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ABSTRACT: This study investigated how bacteria degrade protein that is adsorbed to or trapped within 
submicron particles designed to model those particles produced by protists grazing on bacteria and 
other picoplankton. The structure for some of these particles is hypothesized to be similar to liposomes. 
i.e. cell-like structures with lipid bilayers surrounding an aqueous center. To examine the degradation 
of liposome-like submicron particles, we prepared liposomes from phospholipids, a common con- 
stituent of all cellular membranes, and examined degradation of protein freely dissolved and in various 
associations with liposomes. Natural bacterial assemblages responded rapidly to addition of protein 
and could degrade most (92%) of the truly dissolved protein (not associated w ~ t h  liposomes) within 
72 to 90 h even though added concentrations were up to 1 order of magnitude greater than natural lev- 
els. In spite of the capacity for rapid utilization, protein degradation was substantially inhibited (3-fold) 
by the presence of liposomes. Protein entrapped within the liposomes was protected the most, but 
adsorption to the outside of liposomes also decreased the degradability of protein. Degradation of lipo- 
somes appeared to be mainly due to bacteria, not heterotrophic protists. Our data support previous 
studies suggesting that labile compounds may be physically protected from degradation when 
entrapped within submicron particles. These results help explain the presence of dissolved membrane 
proteins and other cell wall matenal in the dissolved organic carbon pool of marine ecosysten~s. 
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INTRODUCTION 

Submicron particles are abundant in aquatic systems 
and may play a variety of important roles in biogeo- 
chemical cycles (Koike et al. 1990, Longhurst et al. 
1992). Because their collective surface area is large, 
adsorption to submicron particles may be important in 
the transport and degradation of surface-active com- 
pounds and as sites for surface-dependent geochemi- 
cal reactions. Although there have been studies of pro- 
tists grazing on submicron particles (Tranvik et al. 
1993), relatively little is known about the degradation 
of these particles, especially by bacteria (Nagata & 

Kirchman 1997). 
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Some submicron particles seem to be produced 
within microbial food webs, specifically by flagellates 
grazing on bacteria (Koike et al. 1990, Nayata & Kirch- 
man 1992, Tranvik 1994). Data presented by Nagata & 
Kirchman (1992) suggest that the structure of some 
'flagellate fecal pellets' is like that of liposomes, i.e. 
submicron particles consisting of membranes sur- 
rounding an aqueous center. These cell-like particles 
form spontaneously from membrane frayments (New 
1990) produced during digestion and egestion. It 
seems likely that liposome-like particles could he pro- 
duced during grazing by other organisms on non-bac- 
terial prey. Viral lysis may also produce liposome-like 
particles (Shibata et al. 1997). 

During their formation, liposomes are likely to 
entrap cellular material and effectively surround it 
with lipids (New 1990). Nagata & Kirchman (1992) 
demonstrated that protein was entrapped within lipo- 
some-like particles produced during flagellate grazing 
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on bacteria. These authors went on to hypothesize that to liposomes was degraded substantially more slowlv 
entrapped material would be resistant to degradation than free protein. 
by heterotrophic bacteria, but supporting data were 
not presented. If correct, the hypothesis could help 
explain the presence of membrane proteins (Tanoue et MATERIALS AND METHODS 
al. 1995, 1996) and other cell wall material (Aluwihare 
et al. 1997, McCarthy et al. 1998) in seawater and pro- Preparation of liposomes. Bovine serum albumin 
vide insights into the transformation of labile material (BSA) was radioactively labeled by reductive methyla- 
to more refractory forms (Keil & Kirchman 1994). tion with NaB3H,, which labels terminal amino groups, 

Other associations with liposome-like particles may primarily lysine (Tack et al. 1980). The labeled protein 
also affect degradation of selected compounds. Nagata was separated from excess 3H by precipitation with 
et al. (1998) recently showed that proteins within mem- 5 % (final conc.) trichloroacetic acid (TCA). Three to 
branes are degraded more slowly than soluble pro- four precipitations were enough to remove >99% of 
teins. Also, Nagata & Kirchman (1996) demonstrated unbound label. The labeled protein had a specific 
that protein adsorbed to submicron particles was activity of 0.03 pCi pg-'. Keil & Kirchman (1992) 
degraded more slowly than free protein, although that showed that methylated amino acids are not incorpo- 
study and others (Samuelsson & Kirchman 1990, Taylor rated by bacteria upon degradation of the protein. 
1995) have used particles or other substrata with com- They also showed degradation rates of 3H-methyl 
positions far from those found in nature. The fate of labeled protein to be equal to rates determined with 
protein adsorbed to or trapped within liposome-like uniformly labeled protein. Thus, the appearance of 
structures is not clear. radioactivity in the TCA-soluble fraction is a measure 

It is not surprising that we do not how liposome-like of protein hydrolysis. 
particles are degraded because we know little about We used liposomes prepared from a commercially 
the formation and degradation of macromolecular available kit (Sigma) as models of natural submicron 
complexes composed of different compounds. These particles. Liposomes were purchased as a dry powder 
complexes are likely to dominate the colloidal or high (phosphatidylcholine: dicetyl phosphate: cholesterol, 
molecular weight dissolved organic matter (HMW 63:18:9 molar ratio) and were prepared by suspension 
DOM), which has been shown recently to be a in artificial seawater (Samuelsson & Kirchman 1990), 
dynamic component of the total DOM pool (e.g. Amon followed by probe sonication for 10 min on ice and 
& Benner 1996). It is conceivable that the turnover of bath sonication for 1 h. To entrap protein within the 
complexes differs from that of individual dissolved liposomes, 3H-protein was added at the time of sus- 
compounds. For example, compounds in some sort of pension. To examine protein adsorbed to liposomes. 
physical association with other organic material may 3H-protein was not added until the liposomes had been 
be less available to degradation enzymes because of formed. The amount of protein in the free state not 
steric hindrance. Lee & Wakeham (1992) proposed a associated in any fashion with liposomes, adsorbed to 
double layer hypothesis in which outer layers of the outside of liposomes, and entrapped within the 
organic compounds protect internal material from liposomes varied among different batches of lipo- 
chemical oxidation, a mechanism which may also somes. 
apply to enzyme-mediated hydrolysis and eventual For some experiments we reduced the amount of 
biological oxidation. The double-layer hypothesis free protein in the liposome preparation by ultrafiltra- 
could apply to organic complexes not organized into tion through a 100000 Da nominal weight cut off filter 
liposome-like structures. (YM1000, Arnicon) in a stirred cell (Arnicon) pressur- 

The purpose of this study was to examine the double ized with nitrogen. The filtration was continued until 
layer hypothesis and to test whether or not liposomes the original volume had been replenished 5 times with 
could protect proteins from degradation by natural sterile artificial seawater. To determine the amount of 
bacteria. We used liposomes prepared mainly from protein entrapped within the liposomes and thus not 
phospholipids, an important part of all cellular mem- readily available to bacterial degradation, we followed 
branes, as a model of flagellate fecal pellets. This well- the degradation of protein by a protease (Pronase K, 
defined model allowed us to control the composition Sigma). Since free protein without liposome was 100% 
and the properties of the subrnicron particles. We degradable by Pronase K (see 'Results'), the amount of 
could either entrap protein within the liposomes or free protein in liposome preparations was estimated 
allow protein to sorb to the outside of the liposomes from the protein in these preparations that could be 
after they were formed. Our results indicate that even degraded by Pronase K. The protease test assumes 
though liposomes could be degraded by natural bacte- that the protease is not able to penetrate inside the 
nal assemblages, protein trapped within and adsorbed liposome. The protease (100 pg ml-' final conc.) was 
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added to the liposome suspension and the samples 
were incubated for 1.5 to 2 h at room temperature. 
After the incubation, BSA (final conc. 1 mg ml-') was 
added as a carrier followed by TCA (final conc. 5%)  
and the samples were mixed by vortexing. After incu- 
bating on ice for 10 to 15 min, the sample was cen- 
trifuged for 15 rnin at 14 000 X g. The supernatant was 
then radioassayed to determine the amount of TCA- 
soluble activity. Liposome preparations incubated 
without protease served as a control for abiotic hydrol- 
ysis of protein. 

Degradation experiments. For each degradation 
experiment, duplicate bottles with natural seawater 
(from the Delaware Bay in April, September and Octo- 
ber 1996) were amended with entrapped protein sus- 
pensions, absorbed protein, or protein alone, and incu- 
bated in the dark at  room temperature on a shaking 
table. Over time samples were taken for total and 
TCA-soluble radioactivity. In some experiments bacte- 
rial production and abundance were also measured. 
Bacterial production was measured by the incorpora- 
tion of 14C-leucine (Kirchman 1993). Triplicate samples 
and 1 lulled control were incubated with 10 or 20 nM 
14C-leucine for 30 rnin to 1 h. Bacterial abundance was 
estimated by the acridine orange direct count method 
(Hobbie et al. 1977). 

Degradation of entrapped protein was estimated 
from total degradation minus degradation of free pro- 
tein. Degradation of free protein in the entrapped 
treatment was assumed to equal the degradation rate 
of protein without liposomes, an assumption that is 
examined below. The fraction of entrapped protein 
that was degraded was calculated with the following 
equation: 

where l& is percent degradation of entrapped protein 
alone, TE and TF are total percent degradation in 
entrapped and free protein incubations, respectively; 
these percentages are based on the total radioactivity 
in the various incubations. Finally, FF and FE are the 
fractions of free and entrapped protein, respectively, as 
estimated by the protease assay (see above). Since free 
protein was also present in the incubation with 
adsorbed protein, degradation of free protein was sub- 
tracted out using an equation similar to that given 
above. As with the entrapped treatment, the protease 
assay was used to estimate the amount of free protein 
in incubations with adsorbed protein. 

Bacterial degradation of lipids within liposomes was 
followed with liposon~es labeled with 14C-lipids. For 
these experiments, liposomes were synthesized with 
phosphatidylcholine, 1, 2-di[l-'4C]palmitoyl (1 12 mCi 
mmol-l, Amersham). Degradation was followed over 
time by measuring respiration, which was estimated as 

the sum of the loss of total activity in the incubation 
bottle (some CO2 was lost to the headspace) and the 
amount of the remaining activity that could be purged 
off with nitrogen after acidification. 

We also examined the effect of liposome consti- 
tuents on protein degradation. Equimolar amounts of 
glycerol, phosphate and choline ([2-hydroxyethyll-tri- 
methylammonium) were mixed with 3H-protein and 
subsequently added to a seawater sample. The degra- 
dation rates of protein were compared to a treatment 
with only 3H-protein. 

RESULTS 

Degradation of entrapped protein 

Degradation of free protein and protein entrapped in 
liposomes by natural bacterial assemblages differed 
greatly (Fig. 1). Both the initial degradation rate and 
the total amount degraded were higher for free pro- 
tein. During the first 30 h ,  64 % of the free protein was 
degraded compared to 2 2 %  of the entrapped. In the 
next 23 h ,  an additional 14% of the free protein but 
only 4 % of the entrapped protein was degraded. At the 
end of the incubation a 3-fold higher percentage of 
free protein had been degraded compared to 
entrapped protein. It must be noted that the treatments 
with entrapped protein always contained some free 
unentrapped protein; protein was never completely 
entrapped during formation of the liposomes. The ini- 
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Fig. 1. Bacterial degradation of free 3H-protein or 3H-protein 
trapped within liposomes, separated from free protein by 
ultrafiltration (filter cutoff size of 100 kDa). The added protein 
concentration was 3.5 pg rnl-l. Each point is the average 
of duplicate incubations. Variation between bottles was less 

than 5 % 



268 Aquat Microb Ecol 16: 265-272, 1999 

Table 1. Effect of concentration on degradat~on rates and total amount of protein degraded in incubations with free protein and 
protein with liposomes. Initial degradation rates are based on the first 12 h of incubation and total degradation on 74 h. Means of 

duplicate samples that differed by <5 % 

Conc. Initial rate (pg 1-' h-') % inhibition Total degradation (pg ml-l) % degradation 
( g  m Free + liposomesd Free + liposomesd Free + liposomesd 

0.4 3 6 23 36 0.30 0.20 89 53 
1.6 61 4 4 2 8 1.68 0.86 93 59 
3.3 99 57 4 2 3.32 1.77 94 58 
4.2 101 66 35 3.57 2.53 90 56 
4.8 109 70 36 4.64 2.54 95 54 

dLiposome treatments consisted of 60% free protein and the remaining 40% entrapped within liposomes 

tial, relatively rapid degradation In samples with 
entrapped protein appears to be due to degradation of 
free protein. 

We examined how protein and liposome concentra- 
tions affected initial degradation rates and the total 
amount of protein degradation. Degradation rates 
increased with increasing amounts of protein for both 
treatments as expected, but initial degradation rates 
for protein with liposomes was on average 36% (SD = 

5 %, n = 5) lower than the free protein rates (Table 1). 
For all concentrations, only 56 % (SD = 2.5 %, n = 5) of 
the liposome protein was degraded while 92% (SD = 

2.6%, n = 5) of the free protein had been degraded at 
the end of the incubation (means of data in Table l) ,  
even though the amount of protein (and liposomes) 
added spanned more than 1 order of magnitude. The 
results indicate that 44 % of the protein was protected 
by the liposomes from degradation. Natural bacterial 
assemblages have a large capacity for protein degra- 
dation, as indicated by the nearly complete degrada- 
tion of all free protein over 74 h even at high concen- 
trations. If the protein is available, it will be degraded. 

The results presented above suggest that liposomes 
are able to physically protect protein from degrada- 
tion. The inhibition of protein degradation is not due to 
competitive inhibition because the addition of lipo- 
some constituents had no effect on protein degradation 
(Fig. 2). Furthermore, bacterial abundance and activity 
as measured by '4C-leucine incorporation was 
enhanced in the presence of liposomes (data not 
shown), indicating that liposomes did not have any 
direct inhibitory effect on bacterial activity. Even 
though bacterial activity was enhanced in the presence 
of liposomes, degradation of liposome-trapped protein 
was lower than degradation of free protein. These data 
are consistent with our hypothesis that liposomes phys- 
ically protect protein from degradation by bacteria. 

We examined whether bacteria or larger organisms 
were more important in protein degradation. There 
was no difference in degradation rates between unfil- 
tered water and 1.0 pm filtered water in any treatment 

(Fig. 3), indicating that degradation was primarily due 
to bacteria. Even though bacterial abundance was 
lower in 1.0 pm filtrates, 100% of the free protein in 
both unfiltered and filtered water was degraded, sup- 
porting our earlier observation that natural bacteria 
are capable of degrading large amounts of protein. 
The lack of a difference between unfiltered water and 
1.0 pm filtrate in entrapped protein degradation also 
indicates that larger organisms did not make more free 
protein available for the bacteria by degrading the 
liposomes. The addition of liposomes caused a sub- 
stantial increase in bacterial numbers and subse- 
quently in microflagellates. At the end of the incuba- 
tion bacterial abundance in the treatments with 
liposomes was 2- to 13-fold higher than in the incuba- 
tion with protein alone (data not shown). 

Because the entrapped treatments also contained 
free, unentrapped protein (see above), we had to cor- 
rect for the degradation of free protein. We used pro- 
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Fig. 2.  Protein degradation with and without the chemical 
constituents of liposomes. The added protein concentration 
was 0.4 pg ml-l Each point is the average of duplicate incu- 

bation~. Variation between bottles was less than 5 %  
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Fig. 3 .  Protein degradation in unfiltered ( V )  and 1.0 pm f i l -  
tered (0) seawater. Also shown are the corrected values for 
degradation of entrapped protein (see text). The added pro- 
tein concentration was 3.8 pg ml-' Each point represents the 
average of duplicate incubations. Variation between bottles 

was less than 5 O/o 

tease digestion to measure in each treatment the 
amount of free protein by measuring the protein 
degradable by protease. Degradation of entrapped 
protein was then calculated for each time point (see 
'Materials and methods'). When corrected for degrada- 
tion of free protein, it appears that degradation of 
entrapped protein did not start until all the free protein 
had been degraded (Fig. 3), although we cannot rule 
out low initial levels of entrapped protein degradation. 
Degradation in the entrapped treatment leveled off 
after approximately 45% of all protein had been 
degraded; protease digestion indicated that free pro- 
tein comprised 46 % of the total, indicating that bacte- 
ria had degraded only the free protein. From 49 h to 
the end of the incubation (260 h), the degradation rate 
of entrapped protein was 0.12% h-' (SE = 0.01, r2 = 
0.956), which is more than one order of magnitude 
lower than the initial degradation rate of 1.96% h-' 
(SE = 0.26, r2 = 0.934) for free protein. 

Degradation of adsorbed protein 

We also examined the effect of sorption on protein 
degradation because natural and model submicron 
particles have large surface areas available for adsorp- 
tion processes. There was no difference in the initial 
degradation for adsorbed and free protein (Fig. 31, but 
degradation of adsorbed protein leveled off after 
approximately 60 % had been degraded. This is below 
what the protease assay had indicated was free protein 

+ Entrapped 
-0- Adsorbed 
+ L~posomes only 

Free 

W 

T /  Entrapped 

Id / Entrapped corrected 
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Time (h) 

Fig. 4.  Degradation of (A) liposomes and (B) protein. The 
added protein concentration was 0.4 pg ml-l. Each point rep- 
resents the average of duplicate incubations. Bars indicate 

range of duplicates when it exceeded the size of the points 

(74%), suggesting that some initially free protein 
sorbed onto liposomes and became protected from 
degradation. After correction for the degradation of 
free protein, little if any adsorbed protein seems to 
have been degraded. The slope of the regression line 
(0.03 % h-') was not significantly different from zero 
(p > 0.05). 

Degradation of liposomes 

One possible explanation for the observed protection 
of protein by liposomes is that the bacteria were not 
able to degrade liposomes and thus could not gain 
access to entrapped protein. To examine simultaneous 
lipid and protein degradation, we synthesized lipo- 
somes with 14C-phospholipids and entrapped 3H-pro- 
tein. The phospholipids were in fact degraded as mea- 
sured by respired 14C (Fig. 4A). After a brief lag period, 
lipids were degraded until 75% was respired after 
250 h. Only little further respiration was measured for 
the rest of the incubation. There was no difference in 
lipid degradation when liposomes were incubated 
alone or with protein (Fig. 4A), but the presence of 
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liposomes did inhibit the degradation of protein as 
observed before (Fig. 4B). These results indicate that 
liposomes can protect protein from degradation, but 
protein does not provide protection for liposomes. 
Although degradation rates of protein and lipids can 
not be compared directly due to the different methods 
of detection, it seems that lipids were degraded more 
slowly than free protein. For free protein, 90% was 
degraded in less than 100 h (Fig. 4B), while only 40% 
of the lipids was respired during the same period 
(Fig. 4A). 

After 22 d of incubation about 10% of the entrapped 
protein was undegraded but no free protein remained 
(Fig. 4 B ) .  When degradation in the entrapped treat- 
ment was corrected for the degradation of free protein, 
degradation of entrapped protein did not start until 
after 200 h of incubation (Fig. 4B), at which time 
approximately 60 % of the lipids had been respired; as 
in other experiments, we cannot completely rule out 
low levels of entrapped protein degradation. About 
10 to 15% of initial lipid I4C and protein 3H remained 
at the end of the incubation (3 wk); the 3H radioactivity 
was still in the high molecular weight fraction, since it 
could be precipitated by TCA, although it may not nec- 
essarily have been protein. Also, it is unclear if the 
remaining 14C activity was still associated with phos- 
pholipids, incorporated into biomass, or transformed to 
other compounds. 

DISCUSSION 

The purpose of this study was to examine how pro- 
tein degradation by natural bacteria is affected by 
association wlth those submicron particles that have 
structures like liposomes, i.e. lipid-rich membranes 
surrounding an internal aqueous center. These submi- 
cron particles are produced during grazing by some 
protists on heterotrophic bacteria (Nagata & Kirchman 
1992) and probably on other picoplankton, as well as 
possibly by viral lysis (Shibata et al. 1997). Liposome- 
like submicron particles can entrap compounds such 
as protein that otherwise would be readily degraded 
by bacteria (Nagata & Kirchman 1992). We used model 
submicron particles, i.e. synthetic liposomes, in an 
attempt to elucidate how physical interactions 
between different compounds affect degradation in 
natural aquatic systems. 

Our data suggest that liposomes physically protect 
entrapped protein from degradation by bactena. The 
physlcal protection hypothesis 1s supported by the dif- 
ference in degradation of adsorbed protein versus that 
of entrapped protein, the 2 treatments with liposomes. 
These 2 treatments had the same organic additions, 
but differed in when protein was added during prepa- 

ration of the liposomes. In the entrapped treatment, 
protein was added as the liposomes were formed, and 
thus protein was trapped inside the liposomes. In the 
adsorbed treatment, protein was not added until after 
the liposomes were formed and, consequently, all pro- 
tein was on the outside of the liposomes. We found that 
entrapped protein was degraded more slowly than 
adsorbed protein by bacteria. Since the physical 
arrangement, but not the chemical composition, of 
liposome-protein complexes in these 2 treatments dif- 
fered, these data indicate that the liposomes can phys- 
ically protect the entrapped protein. Furthermore, we 
found that hydrolysis of entrapped protein by pro- 
teases was about equal initially to that of bacterial 
degradation, suggesting that liposomes inhibit protein 
degradation by interfering with bacterial ectopro- 
teases. 

Several control experiments and measurements 
helped rule out alternative explanations. Addition of 
liposomes stimulated bacterial activity and abundance, 
indicating that toxic compounds were not added along 
with the liposomes to the incubations. Another alterna- 
tive explanation is that the addition of another carbon 
source caused a competitive inhibition of protein 
degradation; perhaps bacteria switched from protein 
degradation to lipid degradation. However, addition of 
liposome constituents did not affect degradation of free 
protein, indicating that bacteria did not switch from 
one carbon source to another. In addition, natural bac- 
teria are capable of degrading large amounts of pro- 
tein. Although added protein concentrations varied by 
more than 1 order of magnitude in our saturation 
experiment, natural bacteria responded immediately 
to the enrichment, and all free protein was degraded 
within 72 h regardless of the amount added. These 
results indicate that if free protein was present, it was 
degraded regardless of the presence of other com- 
pounds. In short, mechanisms other than our physical 
protection hypothesis do not explain why protein asso- 
ciated with liposomes is degraded more slowly than 
free protein. 

We used natural material as surfaces to examine the 
effect of adsorption on protein degradation. This is in 
contrast to most other studies, which predominantly 
used solid artificial surfaces. Nagata & Kirchman (1996) 
found that adsorption to polystyrene beads reduced the 
availability of protein to bacteria, whereas Taylor 
(1995) used glass beads and hypothesized that protein 
adsorbed to surfaces can be as bioavailable as protein 
in solution. These studies came to different conclusions 
perhaps because they used surfaces with different hy- 
drophobicities. Samuelsson & Kirchman (1990) showed 
that percent degradation of adsorbed protein de- 
creased with increasing surface hydrophobicity. The 
surface of liposomes is hydrophilic because the polar 
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headgroups in the phospholipids are facing the aque- 
ous surroundings. Thus, although the polar heads of li- 
posomes should resemble the hydrophilic glass sur- 
faces used by Taylor (1995), our results indicate that 
even a hydrophilic surface may reduce degradation of 
adsorbed protein. Adsorption has been hypothesized to 
be an important factor in geochemical preservation of 
organic matter in sediments (Keil et al. 1994). 

Not much is known about concentrations and the 
turnover of lipids in marine systems. Only a few stud- 
ies have measured concentrations of lipids. 'Dissolved' 
(less than 1 pm) lipid concentrations are typically 9 to 
190 pg 1-' (Parrish & Wangersky 1988, Andersson et al. 
1993, Gerin & Goutx 1994) in surface waters, and con- 
centrations of particulate lipids are typically 2 to 10 
times lower than dissolved concentrations (Parrish & 
Wangersky 1988, Liu et al. 1998). But the division 
between dissolved and particulate lipids may be mis- 
leading as it is based on filtration. Koike et al. (1990), 
for example, showed that large numbers of submicron 
particles with a diameter larger than 0.38 pm were 
able to pass a 0.2 pm filter. Even though lipids are only 
a minor part of total organic matter in the ocean, their 
hydrophobic nature may make them an important 
part. It is useful to remember that lipids make up a 
small fraction (<10%) of the biomass of even living 
cells (Ingraham et al. 1983). The presence of lipid com- 
ponents in old sediments suggests that at least parts of 
lipids are not easily degraded in natural systems. 

Even fewer studies have examined the turnover of 
lipids. Martinez et al. (1996) found lipase activity in all 
44 marine bacteria they isolated, indicating that the 
capacity to degrade lipids is common in marine bacte- 
ria. Using an analog for lipids, Gajewski et al. (1993) 
measured lipase activity in an eutrophic lake and esti- 
mated turnover times of 37 to 376 h. Turnover of lipids 
is generally much slower than turnover of protein in 
the Delaware Bay (Borch & Kirchman unpubl. data). 
The results presented here also suggest that lipids are 
degraded more slowly than free protein. 

Our results and other studies (Nagata & Kirchman 
1996, Nagata et al. 1998) help explain the presence of 
cell membrane and wall materials in the HMW DOM 
pool (Tanoue et al. 1995, Aluwihare et al. 1997, 
McCarthy et al. in press). The general conclusion from 
these studies is that components like protein are less 
labile when associated with submicron particles than 
when freely dissolved. The possible associations 
include adsorption (this study; Nagata & Kirchman 
1996), integration within lipid bilayers (Nagata et  al. 
1998), and entrapment in an aqueous center sur- 
rounded by lipid bilayers (this study). All 3 types of 
associations appear to impede degradation because of 
steric hindrance of ectoenzymes probably bound to the 
outer membrane of heterotrophic bacteria. Some of 

these membrane and wall components, however, may 
be intrinsically refractory (Puel et  al. 1987, Gelin et al. 
1996), regardless of associations with submicron parti- 
cles. 

Submicron particles such as those examined here 
may facilitate the transformation of labile compoun.ds 
like protein into more refractory forms. Keil & Kirch- 
man (1994) showed that protein aged abiotically for as 
little as 7 h was degraded more slowly than fresh pro- 
tein. They hypothesized that the initial, rapid aging 
effect was due to adsorption to colloids (submicron 
particles), an  hypothesis that is supported by our 
results and others (Nagata & Kirchman 1996). How- 
ever, the longer-term aging effect observed by Keil & 
l r c h m a n  (1994) cannot be explained by adsorption 
effects. One possibility is that the protein is somehow 
transformed into more refractory forms while in associ- 
ation with submicron particles. Our experiments pre- 
sent some evidence for this transformation. We 
observed that Liposome-associated protein was never 
completely degraded even in the longest incubation of 
more than 3 wk. Also, there was I4C organic material 
(originally added as I4C-lipid) left at the end of the 
incubation. It is possible that some relatively refractory 
organic matter was produced by reactions occurring 
within liposomes. 

In addition to protecting labile compounds from 
immediate degradation, liposome-like submicron par- 
ticles may act as reaction chambers and facilitate reac- 
tions that transform labile compounds to more refrac- 
tory forms. Nagata & Kirchman (1992) hypothesized 
that several otherwise soluble labile compounds could 
be trapped within submicron particles produced by 
heterotrophic protists. In addition to being chemically 
heterogeneous, concentrations inside submicron parti- 
cles are likely to be much higher than in the surround- 
ing water. These high concentrations of several differ- 
ent compounds would facilitate diagenetic reactions 
that may create refractory compounds (Yamamoto & 

Ishiwatari 1989). 
Our results are consistent with the double layer 

hypothesis of Lee & Wakeham (1992), which could 
apply even to submicron particles and HMW DOM not 
organized into liposome-like structures. The hypothe- 
sis is sinlply that the presence of one organic layer can 
impede the degradation of other material not exposed 
directly to exoenzymes. Although more !abi!e thar, the 
rest of the DOM pool (Amon & Benner 1996), selected 
components of the HMW DOM could be relatively 
refractory because they are less available to bacterial 
ectoenzymes, as shown here for protein associated 
with liposomes. Only a small fraction of total HMW 
DOM needs to be protected in order to contribute sub- 
stantially to the formation of refractory or semi-refrac- 
tory DOM in oceanic waters. 
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