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The role of the filamentous hemagglutinin (FHA) and the lymphocytosis-
promoting factor hemagglutinin (LPF) in pertussis pathogenesis and immunity is
the subject of active investigation. To be certain of their role as protective
antigens, the hemagglutinins must be pure and free of each other. This report
describes procedures to separate and purify FHA and LPF from the culture
supernatant of stationary cultures of Bordetella pertussis Tohama, using hydroxy-
lapatite, haptoglobin-Sepharose, and Sepharose CL-6B filtration chromatogra-
phy. Purified FHA contained less than 0.002% active LPF assayed by histamine-
sensitizing activity, and both hemagglutinins contained less than 0.01% of each
other based on antigenic activity measured by an enzyme-linked immunosorbent
assay, using affinity chromatography-purified antibody to each hemagglutinin.
LPF and FHA were also shown to be antigenically distinct by immunodiffusion
and were judged to be highly purified proteins by polyacrylamide.gel electropho-
resis. In addition, the purification procedures yielded milligram amounts of each
hemagglutinin with very good recovery of starting activities.

Phase I strains of Bordetella pertussis produce
two distinct hemagglutinins (3, 15, 16). The
lymphocytosis-promoting factor hemagglutinin
(LPF) appears as spherical structures 6 nm in
diameter by electron microscopy (4, 15, 22), has
a relatively low hemagglutinating activity, and
induces a variety of biological responses, includ-
ing leukocytosis and lymphocytosis, histamine
sensitization, lethality, mitogenicity, adjuvant
effects, and potentiation of insulin secretion (3,
15, 16, 22, 24). Munoz and Bergman refer to
LPF as pertussigen (26), and it is now clear,
based on biological activities (24), antigenic
properties (7, 21), and chemical and physical
properties (15, 16, 22) that LPF is also identical
to the islet-activating protein also isolated from
B. pertussis (32, 33). The filamentous hemagglu-
tinin (FHA) appears as fine filaments about 2 nm
in diameter and 40 to 100 nm in length (3, 22) and
has a hemagglutinating activity (HA) per milli-
gram of protein five to seven times greater than
that of LPF (3, 16).
There is much interest in these hemagglutinins

regarding their role in the pathogenesis of and
immunity to B. pertussis. Active immunization
against intracerebral infection of mice (23, 25,
27, 29) and passive immunization against aero-
sol-induced respiratory infection of mice (30)
indicate that both hemagglutinins are protective
antigens. Munoz et al. (25), however, have pre-

sented data suggesting that their FHA prepara-
tions which protected mice from intracerebral
challenge did so because of contamination with
LPF.

This communication describes the separation
and purification of FHA and LPF. In the past, it
was difficult to obtain FHA totally free of LPF.
The procedures of Arai and Munoz (1) and Arai
and Sato (3) resulted in FHA preparations which
still contained LPF (25). The FHA preparations
obtained by using the procedures of Morse and
Morse (22) and Irons and MacLennan (15, 16,
27) have not been rigorously tested for LPF
contamination, but these preparations protect
mice from intracerebral challenge (16, 23, 27),
which could reflect contamination with LPF
(25).
To better define FHA as a protective antigen,

a procedure is needed to obtain FHA free of
LPF. In this paper, we report such a procedure.
A preliminary report of part of this work was
presented at the International Symposium on
Bacterial Vaccines, National Institutes of
Health, Bethesda, Md., September 15 to 18,
1980 (7).

MATERIALS AND METHODS

Organism and growth. B. pertussis Tohama, phase I,
was grown from freeze-dried cultures as described
previously (28). For production of FHA and LPF, two
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growth procedures were used. Method 1 was done at
the National Institute of Health, Tokyo, Japan, and
method 2 was done at the National Center for Drugs
and Biologics, Bethesda, Md. In method 1, cells from
24-h growth on Bordet-Gengou agar slants were trans-
ferred to 500-ml Erlenmeyer flasks containing 200 ml
of modified Morse and Bray medium (28). After 20 h of
incubation with shaking (150 rpm), the growth was
used to inoculate Roux bottles, containing 100 ml of
modified Stainer-Scholte medium (14, 31), to a final
absorbance at 650 nm of 0.1. In method 2, the proce-
dures described above were followed, except that the
inoculum was grown in Cohen-Wheeler medium (5)
and used to inoculate 150 ml of modified Stainer-
Scholte medium in 650-ml polystyrene tissue culture
flasks (Costar). In both methods, the final growth was
for 4 to 5 days at 35°C under stationary conditions.

Biological assays. For hemagglutination assays, two-
fold serial dilutions of each sample were made in 0.05-
ml volumes with 0.01 M sodium phosphate-buffered
saline (PBS) (pH 7.4) by using rigid polystyrene V-
bottom plates (Dynatech Laboratories). An equal vol-
ume of a 0.7% (vol/vol) suspension of washed goose
erythrocytes or a 0.7% (vol/vol) suspensions of glutar-
aldehyde-fixed chicken erythrocytes was added, and
the mixture was incubated at 23°C for 1 h. Units of HA
in the undiluted sample were expressed as the recipro-
cal of that dilution of hemagglutinin which, after the
addition of the erythrocytes, caused complete aggluti-
nation.

Erythrocytes from adult ganders and 1-day-o14
chickens in Alsever solution were obtained commer-
cially (Truslow Farms, Chestertown, Md.). The chick-
en cells were fixed with glutaraldehyde after being
washed at 4°C twice with Alsever solution and twice in
PBS. The washed pellet was resuspended to 10%
(vol/vol) in PBS, and 25% glutaraldehyde (Sigma
Chemical Co.) was slowly added to a final concentra-
tion of 1.8%. The mixture was stirred at 23°C while the
glutaraldehyde was added and then stirred at 4°C for 1
h. The fixed cells were washed at 4°C three times in
PBS containing 10 mM glycine and once with PBS and
resuspended to 0.7% (vol/vol) in PBS containing 0.1%
sodium azide, 0.01% gelatin, and 0.1% bovine serum
albumin. Unfixed chicken or goose cells were washed
three times with PBS and used fresh (within 3 days) in
PBS.

Leukocytosis-promoting (LP) and histamine-sensi-
tizing (HS) activities were determined as described
previously (3) by using 14- to 16-g female mice, strains
N:NIH(S) and HSFS/N (19). One unit of LP activity is
that amount of sample giving an increase of 10,000
leukocytes per mm3.
ELISA. The enzyme-linked immunosorbent assay

(ELISA) for detection of LPF or FHA was essentially
that described by Maiolini and Masseyeff (18). Con-
centrations of antigens and conjugates used were
determined by checkerboard titrations. The wells of
flat-bottomed polystyrene microtiter plates (Dyna-
tech) were sensitized with 50 ,ul of affinity chromatog-
raphy-purified goat anti-LPF or anti-FHA at 5 p.g/ml in
0.1 M carbonate buffer (pH 9.6). After overnight
incubation at 28°C, wells were washed with 0.85%
NaCl plus 0.1% Brij 35 (Sigma) in a Multiwash (Flow
Laboratories). Samples were diluted in 0.01 M PBS
(pH 7.2) containing 0.1% Brij 35 and added to wells in
50-)dl volumes. Plates were incubated for 3 h at 28°C

and then washed as previously described. Affinity
chromatography-purified goat anti-LPF or anti-FHA
conjugated with alkaline phosphatase (Sigma; type III)
as described previously (9) was added in PBS contain-
ing 0.1% Brij 35. Plates were incubated overnight at
28°C and washed, and the enzyme reaction was initiat-
ed by the addition of a 1 mg/ml solution ofp-nitrophen-
ylphosphate (Calbiochem) in 1 M Tris-hydrochloride
buffer (pH 9.8) plus 0.3 mM MgCl2. Substrate was
added in 100-,u volumes. Enzymatic reactions were
measured with a MR580 microelisa reader (Dynatech)
at 405 nm when the optical density of the most reactive
well was about 1.0. The elapsed time was noted, and
all values were extrapolated to 100 min.

Preparation of antibody to FHA and LPF. Yearling
goats, 15 to 16 months of age, were bled before
immunization as a source of normal gamma globulins.
For the preparation of anti-FHA, 500 pug of FHA
protein in 50 mM TRIS-hydrochloride (pH 8.0) con-
taining 1 M NaCl was emulsified with 2 volumes of
incomplete Freund adjuvant (Difco Laboratories) and
injected intramuscularly. After 6 weeks, a booster
dose of 150 pig of soluble protein was injected intra-
muscularly, and the animals were bled 2 weeks later.
Anti-LPF was prepared as described above, except
that the protein was treated with Formalin (28) and the
primary and booster doses were 150 and 100 pug,
respectively. The gamma globulin fractions of the sera
were prepared by the methods of Harboe and Ingild
(12), except that the DEAE-Sephadex chromatogra-
phy step was omitted.

Preparation of affinity chromatography-purified anti-
body. Purified FHA or LPF was coupled to CNBr-
activated Sepharose 4B (Pharmacia) as described pre-
viously (15) with 5 to 10 mg of protein per 3 to 4 g of
dry gel. The gamma globulin fraction of the goat anti-
FHA or anti-LPF was applied to the appropriate
columns (1.5 by 15 cm) equilibrated with 0.1 M TRIS-
hydrochloride (pH 7.5) containing 0.5 M NaCl (TNB).
The antibodies were applied in TNB containing 1 mM
EDTA and eluted with TNB containing 3 M KSCN,
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FIG. 1. Hydroxylapatite column chromatography
(pH 8.0). The culture supernatant was applied to the
column (3 by 35 cm) at a flow rate of 500 ml/h. The
column was then washed with PB at 50 ml/h. Each
fraction contained 10 ml. Hemagglutination was as-

sayed with fixed chicken erythrocytes.
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both at 23°C. The elution buffer was replaced with PBS
by dialysis, and antibody activity was measured by
ELISA, using a modification of the methods of Eng-
vall and Perlman (9).

Preparation of haptoglobin-Sepharose affinity adsor-
bent. Haptoglobin was purified from a 10 to 20%
polyethylene glycol fraction of pooled human plasma
(6, 11) and coupled to CNBr-activated Sepharose 4B
as described above.

Chemical assays. Protein was measured by the meth-
od of Lowry et al. (17) with bovine serum albumin as

the standard. Carbohydrate was determined by the
phenol-sulfuric acid method (8), and lipid was deter-
mined by the method of Marsh and Weinstein (20)
after extraction of the material into chloroform. Amino
acid analyses were performed after hydrolysis of sam-
ples, sealed under vacuum, in 6 N HCI at 110°C for 22
h by using an amino acid autoanalyzer (Hitachi T835).

Electrophoretic analysis. Analytical polyacrylamide
gel electrophoresis was done with the pH 3.8 gel
system III as described by Gabriel (10). Stacking gels
were not used. Gels were polymerized with either
riboflavin or ammonium persulfate. Electrophoresis
was conducted at 4 mA per gel at 13 or 23°C. Gels were

fixed and stained with 0.01% Coomassie blue G250 in
12.5% trichloroacetic acid for 16 h at 23°C. For final
color development, gels were placed in 5% acetic acid.

RESULTS
Separation and purification of FHA and LPF.

All purification steps were conducted at 8 to
10°C unless indicated otherwise. After growth,
cultures were centrifuged (16,300 x g for 20
min), and the culture supernatant (8 to 15 liters)
was adjusted to pH 8.7 with 1 N sodium hydrox-
ide. Supernatants were applied at 500 to 1,000
mlI/h to a column (3.0 by 35 or 5.0 by 23 cm) of
hydroxylapatite (Spheroidal; Gallard-Schles-
senger) equilibrated with 0.01 M sodium phos-
phate buffer (PB) (pH 8.0). It was desirable to
obtain the culture supernatant relatively free of
bacterial cells, since they bound to the hydroxy-
lapatite and impeded flow through the column.
Under these conditions, all the FHA was bound,
whereas 90% of the LPF passed through the
column. The column was then washed as shown
in Fig. 1. The material eluted with 0.1 M PB (pH
8.0) contained less than 1% of the HA applied to
the column and about 1% of the original LP
activity. FHA was recovered from the column in
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FIG. 2. Sepharose CL6B column chromatography.
A concentrated FHA fraction (5 ml; 6 mg of protein
per ml) from the haptoglobin-Sepharose 4B column
was applied to the column (2 by 80 cm) at 10 ml/h. The
elution buffer was 0.05 M Tris-hydrochloride (pH 8.0)
containing 0.5 M NaCl. Fractions of 3.3 ml were

collfcted. Hemagglutination was assayed with fixed
chicken cells.

the cold by a wash with 0.5 M sodium chloride in
0.1 M PB (pH 7.0) at 50 to 100 ml/h. This step
was begun with the buffer at room temperature,
since salt crystals tended to form in the buffer
below 10°C. The fractions containing the bulk of
FHA activity were pooled and directly applied
at 45 mlI/h to a column (2.0 by 6.0 or 1.5 by 13.5
cm) of haptoglobin-Sepharose 4B equilibrated
with 0.5 M sodium chloride in 0.1 M PB (pH
7.0). Under these conditions, LPF binds to the
column, but FHA passes through. Pooled frac-
tions with FHA activity were precipitated over
16 h with 4.7 g of ammonium sulfate per 10 ml.
The pellet, after centrifugation (27,000 x g for 20
min), was redissolved in 0.05 M Tris-hydrochlo-
ride (pH 8.0)-0.5 M NaCl by dialysis into the
same buffer and separated on Sepharose CL-6B
(2 by 80 or 2.5 by 92 cm). The single peak of
FHA activity (Fig. 2) was pooled and stored at
-70°C at 1 mg/ml. FHA has been stored for at
least 1 year in this manner without loss of HA. A
summary of results of a typical purification of
FHA is shown in Table 1.

TABLE 1. Purification of FHA

Vol Total LP activity HAa
Fraction (ml) protein(mgmTta)Umg Total U/mg(mg) Total U/mg ~~(X 106) (X 104)

Culture supernatant 14,088 4,212 0.92 x 106 217 72 1.71
Hydroxylapatite eluate 154 188 Noneb 98 52.1
Haptoglobin-Sepharose pass 14 183 None 67 36.6

through (concentrated)
Sepharose CL-6B 78 100 None 50 50

a With fixed chicken erythrocytes.
b With this fraction, HS activity was detected when 61 ,ug of protein was injected per mouse.
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FIG. 3. Hydroxylapatite column chromatography (pH 6.0). The material that passed through the pH 8.0
hydroxylapatite column was applied at pH 6.0 to the column (5 by 16 cm) at a flow rate of 1 liter/h. The column
was then washed with a linear gradient (10 to 700 mM) of potassium phosphate buffer (pH 6.0) at 100 ml/h. Each
fraction contained 16.5 ml. Hemagglutination was assayed with goose erythrocytes.

LPF was further purified as follows. The
solution obtained after passage through the pH
8.0 hydroxylapatite column was adjusted to pH
6.0 with 1 N HCl and applied at 250 to 1,000 mUh
to a column (2.0 by 40 or 5.0 by 16 cm) of
hydroxylapatite equilibrated in 0.01 M PB (pH
6.0). Under these conditions, all of the LPF was
bound. The columit was then washed with a
linear gradient (10 to 700 mM) of potassium
phosphate buffer (pH 6.0) at about 100 ml/h. The
bulk of the protein was eluted between 0.2 to 0.3
M, whereas the LPF was eluted between 0.35
and 0.4 M (Fig. 3). Pooled fractions with LPF
activity were applied at 20 to 35 ml/h to a column
(2.0 by 6 or 1.5 by 13 cm) of haptoglobin-
Sepharose 4B at 23°C in 0.1 M PB (pH 7.0)
containing 0.5 M NaCl. The column was washed
as shown in Fig. 4. A small amount of material
lacking LPF activity was sometimes eluted with
0.1 M PB (pH 8.0) containing 0.5 M NaCl. LPF
was eluted with the same buffer containing 3 M
potassium thiocyanate. The fractions containing
LPF were pooled and dialyzed for 16 h against
1,000 volumes of 0.5 M NaCl in 0.1 M PB (pH
7.0). Some of the LPF precipitated during this
dialysis; however, the precipitated LPF could be
solubilized in an active form by using the buffer
described above containing 4 M urea. The ma-
jority of the LPF did not precipitate during
dialysis and was further dialyzed against the
buffer described above containing 50% glycerol.
This LPF was stored at -70°C. LPF has been
stored under these conditions for at least 1 year
without loss of activity. When stored in 4 M
urea, LPF loses about 70% LP activity after 6
weeks at 8°C and about 40% of this activity after

thawing from storage at -70°C. A summary of
results of a purification of LPF is shown in Table
2.

Electrophoretic analyses. The LPF migrated as
a single component (Fig. SA) when as much as
30 ,ug of protein was analyzed. The molecular
weight of this component, estimated by the
procedure of Hedrick and Smith (13) as de-
scribed by Arai and Sato (3), was 107,000 (data
not shown). Based on electrophoretic patterns,
two different preparations of FHA were ob-
tained, FHA I was obtained at the Japan National
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FIG. 4. Haptoglobin-Sepharose affinity chroma-
tography. LPF (100 ml; 70 ,ug of protein per ml) was
applied to the column (2 by 6 cm) at 20 ml/h. The
column was washed with PB as shown. Fractions of 2
ml were collected. Hemagglutination was assayed with
goose erythrocytes.
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TABLE 2. Purification of LPF

Total LP activity HAa
Fraction Vol protein Total U/rn Total U/mgFraction (ml) ~~~~~(mg) (X 106) U/g (X 106) Um

Culture supernatant 14,088 4,212 0.92 217 72 17,100
Hydroxylapatite pass 15,000 4,200 0.83 196 2.4 571

through (pH 6.2)
Hydroxylapatite eluate 285 54 0.79 14,600 1.8 33,200
Haptoglobin-Sepharose 22 22.5 0.89 39,600 2.2 98,000

a With goose erythrocytes.

Institute of Health, and FHA II was obtained at
the National Center for Drugs and Biologics.
FHA I (Fig. 5B) migrated as a single component,
whereas FHA II (Fig. 5C) had one major band in
addition to a few more slowly moving compo-
nents. Additional data (B. An der Lan, J. L.
Cowell, D. G. Burstyn, C. R. Manclark, and A.
Chrambach, manuscript in preparation) indicate
that the more slowly moving components in
FHA II are oligomeric forms of the monomer
(major band). The molecular weight of FHA I
was 130,000 by gel electrophoresis (13), which is
identical to the molecular weight of the major
band in FHA II. Also, both preparations ofFHA
were antigenically identical as determined by
double immunodiffusion against goat anti-FHA
II (data not shown). So far, the only major
difference observed between FHA I and FHA II
is the presence of apparent aggregated forms in
FHA II.

A] B C

i ..

FIG. 5. Electrophoretic analyses. (A) 30 jig of
LPF. (B) 25 ,ug ofFHA I. (C) 25 ,ug ofFHA II. The gel
composition was 7.5% acrylamide-0.05% bisacryla-
mide. Electrophoresis was from the top (anode) to the
bottom (cathode).

Immunodiffusion. To evaluate further the sep-
aration and purity of the preparations of FHA
and LPF, each was reacted in an immunodiffu-
sion assay against rabbit antibody prepared
against a mixture of B. pertussis antigens (crude
antigen). When reacted with the crude antigen,
the antibody detected several antigens but gave
only a single precipitin line diffused against
purified FHA and LPF (Fig. 6). In addition, the
precipitin lines that developed with FHA and
LPF showed reactions of antigenic nonidentity.

Additional criteria for separation of FHA and
LPF. The following biological and antigenic as-
says were used to further judge the separation
and distinct nature of these two proteins. When
injected into the tail vein of mice, 0.025 ,ug of
LPF caused an increase in the peripheral leuko-
cyte count of 10,000/mm3, and 0.002 ,ug sensi-
tized 50% of HSFS/N mice to the lethal effects
of histamine. LP and HS activities were not

A B

<N

FIG. 6. Immunodiffusion. (A) LPF (200 jig of pro-
tein per ml). (B) FHA 1 (200 jig of protein per ml). (C)
Rabbit anti-crude antigen. (D) Crude antigen (20 mg of
protein per ml). Identical results were obtained with
FHA II. Immunodiffusion was done with 1% agarose
in 0.05 M PB (pH 7.2), containing 1 M NaCl. Diffusion
was for 24 h at 23°C. After diffusion, the gels were
washed, dried, and stained with Coomassie blue R250
by standard procedures. The crude antigen and anti-
body to the crude antigen were prepared as described
previously (30).
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TABLE 3. Effect of cholesterol on the HA of
purified FHA and LPF

Hea- Choles- HAGaHea- terolglutinin (rM) Goose cells Chicken cells

LPF 0 3.1 x 104(100)b 0.39 x 104
125 4.1 x 104 (132) 1.7 x 104

FHA 0 5.3 x 105 (100) 5.3 x 105
125 0.29 x 105 (5.5) 0.29 x 105

a Expressed as units per milligram of protein. The
assay was done as described in the text, except that
after the dilution of the hemagglutinins in 0.05-ml
volumes, an equal volume of cholesterol (Sigma; grade
I) or PBS was added. After 15 min at 23°C, 0.05 ml of a
0.7% (vol/vol) suspension of washed goose or unfixed
chicken erythrocytes was added, and the mixture was
incubated at 23°C for 1 h. A uniform suspension of
cholesterol was made by first dissolving it in 99%
ethanol and then diluting the sample to 250 ,M in PBS
at 50°C while vortexing.

b Values in parentheses show the percent activity
relative to that obtained in the absence of cholesterol.

detected in purified FHA when as much as 140
pug was injected per mouse. The more sensitive
HS assay indicated that FHA contained
<0.002% of active LPF.
When FHA or LPF was incubated with 125
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FIG. 7. ELISA for the detection of FHA and LPF. The circles show the reaction of anti-FHA with purified
FHA (nanograms of protein per milliliter) (0) and LPF (micrograms of protein per milliliter) (S). The triangles
show the reaction of anti-LPF with purified LPF (nanograms of protein per milliliter) (A) and FHA (micrograms
of protein per milliliter) (A).

,M cholesterol, the ability of FHA to aggluti-
nate fresh chicken or goose erythrocytes was

inhibited 95%, whereas the ability of LPF to
hemagglutinate was not inhibited, but stimulat-
ed, especially when chicken cells were used
(Table 3). The distinct nature of the purified
hemagglutinins was also evidenced by the fact
that the HA per milligram of protein ofFHA was

similar with chicken and goose erythrocytes,
whereas the HA of LPF was 10 times greater
with goose erythrocytes compared to chicken
cells (Table 3).
To test the possibility that each hemagglutinin

could contain the other in a biologically inactive
form, the ability of each to react with affinity
chromatography-purified goat anti-LPF and
anti-FHA was measured by using an ELISA
(Fig. 7). Anti-FHA could detect FHA at a pro-
tein concentration as low as 10 ng/ml but did not
react with LPF at a protein concentration of 100
,ug/ml. Similarly, anti-LPF could detect LPF at
10 ng of protein per ml but did not react with
FHA at 100 ,ug/ml. These data indicate that
cross contamination of LPF and FHA in the
respective preparations is less than 0.01%.
Chemical analyses. The carbohydrate content

ofLPF was about 1%, and lipid was not detected
at a limit of less than 0.5%. The carbohydrate
content of FHA was 0.4%, and the lipid content
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TABLE 4. Amino acid composition of LPF and
FHA

Residue (% of total)
Amino acid

LPF FHA

Aspartic acid 7.5 10.5
Threonine 7.4 6.1
Serine 8.0 7.6
Glutamic acid 9.5 9.0
Proline 6.0 2.2
Glycine 9.7 13.7
Alanine 9.9 15.3
Cysteine 1.9 0.2
Valine 5.7 8.3
Methionine 3.0 1.1
Isoleucine 3.1 3.3
Leucine 8.5 8.6
Tyrosine 5.0 1.3
Phenylalanine 3.2 1.4
Lysine 4.1 4.6
Histidine 1.8 1.7
Arginine 5.7 5.1

was 0.7%. Representative amino acid analyses
of LPF and FHA are shown in Table 4. The
amino acid composition of LPF is very similar to
what is now recognized as the same protein
purified by other workers by different proce-
dures (22, 32). The amino acid composition of
LPF and FHA are distinctly different.

DISCUSSION
Sato and colleagues (3, 28) have shown that

when FHA and LPF are coprecipitated from
supernatants of stationary cultures, they copur-

ify when a variety of fractionation methods are
used. Possibly, FHA and LPF form a nonspecif-
ic complex. These considerations led us to de-
velop a method of separating FHA and LPF
directly from stationary culture supernatants in
which the protein concentration was low and
protein-protein interactions minimal. Spheroidal
hydroxylapatite chromatography of the culture
supernatant gave a satisfactory separation of the
two hemagglutinins and also allowed the han-
dling of large volumes of supernatants. Flow
rates through spheroidal hydroxylapatite of 1 to
2 liters/h could be used. At a high pH (8.5 to 9.0),
FHA was bound to the column, whereas most
of the LPF was not. The LPF which passed
through the column was recovered in a purified
and concentrated form by applying the material
at pH 6.0 to another hydroxylapatite column.

Irons and MacLennan (15, 16) have shown
that LPF, but not FHA, binds to an affinity
column of haptoglobin coupled to Sepharose 4B.
We used this procedure to further purify LPF
and to remove trace amounts of LPF still pres-
ent in the FHA eluted from hydroxylapatite.
Thus, FHA was made free of LPF by hydroxyla-
patite and haptoglobin-Sepharose chromatogra-

phy. Recently, Askelof and Gillenius (4) used
fetuin instead of haptoglobin as the ligand cou-
pled to Sepharose 4B to purify LPF. We have
also found that fetuin-Sepharose 4B can replace
the haptoglobin-Sepharose 4B in our purification
procedures.
A major goal of this research was to obtain

FHA free of LPF in sufficient quantity for
further study. FHA contained less than 0.002%
of active LPF assayed by HS activity, and both
hemagglutinins contained less than 0.01% of
each other based on antigenic activity measured
by ELISA. Thus, both hemagglutinins were
obtained free of detectable contamination by the
other. In addition, the purification procedure
yielded milligram amounts of each hemaggluti-
nin with very good recovery of starting activities
(Tables 1 and 2). The hemagglutination caused
by FHA and LPF was also distinct. As previous-
ly reported (2, 16), the hemagglutination pro-
duced by LPF was of a granular type, and only
the HA of FHA was inhibited by micromolar
concentrations of cholesterol (Table 3). Also,
the HA per milligram of protein of FHA was
similar when fresh chicken or goose erythro-
cytes were used, whereas the HA of LPF was 10
times greater with goose erythrocytes compared
to chicken cells.

Besides separating the two hemagglutinins in
high yield, our purification procedures gave
highly purified and distinct proteins based on gel
electrophoresis, immunodiffusion, and chemical
analyses. We are now using these proteins in
immunization studies with mouse animal models
to help determine their roles as protective anti-
gens against B. pertussis infection. We have
found (M. Oda, J. L. Cowell, D. G. Burstyn and
C. R. Manclark, Abstr. Annu. Meet. Am. Soc.
Microbiol. 1982, B51, p. 26) that the purified,
detoxified LPF protected mice from both intra-
cerebral and respiratory infection with B. per-
tussis, but the purified FHA protected only from
respiratory infection. This is consistent with the
data of Munoz et al. (25).
A major concern in pertussis vaccine research

is to produce a vaccine which contains the
necessary protective antigens with a minimum
content of toxic components. The above purifi-
cation procedures could prove useful in the
development and production of such a vaccine.
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