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SUPERINTENDENCIA DE INDUSTRIA Y COMERCIO

RAD: 9­36247­  ­13
DEP: 2020  DIRECCION DE NUEVAS CREACIONES 
TRA: 11  PCT­PATENTE DE INVENCION CAPITULOS I Y II 
ACT: 519   PRESENTACION 

FECHA:  2014­03­07 19:19:31
EVE:  379  FASE NACIONAL INCLUIDO CAPITULO II 
FOLIOS:   10

Como resultado del examen de fondo realizado, con fundamento en el Artículo 45 
de la Decisión 486 de la Comisión de la Comunidad Andina, se comunica:

1. Documentos estudiados  

Descripción: Radicado  No.  09-
036247-00000-0000

8/Abril/2009

Reivindicaciones: Radicado  No.  09-
036247-00000-0000

8/Abril/2009

Radicado  No.  09-
036247-00007-0000

4/Octubre/2012

Dibujos: Radicado  No.  09-
036247-00000-0000

8/Abril/2009

Respuesta del solicitante: Radicado  No.  09-
036247-00007-0000

4/Octubre/2012

Prioridad: EP 06021521.7 13/Octubre/2006
                                          
2. Análisis de la Prioridad

Se  acepta  la  reivindicación  de  prioridad  porque  ésta  solicitud  fue  presentada 
dentro del plazo establecido (Art. 9 D 486) y su contenido técnico corresponde con 
el de la prioridad reivindicada.
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3. Objeto de la invención

De acuerdo con lo establecido en el numeral 1.2.2.2 del capítulo primero del Título 
10 de la Circular Única para efectos del examen de patentabilidad, se tendrá en 
cuenta la tasa pagada por el solicitante al momento de comenzar el examen para 
las reivindicaciones adicionales; esto es que cuando la solicitud contenga más de 
diez (10) reivindicaciones y no se haya pagado la tasa complementaria, sólo se 
estudiarán las cubiertas por  la  tasa pagada.  En el  presente caso,  se tiene en 
cuenta la totalidad del  nuevo capítulo reivindicatorio (Radicado No. 09-036247-
00007-0000) para el examen de patentabilidad.

Título  de  la  solicitud:  “TENSOACTIVO  RECONSTITUIDO  QUE  COMPRENDE 
UNA ANÁLOGO DE POLIPÉPTIDO DE LA PROTEÍNA TENSOACTIVA SP-C, UN 
ANÁLOGO DE POLIPÉPTIDO DE LA PROTEÍNA TENSOACTIVA NATIVA SP-B 
Y UNA MEZCLA DE FOSFOLÍPIDOS”.

El problema planteado en esta solicitud consiste en la necesidad de suministrar un 
tensoactivo reconstituido que sea capaz de garantizar estabilidad alveolar y por lo 
tanto  mantener  la  permeabilidad  alveolar  al  final  de  la  expiración  sin  requerir 
ventilación con PEEP (Presión positiva al final de la espiración).

Para  solucionar  este  problema  la  solicitud  presenta  una  composición  de 
tensoactivo reconstituido caracterizado porque comprende un péptido portador y 
un análogo de polipéptido de la proteína tensoactiva SP-C y SP-B. 

El objeto de la presente solicitud se relaciona con la Clasificación Internacional de 
Patentes (CIP): A61K 38/16; A61P 11/00; C07K 14/785.

4. De la solicitud de patente 

Reivindicaciones (Art 30 D 486, Art 22 PCT)

Las  reivindicaciones  1  –  7  utilizan  las  expresiones  “(…)  un  polipéptido  de  al 
menos 20 residuos de aminoácido y no más de 40 residuos de aminoácido que 
tienen la secuencia representada por la fórmula general  (I)”,  “(…) en donde el 
análogo de polipéptido de la proteína tensoactiva nativa SP-B, es un polipéptido 
de la fórmula general (II)”,  lo cual dificulta determinar la extensión del objeto que 
se busca proteger. Este Despacho encuentra que no existe evidencia que todas 
las composiciones reclamadas compartan el efecto de mejorar el volumen de gas 
en el pulmón. Se sugiere a la solicitante reclamar composiciones para las cuales 
fue evidente este efecto, como por ejemplo la combinación de SP-C33 y mini-B 
(Ej. 3).

Las reivindicaciones 1 – 10 hacen referencia a una composición farmacéutica. Se 
sugiere  caracterizar  la  composición  además  de  los  componentes,  por  las 
proporciones dentro de la misma.

Se requiere al solicitante hacer las aclaraciones necesarias. 

5. Determinación del Estado de la Técnica

El estado de la técnica se determinó con base en la fecha de presentación de la 
solicitud  de prioridad:  13  de octubre de  2006,  y  se  encontraron los siguientes 
documentos que anticipan el objeto de esta solicitud:

Ítem Documento Título Fecha de Publicación
D2 Journal of “The role of charged amphipathic 1/Diciembre/2005
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Peptide 
Research, Vol. 
66, Págs. 364-

374

helices in the structure and 
function of surfactant protein B”

D3 EP1481665
“Novel lipid mixtures for synthetic 

surfactants”
1/Diciembre/2004

D4
Biophysical 

Journal, Vol. 84, 
Págs. 326-340

“Effect of hydrophobic surfactant 
proteins SP-B and SP-C on binary 

phospholipid monolayers”
Enero/2003

D21 divulga  el análogo de SP-B, denominado péptido Mini-B oxidado de fórmula 
general NH2CWLCRALIKRIQAMIPKGGRMLPQLVCRLVLRCS34-COOH (Pág. 366, 
Col. izquierda, Párr. 3).

D32 enseña una composición de tensoactivo caracterizado porque comprende un 
péptido portador y una combinación de un análogo de polipéptido de la proteína 
tensoactiva nativa SP-C, con un análogo de polipéptido de la proteína tensoactiva 
nativa SP-B (Resumen, Pág. 4, Párr. 36 y Pág. 5, Párr. 40).

D43 divulga una composición de tensoactivo caracterizado porque comprende un 
péptido portador que consiste de una mezcla de fosfolípidos y una combinación de 
la proteína tensoactiva nativa SP-C, con un la proteína tensoactiva nativa SP-B 
(Resumen).

6. Examen de Patentabilidad (Art 14 D486)

Nivel inventivo (Art18 D486)

La  reivindicación  1  consiste  en  una composición  de  tensoactivo  caracterizado 
porque comprende:
un péptido portador que consiste de una mezcla de fosfolípidos seleccionada del 
grupo que consiste  en dipalmitoilfosfatidilcolina y  palmitoil-oleilfosfatidilglicerol  y 
una combinación de un análogo de polipéptido de la proteína tensoactiva nativa 
SP-C, con un análogo de polipéptido de la proteína tensoactiva nativa SP-B, 
en donde el análogo de polipéptido de la proteína tensoactiva nativa SP-C es un 
polipéptido de al menos 20 residuos de aminoácido y no más de 40 residuos de 
aminoácido que tienen la secuencia representada por la fórmula general (I):

FeGeIfPfSgSPVHLKRXaBXb(BXc)nGALLΩpGpLp (I)

en donde: 
X  es  un  residuo  de  aminoácido  seleccionado  independientemente  a  partir  del 

grupo que consiste de I, L y nL;
B un residuo de aminoácido seleccionado independientemente a partir del grupo 

que consiste de K, W, F, Y y Orn
S es opcionalmente sustituido con grupos acilo que contiene 12-22 átomos de 

carbono, preferiblemente 16 átomos de carbono, ligados a la cadena lateral vía 
un enlace éster;

Ω  es  un  aminoácido  seleccionado  a  partir  del  grupo  que  consiste  de  M o  M 
oxidado sobre el átomo de azufre I, L y nL;

a es un número entero que tiene un valor comprendido desde 1 hasta 8;
b es un número entero que tiene un valor comprendido desde 1 hasta 19; 
c es un número entero que tiene un valor comprendido desde 3 hasta 8;
e, f, g, p son números enteros que tienen un valor de 0 o 1; 

1 http://www.ncbi.nlm.nih.gov/pubmed/16316452
2http://worldwide.espacenet.com/publicationDetails/biblio?
CC=EP&NR=1481665A1&KC=A1&FT=D&ND=&date=20041201&DB=&locale=en_EP
3 http://www.ncbi.nlm.nih.gov/pmc/articles/PMC1302614/
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n es un número entero que tiene un valor comprendido desde 0 hasta 3; 
con  la  condición  de  XBX(BX) es  una  secuencia  que  tiene  máximo  de  22 
aminoácidos; y 
en donde el análogo de polipéptido de la proteína tensoactiva nativa SP-B, es un 
polipéptido de la fórmula general (II):
 

CfΔLCRALIKRIQAΩIPKGGRΩLPQLVCRLVLΦCS (II)

en donde:
Δ  es  un  residuo  de  aminoácido  seleccionado  independientemente  a  partir  del 

grupo que consiste de W y L;
Ω es un residuo de aminoácido seleccionado independientemente a partir del
    grupo que consiste de M, I, L y nL;
Φ es  un  residuo  de  aminoácido  seleccionado  independientemente  a  partir  del 
grupo que consiste de R y T;
Y
f es un número entero que tiene un valor de 0 u 1.

Comparación de las características técnicas esenciales, con las del estado de la técnica:

Características esenciales D3 D2
Una composición  de 
tensoactivo  caracterizado 
porque comprende:
un  péptido  portador  que 
consiste  de  una  mezcla  de 
fosfolípidos seleccionada del 
grupo  que  consiste  en 
dipalmitoilfosfatidilcolina  y 
palmitoil-oleilfosfatidilglicerol 
y

Una composición  de 
tensoactivo  caracterizado 
porque comprende:
un  péptido  portador  que 
consiste  de  una  mezcla  de 
fosfolípidos seleccionada del 
grupo  que  consiste  en 
dipalmitoilfosfatidilcolina  y 
palmitoil-oleilfosfatidilglicerol 
y

(Pág. 2, Párr. 2)

Una composición  de 
tensoactivo  caracterizado 
porque comprende:
un  péptido  portador  que 
consiste  de  una  mezcla  de 
fosfolípidos seleccionada del 
grupo  que  consiste  en 
dipalmitoilfosfatidilcolina  y 
palmitoil-oleilfosfatidilglicerol 
y

(Pág. 367, Col. izquierda, 
Párr. 3)

una  combinación  de  un 
análogo de polipéptido de la 
proteína  tensoactiva  nativa 
SP-C,  con  un  análogo  de 
polipéptido  de  la  proteína 
tensoactiva nativa SP-B, 
en  donde  el  análogo  de 
polipéptido  de  la  proteína 
tensoactiva  nativa  SP-C  es 
un polipéptido  de al  menos 
20 residuos de aminoácido y 
no  más  de  40  residuos  de 
aminoácido  que  tienen  la 
secuencia  representada  por 
la fórmula general (I):

FeGeIfPfSgSPVHLKRXaBXb(BXc)nGA
LLΩpGpLp (I)

en donde: 
X  es  un  residuo  de 

aminoácido  seleccionado 
independientemente  a 
partir  del   grupo  que 
consiste de I, L y nL;

B un residuo de aminoácido 
seleccionado 

una  combinación  de  un 
análogo de polipéptido de la 
proteína  tensoactiva  nativa 
SP-C,  con  un  análogo  de 
polipéptido  de  la  proteína 
tensoactiva nativa SP-B, 
en  donde  el  análogo  de 
polipéptido  de  la  proteína 
tensoactiva  nativa  SP-C  es 
SP-C33:

IPSSPVHLKRLKLLLLLLLLILLLILG
ALLMGL

en donde: 
X es L o I;
B es K;
S  es  opcionalmente 

sustituido  con  grupos 
acilo  que  contiene  12-22 
átomos  de  carbono, 
preferiblemente  16 
átomos  de  carbono, 
ligados a la cadena lateral 
vía un enlace éster;

Ω es M;
a es 1 ;

No se menciona
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independientemente  a 
partir  del  grupo  que 
consiste de K, W, F, Y y 
Orn

S  es  opcionalmente 
sustituido  con  grupos 
acilo  que  contiene  12-22 
átomos  de  carbono, 
preferiblemente  16 
átomos  de  carbono, 
ligados a la cadena lateral 
vía un enlace éster;

Ω  es  un  aminoácido 
seleccionado  a  partir  del 
grupo que consiste de M 
o  M  oxidado  sobre  el 
átomo de azufre I, L y nL;

a es un número entero que 
tiene  un  valor  comprendido 
desde 1 hasta 8;
b es un número entero que 
tiene  un  valor  comprendido 
desde 1 hasta 19; 
c es un número entero que 
tiene  un  valor  comprendido 
desde 3 hasta 8;
e,  f,  g,  p  son  números 
enteros que tienen un valor 
de 0 o 1; 
n es un número entero que 
tiene  un  valor  comprendido 
desde 0 hasta 3; 
con  la  condición  de 
XaBXb(BXc)n  es  una 
secuencia que tiene máximo 
de 22 aminoácidos; y 

b es 1; 
c es un número entero que 
tiene  un  valor  comprendido 
desde 3 hasta 8;
e es 0
f es 1
g es 1; 
n es 1; 
con  la  condición  de 
XaBXb(BXc)n  es  una 
secuencia que tiene máximo 
de 22 aminoácidos; y 

(Pág. 5, Párr. 40)

en  donde  el  análogo  de 
polipéptido  de  la  proteína 
tensoactiva  nativa  SP-B,  es 
un polipéptido de la fórmula 
general (II):
 
CfΔLCRALIKRIQAΩIPKGGRΩLPQ

LVCRLVLΦCS (II)

en donde:
Δ  es  un  residuo  de 

aminoácido  seleccionado 
independientemente  a 
partir  del  grupo  que 
consiste de W y L;

Ω  es  un  residuo  de 
aminoácido  seleccionado 
independientemente  a 
partir del

    grupo que consiste de M, 
I, L y nL;

Φ es  un  residuo  de 
aminoácido  seleccionado 
independientemente  a  partir 
del grupo que consiste de R 
y T;

Un  análogo  de  polipéptido 
de  la  proteína  tensoactiva 
nativa SP-B.

(Pág. 4, Párr. 36)

Un análogo de la proteína 
tensoactiva nativa SP-B de 
fórmula:

NH2CWLCRALIKRIQAMIPK
GGRMLPQLVCRLVLRCS34-
COOH 

en donde:
Δ es W;
Ω es M;
Φ es R;
y
f es 1.

(Pág. 366, Col. izquierda, 
Párr. 3)
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Y
f  es  un número entero  que 
tiene un valor de 0 u 1.

El  documento D3  se considera el  estado de la  técnica cercano a la  invención 
definida  en  la  reivindicación  1 porque enseña una composición de tensoactivo 
caracterizado porque comprende un péptido portador que consiste de una mezcla 
de fosfolípidos seleccionada del grupo que consiste en dipalmitoilfosfatidilcolina y 
palmitoil-oleilfosfatidilglicerol (Pág. 2, Párr. 2) y una combinación de un análogo de 
polipéptido de la proteína tensoactiva nativa SP-C, con un análogo de polipéptido 
de la proteína tensoactiva nativa SP-B (Pág. 4, Párr. 36), en donde el análogo de 
polipéptido  de  la  proteína  tensoactiva  nativa  SP-C  es  SP-C33,  de  fórmula 
IPSSPVHLKRLKLLLLLLLLILLLILGALLMGL (Pág. 5, Párr. 40).

La  diferencia  entre  la  invención,  definida  en  la  reivindicación  1  y  los  péptidos 
divulgados en  el  documento  D3  consiste  en  que  el  análogo  de  SP-B tiene  la 
fórmula general (II): CfΔLCRALIKRIQAΩIPKGGRΩLPQLVCRLVLΦCS (II).

El  hecho de incluir  el  análogo del  péptido  SP-B de fórmula  general  (II)  en  la 
mezcla compuesta por el análogo de SP-C y fosfolípidos no muestra un efecto 
técnico  mejorado  frente  a  la  estabilidad  alveolar  ni  frente  a  la  permeabilidad 
alveolar al final de la expiración. 

El  problema técnico objetivo  de esta solicitud consiste en la necesidad de una 
composición de tensoactivo alternativa a la ya conocida en el documento D3.

Teniendo  en  cuenta  que  el  documento  D3  ya  divulgaba  una composición  de 
tensoactivo caracterizado porque comprende un péptido portador que consiste de 
una  mezcla  de  fosfolípidos  seleccionada  del  grupo  que  consiste  en 
dipalmitoilfosfatidilcolina  y  palmitoil-oleilfosfatidilglicerol  (Pág.  2,  Párr.  2)  y  una 
combinación de un análogo de polipéptido de la proteína tensoactiva nativa SP-C, 
con un análogo de polipéptido de la proteína tensoactiva nativa SP-B (Pág. 4, 
Párr. 36), en donde el análogo de polipéptido de la proteína tensoactiva nativa SP-
C  es  SP-C33,  de  fórmula  IPSSPVHLKRLKLLLLLLLLILLLILGALLMGL  (Pág.  5, 
Párr.  40)  y que el  documento D2 enseña que  el  análogo del  péptido SP-B de 
fórmula  NH2CWLCRALIKRIQAMIPKGGRMLPQLVCRLVLRCS34-COOH, 
denominado péptido Mini-B oxidado, es útil para reducir la tensión superficial en 
los alvéolos (Pág. 366, Col. izquierda, Párr. 3) y que al mezclar este péptido con 
fosfolípidos  como  DPPC  (dipalmitoilfosfatidilcolina),  POPG 
(palmitoiloleilfosfatidilglicerol), entre otros y medir la tensión superficial se encontró 
que la mezcla reproduce las funciones esenciales de la proteína SP-B de longitud 
completa tanto in vivo como in vitro (Pág. 367, Col. izquierda, Párr. 3 y Pág. 371, 
Col. derecha Párr. 2),  la persona del oficio medianamente versada en la materia 
habría inferido sin mucho esfuerzo de su parte, utilizar el análogo del péptido SP-B 
de  fórmula  NH2CWLCRALIKRIQAMIPKGGRMLPQLVCRLVLRCS34-COOH  del 
documento D2 en la composición de tensoactivo del documento D3 para llegar así 
al objeto reclamado en la solicitud. 

De manera que la solución propuesta por esta solicitud en la reivindicación 1 y en 
las reivindicaciones 2 – 17 es obvia y no tiene nivel inventivo.

Comparación de las características técnicas esenciales, con las del estado de la técnica:

Características esenciales D3 D4
Una composición  de 
tensoactivo  caracterizado 
porque comprende:

Una composición  de 
tensoactivo  caracterizado 
porque comprende:

Una composición  de 
tensoactivo  caracterizado 
porque comprende:
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un  péptido  portador  que 
consiste  de  una  mezcla  de 
fosfolípidos seleccionada del 
grupo  que  consiste  en 
dipalmitoilfosfatidilcolina  y 
palmitoil-oleilfosfatidilglicerol 
y

un  péptido  portador  que 
consiste  de  una  mezcla  de 
fosfolípidos seleccionada del 
grupo  que  consiste  en 
dipalmitoilfosfatidilcolina  y 
palmitoil-oleilfosfatidilglicerol 
y

(Pág. 2, Párr. 2)

un  péptido  portador  que 
consiste  de  una  mezcla  de 
fosfolípidos y

(Resumen)

una  combinación  de  un 
análogo de polipéptido de la 
proteína  tensoactiva  nativa 
SP-C,  con  un  análogo  de 
polipéptido  de  la  proteína 
tensoactiva nativa SP-B, 
en  donde  el  análogo  de 
polipéptido  de  la  proteína 
tensoactiva  nativa  SP-C  es 
un polipéptido  de al  menos 
20 residuos de aminoácido y 
no  más  de  40  residuos  de 
aminoácido  que  tienen  la 
secuencia  representada  por 
la fórmula general (I):

FeGeIfPfSgSPVHLKRXaBXb(BXc)nGA
LLΩpGpLp (I)

en donde: 
X  es  un  residuo  de 

aminoácido  seleccionado 
independientemente  a 
partir  del   grupo  que 
consiste de I, L y nL;

B un residuo de aminoácido 
seleccionado 
independientemente  a 
partir  del  grupo  que 
consiste de K, W, F, Y y 
Orn

S  es  opcionalmente 
sustituido  con  grupos 
acilo  que  contiene  12-22 
átomos  de  carbono, 
preferiblemente  16 
átomos  de  carbono, 
ligados a la cadena lateral 
vía un enlace éster;

Ω  es  un  aminoácido 
seleccionado  a  partir  del 
grupo que consiste de M 
o  M  oxidado  sobre  el 
átomo de azufre I, L y nL;

a es un número entero que 
tiene  un  valor  comprendido 
desde 1 hasta 8;
b es un número entero que 
tiene  un  valor  comprendido 
desde 1 hasta 19; 
c es un número entero que 
tiene  un  valor  comprendido 
desde 3 hasta 8;
e,  f,  g,  p  son  números 

una  combinación  de  un 
análogo de polipéptido de la 
proteína  tensoactiva  nativa 
SP-C,  con  un  análogo  de 
polipéptido  de  la  proteína 
tensoactiva nativa SP-B, 
en  donde  el  análogo  de 
polipéptido  de  la  proteína 
tensoactiva  nativa  SP-C  es 
SP-C33:

IPSSPVHLKRLKLLLLLLLLILLLILG
ALLMGL

en donde: 
X es L o I;
B es K;
S  es  opcionalmente 

sustituido  con  grupos 
acilo  que  contiene  12-22 
átomos  de  carbono, 
preferiblemente  16 
átomos  de  carbono, 
ligados a la cadena lateral 
vía un enlace éster;

Ω es M;
a es 1 ;
b es 1; 
c es un número entero que 
tiene  un  valor  comprendido 
desde 3 hasta 8;
e es 0
f es 1
g es 1; 
n es 1; 
con  la  condición  de 
XaBXb(BXc)n  es  una 
secuencia que tiene máximo 
de 22 aminoácidos; y 

(Pág. 5, Párr. 40)

una  combinación  de  la 
proteína  tensoactiva  nativa 
SP-C,  con  la  proteína 
tensoactiva nativa SP-B, 

(Resumen)
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enteros que tienen un valor 
de 0 o 1; 
n es un número entero que 
tiene  un  valor  comprendido 
desde 0 hasta 3; 
con  la  condición  de 
XaBXb(BXc)n  es  una 
secuencia que tiene máximo 
de 22 aminoácidos; y 

en  donde  el  análogo  de 
polipéptido  de  la  proteína 
tensoactiva  nativa  SP-B,  es 
un polipéptido de la fórmula 
general (II):
 
CfΔLCRALIKRIQAΩIPKGGRΩLPQ

LVCRLVLΦCS (II)

en donde:
Δ  es  un  residuo  de 

aminoácido  seleccionado 
independientemente  a 
partir  del  grupo  que 
consiste de W y L;

Ω  es  un  residuo  de 
aminoácido  seleccionado 
independientemente  a 
partir del

    grupo que consiste de M, 
I, L y nL;

Φ es  un  residuo  de 
aminoácido  seleccionado 
independientemente  a  partir 
del grupo que consiste de R 
y T;
Y
f  es  un número entero  que 
tiene un valor de 0 u 1.

Un  análogo  de  polipéptido 
de  la  proteína  tensoactiva 
nativa SP-B.

(Pág. 4, Párr. 36)

No se menciona

El  documento D3 se considera el  estado de la  técnica cercano a la invención 
definida  en  la  reivindicación  1 porque enseña una composición de tensoactivo 
caracterizado porque comprende un péptido portador que consiste de una mezcla 
de fosfolípidos seleccionada del grupo que consiste en dipalmitoilfosfatidilcolina y 
palmitoil-oleilfosfatidilglicerol (Pág. 2, Párr. 2) y una combinación de un análogo de 
polipéptido de la proteína tensoactiva nativa SP-C, con un análogo de polipéptido 
de la proteína tensoactiva nativa SP-B (Pág. 4, Párr. 36), en donde el análogo de 
polipéptido  de  la  proteína  tensoactiva  nativa  SP-C  es  SP-C33,  de  fórmula 
IPSSPVHLKRLKLLLLLLLLILLLILGALLMGL (Pág. 5, Párr. 40).

La  diferencia  entre  la  invención,  definida  en  la  reivindicación  1  y  los  péptidos 
divulgados en  el  documento  D3  consiste  en  que  el  análogo  de  SP-B tiene  la 
fórmula general (II): CfΔLCRALIKRIQAΩIPKGGRΩLPQLVCRLVLΦCS (II).

El  hecho de incluir  el  análogo del  péptido  SP-B de  fórmula  general  (II)  en  la 
mezcla compuesta por el análogo de SP-C y fosfolípidos no muestra un efecto 
técnico  mejorado  frente  a  la  estabilidad  alveolar  ni  frente  a  la  permeabilidad 
alveolar al final de la expiración. 
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El problema técnico objetivo  de esta solicitud consiste en la necesidad de una 
composición de tensoactivo alternativa a la ya conocida en el documento D3.

Teniendo  en  cuenta  que  el  documento  D3  ya  divulgaba  una composición  de 
tensoactivo caracterizado porque comprende un péptido portador que consiste de 
una  mezcla  de  fosfolípidos  seleccionada  del  grupo  que  consiste  en 
dipalmitoilfosfatidilcolina  y  palmitoil-oleilfosfatidilglicerol  (Pág.  2,  Párr.  2)  y  una 
combinación de un análogo de polipéptido de la proteína tensoactiva nativa SP-C, 
con un análogo de polipéptido de la proteína tensoactiva nativa SP-B (Pág. 4, 
Párr. 36), en donde el análogo de polipéptido de la proteína tensoactiva nativa SP-
C  es  SP-C33,  de  fórmula  IPSSPVHLKRLKLLLLLLLLILLLILGALLMGL  (Pág.  5, 
Párr.  40)  y  que  el  documento  D4  enseña  una composición  de  tensoactivo 
caracterizado porque comprende un péptido portador que consiste de una mezcla 
de fosfolípidos y una combinación de la proteína tensoactiva nativa SP-C, con un 
la  proteína  tensoactiva  nativa  SP-B  (Resumen),  donde análogos de  SP-B han 
mostrado ser más activos para incrementar la tensión y la tensión dinámica de 
superficie al combinarse con fosfolípidos (Pág. 337, Col. izquierda, Párr. 2) y que 
las proteínas SP-B/C interaccionan con los componentes fosfocolina y fosfoglicerol 
en capas de lípidos binarias para influenciar el ordenamiento de las cadenas de 
acilo y la densidad de empaque de lípido (Pág. 338, Col. izquierda, Párr. 1), la 
persona del oficio medianamente versada en la materia  habría inferido sin mucho 
esfuerzo de su parte, utilizar un análogo de la proteína SP-B en la composición del 
documento D3 para llegar así al objeto reclamado en la solicitud. 

De manera que la solución propuesta por esta solicitud en la reivindicación 1 y en 
las reivindicaciones 2 – 17 es obvia y no tiene nivel inventivo.

7. Conclusión

Los requisitos de Patentabilidad de la presente solicitud están afectados así:

Ítem Documento Reivindicaciones afectadas Requisito que afecta

D2
Journal of Peptide 
Research, Vol. 66, 

Págs. 364-374
1 – 17 Nivel inventivo

D3 EP1481665 1 – 17 Nivel inventivo

D4
Biophysical 

Journal, Vol. 84, 
Págs. 326-340

1 – 17 Nivel inventivo



En cumplimiento  del  artículo  45  de  la  Decisión  486  de  la  Comisión  de  la  Comunidad 
Andina,  se  le  indica  que  debe  dar  respuesta  dentro  del  término  de  sesenta  (60)  días 
contados a partir del día siguiente de la fecha de notificación de la presente comunicación. 
En caso de no dar  respuesta  al  presente  requerimiento,  o  si  a  pesar  de  la  respuesta 
subsistieran los impedimentos para la concesión, se denegará la patente.

Se invita al solicitante se sirva indicar, si así lo considera, su renuncia al término faltante de 
sesenta (60) días  para dar respuesta a este requerimiento y presentarla por escrito.

Finalmente, se le recuerda al solicitante que si como respuesta a este requerimiento llegara 
a modificar el capítulo reivindicatorio y éste contenga más de diez (10) reivindicaciones, no 
pagará  la  tasa  de  modificación  voluntaria  pero  sí  la  correspondiente  al  pago  por 
reivindicación adicional.

Notifíquese el  presente oficio  conforme a lo dispuesto en el  numeral  5.2,  literal  e),  del 
capítulo quinto del título primero de la Circular Única No. 10 de 2001. 

El anterior requerimiento fue notificado por fijación en lista, de fecha  2014-03-11

Elaboró: Moncaleano Prado Juan David
Revisó: Consuelo  Leguizamon Leguizamon
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Abstract: Surfactant protein B (SP-B) is essential for normal lung

surfactant function. Theoretical models predict that the disulfide

cross-linked, N- and C-terminal domains of SP-B fold as charged

amphipathic helices, and suggest that these adjacent helices

participate in critical surfactant activities. This hypothesis is tested

using a disulfide-linked construct (Mini-B) based on the primary

sequences of the N- and C-terminal domains. Consistent with

theoretical predictions of the full-length protein, both isotope-

enhanced Fourier transform infrared (FTIR) spectroscopy and

molecular modeling confirm the presence of charged amphipathic

a-helices in Mini-B. Similar to that observed with native SP-B, Mini-

B in model surfactant lipid mixtures exhibits marked in vitro

activity, with spread films showing near-zero minimum surface

tensions during cycling using captive bubble surfactometry. In

vivo, Mini-B shows oxygenation and dynamic compliance that

compare favorably with that of full-length SP-B. Mini-B variants

(i.e. reduced disulfides or cationic residues replaced by uncharged

residues) or Mini-B fragments (i.e. unlinked N- and C-terminal

domains) produced greatly attenuated in vivo and in vitro

surfactant properties. Hence, the combination of structure and

charge for the amphipathic a-helical N- and C-terminal domains

are key to SP-B function.

Abbreviations: DPPC, dipalmitoylphosphatidylcholine; DOPC,

dioleoylphosphatidylcholine; POPE, palmitoyloleoylethanolamine;

POPS, palmitoyloleoylphosphatidylserine; Chol, cholesterol; POPG,

palmitoyloleoylphosphatidylglycerol; PBS, phosphate-buffered

saline; HFIP, hexafluoroisopropanol; ATR, attenuated total

reflectance; FTIR, Fourier transform infrared spectroscopy;

13C-FTIR, isotopically enhanced 13-Fourier transform infrared
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Surfactant protein B (SP-B) is a small [79 amino acids;

molecular weight (MW) approximately 8700], lipid-associ-

ating protein found in mammalian lung surfactant (1), with

a conserved antigenic structure for approximately

300 million years (2). Each SP-B monomer contains three

intramolecular disulfide bridges (i.e. Cys-8 to Cys-77,

Cys-11 to Cys-71, and Cys-35 to Cys-46; 3), and belongs to a

class of �saposin-like� proteins that also includes saposins

A–D and NK-lysin (4–7). SP-B is essential for lung function,

since mutations in the SP-B gene cause severe and fatal lung

disease (8,9). Surfactant preparations containing either

synthetic peptides representing the N- and C-terminal

domains of SP-B or full-length SP-B improve oxygenation

and/or lung compliance in surfactant-deficient animal

models (10–15).

Although detailed analyses of native SP-B structure have

yet to be performed, models of SP-B were recently formu-

lated based on the known three-dimensional (3D) structures

of homologous proteins (e.g. NK-lysin and saposin-B) that

share the �saposin� fold (16,17). These extrapolated SP-B

models predict a homodimeric structure characterized by

amphipathic a-helices with hydrophilic (charged, neutral)

residues facing solvent, and hydrophobic side chains form-

ing a core stabilized by intramolecular disulfide bonds

(18,19). The high a-helical content predicted by these SP-B

models has been verified by circular dichroism (CD) and

Fourier transform infrared (FTIR) spectroscopy of native SP-

B (6,20–23). It is of interest that the SP-B model predicts a

disk-like structure containing disulfide-linked, charged

amphipathic helices (i.e. and N- and C-terminal domains),

which may promote surfactant activity (18,19).

Structural and functional studies using synthetic pep-

tides have indeed provided experimental support for the

hypothesis that the charged, amphipathic helical N- and

C-terminal regions in full-length SP-B participate in

surfactant activities. For example, SP-B and a synthetic

peptide representing the N-terminal domain of SP-B (i.e. SP-

B
1)25; residues 1–25) each increase the collapse pressure of

lipid monolayers containing palmitic acid. This suggests

that the cationic N-terminus of SP-B interacts with anionic

lipids to remove the driving force for lipid squeeze-out from

the surface film (24,25). The critical insertion pressure, an

index of the degree of protein association with lipid films, is

also very high for both SP-B1)25 and the parent SP-B

(21,26,27). Moreover, SP-B1)25 and full-length SP-B each

induce a coexistence of buckled and flat monolayers when

added to surfactant lipids, leading to a low minimum sur-

face tension and increased respreading of the surfactant

monolayer (28,29). These in vitro surfactant activities of SP-

B1)25 are correlated with the improved oxygenation and

lung compliance observed with this peptide in surfactant-

deficient animal models (10–12). As physical experiments

indicate that N-terminal SP-B peptides in lipids or mem-

brane-mimics show high a-helix content (26,30,31), the

N-terminal domain of SP-B may participate in its in vitro

and in vivo surfactant actions as a charged amphipathic a-

helix. Interestingly, several non-natural analogs of SP-B1)25,

which form a-helices in lipid environments also exhibit in

vitro surfactant activities (32). A charged helical C-termi-

nus of SP-B may similarly participate in lung function, as

synthetic peptides based on the C-terminal domain assume

a-helical conformations (33,34) and also induce in vitro

(13,14,34,35) and in vivo (13,14) surfactant activities that

simulate those of the native protein. KL4, a synthetic

21-residue peptide which more generally mimics the

hydrophobic and hydrophilic repeats of SP-B, may achieve

its surfactant activities (14,36) by folding as an a-helix (37).

In the present study, Mini-B, a synthetic construct

(34-residues) based on the N- and C-terminal regions and

the disulfide cross-linkages of native SP-B, was shown via

isotope-enhanced FTIR spectroscopy and molecular mode-

ling to share the topographical organization of these

spectroscopy; 12C-FTIR, conventional FTIR spectroscopy; CD, circular

dichroism; 2D-NMR, two-dimensional nuclear magnetic resonance;

ESR, electron spin resonance; HPLC, high-performance liquid

chromatography; KL4, synthetic a-helical mimic of SP-B, 21-

residues; Mini-B, NH2-

CWLCRALIKRIQAMIPKGGRMLPQLVCRLVLRCS-COOH, 34-residues;

Mini-B(thr), NH2-CWLCTALITTIQAMIPTGGTMLPQLVCTLVLTCS-

COOH, 34-residue variant of Mini-B; SP-B, surfactant protein B,

residues 1–78; SP-B1)25, N-terminal peptide of human surfactant

protein B, residues 1–25; SP-B8)25, truncated N-terminal segment of

SP-B, residues 8–25; SP-B63)78, C-terminal peptide of human

surfactant protein B, residues 63–78.

Waring et al . Charged alpha-helices and SP-B function

J. Peptide Res. 66, 2005 / 364–374 365



domains in SP-B. Captive bubble surfactometry and animal

models of respiratory distress indicate that the specific 3D

structure and charge distribution of helices in Mini-B may

be responsible for key in vitro and in vivo activities of full-

length SP-B in lung surfactant.

Experimental Procedures

Materials

Peptide synthesis reagents, including Fmoc amino acids and

coupling solvents, were obtained from Applied Biosystems

(Foster City, CA, USA). Deuterium oxide was supplied by

Aldrich Chemical Co. (Milwaukee, WI, USA) Fmoc 13C-car-

bonyl alanine, leucine, isoleucine, and valine were purchased

from Cambridge Isotope Laboratories (Andover, MA, USA).

Dipalmitoylphosphatidylcholine (DPPC), palmitoyloleoyl-

phosphatidylglycerol (POPG), dioleoylphosphatidylcholine

(DOPC), palmitoyloleoylethanolamine (POPE), palm-

itoyloleoylphosphatidylserine (POPS), and cholesterol (Chol;

purity >99%) were purchased from Avanti Polar Lipids

(Alabaster, AL, USA).

Solid phase peptide synthesis, purification, and characterization

The oxidized Mini-B peptide (34-residues; NH
2
-C

1
WLC-

RALIKRIQAMIPKGGRMLPQLVCRLVLRCS
34

-COOH) was

synthesized using FastMocTM (Applied Biosystems)

chemistry with an ABI peptide synthesizer, and purified by

reverse phase high-performance liquid chromatography

(HPLC; 38). Mini-B residues 1–18 correspond to the N-ter-

minal SP-B residues 8–25 (i.e. SP-B8)25) of the full-length

human protein, while Mini-B residues 19–34 correspond to

the C-terminal SP-B residues 63–78 (i.e. SP-B63)78). The di-

sulfide linkages were directed by using acid labile triyl (Trt)-

protecting groups at cysteine positions 1 and 33, while acid-

resistant acetamidomethyl (ACM) side chain-protecting

groups were employed at cysteine positions 4 and 27. The

disulfide bond between Cys-1 and -33 was formed by air

oxidation for 24 h trifluoroethanol : ammonium bicarbon-

ate buffer (10 mm, pH 8.0) followed by iodine oxidation of the

ACM-protected cysteines. The disulfide connectivity was

confirmed by mass spectrometry of the enzyme-digested

fragments (trypsin, chymotrypsin; Emory University

Microchemical Facility). A reduced Mini-B peptide was

similarly prepared, except that the oxidizing steps were

omitted and cysteine residues 1 and 33 SH groups were

blocked with N-ethylmaleimide. Mini-B(thr), an oxidized

variant of Mini-B with threonine replacing positively charged

residues, was synthesized and purified following the protocol

for oxidized Mini-B, using the sequence: NH2-C1

WLCTALITTIQAMIPTGGTMLPQLVCTLVLTCS34-COOH.

The fragment peptides SP-B8)25 (N-terminal 18-residues;

NH2-C8WLCRALIKRIQAMIPKG25-COOH) and SP-B63)78

(C-terminal 16-residues; NH2-G63RMLPQLVCRLVLRCS78-

COOH), numbered based on the full-length SP-B, were

similarly synthesized. Purified native porcine SP-B protein

was prepared (39) and identified by N-terminal sequence ana-

lysis (Emory University Microchemical Facility).

Fourier transform infrared spectroscopy

Infrared spectra were recorded at 25 �C using a Bruker

Vector 22
TM FTIR spectrometer (Bruker Optics, Billerica,

MA, USA) with a DTGS detector, averaged over 256

scans at a gain of 4 and a resolution of 2 per cm. For SP-B

peptides originally in 90% hexafluoroisopropanol

(HFIP)/10% D
2
O, self-films were prepared by air-drying

peptide solutions onto a 50 · 20 · 2 mm, 45� attenuated

total reflectance (ATR) crystal for the Bruker (Pike

Technologies, Madison, WI, USA) spectrometer (40,41).

The overall secondary conformations were qualitatively

assessed from the amide I band of conventional 12C-FTIR

spectra of SP-B peptides (30,42). The frequency limits for

the different structures were: a-helix (1662–1645 per cm),

b-sheet (1637–1613 and 1710–1682 per cm), b-turns

(1682–1662 per cm), and disordered or random (1650–1637

per cm; 42).

Rationale for 13C-site-directed Mini-B substitutions

To more precisely explore secondary conformations within

oxidized Mini-B, FTIR spectroscopy was performed with

site-directed, isotope-enhanced peptides (30,40,41). Separate

peptides were prepared with �cassettes� of multiple
13C-carbonyl substitutions that were staggered to sequen-

tially cover the peptide: Mini-BL3/A6/L7/I8/I11 (13C¼O at

Leu-3, Ala-6, Leu-7, Ile-8, and Ile-11); Mini-BI15/G18/G19/L22

(13C¼O at Ile-15, Gly-18, Gly-19, and Leu-22); and Mini-

BL25/V26/L29/V30 (13C¼O at Leu-25, Val-26, Leu-29, and

Val-30). As the stretching frequencies of the peptide back-

bone carbonyl groups are sensitive to local conformations,

replacement of 12C with 13C should reduce the stretching

frequency of an ‘isolated’ carbonyl oscillator by approxi-
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mately 35 per cm (e.g. a-helix band shift from approxi-

mately 1657 to 1622 per cm; 43,44). For 13C¼O substituted

into an antiparallel b-sheet with elevated interactions

between highly substituted 13C-labels in adjacent strands, a

maximum frequency shift from approximately 1622 to 1585

per cm should be observed (43,45).

Molecular modeling

The oxidized and reduced Mini-B peptides were each mode-

led with the CHARMM-22 force field in the modeller 6v2

environment (46; City of Hope, Biomedical Informatics Core

Facility). The coordinates for 10 conformers of the oxidized

Mini-B in the HFIP solution (i.e. 90% HFIP/10% D
2
O),

together with a list of restraints, have been deposited in the

Protein Data Bank (PDB) under the accession code 1SSZ.

Captive bubble surfactometry

For in vitro activity measurements with the captive bubble

surfactometer, 0.1 lmol of protein or peptide was mixed

with 35 mg total phospholipids consisting of 16 mg of

DPPC, 10 mg of DOPC, 3 mg of POPG, 1 mg of POPE,

3 mg of POPS, and 2 mg Chol in 1 mL of phosphate-buf-

fered saline (PBS). The surface activity of these surfactant

preparations was determined with a captive bubble surfac-

tometer, which has been described in detail elsewhere

(47–49). In short, the instrument consists of a sample

chamber cut from cylindrical glass tubing of high quality

with an inner diameter of 1 cm. A Teflon piston with a

tight O-ring seal is fitted into the glass tubing from the top

end. A plug of buffered agarose gel is inserted between the

piston and solution. The other end is fitted into a plate of

stainless steel, which is provided with an inlet port in the

center for adding solutions and the air bubble to the

chamber. Chamber and piston are vertically mounted

within a sturdy rack of steel whose height is regulated by a

micrometer gear with minimal redundancy. For usual

measurements, the chamber is filled with 10% sucrose

Goerke’s buffer, to which 1 ll surfactant is added. The

chamber content is stirred with a small magnetic bar, and

its temperature is maintained at 37 �C. A small air bubble is

introduced from beneath, whose volume and hence surface

area can be changed by compression and decompression

brought about by changing the height of the rack. The

agarose plug’s ionic composition inhibits bubble adhesion

to its surface, thus creating an uninterrupted surface area

and a perfect bubble. During the compression and

re-expansion cycles, bubble images are continuously

recorded to the hard drive and on a video recorder. Selected

single frames are stored in random access memory (RAM)

for later image processing and analysis (50). Bubble areas

and volumes are calculated by an original algorithm rela-

ting bubble height and diameter to areas of revolution, and

the bubble surface tension is determined by using the

method of Malcolm and Elliot (51).

In vivo measurements with surfactant-deficient rats

For in vivo measurements with surfactant-deficient rats,

oxidized Mini-B surfactant was compared with porcine

SP-B surfactant, reduced Mini-B surfactant (SP-B
8)25 +

SP-B
63)78) surfactant, and mutant Mini-B(thr) surfactant,

and lipids alone. The surfactants for the in vivo experi-

ments had the same lipid and peptide (or protein) compo-

sitions as those used in the in vitro captive bubble

surfactometry determinations. The animal experiments

were performed with the approval of the Harbor-UCLA

Research and Education Institute Animal Care and Use

Committee. Anesthesia, surgery, lavage, ventilation, and

monitoring used in this study are the same as previously

described (12,52). Briefly, six groups of eight adult male

Sprague–Dawley rats weighing 200–225 g were anesthe-

tized with 35 mg/kg pentobarbital sodium and 80 mg/kg

ketamine by intraperitoneal injection, intubated, and

ventilated with a rodent ventilator (Harvard Apparatus,

Holliston, MA, USA) with 100% oxygen, a tidal volume of

7.5 mL/kg, a positive end-expiratory pressure (PEEP) of

3 cm H2O, and a rate of 60/min. An arterial line was

placed in the abdominal aorta for monitoring blood

pressure and blood gases. The rats were paralyzed with

1 mg/kg pancuronium bromide intravenously. Only ani-

mals with PaO2-values of >400 mmHg while ventilated

with 100% oxygen were included in the experiments.

Airway flow and pressures and tidal volume were monit-

ored continuously with a pneumotachograph connected to

the tracheal cannula and a pneumotach system (Hans

Rudolph Inc., Kansas City, MO, USA). Dynamic lung

compliance was calculated by dividing tidal volume/kg

body weight by changes in airway pressure (peak inspira-

tory pressure minus PEEP; mL/kg/cmH2O). The lungs of

the rats were lavaged eight times with 8 mL of pre-warmed

0.9% NaCl, and was repeated after 15 min, and, if neces-

sary, after 30 min until the PaO2 in 100% oxygen reached

stable values of <100 torr. After reaching a PaO2 <100 torr,

Waring et al . Charged alpha-helices and SP-B function
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the rats were rescued with 100 mg/kg of one of the six

surfactant preparations. The rats were ventilated for

another 90 min after surfactant instillation. The lavaged

rat model is stable for a period of at least 2 h (12), the

animals treated with lipids only were used as negative

controls and behave as sham-treated animals.

Data are expressed as mean ± SEM. Between-group com-

parisons were performed by one-way anova, followed by

the Student–Newman–Keuls multiple comparison proce-

dure. The t-test was used for comparisons vs. control val-

ues. A P-value below 0.05 was considered to indicate a

significant difference.

Results and Discussion

Structural characterization of Mini-B and related peptides

For native Mini-B self-films dried from the HFIP solvent,

the predominate peak at 1657 per cm in the conventional
12C-FTIR spectrum (Fig. 1A) is indicative of a major

a-helix component, while the small shoulder at approxi-

mately 1623 per cm suggests minor b-sheet. Because it is

not possible from 12C-FTIR spectroscopy to attribute

secondary conformations to specific residues, local con-

formations were probed using isotopically enhanced FTIR

spectra of Mini-B labeled with 13C¼O groups at neigh-

boring, multiple sites. With Mini-B isotopically enhanced

with 13C¼O labeled at Leu-3, Ala-6, Leu-7, Ile-8 and

Ile-11 (i.e. Mini-BL3/A6/L7/I8/I11), there is a large decrease in

the a-helical peak centered at 1657 per cm, and a con-

current increase in a new peak at approximately 1622 per

cm (Fig. 1A). The isotopic shift of approximately 35 per

cm is due to 13C¼O-labeled Leu-3, Ala-6, Leu-7, Ile-8, and

Ile-11 participating in an a-helix (30). The Mini-BL25/V26/

L29/V30 spectrum (Fig. 1C) also shows a new peak at

approximately 1622 per cm and reduced absorption at

1657 per cm, consistent with 13C¼O-labeled Leu-25,

Val-26, Leu-29, and Val-30 assuming an a-helical confor-

mation. Interestingly, the Mini-BI15/G18/G19/L22 spectrum

(Fig. 1B) presents a distinct pattern with a new peak at

approximately 1585 per cm and lowered absorption at

approximately 1622 per cm, probably the result of the
13C¼O-labeled residues (i.e. Ile-15, Gly-18, Gly-19, and

Leu-22) participating in b-sheet which in turn produces a

large shift in the new 13C¼O peak. This shift is likely

due to intermolecular transition dipole coupling interac-

tions between 13C¼O in adjacent strands when two Mini-

B molecules form an antiparallel b-sheet in the loop

region (41,45). The a-helices determined here for the

N- and C-terminal regions of Mini-B compare favorably

with those reported for peptide fragments based on the N-

terminal (30,31) or C-terminal (33) domains of SP-B.

Despite the 13C-FTIR analysis in Fig. 1, the secondary

conformation of a small number of residues in Mini-B were

not determined experimentally. Molecular modeling was

conducted to provide structural information on these �gap�

residues, and also to assess the overall conformational

flexibility within Mini-B. Combining the 13C-FTIR findings

in Fig. 1 with earlier results from residue-specific studies

(see above) on N- and C-terminal fragments indicated the

following preliminary conformation map for Mini-B in a

Figure 1. Fourier transform infrared (FTIR) spectra of the amide I band

for the 12C¼O (i.e. ‘native’) oxidized Mini-B and a suite of oxidized

Mini-B labeled with multiple 13C-carbonyls, for peptides in 90%

hexafluoroisopropanol (HFIP)/10% D2O. Peptides were initially sus-

pended at 510 lm and dried on the attenuated total reflectance (ATR)

plate. (A) Mini-BL3/A6/L7/I8/I11 (solid line), native Mini-B (dashed line). (B)

Mini-BI15/G18/G19/L22 (solid line), native Mini-B (dashed line). (C) Mini-

BL25/V26/L29/V30 (solid line), native Mini-B (dashed line). See Results and

Discussion for spectral assignments of secondary structure.
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hydrophobic environment: residues 1–15, a-helix; residues

18–22, b-sheet; residues 24–34, a-helix. To maintain these

experimental structural elements, and also to accommodate

the two disulfide linkages (Cys-1 to Cys-33, Cys-4 to

Cys-27), the torsional angles of Pro-23 and Lys-24 were

modified to form a hairpin turn. Seventy-five cycles of

simulated annealing were performed on the Mini-B struc-

ture (46) and 10 conformers were selected for the final con-

former and deposited in the PDB (accession code: 1SSZ;

http://www.rcsb.org). The final conformer set was compat-

ible with the original model, except that residues 32–34 no

longer participated in the a-helix (Fig. 2A). The Mini-B

backbone folding (Fig. 2A) closely overlaps the correspond-

ing domains of a SP-B model (Fig. 2B), obtained by templat-

ing the native sequence on to the known 3D structure of NK-

lysin (16) and then performing dynamic energy minimiza-

tions (19). Thus, Fig. 2B suggests that Mini-B faithfully

reproduces the topographical organization of the charged, a-

helical N- and C-terminal domains in full-length SP-B.

Previous theoretical and physical experiments on pep-

tides based on the N- and C-terminal domains suggest that

Mini-B partitions into the polar headgroup region of lipids.

Electron spin resonance (ESR) and fluorescence spectros-

copy of SP-B
1)25 indicate a surface location in lipid bilayers

for the N-terminal helix (i.e. Mini-B residues 1–15; 38),

while two-dimensional nuclear magnetic resonance (2D-

NMR) of the C-terminal SP-B
63)78 in SDS micelles showed

that its helix (i.e. Mini-B residues 24–34) was restricted to

the water interface (33). These results agree with predic-

tions using hydrophobic moment plots that the N- and C-

terminal helical domains of SP-B are �surface membrane-

seeking� (53). Because the disulfide-linked N- and C-helical

domains probably assume similar compact structures in

both Mini-B and full-length SP-B (Fig. 2), the surface loca-

tion for native SP-B in lipid bilayers (21) may be due to the

resistance of these charged amphipathic domains to deep

penetration. Interestingly, analogous ‘mini-B’ configura-

tions have been reported for the N- and C-terminal domains

of other proteins (e.g. NK-lysin, saposin-B and -C) that share

the saposin fold (16,17,54), and may also participate in the

association of those proteins with membrane lipid bilayers

(16). Hydrophobic moment analysis of the N- and C-ter-

minal regions for NK-lysin, saposin-B and -C confirms that

these domains are surface-seeking helices (data not shown).

The overall secondary conformations of several Mini-B

variants and fragments were analyzed using conventional
12C-FTIR spectroscopy. The FTIR spectrum of reduced

Mini-B (i.e. no intrachain disulfide linkages) in the HFIP

solvent was nearly identical to that of oxidized Mini-B

(Fig. 3A), suggesting that the oxidized and reduced forms

share similar secondary structures. Unlike the compact

oxidized Mini-B that was found to be conformationally

inflexible due to two disulfide bridges (Fig. 2A), dynamic

energy minimizations of reduced Mini-B show that the

N- and C-terminal a-helices �flail� about the central core

(data not shown). The corresponding 12C-FTIR spectrum of

Mini-B(thr) (i.e. an oxidized Mini-B variant with positively

charged residues replaced by threonine) in the HFIP solvent

also showed a predominant a-helical component (Fig. 3B).

However, the small shift in the Mini-B(thr) spectrum to

lower wave numbers indicate that the introduction of

threonines probably enhanced random/b-sheet structures

by slightly fraying the a-helices of the N- and/or C-terminal

regions. Interestingly, the FTIR spectrum of the SP-B8)25

Figure 2. (A) Tubular backbone representation of the Mini-B construct (34-amino acid residues) in the membrane-mimic 90% hexafluoroisopropanol

(HFIP)/10% D2O environment. The ribbon representation is based on a single conformer of Protein Data Bank (PDB) 1SSZ: a-helical domains were

identified in red for Mini-B residues 3–14 (N-terminal helix) and 23–30 (C-terminal helix), while the extended loop region connecting these helical

domains is shown in blue. The side groups of the positively charged Arg and Lys residues are shown in purple. Disulfide linkages between either

Cys-1 and Cys-33 or Cys-4 and Cys-27 are yellow. (B) Tubular backbone representation of the Mini-B construct (same orientation and color scheme as

in �A�) overlaid on the corresponding N- and C-terminal regions of the full-length SP-B protein (green) from molecular modeling (16,19). The

N-terminal Phe-1 residue of SP-B is labeled as N, while the corresponding C-terminal Ser-78 residue is labeled as C.
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and SP-B63)78 fragments in HFIP solvent (Fig. 3C) closely

mimicked that of the oxidized Mini-B spectrum, even

though the fragments were not covalently linked. The high

a-helical levels found here for the mixture of SP-B8)25 and

SP-B63)78 in the HFIP solvent are consistent with previous

FTIR and 2D-NMR studies on the separate N- and C-ter-

minal peptides of SP-B in membrane-mimics (30,31,33).

Captive bubble surfactometry of SP-B, oxidized Mini-B, and

related peptides

As Mini-B mimics the 3D organization of the N- and

C-terminal regions in the SP-B protein (Fig. 2B), Mini-B

should also reproduce key in vitro and in vivo activities of

native SP-B if this structure is important for SP-B function.

As has been noted (55), several criteria must be met for a

surfactant preparation to be functional, including rapid

adsorption to the air–water interface, attainment of near-

zero surface tension upon film compression, and fast and

efficient respreading of the surfactant on expansion of the

interface. Using captive bubble surfactometry (49), in vitro

film formation and dynamics were studied for surfactant

preparations containing SP-B, oxidized Mini-B or related

peptides. The adsorption of surfactant preparation in the

subphase to a clean interface of the air bubble in the

chamber is readily determined from changes in the bubble

shape. Lipid surfactants, either with or without protein/

peptides, were injected into the chamber. A bubble was

then created and adsorption was allowed for 5 min. The

chamber was then sealed and the initial bubble volume

(approximately 0.03–0.05 cc) measured. The surface ten-

sions at this time are reported (see cycle 0 in Fig. 4). Except

for the mutant Mini-B(thr) preparation, surfactants con-

taining oxidized Mini-B, reduced Mini-B and (SP-B
8)25 + SP-

B
63)78) each exhibit similar activity compared with the

protein-free sample (approximately 36–39 mN/m vs.

approximately 57 mN/m). However, these values for the

Mini-B peptides are significantly higher than that for native

SP-B (approximately 25 mN/m; Fig. 4), indicating that these

peptides only partly reproduce the surface tension-lowering

properties of the native protein at cycle 0. A similar partial

mimicking of the initial surface activity of native SP-B was

observed in captive bubble surfactometry of peptides based

solely on the N-terminal domain of SP-B (29), and here

Veldhuizen et al. (29) suggested that the N-terminal pep-

tides are more resistant than the full-length SP-B in pene-

trating an existing, relatively tight-packed lipid layer at

cycle 0. Interestingly, the mutant Mini-B(thr) preparation

showed a very high surface tension approaching that of the

protein-free lipid sample (Fig. 4), suggesting that positive-

charged a-helices are a necessary requirement for in vitro

surface activity.

The maximum and minimum surface tensions (cmax and

cmin) during cycling with these surfactant mixtures are

illustrated in Fig. 4. The oxidized and reduced Mini-B

preparations have increased activity compared with the

control lipid samples, with 10th cycle cmin-values of

Figure 3. Conventional 12C-Fourier transform infrared (FTIR) spectra of

the oxidized Mini-B peptide, and Mini-B variants and fragments, for

peptides in 90% hexafluoroisopropanol (HFIP)/10% D2O. Peptides were

initially suspended at 510 lm and dried on the attenuated total

reflectance (ATR) plate. (A) Reduced Mini-B (solid line), oxidized Mini-

B (dashed line). (B) Oxidized Mini-B(thr) (solid line), oxidized Mini-B

(dashed line). (C) Mixture of SP-B8)25 and SP-B63)78 peptide fragments

(solid line), oxidized Mini-B (dashed line). The SP-B8)25 and SP-B63)78

peptides are numbered according to the 1–78 sequence of the full-length

SP-B protein, and correspond to residues 1–18 and 20–34, respectively,

of the Mini-B construct (Experimental Procedures). See Results and

Discussion for spectral assignments of secondary structure.
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£1 mN/m for both oxidized and reduced mini-B (vs.

approximately 16–17 mN/m for protein-free samples), while

the respective cmax-values are approximately 42 and 57 mN/

m (vs. approximately 61 mN/m for the protein-free samples;

Fig. 4). Interestingly, the 10th cycle cmin for native SP-B

(approximately 2 mN/m) agrees to within experimental er-

ror with the corresponding cmin-values for the oxidized and

reduced Mini-B preparations (Fig. 4), while the ranking for

the 10th cycle cmax-values is SP-B (approximately 35 mN/

m) < oxidized Mini-B (approximately 43 mN/m) < reduced

Mini-B (approximately 50 mN/m; Fig. 4). These data indi-

cate that oxidized Mini-B accurately mimics the in vitro

cycling surface activity of the full-length SP-B. While the

reduced Mini-B also promotes near-zero surface tension

upon film compression (Fig. 4), its relatively high 10th cycle

cmax-value suggests that disulfide linkages are necessary for

Mini-B to express optimal in vitro surfactant activity. It

should be also noted that the physical contiguity and pos-

itive-charge distribution of the a-helical N- and C-terminal

SP-B domains are critical for in vitro surface activity, as (SP-

B
8)25 + SP-B

63)78) and mutant Mini-B(thr) each show high

surface tensions upon expansion and compression (Fig. 4).

In vivo performance of SP-B, oxidized Mini-B, and related peptides

Rats demonstrated a rapid recovery of oxygenation (PaO2)

and dynamic compliance (tidal volume/kg body weight)

after rescue treatment with oxidized Mini-B, native SP-B,

reduced Mini-B, and (SP-B8)25 + SP-B63)78), but not with

mutant Mini-B(thr) surfactant or lipids alone (Fig. 5). The

average PaO2-values following lung lavage were 13% of the

pre-lavage values and increased after treatment with oxid-

ized Mini-B, native SP-B, reduced Mini-B, (SP-

B8)25 + SP-B63)78), mutant Mini-B(thr), and lipids alone to

99%, 87%, 71%, 40%, 22% and 20% of the pre-lavage

values, respectively. Postlavage dynamic compliance drop-

ped to 62% of the pre-lavage values and increased after

treatment with oxidized Mini-B, native SP-B, reduced Mini-

B (SP-B
8)25 + SP-B

63)78), mutant Mini-B(thr), and lipids

alone to 85%, 79%, 76%, 73%, 70% and 69% of the pre-

lavage values, respectively. PaO
2
-values for oxidized Mini-B

and native SP-B were significantly higher than those of the

other surfactant preparations or lipids alone when tested

with one-way anova (P < 0.001 and P < 0.05, respectively).

Dynamic compliance values for oxidized Mini-B surfactant

and native SP-B surfactant exceeded those of the other

surfactant preparations and lipids alone, but only the dif-

ferences with lipids alone were statistically significant

(P < 0.001 and P < 0.05, respectively). The differences

between oxidized Mini-B and native SP-B surfactant were

not statistically significant.

Conclusions

Our results show that Mini-B, a synthetic construct

(34-residues) that includes the a-helical N- and C-ter-

minal domains and closely mimics important compo-

nents of the saposin-folding pattern of SP-B, also

reproduces key in vitro and in vivo functions of full-

length SP-B. Reducing the positive charge of Mini-B

diminishes the ability of this peptide to promote low

surface tension on film compression and reproducible

respreading, both of which appear to be important for

proper in vivo performance. Similar to native SP-B (56),

Mini-B probably interacts through its cationic residues

(i.e. lysine, arginine) with anionic lipids such as phos-

phatidylglycerol (57), thereby counteracting the driving

force for lipid squeeze-out from the surface film. The

relative in vitro surfactant activities of Mini-B and its

variants (Fig. 4) correlate well with the relative oxygen-

ation and lung compliance in surfactant-deficient animals

Figure 4. Quasi-static captive bubble curves of the six surfactant prep-

arations used in the experiments. About 1 lL of each of the surfactant

preparations was injected into the subphase and allowed to adsorb to

the interface for 5 min. Maximum and minimum surface tension val-

ues during cycling (0.17–0.44 cycles/min for the various surfactant

preparations) of adsorbed films are indicated. Surface tension values

shown are the average of at least four separate experiments (±SEM).
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treated with the same surfactants (Fig. 5). Furthermore,

the similar in vitro and in vivo activities reported here for

both Mini-B and native, full-length SP-B (Figs 4 and 5)

support the hypothesis that surfactant functions of SP-B

are at least partially localized to a disk-like structure

containing the disulfide-linked, charged amphipathic N-

and C-terminal domains (18,19).

Both in vitro and in vivo activities (Figs 4 and 5) show

that the function of Mini-B (and hence native SP-B) is

dependent on its 3D structure and charge distribution.

Either reduction of the disulfide linkages of Mini-B or

complete disconnection of the N- and C-terminal helical

domains yielded abnormal compression–expansion curves

(Fig. 4) and reduced oxygenation in surfactant-deficient rats

(Fig. 5). Consequently, our results suggest that the saposin-

folding pattern, observed for both Mini-B and SP-B (Fig. 2),

participates in the optimal expression of surfactant activity.

This structure–function model explains why peptides based

on only the N- or C-terminal domains are not able to fully

reproduce the surfactant activities of full-length SP-B, as

the topographical organization (i.e. saposin fold) of the

disulfide-linked, N- and C-terminal regions is only partially

mimicked. Of more general interest is the finding that

comparable Mini-B configurations have been observed in

the N- and C-terminal domains of other saposin proteins

(16,17,54,58). Consistent with earlier proposals that the

disulfide-linked N- and C-terminal domains of various

saposins (e.g. NK-lysin, saposin-A and -C) insert into lipid

bilayers (16,59), our present findings with the Mini-B

derived from SP-B confirm that the membrane–lipid inter-

action properties of other saposin proteins may be generally

due to respective ‘Mini-B’ domains.
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Figure 5. Mean ± SE PaO2 (A) and dynamic compliance (B) values of the

six groups of rats treated with lipids + oxidized Mini-B, lipids + native

SP-B, lipids + reduced Mini-B, lipids + (SP-B8)25 + SP-B63)78), lipids

with oxidized Mini-B(thr), and lipids alone. The statistical analyses

compare the data between 0 and 90 min of ventilation. (A) **P < 0.001

vs. all preparations except lipids + native SP-B, *P < 0.05 vs. all pre-

parations except lipids + oxidized Mini-B surfactant. (B) **P < 0.001

and *P < 0.05 vs. lipids alone.
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Effect of Hydrophobic Surfactant Proteins SP-B and SP-C on Binary
Phospholipid Monolayers
II. Infrared External Reflectance-Absorption Spectroscopy

Jennifer M. Brockman,* Zhengdong Wang,y Robert H. Notter,y and Richard A. Dluhy*
*Department of Chemistry, University of Georgia, Athens, Georgia 30602; and yDepartment of Pediatrics, University of Rochester,
Rochester, New York 14642

ABSTRACT In situ external reflection infrared spectroscopy at the air-water interface was used to study the influence on
phospholipid structure of an endogenous mixture of the two hydrophobic surfactant proteins, SP-B and SP-C, which are thought
to play pivotal roles in the adsorption and function of pulmonary surfactant. Mixtures studied were 1:1, 2:1, and 7:1 (mol:mol)
DPPC-d62:DPPG, and 7:1 DPPC-d62:DOPG, alone and in the presence of 0.5–10 wt % mixed SP-B/C purified
chromatographically from calf lung surfactant extract. Perdeuteration of DPPC produced a shift in vibrational frequencies so
that it could be differentiated spectroscopically from the phosphoglycerol component in the surface monolayer. CH2

antisymmetric and symmetric stretching bands (;2920 and 2852 cm�1) along with the analogous CD2 stretching bands (;2194
and 2089 cm�1) were analyzed, and band heights and peak wavenumber positions were assessed as a function of monolayer
surface pressure. Small, near-physiological contents of 1–2 wt % SP-B/C typically produced the maximum observed
spectroscopic effects, which were abolished at high protein contents of 10 wt %. Analysis of CH2 and CD2 stretching bands and
C-H/C-D band height ratios indicated that SP-B/C affected PC and PG lipids differently within the surface monolayer. SP-B/C
had preferential interactions with DPPG in 1:1, 2:1, and 7:1 DPPC-d62:DPPG films that increased its acyl chain order. SP-B/C
also interacted specifically with DOPG in 7:1 DPPC-d62:DOPG monolayers, but in this case an increase in CH2 band heights
and peak wavenumber positions indicated a further disordering of the already fluid DOPG acyl chains. CD2 band height and
peak wavenumber analysis indicated that SP-B/C had no significant effect on the structure of DPPC-d62 chains in 7:1 films with
DPPG or DOPG, and had only a slight tendency to increase the acyl chain order in 1:1 films of DPPC-d62:DPPG. SP-B/C had
no significant effect on DPPC-d62 structure in films with DOPG. Infrared results also indicated that interactions involving SP-B/C
and lipids led to exclusion of PC and PG lipids from the compressed interfacial monolayer, in agreement with our previous report
on the phase morphology of lipid monolayers containing 1 wt % SP-B/C.

INTRODUCTION

Pulmonary surfactant is a highly specialized substance found
in all mammalian lungs that is known to promote lung
expansion on inspiration and to prevent lung collapse upon
expiration. Surfactant is necessary for normal breathing, and
the lack of surfactant in the underdeveloped lungs of pre-
mature infants is the root cause of Respiratory Distress
Syndrome (Avery and Mead, 1959). Disruption of surfactant
activity is also implicated as contributing to the pathophysi-
ology of clinical acute lung injury and Acute Respiratory
Distress Syndrome (Pison et al., 1989; Lewis and Jobe,
1993; Notter and Wang, 1997).

Lung surfactant composition varies relatively little across
a range of animal species, differing most significantly dur-

ing development or when lung disease or injury is present
(Notter, 2000). Lavaged mammalian surfactant contains
;85% phospholipid, 7–10% protein, and 4–8% neutral lipid
(Creuwels et al., 1997; Notter, 2000). The most abundant
phospholipid class is phosphocholine, comprising ;80% of
the phospholipid fraction. The single disaturated phospho-
lipid 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC)
accounts for about one-third or slightly more of total lung
surfactant phospholipid (Hunt et al., 1991; Kahn et al., 1995;
Holm et al., 1996). Anionic phospholipids including
phosphatidylglycerols make up ;10–15% of lung surfactant
phospholipids. Lung surfactant also contains four apopro-
teins, three of which are active in biophysical function:
SP-A, SP-B, and SP-C. The largest of these, SP-A, is a
relatively hydrophilic glycoprotein that also participates in
surfactant biology and host defense (Crouch, 1998; Mason
et al., 1998). SP-B and SP-C are small hydrophobic
proteins known to have extensive interactions with
phospholipids to enhance their adsorption and dynamic
film behavior (Hawgood and Schiffer, 1991; Johansson et
al., 1994b; Creuwels et al., 1997; Notter, 2000). It is the
effect of these hydrophobic surfactant proteins on lipid
structure in surface films that is probed in the current study.

From the time that lung surfactant extracts were first
studied at the surface of a Langmuir-Wilhelmy film bal-
ance (Clements, 1957), researchers have used insoluble,
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monomolecular films spread at the A/W interface as models
for pulmonary surfactant (Notter, 1984; Notter, 2000).
Surface balance techniques have been used to study the
monolayer properties of the hydrophobic proteins SP-B and
SP-C and their mixtures with lipids at the A/W interface
(Oosterlaken-Dijksterhuis et al., 1991a; Taneva and Keough,
1994c; Taneva and Keough, 1994b; Taneva and Keough,
1994a; Wang et al., 1995; Wang et al., 1996). In addition,
microscopic techniques such as electron (Tchoreloff et al.,
1991), Brewster angle (Discher et al., 1996; Lipp et al.,
1997b; Discher et al., 1999), fluorescence (Krüger et al., 1999;
Ding et al., 2001; Lipp et al., 1996; Nag et al., 1996a; Nag
et al., 1997; Takamoto et al., 2001), and near-field
(Kramer et al., 2000), as well as scanning probe methods
(Panaiotov et al., 1996; von Nahmen et al., 1997; Krol
et al., 2000a) have been used to study surfactant preparations
and model monomolecular films relevant for pulmonary
surfactant. Whereas these microscopic techniques provide
important biophysical information, they cannot give the
same detailed molecular-level information about lipid-
protein interactions that can be obtained using vibrational
spectroscopic methods.

The use of external reflection Fourier transform infrared
spectroscopy to study the structure of monomolecular films
directly at the A/W interface was originally developed in the
mid-1980s and progress in this field has recently been
reviewed (Mendelsohn et al., 1995a; Dluhy, 2000). It has
been shown that external reflectance infrared allows for the
detection of the CH2 stretching vibrations of the lipid acyl
chains that can be used to monitor, in situ, the phase
transitions that take place in monolayer films. In addition, the
amide I vibration can be observed in pure or highly enriched
lipid-protein films, and protein structural information can be
obtained. This reflection IR technique has been applied to the
study of monolayer films of extracted lung preparations
(Dluhy et al., 1989) and more recently, to investigate the
roles that SP-B and SP-C play in the function of lung
surfactant (Pastrana-Rios et al., 1995; Gericke et al., 1997;
Flach et al., 1999).

In the present investigation, ternary mixtures were
constructed containing two phospholipids and column-
isolated bovine hydrophobic surfactant proteins (SP-B/C);
these mixtures were then studied in interfacial films using in
situ external reflectance IR absorption spectroscopy. Phos-
pholipids examined were DPPC plus either 1,2-dipalmitoyl-
sn-glycero-3-phosphoglycerol (DPPG) or 1,2-dioleoyl-sn-
glycero-3-phosphoglycerol (DOPG). The acyl chains of the
DPPC component were selectively deuterated, resulting in a
shift in the vibrational frequencies to lower wavenumber
values for DPPC. This enabled the effects of the surfactant
protein on each of the phospholipid components to be
monitored individually. SP-B/C were incorporated into
phospholipid films at 0.5–10% by weight, a range extending
above and below the physiologically relevant content of 1–2
wt % hydrophobic proteins in alveolar surfactant. Because

protein concentrations were too low to directly detect the
protein amide bonds spectroscopically, the focus of study
was on the influence of SP-B/C on the molecular behavior of
phospholipids and on preferential lipid-protein associations
in the surface film.

MATERIALS AND METHODS

Materials

The synthetic phospholipids 1,2-dipalmitoyl-sn-glycero-3-phosphoglycerol
(DPPG), 1,2-dioleyol-sn-glycero-3-phosphoglycerol (DOPG), and 1,2-
dipalmitoyl-d62-sn-glycero-3-phosphocholine (DPPC-d62) were purchased
from Avanti Polar Lipids (Alabaster, AL) and were used as received. ACS
grade NaCl and HPLC grade methanol and chloroform were obtained from
J. T. Baker. Subphase H2O was obtained in-lab from a Barnstead (Dubuque,
IA) ROpure/NANOpure reverse osmosis/deionization system having a
nominal resistivity of 18.3 MV cm.

Isolation and purification of surfactant
hydrophobic protein fraction

Mixed hydrophobic surfactant proteins, SP-B/C, were obtained from calf
lung surfactant extract (CLSE). Whole lung surfactant was obtained by
repeated saline lavage of lungs from freshly killed calves followed by
centrifugation (250 3 g for 10 min) to remove cells and debris. The
resulting supernatant was centrifuged at a higher speed (12,500 3 g for 30
min) to pellet large surface-active aggregates as described previously (Notter
et al., 1983; Whitsett et al., 1986; Notter and Shapiro, 1987). The whole
surfactant pellets were then resuspended, and the hydrophobic constituents
extracted in CHCl3:MeOH (Bligh and Dyer, 1959) to obtain CLSE.
Separation of SP-B/C from lipids in CLSE was performed by gel permeation
column chromatography through an LH-20 column (Pharmacia-LKB
Biotechnology, Piscataway, NJ) using 2:1 CHCl3:MeOH as the elution
solvent (Hall et al., 1994). Two column passes were required to completely
eliminate lipids, and the final pooled protein fraction contained no
phospholipids as measured by phosphorus assay (Ames, 1966). Purity was
assessed by SDS-PAGE and by N-terminal amino acid sequencing. The
latter technique indicated that the mixed protein preparation contained only
sequences specific for SP-B and SP-C. The total content of SP-B/C in CLSE
was 1.5% based on the Folin phenol reagent assay (Lowry et al., 1951)
modified by the addition of 15% SDS to allow for quantitative protein
determination in the presence of lipid. ELISA testing based on an antibody
to bovine SP-B (rabbit-derived) indicated an SP-B content of ;0.9 wt % in
CLSE (Notter et al., 2002). Our previous results have shown that the
column-purified SP-B/C mixture used here can be combined with purified
calf lung surfactant lipids to give overall surface and physiological activities
very similar to CLSE (Hall et al., 1994; Wang et al., 1995), indicating that
the purified proteins represent the closest physiological analogy feasible for
such material. The final mixed SP-B/C isolate was dissolved in 1:1
CHCl3:MeOH at a concentration of 0.18 mg/ml and stored at low
temperature until use.

Preparation of samples

Stock solutions of DPPC-d62 (;1 mg/ml in CHCl3), DPPG and DOPG (;1
mg/ml in 4:1 CHCl3:MeOH) were prepared and concentrations verified by
inorganic phosphorus assay (Chen et al., 1956). Solutions of the desired
DPPC-d62:DPPG and DPPC-d62:DOPG mole ratios (1:1, 2:1, or 7:1)
containing between 0 and 10 wt % SP-B/C were prepared by mixing the
appropriate amounts of the above phospholipid stock solutions and the 0.18
mg/ml stock solution of SP-B/C in 1:1 CHCl3:MeOH. The subphase used for
all experiments was 150 mM NaCl in deionized H2O (pH 5.6).
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FTIR external reflectance measurements

Infrared external reflection-absorbance spectra of monolayers at the A/W
interface were collected using a PerkinElmer Spectrum 2000 FTIR
spectrometer equipped with an external sample beam. A 608, gold-coated,
off-axis parabolic mirror (Janos Technology, Townshend, VT) reflected the
beam coming from the spectrometer onto the surface of a Nima 601M film
balance (Coventry, England) at an incidence angle of 308 to the surface
normal. The beam reflects off the subphase, sampling the film, and a second
parabolic mirror collects the beam and directs it into a collection mirror and
then onto the sensing chip of a liquid N2-cooled HgCdTe detector. The film
balance, optical components, and detector are housed in a sealed, Plexiglas
chamber that allows humidity control of the local trough environment, thus
improving water vapor background subtraction.

The subphase was first cleaned by aspiration and a single beam spectrum
was collected for use as the IR background spectrum. The subphase
temperature was held constant at 22 6 18C by flowing thermostatted water
through the hollow body of the trough. The temperature in the enclosed
chamber was typically 248C and the relative humidity remained fairly
constant at 70%. Typically 5–10 ml of sample was spread via syringe onto
the trough surface resulting in an initial surface pressure of 3–6 mN/m. The
film was allowed to equilibrate for a period of 30 min and then was
compressed intermittently and spectra collected over a range of surface
pressures from ;5 mN/m to a maximum of 45–65 mN/m depending on the
nature of the film.

Parameters for IR spectra collection included 1024 coadded scans at 4
cm�1 resolution. Interferograms were apodized using a Norton-Beer (strong)
function, and Fourier transformed with one level of zero filling. Monolayer
IR spectra are presented as IRRAS spectra, i.e., �logðR/R0Þ, where R is IR
reflectivity of the monolayer surface and Ro is the IR reflectivity of the bare
water subphase background. The reflectance IR spectra were baseline
corrected before determination of peak positions and band intensities using
the GRAMS/32 (Thermo Galactic, Salem, NH) software package. Other-
wise, the spectra have not been smoothed or further processed. Vibrational
wavenumber peak positions and band heights were calculated using a five-
point center-of-gravity algorithm (Cameron et al., 1982), written in our
laboratory for the Grams/32 environment.

RESULTS

IRRAS spectra of lipid-protein monolayer films

Infrared external reflectance-absorption spectra obtained at
the A/W interface for a monolayer film of 7:1 DPPC-
d62:DPPG plus 5 wt % SP-B/C are shown in Fig. 1. IR
spectra were acquired while the monolayer was held at spe-
cific surface pressure values from 6.0 mN/m to 60.0 mN/m
during stepwise compression. The overlaid data in Fig. 1 are
monolayer IRRAS absorbance spectra that show the C-H
stretching region (Fig. 1 A, 3000–2800 cm�1) and analogous
C-D stretching region (Fig. 1 B, 2250–2050 cm�1) at various
surface pressures. Clearly evident in the Fig. 1A spectra of the
C-H stretching region are the CH2 antisymmetric stretching
band at 2920 cm�1, the CH2 symmetric stretching bands at
2850 cm�1, and the CH3 antisymmetric stretching bands at
2960 cm�1, which is seen as a shoulder on the antisymmetric
CH2 band (Snyder et al., 1982). Similarly, in Fig. 1 B, the
spectra of the C-D stretching region show the CD2 anti-
symmetric stretching band at 2194 cm�1, the CD2 symmetric
stretching bands at 2090 cm�1, and the CD3 antisymmetric
stretching bands at 2218 cm�1 (Bunow and Levin, 1977).

As seen in Fig. 1, both C-H and C-D vibrational bands
grow in intensity as the surface pressure increases and the
surface density of the lipid molecules increases. As the
average surface area per molecule is reduced, hydrophobic
interactions predominate and the lipids begin to adopt a
more ordered configuration. Thus, inhomogeneous line broad-
ening is reduced, the peaks become sharper, and the peak
maxima are shifted to lower frequency values (see, e.g.,
Mendelsohn et al., 1995b or Dluhy, 2000). The measured
peak wavenumber position therefore reflects the intra-
molecular conformation of the phospholipid acyl chains,
whereby a higher wavenumber value is indicative of a
disordered chain, whereas a lower wavenumber value
reflects an ordered, trans segment of the hydrocarbon tails
(Snyder et al., 1978). This shift in peak position is seen
most dramatically for the CH2 antisymmetric stretching
band contributed by the DPPG lipid component of the
DPPG:DPPC-d62 binary mixture in Fig. 1 A.

Deuteration of the DPPC acyl chains produces a shift in
the vibrational bands to lower wavenumber values, thereby
allowing the two phospholipid species to be individually
identified in monolayer IRRAS spectra (Dluhy et al., 1985;
Cameron and Dluhy, 1986). As seen in Fig. 1, substitution of
deuterium for hydrogen in the lipid acyl chains results in a
wavenumber shift of

ffiffiffi

2
p

for the perdeuterated C-D bands, as
predicted by the harmonic oscillator model. Therefore, the
new C-D vibrations are located in the spectral range 2000–
2300 cm�1, a spectral region free from other vibrational
modes and easily observed spectroscopically using IRRAS.

The intensity and wavenumber values of the peaks provide
information not only concerning chain conformations, but
also about the number density of the individual phospholipid
components present at the film surface (Rana et al., 1993b).
Isotopic substitution not only causes wavenumber shifts in
IR bands, but also influences their integrated intensities
(Pinchas and Laulicht, 1971). We have previously empiri-
cally determined that the ratio of integrated intensities of the
C-H to C-D vibrations for a 1:1 mol:mol DPPC-d62:DPPG
monolayer film was 0.95 (Rana et al., 1993a). Assuming a
linear relationship between mole fraction and integrated
intensity, one would therefore expect the band height ratio of
C-H to C-D bands in a 7:1 mol:mol DPPC-d62:DPPG film to
be ;0.24. Instead, calculations based on the spectra in Fig. 1
indicate that the apparent band height ratio for this film (a 7:1
DPPC-d62:DPPG monolayer with 5 wt % SP-B/C added) is
;0.6. The difference seen in these band height ratios reflects
a preferential interaction of SP-B/C with DPPG in the binary
lipid film, as explained further below.

Effect of SP-B/C proteins on
DPPC-d62:DPPG monolayers

In Fig. 2, the CH2 antisymmetric stretching vibration
wavenumber and band heights are plotted as a function of
measured surface pressure for monomolecular films of 7:1
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DPPC-d62:DPPG with and without added SP-B/C. These
plots provide information about the structure of the DPPG
component in the film. The data in Fig. 2 were obtained from
the CH2 antisymmetric band at ;2920 cm�1, which was
used in analysis because of its larger intensity and higher
signal-to-noise ratio compared to the corresponding sym-
metric bands. This allowed molecular behavior to be probed
in the film at low surface pressures where average molecular
areas are high and peak intensities are inherently weak. It
also proved crucial for the analysis of films containing a low
percentage of protiated lipid (i.e., the monolayer contains
only ;12% PG in 7:1 DPPC-d62:DPPG and DPPC-
d62:DOPG films) and consequently exhibited C-H bands
that were extremely weak. Due to the very low band
intensities on which these analyses are based, there is a fair
amount of scatter in some of the data sets. Lines are thus

drawn through the individual points in Fig. 2 and subsequent
figures to help point out trends. These trend lines are for
illustrative purposes only, and are not intended to be a
rigorous mathematical model of the relationship among the
given variables. In addition, representative error bars
illustrating the level of uncertainty for a specific point within
a data set are included (error bars for each point are not
included out of concern for legibility). The center-of-gravity
algorithm used here to process IRRAS spectra defined
wavenumber peak positions to better than 60.01 cm�1

precision (Cameron et al., 1982). The observed scatter is thus
due solely to inherent data fluctuations in the monolayer
sample. For the IRRAS data here, typical levels of
uncertainty were ;1.0 cm�1 in peak positions and 10% in
peak heights for strong bands in the IR spectra of repetitive
data sets.

FIGURE 1 IR external reflection-absorption spec-
tra of a 7:1 DPPC-d62:DPPG þ 5 wt % SP-B/C mono-
layer film collected at surface pressures from 6.0 to
60.0 mN/m. (A) CH2 stretching region between 3000–
2800 cm�1. (B) CD2 stretching region between 2250–
2050 cm�1.
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For the model mixtures shown in Fig. 2 A, the wave-
number values observed for the CH2 antisymmetric stretch
decreased by as much as 6.1 cm�1 as surface pressure
increased, reflecting a more condensed, ordered state for the
DPPG component in the monolayer. A close study of the
data reveals that there are differences in the extent of this
ordering that depend upon the amount of SP-B/C incorpo-
rated into the film, with the largest effect seen upon addition
of the smallest amount of protein. The greater shift in
wavenumber values between 10 mN/m and 30 mN/m in
films of 7:1 DPPC-d62:DPPG plus 1 wt % SP-B/C indicates
the greatest extent of acyl chain ordering. Wavenumber
values also decreased relative to the lipids alone as the
amount of protein was increased to 2 and then 5 wt %, but
not as much as for the 1 wt % mixture. Further increase in the
amount of surfactant protein to 10 wt % resulted in
wavenumber shifts for the DPPG component that were
indistinguishable from the pure binary lipid mixture itself. A

consideration of the uncertainties associated with these data
indicate that only the monolayers containing 1 and 2 wt % of
SP-B/C protein in Fig. 2 produced wavenumber shifts
statistically different from the lipid-only monolayer.

Measurement of the height of the CH2 asymmetric
vibration in these lipid-protein monolayers also reflects the
influence of the SP-B/C proteins on lipid structure (Fig. 2 B).
All of the model mixtures in Fig. 2 B show an increase in
band height with an increase in the measured surface
pressure; this increased band height results from both an
increase in surface density of molecules sampled by the
infrared beam as well as increased ordering and reorientation
of the DPPG acyl chains. Fig. 2 B shows a significant
difference in the band height versus surface pressure curves
for the different model mixtures. At any given surface
pressure, an incremental increase in band height occurred for
SP-B/C contents of 1 wt %, 2 wt %, and 5 wt % in the mixed
monolayer. In contrast, addition of 10 wt % SP-B/C to the
monolayer resulted in band height values that were lower
than those seen for the pure lipid film alone. Hence, small
amounts of surfactant protein appear to interact with the
DPPG in the monolayer, causing an increase in acyl chain
ordering/reorientation, but higher amounts of SP-B/C (10 wt
%) actually caused a reduction in the perturbation to both
wavenumber shift and band height.

Fig. 3, A and B, are the same type of plots shown in Fig. 2,
A and B, the difference being that the data are obtained from
the CD2 antisymmetric stretching band of the DPPC-d62

component for these same 7:1 DPPC-d62:DPPG films. The
CD2 vibrational modes in Fig. 3 exhibited similar behavior to
the CH2 modes in Fig. 2: the wavenumber peak positions
decreased and band heights grew larger as surface pressure
increased. The overall magnitude of change in the band
parameters of the perdeuterated DPPC was smaller than that
of its protiated counterpart (4.4 cm�1 vs. 6.1 cm�1). The
smaller wavenumber shift for perdeuterated acyl chains
relative to protiated chains is well known and is related to the
thermodynamic properties of deuterated phospholipids
(Dluhy et al., 1985). Most important in Fig. 3, however,
was that unlike the CH2 bands from the DPPG in this model
mixture, the addition of differing amounts of SP-B/C had
relatively little influence on the wavenumber or band height
of the antisymmetric CD2 stretching bands compared to the
pure lipid mixture. The surface pressure-induced wave-
number shifts for all lipid-protein monolayers essentially
overlapped (Fig. 3 A). Similarly, the measured band heights
of the CD2 antisymmetric vibration were only minimally
affected by addition of SP-B/C at all of the protein
concentrations studied (Fig. 3 B). These results indicate that
no statistically significant preferential interaction involving
wavenumber shifts or band height changes occurred between
the SP-B/C proteins and the DPPC-d62 component of the 7:1
DPPC-d62:DPPG binary mixture.

The differential effect of the SP-B/C surfactant proteins on
each of the two lipid components in this 7:1 DPPC-

FIGURE 2 IR external reflection-absorption C-H spectral band parame-
ters for 7:1 DPPC-d62: DPPG binary monolayer films with and without SP-
B/C added. C-H band parameters reflect changes in structure for the DPPG
component in the monolayer. Variations in wavenumber (A) and band
height (B) for the CH2 antisymmetric stretching band are shown plotted as a
function of surface pressure. See key in A for symbols.
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d62:DPPG model mixture can be seen quite clearly in Fig. 4.
Here the ratios of the CH2 versus CD2 band heights for the
antisymmetric CH2 and CD2 stretching bands are plotted as a
function of surface pressure. The use of band height ratios
to indicate specific interactions in lipid-protein systems
has been prevalent in biophysical vibrational spectroscopy,
particularly in Raman spectroscopy (Levin, 1984). Band
height ratios correlate directly with interchain configuration,
as perturbed by protein interactions. With increasing surface
pressure, the band height ratio in Fig. 4 remained essentially
constant within the 7:1 DPPC-d62:DPPG film, consistent
with a proportional increase in the vibrational intensities of
the CH2 and CD2 bands with compression. However, the
band height ratio at any given surface pressure changed as
the content of SP-B/C was increased in the lipid-protein
monolayers. Films containing 1, 2, and 5 wt % surfactant
protein had a significant increase in the C-H/C-D band height
ratio at fixed surface pressure, indicating a specific protein

interaction with the C-H monolayer component (i.e., the
DPPG). These results are consistent with the SP-B/C pro-
teins ordering the DPPG component but not significantly
affecting the DPPC-d62 component in 7:1 DPPC-d62:DPPG
films, as referred to earlier in Figs. 2 and 3. The fact that
5 wt % protein had a substantial effect on band heights is
consistent with the unexpectedly high C-H/C-D intensity
ratio noted earlier for the spectra in Fig. 1.

The band height ratio changes in Fig. 4 indicate a
significant preferential effect of the (1–5 wt %) SP-B/C
proteins with DPPG versus DPPC in the monolayer.
However, when the protein content in the film reached 10
wt %, C-H/C-D ratios actually dropped to values below those
of the pure lipid mixture alone. Similar behavior to that in
Fig. 4 for CH2/CD2 band height ratios was also found for the
symmetric C-H versus C-D stretching bands (data not
shown). It is also worth noting that there is a very small
tendency toward a negative slope in the trend lines of band
height ratio versus surface pressure when SP-B/C proteins
are present in the lipid monolayers. This trend is related to
the loss of monolayer material upon compression, and is
discussed in more detail later.

In addition to 7:1 mol:mol DPPC-d62:DPPG monolayer
films, the influence of SP-B/C proteins on lipid structure was
also determined for monolayer films of 1:1 and 2:1 mol:mol
DPPC-d62:DPPG. Fig. 5, A and B, show plots of the wave-
number shifts as a function of surface pressure for the C-H
and C-D components in 1:1 DPPC-d62:DPPG films. As with
the 7:1 films in earlier figures, a marked decrease in the CH2

antisymmetric peak frequency values was found in the
presence of 1 and 2 wt % SP-B/C. At low surface pressures
for the DPPG component of the 1:1 monolayer (Fig. 5 A), the

FIGURE 3 IR external reflection-absorption C-D spectral band parame-
ters for a 7:1 DPPC-d62:DPPG binary monolayer films with and without SP-
B/C added. C-D band parameters reflect changes in structure for the DPPC-
d62 component in the monolayer. Variations in wavenumber (A) and band
height (B) for the CD2 antisymmetric stretching band are shown plotted as a
function of surface pressure. See key in A for symbols.

FIGURE 4 IR external reflection-absorption spectral band parameters for
a 7:1 DPPC-d62:DPPG binary monolayer films with and without SP-B/C
added. Variation in band height ratio for the CH2/CD2 antisymmetric
stretching bands is shown plotted as a function of surface pressure. Changes
in C-H/C-D band height ratio indicate relative changes in the DPPG versus
DPPC-d62 components. See key in A for symbols.
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drop in wavenumber of ;3 cm�1 upon addition of 1 wt %
protein and ;5 cm�1 upon addition of 2 wt % protein is
consistent with a statistically significant increase in the
ordering of the DPPG acyl chains. For the DPPC-d62

component of the 1:1 monolayer, the shift in the CD2

antisymmetric band peak position to lower values (Fig. 5 B)
indicates that the addition of SP-B/C caused a small but
statistically significant increase in ordering of the DPPC-d62

chains, whereas these proteins had no significant effect on
the deuterated bands in the 7:1 monolayer (Fig. 3 A).

Band height ratios for the C-H versus C-D antisymmetric
bands were calculated for the 1:1 DPPC-d62:DPPG model
mixtures in the presence and absence of surfactant protein;
these ratios are presented in Fig. 6 A. Trends in the the C-H
versus C-D band height ratios for the 1:1 films were similar,
but not identical, to those found for 7:1 DPPC-d62:DPPG
films. When 1 wt % protein was present in the 1:1 DPPC-

d62:DPPG monolayer, there was a significant increase in the
C-H/C-D ratio over the pressure range 10–25 mN/m (Fig. 6
A). However, when the protein content in the film was raised
to 2 wt %, this effect was not present.

Band height ratios are plotted in Fig. 6 B as a function of
surface pressure for 2:1 mol:mol DPPC-d62:DPPG mono-
layers with 0, 1, and 2 wt % added SP-B/C. The results for
the 2:1 DPPC-d62:DPPG films are very similar to those of the
7:1 monolayers. At SP-B/C contents of both 1 and 2 wt %,
the surfactant proteins interacted preferentially with the
DPPG component causing the band height ratio to increase.
Analysis of the antisymmetric CH2 band parameters
indicated a slight ordering of the DPPG acyl chains with
increasing surface pressure in the 2:1 system based on an
increase in band height and a decrease in peak frequency
values in the presence of protein (data not shown). How-

FIGURE 5 IR external reflection-absorption C-H and C-D spectral band
parameters for 1:1 DPPC-d62:DPPG binary monolayer films with and
without SP-B/C added. C-H band parameters reflect changes in structure for
the DPPG component in the monolayer whereas C-D band parameters reflect
changes in structure for the DPPC-d62 component. Variation in wavenumber
for the CH2 (A) and CD2 (B) antisymmetric stretching bands is shown
plotted as a function of surface pressure. See key in A for symbols.

FIGURE 6 IR external reflection-absorption spectral band parameters for
(A) 1:1 DPPC-d62:DPPG and (B) 2:1 DPPC-d62:DPPG binary monolayer
films with and without SP-B/C added. Variation in band height ratio for the
CH2/CD2 antisymmetric stretching bands is shown plotted as a function of
surface pressure. Changes in C-H/C-D band height ratio indicate relative
changes in the DPPG versus DPPC-d62 components. See key in A for
symbols.
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ever, there did not appear to be any effect of SP-B/C on
the DPPC-d62 component, as no significant difference in the
antisymmetric CD2 band parameters (wavenumber or band
height) was apparent in the presence of protein in the 2:1
DPPC-d62:DPPG monolayer system.

In summary, the major differences in the data for the three
different mole ratios of DPPC-d62:DPPG appeared to be the
interaction of the protein with the phosphoglycerol constit-
uent. In all of the mixtures, SP-B/C acted to order the DPPG
component in the film. In terms of the PC component, the
effects of SP-B/C depended on film composition. When the
content of DPPC-d62 in the film was high (;88 mol % in the
7:1 mixtures and 66 mol % in the 2:1 mixture), SP-B/C had
little effect on the PC component. When the proportion of
DPPC-d62 was lowered to 50 mol %, (in the 1:1 mixture),
SP-B/C appeared to have only a slight ordering effect on this
film component.

Effect of SP-B/C proteins on DPPC-d62:DOPG
monolayer films

A final set of studies examined films containing the
unsaturated phosphoglycerol DOPG in place of the DPPG.
Spectra were collected at various surface pressures for 7:1
DPPC-d62:DOPG mixtures containing 0, 0.5, 1, and 2 wt %
SP-B/C, and trends in the resulting CH2 antisymmetric
stretching band parameters are shown plotted in Fig. 7, A
and B. The wavenumber values obtained at fixed surface
pressures for 7:1 DPPC-d62:DOPG films were on average
much higher than those found for the corresponding films
with DPPG. This is due to the inherent thermodynamic
properties of the DOPG molecule. The acyl chains of DOPG
pack together less efficiently because of the 9-cis oleoyl
double bond, causing a shift in peak frequencies to higher
values. However, the overall extent of ordering of the acyl
chains does increase as surface pressure is increased just as in
the case of films containing DPPG. Addition of SP-B/C is
seen to affect the packing of the DOPG component, but in
a different way than in the DPPG films. The presence of
SP-B/C at 1 and 2 wt % in 7:1 DPPC-d62:DOPG films
increased CH2 band peak wavenumber values (Fig. 7 A), and
also led to small increases in band height (Fig. 7 B). When
compared to the lipid binary monolayer alone, the wave-
number shifts for the 1 and 2 wt % monolayers showed a
significant difference at all surface pressures. Low amounts
of SP-B/C (0.5 wt %) increased peak wavenumber values
only at surface pressures ,20 mN/m, but gave the largest
increase in band heights. These results suggest that SP-B/C
specifically interacted with DOPG, thereby increasing the
effective surface density of CH2 groups in the IR sample
beam. At the same time, this lipid-protein interaction caused
further disorder in the acyl chain.

The effects of SP-B/C on the deuterated PC component in
7:1 DPPC-d62:DOPG films are shown in Fig. 8, A and B. SP-

B/C appeared to have relatively little influence on the chain
conformation of the DPPC-d62 component, inasmuch as
there was no statistically significant difference in the values
of the CD2 antisymmetric peak frequencies between the
lipid-only and surfactant added films (Fig. 8 A). As was the
case with the DOPG component, a large increase in
measured band heights was found when SP-B/C is added.
This may again be explained as occurring as a result of a
general condensing effect of the surfactant proteins on the
phospholipids in the films, although no specific structural
change to the DPPC-d62 component in 7:1 DPPC-d62:DOPG
films was noted in the presence of SP-B/C.

The data for 7:1 DPPC-d62:DOPG monolayers indicate a
specific interaction of SP-B/C with the phosphoglycerol
component as found earlier with films containing DPPG. Fig.
9 shows substantial increases in the C-H/C-D band height
ratios with the addition of 0.5–2 wt % SP-B/C in the 7:1
DPPC-d62:DOPG film. The increases in C-H/C-D band
height ratios are not as large as found in DPPG-containing

FIGURE 7 IR external reflection-absorption C-H spectral band parame-
ters for a 7:1 DPPC-d62:DOPG binary monolayer films with and without SP-
B/C added. C-H band parameters reflect changes in structure for the DOPG
component in the monolayer. Variations in wavenumber (A) and band
height (B) for the CH2 antisymmetric stretching band are shown plotted as a
function of surface pressure. See key in A for symbols.
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films in Fig. 4 (note the expanded scale in Fig. 9), but they
represent a significant change compared to the lipid-only
mixture. Again, negative slopes were found in the trend lines
in all plots of band height ratio versus surface pressure in Fig.
9, although their magnitudes were lower than in Fig. 4 for
films containing DPPG. As discussed in the next section, this
negative slope likely results from the loss of DOPG from the
film upon compression, as unsaturated lipid components
have been inferred by in situ IR analysis to be squeezed out
of films of DPPC-d62 (Pastrana-Rios et al., 1994).

DISCUSSION

Using in situ IR spectroscopy, we have investigated the
influence of differing levels of the hydrophobic lung
surfactant proteins SP-B/C on phospholipid structure in
surface monolayers containing deuterated DPPC plus either
DPPG or DOPG. The results indicate a specific interaction
between the SP-B/C proteins and negatively charged anionic

PG headgroups in the binary PC/PG mixture, leading to the
exclusion of a lipid-protein complex from the monolayer.
The addition of SP-B/C caused a disproportionate increase in
the C-H band height, consistent with increased acyl chain
order in DPPG. SP-B/C also interacted specifically with
DOPG to increase its surface density and to further disorder
acyl chains. SP-B/C had no significant effect on the structure
of DPPC-d62 chains in 7:1 films with DPPG or DOPG, and
had only a slight tendency to increase the acyl chain order in
1:1 films of DPPC-d62:DPPG. Also, an important result of
this work is that the effects of the SP-B/C surfactant proteins
are highly concentration dependent, with the maximum
effect occurring at 1–2 wt %, the physiologically relevant
concentration. Indeed, higher amounts of protein were seen
to abolish the measured spectroscopic changes, and to induce
no discernable structural differences when compared to the
lipid mixture alone. These IR spectroscopic results provide a
structural complement to our previous optical microscopy
images concerning the influence of the SP-B/C proteins on
the phase morphology of PC/PG monolayers (Krüger et al.,
1999).

Comments on the use of physiologically relevant
amounts of protein

The current study examined the effects of a chromato-
graphically purified mixture of SP-B/C that presumptively
maintained the endogenous ratio of the two hydrophobic
proteins. A number of prior studies have addressed the
biophysical roles played by SP-B and SP-C in the function of
pulmonary surfactant. Most of these studies, however, have
not utilized the naturally occurring combination of both
proteins. Moreover, it has not been uncommon in previous

FIGURE 9 IR external reflection-absorption spectra band parameters for
a 7:1 DPPC-d62:DOPG binary monolayer films with and without SP-B/C
added. Variation in band height ratio for the CH2/CD2 antisymmetric
stretching bands is shown plotted as a function of surface pressure. Changes
in C-H/C-D band height ratio indicate relative changes in the DPPG versus
DPPC-d62 components. See key in A for symbols.

FIGURE 8 IR external reflection-absorption C-D spectral band parame-
ters for a 7:1 DPPC-d62:DOPG binary monolayer films with and without SP-
B/C added. C-D band parameters reflect changes in structure for the DPPC-
d62 component in the monolayer. Variations in wavenumber (A) and band
height (B) for the CD2 antisymmetric stretching band are shown plotted as a
function of surface pressure. See key in A for symbols.
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work to study protein contents much higher than those
encountered in vivo. The current work examined a range of
protein contents, but with a focus on physiologically relevant
levels (1–2 wt %) in investigating interactions with lipids in
the surface monolayer. Using an endogenous mixture of SP-
B/C at physiologically relevant contents in lipid mixtures has
the advantage that it more closely mimics true lung
surfactant composition, but at the cost of being unable to
differentiate the effects of SP-B from those of SP-C. In
addition, the use of low physiological levels of SP-B/C also
makes it difficult or impossible to directly study protein
vibrational bands.

Some studies have examined the effects of physiologically
relevant levels of surfactant proteins in lipid mixtures. Dluhy
et al. (1989), used IR spectroscopy to study molecular
behavior in films of bovine lung surfactant containing
endogenous ratios of protein and lipid components. In
addition, several recent investigations have used near-field
and scanning probe techniques to visualize transferred
monolayer films containing SP-B and SP-C at levels in the
neighborhood of 2 wt % (Kramer et al., 2000; Krol et al.,
2000b). However, other IR studies of SP-B and SP-C in lipid
monolayers at the A/W interface or in bulk phase vesicles
have incorporated these proteins at between 3 and 80 wt %
(Pastrana-Rios et al., 1995; Gericke et al., 1997; Gordon
et al., 2000). Similarly, optical microscopy studies of mono-
layers containing SP-C or synthetic peptides based on the
truncated N-terminus of SP-B (i.e., SP-B1-25) have used
protein amounts that span a wide range between 2 and 28 wt
% (Lipp et al., 1996; Nag et al., 1996a; Lipp et al., 1997a;
Nag et al., 1997; Ding et al., 2001; Takamoto et al., 2001).
One study (Perez-Gil et al., 1992) found that SP-C affected
lipid monolayer domains in two different ways depending
upon the concentration, and stated that a precise determi-
nation of the amounts of SP-B and SP-C present in surfactant
may be critical. Other authors (Pastrana-Rios et al., 1995)
have also commented on the use of above-normal amounts of
protein in model systems. The influence of protein concen-
tration on experimental results was particularly apparent in
this study where trends in data were often reversed upon
addition of higher amounts of SP-B/C (e.g., 10 wt %).

The use of high, nonphysiological levels of exogenous
protein in surfactant biophysical studies is sometimes
necessary due to the limitations of methodology or to
specifically study protein monolayers. Nevertheless, suffi-
ciently high protein concentrations inevitably lead to
aggregation and lipid-protein interactions driven by non-
physiological energetics. Our prior optical microscopy data
indicate a distinct difference in monolayer morphology upon
addition of higher amounts of protein (Krüger et al., 1999).
From the data presented here on the anomalous effects of 10
wt % SP-B/C in films, it appears that a nonphysiological
response occurs at smaller protein concentrations than
previously reported. This fact must be considered when
trying to draw conclusions concerning physiological re-

sponses from model systems containing artificially high
protein levels.

Comments on data error and significance

One factor in interpreting our results on interactions between
SP-B/C and phospholipids concerns the degree of variability
or scatter present in the IR data. This scatter is due to the very
small IR intensities inherent in the monolayer IRRAS
experiment (;10�3 to 10�4 AU) as well as the very small
amounts of protein used in these experiments, which caused
concomitantly small shifts in the measured IR band
parameters. Despite this expected data variability, the IR
band parameters showed clear and consistent patterns
indicating the relative effects of different amounts of SP-
B/C protein on lipid molecular packing and interfacial order.
In addition, specific interactions of these proteins with DPPG
or DOPG relative to DPPC in the binary films are easily
discernable.

Several methods of data analysis were employed to en-
hance interpretations. Representative error bars were utilized
on standard wavenumber versus surface pressure or band
intensity versus surface pressure plots to illustrate the typical
uncertainty for a particular data set. Because wavenumber
peak positions were calculated to better than 60.01 cm�1

precision (see Methods), the scatter in these data represented
inherent fluctuations in the monolayer. Our results indicated
an uncertainty of ;1.0 cm�1 in peak positions and 10% in
peak heights for the measured monolayer IRRAS spectra.
Interpretations on lipid-protein interactions here were based
on data that were statistically significant relative to
monolayers of lipids alone, as noted in the Results section.
A further refinement used band height ratio analyses in
addition to absolute shifts in band parameters to enhance
insights about interactions between specific film components
and surfactant proteins. Band height ratios have been widely
used in biophysical vibrational spectroscopy to indicate
specific interactions in lipid-protein systems. Band height
ratios correlate directly with interchain configuration, as
perturbed by protein interactions (Levin, 1984). Therefore,
C-H/C-D ratios reflect acyl chain conformation and config-
uration, similar to wavenumber shifts. Band height ratios
were necessary in the present study because of the very small
protein concentrations used and the very small shifts in the
wavenumber and intensity parameters observed. Analysis
based on band heights ratios in Figs. 4, 6, and 9 provided
important added evidence for specific lipid-protein inter-
actions to enhance interpretations based on wavenumber
shifts and intensity differences observed in the other Figures.

Relationship of the current study to previous
surfactant research

In terms of lipid components, the studies here utilized well-
defined mixtures containing only two phospholipids: DPPC
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plus either DPPG or DOPG. Studies on simple lipid mixtures
such as these greatly facilitate the ability of spectroscopic
assessments to discern molecular effects. At the same time,
such studies clearly oversimplify the complex lipid compo-
sition of pulmonary surfactant. The results here show a
dependence of apoprotein-induced effects on lipid compo-
sition even in simple binary mixtures. Endogenous surfactant
contains multiple saturated and unsaturated phosphatidyl-
cholines plus a broad distribution of fatty chain derivatives in
the anionic phospholipid classes that are present (PG,
phosphatidylinositol, and phosphatidylserine). It is very
likely that specific molecular activities observed here for SP-
B/C in binary lipid mixtures will be modified to some extent
as a result of multicomponent associations and interactions
in the biological material. Nonetheless, the findings here are
relevant in elucidating the potential range of molecular
actions of SP-B/C.

The ability of a naturally derived mixture of SP-B/C to
interact preferentially with the net negatively charged head-
groups of DPPG and DOPG was clearly demonstrated in the
current IR results. In all of the lipid binary systems studied,
the addition of SP-B/C caused a disproportionate increase in
the band heights due to the phosphoglycerol component as
seen in the CH2/CD2 band height ratio plots of Figs. 4, 6, and
9. This effect of the SP-B/C proteins on the phosphoglycerol
headgroups appears analogous to the effect that divalent
cations in the subphase have on PG (Williams et al., 1995).
Differential interactions of SP-B/C with DPPC versus DPPG
must reflect the influence of headgroup structure, inasmuch as
the acyl chains of the lipids are identical in length and
saturation. In films of 1:1, 2:1, and 7:1 DPPC-d62:DPPG, the
interaction of SP-B/C with DPPG headgroups was accom-
panied by an ordering of the lipid acyl chains indicated by a
shift in peak frequencies to lower values. In DPPC-d62:DOPG
films, differential interactions of SP-B/C with the two lipids
may reflect differences in both headgroups and chains,
because the oleoyl acyl chains in DOPG are two carbon atoms
longer than DPPC and contain a 9-cis unsaturated double
bond. Addition of SP-B/C in 7:1 DPPC-d62:DOPG films
caused an interaction with the DOPG headgroup, but with-
out the accompanying increase in acyl chain ordering.
Instead, the DOPG acyl chains became increasingly dis-
ordered with the addition of the mixed surfactant proteins.

Our study could not separate the individual contributions
of SP-B and SP-C in spectroscopic assessments, but both
likely contributed to the molecular biophysical changes
observed. The structural and molecular properties of SP-B
and SP-C have been examined in a variety of studies (for
reviews see Hawgood and Schiffer, 1991; Johansson et al.,
1994a; Creuwels et al., 1997; Notter, 2000). SP-B has a
highly conserved sequence yielding an amphipathic structure
that is particularly suited to interact with phospholipid
headgroups as well as chains. The fully processed form of
human SP-B is a highly charged protein composed of 79
amino acids. Although many of these amino acids are

hydrophobic, SP-B also contains 10 basic Lys/Arg residues
and two acidic Glu/Asp residues and has a net positive
charge at neutral pH. The protein exists in both monomer and
oligomeric forms, including a presumptively active homo-
dimer in most species. Amphipathic a-helical segments are
thought to locate SP-B relatively peripherally in phospho-
lipid bilayers, rather than as a transmembrane (or trans-
monolayer) protein. Using polarized ATR Fourier transform
IR spectroscopy, the hydrophobic domains of SP-B were
reported to be associated with the phospholipid headgroups
with the short a-helical portions located only slightly inside
the bilayer (Vandenbussche et al., 1992). Fluorescence
anisotropy was applied to the problem and also determined
that SP-B was not a transmembrane protein, but was asso-
ciated with the membrane surface (Baatz et al., 1990).
Tryptophan fluorescence was used to locate SP-B-like
peptides incorporated into phospholipid films and found
them to be present mostly at the polar interfacial area of the
lipid monolayers (Cochrane and Revak, 1991).

Experimental evidence also indicates the existence of a
specific interaction of SP-B with anionic phospholipids.
Fluorescence microscopy studies (Lipp et al., 1996) indicate
that positively charged SP-B protein segments complex with
the negatively charged lipid, palmitic acid. Incorporation of
a charged peptide of SP-B into monolayer films of palmitic
acid induced a change in the appearance of the isotherm
whereas an uncharged mutant of the same synthetic SP-B
peptide did not (Longo et al., 1993). It was therefore con-
cluded that a specific charge interaction between the cationic
peptide and the anionic lipid must be present. Our previous
optical microscopy studies with SP-B/C proteins clearly
implied that electrostatic interactions are critical for lung
surfactant function (Krüger et al., 1999). At low subphase pH
(;1.9), there was no change in the observed fluorescence
phase morphology throughout the liquid expanded/liquid
condensed (LE/LC) phase transition of model lipid mixtures
regardless of whether the SP-B/C proteins were present in the
monolayer. Only when the subphase pH was raised to 6.2
(which is a value above the pK of the PG headgroup), did the
monolayer exhibit a distinct new protein-induced morpho-
logy. These data suggest that an electrostatic component is
required for the formation of physiologically relevant
complexes.

SP-C as well as SP-B also is known to interact
significantly with lipids as a result of its structure and
properties (Hawgood and Schiffer, 1991; Johansson et al.,
1994a; Creuwels et al., 1997; Notter, 2000). Fully processed
human SP-C consists of 35 amino acids, most of which are
very hydrophobic. The sequence and overall extreme
hydrophobicity of SP-C is highly conserved among animal
species. Cysteine residues at positions 5 and 6 of SP-C in
humans and many other species are linked by thioester bonds
to palmitic acid moieties (see e.g., Curstedt et al., 1990).
SP-C is primarily a-helical with a length able to span a
phospholipid bilayer. Although the majority of its inter-
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actions with lipids are hydrophobic, it does contain some
hydrophilic residues including positively charged Arg/Lys
residues at positions 11 and 12 in most species. Hydrophilic
residues near the N-terminus of SP-C have the potential to
interact with charged groups or ions in the plane of the
phospholipid headgroups. A number of studies has been
done on the effects of SP-C on the phospholipid components
in monomolecular films. Fluorescence microscopy suggests
that SP-C enhances the adsorption of DPPC to the monolayer
surface from vesicles (Nag et al., 1996b), an effect thought to
involve a perturbation of the packing arrangements of the
phospholipid molecules. The incorporation of SP-C (and to a
smaller extent SP-B) into monolayers reduces the size of
condensed phases in these films (Perez-Gil et al., 1992; Nag
et al., 1996a; Nag et al., 1997). As noted, the interaction of
SP-C with monolayer phospholipids is theorized to be
primarily hydrophobic in nature. Isotherm evidence was first
used to predict that SP-C has its a-helical axis oriented
parallel to the A/W interface (Oosterlaken-Dijksterhuis et al.,
1991a). Recent dichroic FTIR investigations of SP-C in the
liquid expanded monolayer phase of DPPC showed an
orientation angle of the SP-C helices of ;308 from the sur-
face, whereas at higher surface pressure, an orientation of
the helix closer to the surface normal was reported (Gericke
et al., 1997). Recent results from our laboratory (Krüger et al.,
2002) have argued that SP-C acts analogously to a molecular
machine, or loaded spring, in which the stored energy of the
hydrophobic rigid a-helix is released upon reorientation
around its flexible, more hydrophilic N-terminus, which is
anchored at the A/W interface. If such a reorientation does in
fact occur, it would appear from the present study to be
associated with a decreased phospholipid packing density
and lowering of band heights for the DPPC-d62 component,
although still maintaining an ordered PC acyl chain
conformation.

The current study did not attempt to address the functional
importance to surface activity of the hydrophobic surfactant
protein-induced effects found here in spectroscopic experi-
ments. Both SP-B and SP-C are known to enhance the sur-
face properties of phospholipids, but SP-B is more effective
in doing so on either a weight or molar basis (Curstedt et al.,
1987; Revak et al., 1988; Yu and Possmayer, 1988; Sarin
et al., 1990; Oosterlaken-Dijksterhuis et al., 1991a; Ooster-
laken-Dijksterhuis et al., 1991b; Seeger et al., 1992; Wang
et al., 1996; Johansson et al., 1998). SP-B has been shown to
be more active than SP-C in increasing both adsorption and
dynamic surface tension lowering when combined with
phospholipids. These activity findings correlate with the fact
that SP-B has a fourfold higher capacity than SP-C on a
weight basis for binding lipid vesicles to interfacial films
(Oosterlaken-Dijksterhuis et al., 1991a; Oosterlaken-
Dijksterhuis et al., 1991b). Mixtures of phospholipids with
SP-B versus SP-C also have an improved ability to resist
inhibition by serum albumin (Seeger et al., 1992; Wang et al.,
1996). Physiological studies have shown that instilled

exogenous surfactants containing lipids plus SP-B have
higher activity in improving lung mechanics and function in
animals relative to corresponding mixtures containing SP-C
(Rider et al., 1993). Supplementation with SP-B or related
synthetic peptides has also been found to improve the surface
and physiological activity of the clinical exogenous surfactant
Survanta, which contains SP-C but has only minimal levels of
SP-B (Mizuno et al., 1995; Walther et al., 1997).

A previous study examined the adsorption, dynamic film
behavior, and physiological activity of naturally derived lung
surfactant mixtures with and without anionic phospholipids
(Wang et al., 1997). Gel permeation chromatography was
used to obtain the complete mix of zwitterionic and anionic
calf lung surfactant phospholipids, as well as the subfraction
containing only the zwitterionic components. These phos-
pholipid mixtures were then studied for activity when com-
bined with column-isolated SP-B/C. Depletion in anionic
phospholipids led to only small decreases in adsorption and
dynamic surface tension lowering ability, and no significant
detriment in physiological activity in restoring pressure-
volume mechanics in lavaged rat lungs. The relevance of
these findings on complex multicomponent mixtures of lung
surfactant phospholipids to the present studies on spread
binary films of synthetic phospholipids is uncertain. Addi-
tional studies need to address the functional importance of
specific molecular interactions between anionic phospho-
lipids and SP-B/C in lung surfactant activity.

Implications for surface structure reorganization

The results of the present study not only addressed the effects
of SP-B/C on molecular order within the surface film, but
also provide insights about film refining or squeeze-out
during cycling. This is the process whereby some compo-
nents of pulmonary surfactant are ejected from the alveolar
surface film during compression and reinserted back into it
during expansion in the breathing cycle (Notter, 1984, 2000).
IR spectroscopic evidence has shown that both unsaturated
lipids (Pastrana-Rios et al., 1994) and SP-B (Pastrana-Rios
et al., 1995) are excluded from monolayer films as the surface
pressure is increased. More recently, it has been established
using optical microscopy techniques that SP-C is incorpo-
rated in exclusion particles that adhere to the surface
structure after transfer to solid substrates (Kramer et al.,
2000). In this study, the expulsion of DOPG from the films
can be inferred from the negative slopes seen in the band
height ratio data plotted in Fig. 9. These data are consistent
with the interpretation that mixed SP-B/C interacts strongly
with the charged headgroup of the DOPG so that a lipid-
protein complex is excluded from monomolecular films.
This is also supported by the PC data in Fig. 8. The
presence of SP-B/C did not affect peak wavenumber values
but did significantly increase band heights for DPPC-d62 in
the 7:1 DPPC-d62:DOPG film. This increase in band height
could potentially be attributed to the formation of three-
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dimensional exclusion particles that begin with specific SP-B/
C:PG interactions, but also incorporate a significant amount
of PC lipid.

The ability of SP-B/C to influence squeeze-out from lipid-
rich monolayers is also supported by our recent fluorescence
and dark-field microscopy studies (Krüger et al., 1999).
These studies have directly shown by dark-field microscopy
that the addition of SP-B/C (or the synthetic equivalent of
SP-C) induces the formation of a new monolayer phase of
different morphology than either the LC or LE phases that
form in pure lipid mixtures. Material is excluded from the
lipid-protein surface film upon compression and forms three-
dimensional, surface-associated structures of micron dimen-
sions. Such exclusion bodies form with SP-B/C peptides at
the physiological levels (1 wt %) used here, or in the pres-
ence of synthetic SP-C at higher (10 wt %) concentrations
(Krüger et al., 2002).

Our current IR results and previous microscopic studies
would be consistent with the following conceptual model.
Anionic components such as phosphoglycerols in phospho-
lipid films preferentially associate with SP-B and/or SP-C.
The positively charged, amphiphatic structure of SP-B has
multiple regions where such interactions could occur,
whereas the SP-C peptide has the potential for association
with anionic lipids in the vicinity of its N-terminus where
several hydrophilic amino acid residues are present. Upon
monolayer compression, the overall energy of the system
rises continuously, leading to a driving force for surface
film reorganization. Lipid molecules associated through
electrostatic and/or hydrophobic contacts with SP-B and/or
SP-C are lifted from the monolayer surface and inverted to
form a localized bilayer structure, possibly serving as a
nucleation site for additional material including PC lipids,
thereby leading to the formation of larger-scale interfacial
structures visible via dark-field microscopy (Krüger et al.,
1999). The formation of subinterfacial domains of lipid-
protein material ejected from the film is also possible. This
model would be consistent with the IR wavenumber shifts
and band height changes seen in the C-H region (e.g., Figs.
2 and 5) as preferential interaction of the SP-B/C proteins
with the phosphoglycerol lipids. Also, the slope of the band
height ratios (Figs. 4 and 9) can be interpreted as evidence
for the formation of three-dimensional, surface-associated
structures. A more detailed explanation of the energetics of
how SP-C might individually interact with anionic
phospholipids in surface films is presented elsewhere
(Krüger et al., 2002).

CONCLUSIONS

The primary conclusions drawn from these in situ IR
measurements on surface monolayers containing DPPC-
d62:DPPG or DPPC-d62:DOPG plus chromatographically
isolated bovine SP-B/C are as follows.

Bovine SP-B/C in the endogenous ratio had molecular
interactions with both PC and PG components in binary lipid
films to influence acyl chain order and lipid packing density
during stepwise compression from surface pressures of 6 to
60 mN/m. Specific effects depended upon the lipid
component, protein content, and monolayer composition.
Of particular note was the observation that maximal
spectroscopic effects were found for hydrophobic protein
contents in the physiological range of 1–2 wt %, and these
effects were abolished at artificially high protein levels (10
wt %).

Although SP-B/C interacted with both PC and PG in
binary lipid films, analysis of C-H/C-D spectroscopic signals
indicated preferential interactions with the anionic phospho-
lipid component. The mixed proteins ordered the acyl chains
of DPPG in 7:1, 2:1, and 1:1 monolayers of DPPC-
d62:DPPG, and disordered the acyl chains of DOPG in 7:1
films of DPPC-d62DOPG. SP-B/C had no significant effect
on DPPC acyl chain structure in 7:1 DPPC-d62:DPPG or
DPPC-d62DOPG monolayers, with only slight ordering
effects noted for the PC acyl chains in 1:1 DPPC-d62:DPPG
monolayers.

IR spectroscopic data were consistent with ejection of PC
and PG lipids from the surface monolayer during compres-
sion to high surface pressures, consistent with previous near-
field, fluorescence, and Brewster-angle microscopic studies
indicating phase morphology changes and surface aggregate
formation in compressed lung surfactant films.
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