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Dual color fluorescence cross correlation spectroscopy (FCCS) was used to investigate quantitatively
the binding kinetics of tumor necrosis factor (TNFa) with TNFa antibody (anti-TNFa) following
fluorescent labeling. Through the analysis of the auto correlation curves of fluorescence correlation
spectroscopy (FCS), diffusion coefficients of 100.06 &+ 4.9 um? s~! and 48.96 + 2.52 um? s~! for
Alexad88-TNFa and Atto647N-anti-TNFo were obtained. In addition, the calculated hydrodynamic
diameters of the Alexa488-TNFa and Atto647N-anti-TNFa were approximately 4.89 + 0.24 nm and
9.99 £ 0.52 nm, respectively, which agrees with the values of 5.20 4+ 1.23 nm and 9.28 £ 0.86 nm for the
native TNFa and the anti-TNFa as determined from dynamic light scattering measurements. For the
binding kinetics, association (k,,) and dissociation (k) rate constants were (1.13 4 0.08) x 10* M~'s™!
and (1.53 £+ 0.19) x 10~* s~! while the corresponding dissociation constant (Ky4) at 25 °C was (1.36 +
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0.10) x 1077 M. We believe this is the first report on the binding kinetics for TNFa-antibody
recognition in the homogeneous phase. Using this technology, we have shown that controlled
experiments can be performed to gain insight into molecular mechanisms involved in the immune

response.

1. Introduction

Cytokines play important roles in regulating the host’s responses
to infection. They are involved in immune responses, inflam-
mation, and trauma. Some proinflammatory cytokines weaken
the disease whereas other anti-inflammatory cytokines serve to
reduce inflammation and facilitate healing. Tumor necrosis
factor (TNFa) is one of the important immunity-modulating
cytokines secreted by several cell types (macrophages, T cells, B
cells, endothelial cells, fibroblasts, and cardiomyocytes). It is
required by the human body for defense against infectious
diseases and carcinogenesis. Low concentrations of TNFo may
be important in the host system’s response to stress, but excess
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production appears to be deleterious to the host and causes
various autoimmune diseases. TNFa receptors (TNFR1 and
TNFR2) with multiple high affinities on specific cell surfaces'?
can mediate the biological activities of TNFa by activating
diverse signaling pathways or regulating cell survival, prolifera-
tion, differentiation, or death. Structurally, TNFa forms multi-
meric complexes and the biologically active native form is
reportedly a trimeric form in solution. However, soluble bioac-
tive 51 kDa trimeric TNFa protein tends to slowly dissociate into
monomeric subunits at concentrations below the nanomolar
range, thereby losing its bioactivity.?

Certainly, detection of abnormal concentrations of TNFa often
indicates the presence of various cancers or disease. Numerous
reports have demonstrated the role of TNFoa as a proin-
flammatory cytokine, and pointed out the increasing TNFo
expression levels in pre-cancerous and tumor cells which were
frequently associated with the progression of malignant diseases.
Blocking TNFa has been highly successful in patients with auto-
inflammatory diseases,*® such as rheumatoid arthritis, anky-
losing spondylitis, Crohn’s disease, septic shock, inflammatory
bowel disease, or graft-host disease. In order to treat these
inflammatory diseases, previous researchers have reported the use
of TNFa antibodies (anti-TNFa) and soluble TNFa. receptors
(TNFR), which interfere with the activities of TNFa molecules.

Owing to the extreme low cytokine concentrations in the
physiological environment, an ultrasensitive detection system
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possessing  single-molecule detection under homogeneous
conditions is required. Among fluorescence-based techniques,
fluorescence correlation spectroscopy (FCS) is a suitable optical
method for investigating the binding kinetics of TNFa and its
antibody in minute concentrations. FCS is based on temporal
correlation of the intensity fluctuation of fluorescent molecules
diffusing in and out of an illuminated focal volume. By analyzing
the correlation curves of FCS, one can determine the number of
molecules and diffusion times in the confined volume.”® The
FCS technique has been extensively applied to the study of
measurements of molecular diffusion coefficients,*!* molecular
pH-dependent relaxation dynamics of enhanced green fluores-
cent proteins (EGFPs),"* protein folding dynamics,'” and
conformational changes of nucleic acids.'® Not only can FCS be
used in the chemical kinetics and dynamics of the solution phase,
but it can also be used to investigate the diffusion behavior in cell
membranes,'” in the cytosol,’® and the nucleus.'* However, FCS
can only differentiate diffusion coefficients that have at least
a factor difference of 1.6,>° which corresponds to a 4-fold
difference in molecular weights. To overcome this limitation,
Eigen and Rigler?! first proposed the concept of fluorescence
cross correlation spectroscopy (FCCS) which is performed by
correlating the intensity fluctuations of two different molecular
species. Its ensuing biomedical application was reported by
Schwille et al.,** who demonstrated the DNA-DNA hybridiza-
tion kinetics by using FCCS.

Real time monitoring of biospecific interactions is important
for studying the interaction among biomolecules and under-
standing the relationships between their structures and func-
tions.?** Biotin and streptavidin molecules are typically chosen
as an ideal system to demonstrate ligand-receptor interactions
due to their high binding association constant (K.q = 10" M~')*
and a slow dissociation rate constant for biotin (ko = 5 x 107°
s71). Recently, FCS had been applied to investigate the protein—
receptor interactions in biophysical and biochemical processes
in vitro. Varghese et al*” studied the binding of IgG and Fab
fragment of anti-IgG molecules and estimated the dissociation
binding constant (Ky) of 15 4+ 2 nM using dual color fluorescence
FCCS. Fujii er al.®® developed a method for the detection of
prion protein and measured the dissociation binding constant
(Ky), which was close to 10~ M (at 25 °C), using FCS and FCCS.
These studies show that the equilibrium constants of these
binding reactions are close to the order of 10°-10'"' M~!, which
represent a high binding affinity, to form the most stable
complexes. Nevertheless, the detection limit of FCCS is also
highly related to the small k¢ of the binding pair.

Although different quantitative results of TNFa in biological
fluids can be obtained using bioassay and immunoassay, few
studies have reported the kinetic analysis of TNFa. More
recently, the technique of surface plasmon resonance (SPR) has
been utilized to investigate the binding kinetics of TNFa and its
antibody at the solid-liquid phase. Battaglia et al* studied the
binding kinetics in TNFa and anti-TNFa, and reported an
equilibrium dissociation constant of 1.22 x 10~ M. On the other
hand, using a quartz crystal microbalance biosensor integrated in
a flow injection analysis system, Liu et a/3° identified the equi-
librium dissociation constant as 2.3~5.4 x 10~7 M for antigen
and antibody interactions. It was close to the value given by
Huang et al,** who used an Ag nanoparticle biosensor and

quantitatively evaluated the binding kinetics using localized
surface plasmon resonance spectra (LSPR). Nevertheless,
information on the binding kinetics in cytokine and cytokine
inhibitor for anti-cytokine therapy is lacking, especially for that
in homogeneous solutions.

Using fluorescence spectroscopy, we successfully investigated
the TNFa vs. the anti-TNFa binding assay and real time binding
kinetics. We described how to purify the dye-labeled conjugates
and characterize the binding kinetics quantitatively in homoge-
neous solution using dual color one-photon fluorescence cross
correlation spectroscopy.

2. Experimental
2.1 Materials

The labeling dyes, Alexa Fluor 488-TFP ester and Atto647N
NHS ester, were purchased from Invitrogen. Rat TNFa and
purified anti-rat TNFa used in the studies were purchased from
Cytolab (Peprotech Inc) and Biolegend. In the labeling reaction,
reactive dye was dissolved in anhydrous DMSO to enhance
the labeling efficiency. Stock TNFa solutions were stored at —20
°C and reconstituted in sterile water to the concentration of
1 mg mL~".

Conjugation of TNFa and anti-TNFa. In this work, we labeled
the recombinant TNFa with amine reactive Alexa Fluor
488-TFP ester (MW 885 Da) and Atto647N NHS ester (MW 843
Da). Alexa Fluor 488 reactive dyes have a TFP ester moiety that
is more stable in solution than the commonly used succinimidyl
NHS ester. TFP ester reacts efficiently with the primary amine
group of TNFa proteins to form a stable dye—protein conjugate.
The Atto647N NHS ester also reacts with anti-TNFao to form
a conjugate. After conjugates formed, both reactions were
blocked by changing the buffer to normal PBS, pH 7.4, by
dialysis in a refrigerator at 4 °C.

Purification of dye-labeling conjugates. To avoid hydrolysis
during the labeling reaction, the excess free dyes from the labeled
proteins were removed using dialysis (3k membrane, according
to the instructions of the manufacturer) in phosphate buffer
saline (PBS, pH 7.4) at room temperature. The mixtures were
then dialyzed overnight at 4 °C against PBS. To separate the
free dyes and unlabeled proteins, the mixtures were then
purified from reactants using a size exclusion analytical column
(BioSep-SEC 2000, Phenomenex) with a guard cartridge. After
purification, the conjugates were concentrated using a 10k ultra-
filtration membrane (Millipore, USA). For long storage, the
conjugates were divided into small aliquots and frozen at —20 °C
to avoid repeated freezing and thawing.

Immunoblot analysis. The binding of TNFa to antibodies was
performed using the immunoblot technique, Dot Blot method.
Here, the reconstituted TNFo and Alexa488 labeled TNFa were
spotted directly to the nitrocellulose membrane in various
concentrations. Following the blocking with BSA in PBS/Tween-
20 (PBST), either pure antibody or Atto647N labeled antibody
was incubated separately for 1 h at room temperature. After
extensive washing with PBST, the membranes were incubated
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with sheep polyclonal anti-mouse antibody (abcam)-HRP
conjugated, for 1 h at 1 : 5000 dilutions. After extensive washing,
the filters were developed with an enhanced chemiluminescence
(ECL) kit for 1 min, following the procedure described by the
manufacturer.

Spectroscopy. Steady-state spectra were acquired with
a DUB800 UV spectrometer (Beckman) and Cary Eclipse Fluo-
rescence spectrometer (Varian). Time resolved fluorescence
decay curves of the conjugates were collected using a time
correlated single photon counting system (IBH Company, UK).
For fluorescence lifetime measurements, the samples placed in
the sample chamber were excited at 470 nm with a 1 MHz, ~200
ps wide pulse. Emission photons were first selected by a mono-
chromator (Seya-Namioka type, 200-800 nm) before being
detected by the photomultiplier tube module (TBX-04 from IBH,
Glasgow, UK) containing the preamplifier and the constant
fraction discriminator.

2.2 Experimental setup for single-photon FCS and FCCS

Fig. 1 shows the experimental apparatus. The single-photon FCS
and dual-color FCCS experiments were performed with an
inverted microscope (Olympus IX71, Tokyo, Japan). The exci-
tation light sources with pulse durations of 50 picoseconds and
a repetition rate of 20 MHz for 470 and 635 nm diode lasers
(Picoquant GmbH, Berlin, Germany) were combined by a dual
line beamsplitter (F53-470, AHF analysentechnik AG) and then
introduced into a polarization-maintaining single mode fiber to
shape both excitation beams into Gaussian beams. The output
beams were then collimated and reflected by a galvanometer
scanner of FV300 (Olympus, Tokyo, Japan) and introduced into
the microscope. To avoid cross-talk in the time and spectral
domains between the two detection channels, 470 nm laser pulses
were electronically delayed by 16 ns with respect to the 635 nm
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1 60X NA 1.2 Q
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Fig. 1 Schematic diagram of dual-color one-photon fluorescence cross
correlation spectroscopy.

laser pulses. A proper dichroic beamsplitter (FF662-FDi0l,
Semrock) and bandpass filters (FF01-536/40, Semrock, for green
channel and HQ-685/70M, Omega Optical, for red channel) were
then used to minimize the emission spectral overlap. The 60x
water immersion objective of NA 1.2 (Olympus, Tokyo, Japan)
was utilized to focus the excitation beams and to collect fluo-
rescence signals from these dye-labeled molecules. A 100 um
confocal pinhole was used to reject out of focus fluorescence. The
overall fluorescence signals were acquired by two single photon
avalanche photodiodes (APD) (Micro Photon Devices, Bolzano,
Italy). The TTL outputs of these two APDs were then coupled
into a time correlated single photon counting (TCSPC) device
(PicoHarp300, Picoquant GmbH, Berlin, Germany), and latter
FCS and FCCS analyses were performed with Symphotime
software 5.0 (Picoquant GmbH, Berlin, Germany). To determine
the effective volumes of the dual color one-photon FCCS system,
calibration of the effective focal volumes for auto correlation and
cross correlation curves was achieved by measuring the FCS
curves of the fluorescent dyes of Alexa488 and Alexa633 (Invi-
trogen) for green and red channels, respectively.

Furthermore, in the FCS and FCCS measurements, coverslips
of the sample holders were thoroughly cleaned by sonication in
methanol and ultrapure water (Millipore) for 30 min, blocked
with 2% BSA to reduce non-specific binding, and subsequently
stored in PBS solution prior to sample preparation. All
measurements were conducted at room temperature.

2.3 Theory of FCS and FCCS

Fluorescence correlation spectroscopy measures the fluctuations
of fluorescence intensities of low-concentration diffusing mole-
cules (typically at nanomolar concentrations) within a small focal
excitation volume and analyzes the fluctuations using the
temporal correlation function to extract molecular mobility and
chemical kinetics. At equilibrium, the fluorescence fluctuates
about a mean value because of individual molecules diffusing in
and out of the focal volume; the fluctuation 6F(z) of the fluo-
rescence intensity F(¢) is defined with the normalized autocorre-
lation function G(r) as

(6F(t)-0F(t + 1))
(F(0)’
where (F(r)) is the time averaged fluorescence intensity and
0F(t + 7) is the fluctuation at a given time (z + t) defined as the
difference between F(7) and (F(7)), 7 is a lag time. Similarly, the

cross correlation function G(t) of two fluorescent species, i and
Jj» is described as

G(r) = ()

(0Fi(1) - 0F;(1 + 1))
(Fi(1))(F(0))

where (F(7)) and (F(r)) are the time averaged fluorescence
intensities of species i and j and 0F(#) and 0Fj(t + t) are their
fluctuation at time ¢ and (¢ + 7). In this study, these two fluo-
rescent species correspond to Alexa 488 labeled TNFa and the
Atto647N labeled antibody.

The autocorrelation function decays with time 7, and the shape
of the decay and the characteristics of the decay time are related
to the mechanisms and rates of the processes that generate the
fluctuations of fluorescence. For molecules diffusing freely within

Gy(v) = @
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an excitation/detection volume of Gaussian shape, the normal-
ized autocorrelation function is described as’

1 1 1
Verr (C) <1+i) 1Lt
T

D Dk2

G(r) = 3)

where 1p is the average diffusion time of the fluorescent mole-
cules, Vg is the effective detection volume (Ve = m¥2wgzo,
where wy and z, are the 1/¢* of the radial and axial radius of the
laser, respectively), (C) is the average concentration of molecules
in the detection volume, and k is the eccentricity of the confocal
volume (k = zo/wy). Accordingly, the amplitude of the autocor-
relation function is inversely related to the average number (N)
of fluorescent molecules in the detection volume; the parameters
(N), tp and k were obtained from the best fit of autocorrelation
curves.

In some cases, the fluorescence of molecules is accompanied
with radiative transitions of dark states, such as triplet states, due
to intramolecular dynamic processes. Because the radiative
transitions of the triplet states that occur at a much slower time
scale could change the correlation trace, they have to be taken
into account. Thus, the autocorrelation function must be modi-
fied to

- ~(1/er)
G(r):[l T+Te™] 1 1 1 @

WL T) e

where T is the fraction of molecules in the triplet state and 7t is
the lifetime of the triplet state. Hence, the amplitude of the
autocorrelation function at t = 0, G(0), is related to the average
number (N) of fluorescent molecules in the detection volume as G
©0) = V[N — D).

For the cross correlation function G(r) that compares the
fluorescence signals of the two fluorescent species i and j at
different lag times, 7, the equation is given by*?

(Cy) 1 1

~Va((C) +(G))((G) +(Cy) (HL) 14~

'L'Dk2

)

where (C;), (C;), and (C;) are the concentrations of the fluores-
cent species i, j and bound molecules #j, respectively. The
amplitude of the cross correlation curve at lag time t = 0, G(0),
is proportional to the relative concentration of bound species.
The absolute concentration can thus be calculated from G;(0)
according to the equation

Gy(t)

G;(0)
Verr (Gi(0) + G;(0))

(Cyj) = (6)
where G,(0) and G(0) are the amplitudes of the autocorrelation
functions of fluorescent species 7 and j at time © = 0, respectively.

In addition to molecular concentrations, the diffusion coeffi-
cient D of diffusing molecules can be calculated from the fitted
diffusion time tp according to the equation tp = wy*/4D for one-
photon excitation. With the given temperature 7, the known
viscosity 7 of the medium, and the Boltzmann constant kg, the
hydrodynamic radius Ry, of the diffusing molecules can be eval-
uated using the Stokes—FEinstein equation:

kT
" 6mnRy

@)

3. Results and discussion
3.1 Characterizations

In our study, we analyzed the interaction of antigen and its
respective antibody. The mobility of the immune complex was
also determined with the kinetic parameters. Fig. 2A shows the
schematic structures of the immune complex. In the case of the
immune reaction by fluorescently labeled TNFa and the anti-
body, the slow diffusion of the dual color labeled TNFo—anti-
TNFa complex can be further observed by monitoring the
variation of the FCCS signals.

Purification of the fluorescently labeling conjugates. In the dual
color FCCS experiments, the presence of the free dyes and/or
unlabeled proteins greatly diminished the amplitude of the cross
correlation function. Therefore, accurate purification of the
conjugates was necessary. In the conjugation, the TNFa was
labeled with amine reactive Alexa Fluor 488-TFP ester and anti-
TNFa was labeled with Atto647N NHS ester. Both Alexa488-
labeled TNFo and Atto647N-labeled anti-TNFa were purified
with size exclusion HPLC. In order to determine precisely the
size of the TNFa and the antibody, a series of proteins (the range
of MW of 2000 kDa to 16 kDa) were run as size markers
(Fig. 3a). Alexa488 labeled TNFa and Atto647N labeled anti-
TNFa were purified and analyzed by gel filtration chromatog-
raphy performed on a size exclusion column (BioSep-SEC-S2000
column), as shown in Fig. 3b. From the chromatogram, native
TNFa was eluted from the column in the fraction between
conalbumin (75 kDa) and ovalbumin (43 kDa), indicating that
the protein is thought to be trimeric in solution. Finally, purified
Alexa488-TNFa and Atto647N-anti-TNFa were eluted in the

A Recognition

Alexa-488-TNFa Atto-647-antl-TNFa

dis ¢ XX = a
T R |

N

B Native-TNF¢ Alexad88-TNFo a b
0.005 g 0.005 pg
0.01 pg 0.01 pg
0.05 pg 0.05 pg I I
0.1pg 0.1 pg

Fig. 2 (A) Binding assay of the fluorescent labeled TNFa and the anti-
TNFa. (B) Measurements of binding affinity by Dot Blot analysis by
using anti-TNFa to either native TNFo or Alexa488 labeled TNFo at
various concentrations; column ‘a’ represented the TNFa at concentra-
tions at 0.005, 0.01, 0.05 and 0.1 pg and column ‘b’ represented the
Alexa488 labeled TNFa at 0.005, 0.01, 0.05 and 0.1 pg from top to
bottom, respectively.
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Fig. 3 Size characterization and gel filtration chromatogram of labeled
and unlabeled Alexa488-TNFa and Atto647N-anti-TNFa molecules. (a)
The size determination of TNFa and anti-TNFa was achieved by gel
filtration chromatography on BioSep-SEC-S2000 column. This column
was equilibrated with PBS, 1 mL min~', and calibrated with the following
proteins (5 pL of a concentration of 1 mg mL~" protein loaded) were
analyzed using 10 mM PBS, pH 7.5, as an elution buffer): blue dextran
2000 (2000 kDa), ferritin (440 kDa), aldolase (158 kDa), conalbumin (75
kDa), ovalbumin (43 kDa), human leptin (16 kDa), and Alexa488 dye
(885 Da). (b) Gel filtration chromatogram of the labeled and unlabeled
Alexa488-TNFa and Atto647N-anti-TNFa, and free dyes.

6.79 mins and 6.5 mins fractions, respectively, and separated
from the free dyes.

Binding affinity. To characterize the binding affinity, the anti-
TNFa and Atto647N labeled anti-TNFa were examined for their
binding to either TNFa or Alexa488 labeled TNFa by Dot Blot
analysis. Fig. 2B shows the results. Non-labeled native TNFa at
different concentrations revealed a higher binding affinity to its
antibody than fluorescently labeled TNFa. This was determined
by comparing the dot signal intensities between Alexa488-labeled
TNFa and native TNFa. According to our data, the fluorescent
labeling process significantly reduced the binding affinity of the
TNFa, which was, presumably, induced from subtle changes in
the tertiary structure (conformational change), hydrophobicity
or surface charge of the TNFa, at least for the region of the
binding site for the antibody.

Fluorescence spectra. Fig. 4 shows the steady state spectra of
the conjugates. The figure displays the normalized emission
spectra of each conjugate that is similar to the free dye. This
suggests that the potential energy surfaces of the conjugates are
similar to those of the free dyes after fluorescently labeling.
Time resolved fluorescence lifetime measurements were also
recorded. The lifetime of the Alexa488 labeled TNFa conjugates
is 4.08 ns, which is shorter than the lifetime of the free Alexa488
dye. Even when the combination of the Alexa488-TNFa with
Atto647N labeled anti-TNFa occurs, the lifetime of this
immune complex is as the same as that of Alexa488-TNFa
alone.

101a —— Free atto647N dye
0.8 -| Purified atto647-anti-TNFa

PL

0.4

T T T T T
625 650 675 700 725 750 775 800

1.0
b —— Free alexa488 dye

0.8 1 Purified alexa488-TNFa

0.6

PL

0.4
0.2

0.0 -
T T T T T T T T T T T T
475 500 525 550 575 600 625 650 675 700 725 750 775 800
Wavelength / nm

Fig. 4 Fluorescence spectra of free dyes and their conjugates. The top
plot is recorded for the fluorescence spectra of Atto647N dye and
Atto647N-anti-TNFa-conjugated excited at 600 nm, and the bottom
layer is for the Alexa488 and Alexa488-TNFa-conjugated excited at 470
nm, respectively.

3.2 Fluorescence correlation spectroscopy and fluorescence
cross correlation spectroscopy

In order to accurately record the diffusion time of the diffusing
species, the proper confocal volumes at the focal points for 470
and 635 nm could be obtained by carefully adjusting the collar
ring of the objective lens. In our detection system, the
detection conditions were optimized by the structure parameter
(k = zo/wg). Using the well-calibrated diffusion coefficient (D)
430 pm? s~! for the green channel,? and 340 pm? s~! for the red
channel,*® we found that the structure parameters of the green
and red channels were 6.129 and 5.331 by fitting the FCS data
with eqn (4), respectively. Based on these parameters, we calcu-
lated the effective volume of the green and red channel to be
0.433 £+ 0.009 fL and 0.795 + 0.015 fL, respectively. The corre-
sponding effective volume for dual color excitation was calcu-
lated as 0.607 £ 0.006 fL according to ref. 22.

Single color FCS was then employed to study the diffusion
coefficients of Alexa488 labeled TNFo and Atto647N labeled
anti-TNFa using 470 nm and 635 nm lasers, respectively. Fig. 5
shows the autocorrelation traces for Alexad488-TNFa and
Atto647N-anti-TNFa. The observed diffusion coefficients of the
green and red channels were 100.06 + 4.9 pym? s~ and 48.96 +
2.52 um? s7', respectively. In the analysis, the hydrodynamic
diameter 2Ry, values of the Alexa488-TNFa and Atto647N-anti-
TNFa are approximately 4.89 + 0.24 nm and 9.99 + 0.52 nm,
respectively, which are similar to the mean size of non-labeled
TNFa (~5.20 £+ 1.23 nm) and non-labeled anti-TNFa (~9.28 £
0.86 nm). These sizes were determined using light scattering
(DLS) equipment (Zetasizer Nano ZS, Malvern Instruments,
UK). The findings indicate that the fluorescent labeling process
does not significantly influence the hydrodynamic diameter of
these proteins.

From previous reports, as pointed out by Jones ez al.,** the
three-dimensional crystal structure of human TNFa was

This journal is © The Royal Society of Chemistry 2011
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O alexa488 dye
alexa488-labeled TNFo

0 atto647N dye
> atto647N-labeled anti-TNFa

Lag time :/ ms

Fig. 5 (a) Autocorrelation curves of Alexa Fluor 488-TFP ester and
labeled-TNFa conjugate excited at 470 nm. (b) Autocorrelation curves of
Atto647N NHS ester and labeled-anti-TNFa conjugates excited at 635
nm. The line represents the best fit of experimental data; the diffusion
coefficients D derived from fitting results are 100.06 £+ 4.9 and 48.96 +
2.52 ym? s7' for Alexa488-TNFa and Atto647N-antiTNFa antibody,
respectively.

determined to be a compact conical-shaped trimer with an
approximate length of 5 nm and maximum breadth 4.5 nm. Our
results using chromatography, FCS and DLS measurements all
demonstrated that TNFa or Alexa488 labeled TNFa exist in
a trimeric form in solution, which is consistent with previous
observations from the X-ray crystallographic study of human
TNFa. As such, our FCS measurements offer information about
the nature of the hydrodynamic diameter of Alexa488-labeled
TNFa in a free diffusion state.

3.3 Kinetic analysis of TNFo and anti-TNFa using FCCS

Even though there are two antigen binding sites per antibody, the
relatively large molecule size of TNFa (trimeric conformation) at
ca. 5 nm renders steric hindrance to allow only one TNFa bound
to its antibody each time. Therefore, a 1-to-1 binding ratio of
TNFa and its antibody is assumed for further calculation of
binding kinetics.

Hereof, the formula for data analysis in the recognition
reaction

A+B & C —— = kon[A][B] — korr[C]

kot

kAL,
keon[Alg + kon[Blo + Kofr

[C(1)] (1 _ e’(kon[A]0+k0|1[B]0+k\\ff)t) (8)
where [A]o, [Blo, and [C] indicate the initial concentrations of
Alexad88-TNFa and Atto647N-anti-TNFa, and the concentra-
tion of the binding pair. In a previous study, we qualitatively
confirmed that the dye-labeled proteins interacted with the
antibody with a weaker affinity as determined by Dot Blot
analysis. To further quantify the change in affinity, we employed
dual color FCCS to investigate the interaction between TNFa
and anti-TNFa. Here, subnanomolar concentrations of each

residual
o
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=]

.
e
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Fig. 6 Time-dependence of cross correlation curves of Alexa488
conjugated TNFo and Atto647N conjugated anti-TNFea and their fitting
residuals. Solid lines represent the best fit of experimental data; the
concentrations of Alexa488 conjugated TNFo and Atto647N conjugated
anti-TNFa are 4.40 nM and 1.88 nM, respectively.

species were mixed to allow binding and the data were collected
for 120 s for each measurement. As shown in Fig. 6, the cross
correlation trace of TNFa and the antibody were recorded
against lag times within ~40 mins to reach equilibrium in the
reaction. The increase in the cross correlation amplitude indi-
cates the growth of the antigen—antibody complex with time.
Furthermore, the concentrations of the bound complex in the
effective volume were also analyzed with respect to time from the
amplitudes of the cross correlation and autocorrelation curves
according to eqn (6). Fig. 7 shows the kinetic fitting curve of the
bound complexes of Alexad488-TNFa and Atto647-anti-TNFo
with the initial concentrations of 3.66 and 1.90 nM, respectively.
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Fig. 7 Concentrations of Alexa488 TNFa/Atto647 anti-TNFa
complexes at different reaction times calculated from the amplitudes of
cross correlation and autocorrelation curves according to eqn (8). The
initial concentrations of Alexa488 TNFa and Atto647 anti-TNFo are
3.66 and 1.90 nM; the solid line represents the best fit of experimental
data. Average association (k,,) and dissociation (k.g) reaction rate
constants are (1.13 &+ 0.08) x 10* M~' s~! and (1.53 + 0.19) x 1073 s7!,
respectively; the corresponding equilibrium dissociation constant (Ky) is
(1.36 +£ 0.10) x 1077 M.
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Table 1 Comparison of the reaction rates (k,, and ko) and equilibrium dissociation constants (Ky) for the TNFa and anti-TNFa

Source kon/M~! 571

km‘f/571 Kd/M

FCCS/This study (1.13 £ 0.10) x 10*

SPR/Z8 antibody“ 470 + 9.98
SPR/Z12 antibody” 462 + 12.5
Fiber optics SPR’ —

LSPR® 128

(1.53 £0.19) x 10
(1.08 £ 0.08) x 10~ (2.31 £0.12) x 107
(2.49 £ 0.22) x 10-* (5.42 + 0.49) x 107
— 122 x 10°°
118 x 107 5.88 x 107

(1.36 £ 0.10) x 107

@ Ref. 30: Sens. Actuators B, 2004, 99, 416. ” Ref. 29: Anal. Chem., 2005, 77, 7016. ¢ Ref. 31: J. Am. Chem. Soc., 2008, 130, 17095.

Here, the experimental data were then calculated using eqn (8) to
obtain the association (k,,), dissociation (k.g) rate constants,
and equilibrium dissociation constant (Ky). The results were
(1.134+0.10) x 10*°M~'s", (1.53 £ 0.19) x 10 s, and (1.36 +
0.10) x 107 M, respectively. The variability observed is small
and demonstrates that the platform is reliable. However, the
results from previous published reports from several laboratories
given in the Table 1 showed that the equilibrium dissociation
constant (Ky) was (2.31~5.42) x 1077 M3® and 5.88 x 107 M,3!
the kop was (1.3~4.7) x 10> M~'s71,3%31 and k¢ was (1.08~2.94)
x 107* 713931 Obviously, our kinetic analysis shows slightly
larger kon, kofr, and Ky values than those reported in heteroge-
neous environments, which are displaying relatively slower
association and dissociation rates. This discrepancy can most
likely be explained by two factors; one is that the smaller asso-
ciation constants, k,,, obtained from SPR and LSPR methods,
were due to depletion of the reactants close to the surfaces, and
another is that the slower dissociation constants, kg, by SPR-
related methods, was limited by mass transport.>® However,
Battaglia et al. reported different K4 values of 1.22 x 107° M,
based on SPR, which was approximately 100-fold lower than our
results. The lack of consistency in the quantitative relationship
between SPR-relative reports suggests that the observed kinetic
parameter variability is likely attributable to being heteroge-
neously dependent in liquid-solid interfaces or the concentration
of the surface-immobilized antigen.3¢

We further considered if the fluorescence resonance energy
transfer (FRET) between the two labeled dyes or the brightness
changes of the dyes upon protein binding might affect the
accuracy of our FCCS analysis. Although the emission spectrum
of Alexa488 partially overlaps the absorption spectrum of
Atto647N, FRET efficiency is also greatly determined by other
two factors: one is the distance, and the other is the dipole
moment between donor and acceptor for the non-radiative
energy transfer to occur. In consideration of the molecular size of
TNFa (ca. 5 nm) and its antibody (ca. 10 nm), their combined
steric effect likely results in the distance between the two labeled
fluorescence dyes in the binding complexes of TNFa-488-anti-
body-647N larger than 10 nm. Such a spatial separation between
donor (Alexa488) and acceptor (Atto647N) greatly decreases
their FRET efficiency. It is further evident by the lack of cross
correlation that was observed between the autocorrelation
functions of green and red channels of the binding complexes
while using 470 nm laser for excitation (data not shown). Given
that, the FRET efficiency in the dual-labeled binding complexes
should be extremely low. Furthermore, according to the
K4 values measured in the FCCS experiment, only less than 2%
binding complexes formed in the mixture of unbound TNFa and

unbound antibody. Thus the brightness changes upon protein
binding could not be observed. It is worth noting that our
measurement is the first report on the binding kinetics for the
anti-TNFa in the homogeneous phase. Our investigation found
the recognition of TNFa and anti-TNFa in a free diffusion state
mimicking the real immune reaction.

Conclusions

In summary, we have demonstrated for the first time a quanti-
tative approach to real time investigation of the biospecific
recognition of fluorescently labeling TNFa and anti-TNFa
antibody. We determined the kinetic rate constants and
K4 values in a homogeneous system mimicking the real immune
reaction using dual color fluorescence cross correlation spec-
troscopy. Combining the FCCS and implantable microdialytic
porous devices, the present work with FCCS can be further
extended to measure the in sitru dynamics of TNFa induction in
cerebrospinal fluid following spinal cord injury (SCI). It is clin-
ically important to comprehend the temporal profile of proin-
flammatory factor induction following SCI; the investigation
using FCCS for this purpose is currently undergoing.
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