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A B S T R A C T A specific stimulation of tubulin tyro-
sinolation in human polymorphonuclear leukocytes
(PMN) is induced by the synthetic peptide chemoat-
tractant, N-formyl-methionyl-leucyl-phenylalanine
(fMet-Leu-Phe), and this stimulation of tyrosinolation
in PMNis completely inhibited in the presence of var-
ious reducing agents. Further studies to characterize
the mechanism of stimulation of tyrosinolation in PMN
have revealed that conditions that inhibited the re-
spiratory burst in stimulated PMN, e.g., an anaerobic
atmosphere, or addition of antioxidants such as cys-
teamine, azide, or 2,3-dihydroxybenzoic acid, also in-
hibited the peptide-induced stimulation of tyrosino-
lation in these cells. Moreover, the sulfhydryl reagent,
N-ethylmaleimide, depressed tyrosinolation in resting
PMNand completely inhibited the fMet-Leu-Phe-in-
duced stimulation. In contrast, addition of diamide,
which preferentially oxidizes cellular glutathione, sig-
nificantly stimulated tyrosinolation both in resting and
fMet-Leu-Phe-stimulated PMN. Furthermore, resting
levels of tyrosinolation in seven patients with chronic
granulomatous disease (CGD), whose oxidative me-
tabolism is severely depressed, were 35-45% lower
(P < 0.01). Most strikingly, PMNfrom CGDpatients
failed to respond to fMet-Leu-Phe or the Ca2+-iono-
phore A23187, which also induced stimulation of ty-
rosinolation in normal resting PMN. Methylene blue
normalized the depressed tyrosinolation in resting
CGDPMN, although it did not increase tyrosinolation
in stimulated PMN. These results are consistent with
the idea that the characteristic activation of the oxi-
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dative metabolism and the associated changes in the
redox state in stimulated PMNare coupled to the in-
duction of stimulation of tubulin tyrosinolation in
these cells.

INTRODUCTION

In recent years, it has become increasingly clear that
neutrophil function is influenced not only by the im-
mune system and the availability of cytoplasmic and
granule-associated enzymes, but also by the dynamic
properties of the cell membrane (1-4), cytoplasmic
microtubules (1, 5-7), and microfilaments (8), which
are the major constituents of the cytoskeleton. The
processes of chemotaxis, phagocytosis, oxidant gener-
ation, and lysosomal degranulation are of central im-
portance to neutrophil function (1). Their initiation
depends on the existence on the plasma membrane of
receptors that recognize and bind surface ligands (9),
setting in motion a variety of cellular events. It in-
cludes the activation of membrane-associated enzyme
systems (10, 11), ion fluxes (12, 13), enhanced oxidative
metabolism (14), and the specific assembly and reor-
ganization of microtubules (6) and microfilaments (8).
The motile and bactericidal functions are subsequently
expressed.

Tubulin, the protein dimer that is the major com-
ponent of the microtubules, is subject to a unique re-
versible modification, whereby in an ATP-dependent
reaction, a tyrosine residue is specifically added through
a peptide linkage to the a-carboxyl of the a-chain car-
boxy-terminal glutamate (15, 16). The enzyme that
catalyzes this reaction, tubulin tyrosine ligase (ligase),
has been detected both in vertebrate (15, 17) and in-
vertebrate (18) cells and tissue. Although the biological
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importance of this reaction has not yet been estab-
lished, changes in the state of tyrosinolation of tubulin
have been observed in cells undergoing cytoskeletal
reorganization (19, 20). Wehave recently reported a
specific, dose-dependent stimulation of tubulin tyro-
sinolation in rabbit peritoneal neutrophils (21) and also
in human peripheral blood neutrophils (22), as induced
by the synthetic peptide chemoattractant, N-formyl-
methionyl-leucyl-phenylalanine (f Met-Leu-Phe) .' In
addition, resting peripheral blood polymorphonuclear
leukocytes (PMN) from patients with the Chediak-
Higashi syndrome (CHS) were found to have two- to
threefold higher levels of tubulin tyrosinolation when
compared with normal PMN(22), and the higher ty-
rosinolation in CHS cells could be corrected by the
addition of ascorbate or other reducing agents such as
reduced glutathione (GSH), cysteine, or dithiothreitol
(DTT) to the reaction medium (22). More signifi-
cantly, the fMet-Leu-Phe-induced stimulation of tub-
ulin tyrosinolation was completely inhibited in the
presence of ascorbate and other reducing agents, a
result that was true in both normal PMNand in PMN
from CHS patients (22). The abnormally high levels
of tubulin tyrosinolation in PMNof CHSpatients (22),
whose oxidative metabolism is reportedly exaggerated
(14, 23), together with the observed inhibitory effects
of ascorbate and various reducing agents (22), sug-
gested a possible relationship between cellular oxida-
tive metabolism and tubulin tyrosinolation in PMN.

Since cytoskeletal changes involved in PMNche-
motaxis are not necessary for stimulation of tubulin
tyrosinolation (21, 22) and in view of the results ob-
tained with various reducing agents (22), it was pos-
sible that the fMet-Leu-Phe-induced stimulation of
tubulin tyrosinolation (21, 22) was somehow coupled
to the increased oxidative metabolism and associated
cellular redox changes of these cells (14). The latter
event includes an enhanced oxygen consumption via
the hexosemonophosphate shunt (HMPS) and the pro-
duction of reduced oxygen species such as superoxide
anion (°2), hydrogen peroxide (H202), and hydroxyl
radical (14, 23). The primary enzymatic system in-
volved in this process is a membrane-bound pyridine
nucleotide (NADPH)-dependent oxidase (10, 11, 24,
25). Upon perturbation of the PMNcell membrane,
the oxidase converts from an inactive to an active form
that transfers electrons from NADPHto molecular
oxygen, reducing it to the free radical O2 (10, 11, 26,

'Abbreviations used in this paper: BESA, 2-bromoethane
sulfonic acid; CGD, chronic granulomatous disease; CHS,
Chediak-Higashi syndrome; DHB, dihydroxybenzoic acid;
DTT, dithiothreitol; fMet-Leu-Phe, N-formyl-methionyl-
leucyl-phenylalanine; HMPS, hexosemonophosphate shunt;
NEM, N-ethylmaleimide; O°2, superoxide anion.

27). The activation of NADPH-oxidase is coupled to
the activation of the HMPS(14, 28) and to the effective
operation of the glutathione redox system (7, 14, 29).

Therefore, to further characterize and understand
the modulation of tubulin tyrosinolation in PMN, we
have studied tyrosinolation in resting and stimulated
PMNafter manipulation of their oxidative metabolism
and redox state and/or thiol-disulfide status. Wehave
also studied tyrosinolation in PMNfrom seven patients
(four male and three female) with chronic granulo-
matous disease (CGD) whose oxidative metabolism is
severely depressed because of an impaired function of
the membrane-associated NADPH-dependent oxidase
(24, 30, 31). In addition, we have studied the effect
of the Ca2+-ionophore A23187, which stimulates PMN
oxidative metabolism (32), on tubulin tyrosinolation
in normal resting PMNand in PMNfrom patients with
CGD. The details of these experiments and possible
functional implications of the results are described.

METHODS

Preparation of PMN. Heparinized, human peripheral
blood, either from normal donors or patients with CGD, was
separated into a granulocyte-rich fraction by Hypaque-Fi-
coll and dextran sedimentation techniques (33). For all the
experiments to be described, freshly prepared cell fractions
containing >95% PMNwith >95% viability were used. Cell
viability was determined by the exclusion of trypan blue
dye. PMNfrom four male and three female patients with
CGDhave been used in this study. Diagnosis of their disease
was already confirmed by established in vitro metabolic and
functional criteria (34-36).

Posttranslational incorporation of ['4C]tyrosine in human
PMN. Since tubulin tyrosinolation is a posttranslational re-
action (15, 16), it can be studied in intact functional cells
by measuring incorporation of radiolabeled tyrosine into a
trichloroacetic acid (TCA)-insoluble fraction, in the absence
of protein synthesis (19, 21, 22). Therefore, before the ad-
dition of ['4C]tyrosine to the reaction medium, cells were
routinely incubated for 30 min at 370C with a mixture of
cycloheximide, puromycin, and chloramphenicol (21, 22),
which inhibited protein synthesis to >99% without inhibiting
chemotaxis (21, 22). As previously reported, the radiolabeled
tyrosine was specifically incorporated into tubulin under
these experimental conditions (21, 22). Moreover, most of
the fixed radioactivity could be released upon digestion with
carboxypeptidase A, indicating a carboxy-terminal location
of the incorporated tyrosine (37).

For studying tyrosinolation in PMN, freshly fractionated
normal or CGDcells were collected by centrifugation at
1,000 g for 5 min and resuspended at a cell density of 107/
ml in an isoosmotic medium, as previously described (21),
with bovine serum albumin added to a final concentration
of 0.1%. All other experimental conditions were identical to
those described for studying tubulin tyrosinolation in rabbit
leukocytes (21). Where indicated, 10-7 MfMet-Leu-Phe was
added at zero time along with [14C]tyrosine (5 ,uCi/ml). Un-
less indicated otherwise, the various agents, the effects of
which were to be studied on resting and fMet-Leu-Phe-stim-
ulated tyrosinolation, were also present during the 30-mim
incubation with antibiotics. To study the effect of the Ca21-
ionophore A23187 on tubulin tyrosinolation, the procedures
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were identical to those described for fMet-Leu-Phe. Where
indicated, 106 M A23187 was added at 0 min.

Tubulin tyrosinolation under anaerobic conditions. To
study tubulin tyrosinolation under anaerobic conditions,
PMNsamples (107 cells/ml) were continuously flushed with
a gentle stream of nitrogen (N2) throughout the entire course
of the incubation period. This was achieved by using incu-
bation tubes with tightly fitting flexible rubber stoppers
through which fine needles could be inserted. These tubes
were connected by rubber tubings to a cylinder containing
N2. A series of tubes could be set up in this fashion by in-
terconnecting them. At the end of the incubation period with
antibiotics, various additions were made by injection through
the rubber stoppers by using appropriate Hamilton syringes
(Hamilton Co., Reno, NV). The PMNsamples were then
incubated with ['4Cltyrosine (5 gCi/ml) for 60 min in the
presence or absence of 10-7 M fMet-Leu-Phe under a steady
stream of N2. The reaction was carried out in a shaking
water bath at 370C, as usually used for studying tubulin
tyrosinolation in intact cells (19). Along with the anaerobic
samples, duplicate samples of PMNwere incubated in par-
allel to monitor and compare tyrosine incorporation in the
presence or absence of fMet-Leu-Phe under usual aerobic
conditions (22).

At the end of the incubation period, the PMNsamples
were chilled on ice, and they were rapidly filtered through
Whatman GF/B filters (Whatman Laboratory Products,
Inc., Whatman Paper Div., Clifton, NJ: 2.4-cm diam) that
were placed on a vacuum filtration manifold (Hoefer Sci-
entific Instruments, San Francisco, CA). The filters were then
washed rapidly with three 10-ml portions of ice-cold 10%
TCA, followed by two 5-ml portions of ethanol. The filters
were carefully removed from the filtration manifold and
briefly dried under a heat lamp. The TCA-insoluble radio-
activity of the dried filters were counted in a Beckman scin-
tillation spectrometer (Beckman Instruments, Inc., Palo Alto,
CA) using 10 ml of the scintillant 3a20 (Research Products
International Corp., Elk Grove, IL).

Determination of the specific radioactivity of the intra-
cellular pool of tyrosine. The procedures for the deter-
mination of the specific radioactivity of the intracellular ty-
rosine pool in normal and CGDPMNwere identical to those
previously described for rabbit leukocytes (21) and human
PMN(22). Briefly, the different samples of PMNwere in-
cubated with ['4C]tyrosine in the presence of antibiotics and
then were rapidly filtered and washed with ice-cold phos-
phate-buffered saline. The tyrosine was then extracted with
7% TCA, and the TCA extracts were lyophilized and recon-
stituted in a desired volume of distilled water. Equal
amounts of each sample were analyzed in a Durrum amino
acid analyzer (Dionex Corp., Sunnyvale, CA) for their ty-
rosine content and corresponding radioactivity. Where in-
dicated, lo-7 M fMet-Leu-Phe was added to the PMNsam-
ples at 0 min. Incubation was carried out for 90 min at 37°C
in a shaking water bath.

Chemicals. Cycloheximide, chloramphenicol, puromy-
cin, 3,5-dihydroxybenzoic acid (DHB), cysteamine, and
diamide were purchased from Sigma Chemical Co. (St.
Louis, MO). The synthetic peptide attractant, fMet-Leu-Phe,
was from Peninsula Laboratories, Inc. (San Carlos, CA). N-
ethylmaleimide (NEM) and 2,3-DHB were purchased from
Aldrich Chemical Co., Inc. (Milwaukee, WI), and L-[U-
14C]tyrosine was obtained from Amersham Corp. (Arlington
Heights, IL). The Ca2+-ionophore A23187 was purchased
from Calbiochem-Boehring Corp. (San Diego, CA). Meth-
ylene blue was obtained from Fisher Scientific Co. (Fair-
lawn, NJ).

RESULTS

Effects of various antioxidants and anaerobic at-
mosphere on posttranslational incorporation of ty-
rosine in resting and stimulated PMN. In view of
our earlier studies that demonstrated the marked in-
hibitory effects of various reducing agents on fMet-
Leu-Phe-induced stimulation of tyrosinolation (22),
we have further tested the effects of antioxidants such
as cysteamine (38, 39), azide (40), and 2,3- and 3,5-
DHB (41, 42) on fMet-Leu-Phe-stimulated tyrosino-
lation in PMN. Similar to the reported results with
other reducing agents (22), all of the above antioxi-
dants at concentrations of 10-4_10-3 Mcaused signif-
icant inhibition of the peptide-induced stimulation of
tyrosinolation in PMN(data not shown).

Anaerobic conditions reportedly inhibit the char-
acteristic "respiratory burst" in stimulated PMN(24).
In view of the results obtained with various reducing
agents (22) and antioxidants, we studied tyrosinolation
under anaerobiosis in an atmosphere of N2. As shown
in Table I, the fMet-Leu-Phe-induced stimulation of
tyrosine incorporation, as observed under our routine
experimental conditions (i.e., in air), was completely
inhibited under anaerobic conditions. These results
strongly suggest a correlation between tubulin tyro-
sinolation and oxidative-reductive reactions in PMN.

Effects of sulfhydryl reagents on tyrosinolation in
PMN. Thiol-disulfide status of PMNhas been re-
ported to play an important functional role in these
cells (43-45), and modification of tubulin sulfhydryl
groups also affects microtubule-related cell motility in
other cells (46). Therefore, we have studied the effect
of NEM, which irreversibly alkylates available (intra-
cellular) sulfhydryl groups and inhibits O2 production

TABLE I
Effect of Anaerobic Atmosphere on the Posttranslational

Incorporation of Tyrosine in PMN

PMNsample ['4C"yrosine-fixed

cpm/10' cells
In air

Resting 3,680±105
+10-7 M fMet-Leu-Phe 8,480±190

In nitrogen

Resting 2,700±85
+10' M fMet-Leu-Phe 2,500±75

PMNat 107/ml were incubated for 60 min with ['4C~tyrosine (5
ttCi/ml = 0.01 Mmol) in the presence of antibiotics. As indicated,
10- M fMet-Leu-Phe was added at zero min. TCA-insoluble ra-

dioactivity was determined as described in Methods. The data are

means of duplicate determinations.
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in PMN(47), and 2-bromoethane sulfonic acid (BESA),
which selectively blocks extracellularly exposed
sulfhydryl groups by forming stable thioether bonds
(48), on tubulin tyrosinolation in PMN. Since both re-
agents react in an irreversible manner, for the exper-
iments shown in Fig. 1 PMNsamples were incubated
for 10 min in the presence or absence of 10' MNEM
or BESA, and the cells were centrifuged at 1,000 g and
resuspended in fresh incubation medium before study-
ing tubulin tyrosinolation. As shown in Fig. 1, prior
incubation with 10' MNEMseverely depressed rest-
ing levels of tyrosine incorporation, and the cells failed
to respond to fMet-Leu-Phe. The NEM-treated PMN
were still viable as determined by the exclusion of try-
pan blue dye, although morphologic examination re-
vealed a rounded appearance of the cells with mark-
edly smooth cell surfaces (not shown).

In contrast to the effects of NEM, BESA, a lipid-
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FIGURE 1 Effects of NEMand BESA on posttranslational
incorporation of tyrosine in resting and fmet-leu-phe-stim-
ulated PMN. Where indicated, cells at 107/ml were incu-
bated with lo-3 M NEMor BESA for 10 mmnat 370C and
centrifuged and resuspended in fresh incubation medium.
PMNsamples were then incubated with antibiotics for 30
mmnat 370C. ['4C]tyrosine (5 MCi = 0.01 jsmol) and/or fMet-
Leu-Phe were added at 0 mmn and TCA-insoluble radio-
activity was measured at indicated times. The data
are means±SEM for three different experiments. A,
+BESA+fMet-Leu-Phe; 0, +fMet-Leu-Phe; A, +BESA;@*,
control;U*, +NEMI+fMet-Leu-Phe; O., +NEM.
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FIGURE 2 Effect of diamide on resting and fMet-Leu-Phe-
stimulated incorporation of tyrosine in PMN. Cells were in-
cubated with antibiotics for 30 min at t370C in the presence
or absence of 10-4 M diamide. ['4C]tyrosine (5 MCi = 0.01
,umol) and/or fMet-Leu-Phe were added at 0 mmn. TCA-
insoluble radioactivity was determined at indicated times.
Data are means±SEM of three separate experiments. A\,
diamide+fMet-Leu-Phe; 0, +fMet-Leu-Phe; A, +diamide;
0, control.

insoluble, highly polar compound that does not pen-
etrate the cell membrane, and, therefore, primarily
reacts with sulfhydryl groups on the cell surface (48),
did not inhibit tyrosine incorporation in either resting
or fmet-leu-phe-stimulated PMN(Fig. 1).

Effect of diamide on posttranslational incorpora-
tion of tyrosine in PMN. Diamide is a chemical ox-
idant of CSHthat preferentially oxidizes cellular GSH
(49) to glutathione disulfide (GSSC). Since GSH per-
oxidase-catalyzed reduction of H202 plays an impor-
tant functional role in PMNredox changes (43-45),
we studied the effect of diamide on tubulin tyrosi-
nolation in resting and fMet-Leu-Phe-stimulated PMN.
As shown in Fig. 2, i0-4 Mdiamide caused a significant
stimulation (P > 0.02) of both resting and fMet-Leu-
Phe-stimulated incorporation of tyrosine in PMN, pro-
viding further evidence in support of a causal rela-
tionship between cellular redox and modulation of tu-
bulin tyrosinolation in PMN.

Posttranslational incorporation of tyrosine in PMN
of patients with CGD. In view of the results pre-
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sented in Table I and Figs. 1 and 2, we studied tubulin
tyrosinolation in PMNobtained from patients with
CGD. Unlike normal stimulated PMN(14, 50), failure
to activate the membrane-bound NADPH-dependent
oxidase (30, 31) leads to a primary functional defect
in PMNof CGDcells (34, 35, 50). These cells do not
respond to particulate and soluble stimuli with a "re-
spiratory burst" (30) and, therefore, also fail to reduce
molecular oxygen to the free radical O2 that results
in the generation of other toxic cellular metabolites,
such as H202 and hydroxyl radical (30, 31). Thus, neu-
trophils from these patients should be in a relatively
reduced state with higher concentrations of NADPH
and GSH, the effective oxidation of which is coupled
to the activation of the oxidative metabolism via the
HMPSpathway (14, 29). As shown in Fig. 3, resting
levels of posttranslational incorporation of tyrosine was
35-45% lower (P < 0.01) in the PMNof seven patients
with CGD(four male and three female). Most strik-
ingly, PMNfrom all seven patients with CGDfailed
to respond to 10' M fMet-Leu-Phe, a concentration
that induces a maximal stimulation of tyrosinolation
(two- to threefold) in normal PMN(22).

Wealso studied the effect of addition of methylene
blue on tyrosinolation in PMNof CGDpatients. Meth-
ylene blue, an electron acceptor, has been used to by-
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FIGURE 3 Resting and fMet-Leu-Phe-stimulated post-
translational incorporation of tyrosine in normal and CGD
PMN. Cells at 107/ml were incubated with antibiotics for
30 mmnat 370C, and ['4C]tyrosine was added at 0 mmn. Where
indicated, iO-7 M fMet-Leu-Phe was also added at 0 min.
TCA-insoluble radioactivity was determined at indicated
times. Data are means±SEM of studies in PMNof seven
different normal individuals and in seven different patients
with CCD. A, normal PMN+fMet-Leu-Phe; *, normal
PMN; *, CCDPMN+fMet-Leu-Phe; 0, CGDPMN.
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FIGURE 4 Effect of methylene blue on resting and fMet-
Leu-Phe-stimulated incorporation of tyrosine in normal and
CGDPMN. Cells at 107/ml were incubated with antibiotics
for 30 min at 37°C. 10-4 M methylene blue was added 15
min before addition of [14C]tyrosine (5 uCi = 0.01 Mmol)
and/or fMet-Leu-Phe at 0 min. TCA-insoluble radioactivity
was measured at indicated times. Data are means±SEM of
three different experiments with different normal individ-
uals and CGD patients. V, normal PMN+methylene
blue+fMet-Leu-Phe; A, normal PMN+fMet-Leu-Phe; V,
normal PMN+methylene blue; O, CGDPMN+methylene
blue+fMet-Leu-Phe; *, CGDPMN+methylene blue; A, nor-
mal PMN; *, CGDPMN+fMet-Leu-Phe; 0, CGDPMN.

pass the oxidative block due to the impaired function
of the NADPH-dependent oxidase in these cells (51).
Thus, methylene blue will correct the depressed HMPS
pathway in PMNof CGDpatients (51), although it
will not induce an enhanced production of oxygen rad-
icals such as O2 and H202. Fig. 4 shows the effect of
addition of 10-4 M methylene blue on resting and
fMet-Leu-Phe-stimulated PMN from three patients
with CGD. It was particularly noteworthy that meth-
ylene blue could normalize the depressed resting levels
of tyrosinolation in PMNof CGDpatients, but failed
to induce the stimulation in the presence of fmet-leu-
phe. In studies with PMNfrom three CGDpatients,
diamide did not have any significant effect on either
resting or fMet-Leu-Phe-stimulated tyrosine incorpo-
ration (data not shown).

Specific radioactivity of the intracellular tyrosine
pool in normal and CGDpatients. In view of the
results obtained with PMNfrom CGDpatients (Fig.
3), we determined the specific radioactivity of the in-
tracellular pool of tyrosine in normal and CGDcells.
Table II shows that the specific radioactivity was very
similar in normal and CGDpatient cells, and it did
not change in the presence of fMet-Leu-Phe, a result
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TABLE II
Specific Radioactivity of Intracellular Tyrosine Pool

in Normal and CGDPMN

Cell sample Specific radioactivity

cPM/pmol tyrosine

Normal
- fMet-Leu-Phe 213
+ fMet-Leu-Phe 210

CGD
- fMet-Leu-Phe 220
+ fMet-Leu-Phe 230

PMNat 107/ml were incubated with antibiotics for 30 min before
the addition of ["4Cjtyrosine (5 jtCi/ml = 0.01 umol) and further
incubated for 90 min in the presence or absence of 10' MfMet-
Leu-Phe. Specific radioactivity of the intracellular tyrosine pool
was determined as described in Methods.

true in both normal PMNand PMNof CGDpatients.
These results clearly demonstrated that the lower rest-
ing levels and the absence of fMet-Leu-Phe-induced
stimulation of tyrosinolation in PMNof CGDpatients,
were not attributable to a parallel decrease in the spe-
cific radioactivity of the intracellular pool of tyrosine.
Moreover, the ligase specific activity and the protein
and tubulin concentrations of normal and CGDPMN
were found to be highly comparable (data not shown).

Effect of the Ca2+-ionophore A23187 on post-
translational incorporation of tyrosine in normal and
CGDPMN. Since the Ca2+-ionophore A23187 stim-
ulates PMNoxidative metabolism (32) without stim-
ulating chemotaxis, we studied the effect of this agent
on tubulin tyrosinolation in PMN. As shown in Fig. 5,
addition of 106 M A23187 caused a marked stimu-
lation of tyrosine incorporation in normal resting
PMN, which was abrogated in the presence of a re-
ducing agent like dithiothreitol. The A23187-induced
stimulation of tyrosine incorporation was similarly in-
hibited in the presence of other reducing agents such
as cysteine, GSH, or ascorbate (data not shown). These
results were identical to our reported observations in
fMet-Leu-Phe-stimulated PMN(22). Fig. 5 also shows
the characteristic depressed levels of tyrosine incor-
poration in the resting PMNof CGDpatients, which,
in striking contrast to normal PMN, failed to respond
to the Ca2+-ionophore. Moreover, these results provide
further support to the idea of a causal relationship
between activation of oxidative metabolism and stim-
ulation of tubulin tyrosinolation in PMNand, as in-
dicated in our earlier studies with various antitubulin
drugs (22), further demonstrate that the stimulation
of tyrosinolation in PMNcan be dissociated from the
microtubule-related cytoskeletal changes involved in
chemotaxis.

DISCUSSION

Our recent studies on tubulin tyrosinolation in normal
PMNand also in PMNof CHSpatients (22) suggested
a link between PMNoxidative metabolism and tubulin
tyrosinolation in these cells. The present data showing
inhibition of the fMet-Leu-Phe-induced stimulation
of tyrosinolation in the presence of various antioxi-
dants and scavengers of reactive oxygen metabolites
provide further evidence in support of such a corre-
lation.

A number of reports have provided evidence in sup-
port of a functional role of the glutathione redox sys-
tem in PMNactivation. Oliver and her associates (43-
45) have suggested that GSH homeostasis is critical
during physiological events such as phagocytosis,
which simultaneously induce the assembly of micro-
tubules and the production of agents like H202 that
can oxidize GSH. Moreover, oxidation of GSHmark-
edly stimulated the HMPSpathway in PMN, which
in turn resulted in a rapid regeneration of GSH (43-
45). In a recent report, Wedner et al. (52) presented
data to indicate that normal physiological GSHlevels

TIME lins)

FIGURE 5 Effect of the Ca2+-ionophore A23187 on post-
translational incorporation of tyrosine in normal and CGD
PMN. Cells at 107/ml were incubated with antibiotics for
30 min at 37°C, and ["4C]tyrosine (5 MCi = 0.01 ,mol) and/
or 106 MA23187 were added at 0 min Where indicated,
10' MDTT was added during the initia incubation period
with antibiotics. TCA-insoluble radioactivity was deter-
mined at indicated times. Data are means±SEM of three
different experiments using PMNof different normal in-
dividuals and different CGD patients. *, normal PMN
+ A23187; 0, normal PMN; 0, CGDPMN+ A23187; 0,
CGDPMN; *, normal PMN+ DTT + A23187.
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were necessary for the transduction of the activation
signal from the exterior to the interior of the PMN.
It is also well-documented in the literature that
changes in cellular GSHlevels affect the thiol-disulfide
status of the cell, and such alterations have significant
effects on microtubule-related functions in PMN(43-
45) and in other cells (46). The results presented in
Figs. 1 and 2 indicate that changes in available sulfhy-
dryl groups, or in cellular GSH levels, significantly
affected tyrosine incorporation in both resting and
fMet-Leu-Phe-stimulated PMN, indicating a possible
association of the PMNthiol-disulfide status in mod-
ulation of tubulin tyrosinolation in these cells.

Studies involving seven patients with CGD (four
male and three female), provided further evidence to
suggest that activation of PMNoxidative metabolism
was coupled to the induction of stimulation of tyro-
sinolation in PMN(22). As shown in Fig. 3, the resting
levels of tyrosine incorporation in PMNof CGDpa-
tients were 35-45% lower (P < 0.01) when compared
with normal levels. In striking contrast with normal
PMN, the PMNof CGDpatients failed to respond to
fMet-Leu-Phe (Fig. 3), and this was not attributable
to a parallel decrease in the specific radioactivity of
the intracellular pool of tyrosine in CGD PMN
(Table II).

Assuming that '-1% of the total PMNprotein is
tubulin (22), and based on the data presented in Fig.
3 and Table II, we can calculate the amount of tyrosine
fixed per mole of tubulin in normal and CGDPMN.
In normal resting PMN, the values amount to 0.15-
0.17 mol of tyrosine/mol of tubulin, which increased
to 0.30-0.34 mol of tyrosine/mol of tubulin when stim-
ulated with fMet-Leu-Phe. The corresponding values
are only -0.10 mol of tyrosine/mol of tubulin in rest-
ing and stimulated PMNof CGDpatients. As we have
previously reported, none of the fixed radioactivity,
either in rabbit peritoneal neutrophils (21) or in human
peripheral PMN(22), could be chased in the presence
of a large excess of ['2C]tyrosine. This is particularly
intriguing since all of the incorporated ['4C]tyrosine
appears to be in the tubulin a-chains (21, 22). As we
have demonstrated in related studies in other cells and
tissues (37, 53), the inability to chase the posttransla-
tionally fixed radioactivity could possibly be related
to the "nonsubstrate" nature of the in vivo tyrosino-
lated tubulin (53). Due to the small amount of tubulin
in PMN, it has not yet been possible to purify and
characterize the nature of the tyrosinolated tubulin
species in these cells.

The results of the anaerobic experiment (Table I)
are particularly relevant in view of the results obtained
with other antioxidants and scavengers of oxygen me-
tabolites and the failure of CGDPMNto respond to
fMet-Leu-Phe (Fig. 3) and A23187 (Fig. 5). Since both

normal PMNunder anaerobic conditions and the PMN
of CGDpatients fail to elicit the characteristic "re-
spiratory burst" when stimulated (24, 30), the present
data, together with the data showing that the electron
acceptor methylene blue, which bypasses the oxidative
block in those cells (51), corrects the defect of CGD
PMNtyrosinolation under basal conditions (Fig. 4),
provide strong evidence in support of a close associ-
ation between the activation of PMNoxidative me-
tabolism (and associated changes in cellular redox
state) and the induction of stimulation of tubulin ty-
rosinolation in PMN. Further studies on the mecha-
nism whereby PMNtubulin tyrosinolation is modu-
lated via its oxidative-reductive reactions seem clearly
warranted.

ACKNOWLEDGMENTS

The authors wish to thank Nancy Mounessa for preparation
of the PMN, Guy Hawkins for his expert assistance in amino
acid analyses, and Karen Leighty for manuscript prepara-
tion.

REFERENCES
1. Oliver, J. M. 1978. Cell biology of leukocyte abnormal-

ities-membrane and cytoskeletal function in normal
and defective cells. Am. J. Pathol. 93: 221-278.

2. Oliver, J. M., and R. D. Berlin. 1982. Mechanisms that
regulate the structural and functional architecture of cell
surfaces. Int. Rev. Cytol. 74: 55-94.

3. Davis, B. H., R. J. Walter, C. B. Pearson, E. L. Becker,
and J. M. Oliver. 1982. Membrane activity and topog-
raphy of F-met-leu-phe-treated polymorphonuclear leu-
kocytes: acute and sustained responses to chemotactic
peptide. Am. J. Pathol. 108: 206-216.

4. Ryan, G. B., J. Z. Borysenko, and M. J. Karnovsky. 1974.
Factors affecting the redistribution of surface-bound
concanavalin A on human polymorphonuclear leuko-
cytes. J. Cell Biol. 62: 351-365.

5. Gallin, J. I., and A. S. Rosenthal. 1974. The regulatory
role of divalent cations in human granulocyte chemo-
taxis: evidence for an association between calcium ex-
changes and microtubule assembly. J. Cell Biol. 62: 594-
609.

6. Malech, H. L., R. K. Root, and J. I. Gallin. 1977. Struc-
tural analysis of human neutrophil migration: Centriole,
microtubule and microfilament orientation and function
during chemotaxis. J. Cell Biol. 75: 666-693.

7. Oliver, J. M., R. D. Berlin, R. L. Baehner, and L. A.
Boxer. 1977. Mechanisms of microtubule disassembly in
vitro: studies in normal and chronic granulomatous dis-
ease leukocytes. Br. J. Haematol. 37: 311-322.

8. Stossel, T. P. 1978. The mechanism of leukocyte loco-
motion. In Leukocyte Chemotaxis. J. I. Gallin and
P. G. Ouie, editors. Raven Press, New York. 143-160.

9. Schiffmann, E., B. A. Corcoran, and S. M. Wahl. 1975.
N-formylmethionyl peptides as chemoattractants for
leukocytes. Proc. Natl. Acad. Sci. USA. 72: 1059-1062.

10. Goldstein, I. M., M. Cergueira, S. Lind, and H. B. Ka-
plan. 1977. Evidence that the superoxide-generating sys-
tem of human leukocytes is associated with the cell sur-
face. J. Clin. Invest. 59: 249-263.

Tubulin Tyrosinolation in Polymorphonuclear Leukocytes 1279



11. Cohen, H. J., M. E. Chovquiec, and W. A. Davies. 1980.
Activation of the guinea pig granulocyte NAD(P)H-de-
pendent superoxide generating enzyme: localization in
a plasma membrane enriched particle and kinetics of
activation. Blood. 55: 355-363.

12. Gallin, J. I., E. K. Gallin, H. L. Malech, and E. B. Cra-
mer. 1978. Structural and ionic events during leukocyte
chemotaxis. In Leukocyte Chemotaxis: Methods, Phys-
iology, and Clinical Implications. J. I. Gallin and P. G.
Quie, editors. Raven Press, New York. 123-141.

13. Becker, E. L., P. H. Naccache, H. J. Showell, and R. W.
Walenga. 1981. Early events in neutrophil activation:
receptor stimulation, ionic fluxes, and arachidonic acid
metabolism. In Lymphokines. Academic Press, Inc.,
New York. 4: 297-334.

14. Klebanoff, S. J., and R. A. Clark. 1978. The metabolic
burst. In The Neutrophil: Function and Clinical Disor-
ders. S. K. Klebanoff and R. A. Clark, editors. North
Holland Publishing Company, Amsterdam, The Neth-
erlands. 283-408.

15. Arce, C. A., M. E. Hallak, J. A. Rodriguez, H. S. Barra,
and R. Caputto. 1978. Capability of tubulin and micro-
tubules to incorporate and to release tyrosine and phen-
ylalanine and the effect of the incorporation of these
amino acids on tubulin assembly. J. Neurochem. 31:
205-210.

16. Raybin, D., and M. Flavin. 1977. Enzyme which spe-
cifically adds tyrosine to the a-chain of tubulin. Bio-
chemistry. 16: 2189-2194.

17. Raybin, D., and M. Flavin. 1977. Modification of tubulin
by tyrosinolation in cells and extracts and its effect on
assembly in vitro. J. Cell Biol. 73: 492-504.

18. Kobayashi, T., and M. Flavin. 1981. Tubulin tyrosino-
lation in invertebrates. Comp. Biochem. Physiol. B.
Comp. Biochem. 698: 387-392.

19. Nath, J., and M. Flavin. 1979. Tubulin tyrosinolation in
vivo and changes accompanying differentiation of cul-
tured neuroblastoma-glioma hybrid cells. J. Biol. Chem.
254: 11505-11510.

20. Nath, J., J. Whitlock, and M. Flavin. 1978. Tyrosinola-
tion of tubulin in synchronized HeLa cells. J. Cell Biol.
79(2, Pt. 2): 294a. (Abstr.)

21. Nath, J. M. Flavin, and E. Schiffmann. 1981. Stimulation
of tubulin tyrosinolation in rabbit leukocytes evoked by
the chemoattractant formyl-methionyl-leucyl-phenyl-
alanine. J. Cell Biol. 91: 232-239.

22. Nath, J., M. Flavin, and J. I. Gallin. 1982. Tubulin ty-
rosinolation in human polymorphonuclear leukocytes:
studies in normal subjects and in patients with the Che-
diak-Higashi syndrome. J. Cell Biol. 95: 519-526.

23. Klebanoff, S. J. 1980. Oxygen intermediates and the
microbicidal event. In Mononuclear Phagocytes: Func-
tional Aspects. Proceedings of the Leiden Conference
on Mononuclear Phagocytes. R. Van Furth, editor.
Nijhoff, The Hague, The Netherlands. 1105-1141.

24. Baehner, R. L., L. A. Boxer, and J. Davis. 1976. The
biochemical basis of nitroblue tetrazolium reduction in
normal human and chronic granulomatous disease poly-
morphonuclear leukocytes. Blood. 48: 309-328.

25. McPhail, L. C., L. R. De Chatelet, and P. S. Shirley.
1976. Further characterization of NADPHoxidase ac-
tivity of human polymorphonuclear leukocytes. J. Clin.
Invest. 58: 774-780.

26. Sparra, A. J., and M. L. Karnovsky. 1959. The biochem-
ical basis of phagocytosis. I. Metabolic changes during

injestion of particles by polymorphonuclear leukocytes.
J. Biol. Chem. 234: 1355-1362.

27. DeWald, B., M. Baggioloni, J. T. Curnutte, and B. M.
Babior. 1979. Subcellular localization of the superoxide
forming enzyme in human neutrophils. J. Clin. Invest.
63: 21-29.

28. Eggleston, L. V., and H. A. Krebs. 1974. Regulation of
the pentose phosphate cycle. Biochem. J. 138: 425-435.

29. Reed, P. W. 1969. Glutathione and the hexose mono-
phosphate shunt in phagocytizing and hydrogen per-
oxide-treated rat leukocytes. J. Biol. Chem. 244: 2459-
2464.

30. Klebanoff, S. J., and R. A. Clark. 1978. Chronic gran-
ulomatous disease. In The Neutrophil: Functional and
Clinical Disorders. North Holland Publishing Company,
Amsterdam, The Netherlands. 641-709.

31. McPhail, L. C., L. R. DeChatelet, P. S. Shirley, C. Wil-
fert, R. B. Johnston, Jr., and C. E. McCall. 1977. Defi-
ciency of NADPHoxidase activity in chronic granulo-
matous disease. J. Pediatr. 90: 213-217.

32. Becker, E. L., M. Siguran, and J. M. Oliver. 1979. Su-
peroxide production induced in rabbit polymorphonu-
clear leukocytes by synthetic chemotactic peptides and
A23187: the nature of the receptor and the requirement
for Ca"2. Am. J. Pathol. 95: 81-97.

33. Boyum, A. 1968. Isolation of mononuclear cells and
granulocytes from human blood. Scand. J. Clin. Lab.
Invest. 98(Suppl. 29): 77-89.

34. Quie, P. G., J. G. White, B. Holmes, and R. A. Good.
1967. In vitro bactericidal capacity of human polymor-
phonuclear leukocytes. Diminished activity in chronic
granulomatous disease in childhood. J. Clin. Invest. 46:
1422-1432.

35. Baehner, R. L., and D. G. Nathan. 1968. Quantitative
nitroblue tetrazolium test in chronic granulomatous dis-
ease. N. Engl. J. Med. 279: 971-976.

36. Seligmann, B. E., and J. I. Gallin. 1980. Use of lipophilic
probes of membrane potential to assess human neutro-
phil activation. Abnormality in chronic granulomatous
dsiease. J. Clin. Invest. 66: 493-503.

37. Nath, J., and M. Flavin. 1980. An apparent paradox in
the occurrence and the in vivo turnover of C-terminal
tyrosine in membrane-bound tubulin of brain. J. Neu-
rochem. 35: 693-706.

38. Thoene, J. G., R. G. Oshima, J. C. Crawhall, D. L. Olson,
and J. A. Schneider. 1976. Cystinosis. Intracellular cys-
teine depletion by aminothiol in vitro and in vivo. J.
Clin. Invest. 58: 180-189.

39. Seligmann, B., and J. I. Gallin. 1982. Neutrophil acti-
vation studied using two indirect probes of membrane
potential which respond by different fluorescence mech-
anisms. In Biochemistry and Function of Phagocytes. F.
Rossi and P. Patriarca, editors. Plenum Publishing Cor-
poration, New York. 335-349.

40. Klebanoff, S. J., and R. A. Clark. 1978. Anti-microbial
systems. In The Neutrophil: Function and Clinical Dis-
orders. S. K. Klebanoff and R. A. Clark, editors. North
Holland Publishing Co., Amsterdam, The Netherlands.
409-488.

41. Graziano, J. H., R. W. Grady, and A. Cerani. 1974. The
identification of 2,3-dihydroxybenzoic acid as a poten-
tially useful iron-chelating drug. J. Pharmacol. Exp.
Ther. 190: 570-575.

42. Boxer, L. A., J. M. Allen, and R. L. Baehner. 1978. Po-
tentiation of polymorphonuclear leukocyte motile func-

1280 J. Nath and J. I. Gallin



tions by 2,3-dihydroxybenzoic acid. J. Lab. Clin. Med.
92: 730-736.

43. Oliver, J. M., D. F. Albertini, and R. D. Berlin. 1976.
Effects of glutathione-oxidizing agents on microtubule
assembly and microtubule-dependent surface properties
of human neutrophils. J. Cell Biol. 71: 921-932.

44. Oliver, J. M., R. D. Berlin, R. L. Baehner, and L. A.
Boxer. 1977. Mechanisms of microtubule disassembly in
vitro: studies in normal and chronic granulomatous dis-
ease leukocytes. Br. J. Haematol. 37: 311-322.

45. Burchill, B. R., J. M. Oliver, C. B. Pearson, E. D. Lein-
bach, and R. D. Berlin. 1978. Microtubule dynamics and
glutathione metabolism in phagocytizing human poly-
morphonuclear leukocytes. J. Cell Biol. 76: 439-447.

46. Nath, J., and L. I. Rebhun. 1976. Effects of caffeine and
other methylxanthines on the development and metab-
olism of sea urchin egg. Involvement of NADP+ and
glutathione. J. Cell. Biol. 68: 440-450.

47. Newburger, P. E. 1982. Superoxide generation by hu-
man fetal granulocytes. Pediatr. Res. 16: 373-376.

48. Berg, H. C. 1969. Sulfanilic acid diazonium salt: A label

for the outside of the human, erythrocyte membrane.
Biochim. Biophys. Acta. 183: 65-78.

49. Kosower, E. M., W. Correa, B. J. Kinow, and N. S. Ko-
sower. 1972. Glutathione. VII. Differentiation among
substrates by the thioloxidizing agent, diamide. Biochim.
Biophys. Acta. 264: 39-44.

50. Babior, B. M. 1978. Oxygen-dependent killing by
phagocytes. N. Engl. J. Med. 298: 659-668.

51. Holmes, B., A. R. Page, and R. A. Good. 1967. Studies
of the metabolic activity of leukocytes from patients
with a genetic abnormality of phagocyte function. J.
Clin. Invest. 46: 1422-1432.

52. Wedner, H. J., L. Simchowitz, W. F. Stenson, and C. M.
Fischman. 1981. Inhibition of human polymorphonu-
clear leukocyte function by 2-cyclohexene-1-One. A role
for glutathione in cell activation. J. Clin. Invest. 68:
535-543.

53. Nath, J., and M. Flavin. 1981. Tubulin heterogeneity
revealed by tyrosinolation in vivo. J. Cell Biol. 91(2, Pt.
2): 323a. (Abstr.)

Tubulin Tyrosinolation in Polymorphonuclear Leukocytes 1281


