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ABSTRACT. The objective of this study was to determine the effects of proline hydroxylation in the collagen-

like domain and Ask"linked glycosylation in the

globular domain on the molecular and functional

properties of human surfactant protein A1 (SP-Al). To address this issue, SP-Al was in vitro expressed
in insect and mammalian cells. Insect cells lack prolyl 4-hydroxylase activity. A glycosylation-deficient
mutant SP-A1 was expressed in insect cells. In this report we present evidence that hydroxylation increased
the Tn, of the collagen-like domain by @C. Proline hydroxylation affected both the arrangement of disulfide
bonding and the extent of oligomerization but did not affect conformational changes in the globular domain
identified by intrinsic fluorescence. Both self-association and lipid-related functions of SP-A were clearly
correlated with the thermal stability of the collagen domain and the degree of oligomerization. Structural
properties and lipid-related characteristics of SP-Al expressed in mammalian cells but not in insect cells
were close to that of natural human SP-A. On the other hand, the lack of glycosylation did not affect

either collagen domain stability or conformational

changes induced by calcium in the globular domain.

However, the lack of glycosylation favored nonspecific thermally induced aggregation of the protein.

Surfactant protein A (SP-A)s a large oligomeric apoli-
poprotein found primarily in the alveolar fluid of mam-
malians. SP-A belongs to the collectin (collagéectin)
family characterized by an Nikterminal collagen-like
domain and a globular COOH-terminal domain that includes

SP-A to bind lipids is of relevance in several aspects of
pulmonary surfactant biologyl( 4).
The primary structure of mature SP-A is highly conserved

among different mammalians. It consists of four structural
domains: (1) an Nkiterminal domain involved in intermo-

a C-type carbohydrate recognition domain (CRD). These |gcyjar disulfide bond formation; (2) a collagen domain, rich
proteins, together with the first component of the complement j, hydroxyproline, important for oligomerization of SP-A;
(Cla), are also called defense collagens because they playg) 3 neck region consisting of amino acid residues with high

important roles in innate immunityl{-3). SP-A is also
involved in the immunomodulation of inflammatory pro-
cesses of the lung. Unlike other collectins, SP-A is a lipid
binding protein, a property that allows this collectin to
position and concentrate along with the extracellular mem-
branes that line the alveolar epitheliud).(The ability of
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1 Abbreviations: CD, circular dichroic; CHO, Chinese hamster ovary;
CRD, carbohydrate recognition domain; DPPC, 1,2-dipalmisoyl-
glycero-3-phosphocholine; DPPG, 1,2-dipalmiteylglycero-3-phos-
phoglycerol; Re-LPS, rough lipopolysaccharide; SP-A, surfactant
protein A; AP-SP-A, SP-A isolated from alveolar proteinosis patients;
natural hSP-A, SP-A isolated from healthy human donors; SPRA1
hydroxyproline-deficient recombinant SP-A1 produced in insect cells;
SP-A1vp187Ser glycosylation-deficient mutant SP-Al produced in insect
cells; SP-Alm, recombinant human SP-Al expressed in CHO cells;
Tm, Midpoint transition melting temperature.
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o-helical properties, involved primarily in protein trimer-
ization; and (4) a globular COOH-terminal domain involved
in lipid binding and also in CA-dependent binding of
oligosaccharides( 6). This domain contains two conserved
tryptophan residues (located at positions 191 and 213) and
a glycosylation site (located at residue A8h SP-A is
modified after translation (cleavage of the signal peptide,
proline hydroxylation, and N-linked glycosylation) and
assembled into a complex oligomeric structure that resembles
a flower bouquet 7). In one of the initial steps of the
assembly, trimers of SP-A are built up by the association of
three polypeptide chains, the collagen regions of which
intertwine to form a collagen triple helix that is stabilized
by interchain disulfide bonds. In the final stage of the
assembly, the octadecamers appear to be formed by lateral
association of the Niterminal half of six triple-helical stems
(7, 8).

In humans there are two functional gen8®¢{AlandSP-
A2) (9) corresponding to two different SP-A cDNA se-
guences 10); however, other mammalian species studied
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(except baboons)1() have only one. The nucleotide
sequence differences between the two human genes tha

result in amino acid changes are located in the signal peptide-1() (48) (65) ss

collagen-like, and globular domains of the resulting proteins 22 ® @ . 4 T SP-Alm
(12). The major differences between mature SP-Al and SP-  on oHOH OH OH  OH T

A2 are in the collagen domainl?). The importance of

proline hydroxylation (in the Y position of the collagen-like

Gly-X-Y- region) on the structure of human SP-A has not )© ey e9) s e SF AT
been previously demonstrated. The first objective of this = 4 . s\ S

study was to compare recombinant human SP-A1 expressec

in mammalian cells, which is posttranslationally modified

by proline hydroxylation and M”-linked glycosylation, with (-1)(6) (48) (65) ss o SP-AThRIETSe
recombinant human SP-A1 from baculovirus-mediated insect ‘w2 -

cells, which lacks proline hydroxylation. Another feature
which is likely to differ between insect cell-derived and NH; - - COOH

mammalian cell-derived human SP-AL1 is the Xdinked collagen-iike domain  neck  CRD

glycosylation. The insect cells do not glycosylate proteins Ficure 1: Scheme of SP-A. Domain structures of the polypeptide
in the same manner as mammalian cell8)( Insect cells chain of different recombinant forms of SP-Al are shown. SP-

; Al ; ; Alm is expressed in CHO cells. SP¥Ais expressed in insect cells
are unable to add the terminal sialic acid residues found on and is deficient in prolyl hydroxylation. SPER.175¢is a glyco-

many mammalian carbohydrate modificatiods)(and, in sylation-deficient mutant SP-A1 produced in insect cells. Branched
particular, in human SP-AL@). Thus, our second objective  structures represent N-linked carbohydrates. -S denotes cysteine
was to determine the structural and functional importance residues at positions1 and 6 (at the N-terminal segment), 48 (at
of N87|inked glycosylation. Therefore, we compared the the Pro-Cys-Pro-Pro interruption between the two collagen-like
wild-type SP-A1 expressed in insect cells with a nonglyco- rsegjc'&rls), and 65 (at the triple helix above the interruption) of mature
sylated variant, in which the Asn at amino acid position 187 ’

was exchanged for a Ser. The comparison of glycosylation- affinity chromatography. The endotoxin content was 200 pg/
deficient mutant with the wild type will allow the determi- mg of SP-A as determined by the LAL clotting test
nation of the effect of complete removal offlinked sugars ~ (ENDOSAFE, Charles River).

on the molecular and functional properties of SP-A1. The cDNA for human SP-Al (6Aallele) contained in

In this paper we have studied the structural properties of the plasmid pMTE HS10/5 was subcloned into teoR|
these recombinant SP-A1 proteins and their lipid-related site of the baculovirus expression vector pVL1393. A
functions in comparison with those of natural human SP-A nonglycosylated variant (N187S), in which the asparagine
from healthy subjects, which likely consists of SP-A1 and at amino acid position 187 was exchanged for a serine, was
SP-A2 molecules. In addition, we have analyzed human generated by in vitro mutagenesis using the QuickChange
SP-A from alveolar proteinosis patients (AP-SP-A) because mutagenesis kit from Stratagene (Heidelberg, Germany). The
most of the structural and functional studies reported with oligos used were OZ433 (&ACCCCTGTAAGCTACAC-
human SP-A were performed with AP-SP-A. A complete CAACTGG-3) as sense and OZ434'{6CAGTTGGTG-
understanding of the structure and function of human SP-A TAGCTTACAGGGGTC-3) as antisense primers, respec-
will allow defining the most appropriate expression system tively. The nucleotide sequences were verified by sequencing
for the production of a recombinant human SP-A form (SP- (GATC, Konstanz, Germany). Recombinant baculovirus
Al or SP-A2) to be used in human therapies. The domain Stocks were generated as described in the manufacturer’s
structures of the recombinant and mutant proteins used inprotocol (Invitrogen, Breda, NL). The SP-As were expressed

55 Trp

this study are shown in Figure 1. in SF21 cells using serum-free Insect Express medium (PAA,
Marburg, Germany) and purified from the medium by
EXPERIMENTAL PROCEDURES mannose affinity chromatography. The endotoxin content was

56 and 100 pg/mg of SP-A for SP-A® and SP-Afyr.187Ser

Experiments presented in this study were performed with regpectively.
two different preparations of natural human SP-A, one  Human Lung Tissue Procurement and Isolation of Natural
isolated from one healthy donor and another from four hSP-A.As a source of |ung tissue, we used male mu|t|p|e
different healthy donors; four different preparations of SP-A grgan donors. The review board and the ethics committee
isolated from four alveolar proteinosis patients (referred to of the San Carlos Hospital have approved this study. Ages
as AP-SP-A); several preparations of SP-Al {@hlele)  ranged from 19 to 50 years, and cranial trauma or spontane-
expressed in either mammalian CHO cells (referred to as gys intracranial hemorrhage was the cause of death in all of
SP-A1m) or insect cells (referred to as SP™&E and @ them. Donors with either a recent history of tobacco smoking,
nonglycosylated SP-Al variant (Bpalso expressed ininsect  more than 72 h of mechanical ventilation, or any radiological
cells (referred to as SP-AP18759 (Figure 1). Experiments  pulmonary infiltrate were excluded from this study. Im-
were repeated at least twice with each protein preparation.mediately after the left lung was obtained, a bronchoalveolar

Cloning and Expression of Recombinant Human SP-A1l lavage was performed at°€ as previously described).
Expressed in Mammalian and Insect Celige recombinant SP-A was purified from isolated surfactant using sequential
wild-type form of human SP-A1 (62allele) was expressed  butanol and octyl glucoside extractiorisr). AP-SP-A was
in stably transformed CHO cells as described by Voss et al. isolated from bronchoalveolar lavages from alveolar protei-
(7, 15) and purified from culture supernatant by mannose nosis patients as described above. The purity of SP-A was
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checked by one-dimensional SBBAGE in 12% polyacry- Fluorescence MeasurementsSluorescence experiments
lamide gel under reducing conditions (50 mM dithiothreitol). were carried out on an SLM-Aminco AB-2 spectrofluorom-
Quantification of SP-A was carried out by amino acid eter as previously describetl§ 20). Cells of 10x 10 mm
analysis in a Beckman System 6300 high-performance were used. The slit widths were 4 nm for the excitation and
analyzer. The protein hydrolysis was performed with 0.2 mL emission beams. The sample was stirred continuously in a
of 6 M HCI, containing 0.1% (w/v) phenol, in evacuated sample compartment thermostated with a compact refriger-
and sealed tubes at 108 for 24 h. Norleucine was added ated circulator, Julabo F30-C. Fluorescence spectra of SP-A
to each sample as the internal standd@).(The endotoxin were measured at the indicated temperature in 1.6 mL of 5
content of natural human SP-A and AP-SP-A was about 300 mM Tris-HCI buffer (pH 7.2). The final protein concentration
pg of endotoxin/mg of SP-A as determined bhimulus of SP-A was 1Qug/mL. The blanks and protein samples were
amebocyte lysate assay (Bio-Whittaker, Walkersville, MD). excited at 275 nm for measuring the total protein fluorescence
Polyacrylamide Gel Electrophoresis under NatiCondi- spectrum or at 295 nm to preferentially excite tryptophan
tions and Sider Staining.The oligomeric assembly of the residues. Emission spectra were recorded from 300 to 400
various SP-As was analyzed by different PAGE techniques. nm.
Two micrograms of each protein was subjected to electro- The change in fluorescence emission intensity of SP-A
phoresis under native conditions. SP-A protein samples wereupon addition of millimolar concentrations of €awas
not denatured by chemicals and heating. Electrophoresis wagletermined by adding a concentrated solution of Gacl
performed at 4°C with a 7% Tris-acetate PAA gel the protein solution in the cuvette (2 mM final concentration).
(NOVEX) in the presence or absence of #4nercaptoet-  After equilibration for 15 min, the emission spectrum of
hanol. To determine the oligomeric state of SP-A in bands SP-A was recorded on excitation at 275 nm. Next, the
from native gels, bands were excised from nonreduced nativefluorescence spectrum of SP-A was recorded upon addition
gels, incubated with SDS sample buffer, and subjected toof 4 mM EDTA. The fluorescence intensity readings were
electrophoresis on a 12% SB®AGE without reducing  corrected for the dilution caused by aliquot addition. The
agents. The molecular mass of the disulfide-linked oligomers absorbance of the protein was measured after addition of
was determined by comparison with a molecular mass calcium and EDTA by use of a Beckman DU-640 spectro-
standard (data not shown). In additiony@ of each of the photometer.
SP-As was separated on a precasted 2% gradient SDS SP-A Self-Association Assaygelf-association assays of
polyacrylamide gel (NOVEX, Invitrogen, Breda, NL) under SP-A were performed as previously describ2d, 23) by
denaturing and nonreducing conditions. Purity and apparentmeasuring the change in protein absorbance at 360 nm in a
molecular masses of monomeric SP-As were determined byBeckman DU-640 spectrophotometer at the indicated tem-
12% SDS-PAGE under reducing conditions. Proteins were peratures.
visualized by a silver stain as described by Heukeshoven Lipid Aggregation Assay$§ynthetic phospholipids, DPPC
and Dernick 19). Prestained SeeBlue (NOVEX) was used and DPPG, were purchased from Avanti Polar Lipids
as the molecular mass marker. (Birmingham, AL), and their homogeneity was routinely
CD Measurement<CD spectra were obtained on a Jasco tested on thin-layer chromatography. Rough LPS from
J-715 spectropolarimeter fitted with a 150 W xenon lamp Salmonella minnesoi@erotype Re-595) was purchased from
(20—22). Quartz cells wih a 1 mmpath length were used, Sigma Chemical Co. (St. Louis, MO). The organic solvents
and the spectra were recorded in the far-UV region {190 (methanol and chloroform) used to dissolve lipids were of
260 nm) with a scanning speed of 50 nm/min and at the HPLC grade (Scharlau, Barcelona, Spain).
indicated temperature. Four scans were accumulated and DPPC/DPPG (7:3) (w/w) vesicles were prepared at a
averaged for each spectrum. The acquired spectra wergphospholipid concentration of 1 mg/mL by hydrating dry
corrected by subtracting the appropriate blanks, subjectedlipid films in a buffer containing 150 mM NacCl, 0.1 mM
to noise reduction analysis, and presented as molar ellip-EDTA, and 5 mM Tris-HCI buffer (pH 7.2) and allowing
ticities (degcm?-dmolt) assuming 110 Da as the average them to swell fo 1 h at 50°C. Sonication, phosphorus
molecular mass per amino acid residue. All measurementsdetermination, and vesicle size analysis were performed as
were performed in 5 mM Tris-HCI buffer, pH 7.2, and described previously2(). Re-LPS was hydrated ffd. h in
protein concentrations in all cases were lafmL. The 5 mM Tris-HCI buffer (pH 7.2) containing 150 mM NacCl
concentration of each SP-A sample was always determinedand 0.1 mM EDTA.
by amino acid analysis. LPS aggregation or DPPC/DPPG vesicle aggregation
For the analysis of thermal stability of natural and induced by SP-A was studied either at 25 or 37 by
recombinant human SP-As, melting curves were monitored measuring the change in absorbance at 400 nm in a Beckman
at 207 nm while the sample temperature was raised from 20DU-640 spectrophotometer. SP-A-induced LPS aggregation
to 65 °C, with an average heating rate of 22/h. SP-A assays were performed as described elsew&jeBriefly,
concentrations were 120g/mL, and quartz cells with a 1 the sample cuvette was first filled with Re-LPS (4§/mL
mm path length were used. The fraction folded was final concentration) in 5 mM Tris-HCI buffer (pH 7.2), 150
calculated from the equatidh= ([6] — [0]W/([6]n — [6]), mM NaCl, and 0.2 mM EDTA. After a 10 min equilibration
where P] is the observed mean residue molar ellipticity at at 25°C (or 37 °C), natural or recombinant SP-A (20Qy/
207 nm and §], and [], are the mean values for natural mL) was added to the sample cuvette, and the change in
and unfolded SP-A, respectively. These values were obtainedoptical density at 400 nm was monitored. Next>Cé.5
from the plateau before and after the transition. The mM) was added to both the sample and reference cuvettes,
temperature where the protein was 50% unfoldee-(0.5) and the change in absorbance was monitored aga#i- Ca
was taken as the melting temperature. dependent LPS aggregation was reversed by adding EDTA
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Ficure 2: Electrophoretic analysis of SP-A. Proteins were subjected to 12%-8BSE under reducing conditions (lanes3) and to
4—12% SDS-PAGE under nonreducing conditions (lanesl®) and visualized by silver staining. AP-SP-A (lanes 1 and 7), natural human
SP-A (lane 2), SP-A1m (lanes 3 and 8), SP¥&1lanes 4 and 9), and SP-A®R187Ser(Janes 5 and 10) are shown. Lane 6 corresponds to
a molecular mass standard (SeeBlue, Novex). Abbreviations: M, monomers; D, dimers; T, trimers.

(5 mM final concentration). The extent of €adependent  different recombinant forms of human SP-Al1 on SBS
aggregation of Re-LPS in the absence of SP-A was alsoPAGE under reducing conditions is given in Figure 2. AP-

evaluated. SP-A migrated as a monomer 86 kDa) and as a nonre-
SP-A-induced phospholipid vesicle aggregation assaysducible dimer (70 kDa). This electrophoretic pattern was also
were performed as described elsewhet@23). Recom- characteristic of human SP-A from healthy donors, as shown

binant SP-Als expressed in mammalian or insect cells wereelsewhere Z6). Recombinant human SP-Al expressed in
assayed at 23C at a phospholipid to SP-A weight ratio of either mammalian or insect cells migrated as a monomer on
5:1. Assays to compare recombinant SP-A1m with natural SDS-PAGE under reducing conditions. However, bands
human SP-A were performed at 3C at a phospholipid to  with a apparent molecular mass corresponding to a dimer
SP-A weight ratio of 10:1. The final concentrations ofCa  can also be detected. The protein in these electrophoretic
and EDTA were 2 and 4 mM, respectively. The contribution bands was identified as SP-A by tryptic digestion and mass
of self-association of SP-A (at a concentration of /2§ spectrometric analysis of the obtained peptides (data not
mL) to the change of absorbance at 400 nm was routinely shown). Most of the differences in molecular mass between
checked under the experimental conditions in which Re-LPS the reduced recombinant SP-A1 forms are likely related to
aggregation or phospholipid vesicle aggregation assays wereyoth the absence of hydroxyproline in SP-Al from insect
done. cells and the different pattern of glycosylation performed in
Adsorption AssayThe ability of lipid extracts of human  mammalian or insect cells [lanes 3 (SP-A1m) and 4 (SP-
or porcine surfactants (LES) to adsorb onto and spread atA"r), respectively] as well as to the absence é#Ninked
the air-water interface was tested at 25 on a Wilhelmy- glycosylation [lane 5 (SP-AP187S¢f compared to lane 4 (SP-
like highly sensitive surface microbalance, coupled to a small AhP)]. Figure 2 also shows the electrophoretic analysis of
Teflon dish (2.9x 1.4 cm) as previously reporte@4). Lipid AP-SP-A and different recombinant forms of SP-A1 on SDS
extracts of surfactants (LES), which contain surfactant lipids, gradient gel electrophoresis under nonreducing conditions.
SP-B, and SP-C, were prepared by chloroform/methanol This analysis is predictive for the assembly of disulfide-
extraction (6). Total phospholipid was determined by |inked polypeptide chains. The treatment of AP-SP-A with
phosphorus analysis as described by Rouser e23)l.The  sps and heat (10tC) under nonreducing conditions yielded
ability of recombinant SP-Als to enhance the adsorption of yainly bands corresponding to large oligomers. Similar
surfactant-like membranes onto an-diquid interface was  resylts were found with natural hSP-A (data not shown). Like
studied by addition of recombinant SP-A1 (9/mL) into  nayral hSP-A, SP-A1m consisted mainly of large oligomeric
the hypophase chamber of the Teflon dish, which contained g ,ctyres. However, the degree of disulfide-linked structures
6 mL of 5 mM Hepes buffer, pH 7.0, 150 mM NaCl, and 5 55 |ess than that of natural hSP-A or AP-SP-A, as
mM CaCb. After LES injection (56-100 ug of phospho- - qemanstrated by the presence of trimeric forms and faint
lipids/mL) into the hypophase, phospholipid interfacial 545 corresponding to dimers and monomers. In contrast
adsqrption was measure_d following the change in sun‘acesp_AS derived from insect cells (both SPB%®land SP- '
tension as a function of time. Ahyp.187S¢y differ greatly in oligomeric composition from
RESULTS natural hSP-A or SP-Alm, since they consisted of major
bands with an electrophoretic mobility corresponding to
Electrophoretic CharacterizationThe electrophoretic  monomers, dimers, and trimers. The significance of the
characterization of natural human SP-A, AP-SP-A, and appearance of two bands for each of these forms is unknown.
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8 stability of the collagen domain. Figure 4 compares the CD

' . spectra of AP-SP-A and natural human SP-A with those of
different recombinant human SP-Als (SP-Alm, SPYA1l
U and SP-AP1875¢ gt 20 and 70C. Previous evidence using

5 6 7

2 3 4
‘!l . H CD spectroscopy showed that natural human SP-A isolated
{ by butanol extraction is characterized by a strong negative
Hexamers extreme at 207 nm and a shoulder at 223 ritf)),(also
reported for canine, porcine, or alveolar proteinosis human
SP-A (18, 21, 22, 27, 28). Figure 4 shows that all recom-
~ H Trimers binant forms of SP-Al, expressed in mammalian or insect
Trimers{ cells (either glycosylated or nonglycosylated), displayed a
shape similar to that of natural hSP-A at 20, indicating
similar secondary structure. These results are in agreement
"""“*—Monomem with those reported recently for recombinant SP-A1, SP-
At St A2, and coexpressed SP-A1/SP-A2 produced in insect cells
—B-ME (4%) +B-ME (4%) (20). Figure 4 also shows that heat treatment of natural hSP-
Ficure 3: Patterns of oligomerization of SP-A under native A, AP-SP-A, an_d different recombinant forms of SP'A]? at
conditions. Samples (2g of each SP-A preparation) were subjected /0 °C resulted in a pronounced decrease in the magnitude
to 7% PAGE under native conditions, in the absence (lare®)1  of the negative band at 207 nm, with a blue shift of the
and presence (lanes-8) of 4%/3-mercaptoethanol, and visualized minimum in the case of recombinant proteins but not for
by silver staining. The arr]rows |nd|cc':ljte bandsdcorrespé)ndltn% t0 natural hSP-A or AP-SP-A. We recently demonstrated that
Ef;;?negﬁtaltg%%gdu%s :;{ilgnpe_ﬁ (Iar?éirTg]n% 5)?SSFI’I:]A!I?r?1 Sanénsthe change in ellipticity during the transition from 20 to 70
2 and 6), SP-A?P (lanes 3 and 7), and SP-2187Sef|lanes 4 and °C can be fitted to a structural transition between two
8) are shown. components, which closely follows the denaturation profile
of collagen 22). This suggests that there is no additional
On the other hand, the presence of bands corresponding taontribution of changes affecting other structural components
dimers and monomers in nonhydroxylated SP-Als derived in that range of temperature.
from insect cells (SP-A1P and SP-AP187S¢ syggests that, The thermal denaturation of the collagen domain of
at least in part of these molecules, only two polypeptide different recombinant forms of SP-A1 is shown in Figure 5
chains of the triple helix are covalently linked by disulfide along with that of natural hSP-A, which has been reported
bonds. In contrast, in the case of AP-SP-A and SP-Alm, atrecently 0). The midpoint melting temperature of these
least two cysteine residues (likely Cyand Cy4®) cross- proteins, including that of AP-SP-A, is given in Table 1.
link the three polypeptide chains of the triple helix. Midpoint melting temperatures of recombinant SP-Al ex-
The relative extent of oligomerization of recombinant pressed in insect cells (either glycosylated or nonglycosy-
human SP-A1l produced in mammalian and insect cells waslated) were reduced by about°@ with respect to that of
examined by electrophoresis under native conditions (Figurerecombinant SP-Al expressed in mammalian cells. These
3). SP-A molecules maintain their natural conformation data indicate that thé, of SP-A1l depends on the hydroxy-
because they were not treated with SDS, with reducing lation of proline residues. Glycosylation in Adhdoes not
agents, or with heat. Figure 3 shows that AP-SP-A (lane 1) seem to have any influence di,. On the other hand, the
consisted primarily of octadecamers. Similar data were found lower Ty, of recombinant human SP-A1 expressed in mam-
for human SP-A from healthy subject®0j. SP-Alm (lane malian cells (44.5+ 0.35) with respect to natural human
2) was composed of a mixture of oligomers (tri-, hexa-, SP-A (48+ 0.05) might be related to the lower proportion
nona-, dodeca-, and octadecamers), whereas SP-aid of octadecameric structures relative to the proportion of
SP-AYP187Se(lanes 3 and 4, respectively) consisted primarily inferior size forms (pentadecamers, dodecamers, hexamers,
of trimers with smaller amounts of hexamers or larger and trimers). Thel,, of AP-SP-A calculated in this study
oligomeric forms. Figure 3 also shows the electrophoretic from protein preparations isolated from four different patients
analysis under native (no SDS and no heat) but reducingwas lower than that reported elsewhe?8)( This is likely
conditions. The presence of reducing agents yielded mainly a consequence of variation among individuals (from 42.8 to
trimers but not the monomeric form for AP-SP-A and SP- 50 °C).
Alm (lanes 5 and 6, respectively), indicating that trimers  Fluorescence Characteristic3he fluorescence of SP-A
can be formed independently of disulfide bridges. Addition- is dominated by the contribution of its two conserved
ally, oligomers larger than trimers were also visualized, tryptophan residues, which are located at positions 191 and
mainly in AP-SP-A, indicating that noncovalent interactions 213 in human SP-A and all species studied until now. These
are also involved in the formation of hexamers and larger two tryptophans are located near the calcium binding site
oligomeric forms. In contrast, the presence of reducing agentslocated in the center of the sugar binding site. Therefore,
yielded only monomers and trimers from nonhydroxylated they are sensitive markers of conformational changes in this
SP-A1l derived from insect cells (either glycosylated or region. Figure 6 shows that the fluorescence emission
nonglycosylated, lanes 7 and 8, respectively). These dataspectrum of natural hSP-A and different recombinant forms
suggest that the trimeric stems of nonhydroxylated SP-A1l of human SP-A1l on excitation at 275 was characterized by
are less stable without disulfide bridges. a fluorescence emission maximum at about 330 nm. Addition
Circular Dichroic Spectra and Thermal Stabilit€ircular of 2 mM C&" led to a blue shift in the wavelength of the
dichroic (CD) spectroscopy was used to examine the thermalemission maximum from 330 to 326 nm, indicating that the
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Ficure 4: Circular dichroic spectra of natural human SP-A, AP-SP-A, and different recombinant forms of SP-A1 at 20 “@&hdAf0
measurements were performed in 5 mM Tris-HCI buffer, pH 7.2. Protein concentrations in all cases weggnil20as determined by
amino acid analysis.

10 1 natural hSP-A Table 1: Midpoint Transition Melting Temperature of Human
Vo 2 SP-A1m SP-A8
3 sp-a1YP
= \,\ 4 sp-a1nyp-187Ser protein Tm (°C)
2 Y SP-ATY 36.2+ 0.01
L N, SP-Alhyp.187Ser 374+1.2
5 057 SP-Alm 44,5+ 0.35
e natural hSP-A(n = 2) 48.0+ 0.05
g AP-SP-£ (n = 4) 46.2+ 3.1
AN aValues are expressed as the meathe standard deviation of three
0,0 1 ) e experiments® Data are expressed as the meathe standard deviation

of different preparations of SP-A from different individuals.

20 30 40 50 60 70
Temperature (°C) the spectral changes induced by calcium, causing a red shift

Ficure 5: Unfolding curves of natural human SP-A and different in the fluorescence emission maximum (from 326 to 330
recombinant forms of SP-Al. Melting curves were monitored at nm). These results are consistent with previous results

207 nm, at 12@g of SP-A/mL, while the sample temperature was i ; ; - ;
raised from 20 to 70C (12 °C/h). The fraction foldedR) was obtained with recombinant SP-J2 preparations produced

calculated from the equatidh= ([6] — [0]u)/([0]x — [6].), Where elsewherg 2{_0). Figure 6 also shows intrinsic quo_rescence
[6] is the observed mean residue molar ellipticity at 207 nm, while characteristics of natural human SP-A and recombinant forms
[6], and ], are the mean values for natural and unfolded SP-A, of SP-Al in the absence or presence of calcium, at a
respectively. temperature (70C) in which the collagen-like domain of

all these proteins was denatured. All different recombinant
binding of calcium led to a conformational change in the forms of SP-Al and natural hSP-A heated at@showed
protein, affecting the polarity in the environment of the a similar position of the fluorescence emission maximum of
tryptophan residues. Chelating calcium with EDTA reversed tryptophan residues and similar spectral changes with calcium
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FiGure 6: Fluorescence emission spectra of natural human SP-A and different recombinant forms of SP-Al at 28Gnohé0solid

lines represent the emission spectra on excitation at 275 nm in 5 mM Tris-HCI buffer (pH 7.2). The dotted lines correspond to repeat
emission spectra 10 min after the addition ofCto a final concentration of 2 mM. The dasHot lines represent repeat emission spectra

10 min after the addition of EDTA (4 mM final concentration). Values of the emission maxima of SP-A under different conditions are
given in the following order: (1) 5 mM Tris-HCI buffer (pH 7.2); (2) after addition of2Ga(3) after addition of EDTA.

350

N 20 pg/ml natural hSP-A 50 pg/mi SP-A1 Effect of Temperature on Self-Association of Different

§ A B &SP Recombinant Forms of SP-Agigure 7A shows that Ca-

8 om 004 e dependent self-association activity of natural human SP-A

§ is completely inhibited by unfolding of the collagen-like

= domain, supporting previous results with porcine SP23) (

2 o0 0,02 Figure 7B shows the effect of temperature on self-association

8 activity of recombinant human SP-A1 expressed in mam-

© malian or insect cells. Similar to natural human SP-A, the

3 o0 000 - ability of recombinant SP-Alm to undergo self-association
30 40 50 60 70 20 30 40 50 60 in the presence of calcium required a structurally intact

collagen domain (Figure 7B). In contrast, SPi®RIhardly
self-associated at any temperature. The lack of self-associa-
tion activity in SP-A1Y? supports recently reported results
with SP-Al expressed in insect cell20f. In addition, it
suggests that the oligomeric status of the protein, which

nm was monitored at the indicated temperatures at 1 min intervals.Seems to be correlated with proline hydroxylation in the

After stabilization, 5 mM C& (final concentration) was added to ~ collagen domain, must play a major role in the self-
both the sample and reference cuvette, and the turbidity changesassociation process. On the other hand, the glycosylation-
were monitored again at 1 min intervals until the absorbance was deficient mutant (SP-A1P1875¢ seemed to suffer nonspecific

stabilized. From the kinetics of €ainduced self-association of thermally induced aggregation, which may be responsible
SP-A at different temperatures, the extent of SP-A self-association for rapid increase in signal at high temperature (Figure 7B).

at each temperature was determined.
Lipid-Related Functions of Different Recombinant Forms

of SP-A1.The assessment of &adependent LPS aggrega-
and EDTA. This indicates a remarkable thermal stability of tjon induced by different recombinant forms of SP-A1 and
the globular domain of SP-A in which the tryptophan natural human SP-A is shown in Figure 8. We recently found
residues are located. Moreover, calcium-induced conforma-that SP-A-induced LPS aggregation was inhibited by unfold-
tional changes in the surroundings of SP-A aromatic side ing of the collagen-like domain2(). Therefore, these
chains were not affected by unfolding of the collagen-like experiments were done at 28, a temperature lower than
domain. On the other hand, Figure 6 also shows that thethe T, for the collagen domain of all these recombinant
lack of glycosylation in AsH’ had little influence on the  proteins. Figure 8 shows that rough LPS aggregates in buffers
fluorescence characteristics of SPIRE87Se’ The decrease  containing calcium and that only natural human SP-A and
in fluorescence intensity of the glycosylation-deficient mutant SP-A1m were able to foster further aggregation of the rough
in comparison with SP-AP might be a consequence of the LPS. SP-Alm-induced LPS aggregation was lower than that
tendency of this mutant to self-aggregate (see Figure 7). Self-induced by natural human SP-A. SP{#lor SP-A1Yp.187Ser
aggregation can affect fluorescence characteristics of SP-Adecreased the rate of rough LPS aggregation induced by
(22). calcium in the absence of any protein, indicating that these

Temperature (°C) Temperature (°C)

FiIGURE 7: C&"-dependent self-association of natural human SP-A
(A) and different recombinant forms of SP-A1 (B) as a function of
temperature. Natural hSP-A (2@/mL) and different recombinant
forms of SP-A1 (5Qug/mL) were added to the sample cuvette filled
with 5 mM Tris-HCI buffer (pH 7.2). The turbidity change at 360
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Ficure 8: Re-LPS aggregation induced by natural human SP-A
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Ficure 10: Effect of different recombinant forms of SP-Al1 on
the adsorption kinetics of surfactant-like membranes. Phospholipid
interfacial adsorption was measured at’25following the change

in surface pressure as a function of time for samples containing 70
ug of phospholipids/mL (surfactant lipid extract, containing SP-B

and different recombinant forms of SP-A1. The sample cuvette was and SP-C) with or without SP-A1 (13/mL) in a final volume of

first filled with Re-LPS (40ug/mL final concentration) in 5 mM
Tris-HCI, 150 mM NaCl, and 0.1 mM EDTA buffer at pH 7.2.
After a 10 min equilibration at 25C, SP-A (20ug/mL) was added

to the sample cuvette, and the change in optical density at 400 nm

was monitored. Next, 2.5 mM Cawas added to the sample and

reference cuvettes, and the change in absorbance was monitore

6 mL of 5 mM Hepes buffer, pH 7.0, 150 mM NacCl, and 5 mM
CaClb.

for phospholipid vesicle aggregation. Figure 9B compares

6he ability of natural human SP-A, AP-SP-A, and recombi-

again. Ca"-dependent Re-LPS aggregation was reversed by addi- Nant SP-Alm to induce lipid aggregation. These experiments

tion of EDTA (5 mM). Natural hSP-A (open triangles), SP-A1lm
(closed circles), SP-AP (gray squares), and SP-&R.187Sefopen
circles) are shown. Ga -dependent Re-LPS aggregation in the
absence of SP-A is also shown (solid line).

Lipid/SP-A (5:1, wiw), 25°C Lipid/SP-A (10:1, wiw), 37°C
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FiGurRe 9: Vesicle aggregation induced by SP-A. Panel A: DPPC/
DPPG vesicle aggregation induced by different recombinant forms
of SP-A1 at 25°C and at a lipid:SP-A weight ratio of 5:1 (10@

of phospholipids/mL and 20g of SP-A/mL). Panel B: Comparison

of vesicle aggregation activity of SP-Alm with that of AP-SP-A
and natural human SP-A at 3T and at a lipid:SP-A weight ratio

of 10:1 (50ug of phospholipids/mL and pg of SP-A/mL). Natural
hSP-A (open triangles), AP-SP-A (open diamonds), SP-A1m (closed
circles), SP-AP (gray squares), and SP-AR187Se(gpen circles)

are shown.

nonhydroxylated proteins could bind but not aggregate roughAlhyp and SP-AY

LPS.

Figure 9A compares the ability of different recombinant
forms of SP-Al to induce DPPC/DPPG vesicle aggregation
in the presence of calcium at a temperature €% lower
than theT,, for the collagen domain of these recombinant
proteins. The capability of hydroxylated SP-Alm to ag-

were performed at 37C and at higher lipid:SP-A weight
ratio (10:1), conditions close to those present in the alveolar
fluid. Results indicated that the capacity of SP-Alm to
aggregate lipid vesicles was similar to that of natural hSP-A
or AP-SP-A.

Figure 10 shows the curves of surface pressure against
time of surfactant-like membranes (containing SP-B and SP-
C) in the absence and presence of SP-Al. In the absence of
SP-A the curves were sigmoidal, showing a lag time of about
10 min for the concentration of phospholipids used. Accord-
ing to Putman et al.29), the lag time likely represents the
rate of transport of phospholipids through the bulk liquid.
During this time an increase of surface pressure is absent.
The parameter defined as adsorption rate (the tangent to the
curve at its point of inflection) likely represents the process
of spreading. The equilibrium surface pressure (47 mN/m)
was reached at longer times for the concentration of
phospholipid used.

The presence of hydroxylated SP-A1m highly enhanced
the adsorption rate of surfactant-like membranes from a
subphase into an aiwater interface and decreased the lag
time. Thus, the equilibrium surface pressure (47 mN/m) was
reached at shorter times. The competence of SP-Alm to
enhance the adsorption rate of human surfactant-like mem-
branes was similar to that of natural hSP-A or AP-SP-A (data
not shown). In contrast, the presence of nonhydroxylated SP-
p.187Serhighly reduced the lag time but
decreased the adsorption rate of surfactant-like membranes.
These results suggest that these proteins may bind surfactant
vesicles and increase the rate of transport of phospholipids
through the bulk liquid but do not promote the spreading of
the material along the surface.

DISCUSSION

gregate phospholipid vesicles was much higher than those

of nonhydroxylated SP-A1P or SP-A1YP187Ser These results

In this study we investigated the effects of proline

indicate that the presence of hydroxyproline is also important hydroxylation and Ask’-linked glycosylation on the mo-
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lecular and functional properties of recombinant human SP- cysteine present in the middle of the collagen-like sequence
Al. The production of this recombinant protein in mamma- within the Pro-Cys-Pro-Pro interruption (C§s are poten-
lian and insect cells presents a unique opportunity to exploretially involved in the arrangement of the disulfide bonding
the role of proline hydroxylation, since insect cells lack prolyl (14) (Figure 1). In the rat, the Cy$ disulfide bridge is
4-hydroxylase activity30—32). The role of the Nf"-linked involved in the formation of rat SP-A oligomer84, 35).
oligosaccharide moiety of SP-A was determined by produc- Alveolar proteinosis SP-A also contains the Cysoform
tion of a glycosylation-deficient mutant SP-Al expressed in (14). N-Terminal sequence analysis of SP-Al indicated that
insect cells, in which Asf{” was substituted for Ser to prevent 60% of recombinant SP-A% and 45% of SP-A1m mol-
N8”linked oligosaccharide attachment. All of these proteins, ecules contain the Cysisoform (data not shown). However,
schematized in Figure 1, were structurally characterized with the potential implication of this Cy$ residue on the
respect to covalent and noncovalent oligomerization under disulfide-bridged structure of human SP-A remains elusive.
native conditions, arrangement of disulfide bonding, second- Likewise, the potential participation of C§slocated in the
ary structure, thermal stability of the collagen domain, collagen domain above the kink (Figure 1), is still undefined.
conformational changes in the globular domain identified by Our results indicate that, at least in some SP¥holecules,
intrinsic fluorescence, and ability to self-associate. In addi- only two polypeptide chains of the triple helix are covalently
tion, the role of hydroxylation and glycosylation on lipid- bound by one or two disulfide bonds because the treatment
related functions of SP-A was determined. of this protein with denaturing agents (SDS and heat) under
Hydroxylation of proline residues in SP-Alm raised the nonreducing conditions yielded dimers and monomers. In
melting temperature of the collagen-like domain by about 9 contrast, hydroxylated SP-Alm yielded mainly trimers and
°C. TheTn, values determined by CD analysis were 445 larger forms, indicating that, in most SP-A1lm molecules,
for SP-Alm expressed in mammalian cells and°86for two disulfide bonds cross-link the three polypeptide chains
SP-ATY? expressed in insect cells. This value is slightly of the triple helix, and they must be involved in triple helix
below body temperature. The collagen-like domain of both and oligomer stabilization. Collectively, these data suggest
natural human SP-A20) and C1q 83) has aT, of 48 °C, that the lack of hydroxyproline results in local structural
which is well above body temperature. The lowky of perturbation in the triple helix that affects the arrangement
recombinant human SP-Al expressed in mammalian cellsof intermolecular disulfide bonds.
with respect to natural human SP-A is likely related to the  On the other hand, our results demonstrate that the stability
lower proportion of octadecameric structures relative to the of the collagen-like domain, which is linked to proline
proportion of smaller forms. The combination of both gene hydroxylation and the degree of oligomerization, is correlated
products (SP-Al and SP-A2) may be important for the with the ability of SP-A to self-associate in the presence of
formation of octadecameric tissue SP-20). calcium. Hydroxylated SP-Alm self-associated at tempera-
McCormack et al. reported that hydroxylation of proline tures lower than th&, for its collagen-like domain (44.5
residues is required for the formation of octadecamers in rat °C). This behavior is similar to that of natural human SP-A,
SP-A 30). Consistent with these findings, our results indicate which self-associated at temperatures lower thafCi&elf-
that the presence of hydroxyproline imparts stability to the association activity of natural human SP-A or SP-A1lm was
triple helical trimers, which in turn may promote lateral completely inhibited by unfolding of the collagen-like
association of SP-A trimers to form the microfibril end piece domain, supporting previous results with porcine SF23).(
below the kink. First, the electrophoretic analysis of SP-A1l In contrast, nonhydroxylated SP& hardly self-associated
under native conditions in the absencggahercaptoethanol  at any temperature assayed. SP-A self-association depends
indicated that hydroxylated SP-A1m consisted mainly of high on calcium, and Cd induces a conformational change in
oligomeric forms with smaller amounts of trimers, whereas the globular domain of the protein identified by intrinsic
nonhydroxylated SP-A1P consisted mainly of trimers with  fluorescence. Thus, it is possible that specific SPSP-A
smaller amounts of hexamers. These results suggest that thassociation occurs among globular heads. A structurally intact
higher stability of hydroxylated trimeric stems likely pro- collagen domain would ensure the grouping and orientation
motes lateral association of SP-A trimers to form oligomeric of globular heads in the oligomer.
SP-A. Second, the electrophoretic analysis of different One of the most interesting effects of SP-A on surfactant-
recombinant forms of SP-Al under native conditions in the like phospholipid vesicles is its ability to induce rapid
presence of-mercaptoethanol indicated that the triple helix aggregation of these vesicles with or without surfactant
of SP-Alm remained intact when disulfide bonds were hydrophobic proteins SP-B and SP-T7(18, 21, 23). This
reduced at low temperatures. Moreover, larger forms of SP-process is dependent on calcium and predicts the surface-
Alm were also visualized, indicating that lateral association active properties of the protein in concerted action with SP-B
of the microfibril end can also be stabilized by noncovalent (17, 36). In addition, SP-A is able to induce aggregation of
interactions. By contrast, the treatment of SPY¥AWith rough LPS 87). This activity facilitates phagocytosis of
reducing agents at low temperatures yielded the monomericendotoxin aggregates by alveolar macrophages and prevents
form, indicating that the trimeric stems of nonhydroxylated adherence of endotoxins or bacteria to the alveolar epithe-
SP-AIYP are less stable and dependent on covalent interac-lium. It is possible that the process of lipid and rough LPS
tion. aggregation mediated by SP-A is correlated with that of self-
Hydroxylation of proline residues may also influence the association of the protein. Our results indicate that hydroxy-
arrangement of disulfide bonding on human SP-Al, as lated SP-A1m, but not nonhydroxylated SPE®1was able
suggested for rat SP-A(). The pattern of disulfide bonds to foster rough LPS aggregation in the presence of calcium
of human SP-A is not clear. Two cysteine residues, one and to induce phospholipid vesicle aggregation and enhance
present in the N-terminal segment (€ysand a second the adsorption rate of surfactant-like membranes, containing
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SP-B and SP-C, to an aitiquid interface. These lipid-related
activities might correlate with the ability of SP-A1lm, but
not SP-ADYP, to self-associate in the presence of calcium.
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sistance of Sabine Drewitz, Marion Eisenhauer, and Jens
Breyer in producing the recombinant SP-As.
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