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1.1. EL §URFACTANTE PULMONAR. IMPORTAN-
CIA BIOLOGICA Y CLINICA

La importancia de las fuerzas de ten-
sién superficial dentro de las propiedades
mecénicas del pulmén fue reconocida por
primera vez hace 70 afios por el fisidlogo
sueco Kurt von Neergaard (von Neergaard
1929). En 1961, Clements y colaboradores
(Clements et al. 1961) propusieron un mo-
delo basado en la ley de Laplace para ex-
plicar las fuerzas que actian en el interior
de los alveolos pulmonares durante la res-
piracién. Segin este modelo, el pulmon se
compondria de un conjunto de camaras
esféricas (los alveolos) conectadas con el
exterior por una serie de conductos. La ley
de Laplace relaciona la presion de aire
necesaria para abrir estas camaras (P) con
el radio de éstas (r) y con la tension super-
ficial en su interior (y) (fig. 1.1):

Segin esta relacion, la presion necesa-
ria para volver a expandir los alveolos de
menor radio tras una espiracion seria muy
alta si la comparamos con la que se precisa
para aquellos otros de gran tamafio. Esto
hace que los primeros tiendan a colapsarse,
comprometiéndose seriamente la funcién
respiratoria. La estabilidad mecéanica del
alveolo pulmonar es posible gracias al
surfactante pulmonar, un complejo lipo-
proteico que se encuentra tapizando sus
paredes. Gracias a sus propiedades ten-
soactivas, el surfactante es capaz de reducir
la tension superficial en la interfase ai-
re/agua hasta valores inferiores a 10 mN/m
al final de la espiracién (el valor para el
agua pura es de 72 mN/m), evitando asi €l
colapso de los alveolos mas pequefios
(Hamm e al. 1996, Hawgood 1997).

Ademas de su funcién mecanica, se
atribuyen otras propiedades al surfactante

Figura 1.1. Esquema del alveolo pulmonar
donde se muestran las fuerzas que actian en el
interior de los alveolos pulmonares. El agua al-
veolar tiende a colapsar el alveolo debido a las
fuerzas de tensién superficial (flechas pequeiias).
Estas fuerzas son las que el pulmén debe vencer
durante la inspiracién (flechas grandes).

pulmonar, como es la de evitar la transuda-
cion de liquido intersticial al espacio al-
veolar (Daniels ef al. 1995, Hohlfeld et al.
1997). También se ha demostrado una fun-
cién de defensa frente a microorganismos
patogenos. Recientemente se ha compro-
bado que esta Gltima propiedad se debe a
las proteinas hidrofilicas (ver mas adelan-
te). Debido a sus propiedades tensoactivas,
el surfactante pulmonar favorece la solva-
tacion de las particulas pequefias que pe-
netran por las vias aéreas con el agua dela
subfase acuosa, facilitando asi su contacto
con el epitelio alveolar (Schiirch et al.
1990). Este hecho posibilitaria por tanto la
fagocitosis de estas particulas por los ma-
créfagos alveolares, si bien la solvatacion
también podria facilitar la interaccion de
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toxinas y sustancias nocivas con el epitelio
alveolar. Asimismo, se¢ ha demostrado su
actividad antioxidante y la capacidad inmu-
norreguladora de algunos de sus compo-
nentes (Wright 1997).

Alteraciones cualitativas y cuantitati-
vas del surfactante pulmonar aparecen aso-
cladas a numerosas patologias pulmonares,
habiéndose observado variacion en la com-
posicidn lipidica, disminucion en la relacion
cuantitativa lipido/proteina y alteracién de
sus propiedades tensoactivas (Hamm et al.
1996). Entre estas patologias resulta de
especial interés el sindrome de distress
respiratorio neonatal (NRDS), causado
por una deficiencia de surfactante debida a
la mmadurez pulmonar y que es muy fre-
cuente en prematuros (Avery y Mead
1959). Es precisamente en el tratamiento

1 INTRODUCCION

de esta patologia donde mas se han desa-
rrollado las posibilidades terapeuticas de
diversos surfactantes exdgenos. El origen
de los surfactantes utilizados en la practica
clinica es variado: lavado pulmonar de ter-
nera, extracto organico de pulmén bovino
0 porcmno troceado, y extracto de liquido
amniético humano, habiéndose puesto a
punto también algunos surfactantes artifi-
ciales. Varias lineas de investigacion estu-
dian actualmente la incorporacién de pép-
tidos sintéticos que imiten las propiedades
de las proteinas especificas del surfactante
natural, y el uso de estos surfactantes en
otras patologias pulmonares (sindrome de
distress respiratorio del adulto, neumonia,
neumonitis por hipersensibilidad, enferme-
dad pulmonar obstructiva) y en trasplante
de pulmon (Hamm ef al. 1996).

1.2. COMPOSIC}(’)N DEL SURFACTANTE PULMO-
NAR. DESCRIPCION ESTRUCTURAL DE SUS COM-

PONENTES

El surfactante pulmonar se compone
aproximadamente de un 90% de lipidos v
un 10% de proteinas en peso. En la figura
2 se representa la composicion cuantitativa
en peso del surfactante pulmonar segin la
revision de Johansson y Curstedt (Jo-

hansson y Curstedt 1997). En esta figura
no se incluyen otras proteinas, en su mayo-
ria de origen plasmatico, que suelen apare-
cer débilmente asociadas al surfactante en
el lavado broncoalveolar y que se aislan
con €l

1.2.1 COMPOSICION LIPIDICA

En las numerosas especies estudiadas,
los fosfolipidos constituyen el 80-90% en
peso de los lipidos del surfactante (fig.
1.2), siendo el resto lipidos neutros, princi-
palmente colesterol (Johansson y Curstedt
1997, van Golde y Casals 1997). La fosfa-
tidilcolina (PC), que es el fosfolipido ma-
yoritario (70-80%), se encuentra disatura-
da (SatPC) en gran parte, principalmente
(~ 40%) en forma de dipalmitoilfosfati-
dilcolina (DPPC). Entre las especies insa-

turadas predominan las formas monoenoi-
cas, especialmente la 1-palmitoil-2-oleil-
fosfatidilcolina (POPC).

En hombre, perro y rata, entre otras
especies, el segundo fosfolipido en impor-
tancia es el fosfatidilglicerol (PG), que apa-
rece en una proporcién anormalmente alta
(10%), si bien en algunas especies o en
determinadas fases del desarrollo de otras
especies aparece sustituido por otro fosfo-
lipido acido, el fosfatifilinositol (PI). Otros
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Figura 1.2. Composicion cuantitativa del surfactante pulmonar. DPPC, dipalmitoilfosfatidilcolina; SatPC,
fosfatidilcolina saturada; InsatPC, fosfatidilcolina insaturada; PG, fosfatidilglicerol; PE, fosfatidiletanolamina;

PS, fosfatidilserina; PI, fosfatidilinositol; SM, esfingomielina; LipNeu, lipidos neutros.

fosfolipidos minoritarios son la fosfatidilse-
rina (PS), la fosfatidiletanolamina (PE) y la
esfingomielina (SM). En la composicion
lipidica del surfactante se han encontrado
ademas glicolipidos, aunque aun no se co-
noce su funcién. También se han detectado
cantidades importantes de plasmalogenos

de colina, con un residuo de palmitoilo en
la posicién sn-2.

Se ha observado que junto a los lipidos
del surfactante se secreta vitamina E, lo
que explicaria al menos en parte sus pro-
piedades antioxidantes (Ristow et al.
1993).

1.2.2 COMPOSICION PROTEICA

Las protefnas que se aislan con el sur-
factante son apoproteinas especificas apro-
ximadamente en un 50 %; el resto lo cons-
tituyen otras proteinas inespecificas como
albumina, lipoproteinas séricas, inmuno-
globulinas (IgG e IgA), citoquinas y facto-
res de crecimiento, en gran parte de origen
plasmatico (Hawgood 1997, Wright 1997).
Se han detectado ademas varios oligopép-
tidos aniénicos ricos en aspartato con pro-
piedades antibacterianas (Brogden et al.
1996).

Las proteinas especificas se denominan
SP-A, SP-B, SP-C y SP-D, segun la no-
menclatura propuesta por Possmayer en
1988 (Possmayer 1988). Sus caracteristicas
estructurales se detallan a continuacion.

SP-A

La SP-A, denominada SAP-35 hasta
1988 y descrita por primera vez en 1973
(King et al. 1973), es una proteina hidrofi-
lica, con un pI de 4.4-5.6 (Benson et al.
1985). Su estructura cuaternaria consiste
en un octadecamero de 650-700 kDa,
compuesto por seis trimeros que forman
hélices de tipo colagénico (Voss et al.
1988, Haagsman et al. 1989, King et al.
1989) (fig. 1.3). Se ha observado mediante
microscopia electrénica que esta estructura
es muy similar a la de la proteina Clq, pre-
sentando el aspecto de un ramo de flores
con una longitud de 20 nm (Voss ef al.
1988). Los mondémeros, de 28-36 kDa,
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estan unidos mediante puentes disulfuro e
interacciones de tipo no covalente entre sus
dominios colagénicos. La variacién en el pl
y en la masa molecular del mondémero de
proteina se debe a los distintos grados de
glicosilacién y a las modificaciones cova-
lentes sufridas a lo largo de su ciclo meta-
bélico. '

La SP-A pertenece a la familia de las
llamadas lectinas tipo C o dependientes de
Ca’" y, dentro de éstas, se incluye en el
grupo de las colectinas (lectinas con un
dominio colagénico), junto con las protei-
nas ligantes de manosa (MBPs), la SP-D, la
colectina 43 (CL-43) y la conglutinina.
Todas estas proteinas poseen una estructu-
ra cuaternaria muy similar a la de la SP-A
(fig. 1.4), en la que podemos distinguir
varias regiones:

- La regién N-terminal consta de 7-
10 aminoécidos. Uno de estos aminod-
cidos es una cisteina implicada en la
formacién de un puente disulfuro inter-
catenario (Haas et al. 1991). Los puen-
tes disulfuro formados de este modo
conectan covalentemente a los seis tri-
meros que constituyen el octadecamero.
En la posicién 1 existe una Asn que se
encuentra glicosilada en rata (McCor-
mack et al. 1994a) y posiblemente en
perro (Benson et al. 1985). Esta Asn no
aparece en cambio en conejo (Bogga-
ram et al. 1988) ni en hombre (Floros et
al. 1986).

- A esta zona le sigue un dominio
constituido por 70-73 aminoécidos que
forman una hélice de tipo colagénico
(Whitsett et al. 1985a, Whitsett et al.
1985b, Ross et al. 1986a, Voss et al.
1988, Haagsman et al. 1989). La se-
cuencia de esta region estd compuesta
por 23-24 repeticiones de la secuencia
Gly-X-Y, donde Y es hidroxiprolina en
mas de la mitad de ellas. Estos residuos
de hidroxiprolina parecen ser importan-
tes para mantener la estabilidad de la

1.INTRODUCCION

Figura 1.3. Formas monomérica (A), tri-
mérica (B) y octadecamérica (C) de la SP-A.

hélice colagénica (McCormack et al.
1994a). Hacia la mitad de este dominio
hay una Gly que no forma parte de nin-
gan triplete, lo que origina una disconti-
nuidad en la hélice. Esta discontinuidad
podria funcionar como bisagra dentro
de la molécula.

- Mias adelante hay una zona de 30-
40 aminoacidos conocida como “cue-
llo”, que conecta la zona colagénica con
el dominio globular C-terminal. Su se-
cuencia se ajusta a la de una hélice anfi-
pética, seguida de un segmento hidrof6-
bico. Aunque la estructura primaria de
esta region no estd muy conservada, la
repeticion periddica de héptadas donde
los residuos primero y cuarto son hi-
drofdbicos hace pensar que la estructura
tridimensional si lo esta (Weis y Dri-
ckamer 1994). El segmento N-terminal
del cuello, al igual que en otras co-
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SP-A

MBP CL-43

SP-D

CONGLUTININA

Figura 1.4. Proteinas del grupo de las colectinas. La SP-D y la conglutinina son proteinas dodecaméri-
cas; la SP-A y la proteina ligante de manosa (MBP) son octadecaméricas; la colectina 43 (CL-43) es trimé-
rica. En el dibujo se ha intentado mantener la proporcion de tamafio de las distintas regiones dentro de cada

proteina, y de las distintas proteinas entre si.

lectinas, podria formar un “coiled-coil”
compuesto por tres hélices o (Hoppe et
al. 1994). Aunque para la SP-A no se
ha demostrado aun, es posible que
existan interacciones no covalentes en-
tre el extremo C-terminal de esta region
y el dominio globular.

- Finalmente encontramos un domi-
nio globular de tipo lectina (de reco-
nocimiento de carbohidratos) formado
por unos 130 aminoacidos. La Asn-187
est4 unida covalentemente a una cadena
oligosacérida rica en manosa y acabada
en un residuo de acido sidlico (Whitsett
1985a, Whitsett et al. 1985b, Whitsett
et al. 1985c, Phelps et al. 1986, Ross et
al. 1986a). En la SP-A humana se han
hallado determinantes antigénicos del
grupo sanguineo A en esta cadena
(Stahlman et al. 1992). También hay en
este dominio cuatro cisteinas que parti-
cipan en dos puentes disulfuro intraca-
tenarios (Haagsman et al. 1989, Ross et
al. 1991). Estos puentes disulfuro, asi

como la posicién de otros 13 residuos
de esta region, estan muy conservados
en varias lectinas de mamiferos e inver-
tebrados.

SP-B

La SP-B (fig. 1.5), que hasta 1988
aparece en la bibliografia como SPL(Phe) o
SP18, es una proteina de naturaleza hi-
drofobica y pl bésico, cuyo mondmero
tiene 8.7 kDa de masa molecular (Jo-
hansson y Curstedt 1997). Su secuencia se
compone de 79 aminoacidos. Seis de sus
siete cisteinas forman tres puentes disulfuro
intracatenarios muy conservados (Jo-
hansson et al. 1991b, Johansson et al.
1992). La existencia de estos puentes di-
sulfuro y de otros residuos, implicados al
parecer en la formacién de varias hélices a
anfipaticas, hace que se incluya a la SP-B
en la familia de polipéptidos del tipo de la
saposina (Patthy 1991, Zaltash y Johansson
1998), a la que también pertenecen la NK-
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Figura 1.5. Forma monomérica de la SP-B, re-
presentada a partir de la prediccion de regiones o
de Garnier-Robson y de regiones o anfipaticas de
Eisenberg. Se ha tomado ademas como modelo de
plegamiento la estructura tridimensional de la NK-
lisina, con la que presenta una alta homologia
(Liepinsh ef al. 1997).

lisina, ameboporos, saposinas, y dominios
de la esfingomielinasa é4cida y de la acilo-
xiacilhidrolasa. Se ha observado que, tanto
en presencia de lipidos como en distintas
mezclas de disolventes, la SP-B tiene un
contenido muy alto de hélice o (Vanden-
bussche et al. 1992b, Pérez-Gil et al. 1993,
Morrow et al. 1993a, Cruz et al. 1995).
Esta proteina se encuentra normalmente
formando dimeros de 17.4 kDa constitui-
dos por un puente disulfuro (Weaver et al.
1988, Johansson ef al. 1991b, Johansson et
al. 1992), aunque a veces aparece también
en forma oligomérica.

Figura 1.6. Representacion de la forma di-
palmitoilada de la SP-C.

1.INTRODUCCION

SP-C

La SP-C (denominada SPL(pVal) o
SP5 hasta 1988) es, al igual que la SP-B,
uno de los llamados proteolipidos del sur-
factante (fig. 1.6). Se trata de un péptido
de aproximadamente 4 kDa, aunque en
condiciones no reductoras puede formar
dimeros de 8 kDa (Creuwels et al. 1995a).
Junto a la SP-C normal se han detectado
también otras formas de esta proteina ca-
rentes de uno o mas aminoacidos en ambos
extremos de la cadena (Johansson et al.
1988, Simatos et al. 1990, Johansson et al.
1991a). La hidrofobicidad de esta proteina
es muy elevada debido a su alto contenido
en residuos de valina, isoleucina y leucina,
y a la palmitoilacion de sus dos cisteinas
(Curstedt et al. 1990, Stults et al. 1991).
Curiosamente, en perro solo hay una cis-
teina, también palmitoilada (Stults et al.
1991, Johansson et al. 1991a). La funcion
de las cisteinas aciladas aun no esta clara,
pero la desacilacion de la proteina provoca
cambios conformacionales en ésta. Asi,
aunque tanto en bicapas (Pastrana ef al.
1991, Vandenbussche et al. 1992a) como
en monocapas (Oosterlaken-Dijksterhuis ef
al. 1991b) la mayor parte de la estructura
de la forma monomérica estd constituida
por hélice o, en el dimero, que no se en-
cuentra acilado (Baatz et al. 1992, Creu-
wels et al. 1995a), predomina la estructura
en lamina B (Pastrana ef al. 1991, Baatz et
al. 1992, Pérez-Gil et al. 1993, Cruz et al.
1995). Estos cambios estructurales podrian
ser la causa de que la forma dimérica tenga
propiedades distintas a las del mondmero
(Baatz et al. 1992, Creuwels et al. 1995a).
Los aminoacidos situados entre las posi-
ciones 13 y 35, ambas incluidas, son de
naturaleza hidrofobica. Estos aminodcidos
se encuentran en el extremo C-terminal,
donde forman una hélice a hidrofobica
(Johansson et al. 1994). La posicién de la
SP-C, al menos en lo relativo al angulo de
inclinacién de la hélice hidrofobica, es
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diferente segin se encuentre en bicapas o
en monocapas (Gericke et al. 1997).
Cuando la SP-C se reconstituye en una
bicapa lipidica, la hélice hidrofobica se dis-
pone de forma paralela a las cadenas de
acilo de los lipidos (Pastrana et al. 1991,
Vandenbussche et al. 1992a). Cerca del
extremo N-terminal hay dos residuos bési-
cos que se situarfan, al igual que el grupo
amino del extremo N-terminal (Horowitz et
al. 1993), cerca de la superficie (y por
tanto de las cabezas polares de los fosfoli-
pidos) cuando la proteina se encuentra
insertada en una bicapa (Morrow et al.
1993b). La presencia de estas cargas posi-
tivas es importante, ya que su neutraliza-
cién afecta a las propiedades funcionales de
la proteina (Creuwels et al. 1995b).

SP-D

Al igual que la SP-A, la SP-D es una
proteina hidrofilica que por su estructura y
caracteristicas funcionales se incluye en el
grupo de las colectinas. Se han detectado
varias isoformas con pl entre 6 y 8. En su
estructura nativa, la SP-D se compone de
dodecameros cruciformes de 600 kDa,
cada uno de ellos constituido por cuatro
trimeros con estructura colagénica y unidos
covalentemente entre si por la zona N-
terminal mediante puentes disulfuro (fig.
1.7) (Persson et al. 1989, Crouch et al.
1994, Brown-Augsburger et al. 1996a,
Brown-Augsburger et al. 1996b). Cada
brazo del oligdmero posee una longitud de
46 nm. Los mondémeros, con una masa
molecular de 43 kDa, tienen varias regio-
nes bien diferenciadas:

- Una regiéon N-terminal con dos
cisteinas implicadas en puentes disulfuro
intercatenarios (Shimizu et al. 1992, Lu
et al. 1992, Motwani et al. 1995).

- Un dominio de tipo colagénico ri-
co en hidroxiprolinas (Persson et al.
1989, Lu et al. 1992) formado por 59
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Figura 1.7. Forma dodecamérica de la SP-D.

repeticiones de la secuencia Gly-X-Y
(sin interrupciones, a diferencia de la
SP-A). En esta region hay una secuencia
consenso de N-glicosilaciéon con un re-
siduo de Asn al que se une un oligosaca-
rido con é4cido sidlico (Shimizu et al.
1992, Motwani et al. 1995, Brown-
Augsburger et al. 1996a). También hay
carbohidratos unidos en forma de gluco-
sidos de hidroxilisina (Persson et al.
1989).

- Un “cuello” entre la zona colagéni-
ca y el dominio globular, formado por la
asociacion de tres hélices o con estruc-
tura de “coiled-coil” (Hoppe et al.
1994, Motwani et al. 1995).

- Un dominio de reconocimiento de
carbohidratos, con 4 cisteinas muy
conservadas que forman dos puentes di-
sulfuro intracatenarios (Lu et al. 1992,
Shimizu ef al. 1992, Motwani et al.
1995).

La SP-D no se ha podido detectar
dentro de los cuerpos lamelares (Voorhout
et al. 1992b), y no precipita asociada al
surfactante en condiciones en las que si lo
hacen el resto de sus componentes al cen-
trifugar el lavado broncoalveolar. Ademas,
no se le conoce otra funcion que la de de-
fensa frente a microorganismos patogenos,
lo que ha hecho que algunos autores se
replanteen el incluirla entre las proteinas
especificas del surfactante. Por tanto, esta
proteina podria quedar incluida en el grupo
de proteinas que aparecen en el lavado
broncoalveolar sin ser especificas del sur-
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factante. Sin embargo, se ha demosirado
que la SP-D es capaz de contrarrestar el
efecto mhibidor de la SP-A sobre ia secre-
cién de surfactante en los neumocitos tipo
IT (Kuroki ef al. 1991c), y que su carencia
provoca alteraciones en el metabolismo de

1 INTRODUCCION

los lipidos del surfactante (Botas et al.
1998, Korfhagen ef al. 1998), por lo que
podria desemperfiar algiin papel regulador
especifico en el ciclo metabélico del sur-
factante.

1.3. CICLO METABOLICO DEL SURFACTANTE

PULMONAR

La sintesis, almacenamiento v secre-
cién de los componentes del surfactante
pulmonar corren a cargo de los neumoci-
tos tipo II, también llamados células tipo
I1, células alveolares tipo 11 y neumocitos
granulares (fig. 1.8A). Estas células, situa-
das en el epitelio alveolar, poseen unos
organulos caracteristicos, los cuerpos la-
melares, donde se almacena el surfactante
antes de ser secretado al espacio alveolar
(fig. 1.8B). En la composicién de los cuer-
pos lamelares, ademas de fosfolipidos y
proteinas especificas del surfactante, se
incluyen una o-glucosidasa especifica y

Figura 1.8. (A) Neumocito tipo II de pulmon
humano. La cara luminal de la membrana plasma-
tica (partc superior de la imagen) forma microve-
llosidades. y en ella se acumulan los cuerpos lame-
lares antes ser secretados. (B) Detalle de un cuerpo
lamelar. Obsérvese cl empaquetamicnto de las
bicapas. Imdgenes extraidas de Mason R. I vy
Shannon J. M. (1997). Alveolar type II cells, cn
The Lung: Scientific Foundations, 2nd edition, ed.
R.G. Crystal. J.B. West, E.R. Weibel, P.J. Barnes
{Philadelphia: Lippincott-Raven Publishers): 9-18.

1.3.1 SINTESIS

Experimentos con diversas especies
animales han demostrado que la biosintesis
de los distintos componentes del surfac-
tante pulmonar aumenta hacia el final de la
gestacion. Numerosos estudios, realizados
mayoritariamente en modelos fetales (ya

otras enzimas lisosomales y proteinas, todo
ello envuelto en una membrana y con un
medio interno 4cido y rico en Ca*" (Haw-
good 1997).

sea en animales o en cultivos celulares) han
demostrado que gran parte de los factores
implicados en la regulacion de la sintesis
del surfactante lo estan también en la onto-
genia del propio pulmén (van Golde y Ca-
sals 1997).
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Sintesis de fosfolipidos

La sintesis de los fosfolipidos se reali-
za en ¢l reticulo endoplasmico de los neu-
mocitos tipo II. Aunque ya hemos visto
que la composicién lipidica del surfactante
es variada, solo estudiaremos las rutas bio-
sintéticas de la DPPC por ser el principal
componente (fig. 1.9). La sintesis de novo
de PC en el pulmdn se produce cast exclu-
sivamente a través de la formacién de
CDP-colina, siendo limitante el paso catali-
zado por la cohnafosfato citidililtransferasa
(van Golde y Casals 1997). Sin embargo,
otras enzimas pueden ejercer un papel re-
gulador en determinadas condiciones. Estas
enzimas son la colina quinasa, la glicerol-3-
fosfato aciltransferasa y la fosfatidato fos-
fatasa. En neumocitos tipo IT fetales, la
acido graso sintasa puede catalizar también
la etapa limitante de esta ruta sintética. La
actividad de muchas de estas enzimas pare-
ce estar sometida a control hormonal, tanto
en pulmén adulto como fetal.

La biosintesis de novo da cuenta del
45 % de la DPPC del surfactante, forman-

SINTESIS DE PC DE NOVO

COLINA

ATP
! Colina

quinasa

CTP

FOSFATIDILCOLINA INSATURADA

ADP LPX H G
1 rmsam]asa Fosfolipasa A;
FOSFOCOLINA
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dose el resto de la DPPC mediante meca-
nismos de desacilacién-reacitacion a partir
de especies insaturadas de PC (van Golde y
Casals 1997). En esta segunda via, la eli-
minacién de la cadena insaturada de acilo
en [a posicion sn-2 de la PC podria estar
catalizada por la fosfolipasa A, microsomal
dependiente de Ca™, o bien por la fosfoli-
pasa A, citosdlica independiente de Ca®'.
No obstante, el papel de estas enzimas en
la sintesis de DPPC atn no esta claro. En
este sentido, se ha descrito una via por la
cual la eliminacién de la cadena de acilo
insaturada se produce mediante transacila-
cién de dicha cadena a un lisofosfolipido.
Finalmente, la lisofosfatidilcolina (LPC}
resultante del proceso de desacilacién o de
transacilacion seria reacilada con palmitoil-
CoA mediante la LPC aciltransferasa, ob-
temendose DPPC.

Sintesis de las proteinas especificas
del surfactante

La SP-A humana estd codificada por
dos genes de secuencia muy conservada,

REMODELACION DE ESPECIES INSATURADAS DE PC

i6:0

{D P-colma

16:0

Colina-fosfato &
citidifiltransferasa LISOFOSFATIDILCOLINA
P Pefmita] -P-colina
Acil-CoAstiso- almitoil-CoA
CDP-COLINA fosfatidilcolina
aciltransferasa ¢ CoA
DIACILGLICEROL )
1 Colinafosfo- 16:0
oMp transforasa DIPALMITOT FOSFATIDILCOLINA 150 {
" £-P-colim
FOSFATIDILCOLINA

Figura 1.9. Rutas sintéticas de la fosfatidilcolina. En la sintesis de novo (parte izquierda de la figura) se ha
resaltado con negrita la enzima limitante de esta via. LPX = lisofosfolipido; PX = fosfolipido; 16:0 = palmitoi-
lo; U = acilo insaturado.
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SP-A1l (White ef al. 1985) y SP-A2 (Floros
et al. 1986, Katyal et al. 1992), y por un
pseudogén (Korfhagen et al. 1991), inclui-
dos todos en el cromosoma 10 (Bruns et
al. 1987, Fisher et al. 1987, Korfhagen et
al. 1991). Actualmente se piensa que cada
trimero de SP-A (dentro del octadecame-
ro) se compone de un producto del gen
SP-Al y dos del gen SP-A2 (Voss ef al.
1991); el hecho de que la diferencia en la
secuencia de ambos genes corresponda a la
zona colagénica hace pensar que la forma-
cioén de estos heterotrimeros tiene como fin
aumentar la estabilidad de la triple hélice,
ya que esta region es muy importante en el
emsamblaje y estabilizacién del oligdmero.
En perro, conejo, rata y raton sélo se ha
encontrado un gen hasta el momento (Ben-
son et al. 1985, Boggaram ef al. 1988,
Fisher et al. 1988a, Korfhagen ef al. 1992),
localizado en el cromosoma 14 en el caso
de la ultima especie (Moore et al. 1992).

TATA ATG

N o~ T presPA

|

N
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Ademas de en neumocitos tipo II, esta
proteina también se expresa en células no
ciliadas del epitelio bronquiolar (células
Clara) y en células del epitelio bronquial.
En los ultimos afios se ha detectado su
expresion también en intestino (Rubio et al.
1995, Eliakim et al. 1997) y c€lulas me-
sentéricas de rata (Chailley-Heu et al.
1997), y en oido medio humano (Yamana-
ka et al. 1991).

El precursor de la SP-A, de 26-31 kDa
(Floros et al. 1985, Weaver et al. 1986),
posee un péptido sefial (17 a 20 amino4ci-
dos, segin la especie) en el extremo N-
terminal (Benson et al. 1985, White et al.
1985, Boggaram et al. 1988), encargado
de dirigir a la proteina hacia la ruta secreto-
ra de la célula y que se elimina durante su
translocacion al lumen del reticulo endo-
plasmico (fig. 1.10) (Floros et al. 1985).
En rata se ha detectado recientemente la
presencia en este péptido sefial de un resi-

TGA

3> DNA
(4.7 kb)

3>  mRNA

C

SP-A
(28-36 kDa)

Figura 1.10. Sintesis de la SP-A. El gen de la SP-A posee 7 exones, que incluyen 4 regiones codificantes
y 5 regiones UTR (regiones no traducidas). En la preproteina se ha indicado la posicion del péptido sefial con
trazo discontinuo. En la SP-A madura (esquematizada en forma monomérica) se han representado la hidro-
xilacion de las prolinas del dominio colagénico (I), los puentes disulfuro (-SS-) y la glicosilacion del dominio

globular.

-
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duo de Cys, al parecer implicado en la for-
macion de un puente disulfuro necesario
para el correcto plegamiento de la proteina
(Elhalwagi et al. 1997). Una vez en el reti-
culo endoplasmico, se produce la glicosila-
cién de la Asn-187 con un oligosacarido
rico en manosa al que, ya en el complejo de
Golgi, se afiade un residuo de acido sialico
(Whittset et al. 1985c, Phelps et al. 1986).
También se produce la hidroxilacion de
algunos residuos de prolina (Benson et al.
1985). Aunque s6lo se han observado en
algunas especies, en condiciones in vitro y
por medios indirectos, se han detectado
ademas otras modificaciones covalentes
como N-acetilacién de la metionina N-
terminal (Floros et al. 1986, Weaver et al.
1986), sulfatacion de la cadena oligosaca-
rida (Weaver et al. 1987) y y-carboxilacion
dependiente de vitamina K de residuos de
acido glutamico (Rannels et al. 1987). El
correcto trafico intracelular y secrecion de
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la SP-A son independientes de la presencia
del dominio colagénico (McCormack et al.
1997¢) y la cadena oligosacarida (O’Reilly
et al. 1988), aunque la velocidad de incor-
poracion a los cuerpos lamelares es menor
si se inhiben la glicosilacién o €l procesa-
miento de la cadena oligosacarida (Alcorn
y Mendelson 1993).

El gen que codifica para la SP-B se lo-
caliza en el cromosoma 2 en humanos
(Emrie et al. 1988, Pilot-Matias et al.
1989) y en el 6 en raton (Moore et al.
1992). Este gen se expresa tanto en neu-
mocitos tipo II como en células Clara. Cu-
riosamente, también se ha detectado SP-B
en intestino de rata (Eliakim ef al. 1989).

El producto inicial de la traduccion de
la proteina es un polipéptido de 42 kDa, la
preproSP-B, que sufre un primer procesa-
miento en el que pierde un péptido sefial de
20-23 residuos (fig. 1.11) (Glasser et al.
1987, O’Reilly et al. 1989, Weaver y Whit-

3> DNA
(9.5 kb)

mRNA

SP-B
(8.7kDa)

Figura 1.11. Sintesis de la SP-B. El gen de esta proteina esta compuesto por 11 exones en los que hay 10
regiones codificantes y 3 regiones UTR. Los tramos discontinuos sefialados en la proSP-B corresponden a los

segmentos N (incluido el péptido sefial) y C-terminal que se eliminan en el proces

o de maduracion de la protei-

na. Obsérvese en ambos tramos la presencia de sendas cadenas oligosacaridas. En la SP-B madura se han re-
presentado los puentes disulfuro intra e intercatenarios (-SS-).
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sett 1989). El producto resultante, la
proSP-B, experimenta la glicosilaciéon de
uno o dos residuos de asparragina con un
oligosacarido rico en manosa y con é4cido
sidlico (Emrie ef al. 1989, O’Reilly et al.
1989, Hawgood ef al. 1993). La proSP-B
presenta un alto grado de homologia con el
precursor de la saposina, asi como con la
glicoproteina sulfatada-1 (Patthy 1991,
Zaltash y Johansson 1998). Debido a ello,
se cree que esta proteina, ademds de ser la
precursora de la SP-B, podria tener alguna
otra funcién. Finalmente se eliminan de la
proSP-B sendos fragmentos de 176 y 102-
107 residuos de los extremos N y C-
terminal (Weaver y Whitsett 1989), res-
pectivamente, durante su transporte desde
el complejo de Golgi hasta los cuerpos
lamelares en un compartimento endosémi-
co-lisosomal (Voorhout ef al. 1992a). El
procesamiento del extremo N-terminal se
lleva a cabo por la accién de una proteasa
del tipo catepsina D (Weaver ef al. 1992).
La region N-terminal y la parte correspon-
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diente al péptido maduro son necesarias
para que la SP-B llegue a los cuerpos la-
melares (Lin et al. 1996a, Lin et al.
1996b). Parece ser que al menos parte del
procesamiento postraduccional que expe-
rimenta la SP-B se produce especifica-
mente en neumocitos tipo I (Hawgood et
al. 1993).

La SP-C humana estd codificada por
dos genes situados en el cromosoma 8
(Fisher et al. 1988b, Glasser ef al. 1988a).
Aunque son dos los c-DNA que se han
detectado, esto se podria deber a una va-
riacion alélica o a variaciones en el sitio de
procesamiento intrén-exén mas que a la
existencia de un gen duplicado (Glasser et
al. 1988b). En conejo (Boggaram y Mar-
gana 1992) y en raton (Glasser ef al. 1990)
sOlo se ha encontrado un gen hasta el mo-
mento, situado en el cromosoma 14 en esta
ultima especie (Moore ef al. 1992).

De la expresion de este gen, que se
produce exclusivamente en neumocitos
tipo II, se obtiene un péptido de aproxima-

3> DNA

(3.5kb)

3’ mRNA

.......

proSP-C

.
ae
.
......
.
-
........

SP-C
(3.5 kDa)

Figura 1.12. Sintesis de la SP-C. El gen de la SP-C se compone de 6 exones, en los que se incluyen 5 regio-
nes codificantes y 3 regiones UTR. En la proSP-C se muestran con trazo discontinuo las porciones N y C-
terminal que son eliminadas en el procesamiento postraduccional. Las dos lineas negras en zigzag representan
los dos restos de acilo unidos a los residuos de cisteina del extremo N-terminal.
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damente 21 kDa, la proSP-C (fig. 1.12)
(Warr et al. 1987, Glasser et al. 1988a,
Glasser et al. 1990, Vorbroker ef al. 1992,
Beers et al. 1994). Este péptido experi-
menta posteriormente una modificacion
atn sin identificar que le hace aumentar de
masa (Vorbroker et al. 1992, Keller et al.
1992), y es palmitoilado en dos cisteinas
(Vorbroker et al. 1992). Finalmente, es
sometido a varias etapas proteoliticas en
las que pierde residuos en ambos extremos
(Glasser et al. 1988a, Beers et al. 1994,
Beers y Lomax 1995). Parte de este proce-
so (Beers et al. 1994, Vorbroker et al.
1995b) se produce en el trans-Golgi y los
cuerpos multivesiculares, y termina en los
cuerpos lamelares (Beers 1996). La proSP-
C carece de péptido sefial, aunque se ha
propuesto que parte de la secuencia de la
SP-C madura podria actuar como tal y
como dominio de anclaje a membranas
(Keller et al. 1991, Keller ef al. 1992).

ATG
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y
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Al igual que en el caso de la SP-A, el
gen que codifica para la SP-D humana se
encuentra en el cromosoma 10 (Kdlble et
al. 1993, Crouch et al. 1993), mientras que
en ratéon se sitia en el cromosoma 14
(Motwani et al. 1995).

La expresion del gen se produce tanto
en neumocitos tipo 11 como en células Cla-
ra, habiéndose descubierto recientemente
que la proteina también se expresa en glan-
dulas traqueales (Wong et al. 1996) y, cu-
riosamente, en estdmago, corazon, rifion y
mesenterio de rata (Motwani et al. 1995,
Fisher y Mason 1995, Chailley-Heu et al.
1997). Su producto inicial de traduccién es
un péptido de 39 kDa que experimenta
glicosilacién en residuos de asparragina, €
hidroxilacién y posterior glicosilacion de
residuos de Lys en el dominio colagénico
(fig. 1.13) (Crouch ef al. 1991). En la se-
cuencia del c-DNA aparece un péptido
sefial (Shimizu et al. 1992) que desaparece

TGA

= 5 oma
7

8 35kb

mRNA

preSP-D

SP-D
43 kDa

Figura 1.13. Sintesis de la SP-D. El gen de esta proteina esta compuesto por 8 exones, en los que hay 7 re-
giones codificantes y 2 regiones UTR. En la preSP-D sc¢ ha indicado la presencia del péptido sefial con trazo
discontinuo. Ademas, en la proteina madura (esquematizada en forma monomérica) se muestran la hidroxila-

ci6n de residuos de lisina y prolina del dominio colagénico (1), los puente

dominio colagénico.

s disulfuro (-SS-) v la glicosilacion del
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en la proteina madura. Para que la proteina
pueda ser posteriormente secretada, es
necesaria la formacién de los puentes di-
sulfuro intercatenarios que permiten Ia
formacion de los dodecameros, siendo la

1.3.2 ALMACENAMIENTO

El surfactante pulmonar se almacena
en los cuerpos lamelares antes de ser se-
cretado al espacio alveolar. Aun no estd
clara la forma en que los fosfolipidos son
transportados desde el reticulo endoplas-
mico hasta los cuerpos lamelares a través
del complejo de Golgi. Aunque los prime-
ros estudios parecian indicar que el proce-
so de transporte se llevaba a cabo mediante
proteinas transportadoras de fosfolipidos,

1.3.3 SECRECION

La secrecion del surfactante pulmonar
se produce por exocitosis de los cuerpos
lamelares. lIones Ca’” (Haller ef al. 1998),
microtubulos y microfilamentos (Bhandari
et al. 1997) parecen estar unplicados en el
proceso. También la anexina II (Liu er al.
1996, L et al. 1997) y una proteina muy
similar a la sinexina de las gléndulas adre-
nales (Chander y Wu 1991) podrian parti-
cipar. Sin embargo, no todos los elementos
del surfactante salen al alveolo con los
cuerpos lamelares. En este sentido, Ja SP-D
no se ha logrado detectar en estos organu-
los, de lo que se ha deducido que se secreta
por otra via (Voorhout et al 1992b).
Igualmente, algunos autores sostienen que
parte de la SP-A sintetizada en los neumo-
citos tipo IT se podria secretar a través de
la via constitutiva, independientemente de
la ruta de los cuerpos lamelares. Esta opi-
ntén se basa en que una estimulacion en la
secreciéon de PC no va acompafiada de un
incremento proporcional en los niveles
extracelulares de SP-A, y en la aparicién de
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estabilidad de la triple hélice de colageno
(hidroxilacién de residuos de prolina y de
lisma) un requisito previo para que se
constituyan  estas  uniones  (Brown-
Augsburger ef al. 1996b),

hoy se cree mas probable que se produzca
por fusion de pequefias vesiculas mediada
por proteinas ligantes de fosfolipidos (Ha-
wgood 1997).

El transporte de las proteinas SP-A,
SP-B y SP-C hasta los cuerpos lamelares
se produce a través de la propia ruta bio-
sintética (que al parecer es cormin para las
ires) mediante cuerpos multivesiculares
(Voorhout ef al. 1993).

SP-A marcada en el fluido alveolar antes
de que se pueda detectar en los cuerpos
lamelares (Tkegami et al. 1992, Froh et al.
1993, Rooney ef al. 1993, Ikegami et al.
1994).

El proceso de secrecion resulta esti-
mulado por hiperventilacion, debido a una
accién mecanica producida por distorsion
celular, a cambios en el pH extracelular o a
ambos factores (Batenburg 1995, Floros y
Phelps 1997). Un estudio realizado recien-
temente por Tolle y colaboradores muestra
que la hiperoxia aumenta los niveles de SP-
A, pero no los de lipidos del surfactante,
indicando una regulacién independiente de
la secrecion de ambos componentes (Tolle
et af. 1997). También actian como secre-
tagogos muiltiples compuestos: ésteres de
forbol y diacilgliceroles, 4cido araquiddmi-
co y eicosanoides, ionéforos de Ca®', deri-
vados de piridina, y agonistas B-adrenér-
gicos, bistaminérgicos, purinérgicos y de
vasopresina (Hawgood 1997, Floros y
Phelps 1997). Es posible que en este pro-
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ceso haya una interaccion endotelio-
epitelio de tipo paracrino, pues se ha de-
mostrado que el péptido vasoactivo endo-
telina-1 estimula la secrecion de surfactante
(Sen et al. 1994). En cuanto a posibles
secretagogos exogenos, se ha observado
que el bpopolisacarido (LPS) de Escheri-
chia coli también estimula la secrecion
(Romero et al. 1995), aunque un estudio
reciente muestra el efecto contrario para el
LPS de Salmonella minnesota (Fehrenbach
et al. 1998).

La SP-A (Rice et al. 1987, Dobbs et
al. 1987} y, en menor extension, los lipidos
del surfactante (Dobbs et al. 1987) ejercen
un mecanismo de retroalimentacién negati-
va sobre la secrecion del surfactante pul-
monar. La accién inhibidora de la SP-A se
produce mediante su unién a un receptor
(Kuroki e al. 1988b, Kuroki ef al. 1988c).
Se han propuesto como posibles receptores
de la SP-A proteinas de 32 kDa (Strayer et
al. 1993, Strayer et al. 1996b), 170-200
kDa (Stevens e al. 1995) y 210 kDa

Figura 1.14. Miclina tubular. Las estructuras
mas apiladas quc aparecen en la parte superior de¢
la imagen son cuerpos lamelarcs, Imagenes extrai-
das de Mason R. J. y Shannon J. M. (1997). Al-
veolar type 1L cells, en The Lung: Scientific Foun-
dations, 2nd edition. ed. R.G. Crystal, ] B. West,
E.R. Weibel, P.J. Barncs (Philadelphia: Lippincott-
Raven Publishers): 9-18.
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(Chroneos et al. 1996) situadas en la mem-
brana de los neumocitos tipo IL.

Una vez en la luz alveolar, ¢l surfac-
tante procedente de los cuerpos lamelares
se desempaqueta y forma una estructura
altamente ordenada en forma de malla, la
mielina tubular (fig. 1.14). Para la forma-
cion de mielina tubular es necesaria la pre-
sencia de SP-A, SP-B, DPPC, PG y Ca™
(Suzuki ef al. 1989, Williams et al. 1991,
Poulain er al. 1992, Clark et al. 1995,
Korthagen et al. 1996). Las particulas ob-
servadas en las esquinas de las formas pol-
gonales que aparecen en esta estructura
son al parecer SP-A (Voorhout ef al
1991). En general, resulta un hecho acep-
tado que la mielina tubular actia como
reservorio y precursor de la monocapa que
se forma posteriormente en la interfase
aire/agua del alveolo pulmonar. En este
sentido, se ha observado en estudios in
vitro que la actividad de una serin-proteasa
(Gross y Schultz 1990) o de la fosfolipasa
D (Dhand et al. 1998) facilita su conver-
sion a la forma vesicular a partir de la cual
se formaria la monocapa, aunque algunos
autores sostienen que esta transformacion
del surfactante parece estar relacionada
mas con la salida de materiales de la mono-
capa que con su incorporacién a é€sta
(Veldhuizen ef al. 1993, Gross et al
1997). Por otra parte, estudios con surfac-
tantes exogenos (Notter ef al. 1986) y con
ratones transgénicos que no expresan SP-A
(Korfhagen ef al. 1996) han demostrado
que ¢l surfactante no necesita transformar-
se primero en mielina tubular para ejercer
su actividad.

Durante muchos afios se ha asumido
que el surfactane funcional se encuentra
formando una monocapa en ¢l alveolo. Sin
embargo, esto no se ha podido demostrar
aun, y es probable que este modelo sea en
realidad una simplificacion de las estructu-
ras que realmente existen. Estudios re-
cientes de microscopia electronica y de
tension superficial apuntan mas bien hacia



un sistema de varias membranas lipidicas
asociadas estrechamente a la monocapa en
la interfase aire/agua (Schiirch ef al. 1995)
(fig. 1.15). Es posible que esta estructura
en multicapas se forme en cada proceso de
compresion (espiracién) de la monocapa y
que después, al expandirse durante la inspi-
racion, se redisperse en la interfase ai-
re/liquido con ayuda de la SP-C (Amrein ef
al. 1997, von Nahmen et al. 1997a, von
Nahmen et al. 1997b). De cualquier forma,
la estructura (o estructuras) formada se
podria enriquecer en DPPC posteriormente
con cada ciclo de compresion-expansion,
mediante la exclusion de componentes dis-
tintos de DPPC. Este proceso esta favore-
cido al parecer por la SP-B (Yu y Possma-
yer 1990) y, probablemente, por la SP-A
(Yu y Possmayer 1990, Schirch et al.
1992, Schiirch ef al. 1995, Yu y Possmayer
1998, Cajal et al. 1998).
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Figura 1.15. Secrccién del surfactanie pulmo-
nar. CL . cuerpos lamelares; MT, mielina tubular;
figuras azules, SP-A; figuras verdes, SP-B; figuras
rosas., SP-C.

1.3.4 DEGRADACION Y RECICLAJE

En el liqmdo alveolar hay estructuras
vesiculares pobres en proteinas y con haja
actividad superficial, conocidas en la bi-
bliografia como “vesiculas o agregados
pequenos” (Batenburg 1995, Floros vy
Phelps 1997). Estas estructuras estan
constituidas probablemente el material de
salida (principalmente fosfolipidos) de Ia
monocapa enriquecida en DPPC. La for-
macion de estos agregados pequefios en
cada ciclo de compresién-expansion pul-
monar parece estar relacionada con la de-
gradacion de la SP-B por parte de una se-
rin-proteasa (Veldhuizen ef al. 1993) de-
nominada convertasa (Gross y Schultz
1992). Esta enzima, una glicoproteina de
72 kDa, ha sido clonada recientemente
(Krishnasamy et al. 1998).

Una vez fuera de la monocapa, los li-
pidos pueden seguir varios cammos (Ba-
tenburg 1995, Hamm ef al. 1996, Floros y
Phelps 1997):

1. Transporte ciliar hacia las vias aé-
reas altas.

2. Captura y degradacion por parte
de los macrdfagos alveolares. La SP-A
aumenta el proceso de captacion de lipi-
dos por estas células (Wright y You-
mans 1995).

3. Paso a linfa o sangre.

4. Recaptura por parte de los neu-
mocitos tipo 1l para ser reutilizados o
degradados en lisosomas. En este Gitimo
caso, parte de los productos de degra-
dacion se aprovechan posteriormente
para resintetizar PC. La recaptura por
parte de los neumocitos tipo IT parece
ser la via mas importante de aclara-
miento de los lipidos del surfactante.

Aunque un estudio reciente demuestra
que la presencia de SP-A no es necesaria
para la recaptura de lipidos del surfactante
por las células alveolares (lkegami er al.
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1997), trabajos anteriores indican que la
SP-A podria mediar o al menos acelerar el
proceso (Wright er al. 1987, Rice ef al.
1989, Tsuzuki et al. 1993, Bates ef al.
1994} al favorecer la union de aquéllos a Ia
membrana de los neumocitos tipo II (Ho-
rowitz et al. 1996). Esta unidn esta media-
da al parecer por la interaccion de la pro-
teina con un receptor (Wright ef al. 1989,
Ryan et al. 1989, Strayer ef al. 1993, Ste-
vens et al. 1995, Strayer ef al. 1996b). La
SP-B y la SP-C (Rice ef al. 1989, Ho-
rowitz et al. 1996) también favorecen la
unién a la membrana celular y la endocito-
sis de vesiculas lipidicas. Aunque su accidn
no parece estar mediada por receptores, se
ha observado que la SP-B asociada a lipi-
dos se unc a zonas concretas de la mem-
brana de los neumocitos tipo II (Bates ef
al. 1992). El aclaramiento del surfactante
afecta mayoritariamente a los agregados
pequefios, permaneciendo los denominados
agregados grandes (fraccion funcional del
surfactante) intactos en la luz alveolar (Ho-
rowitz et al. 1997b).

Al igual que los fosfolipidos, las pro-
teinas son recapturadas por los neumocitos
tipo 1I, aunque su recambio es mis rapido
que ei de la SatPC (Hawgood [997). La
SP-A es endocitada posiblemente tras unir-
se a un receptor a través del dominio de
reconocimiento de carbohidratos (Murata
et al. 1993). Posteriormente, parte de la
proteina se incorporaria de nuevo a los
cuerpos lamelares via cuerpos multivesi-
culares (Ryan et af. 1989, Young et al.
1993). Por otra parte, la SP-B parece fijar-
se a zonas determinadas de la membrana de
neumocitos tipo 11 (Bates et al. 1992) para
ser internalizada y, en parte, secretada de
nuevo con los cuerpos lamelares (Breslin y
Weaver ef al. 1992). Otra fraccion de SP-B
es degradada en el interior de estas células
y en macrofagos alveolares (Bates y Fisher
1993). Su reciclaje parece estar estrecha-
mente relacionado con el de la SatPC, aun-
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que se produce mds rapidamente (Henry et
al. 1996). También se ha observado, me-
diante marcaje radiactivo, que la SP-C e¢s
recapturada y vuelta a secretar al espacio
mtraalveolar (Baritussio ef al. 1992, Pinto
et al. 1993) en un proceso favorecido por
la SP-A (Pinto ef al. 1995) e mnhibido por
la SP-B (Horowitz et al. 1997a). El acla-
ramiento de este péptido también se produ-
ce mediante captura por macrdfagos al-
veolares (Baritussio ef al. 1989). Al pare-
cer, la forma monomérica de la SP-C se
elimina con mayor facilidad que la dimérica
(Li et al. 1998). La recaptura de esta alti-
ma forma se acelera al elevar los niveles de
glutation en el medio, posiblemente debido
a su conversidn en monomero. En cuanto a
la SP-D, su aclaramiento parece correr a
cargo (al menos en parte) de los macrofa-
gos alveolares, siendo independiente de la
presencia de SP-A vy lipidos del surfactante
(Dong y Wright 1998).

Para mantener la homeostasis del sur-
factante pulmonar debe haber un equilibrio
entre su secrecion y su eliminacién. En este
sentido, tanto la hiperventilacion como los
agentes agonistas P-adrenérgicos, ademads
de actuar como secretagogos, son capaces
de activar su captura y metabolismo (Ba-
tenburg 1995, Hawgood 1997). La accién
de los agonistas P-adrenérgicos se debe
probablemente a que mducen un aumento
de receptores para la SP-A (Chen et al.
1996). En contradicciéon con lo anterior-
mente dicho, Griese y colaboradores ob-
servaron que estas sustancias no tenian un
efecto estimulante sobre el aclaramiento
del surfactante, y que la concanavalina A,
una lectina que mhibe la secrecidn de fos-
folipidos, es sin embargo incapaz de esti-
mular la recaptura de fosfolipidos (Griese
et al. 1991). A la vista de estos resultados,
proponen que la secrecion y la elimimacion
del surfactante estdn reguladas por meca-
nismos distintos.
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1.4. CARACTERISTICAS FUNCIONALES DE LOS
COMPONENTES DEL SURFACTANTE PULMONAR

1.4.1 LIPIDOS

Desde hace varias décadas se sabe que
la DPPC, componente lipidico mayoritario
del surfactante pulmonar, es el principal
responsable de sus propiedades tensoacti-
vas (Hawgood 1997). Cualquier suspen-
sion de fosfolipidos en agua tiende a for-
mar espontaneamente una monocapa en la
interfase aire/agua. El desplazamiento de
las meléculas de agua en la interfase por
parte de esta monocapa se traduce en una
disminucion de la tension superficial. La
tension superficial del agua pura es de 70
mN/m. S1 ponemos un exceso de fosfolipi-
dos en suspension, la acumulacion de éstos
en la interfase se produce hasta aicanzar y
~ 25 mN/m, que marcaria el punto de equi-
librio del sistema. Aunque aumentemos la
concentracion de fosfolipidos en la suspen-
sién, la tension superficial se mantendra en
este valor. Sin embargo, si comprimimos la
monocapa formada después de alcanzar
este equilibrio, los fosfolipidos situados en
ella pasan a ocupar un 4rea molecular me-
nor, quedando mds empaguetados. En es-
tas condiciones se expulsan mas moléculas
de agua de la interfase, y la tensién superfi-
cial se reduce aun mas, pudiendo alcanzar
incluso valores cercanos a los 0 mN/m,
dependiendo de la especie fosfolipidica de
que se trate. Sin embargo, este estado de
compresion no es estable, tendiendo el
sistema a recuperar la tensién superficial de
equihbrio mediante la exclusion de molé-
culas de fosfolipido de la monocapa. Los
fosfolipidos que posean cadenas de acilo
insaturadas quedaran peor empaquetados al
comprimir la monocapa. Por el contrario,
aquellos otros con cadenas saturadas po-
dran dar lugar a estructuras mas ordenadas,
capaces de soportar mejor tensiones super-

ficiales mds bajas. Esto ultimo es lo que
ocurre con fas especies disaturadas de PC,
mas concretamente con la DPPC. Las mo-
nocapas de DPPC pueden ser comprimidas
hasta valores de y inferiores a 1 mN/m,
mostrando una marcada estabilidad frente
al colapso De ahi que esta especie sea ma-
yoritaria en el surfactante y sea la maxima
responsable de su actividad como compo-
nente antiatelectasico.

Sin embargo, para que los fosfolipidos
gjerzan su actividad superficial, antes deben
acceder a la interfase para constituir la mo-
nocapa. El proceso de adsorcion se produ-
ce mas rapidamente cuando los lipidos se
encuentran en estado liguido cristalino. La
DPPC posee una T, (temperatura de tran-
sicién de fase gel-liquido cristalino) de 41
°C, es decir, se encuentra en estado gel a
37 °C, por lo que su adsorcién es muy lenta
en estas condiciones. Las especies insatu-
radas, en cambio, forman mas rapidamente
una monocapa en la interfase al tener una
T, inferior a los 37 °C. Este hecho podria
justificar la presencia de estas especies en
el surfactante, aunque no se descarta que
puedan desempefiar otras funciones. De
este modo, las especies de PC insaturadas
facilitarian la adsorcion del surfactante y,
una vez formada la monocapa, la DPPC
podria ejercer su accion reductora de la
tension superficial hasta valores de alrede-
dor de 1 mN/m. Aunque su papel en el
surfactante aun no esta claro y es posible
que solo se trate de contaminantes de ori-
gen celular, ésta podria ser también la fun-
cion del colesterol y de otros lipidos neu-
tros del surfactante que modifican la flui-
dez de la DPPC. En este sentido, al compa-
rar la temperatura corporal normal en dis-
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tintas especies de vertebrados, se ha obser-
vado que, cuanto menor €$ ésta, mayor €s
la presencia de colesterol y de especies
insaturadas en el surfactante, incluso en
individuos de la misma especie (Daniels ef
al. 1995, Daniels ef al. 1998). Una vez
formada la monocapa en la interfase, ésta
se iria enriqueciendo en DPPC al ir elimi-
nindose otros fosfolipidos (principalmente
los insaturados) en cada ciclo de compre-
sibn-expansion.

Se ha observado que también el PG y
otros fosfolipidos acidos favorecen el pro-
ceso de adsorcién del surfactante (Meban
1981). En determinadas condiciones y en
algunas especies el P1 puede reemplazar al
PG sin que se altere el correcto funciona-
miento del surfactante (Batenburg 1995,
Floros y Phelps 1997). Sin embargo, es
muy probable que la carga negativa de sus
cabezas polares confiera a los fosfolipidos
acidos otras funciones adicionales mediante
interaccién con iones Ca’' o con grupos
cationicos presentes en las proteinas del
surfactante (Hawgood 1997).

1.4.2 SP-A

La SP-A es capaz de interaccionar con
lipidos de forma independiente de Ca®'
(King et al. 1983, King 1984, Casals ef al.
1993). Aunque la unién presenta una alta
especificidad para la DPPC (Kuroki y Aki-
no 1991a, Casals ef al. 1993), ¢ésta es ma-
yor con mezclas de DPPC y fosfolipidos
acidos en presencia de Ca’" (King y
MacBeth 1981, King et al. 1983, King
1984). En contra de lo observado ante-
riormente por algunos autores (Ross ef al.
1986b, Kuroki y Akino 1991a), experi-
mentos mas recientes con SP-A recombi-
nante han demostrado que la integridad del
dommio colagénico no es imprescindible
para que se produzca esta interaccion
(McCormack et al. 1997¢). Aunque la zo-
na del cuello de la SP-A parece participar
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Los lipidos del surfactante podrian de-
sempeifiar un importante papel en la regula-
cion de los procesos de defensa en el pul-
mon debido a su capacidad mmunosupre-
sora. En este sentido, se ha demostrado
que lipidos y extractos de surfactante ca-
rentes de proteinas hidrofilicas (SP-A y SP-
D) son capaces de inhibir la produccion de
citoquinas (Thomassen et al. 1992, Tho-
massen et al. 1994, Kremlev y Phelps
1994b), prostanoides (Foldes-Filep et al.
1994) e inmunoglobulinas (Kremlev y
Pheips 1994b), implicados en el proceso de
inflamaciéon mediado por los macréfagos
alveolares, ademas de bloquear también la
proliferacién de linfocitos inducida por
mitégenos (Wilsher ef al. 1988a, Wilsher ef
al. 1988b, Kremlev et al. 1994a) y la qui-
miotaxis de macrofagos alveolares (Tanaka
et al. 1997). Asimismo, inhiben la capaci-
dad de la SP-A de estimular la produccion
de especies reactivas de oxigeno {Fdldes-
Filep et al. 1994) y la aparicion de marca-
dores de superficie (Kremlev y Phelps
1997b) en macréfagos.

en la interaccién de la proteina con lipidos,
debe haber otra region implicada (Ogasa-
wara et al. 1994). Esta regién, aparente-
mente mas importante en la interaccidn,
estaria sitnada en el dominio de reconoci-
miento de carbohidratos (Kuroki et al.
1994, McCormack et al. 1997b). En este
sentido, Sano y colaboradores han demos-
trado que la regidn comprendida entre los
residuos Glu-195 y Phe-228 es necesaria
para la interaccion con fosfolipidos (Sano
et al. 1998). Un aumento de fuerza idnica
en ¢l medio o la adicion de agentes que-
lantes de cationes divalentes no rompe las
mteracciones entre SP-A y lipidos en el
surfactante nativo, lo que sugiere que las
interacciones apolares desempefian un pa-
pel importante en el proceso (King et al.
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1983, King 1984). Se ha observado ademas
que la asociacion de SP-A y fosfolipidos se
ve favorecida a temperaturas inferiores a la
de transicion de fase, es decir, cuando los
lipidos se encuentran en estado gel (King et
al. 1983, King 1984, King et al. 1986, Ca-
sals et al. 1993).

Ademds de unirse a vesiculas lipidicas,
la SP-A es capaz de inducir su agregacion
en presencia de Ca” (King et al. 1983,
Hawgood et al. 1985, Efrati er al. 1987,
Casals et al. 1993). El dominio de recono-
cimiento de carbohidratos desempefia un
papel importante en la agregacién de vesi-
culas (McCormack ef al. 1994b, Ogasawa-
ra et al. 1994, Kuroki ef al. 1994, Hiraike
ef al. 1995, McCormack et al. 1997b), y el
mantenimiento de la estructura cuaternaria
es fundamental para esta actividad (Ross et
al. 1991, Kuroki y Akino 1991b, McCor-
mack ef al. 1997¢).

El Ca™" actda como ligando de la SP-
A. Parece haber al menos dos sitios de
unién. Uno de ellos, de alta afinidad, pare-
ce estar situado en el fragmento resistente
a colagenasa (Haagsman ef a/. 1990, Soh-
ma ef al. 1992). Se ha observado que la
unién de Ca’™ a esta region es responsable
de un cambio conformacional en la protei-
na (Haagsman et al. 1990, Sochma et al.
1992, Sohma et al. 1993), y que concen-
traciones fisiolégicas de Ca’" inducen la
autoagregacion reversible de la SP-A (Ha-
agsman et al. 1990). La existencia de resi-
duos de 4cido y-carboxiglutimico podria
estar relacionada con la union a este cation
(Rannels et al. 1987).

La SP-A, al igual que el resto de las
lectinas de tipo C, tiene la capacidad de
unirse, de forma dependiente de Ca’™', a
carbohidratos (Haagsman ef al. 1987, Hau-
rum et al. 1993) y glicolipidos (Childs et
al. 1992, Kuroki ef al. 1992b) a través del
dominio de reconocimiento de carbohi-
dratos. Entre las distintas especies de mo-
nosacaridos, la SP-A presenta una especial
afinidad por manosa (Haagsman ef al.
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1987). Sin embargo, la funcién de la cade-
na oligosacanda de esta proteina no esta
clara. Se ha comprobado que no estd impli-
cada en el transporte ni en la secrecion de
la proteina (O'Reilly ef al. 1988), y que su
ausencia parcial o total no afecta ni a la
capacidad de la SP-A de inhibir la secre-
cién de surfactante ni a fa unién a su re-
ceptor (Kuroki ef al. 1988a, McCormack
et al. 1994a). Si se ha observado, en cam-
bio, que la SP-A humana desglicosilada
pierde la capacidad de agregar vesiculas
lipidicas (Haagsman ¢f af. 1991), aunque
un trabajo mas reciente contradice estos
resultados (McCormack ef al. 1994a).

En cuanto al papel que desempefia la
SP-A en el contexto del alveolo pulmonar,
son varias las funciones que se le atribuyen,
pudiéndose agrupar en tres apartados:

1) Actividad biofisica del surfac-
tante.

- Participa en la formacion de la mie-
lina tubular a partir del surfactante se-
cretado desde los cuerpos lamelares. Pa-
ra este proceso también es necesaria la
presencia de SP-B y de Ca®* (Suzuki et
al. 1989, Williams et al. 1991).

- Facilita la adsorcién de los lipidos
del surfactante a la interfase aire/agua
del alveolo, aunque de forma relativa-
mente débil en comparacién con las
proteinas hidrofébicas SP-B y SP-C
(King y MacBeth 1979, King vy
MacBeth 1981, Chung er al. 1989,
Schiirch er al. 1992, Yu y Possmayer
1993, Putman ef al. 1996). Este efecto
es mayor en presencia de SP-B, SP-C y
Ca® (Hawgood et al. 1985, Hawgood
et al. 1987, Efrati et al. 1987, Yu y
Possmayer 1990).

- Favorece el enriquecimiento de la
monocapa en DPPC (Yu y Possmayer
1990, Schiirch ef al. 1992, Yu y Poss-
mayer 1998).

- Participa, junto con la SP-B, en el
mantenimiento de los agregados gran-
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des, que constituyen la fraccion funcio-
nalmente activa del surfactante en el al-
veolo pulmonar (Veldhuizen ef al. 1994,
Veldhuizen et al. 1996).

- Contrarresta la inhibicion de las
propiedades tensoactivas del surfactante
provocada por proteinas plasmaticas
como  albimina y  fibrindgeno
(Cockshutt ef al. 1990, Hallman ef al.
1991, Strayer et al. 1996a). Ademds,
parece intervenir en el aclaramiento de
componentes plasmaticos en los alveo-
los. En este sentido, se ha visto que la
SP-A se une a VLDL y favorece su
captura por macrofagos alveolares (Al-
berti et al. 1998).

2) Ciclo metaboélico del surfactan-
te.

- Interviene en la recaptura del sur-
factante para su reciclaje, favoreciendo
al menos la unién de los lipidos a la
membrana de los neumocitos tipo II
(Wright et al. 1987, Rice ef al. 1989,
Tsuzuki et al. 1993, Bates et al. 1994).

- Inhibe la secrecién del surfactante,
participando en un mecanismo regulador
de retroalimentacién negativa (Dobbs er
al. 1987, Rice et al. 1987).

- Un trabajo reciente realizado por
Korutla y Strayer sefiala que la SP-A
estimula la transcripcidn de los genes de
SP-B y SP-C, asi como la de su propio
gen (Korutla y Strayer 1999). Debido a
ello, los autores proponen un papel de
citoquina para la SP-A, que funcionaria
mediante un mecanismo autocrino.

Estas funciones relacionadas con el
ciclo metabdlico del surfactante estin
mediadas por su unién a un receptor es-
pecifico situado en la membrana de los
neumocitos tipo I (Kuroki e al. 1988b,
Wright ef al. 1989, Stevens er al. 1995,
Chroneos et al. 1996, Pattanajitvilai et
al. 1998). La integridad del dominio
colagénico es necesaria para que se pro-
duzca su interaccién con este receptor
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(Kuroki y Akino 1991b, McCormack et
al. 1997¢), posiblemente debido a que la
eliminacion de esta regién produce una
pérdida de estructura cuaternaria. Va-
rias evidencias demuestran que esta in-
teraccion es dependiente de Ca’* (Kuro-
ki et al. 1988c, Wright et al. 1989,
Chroneos et al. 1996) y que se produce
a través del dominio de reconocimiento
de carbohidratos (McCormack et al
1994b, Kuroki ef al. 1994, Hiraike ef al.
1995). Dentro de esta region, la secuen-
cia comprendida entre los residuos Glu-
195 y Phe-228 desempeiia un papel fun-
damental (Sano et al. 1998). Esto po-
dria explicar el hecho de que otras lecti-
nas sean capaces también de estimular la
recaptura de fosfolipidos o de inhibir su
secrecion en los neumocitos tipo 1I
(Griese et al. 1991).

3) Defensa frente a agentes paté-
genos.

- Induce quimiotaxis (Wright vy
Youmans [993) y aparicién de marca-
dores de superficie (Kremlev y Phelps
1997b) en macrofagos.

- Acelera la maduracién de linfocitos
(Kremlev et al. 1994a) e incrementa la
secrecion de determinadas citoquinas en
monocitos, neumocitos tipo IT y ma-
crofagos alveolares (Blau et al. 1994,
Kremlev y Phelps 1994b, Kremilev et al.
1997a), asi como la produccién de in-
munoglobulinas (Kremlev y Phelps
1994b). Estos datos se contradicen sin
embargo con los resultados obtenidos
en otros trabajos, en los que se ha ob-
servado que la SP-A inhibe la prolifera-
cion de linfocitos y la produccién de in-
terleukina-2 (Borron ef al. 1996) me-
diante su unién a un receptor (Borron et
al. 1998).

- Incrementa la produccion de espe-
cies reactivas de oxigeno de forma se-
lectiva en macrdéfagos alveolares (van
Iwaarden et al. 1990, Weissbach er al.
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1994, van Iwaarden et al. 1995). Este
efecto se debe al parecer a un aumento
en la expresién de la NO sintasa induci-
ble (Blau ef al. 1997). Recientemente se
ha sugerido 1a idea de que la SP-A, ala
vez que induce la produccién de estas
especies en macrofagos, es capaz de
proteger al surfactante frente a su ac-
cién (Amirkhanian y Merritt 1998).

- Favorece la fagocitosis de algunos
virus mediante su opsonizacién (van
Iwaarden et al. 1991, van Iwaarden ef
al. 1995), y neutraliza a otros
(Hartshorn et al. 1994, Benne ef al.
1995). La interaccion podria estar me-
diada por la unién del residuo de acido
sidlico de la cadena oligosacarida de la
SP-A a una lectina de la cubierta viral
(van Iwaarden et al. 1992b, Malhotra ef
al. 1994, Benne et al. 1995, Benne ef
al. 1997).

- Estimula la fagocitosis y destruc-
cién de bacterias (van Iwaarden et al.
1990, Manz-Keinke ef al. 1992,
Geertsma ef al. 1994, Pikaar et al
1995, Tino y Wright 1996, Weikert et
al. 1997, Hickman-Davis et al. 1998).
Ni la regién de reconocimiento de car-
bohidratos ni las cadenas oligosacéaridas
de la SP-A mtervienen al parecer en la

Tabla 1. Funciones de defensa de 1a SP-A.
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union a algunos microorganismos Gram
negativos, por lo que posiblemente sea
la region de unidn a lipidos de la SP-A
la responsable de la interaccién con el
lipido A del lipopolisacarido (LPS) de
estas bacterias (van Iwaarden ef al
1994). La unién a otras bacterias se rea-
liza mediante interaccién con los polisa-
caridos capsulares (Kabha er al. 1997).
Se ha demostrado que, una vez en mar-
cha la respuesta inflamatoria, el receptor
de manosa de los macrofagos alveolares
(capaz de unir directamente patigenos
no opsonizados) se inactiva, y la afini-
dad de estas células por la SP-A se dis-
para, lo que aumentaria la importancia
del papel de opsonina de la SP-A en la
fagocitosis de microorganismos patoge-
nos (Chroneos y Shepherd 1995).

- Su unién dependiente de Ca*" a As-
pergillus fumigatus también facilita la
fagocitosis y destruccién de este hongo
(Madan et al. 1997a). Ademés, mhibe la
unién de las IgE a alergenos de este mi-
croorganismo y la liberacién de histami-
na en basofilos, lo que le podria conferir
un papel protector frente a reacciones
de hipersensibihidad producidas por
alergenos mhalados (Madan et al
1997b).
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La union de la SP-A a macrofagos
alveolares parece estar mediada por la
interaccién de su dominio colagénico
(Pison et al. 1992, Malhotra et al. 1993,
Wright v Youmans 1993) con un re-
ceptor de alta afinidad situado en la
membrana plasmatica de estas células
(Kuroki er al. 1988c, Manz-Keinke et
al. 1991, Pison et al. 1992, Oosting y
Wright 1994). Este receptor ha sido
identificado por algunos autores como
ClqgR (el receptor de Clq), que podria
ser comun para varias colectinas (Mal-
hotra ef al. 1990, Malhotra et al. 1992,
Geertsma ef al. 1994). Sin embargo, hay
que tener en cuenta que la mayoria de
estos estudios estdn basados en la com-
petencia de proteinas que poseen domi-
nios colagénicos con la SP-A por su
unidn al receptor, y que la SP-A es ca-
paz de interaccionar con algunas de
ellas, por lo gue el efecto mhibidor de
estas proteinas podria deberse a su inte-
raccion con la SP-A, y no a la unién de
éstas al receptor (Oosting y Wright
1994). Ademas, se ha observado en
otros estudios que la presencia de ma-
nosa en la cadena oligosacarida de! re-
ceptor 0 en la de la propia SP-A es fun-
damental para esta interaccién { Winter-
gerst ef al. 1989, Manz-Keinke et al.
1991, Ohmer-Schrock er al. 1993, Ga-
ynor ef al. 1995), y que ésta es depen-
diente de Ca®" (Manz-Keinke ef al.
1991, Ohmer-Schrock ef al. 1993), 1o
que podria implicar a interacciones de
tipo lectina en el mecanismo de unién.
Integrando las dos posturas anterior-
mente expuestas, Ohmer-Schrock y co-
laboradores han propuesto que. aunque
la interaccién con el receptor se produce
a través de su dominio de reconoci-
miento de carbohidratos, la SP-A podria
tener ademas un sitio de unién para su
domimo colagénico en ClqR (Ohmer-
Schrick et al. 1993). Se necesitan por
tanto mds estudios para avanzar en la
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comprension de este proceso, De mo-
mento, los datos publicados parecen
apoyar la hipotesis de que hay distintos
receptores de colectinas en las c€lulas
del sistema inmunitario (Wright 1997).
En este sentido, un trabajo publicado
por Chroneos y colaboradores muestra
que la interaccién de la SP-A con ma-
crofagos estd mediada por un receptor
distinto de ClqR (Chroneos et al.
1996). Este nuevo receptor para la SP-
A, denominado C1gR(P), podria ser una
proteina de membrana de 126 kDa, que
ha sido clonada y analizada por Nepo-
muceno y colaboradores (Nepomuceno
et al. 1997).

A la vista de las propiedades descri-
tas de mteracci6n con células del siste-
ma inmunitario, se deduce que la SP-A
glerce una actividad promnflamatoria.
Teniendo en cuenta las propiedades an-
timflamatorias de los lipidos del surfac-
tante comentadas anteriormente, sera la
relacion fosfolipidos/SP-A la que de-
termine si el surfactante pulmonar tiene
en conjunto un caracter anti o proinfla-
matorio. La hpdtesis de que la SP-A
desempefia un papel importante en la
defensa de las vias respiratorias estaria
ademas apoyada por el hecho de que el
interferon-y estimula su sintesis sin alte-
rar la produccion de otros componentes
del surfactante (Ballard et al. 1990).
Asimismo, se ha observado que los ni-
veles de SP-A en enfermos de neumonia
de origen bacteriano son menores que
en individuos sanos (Baughman et al.
1993), y que ratones transgénicos ca-
rentes de SP-A sufren con mayor facili-
dad infecciones por estreptococos del
grupo B (LeVine ef al. 1997) y Pseu-
domonas aeruginosa (LeVine et al.
1998), 1o que podria establecer una re-
lacion entre los niveles de esta proteina
y la susceptibilidad a infecciones. Sin
embargo, y en contraposicién con lo
anteriormente dicho, esta proteina po-
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dria actuar también como adyuvante de
algunos agentes mfecciosos. En este
sentido, se ha observado que la SP-A
podria facilitar la infeccion de macréfa-
gos alveolares por Mycobacterium tu-
berculosis (Downing ef al. 1995, Ga-
ynor ef al. 1995, Pasula et al. 1997), y
del epitelio alveolar por Pneumocystis
carinii (Zimmerman et al. 1992), aun-

1.4.3 SP-B

La importancia de la SP-B en el sur-
factante pulmonar ha sido demostrada en
varios experimentos realizados in vivo:
anticuerpos contra esta proteina inactivan
surfactantes exdgenos y producen fallo
respiratorioc agudo en ratones y conejos
(Johanssen y Curstedt 1997). Ademas, la
carencia congénita de SP-B es incompati-
ble con la vida. Este hecho se ha demostra-
do al comprobar que ratones transgénicos
carentes de SP-B morian al nacer (Clark et
al. 1995, Tokieda ef al. 1997). En ratones
heterozigotos se producen graves trastor-
nos respiratorios (Clark et al. 1997, Tokie-
da ef al. 1997). También se ha detectado
una mutacion en el gen humano de la SP-B
que produce fallo respiratorio irreversible
en neonatos homozigotos (Nogee ef al.
1994), vy transitorio en individuos heterozi-
gotos (Klein er al. 1998). Esta deficiencia
estd relacionada al parecer con un proce-
samiento incompleto de la forma inmadura
de la SP-C (Vorbroker et al. 1995a, Clark
et al. 1995, Klein et al. 1998).

Aunque atn no esta clara la funcién de
la SP-B, sus propiedades podrian arrojar
alguna luz sobre su papel biolégico:

- Es necesaria, junto con la SP-A y el
Ca’', para la formacion de mielina tu-
bular (Suzuki et al. 1989, Williams ef al.
1991).

- Acelera la adsorcion de lipidos a la
interfase aire/agua {Hawgood ef al
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que también favorece la union de este
protozoo a macrdfagos alveolares, posi-
bilitando asi su fagocitosis (Williams et
al. 1996). Su unién a las cadenas oligo-
sacaridas de Prieumocystis carinii es
dependiente de Ca®", y en ella estd im-
plicado el dominio de reconocimiento de
carbohidratos de la SP-A (Zimmerman
et al. 1992, McCormack ef al. 1997a).

1987, Oosterlaken-Dijksterhuis et al.
1991a, Wang ef al. 1996a).

- Gracias a Ja SP-B, los lipidos de la
monocapa pueden producir tensiones
superficiales muy bajas en el alveolo,
posiblemente debido a que enriquece el
contenido de la monocapa en DPPC
promoviendo la expulsion de otros
componentes (Mathialagan y Possmayer
1990, Yu y Possmayer 1990, Wang et
al. 1996a).

- Aumenta la estabilidad de ta mono-
capa (Cochrane y Revak 1991, Wang et
al. 1996a, Lipp et al. 1996) y de los
agregados grandes, que constituyen la
fraccion funcional del surfactante
(Veldhuizen et al. 1994).

- Podria estar implicada en la recap-
tura de fosfolipidos por neumocitos tipo
I (Rice et al. 1989, Horowitz et al.
1996) gracias a su capacidad de inducir
mezcla de contenidos lipidicos entre
membranas (Rice et al. 1989, Poulain et
al. 1992, Poulain ef al. 1996). Algunos
autores sostienen que esta propiedad le
otorga también un papel en el empa-
quetamiento de lipidos en los cuerpos
lamelares y en el aumento en la veloci-
dad de adsorcion de fosfolipidos a la
interfase aire/agua (Oosterlaken-
Dijksterhuis ef al. 1991b, Oosterlaken-
Dyksterhuis et al. 1992).

- Se ha observado que, tras producir-
se el colapso de una monocapa de
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DPPC al ser comprimida, la SP-B favo-
rece la redispersion de ésta en la mnterfa-
se (Taneva y Keough 1994, Lipp ef al.
1997).

La estructura dimérica de la SP-B, que
le permitiria interaccionar a la vez con dos
bicapas, ¢ con una bicapa y una monocapa,
podria ayudarnos a comprender parte del
mecanismo por el cual lleva a cabo sus
funciones.

La SP-B se encuentra ocupando un
plano paralelo a la bicapa, ubicandose en su
superficie sin profundizar mucho en ella
(Baatz ef al. 1990, Vandenbussche et al.
1992b). La region rica en aminoacidos hi-
drofobicos quedaria de esta forma interac-
cionando con las cadenas de acilo de los
fosfolipidos mediante fuerzas de van der
Waals, mientras que los residuos basicos lo

1.4.4 SP-C

Actualmente se desconoce la funcion
de la SP-C. Sin embargo, se sabe que ace-
lera la adsorcion de lipidos a la interfase
aire/agua y que favorece su actividad ten-
soactiva (Warr ef al. 1987, Yu vy Possma-
yer 1990, Simatos et al. 1990, Oosterla-
ken-Dijksterhuis et al. 1991a, Qosterlaken-
Dijksterhuis et al. 1991b, Seeger et al.
1991, Creuwels et af. 1993). Al igual que
la SP-B, facilita la redispersién de DPPC
en la interfase tras producirse el colapso de
la monocapa durante un ciclo de compre-
sidn-expansion, permitiendo que la exclu-
sion de fosfolipidos en cada uno de estos
ciclos sea reversible (Taneva y Keough
1994). Aunque en menor grado que la SP-
B, la SP-C también induce mezcla de con-
tenidos lipidicos (Poulain et al. 1992), lo
que podria implicarla en la recaptura de
fosfolipidos del surfactante en neumocitos
tipo 11 (Rice ef al. 1989).

Las cargas positivas de la proteina,
muy conservadas, podrian desempefiar un
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harian con los grupos fosfato de las cabe-
zas polares mediante fuerzas electrostaticas
(Cochrane y Revak 1991, Vandenbussche
et al. 1992b, Morrow ef al. 1993a).
Estudios de amisotropia de fluorescen-
cia (Baatz et al. 1990) y de resonancia de
spin electronico (Pérez-Gil et al. 1995)
indican que hay una interaccion selectiva
entre la SP-B y fosfolipidos anionicos. Es-
tos datos apoyarian otros estudios en los
que se ha observado que los efectos de
mezclas de SP-B y SP-C o de SP-B sola
sobre fosfolipidos son dependientes de la
presencia de fosfolipidos acidos (Shiffer et
al. 1988) y del pH (Shiffer er al. 1988,
Qosterlaken-Dijksterhuis et al. 1991a, Ca-
macho et al. 1996). La abundancia de resi-
duos basicos en el extremo N-terminal de
la proteina podria ser importante en esta
nteraccion (Longo ef al. 1993).

papel importante en la incorporacion de
fosfolipidos a la monocapa (Creuwels ef al.
1995b). La capacidad de la SP-C de dismi-
nuir la T, del fosfolipido (Simatos et al.
1990) y de aumentar su elasticidad y redu-
cir su viscosidad (Pastrana et al. 1991)
también parecen favorecer el proceso. En
este sentido, se ha observado que, aunque
este péptido aumenta el orden de las cabe-
zas polares en una bicapa, altera a la vez el
empaquetamiento de las cadenas de acilo
de los fosfolipidos (Horowitz ef al. 1992).
Aungue aun no se sabe qué papel de-
sempefia la palmitoilacion de los residuos
de cisteina en la SP-C, es posible que esta
modificacién sirva de anclaje del dominio
N-terminal en la membrana, ya que se ha
demostrado que si influye en la estructura
de la proteina y en su interaccién con lipi-
dos (Creuwels ef al. 1993, Pérez-Gil et al.
1994, Johansson et al. 1995}, y que afecta
a su capacidad de favorecer la adsorcién de
fosfolipidos a la monocapa y las propieda-
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des tensoactivas de éstos (Wang ef ol
1996b). Estos resultados, sin embargo,
contradicen en parte los publicados por
Qanbar (Qanbar et al. 1995).

Otro aspecto que se ha relacionado
con sus propiedades funcionales es su ca-
pacidad de segregarse dentro de la bicapa a
temperaturas mferiores a la Tn, separando-
se en dominios proteicos (Horowitz e al.

1.4.5 SP-D

Al igual que la SP-A y otras colecti-
nas, la SP-D tiene la propiedad de unirse a
carbohidratos de forma dependiente de
Ca*" (Persson et al. 1990, Schelenz ef al.
1995). Igualmente se ha observado su ca-
pacidad para interaccionar, también de
forma dependiente de Ca”’, con algunos
lipidos, presentando especial afinidad por el
fosfatidilinositol (Ogasawara et al. 1992,
Persson et al. 1992, Ogasawara et al
1994} vy la glucosilceramida {Kuroki et al.
1992a). En la interaccién con cada uno de
los lipidos anteriormente citados intervie-
nen al parecer zonas diferentes de la pro-
teina (Sano ef a/. 1998). La unidn de la SP-
D a lipidos se produce principalmente a
través del dominio de reconocimiento de
carbohidratos y la zona del cuello (Ogasa-
wara et al. 1994, Ogasawara y Voelker
1995a, Kishore ef al. 1996, Sano et al.
1998}, aunque otro trabajo ha revelado que
los dominios N-terminal y colagénico po-
drian intervenir también en dicha unidn
(Ogasawara y Voelker 1995b).

La tnica funcién que se ha atribuido a
la SP-D hasta el momento es la de interve-
nir en los mecanismos de defensa del pul-
mon, funcidn para la cual resulta necesaria
la integridad de la estructura dodecameérica
(Brown-Augsburger et al. 1996a). En
efecto, se ha demostrado su capacidad de
unirse, agregar, neutralizar y aumentar la
union de virus a neutrofilos, acciones todas
ellas mediadas por la unién a carbohidratos
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1993). Este hecho se debe probablemente a
que la longitud de la hélice transmembranar
de la proteina es menor que el grosor de la
bicapa en fase gel {(debido al gran empa-
quetamiento de las cadenas de acilo), lo
que crearia en ésta irregularidades termo-
dindmicamente desfavorables que se evita-
rian mediante la segregacion de la SP-C en
los dominios anteriormente mencionados.

dependiente de Ca® (Hartshorn et al.
1994). Ademas, produce aglutinacién de
bacterias Gram negativas tras unirse al LPS
(Kuan et al. 1992, Lim et al. 1994), y tam-
bién se asocia a Prneumocystis carinii me-
diante interacciones con carbohidratos,
facilitando asi su unién a macréfagos al-
veolares, aunque no su fagocitosis
(O’Riordan et al. 1995). En cambio, si
facilita la fagocitosis vy destruccion del
hongo Aspergillus fumigatus tras unirse a
sus cadenas oligosacdridas de forma de-
pendiente de Ca®” (Madan et al. 1997a), y
protege al organismo frente a reacciones de
hipersensibilidad provocadas por los aler-
genos de este hongo (Madan ef al. 1997b).
A su vez estimula la produccion de espe-
cies reactivas de oxigeno en macréfagos
alveolares (actua incluso a concentraciones
menores que la SP-A), accion indepen-
diente de la presencia de lipidos del sur-
factante (van Iwaarden ef al. 1992a). Esta
ultima propiedad, al igual que ocurre en el
caso de la SP-A, parece ser bastante selec-
tiva para los macréfagos alveolares, ya que
s¢ han obtenido resultados negativos al
trabajar con macréfagos peritoneales (van
Iwaarden ef al. 1992a). La interaccién con
estas células también estd mediada por ca-
denas oligosacaridas (Kuan ez al. 1994).
Como en el caso de la SP-A, también hay
receptores especificos para la SP-D en este
tipo de c€lulas, que al parecer son distintos
de los receptores de Clq (Miyamura et al.
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1994). Sin embargo, la produccion de am-
bas proteinas en respuesta a una infeccién
no estd regulada de forma coordinada
(Dulkerian et al. 1996).

En 1991, Kuroki y colaboradores tam-
bién propusieron un posible papel de la SP-
D en la regulaciéon de la secrecion del sur-
factante, al observar que contrarrestaba la
accion inhibidora de la SP-A sobre la se-
crecion de fosfolipidos (Kuroki et al
1991c¢). Estudios mas recientes han confir-
mado esta hipdtesis. Aunque no se ven
afectadas la actividad biofisica del surfan-
tante, la funcion respiratoria, m la supervi-
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El surfactante pulmonar tiene una gran
importancia clinica, ya que su carencia o
alteracion produce importantes patologias
como ¢l sindrome de distrés respiratorio
neonatal (NRDS) o el sindrome de distrés
resprratorio del adulto (ARDS). Actual-
mente se estdén empleando surfactantes de
distinta procedencia en el tratamiento del
NRDS, y se estn ensayando en el ARDS.
Los estudios sobre las caracteristicas fun-
cionales y estructurales de los diversos
componentes del surfactante podrian ayu-
darnos a profundizar en el conocimiento de
estas patologias, asi como en su trata-
miento.

A la vista de los antecedentes biblio-
graficos expuestos en la introduccién, re-
sulta por tanto de mterés profundizar en el
estudio de las propiedades de la SP-A con
el fin de amphar nuestra comprensién sobre
¢l ciclo biolégico y las caracteristicas fun-
cionales del surfactante pulmonar.

Alin quedan por esclarecer algunos as-
pectos sobre las interacciones de la SP-A
con lipidos, con otras moléculas de SP-A, y
con otras proteinas del surfactante. En este
sentido, aun no estd clara la relacion que
hay entre la agregacion de vesiculas lipidi-

cas inducida por la proteina y 1a autoagre-
gacion de la propia SP-A en distintas con-
diciones. Por otra parte, los estudios de
interaccidn entre SP-A y lipidos realizados
hasta la fecha se han llevado a cabo en su
mayor parte utilizando bicapas lipidicas.
No se ha investigado, en cambio, la inte-
raccion de la proteina con monocapas lipi-
dicas, teniendo en cuenta que esta estructu-
ra es al parecer la responsable de las pro-
piedades tensoactivas del surfactante en el
alveolo pulmonar. Ademas, todavia no se
conoce bien como es el proceso de secre-
cion de la SP-A, desde que se sintetiza en
el reticulo endoplidsmico hasta que se se-
creta tras almacenarse en los cuerpos la-
melares. A lo largo de la ruta de secrecion,
la proteina pasa por distintas condiciones
de pH, permaneciendo en un ambiente i6-
nico rico en calcio y de fuerza i6nica fisio-
logica. En este momento quedan impor-
tantes lagunas sobre cémo van evolucio-
nando la estructura y las propiedades fun-
cionales de la SP-A en cada etapa de dicha
ruta.

Temendo en cuenta todos estos pun-
tos, este trabajo se propone alcanzar los
siguientes objetivos:

1. Estudiar la interaccion de la SP-A con bicapas fosfolipi-
dicas en distintas condiciones iénicas y de pH.

2. Analizar la interaccion de la SP-A con monocapas de

fosfolipidos.

3. Estudiar el estado de autoagregacion de la SP-A en dis-
tintas condiciones i6nicas, de pH y de temperatura.
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Desde hace mas de una década se sabe
que la SP-A es capaz de interaccionar con
bicapas de fosfolipidos y de inducir la
agregacién de éstas en presencia de Ca”".
Actualmente se cree que esta propiedad
podria ser uno de los factores desencade-
nantes del reordenamiento a que se ven
sometidas las estructuras lipidicas del sur-
factante tras su secrecidn y que podria fa-
cilitar su adsorcion a la interfase aire/agua,
donde ejercerian su actividad superficial.

No obstante, alin no estd claro el me-
canismo molecular que produce la agrega-
cion lipidica inducida por SP-A. Se ha
sugerido que la agregacion de las vesiculas
lipidicas podria estar mediada por la au-
toagregacion de la propia SP-A tras la
unidn de ésta a dichas vesiculas, posible-
mente mediante interacciones de tipo lec-
tina-lectina (Haagsman er al. 1991). Sin
embargo, se sabe que la cadena oligosaca-
rida de la proteina no es necesaria para su
unién a lipidos (Kuroki y Akino 1991,
Haagsman ef a/. 1991, McCormack et al.
1994a), y se ha observado que la unidn de
la SP-A a lipidos y la agregacion de éstos
inducida por la proteina parecen estar me-
diadas por mecanismos distintos (McCor-
mack et al. 1994b).

Teniendo en cuenta lo dicho anterior-
mente, se realizd el primer trabajo de este
capitulo, cuyo objetivo fue estudiar y
comparar Ja agregacion de vesiculas lipidi-
cas inducida por SP-A y la autoagregacion
de esta proteina con el fin de profundizar
en el conocimiento del mecanismo que
drrige el primero de ambos procesos.

Por otro lado, antes de ser secretada,
la SP-A se almacena junto con otras pro-
teinas (SP-B y SP-C) y los lipidos del sur-
factante pulmonar en los cuerpos lamela-
res, unos organulos en cuyo interior hay un
pH écido (= 5.5) (Chander er af. 1986) y
una concentracion de Ca®" libre entre 2 y
10 mM (Eckenhoff 1989). Sin embargo,
casi todos los estudios estructurales y de
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interaccién de la SP-A con lipidos se han
llevado a cabo a pH neutro. Se desconoce
por tanto a qué cambios funcionales y es-
tructurales se ve sometida la SP-A a lo
largo de su ruta de secrecion. Esta ruta
comienza en el reticulo endoplasmico, con
un pH neutro que se va acidificando de un
compartimento celular a otro hasta llegar
al pH acido de los cuerpos lamelares, para
volver finalmente al pH neutro de la subfa-
se acuosa del liquido alveolar una vez se-
cretado el surfactante.

Durante el proceso de formacién de
los granulos de secrecion regulada se pro-
duce la segregacion de las proteinas de
estos granulos de aquellas otras que seran
secretadas por la via constitutiva. Parece
ser que en este proceso de separacion po-
dria desempefiar un papel muy importante
la agregacion selectiva de proteinas indu-
cida por el pH 4cido y/o la alta concentra-
cién de Ca™* (Chanat y Huttner 1991, Yoo
1996, Colomer et al. 1996). En estas con-
diciones las proteinas secretadas por la via
constitutiva no agregarfan, y si lo harian
las secretadas por la via reguiada.

A la vista de estos hechos, el segundo
trabajo de este capitulo aborda el estudio a
pH écido de la estructura e interaccién con
bicapas lipidicas de la SP-A en presencia y
ausencia de las proteinas hidrofobicas del
surfactante SP-B y SP-C.
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Comparison of lipid aggregation and self-aggregation activities of pulmonary

surfactant-associated protein A
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1. We compared the Ca** dependence of the setfaggregation of
surfactant protein A (SP-A) with that of vesicle aggregation
induced by SP-A. The Ca®* concentration required for half-
maximal activity of lipid aggregation was 0.74+029 uM (n = 4)
for pig SP-A and 98+ 5 uM (n = 2) for dog SP-A. In contrast,
the threshold concentration of Ca?*' required 10 induce self-
association of both pig and dog SP-A was 0.5 mM. The Ca®*
conceniralion needed for half-maximal self-asspciation was
236+90.15mM {#n = 4) and 0.70+0.06 mM (n = 2) for pig and
dog SP-A respectively. 2. We also compared the effect of Ca®' on
the trypsin sensitivity of lipid-free and membrane-bound SP-A.
At M Ca?*, the tryplic digestion patterns of dog and pig lipid-
free SP-A were quite different. Dog SP-A was very sensilive to
proteolysis, being almost completely digested by 30 min, while
pig SP-A was very resistant, even after 12 h. After protein
aggregation of lipid-free SP-A (at 5 mM Ca?), the accessibility
of the trypsin cleavage targets of the protein depended on the SP-
A species (self-aggregated pig SP-A became more sensitive to
degradation than ils non-aggregaled form, whereas sclf-aggre-

gated dog SP-A was less susceptible). In contrast, membrane-
hound SP-A, from cither pig or dog, was clearly protected from
trypsin degradation at both low (1 pM) or high (1 mM) Ca*"
concentrations. The protection was slightly higher at 1 mM Ca®**
when the extent of lipid /SP-A aggregates was maximal. 3. On the
other hand, vesicle aggregation activity of SP-A was decreased
by 30-40°;, by removing the oligosaccharide moiety of the
protein, whereas self-aggregation was not influenced by deglyco-
sylation. The presence of mannan (at concentrations not lower
than 10 pg/pl) decreased vesicle aggregation induced by dog and
pig SP-A by a mechanism that is independent of the binding of
mannan to the carbohydrate-binding domain of SP-A. Self-
apgregation of SP-A was not affected by the presence of sugars.
4. From thesc results, we conclude that: (1) the process of lipid
aggregation induced by SP-A cannot be correlated with that of
self-association of the protein occurring at supramillimolar
concentrations of Ca®! ; and (2) the N-linked carbohydrate moiety
of SP-A and the ability of SP-A to bind carbohydrates are not
involved in lipid aggregation.

INTRODUCTION

Pulmonary surfactant is a heterogeneous complex of lipid and
proteins that serves 1o stabilize the alveoli and distal airways at
low lung volumes. Dipalmitoylphosphatidylcholine (DPPC) is
widely accepted to be the major lipid component of pulmonary
surfactant. Besides DPPC, phosphatidylglycerol (PG) and speci-
fic protein components are required for the full biological activity
of surfactant. At least three of these surfactant proteins (SP-A,
SP-B and SP-C) potentiatc the surface tension-reducing proper-
ties of the surfactant lipids (see [1,2] for reviews).

The most abundant surfactant-associated protein (SP-A) has a
monomeric molecular mass of 3040 kDa. Each 8P-A subunit is
characterized by an N-terminsl region containing a collagen-like
sequence and a C-terminal domain with a sequence similar to
several Ca?'-dependent carbohydrate-binding proteins, C-type
lectins {3.4]. The functional form of SP-A is assembled through
interactions in the collagen-like domain into a complex oligomer
of 18 subunits [5-7). In one of the initial steps of the assembly of
SP-A, three subunits of SP-A probably form a triple-helical stem
that is stabilized by interchain disulphide bonds. In the final
stage of the assembly, the hexamers appear to be formed by
lateral aggregation of the N-terminal half of the triple-helical
stems |8

SP-A interacts with surfactant phospholipids, such as DPPC

and PG [9-11}, as well as with surfactant glycosphingolipids [12].
Several studies suggest that SP-A plays a major role in the intra-
alveolar surfactant phospholipid organization: (i) SP-A induces
phospholipid vesicle aggregation in the presence of Ca® [9,13];
(i) SP-A mediates the formation of large ordered tubular
aggregates known as tubular myelin, when added to DPPC, PG
and SP-B mixtures in the presence ol Ca** [14,15]; (ii1) SP-A
causes a Ca*-dependent increase of the phospholipid mixing
activity of SP-B [16]; and (iv) SP-A promotes the formation of a
stable surface film of phospholipids cooperating with the hydro-
phobic surfactant protein SP-B [17].

The phospholipid vesicle aggrepation activity of SP-A has
been amply assessed by changes in turbidity [9,11,13,18-22), and
has heen seen by electron microscopy [15.23]. Typically, nega-
tively charged vesicles were used for these studies. Some structural
requirements of SP-A for lipid aggrepation have been studied.
Digestion with bacterial collagenase or reduction of SP-A with
dithiothreitol strongly decreases lipid aggregation mediated hy
the protein [20] as well as the ability of SP-A to bind phospholipids
[10.20], suggesting that these two processes are dependent on the
integrity of the collagenous domain of SP-A (triple helix and
intermolecular disulphide bond).

The requirement of the oligosaccharide moiety of SP-A for
lipid aggregation is not fully clear. The carbohydrate domain of
SP-A was proposed to be an important determinant in the ability

Abpbreviations used: SP-A, surfactan! protein A; CHD, carbohydrate recognition domain; DPPC, dipaimitoylphosphatidyichotine; DPPG,
dipalmitoy/phosphatidylgiycero!; PG, phosphatidylglycerol; OGP, n-oclyt f-o-glucopyranoside.

* To whom correspendence should be addressed,
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of SP-A to aggregate lipids, since deglycosylated SP-A did not
aggregate phospholipids [23). However, site-directed mutagenesis
of SP-A reveals that the oligosaccharide moiety is not essentiaf
for lipid aggregation {24}, On the other hand, deglycosylation of
the protein does not affect the lipid binding properties of SP-A
110.23). Imerestingly, McCormack ¢t al. [25] recently reported
that phospholipid aggregation is mediated by the C-terminal
region of SP-A by a mechanism that is distinct from phospholipid
binding.

Coencerning the mechanism involved in the vesicle aggregation
phenomenon, it has been proposed that this process couid be
mediated by Ca® -dependent protein protein intéraction between
SP-A molecules [19]. These authors found a linear correlation
between the cxtent of vesicle aggregation induced by SP-A in the
presence of calcium and the extent of self-aggregation of SP-A
lacking lipids at the same concentrations of calcium, The
interaction between SP-A molecules in the presence of lipids was
further proposed lo occur mostly helween the carbohydrate-
binding domains and the oligosacchartde moieties of SP-A [23].

The present study analyses the aggregation of neutral and
acidic vesicies mediated by SP-A and compares lipid aggregalion
and self-aggregation activities of SP-A. The possible mechanisms
involved in the process of vesicle agpregation induced by SP-A
are discussed.

EXPERIMENTAL
Isolatipn and N-glycosidase F treatment of SP-A

Pulmonary surfactant was prepared from pig or dog broncho-
alveolar lavage as described previously [261. Pig or dog SP-A was
purilicd from isolated surfaciamt using sequential buwanol and
octyl glucoside cxtractions as described elsewhere [11].

Surfactanl protein content was estimated by the method of
Lowry using BSA as standard. However, the concentration of
SP-A was always determined by quantitative amino acid analysis
because the SP-A concentration was overestimated when de-
termined by the method of Lowry. The amino acid analysis of
SP-A was carried out on & Beckman System 6300 High Per-
formance amino acid analyser. The protein hydrolysis was
performed with 0.2 ml of 6 M HCL contaiming 4.1 %, {w/v)
phenol in evacuaied and sealed tuhes at 108 °C for 24 h.
WNorleucine was added to cach sample as the internal standard.

Electrophorctic analysis of SP-A was performed under re-
ducing conditions (50 mM dithiothreitol) by one-dimensional
SDS/PAGE as described by Lacmmli [27] using stacking and
running gels of 4 and 12°; acrylamide respectively. Gels were
stained with Coomassie Brifliant Blue R 2350.

SP-A was deglycosylated by treatment with 45 units of N-
glycosidase F from Flavebacterivm meningosepticum per mg of
SP-A at 37°C for 24 h in 15mM sodium phosphate buffer,
plf 7.4, containing 12 mM EDTA, 1.5 mM PMFS, 0.02°; so-
dium azide and 20mM n-octyl f-o-glucopyranoside {OGP).
Control incubations contained all components cxeept the en-
zyme. After incubation, OGP or EDTA were removed by diakysis
of the reaction mixture againgt 5 mM Tris/{1Cl bufler, pH 7.4,
for 48 h at 4°C. The protein content in control and enzyme-
treated samples was determined by quantitative amino acid
analysis. SP-A was completely deglycosylated by N-glycosidase
F. as shown by the change of mohility on SDS/PAGE under
reducing conditions.

SP-A self-association assay

Ca?*-dependent self-association of SP-A was studied as described
previously [21]. Briefly, the sample and the reference cuvettes

were first filled with 0.4 ml of 5 mM Tris/HC! buffer, pl{ 7.4.
After 10 min equilibration at 37 °C, §P-A (20 pxg) was added to
the sample cuvette and the change in absorbance at 360 nm was
monitored at 1-min intervals over 10 min. Next, Ca?' (5 mM,
final conceniration) was added to both the sample and the
reference cuvette and the change in absorbance was monitored
again. Seif-association of SP-A was reversed by adding EDTA
{10 mM. final concentration).

Preparation of lipid vesicles

Unilamellar vesicles of DPPC, DPPC/dipalmitoylphesphatidyl-
glycerol (DPP(3) (7:3, w/w) and DPPC/egg-PG (7: 3, w/w) were
used. The ditferent lipid vesicles were prepared as described
previously [11] at a phospholipid concentration of 1 mg/mi by
hydrating dry fipid films in a bufler containing 150 mM NaCl,
5mM Tris/HCL pll 7.4, and allowing them Lo swell {for 1 h at
temperatiure above the phase-transition temperature ol the
phosphobipid vesicles. Next, the lipid dispersion was sonicated at
the same temperature (above 45 °C) ut 240 W with 10 bursts of
30 s (15 s between bursts} in an MSE tip Sonifer. The pliospho-
lipid concentration was determined by phospherus determination
according 1o Rouser et al. [28]. For vesicle-size analysis in
solution, quasielastic light scattering (QTLS) was used according
1o Koppel [29) on an Autosizer llc Photon Corrclation Spec-
trometer {Malvern Instruments, U.K.). Measurements were
performed at 25 °C and 45 °C. Vesicle diameter for DPPC and
for the binary mixtures DPPC/DPPG or DPIPC/PG (7:3, w/w)
was around 160--200 nm with a polydispersily index of 0.2, as
reported previously [{1].

Phospholipid vesitle aggyregation assay

SP-A-induced phospholipid vesicle aggregntion assays were per-
formed a1 37°C in a Beckman DU-640 spectrophotometer,
measuring the change in the absorbance at 400 nm as described
previously [23]. Bricfly, phosphelipid vesiclos (50 qg) were added
to botlh the sample and the reference cuvette in a total volume of
0.5 ml of § mM Tris/ICl buffer, pIl 7.4, 150 mM NaCI, with or
without 50 xM EGTA. After 10 min equilibration at 37 °C, 5 ag
ol SP-A from a stock solution of the protein in 5 mM Tris/1Cl
buffer. pli 7.4, was added to the sample cuvette and the change
in absorbance at 400 nm was monitored at 1-min intervals over
10 min. Next, Ca®' (typically I mM final concentration) was
added to both the sample and the reference cuvetie and the
change in absorbance was monitored again at 1-mun intervals
over 10 min. EDTA was used [or reversing vesicle aggregation
induced by SP-A.

Titration experiments

The calcium requirement for vesicle or self~aggregation was
studied by titration experiments in which increasing amounts of
a concentrated solution of (faCl, were added to the protein
solution in the absence or presence of lipids. The assay buffer
contained 50 pM BGTA. The Ca®' concentration without adding
Ca(Cl, (contaminant Ca®' in the experimental solution system)
was 5 pM as mcasured by atomic absorption. The free Ca*
concentration in each point of the titration experiments was
estimated by a computer program (CHELATOR) [30] which
also permits correction for ionic strength, temperature, pH and
other competing ions.

Trypsin digestion
First, dog or pig SP-A (160 xg/ml) was incubated for 20 min at
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37°C with either DPPC or DPPC/DPPG (7:3. w/w) vesicles
(1.6 mg/ml) in 5 mM Tris/HCL buffer, pH 7.4, 150 mM NaCl,
50 #M EGTA, in the presence of either 1 #M or 1 mM free Ca®'.
In addition, SP-A was incubated without lipids in the same
conditions except that NaCl was not included in the buffer and
that frec Ca** concentrations were 1 #M or 5 mM. Then, trypsin
{(Millipore, 246 units/mg; 20 pg/ml) was added to the samples
and the trypsin incubation was carried out at 37°C at the
indicated times. Digestion was stopped by adding 1 41 of 1M
HCl (final pH 2.0}. The mixtures werc then dried under vacuum
and analysed by SDS /felectrophoresis under reducing conditions.

Data reperted in the Figures of this paper were obtained from
four different preparations of pig SP-A and from twe different
preparations of dog SP-A. For cuch preparation experiments
were repeated at least twice.

RESULTS

Figurc | shows that the addition of pig SP-A to either DPPC or
DPPC/DPPG (7:3, w/w) vesicles in 5 mM Tris/HCl buffer,
pli 7.4, containing 150 mM NaC1 results in a marked increase in
light absorbance due to lipid aggregation. After addition of Ca?*
(3 mM, final concentration) the light absorbance of SP-A/lipid
aggregaies increases by an additional 200259, Interestingly, the
addition of EDTA (6 mM) dissociates the aggregate completely,
suggesting thal vesicle aggregation occurring after addition of
pig SP-A is also dependent on Ca®’. In fact, the presence of
I mM EDTA in the assay buffer prevents lipid aggrepation
induccd by adding SP-A (Figure 1). Considering that 1he
endogenous Ca** concentration (i.e. without adding Ca** 10 our
experimental aqueous system) was 5 ©M, as measured by atomic
absorption, the results suggest that pig SP-A induces lipid
aggregation at very low concentrations of Ca®. Figure 1 also
shows that pig SP-A induces aggregation of DPPC/DPPG (7:3.
w/w) in the presence, but not in the absence, of 150 mM NacCl.

DPPC DPPC/DPRC
T T T T H 1 T
1 Nacl ¢+ EDTA L e + NaCl + EDTA
OI5F o N T « + nac 7
© - NaCl 0 = NaCl

Ves'cle aggregation (Amc n.m>

0.00

1 ] i 1 1 L I 1

10 20 30 40 10 20 30 40

Time (min}

Figure 1 Physiclogical ionic strenglh is required for SP-A-induced ag-
gregation of acidic bul not neulral vesicles at low calcium concentrations

Sample and reference cuvelles were filled wilh 70 g/l of either DPPC ar DPPC/DPPG (7:3,
w/w) vesicles in 5 mM Tris/HCI buffer, pH 7.4, containing 150 mM NaCl { @), or 4 mM NaCl
(), 01 150 mM NaCt and 1 mM EDTA (broken fing). Aller 10 min equitibration 2t 37 °C, pig
SP-A (final concn. 6 ug/mi} was added to the sample cuvette. Next, Ca®~ (final concn. 3 mM)
was added 1o both the sample and the refetence cuvette, The process was reversed by addition
aof & mM EDTA to bath cuveties. A representalive experiment of four experiments is shown. Four
different preparations of pig SP-A were used.
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Figure 2 Ca*' dependence of vesicle aggregation and self-aggregation

Expesiments were done at 37 °C as described in the Experimenlal secfion. (@} Final
concentrations of pig SP-A and phospholipids were 15 pg/ml and 150 zg/ml respectively. (b)
Final concentration of SP-A was 44 zg/mb. A representative experiment of Tour experiments
from four different preparalions of pig SP-A is shown.
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Figure 3  Trypsin sensilivity of dog (a) and pig (b} lipid-free SP-A in their
non-aggregaled and aggregated forms

Proteolytic digestion of SP-A was tone 2t the indicated fimes as described in the Experimental
section. Molecular-mass markers in kDa ate indicated lo the right of the gel.

However, ionic strength has no influence on the ageregation of
neutral vesicles of DPPC. These results further confirm previous
studies [11] which showed that the binding of negatively charped
vesicles to SP-A was ahrogated at low jonic strength. However,
the inteTaction of neutral vesicles with SP-A was not dependent
on the ionic strength. The [ack of interaction of acidic vesicles
with SP-A at [ow ionic strength and Ca®* concentration and the
subsequent abolition of vesicle aggregation is interpreted to arise
from electrostatic repulsion between the negative charge of the
phospholipids and the negative surface charge on the protein,
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Figure 4 Trypsin sensitivily of membrane-bound SP-R

Dog or pig 5P-A was first incuhated wilh DPPC/DPPG (7.3, w/w) vesicles at 37 °C for 20 min
in the presence of Ca” (1 M or 1 mi). Then, ihe pratealytic digestion of either lipid bound
SP-A or tipid/SP-A aggregales was done at the indicated fimes. Similar resulls were obtained
with DPPC vesicles. Molecular mass markers in kDa are indicated to the right of the gel.

The uggregation of vesicles is dependent on the lipid/protein
ratio. Titration of SP-A with DPPC vesicles resulted in a
hyperbolic plot which reached saturation at a lipid/protein
weight ratio around 10:1. Titration of a preparation of DPPC
vesicles with SP-A gave a similar saturating lipid /protein weight
ratio (results not shown). The same results were obtlained with
negatively charged vesicles. According 10 these results. we used a

—~
O
pa—

lipid/SP-A weight ratio of 10:1 or higher in all experiments
reported herc.

Calcium dependence of the vesicle and self-aggregation processes

Figure 2{a) shows the calcium dependence ol vesicle aggregation
induced by pig SP-A. At very low concentrations of calcium,
aggregation of neutral and scidic vesicles is observed. reaching a
maximumn level at 20 xM Ca®*. The Ca®' concentration required
for half-maximal vesicle aggregation induced by pig 8P-A (&, “*'}
is 0.76 +0.24 uM (1 = 4) for DPPC, 0.74+0.29 uM (1 = 4) for
DPPC/DPPG (7:3, w/w) and 0.74 uM (n = 1) for DPPC/PG
(7:3, w/w). The Ca™ activaliop constanl [k,"*') for SP-A-
dependent vesicle aggrepation does notl depend on the lipid
composition of the vesicles. The extent of aggregation of
DPPC/PG(7:3, w/w) or DPPC /phosphatidylinesitol(7:3, w/w}
vesicles, which might contain co-existing fluid and gel domains at
37 *C. was lower than that of DPPC or DPPC/DPPG (7:3,
w/w) vesicles [22]. This suggests the influence of the physical
stale of the vesicles on the aggregation process, as previously
reported elsewhere [11].

Figure 2{b) shows the calcium dependence of the self-ag-
gregalion process of pig SP-A. The Ca®' concentration required
for hall-maximal self-association is 2.36 +0.15 mM (n = 4). This
vaduc 1s much higher than that for half-maximal vesicle ag-
gregation given above. The threshold concentration of calcium
required to induce self-association of pig SP-A 15 0.5 mM_ similar
to that reported for other SP-A species (dog or human) {19]. On
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Figure 5 Effec! of deglycosylation of pig SP-A on vesicle apgregalion {a) and self-apgregation ({b)

(@) Sample and seference cuvefles wera fifled with 70 go/mt of efthes DPPC or DPPC/PG (723, w/w) vesicles in 5 mM Tris/HOI buffer, pH /.4, containing 150 mM NaCl and 50 M EGTA. After
10 rin equilibration at 37 °C, 6 ga/mi 5P A was added 1o 1he sample cuvelte. Next, vesicle aggregation was started by addifion of Ca?" {final concn, 1 mM) lo bath the sample end the reference
cuvetle. (b) Se-aggregation was done as described in the Experimental section. Fingt concentrations of pig SP-A and 08’ were 40 g/t and 5 mM respectively, The resulls shown are from
a represenalive one of four experiments. Two different preparations of pig SP A were uscd.
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FRgure 6 Effect of the presence of carbohydrales on self-association {a) and vesicle aggregalion (b,c) al pH 7.4

Self association (a) was done as described in the Exparimental section. Final concerrations of dog SP-A, Ca° and mannen were 50 g/, 5 mb and 10 20/l respectively. For vesicle aggregalion,
sample and reference cuvettes were flled with either 80 ga/ml (triangles) or 40 geg/mi (circles) of DPPC/DPPG (7:3, w/w) vesiclkes in 5 mM Tris/HCI bulfer, pH 7.4, 150 mM NaCl, 1 mM cat
with or without 10 z2g/21 mannan (b) ar 100 mM A-acetylmennosamine (c). After 10 min equilibration at 37 °C, vesicle aggregation was started by addition of 8 za/mi dog SP-A. The
phospholipid/protein ralio was 10:1 (triangles) or 5:7 (cicles). Results presented are liom a represenizlive one of three cxperiments. Similas results were oblained with pig SP-A.

the other hand, the Ca*' requirement for vesicle aggregation
induced by SP-A is not fully clear. Ross et al. [20] reported that
the threshold concentration of Ca* required for vesicle ag-
gregation induced by dog SP-A was higher than 3 mM. That
value is above the free Ca®" concentration in the alveolar space
of adult animals (approx. 1.5 mM) [31]. In contrast, Efrati et al.
[18] found that the threshold concentration of Ca®*' needed for
dog SP-A-induced vesicle aggregation was (1.5 mM. To determine
whether the high diflerence between Ca®* activation constants
for vesicle and sell-aggregation observed with pig SP-A occurred
also in other SP-A species, we repeated the experiments with dog
SP-A and DPPC/DPPG (7:3, w/w) vesicles. The Ca* con-
centration required for halfF-maximal vesicle aggregation induced
by dog SP-A wus 98+ 5 uM (n = 2), whereas that required for
half-maximal self-association was 0.70+0.06 mM (1 = 2). Thus
independent of SP-A species. these two processes have very
different Ca®' requirements. showing that lipid aggregation
activity of SP-A cannot be mediated by self-aggregation of the
protein induced by supramillimolar concentrations of Ca®*.

Trypsin sensitivity of SP-A in lipid/protein aggregatas or in its
lipid-free self-associated form

FFigure 3 shows the tryptic digestion patterns of dog (Figure 3a)
and pig (Figure 3b) lipid-free SP-A, in the presence of 1 M or
5mM Ca*, at the indicated times. Dog SP-A is very sensitive to
proteolysis in its non-aggregated form (at 1 gpM Ca®*) being
almost completely digested by 30 min, while pig SP-A is very
resistant, cven after 12 h. Interestingly, the effect of protein
aggregation on the susceptibility to proteolysis of dog and pig
SP-A in their self-associated forms {reached at 5 mM Ca®*) is
opposite. After aggregation (at 5 mM Ca?*'), pig SP-A becomes
more sensitlive 1o degradation than its non-aggregated form,
whereas dog SP-A is less susceptible. These results suggest that
aggregation secms to modify protein conformation since the

accessibility of trypsin cleavage targets of SP-A changes, being
more or less exposed depending on SP-A species.

Membrane-bound SP-A from either pig or dog is clearly
protected from trypsin degradation at both low (1 #M) or high
(1 mM) concentrations of Ca?* (Figure 4). The protection is
independent of SP-A species and is slightly higher when lipid /SP-
A aggregates are completely formed at 1 mM Ca®*.

Involvement of the carbohydrate moiety and the carbohydrate-
binding domain of SP-A in vesicle aggregation and self-
aggregation

To investigate whether the oligosaccharide chains of SP-A are
required for vesicle aggregation and self-aggregation processes,
deglycosylation of the protein was carried out using N-glyco-
sidase I. After deglycosylation treatment, no glycosylated SP-A
could be detecied by Coomassie Blue staining. Deglycosylation
of pig SP-A decreases aggregation of neutral and acidic vesicles
by 304042, (Figure 5a). However, self-aggregation of the protein
is not influenced by removing asparagine-linked carbohydrate
(Figure 5b). Interestingly, although the extent of aggregation
decreases with deglycosylated pig SP-A, the Ca®* concentration
required for half-maximal vesicle aggregation (k,“"*) is similar
for the two proteins, control and deglycosylated.

To find out if the binding of mannan to the carbohydrate-
binding demain of dog or pig SP-A has any influence on vesicle
aggregation and self-aggregation phenomena, we studied the
effect of the presence of this homopolysaccharide on these two
processes. The binding of SP-A to mannan was shown to occur
at pH valucs higher than 4.5 and at Ca®" concentrations higher
than 10 #M [32]. Figure 6(a) shows that the presence of mannan
(at a concentration of 10 ug/pul) does not influence self-as-
sociation of the proigin, but decreascs vesicle aggregation induced
by dog or pig SP-A at pH 7.4 (Figure 6b). Lower concentrations
of mannan do not influence lipid aggregation. The inhibitory



688 M. L. F. Ruano and others

——— | e

S e[ emp ——e e
a o —Mannan [ %] o —ManNAc
0.3 ( ) * iMannen ( ) s +ManNAC

Vesicle aggregatiar <A4oo n'ﬂ)

Time {min)

Figure 7 Effect of mannan (a) or N-acelylmannosamine (b} on vesicle
aggregation at pH 4.0

Sampie and 1eference cuvetles were filed with 80 geg/ml of DPPC/DPPG (7:3, w/w) vesicles
in 150 mM NCl, 1 mM Ca”~, 25 mM acetate buffer, pH 4.0 will of without 10 #0/ 2 mannan
fa) or 100 mM Aacelylmanngsaming [b). Aler 10 min equilibiation at 37 °C, vesicle
aggregation was started by addition of dog SP A (8 ng/mf). The resulls shown are fiom a
represeniglive one of thier experimendis. Simifar plofs were obiained with pig 5P A

effect of mannan increases when phospholipid/protein and
phospholipid /mannan weight ratios were decreased (Figure 6b).
The addition of excess mannan to lipid/protein aggregates
previcusly formed does not dissociate those aggrepates {results
not shown). On the other hand, the presence of an excesy of -
acetylmannosamine (100 mM ), which binds to the carbohydrate-
binding domain of SP-A very efficiently [32], docs not influence
vesicle agpregation induced by doy or pig SP-A a1 pH 7.4 (Figure
6c). Higher concentrations ol that monoesacchande (200 mM) are
needed 10 cause a 20, decreasc of vesicle aggregation at pH 7 4.

The possibility that the inhibriory effect of mannan on vesicle
aggregation is due 1o the interaction of the polysaccharide with
the membrane cannot he excluded. Therefore, we studied the
effect of the presence of mannan and N-acetylmannosamine on
vesicle aggregation at pH 4.0. At this pH, mannan does not hind
to either SP-A or other collectins such as mannan-binding
protein (MBP) or conglutinin [32]. Figure 7 shows that the
presence of mannan (10 pg/pl) or N-acetylmannosamine
(100 mM) decreases vesicle aggregation induced by dog or pig
SP-A at pH 4.0. The inhibitory cffect of mannan is higher at
pH 4.0 than at pH 7.4. From these data we conclude that the
effect of sugars on vesicle aggregation is independent of the
binding of carbohydrates to the carbohydrate recognition domain
{CRD) of SP-A. The efiect of mannan on vesicle aggregation
might be due to the imeraction of carbohydrates with lipid
vesicles that could lead to alterations in the physical propertics of
membranes [33]. Goodrich ct al. [34] reported that the -
tercalation of carbohydrates into the interfacial region of mem-
branes resulted in a lowering of the phase-transition temperature
via expansion of the lattice and modification of the whole lipid
interfacial region. We previously showed [11] that the interaction
of SP-A with phosphelipid vesicles requires the lipids 1o be in the
gel phase and that SP-A-induced vesicle aggregation was sirongly
dependent on the physical state of the vesicles. Therefore, it is
conceivable that the process of lipid aggregation would be
influenced by the presence of excess mannan if the interaction
between carbohydrates and phospholipid vesicles resulted in a
lowering of the gel-to-liquid-crystalline phase-transition tem-

perature. Alternatively, the intercalalion of carbohydrates into
the interfacial region of membrancs could impede the proximity
between vesicles and consequently the aggregation between them.

DISCUSSION

The ability of SP-A to aggregate phospholipid vesicles has been
widely study {I1,13,18-27]. Tt was recently reported that the
CRD domain of SP-A way directly implicated in that process
[25,35.36). However, the mechanism involved in the vesicle
aggregalion phenomenoen is poorly understood. It has been
suggested that vesicle aggregation could he mediated by Ca®'~
dependent self-association of SP-A [19]. The results presented
here prove that the process ol lipid aggregation induced by SP-
A cannot be correlated with that ol sell~association of the
protein. These two processes have very different requirements of
Ca*'. The Ca** activation constant (K “**'} for SP-A-dependent
vesicle aggregation was 0.74+029M for pig SP-A and
98+ 5 #M for dog SP-A. In contrast, K **** for self-aggregation
of SP-A was 2.36 +0.15 mM and 0.70 + 0.06 mM for pig and dog
SP-A respectively. In addition, degiycosylation of the proein
caused a 30-40 %, decrease in vesicle apggregation without influ-
encing sell-association ol SP-A. Reduction of the lipid ag-
gregation activity of deglycosyluted SP-A could bhe due to
structural modifications in the C-terminal region of SP-A caused
by removing the carbohydrate moiety. It was recently shown
that the C-terminal region of SP-A is critical for lipid vesicle
aggregation [25.35,36]. Nothing is known about the structural
domain of SP-A direetly involved in the process of seif-
association.

On the other hand, the binding of phospholipids to either dog
or pig SP-A at very low concentrations of Ca** (1 M) caused a
marked protection of SP-A from trypsin degradation. At this
Ca*" concentration lipid aggregation did not occur (dog SP-A)
or is hall-maximal (pig SP-A). The protection was only slightly
higher at 1 mM Ca®* when the extent of lipid/SP-A aggregates
was maximal. The binding of phospholipids to SP-A would lead
1o a reduced aecessibility of the trypsin cleavage targets located
in the domains in which phospholipids are bound. Both the
hydrophobic region of SP-A (neck domain) and the region of the
small disulphide loop in the CRD have been proved to be
involved in the lipid binding properties of SP-A [35.36]. We have
previously shown |11] that the interaction of phospholipids with
either pig or human SP-A caused a conformational change in the
protein molecule affecting tryptophan residucs of SP-A, which
are located in the C-terminal 38 amino acids {at positions 191
and 213} i ail specics studied until now. Therclore, it is
conceivable that this conformational change caused by phospho-
lipid binding, and the subsequent aggregation at higher concen-
trations of Ca*', led to a reduced exposure of irypsin cleavage
targets located not only in the region in which phosphoelipids are
bound but alse in clesed areas of the CRD. In contrast, the effect
of self-association on the trypsin sensitivity of SP-A was variable
depending on the SP-A species. Thus, the self-aggregated form of
pig SP-A was much more seasitive to trypsin degradation than its
non-aggregated form, whereas dog SP-A was less susceptible to
proteelysis after self-aggregation.

Taken together, all these results show that the process of lipid
apgregation is notl dependent on the sclf-association of the
protein which oceurs at supramillimolar concentrations of Ca®'.
The question that remains is what is the mechanism involved in
the vesicle aggregation phenomenon? Haagsman et al. [23] have
proposed that vesicle aggregation could be mediated by Ca*'-
induced interactions hetween carbohydrate-binding domains and
the oligosaccharide moietics of SP-A. This hypothesis could be
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supported by two {acts: (1) the low Ca®* requirement for leGtin
activity [32]. which is similar to that for vesicle aggregation; and
(2} the critical requirement of the CRD for vesicle apgregation
125,35.36]. We found, however, that the carbohydrate moiety of
SP-A was not critical for vesicle aggregalion, in agreement with
previous studies [24.37). Furthermore, lipid/SP-A aggregates
could not be dissociated by addition of excess mannan. The
preserice of that homopolysaccharnide decreased wvesicle aggre-
gation by a mechanism that is independent of the hinding of
mannan to the carbohydrate-binding domain of SP-A. Reduction
of vesicle aggregation occurred at both pH 7.4 and pli4.0.
However, at acidic pH the binding of mannan 1o SP-A or to
other C-type lecting is abrogaled 132). These results exclude the
involvement of interactions between oligosaccharide moieties
and carhohydrate-binding sites of SP-A in vesicle aggrepation.

Recent studies [23] suggested that the binding of SP-A to
phospholipid vesicles and the subsequent aggregation event were
separate processes, because residues Glu' and Arg"" of the
CRD of rat SP-A were critical determinants for vesicle ag-
gregation but not for phospholipid binding. Therefore, it is
possible that in the presence of Ca* and after lipid binding,
additional protein-structure-related changes could occur that
lead to agprepation. A possible model to eaplain that process
would be the following: the binding of phospholipids to SP-A
could induce a specilic Ca®'-dependent conformational change in
the protein molecule which could trigger protein-protein inicr-
actions between the CRDs of SP-A. Therefore, SP-A /liposome
complexes could aggregate by a mechanism of SP-A self-
association that must be necessarily different [rom that which
oceurs without lipids and is triggered by supramillimolar concen-
irations of calcium,

[his wark was supported by gramt PB92-0752 from Direccion General de investigacion
Cientitica y Técnica.

REFERENCES

Hawgood, S, ang Shiffer, K. {7941) Annu. Rev. Physiol. 53, 375394

Huraki, . and Voelker, 0. R. (1994} .. Biol. Chem. 269, 25943-25046

White, R T, Damm, 0., Miller, . Spralt, K, Schilling. S.. Hawgood. S, Benson, B,
and Cordell, B. (198%) Nature [London) 317, 361363

Dickramer, Kk, {1988) J. Biol. Chem. 263, 955794560

Voss, T., Eistetler, H. and Schater, K. P. (1988) J. Mol Bioi. 201, 219-227

4 King, R. .., Simon, 1. and Harowitz, P. M (1985) Biochim Biophys. Actz 1001,
294-30)

w ry —

[N

Received 4 July 1995/12 Seplember 1995; accepled 12 Seplember 1985

26

21
22

23

24

2%

26

20

30

H

33

34

3%

36

ki

Haagsman, K. P, While, R. 1., Schilling, J., Lau, K., Benson, B. J., Golden, J.,
Hawgond, S. and Clements, J. A. {198%) Am. J. Physiel. 257 (Lung Cell. Mol
Physinl. 1), L421-L429

Haas, C., Voss, T. and Engel, J. 11991} Eur, J. Bwchem, 197, 790803

King, R. J., Caimichaal, M. C. and Horawitz, P. M. (1983) J. Biol. Chem. 268,
10672~10680

Kuroki, Y. and Akino, T. {1991} J. Bio!, Chem. 266, 30683073

Casals, C., Miguel, E. and Perez Gil, J. (1993) Biochem. J. 296, 585-593
Childs, R. A, Wright, .. B, Ross, G, F, Yuen, C, Lawson, A M., Chai, W.,
[rickramesr, K. and Feizi, T, (1992) J. Biol. Cher. 267, 99729979

Hawgood, 5., Bensen, 8. J. and Hamilan, &, L. (1985} Biochemisiry 24, 184190
Suzaki, Y., Fujita, Y. and Kogishi, K. (1989} Am. Rey, Respir. Dis. 140, 75-81
Wittiams, M. C., Hawgood, S. and Hamitton, & L. (7991} Am. J. Respir. Ceil Mot
Bial. 5, 150

Poulain, F. R., Allen, L, Williams, M. G., Hamillon, 8. L. and Hawgead, S. {1992)
Am. | Physiol, 262, L730-1739

Hawgood, S., Bensan, B. J,, Schilling, J., Damm, D, Clements, J. and White, B T
(1987} Proc. Mall. Acad. Sci. U1 5.A. 84, 66-70

Efiati, H., Hawgood, S., Williams, M. &, Heong, K. and Benson, B. J. (1987)
Biochemistry 28, 79867993

Haagsman, H. P., Sargeant, T., Hauschka, P. V., Benson, B. J. and Hawgood, S.
119%0) Biochemistry 29, 8894--8900

Ross, G J, Sawyer, J, GConnar, T. and Whitsett, 4. A (16915 Biochemvistry 36,
858865

Casals, C., Miguel, E. and Peror-Gil, J. {1994) Prog. Respir. Res. 27, 3943
Gasals, C., Ruano, M. L. F., Miguel F. Sarchez, P. and Perez-Gil, J. {1994}
Biochem. Sec. Trans, 22, 3705

Haagsman, H. P., Ellring, R. H., van Buel, B. L M. and Voorhow!, W, . (1991)
Biochem. . 2785, 273-22/6

McCormack, F. X., Calvert, H, M., Watson, P. A, Smilh, D. L. Mason, R. J. and
Voelker, O R. (1994} J. Biol. Chem. 266, 58335841

McCormack, F. X, Kutoki, V., Stewart, J. J., Mason, R. J. and Voelker, D. B (19%4)
J. Biol, Chem. 268, 2980129807

Casals, C., Herrera, L., Miguel, £., Garcia-Bawreno, F. and Municio, A. M. (1989)
Biochim. Biophys. Acta 1003, 201203

Laemmili, G. K. {1970} Nafwie {London) 227, 680685

Rouser, G., Siakotos, A N. and Fleisher, 5. {1966} Lipids 12, 505-510

Koppel, I, E. {1972} J, Chem. Phys. §7, 48144820

Schoenmakers, T. J. M., Visses, G. J., Flik, G. and Theuvenet, A. P. R. (1992)
BioTechnigues 12, 8/0-879

Nielsap, 0. W, and Lewis, M. B. (1988 Pediat. Res. 24, 322-325

Haurum, & §., Thiel, S, Haagsman, H. P, Laursen, S. B, Larsen, B. and Jensenius,
J. C. [1993) Biechem. J. 203, 873873

Lee, C. W, B., Das Gupta, S. K., Mattai, J., Shipley, G. ., Abdet-Mageed, 0. H.,
Makiiyaanis, A. and Griffin, R. G. (198%) Biochemistry 28, 5000-5009

Gondtich, R. ., Crowe, J. 1., Growe, L M. and Baldeschwieler, J. 01 (1991)
Biachemistry 30, 5313-5318

Ogosawara, Y., MeCormack, .3, Masen, B. J. and Voelker, D. B. {1994} J. Bicl.
Chem. 269, 29785-29792

Kuicki, Y., McCoimack, F. X., Ogosawarz, Y., Masan, R. J. and Voclker, D. B. (1994)
J. Biol. Chem. 269, 2979329600

Kuroki, Y. and Akino, T. (1997) Biochem. 'nt. 24, 225-234




THE JOURNAL oF BIoLOGICAL CHEMISTRY
© 1998 by The American Snciety for Biochemistry snd Molecular Biology, Ine.

Vol. 273, No. 24, Issue of June 12, pp. 1518315191, 1998
Printed in U.8A

Effect of Acidic pH on the Structure and Lipid Binding Properties

of Porcine Surfactant Protein A

POTENTIAL ROLE OF ACIDIFICATION ALONG ITS EXOCYTIC PATHWAY*

{Received for publication, November 4, 1997, and in revised form, March 30, 1998)

Miguel L. F, Ruano, Jesus Pérez-Gil, and Cristina Casalst
From the Department of Biochemisiry end Molecular Biology, Faculty of Biolegy, Complutense University of Madrid,

28040 Madrid, Spain

Pulmonary surfactant protein A (SP-A) is synthesized
by type II cells and stored intracellularly in sccretory
granules (lamellar bodies) together with surfactant lip-
ids and hydrophobic surfactant proteins B and C (SP-B
and SP-C). We asked whether the progressive deerease
in pH along the exocytic pathway could influence the
secondary siructure and lipid binding and aggregation
properties of porcine SP-A. Conformational analysis
from CD spectra of SP-A at various pH values indicated
that the percentage of a-helix progressively decreased
and that of g-sheet increased as the pH was reduced.
The protein underwent a marked self-aggregation at
mildly acidic pH in the prescnce of Ca®*, conditions
thought to resemble those existing in the trans-Golgi
network. Protein aggregation was greater as the pH was
reduced. We also found that both peutral and acidic
vesicles either with or without SP-B or SP-C bound to
SP-A at acidic pH as demonstrated by co-migration dur-
ing centrifugation. However, the binding of acidic but
not neutral vesicles to SP-A led to 1) a striking change in
the CD spectra of the protein, which was interpreted as
a deerease of the level of SP-A self-aggregation, and 2) a
protection of the protein from endoproteinase Glu-C
degradation at pH 4.5. SP-A massively aggregated acidic
vesicles but poorly aggregated neutral vesicles at acidic
pPH. Aggregation of dipalmitoylphosphatidylcholine
(DPPC) vesicles either with or without SP-B and/or SP-C
strongly depended on pH, being progressively de-
ereased as the pH was reduced and markedly increased
when pH was shifted back to 7.0. At the pH of lamelar
bodies, SP-A-induced aggregation of DPPC vesicles con-
taining SP-B or a mixture of SP-B and SP.C was very
low, although SP-A bound to these vesicles. These re-
sults indicate that 1) DPPC binding and DPPC aggrega-
tion are different phenomena that probably have differ-
ent SP-A structural requirements and 2) aggregation of
membranes induced by SP-A at acidic pH is critically
dependent on the presence of acidic phospholipids,
which affect protein structure, probably preventing the
formation of large aggregates of protein.

Pulmonary surfactant is a mizture of approximately 80%
phospholipids, 10% other lipids, and 5-10% surfactant-specifie
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proteins that lines the alveolar space and is essential for
breathing {(for reviews, see Refs. 1-3). The alveolar type II cell
is the sole cell type in the lung that produces all components of
pulmonary surfactant, The surfactant apolipoproteins (SP-A,?
SP-B, and SP-C) and all of the surfactant phospholipids are
stored intracellularly in lamecllar bodies and are secreted as a
complex {(4-7). The release of surfactant to the alveolar lumen
occurs by exocytosis of lamellar body content in response to
secretagogue stimulation (8, 9). The regulated secretory path-
way of the type II cell is atypical because the lamellar body not
only functions as a classic secretory granule, but it also inter-
sects with the endocytic pathway (10, 11). Like the storage
granules in other secretory cells, lamellar bodies have an acidic
internal envirenment (pH 5.5) (12) and high calcium content,
bringing their intravesicular frece Ca®* concentration to a 2-10
mum range (13). It is well recognized that during the process of
secretory granule formation, proteins of the granule comtent
are segregated from proteins that are released from the cell by
the constitutive secretory pathway. Morphological studies in-
dicate that sorting of nascent secretory proteins into the regu-
lated versus eonstitutive pathway occurs in the trans-Golgi
network (TGN} (14) and in immature secretory granules (15).
Biochemical studies indicate that selective aggregation of pro-
teins plays an important role in sorting of proteins destined for
secretory granules (16—18). This protein aggregation is trig-
gered as proteing encounter mildly acidic pH and high calcium
in the TGN lumen. Constitutively secreted proteins do not
aggregate under these jonic and pH conditions and are ex-
cluded from such aggregates (17, 18).

SP-A is the mgjor protein in the alveolar compartment (for
reviews, see Refs. 2, 3, and 19). It is a multifunctional protein
capable of binding several ligands including phospholipids, car-
bohydrates, and Ca®*, and it belongs to the Ca®* dependent
lectin family. SP-A is a large oligomeric protein of approxi-
mately 650 kDa, composed of 18 nearly identical subunits.
Each SP-A subunit contains an amino-terminal collagen-like
domain and a carboxyl-terminal carbohydrate recognition do-
main that are linked by a more hydrophobic domain (neck).
Nearly all alveolar SP-A is complexed with phospholipids. The
carbohydrate recognition domain and the neck region are im-
portant protein domains involved in SP-Allipid interactions
(20-22). The structural properties of SP-A and its interaction
with phospholipids have been studied to date mainly at neutral
pH. At this pH, SP-A preferentially interacts with dipalmi-
toylphosphatidylcholine (DPPC) (23, 24), the main surfactant

! The abbreviations used are: SP-A, -B, and -C, surfactant protein A,
B, and C, respectively; TGN, trans-Golgi neiwork; DPPC, dipalmi-
toylphosphatidylcholine; DPPG, 1,2-dipalmitoyl-sn-glycero-3-phospho-
glycerol; PAGE, polyacrylamide gel electrophoresis; PC, 1,2-diacyl-sn-
glycero-3-phosphocholine; PG, 1,2-diacyl-sn-glycero-3-phosphoglycerot;
Py, poly(i-proline 1-type.
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lipid (1). The interaction of DPPC with SP-A leads to a confor-
mational change on the protein molecule (24} and a marked
protection of SP-A from trypsin degradation (25). The interac-
tion of SP-A with phospholipid vesicles induces vesicle aggre-
gation in the presence of Ca®' (25-27). SP-A also induces
aggregation of liposomes containing SP-B or SP-C or hoth hy-
drophebic proteins (27, 28). The association of SP-A with lipids
appears essential for the conversion of lipid aggregates from
muitilamellar forms present in the exocytic granule to dis-
persed ordered arrays known as tubular myelin (29). This
physical transformation also requires the hydrophobic surfac-
tant protein SP-B (30). SP-A cnhances adsorption of lipids
along the air/liquid interface in a concerted action with SP-B
(31). In addition, SP-A is irvelved in surfactant homeostasis (2,
3, 19) and participates in lung-specitic host defense {(32). With
respect to SP-A biosynthetic routing in alveolar type I cells,
the protein is synthesized in the endoplasmic reticulum and
transported together with the precursoers of hydrophobic sur-
factant proteins SP-B and SP-U through the same pathway
fram Golgi eomplex to lamellar bodies (7). Its correct routing
and secretion is independent of glycosylation (8, 33). SP-Ais a
protein rich in negatively charged amino acids with isoelectric
points varying between pH 4.5 and 5.2 (3, 27). The question
that we address here iz whether the progressive decrease in pH
along the exocytic pathway could influence the structure and
the lipid binding and aggregation properties of SP-A.

The present study analyzes the structural properties of SP-A
and its interaction with phospholipids at acidic pH in the
presence and absence of the hydrophobic surfactant proteins
SP-B and SP-C. We found that the secondary structure of SP-A
was changed by lowering the pH and that the protein under-
went a rapid aggregation at mildly acidic pH in the presence of
Ca®', conditions thought to resemble those existing in the TGN
and along the exocytic pathway. The binding of acidic but not
neutral vesicles to SP-A, at acidic pH, affected the secondary
structurc of the protein. Vesicle aggregation induced by SP-A
at acidic pH waz critically dependent on the presence of nega-
tively charged phospholipids in the composition of the vesicle,

EXPERIMENTAL PROCETDVURES

Isolation of SP-A, SP-RB, and SP-C—Pulmonary surfactant was pre-
pared from pig bronchoalveolar lavage as described previously (34).
SP-A was purified from isolated surfactant using sequential butanol
and octyl ghucoside extractions (31). SP-B and SP-C were isolated di-
rectly from pig lnngs by minor modifications of the method of Curstedt
ef al. (35) described elsewhere (36). The purity of SP-A, SP-B, and SP-C
was checked by ene-dimensional 8DS-PAGE (12 and 16% acrylamide
for SP-A and for SP-B and SP-C, respectively) under reducing condi-
tiona (50 mm dithiothreitol). Quantification of the proteins was carried
oul by amino acid xnalysis in a2 Beckman System 6300 high perform-
ance analyzer. The protein hydrolysis was performed with 0.2 ml of 6 M
H{, eontaining 0.J% (w/v) phenol in evacuated and sealed tubes at
108 °C for 24 h. Norleucine was added to each sample as an internaj
standard. In the course ol this work, eight differenl preparations of
porcine SP-A and four preparations of porcine SP-B and 8P-C were
used. Some of the experiments were repeated with canine SP-A with
identical results.

CI Measurements—CD speclra were obtained on 2 Jasco J-T15 spee-
tropolarimeter fitted with a 150-watt xenon lamp. Quartz cells of 1-mm
path lenglh were used, and the spectra were recorded in the far-uv
region (190—260 nm) at 50 nm/min scanuning speed and at room tem-
perature. Five scans were accumulated and averaged for each spee-
trum. The acquired spectra were corrected by subtracting the appropri-
ate blank runs (of water or phospholipid vesicle solutiona), subjected to
noise reduction analysis and presented as molar ellipticities
(degreesem?-dinol~ 1), assuming 110 Da as the average molecular mass
per amino acid regidue. Al least three independent preparations of SP-A
were measured. Final SP-A concentration was 80-J100 pg/ml Measure-
ments at acidic or neutral pH were donc in 5 mum acetate, 5 mm Tris/HCL
bufler, pH 4.5 ur 7.2, respectively, pH titration was atarted at neutral
pH in 5 mm Trig, 5 mm MES, 5 mM acetate buffer, pH 7.2, in the
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presence or absencee of & mm CaCl,. From the starting pH, SP-A was
titrated to pH 4.2 by the addition of 1-2-ul aliquots of 0.5 or 0.1 » HCY
solution. During titration, the medium pH was monitored with a mi-
cro-pH eleetrode. The spectrum of SP-A at each pH was recorded 10 min
aller each change of pH.

SP-A Self-oggregation Assays—Sell-aggregation of SP-A induced by
H* was sludied at 37 °C by measuring the change in absorbance at 360
nm in a Beckman DU-640 spectrophotometer. Both sample and refer-
ence cuvetles were first filled with 5 mu acetate, 5§ mst Tris/HCL buffer,
pH 4.5. Alter a 10-min eqguilibration al 37 °C, 8P-A (20 ugiml, final
concentration) was added to the sample cuvette, and the turbidity
chunge at 360 mm was monilored at 1-min intervals over 10 min.
Self-aggregation of SP-A was reversed by shifting back the pH to 7.2.
pH-induced prolein aggregation was also determined by cenbrifugation
al 12,000 x g in a Hettich microliter centrifuge for 15 min. The cntire
pellet fractions and supernatantis were then subjected to SDS-PAGE
under reducing conditions folluwed by staining of the gels with Coomas-
sie Blue. The variation of SP-A aggregation as the pH was reduced was
studied at 37 *C in Lhe presence or the absence of 5 mM Ca?'. Samples
containing SP-A (5.5 pg) in 350 pl of 5 mM Tris/HCL 5 v MES, 5 mm
acctate buffer, pH 7.2, were titrated lo the mdicated pH values by
adding 1-2-ul aliquots of 0.05 or 0.1 M HCl while vertexing. During
litration, the medium pH was monitored. The absorbance at 360 nm
was registered once it was stabilized aller each change of pH.

Preparation of Lipid Vesicles and Liposomes Containing SP-RB
and /or SP-C—Synthetic phospholipids, DPPC, and 1,2-dipalmitoyl-sn-
glycero-3-phosphoglycerel (DPPG) were purchased from Avanti Polar
Lipida {Birmingham, AL} egg 1,2-diacyl-sn-glycero-3-phogphocholine
(PCY and  1,2-diacyl-sn-glycero-3-phosphoglycerol  (PG) were from
Sigma, and their homogencily was routinely icsted on thin layer chro-
matography. The organic solvents (mcthatnol and chlovoformt used 10
dissolve lipids and o isolate and store hydrophobic surfuctant proteins
were high pressure liquid chromatography grade (Schartan, Barcelona,
Spain).

Threughout all experiments, unilamellar vesicles of DPPC, DPPG, or
DPPC/other (7:3, wiw) were used. The different lipid vesicles were
prepared at a phosphotipid concentration of 1 or 3 mg/mi by hydrating
dry lipid films in a buffer containing 150 my NaCl, 0.1 mm EDTA, 25
wmu TrissTICL, 25 mum scetate, pH 7.2 or 4.5, and allowing them to swell
for § h at a temperature xbove the phase transition Lemperature of the
corresponding phospholipid. Next, the kipid dispersion (1 ml) was son-
icaled al the same temperature (typically above 45 °C) during 2 min at
390 watis/cin? (bursts of 0.6 8, 0.4 & between bursts) in a UP 2008
aonifier with a 2-mm microtip. All vesiclezs were prepared freshiy each
day, just before slarting the experimenl. The phospholipid coneentra-
tion was assessed by phosphorus determination according to Rouser ef
al. {37). Fur vesicle-size analysis in solution, quasielastic light scalter-
ing was ured ag described previously (24). Vegicle diameter at 87 °C was
135 nm for DPPC vesicles and around 60 nm for DPPC/DPPG (7:3, wiw)
vesicles.

Reconstitution of SP-B or SP-C or both hydrophobic proteins in
DPPC or DPPCMPPG (7:3, w/w) vesicles was perlormed as deacribed
previously (38) al a protein:lipid ratie of cither 1:10 or 1:20. Briefly,
appropriate amounts of phospholipids dissolved in chloroform/methanel
(21, v/v} were mixed with the desired amgunt of SP-B and/or SP-C
stored in chloroform/methanol (271, w/v). Dry protein/lipid samples were
hydrated in the appropriate buffer al 65 °C for 1 h with ceeasionad
mixing. Sonication was done at the same temperature under conditions
degcribed above.

Phospholipid Binding—The binding of SI*-A to phospholipid vesicles
al acidic pH was determined by eoflolation of protein and lipidy afier
discontinuous sucrose density gradient centrifugation. SP-A (25 pg/mi
final concentration) was added te 150 mM NaCl, 25 mM acetate buffer,
pH 4.5 with or withoutl 377 pgfmi phespholipid vesicles. The mixture
was incubated during 15 min at room temperature and then carefully
placed in a centrifuge tube over a 1-ml cushion of 80% sucrose in the
same buffer. Centrifugation was conducted at 25 °C in a Beckman
SW-65 rolor at 129,000 x g for 2 h. The supernatants were then
transferred to concentrating tubes (Millipore Microcon 100%) and cen-
trifugated in order to eliminate salts. The presence of §P-A in pellet and
supernatant fractiona was determined by one-dimensional §DS-PAGE,
under reducing conditions. Phospholipid content in both fractions was
assessed by phosphorus analysis (37). Control experiments where lipo-
somes or ST-A were deleted from the incubsation were performed. After
centrifugation, more than 7% of phospholipids were recovered in the
supernatant, and all SP-A sedimented in the absence of phospholipid
vasicles,

Phospholipid Vesicle Aggregation Assay—The assay was performed
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Fic. 1. Reversible pH-dependent change of secondary structure and self-aggregation of SP-A. A, Far-uv circular dichroisim spectra of
8P-A. g, spectra of ST-A (0.08 mg/ml) in 5 mM acetate, 5 mm Tris/HCI buffer, pH 7.2; b, spectra of the protein in the same buffer but at pH 4.5;
¢, speetra of 8P-A after adding NaOH to change pH from 4.5 to 7.2. B, H -induced self-aggregation of SP-A. In this experiment, sample and
reference cuvettes were first filled with 20 pg/ml SP-A in 5 mM acetate, 5 mm Tris/HCI buffer, pH 7.2 (¢). After a 10-min equilibration at 37 °C,
HCl was added Lo the sample cuvette Lo shift the pH from 7.2 to 4.5. The turbidity change at 360 nm was monitored at 1-min intervals over 20 min
{h). When the pH was shifted back to 7.2 by the addition of N2OH, SP-A aggregates completely dissociated (¢). C, SP-A is pelleted by centrifugation
at acidic but not at neutral pH. SP-A concentration in the assays was 8 ug/ml a, in 5 mM acetate, 5 mM Tris/HC) buffer, pH 7.2; &, in the same
buffer after changing pH Lo 4.5; ¢, 2fier the addition of NaOH to change back pH to 7.2. After centrifugation of these samples, the pellets (P) and
the supernatants (8) were subjected 1o SDS-PAGE, and the gel was stained with Coomassie Blue. Molecular mass markers in kDa are indicated
to the right of the gel. Tn A, B, and ¢, a representative one of four experiments from four different porcine SP-A preparationa ia shown.

at acidic or neutral pH by measuring the absorbance at 400 nm in a
Beckman {YU-640 spectrophotometer at 37 °C as deseribed previously
{(25). Briefly, phospholipid vesicles (40 ug) with or without hydrophobic
proleving were added to both the sampic and the reference cuvette in a
total volume of (1.5 wl of 150 mm NaCl, 0.1 mM EDTA, 25 mM Tris, 25
mm acelate buffer, pH 7.2 or 4.5. After & 10-min equilibration at 37 °C,
4 pg of SP-A were added 1o the sample cuvette, and the change in
optical density at 400 nm was monitored 21 1-min intervals. Next, Ca®*
(1 mm or 50 pM, final concentration) was added Lo both the sample and
the referenee cuvette, and the change in abserbance was monitored
again.

FProtease Digestion of SP-A at Acidic pH—To determine Lhe proteasc
sensitivity of lipid-free and membrane-bound SP-A, the endoproteinase
Hu-C from Staphylococcus eurens V8 (Bochringer Mannheim GmbH,
(Germany} was used. This serine protease hydrolyzes peptide and esler
honds specifically at the carboxylic side of Glu at pH 4.0 or both Glu and
Asp at pH 8.0--85. 8P-A (6.7 ug) was added to 150 mM NaCl, 25 mMm
acetate bufler, pH 4.5, either in the presence or ahsence of 60 pg of
phospholipid vesicles prepared in the same buffer. Afler 10 min of
incubation at 37 °C, 134 ug of freshly prepared enzyme solution ¢2:1
enzyme/protein, w/w}were added. The final incubation volume was 110
ul. The mixture was incubated during 4 h at 37 °C, and the digestion
was stopped by freezing the samples at - 20 °C. Samples were analyzed
by SDS-PAGE under reducing conditions followed by Western blol
analysis of SP-A as described previously (39) because the electro-
phoretic band of V8 protease (30 -85 kDa) overlapped with that of SP-A
(2836 kDa). The primary antibody was kindly supplied by Dr. J. A.
Whitsett (University of Cincinnati}.

RESTILTS

Reversible pH-dependent Change of the Secondary Structure
of SP-A and Aggregation of the Protein——CD spectra of SP-A at
neutral and acidic pH are shown in Fig. 14. At neutral pH,
spectra were characterized by a shoulder at 220 nm and a
strong negative extreme at 207 nm as previously reported (24,
40). The change of pI from 7.2 to 4.5 led to a change in the
shape of SP-A spectrum and markedly reduced the contribution
of the 207-nm minimum to the spectrum. This change in the
CD spectra of SP-A was reversed when the pH was changed
back to 7.2. On the other hand, pH-dependent aggregation of
SP-A was studied by measuring H'-induccd turbidity changes
(Fig. 1B), and the level of aggregation was determined by
centrifugation (Fig. 1C). SP-A rapidly aggregated at pH 4.5,
and all of the protein was recovered in the pellet. When the pH
was changed back to 7.2, the turbidity at 360 nm vanished and
all of SP-A was recovered in the supernatant fraction, indicat-
ing that pH-dependent self-aggregation of SP-A was reversible.
The CD spectrum of SP-A at pH 4.5 corresponded to the H'-
induced aggregated form of the protein. To determine whether

protein aggregation might affect CD measurements, CD spec-
tra of SP-A at pH 4.5 were recorded at different protein con-
centrations. No significant differences werc observed in the
range of 40-140 ug of SP-A/ml tested.

The estimation of sccondary structure fractions of porcine
SP-A at neutral and acidic pH was performed by the SELCON
program (the sclf-consistent method) recently modified by
Srecrama and Woody {(41). This program determines the con-
tribution of o helix, f-structure, g-turn, and poly(L-proline I)-
type (P, conformation to the spectra of proteins. The Py con-
formation is a left-handed cxtended helix with three residues
per turn and is favored in proline-rich polypeptides due to the
limited conformational flexibility of the proline ring (41). The
Py; conformation was found in collagen and in short segments
of some globular proteins. According to the SELCON program,
porcine SP-A at neutral pH contained 19% «-helix, 26%
f-sheet, 26% B-turn, 14% P); cenformation, and 17% unordercd
form. The self-aggregated SP-A at pH 4.5 contained 10% a-he-
Iix, 39% B-sheet, 22% p-turn, 12% P,, conformation, and 18%
unordered form, indicating that at acidic pH the content of
B-sheet conformation increased and that of w-helix decreased,
whereas the content of Py, conformation did not change.

SP-A Aggregation Increases as the pH Is Reduced: This Effect
Is Greater in the Presence of Ca®*—Fig. 2A shows the effect of
lowering pH on self-association of the protein in the presence
and absence of 5 my Ca®’". SP-A underwent pH-dependent
aggregation in the absence of Ca®". Protein aggregation
started at pH below 6.0 and reached a maximum value at pH
4.6. The ionization pK calculated from the plot of the depend-
ence of SP-A appregation on the pH was 5.26 + 0.05. In the
presence of Ca®’, a marked aggregation occurred in the pH
range of TGN (6-6.5) and was greater as the pH was reduced.
The ionization pK calculated in the presence of Ca®' was
5,66 * 0.15. At pH 4.5, protein aggregation was not influenced
by Ca®' as shown in Fig. 2B. At neutral pH, self-association of
SP-A was absolutely dependent on 1-8 mm concentrations of
Ca®" (25, 42). The Cu®' concentration necded for half maximal
self-aggregation of pig SP-A was 2.36 + 0.15 mm (25).

The effect of lowering pH on the CD spectra of SP-A was
analyzed in the absence (Fig. 34) and the presence (Fig. 3B) of
Ca®*. Fig. 3A shows a progressive decrease of the negative
ellipticity and a progressive shift of the negative maximum
from 207 to 209 nm as the pH was reduced. Conformational
analysis by the SELCON program indicated that the percent-
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Fic. 2. SP-A  self-aggregation in-
creases as the pH is reduced. The ex-
periments were done at 37 °C as described
under “Experimental Procedures.” A, pH
titration started at pH 7.2 in 5 mm Tns/
HCL 5 mMm MES, 5 mym acetate buffer ei-
ther with or without 5 mm Ca®*. A repre-
sentative one of six experiments is shown.
Three different prepuralions of porcine
8P-A werc used. B, comparison of the ki-
netics of self-association of SP-A at pH 4.5
and 7.2, A representative one of four ex-
periments from Lwo different porcine
SP-A preparations is shown.
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Fis. 8. The secondary structare of
SP-A changes as the pH is reduced.
pH titration experiments were performed
as described under “Experimental Proce-
dures” and started at pH 7.2 in 5 mM
Tris/HCL, 5 mm MES, 5 mM acetate bufier
in the absence (A} and the presence (B) of
5 mu Ca®". Insets, cllipticities at 207 nm
of porcine SP-A as a function of pH. A
representalive one of three experimentis
from three different porcine SP-A prepa-
ralions is shown.
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age of a-helix progressively decreased (from 20 to 8%) and that
of $-sheet progressively increased (from 26 to 41%) without
significant variation in the content of Py and unordered con-
formation. On the other hand, from data of the ellipticity at 207
nm versus pH (Fig. 34, inset) we calculated a pK of 5.46 + 0.1
for the H* induced change of the CD spectrum of SP-A. The
similarity between pK values calculated from protein agprega-
tion assays and CD measurements supports the concept that
the change of CD spectra of 5P-A as a function of the pH
reflects the conformational change of SP-A at different levels of
self-association.

Fig. 3B shows the CD spectra of the Ca®*.induced aggre-
gated form of SP-A at neutral pH. Conformational analysis
estimated 11% a-helix, 38% g-sheet, 22% f-turn, 12% P); and
18% unordered form. Ca?” ions at pH 7.0 seemed to produce a
similar effect on the CD spectra of SP-A as that found for mildly
acidic pH in the absence of Ca?*. However, the changes in the
CD spectra of SP-A at acidic pH were entirely reversible when
the pH was shifted back to 7.0 (Fig. 1), but those changes
produced by 5 mm Ca®" were not reversed when the protein
was dissociated by the addition of EDTA (data not shown).
When the pH of samples containing Ca®' was titrated from 7.2
to below 5.0, the negative cllipticity was reduced, and the
negative maximum pregressively shifted from 208 to 211 nm.

The pH-dependent change of ellipticity at 207 nm, shown in the
inset of Fig. 38, and the pH-dependent increase of SP-A aggre-
gation in the presence of Ca%”, shown in Fig. 24, werc similar.
SP-A-induced Lipid Aggregation—Fig. 4 shows liposome ag-
gregation induced by SP-A at ncutral and acidic pH. The addi-
tion of SP-A to acidic vesicles (DPPC/DPPG or DPPC/PG) at pH
4.5 in the presence of EDTA resulted in a marked increase in
light absorbance duc to lipid aggregation. Light absorbance
slightly increased after the addition of Ca®". This additional
increase was completely reversed by adding EDTA. Interest-
ingly, littlc or no change in light absorbance was observed after
the addition of SP-A and Ca®* to DPPC or DPPC/PC vesicles,
indicating that SP-A-induced aggregation of neutral vesicles
markedly decreased at that acidie pH. In contrast, at neutral
pH, SP-A aggregated neutral vesicles in the presence of micro-
molar concentrations of Cu2’ (25). On the other hand, the
extent of aggregation of disaturated phospholipid vesicles
(DPPC or DPPC/DPPQG), which at 37 °C were in the gel state,
was higher than that of unsaturated vesicles (DPPC/PC or
DPPC/PG), supporting previous results concerning the influ-
ence of the physical state of the vesicles on this process (24).
The effect of the ionic strength on lipid aggregation is shown
in Fig. 5. At low or physiological ionic strength, the aggregation
of DPPC at pH 4.5 is very low. To restore the extent of aggre-
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Fit. 4. Vesicle aggregation induced by SP-A at acidic and neutral pH. Neutral vesicles of DPPC or DPPC/PC (7:3, wiw ) and acidic vesicles
of DPPC/DPPG (7:3, wiw) or DPPC/PG (7:8, wiw) were prepared in 150 mm NaCl, 0.1 mym EDTA, 25 mM acetate, 25 my Tris/HCL buffer at either
pH 7.2 (O or 4.5 (@). Sample and reference cuvettcs were filled with phospholipid vesicles (80 pg/ml), and after a 10-min equilibration at 3.7.00’
SP-A (8 pg/ml) was added to the sample euvette. AL pH 4.5 (8), vesicle aggregation did not depend on Ca®* ions and started upon SP-A addition.
At neutral pH (0), SP-A-induced vesicle aggregation depended on the addition of 1 mm Ca®*. These experiments were also done with 50 un free
Ca?* at both neutral and acidic pH with identicai results. Four different preparations of poreine 8P-A were used. A representative experiment is

shown.
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Fic. 5. Effect of the ionic strength on vesicle aggregation in-
duced by SP-A at acidic and neuatral pH. Concentrated vesicle
suspensions (3 mgiml) of DPPC, DPPG, and DPPC/DPPG (7:3, wiw)
were prepared in 100 mm NaCl, 0.1 mm EDTA, 25 mM acetate, 25 mm
Tris/HCL buffer at either pH 7.2 {O) or 4.5 (@). Vesicle aggregation
experiments were done at 37 °C as deseribed under “Experimental
Procedures.” Final concentrations of phosphotlipids, SP-A, and free Ca®'
were 85 pgfml, B.5 pgfml, and 50 pm, respectively. Sample turbidily was
continuousty monitored at 400 nm. The NaCl concentralion was in-
creased in the medinum by the addition of repeated small aliyuots of a
concentrated NaCll solution. The ahsorbance at 400 nm wag registered
once il was stabilized after each change of NaCl concentration. The
experiment starled at 2 NaCl concentration of 2.7 mM because lipid
vesicles were always prepared in the presence of salts, Results pre-
sented are from a representative one of three experiments using three
different preparations of porcine SP-A.

gation found at neutral pH, high ionic strength was needed. At
pH 7.2, the aggregation of DPPC vesicles was independent of
ionic strength because it occurred at very low NaCl concentra-
tions (2.7 mM). However, the extent of aggregation was en-
hanced as the concentration of NaCl was increased. In the case
of DPPG vesicles or vesicles containing DPPG, higher levels of
vesicle aggregation ocourred at very low ionic strength at pH
4.5 than at pH 7.2. At neutral pH, aggrepation of acidic vesicles
induced by SP-A was abrogated at very low NaCl and Ca**
concentrations, probably due to electrostatic repulsion between
the negative charge of phospholipids and the negative surface
charge on the protein (24). However, at pH 4.5, the protonation
of carboxyl groups of SP-A would reduce the negative surface
charge on the protein. On the other hand, aggregation of DPPG
vesicles at nH 4.5 was progressively decreased as NaCl concen-
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Fic. 6. SP-A-induced aggregation of liposomes containing
SP-B and/er SP-C at acidic pIl. Reconstitution of SP-B or 8P-C or
both hydrophobic preteins in DPPC or DPPC/DPPG (7:3, wiw) vesicles
was performed, as deseribed under “Experimental Procedures,” in 150
mm NaCl, 0.1 mm EDTA, 25 mwm acetate, 25 my Tris/HCI bufler, pH 4.5.
Vesicle aggregation experiments were performed as in Fig. 5. Final
eoncentralions of SP-A, phospholipids, and Ca®" were 7 ug/ml, 70 ug/m!t
and 1 mM, respectively. The SP-B or SP-C to lipid weight ratic was 1:20.
The results shown are from a representative one of three experiments.
Four experiments using vesicles containing 10% {w/w) of either SP-B or
SP-C were also performed with identical results,

tration increased, supgesting that the interaction of SP-A with
DPPG at acidic pH was ionogenic. Aggregation of DPPC/DPPG
vesicles slightly decreased as the ionic strength increased due
to the presence of DPPC in the vesicle, which might interact
with SP-A by hydrophobic interactions.

SP-A is stored intracellularly in acidic lamellar hodics to-
gether with surfactant lipids and mature SP-B and SP-C (6, 7).
1t was of interest to determine whether the presenee of SP-B or
SP-C or both hydruphobic proteins modified the lipid aggrega-
tion activity of SP-A at acidic pH. Therefore, SP-B and SP-C
were reconstituted in DPPC or DPPC/DPPG vesicles (protein:
lipid weight ratio, 1:20 or 1:10). DPPC apgregation induced by
SP-A was essentially negligible at pH 4.5 when DPPC vesicles
contained SP-B, SP-C, or a mixture of both proteins (Fig. 6).
DPPC/DPPG vesicles either with or without SP-B or SP-C
markedly aggregated at pH 4.5 upon the addition of SP-An a
Ca*"-independent manmer. Aggregation of acidic vesicles con-
taining SP-B or SP-C at acidic pH was higher than that at
neutral pH {data not shown). Vesicles containing SP-B or a
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Frs. 7. SP-A-induced aggregation of DPPC vesicles with or
without BP-B or SP-C as a function of pH. DPPC vesicles with or
without SP-B or SP-C (protein:lipid weight ratio, I:10) were prepared in
150 mm NaCl, 0.1 mm EDTA, 25 mm acetate, 25 mm MES, 25 mu
Tris/MCl buffer at various pH values. Experiments were done at the
indicated pH at 37 °C as described before. The final turbidily change at
400 nm after the addition of SP-A and 1 mm Ca*"* is shown as a function
of pH. Results are from a representative one of three experiments. Two
different, preparations of SP-A, SP-B, and SP-(’ were used.
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Fia. 8, Effect of the shift of pH fram 5.0 to 7.0 on 8P-A-induced
aggregation of DPPC vesicles containing SP-B or SP-C. DPPC
vegicles (1 mg/ml) were prepared with or without SP-B or SP-C (protein:
lipid weight ratio, 1:10) in 150 ma NaCl, 0.1 mm EDTA, 25 M acelate,
25 mM Tris/HCI buffer at pH 5.0. Sample turbidity as a consequence of
DPPC aggregation at pH 5.0 was monitored at 400 nm at 37 °C. Final
eoncenirations of SP-A, phospholipids, and Ca®" were 8 ug/ml, 80
ug/mi, snd 1 mym, respectively. The pH shift from 5.0 to 7.0 was done by
adding a =mall aliguot of a eoncentrated solution of NaOH. After pIT
shift, the change in turbidity at 400 nm was moniiored again ever 10
min. Values are expressed ag means & 8.D. of four experiments.

aH7a

mixture of both hydrophobic proteins showed less aggregation
than those vesicles with SP-C er without proteins.

Next, we analyzed the ability of SP-A to aggregate DPPC
vesicles at various pH values (Fig. 7). DPPC aggregation in-
creased as the pH was raised to pH 7.0. Aggregation of DPPC
vesicles at pH higher than 5.0 was dependent on the presence
of Ca®* ions. At the pH of lamellar bodies (about 5.5), SP-A
mediated aggregation of DPPC vesicles containing SP-B or a
mixture of hydrophobic proteins (data not shown) is lower than
that found with DPPC vesicles alone or containing SP-C.

To determine whether a rapid shift of pH from 5.0 to 7.0 was
sufficient to raise the extent of DPPC aggregation, we per-
formed pH shift experiments in the presence and the absence of
Ca®" . Fig. 8 shows that the addition of NaOH to a mixture of
SP-A and DPPC vesicles containing SP-B or SP-C resulted in a
7-fold increase of liposome aggregation. The extent of aggrega-
tion after pH shift increased by 3-fold for DPPC vesicles with-
out SP-B or SP-C. The presence of Ca®" ions was needed for
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Fic. 9. Lipid binding {(A) and protease sensitivity (B) of SP-A at
acidic pHL A, results presented here are from vesicles of DPPC/PC and
DPPC/PG {7:3, wiw) at 25 °C. Similar results were oblained from ves-
icles of DPPC and DPPC/DPPG (7:3, wiv) with or without SP-B and
SP-C. Experiments were done as described under “Experimental Pro-
cedures.” In the absence of lipids, SP-A sedimented, and all of the
protein was recovered in the pellet (P). Afier incubation of SP-A with
neutral or acidic vesicles, most of the protein was recovered in the
supernatant (S) coflotating with lipids. Molecular markers in kDa are
indicated Lo the right of the Coomassie Blue-stained SDS-PAGE gel. B,
SP-A (6.7 ug) was digested with endoproteinase Glu-C (185 pg)in the
absence ({gne 2) and the pregence of 60 ug of DPPC vesicles (lane 3) or
DPPC/DPPG {7:3, wiw) vesicles (lane 4) in 110 ul of 150 mm Nalll, 25
mM acetale buffer, pH 4.5. A control (Jene 1Y was run with 6.7 pg of SP-A
without endoproteinase Glu-C. Western blot analyasis for SP-A was done
as deseribed under “Experimential Procedures.” A representative one of
four experiments is shown.

this reversion. In the absence of Ca®", the light scattering was
almost negligible at pH 5.0 and after retitrating back to pH 7.0
(data not shown). These results suggest that pH changes are
accompanied by changes in the SP-A/DPPC interactions, prob-
ably as a consequence of pH-dependent structural changes to
the SP-A molecule. pH shift experiments were also performed
with DPPC/DPPG vesicles with or without SP-B and SP-C. The
shift of pH from 5.0 to 7.0 resulted in a small but significant
deereasc of the extent of aggregation of these vesicles (data not
gshown).

Lipid Binding and Protease Sensitivity of Membrane-bound
SP-A—We next investigated whether the low aggregation ac-
tivity of SP-A with neutral vesicles at acidie pH was a conse-
quence of reduced ability of SP-A to bind DPPC vesicles at this
pH. SP-A was coincubated at 25 °C with either DPPC/PC (7:3,
w/w) or DPPC/PG (7:3, w/w) vesicles at pH 4.5, and binding was
determined by sucrose density gradient centrifugation at the
same temperature. Fig. 9A shows that most of the protein was
recovered in the supernatant coflotating with DPPC/PC vesi-
cles. In the absence of lipids, all of the protein was recovered in
the pellet. At pH 4.5, SP-A hardly aggregated DPPC/PC vesi-
cles at either 37 °C (Fig. 5) or 25 °C (data not shown), but it
bound to these vesicles to nearly the same extent as to
DPPC/PG vesicles (Fig. 94). Similar results were obtained with
DPPC and DPPC/DPPQ, which at the temperature of the ex-
periment were in the gel state. SP-A also bound to DPPC
vesicles containing SP-B or SP-C (protein:lipid weight ratio,
1:30).
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Fiu;. 10. Effect of DPPC and DPPC/DPPG vesicles on cirenlar
dichroism spectra of SP-A at pH 4.5. SP-A (0.08 mg/ml, finzl con-
cenlration) was added to 25 mM acetate buffer, pH 4.5, in the absence
(solid line) or the presence of DPPC (dasked line) or DPPC/DPPG (73,
w/w) vesicles (dotted fine) (lipid:protein weight ratie, 6:1). Cireular
dichroism measurements were performed 10 min after the SP-A addi-
tivn as described under “Experimental Procedures.” CD spectra pre-
sented here are from a representalive one of three experiments with
ditterent SP-A preparations.

The protease sensitivity of SP-A bound to either DPPC or
DPPC/DPPG membranes at pH 4.5 was studied by means of
endoproteinase Glu-C from 8. aureus V4. Immunoblot analysis
of SP-A after endoproteinase Glu-C digestion is shown in Fig.
9B. DPPC/DPPG-bound SP-A was more protected from prote-
ase degradation than DPPC-bound SP-A, which showed similar
susceptibility to proteolysis as lipid-free SP-A. The binding of
acidic vesicles to SP-A may lead to reduced aceessibility of
endoproteinase Glu-C cleavage targets located in the domains
in which acidic phospholipids are bound. Alternatively, the
reduced susceptibility to preteolysis of DPPC/DPPG-bound
SP-A over DPPC-bound SP-A can be a consequence of the
ability of SP-A to aggregate acidic but not nentral vesicles at
acidic pH. SP-A would become more protected from proteolysis
in such vesicle aggregates.

Effect of the Lipid on the Secondary Structure of SP-A—We
analyzed the effect of DPPC and DPPC/DPPG on the CD spec-
tra of SP-A at pH 4.5 (Fig. 10). SP-A was sclf-aggregated at this
pH in the absence of lipids and had a characteristic CD spec-
trum (Fig. 1), The presence of DPPC vesicles in the medium
had no significant effcet on the CD spectra of $P-A. Thus,
DPPC bound to SP-A without modifying the secondary struc-
ture of H"-induced aggregated form of SP-A. In contrast, the
interaction of DPPC/DPPG vesicles with SP-A resulted in a
change in the CD spectra of the protein. The negative ellipticity
at both 207 and 222 nm increased and the negative maximum
was shifted from 209 to 207 nm. These changes to the CD
speetra of SP-A might be interpreted in terms of a decrease of
the sclf-aggregation level of the protein as a consequence of the
binding of SP-A to acidic vesicles. The presence of DPPC/DPPG
vesicles in the medium would prevent protein self-aggregation
provided lipid/protein interactions were favored over protein/
protein interactions.

DISCTSSION

In exocrine, endoerine, or neuronal cells, it is well recognized
that there is a progressive decrease in pH along the exocytic
pathway (14). Several lines of evidence indicated that the acid-
ification of the exocytic pathway could play a role in the regu-

15189

lation of serting, transport, or proteolytic processing of proteins
(1618, 43, 44). The results presented in this paper show that
a progressive decrease in pH influences the secondary strue-
ture and lipid binding and aggrepation properties of SP-A.

pH-dependent Self-aggregation of SP-A—1In this study, we
have found that SP-A undergoes self-aggregation as the pH is
reduced below 6.0. However, there js a marked aggregation of
the protein in the pH range of the TGN (6—-6.5) when Ca®" is
added. This effect is greater as the pH is reduced. There is a
synergy between H" and Ca®* on SP-A self aggregation in the
pH range of 5-6.5. Ca? ' has no effect on the self-aggregation of
the protein when the pH is reduced toward the isoclectric pH of
SP-A. Self-agpregation of the protein appears to be due to
pH-induced conformational change of the protein. Conforma-
tional analysis from CD spectra of SP-A at various pH values
indicates that the percentage of a-helix progressively decreases
and that of B-sheet increases as the pH is reduced from 7.0 to
4.7. The increase of B-sheet content could he assoviated with
protein/protein interactions that occurred between SP-A mole-
cules at acidie pH.

It is of interest to note that proteins traversing the TGN and
immature secrctory granules, the site of sorting constitutive
from regulated proteins, are exposed to mildly acidic pH and
high concentrations of Ca®* ions (14-16). The maintenance of
an acidic pH and high Ca?' milicu in the TGN and immature
secretory granules is known to be important for secretory gran-
ule formation. Several individnal granule content protcins
from pituitary or adrenal chromaftin granules undergo pH-de-
pendent self-aggregation in vitro in a Ca®* -dependent (adrenal
granules} (17, 18) or Ca®'-independent (pituitary granules)
(18) manner. Moreover, these proteins can drive co-aggregation
of other granule proteins that do not have the inherent ability
to self-aggregate. However, constitutively secreted proteins do
not co-aggregate with pituitary or chromaffin granule content
proteins {17, 18). The H* and Ca®'-dependent aggregation
property seems to be the hallmark of vesicle proteins of the
regulated secretory pathway, distinguishing the regulated se-
cretory proteing from others in the TGN. This could be the case
for SP-A. We suggest that the H*- and Ca® .dependent aggre-
gation property of SP-A, together with its ability to bind to
membranes, might be important for the segrogation of this
protein to secretory granules. Although selective aggregation
and interaction of proteins with the membrane of the TGN are
important elements in the sorting of proteins, there is evidence
that suggests that aggregation alone is not sufficient to ensure
the packaging of all proteins in secretory granules (45}. To date,
no sorting receptor has been conclusively identified. However,
a putative receptor for chromogranin B may net recognize the
primary sequenee of the protein, but a determinant generated
by higher order sfructure of the molecule (45). Intercstingly, it
has been recently reported that human pro-SP-B contains se-
cretory granule targeting determinants in both the NH,-termi-
nal propeptide and the mature peptide (46).

SP-A/Lipid Interaction—The site where SP-A and surfac-
tant phosphelipids are first assembled is unknown, but it is
thaught to be in the lamellar body. The postulated scheme of
formation and enlargement of lamellar bodies involves bulk
transfer of phogpholipids through budding of vesicles because
synexin and other annexins promote fusion of lipid vesicles
with lung lamellar bodies (47). This study was focused on the
lipid binding and lipid aggregation activity of SP-A at acidic pH
in the presence and absence of SP-B and SP-C.

At pH 4.5, 8P-A induces massive aggregation of acidic vesi-
cles either with or without SP-B or SP-C or both proteins. The
extent of aggregation is higher at acidic than at neutral pH.
Efrati et al. (27) previously found that SP-A aggregated a lipid
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extract from surfactant at pH 4.4 in the absence of Ca®'. One
striking result we have found is that SP-A poorly aggregates
DPPC or DPPC/PC vesicles at pH 4.5 in the presence of Ca®".
Intercstingly, aggregation of DPPC vesicles containing SP-B,
SP-C, or both proteins is abrogated at this pH. At the pH of
lamellar bodies (approximately 5.5) SP-A-induced aggregation
of DPPC containing SP-B or a mixture of both proteins is very
low and was Ca®'-dependent. A shift of pH from 5.0 to 7.0
results in a 7-fold increase of DPPC aggregation when lipo-
somes contain surfactant hydrophobic proteins and a 3-fold
increase for DPPC vesicles alone. These results indicate that 1)
aggregation of DPPC vesicles induced by SP-A strongly de-
pends on pH, 2) Ca®' does not have the same effect on DPPC
aggregation at acidic and at neutral pH, and 3) the effect of pH
on vesicle aggregation is reversible,

A posgible interpretation of these results would be that the
binding of SP-A to DPPC is also pH-dependent, being much
lower at acidic than at neutral pH and completely abrogated at
pH 4.5, when vesicles contain the positively charged hydrophe-
bic proteins. However, we show here that SP-A binds to neutral
vesicles at pH 4.5 as well as it does to acidic vesicles. SP-A also
binds to DPPC liposomes, which contain SP-B or SP-C at that
pH. These results suggest that DPPC binding to SP-A and
DPPC aggregation induced by the protein are distinct pro-
cesses, which probably have different requirements. Binding
and aggregation as distinct phenomena have also been de-
seribed in McCormack ef al. (22). It is possible that the binding
of acidic but not neutral vesicles to SP-A modifies the protein
structure or the state of protein self-aggregation. We analyzed
the effect of DPPC and DPPC/DPPC vesicles on the secondary
structure of SP-A at pH 4.5. At this pH, all of the protein is in
the self-aggregated form in the absence of lipids. The interac-
tion of DPPC vesicles with SP-A under acidic conditions does
not have any effect on the CD spectra of the protein, suggesting
that DPPC does not modify the secondary structure of the
self-aggregated form of SP-A. In contrast, the binding of DPPC/
DPPG vesicles te SP-A results in a striking change of CD
spectra of SP-A toward the typical CD spectra of the nonaggre-
gated form of the protein. These experiments suggest that the
presence of DPPC/DPPG in the medium prevents the rapid
aggregation of the protein induced by H*. It is possible that
lipid/protein interactions are favored over protein/protein in-
teractions at acidic pH provided that vesicles contain acidic
phospholipids. We show here that SP-A markedly interacts
with DPPG vesicles at acidic pH and that the interaction is
ionogenic. On the other hand, SP-A massively aggregates acidic
vesicles at acidic pH. We suggest here that SP-A-induced ves-
icle aggregation requires the protein to be in a nonaggregated
form, or at lcast without forming large protein aggregates. This
hypothesis may explain why SP-A binds to neutral vesicles but
poorly aggregates them, because the amount of SP-A molecules
available to aggregate liposomes is low as the protein is form-
ing large aggregates. The idea that binding of SP-A to DPPC/
DPPG but not to DPPC vesicles, at acidic pH, might lead to a
decreasc of protein aggregation is supported by epifluorescence
microscopy studies of fluorescent Texas Red-labeled SP-A ad-
sorbed to monolayers of cither DPPC or DPPC/DPPG at pH
4.5.° In these experiments, SP-A was first injected in the sub-
phase at pH 4.5, and then the monolayer was formed. There-
fore, SP-A was selfaggregated before interacting with the
monelayer of phospholipids. With DPPC monolayers, large ag-
gregates of fluorescent SP-A appear at liquid condensed/liguid
cxpanded boundary regions, indicating that SP-A aggregates

M. L. F. Ruano, K Nag, C. Casals, J. Perez-Gil, and K. M. W.
Keough, unpublished results.

Effect of pH on SP-A Structure and Lipid Binding Properties

Subceliular

compariment pH  Ca#om
% Symhesisn ot ENdoplasmic sy:vmuit of 7.0 ++
| _pourins reticulum  lipias ; *
¥ ' |
5P-4 TransGolgl Network
pro SPR 6.5 ++
pro 3PS (TOH)
5P.A ¢ \
oro SP-B | mmm] /.-—\
pre SP-C Lipids
IR
Son | & 85+
seg L
Alveolar liquid 7.0 *+
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surfactant apolipoproteins based upon previous data (7, 44, 48). Right,
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concentration in the atveolar liquid is in the 1-2 mM range (25).

are segregated to the lipid packing defects in the monolayer. In
contrast, with DPPC/DPPG monolayers, all fluorescent SP-A
appears exclusively into the liguid expanded phase, and no
aggregates of fluorescent SP-A are observed.

We also report that SP-A bound to DPPC/DPPG vesicles is
more protected from endoproteinase Glu-C degradation than
SP-A bound to DPPC vesicles or lipid-free SP-A. This result can
be explained by the ability of SP-A to induce massive aggrega-
tion of acidic but not neutral vesicles. SP-A molecules might
form bridges between vesicles and become more protected from
degradation. In contrast, large aggregates of protein bind to
DPPC vesicles at acidiec pH but are not able to aggregate the
lipid and remain more susceptible to proteelysis.

Physiological Implications——As in other exocrine cells, the
exocytic pathway of type II cells shows a progressive acidifica-
tion from the endoplasmic reticulum to the secretory lamellar
bedies (12, 14, 44). Based upon previous published studies the
exocytic pathway of surfactant components is schematically
illustrated in Fig. 11. SP-A travels together with the precursors
of the hydrophobic surfactant proteins SP-B and SP-C through
the same pathway from the Golgi complex to lamellar bodies
(7), the site where surfactant phospholipids and surfactant
apolipoproteins might be first assembled. The intracellular pH
gradient influences the posttranslational processing of pro-
SP-C {44) and pro-SP-B (48), which involves intracellular pro-
teolysis of these proteins in acidic subcellular compartments,
and the packaging of new synthesized phosphatidylcholine in
lamellar bodies (49). In contrast to SP-B and SP-C, no proteo-
Iytic events veeur in the formation of SP-A except for removal of
the signal peptide. However, we found that the secondary
structure of the protein, its aggregation state, and its interac-
tion with lipids change with the progressive acidification of the
medium. Our results suggest that H™- and Ca%"-dependent
aggregation property of SP-A, together with its ability to bind
to membranes, might be important for the sorting of SP-A to
secretory granules. Once in lamellar bodies, the presence of
acidic phospholipids in the compositien of these organelles
might be needed for aggregation of membranes induced by
SP-A because SP-Ahardly aggregates neutral vesicles at acidic
pH. This aggregation process together with the synergistic
SP-A/SP-B fusien activity at acidic pH (50 could be invalved in
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the formation of closely packed sheets of lipids in these secre-
tory granules. In addition, the changes of SP-A/lipid interac-
tions with pH shift suggest that the change from the acidic
lamellar body to the neutral alveolar subphase could be a factor
involved in the reorganization of surfactant material after
seeretion.
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3. INTERACCION SP-A/BICAPAS

DISCUSION

A la vista de los resultados obtenidos
en el primer trabajo de este capitulo, po-
demos concluir que la agregacion de vesi-
culas inducida por SP-A y la autoagrega-
cién de esta proteina dependientes de Ca”
son procesos independientes. Esta conclu-
sion se apoya en que los requerimientos de
Ca*" de ambos procesos (K."**") son dis-
tintos, siendo necesarias concentraciones
mayores de Ca®’ para que se produzca la
autoagregaciéon de la SP-A que para la
agregacion lipidica inducida por estas
proteinas. Hay que destacar, no obstante,
que dichos procesos se han estudiado en
distintas condiciones de fuerza i6nica tal y
como se viene haciendo en diversos labo-
ratorios. Asi, la agrepacion de vesiculas
lipidicas inducida por SP-A se estudia a
fuerza idnica fisiologica, haciéndose en
cambio la autoagregacion de la proteina a
baja fuerza idnica (en el capitulo 5 de esta
tesis abordaremos de manera detallada el
efecto de la fuerza idnica del medio sobre
la autoagregacion de la SP-A).

Teniendo en cuenta los estudios pre-
vios citados en la discusion del trabajo, se
podria proponer un modelo que se ajuste a
estos resultados. Segin este modelo, la
unién de la SP-A en presencia de Ca’" a
vesiculas lipidicas a través del dominio
CRD provocaria la agregacion de las vesi-
culas por el simple hecho de que una mo-
lécula de proteina, al ser multimérica, es
capaz de unirse a varias vesiculas. Esta
unién, ademds, podria provocar cambios
estructurales que disparen interacciones
proteina-proteina entre distintas moléculas
de SP-A, incrementando asi ain mas el
tamafio de los agregados. Esta autoagrega-
cién seria diferente de la que se produce
ante concentraciones de Ca’” de orden
milimolar en ausencia de NaCl.

En el segundo trabajo de este capitulo
demostramos que la SP-A porcina experi-
menta autoagregacion a valores de pH in-
feriores a 6, proceso que esta relacionado
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con cambios en su estructura secundaria.
Si ademas hay una concentracién de Ca™*
de orden milimolar, la autoagregacion de
la proteina se produce a valores de pH ma-
yores. También hemos visto que la SP-A
induce, a pH 4cido, la agregacion de vesi-
culas que incluyen en su composicién fos-
folipidos acidos, pero no lo hace con vesi-
culas neutras, aunque si se une a ellas. La
diferencia en la interaccion con vesiculas
acidas y con vesiculas neutras podria estar
relacionada con diferencias en Ja estructura
secundaria de la proteina. A pH acido, la
SP-A parcce tener una estructura mas rica
en lamina B que a pH neutro, lo que favo-
receria las interacciones proteina-proteina
induciendo asi su autoagregacion. Al umr-
se a vesiculas 4cidas en condiciones de pH
acido la estructura secundaria de la SP-A
cambia, indicando que la autoagregacidn
de la proteina disminuye. En estas condi-
ciones, las interacciones lipido-proteina
predominan sobre las interacciones protei-
na-proteina, permitiendo que cada molé-
cula de SP-A se una a varias vesiculas (sin
implicar necesariamente la desagregacion
total de la proteina), provocando asi la
agregacion de éstas. Las vesiculas neutras,
por el contrario, son incapaces de inducir
este cambio en la estructura proteica, por
lo que la SP-A permaneceria formando
grandes agregados proteicos donde cada
molécula tendria grandes dificultades para
interaccionar con distintas vesiculas a la
vez, si bien cada agregado proteico perma-
neceria unido en conjunto a unas pocas
vesiculas.

La agregacion selectiva de SP-A con
el pH ligeramente acido del trans-Golgi y
la presencia de Ca”" podrian desempefiar
un papel importante en su segregacion
hacia la ruta secretora regulada. Una vez
en los cuerpos lamelares, la presencia de
fosfolipidos 4cidos serfa necesaria para
que la SP-A induzca la agregacién de
membranas que facilite el almacenamiento
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del surfactante, formando las estructuras
densamente apiladas de los cuerpos lame-
lares. Tras la secrecién del contenido de
los cuerpos lamelares, ¢l pH neutro de la

3 INTERACCION SP-A/BICAPAS

subfase acuosa provocaria alteraciones en
las interacciones lipido-proteina que po-
drian estar implicadas en la reorganizacion
del surfactante en el espacio extracelular.



4. INTERACCION DE LA SP-A
CON MONOCAPAS LIPIDICAS
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INTRODUCCION

En el capitulo anterior estudiamos al-
gunos aspectos de la nteraccion de la SP-
A con bicapas lipidicas. Sin embargo, co-
mo se explicd en la introduccion de esta
tesis, los lipidos del surfactante presentan
otras estructuras en las distintas etapas de
su cicle metabolico. Por una parte esta la
mielina tubular, cuya estructura (disposi-
cion de sus componentes moleculares) atn
no s¢ conoce; y por otra esta la monocapa
en la interfase aire/agua del alveolo, Ia cual
es aceptada mayoritariamente en la actua-
lidad como la estructura responsable de la
actividad superficial del surfactante pul-
monar en el alveolo.

Estudios previos indican que la SP-A
estabiliza la monocapa del surfactante a
bajas tensiones superficiales, y facilita la
expuision de lipidos distintos de DPPC
durante la compresién de la monocapa
(Schurch ef al. 1992). Ademas, se ha ob-
servado que esta proteina es capaz de inte-
raccionar con monocapas de DPPC a pH
neutro y en ausencia de Ca’' (Taneva ef af.
1995). Con estos antecedentes, nos propo-
nemos estudiar mediante microscopia de

43

epifluorescencia la interaccion de SP-A
porcina con monocapas de DPPC, asi co-
mo la influencia de la presencia de fosfoli-
pidos dcidos (DPPG), presentes en el sur-
factante pulmonar, en esta interaccion.

E] primer trabajo incluide en este ca-
pitulo aborda el estudic de esta interaccion
a pH neutro, que es €l pH de la subfase
acuosa en el alveolo pulmonar. En el se-
gundo trabajo el estudio se realizé a pH
acido, teniendo en cuenta que el pH afecta
a la estructura, estado de agregacion e inte-
raccién de la SP-A con bicapas, seglin se
vio en €l capitulo anterior.
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Differential Partitioning of Pulmonary Surfactant Protein SP-A into
Regions of Monolayers of Dipalmitoylphosphatidylcholine and
Dipalmitoylphosphatidylcholine/Dipalmitoylphosphatidylglycerol
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ABSTRACT The interaction of the pulmonary surfactant protein SP-A flucrescently labeled with Texas Red (TR-SP-A} with
monolayers of dipaimitoylphosphatidylenoline (DPPC) and DPPC/dipalmitoylphosphatidyiglycerol 7:3 w/w has been investi-
gated. The monolayers were spread on aqueous subphases containing TR-SP-A. TR-SP-A interacted with the monolayers of
DPPC to accumulate at the boundary regions between liquid condensed (LC) and liquid expanded (LE} phases. Some
TR-SP-A appeared in the LE phase but not in the LG phase. At intermediate surface pressures (10-20D mN/m), the protein
caused the occurrence of more, smaller condensed domains, and it appeared to be excluded from the monclayers at surface
pressure in the range of 30-40 mN/m. TR-SP-A interaction with DPPC/dipalmitoylphosphatidylglycerol monolayers was
differemt. The protein did not appear in either LE or LC but only in large aggregates at the LG-LE boundary regions, a
distribution visually simifar to that of fluorescently labeled concanavalin A adsarbed onto monolayers of DPPC. The
observations are consistent with a selectivity of interaction of SP-A with DPPC and for its accumulation in boundaries

between LC and LE phase.

INTRODUCTION

Surfactant protein A (SP-A) is the major protein associated
with pulmonary surfactant, a complex lipid-protein material
that covers the alveolar surface, reduces the surface tension
of the air-liquid interface, and facilitates respiratory me-
chanics. It is widely assumed that an interfacial phospho-
lipid monolayer enriched in dipalmitoylphosphatidylcholine
{DPPC) is mainly responsible for the tensoactive properties
of lung surfactant and that phosphatidylglycerol and surfac-
tant-associated proteins SP-A, SP-B, and SP-C are also
reguired for the formation and proper dynamics of the
surfactant monolayer in the airways (Keough, 1992; Kuroki
and Voelker, 1994; Johansson et al., 1994).

SP-A is a hydrophilic glycoprotein with a monomeric
molecular mass of 30-40 kDa (llawgood and Shiffer,
1991). 1ts N-terminal moiety has a collagen-like sequence,
whereas the C-terminal portion is like a C-type lectin with
binding sites for carbohydrates and Ca®" (White et al,
1985; Drickamer, 1988). The native form of the protein as
isolated from the alveolar spaces is assembled into a com-
plex oligomer in which SP-A chains are organized in trim-
ers through collagen-like triple-helices, and six trimers form
a bouquet-like arrangement similar to that of the protein
Clq from the complement system {(Voss et al., 1988).

Studies in vitro have shown that SP-A interacts with
surfactant phospholipids and glycosphingolipids both in bi-
layers and immobilized on silica gel plates with a selectivity
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for interaction with DPPC and galactosylceramide (King et
al., 1983; Kuroki and Akino, 1991; Kuroki et al., 1992;
Childs et al,, 1992; Casals et al., 1993). SP-A induces
phospholipid vesicle aggregation in the presence of Ca®*
(King et al., 1983; Hawgood et al., 1985; Ruano et al,
1996). These lipid-binding activities mediate the participa-
tion of SP-A in processes of surfactant metabolism in the
alveolar spaces. SP-A, for instance, is required for the
generation in vitro of tubular myelin (Suzuki et al., 1989;
williams et al., 1991), a structure that has been associated
with highly tensoactive surfactant preparations. SP-A also
participates in the regulation of surfactant secretion into and
clearance from the alveolar spaces {Dobbs et al., 1987;
Bates et al., 1994; Wright and Youmans, 1995) and in
several activities associated with alveolar defense against
pathogens (Van Golde, 1995). In addition, surfactant con-
taining SP-A is more resistant than surfactant without SP-A
to the inhibition of surfactant activity induced by plasma
proteins such as fibrinogen or albumin {Cockshutt et al.,
1990; Strayer ct al., 1996).

Although SP-A by itself is poor at accelerating the trans-
fer of surfactant phospholipids to the air-liquid interface, it
augments rapid formation of phospholipid surface films in
cooperation with the hydrophobic surfactant proteins SP-B
and SP-C (Hawgood et al., 1987; Pison et al., 1990; Schurch
et al,, 1992). SP-A scems also to stabilize the surfactant
monolayer at low surface pressures and enhance elimination
of non-DPPC lipids during compression (Schurch et al,
1992). Korfhagen and co-workers (1996) have shown that
SP-A knock-out mice can breathe properly and present
unaltered lung morphology and function, suggesting that
SP-A is not essential for respiratory function at least in the
perinatal stage. However, in that study the minimal surface
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tension of monolayers formed from material extracted from
SP-A-defective lungs was higher than that of surfactant
from control animals. Tancva et al. (1995) have shown that
at pH 7.4 in the absence of Ca®', SP-A Interacts and
perturbs pure DPPC monolayers, but it shows complete
immiscibility with negatively charged monolayers com-
posed of DPPG or a combination of DPPC and DPPG.

In the present study we investigated the association of
SP-A from the hypophase with interfacial spread monolay-
ers of DPPC or DPPC/DPPG by epifluorescence micros-
copy (Pérez-Gil et al., 1992a; Nag and Keough, 1993; Nag
ct al., 1996b). The use of fluorescently labeled proteins
altows for the analysis of interactions of a given protein
with domains or regions of the monolayer {Grainger et al.,
1990; Malency et al., 1995; Nag et al., 1996a).

EXPERIMENTAL PROCEDURES

Materials

The phospholipids, [,2-dipalmiteylphosphatidylcholine and 1.2, dipalmi-
toylphosphatidylglycerol (DPPG) were purchased from Sigma Chemical
Co. (St. Louis, MO). The fluorescent lipid probe 1-palmiteyl-1-{12-[(7-
nitre-2- 1, 3-benzoxadizole- | -ylamino]dodecanoyl phosphatidylcholine
(NBD-PC} was from Avanti Polar Lipids (Birmingham, AL}, The fluores-
cent-labeling chemical sulforhodamine 101 sultonyl chloride, Texas
Red™ {TR), was obtained from Meolecular Probes Inc. (Eugene, OR), as
was Texas Red-labeled concanavalin A {TR-conA). Chloroform and meth-
ane| were HPLC grade solvents from Fisher Scientific Co. (Ottawa, ON),
and all other reagents were analytical grade chemicals from Merck (Darm-
stadt, Gernvany).

Isolation and Labeling of SP-A

Surfactant protein A was purified from pulmonary surfactant prepared
from porcine bronchoalveolar lavage as previously described (Casals et al.,
1989) by sequential butanol and octylglucoside extractions (Casals et at.,
1993) and stored at - 20°C m solutions in 5 mM Tris-HCI buffer, pll 7.4.
Purity of the protein preparations was routinely checked by sodium dede-
oyl sulfate-polyacrylamide gel electrophoresis wnder reducing conditions
followed by Coomassie Blue staining. SP-A was quantitated by amino acid
analysis afier hydrobysis of protein samples in 0.2 ml of 6 M HC1 contain.
ing 0.1% (w/v) phenol in evacuared and sealed tubes at 108°C for 24 h,
followed by analysis in a Beckman System 6300 high performance amine
acid analyzer.

Fluorescently labeled SP-A was prepared as follows. Solutions of SP-A
in 5 mM Tris-HCI buffer containing 300-500 ug of protein were adjusted
to pl 8.0 by addition of 5¢ mM Tris, pH 8.3. The labeling reaction was
started by the addition of | mM TR in methanol to a final SP-A/TR ratic
of 5-6:1 (mol/mel). The mixture was incubated for 90 min in darkness at
room temperature and then exhaustively dialyzed against 5 mM Tris-HCI,
pH 7.4, to remove unreacted fluorescent reagent.

Activity of labeled TR-SP-A compared with that of the native protein
was assayed by testing its ability to induce aggregation of DPPC vesicles
in the presence of Ca®' at 37°C as described elsewhere {Ruano et al.,
1996).

Epifluorescence Experiments

Surface pressure-arca measuremerts and microscopic observations of
phospholipid monolayers were performed on an epifluerescence micro-
scopic surface balance, the construction and operation of which have been
described elsewhere (Nag et al., 1990; 19911 To form monolayers, the
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lipids, DPPC or the mixture DPPC/DPPG (7:3, wiw), were mixed in
chlerofornymethanol (3:1, vol/vel), and | mol % of NBD-PC was in-
cluded. Monolayers were spread by depositing very small aliquots of the
chlorofornymethanol solutions on a subphase of 5 mM Tris-HC, pH 7.4,
and 150 mM NaCl with or without SP-A or TR-SP-A. All subphases were
prepared with double distilled water, the second distillation being from
dilste potassium permanganate. After spreading of a monolayer, the or-
ganic solvent was allowed to evaporate for 5 min, and, in order to facilitate
SP-A adsorption to the air-liquid interface, the monolayer was compressed
rapidly (707 mam?®/s} to a surface pressure of L0 mN/m and then expanded
again 1o 0 mN/m. Afler a [-h peried, which would have allowed for
penctration of the protein into tw gas or gas-liquid expanded cocxistence
phases {e.g., Maloney et al., 1995), the monolayer was compressed ot a
slow speed (20 mm/s or an initial rate of 0.13 A%/molecule/sy at 23 + 1°C.
At selected surface pressures, a video recording was made for a l-min
period of both NBD and TR fluorescence by switching fluorescence filter
combinations. The images obtained were analyzed with digital image
processing using JAVA 1.3 software (Jandel Scientific. Sam Rafael, CA)
as discussed elsewhere (Nag et al., 1991, Pérez-Gil et al., 1992a).

The video images were obtained with 4 CCD camera that records in
black and white. The images presenied in the fipures have been false-
colored to desplay them as they appear to the eye in the microscope.

RESULTS

Fig. 1 shows Ca®'-dependent DPPC vesicle aggregation
induced by native SP-A and TR-SP-A prepared under two
different conditions. Incubation of SP-A with TR under
mild conditions, 90 min at room temperature and pl 8.0,
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FIGURE 1 Aggregation of DPPC vesicles induced by native and TR-

labeled SP-A in the presence of Ca’’. DPPC vesicle suspensions (in
Sample and Reference Cuvettes), native SP-A (Sample cuvette, closed
cirefes) or labeled TR-SP-A (Sample cuvette, open svmbols), and Ca®*
(Sample and Reference cuvettes) were seyuentially added o 0.5 mi of
butter of 5 mM TrissHCL pH 7.4, 150 mM NaCl, and 0.5 mM EGTA in
Sample and Reference cuvettes as desighated. The aggregation assay was
started (grrow) by the addition of Ca®*. Final concentrations of lipid,
SP-A, and Ca®' were 85 ug/ml, 8 pgml, and | mM, respectively. Two
different TR-SPA batches were assayed, one labeled at 20°C for 90 nun
(open circles), and the other labeled for 17 h at 4°C (open triangles).
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yvielded a labeled protein with vesicle-aggregating activity
similar to that of native SP-A. On sodium dodecy! sulfate-
polyacrylamide gel electrophoresis under reducing condi-
tions, this modified protein showed a main fluorescent band
centered at 35 kDa similar to that of native SP-A (data not
shown). Incubation of SP-A with TR for 17 h at 4°C
produced a modified protein with higher fluorescence as
observed in electrophoresis gels but having a lower ability
to induce aggregation of DPPC vesicles (Fig. 1, closed
triangles). This decrease in activity is possibly because of
structural alterations in SP-A caused by extensive addition
of probe molecules to amine groups of the protein. The
milder conditions were selected to prepare fluorescent TR-
SP-A for additional experiments. Afier exhaustive dialysis,
spectroscopic measurements of the TR-SP-A samples pre-
pared in this way yielded an estimate of incorporation of
around 0.4 moles of probe per mole of protein monomer.
Fig. 2 shows the surface pressure - area per molecule
{(11-A} isotherms of DPPC monolayers spread on subphases
containing different concentrations of TR-SP-A. The iso-
therms showed that increasing concentrations of the protein
in the subphase caused a progressive expansion of the
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interfacial DPPC film, suggesting that the protein is occu-
pying some space in the interface, or, at least it is interacting
with the phesphelipid monolayer sufficiently to perturb the
usual lipid packing. All of the monolayers showed LE
(liquid expanded)} to LC (liquid condensed) transitions as
deduced from the platean regions of the isotherms at surface
pressures in the range of 7-9 mN/m. The effect of TR-SP-A
on the TT-A isotherms of DPPC was qualitatively and quan-
titatively similar to the effect of native SP-A (data not
shown) and analogous to the effect of native SP-A in
DPPC/SP-A monolayers spread from solvents (Taneva et
al., 1995).

Microscopic observations of monolayers of DPPC con-
taining 1 mol % NBD-PC, in the absence and in the pres-
ence of TR-SP-A, showed typical LE-LC coexistence re-
gions consisting of dark LC regions cxcluding the
fluorescent probe and bright green areas of LE phase similar
to those previously observed in lipid and lipid/protein
monolayers (Nag et al., 1991; Pérez-Gil et al,, 1992a; Nag
etal., 1996a; 1996b). The transition of a monolayer from LE
to LC phase upon compression can be quantitatively de-
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FIGURE 2 (Left) Typical F-A isotherms of DPPC monolayers containing | mol % NBD-PC spread on subphases of 150 mM NaCl, 5 mM Tris-HCI,
pH 7.4, containing the indicated amounts of TR-SP-A. (Right) Quantitative analysis of the effect of TR-SP-A on the condensation of DPPC monolayers
containing 1 mol % NBD-PC observed during compression. Dependence of the average area (b}, number of the condensed domains (c), and total percent
of condensed {probe-cxcluding) area (4} on the surface pressure (1) is plotted for different protein concentrations in the subphase. Data are given as x +
SD for » = 10 images. Where error bars are not shown they are within the symbol size.
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scribed by parameters such as the size and number of
condensed domains and the percentage of total condensed
phase as a function of the compression pressure (Peschke
and Mohwald, 1987; Nag et al, 1991; Pérez-Gil et al,,
1992a; Nag and Keough, 1993). Such an analysis is shown
in Fig. 2 B for monolayers formed on subphases in the
absence and in the presence of 0.06, 0.13, and 0.26 pg/ml of
TR-SP-A. The data indicate that over the range of 7 of 5-30
mN/m, TR-SP-A 1) increases the number of condensed
domains per frame, 2) decreases the average area of con-
densed domains, and 3) decreases the percentage of total
condensed phase at lower surface pressures. Above surface
pressures of about 35 mN/m, there were no differences in
the total amount of condensed phase in monolayers formed
in the absence or presence of TR-SP-A. This is consistent
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with the observation that SP-A is substantially excluded
from DPPC monolayers at that surface pressure (Taneva et
al., 1995).

Fig. 3 shows images obtained from a monolayer of DPPC
containing 1 mol % of NBD-PC formed on a subphase
containing 0.06 ug/ml TR-SP-A for fluorescence selec-
tively coming from either NBD-PC or TR-SP-A. NBD
florescence showed phospholipid LC domains with shapes
similar to, but somewhat more irregular than, those of the
elliptical kidney-bean-shaped condensed domains of pure
DPPC (Nag et al., 1991; Pérez-Gil et al., 1992a). It is noted
that the fluorescence of TR-SP-A was not observed in the
monolayers at very low pressures (below 3—4 mN/m) and
only was seen when LC domains began to appear. Changes
in the numbers, shapes, and sizes of LC domains have been

C LE
region boundary fegion

d e C
20 4 = boundaries
a lE

10 12 14 16 18
Surface Pressure (mN/m)

FIGURE 3 (a) Typical images obtained from a DPPC monolayer containing 1 mol % NBD-PC spread on a subphase containing 0.06 pg/ml of TR-SP-A
at the surface pressures indicated. Images were recorded through filters selecting fluorescence coming either from NBD-PC (emission centered at 520 nm)
or TR-SPA (emission centered at 590 nm). (b) Typical image of a single condensed domain at a surface pressure of 12 mN/m seen through the TR filter.
The white line indicates the trajectory that TR fluorescence intensity was quantitatively analyzed in graph c. (c) Relative fluorescence intensity was
evaluated in pixels along the line marked in image b and plotted against the distance in um from the starting point in the dark domain. (d) The average
fluorescence intensities of the regions defined in graph c plotted against surface pressure. Data are presented as X = SD for n = 10 images. Error bars not

shown are within the symbol sizes.
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described as one of the consequences of lipid/protein inter-
actions in the monolayer (Pérez-Gil et al., 1992a; Nag et al.,
1996a; 1996b). At surface pressures between 5 and 30
mN/m, the fluorescence from TR-SP-A showed that it as-
sociated with the fluid phase and the condensed/fluid
boundaries of the monolayer. Three different regions in the
monolayer can be defined according to the average intensity
of fluorescence coming from TR-SP-A (Fig. 3, 4 to C). LC
regions essentially lack any TR-SP-A fluorescence, sug-
gesting either that SP-A does not associate directly with
DPPC in LC phasc or that TR-SP-A fluorescence is not
accessible in the microscope when the protein is associated
with the tightly packed headgroups of DPPC condensed
domains. LE regions (those showing NBD fluorescence)
had homogeneous TR-SP-A fluorescence intensity, suggest-
ing a regular distribution of SP-A in the fluid areas of the
monolayer. Finally, an intense ring of TR fluorescence
surrounded the DPPC condensed domains in the boundaries
between LC and LE regions. As the pressures increased, the
TR fluorescence that accumulated at the boundaries de-
creased (Fig. 3 4). Quantitative analysis of the TR fluores-
cence intensity of the different regions of the monolayer
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(Fig. 3 1) suggests that the average TR-SP-A fluorescence
of the LC-LE boundaries converged to the fluorescence
intensity of the LE areas at surface pressures above 20
mN/m. At this pressure, however, the total amount of LE
phase in DPPC monolayers is relatively small (Nag et al,,
1991; Pérez-Gil et al., 1992a).

The effect of TR-SP-A on DPPC/DPPG (7:3, wiw)
monolayers is shown in Fig. 4. Fig. 4 4 shows typical [I-A
isotherms of monolayers of DPPC/DPPG (7:3, w/w) con-
taining | mol % NBD-PC spread on subphases containing 0,
0.06, .13, and 0.26 pug/ml of TR-SP-A. These isotherms
are somewhat similar to those obtained for pure DPPC and
DPPC/TR-SP-A systems with LE-LC plateaus also in the
range 6-9 mN/m. The fluorescence coming from the lipid
probe, however, showed a different effect of SP-A on
DPPC/DPPG compared with the effect of SP-A on DPPC
monolayers. TR-SP-A did not have any significant effect on
the number and size of condensed demains or the percent-
age of total condensed phase of DPPC/DPPG monolayers at
any surface pressure. The distribution of TR-SP-A in these
phosphatidylglycerol-containing monolayers was also dif-
ferent from that observed for the protein in monolayers of
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FIGURE 4 (4) Typical I1-A isotherms of DPPC/DPPG (7:3, w/w) monolayers containing | mol % NBD-PC spread on subphases 150 mM NaCl, 5 mM
Tris-HCI, pH 7.4, containing the indicated amounts of TR-SP-A. Number (8) and average arca (C) of the condensed domains and the percent of total
condensed arca (D) are plotted against surface pressure (H) for various protein concentrations in the subphase. Values are x = SD for# = 10 images. Error

bars not shown are within the symbol sizes.
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DPPC alone. In DPPC/DPPG monolayers, TR-SP-A was
located in discrete aggregates of sizes in the range of 5-10
wm at nearly all surface pressures of the isotherm (Fig. 5).
Almost no TR fluorescence could be detected in either LC
domains or LE regions. The fluorescent protein aggregates
were also preferentially located at the boundaries between
LC and LE regions as deduced from the comparison of
images taken from both NBD and TR filters (Fig. 5).

To determine if the distribution of SP-A in phospholipid
monolayers is specific for this protein, we studied the dis-
tribution of another fluorescently labeled glycoprotein, TR-
concanavalin A, in DPPC monolayers. Concanavalin A, a
tetrameric glycoprotein with a molecular mass of 104 kDa
has lectin activity as does SP-A, but to our knowledge it is
not a lipid-binding protein. Fig. 6 shows typical images
obtained from DPPC monolayers spread on a subphase
containing TR-conA at 0.26 pg/ml. Protein fluorescence
from these monolayers indicated that the protein formed
aggregates similar in size and shape to those formed by
SP-A in DPPC/DPPG monolayers. Homogeneously distrib-
uted protein fluorescence was not detected in either LC or
LE regions. The fluorescent protein patches also showed
some preference for distribution next to the borders of the LC
domains, although this preference seemed to be less striking
than in the case of SP-A in DPPC/DPPG monolayers.

DISCUSSION

These experiments demonstrate that SP-A in the hypophase
can interact and associate with interfacial monolayers
formed with the main surfactant phospholipid DPPC. The
observed association of SP-A with the monolayer could be
a consequence of the intrinsic affinity of the protein to
interact with lipids, especially DPPC, as previously demon-
strated with phospholipid vesicles (King et al., 1983; Casals
et al., 1993) or immobilized lipids on silica gel plates or on
plastic (Kuroki and Akino, 1991; Kuroki et al., 1992; Childs
et al., 1992).

The presence of SP-A in monolayers of DPPC produced
similar perturbations in the condensation of the monolayer
under compression as those described for other proteins, for
instance SP-C (Pérez-Gil et al., 1992a). The magnitude of
the perturbation caused by SP-A appears relatively small on
the basis of mass of protein but could be significant on the
basis of the molar amount of protein associated with the
monolayer in comparison with a smaller protein such as
SP-C (Pérez-Gil et al., 1992a). As discussed previously
(Pérez-Gil et al., 1992a), the influence of the protein to
produce more smaller-condensed domains than are seen in
the pure lipid likely reflects a compromise of forces be-
tween the perturbing influence of protein in the monolayers
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FIGURE 5 Isotherms (leff) and typical images (right) obtained from a DPPC/DPPG (7:3, w/w) monolayer containing 1 mol % NBD-PC spread on a
subphase containing 0.13 pg/ml of TR-SP-A. Images were recorded through filters selecting fluorescence coming either from NBD-PC or TR-SP-A.
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FIGURE 6 Typical images obtained from a DPPC monolayer containing
1 mol % NBD-PC spread on a subphase containing 0.26 ug/ml of TR-conA
at the indicated surface pressures. Images were recorded through filters
selecting fluorescence coming either from NBD-PC or TR-conA.

resisting condensation and the increasing applied pressure
that promotes that condensation. The perturbing influence
of SP-A is seen only in the range of 7 of about 5-30 mN/m
(Fig. 2). Above that pressure, SP-A is primarily squeezed-
out of DPPC monolayers (Taneva et al., 1995) or into small
residual SP-A aggregates in or near the surface (Fig. 2). It is
possible that all the proteins with ability to interact with
phospholipids in monolayers will show similar effects on
the condensation. In terms of its preferential accumulation
at the boundaries of LC domains, however, SP-A is dramat-
ically different from SP-C, for example, which shows uni-
form distribution in the LE phase.

SP-A is a water-soluble protein that can interact with
selected lipids. Some of the work on the visual properties of
interactions between water soluble protein and monolayer
films has been summarized in Ahlers et al. (1990) and
Mohwald (1990). For example, a fluorescently labeled an-
alog of pancreatic phospholipase A, showed selective asso-
ciation with solid phase domains in DPPC monolayers,
especially the edges of the solid domains (Grainger et al.,
1990). A fluorescent analogue of the hydrophobic surfactant
protein SP-C inserts into the fluid LE regions of DPPC and
DPPC/DPPG monolayers (Nag et al., 1996a), consistent
with exclusion from gel phase domains of different phos-
pholipid bilayers (Horowitz et al., 1993; Horowitz, 1995).
Fluorescently labeled SP-B, also a hydrophobic protein,
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also reposes in LE regions of spread phospholipid mono-
layers (Nag et al., 1997). The results presented here show
that SP-A is present in LE fluid regions of DPPC monolay-
ers, and it accumulates close to the boundaries between LE
and LC domains. Two possible mechanisms could be sug-
gested for this distribution: 1) preferential interaction of
SP-A with the monolayer in packing defects at the LC-LE
boundaries followed by diffusion of the protein to the fluid
regions or 2) direct interaction of SP-A with the lipids in the
fluid LE regions and subsequent segregation and accumu-
lation of protein at the LE-LC boundaries. Given that TR-
SP-A was not observed in the monolayers at very low
surface pressures, alternative 1) seems more likely. The fact
that the accumulation of SP-A at the LC-LE boundaries in
DPPC monolayers decreases with the extent of compression
is most likely because of exclusion of the protein toward the
hypophase. 1t could be possible that some protein denatur-
ation leads to accumulations at the phase boundaries but we
note also that active phospholipase A, accumulates and acts
at such boundaries (Grainger et al., 1990).

The effect of SP-A in DPPC/DPPG monolayers is differ-
ent compared with that seen in DPPC monolayers. The
protein showed almost no effect on the condensation pa-
rameters of DPPC/DPPG monolayers. Homogeneous TR-
SP-A fluorescence was not detectable in LE regions, but
discrete patches close to the LE-LC boundaries were ob-
served. This would be consistent with very little or no
interaction of SP-A with negatively-charged monolayers.
Similar differential behavior of SP-A was found in solvent-
spread monolayers of DPPC and DPPC/DPPG (Taneva et
al., 1995), and SP-A interacts more strongly with DPPC
than with DPPG or DPPC/DPPG bilayers (Casals et al.,
1993). Interaction of SP-A with negatively charged phos-
pholipid bilayers was completely abrogated at low ionic
strength (Casals et al., 1993; Ruano et al., 1996), which is
consistent with electrostatic incompatibility between protein
and acidic lipids at neutral pH. Electrostatic repulsion be-
tween DPPG and protein molecules in the monolayer could
drive exclusion of SP-A to the observed large protein ag-
gregates into the boundaries between LC and LE domains,
regions of the monolayers that are irregularly packed that
could act as “sinks” in which lipid-immiscible molecules
could most easily accumulate.

Interaction of SP-A with DPPC in the monolayer is
consistent with recent results suggesting that SP-A pro-
motes accumulation of DPPC in the surface, perhaps from a
sort of DPPC-rich reservoir below the air-water interface
(Yu and Possmayer, 1996).

In spite of the immiscibility of SP-A with acidic phos-
pholipids, TR-SP-A still goes into the interfacial monolay-
ers. This could be a consequence of intrinsic surface active
properties of the protein itself. Several proteins, particularly
glycoproteins, have been reported to possess such intrinsic
tensoactive characteristics and can form protein interfacial
monolayers by adsorption from the subphase (Ahlers et al.,
1990; Heckl et al., 1985; 1987; Mohwald, 1990). We have
observed that conA, an acidic glycoprotein that is not
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known to interact with phospholipids, also adsorbs into
DPPC monolayers with similar aggregation and distribution
behavior to TR-SP-A in DPPC/DPPG monolayers. This
similarity suggests that the aggregation and accurnulation in
the LE-LC boundary dislocation is a nonspecific property
and that only the different distributions of SP-A in DPPC is
specific to these compounds.

Little TR-SP-A fluorescence was observed in interiors of
the dark condensed domains of the DPPC monolayers, and
some fluorescence was seen in the liquid-expanded regions,
King et al. (1983; 1986 have observed that the binding of
SP-A to liposomes was greater when the constituent lipids
were in the gel state than when they were in the liquid
crystalline form. It is noteworthy that there was no appear-
ance of the SP-A molecules at the DPPC monolayer aque-
ous interface when the iipid is stricily in the liquid expanded
phasc, which is up to pressures of 3-4 mN/m. Only when
condensed domains began to appear did the TR-SP-A ap-
pear in the interface. This is consistent with its preferential
interaction with gel phase in bilayers or the nced for the
condensed phase in monolayers. Whereas condensed phase
in monolayers, gel phases in bilayers, and lipid-expanded
and liquid-crystalline phases arc often considered to be
roughly equivalent, they are not completely so. The pres-
sures for equivalence, for example, remain under discus-
sion. It sgcms that the SP-A may be attracted to the dislo-
cations in the condensed-expanded domain and in gel-liquid
crystal boundarics, as would any protein with nonspecific
binding (c.g., Netz et al., 1996). King et al. (1983} found
that binding appeared highest in gel state systems in which
dislocations in packing may have been aanticipated. The
binding of SP-A to DPPC is specific in that it has a different
appearance entirely than the binding of SP-A to DPPC/
DPPG or of conA to DPPC.

In conclusion, these studics demonstrate that SP-A inter-
acts and perturbs DPPC monolayers, partitioning into the
liquid-expanded fluid phase of the phospholipid, and accu-
mulating at the LE-LC boundaries. SP-A causes no effects
in monolayers of DPPC/DPPG, the protein being excluded
from both LC and LE regions and being accumulated as
large protein aggregates in the LE-LC boundaries of these
monolayers.
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Interactions of Pulmonary Surfactant Protein A with Phospholipid
Monolayers Change with pH
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ABSTRACT The interaction of pulmonary surfactant protein A {SP-A) labeled with Texas Red (TR-SP-A} with monolayers
containing zwitterionic and acidic phospholipids has been studied at pH 7.4 and 4.5 using epifluorescence microscopy. At
pH 7.4, TR-SP-A expanded the w-A isotherms of film of dipalmitoylphosphatidylcholine (DPPC). It interacted at high
concentration at the edges of condensed-expanded phase domains, and distributed evenly at lower concentration into the
fluid phase with increasing pressiure. At pH 4.5, TR-SP-A expanded DPPC monolayers to a sfightly fower extent than at pH
7.4. It interacted primarily at the phase boundaries but it did not distribute into the fluid phase with increasing pressure. Films
of DPPC/dipalmitoylphosphatidylglycero! (DPPG) 7:3 mol/mol were somewhat expanded by TR-SP-A at pH 7.4. The protein
was distributed in aggregates oniy at the condensed-expanded phase boundaries at all surface pressures. At pH 4.5 TR-SP-A
caused no expansion of the 7-A isotherm of DPPC/DPPG, but its fluorescence was relatively homogeneously distributed
throughout the expanded phase at all pressures studied. These cbservations can be axplained by a combination of factors
inciuding the preference for SP-A aggregates to enter monolayers at packing dislocations and their disaggregation in the
presence of lipid under increasing pressure, together with the influence of pH on the aggregation state of SP-A and the

interaction of SP-A with zwitterionic and acidic lipid.

INTRODUCTION

The collectin surfactant protein A (SP-A) is, by weight, the
major protein associated with pulmonary surfactant, a lipid-
protein material that lines the respiratory epithelium, the
main biophysical function of which is to reduce the surface
tension at the air-liquid interface of alveoli and thereby
stabilize the respiratory surface. Most of the surface active
properties of surfactant are associated with its phospholipid
components. The major lipid, dipalmitoylphosphatidylcho-
line (DPPC) is responsible for the ability of this material to
produce very low surface tensions at low lung volumes {for
a recent review, see Johansson and Curstedt, 1997). Other
phospholipid species of surfactant, including phosphatidyl-
glycerol (PG), as well as some specific hydrophobic pro-
teins have a role in modulating the physical properties of
DPPC to allow for rapid and continuous formation of DPPC-
enriched monolayers at the air-liqud interface of alveoli.
SP-A improves the adsorption to the surface of preparations
composed of the main surfactant phospholipids and the
bydrophobic surfactant proteins (Hawgood et al, 1987).
SP-A promotes interfacial adsorption of lipid suspensions in
the presence but not in the absence of the surfactant proteins
SP-B and SP-C (Schiirch et al., 1992). lu addition, SP-A is
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necessary for the formation of tubular myelin (Suzuki et al.,
1989; Williams et al,, 1991; Korfhagen et al, 1996}, a
unique structure of surfactant in the alveolar spaces, whose
presence can be correfated with high surface activity. SP-
A-defective surfactant isolated from SP-A knock-out mice
had impaired properties compared with normal SP-A-con-
taining surfactant when assayed under [imited concentration
conditions (Korfhagen et al., 1996). This fact suggests that
SP-A could improve surface activity of surfactant under
certain circumstances such as pathologically limited avail-
ability of surfactant or the presence of inhibitory com-
pounds In the airways. Yu and Possmayer (1996) have
suggested that SP-A promotes formation of DPPC-enriched
reservoirs attached to the surface that would provide a
mechanism of monolayer formation during respiratory me-
chanics. SP-A and the other collectin present in surfactant,
SP-D, possess several activities related to primary host-
defense mechanisms in the alveolar spaces (van Golde,
1995; Wright, 1997).

By using epifluorescence microscopy we have recently
observed the interaction of SP-A monolayers of DPPC,
DPPC/dipalmitoylphosphatidylglycerol (DPPG), and sur-
factant lipid extracts (Ruano et al., 1998a; Nag et al., 1998).
This technique allows direct observation of structural tran-
sitions in monolayers such as between liquid-expanded and
liquid-condensed states and of fluorescently labeled pro-
teins in regions of the monolayer (Mdéhwald, 1990; Pérez-
Gil et al., 1992; Nag et al, 1996-1998). SP-A associates
with fluid regions of DPPC monolayers, but accumulates at
boundaries between fluid and condensed domains under
conditions of phase coexistence (Ruano et al., 1998a). In
DPPC/DPPG monolayers SP-A is effectively excluded even
from fluid regions (Taneva et al, 1995; Ruano et al.,
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1998a), accumulating in aggregates at boundaries between
fluid and condensed regions. This immiscibility has been
explained as resulting from electrostatic repulsion between
lipids and proteins at physiological pH (Ruano et al.,
1998b). Preferential interaction of SP-A with DPPC in
comparison to acidic phospholipids has also been detected
in phospholipid bilayers (Casals et al., 1993). The prefer-
ence for DPPC could be the basis for SP-A-directed mech-
anisms of interfacial DPPC enrichment.

During inter and extracellular trafficking SP-A is likely to
encounter milieus in which the pH might vary from ~5.5 to
~7. Changes in the environment from neutral to acidic pH
would be expected to potentially modulate SP-A interac-
tions with lipids because of effects on protein change. A
recent study has shown that an acidic environment induced
changes in the structure and lipid-binding properties of

40 60 80 100 SP-A in bilayers (Ruano et al., 1998b) with the maximal

Mean Area/Molecule (A/molec.) effects being reached at pH 4.5. At that pH, the protein was

able to bind to both neutral and acidic phospholipid vesicles,

FIGURE 1 Typical II-A isotherms of DPPC monolayers containing 1 but the occurrence of SP-A-induced membrane aggregation

mol % NBD-PC spread on subphases of 150 mM NaCl, pH 4.5 in the was critically dependent on the presence of negatively
absence (closed symbols) or presence (open symbols) of TR-SP-A at 0.13 .. -

charged lipids. To better understand the nature of and to

DPPC/SP-A

® DPPC
O DPPC/SP-A

Surface Pressure (mN/m)

1

NBD filter Rfter  aym TR filter en

FIGURE 2 Typical images obtained
from DPPC monolayers containing 1
mol % NBD-PC spread on a subphase
containing 0.13 ug/ml TR-SP-A at pH
4.5 (lefty or 7.4 (right). Images were
recorded through filters selecting fluo-
rescence from either NBD-PC (green,
emission maximum at 520 nm) or TR-
SP-A (red, emission maximum at 590
nm) at the indicated surface pressures.
For pH 7.4, only the TR images are
given, but the condensed domains are
clearly visible.
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visualize the interactions involved in the association of
SP-A with surfactant fitms, the forces driving formation of
SP-A domains at the interface and the nature of pH and lipid
composition on SP-A self-aggregation, we have studied the
interaction of SP-A with surfactant phospholipid monelay-
crs at acidic pH by analyzing the association with and the
location of the protein in zwitterionic {DPPC) or acidic
{DPPC/DPPQG) monolayers using epifluorescence micros-
copy. This would allow direct visual examination of the
hypothesis {Ruano et al., 1998b) that association of SP-A
with anionic lipids at low pH could reduce its aggregation
state. Becausc the maximal effects of such changes were
seen at pH 4.5 in the previous work with bilayers (Ruano et
al., 1998b), we have selected that pll along with pH 7.4
(Ruano et al., 1998a) to make relevant comparisons. It is
noted also that interactions in the extracellular milieu are
important. While the pH of the aqueous lining layer or
hypophase in the alveoli is neutral (Nielson et al., 1981}, it
can become very acidic in some pathological conditions,
such as in hydrochloric acid aspiration trauma (Eijking et
al., 1993).

EXPERIMENTAL
Materials

‘The lipids used in the experiments of this study, 1,2- dipalmitoylphosphati-
dylcholine (DPPC) and 1,2-dipalmitoyiphosphatidylglycerol (DPPG), were
from Sigma Chemicat Co. (St. Louis, MO). The fluorescent lipid probe
1-palmitoyl-1-{12-[{7-nitro-2-1,3-benzoxadizole- 1 -yl )amino]dodecanoyl}
phosphatidyleholine (NBD-PC) was from Avanti Polar Lipids (Birming-
ham, AL). The flucrescent labeling chemical sulferhodamine 101 sulfonyl
chloride, Texas Red (TR), was obtained from Molecular Probes Inc.
{Eugene, OR). Chloroform and methanol were HPLC grade solvents from
Fisher Scientific Co. (Ottawa, ON) and all other reagents were analytical
wrade chemicals from Merck (Darmstadt, Germany).

Isolation and labeling of SP-A

SP-A was purified from pulmonary surfactant prepared from porcine
broncheoalveolar lavage as previously described {Casals et al., 1989), by
sequential butanel and octylglucoside extractions (Casals et al., 1993), and
stored in solution of 3 mM Tris- HC1 buffer, pH 7.4, at —20°C. Purity of the
protein preparations was routinely checked by SDS-PAGE under reducing
conditions followed by Coomassie Blue staining. SP-A was quantitated by
amino acid analysis after hydrolysis of protein samples in 0.2 ml of 6 M
HCI comtaining 0.1% (w/v) phenol in evacuated and sealed tubes at 108°C
for 24 h followed by analysis in a Beclman System 6300 High Perfor-
mance amine acid analysis. Fluorescently labeled SP-A was prepared as
previously described (Ruano et al., 1998a).

Epifluorescence experiments

Surface pressure-area measurements and microscopic observations of
monolayers were performed on an epifluorescence microscepic surface
balance, the construction and operation of which have been deseribed
elsewhere {Nag et al., 1990, 1991). Phospholipid monolayers including |
mol % NBD-PC were formed on subphases that did or did not contain
SP-A as previously described (Ruano et al., 1998a). Monelayers were
spread by depositing aliquots of chloroform/methanol solutions of the
lipids on subphases containing 150 mM NaCl. adjusted to pH of either 7.4
or 4.5, in the absence or presence of TR-SP-A (.13 peg/ml. All subphases
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were prepared with double-distilled water, the second distillation being
from dilute potassium permanganate. After spreading a monolayer the
organic solvent was allowed to evaporate for 5 min, and to facilitate SP-A
adsorption to the air-liquid interface, the monelayer was compressed rap-
idly (707 mm>/s) to a surface pressure of 10 mN/m and then expanded
again to 0 mN/m. After a 1-h period allowing for observation of penetration
of the protein into the gas or gas-liguid expanded coexistence phases (e.g.,
Maloney et al., 1993), compression of the monolayer at slow speed {20
mm/s or an initial rate of 9.13 A2/moleculess) at 23 + 1°C was begun. At
selected surface pressutes, a visual recording was made on videotape for &
1-min period for both NBD and TR fluorescence by switching fluorescence
filter combinations to select fluorescence emission in the proper wave-
length range. The images obtained were analyzed with digital image
processing using JAVA 1.3 software (Jandel Scientific, San Rafael, CA) as
discussed elsewhere (Nag et al., 1991; Pérez-Gil et al., 1992).

The video images were obtained with a CCD camera, which records in
black and white, The images presented in the figures have been false-
colored to display them as they appear approximately to the eye in the
nicroscope.

RESULTS

Fig. 1 shows typical compression 7-A isotherms of DPPC
monolayers spread on subphases of 150 mM NaCl, adjusted
to pH of 4.5, in the presence or absence of TR-5P-A at 0.13
ug/ml. As observed at neutral pll (Ruano et al., 1998a),
SP-A expanded the isotherms of DPPC at pH 4.5, indicating
that either protein insertion at the air-liquid interface or
perturbation of lipid packing by the protein, or both, had
occurred.  Protein-containing monolayers also displayed
clear plateaus in the range of 7-9 mN/m, indicative of
liquid-expanded to liquid-condensed phase transitions.

® DPPC/DFPG

O DPPC/DPPG
/SP-A

Surface Pressure (mN/m)

1

40 80 80 100
Mean Area/Molecule (A/molec.)

1 i3

FIGURE 3 Typical H-A isotherms of DPPC/DPPG (7:3, wiw) mone-
layers containing | mol % NBD-PC spread on subphases of 150 mM NaCl,
5 mM Tris-HCI, pH 4.5 in the absence (closed symbols) or presence (open
svmbols) of TR-SP-A at (0,13 pa/ml
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DPPC/DPPG/SP-A

_PH 45

NBD filter

FIGURE 4 Typical images ob-
tained from DPPC/DPPG (7:3, w/w)
monolayers containing 1 mol %
NBD-PC spread on a subphase con-
taining 0.13 pg/ml TR-SP-A at pH
4.5 (left) or 7.4 (right). Images were
recorded through filters selecting flu-
orescence coming either from
NBD-PC (green) or TR-SP-A (red)
at the indicated surface pressures.

Microscopic images of DPPC monolayers containing 1
mol % NBD-PC in the presence of 0.13 pg/ml TR-SP-A in
the subphase at acidic pH, compared with those at neutral
pH, are shown in Fig. 2. Fluorescence coming from either
the lipid probe or the fluorescently labeled protein was
selectively recorded from the same monolayers by switch-
ing the filters. Our apparatus does not allow, however, for
instantaneous recording of images at two wavelengths. At
low pressures there is considerable movement of the mono-
layer so that fields change more rapidly than filters can be
changed. Even at higher pressures the time needed to
change filters, possibly refocus, and collect visual data for
processing means that fields will have changed somewhat
for sequential images. The times involved for the changes
are in the range of 5-15 s. The association and correlation
of regions of fields can be made more rapidly by eye almost
immediately upon changing the filters, but images at the two
wavelengths are not superimposable because of monolayer
movement between the acquisition of the images.

.

pH 7.4

TR filter

R filter mN/m

7.9

mN/m

9.3

11.9

18.7

The association of TR-SP-A with DPPC monolayers at
acidic pH is similar to that observed at neutral pH at low
surface pressures (Fig. 2). At both pH values the protein
starts to interact with the monolayer when condensed solid
domains of lipid begin to nucleate (in the range of 68
mN/m). This observation has been interpreted as a require-
ment for gel-like condensed regions or, likely, condensed/
fluid coexistence for the interaction of TR-SP-A with mono-
layers to occur (Ruano et al., 1998a). At surface pressures
up to 15 mN/m, TR-SP-A fluorescence appeared at acidic
pH in fluid-expanded regions with increased intensity at
condensed/fluid boundaries. However, in contrast with the
behavior observed at pH 7.4, TR-SP-A accumulation at the
boundaries of the DPPC condensed domains never de-
creased under compression at acidic pH. Compression up to
27 mN/m produced monolayers in which nearly all protein
fluorescence accumulated at the perimeters of the solid
regions, forming fluorescent rings with the shape of the
condensed areas.
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Fig. 3 presents I1-A isotherims of DPPC/DPPG 7:3 (w/w}
moenolayers spread on subphases of NaCl 150 mM, at pH
4.5, in the absence or presence of TR-SP-A 0.13 ug/ml. In
contrast with the behavior observed at neutral pH (Ruano et
al., 1998a), TR-SP-A hardly expanded the isotherms of
DPPC/DPPG monolayers at acidic pH, suggesting that at
pH 4.5 the protein does not insert very much into the
negatively charged interface. Microscopic images of those
monolayers show dramatic differences in the distribution of
TR-SP-A in acidic phospholipid-containing monolayers
({Fig. 4) compared with the zwitterionic ones (Fig. 2). The
distribution of TR-SP-A into DPPC/DPPG monolayers at
acidic pH was dramatically different to that observed at
neutral pH. At pH 4.5, TR-SP-A appeared to homoge-
neously distribute into the fluid or expanded phospholipid at
any swrface pressure up to 25 mN/m, while it was excluded
from the interior of the condensed domains. No selective
accummulation of TR-SP-A was detected at the solid/fluid
boundaries or at any other location in the interface. By
contrast, at neutral pH, TR-8P-A was present in DPPC/
DPPG monolaycrs as discrete aggregates, more or less
regular 1 size and distributed preferentially around the
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condensed lipid domains at any surface pressure. Virtually
no protein fluorescence was detected in both condensed
domains and fluid regions, indicating complete immiscibil-
ity of TR-SP-A and acidic phospholipid at neutral pH. The
effect of TR-SP-A on the condensation of the monolayer
under compression at acidic and neutral pH was quantitated
by measuring the effect of the presence of the protein on the
percent of total condensed area of the films, Fig. 5 shows
the amount of condensation upon compression of DPPC and
DPPC/DPPG monolayers at pH 7.4 or 4.5 in the absence or
presence of TR-SP-A. The protein only produced a signif-
icant decrease in the total condensation when interacting
with DPPC menolayers at neutral pH and at surface pres-
sures in the range 10-30 mN/m. This effect has been
attributed to protein-induced perturbation of lipid packing,
which reduces condensation of lipid (Pérez-Gil et al., 1992;
Nag et al., 1997). Similarly, Fig. 6 shows that TR-SP-A only
produced a clear increase in the number of condensed
domains in DPPC monolayers at pH 7.4. Similar effects of
decreasing the total amount of condensed arca while in-
creasing the number of condensed domains have been found
for hydrophobic proteins SP-B and SP-C in DPPC and

-
80 L
&80 B
40 -
® DPPC ® DPPC
o O DPPC/SP-A O DPPC/SP-A
E 20 + r
_g. pH7.4 pH 4.5
c
Q i
T 80 - -
9]
O
2 80 !
40 | * DPPC/DPPG - DPPC/DPPG
©  DPPC/DPPG/SP-A ©  DPPC/OPPG/SP-A
20 pH 7.4 pH 4.5
10 20 30 0 20 30

Surface Pressure (MN/m)

FIGURE 5 Percent of total condensed area plosted against surface pressure for different monelayers in the absence (@) and presence (O} of TR-SP-A
at 0.13 pg/ml. Values are x % SD for » = 10 images. Error bars not shown are within the symbol sizes.
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FIGURE 6 Dependence of the number of condensed demains per frame on the surface pressure for different monolayers in the absence (%) and presence
(C of TR-SP-A at 0.13 pg/ml. Values are x 2 5D for n — L0 images. Error bars not shown are within the symbol sizes.

DPPG monolayers (Pérez-Gil et al., 1992; Nag et al., 1996,
1997).

DISCUSSION

We have previously found that fluorescently labeled SP-A
associates with spread phospholipid monolayers at neutral
pH (Ruano et al., 1998a). Features of the interactions of
SP-A with DPPC or DPPC/DPPG monolayers at neutra) pll
correlated with previous observations on the interaction of
SP-A with phospholipid bilayers and monolayers {King et
al., 1986; Casals et al., 1993; Taneva ¢t al., 1995; Ruano et
al., 1996).

It the present work we have explored the effect of plf on
both SP-A distribution in, and SP-A modifications of, the
condensation during compression of monolayers of DPPC
or DPPC/DPPG. In a recent paper we showed that the
secondary structure and aggregation state of SP-A and its
interaction with neutral and negatively charged phospho-
lipid bilayers were dependent on pH (Ruano et al., 1998Db).
It was observed that SP-A bound to both neutral and ocg-

atively charged vesicles at acidic pH. The binding of neg-
atively charged vesicles to SP-A led, however, to a change
in the secondary structyre of the protein, which indicated
that the level of SP-A self-aggregation decreased after the
interaction of the lipid and protein.

In DPPC monolayers at neutral and acidic pH, aggregates
of fluorescent SP-A appear at the liquid condensed/liquid
expanded boundary regions, indicating that SP-A aggre-
gates are segregated to the lipid packing defects in the
monolayer (Ruano et al,, 1998a). SP-A accumulation at
condensed/fluid boundaries of DPPC monolayers persists
even at pressures up to 30 mN/m. These results suggest that
protein/protein interactions under such conditions are stron-
ger than lipid/protein interactions, preventing mixing of
SP-A with phospholipids. Results with DPPC monolayers
correlate with those previously reported with DPPC bilay-
ers, where we showed that the binding of DPPC vesicles to
SP-A at pli 4.5 did not have any effect on the state of
self-aggregation of the protein (Ruano et al., 1998b). How-
ever. the insertion of aggregates of protein in condensed/
fluid boundaries of DPPC monolayvers at pli 4.5 caused
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almaost no effect in both amount of total condensation and
number and size of condensed domains. This would also be
a consequence of nearly total segregation of lipid and pro-
tein at acidic pH.

As previously observed the distribution of SP-A in
DPPC/DPPG monolayers at neutral pH indicated that pro-
tein was aggregated and there was, effectively, narural ex-
clusion of protein and lipid {Ruano et al,, 1998a). For
DPPC/DPPG monolayers at pH 4.5, the distribution of
SP-A was remarkably different from that at pH 7.4, the
SP-A being fairly homogeneously disbursed in the liquid-
expanded phase of the monolayers, suggesting that the
intcractions at lower pH came abowt through 2 more dis-
persed form of SP-A and the lipid. This would have oc-
curred because lowering the pl would have reduced nega-
tive charge on the protein (and lipid), reducing mutual
exclusion. Since the maximal self-aggregation of SP-A oc-
curred at pH 4.5 (Ruano et al,, 1998b), other forces, how-
ever, must also be dominating the distribution of SP-A in
DPPC/DPPG at pH 4.5, These findings are consistent with
the view that the adsorption of TR-fluorescent SP-A to
DPPC/DPPG, but not to DPPC, monolayers reverses protein
self-aggregation. Taken together, these results show differ-
ent modes of interaction of SP-A with monolayers of DPPC
and DPPC/DPPG at pH 4.5 and reinforce the results of
previous studies on the interaction of SP-A with DPPC and
DPPC/DPPG bilayers at the same pl. SP-A is able to
decreasc the amount of condensation upon compression and
to increase the number of condensed domains in monolayers
of DPPC, but not in those of DPPC/DPPG, at neutral pH. At
acidic pH SP-A did not affect the amounts or numbers of
domains of either type of monolayer. These observations are
consistent with a selective interaction of SP-A with DPPC,
which is pli-dependent. Perturbation of lipid packing was
also reported for the hydrophobic surfactant protein SP-C,
which decreased the total amount of condensed area and
produced more, smaller condensed domains in monolayers
of either DPPC or DPPC/DPPG (Pérez-Gil et al., 1992; Nag
et al,, 1996). The perturbing influence of SP-A in monolay-
ers is more selective, since it is only observed in DPPC
monolayers at neutral pH. Under such conditions, globular
“headgroups” of SP-A (comprising lipid binding domains)
would interact with acyl chains of phospholipid monolayers
sufficiently to perturb the usual lipid packing. The pertur-
bation of lipid packing induced by SP-A could be important
for the selective insertion of DPPC into the monolayer at
low compression rates (Schiirch et al., 1992; Yu and Pos-
smayer, 1996). Yu and Possmayer (1996) suggested that
SP-A could form bridges between the interfacial monolayer
and subphase bilayers, contributing to the establishment of
a surfactant surface reservoir. In addition, it was recently
showed that SP-A mediatcs transfer and exchange of phos-
pholipids between the outer monolayers of membranes (Ca-
Jal ¢t al., 1998). Taking into account that SP-A selectivity
interacts with DPPC-rich bilayers (Casals et al., 1993} and
monolayers {Ruano et al., 1998a) at neutral pH, it would be
possible that contacts mediated by SP-A between the inter-
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facial monolayer and subphase bilayers are important for
replenishment of DPPC in the monelayer at physiological
pH. The pH dependence of the interactions of SP-A with
lipids may also have impact on the processing of surfactant
in the endocytic pathway (Beers, 1996).

This work was funded by Fondo de Investigacionces Sanitarias de la
Seguridad Social and Conwnidad de Madrid (to C.C. and J.P.-G., projects
(8.3/0010/98 and 07B/0016/1997) and the Medical Research Council of
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DISCUSION

Los experimentos realizados demues-
tran que, a pH neutro, la SP-A porcina se
une a monocapas de DPPC vy altera su es-
tado de condensaciéon. Su distribucién en
la monocapa es distinta a la de las protei-
nas hidrofobicas del surfactante SP-B y
SP-C (Nag et al. 1996, Nag et al. 1997), ya
que tiende a acumularse en los bordes en-
tre los dominios LC (liquido condensado)
y LE (liquido expandido). Esta distribu-
cion parece deberse a que la SP-A interac-
ciona con la monocapa preferentemente en
aquellas zonas donde hay defectos de em-
paquetamiento, como los que se forman
entre los dominios LC y LE al comprimir
la monocapa. Posteriormente, la proteina
difundiria desde estos bordes a las regio-
nes LE.

La presencia de DPPG en la monoca-
pa, en cambio, hace que la SP-A no pro-
duzca cambios significativos en el estado
de condensacion de los lipidos. En este
casa, la distribucion de la proteina es dife-
rente. En efecto, ahora no se detecta SP-A
en las regiones LE, sino que aparece for-
mando grandes agregados proximos a los
bordes LC/LE. Es posible que la repulsion
electrostatica entre la SP-A (con carga neta
negativa a pH neutro) y la DPPG empuje a
la proteina hacia los bordes LC/LE, zonas
en las que, debido a su empaquetamiento
irregular, se acumularian mas féacilmente
las moléculas mmiscibles con los lipidos
de la monocapa. Esta distribucién podria
tener un caracter mespecifico, ya que he-
mos observado el mismo efecto para otra
proteina hidrofilica como es la concanava-
Hna A.

La interaccion especifica de la SP-A
con DPPC en monocapas y bicapas (Ca-
sals ef al. 1993) podria facilitar la acumuy-
lacién de este lipido en la interfase ai-
re/agua, favoreciendo las propiedades ten-
soactivas del surfactante pulmonar. Es
posible que esta acumulacion se produzca
a partir de un reservorio rico en DPPC
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situado debajo de la superficie, como ya
han sugerido otros autores (Yu y Possma-
yer 1996).

En los ensayos realizados a pH acido
hemos podido comprobar que el patrdén de
distribucion de la SP-A en monocapas de
DPPC es similar al que se observa a pH
neutro. En este caso, sin embargo, el esta-
do de condensacion de los lipidos de la
monocapa no se ve afectado por la presen-
cia de la proteina. Esto podria deberse a
que la SP-A se encuentra en estado agre-
gado a pH acido,como vimos en el capi-
tulo anterior.

A pH 4.5, la SP-A tiene carga neta
neutra o positiva, con lo que desaparece la
repulsion electrostatica con las moléculas
de DPPG en monocapas de DPPC/DPPG.
Asi, a este pH vemos que la distribucion
de la SP-A cambia radicalmente: en vez de
formar los grandes agregados proteicos
observados a pH neutro, encontramos que
la SP-A se distribuye homogéneamente en
la fase LE. Es posible que esto se deba a
que, en presencia de fosfolipidos acidos,
las interacciones lipido-proteina prevalez-
can sobre las interacciones proteina-
proteina, como vimos que ocurria en el
capitulo anterior con bicapas de igual
composicién. En este caso, ademas, tam-
PoCO se aprecia una expansién importante
de la isoterma de DPPC/DPPG en presen-
cia de SP-A, lo que sugiere que la interac-
cion de la proteina con los lipidos de la
monocapa es principalmente de naturaleza
polar, con escasa penetracion de la SP-A.
Esto altimo también apoya la observacién
hecha en el capitulo anterior de que la inte-
raccion entre SP-A y DPPG es de caracter
electrostatico.

Los resultados obtenidos en estos tra-
bajos refuerzan la idea de la existencia de
diferentes modos de interaccion entre la
SP-A y los lipidos en funcién del pH, lo
que podria afectar a:
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1. El trafico, almacenamiento, secre-
cién y adsorcion a la interfase aire/agua
de los componentes del surfactante
pulmonar.

2. Las propiedades de la SP-A en
determinadas patologias en las que el
pH alveolar se encuentra disminuido,
como por ejemplo en el trauma por as-
piracion de acido clorhidrico (Eijking et
al. 1993).
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INTRODUCCION

En los dos capitulos anteriores hemos
centrado el estudio de la SP-A principal-
mente en su interaccion con los lipidos del
surfactante pulmonar. Sin embargo, tam-
bién hemos visto que las interacciones
proteina-proteina podrian estar implicadas
en caracteristicas funcionales de la SP-A
tales como la induccion de agregacion de
vesiculas lipidicas o su acumulacién en
granulos de secrecion. Este tipo de interac-
ciones pueden complementarse o bien
competir con las interacciones de tipo lipi-
do-proteina. Lo primero ocurre por ejem-
plo en el mecanismo propuesto en el capi-
tulo 3 para la agregacion lipidica: tras
unirse la SP-A a los lipidos, la autoagrega-
cion de las moléculas de proteina provoca-
ria la agregacién de las vesiculas. El se-
gundo caso es el que parece darse a pH
acido, donde la presencia de vesiculas de
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DPPC es incapaz de disminuir el estado de
alta autoagregacion de la SP-A, mientras
que la presencia de vesiculas de fosfolipi-
dos 4cidos hace que las interacciones de
tipo lipido-proteina prevalezcan sobre las
de tipo proteina-proteina responsables de
la autoagregacion.

En este Gltimo capitulo de resultados
se han investigado las caracteristicas de los
diferentes modos de autoagregacion de la
SP-A, estudiando la influencia de la con-
centracion de Ca”*, la fuerza ionica, el pH
y la temperatura en este fenémeno.

{El trabajo incluido en este capitulo fue en-
viado a la revista Biochemistry para su publicacién
el 27 de septiembre de 1999, y revisado el 4 de
noviembre de 1999 v el 8 de marzo de 2000. Ac-
tualmente se encuentra en prensa).
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SELF-AGGREGATION OF SURFACTANT PROTEIN A
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ABSTRACT: Environmental factors of physiological relevanee such as pH, calcium, jonic strength and
temperature can affect the state of self-aggregation of surfactant protein A (SP-A). We have studied the
secondary structure of different SP-A aggregates and analyzed their fluorescence characteristics. We
found that self-aggregation of SP-A can be: a) Ca”'-dependent. The concentration of Ca®* needed for half-
maximal self-association (K. ') depended on the presence of salts. Thus, at low ionic strength K,
was 2.3 mM whereas at physiological ionic strength K,**" was 2.35 pM. Circular dichroism and fluores-
cence measurements of Ca*'-dependent SP-A aggregates indicated that those protein aggregates formed
in the absence of NaCl are structurally different than those formed in its presence. b) pH-dependent. Self-
aggregation of SP-A induced by H* was highly influenced by the presence of salts, which reduced the ex-
tent of self-association of the protein. The presence of both salts and Ca™* attenuated even more the effects
of acidic media on SP-A self-aggregation. ¢) Temperature-dependent. At 20°C, SP-A underwent self-
aggregation at physiological but not at low ionic strength, in the presence of EDTA. All of these aggre-
gates were dissociated by either adding EDTA (a) or increasing pH to neutral pH (b) or increasing tem-
perature 1o 37°C (c). Dissociation of Ca* -induced protein aggregates at low ionic strength was accompa-
nied by an irreversible loss of both SP-A secondary structure and SP-A-dependent lipid aggregation
properties.. On the other hand, temperature-dependent experiments indicated that a structurally intact
collagen-like domain was required for either Ca**- or Ca?*/Na'-induced SP-A self-aggregation but not

for H-induced protein aggregation.

Of the four known surfactant proteins, SP-A' is the
most abundant. It is a multifunctional prolein capable of
binding several ligands including phospholipids,
carbohydrates and Ca®' and it belongs to the Ca®'-
dependent lectin family (for reviews, sec Refs. | and 2),
SP-A is a large oligomeric protein of approx. 650 kDa,
composed of 18 nearly identical subunits. Each SP-A
subunit contains an amino-terminal collagen-like
domain and a carboxyl-terminal carbohydrate recogni-
tion domain (CRD) that arc linked by a more hydro-
phobic domain (neck). This monomeric form is about
228 amino acid long with an approximate molecular
weight of 28,000. Several post-translational modifica-

' This work was supported by Grant PB98-0769-C02-0]
from CICYT, Grant CAM-083/0010/98 from Comunidad of
Madnid and Grant PRA86/97 7489 from Complutense
University of Madrnd.

* To whom correspondence should be addressed.

! Abbreviations: CD, circular dichroistn;, CRD, carbohy-
drate recognition domain; DPPC, 1 2-dipalmitoyl-sn-glycero-
3-phosphocholine; DPPG, 1,2-dipalmitoyl-sn-glycero-3-phos-
phoglycerol; Ksy, Stem-Volmer dynamic quenching constant;
K", calcium activation constant; SIIS/PAGE, polyacryla-
mide gel electrophoresis in the presence of sodium dodecyl-
sulfate; SP-A, -1, -C, and -2, surfactant protein A_ 13, C. and
D, respectively.

tions, including glycosylation, sulfation and hy-
droxylation of prolines, result in a monomeric protein
of heterogeneous molecular mass ranging from 30 to 40
kDa. The functional form of SP-A is assembled through
interactions in the collagen-like domain into a complex
octadecameric structure, which resembles a floral
bouquet, where the amino-terminal and part of colla-
gen-like regions form a common stalk.

Nearly all alveolar SP-A is complexed with phos-
pholipids. The CRD and the neck region are important
protein domains involved in SP-A-lipid interactions (3-
4). SP-A preferentially interacts with dipalmitoyl-
phosphatidylcholine (DPPC) (5-7), the main surfactant
lipid (1). The interaction of DPPC with SP-A leads to
a conformational change on the protein molecule (6)
and a marked protection of SP-A from trypsin degrada-
tion (¥). The interaction of SP-A with phospholipid
vesicles induces vesicle aggregation in the presence of
Ca™ or H' (6, 8-10). SP-A also induces aggregation of
liposomes containing SP-B or SP-C or both hydropho-
bic proteins (9). The association of SP-A with lipids
appears essential for the conversion of lipid aggregates
from multilamellar forms present in the exocytic
granule to dispersed ordered arrays known as tubular
myelin (11). This physical ransformation also requires
the hydrophobic surfactant protein SP-B and Ca®" (12).
SP-A enhances adsorption of lipids along the airdiguid
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interface in a concerted action with SP-B (13). In
addition, SP-A as well as SP-1, another water-soluble
surfactant protein, participates in lung-specific host
innate defense (14, 13).

The solubility of lipid-free SP-A in stock solutions
changes significantly with the buffer conditions. SP-A
is insoluble in physioclogical saline at rootn tempera-
ture, but solubilizes readily in low lonic strength buffers
(16). Others and we previously found that Ca*' induced
a rapid self-aggregation of pig, dog or human SP-A at
neutral pH and in low ionic strength buffers (8, 16).
The threshold concentration of Ca® required to induce
self-aggregation of SP-A from different species was 0.3
mM (8, 16). However, the presence of trace amounts of
Ca™" were enough o induce SP-A sclf-aggregation in
physiological ionic strength buffers at 37°C (17). In
addition, we recently found that SP-A could undergo
pH-dependent self-aggregation in the absence of Ca™*
and salts in the pll range of 4.5-6.0 (9). The state of
self-aggregation of SP-A may have important effects on
its functions. Soluble SP-A did not stimulate macro-
phage production of reactive oxygen but did stimulate
when SP-A was adhered to a surface resulting in a
mmultivalent presentation (18, 19).

To better characterize the process of self-aggre-
gation of SP-A we have investigated the effect of ionic
strength, Ca®', pHl and temperature on this phenome-
non. The structural characteristics of difterent protein
aggregates were studied by circular dichroism and
Muorescence Spectroscopy.

EXPERIMENTAL PROCEDURES

Isolation of SP-A. Pulmonary surfactant was pre-
pared from pig or human bronchoalveolar lavage as
described previously (20). SP-A was purified from
isolated surfactant using sequential butanol and octyl
ghicoside extractions (13). The purity of SP-A was
checked by one-dimensional SDS/PAGE in 6%
acrylamide under reducing conditions (50 mM di-
thiothreitol). Quantification of SP-A was carried out by
amino acid analysis in a Beckman System 6300 High
Performance analyzer. The protein hydrolysis was
performed with 0.2 mi of 6 M HCI, containing 0.1%
{w/v) phenol in evacuated and sealed tubes at 108°C for
24 h. Norleucine was added to each sample as internal
standard. Experiments presented in this paper were
performed with at least tour different preparations of
porcine SP-A. Some experiments were repeated with
human $P-A [rom muliiple organ donor lungs.

SP-A Self-aggregation Assays. Self-aggregation
assays were performed at 37°C (unless otherwise
stated) by measuring the change in protein absorbance
at 360 nm in a Beckman DU-640 spectrophotometer,
induced by the presence of calcium ions, H' or low

temperature, Ca®'-dependent self-aggregation experi-
menis were done as described previously (8). The
calciwm requirement for self-aggregation was studied
by titration experiments in which increasing amount of
a concentrated solution of Calll, were added to the
protein solution (40 pg/m), final concentration) in 50
uM EDTA, 5 mM T1is/HCI buffer, pl1 7.4, either with
or without 150 mM NaCl. The absorbance at 360 nm
was registered once il was stabilized after cach change
of Ca®* concentration. The free Ca®' concentration in
each point of the titration experiments was estimated by
a computer program (CHELATOR) (21), which also
permits correction for ionic strength, temperature, pH
and other competing ions. pH-dependent self-
aggregation experiments werc done as previously
described (9) The variation of SP-A self-aggregation as
the pH was reduced was studied at 37°C in the presence
or absence of § mM Ca”" and either with or without
salts (150 mM NaCl or 150 mM KC1). pH titration was
started at neutral pH in 3 mM Tris, 5 mM MES, 5 mM
acetate buffer, pH 7.2, in (he presence or the absence of
CaCl: and/or salts. From the starting pIl, SP-A was
titrated to pH 4.2 by addition of 1-2 pl aliquots of 0.05
M or .1 M HC solution. During titration, the medium
pH was monitored with a micro-pH electrode. The
absorbance at 360 nm at each pH was registered once
it was stabilized afier cach change of pH. To find out if
SP-A was able to undergo self-aggregation at neutral
pH by lowering temperature, the sample and reference
cuvetie were filled with 0.1 mM EDTA, 5 mM
Tris/HCL, pH 7.4 either with or without 150 mM NaCl.
Afier 10-min equilibration at 20°C, SP-A (30 pg/ml,
final conceniration) was added to the sample cuvette
and the absorbance was monitored at 1-min intervals
over {0 min, Next, the temperature was taised to 37°C
and the absorbance was recorded again. In other set of
experiments, self-aggregaiion of SP-A was studied as
a function of temperature. The temperature was low-
ered from 40°C to 15°C or raised in reverse order. The
absorbance at 360 nm was registered once it was
stabilized afier each temperature change.

Phospholipid Vesicle Aggregation Assay. DPPC
vesicles were prepared in a buffer containing 150 mM
NaC’l, 5 mM Tris/HCl, pH 7.4 by sonication as de-
scribed previously (8, 9). DPPC vesicle diameter al
37°C, determined by quasielastic light scaltering, was
around 130 nm.

The vesicle aggregation assay was done as a con-
tinuation of Ca®'-dependent self-aggregation experi-
ments after dissociation of protein aggregaies by
addition of EDTA. Then, 1,2-dipalmitoylphosphati-
dyleholine (DPPC) vesicles (200 pg/ml) (lipid/SP-A
weight ratio 10:1) were added to both the sample and
the teference cuvette and the turbidity change at 360
nm was monitored at 1-min intervals over 10 min.



Afterwards, Ca™ (1 mM, final concentration) was
added to both cuvettes and the change in abscrbance
was monitored again. EDTA was used again for
reversing vesicle aggregation,

CD Measurements. C spectra were obtained on a
Jasco J-715 Spectropelarimeter fitted with a 150 W
xenon lamp (9). Quartz cells of 1-mm path length were
used and the spectra were recorded in the far-u.wv.
region (190-260 nm) at 50 nm/min scanning speed and
at the indicated temperature. Four scans were accumu-
lated and averaged for each spectrum. The acquired
spectra were corrected by subtracting the appropriate
blanks, subjected te noise-reduction analysis and
presented as molar ellipticities (degrees-cmz-dmol")
assuming 11} Da as the average molecular mass per
amino acid residue. At least 3 independent preparations
of SP-A were measurced. Final SP-A concentration was
80 pg/ml. Measurements at acidic or neutral pH were
done in 5 mM acetate buffer, pH 4.5, or in 5 mM
Tris/HC1 buffer, pH 7.2, respectively with or without
either NaCl or Ca”".

Fluorescence measurements. All fluorescence ex-
periments were carried out on a Perkin Elmer MPF-
44E spectrofluorimeter operated in the ratio mode as in
{6). Cells of 0.2 cm optical-path were used. The slit
widths were 7 nm and 5 nm for the excitation and
cmission beams, respectively. Fluorescence spectra of
SP-A were measured at 20°C or 37°C in 0.3 ml of 5
mM Tris/HC1 buffer, pH 7.4, in the absence or the
presence of either 5 mM Ca” or 5 uM Ca*"/150 mM
NaCl. The final protein concentration of SP-A was in
the range 6.7 to 10 pg/mi. The blanks and protein
samples were excited at 275 nm for measuring the total
protein fluorescence spectrum or at 295 nm o prefer-
entially excite tryptophan residues. Emission spectra
were recorded from 300 to 400 nm.

The change in fluorescence emission intensity of
SP-A upon addition of millimolar concentrations of
Ca™ was done as follows: first, the fluorescence
spectrum of SP-A (2 pg) at an excitation wavelength of
275 nm was recorded in 0.3 ml of 5 mM Tris/HCI
buffer, pH 7.4, 5 uM Ca*', either with or without 150
mM NaCl. Subsequently, the titration experiment was
started by adding increasing amounts of a concentrated
solution of CaCl; to the protein solution in the cuvette.
The fluorescence intensity readings were corrected for
the dilution caused by aliguot addition. The change in
fluorescence emission intensity of SP-A on addition of
NaCl was analyzed as described before in 5 mM
Tris/HCL, pH 7.4, 5 uM Ca™" either with or without 0.1
mM EDTA.

Quenching experiments by acrylamide were per-
formed at an excitation wavelength of 295 nm to
preferentially excite tryptophan residues and to reduce
the absorbance by acrylamide. The quenching experi-
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ments were cartied oul as follows: SP-A (7 pg/ml) was
added to the cell containing 5 mM Tris/HCI buffer, pH
7.4, with or without either 2 mM Ca®' or 5§ uM
Ca”'/150 mM NaCl. After 10 min equilibration at 20°C
the spectrum of SP-A was recorded. Afterwards
aliquots {rom a stock solution of acrylamide in water
were added to the protein solution and fluorescence
spectra were recorded. The values of fluorescence
intensity at 330 nm were corrected for dilution and the
scatter contribution derived from acrylamide titration of
a blank. In addition, an inner filter correction for the
absorbance by acrylamide was done. This correction
faclor was determined according to the equation (F, =
F, - 10@eFAem2y 99y in which F, is the corrected
fluorescence intensity, F, is the measured fluorescence
intensity after correction for scattering, and Aq and Ay
are the absorbances measured at the excitation wave-
length (295 nm) and at the emission wavelength {330
nm), respectively. The absorbance of the samples was
measured after each addition of acrylamide by using a
Beckman DU-640 spectrophotometer.

Quenching studies were analyzed according to the
classical Stern-Volmer equation for collisional
quenching (23): F/F =1 + K [Q] , where F, and F are
the corrected emission intensities in the absence and
presence of the quencher [Q], and K,, is the Stern-
Volmer dynamic quenching constant. K,, values were
calculated by the regression of the initial linear portion
of the Stern-Volmer plot.

RESULTS

FEffect of ionic strength on Ca’*-dependent self-
aggregation of SP-A. Figure 1 A shows that addition of
SP-A (50 pg/ml) to 5 mM Tris/HC] buffer, pH 7.4
containing 150 mM NaCl and micromolar concentra-
tions of Ca”" (5 M) resulted in a marked increase in
light absorbance due to self-aggregation of the protein.
Light absorbance did not change after a further addition
of Ca* (5 mM, final concentration). The addition of
EDTA (10 mM) reversed completely the process.
Furthermore, the presence of EDTA (1 mM) in the
buffer prevented the self-aggregation of SP-A oceur-
ring at physiological ionic strength and micromolar
concentrations of Ca®" (data not showed). Figure 1 A
also shows that in the absence of NaCl, SP-A did not
aggregate unless Ca®* was added at millimolar concen-
trations. The extent of Ca**-dependent self-aggregation
reached at low ionic strength is higher than that reached
at physiological ionic strength. Figure 1 B and C show
the calcium dependence of the self-aggregation process
of pig SP-A in the absence (B) and the presence (C) of
NaCl. The Ca™" activation constant (K,**") for self-
aggregation ol pig SP-A depended on the presence of
salts. At low ionic strength the concentration of Ca®"




Sclf-aggregation of SP-A

—~ o -NaCl EDTA A
2 .08
<
=y
=
®
g 04
(=]
j=]
®
D
1

0.00

=

2 08 |
g
c :
e [
*§> .
2 04
> i
<
A,
S (
73

0.00 | B
2
g 020
| =
2
©
[ ]
2 o5
g
[
®
“ o010

required for half maximal self-association was 2.3 +
0.2 mM as previously reporied (8). In contrast, at
physiological ionic strength, K, was 2.4 2 0.5 uM.
Thus, the presence of salts drastically decreased the
concentration of Ca®" required 10 set out this process.
To find out whether the effeet of 1onic sirengih oi Ca’-
dependent self-aggregation of pig SP-A occurred also
in other 8P-A species, we repeated the experiments
with human $P-A isolated from multiple organ donor
tungs. The Ca”™ concentration for half-maximal self-
aggregation of human SP-A was 3 £ 0.1 mM at low
ionic strength and 12 + 1.8 uM at physiological ionic
strength.

FIGURE 1 : Ca’' <dependent self-aggregation of porcine SP-A in
the presence and the absence of NaCl o, Kinetics of Ca®'-
dependent sclf-agaregation of SP-A. SP-A (50 pg/ml) was
added to the sample cuvette filled with 5 uM Ca®', 5 mM
Tns/HCL buffer, pH 7.4, either with (solid circles) or without
(open circles) 150 mM NaCl. The turbidity chemge at 360 nm
was iomttored at 37°C at 1-min intervals. After stabilization,
5 mM Ca”™ (final concentration) was added to both the sample
and reference cuvelte and the furbidity changes monitored
again. Addition of EDTA (10 mM, final concentration)
completely dissoviated SP-A aggregates induced by either Co™
or Ca’'/NaCl. B, Caleium dependence of SP-A  self-
aggregation in the absence of NaCL C, Caleium dependence of
SP-A selli-apgpregation in the presence of 150 mM NaCl. in 8
and C, the final conceniration of SP-A was 40 pg/ml. Hxperi-
ments were done at 37°C. A representalive expertmeni of four
expeniments from four difterent preparations of poreine SP-A
i shown.

Figure 2 A shows fluorescence emission spectra of
poreine SP-A in its non-aggregated form and in its
aggregated form induced by either 5 mM Ca®’ at low
ionic strength or § pM Ca”™™ plus 150 mM NaCl. The
fluorescence emission spectrum of SP-A on excitation
al 275 is characterized by two maxima at about 326
and 337 nm as previously reported for porcine and
human SP-A (6). The two maxina are blue-shified in
comparison to that of free tryptophan model systems,
revealing a partially buried character for these fluoro-
phores. Self-gggregation of the protein induced by
cither SpM Ca™/150 mM NaCl or 5 mM Ca®'/0 mM
NaCl led to a decrease in tluorescence emission
intensity without any shift in the wavelength of the
emission maxima. The observed decrease in tluores-
cence intensity can be explained in terms of changes in
the tryptophan environment, which probably implies a
higher quenching of the tryptophan thyorescence by
polarizable groups in the proximity of these residues.
The decrease in fluorescence emission intensity caused
by 5 mM Ca™/0 mM NaCl was stronger than that
caused by SpM Ca” /150 mM NaCl, indicating a more
drastic change in the tryptophan environment when the
protein is self-aggregated at millimolar concentrations
of Ca®" in the absence of salts.

An additional criterion for revealing structural
changes in the prowin after self-aggregation is the
analysis of the accessibility of SP-A fluerophores 1o
acrylamide, an efficient neutral collisional quencher of
ndole detivates,-capable-of permeating the protein
matrix (24). Figure 2 13 shows Stern-Volmer plots of
the effect of acrylamide on fluorescence emission
intensity of porcine SP-A, measured in the presence
and absence of cither 5uM Ca™'/150 mM NaCl or 2
mM Ca™'/) mM NaCl. Sclf-aggregation of SP-A
markedly increased the accessibility of SP-A fluero-
photes to acrylamide. SP-A in its non-aggregated form
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HIGURE 2: Fluorescence measurements of non-aggregated
and aggregated forms of SP-A induced by either Ca® or
Ca®'NaCl. A, Fluorescence emission spectra of SP-A on
excitation at 275 nm in the absence or the presence of either
5 mM Ca® or 5 uM Ca*'/150 mM NaCl. Fluorescence {F)
is expressed in arbitrary units. B, Stern-Velmer plots of
aqueous quenching by acrylamide of SP-A. Fo and I are the
corrected emission intensities at 330 nm in the absence and
the presence of acrylamide, respectively. Experiments were
done in 5 mM Tos/11C] buffer pE 7.4 (control, epen circles)
with or without cither 2 mM Ca®" (solid squares) or 5 pM
Ca™"/150 mM NaCl (solid triangles). C, Changes in fluores-
cence emission intensity of SP-A on addition of CaCly. F and
[, are the comrected fluorescence emission mtensities at 330
nm in the presence or the absence of CaCly, respectively. SP-
A (6.7 pg/ml) was initially in 5 pM Ca’', 5 mM Tris/TICL
buffer, ptH 7.4, with (solid cireles) or without (open circles)
150 mM NaCl ), Changes in fluorescence emission
intensity ol SP-A on addition of NaCl. F and I, are the
corrected fluotescence emission intensities at 330 nm in the
presence or the absence of NaCl, respectively. SP-A (6.7
pg/nl) was initially in 5 uM Ca®', 5 mM Tris/HC! buffer, pH
7.4, with (solid eircles) or without (open circles) 0.1 mM
EDTA. A representative one of four experiments is shown.

showed a lower acrylamide quenching constant (Kgv =
2.3 M'y than in its sclf-aggregated form induced by
cither SuM Ca*"/150 mM NaCl (Kev = 10.5 My or 2
mM Ca”'/0 mM NaCl (Kgv = 16.2 M'). From these
results it is clear that the quenching of tryptophan
residues by acrylamide was more pronounced when the
protein underwent Ca®'-dependent self-aggregation in
the absence than in the presence of salts.
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Figure 2 C shows the fluorescence emission in-
tensity of SP-A at 330 nm as a function of Ca™" con-
centration, At low ionic strength, the fluorescence
emission intensity of SP-A starled to decrease at
concentrations of Ca®” higher than 0.5 mM. The change
in the fluorescence emission intensity of SP-A as a
function of Ca®" might reflect the conformational
change of SP-A at different levels of self-aggregation.
Figure 2 C also shows that at physiological ionic
strength and micromolar concentrations ol Ca’™ the
fluorescence of SP-A did not change as the Ca®'
concentration increased in the millimolar range. Thesc
results support the concept that once SP-A was self-
aggregated by micromolar eoncentrations of Ca®” in the
presence ol salts (Figure 1 A, C) the addition of further
amounts of Ca® does not induce changes in both the
sell-aggregation statc and fluorescence cmission
intensity of the protein.

Figure 2 12 shows the fluorescence emission in-
tensity of SP-A at 330 nm as a function of NaCl con-
centration in the presence of micromolar concentrations
of calcium. SP-A fluorescence progressively decreased
as NaCl concentration increased reflecting a conforma-
tional change of SP-A at different levels of self-
aggregation induced both by micromolar concentrations
of calcium an NaCl. When the Ca”" present in the
buffer solution (5 pM) was chelated by addition of
EDTA, the fluorescence emission intensity of SP-A
was little alfected by increasing ionic strength.

Figure 3 shows the change in the circular dichroism
spectrum of SP-A as a [unction of Ca™' concentration
in the absence of salts (Figure 3 A) and as a function of
NaCl concentration in the presence of 20 uM Ca®
(Figure 3 B). Addition of Ca®' at concentrations higher
than 0.5 mM o the protein solution led to a marked
decrease of the negative ellipticity and a shifi of the
minimum from 207 nm to 210 nm (Figure 3 A). CD
spectra of SP-A at Ca™* concentrations higher than 0.5
mM must reflect the secondary structure of SP-A at
diftferent levels of self-aggregation. At concentrations
of Ca®" lower than 0.5 mM, there was a small but
significant decrcase of the contribution of the 207-nm
minimum to the spectrum without any shift of this
minimum. At these Ca™" concentrations the protein was
not self-aggregated. The molar ellipticity at 207 nm
(0297 as a function of the Ca*' concentration is shown
in the inset of Figure 3 A. The Ca*'-dependent decrease
of 8447 reached a maximum at around 5 mM. On the
other hand, Figure 3 B shows a decrease of the negative
ellipticity as the concentration of NaCl increased in the
presence of 20 pM Ca*". However, that decrease in the
CD signal of SP-A was much less pronounced than that
induced by millimolar concentrations of Ca® in the
absence of salts (Figure 3 A). The molar ellipticity at
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207 nm (255) as a fimetion of the Na®© concentration is
shown in the inset of Figure 3 B.

Figure 4 A shows that those changes in the sec-
ondary structure of porcine SP-A produced by 5 mM
Ca®*/0 mM NaCl were not reversed when aggregates of
protein were dissociated by addition of EDTA, Re-
moving Ca”* produced additional important changes in

[0] {degrees-cm -dmoi x10”

6

the CI specirum of SP-A. Figure 4 C shows that the
addition of DPPC vesicles to this non-aggregated form
of porcine SP-A after chelating Ca®' with EDTA
(Figure 4 B} resulted in a marked increase in light
absorbance due to lipid aggregation. That vesicle
aggregation induced by this form of SP-A at 37°C was
completely independent of Ca™" and irreversible. Thus,

5 ["L ’ Ficure, 3. Changes in the
=z J circular dichrotsm spectrum of
porcine SP-A as a function of

M e Ca® (A) or NaCl concentration

(B). Experiments of Ca’ or
NaCl titration were performed at
37°C. A, SP-A {80 pg/ml) was in
5 mM TnsAIC] buffer, pil 7.4,
in the absence of NaCl, 4, SP-A
(80 pg/ml) was in 20 uM Ca® .5

0 mM Nacit mM Trs/HCI bufler, pl1 7.4,

! : ig :x ::g: Insets: ellipticity at 207 nm of
10 1 | LV + 101 mM NaCl SP~A asa {unction qunz." (A)or
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FIGURE 4: Changes in the sccondary structure of SP-A and in its lipid vesicle aggregation activity after dissociation of Ca’"-induced
protein aggregaies by addition of EDTA. A, Circular dichroism spectra of porcine SP-A (80 pg/ml) at 37°C under different conditions:
a) 5 mM Tris/HCI buffer, pH 7.4, containing 0.1 mM EDTA (open circles); b) after addition of CaCl; (5 mM free Ca™y (solid
triamgles); and ¢) after addition of EDTA (10 mM final concentration) (solid squares). B, Self-aggregation (absorbance change at 360
nm) of porcine SP-A at 37°C. The protein (40 pg/ml final concentration) was added to the sample cuvette containing 5 mM C a3
mM Trs/TICL baffer, pH 7.4 (b). After stabilization, self-aggregation was reverted with EDTA (10 mM) {¢). C, SP-A-induced vesicle
aggregation assay was performed as a continuation of SP-A sclf-aggregation experiment given in B. Thus. SP-A was in a non-
aggregated form after dissociation of protein apgregates by addition of ETYTA (¢). Vesicle aggregation was performed as described

under “Txperimental Procedures™ A representative one of four experiments is shown,
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removing Ca™ also affected the SP-A property to protein aggregates (Figure 5 B} with little change n the
aggregate lipid vesicles in a Ca™-dependent manner. CD spectrum of SP-A (Figure 5 A). This non-

In contrast, Figure 5 shows that addition of EDTA aggregated form of SP-A obtained by dissociation of
to porcine SP-A aggregates formed in the presence of SP-A aggregates with EDTA was able to mediate the

50 uM Ca™/150 mM NaCl caused dissociation of process of Ca”'-dependent vesicle aggregation, which



Self-aggregation of SP-A

A - NaCl
— QB
g
<
S 06+
=
[
o
5
3 .04 4
s}
s
% —— . Ca%t
02 - )
—0— +5 mM Ca™

pH

8
B + NaCl
— DB
2
<
§ o6
|
5
5 04
b
ut
s —8— .cag®
02 -
—O— +5mMCa

pH

FiGUrg 7. Effect of NaCl and CaCly on SP-A self-aggregation at different pH. pH titration was done at 37°C as desctibed in Fig. 6
erther in the absence (4) or in the presence (B) of 150 mM NaCl. The same results were oblained with KC1. Solid circles. no
caleium. Open cireles, 5 mM CaCla. A representative one of four experiments is shown,

could be reversed by addition of EDTA (Figure 5 C).
These results indicated that aggregation of SP-A
induced by Ca®'/NaCl was reversible and that after
dissociation of protein aggregates, SP-A retained its
ability o induce phospholipid vesicle aggregation in the
presence of Ca®' and NaClL

Effect of the ionic strength on pll-dependent self-
aggregation of SP-A. Figure 6 A shows the effect of
lowertng pl on self-aggregation of the protein in the
presence or the absence of 150 mM NaCl. At pH below
6.0 protein aggregation was lower in the presence than
in the absence of salts, CD spectra of SP-A at neutral
and acidic pli, in the presence of EDTA and either with
or without NaCl are shown in Figure 6 B, At neutral pH
and at room temperature, the presence of Na(l in the
medium shightly reduced the negative ellipticity. The
change of pH from 7.4 to 4.5 led to a drastic change in
the CD spectra of 8P-A characterized by a marked
decrease of the negative cllipticity and a shift of the
minimum from 207 o 209 nm as previously reported
(9). In the presence of NaCl the c¢hange of pH from 7.4
to 4.5 led to a less pronounced decrease of the negative
ellipticity. This is consistent with the lower extent of
pH-dependent self-aggregation of SP-A in the presence
of salts.

Figure 7 A shows that at low ionic strength there
was a marked aggregation of the protein in the pll
range of 6-6.5 provided Ca®' was present in millimolar
concentrations in agreement with previous results (9).
Protein aggregation was greater as the pH was reduced.
Thus, there was a synergy between 11" and Ca”' on self-
aggregation of SP-A in the pH range of 5-6.5. Inter-
estingly, we show in Figure 7 B that at physiological
ionic strength there was an antagonism between 1’ and
Ca®" below pH 6.5. Therefore, the extent of phi-

dependent self-aggregation of SP-A was lower in the
presence than in the absence of Ca®* provided physio-
logical concentrations of either KCl or NaCl were
present in the medium.

Effect of temperature on self-aggregation of SP-A.
Figure 8 A shows that SP-A underwent self-aggre-
gation at 20°C at neutral pH in the presence of EDTA.
This aggregation process required the presence of NaCl
and was reversed by increasing temperature 10 37°C.
We found that sclf-aggregation of SP-A progressively
increased as the temperature was decreasing from 40°C
to 20°C provided NaCl was present in the medium
{data not shown). The extent of this type of aggregation
is much lower than that induced by Ca™' or H'. Figure
8 B shows the effect of decreasing temperature on CID
spectra of SP-A. Inthe presence butl not in the absence
of Na(l there was a small bul progressive decrease of
the negative ellipticity withowt any shift of the mini-
mum at 207 nm.

Figure 9 A shows that heat treatment of porcing SP-
A resulied in a pronounced decreased of the negative
band at 207 nm withoul any shift of this band as
previously reported for canine and human SP-A (25,
26). The molar eliipticity at 207 nm (07} as a function
of temperature is shown in the inset of Figure 9 A. On
the other hand, we have calculated the molar fraction of
native and denatured collagen components of CD
spectra of porcine SP-A as a function of temperature (
inset of Figure 9A) using an algorithin developed by
Perczel ot al. (27), called Convex Constraint Analysis
{CCA). Deconvolution of SP-A CD spectra obtained at
different temperatures by CCA reveals that the change
in ellipticity from 37°C to 60°C can be fitted to a
structural transition between two components, which
closely follows the denaturation profile of collagen,
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FIGURE 9. Effect of heat treatment of SP-A on the secondary structure of the protein and on its self-aggregation activity induced by
either Ca”/Na" or Ca™ or H'. 4, Far-uv circular dichroism speetra of SP-A (80 pg/ml) were recorded from 37°C to 69°C in 5 mM
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This suggests that there is no additional contribution of
changes affecting other structural components in that
range of temperatuyre. Inset of Figure 9 A indicates that
the midpoint transition “melting” temperature of
porcine SP-A was 51°C. Comparable values were
found for canine and human SP-A (26),

Figure 9 B and 9 C show kinetics of Ca*'/Na'- and
CaZ*—depcndent protein  selt-aggregation at 37°C
respectively, using porcine SP-A previously heated for
10 min at different temperatures and then cooled to
37°C before assessing self-aggregation activity. Both,
Ca®"- and Ca**/Na'-dependent SP-A self-aggregation
was completely abrogated when the protein was pre-

heated at 56°C indicating that a structurally intact
collagen-like domain is required for both processes.
‘The denaturation temperature at which SP-A showed
half-maximal Ca®'-dependent self-aggregation was
50°C in the presence of NaCl and 54°C in its absence
(Figure 9T3). These data suggest that Ca™/Na'-induced
SP-A self-aggregation is more susceptible to partial
unfolding of the collagen-like triple helical domain of
SP.A than Ca*'-induced self-aggregation. Interestingly,
H-induced SP-A self-aggregation was not affected by
partial or total unfolding of the collagen-like domain of
SP-A (Figure 9D).
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DISCUSSION

Ca*" and H -dependent self~aggregation of SP-A.
1t is well established that SP-A self-aggregates to form
higher-order struciures in the presence ol Cca’t (8, 16)
or under mildly acidic pH (9). The biological signifi-
cance of this process is unknown. Ca”'-dependent self-
aggregation of SP-A has typically been studied in
bulfers without physiological saline (150 mM Na(Cl)
(8, 16). Under these conditions, this process requires
mM concentrations of Ca® (8, 16). The Ca”" concen-
tration required for half-maximal self-association is 2.3
+ 0.2 mM for porcine SP-A and 3 £ 0.1 mM for human
SP-A. These values are above the free Ca™ concentra-
tion in the alveolar space of adult animals {approx. 1.5
mM) (28). The Na™ and CI” concentrations of the lung
liquid are similar to plasma (29). Therefore, we have
studied here the Ca®*-dependent self-aggregation of SP-
A in the presence of physiological saline (150 mM
NaCl). The Ca** concentration required to set out sclf-
aggregalion of SP-A is highly reduced at physiological
ionic strength. Under these conditions, the concentra-
tion of Ca®* required for half-maximal self-aggregation
is 2.4 £ 0.5 uM for porcine SP-A and 12 £ 1.8 uM for
human SP-A. In the presence of 150 mM Na(l, ad-
dition of higher concentrations of Ca®' (in the mM
range) neither increases the extent of protein aggre-
gation nor changes the fluorescent characteristics of
SP-A. Addition of EDTA completely reverses the
process of Ca”*/Na'-dependent self-aggregation, The
presence of EDTA in the medium prevents that process
at 37°C. Therefore, NaCl does not promote sclf-
association of the protein in the absence of Ca*'at 37°C.

We previously reported that the phospholipid vesi-
cle aggregation activity of SP-A also required uM
concentrations of Ca™ for canine and porcine SP-A (8).
This finding was confirmed for other SP-A species
(30). Vesicle aggregation studies were done at physio-
logical ionic strength, We suggest that Ca®'/Na'-
dependent lipid vesicle aggregation is likely mediated
by Ca®'/Na'-induced self-aggregation of the protcin on
different vesicles. Haasgman et al., (16) suggested that
the process of lipid aggregation induced by SP-A could
be correlated with that of self-association of the protein
occurring at supramillimolar concentrations of Ca®'and
low ionic strength, 1lowever, these two processes have
very different requirements of Ca®' (8) unless physio-
logical concentrations of Na(l are present in the
medium.

Circular dichroism and fluorescence measurements
of Ca*'-dependent SP-A aggregates indicate that those
protein aggregates formed in the absence of NaC | are
structurally different than those formed in its presence.
Changes in the secondary structure of SP-A, in the
fluorescence emission intensity of the protein and in the
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accessibility of SP-A tryptophan residues (o acrylamide
are much more pronounced when the protein undergoes
Ca™"-induced self-aggregation in the absence than in the
presence of NaCl. In addition, the extent of Ca™'-
dependent sell-aggregation of SP-A is much higher in
the absence than in the presence of NaCl. Transmission
electron microscopy studics (31) indicate that SP-A
octadecamers become compacted (closed bouquet) and
the stem becomes more detectable in the presence of
millimolar concentrations of Ca™ and in the absence of
NaCl. Interestingly, when calciumm and NaCl are
present In the medium, the SP-A octadecamer retains
more of an opened-bouguet structure and the stem is
less detectable. Thus, the effect of Ca® on SP-A
structure appears to be modified by the presence of
NaCl. Compacted SP-A conformation induced by
millimolar concentrations of Ca®' in the absence of
NaCl could contribute o the formation of larger protein
aggregates in comparison o a more opencd-bouquet
structure.

Addition of EDTA to Ca*'-dependent SP-A ag-
gregates causes dissociation of those aggregates formed
either in the presence or in the absence of NaCl
However, when the protein is in the absence of NaCl,
addition of EDTA leads 1o a marked loss of ellipticity.
Furthermore, SP-A loscs its ability to aggregate lipid
vesiclesina (‘az“—dependent manner. In contrast, when
EDTA is added to Ca®/Na'-induced protein aggre-
gates, the resulting non-aggregated SP-A hardly
changes its secondary structure and retains its vesicle
aggregation properties. All together, these data indicate
the strong effect of the iomic strength on Ca™-
dependent sclf-aggregation process of SP-A.

On the other hand, SP-A undergoes a marked self-
aggregation as the pH is reduced below 6.5. The
protein encounters a mildly acidic pH along its exo-
cytic/endocytic pathway (9, 32). Acidic compartiments
along this pathway have millimolar concentrations ol’
Ca”" and physiological ionic strength. SP-A becomes
immunologically unreactive under these conditions {33)
and its lipid binding properties changed (9, 34). We
show here that the presence of salts in the medium is a
regulatory element defining the level of pH-dependent
self-aggregation. In the presence of salts (either 150
mM NaCl or 150 mM KCl), the extent of self-
aggregation as a function of pH is reduced. The effect
of salts is also visible in the change in the secondary
structure of the protein. When both NaC'l (or KC1) and
CaCl, are present in the medium the level of self-
agpregation decreases even more as the pll is reduced
in the range 4.2-6.5, suggesting different effects of Ca™
and M ions on the protein in the presence of salts. H'
could induce self-aggregation of the protein by proto-
nation of the carboxyl groups, which would reduce the
negative surface charge on the protein. The action of
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Ca* on the protein in the presence of salts might be
more specific and not simply related to neutralization of
the negative charged carboxyl groups on the protein.

Temperature effect on self-aggregation of SP-A.
At physiological temperature, SP-A self-aggregation
can be induced cither by Ca™ or by H'. Interestingly, at
low temperature SP-A undergoes self-aggregation in
the presence of EDTA at neutral pH provided physio-
logical saline is present in the medium. Increasing
temperature to 37°C or 40°C reverses this process. In
the absence of NaCl, the negative surface charge on the
protein would likely prevent protein aggregation at low
temperatures unless charge stabilization occurred in the
presence of NaCl. The negatively charged CRD regions
of SP-A would approach each other morc easily when
charge-stabilization occurs. The same process would
happen as the pH is reduced. The head groups of SP-A
would bring closer to each other. The effect of low
temperature on SP-A sell-aggregation can be explained
by a decrease in solubility. Purified lipid-free SP-A is
soluble in a presumably native octadecameric form in
very low tonic strength buffers and neutral pH. Other
conditions affecting ionic strength, pH, temperature or
even the presence of trace amounts of calcium in the
protein solution could lead to some type of self-ag-
gregation of the protein in the aqueous phase. The state
of SP-A self-aggregation could account for some
differences in the results from different Iaboratories.

Interestingly, both Ca*"-and Ca®'/Na'-dependent
self-aggregation activity of SP-A is completely inhib-
ited by unfolding of the collagen-like domain of porcine
SP-A at 56°C. Haagsman et al. (1990} reported that
lipid aggregation induced by canine SP-A, in the
presence of Ca™ and salts, decreased as temperature
increased up to 60°C, indicating that an intact coliagen
domain may be required for specific SP-A-induced
lipid aggregation. The similar temperature dependence
of both, self-aggregation and lipid aggregation proc-
esses also supports the concept that Ca®'-dependent
scif-aggregation and SP-A-induced lipid aggregation
are related phenomena,

Fully assembled SP-A is a hexamer of trimers.
Strong noncovalent intermolecular forces in the N-
terminal segment and the first part of the collagen-like
region of SP-A, and not interchain disulfide bonds, are
the major determinants of SP-A assembly inte supra-
trimeric oligomers (35). Deoligomerization is expected
to lead to loss or alteration of biological functions of
SP-A (36). Because interactions hetween collagen
triple helices are important in SP-A oligomerization,
the formation of smaller forms of SP-A after mild heat
treatment could lead to inhibition of self-aggregation
and lipid-aggregation activities of SP-A. [Towever, it
can not be ruled out the possibility that collagen-like
domain is involved in the process of protein-protein
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aggregation induced by Ca®'.

Interestingly, self-aggregation induced by H' is not
affected by unfolding of the collagen-like domain
indicating that neither this domain nor oligomerization
of SP-A is absolutely required for this type of self-
aggregation, This finding strongly suggests that H™ and
Ca®' ions induce SP-A self-aggregation by different
mechanisms. This idea is additionally supported by the
finding that the presence of Ca®'/NaCl attenuates the
effect of H' ions on protein self-aggregation.

Physiological Implications. SP-A aggregation me-
diated by Ca®" and NaCl might have physiological
significance since alveolar hypophase contains Na'
(150 mM) and Ca*' (1.5 mM) ions. The interaction of
SP-A with pathogens or with its receptors on macro-
phages or on type Il cells or the ability of SP-A to
aggregale lipids has been studied under these ionic
conditions. Thus, SP-A couid interact with different
ligands i a Ca™"/Na" -dependent self-aggregated form,
which would retain an opened-bouquet structure (31).
We suggest that SP-A bound to lipids, carbohydrates or
cell surfaces in the alveolar subphase is in a seli-
aggregated form induced by physiological concentra-
tions of Ca®" and NaCl resulling in a multivalent
presentation of SP-A to its ligands.
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DISCUSION

Previamente habiamos comprobado
que la SP-A experimenta autoagregacion
en presencia de calcio o a pH dcido (ver
capitulo 3). En este capitulo abordamos el
estudio de la autoagregacion de la SP-A en
condiciones fisioldgicas de fuerza idmica.
En el trabajo presentado en este capitulo,
hemos observado que, a 37 °C en un medio
con baja fuerza i0nica, la SP-A necesita
concentraciones de Ca®" de orden milimo-
lar para que se dé¢ este fendémeno. Sin em-
bargo, en presencia de NaCl 150 mM, el
requerimiento de Ca®" para que esto ocurra
baja hasta 2-15 uM. Ademads, los agrega-
dos de SP-A inducidos por Ca*" difieren
estructuraimente de aquéllos inducidos por
Ca’'/Na', como lo demuestran los experi-
mentos de fluorescencia y de dicroismo
circular. Parece ser, por tanto, que la pre-
sencia de NaCl modifica el efecto del Ca®’
sobre la SP-A. Estos resultados apoyan las
observaciones de Palaniyar y colaborado-
res (Palaniyar et al. 1998a), que observa-
ron mediante microscopia electrénica de
transmision que la molécula de SP-A
adopta en presencia de Ca’" una confor-
macion mas compacta (mas estirada) que
cuando hay Ca** y NaCl en el medio.

La autoagregacién inducida por
Ca*'/Na” es reversible. La disociacion del
agregado por EDTA da lugar a una protei-
na con estructura secundaria semejante a la
que tenia antes de la autoagregacion, y con
capacidad de inducir agregacion de vesi-
culas lipidicas de forma dependiente de
Ca”". Sin embargo, aunque la autoagrega-
cion inducida sélo por Ca’” se revierte
tambi#én con EDTA, la SP-A resultante
pierde dicha actividad agregante de vesi-
culas dependiente de Ca®*.

La autoagregacion de la SP-A que se
produce en presencia de Ca”" y NaCl po-
dria tener una gran importancia fisioldgica,
ya que en el alveolo pulmonar se encuen-
tran estas especies ionicas en concentra-
ciones similares a las ensayadas (Nielson
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et al. 1981, Nielson y Lewis 1988). Ade-
mas, el requerimiento de Ca*" para la au-
toagregacidbn en presencia de NaCl, de
orden micromolar, es similar al necesario
para inducir la agregacion de vesiculas
lipidicas (Ruano ef al. 1996), con lo cual
es posible que haya una correlacién entre
ambos procesos, en el sentido de que la
agregacion lipidica esté mediada por la
autoagregacion de la proteina después de
unirse a las vesiculas. De esta manera, la
autoagregacion en estas condiciones po-
dria ser responsable, al menos en parte, de
las transformaciones estructurales que ex-
perimenta el surfactante tras su secrecion
desde los cuerpos lamelares al espacio
alveolar. Por otra parte, los estudios de
union de la SP-A a sus receptores en neu-
mocitos tipo 1l y macrofagos y su interac-
cion con aigunos patogenos han sido abor-
dados bajo estas condiciones idnicas, por
lo que podria ser la forma autoagregada la
forma responsable de estas propiedades.
Las sales también modifican la autoa-
gregacion de la SP-A que se produce en
condiciones de pH acido. La presencia de
NaCl 150 mM produce diferencias en el
espectro de dicroismo circular de la pro-
teina a pH Aacido, y hace que la extension
de la autoagregacién sea menor (menor
absorbancia a 360 nm), lo que podria de-
berse a la existencia de interacciones de
tipo electrostatico implicadas en la autoa-
gregacion a valores bajos de pH. La pre-
sencia simultinea de NaCl y Ca’" también
hace que la extensién de la autoagregacion
al ir disminuyendo el pH sea menor que en
ausencia de estas sales. Este hecho se po-
dria deber a que dichas sales producen un
efecto mas especifico en estas condiciones
de pH que el que corresponderia sdlo a la
neutralizacion de residuos acidos por parte
de los jones H' del medio. Todo esto po-
dria condicionar las propiedades de la SP-
A dentro de los cuerpos lamelares si tene-
mos en cuenta que estos organulos, ade-
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mas de poseer un pH 4cido, poseen Ca”™" y
fuerza idnica fisioldgica en su interior,

Por otra parte, la autoagregacion indu-
cida por Ca” (pH neutro) depende de la
integridad del dominio colagénico (Ha-
agsman et al. 1990), lo que no sucede con
la autoagregacion inducida por pH acido.
Esto indica que ambos fendmenos estan
regidos por mecanismos diferentes, en los
que probablemente estén implicadas partes
distintas de la molécula.

En resumen, hemos visto que la au-
toagregacion de la SP-A se produce en
diversas circunstancias siguiendo meca-
nismos distintos, y que la presencia de
NaCl afecta a 1a formacion de estos agre-
gados. Esto se puede deber a que los 1ones
Na' y CI" neutralizan las cargas de la pro-
teina, eliminando de esta forma la repul-
s10n electrostatica entre las moléculas de
SP-A. Asi, la presencia de NaCl a pH
neutro facilitaria la autoagregacion de la
proteina al disminuir su solubilidad (por

ejemplo al disminuir la temperatura, segun
hemos visto en este capitulo), y también
permitiria que los iones Ca** o H' produz-
can cambios estructurales y funcionales
mas especificos en la SP-A.
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A lo largo de esta tesis se ha pro-
fundizado en el conocimiento de algunas
caracteristicas estructurales y funcionales
de la SP-A. El estudio de estas propieda-
des, que rigen su interaccion con los lipi-
dos y otras proteinas del surfactante, po-
dria aclarar algunos aspectos sobre el pa-
pel que desempefia la SP-A en las distintas
fases del ciclo metabolico del surfactante.

Tras ser sintetizada, la SP-A entra en
la ruta de secrecion de los neumocitos tipo
II. Se sabe que, al menos en parte, es se-
cretada al espacio alveolar desde los cuer-
pos lamelares a través de la via secretora
regulada. En el primer y tercer capitulos de

TRANS-GOLGI
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resultados demostramos que la SP-A expe-
rimenta autoagregaciéon en presencia de
calcio, asi como en condiciones de pH
acido. Este tipo de autoagregacion se pro-
duce también con otras proteinas que son
exocitadas a partir de granulos de secre-
cion por la via regulada (Orci ef al. 1987,
Kuliawat y Arvan 1994). La capacidad de
la SP-A de experimentar autoagregacion
en estas condiciones podria estar relacio-
nada con su segregacion hacia la via regu-
lada, separandose asi de las proteinas que
son secretadas por via constitutiva (fig.
6.1). En efecto, el ambiente que halla la
SP-A en su camino hacia el espacio al-

VESICULAS
LIPIDICAS

CUERPO
LAMELAR

GRANULO ® SP-Ay proteinas
SECRETOR secretadas por
INMADURO la via regulada

® Proteinas secre-
tadas por la via
constitutiva

Figura 6.1. Esquema de la posible ruta de secrecion de la SP-A. Al salir del trans-Golgi, la SP-A se segre-
ga de las proteinas que seran secretadas por la via constitutiva. E1 pH del medio en el que se encuentra la SP-Aa
lo largo de esta ruta de secrecion se va acidificando, hasta llegar al pH alrededor de 5 de los cuerpos lamelares.
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veolar se va acidificando desde el reticulo
endoplasmico (pH ~ 7.0) hasta los cuerpos
lamelares (pH = 5.5) (Chander ef al. 1986).
Ademds, la concentracion de calcio en el
mterior de estos compartimentos es relati-
vamente alta (2-10 mM) (Eckenhoff
1989). Es posible que ademas la SP-A in-
teraccione con algin elemento de la mem-
brana de los compartimentos por los que
pasa a lo large de su ruta de secrecidn, lo
que podria contribuir a su segregacion de
aquellas proteinas que seran secretadas por
la via constitutiva. El estado de autoagre-
gacion y los cambios conformacionales
que experimenta la SP-A con el pH vy ¢l
ambiente 10nico del interior de estos com-
partimentos podria estar relacionado con
su posible interaccién con estos elementos
de membrana. La fuerza idnica del com-
partimento también podria modular este
fendmeno; segun vimos en el altimo capi-
tulo de resultados, la presencia de NaCl o
de KCI 150 mM afecta al cambio estructu-
ral y a la extension de la autoagregacion
producidos a pH Acido.

Por otra parte, hemos visto que la SP-
A tiene la capacidad de inducir la agrega-
cion de bicapas lipidicas a pH 4cido siem-
pre que éstas contengan fosfolipidos aci-
dos; esta interaccion con dichos fosfolipi-
dos disminuye el estado de agregacion de
la SP-A. Es posible que esta propiedad
esté implicada en el mecanismo que per-
mite el denso apilamiento de membranas
lip{dicas dentro de los cuerpos lamelares.
En este sentido, el PG, cuya funcion en el
surfactante se desconoce actualmente, po-
dria facilitar el empaquetamiento de las
membranas del surfactante (dependiente
de la SP-A y las proteinas hidrofébicas SP-
B y SP-C) dentro de estas estructuras de
almacenamiento. En efecto, a un pH é&cido
similar al existente en los cuerpos lamela-
res, vimos que la SP-A, aunque se une a
bicapas de DPPC, no induce su agrega-
cidn, lo que si ocurre si en la bicapa hay
fosfolipidos acidos. La presencia de PG
podria por tanto favorecer e incluso ser
necesaria para el empaqguetamiento de
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membranas fosfolipidicas en 1os cuerpos
lamelares. La especial interaccion de la
SP-A a pH é4cido con mezclas lipidicas que
contienen fosfolipidos dcidos podria otor-
gar un importante papel a estos fosfolipi-
dos en la fase pre-secretora del cicio del
surfactante.

Una vez secretados los componentes
del surfactante al espacio alveolar, las inte-
racciones entre ellos varian al cambiar las
condiciones de pH. Al pasar al pH neutro
de la subfase acuosa del alveolo, la protei-
na experimenta cambios estructurales. En
las condiciones idnicas presentes en el
medio extracelular alveolar (NaCl 150
mM, Ca’" 1.8 mM, pH 7.0) la SP-A inte-
racciona con otras moléculas de SP-A, y
ademas se incrementa su afinidad por
DPPC e induce la agregacion de vesiculas
compuestas por este fosfolipido. En estas
condiciones, la SP-A no induce la agre-
gacton de vesiculas de DPPG, a no ser que
haya DPPC en la composicién de la vesi-
cula. Todos estos cambios podrian estar
implicados en el reordepnamiento de las
membranas fosfolipidicas recién secreta-
das, y por tanto en la formacion de mielina
tubular y la posterior creacion de la mono-
capa de DPPC y otros fosfolipidos por
adsorcion a la interfase de parte del mate-
rial secretado (fig. 6.2).

El papel de la mielina tubular en ¢l ci-
clo metabolico del surfactante pulmonar
no esta ain claro. Se sabe que su presencia
o es necesaria para el correcto funciona-
miento del surfactante como agente ten-
soactivo (Notter ef al. 1986, Korfhagen et
al. 1996). Sin embargo., se ha observado
que la existencia de mielina tubular apare-
ce asociada a una adsorciéon mds rapida de
sus componentes a la interfase aire/liquido
(Korfhagen er al. 1996). El que la SP-A
intervenga y sea necesaria para su for-
macidn se correlaciona con el hecho expe-
rimental de que la SP-A facilite la adsor-
cion de fosfolipidos a la wterfase (Hawgo-
od et al. 1987, Yu y Possmayer 1990),
aunque para ¢llo necesita la ayuda de SP-
B, proteina que también es imprescindible
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AIRE

SUBFASE

pH 5.0
SP-A, SP-B,

CITOPLASMA SP-C

Figura 6.2. Secrecion del surfactante pulmonar al espacio alveolar y formacion de la monocapa. Al pasar
del pH 4cido de los cuerpos lamelares al pH neutro de la subfase acuosa en el espacio alveolar, los componentes
del surfactante experimentan cambios en su organizacion que desembocan en la formacion de la mielina tubular
primero, y de la monocapa en la interfase después. Asociado a la monocapa permanece un reservorio de material

lipoproteico.

para la formacién de mielina tubular. En
las condiciones idnicas existentes en la
subfase acuosa del espacio alveolar (pH
neutro, fuerza idnica fisioldgica y calcio),
la SP-A induce la agregacion de vesiculas
lipidicas (King et al. 1983, Hawgood et al.
1985, Casals et al. 1993). La actividad de
agregacion de vesiculas lipidicas de la SP-
A se correlaciona con su capacidad para
acelerar la adsorcion interfacial de mem-
branas que contengan SP-B, y probable-
mente con su participacion en la formacion
de mielina tubular junto con la SP-B
(Suzuki et al. 1989, Williams ef al. 1991).
Sin embargo, ain no se conoce €l meca-
nismo por el que la SP-A induce esta agre-
gacion de vesiculas lipidicas. Se ha pro-
puesto que dicho fendmeno se podria dar
como consecuencia de la autoagregacion
de la propia proteina mediante interaccio-
nes de tipo lectina (dependientes de calcio)
entre los dominios CRD (dominios de re-

conocimiento de carbohidratos) de distin-
tas moléculas de SP-A (Haagsman et al.
1991). Sin embargo, los resultados recogi-
dos en el primer capitulo de esta tesis indi-
can que la desglicosilacion de la SP-A o la
inhibicién de interacciones de tipo lectina
no inhibe la agregacién de vesiculas, lo
que descarta la participacion de dichas
interacciones en este fendmeno. En el ter-
cer capitulo proponemos que la agregacion
de vesiculas inducida por la SP-A en pre-
sencia de Ca®"/Na" estaria mediada por la
autoagregacion de SP-A unida a lipidos en
las mismas condiciones idnicas. Dos he-
chos experimentales apoyan esta hipotesis:

a) El requerimiento de Ca®" (K,“*")
para ambos procesos en estas condicio-
nes (pH neutro, fuerza idnica fisiologi-
ca) es muy similar (de orden micromo-
lar).



6.6

b) La integridad del dominio colagé-
nico es necesaria también para que se
den tanto la autoagregacién de la pro-
teina como la agregacion de las vesicu-
las inducida por la SP-A (Haagsman et
al. 1990; ver también el capitulo 5).

El mecanismo propuesto en el péarrafo
anterior, segin el cual la agregacion de
vesiculas lipidicas estaria mediada por la
autoagregacion de la SP-A, podria ayudar-
nos a comprender cdmo se forma la mieli-
na tubular. La mielina tubular es una es-
tructura tridimensional. Para su formacion,
por tanto, es necesaria la presencia de al-
gun elemento que sea capaz de distribuir
los lipidos en distintos planos en el espa-
cio. Este elemento podria ser la SP-A, si
tenemos en cuenta que, en su estructura
nativa, es un octadecdmero organizado en
seis trimeros. Cada uno de los trimeros
puede interaccionar con lipidos en un pla-
no distinto (agregaciéon lipidica), y cada
octadecamero puede interaccionar con

A
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otros octadecameros (autoagregacion), lo
que contribuiria a formar la estructura tri-
dimensional de la mielina tubular.

Una vez formada la monocapa en la
interfase, la SP-A sigue interaccionando
con los lipidos situados en ella. Como vi-
mos en el segundo capitulo de resultados,
cuando la monocapa estd expandida (baja
presion superficial o alta tensién superfi-
cial), la proteina tiende a situarse en la
interfase, penetrando en la monocapa por
los "huecos" existentes debido a defectos
de empaquetamiento lipidico entre los do-
minios LC (liquido condensado) y LE (li-
quido expandido). La distribucién de la
SP-A en la monocapa depende de la com-
posicion de ésta: la presencia de fosfolipi-
dos acidos (PG) hace que se segregue en
agregados proteicos (situados entre los
dominios LC y LE) debido a la repulsion
electrostatica entre la SP-A (con carga
superficial negativa a pH neutro) y el PG;
en cambio, la ausencia de fosfolipidos éci-
dos (DPPC sola) permite su interaccion

Figura 6.3. Compresion de la monocapa de surfactante. La SP-A procedente de la subfase acuosa se asocia
con las zonas de la monocapa mas empaquetadas, distribuyéndose posteriormente al resto de la monocapa desde
estas regiones (A). Al aumentar el estado de compresion de la monocapa, aumenta el empaquetamiento de sus
componentes (B) hasta alcanzar el colapso (C). Tras el colapso, los lipidos del surfactante permanecen asociados

a la interfase aire/liquido gracias a la SP-A.
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con los dominios LE, y posiblemente su
penetracion en ellos. Se cree que la mono-
capa de surfactante situada en la interfase
aire/liquido del alveolo estda muy enri-
quecida en DPPC, por lo que la mteraccion
de la SP-A con los dominios LE no estaria
impedida por repuilsiones electrostaticas.
Una consecuencia de dicha interaccion
podria ser un aumento en la estabilidad de
la monocapa. Después, durante la compre-
sidn, la SP-A es expulsada de la monoca-
pa, aunque es posible que siga asociada a
ella de alguna manera formando puentes
entre ésta y un reservorio de lipidos situa-
do en la subfase (Yu y Possmayer 1996),
lo que permitiria la reinsercién de la pro-
teina durante Ja siguiente expansién del al-
veolo (fig. 6.3). En esta reinsercién podria
arrastrar de nuevo hacia la monocapa parte
de la DPPC que fue expulsada al alcanzar-
se el colapso de la monocapa durante la
compresidn, favoreciendo asi que se man-
tenga mas ¢ menos constante la disponibi-
lidad de DPPC en la interfase.

Por otra parte, la SP-A de la subfase
acuosa {no asociada a la monocapa) podria
interaccionar con los lipidos (DPPC y
otros) que han sido expulsados de ésta
durante la compresion, causando la agre-
gacion de éstos. La agregacion de los ele-
mentos eliminados de la monocapa podria
facilitar su captura por neumocitos tipo II
y macréfagos alveolares (mediada por la
union de la SP-A a sus receptores situados
en la membrana de estas células) para su
posterior destruccion o reutilizacion. Aun-
que la interaccién de la SP-A con monoca-
pas es menor cuando hay fosfolipidos 4ci-
dos (ver segundo capitulo de resultados),
cuando se trata de bicapas con este tipo de
fosfolipidos la extension de la agregacion
llega a ser incluso mayor que cuando las
vesiculas estdn compuestas so6lo por DPPC
en las condiciones del alveolo pulmonar
(Casals et al., 1993), por lo que la variada
composicién (incluidos fosfolipidos Aaci-
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dos) de las vesiculas salientes de la mono-
capa podria favorecer su agregacién mdu-
cida por la SP-A.

La subfase acuosa del alveolo pul-
monar tiene un pH neutro. En determi-
nadas patologias, como en el sindrome de
aspiracion gastrica, el pH puede volverse
acido. Con los estudios realizados en esta
tesis, hemos visto que una disminucion del
pH alveolar podria alterar el funciona-
miento del surfactante, en tanto en cuanto
afecta a la interaccidén entre sus distintos
componentes. Asi, en el primer capitulo de
resultados demostramos que la SP-A es
capaz de Inducir la agregacién de vesiculas
lipidicas con fosfolipidos 4cidos, pero no
de vesiculas de DPPC a pH 4cido. Por otra
parte, esta proteina tampoco interacciona
de 1gual forma con monocapas que poseen
DPPG a pH neutro que a pH acido (ver
segundo capitulo de resultados); en el pri-
mer caso, la carga negativa del fosfolipido
ejerce una repulsion electrostatica sobre la
proteina debido al pl 4cido de ésta, mien-
tras que a pH suficientemente &cido parte
de sus residuos se protonan, permitiendo
asi la interaccion entre el fosfolipido acido
y la proteina.

En resumen, el estudio de la estructura
que adopta la SP-A en las diversas condi-
ciones a las que se ve sometida durante su
paso por los distintos compartimentos intra
y extracelulares, asi como el de sus pro-
piedades funcionales en dichas condicio-
nes, nos pueden ayudar a comprender los
mecanismos moleculares que rigen los
procesos de almacenamiento, secrecion,
adsorcion y reciclaje del surfactante pul-
monar. Sin embargo, alin es necesario am-
phiar mds el conocimiento de estas propie-
dades, especiaimente en lo referente a la
mnteraccion de la SP-A con las otras protei-
nas del surfactante (principalmente la SP-
B y la SP-C), y estudiar qué partes de la
proteina estdn implicadas en cada una de
sus funciones.
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Los resultados concluyentes de esta memoria s¢ exponen en el orden de presentacion de
los capitulos de acuerdo con los objetivos planteados.

A. Interaccidn de la SP-A con bicapas fosfolipidicas.
Al. pH neutro.

1. La SP-A se une e induce la agregacion de vesiculas que contengan DPPC (DPPC,
DPPC/PC, DPPC/DPPG, etc.) a pH neutro. El proceso de agregacién de vesiculas de-
pendiente de SP-A requiere concentraciones de Ca®" de orden micromolar, siendo KaCaer
= (.74 £ 0.29 uM para la SP-A porcina, y 98 & 5 uM para la SP-A canina. La extension
de la agregacion de vesiculas de fosfolipidos disaturados (DPPC, DPPC/DPPG), que a 37
°C se encuentran en estado de get ondulado (Pp-), es mayor que la de vesiculas formadas
por DPPC/PC o DPPC/PG, lo que indica la influencia del estado fisico de las vesiculas
en dicho proceso.

2. La agregacion de vesiculas que contienen DPPC no disminuye al aumentar la
fuerza ionica del medio, lo que indica una importante contribucién de las interacciones
hidrofébicas en la asociacion SP-A/DPPC. La agregacion de vesiculas de DPPC/DPPG
no ocurre a baja fuerza iénica debido a la repulsion electrostatica entre la carga negativa
de los fosfolipidos y la carga superficial negativa de la proteina.

3. La SP-A unida a membranas fosfolipidicas es menos susceptible de ser degradada
por tripsina. La proteccion es ligeramente superior a concentraciones de Ca’" en las que
la extension de los agregados vesicula lipidica/SP-A es méaxima.

4. La capacidad de la SP-A de unirse a carbohidratos en presencia de Ca’* no estd
implicada en el proceso de agregacion lipidica inducida por esta proteina. Por otra parte,
la eliminacion de la cadena oligosacarida de la SP-A reduce sélo parcialmente su activi-
dad agregante de vesiculas. Estos resultados se oponen y refutan el mecanismo propuesto
para explicar la agregacion de vesiculas inducida por SP-A (Haagsman ef al. 1991) en el
que se postula que dicha agregacion podria estar mediada por interacciones lectina-
lectina inducidas por Ca™ entre dos moléculas de SP-A unidas a lipidos, de manera que

la cadena oligosacarida de una de ellas interaccionaria con ¢l dominio de unién a car-
bohidratos de la otra.

5. Se refuta también la hipétesis de que los complejos SP-A/vesicula agregan me-
diante el proceso de autoagregacion de la SP-A caracterizado hasta fechas recientes co-
mo un proceso dependiente de concentraciones de Ca®” de orden milimolar y baja fuerza
ionica (Haagsman et al. 1990). Nuestra objecion a dicha hipdtesis se basa en que el fe-
nomeno de agregacion de vesiculas mediado por SP-A y la autoagregacion de la SP-A
tienen distintos requerimientos de Ca’" (de orden micromolar para la agregacion de vesi-
culas y milimolar para la autoagregacion de la proteina) y fuerza idnica. Ademads, ambos
procesos se ven afectados de forma diferente por la accion de proteasas, la presencia del
homopolisacarido manano, y la desglicosilacion de la SP-A en presencia de N-
glicosidasa F.
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A2. pH moderadamente acido (4.5-6.0).

1. A pH moderadamente 4cido, la proteina SP-A se une tanto a vesiculas neutras
(DPPC) como a vesiculas dcidas (DPPC/DPPG). Sin embargo, sélo es capaz de inducir
una marcada agregacion de vesiculas que contengan fosfolipidos 4cidos, mediante un
proceso independiente de Ca®*. La agregacion de vesiculas de DPPG a pH 4.5 inducida
por SP-A decrece con el aumento de la concentracién de NaCl en el medio, indicando
que la interaccion de SP-A con DPPG a pH é4cido tiene fugar por interacciones electros-
taticas. La agregacion de vesiculas de DPPC/DPPG a pH 4cide disminuye solo ligera-
mente con el incremento de la fuerza ionica del medio debido a la presencia de DPPC.

2. La union de vesiculas acidas, pero no neutras, a la SP-A produce: a) un marcado
cambio en la estructura secundaria de la proteina, y b) una significativa proteccion de la
proteina frente a la degradacion por la endoproteinasa Glu-C.

3. La unién de la proteina SP-A a vesiculas fosfolipidicas y la agregacion de dichas
vesiculas inducida por SP-A son fenémenos diferentes que probablemente tienen distin-
tos requerimientos estructurales de la SP-A. Los estudios de dicroismo circular y de epi-
fluorescencia llevados a cabo en esta tesis indican que la interaccion de vesiculas acidas
con la SP-A impide la autoagregacién masiva de la proteina que tiene lugar a pH dcido
debido a la protonacion de los grupos carboxilo de la SP-A, y por tanto a la reduccion de
su carga superficial negativa.

4. La agregaci6n de vesiculas de DPPC inducida por la SP-A en presencia de Ca”' ¢s
altamente dependiente del pH, decreciendo progresivamente al disminuir éste. El efecto
del pH sobre la agregacion de vesiculas de DPPC inducida por la SP-A es reversible, de
manera que se produce un drastico incremento de la agregacion de vesiculas de DPPC
inducida por SP-A en presencia de Ca®" cuando el pH del medio cambia de 4cido a neu-
tro. Estos resultados son aln mas marcados cuando las bicapas de DPPC contienen una o
ambas proteinas hidrofobicas del surfactante (SP-B y/o SP-C).

B. Interaccion de la SP-A con monocapas de fosfolipidos a pH neutro y acido.

1. La SP-A interacciona y perturba el empaquetamiento de monocapas de DPPC a
pH neutro. La SP-A fluorescente se distribuye en la fase LE del fosfolipido y se acumula
en la interfase entre los dominos condensados y fludos (LC-LE) bajo condiciones de
presion superficial en las que hay coexistencia de ambas fases.

2. La perturbacion del empaquetamiento lipidico de monocapas de DPPC inducida
por la SP-A se pone de manifiesto por la formacién de dominios 1.C mas pequefios y
numerosos a una presion dada, y por la disminucion de la cantidad total de area conden-
sada. Dicha perturbacion de la monocapa es similar a la producida por la proteina hidro-
fobica del surfactante pulmonar SP-C, e indica que la SP-A debe interaccionar con las
cadenas de acilo de la monocapa de fosfolipidos de manera suficiente como para pertur-
bar el habitual empaquetamiento de lipidos.

3. La influencia perturbadora de la SP-A es especifica para monocapas de DPPC a
pH neutro, va que no se observa en monocapas de DPPC/DPPG. Ademas, la fluorescen-
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cia de Ta SP-A marcada con Texas Red® no se detecta en las regiones LE de monocapas
de DPPC/DPPG, observandose s6lo en la interfase LC-LE parches discretos de fluores-
cencia que se interpretan como acimulos de SP-A agregada segregados en dicha interfa-
se. La exclusion de la SP-A de las regiones LE se debe a la repulsion electrostética entre
la proteina y los fosfolipidos acidos (DPPG) a pH neutro. Las propicdades tensoactivas
intrinsecas de la SP-A le hacen acceder a la monocapa desde la hipofase acuosa a pesar
de su inmiscibilidad con fosfolipidos 4cidos.

4. Bl tipo de interaccion de Ja SP-A con monocapas de DPPC o DPPC/DPPG varia
con ¢l pH, debido a los cambios estructurales que experimenta la proteina a pH modera-
damente acido. Los agregados de SP-A, formados en la hipofase a pH 4cido, se insertan
en monocapas de DPPC en la interfase LC-LE. Dicha insercién no produce ningun efecto
ni en la cantidad total de dominios condensados ni en el numero y tamaiio de éstos, lo
que indica una total segregacion del lipido y la proteina a pH 4cido.

5. La distribucién de SP-A marcada con Texas Red® en monocapas de DPPC/DPPG
a pH acido es notablemente diferente a la observada a pH nentro. En medio 4cido, la SP-
A se distribuye de manera casi homogénea en la fase LE. La interaccion de la SP-A con
monocapas de DPPC/DPPG impide y revierte la agregacion de la proteina en medio 4ci-
do. Dicha interaccion es de caracter electrostatico y no induce perturbaciones en el em-
paquetamiento de fosfolipidos en la monocapa.

C. Interacciones proteina-proteina.

1. La SP-A experimenta autoagregacion a pH neutro en presencia de Ca®". La con-
centracion de Ca®* requerida para dicho proceso depende de la fuerza idnica del medio.
A baja fuerza ionica Ia K."2" para el proceso de autoagregacion de la SP-A es 2.3 £ 0.2
mM para la SP-A porcina, y 3.0 + 0.1 mM para la SP-A humana. Sin embargo, a fuerza
ionica fisiologica las K, son 2.4 + 0.5 uM y 12.0 = 1.8 pM para la SP-A porcina y
humana, respectivamente.

2. Estudios de dicroismo circular y de fluorescencia sobre la autoagregacion de fa
SP-A dependiente de Ca’" indican que los agregados de proteina formados en ausencia
de NaCl son estructuralmente distintos de aquéllos formados en presencia de esta sal.

3. Ambos tipos de agregados (los dependientes de Ca’" y de Ca®"/NaCl) se disocian
mediante la adicion de EDTA. Sdlo la proteina resultante de la disociacion de agregados
inducidos por Ca’’/NaCl mantiene su estructura secundaria y su actividad biologica
agregante de vesiculas lipidicas.

4. Experimentos realizados a temperaturas inferiores y superiores a la temperatura de
desnaturalizacion de la regidn colagénica de la SP-A permiten concluir que esta regién es
necesaria para la autoagregacion de la SP-A inducida por Ca®" o Ca®'/NaC). Las interac-
ciones entre las triples hélices de colageno son importantes para la oligomerizacion de la
SP-A y el mantenimiento de su estructura cuaternaria.
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5. L.a SP-A experimenta una marcada autoagregacion a pH moderadamente 4cido en
ausencia o presencia de Ca™. Dicho proceso se acompaiia de un cambio en la estructura
secundaria de la proteina que es totalmente reversible at neutralizar el pH.

6. La autoagregacion de la SP-A aumenta en funcién de la disminucién del pH. Sin
embargo, dicho proceso esta modulado por la presencia de fuerza ionica fisiologica v
Ca™, factores que reducen la extension de esta autoagregacion. Estas condiciones idnicas
son semejantes a las que existen a lo largo de la ruta exocitica de la SP-A.

7. En contraste con la autoagregacion de la SP-A dependiente de Ca®’, la autoagre-
gacién de la SP-A dependiente de pH no se ve afectada por el desplegamiento del domi-
nio de colageno, lo que indica que ni la integridad de este dominio ni la oligomerizacion
de la SP-A son condiciones necesarias para este tipo de agregacion proteica.

8. El proceso de autoagregacion de SP-A dependiente de Ca**/NaCl y el proceso de
agregacion de vesiculas inducido por SP-A y dependiente de Ca’'/NaCl parecen estar
relacionados. Ambos procesos tienen K,“*** similares y requieren un dominio colagénico
intacto en la SP-A. Proponemos que en determinadas condiciones iénicas, de pht y de
temperatura la asociacién entre moléculas de SP-A unidas a lipidos desencadena la agre-
gacion entre vesiculas a su vez unidas a la SP-A.

Las implicaciones fisiologicas de todos estos resultados se analizan en la discusion gene-



	AYUDA DE ACROBAT READER
	CARACTERIZACIÓN DEL COMPLEJO SURFACTANTE PULMONAR: ESTUDIO DE LA ESTRUCTURA Y FUNCIÓN DE LA PROTEÍNA A (SP-A)
	ABREVIATURAS
	ÍNDICE
	1. INTRODUCCIÓN
	1.1 El surfactante pulmonar. Importancia biológica y clínica
	1.2 Composición del surfactante pulmonar. Descripción estructural de sus componentes
	1.3 Ciclo metabólico del surfactante pulmonar
	1.4 Características funcionales de los componentes del surfactante pulmonar
	Bibliografia

	2. OBJETIVOS
	3. INTERACCIÓN DE LA SP-A CON BICAPAS LIPÍDICAS
	Comparison of lipid aggregation and self-aggregation activities of pulmonary surfactant- associated protein A (Biochem. J. 31
	Effect of acidic pH on the structure and lipid binding properties of porcine surfactant protein A (J. Biol. Chem. 273: 15183-

	4. INTERACCIÓN DE LA SP-A CON MONOCAPAS LIPÍDICAS
	Differential partitioning of pulmonary surfactant protein A into regions of monolayers of dipalmitoylphosphatidylcholine atid
	Effect of pH on the interaction of pulmonary surfactant protein SP-A with dipalmitoylphosphatidylcholine (DPPC) and DPPC/d¡p

	5. ESTUDIO DE LAS DISTINTAS FORMAS DE AUTOAGREGACIÓN DE LA SP-A
	Self-aggregation of Surfactant Protein A (Biochemistry, en prensa)

	6. DISCUSIÓN GENERAL
	7. CONCLUSIONES
	SALIR DE LA TESIS

	DDD: 
	DD: 


