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Abstract Protein arrays are used in a wide range of appli-
cations. The array described here binds IgG antibodies, pro-
duced in rabbit, to gold surfaces via a scaVold protein. The
scaVold protein is a fusion of the monomeric E. coli porin
outer membrane protein A (OmpA) and the Z domain of
Staphylococcus aureus protein A. The OmpA binds to gold
surfaces via a cysteine residue in a periplasmic turn and the
Z domain binds immunoglobulins via their constant region.
Polarised Neutron ReXection is used to probe the structure
perpendicular to the gold surface at each stage of the
assembly of the arrays. Polarised neutrons are used as this
provides a means of achieving extra contrast in samples
having a magnetic metal layer under the gold surface. This
contrast is attained without resorting to hydrogen/deute-

rium exchange in the biological layer. Polarised Neutron
ReXection allows for the modelling of many and complex
layers with good Wts. The total thickness of the biological
layer immobilised on the gold surface is found to be 187 Å
and the layer can thus far be separated into its lipid, protein
and solvent parts.

Abbreviations
BME 2-Mercaptoethanol
DTT Dithiothreitol
IgG Immunoglobulin G
IMAC Immobilized metal aYnity chromatography
IPTG Isopropyl-�-D-thiogalactopyranoside
OG n-Octylglucoside
OmpA Outer membrane protein A
OmpAZ Circularly permuted OmpA with two SpA Z

domains fused at the N terminus
PNR Polarised Neutron ReXection
Q Momentum transfer
SDS Sodium dodecyl sulphate
SLD Scattering length density
SpA Staphylococcus aureus protein A
TCEP Tris(2-carboxy-ethyl)phosphine hydrochloride
thioPEG Polyethylene glycol with a thiolalkane func-

tional group

Introduction

Protein arrays

Protein arrays are becoming important tools for various
applications including: use as scaVolds for tissue engineer-
ing (Liu et al. 2007), proteomics (Unwin et al. 2006) and
point of use diagnostics (Kingsmore 2006). Unlike nucleic

Advanced neutron scattering and complementary techniques to study 
biological systems. Contributions from the meetings, ‘‘Neutrons in 
Biology’’, STFC Rutherford Appleton Laboratory, Didcot, UK, 11–13 
July and ‘‘Proteins At Work 2007’’, Perugia, Italy, 28–30 May 2007.

A. P. Le Brun · J. H. Lakey (&)
Institute for Cell and Molecular Biosciences, 
The Medical School, University of Newcastle upon Tyne, 
Framlington Place, Newcastle upon Tyne NE2 4HH, UK
e-mail: j.h.lakey@ncl.ac.uk

A. P. Le Brun
e-mail: anton.le-brun@ncl.ac.uk

S. A. Holt
ISIS, STFC Rutherford Appleton Laboratory, 
Didcot, Oxfordshire OX11 0QX, UK

D. S. Shah
Orla Protein Technologies Ltd, Nanotechnology Centre, 
Herschel Building, Newcastle upon Tyne NE1 7RU, UK

C. F. Majkrzak
NIST Centre for Neutron Research, 
Gaithersburg, MD 20899, USA
123



Eur Biophys J
acid arrays, proteins used in arrays should maintain their
3D structure in order to be fully functional. Methods
which are able to study the structure of immobilised pro-
tein arrays in contact with aqueous solutions are therefore
required.

Molecules can be immobilised to a variety of diVerent
surfaces using various diVerent chemistries. For gold sur-
faces molecules can be immobilised using thiol chemistry
(Dubois and Nuzzo 1992). The sulphur atom in thiol
alkanes will form strong gold-thiolate bonds with the gold.
The monolayer that is formed is strong, stable and orien-
tated (Bain et al. 1989). Thiol bearing cysteine residues can
be introduced into strategic locations in proteins using con-
ventional molecular biology techniques. A single cysteine
in the protein will bond the protein to the gold surface in a
speciWc orientation.

The methods used so far to study proteins on surfaces
include spectroscopic techniques such as Surface Plasmon
Resonance (SPR), Dual-Polarisation Interferometry (DPI)
(Terry et al. 2006), Ellipsometry, FTIR (Terrettaz et al.
2002) and Circular Dichroism (CD) spectroscopy (Keegan
et al. 2005). These latter two techniques can provide sec-
ondary structural information on the proteins, and using
these techniques structural changes caused by the addition
of other array components (such as lipids) or denaturants
(such as urea) can be followed. Observing these changes in
protein conformation/structure indicates how robustly the
protein’s 3D-structure is retained in the array. The most
common technique associated with biosensors and arrays is
SPR, which uses refractive index changes to measure how
much material is immobilised onto a surface. Microscopy
in the form of Atomic Force Microscopy (AFM) is the
preferred way of directly imaging single molecules on a
surface (Cisneros et al. 2006).

The methodologies described provide either little struc-
tural information (SPR) or high resolution over small sam-
ple areas (AFM). While AFM can provide information in
all three axes (x, y and z), the z-axis (perpendicular to the
surface) is probed as a measure of topology or sometimes
Xexibility. The advantage of also using neutron reXection to
study surface immobilised proteins is that a large sample
area is “viewed” and structural information is obtained con-
tinuously along the z-axis revealing the physical and chem-
ical composition of complex and hidden layers at high
resolution.

Polarised Neutron ReXection (PNR)

When studying biological systems using neutron scattering
the most commonly used method of achieving contrast
between diVerent components is to selectively replace
hydrogen in the sample with deuterium. This relies upon
the large diVerence in scattering length density between the

two isotopes and is easily achieved for the aqueous phase of
the sample (Thomas 2004). However, producing deuterated
biological products is not a trivial task and PNR provides a
simpler route to increased contrast.

When depositing gold onto silicon an intermediate metal
layer is required as the gold does not ‘stick’ well to the sili-
con substrate. If the metal under the gold has magnetic
properties (e.g., iron or nickel) then the intermediate layer
can provide magnetic contrast in the following way. Neu-
trons can be polarised to select for their spin property (spin
up or spin down) and are reXected diVerently by magnetic
layers (Majkrzak 1991). If the sample is placed in a perma-
nent saturating magnetic Weld where the direction of the
Weld is in the plane of the interface, the magnetic moment
generated in the buried layer will result in the reXectivity
proWle of the whole sample being spin dependent (Parkin
et al. 1990). This gives two independent reXection proWles
of the same sample, which both report on the entire layer
structure.

Thus the advantage of using magnetic contrast to study-
ing immobilised biological layers is that contrast is
achieved without having to change anything in the biologi-
cal sample (Majkrzak and Berk 1999).

A model protein array

Outer Membrane Protein A (OmpA) is a monomeric
outer membrane protein from E. coli, which has a beta-
barrel structure (Pautsch and Schulz 1998). The protein
has been circularly permutated (Koebink and Kramer
1995) (in this case this is where the N- and C-termini
have been swapped from the periplasmic side to the exte-
rior of the outer membrane) so that protein tags can be
fused to the OmpA scaVold whilst still allowing for sur-
face immobilisation. OmpA is immobilised to gold sur-
faces through a cysteine residue that has been inserted
into the periplasmic turn four (Shah et al. 2007). The cir-
cular permutation, beta-barrel structure and gold immo-
bilisation make the OmpA an ideal scaVold protein for
use in membrane arrays since protein domains can be
genetically fused to its N- or C-terminus. Here we use the
Z domain of Staphylococcus aureus protein A (SpA).
SpA is a pathogenicity factor bound to the cell wall of the
bacterium. It has Wve domains: E, D, A, B, and C (from
the N-terminus) (Tashiro and Montelione 1995). The Z
domain is eVectively a B domain with the mutations A1V
and G29A (Nilsson et al. 1987). The constant regions of
immunoglobulins (antibodies) bind to the Z domain
(Deisenhofer 1981) leaving the variable (antigen bind-
ing) domain free to function. Two Z domains have been
fused to the N-terminal of the OmpA scaVold to create
OmpAZ, so that antibody arrays can be built up upon an
oriented protein scaVold.
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Aims

The aims of this study are to show that neutron reXection
can provide structural information on immunoglobulins
bound to a pre-deposited array of OmpAZ molecules
immobilised upon gold surfaces. In order to accomplish
this demanding objective of deWning many layers we will
use samples in which a magnetic layer lies under the gold
surface so that magnetic contrast can be used.

Experimental

Protein preparation

The OmpAZ protein was expressed from the plasmid pOR-
LA18 in E. coli BL21(DE3) cells with induction at
OD600 » 0.6 with a Wnal concentration of 1 mM IPTG. The
protein formed inclusion bodies, which were isolated by
disrupting the cells in Bug Buster (Novagen) with nuc-
leases and lysozyme added. The inclusion bodies were
washed three times in a detergent solution (1:10 dilution of
Bug Buster) and solubilised in 8 M urea, 20 mM sodium
phosphate pH 7.6, 500 mM sodium chloride and 20 mM
imidazole. Contaminants were removed by a two-step puri-
Wcation step. Firstly IMAC puriWcation was carried out
using a 1 ml HisTrap column (GE Healthcare) with elution
in 250 mM imidazole. Secondly, after buVer exchange into
8 M urea and 30 mM ethanolamine pH 9.5 anion exchange
chromatography with a 1 ml Q FF HiTrap column (GE
Healthcare) with elution in 80 mM sodium chloride was
used to complete the puriWcation.

The protein was refolded from the urea denatured state
by a slow (approximately 200 �l of stock urea solubilised
protein per hour) one in ten dilution into refold buVer [con-
sisting of 50 mM Tris–HCl pH 8, 1 mM DTT, 0.1 mM
EDTA and 1 % (w:v) OG]. When the dilution was com-
plete the protein was left for at least 48 h at 37°C to refold.
Before use the protein was passed down a PD10 column
(GE Healthcare) and eluted in fresh refold buVer.

Production of gold surfaces 

For experiments carried out at the NIST Centre for Neu-
tron Research (NCNR) the gold surfaces were made in-
house by magnetron sputtering (Willmott 2004). This is a
process where the metal to be deposited (the target) is
bombarded with a positively ionised gas (argon) in a high
vacuum when a negative potential of approximately
¡300 V is applied to the target. The bombardment of the
target by the gas releases neutral metal atoms that coat the
vacuum chamber. The process is maintained by a series of
magnets placed behind the target, which keep any elec-

trons that are released in close proximity to the target
increasing the chance of the gas being ionised and hence
releasing more metal atoms. The vacuum chamber will
also contain the silicon substrate to be coated. The sput-
tered atoms coat the substrate in a four-stage process:
nucleation, island growth, coalescence and continuous
growth.

The substrates used at CRISP, ISIS are made by ion
beam deposition by INESC Microsistemas and Nanotech-
nologias (Lisbon, Portugal) using a Nordiko 3000 Ion
Beam system. The metal to be deposited is evaporated and
ionised. The ions are then accelerated through a high elec-
tric Weld and then decelerated to target the substrate.

Preparation of the protein arrays

The gold surfaces are pretreated with a 1% (v/v) solution of
�-mercaptoethanol (BME). The thiol group on the �-carbon
bonds to the gold surface. This leaves the hydroxyl groups
exposed creating a hydrophilic surface. This allows for
more speciWc orientation of the protein when binding to the
gold surface as the amount of hydrophobic interactions
between the outside of the �-barrel structure of the scaVold
protein and the gold surface are reduced. It has also been
shown to prevent unfolding of the protein at the gold sur-
face (Terretaz et al. 2002). For a more detailed description
see Keegan et al. (2005).

Before the protein is incubated on the surface the thiol
group in the protein needs to be reduced to enable speciWc
bonding to the gold surface. This is done using the reducing
agent Tris(2-carboxy-ethyl)phosphine hydrochloride (TCEP)
to a Wnal concentration of 5 mM. TCEP is the preferred
reducing agent because unlike dithiothreitol (DTT) and
BME, TCEP will not compete with the protein during
assembly by binding to the gold surface. The gold surface
is coated with a protein solution at concentrations between
0.2 and 0.5 mg/ml and incubated at room temperature for
3 h on the surface ex situ of the cell. The surface is washed
with a 1% (w:v) solution of sodium dodecyl sulphate (SDS).
The SDS will remove any protein that is non-speciWcally
bound to the gold surface. The SDS wash is followed with
a wash with water.

The Wnal addition to the gold surfaces is of a “thioPEG”
[HS-(CH2)11-(OCH2CH2)3-OH] (Prochimia). ThioPEG is
diluted to a Wnal concentration of 0.25 mg/ml. in a 1 %
(w:v) OG solution. Before incubation on the gold surface
the thioPEG was incubated at 55°C with a Wnal concentra-
tion of 5 mM TCEP. The thioPEG is incubated on the gold
surface at room temperature for 3 h with a fresh application
of warmed thioPEG every hour. At the end of the incuba-
tion in thioPEG the gold surface is once again washed with
a 1% (w:v) SDS solution to remove any non-speciWcally
bound thioPEG.
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The Wnal step to build up a complete array as seen in
Fig. 1 is to add the antibody. Rabbit IgG raised against
Human Serum Albumin (HSA) was diluted 1:100 in
buVered D2O and added to the pre-assembled layer in the
cell in situ. The antibody was left for 30 min incubation at
room temperature before a wash of buVered D2O (»20 ml)
was carried out to remove any unbound/excess antibody.

Carrying out the reXection experiments

The PNR experiments were carried out at the NG-1 instru-
ment at NCNR, USA and the CRISP instrument at ISIS
Spallation Source, UK. On both instruments the incident
neutron beam was reXected from a polarising supermirror
resulting in a polarised neutron beam. The polarising mir-
ror reXects one spin state out of the plane of the neutron
beam. Then the neutron beam passes through a spin Xip-
per. If the spin Xipper is oV (the non-Xip state) then the
neutrons will pass straight through in their original spin
state. If the spin Xipper is activated then the neutrons will
be Xipped to the opposite spin state (the Xip state). Neu-
trons where the spin is parallel to the magnetic Welds are
designated spin up and those that are antiparrallel are des-
ignated spin down.

The NCNR is based around a 10 MW reactor with NG-1
viewing a liquid hydrogen moderator that produces cold
neutrons. NG-1 employs a focussing pyrolytic graphite
monochromator set to produce neutrons at a Wxed neutron
wavelength of 4.75 Å. The sample is moved through a

series of incident angles (0.23°–7.2°) to achieve a Q range
generally up to 0.3 Å¡1. At the ISIS spallation pulsed
source the time of Xight CRISP instrument views a liquid
hydrogen moderator with a white beam of neutrons, wave-
length range 1.4–6.5 Å in polarised mode. The sample is
held at three diVerent Wxed angles (0.35°, 0.8° and 1.8°) to
achieve the Q range of up to 0.3 Å¡1.

The samples where maintained at ambient temperature
and pressures. The silicon wafer sample sizes for experi-
ments at NCNR were 50 mm in diameter and for ISIS a
sample size of 100 mm in diameter was used.

Data analysis

Analysis of data collected both at NCNR and CRISP was
done using the programme GA_reX (Kienzle et al. 2000–
2006). The programme deWnes each layer as a series of
slabs each with the property of thickness, scattering length
density and interfacial roughness. It uses an optical transfer
method (Penfold 1991) for modelling the data and then a
genetic algorithm for a least squares reWnement of the mod-
els. Each pair of spin dependent datasets is reWned simulta-
neously where the only diVerence between the real space
SLD proWles of the two datasets being the SLD of the mag-
netic layer. The basic model employed consisted of the sili-
con substrate then layers corresponding to silicon oxide,
magnetic reference layer and gold. Extra layers were added
to account for the subsequent protein, thioPEG and anti-
body adsorption.

Fig. 1 A schematic (not to scale) of the array to be studied using PNR.
Deposited onto the silicon substrate is a layer of an alloy of iron and
nickel (�-metal) that is magnetic and provides contrast between the
diVerent neutron spin states. Above the magnetic layer is a layer of
gold to which the biological layer is deposited. The protein OmpAZ
has a single cysteine residue in periplasmic turn four allowing the
protein to bind in a speciWc orientation to the gold. The space between

protein molecules is Wlled with thioPEG. The OmpAZ protein has two
SpA Z domains that can bind IgG antibodies in their constant regions.
The arrows indicating the direction of travel of the incident and reXect-
ed neutron beams are ki and kr, respectively. The direction of the per-
manent external magnetic Weld is the arrow labelled H and the direction
of magnet moment generated in the magnetic layer is labelled B
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Results and discussion

Assembly of the OmpAZ array

After the gold surfaces were pretreated with 2-mercaptoeth-
anol, the protein can be bound to the gold surface ex situ
reaching surface coverages of between 40 and 50% as
determined by PNR. The remaining exposed gold surface is
Wlled with the thioPEG molecule (a membrane lipid mimic)
making the completed array (Fig. 1). The individual steps
of the build up of the array can be followed by neutron
reXection. Figure 2 shows the diVerence in the reXectivity
proWle between a gold surface with only OmpAZ deposited
and a reXectivity proWle where thioPEG has been deposited
after the protein deposition. The major diVerences are at the
low Q region after the critical edge (the point at which total
external reXection occurs) and in the intermediate Q regime
where extra fringes are observed. The changes at low Q
enable a quick assessment of the thioPEG assembly step.
The large changes in the reXectivity signal occur because
the environment around the protein has changed from being
exclusively D2O solvent, which has a high SLD, to being
predominantly hydrogenous thioPEG, which has a very low
SLD.

The height of the OmpAZ molecule is 124 Å (Fig. 3)
with a roughness of 29 Å suggesting great Xexibility in the
two Z domains. The gold layer has its own roughness in the
model at 9 Å and so the protein roughness should not be

aVected by the roughness of the gold. The thioPEG layer is
21 Å high and can be split in two distinct parts: the hydro-
phobic alkyl tail and the more hydrophilic (hydrogen bond
accepting only) PEG head group. Splitting the thioPEG into
two parts does not add any beneWt to the data analysis to the
system as similar �2 values of approximately 1.8 are
obtained for each. Also splitting the PEG adds more layers
to the system making it more diYcult to model when addi-
tional antibody layers are included in later samples. Parti-
tioning the protein into the OmpA and Z domain improves
the Wts, however non-physical layer thickness is obtained
for one or the other. This is most likely because the scatter-
ing length densities in the two layers are very similar. A
protein layer with no thioPEG added does not Wt as well
compared to when thioPEG is present (�2 of 3.6 and 1.8,
respectively).

Contrast using magnetic systems

The magnetic contrast approach enables two datasets to be
collected simultaneously from exactly the same biological
layers. These independent datasets can be reWned simulta-
neously to good Wts (Fig. 4) with real space SLD proWles
(Fig. 3) where layers are assigned to diVerent components
of the array. Hence more accurate models can be solved.
This method of contrast variation enables models of greater
complexity to be reliably applied than that published on
similar systems (Holt et al. 2005).

Fig. 2 The build-up of a membrane protein array can be observed us-
ing neutron reXection. The reXectivity proWle represents the intensity
(reXectivity) of neutrons observed at each Q value (spin up state only).
The red line is a proWle of only protein and BME immobilised onto the
gold surface. The black line shows the reXectivity proWle in the in the
low Q range after thioPEG deposition. A reduced Q range is displayed
highlighting the changes in the low Q region

Fig. 3 Scattering length density proWle of the OmpAZ array system.
The magnetic layer has two scattering length densities depending on
the spin state of the neutrons. Between the interfaces of the magnetic
layer with the silicon and gold there are magnetic dead zones. The gold
layer is modelled to be 430 Å, the mixed protein and thioPEG layer to
be 21 Å and the OmpAZ only layer to be 103 Å with a SLD of
5.7 £ 10¡6 Å¡2
123



Eur Biophys J
Antibody addition

On addition of a rabbit IgG antibody, appreciable binding
to the OmpAZ array can be observed using SPR (data not
shown). With neutron reXection a change in the reXectivity
proWle can be clearly seen (Fig. 5). After a wash with 2.5 M
citric acid (pH 3.2), which removes any bound antibody,
the reXectivity proWle reverts to its original shape. The best
model Wt so far has a �2 of 4.02 and includes an extra pro-
tein layer for the Z domain with the antibody bound. The
sample in this state is now more complex than any biologi-
cal system yet modelled from NR data. The extra informa-
tion from magnetic contrast variation is critically important
in this analysis and should allow complex membrane mod-
els in addition to protein arrays to be studied in the future.
Currently the data indicates a total bio-layer thickness near
to 187 Å and we are currently reWning models to divide this
into OmpA, Z domain and antibody. To increase the num-
ber of distinct reXectivity proWles that can be used to solve
this complexity the contrasts can be varied by deuteration
of solvent and the layer components themselves. Solvent
mixtures used so far are D2O, which provides the strongest
contrast against the hydrogenated protein and thioPEG
molecules and gold matched water (25.1% H2O and 74.9%
D2O by mass), which highlights the lower boundary of the
proteins SLD. Due to the fact that proteins and thioPEG are
hydrogen rich, H2O provides the weakest contrast and the

least information for modelling. Future work will use deu-
terated OmpAZ puriWed from bacteria grown in deuterated
media (from Silantes GmbH, Munich, Germany) and deu-
terated synthetic thioPEG. Since proteins contain largely
carbon and nitrogen their deuteration leads to an approxi-
mate change in SLD from 3.5 £ 10¡6 Å¡2 (for hydroge-
nated protein in H2O) to 7.7 £ 10¡6 Å¡2 (for deuterated
protein in D2O). Lipids on the other hand can show changes
from ¡0.85 £ 10¡6 Å¡2 to 7.4 £ 10¡6 Å¡2 in the CH2

groups of their alkyl chains. For each set, which as stated
above requires signiWcant investment to produce, magnetic
contrast variation can again double the amount of useful
contrast data obtained. Combinations of these methods may
provide the means to model even the most complex biolog-
ical layers such as bacterial outer membranes. At this stage
we have not fully modelled the IgG and an accurate repre-
sentation of this will need a precise measure of the occu-
pancy. This may be achieved by a complement of PNR and
SPR etc.

Conclusions

This work has demonstrated that by using polarised neu-
trons with an embedded magnetic reference layer it is pos-
sible to achieve high-resolution neutron reXection data
from adsorbed multilayer biomolecular Wlms without varia-
tion of the sample contrast. The total thickness of the
OmpAZ layer is 124 Å, which compares well with the

Fig. 4 The reXectivity proWle of a silicon substrate with �-metal and
gold layers. Immobilised onto the gold is a layer of OmpAZ and thio-
PEG. The two diVerent reXectivity proWles are of the same system but
the upper proWle are of neutrons in the up spin state (black line) and the
lower proWle of neutrons in the down spin state (red line). The lines are
the Wtted data Wts to a �2 of 1.8 and the crosses are the collected data

Fig. 5 ReXectivity proWles of an OmpAZ array without antibody (blue
line), then with antibody added (red line). Both proWles are of the up
spin state. The antibody used is a rabbit IgG raised against human se-
rum albumin
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combined known thickness of OmpAZ, 60 Å plus two Z
domains at 30 Å each. The IgG as depicted in Fig. 1 would
be about 140 Å, if the IgG conformation were such that the
two hinges were “Xattened” out of the layer would be about
20 Å. Our currently observed layer thickness of around
190 Å indicates that the IgG is probably adsorbed in a con-
formation intermediate between that depicted and a Xat-
tened state.
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