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Neutrophil activation by specific stimuli, such as the oligopeptide chemotactic ™ o
factor iMet-Leu-Phe (fMLF), is associated with an increased enzymatic addition o
tyrosine to tubulin a-subunits, as measured by "'C tyrosine uptake In studies
using immunoblots we have found that this increased tyrosine uptake into tubulin
in activated neutrophils reflects an increase in the proportion of cellular wbulin
that is tyrosinated rather than simply an increase in the turnover of tyrosinated
subunits. However, the increased accumulation of tyrosinated tubulin was also
found to follow an initial depletion of tyrosinated tubulin and concomitant in-
crease in detyrosinated tubulin between 0 and 60 sec following stimulation of
neutrophils with fMLF. immunogold electron microscopy studies of intact mcro-
tubules recovered from activated neutrophils demonstrated that these rapid
changes in the relative content of tubulin isotorms in the cells were not associated
with the formation or disappearance of microtubule microdomains compaosed of
only one form of tubulin. Previously, we have shown that under conditions of
fMLF-stimulated exocytosis there is an increased binding of neutropht granules
to endogenous microtubules. Since neutrophil activation by fMLF 15 associated
with increased tyrosination of a-tubulin subunits, we speculated that rapid
changes in the levels of tyrosinated tubulin in the microtubules of activated
neutrophils might have a role in the regulation of granule-microtubule interac-
tions. When the binding of purified neutrophil granules to reconstituted rat brain
microtubules containing approximately 50% tyrosinated tubulin was measured by
electron microscopy and compared with granule binding to microtubules that
contained no detectable tyrosinated tubulin, granule-microtubule assoctations
were found to be significantly favored by detyrosinated vs. tvrosinated tubulin,
These findings indicate that interactions between cytoplasmic granules and micro-
tubules in activated neutrophils may be modulated by rapid changes in the rela-
tive content of detyrosinated and tyrosinated tubulin in the microtubule network
ofthe cells.  © 1993 Wiley-Liss, Inc.

Granule mobilization and degranulation are impor-
tant aspects of neutrophil function in acute inflamma-
tion and host-defense against microbial infection
(Wright, 1982). There is compelling evidence from stud-
ies carried out over several decades that microtubules
have arele in the translocation of cytoplasmic granules
to the plasma membrane of activated neutrophils and
to phagosomes within these cells (Bessis and Loquin,
1950; Malawista and Bensch, 1967; Malawista, 1971;
Hoffstein et al., 1976; Hoffstein et al., 1977). Moreover,
studies of vesicle movement in other types of cells have
emphasized the importance of microtubules in organiz-
ing and facilitating the translocation of cyteplasmic
organelles (Allen et al., 1985, Hollenbeck and Swanson,
1990; Schnapp et al., 1985; Swanson et al., 1987; Tooze
and Burke, 1987). Recently, we have shown that cyto-
plasmic granules interact with microtubules in human
neutrophils in a regulated, stimulus-responsive man-
ner and that these interactions involve microtubule-
associated ATPases as shown in other types of cells
{Rothwell et al., 1989).

© 1993 WILEY-LISS. INC.

It is well known that tubulin, the major component of
microtubules, can exist in multiple isoforms in the
same cell through the expression of a variety of differ-
ent tubulin genes and posttranslational modifications
of the protein (Cleveland and Sullivan, 1985). It has
been suggested that each isoform may subserve distinct
functions {Fulton and Simpson, 1976; Stephens, 19781,
However, various studies have failed to provide defi-
nite support for this hypothesis (Lewis et al., 1937, Lo
pata and Cleveland, 1987). Nonetheless, tubulin iso-
forms have not been examined rigorously with respect
to their ability to support organelle-microtubule inter-
actions. Hence the possibility remains that post-trans-
lational modifications of tubulin, e.g.. the addition of
acetyl (L'Hernault and Rosenbaum, 1983}, tyrosine
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{Raybin and Flavin, 1977b) and glutamyl tEdde et al..
19901 residues to the a-tubulin subunit or the phosphor-
ylation of B-tubulin (Gard and Kirschner, 1985, could
affect cellular functions such as organelle transloca-
tion.

In neutrophils, granule mobilization and degranula-
tion are highly regulated events that occur explosively
when the cells are activated by phlogistic or phagocytic
stimuli (Rothwell et al.. 1989: Wright et af.. 1977
Wright and Gallin. 1979 Wright and Malawista, 19731
Studies described in this report were directed at defin-
ing biochemical modifications to the microtubule net-
work of stimulated neutrophils that might attect stimu-
fus-responsive interactions between granules and
microtubules. We focused in particular on the enzy-
matic addition of tyvrosine to the carboxy terminus of
the w-subunit of tubulin ttubulin tyrusination: also
termed tubulin tyrosinolation). [t has been reported
previously by Nath and Gallin 11982 that a posttrans-
lational tyrosination of the a-subunit of tubufin occurs
in neutrophils following activation in these cells by the
chemotactic peptide ftMLEF. Our present studies demon-
strate that the levels of tyrosinated tubulin in neutro-
phils undergo large variations in activated cells with
an initial decline in the amount of tyrosinated tubulin
during the first minute following stimulation with
fMLF followed by a rapid increase in tyrosinated tubu-
lin to levels that equal or exceed those observed in
resting cells. In addition, we show that the degree of
tubulin tyrosination in microtubules affects the bind-
ing of isolated neutrophil granules to microtubules in
vitro.

MATERIALS AND METHODS
Isolation of human neutrophils

Neutrophils were isolated from the venous blood of
healthy volunteers by centrifugation through Ficoll-
Paque (Pharmacia Inc., Piscataway, N.J), followed by
dextran sedimentation and the removal of residual red
blood cells by hypotenic lysis as described previously
(Boyum, 1968; Wright and Gallin, 1979. These neutro-
phil isolates (>>96% pure; were resuspended in Hanks'
balanced salt solution without calcium or magnesium.

Isolation of neutrophil granules

Neutrophils were suspended in a Pipes buffer{ 10 mM
Pipes, pH 6.9, 100 mM KCl, 3 mM Na(l, 1 mM phenyl-
methy! sulfonylfluoride (PMSF), 0.1 mM leupeptin. 0.1
ung/ml aprotinin (Taylor et al., 1973} containing 1 mM
ATP. The cells were either sonicated 3 times for 10 sec
or subjected to 400 psi nitrogen at 4°C in a Kontes
mini-bomb (Kontes Glass Co., Vineland, NJ) to disrupt
the cells by nitrogen cavitation (Borregarrd et al.,
1983). Cell sonicates or cavitates were then centrifuged
at 1,000g for 10 min to remove residual intact cells and
nuclei (Rothwell et al., 1989). Cavitates from human
neutrophils (2-5 x 10" cells), prepared as above, were
applied to a Sepharase 6B (Pharmacia-LKB Biotechnol-
ogy) column (2 x 25 cm) and eluted with 100 mM Pipes
buffer containing 1 mM MgSO, and 1| mM EGTA
{PEM). A mixed granule population eluted with the
void volume ahead of the soluble cytosolic proteins.

GR33

Preparation of microtubule protein and
microtubules

Tubulin from rat braim tssue was solated by the
method of Dentler vt ul. Dentler et al 1975 o 1 M
Pipes butfer contammyg 1 mM MeCh 2 mM EGTA
mMGTE, and 4 M glveerol Tubulin was purified free of
microtubule-assoctated protemns by wn exchange chro
matography using Whatman P 11 phosphocellulose
(PO Roobol ot ol 1980 and processed through a eyele
of nucrotubule M gsserably and desissernibly prior to
use i order to remove any mactive subunits Unless
stated otherwise, MT assemblyv buller was 91 M Na
Pipes at pH 6.94 contiinimg 1 mM MgCL. T oM GTY
and supplemented with 570 giveerol. Purified tubuhn
was concentrated by polymerizing phosphoceliulose-wu-
bulin in 0.1 M Pipes pH 694, contauning 10 mM MOl
I mM GTP, and 2040 glveerol, sedimenting and resus-
pending at 2-3 my ml in assembly buffer as desoribed
above. MT were then polvmerized from thiz protemn
preparation a4 stabthzed with 15 M taxof quft of
Dr. Ven Naravanan, Drug Svathesis and Chemistry
Division. NCL Bethesda, MD: added for 20-min incu-
bation at 37 € to stabahize MT for granule interaction
studies.

Detyrosinated tubulin was prepared from phospho-
cellulose-purified rat brain tubulin using carboxyvpepti-
dase A comjugated to agarose heads. The enzyme was
washed three times in 0.1 mM LiClin 100 mM Pipes
and added to the tubulin at 050" ml tubulin ¢2-3 mg
mbi. The mixture was incubated at 37 C for 10 min.
cooled to 5°C to depolvmerize any microtubules thit
may have started to polvmerize and centrifuged twice
at 10,000 to remove the beads. The detvrosinated tu-
bulin was polymerized as above for granule hinding
studies.

Preparation of Neutrophils for SDS-PAGE

Purified human neutrophils were suspended n
Hanks' balanced salt solution (tHBSS) contaiming 1.25
mM MgCl, and 1.25 mM CaCl,. 1 mM PMSF, 0.1 mM
leupeptin, and 0.1 pg ml aprotinin were added to in-
hibit proteolysis. Aliquots of neutrophils ¢100 ul were
stimulated by adding [ p] 10 "M (MLF tfinal concen-
tration of 10 "M fMLF). At 5. 30, 60, 90, and 120 sec
time points. 30 pl boiling sample buffer «containing 0.2
M Tris, pH 7.0, 207 SDS, 5 M p-mercaptoethanol, and
204 glveerol) were added to the cells. The sample was
then sonicated 2 -+ 10 sec and placed on ice. Unstimu-
lated cell samples were processed in parallel for con-
trols. Before electrophoresis. the samples were hoiled
again. At this point the samples now contained the
total tubulin content of the cells derived from both the
microtubules and the subunit pool in a denatured form
that could be probed by immunoblotting.

Procedures for SDS-PAGE and immunoblotting

Conditions for SDS-PAGE were as previously de-
scribed by Murphy and Wallis tMurphy and Wallis,
19830 Proteins were fractionated on 107 acrvlanude
DATD (N.N'-diallvtartardiamide) gels, pH 8 8. or on
10-15/¢ gradient Phastsvstem gels ({LKB-Pharmacia,
Piscataway. NJ)and transferred to nitvoceulose paper
(Towbin et al.. 1979 The papers were then incubated
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in solutions containing antibody specific for different
isotypes of tubulin. Total tubulin was assessed with
either the rat monoclonal antibody. YOL 1 34, 1 Aceu-
rate Chemicals, Westbury, NY i Kilmartin et al.. 1982
used at 1500 ditution or a mouse monoclonal antibody
against 8-tubulin (Calbiochem, Ladolln, CAy diluted
1/250. Tyrosinated tubulin was detected with either YL
1/2 (Accurate Chemicals, Westbury. NY) tKilmartin et
al., 1982), diluted 1:500 or an antibody (TYR antibody)
directed against the terminal sequence of the tvrosi-
nated «-tubulin subunit (Gundersen et al., 1984 at
1/7.000 dilution. Detyrosinated tubulin was detected
using an antibody {GLU antibody) raised against the
terminal sequence lacking the final tyrosine residue at
adilution of 1/5.000 i Gundersen et al., 1984} thoth anti-
peptide antibodies were gifts of Dr. J.C. Bulinski. Co-
lumbia University, NYi. The nitroceliulose papers
were washed in Tris-buffered saline with 0.05;
Tween-20 (TTBS) and incubated with alkaline phos-
phatase conjugated goat antirabbit immunoglobulin
antibody, diluted 1:250. Antibody-antigen complexes
were visualized after washing with TTBS by the addi-
tion of 100 mM Tris, pH 9.5 containing 100 mM NaC). 5
mM MgCl,. and 6.6 pl of a stock solution of 50 mg mi
nitro blue tetrazolium in 50% dimethyl formamide and
3.3 pl of a stock solution of 50 mg'ml 5-bromo-4-chloro-
3-indotyl-phosphate in 100% dirnethyl formamide per
ml of reaction buffer.

Tubulin bands from the immunoblots were quanti-
fied either by laser densitometry (Pharmacia-LKB Bio-
technology, Piscataway. NJi of blots or by analysis of
images scanned into an Apple Macintosh llex computer
with a Hewlett-Packard Scanjet lic and quantified with
the NIH Image (V. 1.44) software package. Values were
plotted as the percent of tubulin tevels in unstimulated
control cells.

Electron microscopy

In order to quantify the frequency of granule-MT
complexes in neutrophil cavitates, samples were exar.i-
ined in a Zeiss EM109 (Carl Zeiss, Inc., Thornwood.
NY! electron microscope and measurements of MT-at-
tached granules per MT length were made. Samples
containing non-taxol stabilized MT were diluted into
1% glutaraldehyde solution to fix MT before adsorption
to carbon-coated parlodian grids. Samples containing
taxol-stabilized MT were applied directly to the grids,
and the grids were then stained with 2% uranyl acetate
and examined by electron microscopy.

In order to assess the effect of tubulin isoform on
granule-microtubule interactions, we used an in vitro
granule-microtubule binding assay (Rothwell et al.,
1989). Isolates of granules were prepared from neutro-
phils disrupted by nitrogen cavitation (Borregarrd et
al., 1983) and were incubated with rat brain microtu-
bules polymerized from carboxypeptidase A-treated
{detyrosinated) tubulin or native (untreated) tubulin.
The number of granules interacting with microtubules
was then determined by electron microscopic examina-
tion and expressed quantitatively as the number of
granules/micrometer of microtubule length or as the
percentage of granules attached to microtubules per
total number of granules per EM field.

ROTHWELL BV AL

Al MT and granules 1o selected grid squires were
measured until o mimamuwm of 400 pm polvmer length
itypically 25 35 MT tor cach expernmmentad points were
examined to quantify granele-M7T associations i vitry
and 10U pm polymer length rtvpreally 3546 MT0
quantify granule -MT assoctations furmed in vivo

Specific labeling of tyrosinated or detvrosinated ta-
bulin was accomplizhed using polvelonal antibodies
(GLLU or TYR? to identify tubulin isoform composition
ol'the MTs recovered from resting or sttmulated neutro-
phils. Following glutaraldehvde hixation as deseribed
above, samples were mcubated with the primary anti-
bodies for 1 hr. This was followed by @ one hour incub-
tion with Protein A-gold and negative stamming with
LU uranyl acetate to permt identification of cetlular
components tRothwell et al.. 19861,

Immunofluorescence microscopy

Cells were prepared fur examination by timmunofluo.
rescence microscopy to show the changes in the micro-
tubule network that eccurs upon activation of the neu-
trophils. To avoeid preactivation of the cells by contaet
with glass slides, stimulation and fixation of the cells
for antibody labeling was performied on cells in suspen-
ston. The cells. at a concentration of 5 mullion mi in
HBSS without Ca Mg, were warmed at 37 C for 45 min
in a shaking water bath. IMLF (1t pl ahquots st
10 "M was added to T ml samples ¢ 100 dilution® and
incubated for I min. The cells were placed in Osborne
stabilization buffer | 100 mM Pipex. I mM EGTA. 5 mM
MgCl,. 4%t PEG 68000, 2.5 mM GTP with 0.5 Triton for
2 min {Osborne and Weber, 197611, The cells were fixed
for 10 min after the addition of formaldehyde to 27 and
glutaraldehvde to 0.1 tfinal concentrations: and then
centrifuged in a Cytospin (Shandon Scientific. Ast-
moor, England onto glass shides The samples were
dehydrated in  20'C MeOH for 6 min and 20 C Ace-
tone for 1 min. Following rehvdration in PBS for 5 min.
the slides were incubated with the following antibodies:
YL 12 (dilutien of 121, rhodamine-anti-rat antibody 15
pg'ml, Sigma Chemical Co., St. Louis, MO1. GLU tubu-
lin AB (dilution of 1 401 and fluorescein-antirabbit an-
tihody 5 pg/ml, Beohringer Mannheim, Indianupolis,
IN) for 1 hr at 37°C with 3 washes of PBS between each
incubation. Before viewing, coverslips were mounted
on the samples using Vectashield ( Vector Laboratories,
Burlingam. CA) to diminish photobleaching.

RESULTS
Levels of tyrosinated vs. detyrosinated tubulin
in neutrophils

Activation of human neutrophils with the chemotac-
tic peptide fMLF has been shown to be associated with
increased tubulin tyrosination as measured by the in-
corporation of *C-tyrosine into «-tubulin subunits of
neutrophil microtubules through the specific action of
tubulin ligase (Nath et al., 1982: Nath and Gallin,
19861, Our initial studies were directed at determining
the relative levels of tyrosinated vs. detvrosinated tu-
bulin in both resting and activated neutrophils, since
the previously reported finding of increased "C-tv-
rosine incorporation into tubulin in activated neutro-
phils (Nath et al.. 1982) does not, by itself. constitute
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Fig. 1. lilustration of the specificities of anti-tubulin antibodies used
in this study. A: Phosphacellulose-purified rat brain tubulin. treated
with carboxypeptidase A (1 or untreated ( - 1, was clectrophoresed on
5-15% acrylamide gradient gels. transferred to nitrocellulose and im-
munoblotted with the following antibodies: YL 12 tspeaific for tyro-
sinated tubulin), YOI, 1734 tspecific for total tubulini. TYR specific

clear evidence that the relative levels of tyrosinated
and detyrosinated tubulin are changed in these cells
with activation. This phenomenon could reflect simply
an increase in the turnover of tubulin isoforms as op-
posed to a change in the absolute amounts of tyrosi-
nated tubulin.

Quantitative estimates of detyrosinated vs. tyrosi-
nated tubulin present in resting neutrophils were made
by immunoblotting neutrophil extracts with anti-tubu-
lin antibodies that recognize different antigenic
epitopes of tubulin. The reactivities of anti-tubulin an-
tibodies used in these studies are illustrated in Figure
1. Both the GLU (Fig. 1B) and the TYR (Fig. 2) antibod-
ies recognize a lower molecular weight band in samples
prepared from neutrophil extracts. Immunoblots were
performed on neutrophil extracts that had either been
treated with carboxypeptidase A, to remove the termi-
nal tyrosine from tyrosinated tubulin subunits in the
extracts, or left untreated. The tubulin present in un-
treated extracts represented a mixture of tyrosinated
and detyrosinated tubulin, while almost all the tubulin
in treated extracts was detyrosinated. As a consi-

quence of carboxypeptidase treatment the amount of

tubulin in extracts that could be recognized by the GLU
antibody, which binds specifically to the GEEEGEE
carboxy terminal sequence of detyrosinat—d «-tubulin

YOL 1/34

+ - .‘. -

TYR GLU
+ - + -

M

for tvrosinated tubuhno, and GLU sspecific for dety risinated tububin
The figure shows the immunoblots with the tubudin lorm recagnzed
by pach anubods B Immuneblots of neutrophul extracts wath s - o or
without t ) carboxypeptidase treatment. Densitometer scans of the
tubulin band are beside each corresponding blot

iGundersen et al.. 1984), was increased. especially in
neutrophil extracts. In contrast. the am,ant of tubulin
that could be recognized by antibodicc specific for tv-
rosinated tubulin subunits was dinvaished. Immuno-
blots showing increases in detvre .rated tubulin in en-
zyme-treated extracts allowe/ us to estimate the
fraction of tubulin subunits that possessed a terminal
tyrosine residue accessible to enzymatic cleavage by
carboxypeptidase (illustrated in Figure 1B). while im-
munoblots using an antitubulin antibodyv that recog-
nizes only tvrosinatce tubulin (TYR antibody) «Gun-
dersen et al, 1984 allowed us to determine the extent
to which tubulit. in the extracts was detyrosinated by
carboxypeptidase treatment. Conditions of enzyvme
treatment + hich eliminated all detectable tyrosinated
tubulin in preparations of purified rat brain tubulin
were found to detyrosinate approximately 757 of the
tyvrosinated tubulin present in the human neutrophil
extracts. When estimates of the ratio of tyrosinated
twetyvrosinated tubulin were then calculated from densi-
tometer scans of the GLU immuneblots after correction
for the percentage of tyrosinated tubulin that remained
after carboxypeptidase treatment. we found that the
percentage of total tubulin in resting human neutro-
phils that was tyrosinated was on average about 707
compared to 467% of the tubulin in rat brain extracts.
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Fig. 2. Changes in the levels of tvrosinated tubulin in neutrophils stimulated with fMLF. Neutrophils
were stimulated with 10 "M fMLF for 5. 30. 60. 90 and 120 sec. and then sonicated and prepared for
SDS-PAGE. Following electrophoresis. the samples were transferred to nitroceilulose paper and blotted
with the TYR antibody which recognizes tyrosinated tubulin tA), Tubulin bands were quantified vsing
the computer software NIH Image on scanned images (B).

Changes in the levels of tyrosinated and
detyrosinated tubulin in human neutrophils
following activation

In order to determine whether the absolute amounts
of tyrosinated and detyrosinated tubulin in human
neutrophils change following activation, we used the
immunoblot approach to measure the levels of these
tubulin isoforms in neutrophils at various times follow-
ing activation by fMLF. For these studies, we used not
only the GLU and TYR antibodies, but also the rat
monoclonal antibodies, YL1/2, which recognizes the ty-
rosinated form of tubulin, and YOL 1/34 (Breitling and
Little, 1986; Kilmartin et al., 1982), which recognizes
both tyrosinated and detyrosinated tubulin subunits.
As shown in Figure 1. YL 1/2 failed to detect carbox-
ypeptidase-treated, detyrosinated tubulin, while YOL
1/34 detected both tyrosinated and detyrosinated forms
of the protein.

Changes in the levels of tyrosinated tubulin in neu-
trophils following fMLF stimulation, as detected by im-
munoblotting with either the TYR or the YL1/2 anti-
body, are illustrated in Figure 2A,B (TYR antibody)
and are shown quantitatively in Figure 3 1YL1/2 anti-
body). As is illustrated in these figures, the levels of
tyrosinated tubulin declined rapidly during the first 15
sec following stimulation, but returned to control levels
within 60-90 sec and, in most cases, exceeded these
levels by 120 sec. In contrast, the total amount of tubu-
lin, as determined by blotting with the antitubulin an-
tibody YOL 1/34, remained relatively unchanged (Fig.
3). In separate, but comparable studies using the GLU
antibody (illustrated in Figure 4), we found that the

150
= |
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& 50-
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0 30 60
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Fig. 3. Changes in the levels of tvrosinated and total tubudin i
neutrophils stimulated with fMLE Neutraphils were stimutated o
10 "M fMLF and prepared for immunoblots as in Figure 2 usig Y1,
1 2 ityrosinated tubulin speaificr and YOL 134 itatsl tubuling anty-
badies. Tubulin hands were guantified by laser denstometry Resules
of one representative expertment out of five repheate studies are
shown. (@ tyrasinated tububing | total tubuhing
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Changes in the levels of detyrosinated tububn in human neutrophils following fMLF stimula.

tion. Human neutrophils were stimulated with 10 "M fMLF and at the time points indicated the cells
were disrupted by sonication and prepared for SDS-PAGE. Levels of detyrosinated tubulin were deter-
mined by immunoblotting with GLU antitubulin antibody and quantified by faxer densitometry,

levels of detyrosinated tubulin detected by this anti-
body increased rapidly after stimulation with fMLF
and then declined with the same kinetics that were
observed for the rapid, inverse changes in tyrosinated
tubulin levels shown in Figures 2 and 3.

Changes in the levels of tyrosinated tubulin incorpo-
rated into neutrophil microtubules could also be de-
tected using immunofluorescence microscopy. Neutro-
phils in suspension were stimuiated with fMLF and
then treated with formaldehyde/glutaraldehyde fixa-
tive to avoid activation through contact of the cells with
the glass coverslip. While examination of non-stimu-
lated neutrophils double-labeled with antibodies
against the two tubulin isoforms revealed distinct mi-
crotubules arrays labeled with the YL1/2 antibody (Fig.
5A), microtubules could not be observed labeled with
the GLU antibody (Fig. 5B1). However, ir cells fixed 1
min after the addition of fMLF, microtubules labeled
with the GLU antibody were discernible (Fig. 5Di. At
the same time, microtubules labeled with YL1:2 anti-
body were still observed (Fig. 5C). In contrast. cells
allowed to adhere to the coverslips prior to fixation and
staining showed clear microtubule networks labeled
with the YL1/2 antibody (Fig. 5E). No GLU-labeled
microtubules were observed in adherent cells, even at
high antibody concentrations (1:50 dilution of serum).

The distribution of tubulin isoforms in
microtubules recovered from resting and
activated neutrophils

Given the substantial changes in the relative
amounts of tyrosinated and detyrosinated tubulin that

were observed in neutrophils following activation, we
questioned whether these changes reflected the ap-
pearance and disappearance of microtubules composed
entirely of one or the other tubulin isoform. or whether
these changes reflected the generation of isoform-spe-
cific domains within intact microtubules. as has been
observed in the axons of sympathic neurons by Baas
and Black (1990). When resting and activated neutro-
phils were disrupted by nitrogen cavitation and the
microtubules in the cavitates were then labeled with
immunogold conjugates containing the GLU and TYR
tubulin antibodies and examined by electron micros-
copy, we found no evidence of either microdomains of
different tubulin isoforms or a mixed population of
microtubules composed solely of a single tubulin tvpe
(Fig. 61.

Although no isoform-specific microtubules or micro-
tubule domains were observed In resting or activated
neutrophils, we did observe changes in the degree of
uniformly distributed labeling by the two antibodies at
different time points following ftMLF stimulation of the
cells, which were consistent with the results of immu-
noblot studies described above. The amount of tyrosi-
nated and detyrosinated tubulin in microtubules recov-
ered from these cells was estimated by counting
immunogold particles micrometer microtubule length.
The ratio of tyrosinated:detvrosinated tubulin labeling
decreased from a value of 1.14 in resting cells to a value
of 1.0 at 30 sec after TMLF stimulation and then recov-
ered Lo a value of 1.48 at 120 sec after stimulation. The
magnitude of tubulin isoform shifts measured by this
approach was not as great as that detected with immu-
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» wwence microscopy. Nonstimulated
cells (ABE.F) and IMLF ted cells (C) were prepared for
immunofluorescence microscopy and double-labeled with Y11 2 and
GLLT anti-tubulin antibodies. AL

YL 2 antibodv labehing. B.DF
Microtubules labeled with GLU

antibody Cellz in ABCY were pre-

pared for immunaf luorescence mierascopy v solution, while the colis
i Eoand Fowere allowed (o <pread on ghisss coverships betore fixation
Inset in F shows a platelet, taken from the <ame preparation as the
peutrapht! in Fowith muerotubutes well Labheled with the 611
body m.nuerotubade: poplistelet Bar 5o
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Fig. 6. Microtubules recovered from neutrophils stimulated with
10 "M fMLF show no evidr nee of tubulin isotvpe domains, After stim-
ulation, neutrophils were sonicated and diluted into 1% glutaralde-
hyde. Samples were incubated with TYR (A,B} or GLU (Cyantibodies.
followed by protein A-gold incubation and then stained with uranyvl
acetate negative. Bar: 90 nm.

noblots of neutrophil extracts and this difference likely
reflects saturation of iabeling at relatively low concen-
trations of one tubulin isoform or the other.

Effects of changes in levels of tyrosinated
tubulin on granule-microtubule interactions

To investigate the effects of changes in the proportion
of tyrosinated to detyrosinated tubulin on neutrophil
granule—microtubule interactions, we used an in vitro
granule-microtubule binding assay which we have re-
ported previously iRothwell et al., 1989). Isolates of
granules were prepared from neutrophils disrupted by
nitrogen cavitation (Borregarrd et al., 1983) and were
incubated with rat brain microtubules polymerized
from carboxypeptidase A-treated tdetyrosinated) tubu-
lin or native (untreated) tubulin. The number of gran-
ules interacting with microtubules was then deter-
mined by electron microscopic examination tillustrated
in Fig. 7) and expressed quantitatively as the number
of granules/micrometer of microtubule length or as the
percentage of granules attached to microtubules per
total number of granules per EM field. As discussed
above, untreated rat brain tubulin obtained by cycles of
assembly and phosphocellulose exchange chromatogra-
phy containg a mixture of tyrosinated and detyrosi-
nated tubulin in approximately equal proportions.
When granule-microtubule interactions were mea-

HRY

sured using microtubules that contuined a mixture of
both tvrosinated and detyrosinated tubulin and then
compared with meusurements of such interactions with
microtubules that contained no detectabsle tvrosinated
tubulin, we found that sigrificantly higher numbers of
granules bound to microtubules assembled from com-
pletely detyrosinated tubulin than to microtubules that
contained tvrosinated tubulin: 9.2 vs 6.2 granules
bound per 100 um of microtubule polvmer (Table 1r or
59 vs. 444 of granules'EM field bound to microtubules
tmean values from 5 separate experunents).

DISCUSSION

In studies described in this report we have invest-
gated changes in the biochemical composition of the
microtubule network associated with tubulin tyrosina-
tion and detvrosination, and we have explored the pos-
sibility that changes in the relative proportions of tubu-
lin isoforms in microtubules might modulate the
interactions of granules with microtubules. Evidence
that neutraphil activation is assoctated with stimu-
lated tubulin tyrosination was {irst reported by Nath et
al. 119821, Using an immunoblot approach we first de-
termined the proportion of tvrosinated and detyrosi-
nated tubulin in neutrophils and found that the major-
ity of tubulin in resting neutrophils possesses a
tyrosine at the carboxy terminus of the a-subunit. The
tubulin a-subunit is normally svnthesized with a tv-
rosine on the C-terminus tLewis et al., 1985: Pratt and
Cleveland, 1988: Pratt et al., 19871 however, this ty-
rosine can be removed by the activity of tubulin carbox-
ypeptidase, an exopeptidase which works preferen-
tially on the microtubule polvmer (Beltramo et al.
1987; Beltramo et al.. 19891, Tyrosine can then be
added back through activity of tubulin tvrosine hgase.
an enzyme that works preferentially on monomeric tu-
bulin subunits (Barra et al., 1987: Beltramo et al..
1987. 1989: Ravbin and Flavin, 1977a). Newly poly-
merized microtubules usually have a high proportion of
tvrosinated tubulin (Webster et al.. 1987; Wehland and
Weber, 1987, and this can either be due to the incorpo-
ration of newly svnthesized tubulin subunits or because
pre-existing subunits were tyrosinated by the ligase
before polymerization. Conversely. as microtubules age
within an individual cell, the proportion of detyvrosi-
nated tubulin may increase due to the activity of the
carboxypeptidase (Warn et al., 1990; Webster et al.,
19900

Levels of tyrosinated tubulin vary widely in different
cell types. In our studies, we found that 60--80¢/ of the
total tubulin in resting neutrophils isin the tyrosinated
form. Chapin and Bulinski have shown that greater
than 80% of the tubulin found in Hela cells 15 tyrosi-
nated (Chapin and Bulinski, 19911, Chinese hamster
ovary cells have also been shown to have relatively
high levels of tyrosinated tubulin unless the cells are
treated with the drug taxol. a microtubule-stabilizing
agent (Schiff et al., 1979 Schiff and Horowitz, 1985 to
form stable microtubules that presumably can then be
acted upon by tubulin carboxvpeplidase tWehland and
Weber, 1987). On the other hand, more differentiated.
nondividing cells. such as neurons and L6 muscle cells
with stable microtubule arravs, have heen found to
have relatively high proportions of detvrosinated tubu-
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Fig. 7.
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Granule-microtubule interactions are increased in the presence of microtubules contaiting

detyrosinated tubulin. Microtubules polymerized from untreated PC-purified rat brain tubulin (A} or
carboxypeptidase-treated tubulin (B) were incubated with neutrophil granule preparations. Granule-
microtubule interactions were then assessed by electron microscopy as deseribed in Materials und Meth-

ods. mt. microtubules: g, granules. Bar: 0.25 um.

TABLE 1. Effects of tubulin tyrosination on
microtubule—granule interactions!

Granules 100 pm mt Granules 100 pm mt

Experiment tyr tubulin® detvr tubulin®
1 3.5 9.7
2 8.0 9.9
3 74 9.8
4 3.4 9.1
5 6.9 7.6

Mean @ SEM 62 - 1.07 9.2 04

INeutrophil cavitates were incubated with microtubules palymerized from rat PC tubu-
lin and scored for granule.microtubule interactions hy examination in the £M.

“Rat PC tuhuiin was treated with carboxypeptidise A to remove the terminal terosine of

«-tubulin. ctyr. tubulin pool still containing tyroxinated tubulin: detyr. tubulin treated
ta remove tyrosine’

*Sgnificantly different from detvrosinated samplest P 0045,

lin (Gundersen et ai., 1989). Moreover, increased levels
ofdetyrosinated tubulin coincident with terminal cellu-
lar differentiation have been reported by Warn et al. in
their studies of the developing Drosophila embryo
(Warn et al., 1990).

Our finding that human neutrophils possess high
levels of tyrosinated tubulin contrasts with the general
finding of an increased proportion of detyrosinated tu-
bulin in differentiated, nondividing cells. However, the
neutrophil has a highly dynamic microtubule network
that rapidly responds to extracellular stimuli with in-
creases in polymer number and mass (Anderson et al..
1982). Moreover, the neutrophil is a motile cell which
undergoes extreme shape changes in association with
rapid changes in the microtubule network and other
cytoskeletal elements.

In our studies we found the stimulus-responsive tu-
bulin detyrosination:tyrosination activity induced by
the chemotactic peptide fMLF to be more rapid and
complex than was apparent in the earlier studies of
Nath et al. (1982). Following stimulation of neutrophils
with fMLF, the level of tyrosinated tubulin declined
rapidly to below 504 of initial levels within 15-30 sec.
This decline in tyrosinated tubulin was then reversed
by a subsequent rise in the level of tyrosinated tubulin
that attained or exceeded the pre-stimulation level by 2
min following activation. These changes in levels of
tyrosinated tubulin were found to occur so rapidly that
we questioned whether the tubulin tyrosine ligase was
capable of retyrosinating tubulin subunits so quickly.
However, calculations. based on a turnover number for
the tubulin ligase of 10 tubulin subunits/sec tRaybin
and Flavin. 1977a3, 3,700 molecules of ligasecell tWeb-
ster et al., 19871, and an estimate of 40 microtubules of
10-um length (6.7 x 10” dimers) per neutrophil (Sch-
liwa et al., 1982) indicated that the retyrosination could
be accomplished in as little as 18 sec. However. there
are factors other thar the efficiency and turnover rate
of tubulin iigase to be considered. Since the preferred
substrate for the ligase is the tubulin subunit rather
tie tubulin dimer incorporated into a microtubule, this
suggests that the ncutrophil microtubules must be
detyrosinated by the carboxypeptidase and then depo-
lymerized to subunits betore retyrosination occurs. It
was first thought that polymers formed from the dety-
rosinated isoform were more stable than microtubules
polymerized from tyrosinated tubulin (Webster et al.,
1987); therefore, these microtubules would depolymer-
ize more slowly than microtubules composed of tvrosi-
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nated tubulin. This would insert a slow, rate-limiting
step at a critical point in the reaction pathway. How-
ever, more recent studies by Webster et al. (1990) have
clarified these observations and have shown that there
is no significant difference in stability between micro-
tubules composed detyrosinated and tyrosinated tubu-
lin as assessed by immunofluorescence microscopy. If
the two tubulin isoforms are approximately equivalent
in their depolymerization rates, then the rates of rapid
shortening of microtubules (12-17 pmmin) observed
by Cassimeri in monocytes (Cassimeri, 1986i and in
newt lung cells (Cassimeri, 1988 would be consistent
with the time scale for the events observed in our exper-
iments although microtubule depolymerization could
still be the rate-limiting step in the retvrosination pro-
cess. Certainly, these studies tell that the neutrophil
microtubule network is extremely dynamic and sensi-
tive to the activation state of these cells.

This marked change in the tubulin isoform content of
neutrophils at a time when increased microtubule poly-
merization is known to occur (Anderson et al., 1982:
Schiiwa et al, 1982) suggested the possibility that the
microtubules of activated neutrophils might segregate
into populations of polymers composed mostly of dety-
rosinated or tyrosinated tubulin. However. immuno-
electron microscopy showed a uniform distribution of
tyrosinated tubulin in microtubules recovered from
neutrophils at various times following stimulation. We
did observe that there were definite changes observed
in the density of immunogold labeling of microtubules
recovered from resting and stimulated cells when an
antibody specific for tyrosinated tubulin was used that
corresponded to the shifts in tyrosinated tubulin mea-
sured by immunoblotting. However. there was no evi-
dence of microtubules that contained only one tubulin
isotype or of microdomains within polvmers composed
of only one tubulin type, as observed in the axons of
neuronal cells (Baas and Black, 1990:.

We also observed that granule-microwubule interac-
tions are affected by changes in the microtubule compo-
sition. Interactions between neutrophi! granules and
reconstituted microtubules, as measured by direct elec-
tron microscopic examination, were significantly in-
creased when microtubules were composed entirely of
detyrosinated tubulin, as compared with microtubules
containing tyrosinated tubulin. This finding is of par-
ticular interest, for in previously reported studies
(Rothwell et al., 1989 we showed that f{MLF stimula-
tion induced a rapid rise in microtubule—granule asso-
ciations within the cell during the first 2 min of activa-
tion, coincident with the time period which we now
show to be associated with tubulin detyrosination in
the microtubule network.

The ability of a single amino acid change at the car-
boxy terminus of the tubulin subunit to modify the
activity of microtubule-dependent ATPases is not an
unreasonable possibility since the carboxy region of tu-
bulin subunits is exposed both in free tubulin dimers
and in intact microtubule polymers and is known to
contain the binding region for a number of microtubule-
binding proteins (Littaur et al.. 1986 Serrano et al.,
1984a.b). However, contradictory studies have been re-
ported by Paschal et al. (1989, and by Cleveland et al.
(1990}, and Rodionov et al. (1990) regarding the impor-

L4t

tance ol this region of the tububin molecule for kinesip
and dynein binding during the enzymatic evele of these
molecular motors. OQur findings of rapid chatises motu-
bulin tyresination detyrosination in activited neutro-
phils, together with changes in microtubule granule
Interactions that were associated with changes in the
degree of tubulin tvrosination detvrosination in the mi-
erotubule network. indicate that neutrophils mav pro-
vide a useful experimental system with which to exam-
ine the effects of tubulin tyrosination on kinesin and
dvnein ATPase activation.
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