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Early purification protocols for C-reactive protein (CRP) often involved co-

isolation of lipoproteins, primarily very low-density lipoproteins (VLDLs). The

interaction with lipid particles was initially attributed to CRP’s calcium-

dependent binding affinity for its primary ligand—phosphocholine—the

predominant hydrophilic head group expressed on phospholipids of most

lipoprotein particles. Later, CRP was shown to additionally express binding

affinity for apolipoprotein B (apo B), a predominant apolipoprotein of both

VLDL and LDL particles. Apo B interaction with CRP was shown to be mediated

by a cationic peptide sequence in apo B. Optimal apo B binding required

CRP to be surface immobilized or aggregated, treatments now known to

structurally change CRP from its serum soluble pentamer isoform (i.e., pCRP)

into its poorly soluble, modified, monomeric isoform (i.e., mCRP). Other

cationic ligands have been described for CRP which affect complement

activation, histone bioactivities, and interactions with membranes. mCRP, but

not pCRP, binds cholesterol and activates signaling pathways that activate

pro-inflammatory bioactivities long associated with CRP as a biomarker.

Hence, a key step to express CRP’s biofunctions is its conversion into its

mCRP isoform. Conversion occurs when (1) pCRP binds to a membrane

surface expressed ligand (often phosphocholine); (2) biochemical forces

associated with binding cause relaxation/partial dissociation of secondary and

tertiary structures into a swollen membrane bound intermediate (described

as mCRPm or pCRP∗); (3) further structural relaxation which leads to total,

irreversible dissociation of the pentamer into mCRP and expression of a

cholesterol/multi-ligand binding sequence that extends into the subunit

core; (4) reduction of the CRP subunit intrachain disulfide bond which

enhances CRP’s binding accessibility for various ligands and activates
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acute phase proinflammatory responses. Taken together, the biofunctions

of CRP involve both lipid and protein interactions and a conformational

rearrangement of higher order structure that affects its role as a mediator of

inflammatory responses.

KEYWORDS

C-reactive protein (CRP), mCRP, apolipoproteins (apoB), apolipoprotein E,
inflammation, pCRP

Discovery and isolation protocols
for C-reactive protein from body
fluids

This review is focused on the relevance of lipids and
lipoproteins to the structures, functions, and bioactivities of
C-reactive protein (CRP). From its discovery eighty years ago,
CRP has been described as existing in serum in more than one
form, with at least one such form having some association with
apo B-containing lipoproteins. While more recent studies have
primarily focused only on the lipid-free, highly defined serum
soluble pentameric protein, the role of lipids in affecting CRP
biochemical and immunological characteristics need renewed
and updated consideration.

Purification focused on
precipitation methods

A detailed compendium of CRP purification methods
and procedures from its discovery in 1941 to current
times is presented in the Supplementary material and is
summarized in this manuscript as Supplementary Table 1.
Of key relevance, apo B containing lipoproteins often co-
isolate with CRP, which appears in serum in multiple forms
with different electrophoretic mobilities. As described, lipids
were often removed from source fluids to facilitate affinity
isolation procedures and remove contaminating proteins. The
biophysical attributes of highly purified CRP described it as a
non-glycosylated, non-covalently associated, homo-pentameric

Abbreviations: pCRP, pentameric C-reactive protein; mCRP, monomeric,
modified C-reactive protein; VLDL, very low density lipoproteins; LDL,
low density lipoproteins; LDL-R, LDL receptor; apo B, apolipoprotein
B; apo E, apolipoprotein E; CPS, C-polysaccharide fraction of
pneumococcal cell walls; PC, phosphocholine; PtC, phosphatidyl
choline; PtS, phosphatidyl serine; DEAE, diethylaminoethyl; GuHCl,
guanidinium hydrochloride; mCRPm, membrane-associated modified
CRP (an intermediate structure retaining pentameric orientation while
also expressing mCRP-antigenicity); pCRP∗, a partially changed
pentameric CRP structure that expresses some mCRP-specific
properties; CBP, cholesterol binding peptide sequence of CRP.

globular protein with each subunit having a calcium-regulated
primary binding affinity for phosphocholine (PC) ligand.

Elaborating on C-reactive protein
binding interaction for
lipid-associated phosphocholine
ligand

Using PC groups immobilized on agarose resin and celite-
delipidated ascites fluids spiked with 2 mM calcium and adjusted
to pH 8.5, Volanakis et al. (1) found complement proteins
C3, C4, C1-INH and C1s co-eluting with CRP, as well as IgG
and plasminogen. In studying how isolated CRP could bind
membrane-associated phosphocholine, Volanakis and Wirtz (2)
proved that only PC groups exposed away from the planar
membrane surface were suitable ligands. A natural mechanism
to expose such groups occurs when membrane lipids are
de-esterified into mono-acyl structures (i.e., lysolecithin) by
the action of Phospholipase A2 (PLA2). Lysolecithin adds
to membrane curvature and has detergent-like properties,
exposing not only PC groups, but apolar regions associated
with fatty acyl chain packing. The PLA2 hydrolyzed fatty acid
is often arachidonic acid, which enters eicosanoid activation
pathways. By exposing PC groups, increasing membrane
curvature, and releasing arachidonic acid, PLA2 is a known
activator of acute-phase inflammatory processes. The biological
responses activated by PLA2 include binding and activating
CRP. Quantification of PLA2 in serum has diagnostic value.
Compounds that selectively inhibit this enzyme are targets of
anti-inflammatory drug development (3, 4).

Besides enzymatic removal of a fatty acyl chain on a
phospholipid, PC group exposure and increased membrane
surface curvature occur when fatty acyl chains are shortened
by oxidative processes as might occur by the action of reactive
oxygen species. CRP does bind to oxidatively shortened acyl
chain-modified lipid structures (5).

Deacylated or acyl-chain shortened lipids result in increased
membrane curvature which plays a role in CRP binding. This
concept affects CRP binding not only to plasma membranes, but
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to its interactions with lipoproteins, which can vary greatly in
size and curvature. While each CRP subunit binds a PC ligand
as a function of calcium with a weak to modest dissociation
value (Kd = 2–18 µM) (6–9), redundant and simultaneous
binding of connected binding sites in the pentameric protein
provide additional avidity to elicit biological activation energies
sufficient to regulate certain CRP bioactivities. The primary
force affecting zwitterionic PC group binding to CRP is the
negatively charged phosphate group. This realization led to
identifying other structures containing phosphate monoesters
(i.e., nucleotides, DNA, RNA, and chromatin) as alternative
binding ligands for CRP (10, 11). The positively charged choline
group of PC does contribute∼10-fold increased binding affinity
for CRP. A closer examination of cationic molecules as ligands
for CRP is included below.

How apolar lipid regions interact
with and affect C-reactive protein
structure

When pCRP binds to the surface of an activated
plasma membrane, different biochemical forces loosen
both electrostatic and hydrophobic interactions holding the
pentamer together. Initially, the pentamer swells into an
intermediate conformation referred to as mCRPm (membrane-
associated mCRP), or pCRP∗. When sufficient external bonding
energy is added, pCRP subunits “flip” to assume a new
protein structural energy equilibrium which includes enhanced
interactions with apolar lipids zones and lipid raft-directed
cholesterol binding (4, 12–14). The membrane-bound form
of mCRP has strong pro-inflammatory activation bioactivities
which include leukocyte activation and cellular damage (15, 16).

The cholesterol-binding peptide of the CRP subunit is
localized to residues 35–47 of the 206 amino acid subunit
primary sequence (i.e., the CBP). Exposure of this cholesterol
binding cleft extends from the periphery of the subunit surface
deep into the subunit interior involving the sole disulfide-linked
bond found in the interior of each globular CRP subunit (linking
residues C36 and C97). Of relevance, optimal cholesterol binding
to the exposed cleft occurs after reduction of this intrachain
disulfide bond, suggesting an added level of regulation is needed
to release the full potential of CRP’s pro-inflammatory activities
(17). A synthetic peptide of CBP (i.e., V35CLHFYTELSSTR47)
not only inhibited mCRP binding to cholesterol, but its binding
to C1q, fibronectin, collagen IV, fibrinogen, apolipoprotein B,
and lipoprotein particles (18). The CBP is not associated with
the PC binding pocket of each CRP subunit but includes
residues (40YTE42) which contribute to the non-covalent inter-
subunit stabilization of the pentamer (19). Exposure of CBP
to allow CRP to bind cholesterol and its other defined ligands
would require subunit dissociation. In addition to residues

40YTE42, Li et al. (18) identified the 36CLH38 tripeptide
as the most important in regulating diverse CRP binding
activities. The fact that this reactive sequence includes cysteine,
which forms an intra-chain disulfide bond with C97 located
deep within the globular subunit in the compacted structure,
also underscores the importance of subunit dissociation and
conformational change to express the bioactivities inherent in
the CRP molecule. The fact that reducing the disulfide bond,
which relaxes protein tertiary constraints manifest by covalent
bonding, will maximally elicit CRP activities, is consistent
with significant conformational change as a driving factor for
expressing CRP biofunction(s).

Mackiewicz et al. (20), using transmission electron
microscopy, showed CRP causes a structural clustering
of lipids in nanoparticles and could aggregate LDLs. The
initial CRP interaction with lipid particles was calcium-
dependent and reversible, but over time, the interaction became
permanent and correlated with lipid reorganization. These
observations are consistent with a lipid-mediated conversion
of pCRP into mCRP.

The nature of CRP’s interaction with lipid was examined
using surface tension techniques and various lipid monolayer
constructs. While PC-containing lipids could bind pCRP,
only mCRP directly inserted into physiologically relevant
monolayers that included cholesterol-rich lipid rafts (12, 14).
Insertion was dependent on cholesterol content and was
mediated by two peptide sequences in CRP, one defined by the
CBP described above (i.e., residues 35–47), and one defined
by the C-terminal octapeptide (i.e., residues 199–206). This
latter sequence localizes to the inter-subunit contact areas that
stabilize pentameric CRP and only becomes exposed when
pCRP dissociates into mCRP. The octapeptide maps to the
unique antigenic epitope expressed on mCRP and the partially
dissociated mCRPm, but not on pCRP (21) (Figures 1, 2).

Lipoproteins and C-reactive
protein

The relevance of lipids to CRP synthesis pathways was
described by Kushner and Feldman (22) when liver was
identified as the main site of synthesis. Prior to release
from hepatocytes into circulation, synthesized CRP was
found sequestered in intracellular vesicles that also contained
apo B-containing Very Low-Density Lipoproteins (VLDLs),
underscoring CRP’s association with lipids begins with post-
translational processing and secretion during the early moments
of a stimulated acute phase response.

The direct interaction of CRP with lipoprotein particles
was described by Saxena et al. (23) using an affinity adsorbent
with immobilized rat CRP. Lipoprotein fractions prepared by
ultracentrifugation from outdated human blood were passed
across this resin and VLDLs carrying apolipoprotein B and
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FIGURE 1

Orientation of calcium-dependent—phosphocholine binding sites and the multi-reactive cholesterol binding peptide (CBP) on serum soluble
pentameric CRP (pCRP) and a calculated low energy predictive free CRP subunit (mCRP). (A) pCRP (PDB: B109) Recognition face (aka:
PC-binding face). (B) pCRP flipped 180◦ to show the Effector face (aka: helical face; helix shown in yellow). Key residues involved in PC binding
to CRP subunits: F66, S74, E81, Q150 (Shown in white); Key residues involved in Calcium binding to CRP subunits (2/subunit): D60, N61, E138,
Q139, D140, E147, Q150 (shown in dark teal); Defined Cholesterol binding peptide sequence (CBP) on CRP subunits (Residues 35–47:
V35CLHFYTELSSTR47 (shown in blue). Note all Calcium and PC binding sites orient on the same face of pCRP such that, when pCRP binds PC,
it sits flat on the PC-presenting surface. Key residues in CRP identified in Ji et al. and Pathak and Agrawal (14, 106). (C) Isolated pCRP subunit
looking down on the PC binding recognition face. Depicted residues are the same as defined in panels (A,B). (D) Predicted low free energy
structure of the free CRP subunit based solely on its primary protein sequence as described in Xu (42). Note both PC and calcium binding
residues rotate away such that the defined binding pocket is altered. Also note the extended peptide sequence shown below the core globular
structure. This peptide corresponds to C-terminal residues of CRP (i.e., residues 198–206) that contribute to inter-subunit stabilization in
pentameric CRP. A major shift in the orientation of these residues occurs when pCRP subunits dissociate. Of relevance, these residues map to a
unique mCRP epitope not expressed in pCRP (21, 107).

apolipoprotein E, and LDLs carrying apolipoprotein B bound
the immobilized protein. When unfractionated plasma was used
as the source of lipoproteins, similar binding of apo E and
apo B lipoproteins were observed, albeit binding of LDLs was
much reduced. Binding required calcium and lipoproteins could
be eluted using phosphocholine hapten suggesting lipoprotein
binding to (rat) CRP involves exposed PC groups. Unlike
human CRP, rat CRP is a glycoprotein. Removing sialic acid
residues did not affect lipoprotein binding (24). Rat CRP was
later shown to also bind apo A1 (HDL) lipoproteins containing
cholesterol (25).

In direct LDL binding studies using human CRP, mCRP
but not pCRP bound LDL in a calcium independent manner.
Binding occurred not only with normal LDLs, but with LDLs
oxidized with copper sulfate, and to LDLs both directly
adsorbed to, or captured onto a solid phase surface. When
purified apo B was used as the binding ligand, both mCRP
and pCRP bound, with mCRP exhibiting stronger binding.
Binding was inhibited by fluid phase apo B, and by a
pentadeca peptide fragment (15-mer) derived from apo B and

containing the cationic nonapeptide sequence mediating apo B
binding to the LDL-receptor (i.e., apo B sequence #3358-3372
T3358RLTRKRGLKLATAL3372) (26). The calculated inhibition
constant of the pentadecameric peptide was more than 800-fold
stronger than that of intact apo B protein and was not influenced
by calcium (12). These data show both pCRP and mCRP bind
cationic ligands in a way distinct from how calcium regulates
CRP binding to phosphocholine ligands.

As the cationic sequence in apo B effecting both CRP
and LDL-R binding contains both arginine residues (3) and
lysine residues (2), site-directed group modification studies
were performed to examine which cationic groups were
primarily responsible for interactions with CRP. Modifying apo
B lysine residues using aceto-acetylation had no effect, but
modifying apo B arginine residues with 1,2, cyclohexanedione
reduced binding to rat CRP by ∼70% (25). These data,
along with studies of human CRP and rabbit CRP (27–
31), indicate CRP has a selectively stronger binding affinity
for arginine-containing ligands than lysine-containing ligands
(32, 33).
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FIGURE 2

Structural shift of selected residues comparing pCRP subunit and mCRP subunit. (A) Shows a pCRP subunit with disulfide bond (C36-C97)
shown as red spheres; CRP effector face helix (residues P168-L176) shown in yellow; the cholesterol/multi-ligand binding sequence (CBP:
V35-R47) shown in blue; calcium binding residues (D60-N61) shown in green; and the C-terminal octapeptide (F198-P206), which contains
residues involved in the inter-subunit contact zone of pCRP pentameric structure shown in cyan. All other residues on the pCRP subunit are
hidden to facilitate visualization of the orientation of these described residues. (B) Shows these same residues oriented in an mCRP subunit
model calculated using low free energy structural algorithms of the CRP primary sequence. (C) Overlay of pCRP and mCRP oriented to best
overlap the disulfide bond and effector face helix. Note the reorientation of highlighted calcium binding residues and the significant rotation of
the inter-subunit contact residues away from the CPB peptide. Shifting the calcium binding residues would affect its stabilizing role in
maintaining pCRP’s quaternary structure and in regulating CRP’s binding to phosphocholine ligand. These changes lead to the large rotation of
the inter-subunit contact residues allowing ligand access to CPB. Note that the C-terminal octapeptide maps to a unique epitope expressed on
mCRP and not pCRP. The structural changes shown here are consistent with increased aqueous exposure of these residues allowing for specific
antibody binding.

Other binding interactions of
C-reactive protein with cationic
ligands

The complement protein C1q, cationic protein with a pI of
9.3, often co-isolates with CRP. It directly binds CRP on the
effector face of the pentameric disc (i.e., the opposite face from
the PC-binding recognition face) (16) and mediates activation of
the classical complement pathway. CRP also binds polycations
such as poly-arginine, poly-lysine, and protamine, and positively
charged liposomes (33–37) in a way that affects CRP’s effects
on both classical and alternative complement pathways (35, 36,
38). While initial CRP-complement studies interpreted CRP’s
activities as a protein of rigid structure forming immune-
complex-like aggregates that regulate its bioactivities, the more
recent awareness and understanding of its distinctive structural
isoforms has led to the understanding that the capacity of
CRP to bind cationic ligands and complement proteins is
enhanced when CRP is in its modified conformation (mCRP)
(12, 15, 39, 40).

Salt bridges and peptide
sequences involved in C-reactive
protein structural packing

The CRP pentamer associates non-covalently into its discoid
structure using electrostatic, apolar and hydrogen bonding

forces. External ligand affecting any of these bonds may
influence CRP packing and, by extension, bioactivity. Key
electrostatic interactions defined by high-resolution structural
analyses identified various salt bridges that contribute to inter-
subunit contact stabilization of the pentameric conformation
(19, 41). Specific sequences at the five inter-subunit contact sites
involve residues in the 114–123 loop (K114PRVRKSLKK123)
(containing six closely spaced cationic amino acids (shown in
bold type), sequence 187–202 (W187RALKYEVQGEVFTKP202)
near the C-terminal end of each subunit, and residues 40–
42 (Y40TE42) which localize to the middle of the CBP.
Specific residues involved in electrostatic stabilization include
R118 binding to D155 on juxtaposed subunits, E101 binding
to K201, and E197 binding to K123. Arginine 118 is also
localized near the carboxyl group of Proline 202 of the inter-
subunit stabilizing sequence described above. The R118→D155

interaction is sequestered deep in the interaction zone with
the carboxyl oxygen of D155 approximately 3.4 Å from
the guanidino nitrogen in R118 (Figure 3). Using iterative
programs to predict thermodynamically predicted structures
for the relaxed mCRP isoform (42–47), there is a large
rotation of these sequence when a pCRP subunit converts
into mCRP, substantially increasing the distance between these
residues. Any external force that can compete with this
intramolecular salt bridge and weaken it (such as a ligand
expressing an arginine cationic charge) can promoting ligand-
induced conversion of pCRP into mCRP. In appreciation of
the significantly different bioactivities of each CRP isoform,
this pathway has relevance to how CRP is altered to
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control its pro- and anti-inflammatory activities (40, 48).
The application of expressed arginine residues in both
apolipoprotein B (and apolipoprotein E) to CRP binding are
discussed below.

Electrostatic binding residues have also been implicated
in controlling CRP binding to the C1q component and to
CRP-medicated complement activation (49). Using mutational
analyses, the C1q binding site on CRP involves a binding
pocket lined with charged residues H38, E88, and D112 (50);
CRP residue Y175 also provides hydrogen bonding energy in
the CRP-C1q interaction (51). D112 and Y175 directly contact
C1q, and, along with H38, are critical for complement activation.
Li et al. (18) showed CRP’s CBP was predominantly involved
in CRP-C1q interactions, with peptides L83FEVPEVT90 and
A92PVHICTSWESASGI106 contributing energy to the binding
reaction. Of note, peptide 92–106 involves the intrachain
disulfide bond which is localized two residues removed from
H38. Access to each of these sites would require conformational
rearrangement of CRP. Braig et al. (16) discussed in the CRP-
C1q interaction in greater detail, showing how C1q globular
head groups could interact on the effector face side of the
central void of a partially relaxed CRP pentamer, described as
pCRP∗. Residues D112 and Y175 are juxtaposed and are aligned
around the central core of pCRP, being most accessible for
interaction with the C1q globular head group when CRP is
in its compacted pentameric configuration. The CBP peptide
is localized on each subunit around the central void nearer
the recognition face of pCRP. Exposing these residues for
C1q binding would require a structural change in CRP. Using
size measurements, the C1q head group is too large to fit
inside the void but could provide binding energies to push the
loosely associated CRP subunits in pCRP∗ into the irreversible
mCRP conformation, releasing its pro-inflammatory effects
(summarized in Figure 4).

Cationic arginine residues on C1q are reported as critical for
its interaction with immunoglobulin (52) and CRP (51). Hence,
anionic aspartate (D) and glutamate (E) residues on CRP are
particularly relevant for arginine-based salt bridges.

Comparison of apolipoprotein B
and apolipoprotein E structures
affecting binding reactivities

While apolipoprotein E and apolipoprotein B are distinctive
proteins, apo E is known to have binding affinity for the same
LDL receptor that binds apo B. Its cationic binding sequence
resembles the cationic nonapeptide sequence defined for apo B
binding to LDL-R (Table 1).

Apolipoprotein E biofunction involves coordinating the
binding of lipoproteins of various sizes and shapes (e.g.,
LDL, VLDL and HDL) to lipoprotein receptors, especially to

LDL-receptor (LDL-R). Comprised of 299 amino acids, the
∼34 kD apo E contains two major functional domains linked
by a protease-sensitive hinge peptide. Its N-terminal domain
comprises ∼63% of its primary sequence (i.e., residues 1–191)
and contains the cationic peptide sequence known to bind
LDL receptor. Its C-terminal domain comprises ∼30% of its
sequence (i.e., residues 210–299) and contains phospholipid
binding residues that anchor apo E to lipoprotein surfaces.

There is a high percentage of basic amino acids in repeated
clusters throughout apo E, with arginine accounting for 11% of
the amino acid content of the protein. Its N-terminal sequence
is divided into hydrophilic 4 helical domains, the fourth
of which contains the cationic receptor binding sequence.
Its C-terminal domain contains binding residues for polar
head groups of phospholipids and for apolar residues to
better anchor apo E to the hydrophobic/hydrophilic interface
of a lipoprotein particle. Apo E binds to the polar head
groups of lipid molecules and extends over the lipoprotein
surface rather than inserting into the hydrophobic lipid
core of the particle. This orientation facilitates HDL core
expansion with cholesterol esters, in a way that is not
limited by a requirement for apolar molecular interactions
and surface curvature issues inherent in differed sized
and shaped HDL particles. De-lipidated apo E does self-
aggregate into oligomers. However, mutating selective
residues in the C-terminal domain can abrogate self-
aggregation allowing for the detailed study of monomeric
apo E proteins (53–59).

The strongly cationic nonapeptide sequence mediating
apo E’s binding to the LDL-receptor (R142KLRKRLLR150) is
buried and inaccessible in delipidated apo E. In the absence
of lipids, apo E collapses upon itself forming a globular
tertiary structure in which its N-terminal and C-terminal
domains are stabilized by five salt bridges, hydrogen bonds
and apolar interactions. The cationic LDL-R binding sequence
is hidden in this compacted structural orientation. Exposing
this binding sequence follows a two-step process involving a
marked conformational change in the tertiary structure of apo
E. Step 1 is rapid and involves phospholipid binding or the
C-terminal domain to exposed phospholipid head groups on
lipoprotein particles. Apo E sits on the polar head groups
(e.g., phosphocholine) of these phospholipids, being juxtaposed
to but not inserted into the apolar membrane region. As
apo E associates with lipids, the salt bridges holding its two
domains together weaken, relaxing the tertiary structure of
the apoprotein. Step 2 is a slower, reversible process involving
relaxing the N-terminal domain into an open conformation
with increased exposure of the LDL-R binding peptide (53,
60). To provide perspective on the major conformational
rearrangement of apo E in the absence and presence of lipids,
Chen noted the distance between residues N-terminal domain
residue C112 and C-terminal domain residue W264 (specifically
for apo E3) was ∼28Å in the absence of lipid, but > 80 Å in
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FIGURE 3

Residues stabilizing pCRP non-covalent inter-subunit contact zones. (A) Oriented to show the PC binding recognition face of CRP. Residues
Y40TE42 shown as red spheres; Residues P115RVRKSLKK123 shown as yellow spheres; Residues E197VFTKP202 shown as light blue spheres.
Residues contributing dominant salt bridges R118-D155; E101-K201; K123-E197 shown at white spheres. (B) Displays stick figures and bond
distances of stabilizing salt bridges E101-K201: 3.3 Å; K123-E197: 3.4. Å; R118-D155: 3.2 Å. Note the E101-K201 and -K123-E197 salt bridges are
linear while the R118-D155 salt bridge occurs at an acute angle. Lv et al. (108) identified the R118-D155 salt bridge as an absolute requirement
for the assembly of CRP into its pentameric configuration. Ligands affecting the integrity of this salt bridge would affect the stability of the
pentamer, and by extension, the expression of the mCRP, biologically active mCRP conformer.

FIGURE 4

Orientation of C1q head group and Cholesterol Binding Peptide (CBP) residues in pCRP. (A) Depicts the Effector (helical) face of the pCRP
pentameric disc with a top-down look of pCRP bound to membrane PC ligands. Residues D112 and Y175, which directly react with the C1q
globular head group (50) shown in red. The Cholesterol binding peptide is shown in blue. Included within CBP is C1q binding reside H38 (shown
in purple). C1q binding residue E88 shown in yellow points into the central void but orients to the PC-recognition face, far removed from the
effector face in intact pCRP. (B) Depicts a side-view of pCRP shown in panel (A). Initial C1q head group binding occurs symmetrically over all
five subunits over the central void on the effector face (16). Note the CBP and E88 residues orient toward the recognition face. To fully expose
C1q binding and CBP residues, a conformational change in CRP is required. Binding interactions of CRP with activated membranes including PC
groups and apolar regions at the membrane hydrophobic/hydrophilic interface, coupled with forces provided by the large C1q head group
contribute energies needed for pCRP conformational change into mCRP. Furthermore, membrane bound cationic groups (e.g., choline, stearyl
amine) could provide electrostatic binding to recognition face oriented E88 to help the non-covalently associated CRP subunits to dissociate
and structurally rearrange into mCRP. (C) Depicts a portion of pCRP as shown in panel (A), skewed to show how direct contact residues D112
And Y175 (red) for C1q binding orient to the effector face, near the central void, being more accessible for initial C1q head group binding. Note
the CBP residues (blue) line the entire central void from the effector face to the recognition face. Also, note the orientation of C1q binding
residue E88 oriented on the opposite face of the pCRP pentameric disc.
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TABLE 1 Comparison of cationic sequences of apo B and apo E involved in interaction with the LDL-receptor.

Comparison of Cationic Sequences binding LDL Receptors
3359 3360 3361 3362 3363 3364 3365 3366 3367

Apo B R L T R K R G L K apo E3 and E4

Apo E R K L R K R L L R C– > R

142 143 144 145 146 147 148 149 150 158

The yellow shading is meant to highlight all cationic residues in these comparable sequences (i.e., R (arginines) and K (lysines).

FIGURE 5

Rendition of the structural change in apo E elicited by lipid binding, exposing the LDL-R binding sequence. (A) Depicts full length apo E3 (PBD:
2L7b) structural packing as a delipidated protein. The cationic nonapeptide mediating apo E binding to LDL-receptors (R142KLRKRLLR150)
shown as red spheres, being inaccessible in the interior of the compacted lipid-free tertiary structure. (B) Based on Chen et al. (53), who
described a two-step conformational change in apo E on lipid binding, this rendition is provided to visualize how lipid binding can contribute to
apo E conformational changes that alter access to its receptor binding sequence and, in turn, its biofunction in mobilizing
lipoprotein/membrane associated cholesterol.

its presence (see Figure 5 for perspective of these structural
changes).

Apo E is known to exist in three allelic forms which
involve specific cysteine to arginine mutations at 2 sites in
its 299 amino acid sequence, one of which is C112 mentioned
above. Apo E2 contains cysteine residues at both position
112 and 158 (i.e., C112, C158). Apo E3 contains a cysteine
residue at position 112, but an arginine residue at position
158 (i.e., C112, R158). Apo E4 contains arginine residues at
both positions 112 and 158 (i.e., R112, R158). In apo E4, the
arginine residue expressed at position 112 adds an additional
salt bridge to residue E109 within the N-terminal domain, which
also causes a structural rotation that increases exposure of
R61. R61 becomes accessible to form the additional salt bridge
with C-terminal domain residue E255 (54). Mahley went on
to report (56) that the additional salt bridge in apo E4 is of
importance in the increased neuro-degenerative pathologies
associated with this isoform.

Each expressed protein differentially binds lipids
and apo E receptors, including the LDL receptor. The

binding affinity of apo E4 to LDL-R was stronger
than apo E3, which in turn was stronger than apo E2
(61). As the mutated residues are in the N-terminal
aqueous, receptor binding domains of apo E and not
the C-terminal lipid-binding domain, apo E4 shows
stronger binding to the LDL-R but less capacity to process
cholesterol than other apo E alleles (57, 59). As the brain
contains 23% of total body cholesterol (62), processes
that affect cholesterol transport in the brain can have
pathophysiological consequences.

Apo E also binds (anionic) heparin sulfate proteoglycans
and amyloid-beta (Aβ) peptides. Heparin binding, presumably
by competing for intramolecular salt bridges, can open up
apo E structure to allow for LDL-R binding. Different apo E
isotypes can affect how αβ peptides are generated from the
transmembrane amyloid precursor protein (APP) and how they
are aggregated and cleared (63). The toxicity associated with αβ

peptide deposition is associated with hyperphosphorylation of
the microtubular protein tau which can lead to neurofibrillary
tangles in the brains of Alzheimer’s patients (53, 54, 58).
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Bioeffects of C-reactive
protein-lipid/apolipoprotein
complexes

CRP admixed with liposomes or Large Unilamellar Vesicles
(LUVETs) has anti-cancer activity both in vitro and in vivo
[summarized in Potempa et al. (48)].

Bian et al. (64) reported that the interaction of CRP could
increase movement of apo B-containing LDLs across endothelial
cells and promote development of atherosclerotic plaques. The
effect of CRP required NAPDH oxidase to generate ROS and was
blocked when sulfhydryl groups were reduced.

Li et al. (65) investigated how CRP could affect LDL
directional transport across endothelial cell barriers. Transport
occurred both into and out of tissues with a preference for
movement from blood into tissues. The directional movement
was regulated by the basement membrane matrix such that,
when the basement membrane was altered, CRP was redirected
back into the blood.

In rat studies, peritoneal macrophages differentially
processed CRP-LDL complexes compared to CRP-acetylated-
LDL (i.e., altered) complexes (66). Altered LDL particles bound
a scavenger receptor as opposed to normal LDL binding to LDL
receptors. Shih et al. (67) later reported CRP mediated altered
LDL binding more specifically to the LOX-1 scavenger receptor
on endothelial cells, and that arginine residues on the receptor
were involved in this interaction. In direct macrophage binding
and uptake studies of pCRP and mCRP isoforms with both
normal LDL and oxidized LDL particles, the mCRP isoform and
not the pCRP isoform enhanced binding and uptake of normal
LDLs to macrophage LDL receptors but reduced binding and
uptake of oxidized LDL (12, 68).

In mouse models of atherosclerosis using both transgenic
models expressing human CRP, or knockout models of
endogenous CRP, CRP has been differently reported to (1)
accelerate progression of atherosclerosis in apo E-deficient mice
(69); (2) slow the development of atherosclerosis (70, 71);
and (3) have no effect (72). These reports were completed
before there was substantial literature describing distinctive CRP
isoforms and did not consider how each of pCRP and mCRP
may have influenced results generated. As studies evolved, it
is now clearly apparent that different CRP isoform do have
different pro- and anti-atherogenic effects. Schwedler et al.
(73) used an apo E knockout mouse model showed pCRP
injections increased aortic plaque size while modified CRP
decreased plaque formation. The observed effects of mCRP
were related to regulation of reactive oxygen and peroxynitrite
formation (i.e., pro-inflammatory stimulation) but in ways that
impaired vascular relaxation responses (74). Ji et al. (12) and
Schwedler et al. (75) showed mCRP but not pCRP preferentially
associated with oxidized LDL. As mentioned above, mCRP
inhibited altered LDL uptake by macrophages in a way that

reduced formation of atherogenic plaques. The mCRP effect
did not involve Fcγ receptors CD16 (which binds mCRP) nor
CD32 (which binds pCRP) [summarized in Wu et al. (15)] nor
the LOX-1 scavenger receptor on macrophages (as opposed to
endothelial cells).

Liposome-bound CRP activates complement. Effects require
liposomes to contain either phosphatidylcholine (PtC) or
sphingomyelin (both PC containing lipids). CRP-mediated
complement effects were influenced by liposome lipid acyl chain
length, degree of unsaturation, and cholesterol content (76).
The addition of a positive charge either as stearyl amine or
cetyltrimethylammonium bromide, or addition of galactosyl
ceramide to certain liposomes, improved CRP binding and
complement activation activities.

CRP complexed with lipoproteins can also activate
complement (77, 78). Binding to lipoproteins requires CRP’s
primary binding ligand, phosphocholine, be made accessible
by either enzymatically treating or oxidizing LDLs (79, 80).
Wang et al. (81) showed how lipoprotein oxidation affects
surface curvature and promotes CRP binding. The average
diameter of LDL particles is 25–26 nm, but oxidation decreases
particle size and increases surface curvature. CRP preferentially
bound to highly curved, smaller lipoprotein mimetic particles.
When bound by these smaller, highly curved particles, pCRP
not only binds but is structurally altered into the mCRP
isoform, which stays associated with the lipoprotein particle
(resisting dissociation with chelators or disruptive washing
treatments). To specifically look at how each of the pCRP and
mCRP isoforms affected complement activation pathways,
Ji et al. (12) showed mCRP rather than pCRP could bind
the C1q component of the classical C system through its
collagen-like stem. Lipoprotein bound mCRP activated the
classical C pathway, but also recruited the alternative pathway
regulating protein Factor H to the CRP-activated surface.
Factor H functions to limit the production of the membrane
attack complex (MAC) suggesting conformationally altered
CRP, after insertion into lipid membranes, can promote
Complement-mediated opsonization but inhibit C-mediated
cell lysis pathways.

In addition to complement, CRP-lipoprotein particles
regulate coagulation pathways involving tissue factor and
thrombin activation. Using Phosphatidyl serine/Phosphatidyl
choline (PtS: PtC) liposomal vesicles as an anchor for tissue
factor, CRP inhibited factor VIIa mediated tissue factor
activation of Factor X and the initiation of fibrin formation
(82, 83). The capacity of CRP to combine with VLDL
was also linked to processes that contribute to disseminated
intravascular coagulation (DIC) (83, 84). Also, CRP has
been implicated in fat embolism pathologies associated with
therapeutic infusions of lipid emulsions (i.e., “Intralipid”) (85,
86). Even without intralipid infusion, extremely high CRP
blood levels (>200 µg/ml) appear to complex with VLDLs in
blood and reduced normal phagocytic cell function, which in
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turn affects the clearance of bacteria in models of sepsis (87).
Very high blood CRP levels are known to be associated with
poor outcomes to any disease (48, 88). Its association with
VLDLs suggests a mechanism by which CRP can contribute to
morbidity. Table 2 summarizes distinctive bioactivities of pCRP
and mCRP with a focus on lipid and lipoprotein.

C-reactive protein and
extracellular
vesicles/microparticles

Extracellular lipid vesicles released from cell membranes
or synthesized to carry various biochemical molecules (e.g.,
mRNA-based vaccines) represent an emerging field of diagnostic
and therapeutic medicine (89). Of relevance to this review, the
mCRP isoform has been shown to associate with small, lipid
microparticles found in circulation.

mCRP forms on and inserts into membranes to as a
regulatory step in eliciting the biofunction of CRP as an
acute phase reactant. As a strong pro-inflammatory mediator,
mCRP will activate leukocytes to stimulate and amplify the
inflammatory response, producing ROS and secreting enzymes
that affect the tissue environment, including the membrane
into which mCRP inserted. The destructive power of leukocyte
activation creates bits of sloughed membranes, which can carry
mCRP and enter circulation as extracellular lipidic vesicles.
Crawford et al. (90) showed patients with peripheral artery
disease (PAD) did express mCRP-associated microparticles in
blood. These particles, ranging in size from 0.1 to 1 µm
[compared to platelets (3 µm), RBCs (7 µm) lymphocytes
(7–10 µm) and polymorphonuclear leukocytes (PMNs) (15–
25 µm)], and were primarily derived from activated endothelial
cells (verified using co-marker FACS analyses). While these
microparticles are derived from plasma membrane lipids,
their small size and high curvature results in PS and PE
lipids, normally found on the inner leaflet of an intact
plasma membrane, found in high concentration on the surface
of microparticles.

Habersberger et al. (91) showed mCRP-lipid microparticles
were elevated in blood of patients after a myocardial infarction.
These microparticles were enriched in lyso-PC (monoacyl
phosphatidyl choline) and were shown to enhance the
conversion of pCRP into mCRP. Isolated mCRP-associated
microparticles did have pro-inflammatory bioactivity when
added to endothelial cells in culture.

Habersberger’s group also showed that formation of mCRP
from pCRP on a membrane surface could be prevented if
pCRP was first neutralized by a bivalent bis-PC compound that
links two juxtaposed pentamers (92). This compound binds two
PC binding sites in a way that forms a recognition face-to-
recognition face soluble decamers which can no longer bind

membrane exposed PC groups. As pCRP is not localized to
an apolar membranous zone, insufficient biochemical energy
is available to loosen the pentameric structure and lead to
expression of the mCRP isoform.

Trial et al. (5) discussed how lipid microparticles can
bind both pCRP and mCRP. Adding pCRP to freshly isolated
microparticles from cardiac patient blood resulted in conversion
of pCRP to mCRP within 20 minutes. Of note, lipid-associated
CRP antigens could not be quantified using standard CRP
nephelometric measurement assays. Furthermore, the level of
FACS-quantified mCRP-lipid complexes did not correlate with
lipid-free pCRP concentration in blood, even at high sensitivity
levels (i.e., 1–10 µg/ml).

Taken together, while highly soluble pCRP can exist as a
lipid-free protein in blood, binding to an activated membrane
surface through PC or cationic ligands, can localize CRP to
apolar biochemical energies that contribute to its dissociation
and structural change into mCRP. Structurally altered mCRP
expresses a cholesterol binding domain and enters lipid
rafts which activate and amplify pro-inflammatory signaling
pathways of the acute phase of an inflammatory response.
Activated leukocyte effector responses at involved tissue sites
will enzymatically degrade mCRP or cause it to be sloughed
away from activated cell surface as a lipid microparticle complex,
resulting in down-regulation of the acute inflammatory
response. Serum soluble pCRP thus circulates as a pro-activator
of inflammation, requiring interaction with lipids to release its
important bioactivities in host defense responses.

Clinical relevance of C-reactive
protein-lipoprotein interactions

CRP-lipid interaction in atherosclerotic disease has been
a focus topic of many studies. Before the understanding that
CRP exists in at least two distinctive isoforms, diametrically
opposite conclusions were reached for directly comparable
experimental model systems. When reagents were developed
to differentially study pCRP from mCRP, results consistently
showed pCRP prevented, while mCRP promoted monocyte
processing of potentially atherogenic LDL particles (68). Even
though mCRP is a strong pro-inflammatory mediator, it
lessened atherogenesis of modified LDLs in animal models
of disease (93). Further, the CRP effect on atherosclerosis did
not depend on PC binding as, when mutant proteins were
constructed to lose PC binding activity (i.e., F66A/T76Y/E81A),
“CRP” still bound atherogenic LDLs and, when injected
into atherogenic-prone mice, slowed disease progression,
and reduced the size of aortic lesions (94). Recently,
Cheng et al. (95) showed the dose level of injected mCRP
was an important factor in protecting from induced liver
disease. At lower doses, mCRP conferred protection from
disease, but at higher doses, this protection was lost,
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attributed to mCRP ability to over-stimulate the in situ
inflammatory response.

In the Schwedler et al. (73) study using an apo E
knockout mouse model, pCRP injections increased aortic
plaque size while modified CRP decreased plaque formation.
Histologically, the mCRP antigen co-localized with deposits of
apolipoprotein B and macrophages. The observed effects
of mCRP were related to regulation of ROS and RNS
formation and vascular relaxation responses, underscoring
that mCRP’s effects in stimulating acute inflammatory
responses may have positive therapeutic benefits (48,
74, 75).

Other studies suggest a pathological role for mCRP in
atherosclerosis, thrombosis, angiogenesis, and cerebrovascular
pathologies (96, 97). mCRP antigen has been found in brain

tissues associated with damaged micro vessels and in human
and mouse brains involved with neuroinflammation (98–100).
Since mCRP forms from pCRP, drugs that inhibit the in situ
formation of mCRP from pCRP could have therapeutic value
in treating both systemic and cerebral inflammatory diseases
(3, 101).

Alzheimer’s disease involves neuroinflammation and
dysfunction in biochemical processing of cholesterol in the
brain (102, 103). Over the past decade, individuals expressing
the apo E4 allele have been shown to have increased risk
for developing early onset Alzheimer’s disease and appear
to have poorer outcomes following any type of severe brain
injury. A better understanding of the relevance of apo E
proteins to inflammatory processes and to cholesterol balance
will contribute to medical advances in the prevention and

TABLE 2 Key observations of pCRP and mCRP interactions with lipids and lipoproteins.

Pentameric CRP (pCRP) Monomeric, modified CRP (mCRP)
Binding to lipids • pCRP binds exposed phosphocholine (PC) groups of the

phospholipids of membranes, liposomes, and lipoproteins
as a function of calcium
• Key factors promoting pCRP binding include lipid acyl
chain length (shorter chains), degree of unsaturation and
cholesterol content
• Also, including of a positive charge as either as stearyl
amine or cetyltrimethylammonium bromide improved
binding
• pCRP calcium-dependent binding was also seen when
Phosphoethanolamine (PE) was used instead of
phosphocholine (PC)

•mCRP does not express calcium dependent PC binding
specificity
•Monolayer technique experiments established mCRP
interacts with the hydrophobic tail of LDL lipids through
membrane insertion
• In the presence of calcium, mCRP induced substantial
increase in monolayer membrane pressure formed by LDL
lipid extracts; indicates membrane insertion
•mCRP interacts with RBC ghost membranes and is highly
resistant to alkaline carbonate and high salt extraction;
indicates it inserts into bilayers like an integral protein
• The majority of RBC ghost-associated mCRP remained
insoluble with Triton X-100; this is consistent with the
behavior of lipid raft-resident proteins

Complement
activation

• The positive charge or presence of galactosyl ceramide to
certain liposomes improves pCRP binding and
complement activation activities
• CRP binds C1q of the classical pathway on the opposite
face of the pentameric disc from the PC-binding face

•mCRP binds C4bp and enhances degradation of C4b and
C3b
• C1q and C4bp compete for mCRP binding
•mCRP binds factor H and factor H-like protein 1 (FHL1)
and modulates the alternative complement pathway

Binding to
Apolipoproteins

• pCRP binds apo B; binding does not require calcium •mCRP binds apo B at a greater affinity that pCRP
•mCRP binds both isolated apo B and LDL-associated
apoB through its cationic peptide sequence
•mCRP binding to native LDL can be inhibited by
competitors that interfere with electrostatic interactions
and apolar interactions; indicates mCRP interacts with
lipoproteins using electrostatic binding and apolar binding

Effect of
modification of
lipoproteins

• pCRP did not bind native LDLs either in the presence of
Calcium or EDTA
• Lipoproteins oxidized to alter fatty acyl chain length and
unsaturation do bind pCRP through calcium-dependent
interactions with exposed PC groups
• Lipoproteins enzymatically treated to cleave
apolipoproteins bound pCRP as a function of calcium

• Once bound to native LDL, mCRP is not eluted by high
salt indicating a binding is primarily apolar
•mCRP interacted with lipid extracts from each of native,
oxidized and enzymatically treated lipoproteins

Observations
relevant to
unrecognized pCRP
conversion to mCRP

• Binding of “CRP” to apo B/lipoproteins best when CRP was aggregate and immobilized.
• Aggregated CRP immobilized on a surface (conditions shown to from the mCRP isoform) bound LDL and VLDL from
normal human serum (i.e., apoB-containing lipids).
• Various experimental results with strongly chelated pCRP are more like results generated with mCRP than pCRP in
calcium
• pCRP in calcium will bind to exposed PC groups in membrane surfaces but initially, will not insert into the apolar lipid
zone. With prolonged incubation times (e.g., 2–4 h) membrane associated CRP will insert into hydrophobic zones

Relevant references: (4, 37–40, 107, 109–112).
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treatment of this disease. A relationship between apo E4 and
plasma CRP levels relevant to the development of Alzheimer’s
disease has been reported (104). Furthermore, the mCRP
isoform bound to endothelial cell CD31 (a receptor mediating
platelet and leukocyte binding and transcytosis), influencing
apo E4-related responses in the development of Alzheimer’s
disease (100).

Summary

CRP has been known since the 1940s as a diagnostic
marker for inflammation. Its blood levels change rapidly and
pronouncedly with any tissue damaging process that involves
non-memory, innate immune defense system activation, leading
to its designation as the “prototypic acute phase reactant” of host
defense responses. Its exact biological role as a key protein in this
process has been an area of uncertainty and confusion covering
decades of detailed study.

While most detailed studies of CRP structure/function
relationships have focused on the lipid-free, highly aqueously
soluble, non-covalently linked, non-glycosylated pentameric
protein, substantial literature exists that describes CRP as
a blood protein that also associates with apolipoprotein
B-expressing lipoproteins. While a primary binding reactivity
with lipoproteins involves calcium-regulated binding affinity
with exposed phosphocholine groups, CRP also directly
binds to a cationic peptide sequence as expressed on the
apolipoprotein. In either case, bound CRP is localized to and
interacts with lipid surfaces (i.e., lipoproteins or membranes).
Little attention has been given to the role and influence of
amphipathic lipid molecules as regulators of CRP structures
and bioactivities.

A key evolution in understanding CRP’s role as a biological
response modifier was the recognition that when dissociated,
CRP subunits undergo a rapid, irreversible conformational
rearrangement into an isoform with strong affinity for
apolar regions of lipid surfaces. When CRP is brought
into juxtaposition with an apolar zone, the localized non-
polar biochemical energies not only help dissociate the
pentamer and contribute to the conversion of CRP into the
mCRP isoform, but a novel binding site for membrane-
bound cholesterol is expressed. As mCRP is formed, it
is drawn into a membrane where it stimulates activation
and signaling pathways that contribute to a strong pro-
inflammatory host defense responses (which more accurately
describes “CRP” as the prototypic acute phase reactant)
(105). Conformational rearrangement of CRP from the
pentamer to the modified monomer results in significate
loss of aqueous solubility, loss of antigenicity associated
with the pentamer, and expression of new (neo) epitopes
associated with the conformational isomer. Once formed,
mCRP sequesters into lipid zones which masks its detection

using assays and reagents developed for the non-lipid-
associated highly aqueously soluble protein found in blood
and body fluids.

Lipid-associated mCRP can be sloughed off activate
membrane surfaces into body fluids, being found associated
with micro-particles. The strong lipid association is of relevance
to reassessing all prior studies describing CRP lipoprotein
associations in blood. As lipid-soluble mCRP can be formed
from pCRP, which initially binds to the aqueous surface of
lipoproteins using its calcium-regulated affinity for PC groups,
any CRP that is not readily dissociated from the lipoprotein
particle by simple chelation, must be evaluated as the lipid
bound mCRP isoform rather than the pCRP isoform. As
pCRP and mCRP are now known to have distinctive anti-
and pro-inflammatory bioactivities, respectively, it is possible
to reassess the role(s) CRP may play in different lipoprotein-
involved pathophysiologies such as cardiovascular diseases and
neurodegenerative diseases.
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