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A water-soluble extract from a Hawaiian forest soil, rieh in biologieal surfactants, has been ehemically 
characterized by elemental, infrared, and X-ray diffraction analyses and by pyrolysis mass spectrometry. 
A probable interaction ofthese rather hydrophobic surfaetants with abundant minerals in the Hawaiian 
soil extraet is suggested. Such interactions between oxygen groups and metal ions may aid in the dispersal 
ofthe surfactants in natural waters. These biological surfactants, whieh were previously shown to stabilize 
long-lived gas microbubbles in aqueous media, were then isolated, purified, and their heterogeneity 
examined using a variety of biochemical methods. It is concluded that microbubble surfactant actuaIly 
represents a glyeopeptide-lipopolysaccharide complex, which is reversibly held together by both hydrogen 
bonding and nonpolar interactions. Additional data are given which suggest that the glyeopeptide 
fraction is probably derived from the main chlorophyIl-protein complex present in higher plants and 
green algae. 

INTROOUCTION 

Many natural waters and water extracts 
from soils often exhibit a yellowish to brown 
color owing to the presence of organic sub
stances. The color in natural waters, according 
to Christman and Ghassemi (1), originates 
from the decay of the forest vegetation. A de
tailed knowledge ofthe chemistry ofthese or
ganic substances is needed to adequately ac
count for the important properties of naturally 
occurring surfactants often found in forest soil 
(2). The importance of these biological sur
factants stems from the ability ofsome ofthem 
to stabilize gas microbubbles in both fresh and 
sea water over long periods oftime (2-5). The 
presence of such stable gas microbubbles in 
natural waters is of practical concem to fields 
as varied as fisheries research, ocean engi
neering, and commercial oil recovery (5, 6). 
Accordingly, to understand the geochemical 
properties ofthe surfactant mixture surround
ing natural microbubbles, a water-soluble ex
tract from a Hawaiian forest soil, rich in mi-
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crobubble surfactants (5), has been chemically 
characterized in the present study. 

A second objective ofthis investigation was 
to obtain additional biochemical data on the 
isolated microbubble surfactant mixture itself. 
This surfactant mixture was shown in earlier 
studies to contain low-molecular-weight gly
copeptides of similar structure, which were 
invariably contaminated with a much greater 
quantity of oligosaccharide material (5). The 
low solubility in water (5) and oily nature of 
the microbubble surfactant mixture further 
suggested that lipids, previously unidentified, 
might also represent a major component of 
the mixture. In this paper, we provide data 
on the biochemical heterogeneity of the mi
crobubble surfactant mixture and identify the 
probable natural source of its characteristic 
glycopeptide fraction. 

MATERIALS ANO METHOOS 

Preparation 01 aqueous soil extraet. The A 11 

+ A I2 horizons from a Udorthent soil, rep-
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resentative of the Kokokahi clay series, was 
used. This was of the montmorillonitic, iso
hyperthermic family, located at the island of 
Oahu, Hawaii (7). 

Solutions were prepared using 2 kg of 
(damp) surface soil added to 10 liters of dis
tilled water and refrigerated. The mixture was 
gentIy swirled at intervals for 1 day, and all 
undissolved materials were allowed to settIe 
on the second day. The supernatant was fil
tered with suction through a precleaned Gel
man Acropor 3-~m (pore diameter) mem
brane filter in conjunction with a Gelman 
thick glass-fiber prefilter. Two-thirds of the 
resulting filtrate was utilized for isolation of 
microbubble surfactant (see below), while the 
remainder was pipetted in 15-ml aliquots into 
separate glass vials and stored frozen until 
needed. The 15-ml aliquots were lyophilized 
to get the dry powder sample for analyses. 

Elemental, infrared, and X-ray diffraction 
analyses. Elemental analyses were determined 
by the Canadian Microanalytical Service Ud., 
Vancouver. The total Ca, Mg, P, Na, K, and 
Fe were determined by Dr. Carmen Mazuelos, 
Centro de Edafologia, with a Perkin-Elmer 
Model 703 absorption spectrophotometer. 
The infrared spectrum of the lyophilized ma
terial was taken on K Br pellets (1 mg sample 
in 200 mg K Br) with a Perkin-Elmer Model 
337 infrared spectrophotometer. X-Ray dif
fraction analysis was carried out by Dr. Car
men Hermosin, Centro de Edafologia, in a 
Philips PW 10 1 O diffractometer using Ni-fil
tered, CuKa, radiation operated at 30 kVand 
20 mA, scanning speed of 1 ° Imin, time con
stant 2, and range of diffraction angles from 
2 to 60°. 

Pyrolysís mass spectrometry. The method 
has been described extensively in previous pa
pers (8,9). The extract (1 mg) was suspended 
in methanol (1 mI) by mild ultrasonic treat
ment. From this suspension, 5-~1 samples were 
applied to ferromagnetic coated wires and the 
solvent was evaporated under rotation. The 
coated wires were mounted in glass reaction 
tubes. The automated pyrolysis mass spec
trometry system has been described in detail 

elsewhere (10). Briefly, it consists of a sample 
changing device, a Curie-point pyrolysis re
actor with a high-frequency generator (Fisher 
Labortechnik GmbH, 1.5 kW, 1.1 MHz), a 
quadrupole mass spectrometer (Riber, QMI7) 
with an ion counting detector, anda mini
computer (D-116, Digital Computer Con
trols). Pyrolysis was accomplished by inductive 
heating up to the Curie-temperature (510°C) 
of the ferromagnetic wire (Fe/Ni) within 0.1 
s. The total heating time was 0.8 seco For nor
malization and graphic representation, peaks 
at 43 and 44 miz were deleted in the case of 
the Hawaiian soil extracto 

Isolation 01 microbubble surfactant. Isola
tion of the microbubble surfactant mixture 
itself from the aqueous soil extract followed 
the protein-extraction method used in earlier 
work (5) on forest soils and also commercial 
agarose from marine algae. Table I provides 
a typical example of the effectiveness of the 
protein-extraction method in removing sur
factant-stabilized microbubbles from agarose 
gels (5), as evidenced by the drastic reduction 
in bubble production upon decompression of 
such gels. In the present study, the aqueous 
soil extract (see aboye) was diluted with 4 vol 
of95% ethanol, after which a dark-brown pre
cipitate slowly formed. After 24 hr, the pre
cipitate was removed by filtration through a 
precleaned 3-~m membrane filter; the filtrate 
was then refiltered through a 5000-Da cutoff 
molecular filter (Nuclepore). This filtrate, 
which contained the microbubble surfactant, 
was concentrated over a 1,000-dalton cutoff 
molecular filter (Nuclepore). The retentate, 

TABLE 1 

Bubble Production following Rapid Decompression to 
Atmospheric Pressure of Agarose Gels (0.27 mi) Saturated 
with N2 at 85 psig 

No.of No. of bubbles 
Gel type trials (mean ± SEM) 

Agarose (Lot 60808) 
before protein extraction 12 24.67 ± 2.95 

Agarose (Lot 60808) afier 
protein extraction 36 0.08 ± 0.05 
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containing concentrated surfactant, was then 
diluted with high-purity absolute ethanol and 
reconcentrated. The absolute ethanol wash 
was repeated three times, leaving a final re
tentate volume of 22 mI (containing approx
imately 550 f.Lg ofprotein). Half ofthis volume 
was employed in a concurrent monolayer 
study (11), while the other half was concen
trated by evaporation in preparation for col
umn chromatography. 

Gel-filtration column chromatography, amino 
acíd analysis, and carbohydrate determination. 
The concentrated microbubble surfactant sam
pIe (1.0 mI) was applied directly to a column 
(1.5 cm i.d. X 35 cm) ofSephadex LH-20, which 
had been prewashed with 95% ethanol over a 
period of 1 week and thereafter equilibrated with 
95% high-purity ethanoI/5% water. The column 
was eluted with the equilibrating solvent mix
ture, at a flow rate of 1 mI/4 min. The volume 
per fraction was 0.65 mI, and each fraction was 
combined with an added 0.7-ml aliquot ofthe 
same solvent mixture before being analyzed on 
a Beckman Model25 spectrophotometer at 230 
and 280 nm. 

Selected fractions were pooled and prepared 
for automated amino acid analysis by (com
plete) hydrolysis in 5.7 N HCI in evacuated, 
sealed ampules for 24 hr at 11O°e. Analyses 
were performed on a Beckman 120C amino 
acid analyzer. 

Other fractions were prepared for carbo
hydrate analysis by hydrolysis (of the surfac
tants' glycosidic bonds) in 2 N HCI in sealed 
ampules for 6 hr at 100°C (12). Monosac
charide analyses were performed on a pro
grammed Tracor 985 high-performance liquid 
chromatography (HPLC) system employing a 
Bio-Rad HPX-87C cation-exchange column 
for monosaccharide separation. 

RESULTS 

Chemical characterization of the soil extract 
yields, on an ash-free basis, 26.3% C, 4.6% H, 
5.5% N, and 63.6% O + S (by difference). Ash 
content was 37.4%. The ash composition was 
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22.0% Ca, 8.0% Mg, 6.25% P, 2.06% Na, 1.51 % 
K, and 1.75% Fe. 

Although the application ofIR spectroscopy 
to soil organic matter is somewhat limited by 
the nature of such material which contains 
numerous infrared active groups that lead to 
extensive overlapping of individual absorp
tions, several bands do appear as discrete or 
reasonably well defined in humic compounds 
(13, 14). For example, in such IR studies, hy
drogen bonded OH groups give a broad ab
sorption band with a maximum around 3400 
cm- I

, while carboxylate ions (COO-) display 
bands at ca. 1620 and 1380 cm- I

, all ofwhich 
are observed in the Hawaiían soil extract (Fig. 
1). This spectrum is similar to those reported 
by Dormaar (15) for lyophilized defrost water 
obtained during spring thaw from Canadian 
Black Chernozemic Ah and Ap horizons, in 
which sorne of the bands were assigned to 
nitrates, sulfates, and carbonates. Spectra for 
pure sulfates (major band at ca. 1100 cm- I

), 

nitrates (major bands at ca. 1420 and U85 
cm- I

), and carbonates (major bands at 1420 
and 875 cm- I

) showed absorption bands in 
agreement with those found in the Hawaiían 
soil extracto Both extracts showed that Ca and 
Mg were the main cations. Therefore, bands 
for organic components were probably masked 
by the inorganic contribution. The X-ray dif
fraction pattern, in Ángstroms, was 2.82 (JI 
/0 = 100), 1.99 (43), and 1.62 (12). TheASTM 
data for NaCl was 2.82 (lOO), 1.99 (55), and 
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Ro. 1. IR spectrum of the Hawaiian soil extracto 
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1.62 (15). Therefore, NaCl was also present 
in the soil extraet, although it was not evi
deneed in the infrared speetrum beeause of 
the laek of sueh absorption properties by this 
eompound. 

Figure 2A presents the pyrolysis mass spee
trum for the soil extraet. In previous work (8, 
9, 16) it was shown that eomplex organie ma
terials like polysaeeharides, proteins, lignins, 
and soil humie fraetions have eharaeteristic 
peaks yielding a typieal pattern, whieh give 
preliminary information about the eomposi
tion of the pyrolysis fragments. Thus, ehar-
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aeteristie peaks for polysaeeharides were ob
served at 60,68, 82, 84, 96, 98, 110, 112, and 
126 miz, whieh were also present in the soil 
extraet. They were shown to be related to 
aeetie acid, furan, methylfuran, hydroxyfuran, 
furfural, furfuryl alcohol, methylfurfural, 
methoxymethylfuran, and a typieal pyrolysis 
fragment of polysaeeharides with hexose andl 
or deoxyhexose units, respeetively. 

Alkenes were indicated by prominent peaks 
at 28, 42,56, 70, and 84 miz (ethene to hex
ene). They were probably derived from ali
phatie aeids, as evideneed by the fragment 
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FIG. 2. Pyrolysis mass spectra: (A) Hawaiian soil extract; (B) fulvic acid from Typic Chromoxerert; (C) 
water-soluble humic acid from Typic Chromoxerert. 
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series at 43, 57, 71, 85 mIz, and a massive 
peak at 44 miz (C02) indicating an extensive 
decarboxylation. (Note that 43 and 44 miz 
are not shown in Fig. 2A; see Materials and 
Methods.) 

The peaks seen at 67, 81, 95, and 117 
miz (Fig. 2A) are common for nitrogen-con
taining material s (e.g., proteins, peptides, 
amino acids) and are likely to represent (alkyl) 
pyrroles and indole. In addition, some peaks 
were related to aromatic compounds, for ex
ample, those at 92 (toluene), 94 (phenol), 108 
(cresol), 120 (Cralkylbenzene and/or vinyl 
phenol), 122 (xylenol), 124 (guaiacol), and 138 
mIz (methylguaiacol) (Fig. 2A). Guaiacol de
rivatives are typical pyrolysis products of lig
nins and lignin degradation products (17). 
Toluene, phenol, cresol, and xylenol arise from 
either aromatic amino acids, lignins, or humic 
substances. 

Soil' fulvíc acid (Fig. 2B) shows dominant 
signals similar to those observed in a complex 
polysaccharide spectrum (9), with peaks at 68, 
82, 84, 96, 98, 110, 112, 114, 126, and 128 
mIz. In addition, nitrogen-containing frag
ments are low. Evidence of polysaccharide is 
also shown in the spectrum of a water-soluble 
fraction of humic acid (Fig. 2C), isolated by 
gel filtration (13). However, the presence of 
homologous ion series of sulfides (34, 48 
mIz), pyrroles (67,81,95 mIz), pyridine (79 
mIz), benzenes (78, 106 mIz), phenols (94, 
108, 122 mIz), indole (I 17 mIz), and lignin
derived units (124, 138, 150 miz) with variable 
intensity, indicate the similarity with other soil 
humic fractions (9). 

The above-mentioned strong indication of 
alkenes (derived from acyllipids) by the py
rolysis mass spectrum of the soil extract ac
cords well with results from iodine-stained, 
thin-Iayer chromatography ofthe isolated mi
crobubble surfactant mixture itself; these bio
chemical data indicated a high content of un
saturated acyl lipids (Reimer and D' Arrigo, 
unpublished data). This prominent lipid con
tent, as well as the large proportion of oli
gosaccharide material, was again noted during 
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concentration of the isolated microbubble 
surfactant mixture, prior to further purifica
tion vía column chromatography in this study. 
During evaporation, a large quantity ofwhitish 
precipitate steadily formed. The whitish pre
cipitate was subsequently found to contain 
carbohydrate and lipid material, the former 
determined by HPLC and the latter by thin
layer chromatography and nuclear magnetic 
resonance (NMR) spectroscopy (see also 
below). 

The gel-filtration column chromatography 
of the concentrated microbubble surfactant 
mixture, on Sephadex LH-20, resulted in the 
surfactant mixture being separated into three 
major peaks (Fig. 3). As in the previous bio-
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Ba. 3. Gel-filtration column chromatography of par
tially purified miCfobubble surfactant using Sephadex LH-
20, The column (1.5 cm i.d, X 35 cm) was washed and 
equilibrated with 95% ethanol/5% water over a period of 
1 week. The column was eluted with the equilibrating 
solvent mixture, at a flow rate of 1 mlj4 mino The volume 
per fraction was 0.65 mI, and each fraction was combíned 
with an added 0,7 mI alíquot ofthe same solvent mixture 
before beíng analyzed spectrophotometrically at 230 and 
280 nm. 
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chemical study (5), most ofthe surfactant ma
terial (peaks I and 11) eluted soon after the 
void volume (Vo); hence, the surfactant mol
ecules succeeded in entering the Sephadex LH-
20 gel matrix, which has an exclusion limit 
in ethanol of approximately 4000 Da (18). 
However, there was a higher proportion of 
late-eluting (and possibly interacting (18» 
surfactant material (peak I1I) from this pre
parative column chromatography than ob
served in the previous study. [This result and 
additional minor differences may well stem 
from the fact that although the forest soil used 
in both studies was taken from the same exact 
physical site, the actual dates of soil collection 
for the two cases differed by 1.5 years.] 

To obtain data on the heterogeneity ofthe 
glycopeptide fraction of microbubble surfac
tant, comparative amino acid analyses were 
performed on two ofthe major peaks obtained 
from gel filtration. From the ratio of absor
bances at 230 and 280 nm (7) and the elution 
profile shown in Fig. 3, it appeared that peaks 
I and III would differ the most in ami no acid 
composition and, therefore, these two peaks 
were selected for amino acid analysis. Peak I 
was sufficiently large to be divided into three 
equal aliquots and peak III into two equal 
aliquots for automated analysis. Peak 11, which 
eluted closest (Fig. 3) to the dominant peak 
I and presumably was most similar in molec
ular composition to this large initial peak, was 
analyzed separately by HPLC for carbohydrate 
contento 

Table II lists tbeamino acid values obtained 
from the individual determinations for peaks 
I and III. Agreement between individual trials 
was excellent for the dominant peak 1, and 
mostly very good for peak III where less pro
teinaceous material was available for analysis. 
Judging from the obvious absence of proline 
in peak I1I, it may well be the case that the 
material contained in this late-eluting (Fig. 3) 
peak, having a total amino acid composition 
(except for proline) somewhat similar to peak 
1, represents a partial degradation product (or 
several products) of the dominant, first peak. 

TABLE 11 

Amino Acid Compositiona of Microbubble Surfactant 
Peaks Obtained from Sephadex LH-20 Chromatography 
(shown in Fig. 1) 

Peak 1 detenninations 

Amino acid 1st 2nd 3rd 

Aspartic acidb 6.69 6.63 6.71 
Threonine 7.64 7.70 7.69 
Serine 10.72 11.03 10.91 
Glutamic acidc 12.99 12.74 12.70 
Proline 7.38 7.17 6.91 
Glycine 15.53 15.80 15.25 
A1anine 9.44 9.65 9.61 
Cysteined O O O 
Valine 9.71 10.03 10.01 
Methionine O O O 
Isoleucine 5.31 4.74 4.90 
Leucine 9.48 9.29 9.38 
Tyrosine 1.19 1.02 1.35 
Phenylalanine 2.04 1.92 2.12 
Lysine 0.93 1.30 1.32 
Histidine O O O 
Arginine 0.97 0.97 1.12 

Peak 111 
determinations 

1st 2nd 

7.74 8.20 
6.76 6.09 

11.72 10.27 
16.72 17.68 
O O 

22.17 21.59 
7.04 7.88 
O O 
5.69 4.94 
O O 
3.14 3.30 
6.46 7.48 
3.53 3.39 
2.61 2.62 
2.05 2.11 
O O 
4.37 4.48 

Note. Values for individual determinatíons are gíven in 
mole%. 

a Hydrolysis in 5.7 N HCI for 24 hr at 110°C. No cor-
rections have been made for destruction (e.g., tryptophan) 
or incomplete hydrolysis. 

b Value inc1udes asparagine residues also. 
e Value inc1udes glutamine residues also. 
d Cysteine as I f2-cystine. 

In any case, the very prominent, early peak 
(1) appears to have been quite homogeneous 
in its peptide composition, as judged from the 
excellent agreement ofthe separate amino acid 
analyses for this particular peak (Table 11). 
This finding may indicate the existence of a 
single, but yet widespread, type of glycoprotein 
precursor for the main glycopeptide subfrac
tion from microbubble surfactant (see Table 
III and Discussion). 

From the carbohydrate analyses of peak 11, 
it was determined that 780 ¡..tg of polysaccharide 
(i.e., polymers of neutral monosaccharides with 
polymer mol wt of 1000-5000) were reversibly 
complexed with the estimated 19.5 ¡..tg of gly-
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TABLE III 

Amino Acid Compositiona of the Main Glycopeptide Subfraction (Peak 1 in Table 11) from Microbubble 
Surfactant and of the Light-harvesting Chlorophyll a/b--Protein from Higher Plants and a Green Alga 

Light-harvesting chlorophyll a/b-protein 

Peak 1 Spinach 

AmiDo acid (mean) beet" Tobacco' Oat' Spinachb Spinach" Ch1amydomonasd 

Aspartic acide 6.7 9.5 9.4 9.8 9.7 11.0 8.8 
Threonine 7.7 3.1 3.0 3.8 2.6 3.1 5.0 
Serine 10.9 4.4 4.2 3.3 3.4 5.5 3.6 
Glutamic acidf 12.8 9.4 9.1 9.6 8.9 8.8 9.1 
Proline 7.2 7.4 7.8 7.0 7.9 7.9 7.2 
Glycine 15.5 13.1 14.0 13.1 13.8 13.6 12.5 
Alanine 9.6 10.6 11.9 11.5 10.4 10.2 11.2 
CysteineK O 0.5 0.6 
Yaline 9.9 6.8 6.6 7.1 7.1 6.3 4.4 
Methionine O 1.6 1.0 1.7 
Isoleucine 5.0 4.6 4.7 4.7 4.2 2.6 4.4 
Leucine 9.4 10.0 10.6 10.8 11.1 10.3 11.5 
Tyrosine 1.2 2.6 2.3 2.8 2.2 2.8 3.3 
Phenylalanine 2.0 5.8 6.7 6.3 7.2 6.4 6.8 
Lysine 1.2 5.4 5.3 5.7 6.3 5.1 5.3 
Histidine O 1.1 0.9 1.0 1.4 1.4 1.5 
Arginine 1.0 3.1 3.2 3.5 3.6 3.2 3.2 
Tryptophan 1.1 1.0 

a Hydrolysis in 5.7 N HCI for 24 hr at 110°C. No corrections have been made for destruction (e.g., tryptophan) 
or incomplete hydrolysis. Yalues for individual determinations are given in mole%. 

b Ref. (30). 
cRef.(31). 
d Ref. (32). 
e Yalue includes asparagine residues also. 
fYalue includes glutamine residues also. 
K Cysteine as 1/2-cystine. 

eopeptide eontained in this peak. Henee, the 
ealculated earbohydrate:g1yeopeptide weight 
ratio is approximate1y 40: 1. 

DISCUSSION 

Aqueous extraets from forest soils eontain 
aliphatic organie aeids and phenolie eom
pounds, free or linked to eondensed struetures 
(19). It appears that the Hawaiian soil extraet 
also ineludes these kinds of materials. Ali
phatie acids are deearboxylated upon pyrolysis 
and the soiI extraet speetrum has peaks whieh 
predominate at 43 and 44 miz (C02), which 
were deleted in order to normalize the spee
trum for graphie representation. Furthermore, 
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the earboxyI groups were most probably 
bonded to the inorganic eonstituents by form
ing salts and ehelates, explaining the high 
amount of ash found. Consequently, the ash 
and its eatalytie effeets, together with the reI
ative sparsity of eondensed struetures, cause 
an extensive fragmentation of the Hawaiian 
soil extraet by pyrolysis (Fig. 2A), in eontrast 
to the soiI humic fraetions (see Figs. 2B and 
C) (9). 

Polysaeeharides probably eonstitute one of 
the most abundant fraetions in soil organie 
matter and they are present as sueh or eom
bined with the extraeted humie fraetions. As 
can be seen from the findings with soil extraet 
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and humic fractions (Results), water-soluble 
materials are made up of a complex mixture 
of polysaccharides, proteins, phenolic, and 
lignin-derived compounds, as welI as other 
aliphatic materials. These compounds are 
present in various proportions, from which 
some of the oxygen-containing functional 
groups (carboxyls, phenolic, and alcoholic hy
droxyls, etc.) are capable of interacting with 
metal ions, metal oxides, metal hydroxides, 
and more complex minerals to form metal
organic associations ofwidely differing chem
ical and biological stabilities and character
istics. In this connection, Dawson el al. (20) 
pointed out that water-soluble compounds 
contain strongly chelated carboxylic acid 
groups playing a major role in the organic 
matter-metal interaction. Most of the water
soluble materials from forest soils are less than 
5000 Da, and with them are associated most 
of the metals (20-22). 

Similarly, all ofthe microbubble surfactants 
which have been characterized biochemicalIy 
to date from Hawaiian forest soil are known 
to be below 5000 Da (Results; (5». The prob
able association of these rather hydrophobic 
(5) microbubble surfactants with the cations 
found in the Hawaiian soil extract, as sug
gested by our results and those of Dawson el 
al. (20), may welI aid in the dispersal of the 
surfactants in natural waters. Accordingly, this 
oxygen group-metal interaction increases the 
ability ofthe microbubble surfactants to even
tualIy reach the air-water interface of mac
roscopic bubbles in these waters. The surfac
tants contained in this water-soluble mixture 
would be expected to include glycopeptides, 
oligosaceharides, and aeyl lipids, based upon 
the bioehemical data obtained on isolated mi
erobubble surfaetant (Results). Therefore, it 
is logieal that the pyrolysis mass speetrum for 
the Hawaiian soil extraet displays eharaeter
istie peaks for peptides, polysaeeharides, and 
aeyl lipids (Results). 

As the macroscopie bubbles in natural wa
ters, loosely coated with surfactants, slowly 
shrink in size to become film-stabilized gas 

microbubbles (5, 23), the oxygen group-metal 
interactions are probably replaced by hydrogen 
bonding between the various oxygen-contain
ing functional groups ofthe surfactants in the 
insoluble monolayer. This transition appears 
likely since the biochemical findings (see be
low) indicate that the microbubble surfactant 
mixture actually represents a glycopeptide
lipopolysaccharide complexo 

The surfactant complex appears to be re
versibly held together partly by hydrogen 
bonding, since either electrophoresis in 8 M 
urea-polyacrylamide gels or gel-filtration col
umn ehromatography (on Sephadex G-25) in 
eluting buffer containing 4 M guanidine-HCI 
was previously found (5) to be suflicient to 
monitor the behavior ofthe monomeric form 
of the glycopeptide fraction. Such hydrogen 
bonding between protein and carbohydrate in 
monomolecular films at an air/water interface 
has been described by others earlier (24, 25). 
Nonpolar penetration also appears likely to 
be involved in formation of the microbubble 
surfactant complex since non polar side chains 
of the glycopeptides ean penetrate into the 
lipophilic portio n of the lipopolysaceharide 
material. Evidence for such reversible, non
polar interaetions is provided by the fact that, 
both in this study and the previous biochem
ical study (5), either molecular filtration 
(through a 5000-Da eutoff membrane filter) 
of the ethanol-solubilized microbubble sur
faetant or gel-filtration column chromatog
raphy (on Sephadex LH-20) in a 95% ethanol/ 
5% water eluting solvent mixture also has been 
found suflicient to monitor the behavior of 
glycopeptide monomers. 

The polysaccharide:glycopeptide weight ra
tio within the surfactant complex, as estimated 
from the chemical analyses of peak 11 (Re
sults), was found to be quite high, i.e., 40: 1. 
Interestingly, this considerable ratio is still not 
suflicient to explain quantitatively the large 
areas encountered with the surface pressure
versus-area curves recently obtained for spread 
monolayers of the mierobubble surfactant 
mixture at an air/water interface (11). Ac-
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cordingly, additional (nondestructive) mea
surements involving NMR spectroscopy on 
aliquots from peak 11 (and peak 1) beforehand 
revealed the presence of a very significant 
quantity oflipid remaining in this further pu
rified, microbubble surfactant mixture as well 
(Rice and D'Arrigo, unpublished data). 

Despite the relatively small weight contri
bution ofthe glycopeptide fraction to the mi
crobubble surfactant complex, tbis fraction has 
continually been found (5) to represent a re
liable and characteristic component of mi
crobubble surfactant preparations isolated 
from both marine algae and forest soils. The 
amino acid molar ratios shown in Table 11 
(for peaks 1 and I1I) resemble those obtained 
with less pure preparations (5) of the glyco
peptide fraction, although the agreement 
among individual amino acid determinations 
is understandably far better in the present 
study. The agreement is particularly striking 
in the case of the main glycopeptide subfrac
tion (peak 1 in Table 11), which may indicate 
the existence of a single type of protein pre
cursor. An earlier search of the biochemical 
literature (5) suggested several animal sources 
for the protein precursor. (See also the related 
work ofLoeb and Neihof(26) on marine con
ditioning films.) The literature search was now 
expanded and yielded the conclusion that an
other possible and more widespread precursor 
is the light-harvesting chlorophyll ajb-protein 
(LHCP), which is present in almost all pho
tosynthetically grown higher plants and green 
algae (27-29). It is by far the major pigment
protein in these plants and accounts for 40-
60% of the total chlorophyll (27, 28). Table 
III lists the amino acid molar ratios determined 
for LHCP from several plant sources, and 
compares these results with the mean values 
obtained for the main glycopeptide subfraction 
(peak 1 in Table 11) from microbubble sur
factant. It can be seen from Table III that the 
amino acid composition of LHCP clearly re
sembles that of the main glycopeptide 
subfraction. Specifically, in both cases non
polar residues represent a majority and near 
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constant fraction (i.e., 59-62%) of the amino 
acid composition, with the relative amounts 
of such residues in practically all individual 
cases listed following the pattem: glycine 
> leucine, alanine, valine, proline > isoleu
cine, phenylalanine > methionine, tryptophan 
(Table I1I). Accordingly, the glycopeptide 
fraction of microbubble surfactant may rep
resent a degradation product of the light-har
vesting chlorophyll ajb-protein, which is well 
known (27-29) to be extremely widely dis
tributed in terrestrial, fresh-water, and salt
water environments. 
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