
Molecular dissection of Alzheimer’s disease
neuropathology by depletion of serum amyloid
P component
Simon E. Kolstoea,1, Basil H. Ridhab,1, Vittorio Bellottia,2, Nan Wangc,3, Carol V. Robinsonc, Sebastian J. Crutchb,
Geoffrey Keird, Riitta Kukkastenvehmasb,4, J. Ruth Gallimorea, Winston L. Hutchinsona, Philip N. Hawkinsa,
Stephen P. Wooda, Martin N. Rossorb, and Mark B. Pepysa,4

aCentre for Amyloidosis and Acute Phase Proteins and the National Amyloidosis Centre, Division of Medicine (Royal Free Campus), University College
London Medical School, London NW3 2PF, United Kingdom; bDementia Research Centre, Department of Neurodegeneration, and dDepartment of
Neuroinflammation, Institute of Neurology, University College London Medical School, London, WC1N 3BG, United Kingdom; and cDepartment of
Chemistry, University of Cambridge, Cambridge CB2 1EW, United Kingdom

Communicated by David Weatherall, University of Oxford, Oxford, United Kingdom, March 19, 2009 (received for review January 22, 2009)

New therapeutic approaches in Alzheimer’s disease are urgently
needed. The normal plasma protein, serum amyloid P component
(SAP), is always present in cerebrospinal fluid (CSF) and in the
pathognomonic lesions of Alzheimer’s disease, cerebrovascular
and intracerebral A� amyloid plaques and neurofibrillary tangles,
as a result of its binding to amyloid fibrils and to paired helical
filaments, respectively. SAP itself may also be directly neurocyto-
toxic. Here, in this unique study in Alzheimer’s disease of the
bis(D-proline) compound, (R)-1-[6-[(R)-2-carboxy-pyrrolidin-1-yl]-6-
oxo-hexanoyl]pyrrolidine-2-carboxylic acid (CPHPC), we observed
depletion of circulating SAP and also remarkable, almost complete,
disappearance of SAP from the CSF. We demonstrate that SAP
depletion in vivo is caused by CPHPC cross-linking pairs of SAP
molecules in solution to form complexes that are immediately
cleared from the plasma. We have also solved the structure of SAP
complexed with phosphothreonine, its likely ligand on hyperphos-
phorylated � protein. These results support further clinical study of
SAP depletion in Alzheimer’s disease and potentially other neuro-
degenerative diseases.

bis(D-proline) � clinical study � neurodegenerative disease

The pathogenesis of neurodegeneration responsible for cog-
nitive impairment in Alzheimer’s disease is poorly under-

stood. The relative importance of soluble oligomers of A�, of
insoluble A� amyloid fibril deposits, and of hyperphosphory-
lated � is controversial. A� accumulation and amyloid deposition
precede cognitive decline in Alzheimer’s disease while � pathol-
ogy comes later and is also associated with non-Alzheimer
dementias. However, the universal presence of serum amyloid P
component (SAP) (1) in cerebrospinal f luid (CSF) (2) and
bound to cerebral and cerebrovascular amyloid deposits and to
neurofibrillary tangles in Alzheimer disease (3–9) is consistent
with a role of SAP in pathogenesis. SAP is highly resistant to
proteolysis (10) and its binding stabilizes amyloid fibrils (11),
enhances their formation in vitro (12), and contributes to their
pathogenic deposition and/or persistence in vivo in systemic
amyloidosis (13). Furthermore, human SAP has been reported
to bind to and enter neurons in culture and in rat brain in vivo,
to cause apoptotic cell death (14–18), and to activate human
microglia synergistically with A� and C1q in vitro, provoking
increased production of pro-inflammatory cytokines and A�
itself (19). Current therapeutic developments for Alzheimer’s
disease, largely focused on A�, have so far shown modest if any
clinical benefit (20). Targeting SAP for reversal of its known
pro-amyloidogenic and fibril protective effects, and for inhibi-
tion of its possible direct neurotoxicity, is an attractive alterna-
tive approach. The presence of tangles composed of hyperphos-
phorylated � protein, to which SAP binds in non-Alzheimer

dementias, also raises the possibility of targeting SAP in those
conditions.

We developed the novel palindromic bis-D-proline drug, (R)-1-
[6-[(R)-2-carboxy-pyrrolidin-1-yl]-6-oxo-hexanoyl]pyrrolidine-2-
carboxylic acid (CPHPC), as a ligand for SAP intended to inhibit
and dissociate SAP binding to amyloid fibrils and tangles (21).
However, unexpectedly, administration of CPHPC to humans
produced swift hepatic uptake of SAP leading to remarkable
�99% depletion of SAP from the circulation, a unique effect of a
small molecule drug (21). Although there are conflicting reports
about both the CSF concentration of SAP (2, 22) and local synthesis
of SAP in the brain (23, 24), the sustained profound depletion of
circulating SAP induced by CPHPC should remove SAP from the
CSF, while penetration of CPHPC itself should block SAP binding
to autologous ligands in the brain.

We therefore conducted a pilot proof of concept study in 5
patients aged 53–67 years with mild to moderate probable
Alzheimer’s disease who received 60 mg CPHPC by s.c. injection
3 times daily for 12 weeks. The drug was well tolerated with no
adverse effects other than transient local discomfort on injection.
Compliance was confirmed by the presence of CPHPC in all
serum samples during the treatment period, and somewhat
surprisingly as it is a dicarboxylic acid, CPHPC was also present
in the cerebrospinal f luid (Fig. 1A). The concentration of SAP
in the serum fell dramatically from mean (SD) of 32.4 (8.4) mg/L
before treatment to 0.25 (0.16) mg/L 1 week after starting
CPHPC, remained around this value throughout the treatment
period, and had risen to 30.2 (10.8) mg/L at 4 weeks after drug
discontinuation (Fig. 1B). The SAP concentration in the CSF
also fell remarkably, from 32.4 (8.4) �g/L before treatment to 0.2
(0.2) �g/L after 1 week, and then remained scarcely detectable
throughout the treatment period (Fig. 1C). Because depletion of
circulating SAP by CPHPC involves clearance by the liver (21),
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these observations are most consistent with CSF SAP being
derived from the blood. They suggest that entry of CPHPC into
the brain is not required for removal of intracerebral SAP but the
presence of CPHPC in CSF should additionally block effects of
any residual or locally produced SAP.

There was no significant difference between the clinical
measures before and after CPHPC and importantly no deteri-
oration, in the mini-mental state examination (MMSE), the
Alzheimer’s disease (AD) assessment scale–cognitive subscale
(ADAS-Cog), or the clinician’s interview-based impression of
change-plus (CIBIC�) (Table 1), nor any structural change in
MRI brain scans. There were also no significant changes before,
during, and after treatment in CSF concentrations of A�40, A�42,
total or phosphorylated �, or S100B or in any of the compre-
hensive routine hematological, biochemical, endocrine, or sero-
logical blood tests. In view of the long presymptomatic duration
of neuropathology and the slow progression of Alzheimer’s
disease, it would have been astonishing if there had been any
improvement in cognition or change in the CSF biomarkers

during this brief study that aimed to demonstrate safety, toler-
ability, and proof of biochemical concept. However, the clinical
stability and absence of biochemical signs of cerebral damage
importantly confirm the safety in patients with dementia both of
CPHPC itself and of profound depletion of systemic and cerebral
SAP and support longer-term studies of clinical efficacy. En-
couragingly, continuous administration of CPHPC, producing
sustained plasma SAP depletion for up to 2 years, in 31
middle-aged and elderly patients with systemic amyloidosis has
had no adverse effects, including no clinically evident neurolog-
ical or cognitive effects (25).

To elucidate the molecular mechanism responsible for SAP
depletion, we analyzed the structure of complexes of SAP with
CPHPC in solution. The 3D crystal structure of this complex
contains 2 intact native pentameric SAP molecules cross-linked
by 5 drug molecules (21). Here SAP-CPHPC complexes were
formed in solution and isolated by size exclusion chromatogra-
phy, eluting as a symmetrical peak at the volume corresponding
precisely to the decameric assembly of a pair of pentameric SAP
molecules (21). These complexes were then covalently cross-
linked with bis(sulfosuccinimidyl)suberate (BS3), a bifunctional
molecule of precisely the correct length to react at each end with
the �-amino groups of SAP residue Lys-143 in apposed pentam-
ers if the soluble complex has the same arrangement as in the
crystals. Mass spectrometry analysis under conditions designed
to preserve noncovalent interactions confirmed that after treat-
ment with BS3, �80% of the SAP population was in the
decameric form (Fig. 2). To locate the site of covalent intermo-
lecular cross-linkage the complex was digested with the protease
Asp-N and the products were analyzed by mass spectrometry.
Two unique peptides were identified that were not observed in
mass spectra of AspN-digested SAP alone (929.4 and 1683.6 Da)
[supporting information (SI) Fig. S1]. The smaller peptide
corresponds to 1 molecule of BS3 attached via the �-amino
group of the Lys-143 residue in the SAP heptapeptide 138–144
(Fig. S2). The larger species corresponds to 2 copies of the same
SAP sequence (138–144) covalently attached to one BS3 mol-
ecule (Fig. S3, Fig. 3). This confirms that the structure of the
SAP-CPHPC complex in solution is the same as that reported in
the x-ray crystal structure (21) (Fig. 3).

Soluble complexes of SAP with CPHPC formed from SAP
trace radiolabeled with 125I, either with or without additional
cross-linking by BS3, were cleared from the circulation within 20
min after i.v. injection into mice, compared to the �3-h plasma
half-life of native human SAP in mice (26). Circulating SAP is
normally cleared in vivo exclusively by hepatocytes (26) but not
via the asialoglycoprotein receptor (27) and the rapid clearance
of the SAP-CPHPC complex in mice was also not affected by
concurrent administration of desialylated orosomucoid to block
this receptor (27). Circular dichroism measurements showed no
significant secondary or tertiary structural change in the SAP-
CPHPC complex compared to native SAP alone (Fig. S4). The
immediate clearance of the SAP-CPHPC complex in vivo there-
fore indicates that dimerization of SAP molecules is sufficient to
trigger their removal from the plasma, a unique molecular
mechanism responsible for this previously uncharacterized ex-
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Fig. 1. CPHPC administration in Alzheimer’s disease. CPHPC concentration in
cerebrospinal fluid (A) and SAP concentrations in the plasma (B) and cerebro-
spinal fluid (C) in 5 patients with Alzheimer’s disease are shown before,
during, and after treatment with CPHPC for 12 weeks.

Table 1. Cognitive assessments before and after treatment with
CPHPC in Alzheimer’s disease

Test

Mean score (SD)

Baseline Posttreatment

MMSE 21 (4) 19 (5)
ADAS-Cog 27 (10) 26 (10)
CIBIC� Not applicable 0.0 (0.7)
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ample of targeted pharmacological knockout of a pathogenic
protein by a small molecule drug.

The intractability of insoluble amyloid fibers for high-
resolution structural studies has hitherto prevented identifica-
tion of their molecular ligands recognized by SAP. Although

paired helical filaments have recently been shown to have cross-�
structure typical of amyloid fibrils (28), the pathognomonic
hyperphosphorylation of serine and threonine residues in �
protein (29), associated with formation of neurofibrillary tan-
gles, provides potential small molecule ligands for investigation.
We found that in the presence of calcium, human SAP bound
O-phospho-L-threonine but not O-phospho-L-serine. Although
binding to O-phospho-L-threonine was relatively weak, Kd � 380
�M by isothermal titration calorimetry, multivalent binding of
the pentameric SAP molecule provides profound enhancement
of avidity (21), which is likely to be responsible for the universal
presence of SAP on tangles in vivo. We cocrystallized SAP with
O-phospho-L-threonine and the 3D x-ray structure of the com-
plex showed a molecule of ligand in each of the 5 identical
calcium-dependent ligand-binding pockets in the SAP molecule
(Fig. 4). Multivalent binding by SAP must stabilize the filaments,
as we have previously demonstrated with A� and other types of
amyloid fibrils (11), and may also inhibit phosphatase activity by
masking phosphate residues. SAP may thus make a significant
contribution to in vivo persistence and potential pathogenicity of
tangles (30).

We have reported 3 original findings here: (i) the unprece-
dented, profound depletion of a potentially pathogenic protein,
SAP, from the CSF in patients with Alzheimer’s disease pro-

Fig. 2. Mass spectrometry of SAP under nondissociating conditions before
(A) and after (B) cross-linking with CPHPC followed by bis(sulfosuccinimidyl)
suberate (BS3). A very small amount of decamer is seen in the native SAP
preparation, reflecting the known tendency of isolated pure human SAP to
autoaggregate in this way (37). After cross-linking by CPHPC and BS3, �80%
of the SAP was in the decameric assembly.
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Fig. 3. Structure of the SAP-CPHPC complex in solution. SAP decamer
cross-linked by CPHPC and BS3 is shown, with (Inset) a close-up of the SAP
dimer interface showing the position of residue Lys-143 in relation to the
CPHPC binding site. The bis(sulfosuccinimidyl)suberate (BS3) cross-linker is
shown as a yellow dashed line, residues 138 to 144 are shown in red, and the
calcium atoms are shown in orange. The sequence of the unique peptide
produced by proteolysis of the complex after covalent cross-linking by BS3 is
shown below.

Fig. 4. 3D x-ray crystal structure of O-phospho-L-threonine bound by SAP. (A)
There is clear electron density (Fo-Fc omit map contoured at 3�) for 1 molecule
of O-phospho-L-threonine bound in the double-calcium site of each subunit of
SAP through the phosphate oxygens. The C�-methyl group of the amino acid
side chain is positioned within the adjacent Leu-62/Tyr-64/Tyr-74 pocket that
is also occupied by the proline ring of bound CPHPC (21). The amino and
carboxylate components are positioned so that a turn with O-phospho-L-
threonine at the apex might visit the site, with NH and CO forming hydrogen
bonds with Tyr-74-OH and Gln-148. Calcium atoms are shown in yellow and
phosphorus in orange. (B) SAP pentamer showing the 5 calcium binding sites
occupied by O-phospho-L-threonine with calcium atoms shown in yellow.
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duced by parenteral administration of a unique small molecule
drug, CPHPC; (ii) the unique molecular mechanism by which
CPHPC depletes SAP from the plasma and thus the CSF; and
(iii) the previously uncharacterized molecular structure of SAP
bound to a putative pathophysiologic ligand. These observations
strongly support further studies of SAP depletion in neurode-
generative diseases associated with SAP accumulation in the
brain.

Methods
Clinical Study of CPHPC in Alzheimer’s Disease. The open label study was
approved by the institutional review board and all patients signed informed
consent. Lumbar puncture and venous blood sampling were performed at
baseline and at 4-week intervals until 4 weeks after drug discontinuation. SAP
and CPHPC concentrations were measured (2, 21) in all plasma samples,
together with routine hematological, biochemical (renal, liver, and bone
profiles), endocrine (glucose, thyroid), and serological (rheumatoid factor,
autoantibodies, and C-reactive protein) tests. SAP and CPHPC concentrations
were also measured (2, 21) in all cerebrospinal fluid samples as well as lumbar
puncture opening pressure, white cell count, red cell count, total protein, and
glucose by routine methods in all samples. CSF concentrations of A�40, A�42,
total �, and phospho-� were measured by commercial ELISA (Biosource Eu-
rope) and S100B by in-house ELISA (31, 32). Cognition was assessed by MMSE
(33), ADAS-Cog (34), and CIBIC�. Brain MRI scans were obtained before and
after treatment.

Structure of the SAP-CPHPC Complex in Solution. Isolated pure human SAP (35,
36) at 1.782 mg/mL, 70 �M with respect to protomer (Mr 25,462), in 10 mM Tris,
140 mM NaCl, pH 8.0, was mixed with CPHPC (80 �M) in 10 mM Tris, 140 mM
NaCl, 2 mM CaCl2, pH 8.0, in a total volume of 0.5 mL and incubated for 1 h at
37 °C before fractionation on a Superdex 200 column in the Åkta Explorer
system (GE HealthCare) eluted with 10 mM Tris, 140 mM NaCl, 2 mM CaCl2, pH
8.0. The column was calibrated with standard globular markers and with
human SAP in a known decameric assembly and the closely related pentraxin
protein, human C-reactive protein, which is known to be a single pentamer
(37). All of the SAP that had been preincubated with CPHPC eluted as a single
symmetrical peak at the volume corresponding to SAP decamers and was then
dialyzed extensively against 20 mM Hepes, 2 mM CaCl2, 140 mM NaCl, pH 7.3,
before addition, in the same Hepes buffer, of bis(sulfosuccinimidyl)suberate
(Pierce) at 10- to 50-fold molar excess over SAP. After 30 min at room tem-
perature and then 2 h at 4 °C, the reaction was terminated by adding 1 M
Tris�HCl, pH 7.5, to a final concentration of 50 mM. The covalently cross-linked
protein no longer bound to phosphoethanolamine immobilized on Sepharose
beads (36), consistent with occlusion of the binding (B) face of the molecule
(38). Retention of decameric assembly was confirmed by the elution profile on
Superdex 200 and increased anodal migration relative to that of unmodified
SAP on 1% wt/vol agarose in 0.07 M sodium barbitone, 10 mM EDTA, pH 8.6,
consistent with involvement of lysine residues in the covalent cross-linking
reaction. Mass spectrometry also confirmed that the majority of cross-linked
SAP was in the decameric form (Fig. 2). The residues involved in the covalent
cross-linking of the SAP decamers produced by binding of CPHPC were iden-
tified by mass spectrometry following proteolysis of the complex at 40 �M SAP
protomer by Asp-N protease (Roche) at 1:100 in 50 mM ammonium acetate, pH
7.0, overnight at 37 °C.

Mass Spectrometry. SAP alone and after complexing with CPHPC followed by
covalent cross-linking with BS3 were diluted to 80 �M and buffer-exchanged
into 200 mM ammonium acetate, pH 8.0, using microbiospin columns (Bio-

Rad). Aliquots (2 �L) of each were analyzed under identical mass spectrometry
conditions on a modified Q-ToF MS under instrument parameters designed to
preserve noncovalent interactions (39) (Fig. 2). After treatment of cross-linked
SAP with Asp-N, the digest was mixed 1:1 vol/vol with cyano-4-hydroxycin-
namic acid matrix solution (10 mg/ml in 50% CH3CN containing 0.1% vol/vol
TFA) and then spotted directly onto the target plate and allowed to air dry.
Using the MALDI Tof/Tof 4700 (Applied Biosystems), an average of 1000 laser
shots were applied to obtain the MS and MS/MS spectra, using a 200-Hz
frequency-tripled Nd:YAG laser operating at a wavelength of 355 nm. For
MALDI-MS/MS sequencing experiments the precursor ions were selected by a
timed-ion selector and activated inside the collision cell with argon at a
pressure of 2 � 10�6 Torr with the collision energy set at 1 kV.

Circular Dichroism. Secondary and tertiary structural features of native SAP
and the decameric SAP-CPHPC complex with and without covalent cross-
linking were analyzed by circular dichroism at 0.1 mg/mL and 2 mg/mL, in 10
mM Tris, 140 mM NaCl, pH 8.0, for far and near UV spectra, respectively (Fig.
S4). Path lengths of 1 and 10 mm were used in the far (200–250 nm) and near
(250–350 nm) UV ranges, respectively, in a Jasco 710 spectropolarimeter
equipped with temperature control and calibrated with 0.06% wt/vol ammo-
nium d-10-camphorosulphonate.

In Vivo Clearance Studies. 125I-SAP (40, 41) with specific activity of 2.4 MBq/
�mol SAP pentamer was used in trace amounts to spike unlabeled SAP for
preparation of SAP-CPHPC complexes with and without covalent cross-linking
as described above. SAP and orosomucoid (Sigma-Aldrich) were desialylated
as described previously (26). Male and female wild-type C57BL/6 mice were
bred and housed in standard pathogen-free conditions and were used in
clearance experiments at 16–20 weeks of age after supplementing the drink-
ing water for at least 24 h beforehand with 60 mg/L potassium iodide. Mice
received 100 �g of 125I-labeled native or complexed SAP, either alone or in
combination with desialylated orosomucoid, intravenously via the lateral tail
vein. They were bled from the tail (25–40 �L) at 2 min and at various time
points up to 60 min. Samples were weighed and counted, and TCA precipitable
radioactivity per gram of blood was calculated.

X-Ray Analysis. Crystals of the SAP/O-phospho-L-threonine complex were
grown by hanging drop vapor diffusion from 14.2 mg/mL SAP with a 10-fold
molar excess of O-phospho-L-threonine in 60 mM Tris�HCl (pH 8.0), 10 mM
CaCl2, and 16% vol/vol PEG550 MME. The crystals were monoclinic, space
group P21, with unit cell dimensions a � 94.77, b � 69.43, c � 102.06 Å, � � 97°.
X-ray diffraction data were collected from a single crystal at 100 K to a
resolution of 1.7 Å on beam line ID14.2 (European Synchrotron Radiation
Facility, Grenoble, France). Structure analysis details are provided in SI Meth-
ods and Table S1.
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