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Cover: Gold nanoparticles (AuNPs) of 1.4-nm-diameter
capped with triphenylphosphine monosulfonate (Au1.4MS)
are much more cytotoxic than 15-nm nanoparticles
(Au15MS). These toxic particles generate oxidative stress
in cells, visible by leaky mitochondria (green monomeric
JC-1 stain in the micrograph), and lead to necrosis.
Furthermore, they up-regulate heat shock and stress-
related genes, depicted by red bars in the heat-map
representation of a gene chip analysis. AuNP illustration
by Michael Noyong, Inorganic Chemistry, RWTH Aachen.

Introduction

The Biointerface Laboratory continues to work on the
structure and function of secreted (type 3) cystatin pro-
tein family members, the fetuins (fetuin-A and fetuin-B)
and histidine-rich glycoprotein (HRG) [l. Cystatins (inhib-
itors of cysteine proteases) were identified in the [960s.
Since then, the cystatin family has been divided into type |
(mainly intracellular proteins), type 2 (mainly extracellular
proteins), and type 3 cystatins (plasma proteins). The cysta-
tins inhibit cysteine peptidases of the papain family and play
key roles in a wide array of physiological processes as well
as in disease. The type 3 family members fetuin-A/alpha-
2-Heremans Schmid (HS)-glycoprotein (AHSG), fetuin-B
(FETUB), kininogen (KNG) and histidine-rich glycoprotein
(HRG) are disulfide-bonded, multi-domain proteins with
more than one cystatin-like domain; fetuin-A, fetuin-B and
HRG each contain two tandem cystatin domains, whereas
KNG contains three cystatin domains. Kininogen displays
cystatin-activity whereas the other type 3 family members
appear not to be functional cystatins. On the contrary, fe-
tuin-A has been identified as a potential positive regulator
of the cysteine protease m-calpain in wounded cells.

Alpha-2-HS-glycoprotein/fetuin-A

I Approved name: Alpha-2HS-glycoprotein

Also denoted fetuin-A

2. Approved symbol: AHSG
3. Accesion no: P02765
Fetuin-B

l. Approved name: fetuin-B
2. Approved symbol: FETUB
3. Accesion no: Q9UGM5
Kininogen

l. Approved name: kininogen
2. Approved symbol: KNG

3. Accesion no: PO1042
Histidine-rich glycoprotein

I Approved name: histidine-rich glycoprotein
2. Approved symbol: HRG

3. Accesion no: P04196
Table 1: Approved symbols for genes and proteins.

The type 3 members are glycoproteins secreted by the
liver into the blood. Especially high concentrations occur
during fetal life %, hence the name fetuin, which was de-
rived from the latin word fetus. Fetuin-A has its major role
in regulation of mineralization B 4. Fetuin-B has a simi-
lar tissue distribution as AHSG and the two proteins are
co-regulated, possibly suggesting overlapping functions
Bl. Both fetuin-A and fetuin-B have been implicated in the

regulation of tumor growth. Kininogen is produced as sev-
eral splice variants, high and low molecular weight KNG
(HK and LK respectively), from which the hormone bra-
dykinin is generated. Bradykinin is a potent inflammatory
mediator that causes vasodilatation and enhanced capillary
permeability. HRG is also important in regulation of clot-
ting and fibrinolysis .. In addition to their function in reg-
ulation of coagulation, KNG and HRG serve as regulators
of angiogenesis 7\,

Chromosomal Localization and
Gene Organization

The cystatin type 3 proteins are encoded by single-copy
genes. The AHSG and FETUB genes are positioned im-
mediately adjacent to the KNG and HRG genes on mouse
chromosome 16 and human chromosome 3 (3q27)

(Fig. 1).

The human AHSG
gene encompasses 7
exons spanning around
8.2 kb. Two common
single nucleotide poly-
morphisms (SNPs)
have been detected in
the human; 6826C/T
in exon 6 and 7495C/G
in exon 7, which mod-

Human symbol
3p

Type 3 cystatins

ulate circulating serum
levels of AHSG.

The mouse FETUB
gene consists of eight

3q27-

AHSG (Accession No- 02765)
FETU-B (No: Q8UGMS5)

HRG (No: P04196)
KNG (No: P01042)

exons. The coding se- Fig. 1: Chromosomal organisa-
quence starts in exon tion of cystatin type 3 proteins

2. Two alternative first on human chromosome 3.

exons encoding dis-

tinct 5’UTRs exist and have been denoted isoforms | and
3. Isoform 2 uses the same 5’UTR as isoform |, but isoform
2 lacks exon 2 due to alternative splicing. These data have
been derived from in silico cloning and await experimen-
tal confirmation. Thus, the physiological role of the putative
splice variants is unclear.

The human HRG gene comprises 7 exons encompass-
ing 12 kb. Notably, the largest exon VIl encodes the en-
tire C-terminal half of HRG. There are no HRG splice
variants. Two different molecular weight forms, 75 and
77 kDa, of HRG in human blood samples have been de-
scribed. The 77 kDa variant contains a serine residue at
position 186, allowing attachment of an N-linked carbo-
hydrate group. The 75 kDa form instead carries a pro-
line at position 186. Three cases of congenital deficiency
of HRG with familiar thrombophilia have been reported.
All thrombophilic probands are women and their plasma
HRG level is 20-50% of normal level. Two Japanese cases
have been denoted Tokushima | and 2. The Tokushima |
HRG variant contains a mutation resulting in exchange of
Gly to Glu at position 85 in the first cystatin domain, which
causes enhanced intracellular degradation of HRG. In the
Tokushima 2 HRG, a mutation resulting in exchange of Cys
to Arg at position 223 in the second cystatin domain has
been identified.
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Structure of Type 3 Cystatins

The type 3 cystatins are multi-domain proteins containing
aminoterminal cystatin domains (Fig. 2). At this point, none
of these proteins have been analyzed by X-ray crystallogra-
phy, but computer modeling of the cystatin domains have
been presented.

AHSG 19 Cy‘nl;\.l ’ IH" c\uumln ‘ | Doman3 |37
FETUB 18 r:,-mu;\.i = Hr| c,-un:a = H Doemun 3 |38
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KNG ) us{ :m‘ih; J] C)ﬂﬂ:')!. L[n w-;; ‘ﬂ ] 438
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Fig. 2: Schematic structures of type 3 cystatins. Domain or-
ganization is shown with indications of disulfide bridges,
cystatin domains, and the His/Gly and His/Pro domains in
KNG and HRG, respectively.
Post-translational modifications are common in the type
3 cystatins. Fig. 3 illustrates post-translational modifi-
cations and binding motifs in AHSG, which is produced
as a single chain precursor. The precursor is proteolyt-
ically processed to yield the mature circulating plasma
form of AHSG comprising a heavy and a light chain. This
first cleavage occurs by a secretory protein Golgi pro-
tease concomitantly with Ser/Thr phosphorylation and
addition of N-linked carbohydrate groups. Proteolysis in
septicemia can cleave another 40 amino acids from the
C-terminus of the heavy chain, forming the so-called
A-chain. The 40 amino acid residue C-terminal stretch
has been termed “the connecting peptide” as it connects
the combined A- and B-chains to the contiguous translat-
ed cDNA sequence.
mineral TGF-B conn peptide
(280-320)
single * *'O ﬁl) T 7 ' *‘T‘
chain  ——
precursor | [N o |
domain 1 (5-115) domain 2 (126-230) domain 3 (230-349)
two-chain | heavy chain (1-320) Illghvtchaln
mature o
. B-chain
SEPtiC " ; A-chain (1-280) | . 321-249)
I
cleavage , 115 230 280 320 349

Fig. 3: Post-translational modification of AHSG, a pro-
totypic type 3 cystatin family member. AHSG consists

of three domains, D1-D3, of ~115 amino acids each.
Disulfide bridges indicated in brown rectangles are char-
acteristic of the tandemly arranged cystatin domains D1
and D2. One interdomain disulfide links domain D3 to
domain D1. Proteolytic cleavage sites are indicated by
black wedges, serine phosphorylation sites are marked
as red asterisks, N-glycosylation sites as large green and
O- glycosylation sites as small green beacons. The so-
called connecting peptide of AHSG is indicated. Binding
regions for apatite and TGF-B like growth factors are
shown as pink triangles. Please note that carbohydrate
binding proteins and phosphoamino acid-specific lig-
ands may also bind and influence AHSG activity and
stability.
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A substantial fraction of AHSG isolated from human plasma
is serine phosphorylated; serine phosphorylation of AHSG
has been implicated in its negative regulation of the insulin
receptor tyrosine kinase but seems dispensable for the abil-
ity of AHSG to regulate mineralization. It is likely that these
many post-translational modifications, which have been
identified in human as well as bovine AHSG, may regulate
activity, tissue targeting and plasma half-life.

Fetuin proteins occur in all vertebrates. Fig. 4 shows that
Fetuins and HRG are predominantly made in the liver.
Throughout fetal development of both zebrafish and mice
the liver shows by far the strongest signal by in situ hybrid-
ization probing for fetuin homologues. Extrahepatic syn-
thesis exist, but a conservative estimate suggests that
more than 95% of the circulating levels of fetuin-A, fetuin-
B and HRG are liver-derived.

FetuA FetuB/1 FetuB/2

b

E12 E14 E16

Fig. 4: Expression pattern of type 3 cystatins. Expres-
sion of type 3 cystatin family members in Danio rerio
(zebrafish) at day 11 post fertilization (day 4 post-fertili-
zation for HRG-like) (top) and (bottom) AHSG expression
in the mouse, judged from in situ hybridization of devel-
oping (E, embryonic day) embryos as well as post partum
(P) animals. Note the dominating expression of AHSG

in the liver. The zebrafish genome harbours seven type

3 cystatin genes. The top shows in situ hybridizations
with probes synthesized to correspond to nucleotide
sequences homologous to the indicated gene names. The
arrowheads indicate expression in the liver.

We study the biological function of fetuins and HRG by gene
knockout in mice. We have generated gene knockouts for
all three proteins and we maintain the genetically modi-
fied mice on various genetic backgrounds and in combina-
tion with related gene knockouts. Fetuin familiy proteins are
prototypic carrier proteins with high surface activity. Their
common core structure consisting of two cystatin-like pro-
tein domains each confers stability. Variations in the domain
composition and in the three-dimensional structure confer
specific biological activity mediated by molecular binding.
Our latest work with knockout mice showed that the com-
bination of gene knockouts can mimic complex diseases.
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Fig. 5: (A) Vascular calcification histomorphometry of von Kossa—stained tissue sections of aorta calcification, (B) coronary ar-
tery calcification in the various treatment groups of wt (black), ApoE-/- (grey), and Ahsg-/-/ApoE-/- (white) mice. (D through I)
Representative photomicrographs are depicted on the right for the treatment groups 3 (D and G), 6 (E and H), and 9 (F and |).

Fetuin-A protects against
Atherosclerotic Calcification in a
Model of Chronic Kidney Disease

Accelerated atherosclerosis in patients with chronic kid-
ney disease is characterized by severe vascular calcifica-
tion and the magnitude of calcification is associated with
increased cardiovascular and all-cause mortality. Fetuin-A
is an abundant liver-derived plasma protein and a particu-
larly potent systemic inhibitor of soft tissue calcification [,
Interestingly, and in contrast to humans, fetuin-A defi-
cient mice spontaneously develop widespread soft tissue
calcification, including significant myocardial calcification,
but larger arteries are spared. This absence of vascular
calcification compared to humans with calcification-as-
sociated diseases may result from the protection of an
intact endothelium, which becomes severely compro-
mised in the setting of atherosclerosis. To investigate this,
we generated fetuin-A and apolipoprotein-E (ApoE) de-
ficient mice and compared them with single ApoE defi-
cient mice and wildtype mice. Three different treatment
groups were investigated (1) standard diet, untreated, (2)
high-phosphate diet to induce calcification stress and (3)
unilateral nephrectomy (causing chronic kidney disease)
plus high- phosphate diet. Fig. 5 summarizes the results
of these experiments; fetuin-A deficiency did not affect
the extent of aortic lipid deposition, neointima formation,
and coronary sclerosis observed with ApoE deficiency,
but the combination of fetuin-A deficiency, hyperphos-
phatemia, and CKD led to a |I5-fold increase in vascu-
lar calcification in this model of atherosclerosis . Thus a
model of combined fetuin-A and ApoE deficiency shows
a compound phenotype of increased atherogenesis and
calcification.

Fetuin-A mediates the Binding
and Uptake of Calciprotein
Particles in Macrophages

Fetuin-A mediates the formation and stabilization of cal-
ciprotein particles (CPPs). Thus CPPs solubilize calcium
and phosphate within the serum and consequently pre-
vent ectopic mineralization. The clearing of CPPs from the
blood flow has not been studied. CPPs have a size of about
200 nm P}, therefore they are most likely cleared by cells of
the reticulo-endothelial system. We studied the uptake of
fluorescence-labeled Fetuin-A and CPPs in different mac-
rophage populations; bone marrow macrophages repre-
senting resident blood-borne macrophages and peritoneal
macrophages as a model of inflammatory macrophages.
We focused on a receptor-mediated uptake mechanism,
which relies on binding at low temperature as illustrated

(Fig. 6).

]
Fetuin-A, CPP
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E——
4°C, 20-50 min

Fig. 6: Binding of fluorescence labeled Fetuin-A monomer
or CPP lights up macrophages in flow cytometry

Incubation of the cells on ice prevents phagocytic activity
and strictly measures binding of particles to the cell sur-
face receptors. Cell-bound CPPs were quantified by flow
cytometry as shown in Fig. 7. Intriguingly, fetuin-A con-
taining CPPs bound to macrophages very avidly whereas
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fetuin-A monomer did not. Thus CPP binding and up-
take was mediated by a resident surface receptor pres-
ent on both non-inflammatory bone marrow-derived
macrophages and inflammatory peritoneal macrophages
(Fig. 7C and D). Further characterization of this recep-
tor is under way.

10 10° 10°
FL1-H

Fig. 7: Binding of CPPs shown by flow cytometry and
fluorescence microscopy. A) Bone marrow macrophages
were selected in area R1. B) Fluorescence picture of mac-
rophages with ingested fluorescence-labeled CPPs. C) Cell
associated fluorescence signal increases when bone mar-
row macrophages are incubated with CPPs (green curve),
but not with Fetuin-A monomer (blue curve) in contrast to
untreated cells (purple curve). D) as C) but with peritoneal
macrophages.

In vivo Imaging of Calcification

Fluorescence Molecular Tomography (FMT) provides a non-
invasive imaging method in mice and possibly in humans. In
close cooperation with our colleagues from the Institute of
Experimental Molecular Imaging, ExMi (head: Prof. Fabian
Kiessling) we employed OsteoSense 680® to detect cal-
cification in C57BL/6 Apolipoprotein E / Fetuin-A double
deficient mice; these mice calcify in their aorta and also in
their soft tissues. We employed the “3D mode” of the FMT
scanner to detect enhanced fluorescence in the spine, in
the kidneys, and the lung. Live animals can be imaged with
mm resolution and centimeter penetration depth. Fig. 8 il-
lustrates a typical 3D FMT scanning suggesting that active
bone formation and calcification take place in the spine, the
kidneys and the lung.

For higher resolution studies, we applied the so-called
2D scanning mode (reflectance image) to study calcifica-
tion in explanted organs and tissues; the strongest fluo-
rescence signals were detected in the kidneys and in the
liver (Fig. 9). Judged against the size of the particular or-
gan under study, we determined that the kidneys, followed
by the liver and the lung, show the highest enrichment of
OsteoSense 680® confirming that these organs are prone
to calcification.

Helmholtz-Institute for Biomedical Engineering
RWTH Aachen University

In conclusion, FMT is a valuable tool to study calcification
in vivo and in real time; small animals like our knockout
mice allow to further detail the calcification process by
studying the contribution of individual gene products in a
complex experimental setting mimicking human disease.

= 1188.37

—891.28

=594.19

—297.09

—0.00
[nM]
Fig. 8: In vivo FMT of an ApoE/FetA-/- mouse. A) shows
a baseline measurement before injection of OsteoSense
680®. No fluorescence signal was detected. B) FMT analy-
sis of the same animal 24 h after injection of OsteoSense
680®. Note that the fluorescent agent accumulates in the
spine and in the kidneys.

080

Fig. 9: 2D FMT of organs from an ApoE/FetA-/- mouse. All
pictures were taken 24 h after injection of 2 nmol Osteo-
Sense 680®. A) aorta, B) heart, C) kidney, D) lung, E) liver.
Note that the strongest fluorescence was detected in the
kidneys and in the liver.

Toxicity of Gold Nanoparticles

In collaboration with chemists from RWTH Aachen
University and Duisburg-Essen University we contin-
ue to study the interaction of live cells and tissues with
gold nanoparticles; we determined that gold nanopar-
ticles of diameter |.4 nm trigger necrosis by oxidative
stress and mitochondrial damage . Gold nanoparti-
cles (AuNPs) are generally considered nontoxic, similar
to bulk gold, which is inert and biocompatible. AuNPs of

Biointerface
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diameter |.4 nm capped with triphenylphosphine mono-
sulfonate (TPPMS), Aul.4MS, are much more cytotoxic
than 15-nm nanoparticles (Aul5MS) of similar chemical
composition. We studied major cell-death pathways and
determined that the cytotoxicity was caused by oxidative
stress. Indicators of oxidative stress, reactive oxygen spe-
cies (ROS), mitochondrial potential and integrity, and mi-
tochondrial substrate reduction were all compromised.
Genome-wide expression profiling using DNA gene ar-
rays indicated robust upregulation of stress-related genes
after 6 and 12 h of incubation with a twice the IC50 con-
centration of Aul.4MS, but not with Aul5MS nanoparti-
cles. The caspase inhibitor Z-VAD-fmk did not rescue the
cells, which suggested that necrosis, not apoptosis, was
the predominant death pathway at this concentration.
Pretreatment of the nanoparticles with reducing agents/
antioxidants N-acetylcysteine, glutathione, and TPPMS
reduced the toxicity of Aul.4MS. AuNPs of similar size
but capped with glutathione (Aul.lGSH) likewise did not
induce oxidative stress. We concluded that besides the
size dependency of AuNP toxicity, ligand chemistry is a
critical parameter determining the degree of cytotoxicity.
AuNP exposure most likely causes oxidative stress that is
amplified by mitochondrial damage. Aul.4MS nanoparti-
cle cytotoxicity is associated with oxidative stress, endog-
enous ROS production, and depletion of the intracellular
antioxidant pool.

Marie Curie Practical Training Course organized by HIA - Biointerface

Students and Faculty of the “Marie Curie Cutting Edge Practical Training Course - Tissue engineering, stem cells and
biocompatibility testing of biomaterials” held from August 24 — September 3, 2009 at RWTH Aachen. The Marie Curie
Program of the European Community fosters early stage training and mobility of researchers. We hosted PhD students
and post-Docs from 13 countries. Funding was provided by the European community to the project “InVENTScience”
(http://www.inventscience.org).
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