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function of LDs. While much work has focused on periph-
eral and integral membrane proteins, the mechanism by 
which LD binding proteins recognize and target to LDs is 
still poorly understood (1). This is especially true for dedi-
cated LD binding proteins of the perilipin family, i.e., per-
ilipin 1 through 5, that function in the biogenesis and 
metabolism (lipolysis) of LDs. No work has directly investi-
gated the interaction of a perilipin family member with  
a phospholipid monolayer interface. In order to address 
how this family of proteins interacts with lipid interfaces, 
we investigated the interaction of perilipin 3 with phospho-
lipid monolayers at the air-buffer interface. We chose per-
ilipin 3 because it is found in the cytosol as well as on the 
LD surface, and because previous work has characterized 
the structure and LD association of the protein (1–3).

In addition to providing cellular energy, LDs take part 
in many other cellular functions, including signal trans-
duction, formation of new cellular membranes, hormone 
synthesis, and lipid trafficking (4–8). Under certain physi-
ological conditions, LDs have been found to act as store-
houses for several different types of enzymes and proteins, 
including histones (9, 10), and they also facilitate virus 
replication (11–13). An understanding of how proteins 
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free in the cytosol (44, 45). The expression of perilipins 1 
and 4 is confined to adipocytes and steroidogenic cells (18, 
37–39, 41, 46), while perilipin 2 and perilipin 3 are ubiqui-
tously expressed (19, 42, 43).

The structure of perilipin 3 has been investigated by two 
different groups. Hickenbottom et al. (2) resolved the crys-
tal structure of the C-terminal region of murine perilipin 3 
and revealed that it consists of an / domain and a bun-
dle of four amphipathic -helices. The helix bundle struc-
ture of the C terminus of perilipin 3 closely resembles the 
LDL receptor binding domain in the N-terminal region of 
apoE (2), and even shares sequence homology (47). Simi-
lar amphipathic -helix bundle structures are found in 
other apolipoproteins, such as insect apolipophorin III 
(48). The function of this amphipathic -helix bundle do-
main of perilipin 3 is unknown, and the detailed protein-
lipid interactions have not been investigated (1).

Hynson et al. (3) recently studied the structure of full-
length human perilipin 3 and showed that, as predicted by 
the crystal structure work, the protein has a highly helical C 
terminus in solution. This work additionally revealed a dis-
ordered N-terminal region and showed that the full-length 
protein assumes an extended conformation in solution, 
suggesting that the N and C termini might perform sepa-
rate functions (3).

To shed light on the function of perilipin 3 and the mecha-
nisms of lipid interaction, we studied the interaction of the 
C-terminal domain of perilipin 3 with model phospholipid 
monolayers at the air-buffer interface. Results are compared 
with those for two constructs that contain additional seg-
ments of the N-terminal portion of the protein, and those for 
the full-length protein (see Fig. 1). Model lipid monolayers 
formed at the air-buffer interface are especially useful model 
systems for the study of LD proteins. In vivo, LD proteins in-
teract with a (phospho)lipid monolayer and the composition 
and physical properties of this monolayer can be made to 
closely resemble that surrounding the LD.

The Langmuir monolayer technique is a biophysical 
method frequently used to explore the lipid interaction of 
proteins and peptides, specifically protein insertion (49, 50).

It must be stressed here that the lipids in this study are 
not necessarily those that occur naturally on the LD sur-
face. Only limited data on the phospholipid composition 
of the LD monolayer is available, for a very limited set of 
cell types (16, 17). Instead, we chose those lipids with various 

associate with the LD surface is crucial for our understand-
ing of LD biology.

Although the composition of the LD interior might vary 
from cell to cell, the basic structure consists of a neutral lipid 
core of triacylglycerols and cholesterol esters surrounded by 
a phospholipid-protein monolayer (14, 15). The phospho-
lipid composition of the monolayer surrounding the LDs has 
not been clearly defined, but appears to consist mostly of 
phosphatidylcholine (PC) with a series of other phospholip-
ids, diacylglycerol, and cholesterol (16, 17).

A major fraction of the proteins associated with the lipid 
monolayer belong to the perilipin family. The perilipins are 
synthesized on cytosolic ribosomes (18–20) and are thus 
sorted to the LD interface in a different manner than those 
proteins that originate from the endoplasmic reticulum, 
such as caveolin, for example (21). Sorting of caveolin is 
cooperatively mediated by a dual motif consisting of a hy-
drophobic sequence located close to a positively charged 
sequence (21). Targeting has been investigated for perili-
pins 1 through 5 in cellular studies and different regions of 
the proteins have been identified (1, 22–27). Based on cur-
rently available data, it appears likely that amphipathic se-
quences, especially the 11-mer repeat region of the proteins, 
target perilipins to LDs (1, 23, 28–31). The 11-mer repeat is 
a protein region with a repeating 11 amino acid pattern 
(32). These 11-mer repeats are found in the N terminus of 
all perilipins (see Fig. 1), with the largest such domain on 
perilipin 4 (33). The 11-mer repeats occur in other lipid 
binding proteins, such as -synuclein and apoAI (34, 35). 
They form amphiphathic -helices and have been ascribed 
a function in the reversible binding to lipid interfaces (34). 
However, the function of this domain in perilipin 3-lipid 
binding has not been explored in detail in model systems.

The mammalian perilipin family includes five distinct 
members that share sequence homology, especially in their 
N-terminal regions (20). The five mammalian proteins are 
perilipin 1, perilipin 2 (previously named adipophilin or 
ADRP), perilipin 3 (previously named TIP 47), perilipin 4 
(previously named S3-12), and perilipin 5 (previously 
named OXPAT) (29, 36). Perilipins 1 and 2 are found ex-
clusively on LDs and are classified as constitutively LD-asso-
ciated proteins (18, 37–41), whereas perilipins 3, 4, and 5 
circulate between LDs and the cytoplasm, and are there-
fore called exchangeable perilipin proteins (40, 42, 43). 
Some research suggests that perilipin 2 might also be found 

Fig.  1.  Domain model of the different protein con-
structs used in this study. Adapted from Hynson et al. 
(3) with the exception of the longer stretch of 11-mer 
repeats (see Discussion). Constructs are labeled for 
use in this paper. Perilipin 3D is the shortest construct, 
which is composed of a / domain and the amphipa-
thic -helix bundle. Perilipin 3C and 3B include parts 
of the 11-mer repeat region, while perilipin 3A refers 
to the full-length protein.
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Scientific). One milliliter of this preculture was introduced into 1 l 
of auto-induction medium (51) containing 100 g/ml ampicillin. 
The culture was allowed to grow for 16 h at 30°C, after which the 
cells were pelleted by centrifugation at 8,700 g for 7 min. The cell 
pellets were then resuspended in 20 ml of buffer A [50 mM HEPES 
(pH 7.5), 500 mM KCl, 10 mM imidazole, 10% glycerol, and 5 mM 
-mercaptoethanol with an EDTA-free protease inhibitor tablet 
(Roche Life Sciences)]. The cells were then lysed by seven cycles of 
freezing and thawing followed by probe sonication (QSonica 
sonicator; 20 cycles of 15 s with 20 s on ice at 60% amplitude). The 
cell lysate was centrifuged at 29,000 g for 45 min at 4°C, and the su-
pernatant was collected. The supernatant was first loaded onto a 
nickel-NTA column connected to a Bio-Rad Biologic LP system. The 
column was pre-equilibrated with buffer A and the bound proteins 
were eluted with 250 ml of a 10–500 mM gradient of imidazole. Five 
milliliter fractions were collected and tested for the presence of pro-
tein by SDS-PAGE. To cleave the His6-SUMO tag from the proteins, 
the pooled peak fractions from the first nickel column were added 
with 1 mM EDTA and 10 g of an in-house made recombinant His6-
tagged form of the catalytic domain of (dtUD1) SUMO hydrolase 
from Saccharomyces cerevisiae [see (52)]. The cleavage reaction was 
carried out for 4 h at 18°C and the mixture was then dialyzed over-
night at 4°C in 2 l of buffer B [25 mM Tris-HCl (pH 8.0) and 5 mM 
-mercaptoethanol]. After dialysis, the solution containing the 
cleavage mixture was purified on a second nickel column pre-
equilibrated with buffer B. The flow through of this second col-
umn contained the cleaved perilipin 3 protein whereas His-tagged 
hydrolase enzyme, His6-SUMO tags, as well as any uncleaved 
proteins are retained by the Ni resin. Next, the resulting flow 
through was loaded onto a Q-Sepharose column pre-equilibrated 
with buffer B. The bound proteins were eluted with 250 ml of 
0–100 mM gradient of KCl. The peak fractions were pooled and 
concentrated by filter centrifugation (Macrosep Advanced Cen-
trifugal Devices, 10MWCO, PALL Corporation). The concentrated 
protein was then loaded onto a Superdex- 75 size-exclusion chro-
matography column (GE Healthcare) connected to a FPLC sys-
tem and eluted in a buffer containing 50 mM Tris-HCl, 250 mM 
NaCl, and 2.5 mM Tris(2-carboxyethyl)-phosphine (pH 8.0).

The purified protein samples were sequenced and identified 
through mass spectroscopy at the proteomics core of the Cleveland 
Clinic (Learner Research Institute Proteomics Laboratory, Cleve-
land Clinic Foundation). After purification by four columns, three 
of our constructs were highly pure (95%) and one was 85% 
pure, and considered suitable for our biophysical characterization 
studies (see supplemental Fig. S1). The proteins could be stored 
(storage buffer: 50 mM Tris, 250 mM NaCl, 2.5 mM Tris(2-
carboxyethyl)-phosphine, and 10% glycerol buffer at pH 8) at 
80°C for about 6 months with no apparent degradation (the  
C-terminal domain of perilipin 3 was the most stable, data not shown).

Monolayer insertion experiments
The monolayer insertion experiments followed the procedure of 

Demel, van Doorn, and van der Hoorst (53). Briefly, the set-up con-
sisted of a circular Teflon trough enclosed within a Plexiglas enclo-
sure placed on a vibration isolation table. The trough had an inner 
diameter of 3 cm and a 5 cm outer diameter, and was 0.5 cm deep 
with space in the middle for a small magnetic stirrer bar (1 cm diam-
eter × 0.5 cm deep). In the upper rim (1 cm) was a port through 
which protein was injected below the monolayer without disturbing 
the lipid monolayer. The trough was filled with 6.5 ml of Tris buffer 
(pH 7.2) (10 mM Tris, 150 mM NaCl, and 0.1 mM EDTA): the sub-
phase for the experiment. Note that other common biological 
buffers (e.g., HEPES) and reducing agents (e.g., DTT and  
mercaptoethanol) affect the surface pressure of lipid monolayers 
and should thus be avoided. A lipid monolayer was formed by drop-
wise addition of lipids (0.1 mM) dissolved in chloroform/methanol 

properties that might, based on our previous work (50), 
influence the interaction of perilipin 3 with the phospho-
lipid monolayer in vivo: spontaneous curvature (i.e., curva-
ture stress of the monolayer, and access to hydrophobic 
interior of the LD) and charge.

We find that all constructs of perilipin 3 are surface ac-
tive. The more of the protein N terminus that is included, 
the more surface active the construct is, as assessed from 
changes in the surface pressure of the self-assembled pro-
tein monolayer. The C-terminal -helix bundle domain of 
perilipin 3 has markedly different insertion properties as 
compared with the full-length protein. Inclusion of more 
N-terminal sequences from the full-length protein reduces 
the maximum lipid monolayer pressure at which the pro-
tein construct remains able to insert into the lipid mono-
layer. At the same time, the affinity for the lipid monolayer 
is increased. The C terminus of perilipin 3 shows a high 
affinity for saturated fatty acids, as evidenced by a reduced 
insertion into a lipid monolayer containing unsaturated 
fatty acids. Taken together, our results suggest that the C 
terminus of perilipin 3 carries out distinct functions com-
pared with the N terminus, which is dominated by the 
highly amphipathic 11-mer repeat region.

MATERIALS AND METHODS

Materials
The 1-palmitoyl-2-oleoyl-sn-glycerol (POG), 1-palmitoyl-2-oleoyl- 

sn-glycero-3-phosphocholine (POPC), 1,2-dioleoyl-sn-glycero-3- 
phosphocholine (DOPC), 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phoethanolamine (POPE), 1,2-dioleoyl-sn-glycero-3-phosphoeth-
anolamine (DOPE), 1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′- 
rac-glycerol) (POPG), 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphate 
(sodium salt) (POPA), and 1,2-dioleoyl-sn-glycero-3-phosphate 
(sodium salt) (DOPA) were purchased from Avanti Polar Lipids 
(Alabaster, AL). NaCl, EDTA, and Tris were purchased from 
Sigma-Aldrich. All of the chemicals were >99% pure. Chemicals 
for protein purification were purchased from Amresco. HPLC 
grade water was purchased from Fisher Scientific.

Protein expression and purification
In order to address our main question of what drives the interac-

tion between perilipin 3 and a (phospho)lipid monolayer, we used 
four constructs (shown in Fig. 1) of the human protein (2, 3). Both 
Hynson et al. (3) and Hickenbottom et al. (2) showed that the  
C-terminal portion of perilipin 3 forms a well-defined structure in 
solution and can be readily expressed and purified. Additionally, 
the presence of the C terminus of the protein appears to be critical 
for high yield (15 mg pure protein from a 1 l culture) required 
for the biophysical work we carried out here. Production of large 
amounts (generally 10–15 mg/l cell culture) of proteins was carried 
out according to Hynson et al. (3). Briefly, pETHSUL vectors encod-
ing full-length human perilipin 3 (AA1-434) and three N-terminal 
truncation mutants (AA117-434, 152-434, and 187-434) were ex-
pressed in Escherichia coli BL21 (DE3) Codon + RIL cells (Stratagene, 
La Jolla, CA) as fusion proteins carrying N-terminal His6-small ubiq-
uitin-related modifier (SUMO) tags. Five milliliters of LB medium 
containing 100 g/ml ampicillin was inoculated with a scraping 
from a glycerol stock and was grown at 37°C and 250 rpm for 8 h in 
an incubator (Innova 43 incubator shaker series; New Brunswick 
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surface pressure of 12 mN/m for the self-assembled 
[Gibbs (54)] monolayer. This is comparable to the maxi-
mum surface pressure reached by the self-assembled mono-
layer of the insect protein, apoLp-III, 14 mN/m, which 
consists entirely of an -helix bundle that, in structure, re-
sembles that of the C terminus of perilipin 3 (50). Addition 
of further domains from the N terminus (see Fig. 1) to the 
-helix bundle of perilipin 3 increases the surface activity 
of the protein, such that the full-length protein (perilipin 
3A) has the highest surface pressure of 19 mN/m. It is 
interesting to note here that addition of 35 amino acids to 
the sequence of the -helix bundle essentially maximizes 
the surface activity. These data also show that a subphase 
concentration of 0.04 M is required to maximize the sur-
face pressure of the monolayer in our particular set-up. In 
order to assure that we used sufficient protein to maximize 
interaction with the lipid monolayers investigated, we used 
a subphase concentration of at least 0.07 M in all subse-
quent experiments.

Perilipin 3D behaves similarly to apoLp-III, a model -
helix bundle protein

Next, we determined the interaction of the -helix bun-
dle of perilipin 3, perilipin 3D, with model lipid monolay-
ers. The lipids we used in this study are listed in Table 1 
together with the relevant biophysical properties. Specifi-
cally, these lipids were chosen such that they had the same 
acyl chain composition but differed in the headgroup (i.e., 
size, hydration, and charge), resulting in lipids that spanned 
a range of relevant physicochemical properties. The sn-1- 
palmitoyl and sn-2-oleoyl acyl chains were chosen, as they 
are representative of mammalian glycerophospholipid fatty 
acid composition (55).

Figure 3 shows the cumulative data for the interaction 
of perilipin 3D with monolayers of POG, POPC, POPE, 
POPA, and POPG. Representative insertion kinetics are 
shown in supplemental Fig. S2. The resulting change in 
surface pressure of the lipid monolayer is plotted as a 
function of initial lipid monolayer pressure. Note that gen-
erally the  values are larger than the surface pressure of 
the protein at the air-buffer interface alone (compare 
Figs. 2, 3). A possible exception is POPC, where the pres-
sure of the resulting protein-lipid monolayer is compara-
ble with that of the protein alone (see the discussion of 
acyl chain saturation below).

We extracted two key quantities from these insertion iso-
therms, namely the maximum insertion pressure (MIP) 
and the maximal change in monolayer pressure (max). 
The MIP is the lipid monolayer pressure at which the  
protein is no longer able to insert in between the lipids  
in the monolayer [see Fig. 3 and (49)]. This pressure has 
also been referred to as the exclusion pressure. The MIP 
value, therefore, is an indication of the propensity of inser-
tion of a given protein into a given lipid monolayer. MIP 
values above 30–35 mN/m are used to indicate proteins 
with propensity to insert into a lipid bilayer (56, 57). The 
max is the maximal change in lipid monolayer pressure 
after protein insertion and is taken as the intercept of  
the change in lipid monolayer pressure axis at zero lipid 

(2:1 vol ratio) until the desired surface pressure was reached. The 
solvent was allowed to evaporate for about 10 min until a stable pres-
sure was reached, and protein was injected into the subphase 
through a port in the side of the trough. The monolayer experi-
ments were carried out in a temperature-controlled room at 22.0 ± 
1.0°C, and the subphase was continuously stirred with a magnetic 
bar to ensure proper mixing of the proteins in the subphase. All 
glassware, the Teflon trough, and magnetic stirrer were cleaned 
thoroughly before each monolayer experiment by a wash with KOH 
cleaning solution (164 g of ethanol, 24 g of water, and 25 g of KOH) 
and several rinses with deionized water before final rinsing with ul-
trapure water (HPLC grade water, catalog number W5-4; Fisher Sci-
entific). The platinum Wilhelmy plate was rinsed with distilled 
water, KOH cleaning solution, and finally ultrapure water.

RESULTS

Surface activity of perilipin 3
We first determined the surface activity of the amphipa-

thic -helix bundle of perilipin 3 (named perilipin 3D), 
followed by two additional N-terminal truncation mutants 
and finally the full-length recombinant protein (see Fig. 1). 
This surface-activity determination is an important control. 
If the change in lipid monolayer pressure, after insertion of 
the protein into the interface, is not larger than the surface 
pressure supported by the self-assembled protein alone, 
then it is possible that the protein will not insert into (i.e., 
in between) the lipid monolayer at all. It may, instead, sim-
ply form patches of protein at the interface, in equilibrium 
with a more-compressed lipid monolayer.

Figure 2 shows the increase in surface pressure of a bare 
buffer interface as a function of the bulk protein concen-
tration. As expected, the amphipathic -helix bundle of 
perilipin 3 (perilipin 3D) is highly surface active with a final 

Fig.  2.  Surface activity of perilipin 3 and its truncation mutants. 
Increase in surface pressure of self-assembled monolayers of perili-
pin 3A–D as a function of subphase concentration (Conc.). Pro-
teins were inserted beneath an air-buffer interface and surface 
pressure was allowed to equilibrate. Values shown are averages of 
three independent experiments and error bars represent the stan-
dard deviation. Buffer subphase: 10 mM Tris-HCl, 150 mM NaCl, 
and 0.2 mM EDTA at pH 7.2.
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and for POPA, which has both negative curvature and a 
negative charge (58–60). Note that the max for POPE is 
much reduced compared with POG and POPA, suggesting 
that the affinity of the helix bundle domain for POPE is 
limited. Interestingly, addition of a negative charge (POPA) 
significantly enhances the interaction with phospholipid 
monolayers, but negative charge alone is not sufficient (com-
pare POPG, also negatively charged, to POPC and POPA). 
Only the MIPs for POG and POPE are sufficiently above 
the 30–35 mN/m typical of glycero(phospho)lipid bilay-
ers (56) to suggest that this domain can interact with such 
hypothetical bilayers. Note that POG or POPE alone do not 
form fluid lipid bilayers under physiological conditions.

Addition of further domains of the N terminus results in a 
reduced MIP and an increase in max

Next, we investigated the effect of addition of a small (35 
amino acids, 152 through 187) portion of the N terminus to 
perilipin 3D (perilipin 3C). Figure 4 shows the resulting 
insertion isotherms and indicates a significant increase in 
the affinity of the protein for the lipid monolayer (higher 

monolayer pressure (see Fig. 3). This value is also used as 
an indication of affinity of the protein for the lipids in the 
monolayer.

The MIP and max values for perilipin 3D are shown in 
Table 2. The 95% confidence intervals for these values are 
calculated according to (49). We note that the insertion of 
the -helix bundle of perilipin 3 is highest for POG and 
POPE, both of which have negative spontaneous curvature, 

TABLE  2.  Maximum change in monolayer pressure max, and MIP 
data derived from data shown in Fig. 3 for the amphipathic  helix 

bundle of perilipin 3 (perilipin 3D)

Perilipin 3D max (mN/m) MIP (mN/m)

POG 19.8 ± 0.6 38.1 ± 1.4
POPC 14.2 ± 1.3 26.0 ± 0.5
POPE 13.6 ± 1.4 39.6 ± 0.4
POPA 23.3 ± 0.8 34.0 ± 1.2
POPG 15.3 ± 0.8 23.7 ± 1.2

Fig.  3.  Insertion isotherms for perilipin 3D for a series of (phos-
pho)lipids. Comparison of the insertion of perilipin 3-D into mono-
layers of POG (black circle), POPC (orange triangle), POPE (green 
square), POPA (purple diamond), and POPG (blue cross). MIP and 
max values are shown in Table 2. Buffer subphase: 10 mM Tris-
HCl, 150 mM NaCl, and 0.2 mM EDTA at pH 7.2.

TABLE  1.  Physical chemical properties of lipids used in this study
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took a considerable time for perilipin 3D to start inserting 
into the DOPC monolayer (see supplemental Fig. S6 for 
insertion kinetics). This was previously observed for POPC 
(supplemental Fig. S2), but for DOPC this observation was 
especially noticeable. The data for DOPC is thus also taken  
at 40 min after protein insertion compared with 30 min 
for all other lipids. The MIP for perilipin 3D is significantly 
(>10 mN/m) lower for DOPC compared with POPC.

Because our previous work showed that negative sponta-
neous curvature affects protein insertion (see Figs. 3–6), 
we next compared the insertion of perilipin 3D into mono-
layers of POPE and DOPE (Fig. 7B; data for POPE taken 
from Fig. 3). In this case as well, the PO lipid shows signifi-
cantly more insertion of the amphipathic -helix bundle, 
with the MIP for POPE 22 mN/m higher than for DOPE. 
Figure 7C compares the interaction of perilipin 3D with 
monolayers of POPA and DOPA. Again, we observe signifi-
cantly more (MIP >15 mN/m) insertion for monolayers of 
the more saturated lipid.

DISCUSSION

For the lipid monolayers, we utilized single lipids that 
systematically varied in physical chemical properties 
(charge, shape, hydration, acyl chain saturation, etc.), as 
shown in Table 1. The systematic variation of these proper-
ties allowed us to identify which physical and chemical 

max), consistent with the increase in surface activity of the 
protein (see Fig. 2). Interestingly, the addition of negative 
charge to the lipid monolayer significantly increases the af-
finity of the protein for the lipids (POPA and POPG), but 
the MIP is only increased (with respect to PC) for POPA, 
which has negative spontaneous curvature. Representative 
insertion kinetics are shown in supplemental Fig. S3.

Addition of the 11-mer repeat region to the protein, to 
yield perilipin 3B, does not significantly alter its monolayer 
interaction except that it appears that POG has the highest 
MIP, compared with POPA, for perilipin 3C (see Fig. 5). It 
should be noted that the spread in the POG data at higher 
initial pressure is significant, resulting in a larger confi-
dence interval. Representative insertion kinetics are shown 
in supplemental Fig. S4.

Like perilipin 3B, the full-length protein, perilipin 3A, 
does not show major differences in lipid insertion com-
pared with perilipin 3C and 3B (see Fig. 6). Representative 
insertion kinetics are shown in supplemental Fig. S5.

Perilipin 3 prefers saturated acyl chains
Our previous work on apoLp-III, a model amphipathic 

-helix bundle protein, suggested that this protein prefers 
phospholipids with saturated acyl chains (50). We thus  
investigated the interaction of perilipin 3D with the  
unsaturated lipids, DOPC, DOPE, and DOPA. Figure 7A 
compares the results for DOPC and POPC (POPC data 
replicated from Fig. 3). Here it should be noted that it 

Fig.  4.  Insertion isotherms for perilipin 3C for a series of (phos-
pho) lipids. Comparison of the insertion of perilipin 3C into mono-
layers of POG (black circle), POPC (orange triangle), POPE (green 
square), POPA (purple diamond), and POPG (blue cross). MIP 
and max values are shown in Table 3. Buffer subphase: 10 mM 
Tris-HCl, 150 mM NaCl, and 0.2 mM EDTA at pH 7.2.

Fig.  5.  Insertion isotherms for perilipin 3B for a series of (phos-
pho)lipids. Comparison of the insertion of perilipin 3B into mono-
layers of POG (black circle), POPC (orange triangle), POPE (green 
square), POPA (purple diamond), and POPG (blue cross). MIP and 
max values are shown in Table 4. Buffer subphase: 10 mM Tris-
HCl, 150 mM NaCl, and 0.2 mM EDTA at pH 7.2.

TABLE  3.  Maximum change in monolayer pressure max, and MIP 
data derived from data shown in Fig. 4 for construct perilipin 3C

Perilipin 3C max (mN/m) MIP (mN/m)

POG 21.4 ± 1.1 27.4 ± 0.6
POPC 20.2 ± 1.1 29.4 ± 0.7
POPE 20.7 ± 1.2 26.5 ± 1.0
POPA 26.6 ± 1.5 32.3 ± 0.7
POPG 25.4 ± 2.0 27.3 ± 0.8

TABLE  4.  Maximum change in monolayer pressure max, and MIP 
data derived from data shown in Fig. 5 for construct perilipin 3B

Perilipin 3B max (mN/m) MIP (mN/m)

POG 22.3 ± 1.2 31.0 ± 0.5
POPC 20 ± 3 29.4 ± 0.4
POPE 21 ± 3 24.0 ± 0.2
POPA 26.5 ± 1.7 29.0 ± 0.7
POPG 26 ± 3 25.0 ± 1.0
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interaction is more favorable than that of the full-length 
protein, even though the full-length protein still contains 
the C terminus. What could explain such perplexing be-
havior? One possibility is the following: The addition of N-
terminal regions of the protein to the C terminus might 
sterically hinder the interaction of the C terminus with the 
phospholipid monolayer. The region between the / do-
main and 4-helix -helix bundle is designated as the hydro-
phobic cleft (2). This region was suggested to be involved 
in lipid binding and it is possible that addition of N-termi-
nal sequences close to this region affects the folding and 
rearrangement of the amphipathic -helix bundle. Yet, in 
vivo, the hydrophobic cleft was shown to be dispensable for 
LD targeting (1). Another possibility is that, instead of ste-
ric hindrance, the addition of amino acids from the N ter-
minus (35 amino acids are sufficient to essentially maximize 
the effect) increases the affinity of the C terminus for the 
aqueous phase. Clearly this finding needs to be further 
explored.

The exception to the decrease in MIP observed for POG 
and POPE is the lipid POPA, which, in addition to having 
negative spontaneous curvature, carries a negative charge 
in its headgroup. The charge of PA is usually considered to 
be 1 in membranes, but can easily reach 2 under favor-
able environmental conditions [pH, presence of hydrogen 
bond donors, e.g., the lipid PE (58, 63)]. The charge of PA 
will also be stabilized at 2 when it interacts with basic 
amino acid residues via the electrostatic hydrogen bond 
switch model (63). The preference for insertion of perili-
pin 3 into a PA monolayer does not diminish (surface pres-
sure stays around 34 mN/m) with the addition of 35 amino 
acid residues to perilipin 3D (perilipin 3C, see Fig. 4). The 
MIP for perilipin 3B and the full-length protein (perilipin 
3A) does reduce to 29 and 26 mN/m, respectively, for the 
POPA monolayer (see Figs. 5, 6). The effect of negative 
charge is also reflected in the max values, qualitative mea-
sures of lipid affinity that are highest for POPA for all four 
constructs investigated.

Negative charge influences the recruitment of perilipin  
3 to the LD surface

The effect of charge is not novel in LD-associated pro-
teins. For caveolins, it was shown that a cationic domain 
close to a hydrophobic region is required to sort the pro-
tein to LDs in the endoplasmic reticulum (21). Attaching 
these domains to non-LD binding proteins conferred to 
them LD localization (21).

How can the effect of negative charge be explained  
for perilipin 3? Because all constructs show sensitivity to 

properties of the lipid interface were important for perili-
pin 3 interaction. The use of our different constructs also 
allowed us to make conclusions on the role of the different 
perilipin 3 domains in lipid interaction.

The amphipathic -helix bundle of perilipin 3 inserts 
more strongly into a phospholipid monolayer than the 
full-length protein

Our results show that the C-terminal domain (consisting 
of an / domain and 4-helix -helix bundle) shows the 
largest insertion, i.e., highest MIP, into monolayers com-
posed of lipids with negative spontaneous curvature, namely 
POG, POPE, and POPA (see Fig. 3). Lipids with negative 
spontaneous curvature are known to facilitate the interac-
tion of peripheral membrane proteins, as the asymmetry in 
the headgroup area (small) and acyl chain area (larger; see 
Table 1) facilitates insertion of hydrophobic domains into 
the hydrophobic interior of the membrane bilayer (61, 62). 
A similar mechanism appears to be at play for the C termi-
nus of perilipin 3 (perilipin 3D), where the negative curva-
ture stress in the monolayer of POG, POPE, and POPA 
allows for further insertion of amino acids into the hydro-
phobic interior of the lipid monolayer. In the case of LDs, 
this may result in the interaction of the protein with the 
neutral lipids inside the droplet. Addition of further seg-
ments of the full-length protein to the C terminus (result-
ing in perilipin 3B, perilipin 3C, and finally the full-length 
protein) results in a dramatic decrease in MIP (>10 mN/m) 
for both POG and POPE, suggesting that the additional 
segments of the protein [i.e., regions of the N terminus, 
including the 11-mer repeats (see below)] results in less 
insertion of the protein into a phospholipid monolayer of 
neutral or zwitterionic lipids.

This is a puzzling finding because, energetically, the 
higher MIP value for the C terminus suggests that its 

Fig.  6.  Insertion isotherms for perilipin 3A (full-length protein) 
for a series of (phospho)lipids. Comparison of the insertion of 
full-length perilipin 3 into monolayers of POG (black circle), 
POPC (orange triangle), POPE (green square), POPA (purple dia-
mond), and POPG (blue cross). MIP and max values are shown 
in Table 5. Buffer subphase: 10 mM Tris-HCl, 150 mM NaCl, and 
0.2 mM EDTA at pH 7.2.

TABLE  5.  Maximum change in monolayer pressure max, and MIP 
data derived from data shown in Fig. 6 for construct perilipin 3A

Perilipin 3A max (mN/m) MIP (mN/m)

POG 21.1 ± 1.3 30.7 ± 0.5
POPC 17.5 ± 1.6 26.9 ± 0.4
POPE 22 ± 3 26.2 ± 1.2
POPA 26.2 ± 1.7 26.2 ± 0.5
POPG 19 ± 3 23.4 ± 0.2
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Fig.  7.  Insertion isotherms for perilipin 3D in saturated and unsaturated phospholipids. Comparison of the insertion isotherms of perili-
pin 3D into a lipid monolayer of POPC and DOPC (A), POPE and DOPE (B), and POPA and DOPA (C). The change in lipid monolayer 
pressure was recorded after 30 min, except for DOPC where data was recorded after 40 min due to the slow insertion kinetics of the protein. 
Note the large difference in MIP for the more saturated (PO) and unsaturated (DO) lipids. Buffer subphase: 10 mM Tris-HCl, 150 mM NaCl, 
and 0.2 mM EDTA at pH 7.2

anionic lipids, we hypothesized that cationic residues in 
one or more of the amphipathic -helices of the C-terminal 
domain of perilipin 3 facilitated the electrostatic interaction 
of the protein with the monolayer. Figure 8 shows the  
amino acid sequence and helical wheel representation (64) 
of all four helices [alignment taken from Hickenbottom  
et al. (2)] in the -helix bundle of human perilipin 3,  
together with the calculated value for the hydrophobicity 
and hydrophobic moment of each of these helices (64). 
The first -helix of the bundle is highly charged and is, in 
fact, not amphipathic (see Fig. 8). It contains nine cationic 
and four anionic amino acid residues, whereas the addi-
tional helices show an equal or lower number of cationic 
and anionic residues. In solution at neutral pH, helix 1  
is likely to have a net charge of +3, as the two histidine 
residues are likely to be neutral (depending on local  
electrostatic environment in the protein structure and  
solution pH).

We propose that this substantial charge facilitates the  
initial electrostatic interaction with the lipid monolayer. 
This charge can potentially increase to +9 when we consider 
the following: An anionic lipid interface has a local surface 
pH that is considerably (potentially by 2 pH values or 
more) lower than that found in the bulk solution (65). At 
low pH the histidine residues in helix 1 will be positively 
charged and the anionic residues, aspartate and glutamate, 
might protonate and become neutral. The fact that histi-
dine residues can act as a switch in local protein structure 
upon interaction of lipid binding domains to an anionic 
lipid interface is well-known (66, 67), but the likelihood of 
aspartate and glutamate protonation is often overlooked 
(B. de Kruijff, personal communication). While helix 1 of 
the amphipathic -helix bundle carries the largest concen-
tration of charge in the C terminus (again it is barely am-
phipathic), the additional helices are considerably more 
amphipathic, as evidenced by larger positive values of the 
hydrophobic moment (Fig. 8). However, protonation of as-
partate and glutamate residues in the -helices of the helix-
bundle near anionic lipid interfaces can potentially 
contribute to the effect of negatively charged lipids on  
perilipin 3 binding to a lipid interface.

Negative charge and negative spontaneous curvature  
both contribute to lipid binding for the C terminus of 
perilipin 3

For the C-terminal domain, negative charge is not the 
only driving factor for monolayer insertion, as the MIP and 
max for POPG (anionic) are identical to those for POPC 
(zwitterionic), and both lipids have very small spontaneous 
curvatures (i.e., induce essentially no negative curvature 
stress in a lipid monolayer). Coupled with the results for 
POPA, POPE, and POG, this suggests that negative sponta-
neous curvature is important as well. This is also exempli-
fied by the MIP and max values for the full-length protein 
(perilipin 3A, see Fig. 6), where the max is highest for the 
anionic POPA (which combines both negative charge and 
negative spontaneous curvature), but the MIP is signifi-
cantly higher for neutral POG, although both induce nega-
tive curvature stress.

While the effect of positive charge (highest max value) 
in the protein is largest for POPA (constructs perilipin 3B 
and 3C also show higher max for POPG), hydrophobic 
interactions, as exemplified by the role of negative sponta-
neous curvature, are thus important as well. While LDs are 
mainly covered by a PC monolayer, it is known that PC in-
terfaces have a slight negative charge [PC vesicles show a 
negative zeta potential (68)]. Furthermore, the structure 
of the lipid monolayer surrounding LDs is not known and 
it is likely that patches of neutral lipids become exposed, at 
least part of the time, to the aqueous environment (69). 
Oil (hydrophobic) interfaces in water are known to be neg-
atively charged due to the accumulation of hydroxyl ions 
from solution (70). We demonstrated this previously in a 
study on oil droplet fusion. Pure triolein droplets in water 
do not want to fuse [supplemental data to (71)] and screen-
ing by salt dramatically reduced the docking time (time 
before fusion takes place) of two triolein droplets. The role 
of these observations for the interaction of perilipin 3 with 
LDs is unknown.

Recruitment and targeting of perilipin 3
Multiple studies have addressed the recruitment and 

targeting of perilipins to the LD surface. Cells expressing 
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this region, represented as a perfect -helix as well as a 3/11 
-helix (3 full turns per 11 amino acids). We show both of 
these conformations because the amphipathic -helices of 
the 11-mer repeats in apolipoproteins and -synuclein were 
proposed to adopt this 3/11 conformation (34). Comparison 
of the hydrophobic moment of these helices with those of the 
-helix bundle shows that they are comparable. What is strik-
ing is the presence of four proline residues in the first part of 
the 11-mer repeat-like region. The role of these residues is 
unknown, but is likely to affect the secondary structure of this 
segment of the protein. If folded in an amphipathic helix or 
helices, most of the N terminus could potentially interact 
with a (phospho)lipid monolayer via hydrophobic interac-
tions. Indeed, we now show that the max (a qualitative mea-
sure for the affinity of the protein for the lipid monolayer) 
increases upon addition of N-terminal sequences (perilipin 
3C, perilipin 3B, and the full-length protein). This agrees 
with the cell-based studies that show that the N terminus is 
necessary and sufficient for LD targeting and binding (1, 25, 
28). For example, compare the insertion isotherms (max) 
for perilipin 3D with those of perilipin 3C and 3B. Interest-
ingly, inclusion of the entire N terminus, i.e., the so-called 
PAT domain (perilipin 3B and 3C compared with the full-
length protein) decreases max again, at least for most 
of the lipids investigated (the only exception to this de-
crease in max is the lipid POPA, which combines nega-
tive charge with negative spontaneous curvature, i.e., access 

perilipin 1, 2, and 3 show perilipin 3 localized on small 
droplets at the cell periphery. Increasingly larger LDs  
become coated with perilipin 2, and eventually the larg-
est LDs at the center of these cells contain predominantly 
perilipin 1 (40). The reason for this distribution of perili-
pins is unknown, but may be due to maturation of LDs 
and movement to the cell center. LDs are dynamic organ-
elles and much is still unclear concerning their lipid com-
position and how this changes during the lifecycle of a 
single droplet.

There is no universal agreement on the exact region 
(amino acid sequence) on perilipins required for recruit-
ment and targeting to the LD surface. However, an over-
view of the literature suggests that amphipathic -helices in 
the N terminus of the protein are necessary and sufficient 
(1, 25, 28). This region overlaps with the so-called 11-mer 
repeat region. The 11-mer repeats found in the N terminus 
of perilipin 3 are imperfect, in that the sequence homology 
within the repeating sequences is not as conserved as in the 
repeats found in perilipin 4 (33).

Different authors have indicated different stretches of 
amino acids as belonging to these so-called 11-mer repeats 
(2, 28). Careful examination of the perilipin 3 sequence sug-
gests that the imperfect 11-mer repeats span the entire re-
gion from amino acid 73 to amino acid 204. Supplemental 
Fig. S7 shows the helical wheel representations (assuming 
that this part of the protein indeed folds into -helices) of 

Fig.  8.  Helix wheel representation of the four -helices in the amphipathic helix bundle (C terminus) of perilipin 3. To test for electro-
static and hydrophobic interactions, each helix is graphed separately. Note that only the first helix has a net (positive) charge, while the other 
three are neutral. In helices 2, 3, and 4, positively charged amino acids (R and K, R and R, and R and R, respectively) bound a hydrophobic 
lower face.
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Thus, the phospholipid composition is likely to vary spa-
tially and temporally in the cell. Previous work by the 
Atshaves group seems to suggest that LDs coated with per-
ilipin 3 contain a lipid monolayer with more unsaturated 
chains than the pool of LDs that are primarily coated with 
perilipin 1 (16). If this is indeed the case, then it is unlikely 
that the amphipathic -helix bundle of perilipin 3 is 
bound to the phospholipid monolayer. Future work will 
investigate the role of lipid acyl chain saturation for the 
full-length protein.

CONCLUSIONS

The results discussed above raise a number of substantial 
questions that need to be addressed before the interaction 
of perilipin 3 with LDs can be fully understood. Our data 
appear to be at odds with those from cell biological studies. 
For example, we find that the C terminus of perilipin 3 has 
a higher MIP than any of the other constructs tested, in-
cluding the full-length protein. On the other hand, cell 
biological work shows that the C terminus is not required 
for targeting and binding to LDs (1, 28). Additionally, the 
C terminus interacts less favorably with unsaturated lipids 
but Atshaves and colleagues appear to show that perilipin 3 
is enriched on LDs with a more unsaturated phospholipid 
monolayer (16).

Can these findings be reconciled? One possibility is that, 
indeed, the C terminus does not bind to the phospholipid 
monolayer surrounding the LD (28). However, in light of 
our data, we find this possibility unlikely. Bulankina et al. 
(1) show that both the C terminus and the full-length pro-
tein are able to transform lipid vesicles (of dimyristoylphos-
phatidylcholine and dimyristoylphosphatidylglycerol at 
or very near their main phase transition temperature) into 
lipid discs. This clearly indicates that the full-length pro-
tein, as well as the C terminus, interacts with lipid inter-
faces. Also, the amphipathic -helix bundle domain is the 
only domain present in the insect protein, apoL-III, whose 
function in lipophorin stability and, thus, lipid interaction 
is extensively studied and well-established (48, 75–78). 
When perilipin 3 first interacts with the surface of a LD, it 
is likely that the amphipathic -helix bundle domain opens 
up so that the hydrophobic side of the four helices is able 
to insert into the phospholipid interface, identically to 
what has been described for apoLp-III.

What is not clear is the exact role this binding and opening 
up of the helix bundle has for the function of the full-length 
protein. One possibility is that the amphipathic -helix bun-
dle domain further stabilizes the interaction of the protein 
with the phospholipid-neutral lipid (i.e., triacylglycerol and 
cholesterol ester) interface and further mediates the ex-
changeability of the protein, as has been proposed by Naraya-
naswami and Ryan (79). The ability to exchange between the 
cytosol and LD surface might be mediated by the saturation 
of LD (phospho)lipids and could thus be related to matura-
tion of the LD. We show that the interaction of the amphipa-
thic -helix bundle domain is less favorable for unsaturated 
lipids than it is for saturated lipids. In fact, the amphipathic 

to the hydrophobic interior of the droplet.) The PAT do-
main was named after the founding members of the per-
ilipin family, perilipin 1 through 3, and is based on the 
old names for these proteins. The name PAT-domain has 
since been used for the N terminus of these proteins and 
constitutes a region of 100 amino acids that is conserved 
among the perilipin family members, except for perilipin 4 
(40, 72). In human perilipin 3, the PAT domain is located 
between amino acid 21 and amino acid 120, and thus in-
cludes a significant part of the 11-mer repeat region (see 
Fig. 1 and discussion above) (72, 73).

The function of the C- and N-terminal domain of perilipin 
3 is mostly unknown. Our data clearly suggest that each of 
these domains contributes separately and independently to 
lipid binding. The N terminus with net positive charge (see 
above and Fig. 8) is likely responsible for initial recruitment 
to negatively charged lipid interfaces. Once the initial inter-
action commences, it is the N terminus that takes over lipid 
binding and firmly anchors the protein to the phospholipid-
oil interface of the LD. Because the MIP of the full-length 
protein is so much lower than the MIP of perilipin 3D for 
POG, POPA, and POPE, one possible scenario is that as soon 
as the N terminus of the protein interacts, the C-terminal  
-helix bundle detaches from the LD surface. Another pos-
sibility is that the -helix bundle is easily displaced from this 
surface by additional perilipin 3 molecules that bind. Our 
data also suggests that the full-length protein, while electro-
statically attracted to anionic lipid interfaces, does not 
bind to other membranes inside the cell, as the MIP is lower 
than that expected for a lipid bilayer (56, 57).

Role of phospholipid saturation on perilipin 3 LD 
interaction

Previously, we showed that the insertion of the am-
phipathic -helix bundle protein, apoLp-III from Locusta 
migratoria, is sensitive to the saturation of lipid acyl chains. 
Replacing the palmitic acid from the sn-1 position with an 
oleic acid decreased the insertion of apoLp-III for each of 
the lipids investigated (50). We now show that the helix 
bundle domain of perilipin 3 (perilipin 3D) is also acutely 
sensitive to the saturation of the phospholipid acyl chain. 
The di-oleoyl lipids, DOPC, DOPE, and DOPA, showed a 
dramatic decrease of MIP by more than 10 mN/m com-
pared with the PO species. This decrease is much more sig-
nificant than what we observed for apoLp-III.

What are the biological implications of these findings? 
Very little is known about the phospholipid composition 
of the lipid monolayer surrounding LDs (16, 17). What 
has been published shows great differences in lipid com-
position. Tauchi-Sato et al. (17) show that LDs contain a 
significant fraction of lyso-lipids, something not observed 
for biomembranes (74). On the other hand, Storey et al. 
(16) show that LDs containing mainly perilipin 1 have 
phospholipids with more saturated fatty acids, while LDs 
containing mainly perilipin 2/perilipin 3 have phospho-
lipids with more unsaturated fatty acids. The differences 
between these two studies are perhaps not surprising, as 
the phospholipid composition may depend sensitively on 
cell type and maturation state (i.e., function) of the LD. 
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-helix bundle is not likely to insert at all into a fully formed 
PC monolayer with unsaturated acyl chains, as the MIP for 
this interaction is well below 30 mN/m.

It is also possible that the interaction partner for the am-
phipathic -helix bundle domain is not the phospholipid 
monolayer at all, but the neutral lipids underlying this 
monolayer. Further work on the full-length protein and 
more sophisticated model systems (a buffer-phospholipid-
oil interface) are needed to address these questions and 
are currently underway.
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