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Abstract: Agrin is a large heparin sulphate proteoglycan with multiple domains, which is located in

the extracellular matrix. The C-terminal G3 domain of agrin is functionally one of the most

important domains. It harbors an a-dystroglycan binding site and carries out acetylcholine receptor
clustering activities. In the present study, we have fused the G3 domain of agrin to an IgG Fc

domain to produce a G3-Fc fusion protein that we intend to use as a tool to investigate new

binding partners of agrin. As a first step of the study, we have characterized the recombinant
fusion protein using a multidisciplinary approach using dynamic light scattering, analytical

ultracentrifugation and small angle X-ray scattering (SAXS). Interestingly, our SAXS analysis using

the high-resolution structures of G3 and Fc domain as models indicates that the G3-Fc protein
forms a T-shaped molecule with the G3 domains extruding perpendicularly from the Fc scaffold.

To validate our models, we have used the program HYDROPRO to calculate the hydrodynamic

properties of the solution models. The calculated values are in excellent agreement with those
determined experimentally.

Keywords: agrin; analytical ultracentrifugation; dynamic light scattering; small angle X-ray

scattering; splice insert

Introduction

Agrin is a heparin sulphate proteoglycan that is pre-

dominantly located in the extracellular matrix.1 It is

synthesized by motor neuron cells, transported along

their axons and then secreted from their terminals

to accumulate in the basal lamina, which occupies

the synaptic cleft at the neuromuscular junction

(NMJ). Agrin plays a crucial role during the aggre-

gation of the acetylcholine receptor (AChR) and the

clustering of other postsynaptic molecules at the

NMJ.2–5 It is responsible for the generation of syn-

apses at the NMJ and their maintenance. Agrin is

vital for the formation of immunological synapses6

and synapses in the brain.7,8 It mediates transcyto-

sis of HIV-1 across epithelial cell monolayers during

the formation of virological synapses.9 It is essential

to generate functional postsynaptic structures in

skeletal muscle. Very recently, it has been shown
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that low-density lipoprotein receptor-related protein

4 (LRP4) acts as a receptor of agrin. LRP4 is

required for Muscle Specific Kinase (MuSK) signal-

ing, which in turn induces AChR clustering activity

mediated by agrin.10,11 The importance of agrin is

underlined by the fact that agrin deficient mice die

at birth because of the failure of the respiratory

system.12,13

Agrin is a multidomain protein that consists of

an N-terminal domain (NtA), followed by a series of

follistatin-like domains (FS)14–17 and three laminin

G-like C-terminal domains (G1, G2, and G3).18,19

Different activities of agrin appear to be regulated

by the process of alternative mRNA splicing, which

gives rise to many different forms that have distinct

expression patterns and functions. For example, the

G2 domain has a splicing site ‘‘A’’ in chicken (or ‘‘y’’

in rodents) and can accommodate a four amino acids

long insert (A4) that encodes a heparin-binding site.

The variant without insert (A0) has no heparin bind-

ing activity. The G3 domain incorporates a splicing

site ‘‘B’’ in chicken (or ‘‘z’’ in rodents) that generates

four variants with an insert of either 8, 11, or 19

amino acid residues (B8, B11, and B19).
20,21 The C-

terminal G2 and G3 domains are mainly responsible

for the binding to a-dystroglycan (a-DG), and the

presence of an amino acid insert increases the bind-

ing of agrin with a-DG by a factor of 1000.22–24 The

interaction of a-DG with agrin is calcium dependent.

Interestingly, binding of heparin to the C-terminal

domains abolishes AChR clustering activity and

reduces the affinity of binding to a-DG.20,25 Interac-

tion of agrin with heparin requires two domains: the

G2 domain together with either the G1 or the G3 do-

main.21 This suggests that the interaction of cell

surface proteoglycans with agrin could be multiva-

lent. It was suggested that agrin also binds with

FGF-2, thrombospondin, and tenascin.26 A role of

agrin in T-cell receptor signaling and cell activation

has also been proposed.27 An interaction between

the G3 domain and Naþ, Kþ-ATPase was recently

explored that may regulate functions mediated by

Naþ, Kþ-ATPase by displacing its b-subunit.28,29

As discussed above, the G3 domain of agrin is

functionally one of the most important domains of

this protein. It interacts with various ligands and sub-

sequently influences a number of biological processes,

which is the motivation behind selecting the G3 do-

main for further studies. The fusion of the G3 domain

with an Fc portion of IgG was carried out to (1) estab-

lish a scaffold for the use of surface plasmon reso-

nance (SPR) to screen for the binding of novel ligands,

(2) to study how naturally occurring agrin splice var-

iants of the G3 domain mediate protein-ligand inter-

actions, and (3) to assess conformational changes that

occur in the G3 domain upon binding of different

ligands. Binding requires two G domains, which is

one of the reasons why we chose to introduce an Fc

tag. In this way, we can accommodate two G3 domains

in a single construct (G3-Fc-G3) to mimic genuine

agrin-ligand interactions. Our method of choice to

investigate novel ligands for G3 domains of agrin is

SPR. This is one of the most widely used methods to

study protein-ligand interactions.30,31 Briefly, the Fc

region of the G3-Fc protein will be immobilized on an

anti-IgG Fc antibody chip. The immobilized protein

will then be exposed to cell lysate from different sour-

ces. The binding of ligands with the G3-Fc protein im-

mobilized on chip will be studied using SPR. The reac-

tion mixture will be washed to eliminate unbound

material and the bound ligands will then be investi-

gated using Mass Spectroscopy.

Scotton et al. have previously shown that the G3-

Fc system can be used for affinity assays to detect

binding of heparin and a-DG, respectively.19 As a first

part of the study, which will underpin a range of

future experimentation in the areas indicated, we are

presenting in this article the biophysical analysis of

the G3-Fc protein complex using a combined approach

using the solution techniques dynamic light scatter-

ing (DLS), analytical ultracentrifugation (AUC) and

small angle X-ray scattering (SAXS).32 SAXS and

AUC methods have been widely used for the investi-

gation of large macromolecules and their assemblies.

We have built 3D domain models for the G3-Fc pro-

tein using SAXS data and show that the recombinant

protein adapts a T-shaped conformation in solution.

To validate our approach, we have used the program

HYDROPRO to calculate the hydrodynamic parame-

ters of the models and have found that they agree

with those determined experimentally.

Results

To characterize the recombinant protein G3-Fc (see

Fig. 1) in terms of its solution conformation, we

have performed a combination of DLS, AUC, and

SAXS. The fusion protein construct starts with the

G3 domain comprising amino acid residues 1752-

1944 from chicken agrin at the N-terminus. It is fol-

lowed by two immunoglobulin heavy chain constant

domains CH2-CH3 of the Fc portion of human IgG

(Fig. 1A). A 10-residue linker connects G3 with the

Fc-fragment, equivalent to the natural hinge region

between the CH1 and CH2 domains in antibodies.

The G3-Fc recombinant protein was purified using

affinity column chromatography and purified protein

fractions were assayed for the presence of protein.

The fractions were then combined and concentrated

for further studies. The purity of the concentrated

fractions was studied using tricine SDS-PAGE, and

the results are presented in Figure 1. Lane 1 shows

the G3-Fc protein in the presence of b-mercaptoetha-

nol, and Lane 3 contains the protein without reduc-

ing agent. The protein is highly pure, and there is

no evidence of degradation.
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DLS
We have studied the G3-Fc protein at various con-

centrations to gain information about its purity and

diffusion coefficient at 20.0�C, and the results are

presented in Figure 2. From the DLS data measured

at different concentrations, we have concluded that

G3-Fc is homogenous and highly pure with � 95% of

the protein present as a single species (Fig. 2A). We

have experimentally determined a value of 4.60 6

0.10 nm for the hydrodynamic radius (Rh, Fig. 2B).

For the diffusion coefficient (D0
20,w) we have

obtained a value of 4.70 6 0.20 � 10�7 cm2/s (cor-

rected to standard conditions of water) that is

related to Rh via the Stokes-Einstein equation (Eq.

1) (Table I). We have found from the DLS data that

the G3-Fc has almost no concentration dependence

and that the protein exists as a monodisperse solu-

tion over the wide range of concentrations.

D ¼ kT=6pRhg (1)

where D is the diffusion coefficient, k is the Boltz-

mann constant (1.38 � 10�16 erg K�1), T is the tem-

perature (K) and g is the solvent viscosity.

AUC
We have used AUC in sedimentation velocity mode

at 20.0�C to investigate the purity of G3-Fc protein

and to analyse its ‘‘in solution’’ behavior at multiple

concentrations. The sedimentation velocity experi-

ment indicates an aggregation-free preparation and

the presence of only one significant component, dem-

onstrating that G3-Fc is highly pure and monodis-

perse in solution (Figs. 2C,E). Regarding to the pu-

rity of the fusion protein, these results are

consistent with observations made from the DLS.

The c(s) profile from SEDFIT for G3-Fc at three con-

centrations is shown in Figure 2C. We have deter-

mined a value of 4.95 6 0.10 S for the sedimentation

coefficient (s020,w, see Table I). The s020,w (S) value

was obtained from the s20,w (S) for each concentra-

tion that was corrected for viscosity and density of

water using SEDNTERP33 followed by their extrapo-

lation to infinite dilution.

In summary, SDS-PAGE, DLS, and AUC meth-

ods indicate that the protein sample is highly pure

and monodisperse in solution, which is a prerequi-

site for the SAXS studies. Further, as discussed by

Solanki et al.,34 any interparticulate or aggregation

Figure 1. The recombinant agrin G3-human IgG Fc protein. (A) Topology scheme of the recombinant G3-Fc protein with the

N-terminal G3 domains highlighted in red and the Fc fragment highlighted in blue. The individual structural coordinates are

underlined as ribbon models. The yellow bar symbolizes the disulfide linkage within the Fc fragment (top). Sequence pattern

of the 428 residue encompassing G3-Fc fusion protein. Individual segments are highlighted in bold (bottom). (B) SDS-PAGE

analysis of the G3-Fc fusion protein. SDS-PAGE of the G3-Fc in reducing (lane 1) and oxidizing conditions (lane 2) confirm the

formation of a disulfide-linked chimera between human IgG Fc (Mw 32 kDa) and chicken agrin G3 (Mw 18 kDa). Lane ‘‘M’’

contains the standard molecular weight markers. [Color figure can be viewed in the online issue, which is available at

wileyonlinelibrary.com.]
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effects are generally absent at low concentration of

antibodies. Therefore, we have selected low concen-

tration ranges to study this protein where no such

effects are observed.

Biophysical analysis
We have calculated an f/f0 value of 1.50 6 0.04 for

G3-Fc from the sedimentation data using the ‘‘Uni-

versal_Param’’ utility by Harding et al.35 The f/f0 is

a hydration dependent parameter of macromolecules

that can give us an indication of its shape in solu-

tion. Interestingly, Carrasco et al.36 have reported f/

f0 values of different subclasses of IgG molecules in

the range from 1.50 to 1.80 (Mw 150 – 160 kDa),

which agrees with our observation for an antibody

chimera-like structure of G3-Fc (Mw 99.5 kDa). Fur-

thermore, we also have obtained an f/f0 value of

~1.50 from SEDFIT analysis. In general, frictional

ratios of 1.0–1.3 are observed for globular molecules,

1.5–1.8 are observed for asymmetric or glycosylated

proteins and values higher than 1.8 are obtained for

elongated molecules.37–39

We have further combined the results from DLS

and AUC to calculate the molecular weight of the

G3-Fc protein using the Svedberg equation (Eq. 2).40

M ¼ s0RT

D0 1� mq
8
:

9
;

(2)

where M is the molecular weight, s0 is the sedimen-

tation coefficient, R is the gas constant (8.31 � 107

erg K�1 mol�1), T is the temperature, D0 is the diffu-

sion coefficient, m is the partial specific volume and q
is the density. We have calculated a partial specific

volume of 0.739 mL/g for the G3-Fc protein using

the program SEDNTERP. The superscript zero indi-

cates that the values of the sedimentation and diffu-

sion coefficients, which were measured at several

different concentrations, have been extrapolated to

zero concentration to remove any effects of

Figure 2. Hydrodynamic properties of the G3-Fc fusion protein. (A) DLS profile of G3-Fc suggesting the presence of a single

component at 3 mg/mL. (B) Plot of concentration (g/mL) versus Rh (nm) for G3-Fc. The hydrodynamic radius Rh has been

determined by DLS with concentrations in the range of 1 to 4.0 mg/mL and extrapolating the values to zero concentration. (C)

SEDFIT analysis fit and residuals for the 1 mg/mL sample. (D) The c(s) fits for absorbance data (0.48, 0.72, and 1.00 mg/mL

concentrations). The X-axis in the bottom panel represents the sedimentation coefficient and the Y-axis shows c(s)

distribution. (E) Plot of concentration (g/mL) versus s020;w (S) for G3-Fc. [Color figure can be viewed in the online issue, which

is available at wileyonlinelibrary.com.]
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interactions between particles on their movement.

From the results presented in Table I and using Eq.

2, we have calculated a molecular weight of 98.5

kDa for G3-Fc that is in excellent agreement with

the sequence-based Mw of 99.5 kDa.

SAXS

Solution X-ray scattering experiments have been

performed on protein solutions at a concentration

range between 2 and 4 mg/mL (Fig. 3A,B). We have

carried out a Guinier analysis using the ATSAS

suite41 and have obtained an Rg value of 4.80 6 1.00

nm for the G3-Fc fusion protein with a slRg limit of

1.30 (see Table I). This finding is confirmed by the

program GNOM, which has yielded an Rg value of

5.00 6 0.40 nm that is in agreement with the Rg

from Guinier analysis. The maximum dimension

(Dmax) determined from GNOM analysis is 17.50

nm.

After using the program CRYSOL to calculate

the scattering profiles, we have used the program

BUNCH to determine the solution structure of G3-

Fc (Fig. 3B,C). During the BUNCH calculations, we

have fixed the structure of the Fc region and allowed

the G3 domains to move and rotate freely within the

P2 point symmetry restraints. The 12 G3-Fc models

obtained from the program BUNCH have v values

(goodness-of-fit of the models with experimental

data) of about 1.6. The normalized spatial discrep-

ancy (NSD) factor of 0.8 was obtained from program

DAMAVER which indicates close agreement of the

independent BUNCH models.

In addition to the frictional ratio f/fo, the ratio

of Rg and Rh can provide an indication about the so-

lution conformation of macromolecules. It has been

reported previously that the ratio of Rg/Rh is~0.7 for

globular proteins and > 2.0 for elongated struc-

tures.42 For G3-Fc, the ratio is 1.06, which further

demonstrates that this protein is neither globular

nor very elongated in solution.

Discussion

G3-Fc protein structure evaluation

SAXS has emerged as a powerful technique to study

the solution conformation of macromolecules and

their assemblies as discussed in several reviews over

the last few years. It can provide information about

size, shape, and domain organization of macromole-

cules in solution. The Universal shape parameters

(or size-independent parameters) called Perrin func-

tion (P, frictional ratio due to shape) and the reduced

radius of gyration (G) have been previously used to

study shape information of antibodies in solution.

The G3-Fc fusion protein has a T-shaped form

where both G3 domains extrude almost perpendicu-

larly from longitudinal axis of the Fc fragment (Fig.

3C). The spatial distance of 33Å between the G3 do-

main and the Fc tail allows for a large degree of

structural flexibility and excludes any steric hin-

drance in their relative quaternary assembly. The

recognition surfaces (equivalent to the splice inserts

at the splicing site B of the G3 domain) are located

at the outer edge of the recombinant molecule and

are freely accessible for binding small molecule

Table I. Hydrodynamic Results for the G3-Fc

Hydrodynamic properties
G3-Fc

(Experimental)

G3-Fc best
fit model

(HYDROPRO)

G3-Fc - lower
and upper limit
(HYDROPRO)

G3-Fc - Mean
(HYDROPRO)e

Rh (nm)a 4.60 6 0.10 4.77 4.75–4.90 4.82 (5.35 � 10�02)
D0

20,w (10�7 cm2/s)a 4.70 6 0.20 4.50 4.37–4.51 4.45 (5.16 � 10�09)
s020,w (S)b 4.95 6 0.10 5.00 4.84–5.00 4.92 (5.73 � 10�02)
P 1.30 6 0.04 1.34 1.33–1.37 1.35 (1.51 � 10�02)
Mw

d (kDa) from s20,w and D0
20,w 98.50 103.00 97–103 102 (1.72 � 10�02)

f/f0 1.50 6 0.04 1.50 1.49–1.54 1.51 (1.73 � 10�02)
Rg (nm)c 5.00 6 0.40 4.90 4.78–5.00 4.94 (7.91 � 10�02)
G 2.53 6 0.06 2.53 2.53–2.67 2.57 (8.03 � 10�02)
Dmax (nm)c 17.50 17.60 17.40–18.00 17.70 (3.06 � 10�01)
Rg/Rh 1.06 1.03 1.00–1.04 1.02 (1.36 � 10�02)

a Dynamic light scattering.
b Analytical ultracentrifugation.
c Small-angle X-ray scattering.
d The sequence-based molecular weight for G3-Fc is 99.50kDa.
e Standard deviations are in brackets.
The partial specific volume (t) and molecular weight (Mw) have been calculated from the amino acid sequence

using the SEDNTERP algorithm.33

Rh, hydrodynamic radius; D0
20,w, diffusion coefficient; s020,w, sedimentation coefficient; P, Perrin function (For the Perrin

function we have considered a 3% error since it has been derived from sedimentation data that contain 3% error); f/f0, fric-
tional ratio; Rg, radius of gyration; G, reduced radius of gyration function; and Dmax, maximum dimension of the scattering
particle. The Perrin function and reduced radius of gyration have been calculated from sedimentation and SAXS data,
respectively, using the Universal_Param utility by Harding et al.35
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ligands (e.g., Heparin) or other proteins (e.g., Dys-

troglycan). This fulfils our goal to construct a G3-Fc

fusion protein that can be attached to an SPR chip

and will enable us to investigate novel ligands from

cell lysates from different origins.

To validate the G3-Fc models, we have used the

program HYDROPRO to calculate the hydrodynamic

properties (Rh, Rg, G, s20,w, P, D20,w, and Dmax) for

each structure that we have obtained from the pro-

gram BUNCH. Thus, we can compare the theoretical

values with the experimental data (see Table I). Close

agreement between experimentally determined pa-

rameters via DLS, AUC, and SAXS and the calculated

parameters from HYDROPRO strongly supports our

modeling approach. An overall comparison of all

obtained BUNCH models have revealed that the

linker segment undergoes only small-scale motions

(Fig. 3D). Based on the experimental and HYDRO-

PRO results, we have selected the single best-fitting

model out of the 12 models calculated and presented

in Figure 3(C). It should be noted that the NSD value

of 0.8 suggests that all the models are significantly

similar to each other. With a Ca-atom displacement of

maximum 14.5 Å at the outer edge of the recognition

surface area of G3 and a maximum outer radius of

rotation of~58�, the G3-Fc fusion protein has revealed

a well defined G3-Fc structure with limited spatial

flexibility between both covalently linked

subfragments.

Because the G3 domains are located at the same

position as ‘‘Fab’’ domains on human IgG Fc, we have

expected a similarity of shape between the G3-Fc pro-

tein and human IgG Fc. Remarkably, while investi-

gating the solution conformation for the G3-Fc pro-

tein, we have discovered a ‘‘T’’-shaped arrangement of

the G3 domains attached to the Fc domain as

Figure 3. SAXS and 3D domain structure. (A) Pair (or distance) distribution function [p(r)] and maximum dimension (Dmax) of

the SAXS data of G3-Fc. Values were obatained using the program GNOM. (B) Plot of scattering intensity I(s) versus

momentum transfer [s(Å�1)] for G3-Fc. Red colored dots represent raw data and superimposed blue coloured lines represent

BUNCH fit data. The satisfactory value of 1.6 demonstrates the excellent agreement between raw data and BUNCH fit data.

(C) Solution conformation of the G3-Fc in ‘‘surface’’ representation. N-G3 and C-G3 represent the N-terminus and the

C-terminus of the G3 domain. N-Fc and C-Fc indicate the N-terminus and C-terminus of the Fc domain. (D) Schematic

representation of the maximum displacement of individual BUNCH models. (Left) the 10-amino acid residue linker segments

shows a transversal dislocation of 6.8Å (blue box) causing a maximum displacement of 14.5Å for the outer edge of the

recognition surface of the G3 domain. (Right) The overall radius of gyration of the center of gravity for the recognition surface

area is 58�. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]
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compared to the ‘‘Y’’-shaped arrangement of ‘‘Fab’’

domains (Fig. 3C). Both globular G3 domains of agrin

are almost perpendicularly oriented relative to the Fc

fragment. This is in contrast to the~110� elbow angle

of the hinge region of antibody structures. All of our

attempts in BUNCH to model the G3 domain in

elbow angles according to hinge regions of immuno-

globulins have failed. Deviations in the kink angle of

þ/� 10� caused already NSD values of 2.8 and the

obtained models were not interpretable in BUNCH/

DAMAVER (data not shown).

Finally, we would like to point out that the

obtained G3-Fc fusion protein structure corresponds

to the best representative of the experimentally

measured parameters and is thus a time-averaged

model. We consider that the G3-Fc is a semiflexible

molecule based on the following arguments. First, it

has been suggested that for IgG and IgA, two clear

peaks in the distance distribution function profile

are indicative of a nonflexible nature.34,43 Here, the

distance distribution plot shows mainly one maxima

but there is clearly second minor peak present for

the G3-Fc (see, Fig. 3A). Second, the low NSD value

of 0.8 indicates that the individual BUNCH models

agree with each other, meaning that they are not

highly flexible (Fig. 3D). The upper and lower limits

of solution properties calculated from HYDROPRO

for all 12 models also vary only slightly, which fur-

ther gives an indication of close agreement of the

models with each other. Finally, the simulated

annealing protocols for the individual 3D domain

structures revealed only a very limited spatial grid

window of 100 Å3 for the center of gravity of the G3

domain (Fig. 3D). Despite the fact that the G3

domains and Fc-fragments do not show any steric

clashes and are only connected via the linker seg-

ment, the spatial flexibility seems likely to be lim-

ited in solution.

Conclusions
The data presented here show for the first time a so-

lution structure of the agrin G3-Fc fusion protein at

nanoscale resolution. Our experiments indicate a

‘‘T’’-shaped molecule with a limited flexible linker

connecting both G3 domains to their Fc scaffold and

free accessibility of both binding regions. Our data

also support strategies in which tandem domains of

G2 and G3 can be linked to the Fc-tag, allowing free

access to the binding partners. We aim to continue

in this direction, and our future studies will focus on

screening of novel ligands to study protein-ligand

complexes using our integrated approach.

Materials and Methods

Expression and purification

The pCEP-Pu plasmid containing the G3 domain of

chicken (Gallus gallus) agrin fused to the Fc region

of human IgG was used for eukaryotic expression of

the G3-Fc fusion protein. We have established a sta-

bly transfected HEK 293 cell line to obtain the G3-Fc

fusion protein using the nonliposomal lipid transfec-

tion reagent EffecteneTM (Qiagen, CA), using the pro-

tocol described by the manufacturer. Dulbecco’s modi-

fied Eagle’s medium containing1% glutamine, 10-mM

sodium pyruvate, 10% fetal bovine serum (FBS), 100

lg/mL of penicillin and 100 lg/mL of streptomycin

was used as growth medium. The transfected cells

were selected for puromycin resistance, using puro-

mycin at a concentration of 2 lg/mL. Within 3 weeks,

colonies of transfected cells started to appear. The

stably transfected cells were then allowed to grow at

37�C in growth medium until about 80% confluence

level was reached. Then the cells were transferred to

an expression medium (growth medium without 10%

FBS) that was collected every 48 h (as these proteins

are being secreted) followed by an exchange with

fresh expression media. The collected medium was

centrifuged at 2000 � g for 5 min to pellet the cells

before storing at �20�C. After thawing, it was first

dialyzed overnight against dialysis buffer 1 (PBS, pH

7.5) at room temperature and then concentrated

using a membrane filter with a molecular weight cut-

off of 30 kDa. The C-terminal Fc domain allowed the

purification of the fusion protein to homogeneity by

affinity chromatography using a Protein A column

(GE Healthcare). Fractions of 1 mL were collected

from the column and then analyzed by tricine SDS-

PAGE. The protein was then dialysed at room tem-

perature against dialysis buffer 2 (50-mM Tris, 200-

mM NaCl, 10-mM EDTA, pH 7.5). The EDTA was

removed by a third dialysis step at room temperature

against buffer 3 (50-mM Tris, 200-mM NaCl, pH 7.5).

The concentration of the purified protein was calcu-

lated from the measured absorbance at 280 nm, using

a molar extinction coefficient of 66850 M�1 cm�1. The

value of the extinction coefficient was obtained from

the ProtParam tool available on ExPASy server. The

purified proteins were stored at 4�C.

DLS
The G3-Fc fusion protein was filtered using a 0.1 lm
centrifugal filter (Millipore) in a buffer containing

50-mM Tris at pH 7.5 and 200-mM NaCl before DLS

analysis at concentrations up to 4 mg/mL. Samples

were allowed to equilibrate for 4 min at 20.0�C
before collecting data in the ‘‘automatic mode’’. For

better reproducibility, four measurements were

made at each protein concentration, and the average

value was used in the subsequent calculations. The

resulting data were analysed using DTS software

(Version 5.10.2, Malvern Instruments, Malvern,

UK). The hydrodynamic radius (Rh) was measured

at different concentrations before extrapolating to

infinite dilution.
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AUC
Sedimentation velocity experiments were performed

using a Beckman (Palo Alto) Optima XL-I analytical

ultracentrifuge equipped with absorption and interfer-

ence optics and an automatic online data capture sys-

tem. Standard 12-mM double sector cells were loaded

with 0.4 mL of samples at 0.48, 0.72, and 1.00 mg/mL

concentrations (for absorbance optics) and 2.90 mg/mL

for interference optics with reference solvent (50-mM

Tris, 200-mM NaCl, pH 7.5) in the appropriate chan-

nels. The balanced cells were placed in an analytical

four-hole rotor (An60-Ti). After allowing time for vac-

uum formation and temperature equilibration

(20.0�C), the rotor was accelerated to 45,000 rpm.

Using the UV/Interference optical system, scans of rel-

ative concentration versus radial displacement r from

the axis of rotation were taken at 4 min intervals

throughout the duration of the experiment. The

weight average sedimentation coefficient s20,b (S)

(measured in seconds or Svedberg units S¼ 10�13 sec),

was obtained from SEDFIT [c(s)] analysis44,45 and was

subsequently corrected to standard solvent conditions

(density and viscosity of water at 20�C) to yield s20,w
using SEDNTERP. To account for hydrodynamic noni-

deality, the apparent sedimentation coefficients (s20,w)

were calculated at each concentration and extrapo-

lated to infinite dilution to obtain s020,w (S).

SAXS

The SAXS experiments were performed at a protein

concentration range of 2–4 mg/mL using a Rigaku 3-

pinhole camera (S-MAX3000) equipped with a

Rigaku MicroMaxþ002 microfocus sealed tube (Cu

Ka radiation at 1.54 Å) and a Confocal Max-Flux

optics system operating at 40 W. The system had a

3-m fully evacuated camera length. Data were

recorded using a 200-mM multiwire 2D detector,

which was calibrated with gold particles (NIST

Standard Reference Material 8012, NIST, MD).

SAXS data for the G3-Fc protein were collected

within the range of 0.008 � s � 0.27 Å�1 and an ex-

posure time of 2 to 4 h. The momentum transfer, s is

defined as s ¼ 4p sin h
k

8
:

9
;, where y is the scattering

angle and k the wavelength of the X-ray radiation.

The data reduction was performed using Rigaku’s

SAXGUI data processing software. The data were

normalized by the scattering cross section per unit

sample volume. Scattering data collected from buffer

(50-mM Tris, 200-mM NaCl, pH 7.5) were subtracted

from the sample data. Datasets from all concentra-

tions were then carefully merged using the primary

data analysis package- PRIMUS 46 to obtain a single

data set for further analysis as described previ-

ously.47 Radiation damage was not detected.

3D domain structure

The raw data were processed with PRIMUS. The

distance distribution function p(r), radii of gyration

(Rg) and the maximum dimension of particle (Dmax)

were obtained from the program GNOM. This pro-

gram provides the radius of gyration and maximum

particle dimension for monodisperse samples by

evaluating distance distribution function.48 An addi-

tional value for the Rg was obtained using the Guin-

ier approximation49 from data from the low angle

region. Since the high-resolution structures of the

G3 and Fc fragment of human IgG are known, we

followed the modeling approach where we could use

the high-resolution structure information for most of

the part of the protein except that for the linker.

First, the atomic coordinates of the solution NMR

model of G3 (PDB-code: 1Q56) and the X-ray crystal

structure of IgG Fc (PDB-code: 2DTQ) were obtained

from the RCSB Protein Data Dank and their solu-

tion scattering profiles was calculated using the pro-

gram CRYSOL.50 In the second step, the program

BUNCH51 was used to determine the optimal posi-

tions and orientations of the high-resolution struc-

tural models and to place the dummy residues for

the part of the protein for which the high-resolution

information was missing. The 10 amino acid linker

segment between the G3 and Fc domains was mod-

elled using MODLOOP and the connection between

both domains was manually adjusted.52 Twelve dif-

ferent conformations were generated for the G3-Fc

fusion protein in the program BUNCH. We kept the

Fc domain fixed whereas the G3 domains were

allowed to rotate and translate freely within the

symmetry restraints. Finally, all the models we cal-

culated using BUNCH were compared using the

DAMAVER package53 that uses the program SUP-

COMB.54 The goodness of the superimposition of

these models was estimated by the overlap function

–NSD.

To analyze the flexibility in the relative orienta-

tion of both individual domains, we used a combined

simulated annealing—Powel minimization protocol,

treating Fc-fragment and both G3 domains as rigid

body system. The starting temperature for the slow-

cooling approach was 2500K with a drop in tempera-

ture of 25K per dynamic cycle. For each individual

subset of the obtained 3D domain structures from

BUNCH we performed 500 cycles of conjugate gradi-

ent minimization using the force field parameters

from CNS.55 During refinement, strict constraints

were applied on the torsion angles of the 10 amino

acid residue linker segment. Harmonic restraints

were imposed on both individual domains with

increased weight (25kcal/mol/Å2) for the Ca atoms.

Comparison of the experimental and calculated
hydrodynamic parameters

We used the program HYDROPRO56 to calculate the

hydrodynamic parameters such as the sedimentation

coefficient, diffusion coefficient, hydrodynamic ra-

dius and the radius of gyration for each model
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generated by BUNCH. We set the atomic element

radius to 3.3 Å, the temperature to 293 K, the par-

tial specific volume to 0.739 mL/g and the molecular

weight of protein corresponding to an Fc domain

(consisting of two disulfide-linked chains) and two

G3 domains (see Table I).
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