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ABSTRACT

We measured the flexibility of Fab and Fc arms of immunoglobulin using gold nanoparticles (GNPs). Enzyme-linked immunosorbent assay
was performed to measure the affinity of anti-5 nm GNP antiserum against various sizes of GNPs. The flexibility of Fc was also measured by

electron microscopy. The restricted binding affinity indicated that only a very limited amount of freedom was allowed for the Fab

while Fab —Fc showed a much larger degree of freedom.

—Fab hinge,

Immunoglobulin G (IgG) is a Y-shaped molecule composed
of two types of fragments: Fab fragments form the two arms,
and an Fc fragment forms the stalk of the Y. Crystal
structures of intact lgGshuman 1gG1, murine 1gG1, and
murine lgG2a-have been solved by X-ray diffraction
analysist~3 Each Fab is connected to an Fc by a flexible
hinge of 12-19 amino acids. The hinge allows structural
flexibility in the crystal: the Fab arm rotates as much as
158; the Fab-Fc angle ranges from 66 to 123and the
Fab-Fab angle ranges from 115 to F72Electron micros-
copy observed up to 18®f rotation for Fab with respect to
Fc5 Three-dimensional structures of monoclonal IgG deter-

and the comparison of binding between different epitopes
restricted generalization of the conclusion.

Applying a biomolecule as an antigen to probe the
continuous space for the action of immunoglobulin recogni-
tion encountered inevitable problems because the structure
of a biomolecule is sequence-specific. Designing a series of
biomolecules which continuously change their sizes and at
the same time conserve their recognition site is of practical
difficulty. Nanopatrticles, on the other hand, can be synthe-
sized at desired diameters in the nanometer range. With a
uniform surface to serve as an antigen, a spectrum of
nanoparticles is potentially a powerful ruler to measure the

mined by cryo-electron tomography show that there is a largerange of antibody-antigen recognition. The hypothesis

degree of freedom for both Faffrab hinge and FabFc
hinge in solutiorf This flexibility would allow the 1gG
molecules a broader range to search for antigéadthough
the hinges potentially allow fragments to freely move and
rotate, it is yet to be determined how this flexibility
contributes to antigen recognition.

By convention, proteins of different sizes can serve as a
ruler to measure the dynamics of the Fatab angle. This

has been demonstrated by analyzing antibody binding to

lysozyme, ovalbumin, and bovine serum alburtif.By
measuring the molar ratio of antigen versus antibody, it was

concluded that in solution Fab segments present sufficient

flexibility that promotes the simultaneous binding of two
proteins of 5-9 nm in diameter. Each Fab arm binds one
protein independently. In general, binding is facilitated by
the flexible and cooperative action of the two Fab arms.
When an antibody is immobilized, flexibility is greatly
restricted. However, the lack of structural characterization
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underlying the current study was to probe the range of
antigen—antibody recognition by applying a broad spectrum
of gold nanoparticles (GNPs). The collection of GNPs would
thus serve as a molecular ruler to measure the functional
flexibility of Fab fragments during the search for antigens.
We synthesized 5, 8, 12, 17, and 37 nm GNPs according
to the published procedut&!? Synthesis of GNP was
monitored by UV absorbance, and the size was examined
by electron microscopy. To obtain antibodies specifically
recognizing GNP, BALB/C mice were immunized by weekly
intra-peritoneal injection of adjuvant-emulsified 5, 8, 12, 17,
and 37 nm GNPs. Mice injected with 8, 12, 17, or 37 nm
GNP died within 2 weeks, while mice injected with 5 nm
GNP were feeble but survived at the end of the fourth week.
We obtained antiserum from the 5 nm GNP-immunized
mice. Enzyme-linked immunosorbent assay (ELISA) was
performed to measure the binding activity of anti-5 nm GNP
antiserum against 3.5, 4.5, 5, 6, 8, 12, and 17 nm GNP-
coated wells (Figure ¥ Both control serum and antiserum
withdrawn from 12 nm GNP-injected mice (harvested at the
second week) showed no reactivity. The anti-5 nm GNP
antiserum showed significant binding activity to 3.5, 4.5, 5,
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Figure 1. ELISA for anti-5 nm GNP antiserum against gold
nanoparticles. Microwells were coated with 3.5, 4.5, 5, 6, 8, 12,
and 17 nm GNPs. ELISA was performed using anti-5 nm GNP
antiserum (filled bars), normal serum (empty bars), and antiserun] 190 1
withdrawn from 2-week injection of 12 nm GNP mice (gray bars).
Anti-5 nm GNP antiserum showed binding activity for 3.5 nm 80
(49.7%), 4.5 nm (100%), 5 nm (90.2%), and 6 nm (28.1%), but no
binding activity for GNP larger than 8 nm. Normal serum and
antiserum withdrawn from 2-week injection of 12 nm GNP mice
showed only background intensity to all GNPs.
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and 6 nm GNPs but none to GNPs larger than 8 nm. In| 201
particular, the binding activities maximized at 4.5 (100%)
and 5 nm (90.2%), dropping to 49.7% for 3.5 nm and to o1 . B A, A A 7
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To examine the specificity of the antibodies binding to
the antigen, competition ELISA was performed using GNPs Figure 2. Competition ELISA for the binding of anti-5 nm GNP
as competitors in preincubation to compete away anti-5 nm antiserum and 5 nm GNP. (A) GNPs applied as competitors. GNPs

- o : i of 3.5 nm @), 45 nm ©), and 5 nm ¥) show substantially
GNP binding activity (Figure 2a). The competition ELISA competing activities. GNPS of 6 nrv), 8 nm @), 12 nm (), 17

was performed in an Eppendorf “{be by adding graduglly nm (#), and 37 nm ) fail to affect the binding reaction. (B) 5
concentrated competitors to the anti-5 nm gold nanoparticle nm @) and 20 nm ©) zinc oxide nanoparticles applied as

antiserum in a total volume of 1Qf , incubatel 1 h atroom competitor.

temperature, and used as antiserum following the previously _ o _ _
described ELISA procedufé Substantial competition activi- Electron microscopy (EM) imaging might provide struc-
ties to the antiserum were observed when 3.5, 4.5, and 5iUral_information of the GNPimmunoglobulin complex

nm GNPs were applied as competitors. Although 6 nm GNP (GNP—IgG). Iodassisttvisugliiing th.e Glt\iilng c?mptl_ex,
showed partial binding activity in ELISA, no competing We incorporated quantum dots-conjugated goat anti-mouse

activity was found in the competition assay. Other GNPs 19G (QD-1gG) in which a quantum dot (QD) had a defined

. o . size of 3 nm and could be unambiguously identified under
showed no competing activity. ZnO nanoparticles of 5 and EM. QD—IgG recognizes the Fc domain of immunoglobulin
20 nm showed no competition (Figure 2b). X g 9 9 '

I S The goat anti-mouse IgG-conjugated quantum dots were
The lethal effect of GNP injection is intriguing. The uptake purified by affinity column before use. Specificity for the
of gold nanoparticles by human cervical cancer cells F¢fragment was confirmed by ELISA using an Fc fragment

maximizes for 50 nm GNP However, GNPs exhibited as an antigen. The immuno_precipitation of GNBG and
similar cytotoxicity to mouse fibroblast cells in our cellular  QD—IgG was performed, and the precipitate was thoroughly
survival assay. The injection of GNPs was selectively lethal washed, stained with iodine, and examined. The normal
to mice. Because the survival rate was unrelated to theserum was co-precipitated with GNP and QG and
cytotoxicity of GNPs, the lethality of larger GNPs might be served as control. The EM examination was performed using
due to the inability of the mouse immune system to generatea JEM-2010 electron microscope (JEOL Ltd., Japan) under
antibodies that target and scavenge GNPs from circulation.the specified condition.
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Figure 3. EM image for the co-precipitate of antiserum, 5 nm GNP, and-@f%. (A) Control serum is precipitated with 5 nm GNP and
guantum dots-conjugated antibody. Most clustered spots are composed of two dots separated by approximately 7 nm. The conformation
would fit the described QPIgG. (B) Anti-5 nm GNP antiserum is precipitated with 5 nm GNP and-Q@G. A more complex pattern

is observed. Each cluster can be dissected into three basic components: 5 nm GNP, 3 nm QD, and IgGs. To assist visualization of protein
components, empty triangles are drawn at the top of IgGs. (C) Magnified image from (B) shows a cleatgGNPQD complex. (D)

Molecular model for the GNPIgGs—QD complex. The molecular model of immunoglobulin is constructed using the crystal structure of
IgG2 retrieved from NCBI and with Rasmol graphing software (http://www.umass.edu/microbio/rasmol/).

In the EM images, GNP and QD exhibited solid spheres angles and distances were distorted by tilt angles. To obtain
of 5 and 3 nm, respectively, while protein components the GNP-(IlgGs)-QD angle, a ball-and-stick model was pro-
showed as a blurred mass (Figure 3). The control experi- posed (Figure 3d). Assuming the GNRgGs)—QD triangle
ment exhibited pairwise particles identified as QG with a top angled, sitting with a tilt anglew against the
which might have co-precipitated mouse IgG (Figure 3a). horizontal plane (Figure 4), the apparent top angle the
Co-precipitation of antiserum, 5 nm GNP, and QG apparent distance of GNRgG (A), and the apparent dis-

showed as clusters of three. Each trio was composed Ofiance of QD-IgG (B) can be described as functions of tilt
three basic components: a gray protein mass of Immuno- e ).

globuling a 5 nmGNP, a a 3 nm QD(Figure 3b). Higher

magnification displayed a GNHgGs—QD conformation

(Figure 3c). 0=m— tan‘l(—HO Cosw) - tan‘l(—HO Cosw) )

The EM image represented sampling for the conforma- L, L,

tional space of GNP(IgGs)-QD complexes. The distances H H

and angles of the triangles were not identical to the distances 6,= COS_l(—O) + COS_l(—O) )
and angles expected from a crystal structure. It is likely that Ao Bo

the GNP-IgGs—QD complex may not lie at a right angle
relative to the incoming electron beam; thus, the apparent A= \/ Ay> = HyX(1 — cog w) 3)
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Figure 4. Schematic drawing for ball-and-stick model. The drawing
shows top view (left) and side view (right) for the GNRgGs)—

QD triangle with a top anglé, sitting at a tilt anglev against the
horizontal plane. Yellow circle represents 5 nm GNP. Green circle
represents 3 nm QD. In the drawing s the apparent top angle;
A is the distance of GNPIgG (8.5 nm);A is the apparent distance
of GNP-IgG; By is the distance of QBIgG (7.7 nm);B is the
apparent distance of QEIgG; H is the apparent height of the
triangle; andHy is the height of the triangle.

B =By — HZ(1 — cod ) (4)
L, = yA® = H ®)
L,= Bo2 - Ho2 (6)

where Ay is the distance of GNPIgG (8.5 nm); A is
the apparent distance of GNRJG; By is the distance of
QD—IgG (7.7 nm);B is the apparent distance of QIYG;
andHy is the height of the triangle.

Each6, describes a hyperbolic line in three-dimensional
space (Figure 5) using, B, andé as axes. These hyperbolic
lines of variousf, collectively form a plane. To assigh
for each complexA, B, and 6 were measured from image
and plotted in 3D space. The GNRJGs—QD complexes
were spotted from EM images primarily by the sizes of GNP

(5 nm) and QD (3 nm). Energy dispersive X-ray analysis
(EDX) was performed to identify the composition of Au and
Cd. Complexes meeting these two criteria were selected for
distance and angle analysis as shown in Figure 5. Thirty-
four complexes were chosen from 54 candidates. Deviation
of the experimental points away from the plane was observed,
probably due to the heterogeneous nature of polyclonal
antibodies used in this study, or due to minor denaturation
occurring to protein components during the processing of
specimens. The theoretic@h was obtained by projecting
each point onto th&, plane (Figure 6). The acquiregh

was distributed between 35 and 22hd maximized at 100

It was then realized that the flexibility ofy is shared by
two Fab-Fc hinges: anti-GNP IgG and QD-conjugated IgG
(Figure 3d). Furthermore, the observ&gdmight not reflect

the actual bending of the two hinges due to the blurriness of
the EM images. Nevertheless, the GNBGs—QD complex
exhibited comparable flexibility as previously reported for
Fab-Fc hinges’®

Because all GNPs have identical surfaces to serve as an
epitope for anti-GNP immunoglobulin, the free rotation and
movement of Fab arms would allow binding of GNP as large
as 17 nnt? The inability of antiserum to recognize GNPs
larger than 5 nm indicated that the range of antigen
recognition is restricted. Factors other than the flexibility of
Fab arms must be involved. While the size of GNP in-
creased, the local conformation of the recognition site on
immunoglobulin would have to gradually change to adapt
the changing geometry of antigens. Since the local confor-
mation of the binding site is determined by amino acid
sequence, the restricted structural adaptation might cause
failure in antigen recognition for larger GNPs. On the other
hand, the Fe-Fc hinges were found to be highly flexible in
that two hinges collectively presented°8% freedom in the
GNP-IgGs—QD complex.

This letter provided a novel platform to measure the func-
tional flexibility of immunoglobulin. The structural informa-
tion was attained with biochemical and EM images without
complicated or tedious procedures.
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Figure 5. Stereoview of 3D plots for the measured angle and distances of-&&%—QD complexes obtained from cryo-EM. Each
hyperbolic line represents simulated angle and distances for a sp@&gifiollection of6, from 35 to 180 forms a plane in 3D space.
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Figure 6. Projection of apparent angle and distances of GNP
IgGs—QD complexes onto the theoretic#, plane. Three-
dimensional plot is adjusted to a view perpendicular to the
theoreticalf, plane. Each point falls on the plane and is assigned
to a correspondingo.
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