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INTRODUCTI ON

The fluorescence characteristics of the reduced pyridine nucreotides are altered by
binding to specific apodehydrogenase (1)« Usually the fluorescence emission maxi-
mum is shifted to a shorter wave length and, in most cases, the fluorescence inten-
sity is increased = (except for glyceraldehydephosphate dehydrogenase , where a de-
crease was observed (2)). The changes in fluorescence yields are significant and have
been used by many workers to study the stoichi‘ometry of nucleotide binding , site
dissociation constant , and other properties of the enzyme - nucleotide complex . They
have yielded useful information toward the understanding of the mechanism of ac-
tion of many nicotinamide adenine dinucleot_ide-reduqed (NADH) - linked dehydro -
genases ( 2— 7). However , information on ﬁiéotinamidé adenine dinucleotide phos-
phate - reduced (NADPH ) - linked 'dehydrogenasés is limited to two enzymes , NADPH -
linked isocitrate dehydrogenase (8) and malic enzyme ©)-

The availability of large amounts of purified 6 - phosphogluconate dehydrogenase

(11) permitted a study of the NADPH bindiﬁg of ‘this’ énzyme by fluorimetry .

This paper presents the results of studies on the fluorescence spectra of the en-
zyme- NADPH complex , the stoichiometry of binding , the affinity between enzyme
and NADPH, and the specificity of binding.

The number of possible binding sites was determined - Some aspects of the inter-
action between 6 -phosphogluconate and enzyme-NADPH complex are presented and

discussed -

MATERTI ALLS AND METHODS

Purified pig liver 6 -phosphogluconate dehydrogenase was obtained by the method
of reference 11. This enzyme does not contain bond NADP' as is evidenced by its
A 280 :Aggp ratio of 1.75. Purity and homogeneity of the enzyme were demon-
strated (1 1). The enzyme was dialyzed against 0.1 M potassium phosphate buffer at
pH 7.0 before use -

NADH, NADPH, 6-phosphogluconate (Boehringer Mannheim Yamanouchi ) were
purchased from the specified sources - Deionized , distilled water was used through-
out these experiments . Nucleotide solutions were made up fresh daily, and the con-
centrations of NADP' and NADPH were determined spectrometrically with the use of
molar extinction coefficients of 14.9 x10* and 6.2 X10°at 260 nm and 340 nm , Te-
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spectively - Protein concentration was determined by the biuret method (10).
Fluorescence studies were carried out with the recording Hitachi MPF- 2A spectro-
fluorometer equipped with a thermojacketed cuvette holder - Temperature -was controlled
with a constant temperature circulator to give 25°C in the cuvvete . The sensitivity
of the instrument was changed between experiments to meet the requirements of each
experiment ; the fluorescence intensity values.from different experiments can not: be

directly compared -

LESULTS

Fluorescence Spectra of Free NADPH', Free Enzyme-NADPH Complex
The excitation and emission spectra of NADPH and enzyme - NADPH: complex are

shown in Fig.land Fig- 2, respectively -
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Fig-1. ) ‘ Fig. 2.

Nucleotide excitation spectra of N- ‘ Nucleotide emission spectra of NA-
ADPH and of 6 -phosphogluconatede- *  DPH and of NADPH bound to 6 -phos-
hydrogenase with bouhd NADPH . ex- phoglu:conate - dehydrogenase . emis-
citation spectra; 1, cuvette contained "‘sion spectra ; cuvettes 1 and 2 were
100 2 moles potassium phosphate buff- “'the $ame as in Fig .1. Excitation
er at pH. 7.0 and 2.16 mgmoles of was at 355 nm.

NADPH in ‘a total volume of 1.0 ml,
2, 20 #1 of purified 6 -phosphogluco-
nate dehydrogenase ( 0.25 mg)was add-
ed * to cuvette 1. Emission was mea-

sured at 460 nm.
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The spectra were monitored at emission and excitation wave lengths of 460 nm
and 355 nm, respectively, where free nuleotide fluorescence occurs . Curves 1 and
2 represent the spectra for free NADPH and enzyme-NADPH complex, respectively -
The spectra for the complex were determined with an excess of enzyme so that
free NADPH concentration was minimal - Two excitation maxima were observed for
free NADPH, a week peak at 275 nm, and a sirong peak at 355 nm . Upon the
addition of 6 - phosphogluconate dehydrogenase , the 275 nm peak disappeared, and
a new peak at 293 nm was formed- The 355 nm excitation maximum was not
shifted ; however, the emission intensity was enchanced - The emissin maximum
for free NADPH was at462 nm - Enzyme binding was accompanied by enhancement
of fluorescence and a blue shift to a new emission maximum at 455 nm .

The nucleotide effect was specific for NADPH, and no fluorescence enhancement
was observed when NADH was used instead of NADPH. The excitation and emission

spectra of 6 -phosphogluconate dehydrogenase and enzyme-NADPH complex are
presented in Fig- 3 and Fig- 4, respectively- ‘
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Fig-3.

Protein excitation spectra of 6-phosphogluconate dehydrogenase- NADPH com-.
plex.excitation spectra; 1, cuvette contained 100 mugmoles of potassium phosphate
buffer , pH 7.0 and 0.25 mg of purified 6 - phosphogluconate dehydrogenase in a
total volume of 1.0 ml; 2, 20 #1 of NADPH ( 10.2 mgmoles ) were added to cu-

vette 1. Emission was measured at 335 nm.
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Fig - 4.

Protein. emission spectra of 6 - phosphogluconate dehydrogenase and of 6 -phos-
phogluconate dehydrogenase - NADPH complex .

emission spectra ; cuvettes 1and 2 were the same as in Fig. 3. Excitation

was at 293 nm .

Protein fluorescence was measured- Cuvette 1 contained free enzyme and cuvette
2 contained enzyme —NADPH complex. The spectra for the complex were determined
with an excess of NADPH so that free enzyme concentration was minimal. The free
protein had an excitation maximum at 293 nm, and an emission maximum at 335
nm - After the addition of NADPH, protein fluorescence intensity was diminished,
but the excitation and emission maxima remained the same. A small emission
maximum was also observed near 455nm -

The addition of 6- phosphogluconate had no effect on either the protein
fluorescence of 6— phosphogluconate dehydrogenase or the nucleotide fluorescence of
free NADPH -

However , as shown in Fig - 5, the fluorescence intensity of enzyme - NADPH

complex was enhanced -



42

@
o
T

(03]
(@
1

40

T

N
O
T

FLUORESCENCE INTENSITY

5. .. 10
CNADPHI (M)

4]

Fig.5.

-Effect of ‘6-- phosphogluconate and MnCl 2 or MgCl2 on nucleotide fluorescence
of 6 - phosphogluconate dehydrogenase - NADPH complex .

Each cuvette: cotained 100 #moles of potassium phosphate buffer at pH 7.0 and
the following reagents in a total volume of 1.0 ml : A&, water ; A&—A 0.47
s moles of 6-phosphogluconate and 2.9 #moles of MnCls or MgCle : B—#

+3.25 mumoles ~ ( 0.34 mg) of purified 6 - phosphogluconate dehydrogenase ; [}

»

1. 96 mumoles of enzyme and 2.9 u#moles of MnCly or MgCl; ; @—@ ,1.96 m
moles of enzyme and 0.47 #moles of 6-phosphogluconate ; O—— , 1.96 mumoles
of enzyme -, 0.47 #moles of 6-phosphogluconate , and 1.2 u#moles of MnClg or
MgCl 5. ’

Titration was made with 122 #M NADPH in 10. #l aliquots . .. Fluorescence
was measured at excitation and emission wave lengths of 355 and 460 .nm , re-

spectively .

The metal requirment 1s unessential from the results of Fig. 5.

The titration curve of 6-phosphogluconate with enzyme - NADPH complex is shown
in Fig - 6.
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Fig-6. ' .

Effect of 6 -phoéphogluconate concentration on fluorescence intensity of 6-
phosphogluconate dehydrégenaée- NADPH benplei. Cuvette contained 100 #moles of
potassium phosphate buffer at pH 7.0, 29 mumoles of NADPH, 6.8 mumoles-(0.72
mg ) of enzyme, and water to make 1.0 ml. 6 -Phosphogluconate was used as the

titrating agent. Excitation was at 355 nm ; emission at 460 nm .

At low 6 — phosphogluconate concentration a linear increase in fluorescence value

was obtained -
The fluorescence value approached a maximum after the addition of 3.0 umoles

of 6 — phosphogluconate to 6.8 mpmoles of enzyme -

Stoichiometric Titration of Enzyme with. NADPH

The fluorescence enhancement of NADPH resulting from the formation of the bina-
ry enzyme-NADPH complex was large and was used to determine-the stoichiometry
of binding - Titration were made by the addition of small aliquots of NADPH to cu-
vettes containing either buffer or the enzyme solution. Fig. 7 shows a typical tiira-

tion experiment with use of two levels enzyme -
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Fig.17-

Titration curves of 6 -phosphogluconate dehydrogenase with NADPH. All cu-
vettes contained 100 #moles of potassium phosphate buffer at pH 7.0 , water and
the following :@—@, no enzyme ;jlii—f, 1.63 mgmoles of enzyme ; and O—C ,
3.25 mupmoles of enzyme . Total volume, 1.0 ml . Titration was carried out with
the addition of 0.122 mM NADPH in 5 #1 aliquots . Excitation was at 355 nm ;

emission at 460 nm .

Addition of NADPH to buffer alone (lower line) yielded linear increases in
fluorescence intensity - In the presence of enzyme, the addition of aliquots of NADPH
initially produced large increases in fluorescence value, owing to the formation of
enzvme - NADPH complex . Fluorescence intensity was also proportional to NADPH

concentration - When the titration was complete , further increments of NADPH were

not bound , and the slope became parallel to the free NADPH line. As shown in

Fig .7, higher protein concentration did not produce an increased initial slope,
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thus indicating that added NADPH was totally bound and that free NADPH

- concentration was negligible in this region. The intercept points were measured - -

The NADPH equivalents estimated from the extrapolated intercepts were proportion-
al to the amount of protein used in each cuvette - )

Binding weights (grams of protein per mole of NADPH) were calculated to be
52,000 and 52,000 for 1.63 and 3.25 mgmoles of enzyme, respectively. Site
dissociation constant (K) was obtained graphically by the method of Adelstein (7)
from those titration values on Fig.7 near the equivalent point where both free
NADPH concentration were significant - The reciprocal plot of 1 /F against 1/ ¢
(Fig - 8) gave straight lines for the two enzyme concentrations and intersect at the
abscissa , indicating independent coenzyme site -

The site dissociation constant was calculated to be 6.7 x 1077 M.
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Fig-. 8-

Titration plot of 1/F against 1/c of 6-phosphogluconate dehydrogenase with
NADPH . All cuvettes contained 100 #moles of potassium phosphate buffer at pH
7.0, water and the following :Jj—1M, 1.63 mumoles of enzyme; and O—O

3.25 mpmoles of enzyme .

Total volume, 1.0 ml. Titration was carried out with the addition of 0.122

mM NADPH in 5 #1 aliquots . Excitation was at 355 nm ; emission at 460 nm.

Effect of 6-Phosphogluconate and MnCla or MgCle: on NADPH Binding
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The enhancement of enzyme - NADPH complex fluorescence intensity by = 6-phospho-
. gluconate indicated the formation of a tertiary comblex .

The effect of 6- phosphogluconate could be on the: fluorescence yield alone, on the
number of binding sites for NADPH, or both -

Therefore , binding weight and site dissociation constant for NADPH .in the pres-
enceof 6-phosphogluconate were determined by the titration method - Fig-9 shows
titration curves for two protein concentrations -

100

80

60
40

20

FLUORESCENCE INTENSITY

Fig.9.

Titration of :6 - phosphogluconate déhydrogenase with NADPH in the presence
of 6-phosphogluconate . All cuvettes contained 100 #moles of potassium phos-
phate buffer at pH 7.0 ,0.468 zmoles of 6-phosphog1uconate , water and the fol-
lowing: @—@ , no enzyme ; O—(O , 1.63 mumoles of enzyme (1.71 mg); and
[, 3.25 mumoles (3.41 mg) of enzyme ; in a total volume of 1.0 ml .Titra-
tion was carried out with 5 ¢l aliquots of NADPH ( 0.122 mM ) . Excitation

was at 355 nm ; emission at 460 nm .

Except for the intensitified fluorescence , the binding patterns are similar to Fig-7-
The calculated binding weight were 52,000 and 52,000 for 1.63 and 3.25 mgmoles

of enzyme, respectively. Site dissociation constant (K ) was calculated to be 6.7
x 107" M.

Competition between NADP'Y and NA DPH for Enzyme Binding
Whenenzyme - NADPH complex was titrated with NADP' |, fluorescence intensity
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decreased , apparently owing to competition for the coenzyme - binding site - This
. effect was specific and not produced by NAD.
The ratios of site dissociation constants between NADPH and NADP' (K Nap:* /
K nappu)- determined by titration of the complex with NADP*according to the meth-
N od of Velick (2) ,are shown in Table I.

TableI .
Competition of NADP* and NADPH' for enzyme binding *

The reaction mixtures consisted of 100 #moles of potassium phosphate ‘buffer
pH 7.0, 9.6 mpmoles of NADPH, 024 mg of purified 6-phosphogluconate dehydro-
genase , and water in a total volume of 1.0 ml.

Excitation was at 355 nm ; emisson at 460 nm .

NADP™ Fluores — | Fraction NADPH NADP* KNnaDPt 1
added cence increment| Bound Free ~ Bound Free KNADPH.
mimoles mimoles mymoles mimoles miLmoles
0 80.4 , ,
20.0 77.9 025 3.45 6.15 1.10 18.90 9.20
40.0 76.6 0.38 2.85 © 8.5 © 175 38.25 9.25
60.0 75.7 - 0.47 244 7.16 2.16 57.84 9.11
80.0 74.9 0.54 212 748 248 7752 | 882
100.0 74.5 0.58 1.93 7.67 2.67 97.33 9.19
120.0 74.1 0.62 1.75 7.85 2.85 117.15 9.14
140.0 738 0.65 1.61 7.99 2.99 137.01 9.23
160.0 73.5 0.68 147 8.13 3.13 156.87 9.08
180.0 | 733 0.70 :. 1.38 8.22 3.22 176.78 . 9.22
" 200.0 730 0.73 1.24 8.36 3.36 196.64 8.70

# End point of titration was estimated to be 70.3 ‘in fluorescence intensity
by ‘a cuvette containing buffer and: the same amount of NADPH in a total volume
of 1.0-ml with no enzyme present:. Calculations were based on the assumption’
that NADP* bound equals NADPH released. and on a binding weight of 52,000 ¢

per mole .

The end point of titration (G .e- all bound NADPH replaced by NADP) was
estimated by the fluorescence value of the same amount of NADPH in the absence
of enzyme. The (K wapp* /K NaDPH ) values obtained for different NADP™
concentrations were in good agreement and gave an average of 9.09 2 0.19. In a

separate experiment, with the use of double amounts of NADPH. and enzyme, the
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average (K napp* /K nappy ) value was found to be 8.79 4= 0.15. The over-all
- average is thus 8.95 -4- 0.23 .

Subunit of Purified 6- Phcsphogluconate Dehydrogenase

Dissociation of native 6-phosphogluconate dehydrogenase was brought about by
the addition of sodium laurylsulfate (1D . The molecular weight of the subunit was
determined by the method of Weber and Osborn (12. The molecular weight of the
native enzyme and the subunits were 105,000 and 52,000 respectively (11) . The
dissociated. protein of this size is not catalytically active nor was it reactivated by
dialysis against pH 7.0 , 0.1 M potassium phosphate buffer -

DI SCUSSION

Free NADPH exhibits activation peaks at 275 and 355 nm, and an emission peak at
462 nm . The excitation peaks correspond to the 260 and 340 nm absorption maxima ,
respectively (2). Previously, eitinction and emission maxima of NADPH were
reported io be 352 and 478 nm, respectively, by Langan (- The apprecible
-discrépancy of the observed emission maxima may be due to instrumentation. The
(275 nm excitaﬁon peak indicates the weak, although significant, transfer of energy.
from the adenine to the reduced pyridine moiety (13).

The disappearance of the 275 nm maximum when cdenzyme is bound to 6 - phos-
phogluconate dehydrogenase is analogous to the case of lactate dehydrogenase which
was interpreted to indicate that during binding the coenzyme may change from a
compact form to an extended form ,thus decreasing the probability of energy trans-
fer from the adenine group (13). The 293 nm extinction peak was contributed by
protein absorption, and could be due either to intramolecular energy transfer from
the protein to the reduced nucleotide or to an intermolecular process, since the pro-
tein emitted strongly at the excitation wave length of NADPH . The fluorescence en-
hancement and blue shift of the emission maximum indicated higher fluorescence effi-
ciency for the enzyme -bound nucleotide -S—Phosphogluconate dehydrogenase did not
change the fluorescence characteristics of NADH , suggesting that this nucleotide is
not bound : This is in good agreement with the absolute NADPH specificity for the
catalytic activity (14)-

The 293 nm excitation maximum for protein differs appreciably from its 281 nm
absorption maximum.Binding with NADPH did not cause a shift in either the exci-

tation or the 335 nm emission maxima .
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The decrease in 335 nm fluorescence is , at least in part, the result of energy

transfer to the reduced nucleotide which fluoresces maxmally near 450 nm (Fig-4).

It could, in part, also result from a change in protein conformation uodn coenzyme
binding as suggested by Shifrin, Kaplan, and Ciotti ( 15 ) for lactate dehydrogenase
from bovine heart .

6 - Phosphogluconate dehydrogenase gives strong protein fluorescence ,which could
be used to develop a method estimation with a sensitivity many times that of ultra-
violet absorption measurements .

Formation of enzyme, nucleotide, and substrate or substrate analogue complexes
have been shown for several dehydrogenase by the fluorescence technique( 3, 4, 8,16-
18 ). Usually fluorescence intensity is enhanced .- In the case of 6- phosphogluconate
dehydrogenase , enzyme- NADPH complex apparently binds 6 - phosphogluconate -En-
hancement of fluorescence of enzyme- NADPH complex must be due to the formation
of an 6-phosphogluconate - enzvme - NADPH tertiary complex - The metal effect is
different from that observed for isocitrate dehvdrogenase (@ and malic enzyme (9)
where Mn'Tis involved in the binding of substrate molecules - Enhancement of en-
zyme - NADPH complex fluorescence by % - phosphogluconate was sbserved over a wide
range of 6-phosphogluconate concentrations, and therefore these data could not be
applied to a study of its stoichiometry - The above phenomenon a
large dissociation constant for 6- phosphogluconate - binding capacity by enzyme - NA-
DPH complex, or both-. It is possible that the oxidation state of the nucleotide de-
termines the substrate - binding properties of the enzyme .

The same binding weight and dissociation constant were obtained by stoichiometric
titration of NADPH . Save for an increase in fluorescence yield , 6 -phosphogluconate
binding did not change either the NADPH binding weight or the site dissociation con-
stant -

The over-all average values of binding weight and site dissociation constants
determined from several separate experiments are 52,000 ¢ per mole of NADPH and
6.7% 100°M, respectively - From a molecular weight of 1.05 X 10° (10, the
number of NADPH - binding sites was estimated to be 2. Sodium laulylsulfate poly-
acrylamide gel electrophoresis studies also implied 2 subunits in the native enzyme
an.

When enzyme - NADPH complex was titrated with NADP?u the fluorescence inten-
sity decreased with increasing concentration of NADP} owing to competition of free
NADP" for the coenzyme - binding site and the simultaneous release of free NADPH-
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From the average ratio of site dissociation constants (K NApp*™ / K nappy ) and the
site dissociation constant calculated for NADPH( 6.7 X 1077 M ) ,the site dissociation
constant . for NADP" is estimated to be 6.0'% 10°% M . Thus 6 - phosphogluconate
dehydrogenase has the different affinity for the oxidized and the reduced coenzyme .

SUMMARY

Purified pig liver 6-phosphogluconate dehydrogenase (phosphogluconate dehydro-
genase (decarboxylating ), EC 1.1.1.44 ) fluoresces sirongly with excitation and-
emission maxima at 293 nm ‘and 335 nm, respectively - Binding of nicotinamide
adenine dinucleotide phophate -reduced (NADPH ) by 6 - phosphogluconate dehydro-
genase was studied by the fluorescence technique -The purified enzyme binds NADPH
strongly and causes a blue shift in the emission maximum of NADPH from 462 to
455 -nm, and an enhancement of ‘fluorescence intensity- Titration of 6 - phosphoglu-
conate dehydrogenase with NADPH yields a binding weight of 52,000 ¢ of protein
per mole of NADPH and a site dissociation constant of 6.7 x 10~7 M- 6- Phospho-
gluconate binds to the enzyme-NADPH complex in the abscence of Mnt™ orMg™,
but at a site other than the NADPH-binding site - The binding of enzyme with NA-
DPH is specific, and is not observed with NADH -

NADP™ binds to 6 - phosphogluconate dehydrogenase in competition with NADPH .
The ratio of site dissociation constants was determined ,and from this, the dissoci-

ation constant for NADPY is calculated to be 6.0 X 107 M.
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