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The glyoxalase system catalyses the metabolism of methylglyoxal to D-lactic acid, via the intermediate 
S-D-lactoyiglutathione. It is present in human neutrophils and undergoes a significant modification during 
functional activation - induction of chemotaxis, phagocytosis and degranulation. During the activation of 
neutrophils with serum-opsonised zymosan and the turnout-promoting phorbol diester 12-O-tetrade- 
canoylphorboi 13-acetate, the activity of glyoxalase I increases and the activity of glyoxalase II decreases by 
20-40% of their activities in resting cells, in the initial 10 min of the activation period. Determination of the 
Michaelis constant, Kin, and the apparent maximum velocity, Vm~,, for these enzymatic reactions indicates 
that the change in activity is due to a non-competitive activation and inhibition of glyoxalase I and 
glyoxalase II, respectively. This is consistent with a modification of the glyoxalase enzyme protein during 
the activation response. This modification occurs under aerobic and anaerobic incubation conditions. The 
concentration of S-D-lactoylglutathione increases approx. 100% of the resting cell concentration during the 
initial 10 rain of the activation period. The presence of S-D-lactoylglutathione in neutrophils may he related 
to its ability to stimulate microtubule assembly. 

Introduction captal adduct of methylglyoxal with reduced 
glutathione [2]. 

The glyoxalase system catalyses the metabolism 
of methylglyoxal to D-lactic acid, via the putative 
intermediate S-D-lactoylglutathione [1]. It com- 
prises two enzymes and a catalytic amount of 
reduced glutathione. Glyoxalase I (EC 4.4.1.5.) 
catalyses the formation of S-D-lactoylglutathione 
from the non-enzymatically formed hemimer- 

Abbreviations: Hepes, 4-(2-hydroxyethyl)-l-piperazine-ethane- 
sulphonic acid; TPA, 12-O-tetradecanoyiphorbol 13-acetate; 
DMSO, dimethylsulphoxide 

Correspondence: P.J. Thornalley, Department of Pharmaceuti- 
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CH3COCHO + GSH ~ CH3COCH(OH)-SG 

glyoxalase ICHaCH(OH)CO_SG 

S-•-lactoylglutathione 

Glyoxalase II (EC 3.1.2.6) catalyses the hydrolysis 
of S-D-lactoylglutathione to D-lactic acid and re- 
duced glutathione [3]. 

CH3CH(OH)CO-SG + H20 

glyoxalase II CH 3CH(OH )CO 2 H + GSH ; 
D-lactic acid 

The glyoxalase system occurs widespread 
throughout biological life [4]. 
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The glyoxalase system occurs widespread 
throughout biological life [4]. 

The apparent ubiquity of the glyoxalase system 
throughout biological life may suggest a funda- 
mental role for this system in metabolism. In 
contrast, the major product of the glyoxalase sys- 
tem, D-lactic acid, is not utilised in mammalian 
metabolism and is excreted [5]. Gillespie [6] has 
demonstrated that the intermediate S-D-lactoyl- 
glutathione stimulates microtubule assembly and 
also stimulates the release of histamine from hu- 
man leukocytes [7] - a secretory process known to 
be mediated by the assembly of cytoplasmic mi- 
crotubules [8]. 

Given a constant supply of methylglyoxal, 
modification of glyoxalase activities would be ex- 
pected to change the cellular concentrations of 
S-D-lactoylglutathione and thereby regulate mi- 
crotubule assembly. One such system where this 
regulation of microtubule assembly is expected to 
be operative is the functional activation (chem- 
otaxis, phagocytosis and degranulation) of neu- 
trophils [9]. 

In this report, we describe the changes in the 
glyoxalase system in human neutrophils during 
functional activation with the tumour-promoting 
phorbol diester, 12-O-tetradecanoylphorbol 13- 
acetate (TPA) and serum-opsonised zymosan. 
Glyoxalase I activity increases, glyoxalase II activ- 
ity decreases and the concentration of S-D- 
lactoylglutathione increases early in the activation 
response. The glyoxalase system appears com- 
petent to receive and act on functional signals to 
stimulate microtubule assembly in human neu- 
trophils. 

Materials and Methods 

Human neutrophils. Neutrophils, more than 
95%, were prepared by dextran sedimentation and 
centrifugation on Ficoll-Hypaque gradients [10] 
using citrate anti-coagulated venous blood ob- 
tained from healthy adult donors. After hypo- 
osmotic lysis of contaminating erythrocytes, the 
cells were suspended in incubation medium con- 
taining 110 mM NaC1, 5 mM KC1, 1 mM MgC12, 
1 mM CaC12 and 25 mM Hepes (pH 7.4), with 5 
mM glucose. 

Incubations. Freshly prepared human neu- 
trophils (10 7 cells/ml) were incubated at 37 °C in 
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a shaking water bath with and without stimulant: 
0.3 and 3.0 mg/ml zymosan, opsonised with hu- 
man serum [11]; 5, 10, 50 and 100 ng/ml  TPA. 
Samples were withdrawn after 0, 2, 5 and 10 rain 
and injected in 9 vol. of ice-cold incubation buffer. 
Cells were sedimented by centrifugation and 
treated as described below for assay of glyoxalase 
activities and glutathione metabolites. 

Incubations under anaerobiosis were performed 
using stoppered tubes under a nitrogen atmo- 
sphere. Prior to the incubation, the buffer was 
degassed with nitrogen for 2 h. After addition of 
the cells, the suspension was incubated on ice for 
30 min under a nitrogen gas flow to remove 
residual oxygen introduced by the addition of the 
neutrophils. Incubation mixtures were then 
warmed to 37°C, and treated with stimulant as 
the incubation period was initiated. 

Assay of glyoxalase activity. The cell pellet from 
each sample (107 cells) was suspended in cold 
sonication buffer (10 mM Hepes, pH 7.0, with 
0.02% Triton X-100) and ruptured by sonication 
(100 W, 20 s). The membrane fragments were 
sedimented by centrifugation (50000 × g for 30 
min). The supematant was assayed for activities of 
glyoxalase I and glyoxalase II. The membrane 
pellet was re-suspended in buffer and assayed for 
NADPH oxidase activity - see below. The activity 
of glyoxalase I (S-lactoylglutathione methyl- 
glyoxal-lyase, (isomerising); EC 4.4.1.5) in the cell 
extract supernatant was assayed by measuring the 
initial rate of formation of S-D-lactoylglutathione 
from hemimercaptal, followed spectrophotometri- 
cally by the increase in absorbance at 240 nm, 
A(240=2.86 mM -a . cm -1 at pH 6.6 [12]. The 
hemimercaptal was prepared by preincubating 
methylglyoxal and reduced glutathione in 100 mM 
sodium phosphate (pH 6.6 at 37 ° C) for 30 rain; 
the reference sample, omitting methylglyoxal, was 
similarly incubated. Nominal hemimercaptal con- 
centrations were calculated using the equilbrium 
constant K d = 3.0 mM [11] for the equilibrium: 

MeCOCH(OH)-SG ~ MeCOCHO + GSH 

The initial hernimercaptal concentrations were 
1.33 mM and also 0.33, 0.19 and 0.13 mM where 
the Michaelis constant, Km, and the apparent 
limiting velocity, Vm~ x, were determined by the 
double-reciprocal method of Lineweaver and Burk. 



122 

After preparation of hemimercaptal and reference 
solutions, the assay was initiated by adding equal 
aliquots of cell extract to assay and reference 
mixtures and observing the rate of change in 
absorbance at 240 nm. The rates for the blanks 
were determined for each hemimercaptal con- 
centration by the addition of sonication buffer 
only. These blank rates were substracted from all 
assays with the corresponding equivalent substrate 
concentration. Glyoxalase I activities are given in 
units per 10 6 cells ( and /o r  per mg protein) where 
one unit of glyoxalase I activity is the amount of 
enzyme required to catalyse the formation of 1 
btmol S-D-lactoylglutathione per min under assay 
conditions. The percentage change (A%) in 
glyoxalase I activity ( ac t )  is calculated from the 
equation 

a Gl(activated ) - -  aGl(rest ing ) 
A % G I  = X 1 0 0  

a Gl(resting) 

The activity of glyoxalase II (S-hydroxyacyl 
glutathione hydrolase (EC 3.1.2.6) in the cell ex- 
tract was assayed by measuring the initial rate of 
decrease of S-D-lactoylglutathione concentration, 
followed spectrophotometrically by the decrease 
in absorbance at 240 nm. A%4o = 3.10 mM -1 .  
cm -1 at pH 7.4 [12] in 50 mM Tris-HC1 and 
37°C. The initial substrate concentrations were 
0.300 mM, and also 0.050, 0.033 and 0.025 mM 
where K m and Vma x were determined. Blank rates 
of hydrolysis of S-D-lactoylglutathione, using 
sonication buffer instead of cell extract, were de- 
termined and subtracted from the respective assay 
measurement. Glyoxalase II activity is given in 
units per 10 6 cells where 1 unit is that amount of 
glyoxalase II required to catalyse the hydrolysis of 
one /~mol of S-D-lactoylglutathione per min, un- 
der assay conditions. The percentage change (A%) 
is calculated from the following equation 

aGll(act ivated)  - -  aGi l ( res t ing  ) A%cn - x 100 
a GIl(resting) 

Assay of NADPH oxidase activity. The activity 
of neutrophilic NADPH oxidase was assayed by a 
modification of the method of Bellavite et al. [13]. 
The membrane pellet from the preparation of the 
cell extract for glyoxalase activity measurement 
was resuspended in 50 mM Hepes (pH 7.0) with 1 

mM diethylenetriaminepentaacetic acid, 2 mM 
NAN3, 1 mM MgSO4, 0.15 mM NADPH, 0.05% 
sodium deoxycholate and 80 ~M ferricytochrome 
c. NADPH oxidase activity was assayed by mea- 
suring the initial rate of superoxide formation 
from the membrane homogenate in the presence 
of NADPH and ferricytochrome c. Superoxide 
formation was determined by measuring super- 
oxide dismutase-inhibitable reduction of ferricy- 
tochrome c [14], followed spectrophotometrically 
at 550nm, A%50=21mM 1.cm-1  [15]. 

Assay of S-D-lactoylglutathione and reduced 
glutathione. Incubat ion samples (107 cells), 
quenched in 9 vol. ice-cold incubation buffer, were 
immediately centrifuged (2000 × g, 10 min) and 
the resultant pellet was treated with 0.25 ml ice- 
cold 10% trichloroacetic acid in 0.02% hydrochlo- 
ric acid and mixed thoroughly. 0.25 ml 0.25% 
Triton X-100 was added to the cell extract. The 
extract was mixed again, then held on ice for 20 
min. The extract was then centrifuged (2000 × g, 
10 min). The supernatant was removed and the 
pellet extracted with 1 more vol. (0.25 ml) of 
trichloroacetic acid. The combined supernatants 
wer extracted with 5 × 1 vol. of water-saturated 
diethyl ether. The resultant aqueous layer was 
assayed for reduced glutathione and S-D- 
lactoylglutathione by a modification of the method 
for reduced glutathione described in Ref. 16. Re- 
duced glutathione is assayed spectrophotometri- 
cally at 340 nm as the thioether S-2,4-di- 
nitrophenylglutathione, formed with 1-chloro-2,4- 
dinitrobenzene in a reaction catalysed by glutath- 
ione S-transferase (EC 2.5.1.18). When there is no 
further change in absorbance, glyoxalase II is ad- 
ded and S-D-lactoylglutathione may be de- 
termined from the increase in absorbance at 240 
nm due to conjugation of reduced glutathione 
released by the enzymatic reaction of glyoxalase 
II. Assays were performed in 50 mM Tris-HCl 
buffer (pH 7.4), incubating samples for 1 h ini- 
tially with 10 U / m l  glutathione S-transferase, then 
for 1 h with 1.0 U / m l  glyoxalase II. The increase 
in absorbance at 340 nm was recorded for each 
stage. The assay was calibrated and controlled by 
extracting and assaying solutions of known con- 
centration of S-D-lactoylglutathione and reduced 
glutathione and blanks (incubation buffer), re- 
spectively. 



Materials. S-D-Lactoylglutathione was prepared 
and purified by the method of Uotila [17]. The 
purity was more than 99% and samples were de- 
void of reduced and oxidised glutathione. 

Glutathione S-transferase from equine liver, 
was supplied by Sigma Chemical Co. Ltd., Poole, 
Dorset, U.K. This enzyme has an activity of 65 
U / m g  protein where 1 unit is defined as the 
amount of enzyme required to catalyse the conju- 
gation of 1 /,mol of 1-chloro-2,4-dinitrobenzene 
per min at pH 6.5 and 25 ° C. Glyoxalase II, from 
bovine liver, was purchased from Sigma and had 
an activity of 10 units per mg protein. 

The phorbol diester, 12-O-tetradecanoylphor- 
bol 13-acetate (TPA) and zymosan A were 
purchased from Sigma. TPA was dissolved in 
DMSO; less than 0.1% (v/v)  DMSO was added to 
the incubation medium in activation experiments. 

R e s u l t s  

The glyoxalase system in resting human neutrophils 
In the cytosolic fraction of human neutrophils 

there is enzymatic activity of glyoxalase I and 
glyoxalase II. Glyoxalase activities in the neu- 
trophil cytosol extracts from six healthy human 
donors were examined. The mean glyoxalase activ- 
ities + standard error of the mean were: glyoxa- 
lase I, 9.11 __+ 0.77 mU/106  cells or 10.26_ 0.57 
m U / m g  protein; glyoxalase II, 0.94 + 0.20 m U /  
106 cells or 1.06 + 0.13 m U / m g  protein. The data 
suggest that the activity of glyoxalase I is approx. 
10-times that of glyoxalase II under our assay 
conditions. 

The Michaelis constants, Km, for the glyoxa- 
lase enzymes with the physiological substrates, 
hemimercaptal and S-D-lactoylglutathione, were 
determined from double reciprocal plots-typical 
data are presented in Fig. 1. The mean values for 
K m a r e :  glyoxalase i ,  378 _+ 8 /~M; glyoxalase II, 
80 + 8/~M. The data show that glyoxalase II has a 
much higher affinity for S-D-lactoylglutathione 
than does glyoxalase I for hemimercaptal. 

The concentration of reduced glutathione in 
human neutrophils has been determined [18,19,20]: 
Estimates are in the range 0.6-1.5 nmol/106 ceils. 
Measurements made during this study gave a mean 
neutrophilic reduced glutathione concentration of 
0.91 (n = 5, S.E. = 0.03) nmol/106 cells. This is 
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Fig. 1. Lineweaver-Burk analysis of substrate concentration-re- 
action velocity data for (i) glyoxalase I (ii) glyoxalase II in 
resting human neutrophils. Data are the means of three de- 
terminations using the homogenate from freshly isolated hu- 
man neutrophils. Errors (S.E.) lie within the data point sym- 

bols given. 

easily accomodated in the reported range of esti- 
mates of reduced glutathione concentration in the 
neutrophil. This is equivalent to a concentration 
of approx. 3.37 mM reduced glutathione in the 
neutrophil cytosol - assuming that the mean 
volume of a human neutrophil is 0.27 pl [21]. 

The mean concentration of S-D-lactoylglutath- 
ione in the resting neutrophil was found to be 0.26 
nmol/106 cells (S.E. = 0.03, n = 6), equivalent to 
a cytosol concentration of 0.96 mM in the resting 
human neutrophil. In resting neutrophils, the con- 
centration of S-D-lactoylglutathione is, therefore, 
approx. 30% of the reduced glutathione concentra- 
tion. 

The glyoxalase system in functionally activated hu- 
man neutrophils 

Human neutrophils may be functionally acti- 
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vated by serum-opsonised zymosan and by the 
tumour-promoting phorbol diester, 12-O-tetrade- 
canoylphorbol 13-acetate. When neutrophils (107 
cells/ml) are incubated with opsonised zymosan 
(3 mg/ml)  and TPA (100 ng/ml)  the activity of 
glyoxalase I increases and the activity of glyoxa- 
lase II decreases from the resting cell activities 
(see Fig. 2). The changes in glyoxalase activities 
occur rapidly upon treatment with the stimulant. 
With zymosan, the neutrophil glyoxalase activities 
progressively diverge from their resting cell activi- 
ties throughout the initial 10-min period of 
observation. In contrast to this, with TPA there is 
a maximal inhibition of glyoxalase II activity after 
5 min. After 10 min, the glyoxalase II activity is at 
the same level as unstimulated cells. 

The relationship of the change in glyoxalase 
activities in activated neutrophils to the kinetic 
properties of the enzymes, K m and Vma x, was 
investigated by constructing double reciprocal 
substrate-reaction velocity plots for glyoxalase I 
and glyoxalase II in resting and activated cells. 
Data presented are for the glyoxalase activities for 
resting cells, for zymosan treated cells at t = 10 
min and for TPA-treated cells at t = 5 min, to 
illustrate the Lineweaver-burk analysis at the point 
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Fig. 2. Changes in the activities of neutrophilic glyoxalase I 
and glyoxalase II induced by incubation with opsonised 
zymosan and TPA. Incubation contained 107 neutrophils /ml 
with (A) 3.0 m g / m l  opsonised zymosan and (B) 100 ng /ml  
TPA in incubation buffer (pH 7.4 and 37 o C). O, o, glyoxalase 

I; e ,  II, glyoxalase II. Data are means + S.E. of four experi 
ments. 

of maximum effect (see Figs. 3 (glyoxalase I) and 
4 (glyoxalase II)). Inspection of the linear regres- 
sion analysis indicates that the K m of both enzymes 
is constant during the activation period; the change 
in enzyme activity is due to a change in Vma x. This 
is consistent with a non-competitive activation of 
glyoxalase I (or removal of non-competitive 
inhibition) and non-competitive inhibition of 
glyoxalase II. 

The effect of oxygen, and oxygen metabolites 
of the respiratory bursts, on neutrophilic glyoxa- 
lase activities was investigated by performing 
activation experiments in anaerobic buffer. The 
changes in the activities of neutrophilic glyoxa- 
lases after incubation for 5 min with 3 mg/ml  
zymosan and 100 ng /ml  TPA, in anaerobiosis and 
aerobiosis, are given in Table I. The changes in the 
glyoxalase activities during functional activation 
with and without oxygen are approximately the 
same. This demonstrates that the modification of 
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Fig. 3. Lineweaver-Burk analysis for the hemimercaptal con- 
centration dependence of the velocity of glyoxalase I-catalysed 
reaction in resting and functionally activated human neu- 
trophils. O, resting cell data; O, data from zymosan-treated 
neutrophils after 10 min incubation; II, data from TPA-treated 
neutrophils after 10 min incubation. Data are the mean_+ S.E. 

of three determinations. 
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Fig. 4. Lineweaver-Burk analysis for the S-D-lactoylglutathione 
concentration dependence of the velocity of the glyoxalase 
lI-catalysed reaction in resting and functionally activated hu- 
man  neutrophils. O,  resting cell data; o, data from zymosan- 
treated neutrophils after 10 min incubation; I ,  data from 
TPA-treated neutrophils after 5 rain incubation. Data  are 

means___ S.E. of three determinations. 

TABLE I 

CHANGES IN N E U T R O P H I L  GLYOXALASE ACTIVI-  
TIES: LACK OF D E P E N D E N C E  ON OXYGE N 

Neutrophils (107/ml) were incubated for 5 min with and 
without st imulant  at 37 o C, under  aerobic (normal) conditions 
and in anaerobiosis (nitrogen degassing and under nitrogen 
atmosphere). The neutrophils were isolated and sonicated after 
incubation and analysed for glyoxalase I and glyoxalase II 
activities. Data  are means  + S.E. of four estimations. 

Stimulant Change in glyoxalase activity 
(% resting cell activity) 

anaerobiosis aerobiosis 

+ /'glyoxalase I +165 :1  + 1 2 + 2  
Opsonised 
zymosan 
(3.0 m g / m l )  ~glyoxalase II - 34 ± 4 - 31 + 4 

+ ~ glyoxalase I + 9 ± 2 + 7 + 4 
TPA l 
(100 ng /ml )  ~ glyoxalase II - 28 ± 1 - 38 _+ 3 
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glyoxalase activities is independent of oxygen 
metabolites ( H 2 0 2  and 02). 

The observed changes in glyoxalase activities in 
neutrophil activation are dependent on the pres- 
ence of the stimulant. The effect of stimulant 
concentration on this response was studied by 
measuring the glyoxalase II activity after a fixed 
time period (5 rain) with different concentrations 
of TPA and opsonised zymosan (see Fig. 5). The 
response appears to increase with stimulant con- 
centration to a maximum, limiting response. For a 
cell concentration of 107 cells/ml, after 5 min 
incubation there is still a considerable change in 
glyoxalase activity (more than 25% resting cell 
activities) with stimulant concentrations of 0.3 
mg/ml zymosan and 10 ng/rnl TPA. 

When human neutrophils were treated with 
opsonised zymosan and TPA, concurrent with the 
observed changes in the activities of the glyoxa- 
lases, there is an activation of the superoxide-gen- 
erating NADPH oxidase and a marked decrease 
in the cellular concentration of reduced glutath- 
±one (see Figs. 6 and 7). 

The activation of the NADPH oxidase (Fig. 6) 
shows the characteristic rapid activation of the 
enzyme with TPA and the slower activation with 
zymosan - reflecting the phagocytic (zymosan) 
and non-phagocytic (TPA) characteristics of the 
activation processes. 

The concentration of reduced glutathione in 
zymosan-treated and TPA-treated cells falls 
rapidly in the initial 10 min of the activation 
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Fig. 5. The effect of a st imulant  concentration on the activity 
of neutrophilic glyoxalases. Incubations contained: 107 neu- 
t rophi l s /ml  with 100, 50, 10 and 5 n g / m l  TPA and 3.0 and 0.3 
m g / m l  opsonised zymosan. Data  are the means + S.E. of four 
experiments taking the decrease in the activity of glyoxalase II 
after 5 rain incubation time as being indicative of the magni-  

tude of the response. 
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Fig. 6. The activation of the neutrophilic N A D P H  oxidase by 
zymosan and TPA. Incubations contained: 107 neutrophi ls / rnl  
incubation buffer at pH 7.4 and 3 7 ° C  with: resting, (O)  no 
further additions; zymosan, (O) + 3.0 m g / m l  opsonised zymo- 
san; and TPA, (11) + 100 n g / m l  TPA. Data  are means  + S.E. of 

four determinations. 

period (Fig. 8). In contrast, the concentration of 
S-D-lactoylglutathione in these cells rises. In 
TPA-activated cells, the increase in the concentra- 
tion of S-D-lactoylglutathione occurs later than in 
the zymosan-activated cells. 

Discussion 

The neutrophilic glyoxalase system and microtubule 
assembly: resting cells 

The activity of glyoxalase I and glyoxalase II in 
human neutrophils was determined in six indepen- 
dent experiments. The rate-limiting step of the 
neutrophils glyoxalase system can be determined 
by comparing the activities of the glyoxalase en- 
zymes at physiological concentrations of a 
glyoxalase substrate. The mean resting cell con- 
centration of S-D-lactoylglutathione was 0.96 mM. 
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Fig. 7. Changes in neutrophilic reduced glutathione and S-D- 
lactoylglutathione during functional activation. Incubations 
contained 10 7 neutrophils/ml incubation buffer at pH 7.4 and 
37 o C with: control (@) no further additions; (O) + 3.0 mg/ml 
opsonised zymosan; and (t) + 100 ng/ml TPA. Incubations 
were sampled at the times indicated and assayed for reduced 
glutathione and S-D-lactoylglutathione content. Data are 

means + S.E. from four experiments. 

The double-reciprocal plot for glyoxalase II (Fig. 
1, ii), this corresponds to a reaction velocity of 
0.73 mU/106  cells. For a hemimercaptal con- 
centration of 0.96 mM, reading from the double- 
reciprocal plot for glyoxalase I (Fig. 1, i), the 
corresponding reaction velocity is 4.5 mU/106  
cells. The activity of glyoxalase II is approx. 16% 
of the activity of glyoxalase I at a normal sub- 
strate concentration of glyoxalase II. The glyoxa- 
lase II-catalysed reaction is clearly the rate-limit- 
ing step and glyoxalase II is the pacemaker en- 
zyme of the neutrophilic glyoxalase pathway. 

There is one previous report of the activity of 
the glyoxalase system in human neutrophils [22]. 
The 'glyoxalase activity' of human neutrophils 
determined by McKinney was calculated from 



rates of lactic acid formation with addition of 
methylglyoxal and is similar to the glyoxalase II 
activity reported here. (Mean 'glyoxalase' activity 
was 0.82 mU/106  cells, determined over a 5 h 
period with an initial methylglyoxal concentration 
of 5.6 mM with no exogenous reduced glutathione 
added, and with a red blood cell contamination of 
20%). 

The concentration of reduced glutathione in 
resting neutrophils reported here corroborates well 
with previous reports [18,19,20]. An interesting 
feature of the resting cell glyoxalase system is the 
concentration of S-D-lactoylghitathione, in con- 
centration terms, the second most important 
glutathione metabolite in the resting human neu- 
trophil (cf. Ref. 19). 

The neutrophilic glyoxalase system: functionally 
actioated cells 

In both the zymosan and TPA-stimulated re- 
sponse, the activity of glyoxalase I is increased 
and the activity of glyoxalase II is decreased by 
non-competitive modifications of the enzymes. 
These modifications are independent of oxygen. 
Consequently, the cytosolic concentration of S-D- 
lactoylglutathione increases by approx. 100% of 
resting cell levels. The cytosolic concentration of 
reduced glutathione falls: a major component of 
this decrease with zymosan activation, and a minor 
component with TPA activation, represents the 
demand  for reduced glutathione in S-D- 
lactoylglutathione synthesis. 

Since the glyoxalase II-catalysed reaction is the 
rate-limiting step in resting cells, it is not im- 
mediately clear why the activity of glyoxalase I is 
also modified to produce an increase in cellular 
S-D-lactoylglutathione concentration. In resting 
cells, the activity of glyoxalase II is approx. 16% 
of the activity of glyoxalase I. However, in 
activated neutrophils the concentration of reduced 
glutathione may fall by 50-90% of the resting cell 
concentrations. This would effectively decrease the 
rate of the glyoxalase I-catalysed reaction to ap- 
prox. the rate of the glyoxalase I-catalysed reac- 
tion. The activity of glyoxalase I is increased to 
maintain the glyoxalase II-catalysed reaction as 
the rate-limiting step, even at low cellular con- 
centrations of reduced ghitathione. 

The response of the neutrophil glutathione 
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metabolism to functional stimulation has been 
previously investigated. Some investigators report 
a severe fall (more than 90%) in the concentrations 
of reduced glutathione upon activation with 
zymosan [20], others report a modest fall (39%) in 
levels of reduced glutathione [18]; this study gave 
a decrease in glutathione levels between these two 
extremes. Previous investigations of neutrophil 
glutathione metabolism have been oblivious to the 
presence of S-D-lactoylglutathione. However, 
Voetman et al. [18] reported that only 40% of the 
fall in reduced glutathione levels upon activation 
was recovered as oxidised glutathione. Similarly, 
inspection of the results of Burchill et al. [19] 
indicates that in an experiment where the fall in 
reduced glutathione during activation was 28% of 
resting cell values, the recovery of glutathione 
metabolites (oxidised glutathione and protein 
glutathione adducts were also measured) de- 
creased as the activation progressed; after 9.5 min, 
the recovery was only approx. 81%. This indicates 
that of the 28% fail in reduced glutathione levels, 
19% of glutathione metabolites was not recovered 
as reduced glutathione, oxidised glutathione or' 
protein-glutathione adducts. It is clear that the 
detailed studies of these two groups have pro- 
duced data which leave a significant component of 
glutathione metabolism unaccounted. This is con- 
sistent with our estimation of S-D-lactoylglutath- 
ione levels in human neutrophils. 

Glyoxalases, S-D-lactoylglutathione and the involve- 
ment of glutathione in the control of microtubule 
assembly in neutrophils 

The role of glutathione in microtubule assem- 
bly in the neutrophil was initially studied by ob- 
serving the effects of oxidising agents of reduced 
glutathione (e.g. tert-butyl hydroperoxide and di- 
amide) on the induction of microtubule assembly 
by binding of the plant lectin concanavalin A to 
the plasma membrane [23]. Severe depletion of 
reduced glutathione levels in neutrophils inhibited 
microtubule assembly and produced the move- 
ment of concanavalin A into surface 'caps'. When 
the hexosemono-phopshate shunt had been 
activated and reduced glutathione levels had 
recovered from the oxidative insult, microtubule 
assembly returned to control rates. Neutrophils 
from patients with chronic granulomatous disease 
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give a s imilar  effect ind ica t ing  that  there  is no 
direct  re la t ionship  be tween  N A D P H  oxidase  ac- 
t ivi ty  and cont ro l  of  mic ro tubu le  assembly  in the 
neu t roph i l  [24]. Gi l lesp ie  [25] has  prev ious ly  re- 
po r t ed  that  the act ivi ty  of g lyoxalase  I increases  
and  the act ivi ty  of  g lyoxalase  II  decreases  in neu-  
t rophi ls  s t imula ted  with TPA.  This  s tudy  co r robo-  
rates this r epor t  and  shows how these changes  in 
glyoxalase  activit ies are re la ted  to the enzymat ic  

kinet ic  parameters ,  K m and Vma x, and  i l lus t ra tes  
their  inf luence of  the cel lular  concen t ra t ion  of  
S-D-lac toylgluta th ione .  

We have also demons t r a t ed  the presence  of  
S-D- lac toylg lu ta th ione  in rest ing h u m a n  neu-  
t rophi ls  and  the increase  in the concen t ra t ion  of  
S-D- lac toylg lu ta th ione  dur ing  func t iona l  act iva-  
t ion.  Gi l l esp ie  has  d e m o n s t r a t e d  tha t  S-D- 
l ac toy lg lu ta th ione  po ten t ia tes  and  g lyoxalase  II  
inhibi ts  mic ro tubu le  assembly  in vi t ro  [6]. The  
mechan i sm of  in vivo mic ro tubu le  a s sembly  is 
still  no t  fully unders tood .  I t  is thought  to be 
cont ro l led  b y  the p h o s p h o r y l a t i o n  of  mic ro tubu le -  
associa ted  p ro te ins  [26,27]. Other  chemical  modi f i -  
ca t ions  of tubul in  are thought  to be respons ib le  
for the s tab i l i sa t ion  of  a s sembled  mic ro tubu les  
[28]. Dur ing  the func t iona l  ac t iva t ion  of neu-  
t rophi ls  wi th  opson i sed  zymosan  there  is a small  
increase  (0-25%)  in the mean  n u m b e r  of micro-  
tubules  bu t  a subs tan t ia l  (approx.  100%) increase  
in the mean  mic ro tubu l a r  length  [29,30]. Dur ing  
this per iod,  the mean  concen t ra t ion  of  S-D- 
l ac toy lg lu ta th ione  increases by  approx .  100%. 
There  is an  a p p r o x i m a t e  cor re la t ion  be tween  the 
increase  in the concen t ra t ion  of  S-D-lactoylglu-  
t a th ione  and  the mean  mic ro tubu l a r  length.  S-D- 
Lac toy lg lu ta th ione  m a y  serve to regula te  the length 
of  cy top lasmic  mic ro tubu les  dur ing  the func t iona l  
ac t iva t ion  of  neut rophi ls .  The  modi f i ca t ion  of 
g lyoxalase  activit ies in the  neut rophi l ,  th rough  its 
inf luence on the cel lular  concen t ra t ion  of S-D- 
l ac toy lg lu ta th ione  m a y  be  a mechan i sm by  which 
func t iona l  signals are  t r ansmi t t ed  to the mic ro tub-  
ular  componen t s  of the cytoskele ton.  If  the 
glyoxalase  sys tem fulfils this role in me tabo l i sm,  
its w idespread  d i s t r ibu t ion  in t issue would  be  im- 
media te ly  reconci led  with its funct ion.  
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