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The Journal of Immunology

Curvature of Synthetic and Natural Surfaces Is an Important
Target Feature in Classical Pathway Complement Activation

Martin Bjerregård Pedersen,*,† Xingfei Zhou,* Esben Kjær Unmack Larsen,*

Uffe Skov Sørensen,‡ Jørgen Kjems,* Jens Vinge Nygaard,* Jens Randel Nyengaard,x

Rikke Louise Meyer,* Thomas Boesen,{ and Thomas Vorup-Jensen*,†,‡

ThebindingofAbs tomicrobial surfaces followedbycomplementactivationconstitutes an important lineofdefenseagainst infections.

In this study,wehave investigated the relationship between complement activation and thebinding of human IgMAbs to surfaceswith

different curvatures. IgMAbs to dextran were shown to activate complement potently on dextran-coated particles having a diameter

around 250 nm, whereas larger (600 nm) particles were less potent activators. This selectivity regarding particle dimension was also

found forcomplement activationbycolloidal substances ofmicrobial origin. Peptidoglycan (PGN) is themajorchemical component in

the cell wall ofGram-positive bacteria. Fragments of purifiedPGNwith sizes of∼100nmpromoted complement activation effectively

through the classical pathway. By contrast, larger or smaller fragments of PGN did not activate complement strongly. A careful

analysis of PGN fragments released during planctonic growth of Staphylococcus aureus showed that these include curvatures that

would permit strong IgM-mediated complement activation, whereas the curvature of intact cells would be less effective for such

activation. Consistently, we found that the suspended PGN fragments were strong activators of complement through the classical

pathway. We suggest that these fragments act as decoy targets for complement activation, providing protection for S. aureus against

the host immune response to infection. The Journal of Immunology, 2010, 184: 1931–1945.

A
n important part of immunity to infections consists of
plasma proteins that are deposited on the surface of in-
vading microbes to facilitate their elimination by

phagocytic cells. The complement system comprises more than 30
proteins that are either directly deposited on microbial target sur-
faces or participate in regulating the deposition (1). Complement
activation proceeds through the classical, lectin, and alternative
pathways. Activation through the classical pathway is initiated by
the binding of the C1 complex to Abs on the microbial surface. The
lectin pathway of complement activation is initiated by binding of
mannan-binding lectin (MBL) to carbohydrates exposed by mi-
crobes. Both the classical and lectin pathways lead to the de-
position of a proteolytic fragment of C3 on the target surface; this
deposition may also proceed through the alternative pathway with
the spontaneous formation of a covalent bond between C3 and
hydroxyl or amine groups on the microbial molecules. In terms of

defining the molecular mechanisms that keep soluble complement
factors in their unactivated state and allow for activation only upon
binding of the factors to target surfaces, several structural inves-
tigations now suggest that conformational changes are important
(2–5). According to a recent experimental study, the binding of
MBL to ligand-coated surfaces stretches the lectin molecule (2),
and a similar mechanism was suggested for binding of the C1
complex to Ab-coated targets, where this change supports activa-
tion of the associated C1r and C1s proteases (4).
Small molecular structures critically determine how the immune

system distinguishes self from nonself to protect against infections,
and epitope recognition by Abs typically involves a buried surface of
12–20 nm2 (6). However, in the case of large Igs such as soluble IgM,
the binding between the molecule and the epitope-presenting surface
involves structural features over an area far larger than the interface
between a single paratope and epitope. The IgM molecule usually
consists of five to six monomeric subunits in plasma, based on in-
teractingN-terminal heavy andLchainvariable domains (VHandVL)
followed by four constant H chain domains (Cm) in the H chain. The
subunits are linked covalently through a joining (J) chain and small
angle x-ray scattering studies of pentameric IgM (7) revealed a planar
and symmetrical structure of the five monomeric units with the Fc
portions of themonomers forming a central disk (Fc5)withprotruding
F(ab9)2 arms (8). The Cm1 domains in the Fab fragments are con-
nected to the Fc5/J chain disc through a linker region represented by
the Cm2 domain. As shown by Feinstein et al. (9, 10), IgM bound to
a bacterial flagellum permitted the F(ab9)2 arms to bend toward the
Ag-presenting surface in a staple-like conformation. Based on their
small angle x-ray scattering studies, Perkins et al. (7) suggested that
the bending of Fab fragments at an angle of∼60˚ relative to the plane
of Fc5 disc exposes a binding site for C1q in the Cm2 domains [which
is part of F(ab9)2 but not of Fab] of IgM. In solution, human IgM has
a radius of gyration of 12 nmand amaximumdimension of 35–37 nm
in good agreement with the cross-sectional diameter estimated from
transmission electronmicroscopy (TEM) (7, 8). Topological features,
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including curvature or epitope density, are likely to affect the con-
formation of surface-bound IgM. However, the influence of surface
topology in regulating the effector functions of IgM, such as com-
plement activation, has not been studied.
The Gram-positive bacterium Staphylococcus aureus is an im-

portant human pathogen and causes both community-acquired and
nosocomial infections. Peptidoglycan (PGN) is the major compo-
nent in the cell walls of Gram-positive bacteria and forms a highly
complex structure, which is critical for the shape and size proper-
ties of the bacteria (11). The backbone in the PGN polymer consists
of glucan strands of repeating disaccharide units of N-acetyl-D-
glucosamine–(b-1,4)-N-acetylmuramic acid, where the muramic
acid moiety is linked to a stem peptide of four or five alternating L-
and D-amino acids. These disaccharide-peptide units are cross-
linked by interpeptide bridges, resulting in a rigid mesh-like
structure. The PGN layer is highly dynamic and constantly re-
modeled during cell growth through enzymatic processes (12). The
role of PGN in stimulating the immune system is well established
(13, 14), and PGN is the major source of complement-activating
macromolecules produced by S. aureus (15). Furthermore, IgG and
IgM Abs to PGN are frequently found in normal individuals (16).
The continuous remodeling of the cell wall is likely to liberate
material that activates the immune response against S. aureus, but
whether cell wall fragmentation plays a distinct role in this process
remains unclear. Interestingly, experiments show that enzymati-
cally degraded PGN is a more potent activator of the complement
system than intact PGN (17), but the molecular rationale for this
observation has not been characterized.
In this study, we have investigated the role of topological features

of surfaces in complement activation.Byuse of nanoparticles coated
with dextranAg,we show that the size and hence the curvature of the
particles is a key parameter for determining the ability of large Igs
such as IgM to initiate complement activation through the classical
pathway. These considerations led us to investigate whether mi-
crobial surface topology also regulates complement activation, and
we report in this paper that the curvature of PGN layers influences
activation through the classical pathway in a similar manner to the
Ag-coated nanoparticles. During planctonic growth and death, S.
aureus liberates fragments of the cell wall into the culture medium.
Compared to the relatively flat surface of intact bacteria, the sharper
curvature of these PGN fragments apparently makes them stronger
activators of complement.

Materials and Methods
Human sera

Human sera were obtained from the local blood bank (Department of Clinical
Immunology, Aarhus University Hospital, Skejby, Denmark) and made
available to the project according toprocedures approvedby the local scientific
ethics committee. For each serum, the concentration of MBL was determined
by a previously described assay (18). Testing of the C3 concentration in serum
from Donor 1 was carried out by a standard clinical assay (complement C3c
version 2, Tina-quant; Roche Diagnostics, Basel, Switzerland).

Hemolytic assays for complement activation by dextran-coated
nanoparticles

Nanoparticles with an iron oxide core surrounded by a stabilizing layer of
dextran (fluidMAG-DX, catalog number 4104) or carboxymethyl-dextran
(fluidMAG-CMX, catalog number 4106) with hydrodynamic diameters of
50 nm, 100 nm, and 250 nm were purchased from Chemicell (Berlin,
Germany). Dextran-coated iron oxide beads with a diameter of ∼600 nm
(screenBEAD/R-DX) were a kind gift from Christian Bergemann and Dr.
W. Rainer Quass (Chemicell).

Complement activation by nanoparticles was investigated in gelatin/
veronal-buffered saline (GVB; 0.1% weight to volume ratio [w/v] gelatin,
0.1% [w/v] veronal, 140 mM NaCl; pH 7.4) with 1 mM MgCl2 and 1 mM
CaCl2 (GVB/Mg2+/Ca2+). Suspensions of 400 ml were made with the

fluidMAG-DX or fluidMAG-CMX nanoparticles such that the total cal-
culated particle surface area was 5 3 1014 nm2 for each size of particle as
calculated from the formula

ATot ¼ 4p×ðd=2Þ2×nparticles; ð1Þ

where d is the particle diameter and nparticles the total number of particles in
suspension. Each nanoparticle suspension was mixed with human serum to
a final serum concentration of 33% (v/v) in a total reaction volume of 600ml.
The serum/nanoparticle suspensions were incubatedwithout further dilution
as well as in suspension with 2-fold serial dilutions of the initial nanoparticle
concentration at 37˚C for 30 min with vigorous shaking to facilitate the
activation of the complement system and consumption of active C3.

To estimate the complement activation induced by the nanoparticles,
the residual complement-mediated hemolytic activity was estimated.
Complement-mediated lysis ofunsensitized rabbitRBCs (RRBCs)byhuman
serum was quantified by a modified assay as described elsewhere (19).
Rabbit blood was collected from the ear vein into tubes with a citrate/
phosphate/dextrose/adenine solution (030603,Vacuette; Greiner bio-one,
Kremsmuenster, Austria). RRBCs were isolated by centrifugation at 4003 g
and washed three times in GVB prior to use, and the number of RRBC per ml
was counted in a hemocytometer (Bürker-Türk, Marienfeld, Germany).
A volume of 300 ml of GVB with 1 mM MgCl2 and 20 mM EGTA (GVB/
Mg2+/EGTA) was added to each sample tube (20). Samples were centri-
fuged at 1740 3 g for 10 min at 4˚C to pellet the particles. A total of 100 ml
supernatant from the centrifuged serum/nanoparticle suspensions and 50 ml
RRBC suspension (∼2 3 108 RRBC/ml) were incubated with agitation for
60 min at 37˚C to yield hemolysis of the erythrocytes (Es) by the remaining
unconsumed complement proteins in the nanoparticle-treated serum. The
reactions were terminated by adding 1.2 ml ice-cold 0.9% (w/v) NaCl so-
lution to each sample. The samples were centrifuged at 1250 3 g for 10 min
to pellet debris and intact RRBCs, and 200 ml of each supernatant was
transferred to wells in a flat-bottomed microtiter plate for measurement of the
OD at 405 nm. Zymosan from Saccharomyces cerevisiae (Z-4250, Sigma-
Aldrich, St. Louis, MO) was used as a positive control for particle-induced
complement activation (21) and treated similarly to the nanoparticles. The
level of spontaneous lysis (ODsp) of the RRBCs was tested by a sample of
50 ml RRBC suspension added to 100 ml GVB/Mg2+/EGTA; as a measure of
the OD at 100% lysis (OD100%), samples were made of 50 ml RRBC sus-
pension added to 100 ml water. The residual complement hemolytic activity
(CHA) in the serum samples was calculated as:

CHA ¼ 100%×
OD2ODsp

OD100% 2ODsp
: ð2Þ

A correction for the activation of complement during the incubation of serum
not depending on the presence of nanoparticleswas carried out by normalizing
CHA values for serum incubated with nanoparticles (CHAnanoparticles) to the
CHA value for serum incubated without nanoparticles (CHA0). This pro-
cedure also corrects the contribution from serum to the OD comparedwith the
reference samples not containing serum (i.e., the spontaneous lysis of Es in
GVB buffer and 100% lysis obtained by suspension of Es in water). Fur-
thermore, to obtain a positive correlation with the assays measuring the
generation of C3a-des Arg described below, the complement activation
measured by hemolysis was expressed as consumption of CHA (CCHA):

CCHA ¼ 100%2 100%×
CHAnanoparticles

CHA0

: ð3Þ

In experiments quantifying the role of the alternative pathway of complement
activation, serum and nanoparticles were diluted in GVB/Mg2+/EGTA buffer
and incubated at 37˚C for 30min. As a control, the consumption of hemolytic
activity by nanoparticles was tested in the presence of EDTA; samples of
serum and nanoparticles were diluted in GVB with 1 mMEDTA followed by
measuring of the residual hemolysis as described above.

Monodispersity and size of particles following complement
activation

Following reactions to establishcomplementdepositionon the surfacesof the
applied nanoparticles, the size distribution of the particulate material was
investigated by dynamic light scattering (DLS) (22). Measurements were
performed on the particle suspensions with a Nano ZS instrument (Malvern
Instruments,Malvern,U.K.), illuminating the samplewith helium-neon laser
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light (wavelength 633 nm) and a single photon-counting photodiode for
signal detection. The autocorrelationwas performedby the 5000/EPPphoton
correlator (ALV, Langen, Germany) and analyzed using Dispersion Tech-
nology Software (Malvern Instruments). In brief, the size distribution was
obtained from the distribution in diffusion coefficients (D) (22), which are
related to the hydrodynamic diameter of the particles (dH) through the
Stokes-Einstein equation:

dH ¼ kT

3ph×D
; ð4Þ

where k is the Boltzmann constant (1.38 3 10223 J/K), h is the diluent
viscosity (at 0.894 3 1023 Pa/s for water), and T is the absolute temper-
ature (298 K). Size measurements were made on 0.6-ml particle suspen-
sions in plastic cuvettes (67742, Sarstedt, Nürnbrecht, Germany) at 25˚C
and repeated three times.

C3a-des Arg ELISA for measurement of complement activation
by dextran-coated nanoparticles

For testing the C3a-des Arg generation, dextran-coated iron-oxide nano-
particles with diameters of 50 nm, 250 nm, and 600 nm were used. The
particleswere applied in amounts corresponding to a total surface area of 53
1014 nm2 in GVB/Mg2+/Ca2+ buffer with 33% (v/v) serum and incubated
under conditions corresponding to those for the hemolytic assay. C3a-des
Arg was measured with a commercially available kit (C3a EIA kit, Quidel,
San Diego, CA). Following incubation, the samples were diluted 1,000–
50,000-fold in sample buffer (Quidel) and applied to wells in the pre-
fabricated microtiter strips coated with a murine mAb specific for human
C3a-des Arg. Together with the application of standards and controls pro-
vided with the kit, the assay was carried out according to the manufacturer’s
instructions.

Similar assays were performed using polystyrene nanoparticles with
diameters of 50nm,100nm,400nm,600nm, and800nm(G.Kisker, Steinfurt,
Germany). Polystyrene nanoparticleswitha total surface areaof 1016nm2were
coatedwith dextran by adding the particles to a solution of 10mg/ml dextran in
water (dextran from Leuconostoc mesenteroideswith anMr of 8,500–11,500;
D9260, Sigma-Aldrich) followed by incubation at room temperature for 20 h.
In the experiments with complement activation, the samples were diluted 20-
fold in GVB/Mg2+/Ca2+ to give a total surface area of 5 3 1014 nm2. Com-
plement activation was carried out as for the iron oxide particles.

Measurement of the binding activity of anti-dextran and anti-
PGN Abs in donor sera

Donor sera were analyzed for the presence of anti-dextran Abs by a time-
resolved immunofluorometric assay (TRIFMA). The assay was carried out
in 96-well microtiter plates (FluoroNunc Maxisorb; Nunc, Kamstrup,
Denmark) coated with dextran (Mr ∼500,000) from L. mesenteroides
(Sigma-Aldrich). The coating of the microtiter wells was carried out as
previously described (23); solutions with 10 mg/ml dextran in Na2CO3/
NaHCO3 (pH 9.6) were applied in a volume of 100 ml. The plates were
incubated overnight at 4˚C and blocked by adding 200 ml per well of 1 mg/
ml human serum albumin (Octalbin 20%, Octapharma AB, Stockholm,
Sweden) in 140 mM NaCl and 10 mM Tris-HCl (pH 7.4) (TBS) followed
by incubation for 60 min at 37˚C. The plates were washed three times in
0.05% (v/v) Tween-20 in TBS (TBS/Tw). Each well received 100 ml serum
sample diluted in TBS with 1 mM CaCl2 (TBS/Ca2+) to concentrations
between 0.003% and 50% (v/v) followed by incubation for 1 to 2 h at room
temperature in a humidified chamber. The wells were washed three times
in TBS/Tw and incubated for 60 min with 100 ml biotinylated mAb to
human IgM (clone HB57, Leinco Technologies, Ballwin, MO) or IgG
(clone HP-6017, Sigma-Aldrich), each at a concentration of 1 mg/ml in
TBS. The isotypic (IgG1) mAb KIM185 directed to an irrelevant Ag
(human CD18) made locally from a hybridoma cell line bought from
American Type Culture Collection (LGC Promochem, Boras, Sweden) was
used as a control. After washing three times with TBS/Tw, 100 ml of 0.1
mg/ml europium-labeled streptavidin (PerkinElmer, Waltham, MA) in
TBS/Tw containing 25 mM EDTA was added to each well and incubated
for 1 h at room temperature. TRIFMA was performed as described else-
where using a VICTOR 3 1420 multilabel counter (PerkinElmer).

Donor sera were analyzed for PGN-reactive IgM and IgG Abs in
a procedure similar to the analysis for dextran-reactive Abs. Lyophilized
PGN from S. aureus (77140, Sigma-Aldrich) was suspended at a concen-
tration of 1 mg/ml in PBS buffer (pH 7.4). Suspensions of 6 ml were
sonicated for 20 min at 40 W with a Sonifier B-12 (Branson, Danbury, CT)

ultrasound probe to obtain a relatively monodisperse suspension of PGN
particles. The sonicated PGN was diluted in Na2CO3/NaHCO3 buffer (pH
9.6) at a concentration of 10 mg/ml and applied to microtiter wells; coating
and washing of the plates was carried out as described for the dextran
assay. Serum samples were added in a dilution range from 0.001% (v/v) as
well as in further 3-fold serial dilutions for IgG measurements and 50% (v/
v) and in further 3-fold serial dilutions for the IgM measurements. The
amount of bound Ig was tested by TRIFMA as described above.

Binding of IgM and IgG to dextran-coated nanoparticles

The bindingof IgMand IgG to 250-nmand 600-nmdextran-coatedfluidMAG
(Chemicell) particles was investigated with a modified TRIFMA. Nano-
particleswitha totalparticle surfaceareaof531014nm2 inTBS/Tw/Ca2+with
33% (v/v) serum were incubated at 37˚C for 30 min with agitation. The sus-
pensionsweremade in 1.5-ml tubes preblockedby incubation at 4˚C for∼16h
with 1.2 ml of 1 mg/ml human serum albumin (Octapharma AB) in TBS. The
250-nm particles werewashed twice in TBS/Tw/Ca2+ buffer by collecting the
particles with a magnet (Dynal MPC-S, catalog number 120.20D; Invitrogen
Dynal AS, Oslo, Norway). The nonmagnetic 600-nm particles were collected
bycentrifugationat 7003g for 2min andwashed twice.BiotinylatedmAbs to
human IgM (clone HB57) or IgG (clone HP-6017), or, as isotypic control,
KIM-185 diluted to 1mg/ml inTBSwere added to the beads and incubated for
60min at room temperature. The particles werewashed two times inTBS/Tw/
Ca2+ followedbyadditionof0.1mg/ml europium-labeled streptavidin inTBS/
Tw with 25 mM EDTA to each tube and incubation for 1 h at room temper-
ature. The particles were washed two times in TBS/Tw/Ca2+. Enhancement
buffer with 0.57% (v/v) acetic acid, 0.1% (v/v) Triton X-100, 1% (w/v)
PEG6000, 15 mM 2-naphtoyltrifluoroacetone, and 50 mM Tris (n-octyl)
phosphine oxide (pH 3.2) was added (400 ml per tube) followed by vigorous
shaking of the tubes for 5 min. The particles were separated from the super-
natant, which was loaded into a flat-bottomed microtiter plate for reading of
the fluorescence signal as described above.

Analysis of complement activation by particulate material from
purified S. aureus PGN

Aliquots of the sonicated PGN, prepared as described above, were treated
with either 0.5 mg/ml lysostaphin (Sigma-Aldrich) or 0.5 mg/ml lysosta-
phin and 3 U mutanolysin (M9901, Sigma-Aldrich) per 100 mg PGN (17).
The samples were incubated for 110 min at 37˚C. The PGN preparations
were immediately frozen on an ethanol/dry-ice bath and stored at 280˚C.
The size distribution of the particulate material was analyzed by DLS as
described for the iron oxide particles. The PGN suspension was mixed with
human serum from Donor 1 or either of two C1q deficient sera (catalog
number C8567, Sigma-Aldrich, or catalog number A509, Quidel) to a final
serum concentration of 33% (v/v) and a final PGN concentration of 20 mg/
ml in a total reaction volume of 600 ml. The serum/PGN suspensions were
incubated at 37˚C for 30 min with vigorous shaking, permitting the acti-
vation of the complement system and consumption of active C3. Com-
plement activation was tested in GVB/Mg2+/Ca2+ or GVB/Mg2+/EGTA
buffer. Further controls were made by testing the activation with dilutions
of lysostaphin or mutanolysin in the absence of PGN.

Microscopic analysis of S. aureus debris

Todd-Hewitt medium (Oxoid, Basingstoke, U.K.) was filtered through
a sterile filter (0.22 mm), which, prior to use, was rinsed in distilled water.
Small scale cultures (∼3 ml) of the medium were inoculated with the S.
aureus strain T7 (24) and incubated for ∼16 h at 37˚C. Samples of fixed
bacteria were made by mixing 0.5 ml bacterial culture with 1.5 ml para-
formaldehyde followed by incubation for 2 h at room temperature. The
sample was rinsed twice in PBS, resuspended in PBS with 50% (v/v)
ethanol, and stored at 220˚C. A small volume (20 ml) of the suspension of
fixed S. aureus was placed on polylysine-coated microscope slides (Pol-
ysine, J2800AMNZ; Menzel-Gläser, Braunschweig, Germany); the
roughness of the surface was 5 nm. The sample was incubated for 15 min
at ambient conditions followed by rinsing in PBS buffer (pH 7.4) and
drying with a stream of N2 gas. All measurements were carried out with
a JPK NanoWizardII (JPK Instruments, Berlin, Germany) atomic force
microscope (AFM) mounted on an inverted optical microscope (Axiovert
200M, Carl Zeiss Microimaging, Jena, Germany). Imaging in air was
performed in the intermittent contact mode to reduce the tip-sample in-
teraction and the lateral forces. The silicon probes (RTESP; Veeco, Santa
Barbara, CA) used for imaging had a nominal spring constant of 40 N/m
and nominal resonance frequency of ∼300 kHz.

For TEM imaging of fragments released from S. aureus during culture,
a filtrate of the culturemediumwasmade following the growth of bacteria as
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described above. The medium was passed through a sterile filter (0.22 mm),
and NaN3 was added to a final concentration of 0.01% (w/v). Samples of the
filtrate were incubated either with 0.5 mg/ml lysostaphin (L4402, Sigma-
Aldrich) or 16 mg/ml trypsin (S2012, DakoCytomation, Glostrup, Co-
penhagen) for 16 h at 37˚C. Specimens for TEM were made essentially as
described earlier (25). A suspension of 3% (w/v) low-melting agarose
(50111, Sea-Plaque GTG Agarose, FME, Rockland, ME) in water was
heated until the agarose melted and then kept liquefied at 40˚C in a water
bath. Samples, heated at 40˚C, of either untreated filtrate or filtrate treated
with lysostaphin or trypsin was mixed with the liquid agarose solution to
a final agarose concentration of 1% (w/v), and the specimens were allowed
to solidify. The agarose-supported culture filtrates were fixed with PBS-
buffered 2% (v/v) glutaraldehyde and transferred into PBS with 75 mM
sucrose (pH 7.3). The samples were refixed in 1% (w/v) OsO4 and trans-
ferred into 50 mM maleic acid (pH 5.2), then dehydrated with a graded
series of alcohols before embedding in epoxy resin (Epon, TAAB Labora-
tories Equipment, Berkshire, U.K.). Sections with a thickness of ∼60 nm
were cut with an RMC MT-XL ultramicrotome (Boeckeler Instruments,
Tucson, AZ) and visualized on a Philips CM10 transmission electron mi-
croscope (Philips, Eindhoven, The Netherlands) with a Kodak Megaplus
model 1.6i camera (Kodak, Rochester, NY) connected to a PC with iTEM
software version 5 (Olympus Soft Imaging Solutions, Münster, Germany).

Quantification of the curvature of the S. aureus PGN fragments

The grayscaled TEM image of PGN fragments liberated from cultured
S. aureus into culture medium was analyzed with the MatLab software
package (MathWorks, Natick, MA) using the image processing toolbox
DipImage v. 6.3. Uneven illumination of the image during TEM acquisi-
tion was corrected by applying a high-pass filter. Further preparations for
analysis were made by removing all pixels closer than 75 nm to the border
of the image. PGN fragments within the image were then separated from
the background by setting a threshold and assigning a value of either zero
or one to each pixel in the image. This network of PGN fragments were
then further identified as thin lines of neighboring pixels with values at
one. The network was broken into individual fragments by removing single
pixels located at network nodes. Following an exclusion of all fragments
,35 nm, a total of 101 individual fragments were included in the curvature
analysis. The path of each fragment described by a thin line of pixels was
approximated by a polynomium to obtain a continuous curve from which
the curvature along the path was calculated. From the definition (26, 27) of
curvature, k, it follows that the curvature at each pixel point along the path
is equivalent to the reciprocal radius according to Equation 5:

k ¼ 1

r
¼ 2

d
; ð5Þ

where r is the radius and d the diameter, respectively, of a circle located with
the path as its tangent. The distribution of the mean curvature of all 101
fragments was analyzed by using a probe consisting of a segment of the curve
with a length of 35 nm (i.e., corresponding to the cross-sectional diameter of
IgM). The probe was moved along each fragment in increments of one pixel
(1.2 nm), and themean curvature over the length of the probe,,k.35 nm, was
calculated. The distribution of,k.35 nm was calculated over the range from
0.01 nm21 to 0.99 nm21 by grouping the values of,k.35 nm into intervals of
0.01 nm21 and calculating for each interval the frequency of,k.35 nm in that
interval.

Statistical analyses

All statistical comparisons were made by nonparametric methods. Com-
parisons between groups were carried out by a Kruskal-Wallis analysis with
Dunn’s correction for multiple comparisons. The correlation between Ig
binding activities to dextran for the eight donor sera to dextran and com-
plement activation by the nanoparticles was analyzed by nonparametric
statistics using Spearman’s rank order correlation method. All calculations
were made with GraphPad Prism version 5 (GraphPad, San Diego, CA).

Results
Complement activation by dextran-coated nanoparticles with
different curvatures

Severalstudieshaveshownthatnanoparticleswithappropriatesurface
coating may activate the complement system as typically monitored
by hemolysis assays (28–30). Particles with diameters of 50–100 nm
are comparable in size to the larger molecules of the complement

system (i.e., C1q and MBL, as well as IgM). Consequently, we sur-
mised that perturbations in the functions of thesemolecules would be
noticeable when changes were made to the size of particles spanning
this size range. The well-defined shape and size of iron oxide nano-
particles (31) make them an attractive choice for studying the in-
fluence of surface topology in the activation of the complement
system. Specifically, the spherical shape of the particles reduces the
topological parameters characterizing the surfaces to only one,
namely the curvature, which is a strict function of the diameter.
To understand the possible relationship between the topology of

surfaces and their ability to activate the complement system, we
decided to test iron oxide particles coated with dextran. These were
mixed with serum from Donor 1 and incubated under conditions
permitting complement activation through all pathways (i.e., in the
presence of Mg2+ and Ca2+) (Fig. 1A), or under conditions fa-
voring complement activation through the alternative pathway
(i.e., in the presence of Mg2+ and EGTA) (Fig. 1B). Particles with
diameters of 50, 250, and 600 nm were added to the serum and the
complement activation by the particles was measured in a hemo-
lytic assay as the CCHA. The particle-induced complement acti-
vation was determined by comparison with a sample of donor
serum incubated without added particles, and the difference in
hemolytic activity (DCCHA) between these samples was calcu-
lated according to Equations 2 and 3.
In serumfromthisDonor1, theparticleswithadiameterof250nm

potently activated the complement system,whereas the 50nmor600
nm particles showed substantially less activation when normalized
to the total surface area of the particles (Fig. 1A). The activation
clearly depended on either the classical or MBL pathways, as re-
moval of Ca2+ ions essentially abolished complement activation
(Fig. 1B). As expected, the addition of EDTA to the experiments
abolished complement activation (data not shown). Zymosan,
a particulate cell wall material from yeast, was included as positive
control (Fig. 1A, 1B). To use the zymosan in a form comparable to
the nanoparticles, we determined the diameter of the zymosan
particles by DLS to be ∼3000 nm (data not shown). The concen-
tration of particles in suspension was determined by light micros-
copy, allowing for a comparison of the zymosan microparticles
with nanoparticles based on total surface area applied to the ex-
periments. The role of surface charge was investigated by appli-
cation of iron oxide nanoparticles coated with carboxylated
dextran; this modification of the dextran layer did not significantly
change the complement activation (data not shown).
To investigate the variation among donors, the ability of the 50,

250, and 600 nm particles to activate complement in an additional
seven sera were tested together with serum from Donor 1 (Fig. 1C);
each particle type was added at a concentration corresponding to
ATot = 5 3 1014 nm2. The findings for Donor 1 were similar to
experiments shown in Fig. 1A (i.e., with the strongest complement
activation clearly induced by the 250 nm particles compared with
the 50 nm and 600 nm particles). Compared to the data in Fig. 1A,
however, differences in the absolute levels of hemolysis were
noticeable. Although the results for donor sera shown in Fig. 1C
were all generated with the same batch of rabbit Es to maximize
comparability, this batch differed from that used for the meas-
urements shown in Fig. 1A. It is an observation often made with
hemolytic assays that ill-defined properties of the Es affect the
level of complement-induced lysis (19). However, as shown by the
comparison between Fig. 1A and 1C, this phenomenon did not
alter the outcome concerning the strong complement activation by
250-nm particles compared with 50 nm and 600 nm in serum from
Donor 1. The comparison among Donors 1–8 showed striking
differences between the donors, both with regard to the interdonor
variation in the level of complement activation as well as the
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influence of particle type (i.e., particle diameter) on the comple-
ment activation.
A commonly observed phenomenon with nanoparticles in media

containing serum proteins is aggregation. We investigated the role
of complement in this process by comparing particles in serum
either under conditions permitting complement activation (in the
presence of Mg2+/Ca2+) or under conditions with no complement
activation (in the presence of EDTA) but with exposure to the
macromolecular constituents in serum (Fig. 1D, 1E). DLS meas-
urements were performed on 250-nm and 600-nm iron oxide
nanoparticles under the conditions used for the experiments shown
in Fig. 1A. The light scattering by these particles was easily dis-
tinguishable from the contribution by serum proteins, the latter
source contributing ∼22% of the scattering intensity. The mea-
sured hydrodynamic diameters at 242 nm and 513 nm, re-
spectively, were in acceptable agreement with the expected size,
and the highly symmetric distribution of particle sizes suggested
that the particles were essentially monodisperse. In the case of the
250-nm particles, a small contribution to the scattering intensity
(0.55%) was observed for particles with dH ∼4000 nm (Fig. 1D).
However, the scattering intensity of a particle is proportional to
the diameter to the sixth power, whereas the volume is pro-
portional only to the diameter to the third power (22). The dif-
ference implies that the volume of particles contributing this
scattering constitutes ,0.0002% of the volume of the 250-nm
particles. Interestingly, the particle sizes did not differ between the
conditions supporting complement activation (i.e., in the presence
of Mg2+ and Ca2+ ions) and the conditions blocking complement
activation (i.e., in the presence of EDTA) (Fig. 1D, 1E).

Donor variation in complement activation by nanoparticles
investigated by C3a-des Arg measurements

As suggested by the analysis of serum fromDonors 1–8, surfaces of
particles with different diameter and hence curvature showed
marked donor-dependent differences in their ability to activate
complement (Fig. 1A–C). To investigate the role of particle size in
complement activation further, we probed complement activation
by the eight sera with the dextran-coated iron oxide particles by
testing the generation of C3a-des Arg (32). The particle-induced
complement activation was determined by subtraction of the
concentration of C3a-des Arg in a sample of donor serum without
added particles from the C3a-des Arg concentration in a sample
with particles; the difference between these concentrations (DC3a-
des Arg) measures the contribution of the particles to complement
activation (Fig. 2A). In serum from Donor 1, the 250-nm particles
released 24 mg (∼3 nmol) of C3a-des Arg corresponding to the
activation of ∼1015 C3 molecules when incubated in a total vol-
ume of 600 ml of serum-containing buffer. The total C3 concen-
tration in serum from this donor was 7.7 mM (1.4 mg/ml), and
hence the total number of C3 molecules in the reaction buffer was
also ∼1015, suggesting that in the assay, ∼100% of all C3 mole-
cules were activated.
A common trait for six (Donors 1, 3, 5, 6, 7, and 8) of the eight

donors was the poor complement activation by the 600-nm par-
ticles. Donor 6 showed a similar size preference as Donor 1,

A

B

C

D

E

FIGURE 1. Complement activation by dextran-coated ironoxide nano-

particles. Nanoparticles, made from iron oxide and dextran, were tested for

their ability to activate complement in serum from Donor 1. Comparison of

the ability to activate complement by the differently sized particleswasmade

according to total surface area (in nm2) of particles added to the reactions.

Following incubation of the particles in serum, either under conditions al-

lowing for the activation through all complement pathways in the presence of

Mg2+ and Ca2+ ions (A) or under conditions favoring activation through the

alternative pathway in the presence ofMg2+ andEGTA (B), the percentage of

CCHAwas calculated according to Equations 3 and 4. In A and B, error bars

show the SD on the mean value for 3–5 experiments. C, Variation among

donors of the complement activation induced by nanoparticles investigated

by the DCCHA assay. DCCHA was tested by incubation of serum with

dextran-coated iron oxide nanoparticles with diameters of 50 nm, 250 nm, or

600 nm; each type of particle was tested with sera from 8 donors. Colloidal

stability of nanoparticles in the presence of serum. Serum from Donor 1

diluted in either bufferwithMg2+/Ca2+ (allowing for complement activation)

or EDTA (blocking complement activation) was incubated with 250-nm (D)

or 600-nm (E) iron oxide particles. The hydrodynamic particle diameters

(dH) in the serum suspensions were estimated by DLS and represented as the

normalized scattering intensity (I) as a function of dH with the sum of all

intensities determined in the range of dH from 0.4–10,000 nm equaling

100%. The contribution to the scattering of subsets of particles is indicated

with SI followed by the percentage of the total scattering.
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whereas Donors 2 and 4 activated relatively indiscriminately on all
three types of particles, including the 600-nm particles. Donors 5
and 8 showed no detectable complement activation by the nano-
particles compared with samples without particles. In the case of
Donor 8, this finding was confirmed with additional analysis by the
hemolytic assay described above (data not shown). Amore rigorous
analysis of these results was made by comparing the average
complement activation for all donors with each type of particle
(Fig. 2B). The median values also reflected the strong complement
activation by the 250-nm particles, whereas the 600-nm particles
were significantly less potent (p , 0.01).The complement acti-
vation by the 50-nm particles was highly variable among the
donors, as reflected by the coefficient of variation (CV) (i.e., the
SD for the DC3a-des Arg levels normalized by the mean value at
1931% compared with the values of 402% and 145% for the 250-
nm and 600-nm particles, respectively).
Analysis of serum from Donor 1 showed that the alternative

pathway did not contribute significantly to the complement activation
on the dextran-coated particle surfaces (Fig. 1B). MBL deficiency is
a common primary immunodeficiency in the complement system,
and three of the tested sera wereMBL-deficient (Donors 5, 6, and 7).
However, reconstitution ofMBL-deficient sera (Donors 5 and 8)with
recombinant human MBL (33) had no influence on their ability to
activate complement whenmixedwith the particles (data not shown).
From these comparisons, we concluded that the classical pathway
through binding of Abs to dextran on the particle surfaces was the
major route of complement activation. To identify the antigenic
structure recognized by these Abs, we also tested the ability of dex-
tran-coated polystyrene particles to activate complement in serum
fromDonor 1 (Fig. 2C, 2D). Prior to the experiment, the polystyrene
particles with diameters from 50 nm to 800 nm were incubated with
dextran in solution. The low-m.w. dextran applied in these experi-
ments was not capable itself of complement activation (data not
shown). Suspensions with dextran and 100-nm polystyrene particles
activated complement at levels comparable with the dextran-coated
ironoxide particles (Fig. 2A, 2C). By contrast, the 50-nm particles as
well as the particles with a diameter .100 nm failed to activate
complement (Fig. 2C). None of the particles were capable of acti-
vating the complement system in the absence of dextran (Fig. 2D).

Donor variation in IgG and IgM dextran-binding activities

As shown above, the complement activation on the dextran-coated
particles differed considerably between the donors (Fig. 2A, 2B);
we investigated the variation in the binding activity of Abs to
dextran. The TRIFMA signals for either IgG (Fig. 3A) or IgM
(Fig. 3B) were plotted as a function of the serum concentration
used in the wells. The binding activities observed using the sera
from Donors 2–8 was estimated in units relative to the activity in
serum from Donor 1 (Fig. 3C). The binding activity of IgM Abs in
the eight sera exhibited a 250-fold difference between the highest
and lowest binding activity found (Fig. 3C). In a similar com-
parison, the binding activities exhibited by IgG Abs showed a 17-
fold difference (Fig. 3C). This finding was also reflected in cal-
culations of the CV for the binding activities; the variation in IgM
binding activities among the eight donors was almost twice as
large as the variation in IgG activity (Fig. 3C).

Correlation between IgM binding activity to dextran and
complement activation on the iron oxide particles

The relationship between the determined Ab-binding activities to
dextran and actual binding of Abs to the dextran-coated particle
surfaceswas investigatedbyuseof amodifiedTRIFMA.The250-nm
and 600-nm iron oxide particles were easily collected from the liquid
suspension by either magnetic or centrifugal force, respectively, and

FIGURE 2. Variation among donors in the complement activation in-

duced by nanoparticles tested by the generation C3a-des Arg. A, Release of

C3a-des Arg from intact C3 through complement activation by dextran-

coated iron oxide nanoparticles with diameters of 50 nm, 250 nm, or 600

nm; each type of particle was tested with sera from the eight donors also

tested with the CCHA assay as shown in Fig. 1C. B, Statistical comparison

of the complement activation on the iron oxide particles. The median value

(indicated with a closed circle and in mg/ml) and CV (indicated in % in

boldface and italic) were calculated for the DC3a-des Arg levels from

Donors 1–8 for each type of particle. The scatter of the data was calculated

as the difference between the 25% and 75% percentile indicated with bars.

Statistically significant differences were probed in a Kruskal-Wallis test

with Dunn’s correction for multiple comparisons. Complement activation

by polystyrene nanoparticles in buffer with dextran (C) or, as control, in

buffer without dextran (D). In A, C, and D, error bars show the SD on the

mean value for two to three experiments in duplicate.
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wethencomparedthebindingofIgGandIgMAbstotheparticles(Fig.
4A, 4B). Based on the measured binding activities (Fig. 3C), we
selected the three sera fromDonors 1, 2, and8. For both IgGand IgM,
Donor 2 had dextran-binding activities higher than the respective
mean values for the eight donors. Donor 1 had IgM-binding activity
higher than the mean value for the donors, whereas the IgG-binding
activitywas lower than themeanvalue. For both IgGand IgM,Donor
8 had binding activities lower than themeanvalues. Consistently, the
amount of bound IgG and IgM to the particle surface was clearly
lower, and at the level of signal produced by a control Ab, when the
particleswere incubatedwith serum fromDonor 8 comparedwith the
signals obtained from incubationwith sera fromDonors 1 and 2 (Fig.
4A, 4B). The amount of bound Ig from incubationswith these donors
differed strikingly with regard to the signal for IgG, where the serum
fromDonor 2 produced a higher signal than the serum fromDonor 1
consistent with the measured levels of IgG dextran-binding activity.
Similarly, the near-equal ranking of the two sera with regard to the
binding activity of IgM was confirmed by a quantitatively equal
signal for the IgM binding to the particles for both 600-nm and 250-
nm particles (Fig. 4A, 4B).
A central observation in this study was the ability of serum from

Donor 1 to activate complement strongly on the surface of 250-nm
particles but only weakly on the surface of the 600-nm particles
(Figs. 1A, 1C, 2A). Nevertheless, the analysis presented in Fig. 4
showed that IgM bound equally well to the 600-nm (Fig. 4A) and
250-nm particles (Fig. 4B), implying that the surface densities of
IgM on these particles were very similar. This finding suggested
a preference of IgM for complement activation on the 250-nm
particles compared with the 600-nm particles. We performed
a more rigorous analysis of this hypothesis by comparing the
generation of DC3a-des Arg (Fig. 2A) and the DCCHA (Fig. 1C)
and IgM-binding activities (Fig. 3C) for the eight donor sera (Fig.
4C, 4D). In a nonparametric test (Spearman’s rank-order corre-

lation), the IgM-binding activities correlated significantly with
complement activation measured by the DC3a-des Arg generation
(Fig. 4C, 4E) for the 250-nm particles (R = 0.74, p , 0.046). As
a control, we also investigated the correlation between the IgM-
binding activities and complement activation on 600-nm particles,
but, as expected from the findings mentioned above, no significant
correlation was found for either the 600-nm or the 50-nm beads
(Fig. 4E). Analyses of the IgG-binding activities (Fig. 4E) and
DC3a-des Arg generation showed only poor correlations (R =
∼0.21–0.41) and none that were statistically significant (p, 0.36–
0.62). The correlation tests were also applied to DCCHA levels
(Fig. 4D, 4F) for the eight donors shown in Fig. 1C. Similar to the
analyses with complement activation measured through DC3a-des
Arg generation, the correlation between binding activity to dextran
and DCCHA had the highest R score for the correlation between
IgM-binding activity to dextran and DCCHA levels for the 250-
nm particles (Fig. 4D, 4F). Other correlation coefficients were at
strikingly lower levels (R = ∼0.00–0.45), although all correlations
were nonsignificant (Fig. 4F).

Size-dependent complement activation by PGN

To inquire into the biological role of our findings above, we in-
vestigated the complement activation on bacterial surfaces using as
a target PGN from S. aureus. Several investigations have already
shown that S. aureus PGN is potent activator of complement, and,
similar to the nanoparticulate system, our hypothesis was that
primarily the size and hence topological features of the PGN
fragments would contribute to the complement activation. Enzy-
matic digestion of purified PGN with lysostaphin, an endopepti-
dase that cleaves the PGN peptide bridges, and the muramidase
mutanolysin, which cleaves the b-N-acetylmuramyl-(1→4)-N-
acetylglucosamine linkage in the carbohydrate part of PGN,
generated PGN fragments in a size range comparable to the
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FIGURE 3. Binding activities in donor sera of Abs to dextran or PGN. A–C, Binding of IgG or IgM to surfaces coated with dextran. The amount of bound

IgG (A) or bound IgM (B) was estimated for Donors 1–8 in TRIFMAwith the signal (in counts/s) plotted as a function of the serum concentration used in

the wells. For each plot, the mean value and error bars indicating the SD for four measurements are shown. C, Relative IgG and IgM dextran-binding

activities. The serum from Donor 1 was used as reference for the IgG- and IgM-binding activity and defined to contain a binding activity of 1000 mU/ml for

both Igs. By comparing serial dilutions of sera from Donors 1–8, the relative binding activity was determined and expressed as a mean value (in mU/ml) and

SD based on four experiments. The mean and CV were calculated for the IgG- and IgM-binding activities for the eight donors. D–F, Ab binding to PGN.

Sera from the eight donors were added in serial dilutions to polystyrene wells coated with PGN. The amount of bound IgG (D) or IgM (E) was estimated

from the signal in TRIFMA (in counts/s). Error bars state the SD on two to three independent experiments measured in duplicate. F, The relative binding
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nanoparticles employed earlier. Quantification of the size distri-
bution in native PGN or following the enzymatic digestion was
carried out with DLS (Fig. 5A). Untreated PGN presented a nar-
row size distribution of particles with a mean diameter of ∼400
nm. Treatment with lysostaphin produced a number of particulate
species with a diameter of 100 nm; a less well-defined peak
around 500 nm probably reflected the presence of undigested PGN
species in the reaction mixture. Double digestion of PGN with
mutalysin and lysostaphin produced particles with a diameter of
∼50 nm (i.e., significantly smaller than the particles found in
untreated PGN as well as PGN digested with lysostaphin only).
The double-digested PGN also provided a particulate material
comparable to undigested PGN in size, whereas species with di-
ameters of ∼100 nm were not found.
The complement activation induced by PGN was measured as

the generation of C3a-des Arg (32) compared with a control with
no added PGN; the difference between these samples represented
complement activation by the PGN preparations (Fig. 5B, 5C). In
serum from Donor 1, PGN treated with lysostaphin induced a
strong activation, whereas, by contrast, activation by either un-
treated PGN or doubled-digested PGN essentially failed to activate
complement (Fig. 5B). The enzymes added to the PGN did not
contribute to this activation. To analyze the pathway of complement
activation, we measured the C3a-des Arg generation in samples
without free Ca2+, which reduced the complement activation by the
lysostaphin-digested PGN. No C3a-des Arg generation was detect-
able in either of two C1q-deficient sera, which identified the clas-
sical pathway as the major contributor to the complement activation
by the lysostaphin-digested PGN (Fig. 5B and data not shown).
We determined the relative concentrations of IgG and IgM Abs

to PGN in the eight donor sera studied previously. S. aureus ex-
presses Protein A, which binds strongly to human and mouse IgG;
in the absence of serum application to the wells, only a minor
signal (∼2% of the signal intensity for wells incubated with serum
used at the lowest dilution) was produced. This excludes Protein A
contamination in the PGN preparation as a potential confounding
factor in the assay. Using an isotypic control Ab rather than Abs to
IgG or IgM gave similar low signals and confirmed the specificity
of the assay. The TRIFMA signal from wells developed for either
IgG (Fig. 3D) or IgM (Fig. 3E) were plotted as a function of the
serum concentration used in the wells, and the binding activities
were determined as for the binding activities to dextran (Fig. 3F).
Among the donors, the variation in IgG- and IgM-binding activ-
ities to PGN was considerably smaller than the variation in the
binding activities to dextran; compared with the CV values for
IgG and IgM binding activities to dextran at 104% and 170%,
respectively, the same CV values for the binding activities to PGN
were 2–4-fold lower at ∼50%. With regard to complement acti-
vation by these sera, the most striking finding was that undigested
PGN activated complement very poorly, whereas PGN digested
with lysostaphin induced a 2–10-fold stronger complement acti-
vation compared with untreated PGN (Fig. 5B, 5C). This was
clearly reflected in a statistical comparison of the complement
activation by the donor sera, where there was highly significant
difference (p , 0.001) between the C3a-des Arg generation by
PGN and PGN treated with lysostaphin (Fig. 5D). Two of the
tested donor sera (Donors 1 and 6) showed a marked reduction in
complement activation when the PGN was double-treated with
both the lysostaphin and the mutanolysin compared with treatment
with lysostaphin only, whereas sera from Donors 2 and 4 showed
no difference in this comparison (Fig. 5B, 5C). Nevertheless, in
a statistical comparison of levels of C3a-des Arg generation by the
four sera, a significant reduction was found when PGN was treated
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FIGURE 4. Correlation between complement activation induced by the

nanoparticles and binding activities of IgG and IgM to dextran. Serum from

Donors 1, 2, or 8 was incubated with dextran-coated iron oxide particles

with a diameter of 600 nm (A) or 250 nm (B). The binding of IgM and IgG to

the nanoparticles was measured by TRIFMA with bars showing the mean

value and error bars the SD for values from two independent measurements.

Open bars show the binding of IgG, black bars the binding of IgM, and gray

bars the binding of a biotinylated isotypic control Ab to the beads. C and D,

The correlation between the IgM-binding activtity to dextran and comple-

ment activation induced by the 250-nm ironoxide particles was investigated

by Spearman’s rank-order test. C, For each donor (indicated with numbers

1–8 in the panel), the rank in complement activation measured by the DC3a-

des Arg assay (as shown in Fig. 2A) was plotted against the rank in IgM-

binding activity measured (as shown in Fig. 3B, 3C). The correlation co-

efficient (Spearman’s R) and the level of significance (p) are indicated. D,

The rank in complement activation measured by the DCCHA assay (as

shown in Fig. 1C) was plotted against the rank in IgM-binding activity

measured (as shown in Fig. 3B, 3C). As in C, the donors are indicated with

numbers 1–8 together with the correlation coefficient and the level of sig-

nificance. E and F, Coefficients and levels of significance for the correlation

between complement activation by the 50-nm, 250-nm, or 600-nm particles

measured by DC3a-des Arg assay and the IgM- or IgG-binding activities in

the 8 sera (E). Similar analyses as in Ewere made based on the complement

activation measured by the DCCHA assay.
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with lysostaphin and mutanolysin compared with treatment with
lysostaphin only (Fig. 5D).

Bacterial growth liberates complement-activating cell wall
fragments

Our findings above prompted us to investigate whether the normal
physiology of S. aureus involves the generation of fragments of
the cell wall. To probe the chemical nature and ultrastructural
properties of the particulate material generated during bacterial
growth, we cultured the S. aureus and analyzed the cells and su-
pernatants by AFM and TEM.
AFM provides topographical information on the ultrastructure

of the applied specimen. Clusters of S. aureus cells (Fig. 6A, 6C)
were investigated by analyzing height profiles as shown in Fig.
6B, 6D through sections indicated in the AFM images with bars
(Fig. 6A, 6C). The profiles showed curvatures with estimated
diameters close to the diameters of single cells. However,
structural features with less rounded profiles and dimensions
significantly smaller than single cells were also visible; the ap-
proximate cross-sectional diameter of these fragments appeared
over a range of 158–367 nm estimated as shown in Fig. 6B and
6D. These fragments apparently had a considerable sharper
curvature than the intact bacteria.
We wished to analyze whether the S. aureus fragments identified

by AFM were liberated into solution during culture of the bacteria.
With this aim, we filtered the bacterial culture through a 0.22-mm
filter to remove intact cells, embedded the samples in agarose, and
analyzed by TEM 60-nm-thick sections (Fig. 6E–G). Untreated
filtrate (Fig. 6E) contained species with a width of ∼20 nm and
reminiscent of fibrous material. The fragments had lengths of 100–
300 nm, but fragments larger than this were also present. The
composition of the fragments was analyzed by treatment with two
endopeptidases specific for either PGN or proteins. Treatment of
the filtrate with lysostaphin gave a blurred or diffuse outline and
a slight increase in the width of the fragments (Fig. 6F). This
appearance was not a consequence of the imaging of these
specimens because altering the focus plane or a change in contrast
or brightness of the TEM image could not restore the sharp outline
of the untreated PGN (Fig. 6E). For comparison, we also treated
the filtrate with the serine protease trypsin that promiscuously
digests proteins. The peptide bridges in PGN are not substrates for
trypsin, which usually cleaves on the C-terminal side of positively
charged residues. Compared with the untreated sample (Fig. 6E),
the treatment with trypsin only produced a minor change in the
appearance of the fragments, which, in general, preserved their
contrast and length (Fig. 6G).
Many of the PGN fragments identified by TEM in the culture

mediumshowedahomogeneouscurvatureunlikely tooriginate from
random folding in the medium (Fig. 6E) and similar to curved PGN
fragments that have been reported in other studies (12, 34). To obtain
a robust quantification of the curvature of these fragments, we
applied a comprehensive analysis to extract an estimation of the
curvatures from all the visualized fragments. As shown in Fig. 7A,

FIGURE 5. Complement activation (DC3a-des Arg) by intact and

fragmented PGN from S. aureus. A, The relative size distribution of par-

ticulate PGN (expressed as a percentage of total particle volume) for native

PGN (solid line), following fragmentation by digestion with lysostaphin

(dotted line), or following digestion with lysostaphin and mutanolysin

(hatched line). For each curve, peaks in particle volume are labeled with

the corresponding particle diameter. B, Analysis of the influence of en-

zymatic digestion on the complement activation by PGN in serum from

Donor 1. The contribution by the complement activation pathways was

analyzed by modifying the presence of divalent cations or conducting the

experiment in C1q deficient serum. C and D, Comparison between donors

of PGN-mediated complement activation. C shows the complement acti-

vation by PGN and digested PGN in sera from Donors 2, 4, and 6. For each

source of PGN, each bar shows the mean value and the error bars the SD

from two experiments in duplicate. In D, the median value (indicated with

a closed circle and in mg/ml) and CV (indicated in % in boldface and

italic) were calculated for the DC3a-des Arg levels from Donors 1, 2, 4,

and 6 for each type of particle. The scatter of the data was calculated as the

difference between the 25% and 75% percentile indicated with bars. Sta-

tistically significant differences between the complement activation by

PGN preparations were probed in a Kruskal-Wallis test with Dunn’s cor-

rection for multiple comparisons.
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the two-dimensional curvature at each pixel along the path of
a fragment was estimated from the diameter of the largest circle
fitting the path curvature at that position, and the curvature was
calculated according to Equation 5. To bring the calculated curva-
tures onto a scale comparable to the size of the Abs binding to PGN,
we calculated the mean curvature for segments with a length of 35
nm (i.e., the cross-sectional diameter of IgM). The distribution of
these mean curvatures for the PGN fragments in the culturemedium
is indicated in Fig. 7B. Apparently, the most frequent curvature
occurred at ∼0.03 nm21. To aid the interpretation of this value, the
two-dimensional curvatures according to Equation 5 of spherical

objects with diameters of 50, 100, and 1000 nm are also indicated
(Fig. 7B). This comparison showed that the mean curvatures of the
PGN fragments came close to the curvature of a particle with a di-
ameter of 100 nm. The curvature of a particle with a diameter of
1000 nm (i.e., close to the diameters of intact S. aureus) (Fig. 6A–D)
was almost an order magnitude smaller than the more frequent
curvatures of the PGN fragments.
The ultrastructural properties of the PGN fragments released

from the cultured bacteria suggested that these fragments had
curvatures that would facilitate complement activation through
IgM binding as inferred from our studies of the dextran-coated iron
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micrograph is shown with a 45,000-fold magnification of the specimen. The culture medium was analyzed either in an untreated state (E) or following

treatment with either lysostaphin (F) or trypsin (G). In E, arrowheads are placed to indicate examples of fragments with a curvature that probably results

from tension in the PGN layers; similarly curved PGN fragments have been reported in other studies (12, 34)
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oxide particles as well as the enzymatically digested PGN. By
contrast, S. aureus would mainly present PGN in an intact cell
wall with a curvature that would be unlikely to support comple-
ment activation through conformational regulation of the surface-
bound Abs. From these considerations, we hypothesized that the
liberated PGN fragments would be relatively potent in comple-
ment activation compared with the intact bacteria and constitute
the major source of complement-activating bacterial metabolites
in an S. aureus culture. Medium containing the PGN fragments
only was prepared as for the microscopic analysis by removing the
intact bacteria through filtration. Complement activation by this
source was compared with a culture of S. aureus containing both
bacteria and fragments. As a reference, the complement activation
by fresh medium was also analyzed (Fig. 7C). The presence of
bacterial macromolecules enhanced complement activation com-
pared with fresh medium as shown by the addition of either
complete S. aureus culture or a filtrate of the culture. Our analysis
also showed that removal of the intact bacteria by filtration did not
significantly alter the potency of complement activation by the
medium; this finding identified the bacterial macromolecules in
the filtrate as the major source of complement activation in the
complete culture. Similar to the investigations made earlier, the
contributions by the complement activation pathways were studied
by conducting the experiments in the absence of Ca2+ ions (Fig.
7D) or in serum deficient in C1q (Fig. 7E). Under these con-
ditions, the complement activation was either reduced (Fig. 7D) or

completely blocked (Fig. 7E), respectively, pointing to the clas-
sical pathway of complement activation as the major contributor
to the complement activation.

Discussion
In this study, we show that simple binding of IgM to a surface with
target Ags is not sufficient to activate the classical pathway of
complement activation. For successful complement activation
following IgM binding, a particular surface must satisfy specific
topological criteria, especially regarding curvature.
The importance of curvature for complement activation was

demonstrated using a chemically and structurally well-defined
system of iron oxide or polystyrene particles with a dextran coating.
Given that IgM is a strong complement activator with as little as one
molecule bound to the surface of RBCs sufficient to mediate lysis
(35), it is a quite surprising finding that the 600-nm particles on one
hand bound IgM as effectively as the 250-nm particles but failed to
induce complement activation, whereas on the other hand, only the
250-nm particles induced such activation. This difference in com-
plement activation, measured as the particle-induced generation of
C3a-desArg,was further confirmed by a study of sera from a total of
eight donors. The median level of DC3a-des Arg generated from
incubations with the 250-nm particles exceeded significantly that
obtained from incubations with the 600-nm particles. A more
complex pattern of activation appeared to be the case for particles
with a diameter of 50 nm. Sera from at least two donors failed to
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followed by incubation under conditions allowing for complement activation through all pathways (C) or in the presence of Mg2+/EGTA, thereby reducing
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activate complement on the 50-nm particles, whereas strong acti-
vation was found following incubation of the same sera with the
250-nm particles. This is supported by a recent proteomic study in
which it was reported that 50-nmparticles were poorly opsonized by
complement (36). However, the median DC3a-des Arg level fol-
lowing incubations of the eight sera with 50-nm particles did not
differ significantly from the level measured following incubations
with the 250-nm particles. In terms of quantifying the deposition of
C3 fragments on the particle surface, we compared the particle-in-
duced release of C3a-des Arg with the total C3 concentration in
serum fromDonor 1 and found that 100%ofC3was activated during
incubation with the 250-nm particles. Recent crystallographic
analyses of the structure of C3b (37, 38) suggest that each surface-
bound molecule covers an area on the particle of ∼40 nm2. If all
activated C3 were attached to surfaces, the protein would cover
a total area of 43 1016 nm2,which is 80-fold larger than the supplied
total surface area of the nanoparticles at 53 1014 nm2.However, our
studies with DLS found no significant increase in particle diameter,
indicating that the great majority of activated C3 molecules are
released into the surrounding medium rather than being deposited
on the particles surface. This is consistent with the findings by other
studies using radiolabeled C3 (39).
To compare the findings for Ab binding to the iron oxide particles

with binding to a more natural target, we included a study on com-
plement activation using cell wall material from the Gram-positive
pathogen S. aureus. Through enzymatic digestion, we prepared
samples of PGN-containing particles with hydrodynamic diameters
of ∼100 nm or ∼50 nm. Compared to the untreated material with
a hydrodynamic diameter of ∼400 nm, the preparations containing
smaller particles significantly enhanced the complement activation.
Two of the four donors tested (Donors 1 and 6) showed profiles with
the strongest complement activation by intermediate-sized PGNwith
a hydrodynamic diameter of ∼100 nm, whereas the PGNwith either
smaller (∼50 nm) or larger diameters (∼400 nm) activated less
strongly. This is in accordancewith the results from incubations with
dextran-coated iron oxide and polystyrene particles, where similar-
sized particles produced the strongest complement activation. Fur-
thermore, as shown by comparison with controls, the complement
activation by both dextran-coated nanoparticles and PGN was
dominated by the classical pathway, whereas neither the alternative
pathway nor MBL apparently contributed to the activation.
Further details of the mechanisms responsible for complement

activation by the dextran-coated nanoparticles and the digested PGN
were provided frommeasuring the binding activities of IgG and IgM
Abs to dextran and PGN in the donor sera. In particular, the IgM-
binding activity to dextran showed a large variation between donors.
In itself, this suggests that IgM Abs are responsible for the consid-
erable donor variationobserved.Amore formal test of the role of IgM
was carried out by correlation analyses, which showed that IgM
dextran-binding activity correlated significantly with DC3a-des Arg
for complement activation by the 250-nm, but not by the 50-nm or
600-nm, particles. These analyses did not identify a distinct role of
IgG in complement activation by the dextran-coated nanoparticles.
We also analyzed complement activation by the hemolytic assay and
correlated the Ig-binding activities to the DCCHA levels. Similar to
the analysis with DC3a-des Arg as a measure of complement acti-
vation, the highest correlation coefficient was found for the com-
parison of IgM dextran-binding activities and the complement
activation by the 250-nm particles. However, this correlation was not
statistically significant. It should be noted thatDCCHA as a measure
of complement activation in interdonor comparisons is a more
complex parameter than DC3a-des Arg. Firstly, because the readout
in the hemolytic assay depends not only on the activation of C3
but also on the donor-derived components of the lytic pathway (i.e.,

C5–C9), sources of variations not affecting the generation ofC3a-des
Arg may influence the hemolytic assay. Secondly, the higher com-
plexity of the chemical processes leading to lysis of the Es obviously
complicates the interpretation of differences found inDCCHAlevels,
notably in the correction for the non–particle-dependent complement
activation in serumheated to 37˚C. By contrast, the concentrations of
C3a-des Arg maps onto a linear scale and hence the concentrations
measured in serum samples incubated with nanoparticles are more
easily comparedwith control experiments (i.e., by simple subtraction
of the background activation).
Both previously published studies as well as ours (16) found that

IgG and IgM Abs to PGN are frequent among donors with little
variation in titers or binding activity. With the minor variation in
IgG- and IgM-binding activities, we were not capable of sepa-
rating the role of these isotypes in complement activation by the
PGN samples through correlation analyses. However, a statistical
analysis including the four sera showed a strong preference for
activation on the lysostaphin-treated PGN and containing particles
with a diameter of ∼100 nm, consistent with the presence of IgM
Abs to PGN in all donor sera. Earlier studies also reported that
enzymatically treated PGN was a more potent activator of com-
plement than untreated PGN, with the interpretation that the in-
crease in activation was due to the enzymatic generation of
neoepitopes (17). However, as demonstrated in our analysis, de-
spite easily detectable binding activities of Abs to untreated PGN,
the donor sera essentially failed to activate complement with this
material; Ab binding per se is consequently not sufficient for
complement activation. Treatment with two enzymes with distinct
substrate specificities, which would be expected to enhance the
generation of neoepitopes, quenched the complement activation,
also arguing that altered epitope expression was not an explana-
tion of why digestion of PGN promoted complement activation.
By analogy with our observations on complement activation by
the particles with defined curvatures, we suggest that the altered
curvature of digested PGN is a critical parameter for the enhanced
activation by enzyme-treated PGN; indeed, this suggestion is
supported by our quantitative analysis of the size of the PGN
fragments that activate complement.
Considerable efforts have been invested in characterizing the

processes of S. aureus cell division that involves splitting of the cell
wall. By contrast, little has been published on the ultrastructure of
the byproducts of this activity, although from the current models of
cell division, it seems clear that release of PGN fragments from the
intact cells is a likely outcome (12, 34). The sizes of these frag-
ments differ considerably, although the ability of the fragments, but
not intact S. aureus, to pass through the 0.2-mm filter pores suggest
that the fragments are significantly smaller than intact cells.
Treatment with lysostaphin induced a diffuse staining pattern in the
TEM micrographs that has been reported earlier for lysostaphin
digestion of the cell wall of S. aureus (40) and confirms PGN as
a major constituent of the fragments. Although DLS proved
a convenient way of obtaining information on the size distribution
of PGN fragments following the enzymatic digestion, the consid-
erably more complex mixture of PGN fragments from the S. aureus
culture could not be analyzed by this approach. We extracted in-
formation on the curvatures of these fragments from the TEM
imaging. Our analysis showed that these fragments include cur-
vatures comparable to particles with diameters of∼50–100 nm (i.e.,
much sharper than would be the case for the PGN layer in intact S.
aureus cells, which have a diameter of ∼1000 nm). Although some
mathematical sophistication was required to arrive at this point, it
seems intuitively to make sense from what is known about the
properties of PGN; the PGN cell wall is an exoskeleton with in-
ternal tension forces that supports contouring of the cellular shape

1942 CURVATURE IS AN IMPORTANT FEATURE IN COMPLEMENT ACTIVATION

 by guest on June 13, 2013
http://w

w
w

.jim
m

unol.org/
D

ow
nloaded from

 

http://www.jimmunol.org/


(12, 41). In the event of liberation and fragmentation of the PGN
cell wall, these forces may act to produce a sharper curvature of the
PGN compared with the PGN in the intact cell wall.
The relationship between surface curvature and IgM-mediated

complement activation raises an interesting question concerning
the contribution to these processes by intact S. aureus versus their
cell wall fragments. Unlike the common assumption that intact
bacteria are the major targets of complement deposition, our
findings suggest that the liberated PGN fragments could account
for a significant part of the complement activation by a bacterial
culture. By comparison of PGN and enzymatically digested PGN,
we have already shown that the sp. act. of PGN fragments is
higher than the undigested, and hence relatively intact, PGN layer.
We chose to compare the complement activation by a complete S.
aureus culture versus a sterile filtrate omitting the intact cells. We
show that complement activation by the filtrate is almost as strong
as that exhibited by the complete culture, clearly attributing much
of the complement activation to bacterial products in suspension.
As it is already known that PGN is the major source of comple-
ment activation among the metabolites of S. aureus (15), it seems
reasonable to suggest that it was indeed the PGN fragments in the
filtrate contributing to the activation of the complement system. In
C1q-deficient serum, no complement activation was observed,
supporting our suggestion that an Ab-dependent mechanism of
complement activation is important for the relatively high activity
of the PGN fragments compared with intact bacteria. Although we
suggest that the curvature of the PGN fragments and the intact
bacteria are one significant parameter in making the fragments
relatively potent in complement activation, it is certainly possible
that other factors such as the complex composition of the intact S.
aureus cell wall (12) contributes to a lowering of the complement
activation by the intact bacteria. However, this only strengthens
the point that liberated PGN fragments are relatively potent acti-
vators of the complement system compared with intact bacteria.
A structural rationale for explaining the role of target surface

curvature in IgM-mediated complement activation has already been
proposed through the work of Perkins et al., Feinstein et al., and
Feinstein and Munn (7, 9, 10). The diameter of the dextran-coated
iron oxide and PGN particles probed in our study comes close to
the cross-sectional diameter of the planar IgM molecule in solu-
tion at 35–38 nm, and the curvature of the surface is consequently
significant compared with the IgM molecule (Fig. 8A, 8B). This is
also evidently the case for the conformation of IgM unmasking
binding sites for C1q in the Cm2 domains (i.e., the staple-like
conformation with the Fabs bent at an angle (w) of 60˚ relative to
the Fc5 disk including the J chain) (Fig. 8B). From a model of this
conformation, we were able to obtain information of certain
geometric properties of IgM. From a careful determination of the
centroid of the Fc5/J chain disk (Fig. 8A), the distance from the
centroid to the hinge (the distance SB in Fig. 8A–C) was de-
termined to be 8.58 nm, and from the hinge to particle surface (the
distance SR in Fig. 8B, 8C), the distance is 10.67 nm. The geo-
metric relationship between angles and distances for the particle-
bound IgM is shown in a two-dimensional representation in Fig.
8B. The binding between the IgM Fab and the particle is char-
acterized by the angle a between the tangent to the circle at point
R and the line SR with the angular relationship u = w 2 a. From
trigonomic considerations, it was possible to establish Equation 6
relating SR, SB, w, a, and CR, which is the radius of the circle:

SR×coswþ SB ¼ CR×sinðw2aÞ : ð6Þ

For a constant value of w, Equation 6 has a simple analytical

solution (Fig. 8D).Withk=1/CR, usingEquation 5, it is possible

to plota as a function of curvature forw at a constant value of 60˚
(Fig. 8D). The plot clearly shows that a changes as a function of
the particle curvature when w is kept at the 60˚ critical for com-
plement activation. The binding interface between a paratope in
the Fab fragment and the Fab-bound epitope on the surface
would similarly change if the curvature of the surface were
changed over the range matching our experimental work. Al-
though certain epitopes could be speculated to comply with Fab
binding over a range of values of a, it should be noted that
usually the buried surface between paratope and epitope is large
and consequently not likely to accommodate much variation in
the binding interface (6). The role of the cell wall as an exo-
skeleton as well as the construction of the wall from repeating
disaccharide-peptide units (12) suggest a certain molecular ri-
gidity combined with a repeated and highly similar presentation
of epitopes on the surface of such material. Consequently, the
orientation of Fabs binding their cognate PGN epitope would be
reasonably constant for epitopes exposed across the PGN layer,
reflected in a more or less constant value of a for such interac-
tions. Based on the assumption that the strong complement ac-
tivation by the liberated PGN fragments (with a curvature of 0.03
nm21) reflects a prominent exposure of C1q binding sites upon
IgM binding to these fragments (i.e., w∼60˚), it is possible from
Equation 6 to estimate a value of a of 33˚. Although there is no
simple analytical solution to Equation 6 with w as a variable,
numerical solutions for wwith curvatures in the range of 0.002–
0.05 nm21 (corresponding to particle diameters in the interval
40–1120 nm) are shown in Fig. 8D. As indicated,w takes a value
of only 30˚ on surfaces with a curvature similar to spherical S.
aureus cells (d = 1000 nm), whereas particles with curvatures in
the range of 0.02–0.04 nm21 (i.e., d=50–100 nm) bringswmuch
closer to the conformational requirement for complement acti-
vation. All curvatures in this interval and with the chosen values
for a support binding of the IgM molecule with distances from
the centroid in the Fc5/J chain disc to the particle surface (i.e.,BN
in Fig. 8C) vastly larger than 0 nm (Fig. 8D). This suggests that
all conformations involved are structurallymeaningful and qual-
itatively similar (i.e., variants of the staple-like conformation).
Our findings are in quantitative agreement with findings from
complement activation by enzymatically degraded PGN, where
the fragments with a dH of ∼100 nm activated complement sig-
nificantly better than intact PGN with a dH of ∼400 nm. An
interesting perspective arises from considerations of the three-
dimensional interaction between IgM and PGN. If indeed a is
a constant, the 5-fold rotational pseudosymmetry of IgM also
suggests that the epitopes must be organized in a pattern with
rotational symmetry for supporting binding by all Fabs. Exam-
ination of the structure of PGN on the bacterial cell surface with
AFM and electron microscopy showed that newly synthesized
PGN is organized with an infrastructure of concentric rings with
a spacing of 13–25 nm (42), implying that the IgMmolecule can
span at least some of these rings. This also suggests that the
epitopes are organized in concentric rings, and liberated PGN
with such structural properties would consequently easily form
high-avidity interaction with IgM Abs.
Ourmodel may also account for the observation that complement

activation by the dextran-coated particleswas highly variable for the
50-nmparticles,whereas the 250-nmparticles induced amore stable
level of complement activation among the tested donor sera. The
solution structure of IgM is planar and apparently stable in solution
(7). Consequently, energy is required for deflection, or bending, of
the IgM solution structure, which is likely to be contributed by the
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energetically favorable interaction between paratope and epitope.
For high-affinity interactions, it is probably possible to strain the
IgMmolecule more than would be possible for weaker interactions.
Based on calculations similar to those made for PGN, we estimated
from the high complement activation on 250-nm particles that a on
the dextran surfaces takes a value of∼54˚ (Fig. 8E). However, this is
likely to represent an overestimate, as we also found strong com-
plement activation on dextran-coated 100-nm polystyrene particles
as well as in some cases on the 50-nm dextran-coated iron oxide
particles. As shown in Fig. 8E, it is clear that the degree of straining
(w) grows rapidly for particles with diameters of the order of 50 nm.
We suggest that the variability found in our assays reflects variations
in the affinity of IgM Abs to dextran with only some donor sera
presenting Abs with sufficiently high affinity for accommodating
binding to the 50-nm particles.
Unlike Gram-negative bacteria where 60% of the PGN is

recycled (43), Gram-positive bacteria release PGN as shown in our
and several other studies (13, 44). Although several routes for

PGN-mediated stimulation of the immune system have been
identified, it nevertheless remains unclear whether the released
PGN play specific roles in the pathophysiology of infections with
Gram-positive bacteria (45). It is well established that S. aureus
secretes factors that interfere with complement activation, mainly
by inhibiting the conversion of C3 (46, 47). Our study suggests yet
another route of interference with complement deposition and
hence the host immune system; the liberation of PGN fragments
from the cell wall may serve as decoys, providing protection for
the S. aureus cell through futile conversion of C3. The classical
pathway dominates the complement consumption measured in our
assays, consistent with the topology of the liberated PGN frag-
ments, which apparently are being ideally shaped to support
complement activation through the binding of IgM. IgM supports
the most powerful route of complement activation, and the sub-
version of this mechanism by S. aureus and potentially other
Gram-positive pathogens through release of PGN fragments could
consequently be a significant contribution to their virulence.
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FIGURE 8. Model of the structural requirements for the binding of IgM in the staple-like conformation (8–10) to epitopes exposed on the surfaces of

nanoparticles with differing curvatures. A and B, A pseudoatomic model of the IgM pentamer in the staple-like conformation was made from the planar

solution structure of IgM reported by Perkins et al. (7) using the coordinates found in the Research Collaboratory for Structural Bioinformatics Protein Data

Bank (www.pdb.org/) with the entry number 2RCJ. The regions corresponding to the five F(ab9)2 were rotated 60˚ downward with respect to Fc5/J chain

disc and molecular graphics images produced using the UCSF Chimera package (48). As shown in A, the centroid (B) of the Fc5 disc, including the J chain

indicated in green, was determined from considering the distances in two dimensions between equivalent residues (indicated with S, T, U, V, and W, re-

spectively) located in the Cm2 domains (i.e., the hinge between the Cm1 domain and the Fc5/J chain disc). From these calculations, the distance SB was 8.6

nm. In B, the IgM molecule in the staple-like conformation is shown on the surface of particle with a diameter of 66 nm (i.e., with a curvature) (k = 0.03

nm21) corresponding to the PGN fragments analyzed in Fig. 7A and 7B; the variable loops are indicated in blue. The point R on the particle surface was

placed equidistant between the variable loops of a F(ab9)2 on a line through the Cm1 domains as indicated in the figure. The distance SR equals 10.6 nm. C,

Two-dimensional representation of geometric relationship between angles and intramolecular distances of the IgM molecule (sketched in gray). The angle

w measures bending of the Cm1 and variable domains relative to the Fc5 disk, whereas a measures the angle between the line SR and the tangent to the

circle with a radius CR (i.e., the particle surface) at the point R. D and E, Relationship between the angles a, w, and the curvature of the particle k. With w at

a fixed angle (60˚), there is an analytical solution of the following equation for a as a function of: k: a = arcsin ([SR × coswconst + SB]/CR)2 wconst. Based on

this function, a was plotted as a function of k in D. In E, values of w were plotted as a function of k with a at a fixed value of either 33˚ or 54˚. Equation 6

was solved numerically using an HP48SX calculator (Hewlett-Packard, Palo Alto, CA). For each plot in D and E, the shortest distance from centroid in the

Fc5/J chain disc to the particle surface (the distance BN in C) is indicated for the minimum and maximum values of k.
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