapacity of the hydroky1'apatité remained coﬁstant for sev-
eral preparatjons: It was found that rép]écemeﬁt of the sodium ion,

used in the adsorbant,preparation, with potassium resulted in a much

_ longer column 1life fof the hydroky] apatité:_ When sodium phosphate

buffers were employed in the chromatpgraphy, the sodium ion replaced

calcium in the hydroxyl apatitellattice and this resulted in smaller
crystal size and Tower flow rate; consequently, after three or four
uses this necessitated operating the column with increased pressure.

The use of potassium phosphate buffers eliminated this problem and




Figure 3

Elution profile of protein and glucose-6-phosphate dehydrocenase from

stepwise hydroxyl apatite chromatography with potassium phosphate buffers.
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hydroxy1 apatite columns cbuld be used repéated]y without any
appreciable decrease in the f]ow'raté.3]

The ammonium sulphate précipitated protein from the DEAE-celluTose
chromaPography was dissolved and chromatographed on hydroxyl apatite
as described under the Matéria] and Methods section: Figure 3 illu-
strates the elution profile obtained with this method of separation.
When the protein so1ufion was adsorbed onto the hydroky1 apatite col-
umn it appeared as a.1jght yellow band at the top of the poTUmn.‘ Thi;

yellow component wa$ eluted in the 30 mM phosphate wash: Table IV

shows the data obtained from a typical separation on hydroky] apatite.

Table IV o

Hydroxyl Apatite Chromatography of Escherichia coli B Glucose-6-phosphate
dehydrogenase by Stepwise Elution Using

Potassium Phosphate Buffers;pH 6.8

App]fed Recovered

Tot. Units|Protein{Spec. Act. | Tot. Units Protein-Spec. Act.| Fold] %
G6PDH - (mg) |(units/mg) G6PDH (mg) |(units/mg)| Pur.|Rec.
368 310.2 1.2 333 | 16.8 | 20.3° | 17 (.90

This method.of chromatography provided the best separation of
components in the partié]]y purified enzyme preparation. Yields were
. consistently in the 85-95% range, with purifications of from 15 to 20-

fold. Hydroxyl apatite column chromatography is based on affinity

LS A | TV T -




i

.

57

chromatography, and most commonly a stepwise gradient is employed

(Levinso).

Atleéch step the Rf of an eluted protein is increased

from zero to one, and‘consequent1y one to one and a half column volumes
of each phoéphate buffer is sufficient to elute a protein; The elution
profile (Figure 3) shows that’the protein displaced by the 90 mM phos-
phafe wash. consists of two components appearing very close togetﬁer.
The second combonent contains the GGPDH activity and the first; non-
éctive component, is approximately 20% larger. Simi]ar]y; a two-com-
ponent .peak ié obtained in the 30 mM phosphate wash; '

A two'cbmponent peak such as this is unusual in hydroky1 apatite
separations, and the bihding constants for the two components must
differ only very slightly. Levin30,has stated that a single prote%n
may.appear as a spiit peak due to a too low displacing concentration of
phosphate. However, a two.compbnent system within a single phosphate
waéh hés not been reporfed beforeé‘ The elution profiTé'iT]ustrated in
Figure 3 indicates that fine resolution within a particular stepwiser
concentration of phosphate buffer is feasible.

Tubes_éontaining G6PDH acfi&ity with a specific:activity of 20.0

units/mg or more'were_pdoled and precipitated at 60% ammonium sulphate

- saturation. The protein was also stored in this manner.

Chromatographic separation of the partially purified E. ¢o0li B

G6PDH was accomplished using an exponential potassium chloride gradient
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Figure 4

Elution profile of protein amd glucose-6-phosphate dehydrogenase from

- DEAE-cellulose chromatography with exponential potassium chloride aradient.
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on DEAE-cellulose. The protein from the hydrokyl apatite chromatography
was -collected, dissolved and adsorbed onto the DEAE-cellulose column
as describéd in the Materia]snand Methods.section: |

Figure 4 illustrates the elution profi1e obtained with the.ekponen—
tial gradient: The gradient described in the Materials and Methodé sec-
tion was chosen since it provided the best separation éf the two peaks
diagrammed in Figuré 4. A steeper gradient resulted in overlap of the
'éctive and non-active péaks..'A sha]iower gradient; while providing sepa-
‘ratibn of the two peaks, produced a wide; dilute én%yme peak: The e%po—
nential DEAE¥;e11u1pse‘chromatpgraphy provided a 3-fold purification;
the amounts of protein in the active, non-active and 500 mM KC1 wash
peaks were equal. | '

The data in Table V illustrate the results obtained in a typical

seﬁaration on DEAE-cellulose.

" Table V

DEAE7Ce11uTose Chromatography of Eschericﬁia coli B Glucose-6-phosphate
 dehydrogenase with Exponential Potassium Chloridé Gradient

Applied . ' © Recovered

Total Units|Total mg|Specific | Total Units|Total mg|Specific|Fold| %
G6PDH - |Protein [Activity G6PDH Protein [Activity|Pur.|Rec.

116.6 -~ | .5.0 23.3 75.0 1.1. .| 68.3 [3.1|64.3

Yields from this chromatographic separation vary from 60-70%; and the

final specific activity'rqnges from 70-80 units[mg: This purification
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was obtafned Qhen 5.0 mgm , or less, of protein were applied to the
exponential DEAE-cellulose column. Lafger loadings were possible, but
the purifications obtained were not as‘high. For ekamp]e; Table VI
shows the values obtained when a éamp]e containing 25.8 mgms of protein

was applied to the column.

" Table VI

DEAE-Cellulose Chromatography of Escherichia ' coli B Glucose~6-phosphate
dehydrdgenase with Exponential Potassium Chloride Gradient

Applied ' Recovered

Total Units{Total mg|Specific | Total Units|Total mg|Specific|{Fold| %
G6PDH Protein [Activity G6PDH Protein |Activity|Pur.|Rec.

266 |- 25.8 | 18.0 | 336 8.4 20.3 |2.24| 66

Larger protein loading, as illustrated in Table VI results- in
- similar enzyme recoveries, but at a 30% Tower burificatiop‘than.ob-

tained with 5 mg or less applications.

A sma}I'hydroxy1 apatite pad-was used for the final chromatography
énd storage of thg GGPDHVactivity as describgd under Materials and
Methods. 'GGPDH samples of specjfic_activity 65-80 units/mg, obtained
from small loading on the column, could be étored on the hydroky] apa-
tite pad, but'no"further‘purification was obtained. G6PDH samples of
specific activity:40—50 units/mg, obtained from the Targer loadings on

- the DEAE-cellulose column, could be further purified to a value of
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65-80 un1ts/mg in addition to storage on the hydroxyl apatite.
Table VII 1]1ustrates th1s data.

Table VD

Hydroxy1 Apatite Chromatography of Escher1ch1a coli B
Glucose-6-phosphate dehydrogenaso

Applied - Recovered

G6PDH|Protein|Spec.  Act. | G6PDH [Protein|Spec. Act.| Fold | %
{ units} mgms |{(units/mg) | units| mgms |(units/mg)} Pur, | Rec.

336 | 8.4 40.3 200 | 3.8 | 65.2 -{1.6 | 71.4

75.0( 1.1 68.3 | 80 | 1.18 | 70.3  {1.06 | 100

The data in Tables VI and VII indicate that the larger loadings
on the exponential DEAE- ce]iu]ose column result in a 50% overall re~
covery of G6PDH act1v1ty, 66% in the DEAE-cellulose chromatography and.
70% 1n the f1na1'hydroxy] apatite step. The smaller 1oad1ngs,_5 mg
or .less, on the bEAE-ce11u1ose cotumn yielded purified enzyme at a
" yield of 70% and after storage on'hydroxyl apatite could be 100% re-
covered. Thus the smaller DEAE-ce]]u]ooe separations, a]though more
tedious, proVided better overall yield of the purified enzyme. For this
reason. the smal]er 1oad1ngs'were emp1oyed'1n most cases.

When adsorbed onto the hydroky]'apatite pad the purified G6PDH '
aotivity was stable. In onovexperiment 95% of the purified enzyme was
recovered after storage for & period of one week. In addition the en-
. zyme could be concentrated two-fold when disp]aoed'by 120 mM phosphate'
'boffEr. | 4
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Purification of

Table VIII
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Escherichia coli B Glucose-6-phosphate dehydrogenasé

Purification
Step

Total
Units
G6PDH

Total
Protein

(mg)

Specific
Activity
units/mg

Purif.
per
Step

Accumulative
Purification

%
Yield

Crude
Cellular
Extract

4352

57.41 x 10°

0.075

100

NH,),SO
Fra%t%on%tion

4004

37.77 x 10°

. 106

1.4

1.4

93

DEAE-Cellulgse
Chromatography
Linear
KC1-Gradient

3507

4.27 x 10°

0.82

81

(i),
NH,),S0
Fra%t%on tion

3366

2.59 x 10°]| 1

.3

1.6

17.9

7.7

T Hydroxyl
Chromatoegraphy

Apatite

3029

1,49 x 10°

20.3

16

286.4

69.9

DEAE~Cellulose
Chromatography
Exponential
KCl1-Gradient

2000

48.7 41

2.02

579

46

'Hydrdxy]

Apatite

Chromatography

1420

17.3 82

2.0

1157

32.6
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* at pH'9.1, has been purified 475-fold by Engel et al.
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Table VIII outlines the results for the total preparation.. In
preparing the enzyme, the various stages were run stepwise. The total

amount of crude cellular extract was not used in one preparative se-

: qdénce; Ihstead; fractions of the protein were run at each stage of

purification; Consequently the data in Table VIiI represent an average-
result for thé complete preparation:i The final specific'éctivity of the
G§PDH varies f?bm 70;80 unitS[mQ; howéver; specific activities as high
as 92 haye.been obtained;<representing'a i227-f01d purification.. The

purification procedure described results in 1157-fold purification of

. EZ coli B G6PDH to a specific activity of 82 units/mg measured at

pH 7.4. Purifications from several other bacterial sources have been

15

reported. Sanwall'™ has obtained a 167-fold purification of the E. coli -

B enzyme to a specific activity of 5.7 units/mg measured at pH 8.0.

Levy26 hés reported a 114-fold purification of GGPDH from Leuconostoc

mesénteroides; the purified protéin had a specific activity of 266 units/

mg at pH 7.8. G6PDH from Candida utilis, specific activity 314 units/mg

19 'No1tmann,

. Gubler and YueZ] have reported a 2535—fold purification of G6PDH From

© Saccharomyces carlbergensis in a ten step procedure. The final specific,'

activity obtained was 678 units/mg measured at pH 8.0.

Polyacrylamide gel electrophokésis was performed. using a 5% separ-

qtohy'gel and a 3%'stacking gel as described under the Materials and




Figure 5

Polyacrylamide gel electrophoresis of purified Escherichia coli B

glucose-6-phosphate dehydrogenase. The procedure employed was

described under the Materials and Methods section.
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Figure 6

Densitometer scan of Amido Schwartz stained polyacrylamide gel

electrophoresis of Escherichia coli B glucose-6-phosphate dehydro-

"genase. The scan was performed using a Joyce-Loebel densitometer.
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Methods section. The purified E. coli B G6PDH protein gave a distri;.
bution of five profein bénds: each of which was active wheﬁ stained
with the activity so]ution: This five-bénded pattern was reproducible
for various prepafatidns-of the enzyme: In all cases; each of the five

protein bands had enzyme activity. Figure 5 i]lustrafes the band dis-

'tributfon'obtained, and shows the coincidence of the protéin and activity .

stains. - A densitometer scan of the amido schwartz stained gel is shown
in Figure 6. AApproXimater 82% of the protein occurs in two very closely

spacgd'bands; 10.8 and 7.2% occur in the other two faster moving bands

(Figure 6). The slowest moving band, which is also the narrowest, con-

tains very 1ftt1e protein but does stain with activity so]ufion; The
interesting factor about the protein distributions in the'acry]amide
gels 1is fhe reproducibility of fhe ﬁatfern between enzyme preparations.
The distribution of protein within-the fiVe'actiVe protein bands also
remains constanf between preparations. Several attempts were made to
éhange; 6r to reduce, ‘the band compleiity obtained; Gels were normally -
run at.pH 8.4, é]though pH 7.4 gels produced the same pattern and dis-
tribution. In many cases it:has been suggested that the ammonium per-
sulphate present in the gels can cause multiple baﬁdé due to oxidation

of the brotein. Consequently gels were pre-electrophoresed in order to

. remove the ammonium persU]phate presen£ in the gels. Subsequent loading

and development of the gels gave the same five band distribution; This

‘indicates that the band distribution obtained is not a result of okidafion‘

of the enzyme by the persyilphate. Attempts .to reduce the complexity of
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. the protein bands by incubatfon of the enzyme with BME and also

coenzyme (NADP+) and subsequent electrophoresis with gME or NADP+

in the gel buffer did not change the band distrfbution: Incubation
with 0.2 M BME at pH 9.0 for 24 hours and running the gels with gel
buffer (pH 8.4) containiﬁg 0:2 M ME resulted in the same band dis-

tribution; however, the pattern obtained was rather more diffuse. It

" is interesting to note that the G6PDH is still active iri 0.2'M BME,

thch indicates that the maintenance of accessiblé disulphide bohds
is not necessary for activity:

-Despite this distribution of five protein baﬁds produced in
polyacrylamide gel éTectrophoresis;'the'G6PDH activity e*hibited by
each protefn_band indicates théf the prepared enzyme éontains no con-
taminating proteingl Three explanations could account for the five

band distribution obtained witﬂ the ge]s;, One possibility is that

" the five hrotein bands represent various aggregates of the.énzymei

however, the irregular spacing of the gel bands would tend to discount
this p9ssibi]ity. The eleétrophoreﬁic.disp]acements of the five pro-
tein bands, calculated with\the top of the running ge1'as.the origin;
were calculated. The eTettrophéretic displacements of the.five bands;‘
in order of increasing displacement (Fjgure 5) were 0;196; 0.286,
0.329, 0.42] and 0.475, respectively; These values expressed as a
ratio of e]ectrﬁphoretic dispTacements; with the .least dispTaced band

as unity are 1.0, 1.46, 1.68, 2.15 and 2.42 ﬁespectively; If the five

bands represented various_aggYegatés of a single protomer then a more
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regular.spacing of the bands wbu]d be expected. However, it is possible
that aggregation of a single'protomer species could result in chénges

in the charge to mass ratio of the aggregated species as compared to

the photdmer. In this case théxfjve aggregétes of the protomer wbu]d '
result in:a nbn—regu]ar spacihg of the ‘bands. In any case, if the
presence  of “aggfemers“ is, responsible for the five band distribution,
disulphide bonds cannot be the princiba] bonds involved since BME did
not change the band pattéfn. éonformationa1 states of a‘sing1e enzyme
species could also account for the five banded distribution. In addition,
if tﬁe G6§DH enzyme consisted of two, non-identical subunité, A and B,
and on]y,tétramefs of these two subunits were enzymically active, then
a- five band enzyme distr%bution,wou1d'resu1t. In this case the active

tgtramers would be A4, A3B, AZFZ’ AB3, and B4.

Urea Po1yacry1am1de'Ge1 E]ectrophqresis
| Polyacrylamide gels cpntaining 6 M uﬁéa were'prepared as described

under theJMateria]s and'Méthods ;eétion. Incubation of the purified

G6éDH in 8 M urea for 24 hours and subséquent gel electrophoresis

with a 3% separatory and 3% stacking gel resulted in only a sinale

band (Figure 7)..'Dissociation'of the G6PDH protein reduced the five

band ;tructure to a single protein band. This strongly suggeéts that

the pfepared enzyme consisted of a mixture‘of five aggregateé, since

only one protein band was obtained. In addition, this result indicates

that the bongjng responsible for the‘appearéncé'df agarecates is due




Figure 7

6 M urea po]yachyiamide gel electrophoresis of Escherichia coli B

glucose-6-phosphate dehydrogenase.. A 3% polyacrylamide gel was

employed.
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to salt bridging, hydrogen bonding or hydrdphobic associations, or some
combination of the three. D1su1ph1de bonding of the aggregates is not

indicated since 1ncubat1on of the proteins in O 2 M BME and subsequent

- electrophoresis did not reduce the band comp]ex1ty The single band

obtalned w1th the 6 M urea gels also strong1y suggests that the enzyme
subunits are 1dent1ca1 However, it is st111 poss1b1e that the G6PDH

consists of two s1m11ar, but - non 1dent1ca1, subunits which appear as

one band in the urea gels. .

Incubation of the GG6PDH-in 6 M urea was insufficient to reduce the

ge] pattern to a s1ngIe band. . It was found that‘8 M urea incubation
over a per1od of 24 hours was necessary for complete dissociation. In
addition, 3% separatory ge]s a]]owed for much more rapid development
than the 5% gels. . In gelle1eetrbphoresis the denatured protein would

migrate extremely slowly in a 5% separatory gel.

Sodium%Dodeey1 Sulphate‘Gé]'ETectrophoresis

“Sodium dodecy] su]phate (SbS) pb]yacnylamide gels were prepared

. and run . as descr1bed under the Mater1a1s and Methods sect1on . Purified
- E.¢oli B G6PDH prote1n and standard prote1ns, bov1ne serum a1bum1n,

- yeast a1coho1 dehydrogenase chymotryps1n and r1bonuc1ease A were

dissociated with SDS and BME as described previously.

The pur1f1ed G6PDH - prote1n gave only one- band after SDS incubation
and gel e1ectrophores1s ‘This resu]t again 1nd1cates that the G6PDH

consists of very similar or identical subunits.




Sodium,dodecy] sulphate electrophoresis of sodium dodecyl sg]phate-dissociateq Escherichia
. c0li B glucose-6-phosphate dehydrogenase ggd standard proteins. Molecular weights of

standards obtained from Weber and Osborn.

Table IX

Albumin

Protein 'Length of Gel | Length of Gel [Migration of Marker Migration . Molegu]gr
Sample Before Staining |After Destaining Dye Before of Protein|{Mobility} Weiaht
(cm) (cm) Destaining (cm) Band (cm) (Daltons)
E. coli 6.9 . 7.6 5.6 3.1 (5) | .517 -
B G6PDH :
Chymo- . B : 3
tripsin 7.0 7.5 5.1 4.7 .86 22.5 x 10
Yeast - . ‘ 3
Alconol ' 3. 665 |37 x 10
Dehydro- 6.9 ‘ 7.5. 5.1 7
genase ,
' 3
RNAse A 6.9 7.5 5.0 5.3 .97 13.7 x 10
Bovine 3
Serum 6.9 7.5 5.2 1.7 .332 167 X 10

Gl
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E]ectropﬁores{s of G6PDH protein and other giobu]ar protein sam-.
.p1es as étandards providéd a convenient méthod of molecular weight
determination: The gels were deve1oped; measured and tredted as de-
scribed previous]y; The data in Table IX were obtained fof a typical
e]ectfophoretic eiperiment. The protein mobility was calculated

according to the following equation:

Mobility - Distance of Protein Migration - ''Length befors staining
J o Bye Migration Length after destaining

The mobilities of'the protein étandards were plotted versus their mole-
cular weights (iog'sca]é) to ‘give a standard molecular weight distri-
bution curve. The ﬁo1ecu1ar weight of the purified E}‘gglj_B GEPDH
was determined from this curve by interpolation of the mobility value,
This data is i1lustrated graphically in Figure 8: In three separate
experiments the subunit molecular weight values obtained for the.G6PDH

3 daltoné;

protein were 53, 53, and 49 X 1b
The presencé-of only one Band from the dissociation of the purified-

enzyme also provided a‘purfty check for the enzyme preparation (Figure 9).

It was found that staining %he'deveioped'SDS'gels with the Amido

Schwartz stain instead of the Coomassie Brilliant Blue fesuléed in

clearer and more easily detected protein bands. In addition the use

of the Amido Schwartz protein-stain faéilitated the destaining of the

gels.-
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Figufe 8

SDS polyacrylamide gel electrophoresis. Mobilities of the

protein standards were plotted as a function of their wolecular

weight (log scale). The molecular weight of Escherichia coli B
glucose-6-phosphate dehydrogenase was determined by interpolation

of the mobility value.
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Figure 9

Glucose-6-phosphate dehydrogenaée.

Procedure as Described under Materials and Methods Section.
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_ ﬁigure 10

foghcsﬁééd“sedimEﬁtétTOH*ult?atenfrffGQEETOh“offE§cHe?chfaLchﬁ B

glucose-6-phosphate dehydrogenase. Interferogram obtained from

28 micrograms per milliliter Escherichia coli B glucose-6-phosphate |

~ dehydrogenase, centrifuged at 32,000 rpm for-70. hours.
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Figure 11

- Graph of 10910 (ay x'103) versus rz. The solution column contained

280 mibrograms per milliliter Escherichia c61i B glucose-6-phosphate

_dehydrogenase in G;M guanidine—hydroch]ofide and was centrifuged at

34,000 rpm for 28 hours.
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Figure 12

Graph of 10910 (ay x ]03) versus rz. The solution column contained

140 miérograms per milliliter Eschérichia coli B alucose-6-phosphate

dehydrogenase in 6 M guanidine-hydrochloride and was centrifuged at

26,000 rpm for 26 hours.
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Figure 13

Graph of 16910 (Ay x 103) versus,rzz_'The solution column conféined

~85 micrograms per mi]1ﬁliter'Eschétichia;co1i,5 g]ucbse-S-bhosphate

dehydrogenase and was centrifugéd,at 30,000 rpm for 30.25 hours.
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High Speed Sedimentation Equ111br1um Ultracentrifuge Determination

-of G6PDH Subunit Molecular We1qht

The spectroscopic interferograms obtained in the hioch speed sedi-»
mentation equilibrium u1trécentr1fugation were analyzed as described
in the Materials and Methods section. Figure 10 shows a typical inter-
ferogram obtained. The fringe height at 0.1 mm increments was mea-
sured across a single f?inge from the -soTution menischs to the bottom
of the solution column. The.resuits were hletted,és 10916 (Ay) versus
rz, where Ay (the fringe height) is a function of the enzyme concen-
tration and.h2 the square of the distance from the reference hole to
a point on a particular frihge in the solution column, Figures 11, A
12 and 13 illustrate this plot for three G6PDH concentrations at three
different speeds; 280 ng/mi centrifuged‘at 34,000 rpm;‘140 ua/ml cen-
trifuged at 26,000 rpm and an 85 ng/mi 901ut10n centrifuged at 30,000

rpm. For each graph of log Ay versus . rz, s]opes were measured at six

‘ points along the plot. Tables X, XI and XIT show the values of

d 1o 5 Ay) as a function of rz, and the corresponding weight-average
dr : , . .

molecular weights at these warious positions inthe solution column.
Molecular we%ghts were calculated according to thantis36 uéing "
the following equation:

2 RT x2.303" d log ¢
(1 - vp)- W? . dr?

MW > app. =




s

S0

’Mw’ app. = apparent weight-average molecular weight

: R; gas censtant = §.3143 i'iu? ergs ok TmoTe™!
' T= Temperature'in degrees‘Kelvih

v = partial specific volume of the solute (G6PDH) =
0.72 ©c/gm

p = density of 6 M Guanidine Hydrochloride

o at 6.90° C = 1.1503
6.95° C = 1.1503
18.25° C = 1.1498

~w = patational speed = {.%% X rpm)2

4109 ¢ - (lope of the log Ay versus r’ graph
dr? ‘ |

’

The value of the partial-specific volume (v) of the solute was

assumed to be 0.72 cc g -1

Kuby37 for yeast G6PDH. The densify of 6 M guanidine-HC1 solution

». @ value obtained by Yue, Noltman and

at the temperature of the centrifugation was determined from data

obtained by Reithel, Robbins and Gorin.3S




Table X

Apparent We1ght -average MoTecu]ar We1ght of Glucose-6- phosphate

dehydrogenase as a Function of Position in the Solution Column.

Eighty-five Mlcrograms per Milliliter of Glucose-6-phosphate

: dehydrogenase in 6 M Guanidine-HC1, 0.2 M BME Centrifuged at
30,000 rpm for 30.25 hrs at 6.95° C.

Slope = | . — :

. fd_.]_ogm. (_Ay.x.103’) BTN ' ' My app-.

: 5 v~ (cm™) (Daltons)
dr

0700 49.6 44,26 x 10°

0.5 | 49.2 36.36 x 10°

0457 . | 488 28.90 x 10°

0.405 484 25.61 x 10°

0.200 - g0 | 25,29 x 10°

c0.393 | 47.6 | 24.85 x 10°
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. _Tab1e X1

Apparent Weight-awerage Molecular Weight of Glucose-6-phosphate
dehydrogenase as a Function of Position in the Solution Column.
One hundred and forty Micrograms per Milliliter of Glucose-6-
phosphate dehydregenase in 6 M Guanidine-HC1, 0.2 M BME Cen-
trifuged at 26,000 rpm for 26 hrs at- 8.25° C.

Slope = . _ _ _

d Togy,(Ay x 10%) ' 2( 2) M > app.
: ) |

drz (Daltons).
0.575 50.0 48,53 x 10°
0.375 " . . 89,6 31.65 x 10°
0.325 S I R 27.43 x 10°
0.263. .. 48.8 22.20 'x 10°
0.263 58.9 | . 22.20 x 10°
0.250 80 | 21.94 x 10°
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Table XII

Apparent Weight-average Molecular Weight of Glucose-6-phosphate

dehydrogenase as a Function of Position in the Solution Column.

Two hundred and eighty Microliters per Milliliter of Glucose-6-

phosphate dehydrogenase in 6 M Guanidine-HC1, 0.2 M BME, Centri-
fuged at 34,000 rpm for 28 hrs.

Slope = , ) _
d~1og]0(Ay X 103) : 5 o Mw’ app.
. drz . . r™(cm ? - (Daltons)
1100 1 s 54,14 x 10°
1.000 | 1.6 | 49;22 x 103
0.840 | 49.2 © 41.35 x 10°
70.650 . | 4.9 | . 31.99 x 10°
0.475 | 48.7 23.38 x 10°
0450 | as5 | 22.15 x 10°
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Figure 14

Apparent Weight-average Molecular Weight Plotted as a Function of
.thebPosition in the Solution Co]uﬁn; In this E;periment a Solution
antaihing 280 Micrograms hér-Milljliter of GIucose;G—phosphate
dehydrogenase, in 6 M Guanidine-Hydrochloride,. Centrifuged at

34,000 rpm for 28 Hours.
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-'ngure 15

Apparent weight-average molecular weight plotfed as a function of

the position in the solution column. In this experiment a solution

containing 140 micrograms per milliliter glucose~6-phosphate dehy-

drogenase in 6 M guanidine-hydrochloride, centrifuged at 36,000 rpm

'for_26 hours.
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Figure 16

Apparent weightjaveragé_h01e§u1ar weight plotted as a function of

: the'posjtion jn‘fhe ;o1ﬁt16n column. ‘in-this experiment a solution
containing 85 micrograms per mi]]j]itgf glucose-6-phosphate dehydro-
‘genase in 6 M guanidine—hydrochjoride, centrifuged:at 30,000 rpm

fo§§30.25 hours. ..
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The data in each of Tables X, XI and XII indicated that the values

- of the apparent weight-average molecular weight (MW’ app.) varied from

50 x 10° daltons at the bottom of the solution column, to a value of

20-25 x 103 daltons at the top of the solution column. These values

3

indicated that an equiTibrium between a 50 x 107 -and 25 x 103 dalton

-épecies of G6PDH was occurring in the 6 M guanidine-hydrochloride de-

naturant. In each case the 50 x 103'da1ton value was obtained in the

d ]og € was highest. In this re--
dr '

gion of the solution column the protein concentration was highest and

consequently the 50 x 103.da1t6n species was favored. In the upper part .

of the solution column the 9—19%—9 value was small and corresponded
dr '

to the region of lowest protein concentration. The equilibrium in

this region of the solution column favored.the 25 X 103

dalton épecies
of G6PDH. - . _

The datalin Tables X; Xi and XiIzwere p]otﬁed'graphica11y to show
the~variétions in the appargnt weight—average'mo1ecu1ar weight (MQ’ app.)
as a functioﬁ of various ra va1ue§ in the sofution column. Figures 14,
15-and 16 111ustra£e these plots. In each of these plots, the ﬁw, app.
value ét zero protein concentration was obtained by extrapolation of
r2 af y =0. The,values‘of M@’ app. at zero profein concentration for
the three expériments are shown gn TabJe XITI. It will be noticed

that the extrapolated values for the three different protein concentra-

tions decrease as the protein concentration increases. This was due to
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Table XIII

Apparent Weight-average Molecular Weight, Extrapo]ated to Zero
Protein Concentration, of 6 M Guanidine- Hydroch]or1de Dissociated
Glucose-6-phosphate dehydrogenase as a Function of the Protein
Concentration Used in the Centrifugation Exper1ment

Protein Concentration.
and Centrifuge Speed

_W, app. at Zero Protein
Concentration (Daltons)

280 yg/ml | | 16.60 x 10°
34,000 rpm

140 pg/ml B 21,40 x 10°
26,000 rpm

85 ug/ml " 23.60 x10°
30,000 rpm

the increase in slope of the Tog Ay versus r2 curve. This was es-
pe§{a11y evident in the"zsq ug/ml G6PDH centrifugation in which the
high protein conbentrafion and-thé 34,000 rpm rotor speéd combined to
yield a steep pibt of 1og'Ay Versus rg. .Consequently the graph of
M&, app. at various rz values in the so]utioﬁ co1umﬁ (Figure 16)

yielded a steep slope that did not exhibit the linear portion evident




102

in Figures 14 and 15. This resulted in a value of 16.60 x 10° daltons
for the ﬁ&, app. ektrapo]atéd to zero proteih.COncentration: This is'
7.0 x 103 daltons 1owgr than the smallest measured value; and is due
to the steepness of the MQ’ app; versus r2 chrve: The  data obtained
for the 85 ﬁg/m] and 140 ﬁg/mﬁ G6PDH centrifugatiéns did not exhibit

such a steep MQ,'app. versus v plot (figures 14 and 15) and in both

cases the graphs exhibited a region where the MQ, app. value became

linear.
The thfee values obtained for the apparent weight-average mole-.

cular weight (ﬁﬁ, app.) at zero protein concentration were plotted

" as a function of the enzyme concentration used in éach determination.

This- plot ié illustrated in Figure 17; and the value of MQ’ app. extra-
polated to zero protein concentration yielded a value of 26.5 x 10°

daltons as the subunit molecular weight of E;'édf% B GGPDH.

\

M|

[l 1
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Figure 17

' Apparent-wefght—average molecular weight values plotted as a function

_of the protein concentration used in each determination. The apparent

.,mgﬁgHtﬁgyaﬁagé&moﬂ@tuﬂamTweight“va}ﬂe“aﬁﬁzqroﬂprqteingcpwgqntmaiion was

obtained by extrapolation of the data to'zeko protein concentration.

103
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The high speed thant1536 method of molecular weight determination
necessitated fhe measurement of slopes of the plots of'protein concen-
tration versus r? graphs'(Fﬁgures 11; 12 and 13). These values were

- then used to determine ﬁ&;.app; values throughout thé solution column
as degcribed previous]y; In the study'out11ned it was found that an

equilibrium between 50 x 103

and 25 x 10° dalton subunit species of
GoRDH was occurring in the denaturant so]ution: Tﬁe M&; app: value of
'the smaller sﬁecies was calculated from the upper region of the solution
column, where-the.value of d Tog q/ﬂrz was sm&l]est:. ConsequentTy; the
error in this region of the data was makima1; The ﬂ@; app: value in
the region of 5% and 10% Tevels of error in Ay provided a value of
M&, apb. for-the smallest subunit-species; Estimation of the error
in this region gave a value of 22;8%: In addition; the value of the
partial specific volume (V) of thé E. ¢oli B G6PDH was assumed to be
0.72, a value obtaiﬁed for yeast G6PDH. If it is gssuméd that
v =0.72 £ 0.01, then an additional error of 6.8% resulted. Thus _
the maximum error in MQ’ app. was calculated to be 32%.
_ So&iuﬁ dodecyl sulphate (SDS) gel e]ectrqphoresis indicated values
of 53 x 103 and 49 x 1Q3 da]téns for the subunit molecular weight of .
" E. 'coli B G6PDH. The Yphantis high speed equilibrium centrifugation-
indicated an equilibrium between a subuﬁit species of approximately
50 x 103 da1ton$,'and another of 26.5 x;103 da]tons: Weber and Osborne35

have reported that SDS pblyacry1amidé gel electrophoresis molecular

~ weight determinations are in good agreement with the values obtained
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by other physical meth@ds,_such.as ultracentrifugation, x-ray analysis
and osmotic ﬁressﬁre measurements., However, in the study of tﬁé,mole— '
cular weighté of G6PDH by‘SDé pdfyacry]amide gel electrophoresis and

high speed ultracentrifugation, conflicting data were obtained for the
molecular weight value of the smalleét species. The conflict in the
values obtained by the two methods arose from the apparent level of dena-
turation of the GE6PDH. SDS denaturation of G6PDH resulted in a single

3

éubunit species of molecular weight approximately 50 x 10~ daltons. Vthen

-ultracentrifugation was conducted in the presence of the denaturant, 6 M
guaniéine—HCT, the data'indicated an equilibrium between 50 and 25 x 103
dalton subunit species. Thus, in this instance, the molecuiaf weight
values obtained by the two different methods of measurement reflect the
Tevel of dissociation effected by the particular denaturant eﬁp1oyed. It
is interesting to note that.the presence 6f the 25 x 103 dalton subunit
was only detegted in-fhe region of the solution column whe%e the protein
concentration was 16w, ‘Tﬁus, in‘brdér to dissociate G6PPH to a 25 x 103
dalton subuﬁit; it is neces§ary'to have. a low protein concentration in
addition ﬁo the presenoe-bf'an éffecfive denaturant. 'This Tow protéin
concentration would generé]]y tend to favor the smaller species 1in the
equi]ibriﬁm, and Would not be evidénced in areas of higher protein ch—.
centrations. Both SDS and guanidine-hydroéh1oride rupture similar bonds
in the gquaternary strwcturé of proteins, i.e., hydrophobic bonds, hydrogen
bonds and salt bridges. Thus low brotein concentrations are necessary

in addition to the presence of a denaturant to show the presence of the
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25 x 103 dalton species.
Thé calculated maximum error in the ultracentrifugation molecular
weight determinations was estimated to be 32%. In order to preclude

3 dalton species, the maximum error would

the existence of the 26.5 x 10
have to be in the neighborhood of 100%: Thus; it was concluded that

the Mﬁ’ app. value of 26;5 XIiOB daltons represented a real value and

was not due to errors in the method employed.

The dansyl derivafive'of the N-terminal amino acid of E. coli B
G6PDH was prepared as described under the Materials and Methods sectioﬁt.
fhis derivative was chromatographed with dansyl amino acid standards on
Eastman silica gel thin-layer sheets. | '

Table XIV shows thg Rf'Values fof.the G6PDH N-terminal dansyl
amino acid and severa]'N-dansy] amino.acid standards in three different.
solvent systems. If was found thét the benzene (80 barts), pyridine
(20 parts) and acetic acid (5Aparts) solvent system provided for the
best resolution of‘the dansyf-émino acfd standards and N-terminal
dansyl defivative of G6FDH; Figures 18, 19 and 20 illustrate the
results of typical chromatograms performed using the three different
solvent systems.‘ Several of the dansyl-amino acid standards produced
multiple spots upon development of the chromatogram. In particular,
the alanine and tyroéine derivatives congistent1y produced several

f]uorescent‘spots. - The N-dansyl-methionine standard was found to
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. Table XIV

Silica Gel Thin Layer Chrbmatography
of N-Dansyl Amino Acid Derivatives

108

Rf Values .
Solvent E. coli B G6PDH N-dansyT | N-dansyl | N-dansyT|
System. N-terminal dansyl { methionine | alanine tyrosine
derivative
Benzene 80 74 . .73 .68 0.74
Pyridine 20 .76 g7
Acetic Acid 5 .73 77
Chloroform 70 ‘
Benzyl alcohol 30 _ }
-Acetic Acid 3 0.82 0.82 .0.74 0.90
Butanol 30
Pyridine 20 , , .
Acetic Acid 6 10.65 0.67 0.66 0.74
Chloroform 38
Ethanol 4 . 0.78 0.77 0.83 0.97
Acetic Acid 3 '




F{guré 18

Silica gel thin'1aer chromatograph of the N-terminal dansyl

derivative of Escherichia coli B glucose-6~phosphate dehydrogenase,

and amino acid dansyl standards. The solvent system employed was
n-butanol 30 parts, pyridine 20 parts, acetic acid 6 parts and water.
24 parts. The dansyl derivatives spotted on the thin layer piate

were as follows: 1. Escherichia coli B. glucose-6-phosphate dehydro-

genase; 2. va]fné; 3. isoleucine; 4. proline; 5 phenyl alanines

6. 1éuc1ne§ 7. tyrosine; 8. hyéroxypro]ine; 9. histidine; 10. trypto-
phan; 11. a]anine#-]Z. methToﬁine; and ‘13. serine. Open circ1e§
répresent ye110w~f1uoreséent spots due to the N-terminal derivatives
of the émino acids, and broken circles b1he f]ubrescent spots due to

the'dansy] reagent.

109
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Figure 19

Silica ge] thin layer chromatography of N-terminal dansy1 derivative

of Escher1ch1a coli B glucose-6- phosphate dehydrogenase and amino

acid dansy1 standards. The solvent system emp]oyed was chloroform
70 -parts, benzyl alcohol 30 parts and acet1c acid 3 parts The: ‘dan-.
syl derivatives spotted on the thin layer plates were as follows:

1. Escherichia coli B glucose-6-phosphate dehydrogenases; 2. valine;

3. isoleucine; 4. proline; 5. phenyl alanine; 6. leucine; 7: tyrosine;
8. hydroxyproline; 92'hfst1dine; 102 tryptophan; 11! a]ahihe; 12. ﬁeF
thionine; and 13. serine. Open ciré1es,répresént yellow fluorescent
spots due to the N-terminal derivgtives7of the amino acid;, and broken .

circles blue fluorescent spots due to the dansyl reagent.
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Figure 20

Silica gel thin Tlayer chromatography of N-terminal dansyl derivatives .

of Escherichia coli B glucose-6-phosphate dehydrogenase, and amino

acid dansyl standards. The solvent system employed was benzene 80
parts, pyridine 20 parts, andlacefic acid 5 parts. The dansyl
derivatives'spofted on the thin Tayer plate<Were as follows;

1. Escherichia coli B glucose-6-phosphate dehydrogenase; 2. valine;

3. isoleucine; 4. proline; 5. phenyl alanine; 6. lTeucine; 7. tyros%ne;'

8. hydroxyproline; 9. histidine; 10 tryptophan; 11, alanine; 12. me-
thionine and 13. serine. ° Open circles represent yellow fluovescent
spots due to the N-terminal derivatives of the amino acids, and

broken circles blue fluorescent spots due to the dansyl reagent.
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Figure 21

Silica gel.thin layer chromatography of N-terminal dansyl deri-

vative of Escherichia coli B Glucose-6-phosphate dehydrogenase,

and amino acid dansyl standards. The solvent system employed was
chloﬁqurm 38 parts, ethanol 9 parts, and acetic acid'B parts.
: The dansyl derivatives spotted o the thin 1éyer plate were- as

follows: 1. alanine; 2. Escherichia -coli B Glucose-6-phosphate '

déhydrogenése; and 3. methionine.
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Figure 22

Silica gel thin layer chromatography of the N-terminal dansyl

" derivative of Escherichia coli B glucose-6-phosphate dehydrogenase,
_and amino acid dansyl standards. fhe solvent system employed was

benzene 80-parts, pyridiné 20 parts, and acetic acid 5 parts. The

- dansyl derivatives spotted on the thin 1éyer plates were as follows:

1. alanine; 2. Escherichia coli B g]uéoseQG-phosphate dehydrogenase;

and 3. methionine. Open circles represent yellow fluorescent spots
due to N-terminal dansyl dérivatives of the amino acids, broken cir-

cles represent blue fluorescent spots due to the dansyl reagent.

Ay .
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- Figure 23°

‘ T'Silica ge1 thin layer chromatography of the N-terminal dansy]1

derivative of Escherichié cbff B\Glucosg-G-phosphate.dehydro-

genase, and: amino acid;dansylisténdahds;' Thé so1veﬁt system em-

ployed was benzene 80 pafﬁé, byfidine Zo;farts; and acetic acid .
) pgrts. ‘The'dahSy1 der{vatiVés.sboftéd on the thin layer plate:

wefe-as follows: 1. methionine;'2:~Escherich1a coli B Glucose~6-

phosphate dehydrogenase; 3. methionine and Escherichia coli B.

G1ucose-6-pﬁosphate dehydregenasé; ahd 4; reagent (dansyl amine and -

N hydroxide).

)
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produce multiple spots, but these could be eliminated by using only
freshly prepared N-damsyl-methionine samples. Upon storage of'the

sample, or failure to remove all of the oxygen in the Carrius tube

" prior to hydrolysis, several spots were produced. The N-terminal

dansy1‘amino acid derivatives fluoresced yellow under an ultra-violet

light, and the blue fluorescent spots were due to the dansyl-amine

and ~hydroxide produced by the acid hydrolysis of excess dansyl-chloride.

In standards. that preduced sevefa1 spots, the Rf vd]ue of the fastest

moving component, which was also the most intense spot, was reported

. in Table XVI.

On the basis of the three thin layer chrowatograms it was decided

that the N-terminal amino ac1d ‘of E. coli B G6PDH was methionine or

“alanine. Thin Tayer chromatograms were developed for the N-terminal

dansy] derivative of G&6PDH bhkomatographed with methionine and alanine
dansyf standards_(Fjg@mes 21 and 22). On the basié of these chromafo- )
grams it was'decidéd that methionine was the N-terminal amino acid of
GO6PDH. The N—term1na§ dansy] der1vat1ve of GGPDH was then co-chromato-

graphed w1th a- standamd dansy methionine samp]e (Figure 23). The

‘mixed G6PDH derivative and methionine standard chromatographed as a

single fluorescent spot, confirming methionine as the N-terminal amino
acid of E. coli B G6PDH. In addition, the productibn of only one
fluorescent spot with GE6PDH derivatives provided another criterion of

purity of the enzyme preparation, and also supported the previous evi-

'~_dence in favor of a single subunit species.




Figure 24

Effect of pH on the enzyme activity of Escherichia coli B glucose-6-

phosphate dehydrogenase. Enzyme activity was reported as the increase
in absorbance at 3390 A per minute, pér milliliter of enzyme solution.
Enzyme assays were performed as described ther the Materials and

Methods section.
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pH Activity Studies

Thé enzyme activity of E. coli B G6PDH as a function of the pH of
the assay solution was investigated as outiined in the Materials and
- Méthods section. Figure 24 illustrates the results of this study. The
optimum pH for G6PDH activity was deterhined to be 8.5. At this pH
the gctivity of the dehydrogenase was 227% of the value obtained when
- assayed at pH 7.4. 'In the reversible (AGJ = -0.1 kcal/mole) GG6PDH
catalysed oxidation of G6Plto S—phospho-6-§1ucono1actone, hydrogen
jons are produced; consequently a more basic enzyme environment faci-

' {itéted the femova1 of these hydrogen ions and favored the oxidation

| of substrate. Specific aﬁtivities of purified G6PDH measured at pH 8.5
were in the range 160 units/mg td 180 units/mg. However, throughout |
this investigafion the enzyme activity was measured at pH 7.4.

The subunit’ molecular weight ofE. coli B G6PDH was found to be
26.50 x 103 daltons (cf.-'sodium dodecyl sd]phate gel e1ec£rophoresis,
and high speed sediméntation equilibrium ultracentrifuge detérminations
6f subunit‘mo]ecu1ar weight). If it was assumed that G6PDH contained

3

one active center per 26.50 x 10” dalten subuhits,it was possible to

express the'activity of the purified dehydrogenase iﬁ terms of the turn-
over number. This measure of activity was the number of molecules of
substrate (G6P dr_NADP+)'reacting per active center per minute, and gave

a measure of the rate of G6PDH oxidation of G6P. At a pH of 7.4 the

turnover number was calculated to be 2.173‘x‘103 min"! active center™;




LIl

‘Table XV

'Stabﬂ‘ity of Glucose~6-phosphate dehydrogenase as a Function of Incubation pH

I R T et
pH 0 24 48 72 9% 120 120 hours
10.0 3.0 1.6 0.8 0.6 0.6 0.5 16.7
9.5 | 3.2 2.4 1.2 1.0 0.8 0.8 234
9.0 3.5 3.4 2.4 1.3 1.4 1.3 35.7
8.5 4.8 48 3.4 2.8 2.6 2.5 52.1
8.0 4.6 4.6 3.8 3.6 3.3 3.2 69.6
7.5 4.4 4.4 3.6 3.2 2.8° 2.7 61.4
7.0 |44 a0 3.4 3.2 2.8 2.7 61.4
6.5 4.0 2.0 3.2 3.0 2.7 2.7 67.5
6.0 3.6 3.6 3.2 3.0 2.6 2.6 72.2

Ggl
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when activities were measured at pH 8.4 the value of the turnover

number was 4.933 x 103 min-l active.center_l.

pH Stability Studies

Time stabi]ity studies of G6PDH.as a function of tﬁé incubation
soiutibn pH were investigated as described under Materia]s and Methods.
Table XV'portray§ the results 6f,this stability study. The data indi-
catea that G6PDH was most stable when stored in solutions of pH 8.0
or lower. Thus, the stability pH optimum does not parallel the activity
pH optimum. Conseqﬁently, during the preparation and assay of G6PDH,
activities were measured at pH 7.4 where the stability was maximal, and

not at the most active value, pH 8.5.

« Investigation of Sulphydryl Groups Involved in Enzyme Activity

Purified E. coli B G6PDH; §pec1ffc activity 85 units/mg, was incu-
bated with the su]phydry1 reagents N—éthy1 maleimide (MEM) and p-chloro-
mercur&beﬁzoate'(PCMB) as described in_the Materia]é and Methods section.

'.Tﬁe_ﬁrotein solution emp]oyed,contéined_0.077 mg/ml G6PDH. Tables XVI

\ XVII and XVIII i]]ustrate.fhe results of fhese incubations. The data
clearly imﬁlicates the existence of one or more.sulphydny} groups, from

~ cysteine residues, necessary for GO6PDH activity. The results .indicate
that suiphydhy] groups are iocéted at the active center of the dehydro-
genase. Several exp]énations can be formulated to explain the functions

of the one, or more active sulphydryl groups. Cysteine residues may

. be directly involved in the enzymic activity by binding substrate moieties




. Activity of Glucosé-GfphOSphéte dehydrogenase incubated in the presence of 5 millimotar N-ethyl

‘Table XVI

maleimide at 4° C for 30 hours. The activities are expressed as percentages of the control.

G6PDH - 0.1 M . o :
Solution Tris-HC1, 7.5 mM 12 mM - 10 mM Percentage
(0.077 mg/m1) PH 7.1 NADPT ATP NEM
Tube # (m1) (m1) - (m1) (m1) (m1) Control
| 1 0.25 - . 0.75 100 %
1(control) oo :
2 0.25 0.25 0.50 35.7
3 0.25 - 0.25 10.50° - 80.7
4 0.25 0.25 0.50 62.5
5 0.25 0.125 0.125 0.50 102.5.

XA
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Table XVII -

. Actiyity of Glucose-6-phosphate déhydrogenasé incubated in the‘preéénéé of 5 millimolar N-ethyi- i

' -ma1eimide at 25° C for 24 hours.. The activities are expressed as percentages of the contro1f.

G6PDH 0.1 M - :
Solution Tris-HC1 12 mM 12 mM 10 mM Percentage
o (0.077 mg/m1) pH 7.1 G6P ATP NEM .
Tube # - (ml ) - {m1) (m1) (m1) (m1) Control
1 0.25 0.75 - 100 %
(control) - :
2 0.25 0.25 0.50 0
3 0.25 0.25 0.50 - 73.6
4 0.25 0.25 - 0.50 4.7
5 0.25 0.125 0.125 . 0.50 23.3

83|
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Activity of Glucose-6-phos
mercuribenzoic acid at 4°

Table XVIIT

%

phate.dehydrogenése incubated in the presence of 1.0 millimolar p-chloro-

C for 1.5 hours. The activities are expressed as percentages of the control.

G6PDH 0.1 M : '
Solution Tris-HC1 7.5 mM 12 mM 12 mM 2 mM Percentage
(0.077 mg/m1) pH 7.1 NADP* G6P ATP PCMB
Tube # (m1) - (m1) (ml) (ml) " (m1) (m1) Control
1 0.25 0.75. 100 %
(control) _—
2 0.25 0.25 . 0.5 .0
3 0.25 0.25 0.5 25.5
4 0.25 0.25 0.5 0
5 0.25 0.25 0.5 0
6 0.25 '0.125 0.125 0.5 - 71.4

621
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or by an involvement in the catalytic mechanism and subsequent for-

mation of the transitien state complex. Consequently, chemical modi-

'fication of the thiot results in the inability of the dehydrogenase

to catalyse the oxidation of G6P. On-the other hand, the presence
of the amino acid cysteine at the active site may be necessary for
the maintenance of the tertiary structure essential for enzymié ac-

tivity, and the fhiol residue would fhen not participate in the bonding

‘of substrates or the transition state complex. Thus, reaction of the

- thiol residue with N-ethylmaleimide or p-chloromercuribenzéic “acid

results either in the déstruction of the required tertiary structure,

or a steric hindrance tb the binding of the substrate, G6P, and coenzyme
NADP+. Another possible exp]aﬁation is the localization of a sulphydryl
group (cysteine residue) at an allosteric site on the dehydrogenase.
Reaction of .the thiol mesidue with the sulphydryl reagents would then
resuit in the ioss of enzymic acfivity by modificatibn of this allosteric
sife—with a resﬁ]tant loss of the cbnforhation required -for enzymic
acinfty. | o o | ‘
The'sulphydry1 mofeties of G6PDH réacted with both N-ethyl mal-
giﬁide (NEM) and pwchﬂorbmercufibenzdic acid; however, the reaction
with PCMB proceeded much more rapidly. When G6PDH was incubated in
1 mM NEM, pH 7.1, 25° T, the enzyme was 93% active, as compared to
control, after 24 houws.i This compares with a 100% loss of G6PDH
activity when incubated 1.5 hours in 1 mM PCMB, pH 7.1, at 4° C.

Riordan and Va1ee39 lkave noted that only the most reactive sulphydryl
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. groups of proteins combine with NEM to yeild thiol ethers. Five

mM NEM was necessary to efféct 100% inactivation of G6PDH in 24 hours;

at 4° C, 30 hours of treatment in 5 mM NEM produced 64.3% inactivation.
These data suggest that the sulphydryl groups on G6PDH are not readily
accessible fbr NEM modification.. This low reactivity may be due to

steric hindrance; or interaction of the thiol wifh-other functional
groups. Reaction with 1T mM PCMB proceeds.muqh more rapidly (Table XVIIi).
Enzyme activity could be restored to the PCMB inactivated GG6PDH by -

" addition of excess cysteine. This result clearly implicates the role

of a sﬁ]phydry] group 1in enzymic actfvity, and eliminates the possibility
of PCMB interaction with groups other than thiols.

When GGPDH was incubated with 1 mM PCMB (Table XVIII) both G6P and
ATP failed to provide any protection to mercaptide formation and con-
comifant loss of enzymic activity. quever,'2.75 mM NADP+ provided

a 25,5 % protection, ahd.incubation_in the presence of 1.9 mM NADPT

"and 3 mM ATP provided a'71.4% prqtectjon. Kinetic studies have sug-

gested that ATP is a competitive inhibitor for the G6P binding site.
Consequently ATP was chosen as a substrate analogue and thus made fea-
sible the-stUAy of synergistic effects in the presence of NADP+, witﬁouf
product formation. The protection provided by NADP*, NADPY/ATP in-
cubationé suggested that the sulphydryl group is located at the active
site of G6PDH. in addition, since neither G6P or ATP afforded any pro-

tection, the data imply that'the thiol residue js situated close to the

ot
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NADP® binding site,

' Incubation of GGPDH with 5 mM NEM (Tables XVI and XVII) dindicated
that nApp* again provided better protection than any other single com-
pound;“ Thfs further supporté the localization of the cysteine residue
close to the NADP' binding site. Incubations in the presence of N_ADP+
and ATP provided complete protection from NEM inactivation (Table XVI).
The data in Table XVII show that ATP-provided 73.6% protéction and G6P
provfded 6n1y 4.7% proteétion from 5 mM NEM inactivation. When G6PDH
was_incgbated in the presence of both ATP and GGP, 23.3% protection
resulted. . These data suggest that ATP and G6P do bind to exactly the
~ same site on G6PDH as was suggested'by the kinetic data.

In both NEM and PCMB inactivation of'G6PDH incubation in the
preseﬁce of NADP+/ATP mixtures afforded the most effective protection.
These data can be accounted for in two ways. The sulphydryl residue
.may'bé_1ocated 1n'the:apt1ve cehtef of.G6PDH.clpse to the NADP+_
binding site, or a éﬁ]phydry] may be present at the site of ATP binding.
It is possible that there are several sulphydryl groups necessary for \
G6PDH activity; these moieties may bellocated at Several positions on

the enzyme surface.
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Kinetic Studies

Kinetic 1nvestigations weré performed using purified E. coli B
GGPDH,‘specific activity 65-80 units/mg, as described in the Materials
and Methods section.

~Table XIX illustrates the'most important features of the kinetic
results. Michaelis-Menten constants, K> were calculated from thé
intercepfs anq slopes of the reciprocal velocity/substrate concentration
plots.  The values of the slopes and 1ntercepté of these plots were
obtained from computer calculated least square analyses of the kinetic

data. The nature of kinetic investigations required the measurements

- of enzyme reactions over a range of substrate concentrations varying

from a ;aturating concentration to a value well below satufation.
Consequent]y, the major erroré in kinetic investigations arose from
measufements of the initial reaction rates (AOD3390 ; min'1), especially
in meésuréments at Tow concentrations of suB;trates; AGD values would
be estimafed to 0.602 units, resulting in a maximum error in velocity
measurements 6f approximately Zb%.

Fﬁéures 25 and 26 illustrate the hyperbolic contour of plots of

velocity versus substrate concentration obtained when each substrate

.was the variable substrate, Figure 27 illustrates a typical double

reciprocal plot (Lineweaver-Burk plot) of velocity versus éubstrafe_

.concentration obtained when N_ADP+ was the variable substrate. The

Michaelis-Menten constant, Km, for NADP+ was calculated to be
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Figure 25

Velocity of Escherichia coli B glucose-6-phosphate dehydrogenase

~ catalysis @ a function of nicotinamide adenine dinucleotide phos-

phate concentration. Experimental conditions are as described under

" the Materials and Methods section.
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Figuée 26

'Ve]oc1ty of Escher1ch1a co11 B Glucose-6-phosphate dehydroqenase

‘;cata1ys1s as a function of q]ucose 6-phosphate concentrat1on
Exper1menta1 conditions are as descr1bed under the Materials and

Methods sect1on.
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Table XIX

1'38

: Kinetic-Studies of Glucose-6-phosphate dehydrogenase Cata1y§js

Non-Vériab]e

GoP

"Variable s Type of
Substrate Substrate Inhibitor Inhibition
+ ' + . C s
NADP . G6P . NAD Non-competitive
’ + . + . e
G6P NADP NAD' Non-=competitive
© NADPT .G6P ATP . Uncompetitive
. 66P NADP™ - ATP Competitive
G6P . NADP AMP None
NADPT G6P " NADH None
NADPT NADPH Competitive

T™TT




. Figure 27

Double reciprocal plots of the velocity of glucose-6-phosphate
dehydrogenase catalysis as a function of nicotinamide adenine
dinucleotide phosphate concentration. Experimental conditions

are as..described under the Materials and Methods section.
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Figure 28

- Double reciprocal plots of the velocity of glucose-6-phosphate
catalysis versus glucose-6-phosphate concentration.. The eXper—
imental conditions are as described under the Materials and

Methods section.
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.1.86 X 1O'5 moles. Double reciprocal plots of velocity versus sub-
strate concentration, for NADP™ as the variable substrate, in the
presence of NAD" (Figure 27) indicated that the dinuc]eofide inhi-
bited G6PDH catalysis.. The intercept of these plots on the 1/S axis
" indicated that NAD® inhibition was non4compet1t1Qe. This result
suggests that the dinuc]eotide'coenéyme, NAD+, binds to a site on
G6PDH'qtﬁer than thafiresponsible for binding NADP+, the coenzyme

-neceséary for enzyme activity. E. coli B G6PDH'cata1ysis is specific

for NADP+_and the enzyme exhibits no activity when NAD+ is substituted
for NADPT, Figure 28 illustrates a typical Lineweaver-Burk plot ob-
tained when G6P was the variable substrate. -The Michaelis-Menten con-

4 moles. In the pre-.

stant, K , for G6P was calculated to be 2.23 x 10°
sence of 1.5 mM NAD the enzyme catalysis again exhibited non-competitive
inhib%tion. The‘results,of the NAD+ inhibited G6PDH catalysis (Figurés
27 and 28) sugges_ted-_thatiNAD:+ does not b{nd at'the active site: of the
enzyme, and implicates the’fo]e of an ajiosteric'site for NAD+ binding.
In several enzyme preparations NAD+'was.f0und to be an inhibitor of

' GGPDH.activity. In one experiment, performed ﬁndér saturating concen-
trations of both NADP* and G6P, a 3 mM solution of NAD™ afforded -
62.5%.1hh1b1t10h of-activity;'.Teh mM NAD" completely inhibited the
G6PDH activity.' These.resu1té suggest that nAD* may be a negative
allosteric affector ofig, ggii_B GOPDH activity. |

In order-to further investigate the implied allosteric role of




‘(interacting) site p&r enzyme molecule. H11140 and Atkinson
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NAD™ on E. coli B G6PDH activity, the kinetic data was plotted ac~

42

4 : ‘
cording to H111"1 anag Atkinson. This treatment of the kinetic

data, termed the empirical H1114] equation and further developed by

Atkinson;42 provides @ convenient method for the study of the role of
an allosteric effecter. In thé simple Michaelis-Menten approach to

enzyme catalysis, the wate 1imiting step is assumed to be product for-

mation from the enzyme substrate complex.

Ky
E-H-S-“L—‘ES———%«E+P

k-

" The Michaelis-Menten equafion derived from this model is

v [S]

max

vV = Km + [S]

-where V is the initial ve]ocity.of the reaction, V the maximum

_ - _ max
velocity, [ST the substrate concentration and Km the Michaelis-Menten
constant-= kz‘{—k3 ,

Ky

In this qppboachvft is assumed that there is only one substrate-binding

ol have

~developed a freatmemt'of_enzyme kinetics for an enzyme with n {nter-

acting sites for the substrate molecule. In this treatment V = k[FQn]

when the conceﬂirati@m‘of a1]_cohp1ekes containing fewer than n mole-

cu1es of substrate are neq11g1b1e
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V = k[ESn]

then Vmax = kLET] where ET = total enzyme concentration

L IED = [E] - [ES,]

and thus, k[E] =V -V " where k = rate constant, V is

the reaction rate, and Vm is the maximum }ate atfained when the

ax
“enzyme is saturated with substrate.

“Thus, [ESn] _ Y _ [S]n
TE] Vmax -V K]
where K] = [E] [S n » the equilibrium constant of the reaction
ESn : :
E+nS —— ES_.. Thus, log Vo = n log [S] - Tog K],
| n 0 y———y .

max
thé Hi]; eqdafiBn. . |
In this équation the value of n, the Hill coefficient is a

'functioﬁ of the number of interacting substrate-binding sites pef
-enzyﬁe molecule and of the strength of the interaction.4] The Hill
equation also provides a convenient method for the study of the effect’
of an allosteric effector on the cooperativity (or interaction) be-~
tween the substrate-binding sites in the presence of the allosteric

modifier. When n = 1 no cooperativity between substrate-binding

sites is indicated, and the Hi1l equation reduces to the simple
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Michaelis-Menten treatment. When'n > 1 positive coopérativity is
observed, in this case the allosteric effector molecule has a posi-.
tive, or activitating, effect on the substrate-binding (1nteracting

éites). When n < 1 negative allosterism or inhibition is suggested.




| Figure 29

Hi]],p]ots.and'coefficients for nicotinamide adenine dinucleotide
phosphate concentration as the variable-substrate. Experimental

. _conditions are as described under the Materials and Methods section.

1
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Figuré 30

Hi1l plots and coefficients for g]uéose<6;phosphate concentration
"as the variable substrate. Experimental conditions are as described

under the Materials and Methods section.
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" Figure 31

Woolf plots ( LTS,J-versus [S] ) for nicotinamide adenine dinucleotide

phosphate concentration as thelvariable substrate. Experimental con-

-

ditions are as described under the Materials and Methods section.
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Figures 29 and 30 illustrate the Hill plots obtained in the

-~ presence of NAD+ for experiments whefe NADP+ and G6P were the

Variab]e‘substrates The values obta1ned for the Hi11 coefficient

when NADP™ was the variable substrate were 0.65 in the presence of

-4 -4

.M.NAD » and 0.58 in the presence of 3.6 x 107" M NAD .

'Computerfleast square treatment of the Hill plot gave the estimeted

standard deViatiohs of the Hi1l coefficients as 0.035 and 0.037
respectively. The Hill coefficient in the presence of 1.5 mM NAD+
was 0.66 when -G6P was the variable substrate, the estimated standard

deviation,fdrrthis value was not calculated. These values suggested

"that N s a negative allosteric affector for E. coli B G6PDH.

The values of the Hi]] coefficient in the absence of NAD® were cal-
culated to be’ 1.06 when nADP ™ was the variable substrate, and 0.903
when G6P was the variable substrate

| ,The non~-competitive nature of N_AD+ inhibition of G6PDH activity,
end the values of the Hill coefficients in the presence of NAD' sug-
gested,that NAD Jis a negat1ve allosteric affector for G6PDH activity. 40,41
These kinette!exper1ments did not prove the existence of an NAD_

affected a]]osterﬁc.site-on GGPDH; but suggeéted that one or more such

sites may exist on E. coli B GGPDH.

Sanwé1115 has reported-that NADH is a negative allosteric affector
of E. coli B G6PDH activity.l'Figqre.31 i]]ﬁstrates a Woolf plot
( L%l-versUs [S].) and shows that NADH has-no effect on the G6PDH :

- catalysis. " Kinetic investigations in the presence;of-NADH presented

R 47 I
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experimental problems. 1In kinetic experiments the initial rate of

ol measured at 3390 A. However, NADH

G6PDH was measured as AOD min
also absorbed at this wavelength and consequently velocities of the
enzyme reaction in the presence of NADH hecessitated measuring AOD
aa1ues against a large, backgreund readiﬁg.. Similar problems were
“encountered in ‘kinetic exaeriments in the presence of NADPH. The
allosteric effect of NADH reported by Sanwa1115 was not demonstrated

-4

in this study, and the Hill coefficient in the presence of 1.2 x 10 " M

NADH was calculated to be 0.98, a value which does not suggest any
‘allosterism (Figure 29). ) -

When NADP™ .was the variable substrate and NADPH was added to the
enzyme assay so]ut1on, double rec1proca1 plots of velocity versus NADPf
concentration (Figure 32).1ndicated that the reduced coenzyme (NADPH)
was a'competitive inhibitor for the NADP® site on G6PDH.

Figure 33 illustrates the Lineweaver-Burk plot of velocity versus
G6P eoncentration in the presence aed‘absence of ATP. The intercept.
on the'i/v axis indicates ‘that ATP was a competitive inhibitor for the
- GbP site. Figure 34 i]]ust;ates the kinetics in the presence of ATP
when NADP+ was'the variab]e substrafe; The.para1TeT slopes obtained

from_the 1/V versus 1/S plots indicated that the inhibition was uncom-

petitive in natuke. This effect was produced by ATP binding to the
G6P site of G6PDH which resulted in a Tower effective enzyme concentra-

tion. Sanwa]] has reported that ATP does not affect E. ¢coli B

';G6PQH'CataIys1s,ﬂand th}s result may be due to the emp]oyment of




155

Figure 32

Double reciprocal plot of velocity versus nicotinamide adenine
dinucleotide phosphate concentration as the variable substrate.
Exberimental condition$ are as described under the Materials and

Methods sgction.
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Figure 33

Double reciprocal plot of veTocity versus glucose-6-phosphate
goncéntration as the variabie substrate; Experimental conditions

-are as described under the Materials and Methods section.
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Figure 34

Double reciprocal plots of velocity versus nicotinamide adenine
dinucleotide phosphate concentration. - Experimental conditions

are-as described under the Materials and Methods section.
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‘Mg++ in the assay solution. Mg++ is believed to bind to-the B and vy
phosphate of ATP and the Mg++—ATP complex might not then be able to

bind to the G6P site of G6PDH. In this study Mg was omitted from

“the assay solutions employed in kinetic investigations since the gnJ
zyme activity of G6PDH was found fo be unaffected by Mg++. The data

' reborted by Sanwé11]5 was-obtainéd'using partially purified E. ¢oli

B GGPDH (167-fold pﬁrificatién), énd Mg++ was reported to be necessary
for full activity; in the absence of Mg++, G6PDH exhibited 20% aétivity.
The study reported here employed purified G6PDH (1157-fold purification)
and.Mg++ was found to have nb effect on the rate of enzyme catalysis.
AMPAwas a1§o found to have no effect on G6PDH'céta1ysis. .

The kihetic data suggested an allosteric ro]é for NAD+ in con-
trolling the activity of E, ggli'B G6PDH. This effect may be rational-
ized in terms of the role of the HMP shunt in E. coli B metabolism.
Model and Ritteﬁburgsg in labeling studies with E. ggli_B,.have shown
'thét the major role-of the.HMP shunt was in providing %educed nicotgne
adenine_dinuc1eotide phbsph;te (NADPH).for biosynthetic purposes. Ih :

studies with Neurospora crassa FuscaldO'gE;gl,g have demonstrated that

the major role of the first two enzymes of the HMP shunt was in NADPH

production. Colonial morphology mutants of NelUrospora érassa, involving
mutations in G6PDH and 6PGDH, reverted to a wild type morphology dpon -
supp]gmentation of the growth media with an NADPH produéing system. |

+ No phenotypic reversions to wild type morpholoagy were obtained by

supplementation with ribose as a carbon source. These results suggest
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. that the major role-of the .HMP shunt is involved in the production

11

of-NADPH for'bfosynthetic bﬁrposes; Hansen and Leveille have

suggested that as much as 50% of the NADPH requirement onNeﬁrOSEOra

" ¢rassa is provided by the first two enzymes of the HMP-shunt. Sim- . -

10

ilar studies on the HMP shunt of Candida utilis, Osmond and Ap Rees
have also éuppoeted the production of NADPH as tﬁe main function ef"
the HMP shunt. o |

The reeuqed\nicotine adenine dinucleotide phosphate, NADPH,.pro-
duCea by. the first two'enzymeslof the- HMP shunt is utilized in the
biosynthesis of fatty acids;:and in the desaturation of saturated
fatty acids; These biosynthetic reactions also require the presence
of ATP as an energy source. Kinetic-experiments suggested that NI-\D+
was a negative allosteric affector for E. coli B G6PDH, and this role
jcan be exp1a1ned on. the basis of- the part1cu1ar requirements of the

ice]]. The ‘primary requirement for E. coli B ce11s is the product1on

of energy in the form of ATP. This energy is obtained from oxidation

of glucose by enzymes of the g]ycolyt1c sequence- and the Krebs tri-
'carboxy11c acid cycle, and results in the product1on of 38 moles of
ATP for each mole of g]ucose.ox1d1zed. The ATP produced by the oxi-
dation of glucose is dbtained_by direct phosphorylation of ADP, and
by oxidétfve phosphorylation from NADH pkoduced in both g]yco]ys{s
and the‘Krebs tricarboxylic acid cyc]e.- Under conditioes where

| Ej'ggli_B cells require eneréy,.to sustain the array of metabolic

funcéiqns, NADH present in the cell is oxidized via oxidative
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| phosphory]gtion to yield thé hecessary ATP. Consequently the cellular
Tevel of NAD  increases as é result of this utilization of NADH, and
this NAD+ then acts és'a negative aljosteric affector of G6PDH activity.
G6PDH is the first enzyme of'the HM# shunt, and the substrafe G6P 1is
common to both G6PDH and the glycolytic enzyme phosphoglucoisomerase.
Consequently, high cellular levels of NAD* inhibit G6PDH actfvity and
insure that glucose mefabo]fsmlproceeds via glycolysis and the tri-
carboxylic acid cycle in response to the energy needs of thé cell.
Under conditions where ATP levels are sufficiently high fér the meta-
bo1i§ needs of the cell, the concentration of NAD+‘is‘1oW and that of
NADH is high since NADH is no 1ongér oxidized .by the oxidative phos-
phory]ativé'sequence; Thus the 1ow_1evé1s of NAD+ do not allow for
any allosteric inhibition of GGbDH activify, and under these ;onditions
the NADPH necessary for 1ipid biosynthesis is produced via the HMP
shurit.- Further support of.tﬁjs postulate js'pfovided by. ATP .inhibition
of phosphofructokinase, an enzyme of thé.g1y§o1yt1c pathway. When
cel]ﬁ]ar levels. of ATP are'sufficient1y high, ATP.inhibits phssbho-
frucfokinase actiVity:and tﬁus 1n§rease§ the 1§Vel of G6P in the cell.
Consequently, G6P is oxidized by the HMP shunt and results in the pro-
duc%jon of NADPH. The rationalization presented is based on the pfi-
- mary cellular need for energy (ATP) bgforé any Biosynfheﬁic reactions.
can be effected. Thus, “in this casé, ATP requiremenf pfeeﬁpts the need

for NADPH hecessary for Tipid biosynthesis.




CONCLUSTONS

The study reported described a seven stage procedure for the
purification of E. coli B G6PDH. .The activity was purified 1157-
fold to.a spécific activity of 82 units/mg. The purified dehydroge-
nase was found fo consist of five electrophoretic species, all of
which_haq G6PDH activity. Denaturation wfth 8 M urea or 1% SDS and
1% BME resulted in the‘producfion of a single protéin band upon
~ electrophoresis.

The éubunit mb]ecu]ar weight of E. coli B G6PDH was found to be
| 53 x 103 daltons by SDS po]yacryiamide gel electrophoresis. High
speed equilibrium sedimentation ultracentrifugation by the method‘of
Yphantis 1ndicafed a value of 26.50 x ]03 daltons for the subunit

. mo]equ]ar weight of G6PDH.  The ultracentrifuge data indicated an

equi]ibriuﬁ between a 50 x 103 and 25 x 103 dalton species of G6PDH . -

in the denaturant 6 M guanidine-hydrochloride.

* The pH. optimum for G6PDH activity was found to be pH 8.5, and the

enzyme activity was found to be 227% of the value measured at pH 7.4.

If it was assumed. that G6PDH contained one active center per 26.50 x 10

dalton subunits, thé turnover number of enzyme was calculated to be
2.173 x 103 min'] active center”! at pH 7.4, and 4.933 x 10° min”]
active center™! at pH 8.5. The enzyme was found to exhibit maximum

stability when stored at a pH of below 8.0.
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N-ethyl maleimide and p-chloro-mercuribenzoate treatment of
E. coli G G6PDH indicated thétlthe dehydrogenase contained a cysteine
residue Tocated at the active site. The data indicated that this

cysteine residue was situated close to the NADP+ binding site of the

_enzyme.

Thin Iayer chromatography of: the N-terminal dansyl derivative of
E. coli B G6PDH indicated that methionine was the N-terminal amino
acid of the énzyme; |
| Kinetic studiés gave values for the Michaelis-Menten constants
of NADP' and G6P as 1.80 x 1072 moles and 2.23 x 10”% moles respectively.
ATP was found to be a competitive inhibitor for the.GGP binding site
of G6PDH, and NADPH competed for binding at the NADP' site. The

kinetic data indicated that NAD" was a noncompetitive inhibitor for

bpth NADP+.and G6P and suggested an a1lostéric role for,NAD+ control

of G6PDH activity. Ana]ys{s of thé kinetic data by Hii] plofs further:

supported the allosteric effect of NAD" on G6PDH activity. The pre-

viously reported al]osteric\efféct‘of NADH on G6PDH activity15 was

not demonstrated in this study. NADH was found to have no effect on

the kinetics of G6PDH catalysis. NADP+ was found to be én obligatory
coehzyme for G6PDH, and no enzymic activity was exhibited with'NAD+

as the coenzyme.
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