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Abstract: Treatrrent of lactate dehydr~enase (LDH) wi th 0 -phthalaldehyde resul ted ina time--dependent loss

of enzyrre activity. The inactivation followed pseudo first-order kinetics over a wide range of tbe inhibitor. The

second-order rate constant for the inactivation of LDH was estimated to be 1.52 (md/ L) - 1 • s 1. Tbe modified

enzyme showed a characteristi c fluorescence ernsskn spoctrum wi th a maximum at 405 nm ipon excitation at

337 nm, consistent with tbe formation of isoindole derivatives by the crcss-linkinq of proxirml cysteine and

lysine residues. The Iass of enzyrre activity was cmcorntant with the i rcrease in absorbance at 337 nm.

Stoichiorretric study of the reaction showed that compl ete ICES of activity was accompanied by formation of

aporoxirnatel Y four moles of isoindole derivati ves per mole of LDH subunits. One of the substrates, NAtDH,

parti ally prevented the enzyme trrm reacting with o-phthalaldehyde, wbereas tbe other substrate, pyruvate,

did not provide any protection. Protection experi rrents suggest that one of the cysteine-lysire pairs rrodified by

o-phthal aIdehyde is near the NADH binding site of LDH.
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Introduction
Lactate dehydrogenase (EC 1. 1. 1.27, LDH) plays

a vital role in the energy flow of higher organisms.
It is a tetrameric enzyme that catalyzes the

reversible dehydrogenation of lactate, converting it
to pyruvate. The enzyme exists in five isozymic

forms which are not usually found all together in
one tissue or organ. At least three different types

of LDH subunits (M, H and X) are known in
vertebrates, but the X subunits are usually present
. 1 f . [1,2]In on y one or at most a ew t issues .

Various chemical reagents have been used to

probe specific amino acid residues involved in the
catalysis of LDH. Previous studies have shown

h h emi 1 dificat i f [3]t at c errnca m orn icat 10 n 0 argInIne,
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h i idi [4] d . [5,6]·d 1 d .IStI m e , an cys teme resi ues resu te ill

inactivation of the enzyme. Although X -ray s of
LDH crystals showed that the sulfhydryl group of

Cys is not involved in the combination of the

b [7, 8] .. . ·11 . fsu strates ,ItS Intactness IS st i irn portant or
the enzyme to exhibit full activity. The

inactivation of LDH isozymes has been studied by
many researchers through covalent modification of

essential sulfhydryl groups. Modification of these
b N h 1 1 · .d [9, 10]

groups y -et y rna eirm e or p-
chlorom er curibenzoat e (p CM B ) [5,6] 1eads to

inact ivat ion of L D H. By allow ing N -{ N" --acety 1-4-
[35S] sulphamoylphenyl) -maleimide to react with
LDH, Holbrook and Pfleiderer[6] were able to show

that each LDH subunit contains one essential SH-
group.

Our int er es t is toprob e the invo lv ement of
cysteine and lysine residues at the catalytic center

of lactate dehydrogenase. T he tests used 0-

phthalaldehyde, a fluorescent bifunctional reagent

that reacts with proximal cysteine and lysine
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residues at locations about o. 3 nm apart to form
isoindole derivatives resulting In com plete

inactivation of the enzyme. T he present

inv estig ation showed that L DH is inactivated in the
presence of o-phthalaldehyde. T he formation of

isoindo le der ivatives result s in a characteristic
fl uorescence em is sion spectrum. One of the

substrates, NADH, partially protects LDH from
inactivation by o-phthalaldehyde, which indicates

that a lysine residue is located in close proximity to
the cysteine residue in the N ADH binding region of

LDH.

1 Materials and Methods

1. 1 Materials

Lactate dehydrogenase was prepared from pig
. [11]

heart according to the procedure of Pesce et al.
The final preparation was homogeneous on

polyacrylamide gel electrophoresis in the presence
and absence of sodium dodecyl sulfate. N ADH,

pyruvate, and o-phthalaldehyde were Sigma
products (St. Louis, M 0, USA). All other

reagents were local products of analytical grade
used without further purification.

Protection experiments were performed in a
similar manner except that the enzyme was pre-

incubated with given concentrations of N ADH or

pyruvate for 15 min before the modification was
initiated by the addition of o-phthalaldehyde. The

residual activity was determined as described
above.

1.2. 2 Stoichiometry of o-phthalaldehyde reaction
with LDH

The stoichiometric investigation was carried out by
incubating LDH with o-phthalaldehyde for 50 min

at 25°C. T he absorbance at 337 nm was recorded
continuously and the loss of activity was measured

in a parallel experiment. T he number of formed
isoindole derivatives was calculated using 837 =
7.66 X 103 (moll L) - 1. cm- 1. The relative molecular

mass of LDH was taken as 140Xl03[14].

1.2. 3 Fluorescence spectral measurements
T he corrected fluorescence spectra were measured

using a Hitachi 850 s pectr oflu or imeter. Fluo-
rescence emission and excitation spectra were
recorded as described elsew here' 15] . LD H was

modified with o-phthalaldehyde as described

above. The fluorescence spectra were recorded in
l--cm light path cuvette at 25°C.

1. 2 Methods 2 Results
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Fig. 1 Inactivati on 0 f illH by 400 J1IIl oIl L 0-

phthalaldehyde, Residual activity was determined as
described in Methods. The final enzyme concentration
was O. 91 J1IIlolI L. The inset is a semilogaritlnnic plot of
the resul ts .

2. 1 Inactivation course of LDH by
o-phthalal dehyde

The L DH was eventually inact ivated by 0-

phthalaldehyde. The loss of enzyme activity
followed pseudo first-order kinetics (Fig. 1). The

ultimate residual activ ity in Fig. 1 was about 2% ,
less than that of other enzymes inactivated by 0-

phthalaldehyde[15,16]. This result means that 0-

phthalaldehyde is an efficient inhibitor to LDH.
Increasing o-phthalaldehyde concentrations led to

100

Enzyme concentration was determined by

measuring the absorbance at 280 nm using the
absorption coefficient A ~~= 14. O. Enzyme activity

was determ ined at 30°C by measuring the
absorbance change at 340 nm accompanying the

oxidation of N ADH using the molar absorption
co effic ien t 840 = 6. 22 X 103 ( moll L ) - 1 • cm- 1 as

describ ed previou sl y[ 12] . The react ion s ys tern

contained O. 25 m m ol/L of NADH, O. 7 mm ol/L of
sodium pyruvate and o. 1 moll L phosphate buffer,

pH 7. 5. Enzym e concentration and activity were
determined with an analytic spectrophotometer

Specord 200 UV VIS (lena, Germany).

1. 2. 1 Reaction of o-phthalaldehyde with LDH
o-Phthalaldehyde solution was prepared fresh daily

by dissolving o-phthalaldehyde in 1% methanol
(mass fraction) as described previously[13]. The

modification was carried out at 25°C by incubating
LDH with o-phthalaldehyde of different

co ncen t rat ions . A t the indicat ed tim e int ervals , an
aliquot of the solution was added to an equal

volume of stop solution containing 20 mmoll L
cy steine and 10 mm oIl L /3-rnercaptoethanol. Then

an aliquot was withdrawn to determine the residual
enzyme activity. A control without 0-

phthalaldehyde was run concurrently.
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accelerated loss of enzyme activ ity . The pseudo
first-order rate constants, kobs, obtained at each 0-

phthalaldehyde concentration were replotted as a

function of o-phthalaldehyde concentration in
Fig. 2. The second-o rder rate constant for the

inactivation of the enzyme by o-phthalaldehyde was
- 1 - 1

1.52 (mol/L) • s as determined from the slope

of this plot.
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Fig.2 Variation of the pseudo first-order rate constant
(kob<.) for the inactivation of illH with o-phthalaldehyde
concentration.

proximal -SH group and the £-NH2 group of
. d l vsi [17 20] . However, 0-

~h~he~ra1deh;8ereact~S~fih only the primary amino
group when not in the presence of thiol compounds

1 · · -£1 duct Tormat i [21]resu t mg In non uorescent pro uct tor mat io n .
The molar transition energy was calculated as[17]

Er ~m

kJ 1
- 1 = 2.985 - - 1087.28.

• mo nm
Er for this system was found to be 121.6 kJ / mol.
T his value was close to that of synthetic isoindole

( 121 kJ / mol) in the hydrophobic environment of
hexane, indicating that the microenvironment

around the residues involved in the isoindole
formation was hydrophobic in nature.

2. 3 Stoichiometry of o-phthalaldehyde reaction
with LDH

The UV -visible spectrum for o-phthalaldehyde-

modified LD H is characterized by an absorption at
337 nm which is not present in the spectrum of the
unmodified enzyme. The stoichiometry study

monitored the increase in absorbance at 337 nm
during the inactivation reaction ( Fig. 4a). The

2. 2 Fluorescence spectral analysis of
o-phthalaldehyde-modified LDH

o-Phthalaldehyde-modified LDH showed a typical

fluorescence emission spectrum (;\x= 337 nm ] with
a maxim urn at 405 nm and a typical fluorescence

excitation spectrum (A.ffil = 405 nrn ] with a
maximum at 337nm (Fig. 3). These results were

consistent with the formation of the isoindole
derivative that involves the participation of the
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Fig. 3 Fluorescence excitation and emission spectra of
o-,Dthalaldmyde-modified LDH. The final LDH
concentration was O. 91 J1IIlol/L. The enzyme was
incubated with 1000 J1IIlol/L o-phthalaldehyde at 2SoC
for 60 min before the fluorescence spectra were
recorded The excitation spectrum (solid line) was
recorded with an emission wavelength of 40Snm and the
emission spectrum (dash dot line) was recorded with an
excitation wavelength of 337 nm.
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Fig. 4 Stoichiometry of(~)-phthalaldehyde with LDH.
(a) TIme morse of inactivation of lactate dehydrogenase
( .) and the increase in absorbance at 337 om (dash
line) following treatment with 400 J1IIlol/ L 0-

phthalaldehyde (see Methods). The final enzyme
concentration was O. 91J1IIlol/L. (b) Stoichiometry of 0-

phthalaldehyde inactivation. Data was taken from (a).
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Fig. 6 Fluorescence emission spectra ( Aex = 337 nm) of

o-phthalaldehyde-modified LDH in the absence and
presence of substrates. The final enzyme concentration

was 0.57 J1IIlol/L. The enzyme was incubated with 250

J1IIlol/ L 0 -phthalaldehy de for 60 min at 25°C. Curves in

this figure represeIt the fluorescence emission spectra

of o-phthalaldehyde-modified LDH in the absence of
both NADH and pyruvate ( 1), the presence of only

pyruvate (2) and the presence of only NADH (3).

o-Phthalaldehyde has been extensively used as a

bifunctional reagent to probe the role of cysteine

and lysine residues involved in the active center of
[ 13, 15, 16, 18,22-24]

many enzymes . It has also been used

as a fluorescent probe to follow conformational
. [25]

changes at the act rv e center . The present study

indicated that porcine heart lactate dehydrogenase

was inactivated by o-phthalaldehyde in a pseudo

first-order process. Replots of the kinetic data

yielded a s ecorid-o rder rate constant of 1. 52

(moll L) - 1 • s 1. T he data in Fig. 2 formed a line

passing through the orIgm, which strongly

suggests that this modification reaction is a second-

order reaction rather than an affinity labeling

reaction. T he spectroscopic properties of the

inactivated enzyme were consistent with the

formation of fluorescent isoindole derivatives via 0-

phthalaldehyde binding to proximal -SH group

and -NH2 group of cysteine and lysine in the

enzyme. There was a direct correlation (linear

relationship) between isoindole form ation and the

loss of enzymatic activity. The stoichiometry

Table 1 Inactivation rate constants of LDH by 400 J1IIlol/ L
o-phthalaldehyde in the absence and presence of substrates

20 40
Timejmin)

Fig. 5 Semilogarithmic plot of kinetic nurse of
inactivation of the enzyme by 400 J1IIlol/ L 0-

phthalaldehyde in the absence and presence of
substrates. The enzyme was pre-incubated with neither
NADH nor pyruvate ( • ), with 200 JIDol/L pymvate
( .) and with 200 J1IIlol/ L NADH ( .. ) betore the
addition of o-phthalaldehyde. The final enzyme
concentration in the incubation system was
O.91 J1IIlol/ L .

correlation between isoindole formation and
enzymatic act ivit y is shown in Fig. 4b. The

inactivation pro cess showed a linear relationship

between isoindole formation and the loss of enzyme
activity with stoichiometry of 4 mol isoindole per

mol enzyme subunit. In addition, the formation
processes of these four isoindole derivatives were

indistinguishable with respect to the reaction rate
during the inactivation course.

2. 4 Protective effect of substrate on LDH
inactivation

Protection studies explored the binding site of 0-

phthalaldehyde in LDH. The effects of substrates
on the reaction of o-phthalaldehyde with LDH are

shown in Fig. 5. The corresponding pseudo first-
order rate cons tan t s for inactivation in these

protection ex perim ents are summarized in Table 1.
The enzyme sample pre-incubated with 200pmol/L

NADH retained approximately 35% of the original
enzymatic activity with 3mol isoindoles formed per

mol enzyme subunit. T he results showed that
NADH partially protected the enzyme against

inactivation, while pyruvate did not provide any

protection. Furthermore, the fluorescence
emissio n in tensity due to the iso indole derivat ive

formation was also greatly diminished in the
presence of NADH (Fig. 6). The protection

experiment results indicated that the inactivation of
LDH by o-phthalaldehyde was due to modification

of proximal cysteine and lysine residues situated
near the NADH binding site.
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result pro ved that four mo les isoindole derivatives

per mole enzyme subunit were formed during the

course of modification. According to the methods
[26] .

of T sou ,only one of these four Cys-Lys paIrs

per subunit is essential for the enzyme to maintain

full activity. Native and completely modified LDH

showed identical mobilities when examined by

so dium dodecyl sulfate poly acrylam ide gel

electrophoresis. No higher relative molecular mass

species appeared from eros s-linking of enzym e

monomers (data not shown). Thus, modification

of the enzyme by o-phthalaldehyde results in the

formation of cross-links between cysteine and

lysine residues within the same polypeptide chain.

T he protection experiment provided useful data

for ascertaining the location of the 0-

phthalaldehyde reaction in LDH. The results

indicated that one of the substrates, N ADH,

provided partial protection against 0-

phthalaldehyde modification, while the other

substrate, pyruvate, did not provide any

protection. In fact, pyruvate even promoted

inactivation of the enzyme by o-phthalaldehyde.

The enhancement mechanism for enzyme

inactivation by pyruvate remains unclear.

Conformational changes in the enzyme molecule

might be a co ntributing factor. T he results of the

substrate protection experiments provided evidence

that one pair of proximal cysteine and lysine

residues modified by o-phthalaldehyde was located

at the nucleotide domain of LDH.

T he involvement of the cysteine residue in the

active center has been previously proven[6], but the

presence of lysine in the active center in close

proximity to the essential cysteine has never been

ident if ied b efore. Previou s w or k sh owed that there

are 24 lysine residues per subunit of porcine heart

LDH, one of which (Lys 58) is situated in the
active center near the N ADH binding domain[27].

Thus, this residue is most likely the one involved

in the isoindole derivative formation at the active

center. The reactive thiol present in the active

center was found to be an essential cysteine ( Cys
165) that was related to the enzym e activity[28]. A

previous report proved that this cysteine did not

participate in the binding to the substrates, but

ch emical m odifica t ion res ult ed in st eric hind ranee
and the subsequent loss of enzyme activity[7]. Thus

this cysteine was suggested to be one of the

essential amino acid residues involved in the active

site. In this investigation, the formation of the

Tsinghua Science and Technology, August 2003, 8(4): 428 - 433

isoindole derivative from proximal cysteine and

lysine residues also resulted in steric hindrance in

the active site and subsequent los s of the enzyme

activity, which reconfirmed the importance of the

intactness of this residue for the enzyme to

main tain it s full activity.

In summary, o-phthalaldehyde inactivates pig

heart lact at e dehy dro genas e by cross -linking

proximal cysteine and lysine residues to form

fluorescent isoindole derivatives. One of the

cysteine-lysine pairs modified by o-phthalaldehyde

is near the N ADH binding site of LDH.
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