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This paper describes a membrane protein array that binds immunoglobulin G at its constant regions
whilst leaving the variable regions free to bind antigen. The scaffold of the array is the transmembrane
domain of outer membrane protein A (tOmpA) from Escherichia coli engineered to assemble as an
oriented monolayer on gold surfaces via a single cysteine residue. Other protein domains can be fused to
the N and C termini of the scaffold. In this study we use circularly permuted ctOmpA fused to two Z

Kl\;’ywor‘?s-' domains of Staphylococcus aureus protein A (ZZctOmpA) to create the immunoglobulin G-binding array.
Przf:;nsm The solution structure of the engineered proteins was assessed by circular dichroism spectroscopy.

Surface analysis Assembly of the array, attachment of antibodies and antigen binding were measured using surface
Surface modification plasmon resonance and neutron reflection. Compared to mouse IgG2, polyclonal IgG from rabbit bound
Gold very strongly to ZZctOmpA and the dissociation of the immunoglobulin was slow enough to allow
Immunochemistry neutron reflection studies of the assembled layer with antigen. Using both magnetic and isotopic

contrasts a complete layer by layer model was defined which revealed that the 223 A high layer contains

antibodies in an upright orientation.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

The biosensor market is driven by the need to identify and/or
quantify biomolecules in complex samples in a rapid, reliable and
economic way. The molecular recognition step is provided by bio-
logical molecules in many guises including: proteins, nucleic acids
or even microorganisms. Proteins such as enzymes, antibodies, ion
channels and receptors are polymers that can have highly specific
functions and affinities for analytes and make ideal materials for
biosensors. The transducer that converts the recognition event to
an output can take the form of a conductimetric [1], dielectrimetric
[2], optical [3], colourimetric [4], acoustic [5] or surface plasmonic
[6] measurement. The ideal output is an electrical signal presented
on a digital display. However, the marriage of the sensing compo-
nent of a biosensor to a transducer is one of the biggest technical
challenges in biosensor development [7]. The biological component
usually needs to be immobilised to a surface and the most
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commonly used test in medical diagnosis is the immunoassay,
which uses specific antibodies to bind the target molecule. Our goal
is to assemble, on transducer surfaces, antibodies at the highest
possible density and correctly orientated for antigen binding.

We have previously described the formation of dense oriented
monolayers on gold surfaces using outer membrane proteins from
bacteria [8,9]. These can be engineered to display selected protein
sequences in a highly ordered manner [10]. One such group of
proteins are the antibody-binding domains from the surface of
infectious bacteria such as Staphylococcus and Streptococci [11]. One
protein in particular Staphylococcus aureus protein A (SpA) has five
immunoglobulin binding domains: E, D, A, B and C [12]. The high
resolution structures of the B domain [13] and the B domain bound
to IgG [14] have been solved. The B domain binds the Fc region of
IgG, leaving the antibodies free to bind antigen [15]. Two mutations
(A1V and G29A) have being introduced into the B domain to create
what is termed the Z domain [16], A1V creates a convenient DNA
cloning site and G29A removes a hydroxylamine-sensitive site [16].

For surface assembly we use the f-barrel transmembrane domain
(residues 1 to 171) of outer membrane protein A (tOmpA) [17,18]. In
ctOmpaA this is circularly permuted in extracellular loop 1, has 6xHis
tag at the N-terminus and a cysteine on the ‘periplasmic’ side to
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allow binding to gold [8,10]. This acts as a scaffold to which we can
fuse motifs for different biosensor applications [ 10] such as the two Z
domains which were fused to the N-terminus of ctOmpA creating the
protein ZZctOmpA. The assembly of the sensing layer consists of
a protein immobilisation step followed by the addition of a thiol-
containing amphiphile which completes the self-assembled mono-
layer [8]. This amphiphile has been shown to stabilise the bound
protein [8,9] and in this work has a poly(ethylglycol) head group
which reduces non-specific binding to the remaining surface [19].

The self-assembly of biosensors in this way is simple but there
are few methods to assess the quality of the layer in terms of
surface coverage and thickness. In previous studies we have shown
that neutron reflection can be used to probe this class of thin
organic/protein layers [20—22]. In particular we showed that the
increase in thickness upon antibody binding to ZZctOmpA could be
easily detected [21]. Here we combine surface plasmon resonance
(SPR) and neutron reflection to probe more deeply the assembly of
the protein array, antigen binding capacity and the structural
orientation of the bound antibody/antigen layer. The result is
a clear, layer by layer, model which provides an unusually clear
picture of an engineered biosensor surface.

2. Materials and methods
2.1. Materials

General reagents were either from Melford Laboratories (Ipswich, Suffolk, UK)
or from Sigma—Aldrich (Poole, Dorset, UK) unless other wise stated. Antibodies and
human serum albumin were from Sigma—Aldrich. Chromatography columns were
from GE Healthcare (Chalfont Saint Giles, Buckinghamshire, UK). ThioPEG was
purchased from Prochimia Surfaces (Sopot, Poland).

2.2. Molecular biology

The pORLA9 plasmid contains the gene encoding for the circularly permuted
ctOmpA [23] such that the N and C termini occur in external loop 1. The Z domain
genes were amplified by PCR from plasmid pEZZ [24] and cloned into pORLA9
between the histidine affinity tag and the N-terminus of ctOmpA thus creating
(Hisg-)ZctOmpA and (Hisg-)ZZctOmpA.

2.3. Protein expression and purification

The ctOmpA, ZctOmpA and ZZctOmpA proteins were expressed as inclusion
bodies in E. coli BL21(DE3) cells grown in LB media induced by the addition of IPTG at
1 mm when the cells were at ODgpg of 0.6—0.7 in flask cultures shaken at 180 rpm
and 37 °C. After 3 h induction the cells were harvested by centrifugation at 6000xg
for 10 min. The cells were disrupted by incubation overnight at —20 °C in a detergent
solution of Bugbuster (Novagen, Nottingham, UK) (using 10 mL for every gram of wet
cell pellet) which was supplemented with DNase, RNase and lysozyme. The inclu-
sion bodies were isolated by centrifugation at 12 000xg for 20 min and washed
three times by homogenisation in a 1 in 10 dilution of Bugbuster in deionised water
followed by centrifugation at 12 000xg for 20 min. The proteins were then purified
from inclusion bodies as previously described [25]. Pure protein fractions were
concentrated to a volume of 1 mL using a Vivaspin 10 000 molecular weight cut-off
spin concentrator. The proteins were refolded by slowly diluting the protein plus
urea 1:10 into refold buffer (20 mm Tris—HCI pH 8.0, 1% (w/v) OG, 0.1 mm EDTA and
1 mm DTT) and left to incubate for 48 h at 37 °C to allow for complete refolding.
Residual urea was removed by buffer exchange using a PD10 column equilibrated
with refold buffer with 1 mm TCEP replacing DTT.

2.4. Circular dichroism

Circular Dichroism spectroscopy was carried out using 0.02 cm pathlength
demountable cuvettes in a Jasco ]-810 spectropolarimeter. The protein concentra-
tion was determined by protein absorbance at 280 nm and circular dichroism was
scanned from 250 nm to 185 nm ten times, averaged and a buffer blank was sub-
tracted. The circular dichroism was expressed as Ae and imported into the CDSSTR
website for secondary structure content analysis [26].

2.5. Preparations of proteins and filling molecules for surface deposition
Before deposition on gold, TCEP reducing agent was added to the protein and the

filling molecules at a final concentration of 1 mm and incubated at room temperature
for >10 min. The filling molecule, 1-mercaptoundec-11-yltriethylene glycol

(thioPEG), diluted in a solution of 1% (w/v) OG, 20 mm Tris—HCI pH 8.0 and 1 mm
TCEP was heated to 50 °C before deposition to ensure complete dissolution.

2.6. Surface plasmon resonance

Surface Plasmon resonance (SPR) experiments used Biacore X and 2000
instruments and Au sensor chips. The gold surface of the chip was cleaned by
incubation for 15 min in an acid piranha solution (70% (v/v) concentrated sulphuric
acid 30% (v/v) hydrogen peroxide) by incubation for 15 min. The surface was then
cleaned with 1% (v/v) Hellmanex (Hellma UK, Southend on Sea, Essex, UK) and
rinsed with deionised water. The chip surface was passivated by 1% (v/v) BME
solution in ethanol for 10 min followed by washing with 1% (w/v) SDS and distilled
water [8,27]. The running buffer was phosphate buffered saline (PBS, 20 mm sodium
phosphate pH 7.6, 137 mm NaCl and 2.7 mm KCl). The protein was injected in a typical
volume of 50 pL at a flow rate of 5 uL min~! followed by injections of 1% (w/v) SDS to
remove non-specifically bound protein before the filling molecule, thioPEG, was
deposited. Three times 50 pL of 0.25 mg mL ™! thioPEG in a solution of 1% OG at a rate
of 5 uL min~! was used for each deposition, with a wash of 1% (w/v) SDS between
each deposition to remove non-specifically bound thioPEG. Antibodies (IgG) and
antigen (human serum albumin, HSA) were diluted in PBS and injected into the flow
cell at a rate of 2 pL min~". The regeneration buffer was 100 mwm glycine pH 2.0.

The BlAcore 2000 generated kinetic data to measure the equilibrium dissociation
constants for ZZctOmpA arrays and immunoglobulins, 20 pL of IgG at various
concentrations were flowed over a ZZctOmpA array at 10 uL min~ . Flow rates of 5,10
and 20 pL min~! did not alter the association rate (Supplementary Fig. S1). IgG
dissociation rate from the array, in a flow rate of 10 uL min~"! buffer, was measured for
20 min before regeneration. All data was corrected by subtracting appropriate blanks.
After IgG injection is completed the decrease in response can be considered purely
adissociation event and the dissociation rate constant is calculated using Eq. (1) [28]:

Ln(Ro/Rn) = kog (tn — to) (1)

Where Ry is the response at time zero, ty, Ry, is the response at time t, and ko is the
dissociation rate constant. The gradient of a plot of Ln(Ro/Ry) versus (t; — to) is the
dissociation rate constant. During the IgG injection phase the change in response is
a function of both the IgG association and dissociation from the ZZctOmpA array and
equation (2) is used to calculate the association rate constant, kon:

dR/dt = (konCRmax) = { [(konC) + kog | R} @)

Where dR/dt is the relative change in response per second, R is the response at any
given time, C is the concentration of IgG and Rpax is the maximum response. The
gradient for a plot of dR/dt versus R for each concentration measured is calculated
and then the gradient of a second plot of slope versus IgG concentration is the
association rate constant. The equilibrium dissociation constant, K is thus:

Ky = ko /kon (3)

Experiments were measured in triplicate and the standard error of the mean
(SEM) is quoted as the error values.

2.7. Neutron reflection

Polarised reflection experiments were carried out on the CRISP reflectometer at
ISIS, Rutherford Appleton Laboratory, UK or on the NG-1 reflectometer at the NIST
Centre for Neutron Research, Maryland, USA. Both reflectometers were used in
polarised mode. The surfaces were made at NIST (NG-1) or by Microsystems and
Nanotechnologies, Lisbon, Portugal (CRISP). The silicon substrate was coated with an
80 to 140 A layer of p-metal (an alloy of 75% iron, 15% nickel with traces of copper
and molybdenum) and then with a 150 to 200 A layer of gold by either magnetron
sputtering (NG-1) or ion beam deposition (CRISP). The substrates were 50/100 mm
in diameter and 5/10 mm thick for NG-1/CRISP. Once removed from vacuum the
surfaces were washed with >18 MQ water, followed in order by ethanol (AnalaR
grade), 1% (v/v) BME in ethanol, 1% (w/v) SDS, water and ethanol again and dried
under a stream of nitrogen gas. The protein array was assembled by placing gold
surface in a glass Petri-dish with lid and pouring the protein solution on to cover the
whole gold surface (7—9 mL at a concentration of 0.25 mg mL™"). After 1 h at room
temperature the protein solution was removed and the surface washed with 1% (w/
v) SDS and then >18 MQ water. The original protein solution was returned to the
surface and this cycle was repeated three times to gain maximum surface coverage.
Then thioPEG was added to cover the surface and the lid replaced. After 1 h the
surface was once again washed with 1% SDS and water and this cycle was also
repeated three times. The surface was then mounted into its cell and placed on the
beamline where all subsequent additions of antibody, antigen, change of buffer etc
were carried out via the cell’s inlet and outlet values using a syringe and x 10 excess
of the cell’s void volume.

In reflectivity experiments the intensity of the reflected neutrons with respect to
the intensity of the incident neutrons (reflectivity) is measured as a function of
momentum transfer, Q which is defined as
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Q = 4w sinf/A (4)

where 6 is the angle of incidence and A is the neutron wavelength (for a review see
[29]). In these experiments the technique of magnetic contrast neutron reflection
was used as previously described [22,30]. This increases the resolution such that
even the BME layer on gold can be clearly resolved [22]. Briefly the sample is placed
in an external magnetic field to align the magnetic domains in the p-metal layer.
Spin up or spin down polarised neutrons then reflect differently from the magnetic
layer between the gold surface and the silicon substrate. This means that each
biological sample provides two separate contrast sets and therefore two indepen-
dent data sets for the one biological layer which can yield a unique solution for
modelling of the scattering length density (SLD) profile. As CRISP is a time-of-flight
instrument viewing a hydrogen moderator at the ISIS pulsed neutron source with
a white beam of neutrons (A = 1.5—6.5 A), the sample in a horizontal geometry, was
measured at three angles (0.35°, 0.8° and 1.8°) using D,0 and four angles (0.2°,
0.35°, 0.8° and 1.8°) when using other subphases. The beam defining slits were
adjusted between incident angles so that a constant sample area was illuminated.
NG-1 is on a 20 MW reactor source facing a moderated cold neutron guide and has
a fixed wavelength of 4.75 A. The sample was in a vertical geometry and to achieve
the full Q range an angle of incidence of 0.23°—7.2° was used.

The raw data from both instruments was reduced so that the collected reflectivity
profiles were on an absolute scale and could be analysed using the same software
packages. The fitting of the data was carried out using GA_refl [31,32]. Multiple data
sets with different magnetic and isotopic contrasts are fitted simultaneously with
best fits analysed using a Monte Carlo (MC) resampling procedure [22,33,34].

3. Results
3.1. Protein morphology

OmpAisaneight stranded B-sheet protein [35], whilst ZZctOmpA
is circularly permutated and contains two helix-rich Z domains [36].
The secondary structure contents of these known protein structures
were calculated using STRIDE [37]. By CD, ctOmpA has a character-
istic B-sheet signal whilst ZZctOmpA has a stronger negative signal
consistent with its a-helix content (Fig. 1); ZctOmpA has a interme-
diate CD spectrum (Fig. 1). The CD spectra were analysed for
secondary structure content by the CDSSTR algorithm [26] (STRIDE
result in brackets); ctOmpA = 9% (0%) helix and 44% (53.4%) strand
and ZZctOmpA = 26% (27.4%) helix and 29% (32.2%) strand. Thus the
engineered protein has the expected solution structure.

3.2. Surface assembly

The SPR trace (Fig. 2) shows the assembly of a ZZctOmpA layer
using the BIAcore X instrument from a 0.2 mg mL~! protein solu-
tion. After three depositions/washes the thioPEG filling molecule is
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Fig. 1. Circular dichroism of the ctOmpA proteins. ZZctOmpA (black line), ZctOmpA
(red line) and ctOmpA (green line). The circular dichrosim becomes more negative at
220 nm as more o-helix is present. Scans were collected from 250 nm to 190 nm in
a 0.02 cm cuvette at protein concentrations of 0.244 mg mL™' (ZZctOmpA),
0.254 mg mL~! (ZctOmpA) and 0.321 mg mL~! (ctOmpA).
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Fig. 2. Assembly of ZZctOmpA onto a gold surface. The assembly was carried out on
a BlAcoreX using an Au sensor chip. 25 pL of ZZctOmpA (0.205 mg mL~") was injected
at 5 uL min~! into the flow cell. Protein bound non-specifically was removed with
a wash of 1% (w/v) SDS (25 uL at 5 pL min~"). The protein deposition was repeated
three times. The space between the immobilised ZZctOmpA molecules was filled by
a deposition of a lipid mimic, thioPEG at 0.25 mg mL™" in 1% (w/v) OG, 20 mwm Tris—HCI
pH 8.0 and 1 mm TCEP at 40 °C. 25 pL was injected at a flow rate of 5 uL min~. As with
the protein deposition, non-specifically bound thioPEG was removed with a wash of 1%
SDS. The thioPEG deposition was repeated three times.

added at a concentration of 0.25 mg mL~! in detergent micelles (1%
(w/v) OG). Between each thioPEG application the surface was
washed with 1% (w/v) SDS to remove non-specifically bound
material. The specifically bound protein gave responses between
1000 and 1800 resonance units (RU). This corresponds to a surface
coverage of 1.74—3.14 x 10'° protein molecules mm~? (assuming 1
RU = 1 pg mm 2 [38]).

The surface assembly monitored using neutron reflection [21]
showed that an average surface coverage? of 15—20% is achieved
(Fig. 3) however a surface coverage of up to 40% is possible [21]. The
coverage of the thioPEG was found to vary between 63% and 72%
depending on the prior protein surface coverage. Whilst SPR shows
how much thioPEG is deposited, the use of neutron reflection
shows how crucial the filling molecule is to the integrity of the
protein array. The fitting of the neutron reflection data from a gold
surface with just BME and protein deposited shows that the
orientation of the ZZctOmpaA is ill-defined. Overall the protein is
shorter and there is a high surface roughness (Fig. 3). After the
thioPEG is deposited onto the surface ctOmpA-ZZ adopts a uniform
orientation (Fig. 3).

The total height of the ZZctOmpA plus thioPEG array is 120 A but
it is possible to deduce the structure of ZZctOmpA molecule within
the array by using different experiments. An array of ctOmpA was
measured using MCNR (Fig. 4a) and the height of ctOmpA was
found to be 60 A (Fig. 4b), which is in agreement with the published
crystal structure of tOmpA (57 A) [17]. A deposition of only thioPEG
was carried out on the surface and this showed that the thioPEG can
achieve a surface coverage of 88% and 22 A thickness when no
protein is deposited. These measurements were used to define
where the protein components are in the derived SLD profile.

3.3. The antibody layer
The antibody layer was analysed in four sequential stages, the

addition of polyclonal rabbit anti-HSA IgG which binds to the
ZZctOmpA molecule, a wash to remove free antibody, injection of

2 Surface coverage is calculated by comparing the fitted SLD value from the
ZZctOmpA only layer with the theoretical SLD for a 100% ZZctOmpA layer.
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Table 1
The results of the fitting for the antibody layer. The numbers in brackets are the
errors calculated using MC analysis. The overall roughness of the layer was 30 A.

Addition to ZZctOmpA array Thickness/A SLD/x10"6 A2

Polyclonal anti-HSA IgG 126 (1.0) 5.47 (0.02)
IgG plus HSA 163 (1.0) 5.69 (0.03)
IgG and HSA plus anti-rabbit 210 (6.7) 5.60 (0.03)

IgG from goat

antigen (HSA) and a regeneration step to remove antibody and
antigen (Fig. 5a). SPR showed a very large response when antibody
is injected. Non-specific binding was investigated using ctOmpA as
a control and Fig. 5b shows the comparison of binding between
ctOmpA and ZZctOmpA for two extreme concentrations of rabbit
polyclonal anti-HSA IgG. At the very high IgG concentration of
108 ug mL~! the amount of non-specific binding to ctOmpA is 20%
of the ZZctOmpA result. At the low IgG concentration of
270 ng mL~! binding to ZZctOmpA is not significantly greater than
to ctOmpA. As expected no binding was observed to a surface just
consisting of the thioPEG filling molecule (data not shown) [19].
Using a direct fitting approach for BIAcore data similar to that
used by Jendeberg et al. [28] (see Section 2) the equilibrium disso-
ciation constants for two different IgG subclasses binding to the
ZZctOmpA were deduced (Table 2) [28,39]. The IgG samples were,
rabbit polyclonal anti-HSA IgG and mouse monoclonal anti-HSA
IgG2a. The association rate constants for ZZctOmpA binding of the
two IgG subclasses and the SPR binding curves look similar (Fig. 6).
The dissociation rate constants, however, are an order of magnitude
different (Table 2) and in Fig. 6 the mouse monoclonal IgG2a has
a much steeper descent than that of the rabbit polyclonal IgG. The
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Fig. 3. The SLD profiles of ZZctOmpA immobilised to gold surface before (dotted line)
and after (solid line) thioPEG deposition. The figure shows that when there is only
protein and BME present on the surface the protein only layer is ill-defined. Once the
filling molecule, thioPEG is added the protein is able to adopt a uniform orientation
and the expected thickness of ZZctOmpA is observed.
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lines the fits. The GMW data is offset for clarity. b) The corresponding SLD profile of the
ctOmpA array with the gold—membrane interface set at 0 A. The SLD of the p-metal
from spin down neutrons and the membrane layer in GMW are shown as dashed lines.

small dissociation constant of the ZZctOmpA: rabbit [gG means that
the half-life of the complex is over 24 h. This makes the antibody-
binding array suitable for neutron reflection data collection (<10 h).

For neutron reflectivity experiments the rabbit polyclonal anti-
HSA IgG was added to the cell at 30 pg mL™!, a concentration at
which binding to the ZZctOmpA array is highly specific (Fig. 5b).
The cell was then flushed with buffered D,O to remove excess
antibody before data collection. A comparison of the reflectivity
profiles before and after IgG addition showed a difference after the
critical edge and in the shape of the first fringe (Supplementary
Fig. S6). These are characteristic of immobilising hydrogenous
material onto gold surfaces [21,22]. There are additional and similar
changes observed when antigen and then a secondary antibody are
added (Supplementary Fig. S7). After the addition of the antibody
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Fig. 5. a) Assembly of antibody and antigen on a ZZctOmpA array. Rabbit polyclonal anti-
HSA IgG at a final concentration of 370 nm in PBS was injected into the flow cell at
2 uLmin~! (section 1). The array was then washed with PBS running buffer to remove any
non-specifically bound IgG (section 2). The antigen was human serum albumin at
a concentration of 0.1 mg mL~" in PBS which, was injected after the antibody wash
(section 3). The protein surface can be regenerated with a wash of 100 mm glycine pH 2.0
into the flow cell (section 4). The antibody and antigen assembly can be repeated after the
regeneration step. On the second antibody addition in this figure a secondary antibody
was bound (section *) which was anti-rabbit IgG produced in goat at a concentration of
220 nm in PBS. b) The non-specific binding of rabbit polyclonal anti-HSA IgG. The binding
of the antibody was compared between ZZctOmpA (black, red and cyan) and ctOmpA
(blue, green and magenta) at three different concentrations: 108 pg mL~! (black and
blue), 27 pg mL~" (red and green) and 270 ng mL~' (magenta and cyan). The surface was
washed with PBS and regenerated with 100 mm glycine pH 2.0.

a three layer model of the biological component is needed to fit the
scattering length density profiles (Fig. 7). These consist of the thi-
OPEG plus ZZctOmpA layer, a ZZctOmpA only layer and the ZZc-
tOmpA plus antibody layer; all three contain solvent. The combined
thickness of the thioPEG plus ZZctOmpA layer and the ZZctOmpA

Table 2

The association and dissociation rate constants and the dissociation equilibrium
constant of rabbit polyclonal and mouse monoclonal anti-HSA IgG to ZZctOmpA
arrays. The results show the standard error in the mean (SEM) from three inde-
pendent experiments.

Antibody kon/M™1 571 Kof/s ™! Kg/nm (+SEM)
(+SEM) (+SEM)

Rabbit 2.03 x 10° 2.74 x 107> 0.137 (+£0.017)
polyclonal (+4670) (+8.11 x 107%)
anti-HSA
IgG

Mouse 3.74 x 10° 291 x 107 0.778
monoclonal (£7312) (£1.78 x 107) (+£0.243)

anti-HSA IgG2a
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Fig. 6. Binding of rabbit polyclonal anti-HSA IgG and mouse monoclonal anti-HSA
IgG2a to a ZZctOmpA array. A ZZctOmpA array in Fc1 and ctOmpA array in Fc2 were
assembled in situ on an Au chip in a BIAcore2000. Different concentrations of anti-HSA
IgG were immobilised to the surface at 10 uL min~! with a contact time of 10 min. The
dissociation time was 20 min. Before the next antibody concentration was injected the
surface was regenerated each time with 100 pL of 100 mwm glycine pH 2.0. Non-specific
binding to ctOmpA and the buffer background was subtracted from the data. a) Rabbit
polyclonal anti-HSA IgG. The concentrations of antibody used were 5.4 nwm, 7.2 nm,
18 nm, 36 nm, 54 nm, 72 nm, 359 nv and 717 nm b) Mouse monoclonal anti-HSA IgG2a.
The concentrations of antibody used were 1.2 nwm, 2.4 nm, 3.6 nwm, 4.8 nv, 12 nwm, 24 nm,
36 nm, 48 nwv, 121 nm, 242 nm, 363 nM and 484 nm.

only layers is 60 A and equals the scaffold protein part (ctOmpA) of
the ZZctOmpA molecule. The antibody and ZZctOmpA layer is the
thickest at 126 A. The dimensions of the IgG antibody are
143 x 77 x 40 A3 [40] and the distance from the antibody-binding
site to the Z domain binding region is 110 A (all distances as
measured on Swiss PDB viewer [41]). A distance of 128 A then
suggests an orientation where the antibody is upright with the
antibody-binding site facing away from the surface. This improves
on previous data where only the total bio-layer (ZZctOmpA plus
IgG) thickness was defined to be 187 A but the IgG thickness was
not defined [21]. From the fitted profiles, the scattering length
density difference between the ZZctOmpA only layer and the
antibody layer is not large, 5.82 x 107® A=2 and 5.47 x 1076 A2
respectively (Fig. 7 and Table 1). The theoretical SLD between them
is not large either (SLD for ZZctOmpA and IgG in D,0O are
3.076 x 10~% A=2 and 3.371 x 108 A~2 respectively), and therefore
SLD changes will result largely from solvent (D,0) replacement by
protein. Nevertheless for the best fits it was necessary to model the
ZZctOmpA and antibody SLD as two distinct layers. For the same



3308 A.P. Le Brun et al. / Biomaterials 32 (2011) 3303—3311
a 6.5 1
6.0 -
By
=<C 2 Kasmsscssmimimsanasnvmsns e d o
¢ 5.5 & ,
= < ZZctOmpA and antibody/
o £ antigen layer
= 5.0 4 Q 50
a 3]
@ N 3
o N
c 4.5 40 4
g 3
4 (©)
4.0 3 3 30 3
2 N g
£ N ] 3
2 g o
8 3.5+ & w 20 4
w ) 3
L
3.0 - % 10 4
i E
25 = 0 1 T T T T T T T T 1
554 558 558 560 562 564 566 5.685.70x10°
Scattering Length Density / A
1 1 1 1 1 1
0 50 100 150 200 250
Distance from Interface / A
b 10-
g9 —
< >
o 2%
< 8- o< _3
© S22 <o
T I NO E¥€ 2,
R =R % © )
= 6 — P N N 2
g @ U] N ®©
e g e L =
2 54 9 S ] =
is) E Slq _E_
S 4-— (<) -
| ©
o S
£ 3
2
©
3 2 b
]
'
1= L
| P, O
\
O = lenmeee- -h.“ :E"
T T T T T T T T T T T T
-250 0 250

Distance from Interface / A

Fig. 7. a) The SLD profile of a ZZctOmpA array (from the reflectivity profiles in Supplementary Fig. S6) with the addition of rabbit polyclonal anti-HSA IgG (solid line), followed by
the addition of antigen, HSA (dotted line). The final addition to the array is a secondary antibody, anti-rabbit IgG produced in goat (dashed line). All profiles are of the D,0O only

subphase. The inset show the output from the MC analysis for the SLD of the ZZctOmpA an

tibody layer with rabbit anti-HSA IgG only (squares), after the addition of HSA (diamonds)

and the final addition of anti-rabbit IgG produced in goat (triangles). The Gaussians are drawn as a guide. b) The SLD profile of rabbit anti-HSA IgG bound to an array of ZZctOmpA

under magnetic and solvent contrasts.

reason there is also very little density contrast between the IgG
antibody and the HSA antigen due to their very similar SLD values.
The SLD is the sum of the product of the volume fraction and SLD
for each component in the layer i.e. for the antibody layer this will
be IgG and solvent. Assuming that the antibody layer is

homogenous, the surface coverage of the IgG is 35%. Considering
that a typical volume fraction in a protein crystal is typically
50—60% this is dense packing and further suggests that the only
conformation that the antibody could adopt is an upright orienta-
tion on the surface (Fig. 8).
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Fig. 8. A schematic of the proposed orientation of antigen bound IgG bound to gold
immobilised ZZctOmpA. The ZZctOmpA molecule is immobilised to gold via a thiol-
gold bond between the gold surface and a cysteine residue (denoted by a letter ‘S’) in
turn four of the tOmpA domain (green f-barrel section). The tOmpA is insulated by
a 22 A layer of thioPEG. The one of the Z domains (red) of ZZctOmpA will bind IgG at its
constant region leaving the variable region to bind antigen which in this case was HSA
(light blue).

3.4. Antigen binding

The HSA antigen binding detected by SPR (Fig. 5a, section 3) is
lower than expected especially if the IgG is in an upright position
exposing both antigen binding sites to the solution. The response to
0.1 mg mL™! HSA injection is much weaker to that when IgG is
added. The probable reason for this is that we used a complete IgG
fraction of a polyclonal antibody in which not every IgG molecule
will have anti-HSA specificity. When binding HSA to bound mouse
monoclonal anti-HSA IgG2a no improvement in the amount of HSA
bound was observed (Supplementary Fig. S4) and this is likely due
to the poor affinity for IgG. Additionally, the molecular mass of HSA
is 66 000 g mol~! compared to an IgG molecular mass of
150,000 g mol~! and thus if HSA saturated all of the IgG molecules
the response of the HSA injection would be less than half of the IgG
response. The SPR signal falls with distance from the surface and
maybe significantly less sensitive if the antigen binds 200 A from
the gold—water interface. Fig. 5a and Supplementary Fig. S4 clearly
show that although the HSA has saturated the available antigen
binding sites (Fig. 2) the amount of HSA binding to IgG is lower than
expected. In Fig. 3 there are 8.47 x 10° HSA molecules per mm?
bound compared to 1.53 x 10'° anti-HSA IgG molecules bound per
mm?. When assembling the biological layers for neutron reflection
studies we cannot monitor the assembly in real-time, so a high
concentration of HSA was used (0.3 mg mL~! as opposed to the
0.1 mg mL™! used for the SPR experiments) to saturate antibody.
The HSA solution in deuterated PBS buffer was incubated in the cell
for 30 min and then washed with deuterated PBS buffer before data
collection. From the neutron reflectivity data there appears to be
little change in the profiles between that of the rabbit polyclonal
anti-HSA IgG bound only and that with the HSA also bound
(Supplementary Fig. S7). However the modelling does show
difference in the antibody layer (Fig. 7a). For the best fitting results
the IgG with bound HSA had to be treated as a single layer. Sepa-
ration of the IgG and the HSA into two distinct layers resulted in
a poorer fit (x* of 11.9 and 5.98 when the antibody and HSA are
treated as two and one layer respectively). Table 1 shows that upon
HSA addition the antibody layer increases by 40 A but the layer
thickness is ill-defined due to the surface roughness of the layer
(30 A) (Table 1 and Fig. 7a). The SLD of the antibody layer also

increases upon HSA binding which corresponds to a decrease in the
protein volume fraction.

3.5. Secondary antibody

The last addition to complete the array was a secondary anti-
body, anti-rabbit IgG produced in goat. The SPR trace (Fig. 5a,
section *) shows a strong response upon injection of 30 pug mL™!
anti-rabbit IgG produced in goat in PBS. The trace shows that 1:1
binding of primary to secondary antibody is achieved. It has been
shown previously that IgG produced in goat binds very poorly to Z
domains (Antibody Purification Handbook, page 48, GE Healthcare)
and only 122 RU of anti-rabbit IgG binding to ZZctOmpA was
observed when no rabbit polyclonal anti-HSA IgG was present.

Addition of the anti-rabbit IgG did not show much change in the
reflectivity upon its binding to the array (Supplementary Fig. S7).
However an observable change is seen in the scattering length
density after the modelling has been completed (Fig. 7a). The
volume fraction of the antibody layer is high at 0.25 which may
mean that the antibody layer is very compacted and the anti-rabbit
IgG cannot penetrate to reach its binding site.

4. Discussion

The engineered ZZctOmpA protein has the expected secondary
structure content in detergent solution (Fig. 1). When it initially
binds to a gold surface it can form many orientations on the gold as
revealed by the high degree of roughness in the fitted SLD plots. The
ctOmpA scaffold has one cysteine group in turn four of its structure
which means that it is anchored to the gold surface by only one
thiol-gold bond. This is unlike trimeric OmpF which has three thiol
groups and thus forms a much more rigid structure before the
filling molecule is added [9,22]. Once the array is completed with
the filling molecules the proteins adopt a defined perpendicular
orientation (Fig. 3). This is shown in the expected thickness of the
immobilised protein, decreased roughness and the correct function
of an IgG binding array.

Analysis of the SPR data shows that ZZctOmpA arrays can bind
immunoglobulins with sub nanomolar affinities and there is
a difference between rabbit and mouse IgG affinity. The binding
affinities are consistent with biosensor data from Z domain
immobilised to a dextran-coated gold surface [28]. The density of
ZZctOmpA makes rebinding events likely and, due to likely mass
transport effects at this density of protein, global fitting of the
binding data is inapplicable. Thus we do not present data for the
affinity of the proteins but rather the apparent affinity of the array.
In this case direct fitting is the most appropriate method to deter-
mine whether the dissociation rate is sufficiently low to allow long
data collections on a neutron reflectometer. The slow dissociation
rates confirmed that the arrays are suitable for both diagnostic tests
using antibodies and for neutron studies over several hours. The
neutron reflection data using magnetic contrast provides accurate
and reproducible measurements of the antibody layer thickness.
The rabbit polyclonal anti-HSA IgG bound to ZZctOmpA is at least
126 A thick, which although less than the longitudinal length of IgG
in solution can only suggest an IgG orientation where the variable
domains are pointing away from the surface and in the optimal
position to bind HSA (Fig. 8). We know from the X-ray crystallog-
raphy structure that the Z domain binds to IgG at its constant region
[14] and therefore in this system the antigen-binding regions face
away from the surface. The surface roughness of the antibody layer
is 30 A and this may describe the flexibility of the Z domains. The
volume fraction of the rabbit polyclonal anti-HSA IgG at 0.28 (with
the remaining volume being water) suggests a densely packed IgG
layer comparable with systems where IgG has been adsorbed to
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silica or polymer surfaces [42—44]. In this case the density of the
antibody layer showed many antibody orientations as shown by Xu
et al. [44,45] and the different orientations were deduced by
splitting the antibody layer into three separate layers each with
a varying volume fraction of IgG. In the system described in this
paper there are already six layers before the antibody is added.
Adding an additional three antibody layers would lead to
a dramatic decrease in the ratio of fitted parameters to data points.
It then becomes difficult to interpret the derived SLD profiles. Here
use of different solvent contrasts in combination with magnetic
contrast [22] results in the best x? values (Figs. 4 and 7b and
Supplementary Fig. S5). Adding extra constraints to the model
through the use of more contrasts helps remove ambiguities about
the orientation of the antibody layer. The improved fitting is ach-
ieved by assuming the thickness of the layer remains constant as
the contrast changes and allowing the SLD of the antibody layer to
vary with each contrast.

It has been shown by equilibrium dialysis [46] and isothermal
titration calorimetry [47] that when IgG is free in solution the
stoichiometry of IgG to antigen is 1:2. However in this work the
ratio of antibody to antigen is 1:0.534 even though the HSA injec-
tion reaches a plateau and is saturating (Fig. 5a). It has been seen
before when IgG antibodies are immobilised to a surface that their
antigen binding capacity has been reduced and in some cases this
reduction is more than 50% [48—50]. The possibility of non-HSA
specific antibodies in the IgG sample cannot be eliminated.

5. Conclusion

The experiments show that a gold immobilised, antibody-
binding, membrane protein retain its function and binds rabbit
polyclonal anti-HSA IgG in an upright orientation facing away from
the surface. This achieves the highest possible density of IgG and
provides a basis for very sensitive immunodiagnostic devices
where the antigen needs to be bound at high density close to the
transducer surface.
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