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Introduction

Aim. Comparison of IgG-binding activity of Staphylococcal protein A (SPA) and recombinant
SPA with specially introduced C-terminal cysteine residue (SPA-Cys) after their immobiliza-
tion on a gold sensor surface of the surface plasmon resonance (SPR) spectrometer. Methods.
SPA or SPA-Cys was immobilized on a gold sensor surface to form two variants of bioselec-
tive elements of biosensor. SPR spectrometry was used for detection of IgG-binding activity
of the immobilized proteins. Results. The SPR sensor response to the immobilization of SPA
was more than three times less than that to immobilization of SPA-Cys. SPA-Cys demonstrates
also almost 4-fold advantage in the number of immobilized molecules. Moreover, the bioselec-
tive element based on SPA-Cys showed a much better capability of binding IgG than the bi-
oselective element based on SPA. Conclusions. The study of the processes of immobilization
of SPA or SPA-Cys on the sensor surface of SPR spectrometer, and the interactions of im-
mobilized proteins with human IgG demonstrated obvious advantages of recombinant protein A.

Keywords: antibodies, recombinant Staphylococcal protein A, protein immobilization,
surface plasmon resonance.

Over the last decades there has been a grow- [1]. Biosensor is a device that uses specific
ing interest in biosensor technologies for biochemical reactions to detect chemical
research, medical diagnostics, environmen- compounds converting a result of the bio-
tal monitoring and food analysis purposes logical process into the electric signal suit-
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able for further processing and characteriza-
tion [2].

In comparison with the conventional ana-
lytical techniques, the biosensors offer a num-
ber of advantages, such as easy, fast, real-time,
sensitive, and specific measurements [3].
Optical biosensors based on the surface plas-
mon resonance (SPR) allow the registration of
intermolecular interactions in real-time and
label-free analyses. The refractive index of a
thin layer (~200 nm) of medium, adjacent to
the sensor surface changes during the immo-
bilization of biomacromolecules and their in-
teraction with the partner molecules. This
change causes the SPR response that is regis-
tered by the biosensor [4].

Utilization of immune molecules allows the
achievement of high specificity and sensitiv-
ity of the created biosensor. An important step
in developing a highly reliable biosensor is the
immobilization of biomacromolecules on the
sensor surface. Unfortunately, physical adsorp-
tion of antibodies on the solid surface results
in their random orientation, so a part of active
sites of immobilized antibodies or sometimes
even most of them are unavailable for antigen
binding [5]. One of the ways to solve this
problem is to create an intermediate layer of
proteins capable of providing the oriented im-
mobilization of antibodies by binding their
Fc-fragment. One of such immunoglobulin-
binding proteins is Staphylococcal protein A
(SPA) [6]. Due to the fact that the immuno-
globulin-binding region of SPA does not con-
tain cysteine residues [7], its immobilization
on the gold sensor surface is possible only by
physical adsorption, which is not always reli-
able. Genetically engineered introduction of
one cysteine residue into recombinant SPA,
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which interacts with the gold sensor surface
through exposed SH-group, improves reliabi-
lity of the SPA immobilization and accessibi-
lity of IgG-binding sites [8]. In the Institute of
Molecular Biology and Genetics of the NAS
of Ukraine, an original genetically engineered
construct was created and a recombinant
Staphylococcal protein A with specially intro-
duced C-terminal cysteine residue (SPA-Cys)
was obtained [9].

The aim of present work is the comparison
of IgG-binding activity of Staphylococcal pro-
tein A (SPA) and recombinant Staphylococcal
protein A with specially introduced C-terminal
cysteine residue (SPA-Cys) after their immo-
bilization on a gold sensor surface of the SPR
spectrometer.

Materials and Methods

NaCl, KH,PO,, p-nitrophenyl phosphate, bo-
vine serum albumin (BSA) and Staphylococcal
protein A (SPA) were purchased from “Sigma-
Aldrich” (USA), Na,HPO, — from “Applichem”
(Germany), milk proteins (Milk Powder
“Fluka”, Switzerland), Tween 20 — from
“Helicon” (Russia), other reagents and sol-
vents were obtained from “UkrOrgSyntez”
(Ukraine).

Human IgG was obtained by affinity chro-
matography using SPA-Cys-modified silica as
described in [9]. Synthesis and purification of
recombinant Staphylococcal protein A with
specially introduced C-terminal cysteine resi-
due (SPA-Cys) were described in [9]. The
genetically engineered fusion protein contain-
ing five IgG-binding domains of SPA and the
bacterial alkaline phosphatase with enhanced
catalytic properties (SPA-BAPmut) were ob-
tained as described in [10].



IgG immobilization via SPA or its analogue on SPR sensor

1. Competitive ELISA

The wells of the immunological plate were
coated overnight at 4 °C with 100 uL of 4 pg/
ml IgG in 100 mM carbonate buffer, pH 9, and
then washed with PBS containing 0.1 % Tween
20 (PBST). The surface of the wells was
blocked to prevent nonspecific sorption with
150 pl of 2 mg/ml skim milk powder solution
in PBS. After 1-hour incubation at 37 °C the
plates were washed with PBST. The mixtures
of 50 ul of 4 pg/ml SPA-BAPmut with 50 pl
of PBS, 50 ul of SPA-Cys or 50 ul of SPA
solutions of different concentrations were
added to the wells. After 1-hour incubation at
37 °C the plates were washed with PBST and
the buffer solution for alkaline phosphatase,
which included 100 mM tris-HCI, 140 mM
NaCl, 15 mM MgSO,, pH 9.5, and 100 pl of
substrate solution (p-nitrophenyl phosphate in
buffer solution for alkaline phosphatase), was
added. After incubation for 30 min at room
temperature, the color development was
stopped with 1 M NaOH (50 pL per well) and
the optical density was measured at 405 nm
using the micro plate reader “Titertek
Multiskan MCC/340” (Germany).

2. SPR spectrometric analysis of protein-
protein interactions

The glass plates with a thin layer of gold were
cleaned and mounted on the spectrometer
prism as described in [11]. SPR analysis was
performed using a measuring flow-cell of the
spectrometer “Plasmon-4m” (the device and
corresponding software have been developed
at the Lashkaryov Institute of Semiconductor
Physics of the NAS of Ukraine) and a peristal-
tic pump “Ismatec” (Switzerland) at the pump
speed of ~40 pl/min. The full procedure of

SPR analysis is described in [12]. At first the
measuring flow-cell was thoroughly washed
by working buffer solution (PBS) to stabilize
the SPR signal. Then 120 pl of a sample were
injected and incubated with the pump switched
off for 30 min for the protein immobilization
on the sensor surface, and for 10 min for the
interactions of immobilized components with
IgG. After that the measuring flow-cell was
washed by PBS again until a stable SPR signal
was obtained. To distinguish an actual sensor
response caused by the interactions between a
sample and the sensor surface or preliminary
immobilized components from the signal
caused by the random fluctuations of medium,
it is necessary to wash the flow-cell before and
after each sample with the same buffer solu-
tion, and only then to determine a value of the
SPR response.

Results and Discussion

Before applying Staphylococcal protein A
(SPA) and recombinant Staphylococcal protein
A with specially introduced C-terminal cyste-
ine residue (SPA-Cys) in the biosensor analy-
sis, their immunoglobulin-binding activity was
tested using the competitive ELISA. The SPA
and SPA-Cys solutions of different concentra-
tions and a fixed concentration of the fusion
protein containing IgG-binding domains of
SPA and the bacterial alkaline phosphatase
with enhanced catalytic properties (SPA-
BAPmut) were added to the immobilized hu-
man IgG. SPA or SPA-Cys competes with
SPA-BAPmut for binding immobilized IgG,
therefore, the values of optical density are in
inverse dependence on the competing protein
concentration (Fig. 1). It can be concluded that
there is a sufficient specific interaction of both

273



A. O. Bakhmachuk, O. B. Gorbatiuk, A. E. Rachkov ef al.

0.5 1

04

0.3 1

0.2 1

Optical density at 405 nm

0.1 1

*

0 0.1 02 03 04 0.5 0.6
Concentration, pg/ml

Fig. 1. The competitive ELISA for testing the IgG-bind-
ing activity. The graph of dependency of results at optical
density 405 nm on the SPA (1) and its recombinant ana-
logue SPA-Cys (2) concentrations using the SPA-
BAPmut. *, # - p <0.01 and p <0.05 compared to the
negative control: interaction of the immobilized IgG with
the SPA-BAPmut.

immunoglobulin-binding proteins with im-
mobilized IgG, noting that SPA-Cys has a
better ability to interact with IgG than SPA.
This can be explained either by the lower ac-
tivity of SPA, or by its lower stability during
storage at +4 ° C.

The SPR sensograms representing the pro-
cesses of immobilization of SPA or SPA-Cys
on the gold surface of SPR biosensor are
shown in Fig. 2. The difference between the
signal before injection of 120ul of 1 uM solu-
tion of either protein into the measuring cell
and after washing it with PBS was measured
(Fig. 2, Al and A2). This value represents the
number of reliably immobilized protein mole-
cules. According to the conversion factor of
SPR response into the value of the surface
density of immobilized protein [13], it was ~
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Fig. 2. The SPR sensograms representing the processes
of SPA-Cys (1) and SPA (2) immobilization on the gold
sensor surface. An arrow represents the injection of
120 pl of 1 pM solution of either protein. Al and A2 —
sensor responses that represent the number of reliably
immobilized SPA-Cys and SPA molecules, respectively.

0.3 ng/mm? and ~ 0.9 ng/mm? for SPA and
SPA-Cys, respectively, indicating a ~3 times
higher surface density of the immobilized
SPA-Cys.

The molecular mass of the SPA is somewhat
higher than the molecular mass of the SPA-Cys
(42 and 34.5 kDa, respectively), because SPA
contains C-terminal part used for attachment
to the bacterial cell wall, which was removed
from the recombinant SPA-Cys. Based on the
molecular masses of SPA and SPA-Cys, it was
calculated that on average 0.4 molecules of
SPA or 1.5 molecules of SPA-Cys were im-
mobilized on every 100 nm? of the sensor
surface. The calculation of minimum radius of
a molecule (R,,,;,) based on its molecular mass
(M) is described by the formula [14]:

Riin = 0.066xM 173
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Using this formula, it can be calculated that
~ 8 nm? or ~ 27 nm? out of every 100 nm? of
the sensor surface were occupied by the im-
mobilized SPA or SPA-Cys, respectively.
These numbers do not indicate the formation
of a dense monolayer of proteins on the sensor
surface. So, after immobilization of either SPA
or SPA-Cys the free sites of the non-specific
sorption on the gold surface were blocked with
the injection of 200 pg/ml milk proteins solu-
tion in PBS.

To test, whether the molecules of SPA or
SPA-Cys retain their immunoglobulin-binding
properties after the immobilization process,
the human IgG solution was injected into the
measuring flow-cell. Both SPA (Fig. 3, A,
black) and SPA-Cys (Fig. 3, B, black) demon-
strated a satisfactory immunoglobulin-binding
activity during the interaction with 50 pg/ml
IgG without a noteworthy decrease of the sig-
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Fig. 3. The SPR sensograms representing the interactions
of the bioselective elements based on the immobilized on
the gold sensor surface SPA (A) and SPA-Cys (B) with
50 pg/ml solutions of BSA (gray) and IgG (black).

nal after a prolonged wash with PBS. At the
same time, the injection of 50 pg/ml BSA does
not cause noticeable changes in the sensor
response in both cases (Fig. 3, gray). So, the
created bioselective elements of the SPR bio-
sensor based on SPA or SPA-Cys demonstrated
a high selectivity.

For the further use of the prepared bioselec-
tive elements, IgG molecules should be re-
moved from the surface by disruption of the
affinity links between the immobilized proteins
and IgG. In this work, the 40 mM sodium ci-
trate buffer solution (pH 2.5) was used for this
purpose [15]. After treating the sensor surface
with this solution, the sensor signals came back
to the values that preceded the IgG injection,
and the subsequent injections of new IgG sam-
ples showed the same level of sensor response,
so the re-use of both bioselective elements is
possible.
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Fig. 4. Graph of the dependency of the sensor responses
of bioselective elements based on SPA-Cys (black) and
SPA (gray) on the concentration of the injected IgG solu-
tions in the ranges 5-50 and 20-100 pg/ml, respectively.
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The level of the SPR sensor response was
shown to be directly proportional to the con-
centration of IgG in both cases, at least in the
range of 5-50 pg/ml for SPA-Cys (Fig. 4,
black) and 20-100 pg/ml for SPA (Fig. 4,
gray). As it can be seen from Fig. 4, the sensor
responses to the introduction of 50 pg/ml IgG
solution in PBS are almost 11 times greater in
favor of the SPA-Cys-based bioselective ele-
ment.

The calculated values of the surface den-
sity of SPA, SPA-Cys and human IgG, which
interacted with one of the immobilized proteins
during the injection of 50 pg/ml solution, as
well as the number of immobilized molecules
per 100 nm? of the sensor surface for SPA,
SPA-Cys and IgG given its molecular mass
(150 kDa), are presented in the Table 1. The
ratio of bound IgG molecules to the number
of molecules of IgG-binding protein in the case
of SPA-Cys immobilization was 2.8 times
greater than in the case of SPA. Table 1 shows
a clear advantage of the SPA-Cys over SPA.

By definition, lifetime of the bioselective
element (tL) is the storage or operational time
necessary for the sensor response, within the
linear concentration range, to decrease by
50 % (tL50) [16]. The sensor response of bio-

0.03
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tLSO
0.00 !

0 5 10 13 15
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Fig. 5. Graph of the dependency of the average SPR sen-
sor responses of the bioselective element based on SPA at
the injections of 100 pg/ml IgG, on time after SPA im-
mobilization. Storage and operation were done in PBS at
room temperature.

selective element based on SPA at the injec-
tions of 100 pg/ml IgG was measured over a
period. As can be seen on Fig. 5, 50 % reduc-
tion in the sensor response occurs on the 13th
day after SPA immobilization, so tL50 of this
bioselective element is 13 days. The tL50
value of the bioselective element based on the
SPA-Cys that was determined by the same way
is 11 days.

Table 1. The surface density of immunoglobulin-binding proteins immobilized on the sensor surface, and
the number of molecules of IgG, which interacted with immobilized proteins

Parameters Immobilized protein SPA | SPA-Cys
Surface density of immobilized protein, ng/mm? 0.3 0.9
Number of molecules of immobilized molecules per 100 nm? 0.4 1.5
Surface density of IgG, which interacted with immobilized proteins during the injection of 50 pg/ml | 0.08 0.85
IgG, ng/mm?

Number of IgG molecules, which interacted with immobilized proteins, per 100 nm? 0.03 0.34
The ratio of bound IgG molecules to the number of molecules of IgG-binding proteins 0.075| 0.22
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Conclusions

The study of the processes of immobilization
of the Staphylococcal protein A (SPA) or the
recombinant Staphylococcal protein A with
specially introduced C-terminal cysteine resi-
due (SPA-Cys) on the gold sensor surface, and
their interactions with IgG demonstrated sig-
nificant advantages of SPA-Cys. The presence
of Cys residue and the absence of hydrophobic
domain responsible for attachment to the cell
wall in the C-terminal part of SPA-Cys allow
its oriented immobilization and benefit the
availability of its Fc-binding domains. Both
bioselective elements demonstrated sufficient
selectivity during interactions with non-spe-
cific BSA and almost the same value of life-
time. The immobilization level, the accessibil-
ity of binding sites and the ability to bind IgG
of the immobilized SPA-Cys were compared
with those of the immobilized SPA and the
results showed undeniable advantage of using
SPA-Cys in scientific research and for practical
applications in the formation of an intermedi-
ate layer for the oriented immobilization of
antibodies.
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Jocaigxenns edpeKTHBHOCTI OPiEHTOBAaHOL
iMMoO6itizanii anTuTi Ha moBepxHi cencopa IIIIP
3a 10moMoroo 0iika A cragisokoka ado ioro
PeKOMOIHAHTHOIO aHAJIOra

A. O. Baxmauyk, O. b. I'opbariok, O. E. Paukos,
O. I1. Connarkig

Mera. [TopiBHsHHSI iMyHOII00YJ1iH-3B I3y BaJIbHOI aKTHB-
HocTi Oika A craginokoka (SPA) abo pekoMOiHaHTHOTO
Oinxa A cragiiokoka 3i crierianbHo BBeieHnM C-KiHIIeBIM
3ayuikoM 1ucteiny (SPA-Cys) micist ix iMMoOuTizanii Ha
30JI0Tilf CEHCOPHIiif HOBEPXHI CIIEKTPOMETPa IIOBEPXHEBO-
ro rasMoHHOro pezoHancy (ITI1P). Meroau. SPA abo
SPA-Cys Oynu iMMOOG1TI30BaHI Ha 30JIOTiM CEHCOpHIi
TOBEPXHI JUTs POPMYBaHHS JBOX BapiaHTIB O10CEICKTHB-
HUX eneMeHTiB Oiocencopa. [Hocmimxenas IgG-
3B’s13yBaJIbHOT aKTUBHOCTI IMMOOLITI30BaHUX OLIKIB MPO-
BOAWIIH 32 fjorioMororo criekrpomerpii [1T1P. Pesyabrarn.
CencopHuii Biaryk npu immoOimizamii SPA BusiBuBCA
OB HIXK BTPUYi MEHIINM 3a BIATYK, OTPUMaHUK TpH
immobGimizarii SPA-Cys. Takoxk, 10 KiTbKOCTI iMMOOLITI-
30BaHMX MOJIEKYNI — Maibke YOTHPHKpaTHa IiepeBara 3a
SPA-Cys. Kpim Tor0, 6i0CEIeKTHBHUI eJIeMEHT Ha OCHO-
Bi SPA-Cys 3HauH0 Kkpaine 38°s13ye IgG, Hixk GiocenekTHB-
HHI ereMeHT Ha ocHOBI SPA. BucHoBkmM. JIoCITiHKEHHS
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npoueciB iMmoOinizanii SPA a6o SPA-Cys Ha ceHCOpHI
noBepxHi criektpomerpa [1I1P, a Takox B3aemomii iMmo-
OinizoBaHux OUTIKIB 3 IgG, MponeMoOHCTpyBaIO OYEBHTHI
repeBaru peKOMOiHaHTHOTO Oiyka A.

Knwo4oBi caoBa: anTuTiNa, pEeKOMOIHAHTHHN O1JIOK
A Staphylococcus aureus, iMmMo0imizarist Oinka, ITOBepX-
HEBMH IIJIJa3MOHHUI PE30HAHC.

HUccaenoBanue 3 (peKTHBHOCTH OPUEHTUPOBAHHOM
HMMOOMJIN3allUM AHTHTE] HA NIOBEPXHOCTH
cercopa IIIIP ¢ nomombio Genka A cTapuI0KOKKA
HJIM er0 PeKOMOMHAHTHOIO aHAJIora

A. O. baxmauyk, O. b. T'op6ariok, A. O. Paukos,
A. TI. Congarkuna

Hean. CpaBHEeHNE NMMYHOIIOOYIIMH-CBS3BIBAIOIICH aK-
TUBHOCTH Oenka A cradmmokokka (SPA) mmm pekomOu-
HaHTHOTO OeJka A ctaMIIOKOKKa CO CHeHaIbHO BBE/ICH-
HbIM C-KOHIIEBEIM ocTaTkoM rucrenHa (SPA-Cys) mocie
X IMMOOIITI3ALIIH Ha 30JI0TOH CEHCOPHOM OBEPXHOCTH
CIEKTPOMETpPAa MOBEPXHOCTHOT'O INIA3MOHHOTO pe30HaHCa
(TIITP). MeTonbl. SPA nn SPA-Cys 65U MIMMOOHITH30-
BaHBI Ha 30JI0TOM CEHCOPHOU MOBEPXHOCTH I (OPMU-
pOBaHMS ByX BapUaHTOB OMOCEJIEKTUBHBIX AJIEMEHTOB
6unocencopa. Mccnenosanue [gG-cBsi3pIBatomieii akTus-
HOCTH MMMOOMIIM30BaHHBIX OEJIKOB IPOBOAWIIN C IIOMO-
uipto criekrpomerpun TP, Pesynbrarbl. CeHCOpHBIHA
OTKIIMK TpH mMMoOmm3am SPA okazaiicst Oonee yem
BTPOE€ MEHBIIIE OTKIINKA, IOJy9E€HHOTO IIPH NIMMOOHIIN3a-
1 SPA-Cys. Taroke, 10 KOJM4eCTBY UMMOOHITU30BaH-
HBIX MOJICKYJ — ITOYTH YETBIPEXKPATHOE ITPEUMYILIECTBO
3a SPA-Cys. Kpome Toro, 6MOCeneKTHBHBIIN AIEMEHT Ha
ocHoBe SPA-Cys 3HaUHTENBHO JTyullle CBA3bIBacT IgG, uem
OHMOCEJIEKTUBHEBIN 3j1eMeHT Ha ocHOoBe SPA. BuIBOabI.
HccmenoBanne nporeccoB nmmoommm3army SPA mmm
SPA-Cys Ha ceHcopHOi1 moBepxHOCTH criekTpomeTpa I1T1P,
a TaKkXKe B3aNMOJICHCTBUSI IMMOOWIIM30BaHHBIX OCITKOB C
IgG, mponeMOHCTPUPOBAIO OYEBHIHBIE ITPEUMYINECTBA
pEeKOMOMHAHTHOTO Ocika A.

Kiao4yeBble CJI0BAa: aHTUTENA, PEKOMOMHAHTHBIN
6enok A Staphylococcus aureus, uMMoOOMIH3aMs OCJIKa,
TTOBEPXHOCTHBIH IIA3MOHHBIH PE30HAHC.
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