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Lipid-Like Material as the Source
of the Uncharacterized Organic

Carbon in the Ocean?
Jeomshik Hwang and Ellen R. M. Druffel

The composition and formation mechanisms of the uncharacterized fraction of
oceanic particulate organic carbon (POC) are not well understood. We isolated
biologically important compound classes and the acid-insoluble fraction, a
proxy of the uncharacterized fraction, from sinking POC in the deep Northeast
Pacific and measured carbon isotope ratios to constrain the source(s) of the
uncharacterized fraction. Stable carbon and radiocarbon isotope signatures of
the acid-insoluble fraction were similar to those of the lipid fraction, implying
that the acid-insoluble fraction might be composed of selectively accumulated
lipid-like macromolecules.

Less than 40% of sinking POC collected
below the euphotic zone can be molecularly
characterized (1, 2). The uncharacterized
fraction constitutes an increasing propor-
tion of POC with the depth at which it is
collected, with the highest fraction in sed-
imentary organic carbon (1). What is the
composition of the uncharacterized fraction
and how is it formed?

One hypothesis for the formation of the
uncharacterized fraction is abiological re-
combination of small molecules such as ami-
no acids and carbohydrates produced by deg-
radation of labile organic matter (3, 4). This
hypothesis has been challenged by results of
13C and 15N nuclear magnetic resonance
(NMR) spectroscopy (5, 6). A second hy-
pothesis is that biologically produced refrac-
tory compounds are selectively accumulated
whereas labile compounds are remineralized
(7, 8). Hydrolysis-resistant cell wall–derived
material has been observed in recent and
ancient sediments (9–11). A third hypothesis
involves physical protection of organic
carbon by refractory organic or inorganic ma-
trices (12, 13). A recent study explored solid-
state 13C NMR spectra of plankton and sink-
ing POC collected at shallow and deep waters
(14). The similarity of the spectra led Hedges
et al. to suggest that the uncharacterized frac-
tion was the same organic material produced
biologically but was protected by mineral
matrices or refractory biomacromolecules.

Biologically produced lipids, amino acids,
and carbohydrates have distinct stable carbon
isotope [�13C (15)] signatures because of the
different physiological fractionation of car-
bon during their syntheses (16, 17). There-
fore, comparison of the �13C signature of the
uncharacterized fraction with those of other
organic fractions will provide insights as to
its source(s). The radiocarbon isotope [�14C
(18)] signatures of all organic fractions are
the same when measured in plankton from
the surface water because they are fraction-
ation-corrected. The overall signature chang-
es when carbon with a different �14C sig-
nature is incorporated and when the carbon
is aged (19). Therefore, organic fractions
that have similar sources, sinks, and resi-
dence times in the ocean will have similar
�14C signatures.

We measured �13C and �14C values in
sinking POC collected from a depth of
3450 m, at a site (Station M, 4100 m deep at
the bottom, 34°50�N, 123°00�W) 220 km
west of the California coast. We isolated
biologically important compound classes: lip-
ids, total hydrolyzable amino acids (THAA),
total hydrolyzable neutral carbohydrates
(TCHO), and a proxy of the uncharacterized
fraction, the acid-insoluble fraction (20). The
acid-insoluble fraction that remains after or-
ganic solvent extraction and acid hydrolysis
accounts for �70% of the uncharacterized
fraction (21).

Sinking POC originates mainly from dis-
solved inorganic carbon (DIC) in surface wa-
ters, and it reaches the deep water on a time
scale of months. Therefore, bulk sinking POC
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is expected to have similar �14C values to
those of DIC in surface waters [40 to 80 per
mil (‰) (22)]. The observed �14C values of
bulk sinking POC collected at a depth of
3450 m are lower than the expected values,
which means that sinking POC acquired old
carbon from other carbon reservoirs during
the transit from the surface to the sampling
depth. Thus, �14C can be an indicator of
diagenetic status of POC (i.e., how much old,
degraded carbon is incorporated into sinking
POC), assuming constant �14C values of the
source organic carbon.

The weight percentages of the character-

izable fractions such as lipids, THAA, and
TCHO are positively correlated with the
�14C values of bulk POC, whereas that of the
acid-insoluble fraction is negatively correlat-
ed (Fig. 1). Thus, the higher the fraction of
acid-insoluble organic carbon, the lower the
bulk POC �14C value.

The �14C values of each organic fraction
are plotted with respect to the bulk POC �14C
to show the relative amounts of old and new
carbon (Fig. 2). The �14C values of THAA
and TCHO are similar to each other and close
to those of surface water DIC. The �14C
values of lipids and the acid-insoluble frac-

tions are similar to each other but are lower
than those of THAA and TCHO. The �14C
values of lipids and the acid-insoluble frac-
tion decrease at slightly higher rates than
THAA and TCHO, making the difference
between the two groups bigger as the bulk
POC �14C values decrease. The slopes of the
lines imply that �14C values will converge at
or around the range of DIC �14C in surface
waters. The �14C values of the four fractions
from plankton collected at the same station
were equal to the range of DIC �14C (23).
This indicates that all organic fractions of
sinking POC originated from modern sourc-
e(s) of carbon, but lipids and the acid-insol-
uble fraction acquired more old carbon than
did THAA and TCHO.

The �13C values of lipids are 3 to 4‰
lower than those of THAA and TCHO (Fig.
3), as expected from physiological fraction-
ation (16, 17), but approximately equal to
those of the acid-insoluble fraction. The dif-
ferences in �13C between the organic frac-
tions for each sample are constant even
though �13C values in bulk POC samples
vary by 2.5‰.

The constant differences in �13C between
the acid-insoluble fraction and the other or-
ganic fractions provide constraints on its
source(s). One possible scenario is that the
acid-insoluble fraction is synthesized by the
reaction between THAA and TCHO that are
tightly bound with particles. However, the
differences in �13C between the acid-insolu-
ble fraction and THAA and TCHO (�4‰)
argue against the degradation-recombination
hypothesis of amino acids and carbohydrates
for the formation of the acid-insoluble frac-
tion. Two 13C-enriched fractions cannot com-
bine to form a 13C-depleted fraction unless
kinetic fractionation occurs during the chem-
ical reactions. If kinetic fractionation occurs,
one would expect 13C to be enriched in re-
maining THAA and TCHO (24). However,
the �13C values of the compound fractions
were reported to remain constant for organic
carbon of detrital aggregates, sediment floc,
and sediment (0 to 20 cm) at the same loca-
tion, and Wang et al. concluded that �13C
signatures of each organic fraction were not
affected by decomposition processes of or-
ganic matter (23).

The differences in �13C between the acid-
insoluble fraction and THAA and TCHO ar-
gue against nonselective mineral protection
as well. If the acid-insoluble fraction is sim-
ply the same material produced biologically
as lipids, THAA, and TCHO, with the only
difference that they are protected by mineral
matrices, its isotopic signature should be sim-
ilar to those of THAA and TCHO. Further-
more, treatment of the acid-insoluble fraction
of POC with an HCl-HF solution to dissolve
the mineral phases did not increase the
extractable fraction of THAA and TCHO

Fig. 1. Percent of each organic com-
pound class (lipids, solid circles; THAA,
solid triangles; TCHO, open triangles;
acid-insoluble fraction, open circles)
separated from several 10-day samples
of sinking POC collected at a depth of
3450 m at Station M in the Northeast
Pacific. The amounts of CO2 of each
compound class were measured mano-
metrically after combustion and were
compared to the organic carbon con-
tent measured with an element analyz-
er. The uncertainty is the larger value of
1� of either the yield of standard ma-
terial (replicate number �5) or a dupli-
cate run of samples (3% for lipids, 5%
for THAA, 3% for TCHO, and 1% for acid-insoluble fraction).

Fig. 2. The �14C values of each
organic compound class (sym-
bols are as defined in Fig. 1). The
black arrow by the right y axis
indicates the range of DIC �14C
values in surface waters at Sta-
tion M. The �14C values are
blank-corrected. We measured
�14C of an amino acid standard
solution (mixture of 17 amino
acids), D-glucose powder, and
cod liver oil by the same meth-
ods as the samples. We com-
pared these values with those of
unprocessed standards to calcu-
late the �14C values of the
blanks. The amounts of the blank
were measured manometrically by combining five or six blanks together. Blanks were higher for
THAA and TCHO, because there were more steps involved in their separation. The acid-insoluble
fraction was not blank-corrected because the blank was smaller than 0.01 mg (	0.7% of the
sample). The uncertainty is the larger value of 1� of either standard material (replicate number�5)
or duplicates of samples.

Fig. 3. The �13C values of each com-
pound class (symbols are as defined in
Fig. 1). The �13C values are blank-cor-
rected by the same method as �14C.
The uncertainty is the larger value of 1�
of either standard material or dupli-
cates of samples.
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significantly [	5% of total organic carbon
(OC)] (25, 26 ). However, our data do not
argue against the hypothesis of selective
mineral protection.

Another possibility is that the acid-
insoluble fraction is protected lipids, THAA,
and TCHO and contains a small fraction of old
carbon [for example, old terrestrial carbon con-
sidering the location of the sampling site (220-
km offshore)]. About 10% of the acid-insoluble
fraction needs to be old carbon to explain ob-
served low �14C values (27). However, in or-
der to explain the low �13C values of the acid-
insoluble fraction, a much larger fraction (up to
50%) needs to be terrestrial carbon (27). There-
fore, this mechanism cannot satisfy the �13C
and �14C results at the same time.

It is most likely that the major part of the
acid-insoluble fraction is a selectively pre-
served part of organisms that is chemically
different from amino acids and carbohy-
drates. Low �14C values can be explained if
the major portion of the acid-insoluble frac-
tion is surface-originated fresh carbon and
only a small fraction is older carbon that has
aged and was incorporated into the particles.
The source of the old carbon can be either
dissolved organic carbon (DOC) or suspend-
ed POC. Resuspended sedimentary organic
carbon will be old, but �13C values will be
very similar to those of POC (28). Old carbon
from eroded marine-origin bedrock is another
possible source of old suspended POC (29).

The incorporation of old carbon into par-
ticles occurs more actively for lipids and the
acid-insoluble fraction. Because lipids are
hydrophobic and water-insoluble, they are
more likely to be adsorbed to particles than
are THAA and TCHO, most of which are
water-soluble (30). The fact that the acid-
insoluble fraction has similar �14C values to
those of lipids suggests that the two fractions
have similar physicochemical properties. The
similarity of �13C in lipids and the acid-
insoluble fractions may suggest that both
fractions are synthesized by similar biochem-
ical pathways that are different from those for
THAA and TCHO.

Our results suggest that the major portion
of the acid-insoluble fraction is composed of
lipid-like material that is biosynthesized by
similar pathways to the extractable lipids, but
somehow is resistant to organic solvents and
acids. In fact, lipids are enriched in resistant
parts of organisms such as membranes,
spores, and cuticles (4). Selective preserva-
tion of these resistant lipids has been consid-
ered as one method of kerogen formation (4).
The refractory cell wall–derived material of
microalgae and bacteria, known as algaenans
and bacterans, respectively, were found to
make up a large part of kerogen and refrac-
tory organic carbon in sediments (8, 11, 31–
33). They are, essentially, highly aliphatic
lipids (i.e., a large number of carbon-to-car-

bon bonds) evidenced by release of n-alkane
and n-alka-1-ene upon pyrolysis and by a
high alkyl signal in 13C NMR spectra. A
network structure built up by cross-linking of
long hydrocarbon chains was suggested as a
protection mechanism against chemical at-
tack (9). Considering that the mechanisms of
lipid synthesis are similar in all organisms
(17), these refractory macromolecules might
be expected to have similar �13C signatures
as those for the extractable lipids. The simi-
larity of the nonhydrolyzable fraction and
nonprotein alkyl carbon in chemical compo-
sition and abundance was observed in sedi-
ment from the continental margin of north-
western Mexico, and it was suggested that
those components were compositionally sim-
ilar to cell wall–derived algaenans (33). Even
though these refractory lipid-like macromol-
ecules have been studied only in sediments,
selective accumulation of the lipids is likely
to occur in the water column as the POC
sinks. Selective accumulation of the refracto-
ry lipid-like material in the water column was
evidenced by the observation that alkanes
accounted for increasing fractions of the py-
rolyzates of sinking POC as depth increased
in the Equatorial Pacific (34) and the Medi-
terranean Sea (35).

Even though results of the 13C NMR spec-
troscopy and direct temperature-resolved
mass spectrometry on the samples from the
Equatorial Pacific do not support the predom-
inance of lipid-like material in sinking POC
(14, 34), the composition of sinking POC
might vary depending on the local environ-
ment (36). The percentage of lipid in sinking
POC in the Arabian Sea was twice as high as
that in the Equatorial Pacific (14). Also, our
sampling site can be influenced by laterally
transported old carbon from the continental
shelf or slope and from rivers in the Califor-
nia coast (37). Further study will be neces-
sary to confirm if our observation is universal
in the oceans. These results should provide
important information to understand how or-
ganic carbon is preserved and removed from
the carbon cycle in the ocean.
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We report the design and total chemical synthesis of “synthetic erythropoiesis
protein” (SEP), a 51-kilodalton protein-polymer construct consisting of a 166-
amino–acid polypeptide chain and two covalently attached, branched, and
monodisperse polymer moieties that are negatively charged. The ability to
control the chemistry allowed us to synthesize a macromolecule of precisely
defined covalent structure. SEP was homogeneous as shown by high-resolution
analytical techniques, with a mass of 50,825�10 daltons by electrospray mass
spectrometry, and with a pI of 5.0. In cell and animal assays for erythropoiesis,
SEP displayed potent biological activity and had significantly prolonged dura-
tion of action in vivo. These chemicalmethods are a powerful tool in the rational
design of protein constructs with potential therapeutic applications.

Optimal performance of protein pharmaceuticals
is primarily determined by an appropriate bal-
ance among specificity, potency, and pharma-
cokinetic properties. However, the inability to
produce homogeneous posttranslationally or
chemically modified recombinant proteins has
hampered their optimization to date. Both nat-
ural and recombinantly produced glycopro-
teins occur in multiple glycoforms, and this het-
erogeneity is reflected in different potency and
pharmacokinetic properties (1–5). Using con-
ventional polymers such as polyethylene glycol
for modification of recombinant proteins intro-
duces heterogeneity both in the polymers at-
tached and in the attachment sites, with a conse-
quent variability in biological properties (6–9).

We envisioned that recent advances in the
total chemical synthesis of proteins (10–14)
and in the chemical synthesis of monodisperse
polymers (15) could be exploited to address
this problem through the design and syn-

thesis of polymer-protein constructs of de-
fined covalent structure. Such precise
atom-by-atom control of the covalent struc-
ture provides a unique way to systematical-
ly correlate molecular structure with func-
tion and enables the fine-tuning of the
biological properties of a target protein of
pharmaceutical interest.

Here, we describe the design, total chem-
ical synthesis, and biological activity of a
monodisperse, polymer-modified macromol-
ecule, synthetic erythropoiesis protein (SEP).
SEP had comparable specific activity in vitro,
but superior duration of action in vivo, rela-
tive to human erythropoietin (Epo), a natural
glycoprotein hormone that regulates the pro-
liferation, differentiation, and maturation of
erythroid cells (16).

We designed SEP to be a potent effector of
the Epo receptor and to have prolonged circula-
tion lifetime. The target structure of SEP is

shown in Fig. 1. SEP contains a 166-amino-acid
polypeptide chain (Fig. 1A) similar to the se-
quence of Epo (16) but differs significantly in
the number and type of attached polymers (17).
In particular, two branched polymer moieties of
a precise length and bearing a total of eight
negative charges (Fig. 1B) were designed for
site-specific attachment through an oxime bond
to two noncoded amino acid residues [Lys24

(Nε-levulinyl) and Lys126 (Nε-levulinyl)] that
were incorporated into the polypeptide chain.
These sites correspond to two of the four glyco-
sylation sites found in Epo. Each branched pre-
cision polymer was designed to have the follow-
ing: (i) a chemoselective linker, (ii) a hydrophilic
spacer consisting of one polymer repeat unit, (iii)
a core structure with four branch points, (iv) a
linear polymer with 12 repeat units attached to
each branch point, and (v) a negative charge–
control unit at the end of each linear polymer.
These precision polymer moieties were envi-
sioned to give the SEP molecule a large hydro-
dynamic radius and a net negative charge at
physiologic pH for optimal potency and pro-
longed duration of action in vivo (18). We also
hoped that the precision polymers would en-
hance stability by shielding the folded polypep-
tide chain from attack by proteolytic enzymes,
and that it would reduce immunogenicity, while
retaining full biological potency.
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