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Abstract

A male infant with a severe neutrophil motility disorder and
poorly polymerizable actin in PMNextracts was reported over
a decade ago to have neutrophil actin dysfunction (NAD)
(1974. N. Engl. J. Med. 291:1093-1099). Polymerized actin
(F-actin) content of fixed and permeabilized intact neutrophils
from the father, mother, and sister of the NADindex case have
been measured using nitrobenzoxadiazole-phallacidin, a fluo-
rescent compound which binds specifically to actin filaments.
F-actin content of unstimulated PMNfrom all three family
members was significantly lower than unstimulated control
PMN(mean 23.6±0.4 SEMfluorescent units vs. 32.6+0.6 for
controls). After stimulation with the chemotactic peptide
FMLP, maximal F-actin content of NAD family member
PMNwas below that of controls (52.7±1.3 vs. 72.6±1.8). F-
actin content of detergent insoluble cytoskeletons after stimu-
lation with FMLPwas also significantly lower in PMNfrom
NADfamily members as compared with controls (21±6% vs.
73±8%). PMNextracts from the father and mother, when
treated with 0.6 MKCI, polymerized half as much actin as
controls. Whereas diisopropylfluorophosphate treatment of
normal PMNdecreased actin polymerizability in cell extracts,
this treatment increased the assembly of actin in parental
PMNextract. Addition of purified actin to NADextracts
failed to reveal an abnormal actin polymerization inhibitory
activity, and no obvious structural defect in actin purified from
the father's PMNswas noted by HPLCand two dimensional
thin layer chromatography of tryptic digests. The present stud-
ies of actin assembly in intact PMNsconfirm that NADis
associated with a true defect in PMNactin assembly and is a
genetic disorder that is recessively inherited.

Introduction

In 1974, Boxer et al. (1) published a case report describing a
male infant who suffered from recurrent bacterial infections.
The infant's PMNswere severely defective in their ability to
migrate and to ingest particles. Whereas most of the actin in
0.6 MKCI extracts prepared from normal PMNsassembled
into sedimentable filaments, only a small fraction of the pa-
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tient's PMNactin polymerized. This finding raised the possi-
bility that a disorder of PMNactin function might be the cause
of this profound defect in granulocyte motility.

Here we have documented partial impairment of actin as-
sembly in PMNextracts of the parents of this infant. Wehave
also investigated actin assembly in intact PMNand found that
resting and maximal actin filament concentrations after che-
motactic stimulation were lower than normal in PMNsfrom
three family members. These findings confirm a true defect in
neutrophil actin assembly and indicate that neutrophil actin
dysfunction (NAD)' is a recessively inherited disease.

Methods

Patients
Family members of the index case of NADincluded the father (age 42),
the mother (age 41), and two sisters (ages 18 and 15). Except for the
father, who has insulin-dependent diabetes mellitus, all members of
the family were healthy. None of the index case's relatives had a history
of recurrent infections. All family members had normal peripheral
granulocyte counts. The mother's and father's PMNsdemonstrated
normal phagocytosis (1). The younger sister on one occasion devel-
oped nausea and light-headedness during venipuncture; therefore, her
neutrophils were not used for any of the present studies.

Isolation of human granulocytes
These studies were reviewed and approved by the appropriate review
boards of the institutions participating. Whole blood samples were
drawn from patients and healthy controls. 20 cm3 of each blood sam-
ple was anticoagulated with citric acid/trisodium citrate/dextrose 5
cm3 of solution containing 0.8 g/dl citrate, 2.2 g/dl Na citrate, and 2.45
g/dl glucose. Samples were then subjected to dextran sedimentation for
60 min by addition of 7 cm3 of 2 g/dl T-500 dextran (Pharmacia Fine
Chemicals, Piscataway, NJ) in a 0. 15-M NaCl solution. The resulting
supernatant solution was diluted with 0.15 Msaline and centrifuged at
250 g for 10 min. The cell pellet was then washed twice in 30 vol of
0.15 M NaCI solution and centrifuged at 250 g for 10 min. This
method yielded white blood cell preparations containing 80-85%
PMNs. The remaining cells were lymphocytes and monocytes. In some
preparations PMNswere purified from citrate anticoagulated whole
blood using Ficoll sodium diatrizoate solution according to the
method of Boyum (2). This method yielded 95-98% PMNs, the other
cells being monocytes and lymphocytes.

For FACS analysis of nitrobenzoxadiazole (NBD)-phallacidin-
stained PMNs, 6 ml of venous blood was drawn into syringes contain-
ing 0.4 ml of 10 g/dl EDTA in distilled water. Red blood cells were
lysed by the addition of 34 cm3 distilled water, followed immediately
by the addition of 4.4 ml 3.1-M NaCI. The samples were then centri-
fuged at 400 g for 5 min. Cells were resuspended in modified HBSS
(138 mMNaCl, 6 mMKCl, 1.2 mMMgSO4, 5 mMNaHCO3, 0.64
mMNa2HPO4[pH 7.4], 0.66 mMKH2PO4, 5.6 mMglucose, and 20
mMHepes) and centrifuged at 400 g for 5 min. This procedure was
repeated once and cells resuspended in modified HBSS to achieve a

1. Abbreviations used in this paper: DFP, diisopropylfluorophosphate;
NAD, neutrophil actin dysfunction; NBD, nitrobenzoxadiazole.
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final concentration of 1.5 X 106 cells/ml. On average these prepara-
tions contained a mixture of 83±1.4% (mean±SEM) PMNs, 11 ±1.7%
lymphocytes, and 5.1±0.8% monocytes as determined by Wright stain
(nine determinations). Platelets were not seen on any of these smears.
This method was developed to minimize handling of cells and reduce
the likelihood of inadvertent PMNactivation before stimulation with
the agonist (3). Cells were maintained at room temperature, and all
experiments were performed within 3 h of venipuncture.

For the Triton-insoluble cytoskeleton assay PMNswere also sus-
pended in modified HBSS. CaC12 (final concentration of 1 mM) was
added to cell suspensions 10 min before cell stimulation unless other-
wise noted in the text.

Preparation of granulocyte extracts
Granulocytes packed by centrifugation were suspended in an equal
volume of 0.15 MNaCI to which was added 15 vol deionized water.
They were then immediately centrifuged for 10 min at 250 g. This step
lysed most erythrocytes. The granulocytes were next suspended in
homogenization buffer containing 0.34 sucrose, 5 mMDTT, 5 mM
ATP, 5 mMEGTA, and 20 mMimidazole-HCI, pH 7.5. The cells were
then broken at ice bath temperature by 60-120 strokes with a tight-fit-
ting pestle in a glass Dounce homogenizer (Kontes Co., Vineland, NJ).
This procedure ruptured > 90% of all cells as monitored by phase
contrast microscopy. The resulting homogenates were centrifuged at
12,000 g for 30 min, yielding a clear supernatant, designated granulo-
cyte extract. This supernatant solution had a pH of 6.8-7.1, which was
adjusted to 7.5 by the addition of a few drops of 0.1 Msodium hy-
droxide. The final protein concentration of the granulocyte extracts
varied between 3 and 8 mg/ml. In some experiments cells were treated
with 5 mMdiisopropylfluorophosphate (DFP) as described by Amrein
and Stossel (4) before homogenization. For studies of actin polymeri-
zation inhibitory activity (see Table II), granulocyte extracts were de-
pleted of native actin by the addition of a final concentration of 0.6 M
KCI and then were incubated for 2 h at 25°C and centrifuged at
100,000 g for 2 h. The resulting supernatant was dialyzed against
buffer B, containing 0.5 mMATP, 1 mMDTT, I mMEGTA, and 10
mMimidazole-HCI, pH 7.5, before the addition of purified rabbit
skeletal muscle actin.

Purification of granulocyte actin
Granulocyte extracts were diluted 1:1 with a solution containing 0.75
Mguanidine hydrochloride, 30% glycerol, 1 mMCaCI2, and 0.5 M
sodium acetate buffer, pH 8 (buffer A). The extracts were then passed
through a 1 X 12-cm DNase-Sepharose column prepared as described
by Lazarides and Lindberg (5). The column was first eluted with three
column volumes of 0.75 Mguanidine hydrochloride in buffer A. This
was followed by elution with 3 Mguanidine hydrochloride in buffer A.
6-ml fractions were collected, dialyzed against 1,000 vol cold deionized
water for 18-24 h, and Iyophilized. All procedures were performed at
4°C. The purity of the actin samples was assessed by SDS-PAGE.

Peptide mapping of granulocyte actin
300-700 Mg DNase I affinity-purified PMNactin was oxidized with
performic acid and digested with a 1:50 wt/wt ratio of trypsin to actin
for 2 h at 370C (6) (L-l-tosylamido-2-phenylethyl chormethyl ketone-
treated trypsin; Worthington Biochemical Corp., Freehold, NJ). The
Iyophilized digest was dissolved in 0.5 ml of 10% acetonitrile/0.1%
trifluoroacetic acid and applied to a 14 X 300-mm C-18 Bondapack
steel column (Waters Associates, Milford, MA). The column was then
eluted with a linear gradient of 10-50% acetonitrile over 60 min. The
flow rate was 1 ml/min. Two-dimensional thin layer chromatography
of purified PMNactin was performed exactly as described by Elder et
al. (7).

Two-dimensional gel electrophoresis
Two-dimensional gel electrophoresis was performed as described by
O'Farrell (8). Isoelectric focusing was performed using 9 Murea, 0.6%
pH 3-10, and 1.4% pH 4-6 ampholines.

Measurement of actin polymerization in granulocyte
extracts
Sedimentation assay. Granulocyte extracts were made0.6 Mwith 3 M
potassium chloride and incubated 2 h at 250C. Samples were then
centrifuged at 160,000 g for 30 min in an air-driven centrifuge (Air-
fuge; Beckman Instruments, Inc., Palo Alto, CA). Under these condi-
tions globular molecules with molecular weights . 600,000-700,000
would be expected to sediment. To determine the amount of actin that
had sedimented, protein concentrations of the starting solution and the
supernatant after centrifugation were determined using the biuret
method (9). The fraction of total protein representing actin was deter-
mined by quantitative densitometry of Coomassie Blue-stained poly-
acrylamide gels after electrophoresis of the solutions in SDS.

Viscometry assay. Specific viscosities of purified actin subjected to
polymerizing ionic conditions in granulocyte extracts were measured
with semimicroviscometers (extra low charge, size 100; Cannon In-
strument Co., State College, PA) as previously described (10).

Measurement of actin filament assembly in intact PMNs
NBD-phallacidin assay. 0.5 ml of cell suspensions (0.75 X 101 cells/
sample) were incubated for 7 min at 250C. 0.5 ml of a 1 X 10-6 M
FMLPsolution or buffer was added to each sample. The reaction was
stopped by addition of 0.1 ml of 37% formaldehyde. Cells were incu-
bated in fixative for 15 min at 250C before staining for F-actin accord-
ingto the method of Howard and Oresajo (1 1). 50 Ml of modified HBSS
containing 3.46 X 10-6 MNBD-phallacidin and 2.1 mg/ml lysophos-
phatidal choline were added to the fixed cell preparations, which were
then mixed and incubated for 10 min at 370C and then centrifuged at
12,000 g for 1 min. Supernatants were removed and pellets suspended
in 1.5 ml of modified HBSS.

Stained cells were analyzed as previously described (3). Briefly, the
intracellular fluorescence was determined by a Spectrum III flow cyto-
meter (Ortho Diagnostic Systems Inc., Westwood, MA) equipped with
an argon laser (488 emission, 500 mWoutput). All intensities of cellu-
lar fluorescence were recorded on the linear scale ranging from 0 to 255
channels. Intensity values were standardized daily using fluorescent
polystyrene spheres. Fluorescent histograms plotting cell number (ver-
tical axis) vs. fluorescence channel (horizontal axis) were recorded for
each sample. In all instances the histograms yielded a normal distribu-
tion (the peak fluorescence channel corresponded to the mean fluores-
cence). An average of 5,000-10,000 PMNsper sample were analyzed.
PMNF-actin content was expressed as mean fluorescence intensity.
Gain settings were identical for patient and control PMNs. Unstimu-
lated values were comparable when cells were incubated in modified
HBSSor 0.0 1%DMSO(the highest concentrations used in our experi-
ments) in modified HBSS.

Actin association with the Triton-insoluble cytoskeleton. A modifi-
cation of the method described by White et al. (12) was used. Human
PMNswere purified on Ficoll/Hypaque gradients as described above,
suspended in modified HBSS, centrifuged at 400 g, and resuspended in
the same buffer to achieve a final concentration of 1.5 X I07 cells/ml.
500 Al of the cell suspension was added to 55 Ml of a 5 X 10-6 MFMLP
solution. The reaction was stopped by the addition of 65 Ml of a solu-
tion containing 10% Triton X-100, 0.075 mg/ml benzamidine, 0.04
mg/ml aprotinin, 0.01 mg/ml leupeptin, 1 mMPMSF, 54 mMPipes,
22.5 mMHepes, 9 mMEGTA, and 1.8 mMMgCI2.

After being mixed by two gentle inversions, the solution was left
standing for 2 min at 25°C, then centrifuged for 2 min at 12,000 gin an
Eppendorf table top centrifuge. The resulting pellet (the Triton-insolu-
ble fraction) was then solubilized in 100 Ml of gel sample buffer con-
taining 8 Murea, 10 g/liter SDS, 20 g/liter ,-mercaptoethanol, 100
g/liter sucrose, and 0.06 MTris-HCI, pH 6.8. The sample was soni-
cated for 20-30 s using a sonifier, model 200 with a tapered micro tip
(Branson Sonic Power Co., Danbury, CT), output 3. Samples were
then boiled for 5 min and electrophoresed into 5-15% polyacrylamide
slab gels. Triton-insoluble cytoskeleton-associated actin was quantified
as previously described (13).
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Degranulation
2 X 106 PMNsin 900 ,d of HBSScontaining 5 ,g/ml cytochalasin B
were incubated 7 min at 370C, and then 100 yd of buffer or FMLPwere
added to achieve final concentrations of 10-9 to 10-0 M. One sample
from each individual was incubated with l0-7 MFMLPin the absence
of cytochalasin B. After 15 min, samples were centrifuged at 12,000 g
for I min in Eppendorf tubes and the supernatants were frozen at
-70'C. Total enzyme concentrations were determined from superna-
tants of PMNsincubated in buffer and then treated with 0.1% Triton
X-100. The concentrations of f-glucuronidase (13) and vitamin B12
binding protein (14) in the supernatants were measured as previously
described.

Statistical analysis
The statistical significance of differences between means was analyzed
using the nonpaired t test.

301 * Figure 2. Actin filament
* Controls concentration as a function
*Parents of total actin concentration
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squares) were treated with

ASmMDFPfor5minbe-
04 fore homogenization. After

0 10 20 30 40 50 this treatment cell extracts
Total [Actinl gM were prepared and ana-

lyzed as described in Fig. 1.
Both control and NADparent extracts demonstrated similar steady-
state F-actin concentrations as measured by sedimentation. The
slope of the line relating total to sedimentable actin was 0.67.

Results

Actin polymerization in granulocyte extracts. When extracts
from normal granulocytes were made 0.6 Min KCI, a percent-
age of the extract actin sedimented when centrifuged at
160,000 g for 30 min. Since the cell concentration from which
extracts were prepared varied considerably among experi-
ments, there was also variation in the granulocyte extract total
protein concentration; therefore, the relationship between the
extract total actin concentration and actin sedimentability was
determined in each experiment. The fraction of sedimented
actin was proportional to the total extract actin concentration
(Fig. 1). Above a concentration of 2.5 MM, actin in control
extract was detectably sedimentable. The slope of the line re-
lating total concentration of actin to actin filament concentra-
tion (sedimented actin) was 0.83. Under these same conditions
the viscosity of the extract as well as its flow birefringence have
been shown to increase (10). These findings are all consistent
with the assembly of actin into linear filaments rather than
nonspecific aggregation, and suggest that the increase in sedi-
mentability of actin reflects actin polymerization. When KCI
was added to granulocyte extracts of the parents of the patient
described by Boxer et al. (1), the concentration at which actin
was detectably polymerized was 5.2 gM (twice the control
value) and the slope of the line relating total actin to F-actin

concentration was 0.44 (approximately one-half of control
value) (Fig. 1). The percentages of the total protein represented
by actin in parental and control extracts were comparable. No
increase in the concentration of the 33,000-mol wt polypeptide
generally associated with actin proteolysis was observed in ex-
tracts prepared from NADparent PMNs.

Reaction of control PMNswith DFPbefore preparation of
extract increased the total concentration of actin required be-
fore actin filaments began to form (5.1 vs. 2.5 1AM for PMNs
not treated with DFP). The slope of the line relating total to
F-actin concentration was also affected by DFP, decreasing
from 0.83 to 0.67. In contrast, when granulocytes from the
parents were treated with DFP, extract actin polymerization
improved so that it was no longer different from normal cells
(Fig. 2).

Actin polymerization in intact PMNs. Actin polymeriza-
tion in intact PMNsof the parents and sister of the infant was
assessed by NBD-phallacidin staining. PMNsfrom the father,
mother, and older sister of the original infant had significantly
lower resting concentrations of F-actin (mean F-actin content
23.6±0.4 fluorescence units, SEM) as compared with controls
(mean 32.6±0.6 fluorescence units, SEM 10 controls) (P
< 0.001). An increase in F-actin content was induced by ex-
posure of PMNs to FMLP (5 X lo- M) for 30 s in both

30 Figure 1. Actin filament
concentration as a function

c: ./* of total actin concentration
2 20 in PMNextracts. PMNex-

* tracts were diluted with
varying amounts of ho-
mogenization buffer, thenIL 10- / / made 0.6 Mwith 3 MKCI
and incubated at 250C for
2 h. Samples were then

0 ' . centrifuged at 160,000 g for
0 10 20 30 40 30min.Theactinconcen-

Total [Actin] gM trations of the solutions be-
fore and after centrifuga-

tion were measured as described in the methods. Open squares, con-
trol PMNextracts, solid squares, PMNsfrom the mother and father
of the NADindex case. The slopes of the lines relating total actin to
sedimentable actin (actin filaments) was 0.83 for controls and 0.44
for the NADparents.

80- Figure 3. Early time course
of the changes in relative F-

70 actin content in human
PMNsfrom controls and

o 60 NADfamily members after.5 / ,exposure to FMLP. PMNs
<50li///^ =were exposed to 5 X l-7

X / / // MFMLPat time = 0 s, at
.> 40- i /250C. At the indicated
CD A// ~ ,Fth times cells were fixed with

W Sister 3.7% formalin, lysed,
stained, and analyzed by
FACSfor relative F-actin

20 20 40 60 content. The bars on con-
trol PMNdata points rep-

Time (s) resent the mean±SEMof
10 separate experiments.

Both prestimulated (0-s time point) and stimulated peak F-actin con-
tent (30 s) of PMNsfrom the father (closed triangles), mother (closed
diamonds), and older sister (closed squares) were significantly lower
than control values (open squares) (P < 0.001).
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Figure 4. Time course of changes in Triton-cytoskeleton-associated
PMNactin in control and NADfamily members after FMLPstimu-
lation. PMNswere exposed to 5 X lo-8 MFMLPat time = 0 s, at
370C. At the indicated times, the Triton solution was added to the
PMNmixture. After centrifugation at 12,000 g the pellets were solu-
bilized in gel sample buffer and subjected to SDS-PAGE. Triton-as-
sociated actin concentration was determined by a laser densitometry.
Relative actin concentration was determined by dividing stimulated
integration values by unstimulated values as described in Methods.
The father, mother, and older sister all had significantly lower stimu-
lated Triton-insoluble actin content at both 10 s (P < 0.00 1) and 40 s
(P < 0.00 1) as compared with controls. Solid circles, individual con-
trol values; solid line, the mean of those values; dashed lines, SD.

patients and controls (Fig. 3). The extent of elevation in F-
actin concentration was significantly less in PMNsfrom the
mother, father, and sister (mean 52.7±1.3) as compared with
control cells (mean 72.6±1.8 fluorescence units, SEM, n = 10)
(P < 0.001). All patient values were significantly lower than

controls (P < 0.01). The mean rates of actin assembly were
also determined by measuring the change in PMNF-actin
content during the first 15 s of FMLPstimulation. The rise in
F-actin content was constant with time during this period (Fig.
3). Patient and control cells had roughly comparable actin
polymerization rates (patient mean rate: 4.5±0.3%/s vs. con-
trol: 4.1±0.2%/s, P> 0.10).

Actin filament assembly in intact PMNswas also assessed
by measuring the concentration of actin associated with the
Triton-insoluble cytoskeleton before and after stimulation
with FMLP. As shown in Fig. 4, both the parents and sister
demonstrated abnormal actin filament assembly as compared
with controls. After 10 s stimulation with FMLP(5 X 10-8 M),
the concentration of actin associated with the Triton-insoluble
cytoskeleton increased 23% in the parents' PMNs(1-1.23) and
32% in the sister's cells (1-1.32). F-actin content in control
PMNsincreased by an average of 57% (1-1.57±0.02 SEM, n
= 1 1). Control cells continued to increase their F-actin content
between 10 and 40 s stimulation (1.73±0.08 SEM, n = 9) while
F-actin content remained low in the father, mother, and sister
(1.14, 1.17, and 1.32, respectively). Actin content of PMN
cytoskeletons from NADfamily members were significantly
lower than controls at both 10 and 40 s (P < 0.001). Analysis of
whole cell SDS-PAGE (see Methods) revealed comparable
total actin concentrations in patient and control PMNs. There
was no evidence of increased actin fragmentation in NAD-re-
lated PMNsamples. Treatment of patient PMNwith DFP
before chemotactic stimulation did not enhance actin filament
assembly.

In addition to actin, the relative concentrations of nine
other oligopeptide bands visualized on one-dimensional SDS-
PAGEwere quantitated in control Triton-insoluble PMNcy-
toskeletons and these values compared with PMNfrom NAD
family members (Fig. 5). Significantly higher concentrations of
a 54,000-mol wt protein were found in the Triton-insoluble
fractions of the mother's and older sister's PMNs (mother:
mean 9.2% of the total protein, four determinations; sister:
mean 5.4%, two determinations, vs. 3.9%±0.2 SEM, range
2.9-4.6% for control PMN, n = 9, P < 0.001 and P = 0.012,

A

0

AB

Figure 5. (Left) Coomassie Blue-stained
SDS-PAGEof the Triton-insoluble frac-
tions of unstimulated PMNsfrom the
mother of the NADindex case (A) and
from a control (B). Samples were prepared
as described in Fig. 4. Note the prominent
polypeptide band at 54 kD (arrow) not
seen in the control sample. (Right) Densi-
tometry scans of the stained SDS-PAGE
shown on the left. The arrow points to the
position of the 54-kD polypeptide.
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respectively). No differences in the concentrations of other
cytoskeleton-associated proteins were observed. Neither treat-
ment of PMNwith DFP nor stimulation with FMLPsignifi-
cantly altered the concentrations of the 54,000-mol wt protein
in the mother's or older sister's PMNTriton-insoluble frac-
tions.

The lower than normal rise in F-actin content associated
with FMLPstimulation of PMNfrom NADfamily members
did not appear to be caused by a decrease in functional FMLP
receptors. FMLPreceptor function was assessed using a de-
granulation assay (Table I). The concentrations of compounds
known to be released from primary (f-glucuronidase) and sec-
ondary (vitamin B12 binding protein) granules were measured
after PMNswere exposed to increasing concentrations of the
peptide (I0-9-I0-7 M) in buffer containing cytochalasin B.
Concentrations of f-glucuronidase and B12 released from the
mother's and father's PMNswere similar to control. Com-
pounds released from unstimulated PMNswere also similar in
control and parents, suggesting that parental PMNgranules
were not abnormally fragile. Finally, in the absence of cyto-
chalasin B, degranulation of parental PMNsafter exposure to
IO-' MFMLPdid not differ from controls.

Preliminary investigations of the biochemical basis for de-
fective PMNactin assembly. The formidable complexity of
polymerization of pure actin compounded by the environ-
ment of cell extracts that contain proteins that can promote or
inhibit actin assembly (15, 16) has made understanding nor-
mal PMNextract actin, much less an abnormal PMNactin
function, difficult. Because our investigations are inconclu-
sive, they will be only briefly summarized. Weinvestigated the

Table L Degranulation of PMNfrom the Father and Mother
of the NADIndex Case, after Stimulation with Varying
Concentrations of FMLP

Protein condition:* #-Glucuronidase Vitamin B12 binding

FMLP(10-7 M)
Mother 23.9t 29.4
Father 35.7 33.3
Control 37.5 35.9

FMLP(10-8 M)
Mother 10.9 18.8
Father 11.9 19.1
Control 15.0 16.1

FMLP(10-9 M)
Mother 7.1 7.9
Father 7.1 9.2
Control 7.5 9.2

No FMLP
Mother 8.7 6.5
Father 9.5 10.7
Control 10.0 13.0

FMLP(10-7 M) - Cyto B*
Mother 8.7 13.8
Father 9.5 18.1
Control 10.0 19.9

* Except where noted, PMNswere treated with a final concentration
of 5 gg/ml of cytochalasin B for 7 min before stimulation. Cells were
then incubated for 15 min with FMLP.
* %of total enzyme content (see Methods).

possibility of an abnormal actin-modulating protein that
might prevent actin monomers or actin oligomers from com-
bining to form filaments in affected cells. As shown in Table II,
when granulocyte extract was prepared as described in Fig. 1,
the resulting supernatants from control and parental PMN
failed to inhibit the polymerization of purified rabbit skeletal
muscle actin. If PMNswere first treated with 5 mMDFP
before preparation of extracts, an activity that markedly inhib-
ited actin polymerization was observed in both parental and
control extracts; however, control extracts demonstrated more
inhibition than parental solutions (0.43±0.06 SD vs.
0.25±0.07 SDA viscosity/mg protein).

A defect in the structure of actin might also account for the
lower content of PMNactin filaments observed in family
members. Two-dimensional electrophoresis revealed compa-
rable concentrations of the characteristic nonmuscle gamma
and beta actin species in both control and parent extracts (data
not shown). Reverse phase HPLCof tryptic digests of PMN
actin, purified by DNAase affinity chromatography from con-
trol and the father's cells, revealed similar profiles except for a

Table II. Inhibition of Actin Polymerization
by Neutrophil Extracts

Extract Specific Decrease specific
concentration viscosity viscosity/mg protein

mg/ml

No DFP
Father 3.7 0.80 0.00*
Mother 4.7 0.50 0.02
Control 2.8 0.64 0.00
Actin in buffer 0.54

DFP
Father 3.1 0.41 0.16

1.6 0.46 0.21
Mother 3.4 0.20 0.33

1.7 0.41 0.29
Controls

1 3.8 0.06 0.40
2 3.4 0.06 0.45

1.7 0.28 0.52
3 4.7 0.05 0.33
4 3.6 0.04 0.44
5 4.1 0.04 0.39

2.0 0.25 0.48
6 4.5 0.03 0.36
7 3.4 0.07 0.44
8 3.5 0.03 0.48

Actin in buffer 0.57

Extracts were prepared as described in Figs. I and 2. PMNactin was
polymerized by the addition of a final concentration of 0.6 MKCI
and incubated for 2 h, then centrifuged for 30 min at 160,000 g. The
resulting supernatants were dialyzed against buffer B (see Methods),
and then purified rabbit skeletal muscle actin (final concentration,
15 AM) was added. The solution was then made 0.1 Mwith a 3-M
KCI stock solution. Samples were incubated 2 h at 25°C.
* Calculated by subtracting the viscosity of 15 AMpurified actin
polymerized in extract from the viscosity of the same concentration
of actin polymerized in buffer. This difference in viscosity was then
divided by the total protein concentration of extract.
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Figure 6. Reverse phase HPLCprofiles of oligopeptides derived from
tryptic digestion of control and NADPMNactin purified by DNase
I affinity chromatography. Actin was purified from extracts of DFP-
treated PMNsfrom a control and the father of the NADindex case.
300-700 ug of actin was oxidized with performic acid and then di-
gested with trypsin as described in Methods. The digested actin was
lyophilized, resuspended in 0.5 ml 10% acetonitrile/0. 1% trifluoroa-
cetic acid, and applied to a C- 18 Bondapack column. The column
was then eluted with a linear gradient of 10-50% acetonitrile over 60
min at flow rate of 1 ml/min. Absorbance was monitored at 206 nm.
The only major difference between patient and control profiles was a
prominent peak at 40 min. This fraction was resubjected to trypsin
digestion and rechromatographed. The elution profile was identical
to control actin, indicating that this peak represented undigested actin.

single peak that eluted at 40 min (Fig. 6). Exposure of this
peptide solution to further trypsin digestion demonstrated that
this peak represented undigested actin. Two-dimensional
tryptic peptide maps of similarly purified PMNactin from a
control and the father also failed to demonstrate any signifi-
cant differences in the peptide maps (data not shown).

Discussion

Boxer et al.'s original studies of an infant with a severe neutro-
phil motility disorder raised the exciting possibility that defec-
tive phagocytosis and chemotaxis in this patient's PMNsmight
be caused by abnormal neutrophil actin assembly (1). NAD
remains the only disease thought to be associated with a defect
in actin function; therefore, this disorder is of considerable
interest not only to neutrophil investigators but also to cell
biologists and contractile protein biochemists. The original
studies of actin assembly used extracts derived by homogeniz-
ing resting neutrophils. It has been suggested that these studies
may not accurately reflect the true functional state of actin in
intact PMNs. Homogenization may release multiple granule
proteins including proteolytic enzymes that may result in
damage to actin and actin-modulating proteins. The assay
takes several hours to perform; during this time actin function
may deteriorate. Finally, maximal stimulation of actin assem-
bly in extracts requires the addition of an unphysiologic con-
centration of potassium chloride (0.6 M) (10).

To more accurately assess PMNactin function, two assays
that are capable of measuring actin filament assembly in intact
cells before and after exposure to a physiologic stimulus were
used: NBD-phallacidin and actin associated with the Triton-
insoluble cytoskeleton. These studies have demonstrated that
both resting and maximal concentrations of actin filaments
after chemotactic stimulation are lower than normal in PMNs
from the father, mother, and older sister of the original NAD
index case. In addition, using the original extract assay of

Boxer et al. (1), a 50% decrease in actin filament assembly was
observed in PMNsfrom the father and mother. These findings
confirm a true defect in neutrophil actin function. The dem-
onstration of partial defects in actin filament assembly in three
family members also indicates that NADis a genetic disorder
that is recessively inherited.

The biochemical defect that accounts for decreased neutro-
phil actin assembly remains to be determined. Investigations
of PMNextracts have revealed a proteolytic enzyme-sensitive
activity that inhibits actin filament assembly. This activity,
however, is lower in PMNextracts from relatives than con-
trols, a condition that would be expected to enhance rather
than inhibit actin polymerization. Second, DFPtreatment, the
condition that maximized inhibitory activity, paradoxically
enhanced actin polymerization in the heterozygotes' extracts.
This finding suggests the presence of a second protease-sensi-
tive component that promotes actin assembly and is more
easily degraded in NADthan in control cells. Such an assem-
bly-promoting activity has recently been described in DFP-
treated rabbit peritoneal PMNs( 17). This assembly-promoting
activity could result from preformed actin filaments whose
high affinity ends are uncapped during PMNchemotactic
stimulation (17). A subtle, as yet undetected, point mutation
in actin rendering the molecules less capable of polymerizing
and more susceptible to proteolysis could explain our findings
in NAD-related PMNs. A second possibility is that PMNs
from this family have an abnormal actin-binding protein im-
portant for stimulating actin filament assembly in PMNs. A
structural defect in this protein could be associated with an
abnormal affinity for actin as well as an increased susceptibil-
ity to proteolytic damage. Further progress in understanding
this disorder will require a better understanding of the mecha-
nisms by which normal PMNsregulate actin filament assem-
bly (18).
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