
Serum amyloid A exhibits pH dependent antibacterial action
and contributes to host defense against Staphylococcus
aureus cutaneous infection
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Serum amyloid A (SAA), one of the major highly conserved
acute-phase proteins in most mammals, is predominantly pro-
duced by hepatocytes and also by a variety of cells in extrahe-
patic tissues. It is well-known that the expression of SAA is
sharply increased in bacterial infections. However, the exact
physiological function of SAA during bacterial infection
remains unclear. Herein, we showed that SAA expression signif-
icantly increased in abscesses of Staphylococcus aureus cutane-
ous infected mice, which exert direct antibacterial effects by
binding to the bacterial cell surface and disrupting the cell mem-
brane in acidic conditions. Mechanically, SAA disrupts anionic
liposomes by spontaneously forming small vesicles or micelles
under acidic conditions. Especially, the N-terminal region of
SAA is necessary for membrane disruption and bactericidal
activity. Furthermore, we found that mice deficient in SAA1/2
were more susceptible to infection by S. aureus. In addition, the
expression of SAA in infected skin was regulated by interleu-
kin-6. Taken together, these findings support a key role of the
SAA in host defense and may provide a novel therapeutic strat-
egy for cutaneous bacterial infection.

Serum amyloid A (SAA)2 is a major acute-phase protein and
highly conserved from sea cucumber to humans. SAA increases
rapidly in serum during the acute-phase response and is
thought to be involved in innate immunity and lipid homeosta-

sis during inflammation. Three isoforms of acute-phase SAA
have been reported in mice: Saa1, Saa2, and Saa3. However,
the third gene, SAA3, is a pseudogene in humans. The acute-
phase SAAs in humans and mice are synthesized largely by
hepatocytes under inflammatory conditions (1, 2). SAAs are
also widely expressed in normal extrahepatic tissues (3) and
significantly increased in inflammatory tissue (4 –6). Further-
more, the plasma extravasation may enable delivery of hepato-
cyte-derived SAA to the infection site. On-site SAA may play a
role in protecting the blood and other organs from disseminat-
ing microbes (7, 8). SAA has long been used as a clinical bio-
marker for acute infections and also has been reported to be
expressed in keratinocytes and sebocytes and up-regulated in
some inflammatory cutaneous diseases (3, 9, 10), such as
psoriasis, papulopustular acne, and papulopustular rosacea.
Although SAA has a similar expression pattern with typical
cutaneous antimicrobial proteins and peptides (AMPs) (11, 12),
its role in skin surface defense remains unclear.

The acidic condition (pH 4 – 6) is an important character of
skin surface. Because the bactericidal efficacy of many skin
AMPs depends on the acidic pH of the skin, acidity of the stra-
tum corneum and sweat is important for antimicrobial activity
(13) Local acidosis also occurs during inflammation due to mas-
sive infiltration of neutrophils and macrophages at the site of
inflammation, which subsequently activates respiratory burst,
and hypoxia at sites of inflammation leading to local accumu-
lation of lactic acid and a significant decrease in pH (14, 15).

Many members of the SAA protein family are amphipathic
and positively charged, which are typical characteristics of
AMPs. In some species, such as goldfish and common carp,
SAAs have a highly alkaline pI and present antimicrobial activ-
ity in vitro (16, 17). In vitro antibacterial assays at neutral pH do
not reveal that human or mouse SAAs have bactericidal prop-
erties (6). However, overexpression of mouse SAA1 and SAA2
(mSAA1 and mSAA2) in cultured epithelial cell lines reduces
co-cultured Escherichia coli via an undefined mechanism (18).
These works suggest that the local microenvironment of
inflammatory foci may affect the bactericidal properties of
SAA.
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In this study, we demonstrate that SAA exhibits direct anti-
bacterial activity at low pH conditions through targeted disrup-
tion of bacterial membrane structures, which are negatively
charged phospholipids. Intriguingly, SAA rapidly self-assem-
bles with anionic phospholipids, forming small vesicles or
micelles under mildly acidic pH conditions. Moreover, SAA
was strongly induced in Staphylococcus aureus–infected skin
and reduced bacteria burden in vivo.

Results

SAA is strongly induced in S. aureus–infected skin and
presents antimicrobial properties by disrupting bacterial
membranes

We first evaluated the expressions of SAA1/2/3 in an
S. aureus cutaneous infected mouse model and found that
mRNA levels of SAAs were significantly increased both in the
skin and in the liver of the infected mice (Fig. 1A and Fig. S1).
The expression of SAA was also detected by immunohisto-
chemical staining. We found that all three mice SAAs were
abundantly expressed in cutaneous abscesses (Fig. 1B). To
investigate whether SAA has a direct bactericidal effect, we
tested the activity of SAA against E. coli and S. aureus, which
are representatives of Gram-negative and Gram-positive bac-
terial strains, respectively. We found that bactericidal activity of
mSAA1 was pH-dependent (Fig. 1C), with higher activity at
acidic pH. The survival rates of both E. coli and S. aureus
declined by 90% after incubation with 2.5 �M mSAA1 at pH 5.5
(Fig. 1D). We also tested the antibacterial activity of hSAA1,
hSAA2, mSAA2, and mSAA3, and the bactericidal activity of all
of these proteins increased significantly at pH 5.5 (Fig. 1, E and
F). To further validate the interaction between SAA and bacte-
ria, we used serum from AgNO3-injected mice (endogenous
mSAA) and the purified recombinant mSAA1 (exogenous) to
incubate with E. coli and S. aureus at different pH conditions.
The binding abilities of endogenous mSAA and the purified
recombinant mSAA1 to E. coli and S. aureus at acidic pH (pH
5.5) were strongly enhanced (Fig. 2, A and B). The induced
expression of recombinant SAA in bacteria causes bacterial cell
lysis, suggesting the destructive effect of SAA on bacterial cell
membranes (19). To investigate the direct interaction between
SAA and bacteria, membrane integrity of mSAA1-treated bac-
terial cells was observed by using transmission EM. Drastic
morphological changes in the bacterial cells were observed
after incubating mSAA1 at low pH, and cell membrane damage
and component leakage in both S. aureus and E. coli cells and
cytoplasm condensation in E. coli cells were evident (Fig. 2,
C–E).

SAA induces anionic liposome leakage by forming micelles
under acidic conditions.

The phospholipid-binding specificity of SAA was examined
by measuring releasing entrapped terbium (Tb3�) from lipo-
somes of defined composition (20). Negatively charged phos-
pholipids, such as phosphatidylglycerol (PG) and cardiolipin,
are abundantly present in bacterial cell membranes (21, 22). To
further understand the interaction between SAA and bacterial
cell membranes, unilamellar liposomes were used as an in vitro
model. No phosphatidylcholine (PC)-only liposome leakage

was observed with 5 �M mSAA1 and hSAA2 under neutral or
acidic conditions, whereas 100% leakage in liposomes contain-
ing 20% cardiolipin (cardiolipin liposomes) and weaker leakage
in liposomes containing 20% PG (PG liposomes) were observed
with 5 �M mSAA1 and hSAA2 (Fig. 3, A and B). Moreover,
mSAA1, mSAA2, hSAA1, and hSAA2 also induced negatively
charged liposome disruption under acidic conditions. More-
over, 100% PG liposome leakage with a higher concentration of
SAA proteins was evident (Fig. 3 (C and D) and Fig. S2A). To
investigate the interaction between SAA and cardiolipin, we
performed biolayer interferometry to explore the binding affin-
ity of proteins and liposomes. The biotinylated SAA protein
was immobilized on a streptavidin (SA) sensor, which was then
flown through with the different liposomes. There was no
observable binding to PC liposomes, but both mSAA1 and
hSAA2 bound to cardiolipin liposomes were prominent (Fig. 3,
E and F). As the cardiolipin could not dissociate from SAA
proteins, we speculated that SAA formed a stable complex with
cardiolipin at acidic pH. Consistent with the liposome leakage
assays, no interactions between SAA and PC or cardiolipin at
neutral pH were observed.

To determine the exact interaction between SAA and lipo-
somes, we performed transmission EM on negatively stained
liposomes treated with mSAA1 at different pH conditions. We
observed that SAA induced PG or cardiolipin liposome collapse
at acidic pH. Furthermore, the SAAs rapidly formed small ves-
icles or micelles with large-scale disruption of the cardiolipin
liposomes and PG liposomes under acidic conditions, and no
significant morphological changes were observed in PG or car-
diolipin liposomes at neutral pH and in PC liposome under
both pH conditions (Fig. 4 and Fig. S2B). This indicated that
SAA binds anionic phospholipids to form small vesicles or
micelles and induce liposome leakage under acidic pH
conditions.

The N-terminal region of SAA is necessary for liposome
disruption and bactericidal activity

The crystal structures of hSAA1 and mSAA3 had been deter-
mined, and the known monomer structures of hSAA1 and
mSAA3 are very similar, containing a cone with four �-helices
and a tail (23, 24). By analyzing the surface hydrophobicity of
SAA, a hypothetical model of SAA binding to high-density lipo-
protein (HDL) suggested that helix 1 and helix 3 of SAA form a
hydrophobic surface that binds to HDL (25). Because the N
terminus of SAA is important for HDL binding, we speculated
that the N-terminal region of SAA was also essential for its
membrane disruption activity. A mutation with a 20-amino
acid truncation of mSAA1 (�N20-mSAA1) was constructed.
We found that the �N20-mSAA1 mutation did not induce PG
and cardiolipin liposome leakage (Fig. 5, A–D). The negative
stain EM also showed that the truncation mutation did not
induce cardiolipin liposome disruption (Fig. 5E). Furthermore,
the interaction with cardiolipin liposomes was detected by bio-
layer interferometry. It was also found that under acidic condi-
tions, �N20-mSAA1 could not bind to cardiolipin liposomes
(Fig. 5F). Consequently, the bactericidal activity of the trunca-
tion mutation was also significantly impaired (Fig. 5G).
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Deletion of Saa1/2 in mice impaired the clearance of S. aureus
during cutaneous infections

To further explore the role of SAA in host defense, we gen-
erated Saa1/2 double knockout mice (SAA1/2 DKO) and mice

to test the function for endogenous SAAs in host defense
against cutaneous bacterial infections. We verified that SAA1/2
was absent in the skin of SAA1/2 DKO mice (Fig. 6A) and
showed that S. aureus infection led to higher numbers of cuta-
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neous bacteria and a larger abscess area in the absence of
SAA1/2 (Fig. 6, B and C). Because IL-6 is critical for the acute
phase response and the production of acute reactive proteins
including SAA in mice liver during bacterial infections (26).
Real-time PCR analysis of IL-6 also showed that mRNA levels
for IL-6 were markedly increased in the infected skin (Fig. 6D).
We assumed that the production of SAA in skin induced by
S. aureus was IL-6 – dependent. To test this hypothesis, we
infected the WT and Il6�/� mice with S. aureus. Compared
with the WT mice, mRNA levels of SAAs were significantly
decreased in the skin of the infected Il6�/� mice (Fig. 6E). Tak-
ing these results together, we demonstrated that SAA has anti-
bacterial activity both in vitro and in vivo and regulated by IL-6.

Discussion

SAA has long been recognized as a major acute-phase
response protein in inflammatory diseases, but its molecular
actions of innate immunity during bacterial infection remain
largely unclear. In the current study, we demonstrated that
SAA was abundantly expressed in cutaneous abscesses when
infected with S. aureus. SAA not only binds to phospholipids of
bacterial membranes through its hydrophobic N-terminal
region, but exerts direct bactericidal by disrupting the bacterial
cell membrane under acidic conditions. Furthermore, we dem-
onstrated the antimicrobial effects of SAA against skin bacterial
infections in vivo, which may provide a novel therapeutic strat-
egy for cutaneous bacterial infection.

Figure 1. The expression of SAA in the S. aureus cutaneous infection model and the antibacterial activity of SAA to E. coli and S. aureus in a pH-de-
pendent manner. A, SAA mRNA expression in skin and liver after mouse back skin infected with 3 � 106 cfu of S. aureus (n � 5) on day 3. B, immunohisto-
chemistry analysis of SAA in mouse skin after S. aureus infection on day 3 (scale bar, 200 �m). C, bactericidal activity of mSAA1 at different pH values was
measured against E. coli and S. aureus using a microdilution susceptibility assay (n � 3). 100% survival was defined as total survival of bacteria in the same buffer
and under the same conditions as in the absence of proteins. D, percentage of cfu remaining after exposure to purified mSAA1. S. aureus and E. coli were grown
to midlog phase and incubated with purified proteins. After incubation for 2 h at pH 5.5 at 37 °C, the viability of bacteria was quantified by dilution plating (n �
3). E and F, bactericidal activity of different SAA proteins. The viability of bacteria was quantified by dilution plating (n � 3). All data are representative of three
independent experiments. Significant differences versus control group are indicated by asterisks: *, p � 0.05; **, p � 0.01; ***, p � 0.001. Error bars, S.E.M.

Figure 2. SAA binds bacteria and disrupts its cell membrane at low pH. A, binding of mSAA1 to E. coli or S. aureus was incubated with 5 �M recombinant
mSAA1 in 10 mM sodium phosphate, 150 mM NaCl buffer, pH 5.5 or pH 7.4. After centrifugation, the supernatant (S) and the pellet (P) were analyzed by
SDS-PAGE and Coomassie Blue staining. B, binding of mSAA1 to E. coli or S. aureus was incubated with 10% AgNO3-injected mice serum in 10 mM sodium
phosphate, 150 mM NaCl buffer, pH 5.5 or pH 7.4. After centrifugation, SAA in the pellet was detected by immunoblotting. C, transmission EM micrographs of
E. coli and S. aureus cells were incubated with 10 �M mSAA1 or buffer. (scale bar, 500 nm). D and E, cell component leakage areas of S. aureus (D) and E. coli (E)
cells (n � 30) were incubated with 10 �M mSAA1 or buffer. Significant differences versus control group are indicated by asterisks: ***, p � 0.001. Error bars, S.E.M.
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The SAA protein family is highly conserved, and the crystal
structure reveals that SAA contains a four-alpha-helix bundle
in which helix 1 and helix 3 form a hydrophobic surface that
binds hydrophobic ligands, such as the phospholipids choles-
terol and retinol (24). Some conserved charged amino acid res-
idues interact with polysaccharides and cell receptors (25), sug-
gesting that SAA exerts multiple functions at the inflammatory
site, where the concentration of SAA rises sharply during the
acute response. SAA, during the acute phase, is primarily asso-
ciated with HDL (27). Under mild acidic conditions, heparan
sulfate binds to SAA and causes differential dissociation of SAA
from the HDL particle, but it has no effect on the HDL-associ-
ated ApoA-I (28). A recent study also showed that SAA solubi-
lized phospholipid bilayers to form lipoproteins that provided
substrates for sPLA2 and effectively removed free fatty acids
under acidic conditions (29). Inflammatory foci are character-
ized by low pH levels reaching as low as pH 5 (30), indicating
that the microenvironment at inflammatory foci may influence
the biochemical properties and physiological function of SAA.
Increased SAA expression was observed in biopsies from
patients with Crohn’s disease and other inflammatory diseases
(4, 18), and such increased SAA was co-localized with bacteria
in an animal model (6, 31), which has been speculated to play a
role in bacterial sensing and killing mechanisms to protect tis-
sues of the host.

It has been reported that SAA is able to bind to Gram-nega-
tive but not Gram-positive bacteria under neutral conditions
and acts as an opsonin (32). In this study, we found that SAAs
bind both Gram-positive and Gram-negative bacteria and dis-
rupt the bacterial cell membrane, which in turn causes bacterial

cell death under the mild acidic pH of the local inflammatory
site. AMPs have three different strategies to insert and disrupt
the cell membrane: by forming a barrel stave or toroidal pore to
make the membrane permeable or by forming a “carpet model,”
which causes the accumulation of peptides or proteins on the
bilayer surface, leading to disruption of the bilayer in a deter-
gent-like manner, eventually leading to the formation of
micelles (33). We demonstrated that SAA was electrostatically
attracted to the anionic phospholipid headgroups at the surface
of the membrane and disrupted the cell membrane in a carpet-
like manner by its hydrophobic surface under acidic pH condi-
tions. These results were consistent with the fact that a group of
AMPs present optimal antimicrobial activity at low pH (30,
34, 35).

In this study, we also found that the N-terminal region of
mSAA1 is necessary for phospholipid binding and bactericidal
activity. Consist with our results, Patel et al. (36) found that
deletion of the first 11 amino acid residues at the N terminus of
recombinant human SAA diminishes its capacity to bind to
HDL and decreases amyloid Fibril formation. Also, another
group had reported that the N-terminal region (residues 1–27)
of human SAA1 is important for lipid interaction and sufficient
for phospholipid binding (37). Previous studies have reported
that oligomerized SAA forms a channel on the planar mem-
brane and is associated with toxic amyloid oligomers (19, 33,
38). However, we did not observe channel formation on PG
liposomes incubated with SAAs. In contrast, SAAs bound PG
liposomes and cardiolipin liposomes, but not PC liposomes,
and spontaneously formed small vesicles or micelles under
acidic conditions, like a typical apolipoprotein. A reasonable
explanation is that SAAs bind to anionic phospholipids with a
higher affinity than a zwitterionic phospholipid under acidic
conditions. Like other lipoproteins, the amphipathic SAA helix
bundle forms a stable HDL-like nanoparticle with the zwitteri-
onic phospholipids; however, this nanoparticle requires a high
protein/phospholipid ratio and longer incubation time under
neutral conditions (39); a low protein/lipid ratio and short time
does not result in morphological changes in vesicles (40). In
addition, other studies have reported that some HDL compo-
nents can be involved in the resistance to microbial infections,
in which apoL-1 can selectively bind anionic phospholipids
under acidic conditions to disrupt cell membranes and kill
trypanosomes (41), whereas apoA-1 also has a higher affinity to
anionic phospholipids and inhibits bacterial growth (22). The
results of this study indicate that SAA has similar biochemical
and biological functions to these apolipoproteins and provide
new evidence for the important role of HDL in host defense.

S. aureus is a major cause of skin and soft-tissue infections in
humans, which cause both local and systemic diseases (42, 43).
In this study, we found that SAA was strongly induced in
infected skin of an S. aureus cutaneous infected mouse model.

Figure 3. SAA binds to negatively charged lipids and induces liposome leakage. A and B, SAA disrupted terbium (Tb3�)-loaded unilamellar liposomes
containing the negatively charged lipid phosphatidylglycerol (PG) or cardiolipin (Card), but not liposomes composed of the zwitterionic lipid PC. Liposomes
were treated with 5 �M mSAA1 (A) or hSAA2 (B) after incubation with SAA proteins. Detergent was added after 20 min. C and D, PG (C) and cardiolipin (D)
liposome leakage–inducing activity of mSAA1, mSAA2, hSAA1, and hSAA2. E, Octet binding response of PC liposomes and cardiolipin liposomes to mSAA1 or
hSAA2 at pH 5.5. F, Octet binding response of PC liposomes and cardiolipin liposomes to mSAA1 or hSAA2 at pH 7.4. The proteins were immobilized onto an
SA sensor followed by dipping these biosensors into the liposome solution, and the protein liposome interaction was represented as binding curves showing
the association. All data are representative of three independent experiments.

Figure 4. Membrane disruption and micelle nanoparticle formation
activity of SAA. PG liposomes (left), cardiolipin liposomes (middle), and PC
liposomes (right) after 1 h of incubation with mSAA1 at pH 7.4 (bottom) or pH
5.5 (top) at 37 °C. The protein/lipid molar ratio was 1:100. Shown are represen-
tative negative-stain EM micrographs of the liposomes (scale bar, 100 nm).
Black arrows, small vesicles or micelles. All data are representative of three
independent experiments.
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We also found that both SAA1/2 DKO and mice have higher
bacterial loads in cutaneous abscesses after subcutaneous
S. aureus infection. Furthermore, the production of SAA in
infected skin was IL-6 – dependent. Consistent with our results,
many studies have shown that IL-6 is critical for acute-phase
response and acute-phase protein production (26, 44). Previous
studies had shown that SAA plays a role in host defense of
Salmonella typhimurium and Klebsiella pneumoniae infection
(24, 45). Our data demonstrate that SAA also participates in
host defense of S. aureus cutaneous infection in vivo. SAA has
also been reported to regulate immune cells, such as promoting
the secretion of cytokines, such as IL-17 and IL-22 (46, 47), and
recruiting neutrophils and monocytes (48). Whether the
immunomodulatory function of SAA is also involved in the
resistance against S. aureus infection remains to be confirmed
by further studies.

Although no case report has identified a genetic human SAA
deficiency, evidence suggests that many patients with liver dys-
function have defective acute-phase responses to bacterial
infection, contributing to an increased susceptibility to bacte-
rial infection (49). SAA plays a pivotal role in regulating inflam-
matory responses, suggesting that SAA may be not only the
major source of acute-phase proteins and a clinical marker, but
a functional immune response player that provides a novel
therapeutic strategy for inflammation during the innate
immune response to infection. However, its direct innate
immune effect in humans needs to be confirmed by large-scale
clinical trials.

In summary (Fig. 7), we demonstrated that SAA not only
bound to anionic phospholipids of the bacterial cell membrane
and self-assembled to form micelles, but elicited direct bacteri-
cidal effects through a hydrophobic N-terminal region as well.
Our study also confirmed that SAA is abundantly expressed in
S. aureus infection sites and protects from S. aureus cutaneous
infection in vivo.

Materials and methods

Animals

All mice were housed and bred in the specific pathogen–free
facility at China Agricultural University. 8 –12-Week-old male
mice were used for all experiments. All animal experiments
were performed in accordance with the guidelines of the Insti-
tutional Animal Care and Use Committee of China Agricul-
tural University (approval number SKLAB-2017-01-05). Saa1
and Saa2 double knockout mice (C57BL/6 background) were
generated by the Nanjing biomedical research institute of Nan-
jing University. SAA1/2 double knockout mice were generated
by a 15-kb chromosomal deletion at the Saa1 and Saa2 locus in
the mouse genome using CRISPR/Cas9 technology. IL-6 –
deficient (Il6�/�) mice (C57BL/6 background) were obtained
from Dr. Zhinan Yin (Jinan University, Guangzhou, China).

Microorganisms

Bacterial isolates E. coli BL21 and S. aureus ATCC 25923
were obtained from the China General Microbiological Culture
Collection Center (CGMCC, Beijing, China).

Figure 5. Structure analysis of SAA shows that the N terminus of SAA is necessary for liposome disruption and bactericidal activity. A–D, effects of
�N20-mSAA1 mutation on mSAA1 liposome leakage–inducing activities. A, purified mSAA1 and �N20-mSAA1 (1 �M) proteins were incubated with cardiolipin
liposomes. B, means � S.E.M. (error bars) from three independent replicates of the experiment shown in A. C, mSAA1 and �N20-mSAA1 (10 �M) were incubated
with PG liposomes at pH 5.5. D, means � S.E.M. from three independent replicates of the experiment shown in C. E, negative-stain EM micrographs of
cardiolipin liposomes incubated with mSAA1 and �N20-mSAA1 mutation at pH 5.5 (scale bar, 100 nm). Protein/lipid molar ratio was 1:100. F, Octet binding
response of cardiolipin liposomes to �N20-mSAA1 at pH 5.5. G, effects of �N20-mSAA1 mutation on mSAA1 antibacterial activity (n � 3). All data are
representative of three independent experiments. Significant differences versus control group are indicated by asterisks: **, p � 0.01.
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Antibodies and reagents

All lipids were purchased from Avanti Polar Lipids Inc. (Ala-
baster, AL). The polyclonal antibody for mSAA1/2 was pur-
chased from R&D Systems (Minneapolis, MN). The polyclonal
antibodies for human SAA1/2 (hSAA1/2) and mouse SAA3
(mSAA3) were purchased from ABclonal (Wuhan, China). Ter-
bium chloride (TbCl3) and DPA were purchased from Sigma-
Aldrich, and all other chemicals were from Sigma-Aldrich.

Mouse serum sample preparation

Ten-week-old male C57BL/6 mice were intraperitoneally
injected with AgNO3 (0.5 ml, 0.01 g/ml). After 24 h, serum was
obtained by centrifugation (50).

Gene cloning, protein expression, and purification

The human and mouse SAA cDNAs encoding 103 amino
acid residues were cloned into pET21a with an N-terminal His6
tag followed by a tobacco etch virus protease cleavage site and a
C-terminal stop codon. Recombinant pET-SAA plasmids were
transformed into E. coli strain BL21 (DE3) pLysS (Tiangen,
China). The cells were grown at 37 °C in Luria–Bertani (LB)

medium supplemented with 50 �g/ml ampicillin and 34 �g/ml
chloramphenicol until OD600 reached about 0.6. Protein
expression was induced with 0.5 mM isopropyl-�-D-galactoside
and incubated at 25 °C; after 30 min, 100 �g/ml rifampicin was
added to inhibit E. coli RNA polymerase. After an additional
2.5-h incubation, the cells were harvested and resuspended in
lysis buffer (50 mM NaH2PO4, 500 mM NaCl, pH 8.0, for
mSAA1, mSAA2, mSAA3, hSAA1, and hSAA2), and then a
0.5% final concentration of n-dodecyl-�-D-maltoside was
added to the lysis buffer and incubated for 3 h at 4 °C after
sonication. The lysate was clarified by centrifugation at
42,000 � g for 30 min at 4 °C. The supernatant was loaded onto
a nickel-SepharoseTM (GE Healthcare) column pre-equili-
brated with lysis buffer containing 0.05% n-dodecyl-�-D-malto-
side. The column was washed at least 40 times with 25 mM

imidazole in lysis buffer to completely remove nonspecific con-
taminants and detergent (21), and the proteins were eluted in
lysis buffer containing 300 mM imidazole. The eluted product
was pooled and buffer-exchanged into 20 mM Tris-HCl, pH 8,
200 mM NaCl and then digested with tobacco etch virus prote-
ase at 18 °C for 12 h. Undigested protein was removed by pass-

Figure 6. Deletion of Saa1/2 in mice impaired the clearance of S. aureus in the skin. A, WT and SAA1/2DKO littermates were analyzed at 8 weeks of age by
quantitative PCR for Saa1/2 gene expression in S. aureus-infected skin (n � 5). B, bacterial counts from S. aureus–infected WT and SAA1/2 DKO mouse
cutaneous abscesses. C, abscesses areas of S. aureus–infected WT and SAA1/2 DKO mice. Mice were subcutaneously infected for 4 days (n � 4 –5). D, IL-6 mRNA
levels in the infected skin were determined by quantitative PCR and are expressed relative to the levels in uninfected WT mice (n � 5). E, SAA mRNA expression
in skin of WT and Il6�/� mice infected with S. aureus (n � 3–5). Significant differences versus control group are indicated by asterisks: *, p � 0.05; **, p � 0.01.
Error bars, S.E.M.
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ing the protein through a nickel-affinity matrix and collected
only the flow through. The eluate was concentrated and further
purified with a Resource Q column (GE Healthcare) and a
HiLoad 16/600 SuperdexTM200pg column (GE Healthcare) in
100 mM NaCl, 20 mM Tris, pH 8, 1 mM tris(2-carboxyethyl)
phosphine, and 5% glycerol. Finally, the purified protein
was 	95% pure according to SDS-PAGE analysis.

Mutagenesis

Deletion mutant was generated using standard PCR meth-
ods. Protein expression and purification were done as for WT
SAA

Viable count analysis

Bacteria were grown overnight in LB medium. The microbes
were washed twice with 10 mM sodium phosphate, 150 mM

NaCl buffer, pH 7.4, and diluted in the same buffer at a pH
range of 5.2–7.4. Then about 107 cfu of microbes were incu-
bated at 37 °C for 2 h at the indicated concentrations with SAA.
To quantify bactericidal activity, serial dilutions of the incu-
bated mixtures were plated on LB (for bacteria), followed by an
incubation at 37 °C overnight, and the number of cfu was deter-
mined. Then 100% survival was defined as total survival of bac-
teria in the same buffer and under the same conditions as in the
absence of proteins.

Binding assay

E. coli and S. aureus (108 cfu) were incubated with 5 �M

mSAA1 in 500 �l of 10 mM sodium phosphate, 150 mM NaCl,
pH 5.5 or pH 7.4 for 1 h at 37 °C and centrifuged, and the pellets

were washed three times in the same buffer. The pellet and the
supernatant were resuspended in SDS sample buffer, electro-
phoresed (15% SDS-PAGE), and then transferred to a polyvi-
nylidene difluoride membrane with a transfer buffer (25 mM

Tris, 192 mM glycine, and 20% (v/v) methanol). The membranes
were blocked with 5% dried milk in TBS-T (20 mM Tris, 500 mM

NaCl, 0.05% Tween 20) and incubated with mSAA1 antibody
for 1 h at room temperature. Then secondary antibody (rabbit
anti-goat horseradish peroxidase; 1:5,000; Santa Cruz Biotech-
nology). was diluted into hybridization buffer and incubated at
room temperature for 1 h. The blot was then washed five times
for 5 min with wash buffer, and horseradish peroxidase was
detected with ECL reagent (GE Healthcare).

Liposome preparation

The method for liposome preparation in this study was mod-
ified from Ding et al. (20). In brief, different components of
phospholipids were separately dissolved in chloroform. The
lipid of the specified fraction (0.5 �mol) was mixed in a glass
vial. The solvent was evaporated under a stream of nitrogen,
and the dried lipid film was hydrated at room temperature and
mixed in 500 �l of buffer 1 (20 mM HEPES (pH 7.4) or 20 mM

MES (pH 5.5) and 150 mM NaCl). The Tb3�-packaged lipo-
somes were hydrated in 500 �l of buffer 2 (20 mM HEPES (pH
7.4) or 20 mM MES (pH 5.5)), 100 mM NaCl, 50 mM sodium
citrate, and 15 mM TbCl3. Liposomes were generated by
repeated pushes of hydrated lipids through a 100-nm polycar-
bonate filter (Whatman, UK) 35 times using a Mini-Extruder
apparatus (Avanti Polar Lipids). After the push process, the
liposomes were added to a centrifugal filter tube (Amicon
Ultra-4, 100,000 molecular weight cutoff; Millipore), and the
Tb3� ions outside the liposome were removed by repeated
washings five times with Tb3�-free buffer 2. The liposomes
were replaced with buffer 1 for use.

Lipid leakage assay

The lipid leakage assay implemented for this study was mod-
ified from Ding et al. (20). In brief, a 30-�l aliquot of Tb3�-
packaged liposomes was mixed with 60 �l of DPA-containing
buffer 1, and 10 �l of the specified concentration of SAA
recombinant protein was added before the assay. The final con-
centration of phospholipid was 300 �M, and the concentration
of DPA was 15 �M. The Tb3�/DPA chelate was examined using
excitation and emission wavelengths of 270 and 490 nm,
respectively, in a full-wavelength fluorescence microplate
reader. The emission fluorescence before the addition of the
SAA protein was regarded as Ft0. A 10 �l aliquot of the protein
was added to the designated final concentration, and the emis-
sion fluorescence was continuously recorded as Ft at 30-s inter-
vals. After 20 min, 10 �l of 1% Triton X-100 was added to
achieve complete release of Tb3�, and the average of the first
three fluorescence readings was defined as Ft100, if the fluores-
cence value of the protein treatment group was greater than
after adding 1% Triton X-100 The fluorescence value takes
three maximum fluorescence values of the protein treatment
group as Ft100. The percentage of liposome leakage at each
time point is defined as follows: Leakage (t) (%) � (Ft � Ft0) �
100/(Ft100 � Ft0).

Figure 7. Graphic summary. The bacterial killing mechanism of SAA under
acidic conditions. SAA bounds to anionic phospholipid of the bacterial mem-
brane and disrupts cell membrane by self-assembling to form micelles
through the hydrophobic N-terminal region.
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Transmission EM

Midlogarithmic phase E. coli and S. aureus cells (OD600 at
0.4) were incubated with 10 �M mSAA1 at pH 5.5 for 2 h. After
treatment, the bacterial pellets were pre-fixed with 2.5% glutar-
aldehyde at pH 7.4 for 2 h at 4 °C and post-fixed in 1% osmium
tetroxide buffered at pH 7.4 for 2 h at 4 °C. The samples were
dehydrated in acetone (50, 70, 90, 95, and 100%). The cells were
immersed in EPON resin, and ultrathin sections were examined
under a JEOL JEM-1230 (Jeol Ltd., Tokyo, Japan). The leakage
area of bacterial cell component was quantified by Image J
(National Institutes of Health).

Negative staining EM of the SAA-lipid micelles

SAA proteins (5 �M) were incubated with the indicated lipo-
somes (500 �M lipids) at room temperature for 30 min. Aliquots
of the mixture (5 �l) were transferred to a glow-discharged
carbon-coated copper grid for EM and negatively stained with
2% uranyl acetate. Samples were imaged on a JEM-1400 elec-
tron microscope (Jeol Ltd.) at 120 kV.

Biolayer interferometry

Biolayer interferometry analysis was performed using an
Octet Red 96 system (Molecular Devices, Fremont, CA) with
SA chips at room temperature (25 °C). All assays were per-
formed in 10 mM sodium phosphate, 150 mM NaCl, pH 5.5 or
7.4. SAA proteins were biotinylated and then flowed through
with 100 �M PC liposome or cardiolipin liposome in different
buffers.

Immunohistochemistry

Immunohistochemistry was performed as described previ-
ously (51). Briefly, 4-�m tissue sections were deparaffinized in
xylene and rehydrated through a series of decreasing ethanol
concentrations. The slides were pretreated with hydrogen per-
oxide (3%) for 10 min to remove endogenous peroxidase, fol-
lowed by antigen retrieval in a microwave for 15 min in 10 mM

citrate buffer (pH 6.0). The primary antibodies were applied,
followed by washing and incubation with the biotinylated sec-
ondary antibody for 30 min at room temperature. The slides
were counterstained with hematoxylin and dehydrated in alco-
hol and xylene before mounting.

RNA extraction and real-time RT-PCR

Total RNA and quantitative real-time PCR were performed
as described previously (51). Data were analyzed with Light-
Cycler� 480 software, version 1.5 (Roche Applied Science). Rel-
ative quantification of gene expression was performed using the
standard curves and normalized to the value for glyceralde-
hyde-3-phosphate dehydrogenase (GAPDH) in each sample.
Primers used for Saa1/2, Saa3, Il6, and Gapdh are listed in
Table S1.

Cutaneous infection in vivo

The mouse model of cutaneous infection was modified from
Li et al. (52) and Zhang et al. (43). In brief, the backs of age-
matched adults were shaved, and hair was removed by using
chemical depilation. On the same day, S. aureus was grown in

LB medium overnight. The next day, 1 ml of overnight culture
of S. aureus was re-inoculated into 30 ml of fresh LB and grew
to logarithmic phase (OD600 � 0.7– 0.8). Then the bacterium
was centrifuged, and the pellets were washed and resuspended
in sterile PBS. 3 � 106 cfu of live S. aureus was subcutaneously
injected into mouse back skin (n � 5/group). Mice were eutha-
nized after 4 days. In some experiments, skin around the
abscess was collected and homogenized in PBS to determine
the number of surviving S. aureus. In other experiments, RNA
from normal or infected skin was either collected for real-time
RT-PCR or stored in 4% paraformaldehyde for immuno-
staining. Samples were randomized during data collection.
Investigators were not blinded to the group allocation during
data acquisition.

Statistics

Data were analyzed for statistical significance with SPSS
12.0.1. All numerical data are presented as mean � S.E.M. p �
0.05 was considered significant. All graphs were generated with
GraphPad Prism 6.0 (GraphPad Software, Inc.)
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