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ABSTRACT: We have identified a novel glycoprotein expressed exclusively in frog olfactory neuroepithelium,
which we have named “olfactomedin”. Olfactomedin is a 57-kDa glycoprotein recognized by seven monoclonal
antibodies, previously shown to react solely with proteins of olfactory cilia preparations. It undergoes
posttranslational modifications, including dimerization via intermolecular disulfides and attachment of complex
carbohydrate moieties that contain N-acetylglucosamine and §-D-galactoside sugars. Olfactomedin strongly
binds to Ricinus communis agglutinin I and has been purified to homogeneity by lectin affinity chroma-
tography. Polyclonal rabbit antiserum raised against purified olfactomedin confirmed that it is expressed
only in olfactory tissue. Immunohistochemical studies at the light microscopic and electron microscopic
level show that olfactomedin is localized in secretory granules of sustentacular cells, in acinar cells of olfactory
glands, and at the mucociliary surface. The massive production of olfactomedin and its striking deposition
at the chemosensory surface of the olfactory neuroepithelium suggest a role for this protein in chemoreception.

Chemosensory information from the environment is gath-
ered by olfactory receptor cells, which mediate recognition and
discrimination of odorants (Lancet, 1986; Anholt, 1989).
These cells are located in the olfactory neuroepithelium. They
are bipolar neurons, which project an axon to the olfactory
bulb and a dendrite to the nasal lumen. The dendrite forms
at its apical end a dilatation, the olfactory knob, which gives
rise to a group of chemosensory cilia surrounded by the mucus
that lines the nasal cavity. Different odorants activate distinct
subpopulations of olfactory receptor cells, thus generating
distinct patterns of neuronal activity that encode odor quality
and concentration (Duchamp et al., 1974; Sicard & Holley,
1984).

Current evidence supports the notion that odorant recog-
nition and olfactory transduction are initiated at the muco-
ciliary surface. Olfactory cilia are enriched in a tissue-specific
form of adenylate cyclase (Pfeuffer et al., 1989; Bakalyar &
Reed, 1990), which is regulated by a distinct GTP-binding
protein that is closely related to G, (Pace & Lancet, 1986;
Anbholt et al., 1987) and has been designated G, (Jones &
Reed, 1989). The activity of this enzyme is enhanced by
odorants in a GTP-dependent manner (Pace et al., 1985; Sklar
et al., 1986; Shirley et al., 1986; Breer et al., 1990; Boekhoff
et al., 1990), and the resulting increase in cyclic AMP opens
ion channels (Nakamura & Gold, 1987; Kolesnikov et al.,
1990) that are homologous to cyclic GMP activated channels
of photoreceptor cells (Dhallan et al., 1990). It is thought that
opening of cyclic nucleotide gated channels underlies the
generator current, which leads to excitation of olfactory re-
ceptor cells (Nakamura & Gold, 1987; Firestein & Werblin,
1989; Firestein et al., 1991; Kurahashi, 1990; Frings & Lin-
demann, 1991). The observations that calcium activates the
olfactory adenylate cyclase via calmodulin (Anholt & Rivers,
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1990) and that depletion of intracellular calcium prevents
desensitization of olfactory neurons (Kurahashi & Shibuya,
1990) indicate that calcium plays a central role in controlling
olfactory transduction (Restrepo et al., 1990). In addition,
activation by some odorants results in the formation of inositol
triphosphate (Huque & Bruch, 1986; Boekhoff et al., 1990;
Restrepo et al., 1990).

Recently, a novel family of G-protein-linked receptors that
are expressed uniquely in olfactory tissue and are members
of a multigene family was discovered (Buck & Axel, 1991).
This multigene family of putative odorant receptors contains
most likely several hundred members, and analysis of hom-
ologies among members of this family has identified subfa-
milies within this group of proteins. It has been suggested that
such subfamilies may interact with odorants that belong to
major structural classes and that individual members of each
subgroup may recognize more subtle differences between
otherwise structurally similar odorants (Buck & Axel, 1991).
Although binding of odorants to this new family of proteins
and linkage of these proteins to adenylate cyclase remain to
be demonstrated, the tissue specificity of this multigene family
of G-protein-linked receptors suggest that they may represent
odorant receptors.

Previously, we described a library of monoclonal antibodies
(mAbs) raised against olfactory cilia to identify proteins lo-
cated uniquely at the chemosensory membrane, which, because
of their tissue-specific localization, are expected to play im-
portant roles in facilitating or mediating odorant recognition
(Anholt et al., 1990). We expanded this library to a total of
84 mAbs and identified seven mAbs that recognize proteins
that occur only in preparations of olfactory cilia. During the
course of our studies it became clear that these mAbs recognize
different forms of the same protein, which we have named
“olfactomedin™. Here, we describe the identification, purifi-
cation, and initial characterization of this novel olfactory tissue
specific protein. Moreover, we demonstrate that olfactomedin
is produced by sustentacular cells and submucosal glands and
deposited at the chemosensory surface of the olfactory neu-
roepithelium.
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MATERIALS AND METHODS

Preparation of Olfactory Cilia and Membranes from Frog
Tissues. Bullfrogs, Rana catesbeiana, were obtained from
Acadian Biological (Rayne, LA), Lemberger (Oshkosh, WI),
and Amphibians of North America (Nashville, TN). Frogs
were killed by decapitation, and the dorsal and ventral ol-
factory epithelia were dissected. Olfactory cilia were detached
from the epithelia by calcium shock and subjected to sucrose
gradient centrifugation as described previously (Anholt et al.,
1986).

Respiratory cilia from the palate were prepared in the same
manner, except that the tissue during the calcium shock was
subjected to vigorous mechanical agitation for 1 min on a
vortexer.

Several millimeter long stretches of olfactory nerve could
readily be dissected during removal of the olfactory epithelia.
To prepare membranes of olfactory nerve, brain, heart, liver,
lung, and kidney, tissues were dissected and homogenized in
ice-cold Ringer’s solution! with a Tekmar Tissumizer for 2 X
30s. The homogenates were filtered through a double layer
of surgical gauze and centrifuged for 20 min at 6500g at 4
°C. The pellets were resuspended in Ringer’s solution and
homogenized and centrifuged as before. Retinal rod outer
segments were obtained after dissection of the retinas by gently
agitating the tissue for 10 min on an end-over-end shaker at
4 °Cin 2 mM HEPES, pH 7.4, 112 mM NaCl, 3.4 mM KCl,
and 2.4 mM NaHCO, (Ringer’s solution). The detached
retinal rod outer segments were then collected and processed
in the same way as olfactory or respiratory cilia.

All membranes were suspended in Ringer’s solution and
protein concentrations were determined by the method of
Lowry et al. (1951) with BSA as standard. The membrane
suspensions were aliquoted and stored at —80 °C.

Polyacrylamide Gel Electrophoresis and Immunoblotting.
Polyacrylamide gel electrophoresis in SDS was performed on
10% slab gels in the discontinuous buffer system of Laemmli
(1970) after treatment of the samples with 2-mercaptoethanol,
unless indicated otherwise. Biotinylated standards, including
soybean trypsin inhibitor (21.5 kDa), carbonic anhydrase (31
kDa), ovalbumin (45 kDa), BSA (66.2 kDa), phosphorylase
B (97.4 kDa), 8-galactosidase (116.25 kDa), and myosin (200
kDa), were obtained from Bio-Rad (Richmond, CA), as were
prestained standards, including ovalbumin (46.5 kDa), BSA
(77 kDa), 3-galactosidase (116.5 kDa), and myosin (205 kDa).

Electrophoretic transfer onto nitrocellulose membranes
(Schleicher and Schuell, Keene, NH) and immunoblotting
were performed exactly as described previously (Anholt et al.,
1987). The membranes were blocked by incubation for at least
30 min in 50 mM TrissHCI, 1 mM EDTA, 0.1% gelatin, and
0.1% Triton X-100 (Boehringer Mannheim, Indianapolis, IN),
pH 7.5, and cut into strips. The strips were incubated for at
least 1 h with the primary antibody or biotinylated lectin
(Vector Laboratories, Burlingame, CA) at the desired con-
centration in 10 mM sodium phosphate buffer, 150 mM NaCl,
and 0.05% (v/v) Tween 20 (Aldrich Chemical Co., Milwaukee,
WI), pH 7.5 (PBS/Tween), at 4 °C. Bound antibodies were
visualized with biotinylated secondary antibody complexed to
avidin and biotinylated HRP (Vector Laboratories) by using
3,3’-diaminobenzidine (Sigma Chemical Co., St. Louis, MO)
as the chromogenic substrate. Gels were silver stained by the

! Abbreviations: PBS/Tween, 10 mM sodium phosphate buffer, 150
mM NaCl, and 0.05% (v/v) Tween 20, pH 7.5; RCA, Ricinus communis
agglutinin I; Ringer’s solution, 2 mM HEPES, 112 mM Na(Cl, 3.4 mM
KCl, and 2.4 mM NaHCO,, pH 7.4; WGA, wheat germ agglutinin.
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procedure of Oakley et al. (1980).

Purification of Olfactomedin by Lectin Affinity Chroma-
tography. Since Ricinus communis agglutinin I (RCA) binds
only to the monomeric form of olfactomedin, ciliary mem-
branes (typically 200 ug of protein) or membranes from-de-
ciliated olfactory epithelium (typically 1 mg of protein) were
reduced with 0.14 M 2-mercaptoethanol in Ringer’s solution
for 15 min at 4 °C, followed by centrifugation in a micro-
centrifuge at 16600g for 15 min at 4 °C, prior to solubilization.
The pellet was resuspended in Ringer’s solution supplemented
with 2% CHAPS (Boehringer Mannheim) and incubated on
an end-over-end shaker for 30 min at 4 °C. The suspension
was centrifuged as before, and the supernatant was diluted
with Ringer’s solution to a final concentration of 0.2% CHAPS
and applied to 25 uL of RCA conjugated to agarose (Vector
Laboratories), equilibrated in Ringer’s solution containing 0.2%
CHAPS. The resin was incubated overnight (16-18 h) at 4
°C on an end-over-end shaker. After centrifugation in a
microcentrifuge at 16600g for 10 s, the unbound fraction was
collected. The resin was washed five times by resuspending
it in Ringer’s solution containing 0.2% CHAPS, followed by
centrifugation. To elute olfactomedin, the resin was incubated
for 1 h on a shaker at ambient temperature (22 °C) with 75
uL of 0.5 M D-galactose (Sigma Chemical Co.) and 10 mM
2-mercaptoethanol in Ringer’s solution containing 0.2%
CHAPS. After the eluate was collected by centrifugation as
before, the elution procedure was repeated and the two eluates
were combined. The combined eluate was dialyzed overnight
at 4 °C against 2 X 500 volumes of distilled water, dried under
vacuum by evaporation in a Savant SpeedVac concentrator,
and stored at ~80 °C. Purity of the preparation was evaluated
by SDS-PAGE followed by silver staining and/or immu-
noblotting. RCA breakdown products were often observed
in the eluate (e.g., Figure 2). These could be readily removed,
when necessary, with virtual complete recavery of olfactomedin
by incubating the eluate with anti-RCA IgG (Vector Labo-
ratories) conjugated to Affigel-10 (Bio-Rad; 2 mg of IgG/mL
of gel).

To quantitate recovery of purified olfactomedin from the
initial extract, 2-uL aliquots of the extract and the eluate prior
to dialysis were blotted onto 0.5 X 0.5 cm squares of nitro-
cellulose membrane and allowed to dry. The blots were
blocked as described above and incubated with a 10-fold di-
luted ammonium sulfate cut of mAb 8 in PBS/Tween for 1
h at 4 °C. The blots were washed extensively with the same
buffer and incubated with '2°’I-labeled sheep anti-mouse IgG
(10000 cpm/mL; Amersham Corp., Arlington Heights IL)
for 1 h at 4 °C. After extensive washing, the blots were
allowed to dry and were placed in vials containing scintillation
cocktail, and radioactivity was quantitated in a liquid scin-
tillation counter. Counts were linear as a function of ciliary
protein, which permitted calculation of the recovery of purified
olfactomedin by comparing total immunoreactivity in the
eluate with that in the initial extract.

Production of Polyclonal Antiserum against Olfactomedin.
Ten to twelve week old (4-5 Ib) female New Zealand white
rabbits were purchased from Myrtle’s Rabbitry (Thompson
Station, TN) and maintained in a pathogen-free facility. After
collection of preimmune sera, the rabbits were injected in the
muscles along the back with olfactomedin purified from 400
ug of ciliary protein, resuspended in 10 mM sodium phosphate
buffer and 150 mM NaCl, pH 7.5, and emulsified with an
equal volume of complete Freund’s adjuvant (Sigma Chemical
Co.). Two weeks later the rabbits were immunized again as
before, except that incomplete Freund’s adjuvant was used,
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followed by two additional booster injections at 1-week in-
tervals. The rabbits were exsanguinated under anesthesia, and
the serum was collected and fractionated with 45% ammonium
sulfate to partially purify the immunoglobulin fraction. After
removal of the ammonium sulfate by extensive dialysis against
10 mM sodium phosphate buffer, 150 mM NaCl, and 10 mM
NaN;j, pH 7.5, antibodies against RCA breakdown products
from the agarose-conjugated RCA could be absorbed on
RCA-agarose. IgG could be further purified by affinity
chromatography on protein A conjugated to agarose (Sigma
Chemical Co.) according to the method of Goudswaard et al
(1978).

Antibody Competition Studies. Antibody competition
studies were performed by ELISA in 96-well Immulon II
microtiter plates (Dynatech Laboratories, Inc., Chantilly, VA).
The wells were coated with 50 uL of a suspension of ciliary
membranes in 0.1 M sodium bicarbonate buffer, pH 9.6, at
a protein concentration of 20 ug/mL. The plates were incu-
bated for 16 h at 37 °C, washed extensively with PBS/Tween,
and blocked with 10 mM sodium phosphate buffer, 100 mM
NacCl, 10 mM NaNj, 0.05% (v/v) Tween 20, and 0.2% (w/v)
BSA, pH 7.5, for 30 min at 37 °C. The plates were washed
five times with PBS/Tween, and triplicate wells were incubated
with 50 uL of rabbit antiserum at the desired dilution in
PBS/Tween for 2 h at 37 °C. The plates were washed as
before, and 50 uL of 10-fold diluted ammonium sulfate cuts
of hybridoma supernatants containing the indicated mAbs were
placed in the wells. After the mAbs were allowed to bind for
1 h at 37 °C, the plates were washed as before and bound mAb
was visualized by using biotinylated horse anti-mouse IgG
complexed with avidin and biotinylated HRP (Vector Labo-
ratories) using 2,2’-azinobis(3-ethylbenzothiazoline-6-sulfonic
acid) (Sigma Chemical Co.) as the chromogenic substrate.
Color formation reflecting bound mAb was measured at 405
nm in an ELISA microtiter plate reader. Maximal binding
of mAb was evaluated by substituting preimmune serum for
the polyclonal antiserum in the competition assay. Binding
of the rabbit antiserum was verified by deleting subsequent
incubation with mAb, visualizing bound antibody with biot-
inylated goat anti-rabbit antiserum (Vector Laboratories, Inc.)
and comparing color formation with that observed in wells that
received preimmune serum. A 10-fold dilution of ammonium
sulfate fractionated supernatant of the parent P3x653.Ag8
myeloma cell line and mAbs that recognize unrelated proteins
(mAbs 10, 34, and 78; Anholt et al., 1990) were used to verify
that observed competition was specific for mAbs that recognize
olfactomedin.

Light Microscopic Immunohistochemistry. Immunohisto-
chemical localization of olfactomedin was performed on 6-
um-thick coronal sections of formalin-fixed decalcified nasal
sacs of R. catesbeiana embedded in paraffin and mounted on
chromalum-~gelatin-coated microscope slides. The sections
were deparaffinized in xylene and rehydrated through a series
of graded alcohols from absolute ethanol to water. The re-
hydrated sections were incubated with anti-olfactomedin an-
tibodies in PBS/Tween. Incubation with polyclonal antiserum
was for 1 h at ambient temperature at a 500-fold dilution of
antiserum. Incubations with mAb 43 were overnight (16-18
h) at 4 °C with 10-fold dilutions of ammonium sulfate frac-
tionated hybridoma supernatant. After being washed with
PBS/Tween, bound antibodies were visualized with biotiny-
lated secondary antibodies complexed with avidin and bioti-
nylated HRP (Vector Laboratories) using 3,3’-diamino-
benzidine tetrahydrochloride and 0.015% (v/v) hydrogen
peroxide as substrates. The stained sections were observed
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under a camera-equipped Leitz Fluovert microscope and
photographed with Kodak Ektar 125 color film. To evaluate
nonspecific staining, controls were incubated with preimmune
serum or ammonium sulfate fractionated medium from the
parent P3x653.Ag8 myeloma cell line. Control sections were
processed together with the sections of interest in the identical
solutions for the same incubation periods.

Electron Microscopy. To visualize olfactomedin immuno-
histochemically at the electron microscopic level, we used a
recently developed freeze-substitution technique, which uses
quick-frozen unfixed tissue ahd allows visualization of the
surface of the olfactory epithelium and structures located
within 10-15 um below the epithelial surface (Menco,
1989a,b). Olfactory epithelia were mounted on aluminum
disks (Heuser et al., 1979) and within 3 min after dissection
were frozen on a liquid nitrogen cooled copper block with the
bounce-free Gentleman Jim quick-freeze system (Pelco, Inc.,
Tustin, CA; Phillips & Boyne, 1984). Freeze-substitution and
Lowicryl K11M embedding were carried out as described
previously (Menco, 1989a,b; Bridgman & Daley, 1989;
Humbel & Schwartz, 1989). Infiltration and low-temperature
embedding were done in a CS Auto cryosubstitution apparatus
(Leica/Reichert Instruments, Vienna, Austria; Sitte et al.,
1986). Anhydrous acetone (EM Sciences, Fort Washington,
PA), containing 0.1% uranyl acetate was poured in the sub-
stitution chamber, which was kept at —-80 °C. Substitution
and infiltration lasted 28 days. Embedding lasted 17 days and
was carried out in the polar methacrylate-based Lowicryl
K11M embedding medium (Chemische Werke Lowi GmbH,
Waldkraiburg, Germany; Carlemalm & Villiger, 1989).

All postembedding procedures were carried out at room
temperature in multiwell Teflon dishes, which contained water
in some of the wells and which were tightly sealed with Pa-
rafilm to prevent evaporation (Menco, 1989b). During all
incubations, care was taken to expose both sides of the sections
by ensuring that grids were completely immersed in the in-
cubation medium. To study the localization of olfactomedin,
gold to purple-colored sections were collected on the rough side
of 200-mesh, thin bar hexagonal, uncoated nickel grids. For
staining with polyclonal antibodies against olfactomedin, grids
were preincubated for 2 h in 10 mM Tris-HCl and 500 mM
NaCl, pH 8.0, supplemented with 0.1% acetylated BSA
(Ac-BSA from Aurion Immunogold Reagents, Wageningen,
The Netherlands). For staining with mAb 43, grids were
preincubated with the same buffer, supplemented with 10%
(v/v) normal goat serum. Following the preincubation, grids
were, without intermediate washing, incubated either with
protein A-agarose-purified polyclonal anti-olfactomedin an-
tibody (or preimmune serum) at a protein concentration of
0.5 mg/mL in 0.1 M Tris—glycine buffer, pH 7.5, or with
ammonium sulfate fractionated hybridoma supernatant con-
taining mAb 43, diluted 5-fold with the same buffer, sup-
plemented with 10% (v/v) normal goat serum, to a protein
concentration of 0.1 mg/mL. The samples were incubated
overnight at 4 °C in 200-uL snap-cap polystyrene tubes. The
grids were jet-washed with 10 mM TrissHCl and 500 mM
NaCl, pH 8.0, and incubated for 2 h with gold-conjugated
protein G or gold-conjugated goat anti-mouse IgG/IgM
(Biocell Research Laboratories, Cardiff, U.K., or Energy Beam
Sciences, Agawam, MA) to visualize binding of rabbit anti-
bodies or mAb 43, respectively. The size of the gold particles
was 10 nm, and gold sols were diluted with 20 mM Tris, 150
mM HCI, and 0.1% acetylated BSA to an optical density of
about 0.2 at 520 nm, as described previously (Menco, 1989b).
Following the incubation with gold-labeled conjugates, the



9146 Biochemistry, Vol. 30, No. 38, 1991

mAb

Mr — 61 B2 26 B 42 43
‘ 2 STACKING
(kD) _ ] ST

205 -
116.5 =

77 —

ll 46.5—
|
|
|

|
| |

FIGURE 1: Identification of monomeric and dimeric forms of olfac-
tomedin in olfactory cilia preparations by mAbs. Ciliary proteins (100
ug) were reduced with 2-mercaptoethanol and analyzed by Western
blotting. Strips of nitrocellulose membrane were incubated overnight
with 20-fold dilutions of ammonium sulfate fractionated hybridoma
supernatants, containing the indicated mAbs. Since reduction is often
not complete, both monomeric and dimeric forms of olfactomedin can
be observed. High molecular weight material reflecting aggregates
of olfactomedin is evident in the stacking gel on the strips stained with
mAbs 8, 42, and 43. Bands that stain nonspecifically are identified
on the strip incubated in the absence of mAb. Staining with mAb
45 is not shown, since mAbs 45 and 42 always behave identically.

grids were jet-washed with 10 mM Tris-HCI, 500 mM NaCl,
0.1% (v/v) Tween 20, and 0.01% acetylated BSA, pH 8.0,
washed with water, and dried in a desiccator. The sections
were stained with filtered 0.5% uranyl acetate in 50% methanol
(Bridgman & Daley, 1989) and the section-containing sides
of the grids were carbon coated with a Denton evaporator. The
specimens were examined at 120 kV with a JEOL 100 CX
Temscan electron microscope.

RESULTS

Identification of Multiple Molecular Forms of Olfacto-
medin. Figure 1 shows immunoreactive patterns of seven
mADbs that recognize olfactory tissue specific proteins. MAbs
61 and 82 react predominantly with a broad band centered
at 57 kDa. MAbs 26, 8, and 42 reveal immunoreactivity at
the same position but in addition show strong staining in the
120-kDa region. In contrast, mAb 43 mainly stains a band
in the 120-kDa region. MAbs 8, 42, and 43 also stain high
molecular weight material, which is retained in the stacking
gel and does not enter the resolving gel (Figure 1). The
different immunoreactive species identified by these mAbs
reflect different molecular forms of the same protein, which
we have named olfactomedin. Evidence which shows that these
mAbs all recognize purified olfactomedin and that all of these
mAbs compete with monospecific polyclonal antiserum raised
against the purified protein is described below (Figures 3 and
4),

Previously, we solubilized ciliary membranes under reducing
or nonreducing conditions and analyzed immunoreactive
species after sucrose gradient centrifugation to show that the
120-kDa band visualized by mAb 8§ represents a disulfide-
linked dimer of the 57-kDa species (Anholt et al., 1990). We
have extended this analysis to our other antibodies and the
results are summarized in Table 1. Olfactomedin occurs in
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Table I: Reactivity of Antibodies with Different Molecular Forms of
Olfactomedin

competition
- ; with rabbit
reactivity with antiserum
antibody monomer dimer (%)?
mAb 8 ++ ++ 34
mAb 26 +4+ + 57
mADb 42 ++ ++ 29
mAb 43 - ++ 98
mAb 45 ++ ++ nd
mAb 61 ++ - 98
mAb B2 ++ - 88
rabbit antiserum ++ +

9 Percentages of competition between rabbit antiserum and mAbs are
calculated from Figure 5 at 10% rabbit antiserum. nd, not determined.
Reactivity of mAbs with monomeric and dimeric forms of olfactomedin
is determined after solubilization of ciliary membranes by separating
monomeric and dimeric forms of olfactomedin by sucrose gradient
centrifugation and analyzing immunoreactivity with mAbs in the frac-
tions by Western blotting, as previously described (Anholt et al., 1990).

its native form as a 120-kDa homodimer, composed of two
disulfide-linked 57-kDa monomers. It possesses at least three
distinct types of antigenic determinants. Antigenic regions
recognized by mAbs 26, 61, and 82 are less accessible in the
dimer than in the monomer. In contrast, the determinant for
mAb 43 is dependent on integrity of the dimer. Finally, mAbs
8, 42, and 45 recognize both molecular forms (Table I).

Purification of Olfactomedin. When we realized that all
of our seven mAbs, described above, might recognize the same
protein, we decided to purify this interesting, highly immu-
nogenic protein. Initial methods based on immunosorbents
were unsuccessful; therefore, we investigated lectin affinity
chromatography as an alternative approach. Since olfacto-
medin contains carbohydrate moieties (Anholt et al., 1990),
we examined the reactivity of this protein with con A, wheat
germ agglutinin (WGA), and RCA. Of these three lectins,
WGA and RCA showed intense staining mainly in the region
that corresponds to the position of the 57-kDa monomeric form
of olfactomedin. We took advantage of the reactivity of RCA
with olfactomedin for its purification.

Preparations of olfactory cilia or deciliated olfactory ep-
ithelial membranes were treated with 2-mercaptoethanol to
convert most of the olfactomedin to its monomeric form, since
RCA preferentially binds to the monomer. After solubilization
of the ciliary membranes with 2% CHAPS, the extract was
incubated with RCA-agarose. Olfactomedin is virtually the
only protein in the extract that binds tightly to RCA—agarose,
from which it can be eluted with 0.5 M galactose in the
presence of 10 mM 2-mercaptoethanol (Figure 2, lanes 1-3).
Neither the sugar nor the reducing agent alone is able to elute
the protein from the resin. Addition of 2-mercaptoethanol to
the sugar solution facilitates elution, most likely by causing
some breakdown of the agarose-conjugated RCA. Silver
staining shows a single band at 57 kDa along with two or three
bands between 32 and 36 kDa, which can be readily identified
as breakdown products of the agarose-conjugated RCA
(Figure 2, lane 4). The 57-kDa polypeptide also stains with
mAD 61 (Figure 2, lane 5), which conclusively identifies it as
olfactomedin.

The yield of olfactomedin in the eluate was estimated from
binding of mAbs to olfactomedin on dot blots, which was
quantitated with '*I-labeled secondary antibody, and was 57
+ 9% (n = 6) compared to olfactomedin in the initial extract.
In our initial experiments olfactory cilia preparations served
as the source for olfactomedin. Subsequently, we realized that,
using the identical procedure, olfactomedin can also be purified
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FIGURE 2: Purification of olfactomedin by lectin affinity chroma-
tography. To purify olfactomedin, 200 ug of protein of either olfactory
cilia or deciliated epithelial membranes was extracted and the extract
subjected to affinity chromatography on RCA-agarose. Lanes 1-3
show silver-stained polyacrylamide gels of the initial extract of olfactory
cilia (corresponding to 5 ug of ciliary protein before solubilization;
lane 1) and the eluates from RCA-agarose obtained after affinity
chromatography of a ciliary extract (lane 2) or an extract from
deciliated epithelial membranes (lane 3). Lanes 2 and 3 contain
one-tenth of the total volume of the eluates. Lane 4 shows a sil-
ver-stained lane that received one-tenth of a similar eluate obtained
from RCA-agarose treated identically but not exposed to olfactory
proteins. Lane 5 shows a Western blot, with the same amount of
eluate, on which olfactomedin is visualized by immunoblotting with
a 10-fold dilution of ammonium sulfate fractionated hybridoma su-
pernatant containing mAb 61. Lanes 6 and 7 show staining of the
same olfactomedin preparation with 1000-fold diluted anti-olfacto-
medin rabbit antiserum before and after treatment of the antiserum
with RCA-agarose, respectively. The arrow indicates the position
of the 57-kDa monomer of olfactomedin, and the bracket indicates
the position of RCA breakdown products. Doublet formation of the
olfactomedin band is sometimes observed and may be due to reduction
of intramolecular disulfide bonds (Anholt et al., 1990).

from deciliated olfactory epithelial membranes, which repre-
sent a richer and more economic source. Approximately 200
ug of purified olfactomedin is routinely obtained from ap-
proximately 4 mg of epithelial membranes. Taking into ac-
count the yield of olfactomedin after affinity chromatography
and the presence of some RCA breakdown products that may
contaminate the initial RCA eluate, we estimate that olfac-
tomedin may represent up to 5% of the total protein of ol-
factory epithelial membranes, indicating that it is an abundant
component of the olfactory neuroepithelium.
Characterization of Antibody Reactivity with Purified
Olfactomedin. To provide further evidence that the mono-
clonal antibodies, described above, indeed all react with ol-
factomedin, we characterized their reactivity with the purified
protein (Figure 3). Immunoreactivity of mAbs 8, 26, 42, 45,
61, and 82 is depleted from the unbound fraction of the
RCA-agarose and is recovered in the eluate. All mAbs react
with the purified 57-kDa monomer of olfactomedin (Figure
3). Since olfactomedin is converted into its monomeric form
prior to affinity chromatography on RCA-agarose, immuno-
reactivity of mAb 43, which is dimer-specific, is lost (Figure
3). Evidence that mAb 43 indeed recognizes the same protein
is presented below. In contrast, mAbs that bind to unrelated
proteins (mAb 10 and 34; Anholt et al., 1990) react with
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FIGURE 3: Reactivity of purified olfactomedin with mAbs and lectins.
To purify olfactomedin, 800 ug of ciliary protein was extracted and
subjected to affinity chromatography on RCA-agarose. Forty percent
of either the unbound fraction or the RCA-agarose eluate was an-
alyzed by immunoblotting. Strips of the nitrocellulose membrane
were stained with 20-fold dilutions of ammonium sulfate fractionated
hybridoma supernatants containing the indicated mAbs or with
biotinylated WGA (10 ug/mL) and biotinylated RCA (20 pg/mL).
MAbs 10 and 34 are antibodies that do not react with olfactomedin
(Anholt et al., 1990). A 20-fold dilution of ammonium sulfate
fractionated supernatant from the P3x653.Ag8 parent myeloma cell
line was used to assess nonspecific immunoreactivity. Note that
polypeptides reactive with mAbs 8, 26, 42, 45, 61, and 82 and with
WGA and RCA are depleted from the unbound fraction. Immu-
noreactivity of mAbs 8, 26, 42, 45, 61, and 82 and reactivity with
the lectins is recovered in the eluate in the 57-kDa region (indicated
by the arrow). In contrast, immunoreactivity against mAbs 10 and
34 is found in the unbound fraction but not in the eluate. The asterisks
indicate RCA breakdown products (see also Figure 2).

polypeptides in the unbound fraction but do not show immu-
noreactivity with the eluate of the RCA-agarose (Figure 3).
The 57-kDa species in the eluate, as expected, also reacts with
biotinylated WGA and RCA (Figure 3), indicating the
presence of N-acetylglucosamine and 3-p-galactoside sugars
as part of its carbohydrate moiety.

To provide further evidence that our mAbs all recognize the
same protein, we raised antibodies in rabbit against purified
olfactomedin and investigated to what extent our mAbs can
compete with this antiserum for binding to olfactomedin.

We obtained a monospecific antiserum that reacts prefer-
entially with the monomeric form of olfactomedin, but at
5-10-fold higher concentrations also binds to the dimer (Table
). The antiserum raised against the eluate of the RCA-
agarose resin reacts both with the 57-kDa form of olfactomedin
and the RCA breakdown products present in the eluate (Figure
2, lane 6). Passage of the antiserum through RCA-agarose
eliminates reactivity with the bands between 32 and 36 kDa,
again identifying these contaminants as RCA breakdown
products, while leaving the immunoreactivity against olfac-
tomedin intact (Figure 2, lane 7). The demonstration that the
anti-olfactomedin antiserum reacts monospecifically with a
single 57-kDa polypeptide again attests to the purity of ol-
factomedin after lectin affinity chromatography.

Preincubation of ciliary membranes with rabbit antiserum
reduces the binding of all mAbs but to different extents (Figure
4, Table ). Immunoreactivity of mAbs 43, 61, and 82 can
be completely blocked by the polyclonal antiserum. In con-
trast, only about one-third of the immunoreactivity of mAbs
8 and 42 can be inhibited, whereas inhibition of the binding
of mAb 26 follows an intermediate pattern (Figure 4, Table
I). Reactivity of mAbs that recognize ciliary proteins unrelated
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FIGURE 4: Competition between polyclonal antiserum against ol-
factomedin and mAbs. Microtiter plates were coated with ciliary
proteins and incubated sequentially with polyclonal antiserum and
mAbs, as described under Materials and Methods. All experiments
were done in triplicate. The data are the average of two independent
experiments. Measurements of individual points varied less than 5%.
Binding of mAbs unrelated to olfactomedin was unaffected by
preincubation with anti-olfactomedin rabbit antiserum.

to olfactomedin is unaffected by the antiserum against ol-
factomedin (Figure 4, legend). Failure of the antiserum to
completely inhibit immunoreactivity of mAbs 8 and 42 in-
dicates that antibodies to these antigenic determinants are
represented to a lesser extent in the polyclonal antiserum than
those that recognize determinants reactive with mAbs 43, 61,
and 82, These data provide independent confirmation that
all these mAbs, including mAb 43, and the polyclonal an-
tiserum recognize the same molecular entity.

Localization of Olfactomedin. We used our rabbit an-
tiserum against purified olfactomedin to re-assess its tissue
specificity prior to immunohistochemistry. The antiserum
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visualizes the characteristic 57-kDa band of olfactomedin only
in preparations of olfactory cilia (or deciliated olfactory ep-
ithelial membranes) but not in membranes of olfactory nerve,
kidney, heart, liver, respiratory cilia, lung, and brain (Figure
5, left panel). Similarly, no immunoreactivity is found in
retinal rod outer segments, which are cilia-derived sensory
organelles of photoreceptor cells, although the « and 8 subunits
of transducin are readily identifiable (Figure 5, right panel).
These data support the notion that olfactomedin indeed is
expressed uniquely in olfactory epithelium.

To visualize olfactomedin in the olfactory neuroepithelium
we performed immunohistochemical studies at both the light
microscopic and electron microscopic level. We obtained
coronal sections through the frog nasal cavity with a largely
intact ciliary surface, which under high magnification reveal
individual olfactory cilia (Figure 6A). Observation of the
epithelial surface after incubation of the sections with bioti-
nylated RCA shows association of the lectin with olfactory
cilia together with a lower band of dense staining on top of
the epithelial surface (Figure 6B). Within the neuroepithe-
lium, a periodic pattern of granular staining is observed un-
derneath the surface, consistent with the localization of se-
cretory granules of sustentacular cells. Microvilli of susten-
tacular cells could not be resolved under these conditions.

Staining with polyclonal rabbit antiserum against olfacto-
medin reveals intense staining of the ciliary surface along with
staining in the lower two-thirds of the epithelium and nonu-
niform staining of the acini of submucosal glands (Figure 6C).
Association of olfactomedin with cilia can be observed in
regions where the mucociliary surface has become partially
detached from the neuroepithelium, allowing clear visualization
of individual cilia (Figure 6D). Nonuniform staining of the
glands is mostly restricted to the apical regions of acinar cells
of submucosal glands (Figure 6E) and is less evident in
Bowman’s glands that penetrate into the neuroepithelium.

OLFACTORY RETINAL ROD
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FIGURE 5: Identification of olfactomedin in frog tissues by polyclonal rabbit antiserum. Left panel: Aliquots of 20 ug of protein of preparations
of olfactory cilia (OC), respiratory cilia (RC), or membranes of olfactory nerve (ON), kidney (K), heart (H), liver (L), lung (LU), and brain
(B) were subjected to PAGE and immunoblotting with a 1000-fold dilution of rabbit antiserum raised against purified olfactomedin or preimmune
serum. The arrow indicates the position of the 57-kDa monomeric form of olfactomedin identified only in olfactory cilia preparations. Right
panel: Olfactory cilia or retinal rod outer segments, 100 ug each, were subjected to immunoblotting. Strips of the nitrocellulose membrane
were stained with a 1000-fold dilution of polyclonal antiserum against olfactomedin (strip 1) or preimmune serum (strip 2). Strips 3 and 4
were stained with a 400-fold dilution of a monospecific antiserum against the « subunit of transducin and a 10000-fold dilution of a monospecific
antiserum against the 8 subunit of GTP-binding proteins, respectively. The antisera against the « subunit of transducin and the 8 subunit
of GTP-binding proteins were of the same batch previously provided by Dr. Susanne M. Mumby (University of Texas, Dallas, TX) designated
U-42 and U-49, respectively (Anholt et al., 1987). Note that olfactomedin, indicated by the arrow, is readily demonstrated in preparations
of olfactory cilia but not in retinal rod outer segments. In contrast, the 40-kDa « subunit of transducin (Tea) is present in retinal rod outer
segments but not in olfactory cilia preparations. The 8 subunit of GTP-binding proteins, as expected, is identified in both samples at 36 kDa.
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Connective tissue, blood vessels, and nerve fascicles are not
stained by the antiserum. Incubation of sections with the same
concentration of preimmune serum shows some faint staining
in the lower two-thirds of the neuroepithelium but no staining
at all of the epithelial surface or the glands (data not shown).

Staining of the epithelium with the dimer-specific mAb 43
shows a similar pattern (Figure 6F). Again staining is most
evident at the ciliary surface, in the lower two-thirds of the
neuroepithelium, and at the luminal regions of acinar cells of
submucosal glands (Figure 6, panels F, G, and H). Figure
6G clearly shows heterogeneous punctate association of ol-
factomedin with olfactory cilia. Incubation of sections with
medium from the parent lymphoma cell line, which does not
produce mAb, does not result in staining (Figure 61). Asin
the case of rabbit antiserum, no staining is observed in nerve
fascicles, blood vessels, or connective tissue in the lamina
propria. Staining is also not readily detected in Bowman’s
glands located within the neuroepithelium.

To examine the localization of olfactomedin at the epithelial
surface in greater detail, we did immunohistochemical ex-
periments at the electron microscopic level on unfixed
freeze-substituted samples using gold-labeled protein G to
visualize bound polyclonal antibody or gold-labeled goat
anti-mouse 1gG/IgM to visualize bound mAb 43 (Figure 7).
Both the polyclonal antibodies and mAb 43 show that olfac-
tomedin is localized in the mucus, surrounding the proximal
regions of olfactory cilia, the dendritic knobs and microvilli
of sustentacular cells, and in secretory granules of sustentacular
cells (Figure 7A-C). Two distinct mucous layers can readily
be distinguished (Reese, 1965; Menco, 1980). Most of the
gold particles, reflecting olfactomedin, are observed in the
lower smooth mucous layer. This discrete staining pattern is
not observed when sections are incubated with preimmune
serum (Figure 7D) or with hybridoma supernatant from the
parent cell line, which does not produce mAb against olfac-
tomedin (data not shown).

The combined data obtained from light microscopic and
electron microscopic studies indicate that olfactomedin is
produced by olfactory glands and sustentacular cells and de-
posited at the mucociliary surface of the olfactory neuroep-
ithelium,

DISCUSSION

We have identified a novel protein, which appears to be
produced by glands and sustentacular cells of frog olfactory
epithelium and deposited at the mucociliary surface. This
57-kDa protein undergoes posttranslational modifications,
including dimerization via intermolecular disulfides and at-
tachment of complex carbohydrate moieties that contain
N-acetylglucosamine and galactose-derived sugars. The
conspicuous deposition of this protein near the sites where
odorant recognition occurs suggests an important role for this
protein in olfaction. We have, therefore, named this protein
olfactomedin.

To identify olfactomedin we used mAbs previously shown
to react solely with proteins of olfactory cilia preparations
(Anholt et al., 1990; Table I). Olfactomedin dominates the
immunogenicity of olfactory cilia preparations and is recog-
nized by all of these mAbs. The differential reactivity of the
mAbs with different molecular forms of olfactomedin initially
obscured the fact that they all recognize the same protein.
Purification of olfactomedin and the demonstration that all
of the mAbs, with the exception of mAb 43, which is di-
mer-specific, recognize the purified protein provided conclusive
evidence that these mAbs indeed all bind to olfactomedin
(Figure 3). This is further supported by competition exper-
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iments, which show that polyclonal antiserum raised against
purified olfactomedin can block, albeit to different extents,
binding to ciliary proteins of all of the mAbs, including mAb
43 (Figure 3).

Purification of olfactomedin with RCA-agarose was found
to be less problematic than affinity chromatography with im-
munosorbents and provided a convenient and rapid method
to obtain purified olfactomedin with a good yield. The only
disadvantage of this technique is the necessity to reduce ol-
factomedin to its monomeric form, which may affect its as yet
unknown function, and the presence of some breakdown
products of RCA in the eluate. These breakdown products
can, however, be readily removed by absorption to anti-RCA
IgG conjugated to agarose (data not shown).

Olfactomedin undergoes posttranslational modifications,
including the attachment of unique carbohydrate (Figure 3).
Previously, we showed that most of our mAbs, including mAbs
8, 42, and 43, recognize immunogenic determinants that are
obliterated after treatment with endoglycosidase H (Anholt
et al., 1990). It was, therefore, not surprising for us to find
that our antibodies are species-specific and do not cross-react
with rat olfactory tissue. This may reflect the dominance of
species-specific carbohydrate moieties as immunogenic de-
terminants and does not exclude the occurrence of olfacto-
medin in other species. Further evidence for the unique
composition of olfactomedin’s carbohydrate is our finding that
olfactomedin reacts with WGA and RCA. In fact, olfacto-
medin is virtually the only protein that binds to RCA, in stark
contrast to the reactivity of con A, which binds to a large array
of ciliary proteins (Anholt et al., 1986).

MAbs that recognize olfactomedin can be classified in three
categories (Table I): monomer-specific mAbs (26, 61, and
82), dimer-specific mAbs (43), and mAbs that bind to both
molecular forms (8, 42, and 45). The reactivity of RCA with
olfactomedin resembles that of mAbs 26, 61, and 82 in that
it binds preferentially to the monomer. Binding sites for RCA
and mAbs 26, 61, and 82 may be inaccessible due to steric
hindrance resulting from dimer formation. In contrast, di-
merization of olfactomedin appears to be a prerequisite for
the formation of the antigenic site for mAb 43. It is of interest
to note that polyclonal antiserum raised against the monomeric
form of olfactomedin recognizes the monomer preferentially,
although it also reacts with the dimer but at higher concen-
trations.

We used a monospecific polyclonal rabbit antiserum to
verify the tissue specificity of olfactomedin. Olfactomedin was
readily detectable in olfactory cilia preparations but not in
preparations of nonchemosensory cilia from respiratory tissue
or of other sensory cilia, such as retinal rod outer segments.
Neither did we detect olfactomedin in other mucus-lined
tissues, such as lung, glandular tissues, like liver, or membranes
from olfactory nerve, brain, kidney, or heart (Figure 4).
Although we cannot exclude the occurrence of olfactomedin
in other tissues not tested, the complete absence of immuno-
reactivity in these eight tissues supports the notion that the
expression of olfactomedin is specific for olfactory tissue.

We examined the localization of olfactomedin in olfactory
neuroepithelium by immunohistochemistry at both the light
microscopic and electron microscopic level. From these studies
it appears that olfactomedin is not expressed in olfactory re-
ceptor neurons but rather is secreted by sustentacular cells and
olfactory glands and deposited at the ciliary surface. A
punctate pattern of nonuniform deposits of stain along the cilia
is evident on sections of olfactory epithelium stained with
biotinylated RCA or with antibodies against olfactomedin
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FIGURE 6: Immunohistochemical localization of olfactomedin. Coronal sections through the olfactory sacs of R. catesbeiana were stained
with toluidine blue (A), 25 ug/mL biotinylated RCA (B; 1-h incubation period), rabbit antiserum against olfactomedin (C, D, and E), mAb
43 (F, G, and H), and hybridoma supernatant from the parent myeloma cell line, which does not produce mAb against olfactomedin (I). Panel
I was photographed under Hoffman optics to allow visualization of unstained epithelial structures. Individual cilia are readily observed in
panels A, B, and G (small arrows). The location of the basement membrane, which separates the neuroepithelium from the lamina propria,
is indicated by large arrowheads. Small arrowheads in panel A indicate olfactory knobs. Note the periodic staining near the epithelial surface
(arrowheads) in panel B. The open arrow in panel B shows heavy staining at the epithelial surface. ORC designates olfactory receptor cell
bodies; B, Bowman’s gland; g, submucosal glands; a, axon bundles. Pigmented heteromorphous structures in the lamina propria represent
melanophores. Bars represent 20 um in panels A, B, E, G, and H and 80 um in the other panels.

(Figure 6B,G). In addition, olfactomedin is recovered in the
olfactory cilia preparation, even after purification of ciliary
membranes by sucrose gradient centrifugation. It can be
extracted from the ciliary membranes with detergents and
tends to form aggregates even in detergent solution, indicating

a prominent hydrophobic domain (Figure 1; Anholt et al.,
1990). The immunohistochemical patterns of staining and the
recovery of olfactomedin in partially purified preparations of
olfactory cilia, which persists after sucrose gradient centrifu-
gation, suggest a specific interaction between olfactomedin and
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FIGURE 7: Electron micrographs of the surface of the olfactory neuroepithelium stained with anti-olfactomedin antibodies. Samples were incubated
with polyclonal rabbit antibodies (panels A and B), mAb 43 (panel C), or preimmune serum (panel D). Olfactomedin is found in secretory
granules of sustentacular cells and in the lower layer of the mucus, surrounding the microvilli of sustentacular cells, the dendritic knobs, and
the proximal parts of olfactory cilia. The thin lines in the panels indicate the transition zone between the granular upper mucus layer (m;)
and the smooth lower mucus layer (m,; Reese, 1965; Menco, 1980). sg, secretory granules; mv, microvilli; ¢, cilia; d, dendrite; de, dendritic
ending; s, sustentacular cell. Bars represent 500 nm.
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the dendritic cilia of olfactory receptor cells.

We extended our immunohistochemical studies to the
electron microscopic level to obtain more detailed information
about the deposition of olfactomedin at the epithelial surface.
Electron micrographs of freeze-substituted samples reveal
immunoreactivity in secretory granules of sustentacular cells
and in the lower layer of the mucus, surrounding olfactory cilia,
dendritic knobs, and microvilli of sustentacular cells, in line
with light microscopic observations (Figure 7). Since the
electron micrographs only visualize the epithelial surface, they
do not provide information about localization of olfactomedin
in the acinar cells of glands.

The function of olfactomedin remains to be determined. It
is possible that olfactomedin represents a constituent of the
mucous matrix, which lines the olfactory mucosa, and faci-
litates interactions between odorants and olfactory receptors
at the ciliary membrane. Support for the notion that com-
ponents of the mucus, like olfactomedin, may promote inter-
actions between odorants and chemosensory cilia (Getchell et
al.,, 1984) comes from the observation that responses from
olfactory receptor cells can be elicited by picomolar concen-
trations of odorant in preparations that allow some mucus to
remain associated with the olfactory cilia (Frings & Linde-
mann, 1990). Previous studies reported several proteins that
bind radioactive odorants, such as anisole (Goldberg et al.,
1979), androstenone (Gennings et al., 1977), camphor (Fes-
enko et al., 1978, 1979), and pyrazines (Pelosi et al., 1982;
Bignetti et al., 1985; Pevsner et al., 1985). The pyrazine
binding protein is the best characterized of these proteins and
appears to be a member of a family of carrier proteins for
hydrophobic ligands (Pevsner et al., 1988). A ¢cDNA that
encodes a homologue of this pyrazine binding protein expressed
in Bowman’s glands of frog olfactory tissue has also been
identified (Lee et al., 1987). Olfactomedin appears to be
distinct from these hydrophobic ligand carrier proteins, but
bears resemblance to the previously described camphor binding
protein (Fesenko et al., 1979). This protein was solubilized
from bullfrog olfactory epithelium with Triton X-100 and had
an apparent molecular weight of 120 kDa. It bound [3H]-
camphor with nanomolar affinity and binding of the odorant
was greatly diminished by treatment with sulfhydryl reagents
(Fesenko et al., 1978, 1979). Investigating the binding of
odorants to olfactomedin and odorant-facilitated binding of
olfactomedin to ciliary membranes along with molecular
cloning of cDNA encoding olfactomedin and the elucidation
of its primary structure eventually will clarify the role of this
novel olfactory protein in vertebrate chemoreception.
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ABSTRACT: The three-dimensional structure of the Thr-200 — Ser (T200S) mutant of human carbonic
anhydrase II (CAII) has been determined by X-ray crystallographic methods at 2.1-A resolution. This
particular mutant of CAII exhibits CO, hydrase activity that is comparable to that of the wild-type enzyme
with a 2-fold stabilization of the E-HCO;™ complex and esterase activity that is 4-fold greater than that
of the wild-type enzyme. The structure of the mutant enzyme reveals no significant local changes accom-
panying the conservative T200S substitution, but an important nonlocal structural change is evident: the
side chain of catalytic residue His-64 rotates away from the active site by 105° about x, and apparently
displaces a water molecule. The displaced water molecule is present in the wild-type enzyme; however, the
electron density into which this water is built is interpretable as an alternate conformation of His-64 with
10-20% occupancy. The rate constants for proton transfer from the zinc—water ligand to His-64 and from
His-64 to bulk solvent are maintained in the T200S variant; therefore, if His-64 is conformationally mobile
about x,; and/or x, during catalysis, compensatory changes in solvent configuration must sustain efficient

proton transfer.

Human carbonic anhydrase IT (CAIIL;! EC 4.2.1.1) is a zinc
metalloenzyme containing one essential metal ion bound to
a single polypeptide chain of 260 amino acids [for recent
reviews, see Coleman (1986); Lindskog (1986); Silverman and
Lindskog (1988), and Christianson (1991)]. The biological
function of CAII in the erythrocyte is the hydration of carbon
dioxide to form bicarbonate ion plus a proton. Since k.,/Ky
= 1.5 X 108 M~! 57! for this enzyme, it appears to be one of
only a few enzymes for which catalysis approaches the limit
of diffusion control. However, since the biological mechanism
of CAII requires a proton transfer from the enzyme to bulk
solvent, the observed turnover rate of 10° s™! requires the
participation of buffer—ordinarily, proton transfer from an

' D.W.C. thanks the N1H for Grant GM45614, the NSF for Grant
DIR-8821184, the Chicago Community Trust for a Searle Scholar
Award, and the Office of Naval Research for a Young Investigator
Award. C.A.F. thanks the NIH for Grant GM40602, the American
Cancer Society for Grant JFRA-246, and The David and Lucile Packard
Foundation for a Fellowship in Science and Engineering.

1The coordinates of T200S CAII, as well as those of the wild-type
enzyme, have been deposited in the Brookhaven Protein Data Bank under
reference codes SCA2 and 4CA2, respectively.

enzyme-bound group with pK;, = 7 to bulk solvent may proceed
no faster than 10° s! (Eigen & Hammes, 1963).

The structure of native CAII from human blood has been
determined by X-ray crystallographic methods (Liljas et al.,
1972) and refined at 2.0-A resolution (Eriksson et al., 1986,
1988a). The enzyme is roughly spherical and the active site
lies at the bottom of a conical cleft about 15 A deep. Im-
portant polar residues in the active site include Thr-199,
Thr-200, Glu-106, and His-64; His-94, His-96, His-119, and
hydroxide ion coordinate to Zn?*. Additionally, a hydrophobic
pocket is adjacent to the zinc—hydroxide species. Of the polar
active-site residues, Glu-106 and Thr-199 engage zinc-bound
hydroxide in a hydrogen-bond network (Eriksson et al., 1988a;
Merz, 1990, 1991), Thr-200 interacts with CO, in a proposed

! Abbrevations: 1PTG, isopropyl 8-D-thiogalactopyranoside; T200S,
Thr-200 — Ser; T200H, Thr-200 — His; CAIIL, human carbonic anhy-
drase II; WT, wild type; PNPA, p-nitrophenyl acetate; MES, 2-(N-
morpholino)ethanesulfonic acid; TAPS, [tris(hydroxymethyl)methyl]-3-
aminopropanesulfonic acid; HEPES, N-(2-hydroxyethyl)piperazine-N*
2-ethanesulfonic acid; EDTA, (ethylenedinitrilo)tetraacetic acid; DNSA,
dansylamide; ACET, acetazolamide.
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