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ABSTRACT Optical tweezers-assisted dynamic force spectroscopy is employed to investigate B
specific receptor—ligand interactions on the level of single binding events. In particular, we analyze
binding of the phosphorylation-specific monoclonal antibody (mAb) HPT-101 to synthetic tau-peptides
with two potential phosphorylation sites (Thr231 and Ser235), being the most probable markers for
Alzheimer's disease. Whereas the typical interpretation of enzyme-linked immunosorbent assay (ELISA)
suggests that this monoclonal antibody binds exclusively to the double-phosphorylated tau-peptide, v
we show here by DFS that the specificity of only mAb HPT-101 is apparent. In fact, binding occurs also T
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to each sort of monophosphorylated peptide. Therefore, we characterize the unbinding process by
analyzing the measured rupture force distributions, from which the lifetime of the bond without force
Ty, its characteristic length x;, and the free energy of activation AG are extracted for the three mAb/peptide combinations. This information is used to build
a simple theoretical model to predict features of the unbinding process for the double-phosphorylated peptide purely based on data on the
monophosphorylated ones. Finally, we introduce a method to combine binding and unbinding measurements to estimate the relative affinity of the bonds.
The values obtained for this quantity are in accordance with ELISA, showing how DFS can offer important insights about the dynamic binding process that

are not accessible with this common and widespread assay.
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Alzheimer's disease

onoclonal antibodies (mAbs) were
Mﬁrst produced in vitro by Kohler
and Milstein’ in 1975. However,

their medical application in the late 1980s
initially failed, since the treatment of pa-
tients with murine antibodies was often
associated with allergic reactions and the
induction of anti-drug antibodies.? Two
decades of advances in genetic engineering
changed this situation, and mAbs are nowa-
days widely used as medical agents (e.g.,
in the treatment of cancer using antibody
drug conjugates,®~® rheumatoid arthritis,®
Crohn's disease, multiple sclerosis, prophy-
laxis for transplant rejection?). The key fea-
ture of mAbs-based therapies is the targeted
administration of highly potent drugs in
combination with the reduction of negative
side-effects to healthy tissue due to so-called
cross reactions. To achieve this goal, a high
target selectivity (or specificity) of the used
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mAb is imperative,* meaning that the anti-
body must bind only to the disease-specific
marker, whereas no cross reactivity to other
tissue should occur.

Apart from their applications in drug de-
livery, mAbs are also being used and devel-
oped as diagnostic tools in immunohisto-
chemistry®'® and flow cytometry.'" In the
context of neurodegenerative diseases (e.g.,
Alzheimer's disease), when symptoms are
heterogeneous or their initial manifestation
is ambiguous and can be mistaken with that
of other conditions,'? the specificity of mAbs
can be of invaluable help for the early detec-
tion of the disease.

In Alzheimer's disease the microtubule-
associated tau protein becomes hyper-
phosphorylated and self-associates to form
paired helical filaments (PHF). In a healthy
brain tau promotes the assembly and stabi-
lization of neuronal microtubules and plays
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a crucial role in neurogenesis and axonal transport as
well as in axons' maintenance.'>'® After the formation
of these PHF—tau complexes, they aggregate in neuro-
fibrillary tangles in the cortical brain areas, which are
essential for cognitive function, and this is found to be
one of the pathological characteristics of Alzheimer's
disease.® In recent years, the physical and chemical
properties of these tau aggregates have been intensively
studied in simulations'®~'® and experiment.'*?°~% How-
ever, a link between self-aggregation, phosphorylation
pattern, and the cause as well as the progress of Alzhei-
mer's disease is still missing.'®?* Nonetheless, mAbs can
be used for the histological detection of Alzheimer-specific
phosphorylated tau-peptides and even to discriminate
between different phosphorylation patterns. As for the
drug delivery applications, a high target specificity of the
antibody must be guaranteed in this case, too.

In a previous study'° the phosphorylation-dependent
mAb HPT-101 was produced, and its specificity to
different synthetic tau-peptides was determined using
the enzyme-linked immunosorbent assay (ELISA).
Interestingly, these assays showed that mAb HPT-101
binds specifically only to the epitope of the double-
phosphorylated peptide tau226—240[pThr231/pSer235]
comprising the amino acids from position 231 to 236.
Cross reactions to monophosphorylated peptides with
the same amino acid sequence were not observed,
although the epitope differs only by a single isolated
phosphorylation site.'®

Despite its outstanding performance in screening
applications, a fundamental understanding of the dy-
namic binding process is not accessible with ELISA
measurements, since it provides only a static, equili-
brated picture. However, to comprehend the overall
receptor—ligand interaction (e.g., specificity of the mAb),
more details about the binding kinetics are required.
In this paper we demonstrate with the help of single-
molecule analysis that cross reactions between the
mAb HPT-101 and the monophosphorylated peptides
tau226—240[pThr231] and tau226—240[pSer235] do
occur. The receptor ligand bond is characterized with
optical tweezers-assisted dynamic force spectroscopy
(OT-DFS),*"% and kinetic bond parameters are ex-
tracted. Using the on-rate and off-rate from our measure-
ments, we calculate the relative affinity of mAb HPT-101
to all three peptides (one double-phosphorylated, two
monophosphorylated). The highest affinity is observed
for the double-phosphorylated peptide, in accordance
with ELISA measurements. Additionally, we propose a
simple model to calculate the binding characteristics for
the double phosphorylated peptide by combining the
data from the monophosphorylated ones, providing a
deeper understanding of the bond origin.

RESULTS AND DISCUSSION

mAb HPT-101 Shows Cross Reactivity: Binding Frequencies.
To measure the interaction between the three different
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Figure 1. Temporal evolution of a typical approach—retraction
cycle. To establish the binding, the colloids are approached
toward each other until a force of 5 & 2 pN is reached. After one
second of contact they are pulled apart with a preset velocity.
Due to the interaction between receptor and ligand, the particle
in the optical trap is deflected from its equilibrium position,
until the rupture of the binding can be observed (rupture
force). (Inset) Experimental configuration. The particle coated
with the mAb HPT-101 is kept in the optical trap. The mAbs
are orientated by use of protein G. The particle covered with the
respective tau-peptide is fixed at the tip of a micropipet by
capillary forces.

tau-peptides and the mAb HPT-101, we trap a single
peptide-coated particle with our optical tweezers and
bring it in the vicinity of the custom-made micropipet.
This colloid is fixed on the tip of the pipet by capillary
forces. Next, a second colloid covered with the mAb is
captured and placed in close proximity of the immo-
bilized bead on the pipet (inset in Figure 1). Using
a custom-made LabView program, both particles are
approached until a force of 5 + 2 pN is reached and
retracted with a distinct velocity after one second of
contact time. If a bond has formed, the particle in the
optical trap is displaced out if its equilibrium position
until the rupture force is exceeded. At this force the
bond breaks and the particle snaps back into its initial
position (Figure 1).

In order to determine the relative binding frequen-
cies hg of the interaction between mAb HPT-101 and
the tau-peptides tau[pThr231/pSer235], tau[pThr231],
and tau[pSer235], we count the number of binding
events in at least 30 approach—retraction cycles per
colloid pair. For every interaction, five pairs of colloids
have been investigated. Figure 2 shows the median
binding frequency of each interaction. The error bars
constitute the median standard deviation, which is
caused by variances of the coating densities of indivi-
dual colloids from one batch. Unspecific interactions
(e.g., interactions between particles covered with
mAbs/peptide and uncoated particles as well as be-
tween particles covered with tau-peptides and parti-
cles coated only with protein G) are called background
events. With a binding frequency below 2% they are
found to be negligible. The number of detectable
multiple rupture events is determined to be lower than
2% (see Materials and Methods).
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Figure 2. Median relative binding frequency hg of mAb
HPT-101 to the peptides (1) tau[pThr231/pSer235], (2) tau-
[pThr231], and (3) tau[pSer235]. For each interaction, five
different pairs of colloids have been analyzed with regard
to the binding frequency in 30—100 approach—retraction
cycles. The error bars correspond to the median standard
deviation.*’ The background value (4) constitutes interac-
tions that are not caused by a binding between receptor
and ligand.

The highest binding frequency of hg = 0.31 £ 0.08
is observed for the interaction of the mAb with the
biphosphorylated peptide tau[pThr231/pSer235]. The
monophosphorylated peptides tau[pThr231] and tau-
[pSer235] also bind with similar frequencies of 0.20 +
0.12 and 0.15 + 0.04, respectively. According to ELISA,
mAb HPT-101 binds exclusively to the biphosphory-
lated peptide tau[pThr231/pSer2351.'° Although the
highest binding frequency has been observed for this
interaction, our single-molecule approach shows also
an appreciable binding of mAb HPT-101 to the mono-
phosphorylated peptides. Therefore, the supposed
specificity of mAb HPT-101 to the biphosphorylated
peptide cannot be confirmed by our approach. How-
ever, the binding frequency constitutes a measure
for the relative on-rate only,”® whereas the affinity
of a bond is defined by the association constant K,
which is the ratio between on- and off-rate. Thus, a full
characterization requires the determination of the off-
rate as well, using the procedure described in the next
paragraph.

Dynamic Force Spectroscopy: Determining Bond Parameters.
For the purpose of determining the off-rate ko and
the other binding parameters, we performed DFS
measurements. Therefore, the interactions between
the mAb HPT-101 and the three peptides, each having
a different phosphorylation pattern, are analyzed on
the level of single binding events. The loading rate is
varied in the range 24—98 pN s~' (with an average
error of 12%) for all measurements.

Figure 3a depicts the respective rupture force dis-
tributions at a loading rate of 56 - 7 pN s ' containing
at least 100 binding events for each case. The bin size b
was calculated using Scott's rule:*® b = 3.50/(n)" in
which ¢ is the standard deviation and n the number
of rupture events. It is evident from the data that the
median rupture force is clearly shifted to lower values
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by reducing the number of phosphorylation sites.
The biphosphorylated peptide tau[pThr231/pSer235]
(Figure 3a, top), for which the highest binding fre-
quency (0.31 4 0.08) has been determined, shows also
the highest median rupture force of 42.1 4= 2.0 pN. The
rupture force (Fmedian= 25.5 & 1.5 pN) of the peptide
carrying a phosphorylation at Thr231 (Figure 3a,
middle) follows the trend of the recorded binding
frequencies and decreases by a factor of almost 2.
The weakest interaction (Fedian = 7.2 = 1.0 pN) occurs
between mAb HPT-101 and tau[pSer235] (Figure 3a,
bottom), which is in accordance with our binding
frequency measurements, too. By changing the load-
ing rate a similar trend is observed. The rupture force
distributions show a shift according to the dependence
of the median rupture force on the natural logarithm
of the loading rate (data not shown), as captured by the
DHS model.

To extract binding parameters, we analyze our
experimental data in light of the Dudko, Hummer,
and Szabo (DHS) model. Therefore, we calculate the
discrete function 7(F) from the rupture force distribu-
tion following the instructions as described in Materials
and Methods for all three loading rates using eq 8.
This procedure is applied to the interaction between
mAb HPT-101 and the biphosphorylated peptide tau-
[pThr231/pSer235] and the monophosphorylated pep-
tide tau[pThr231], respectively. Due to the shape of the
rupture-force distribution, the small force close to the
resolution limit of our setup, and the outliers around
40 pN, the transformation into 7(F) of the binding
between mAb HPT-101 and the peptide tau[pSer235]
cannot be done using eq 8. For this case, we use eq 9,
omitting rupture forces above 30 pN. Figure 3b shows
that the force-dependent lifetime z(F) collapses for all
three loading rates onto a single master curve, inde-
pendent of the used peptide. This behavior is expected
from the DHS theory.?' The solid lines correspond to
the fit using eq 6 for v = 0.5. As can be seen from the
plots, good agreement between data and theoretical
prediction is achieved. For reasons of clarity we present
only the fit for v = 0.5, since only minor deviations
occurred for v = 0.66.

Figure 4 provides an overview of the obtained fit
parameters obtained for v = 0.5. For ease of compar-
ison the obtained values for the relative binding
frequency hg (Figure 2) and the median rupture force
{F)median (Figure 3a) are shown again. The longest bond
lifetime with 7, =12.7 & 0.8 s is given by the interaction
between mAb HPT-101 and the peptide tau[pThr231/
pSer235]. This value is 1 order of magnitude larger
compared to the lifetime of peptide tau[pThr231]
(o = 1.55 &+ 0.10 s). Resulting from this, the more
persistent bond reveals also the highest values for the
binding length (x;s = 0.54 £ 0.03 nm) as well as for
the free activation energy (AG = 6.4 + 1.3 kgT). For
these two latter cases the binding of the mAb to the

VOL.7 = NO.12 = 11388-11396 = 2013 “@L@Mi{\)

WWwWW.acsnano.org

11390



(@) (b)

0.03 — . . : : . . . ,
HPT-101 & — 0"*(F) . — (F)for (v=0.5)
Thr231/Ser235 751

9 | = 25pN/s

=002 s0f ° e 56pN/s

g - 98 pN/s

2 001} v 25¢

o]

° 0.0}

0.00 + + + +
0.03} HPT-101 & Thr231 prs -
75l v (F)for (v=0.5)

S

= 0.02} 50k ® 24pN/is

g o) o 56 pN/s

< P = = 81pNis

g © 25}t

E o t\’\‘.ﬁt__.‘_.

° 0.0}

0.00 + + + +
0.04F HPT-101 & Ser235
0.25F « — ®(F)for (v=0.5)

= 0.03}

o ® 25pN/s

£ 002} P = 0-201 ® 40pNis

$ P R & 79pN/s

'*g *

© 001F 0.15}

0.00 . . . .
0 20 40 60 80 0 20 40 60 80
F [pN] F [pN]

Figure 3. (a) Rupture-force histograms of the interaction between mAb HPT-101 and the peptides tau[pThr231/pSer235]
(top), tau[pThr231] (middle), and tau[pSer235] (bottom) at a loading rate of 56 + 7 pN s~ . Each histogram is based on more
than 100 rupture events. The dashed lines illustrate the median rupture forces. The red lines correspond to the theoretical
distribution of rupture forces (eq 7) for the parameters obtained by fitting tpys(F) to the Dudko, Hummer, and Szabo (DHS)
function. (b) Force-dependent lifetime of the interaction from the left side. For each interaction, three different loading
rates are given. For the interaction of mAb HPT-101 with tau[pThr231/pSer235] (top) and tau[pThr231] (middle), the discrete
7(F) functions have been calculated for each loading rate according to eq 8 from the respective rupture-force distribution.
7(F) collapses for all loading rates onto a single master curve, as predicted by the DHS theory. Due to the shape of the rupture-
force distribution, the force-dependent bond lifetime was calculated using eq 9 for the binding between mAb HPT-101 and
tau[pSer235] (right, bottom). The discrete functions for each interaction have been fitted to 7pys(F) (eq 6) for v = 0.5 (red line)
in order to determine the binding parameters 7y, x;5, and AG.
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Figure 4. Relative binding frequency hg, median rupture force (F)eqian lifetime at zero applied force 74, characteristic length
Xts, and free activation energy AG for the interaction between mAb HPT-101 and the tau-peptides (1) tau[pThr231/pSer235], (2)
tau[pThr231], and (3) tau[pSer235] according to the fit of eq 6 (v = 0.5), respectively. For the purpose of a better comparison the
relative binding frequency is shown again. The interaction between mAb HPT-101 and the double-phosphorylated peptide
tau[pThr231/pSe235] shows the highest bond lifetime, followed by the peptide carrying a phosphorylation at Thr231.
The shortest lifetime is represented by the interaction between mAb HPT-101 and tau[pSer235]. For x;s no such trend can be
observed within the range of experimental accuracy. The relative binding frequency and the median rupture force follow the
trend observed for 75, meaning that the highest values are obtained for the binding between HPT-101 and the peptide
tau[pThr231/pSer235].

peptide phosphorylated at Thr231 yields x;s = 0.28 £ with a bond lifetime of 7, = 0.31 4= 0.23 s and potential
0.03 nm and AG = 44 + 0.6 kgT. The interaction depth of AG = 2.4 £ 1.3 kgT. Only the binding length
between mAb HPT-101 and the monophosphorylated (X¢s = 040 £+ 0.16 nm) is comparable to the other
peptide tau[pSer235] shows the weakest interaction ones. In essence, the trend detected for the binding
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frequencies is reproduced, meaning that the strongest
bond occurs for mAb HPT-101 and tau[pThr231/
pSer235], followed by the two monophosphorylated
peptides tau[pThr231] and tau[pSer235], respectively.

Binding of the Double-Phosphorylated Peptide Recalculated
from Data of the Monophosphorylated Ones. Considering
that each monophosphorylated peptide contains the
complementary part of the epitope of the double-
phosphorylated peptide, we propose that the binding
of mAb HPT-101 to the peptide tau[pThr231/pSer235]
can be described as the sum of the interactions of mAb
HPT-101 with tau[pThr231] and tau[pSer235], respec-
tively. This assumption is supported by the fact that
adding up the AG values from the monophosphory-
lated cases results in approximately the free activa-
tion energy of taulpThr231/pSer235] as derived in
the previous section. Following this idea, we try to gain
some qualitative insights into the binding strength
of the double-phosphorylated peptide to the mAb
by assuming that binding occurs via formation of two
single bonds. Each of these independent bonds comes
from the binding of the antibody at the two distinct
phosphorylation sites, an assumption that becomes true
in the limit where the two sites are far apart.

We now interpret this hypothesis within the DHS
model. In the latter, a bond is described by a single
coordinate x moving stochastically on the potential:

1
BV(x) = 5kmx2 if X < Xes; M
—oo if X > X

Equation 1 represents the potential energy of a spring
with elongation x, the spring being perfectly harmonic
up to the limit elongation x5, when it breaks. k., is thus
the spring constant for the respective interaction.
Within this model, one has the following definition
for the free-energy barrier:

PAG = ks’ @

Kramers' equation®? gives the mean-free-passage
time (e.g., the bond lifetime) at zero applied force as

(27[)1/2

m ts

To
where D is the diffusion coefficient for the variable
describing the bond dissociation. Including the effect
of a pulling force, the DHS model uses eqs 1-3 to
derive eq 6, which gives the distribution of rupture
times and hence, via eq 7, the distribution of rupture
forces. 7, Xis, and AG are the only system-dependent
quantities entering in the DHS formula. Under our
initial assumption of two independent binding sites,
these quantities can be calculated for the interaction
between mAb HPT-101 and tau[pThr231/pSer235]
from the values of mAb HPT—101/tau[pThr231] and
mAb HPT—101/tau[pSer235] alone. First of all, since
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each binding is treated as independent, the value
of the molecular spring constant k,, for the single bond
at each phosphorylation site can be calculated by
inverting eq 2 from the known AG values for two
monophosphorylated peptides. These two values must
be combined into an effective spring constant for the
double bond. As described in the Materials and Meth-
ods the force—time curves for the interaction of the
mAb with the doubled phosphorylated peptide con-
tain only single binding events. This suggests that both
bonds stretch and break together, pointing to parallel
loading of the force, resulting in Kpthraz1/pser23s =
kpthr231 + Kpserazs. Within the same assumption, we
set X{:SThr231/pSer235 — min(XPsThr231,nger235), because the
double bond breaks as soon as the shorter single bond
does. When the two bonds are independent, then each
breaks at its own intrinsic maximum length x;s. Once
one of the two bonds is dissociated, the applied
force must be sustained entirely by the remaining
one, which breaks immediately. If this second event
is fast (in our setup faster than t < 16 ms), the rupture
of the “double bond” will be effectively identified as a
single rupture event, as shown by the experimental
data (Figure 1).

The obtained values for x,; and AG can be used
to calculate 7, for the binding of mAb HPT-101 to
the doubled phosphorylated peptide. For this purpose,
we assume that the diffusion coefficient D in eq 3 is
independent of the particular molecular construct.
Thus, 74 is calculated directly from the same equation
since the ratio of 7y's for interaction of mAb HPT-101
with the three different peptides now depends only
on AG and xg, which we calculated previously (see
Dynamic Force Spectroscopy section). Combining
the obtained values for 7y, X5, and AG with eqs 6 and
7 (see Materials and Methods), we obtain p(F) within
the independent binding assumption.

Figure 5 shows the comparison of our model (red,
dashed curve) to the direct fitting of the experiments
for the double-phosphorylated peptide and mAb
HPT-101 with the DHS theory (black, solid curve). The
position of the peak is well predicted, whereas
the width of the distribution is broader (and thus its
height necessarily lower, since this must follow from
the normalization constraint on p(F)). Given that there
are no fitting parameters in our model, the agreement
is overall decent, supporting the fact that at least some
features of the double-phosphorylated peptide bind-
ing are recovered from data on the monophosphory-
lated ones. Curiously, we see that AG calculated from
this simplified model is lower compared to the mea-
sured one (5.5 kgT vs 6.4 kgT). Since AG is related to the
strength of the bond, this means that our assumption
of two independent single bonds underestimates the
strength of the double-phosphorylated construct.

In order to correct the discrepancies in distribu-
tion width and in the calculated AG values, more
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Figure 5. Comparison of our superposition model to pre-
dict the binding of the double-phosphorylated peptide
using only data on the monophosphorylated ones
(red, dashed curve) with direct fitting of the experimental
data using the DHS theory (black, solid curve). The values of
Tos Xts» and AG for the calculation are taken from our dynamic
force spectroscopy measurements. Clearly, our model well
reproduces the position of the peak, whereas its width (and
hence its height, given the normalization constraint) is over-
estimated, pointing to possible interactions between the two
binding sites in determining the binding.

complicated descriptions considering possible interac-
tions between the phosphorylation sites (e.g., correla-
tions between the states of the two bonds) are
necessary. For example, we assume in our analysis
that each bond has an intrinsic stiffness (measured
by kpthra31 and kpsera3s, respectively), but stretching of
one of the two bonds might lead to a change in the
stiffness of the other. Furthermore it has to be men-
tioned that the real path leading to bond breaking
involves many different coordinates (in principle up to
3N, N being the total number of atoms in the system).
Coarse-graining, e.g., reducing the dimensionality of
the problem, works because most of these coordinates
are irrelevant in describing the overall features of the
bond-breaking process, whereas a few selected ones
play a bigger role. In our simplified model presented
here (and more generally in the discussion of the DHS
results), we assume the bond length to be a good
coordinate, but others such as the angle between
the peptide backbone and the pulling direction, or
the torsional angle between the planes of the two
epitopes with the backbone of the peptide, could also
be important. Nonetheless, the fact that we recover
a decent agreement with our simple model despite
all assumptions we made is indeed an important
indication that the mechanistic picture we provide
does capture the main aspects of the bond-breaking
process, although a full quantitative agreement with
experimental data requires accounting for the possible
effects previously described.

Relative Affinity from Single-Molecule Data Confirms ELISA
Measurements. After assessing the binding frequency
and off-rate by measuring the interaction between
mAb HPT-101 and the three different peptides in molec-
ular terms, we compare our single-molecule approach to
the results obtained by immunochemical investigations
(ELISA). Therefore we calculate the association constant
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Figure 6. Relative affinities K'' of the binding of mAb HPT-
101 to the tau-peptides (1) tau[pThr231/pSer235], (2) tau-
[pThr231], and (3) tau[pSer235] (v = 0.5). K is the product of
the lifetime without force 7, and the binding frequency hg
and is proportional to the association constant of the re-
spective complex. The error bars are given by the propaga-
tion of the uncertainty of 7, and hg. The highest relative
affinity is obtained for the mAb HPT—101/tau[pThr231/
pSer235] system, followed by the peptide phosphorylated
at Thr231. The weakest affinity is observed for the interaction
between mAb HPT-101 and the monophosphorylated pep-
tide tau[pSer235]. This result is in accordance with ELISA.

K,, which is defined as the ratio of on-rate and off-rate.
The dissociation rate follows directly from the DFS mea-
surements by the relation kg = 7o . The on-rate ko, is
related to the binding frequency hg in the following way:
Neglecting the dissociation process, the mass action law
reads as

d[RL]

TR kon[RI[LI] 4

with [RL] being the number of formed receptor—ligand
complexes in a certain time dt, [R] and [L] being the
receptor and ligand concentration, respectively. For the
following calculations [RL] equals the binding frequency
hg. By assuming that the surface coverage of the different
microparticles is identical, the product [R][L] becomes
a constant. However this assumption is not totally ful-
filled, as can be seen from the error bars in Figure 2. The
incubation time dt is set as one second (see relative
binding frequency measurements). It subsequently fol-
lows that the on-rate is directly proportional to the
binding frequency. Finally the relative affinity is given by

K = hto s konto = 20 = K, (5)
koff

The relative affinity of mAb HPT-101 to the different
types of peptides is shown in Figure 6. It is evident that
the interaction between the mAb and the bipho-
sphorylated peptide shows the highest relative affinity
(K = 3.94 + 1.3 5). Compared to this, the affinity of
tau[pThr231] (K®' = 0.31 + 0.20 s) is decreased by a
factor of 10 and that of tau[pSer235] (K%' = 0.047 +
0.050s) by a factor of almost 100. This strong splitting is
mainly caused due to the large differences in 7, since
binding frequencies differ only slightly. By multiplying
both quantities to get the relative affinity, this effect is
enhanced strongly, resulting in the highest specificity
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of mAb HPT-101 to the biphosphorylated peptide.
In a previous study'® the affinity of mAb HPT-101 was
investigated against the same peptides as we use in
our measurements. It was found that mAb HPT-101
binds exclusively to the doubled phosphorylated pep-
tide. Binding to other epitopes were not observed.
From this we conclude that our single-molecule ap-
proach is consistent with this ELISA measurement.

Furthermore, the aforementioned cross reactivity
indicates that not only a distinct phosphorylation
pattern contributes to the receptor ligand bond but
also the surrounding amino acids, as they may slightly
influence the free energy landscape of the epitope.
By assuming that the binding is dominated by the
electrostatic interactions between antibody and the
negatively charged phosphorylation sites of the pep-
tide it can be concluded that the cross reactions
between mAb HPT-101 and tau[pThr231] as well as
tau[pSer235], respectively, are too weak to be detected
by ELISA.

However, it has to be mentioned that the absolute
numbers for the affinity resulting from ELISA and our
method cannot be directly compared, since in the
immunochemical approach the mAb molecules diffuse
freely in solution and only the peptide is immobilized.
In the optical tweezers measurement both binding
partners are attached on microparticle surfaces and
are brought into contact. Nonetheless the agreement
between both methods remains valid.

CONCLUSIONS

In the present study, we investigated the interac-
tions between mAb HPT-101 and tau-peptides with
different phosphorylation patterns on a single-molecule
level. In contrast to ELISA measurements, we observe

MATERIALS AND METHODS

Sample Preparation. Tau-Peptides and Monoclonal Antibodies.
The tau-peptides were synthesized by solid-phase peptide syn-
thesis as previously published.® For the following experiments
we use three different tau-peptides, each having a different
phosphorylation pattern: double phosphorylated tau226—
240[pThr231/pSer235] and two monophosphorylated, tau226—
240[pThr231] and tau226—240[pSer235], peptides. Phosphor-
ylation sites at Thr231 and Ser235 are found to be the most
probable markers in Alzheimer's disease.>* Each peptide type
was N-terminally elongated with a cysteine residue containing
a thiol group for covalent coupling of the peptides to beads
by maleimide chemistry. The peptides were purified by reversed-
phase high-performance liquid chromatography (RP-HPLC). The
purity was determined by analytical RP-HPLC, and the correct
mass was confirmed by mass spectrometry (MALDI-TOF-MS).
mAb HPT-101 was produced in house.'® Specific binding to the
doubled phosphorylated peptide was proven by ELISA and
Western blot, whereas no significant binding to the two mono-
phosphorylated peptides as well as to the non-phosphorylated
peptide was detected.'®

Coating of Micropatrticles. For the measurements two types
of colloids are prepared. The first type is coated with the tau-
peptide, whereas the second is surface-functionalized with the
mAb HPT-101 oriented by the use of protein G. All preparations

STANGNER ET AL.

with our dynamic approach that cross reactions between
the mAb HPT-101 and the monophosphorylated pep-
tides tau226—240[pThr231] and tau226—240[pSer235]
do occur, meaning that the antibody binds to every used
peptide type and not exclusively to the peptide tau-
[pThr231/pSer235]. However, the specific binding to the
double-phosphorylated peptide exhibits the longest life-
time and the highest free energy of activation. Further-
more, we introduced a method to determine the relative
affinity from the single-molecule experiments. The values
extracted using this procedure reveal that the binding
to the double-phosphorylated peptide has the highest
affinity, in accordance with the ELISA measurement. The
measured binding frequencies for the two mutations
tau226—240[pThr231] and tau226—240[pSer235] are
close to that of the double-phosphorylated peptide,
demonstrating that for these interactions the large
deviations in the final relative affinity are dominated by
the unbinding process, with rates differing by orders of
magnitude between respective peptides. Finally, infor-
mation extracted from the theoretical analysis of our
measurements allow us to propose a simple model
that combines data from the monophosphorylated pep-
tides to predict the unbinding process of the double-
phosphorylated one, providing a deeper understanding
of the bond origin.

In brief, single-molecule force spectroscopy can help
to increase the target specificity of mAbs since cross
reactions to epitopes with a similar amino acid se-
quence can be detected and characterized, even if they
are not observed in commonly used ensemble techni-
ques. This precise knowledge might be of fundamental
interest in the development and optimization of future
therapeutic/diagnostic antibodies that can be used in
human medicine.

are performed as previously published.® In detail the three
different peptides were bound to maleimide-activated mela-
mine resin (MF) particles (10 wt %, diameter 2.31 um, Micro-
particles Berlin) in separate preparations. In addition, 2 uL of
the respective peptide solution (peptide concentration ¢ =
13 mg mL~", dissolved in phosphate-buffered saline (PBS))
was mixed with one equivalent of tris(2-carboxyethyl)phosphine
and coupled via the thiol group to the colloids (25 ulL). After
45 min of incubation, the colloids were washed with phosphate
buffer containing 10 mmol L' cysteine and stored in the same
solution at 4 °C. The mAb HPT-101 was oriented and connected
to carboxylated MF microparticles (10 wt %, diameter: 2.31 um,
Microparticles Berlin) in a two-step procedure. For this purpose,
protein G from Streptococcus sp. (7.5 uL, ¢ = 1 mg mL™") was
bound to 25 ul of carboxylated MF microparticles by 1-ethyl-
3-(3-dimethylaminopropyl)carbodiimide. Subsequently, 25 uL
of these particles was coated with the mAb HPT-101 (4 uL, ¢ =
2.1 mg mL™"), and the mAb was cross-linked to protein G via
reaction with dimethyl pimelimidate.

Optical Tweezers Setup and the Experiment. We use an
optical tweezers setup similar to the one described in Stangner
et al>* and Wagner et al.>> Our sample cell consists of a stainless
steel corpus with a volume of ~80 uL, enclosed by two coverslips
on bottom and top. Additionally, to exchange buffer solution, an
inlet and outlet are provided. In order to carry out pair interaction
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experiments, a micropipet (inner diameter ~0.5 um) is incorpo-
rated into the chamber. The sample cell is mounted on an optical
stage that can be moved in three dimensions with nano-
meter resolution using piezoactuators (P-5173CD, PI, Karlsruhe,
Germany). The whole experimental setup is located in a tem-
perature-controlled room at 298 + 1 K, and all experiments are
carried out in PBS solution at pH 7.4.

Position detection is realized with a CCD camera (1M60,
Dalsa, Munich, Germany) acquiring 60 frames per second with a
spatial resolution in the xy-plane of £2 nm.® The image scale is
given with 13.25 nm/pixel. Due to drift effects of the micropipet,
it is necessary to compensate this movement for long-term
stability. For this purpose, height detection is employed to
control the position of a microparticle in the z-direction with a
precision of -2 nm.* Force calibration of the bead in the optical
trap is accomplished by displacing the particle from its equilib-
rium position, and the data are analyzed using Stokes' formula.
For the present experiments we obtained a force constant of
0.080 + 0.003 pN nm ™" at a laser power of 200 mW, resulting in
a force resolution of +0.2 pN.

In order to ensure that single bindings are investigated,
the surface coverage of the microparticles (coated with either
peptides or mAbs) is successively decreased until the number of
detectable multiple rupture events is lower than 2% and the
distributions of the rupture forces are found to be independent
of the coating density (data not shown).?%3*

Theory. Dynamic force spectroscopy>’® provides a method
to gain detailed insight into the dynamics of receptor—ligand
interactions on a molecular level. For a theoretical description of
the following experiments we use the theory of Dudko, Hummer,
and Szabo (DHS model),*" which provides a common framework
to rationalize the different results previously obtained indepen-
dently by the same authors.3**° Based on Kramers' transition state
theory,** the DHS model describes the receptor—ligand pair
dissociation as an escape process from a potential well on a 1D
free-energy surface. This process is characterized by three para-
meters: the binding length x.s, the bond lifetime at zero applied
force 74, and the depth of the binding potential AG. It is important
to highlight that AG is not the free energy for bond formation from
which bond affinity can be calculated. Rather, the AG value
measured by DFS experiments is the free-energy barrier from
the (metastable) bound state to the transition state through which
the bonds pass during rupture, and its value is connected to the
kinetics of bond rupture via Kramers' theory. In order to recover
information about the bond affinity, e.g., the AG value obtained in
other experiments such as ELISA tests, which probe the bond
thermodynamic stability, one has to supplement information on
the kinetics of bond rupture with the data on the kinetics of bond
formation; see eqs 4 and 5. Once combined, a proper comparison
to results obtained via other experimental techniques can be
made.

When the effect of an external force is considered, the
aforementioned approach results in a force-dependent bond
lifetime, 7pus(F).3" For the case of a constant loading rate, the
following expression is obtained:

1/Fxts>1 -

AG
VFXs
1T—(1—
(-5

in which F is the externally applied force and § = (kg) Vs
the inverse thermal energy. The scaling factor v specifies the
shape of the underlying free-energy landscape. For v = 1
the original results of Bell's phenomenological formula®’
are recovered, whereas v = 0.5 and v = 0.66 correspond
to the Hummer, Szabo,® and Dudko® model, respectively.
Using eq 6 it is possible to calculate the theoretical distribution
of rupture forces p(F):

Tpns(F) = To<1 -

1/v

x exps —BAG (6)

p
expl — / £ <]~ df)
JO
F(F) T(F)

p(F) =
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The error estimation for the three fit parameters in eq 6
follows the instruction outlined in Wagner et al.?® To apply eq 6
to experimental data, it is necessary to convert the rupture force
histograms, starting at Fo and ending at Fy = Fo + Nb as well as
containing N bins with a width of b, into a discrete function z(F)
by using the following expression (k= 1, 2, 3, ...):

N
(he/2+ 3 hb

i—k+1 @)

(Fo+(k —1/2)b) =
hkﬁ(Fo +(k —1/2)b)

with h; = Ci/(Nyotb), Nior being the total number of rupture
events, and C; being the number of rupture events in each
bin. For data sets comprising substantial outliers eq 8 cannot
be applied. In such cases, another algorithm to calculate
the function ©(F) is appropriate.’ Hence, 7(F) is calculated for
each rupture force histogram by taking the interquartile range
OF = F3 — F; (meaning that 25% of the rupture forces are higher
than F3 and 25% are lower than F):

- 3 OF
o(F) = - =—= 9
(F) 4FD )
with F being the median rupture force.
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