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We have developed a series of monovalent fluorophore-conju-
gated affinity probes based on the hapten 3-nitro-4-hydroxy-5-
iodophenylacetyl (NIP), which is widely used as a model antigen to
study B lymphocytes and the functional principles of B cell antigen
receptors (BCRs). We successfully used them in flow-cytometry,
confocal and super-resolution microscopy techniques.

B lymphocytes are central components of the adaptive
immune system in vertebrates. Activated B cells produce anti-
bodies that promote the elimination of pathogens and further-
more have become invaluable reagents in research, diagnostics
and clinical applications. In order to sense foreign substances
(generally termed ‘antigens’), B lymphocytes express special-
ized protein complexes on their cell surface, designated B cell
antigen receptors (BCRs). These BCRs have a unique antigen
specificity in each individual B cell. A popular approach in the
analysis of B cells is to generate and analyze cells that express
BCRs with defined antigen specificity. Probably the most
common antigen in these approaches is the small inorganic
hapten 3-nitro-4-hydroxy-5-iodophenylacetyl (NIP). The amino
acid sequence of NIP-reactive BCRs is known since the 1980s."
When studying the biology of B cells, the functional interplay
of cell surface receptors is becoming increasingly important.
Therefore, NIP-binding BCRs are regularly used and very well
characterized. This field of immunological research is develop-
ing hand in hand with the field of super-resolution
microscopy.”™
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The majority of super-resolution techniques require small
affinity probes with minimal size and monovalent binding.”*®
However, despite the great advances in super-resolution
microscopy techniques,” there is currently only a limited
number of ideal affinity probes for the analysis of BCRs, which
limits the progress in studying accurately their numbers and
organization at the nano-scale. Therefore, there is an urgent
need for the development of new tools that allow for precise
and specific labeling of cell surface receptors in lymphocytes.
NIP can be used to label BCRs by coupling it to carrier proteins
such as bovine serum albumin that in addition are conjugated
to fluorophores or biotin. The latter allows for the detection of
NIP-binding cells by using e.g., fluorophore-coupled streptavi-
din as secondary reagent. However, these conventional
approaches have their limitations especially when it comes to
high-resolution imaging of cell surface BCRs.»®° The most
obvious constraints are the polyvalent nature and inaccuracy
(ill-defined fluorophore to carrier ratio, batch to batch vari-
ations) of NIP-carrier reagents. Here, we developed a series of
fluorescent monovalent affinity probes for NIP-reactive BCRs
that proved suitable for flow cytometry and Stimulated
Emission-Depletion (STED) super-resolution
(Fig. 1).

To generate these NIP-based affinity probes, we chose
different peptide spacers with good solubility in water yet
varying net charge. Alternatively, we used electrically neutral,
polyethylene  glycol-(PEG) based spacers (Table 1).
Furthermore, we conjugated each of the different spacers to
one of two different fluorophores, AbberiorStar635P (Star635P)
or Atto647N, which have similar spectral properties, yet
different net charges (Table 1).

With super-resolution microscopy in sight, we designed all
NIP probes as monovalent binders and with a defined NIP-to-
fluorophore ratio of 1:1. For the synthesis of the different
compounds, we first applied solid phase synthesis on a Sieber
amide resin with orthogonal protection strategy to generate
the spacer between NIP and fluorophore. Then, the amine
reactive NIP-g-aminocaproyl-OSu was coupled to a terminal
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Fig. 1 (a) Chemical structure of one of our developed probes (KM7) and
its associated functional elements. (b) Scheme displaying how B cells
expressing NIP-specific BCRs are selectively labeled by fluorescent NIP
probes.

amine group on resin, followed by acidic cleavage from a solid
support and subsequent fluorophore conjugation in solution
(for more details see ESI Scheme S1f). All precursor com-
pounds and products were purified by HPLC and analyzed by
ESI-MS. Their integrity was confirmed by HR-ESI-MS (ESI
spectra S1-S8). To test the applicability of our affinity probes
for specific labeling of NIP-reactive BCRs, we used a variant of
the human B cell line Ramos that was made deficient for its
endogenous BCR (kindly provided by M. Reth). We expressed a
NIP-specific IgD-BCR in these cells by retroviral gene transfer.
Flow cytometry using anti-human IgD primary antibody con-
firmed BCR expression on their cell surface (ESI Fig. S17).

We first tested whether the different NIP-containing probes
were indeed specifically recognized by NIP-reactive BCRs. To
this end, we incubated live IgD""-BCR-expressing cells
(Ramos IgD"'"") with 250 nM of each NIP probe and after
repeated washes, we measured their fluorescence intensities
by flow cytometry (Fig. 2). As negative control, we used Ramos
cells that did not express a NIP-specific BCR (Ramos). This
way, we were able to calculate a signal-to-noise ratio for each
compound using thousands of cells. Out of the five com-
pounds tested, KM5 and in particular KM7 showed high
signal-to-noise ratios, which were 11.4 and 19.6 respectively.
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Fig. 2 Comparison of signal-to-noise ratios of various NIP-based fluor-
escent affinity probes. Ramos B cells either expressing a NIP-reactive
BCR (red histograms) or control cells expressing an irrelevant control
BCR (blue histograms) were stained with the indicated KM probes. The
mean fluorescence intensities of both cell types were used to calculate
signal-to-noise ratios (i.e., folds over background), which are given in
the inlay boxes. Approximately 10 000 cells were analysed for each
sample. Grey histograms show unstained cells. Data are representative
of three independent experiments.

However, NIP-reactive cells stained with KM7 were several
times brighter than KMS5 in this assay.

To corroborate that these differences in fluorescence were
not due to possible changes in the excitation and emission of
the fluorophores after conjugation to the differently designed
NIP probes, we measured the dyes UV/visible fluorescence pro-
perties under the same physiological buffer condition before
and after functionalization into the probe (ESI Fig. S2t). We
observed minimal differences in their emission intensities,
with KM7 being a little less bright than the pure fluorophore
Star635P. Therefore, these measurements suggest that it is not
the photophysical properties of the probes that are decisive for
the differences in cellular fluorescence intensity, but rather
the binding of the probes to the NIP-reactive BCRs. Next, we
stained Ramos IgD™™ cells with various concentrations of the
5 different NIP-probes and imaged them live or after chemical
fixation with 4% paraformaldehyde (ESI Fig. S3 and S4f).
Under these conditions, the probes KM7 and KM8 showed the
strongest fluorescence signals. The fluorescent signals of these
two probes were also successfully retained after chemical fix-
ation of the cells, however, KM7 provided the brightest and
cleanest staining in both non-fixed and fixed cells. Fixation is
generally necessary to obtain high quality super-resolution
images. Therefore, KM1, KM7 and KM8 were designed with
internal lysines (K) to enhance retention after fixation with

Table 1 Fluorescent NIP derivatives with varying charges under physiological conditions. Maximal excitation and emission (Max Ex. and Max Em.

respectively, were obtained from suppliers

Fluorescent hapten Charge at pH=7.4 Exitation/emission”

Name Sequence Spacer Fluoroph. Net Max. Ex. Max. Em.
KM1 e-NIP-DEGDEK(Star635p)G-NH, -4 -3 -7 638 nm 651 nm
KM4 e-NIP-PEG(12)-K(Star635p)-NH, 0 -3 -3 638 nm 651 nm
KM5 e-NIP-PEG(12)-K(Atto647N)-NH, 0 1 1 646 nm 664 nm
KM7 e-NIP-KSKGESAGC(Star635p)-NH, 1 -3 -2 638 nm 651 nm
KMS8 e-NIP-KSKGESAGC(Atto647N)-NH, 1 1 2 646 nm 664 nm

“Values obtained from suppliers.
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aldehydes, however, KM1 failed to provide sufficient signal in
non-fixed and fixed cells (ESI Fig. S3 and S4t). Although we
have not investigated these differences between probes in a
systematic manner, we can speculate that the net negative
charge of —7 of KM1 at physiological pH (see Table 1) may
impair its binding to the BCR. By contrast, KM7 and KMS,
have the same amino acid spacer sequence (with a +1 charge,
as shown in Table 1), but differ in their fluorophore type and
final net charge. Thus, any difference between KM7 and
KM8 must be caused by the fluorophore, reinforcing the
notion that different fluorophores might have different charac-
teristics when used in the context of biological membranes."°

Finally, we confirmed the ability of KM7 to specifically
detect NIP-specific BCRs using fluorescence microscopy
(Fig. 3a), and furthermore demonstrated that KM7 is highly
suitable to meet the high requirements that are needed for
both confocal and STED imaging (Fig. 3b).

Here, we have developed and characterized an enhanced
monovalent fluorescent affinity probe to study BCRs in living
and fixed cells that can be used in flow cytometry and in con-
ventional or STED super-resolution microscopy. The NIP-reac-
tive BCR was cloned already in the early 1980s" and since then
has been used in countless studies. Its structure was solved in
1995'" and it is still contributing to the understanding of B
cell physiology.’>"* Although this BCR has been used exten-
sively within the immunological community, there were no
standard functionalization nor characterizations for its ligand,
the hapten NIP. Typically, NIP has been used as an undefined
polyvalent reagent that is presented to NIP-recognizing B cells.
However, with the continual improvement of the optical
resolution in light microscopy, major efforts have been
directed to understand the numbers and spatial organization
of BCRs in the B cell surface,*®° where monovalent and well-
functioning binders are needed.
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Fig. 3 KM?7 specificity and Confocal/STED microscopy imaging. (a)
Ramos and Ramos IgDN'® cells were live stained with 250 nM KM7 fol-
lowed by washing and fixation before imaging. Images are equally
scaled for direct comparison. Scale bars represent 10 pm. (b) A single
Ramos IgDM'" cell was imaged under confocal and STED conditions.
Zoomed areas correspond to the white rectangles. The straight lines
drawn through the plasma membranes correspond to the intensity line
profile plot for comparison between confocal and STED resolution.
Scale bar on full cell represents 2 ym and in zoomed area 500 nm.
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The probe designated KM7, has a superb signal-to-noise
ratio when used to label human B cells expressing NIP-binding
BCRs on their cell surface. Due to its monovalent nature, it
does not induce cross-linking of BCRs in the plasma mem-
brane, thus avoiding unwanted BCR internalization and B cell
activation. To this end, this newly characterized fluorescent
and monovalent NIP probe provides a significant advantage to
any existing NIP probe for the analysis of BCRs in their native
environment, Ze., within the plasma membrane. It thus sig-
nificantly expands the imaging toolbox and can furthermore
be used in combination with additional affinity probes to
study the B cell surface landscape with nanometer precision.
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