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Chemical biology aims for a perfect control of protein complexes in
time and space by their site-specific labeling, manipulation, and
structured organization. Here we developed a self-inactivated,
lock-and-key recognition element whose binding to His-tagged
proteins can be triggered by light from zero to nanomolar affinity.
Activation is achieved by photocleavage of a tethered intramolecular ligand arming a multivalent chelator head for high-affinity
protein interaction. We demonstrate site-specific, stable, and
reversible binding in solution as well as at interfaces controlled
by light with high temporal and spatial resolution. Multiplexed
organization of protein complexes is realized by an iterative in situ
writing and binding process via laser scanning microscopy. This
light-triggered molecular recognition should allow for a spatiotemporal control of protein-protein interactions and cellular processes
by light-triggered protein clustering.
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A

key challenge in life science is the qualitative and quantitative analysis of protein function and protein-protein interactions up to dynamic protein networks involved in cellular
logistics. This way of looking at protein functions in cells has motivated significant efforts in the field of protein labeling combined
with high-resolution optical microscopy (1, 2). Genetically encoded in vivo labeling of biological complexes via autofluorescent
proteins (AFPs), including photoactivatable and photoswitchable
AFPs, which change their spectral properties upon irradiation,
quickly became a popular and very powerful tool (3–5). A complementary strategy is the labeling of recombinant proteins with
chemical probes. Various small sequence tags have been developed, allowing for covalent as well as noncovalent protein modifications (6, 7). Major advantages of synthetic fluorophors over
AFPs are their high quantum yield, small size, high photostability,
and the wide spectrum of existing colors.
One of the missing key features is the possibility to instantaneously trigger protein interactions via small molecules by external stimuli. As examples, changes in temperature, pH, small
molecule concentration, and light intensity could allow for temporal control of peptide, protein, or DNA modifications in
solution as well as at interfaces (8–14). Among these, light is a
versatile trigger, as it induces photoreactions not only instantaneously but also with high spatial resolution. Light is compatible
with many applications since most cells and even model animals,
such as zebrafish or Caenorhabditis elegans, are virtually transparent for wavelengths above 350 nm. From the usage of light, strategies for dose-regulated and orthogonal activation immediately
come to one’s mind. Triggering the activity of biochemical
compounds by light has been previously demonstrated (15–17).
Exciting developments have been reported exploiting channel
rhodopsins or phytochromes for the perturbation or neuronal
and signaling networks (18, 19). However, it is still a challenge
to change the affinity between two biomolecules from low to high
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by a light pulse. Caged biotin has been used for the light induced
interaction with (strept)avidin (20–22). Another recent example
is the synthesis of caged O6 -benzylguanine substrates for the
labeling, dimerization, and immobilization of SNAP®(O-6-alkylguanine DNA alkyltransferase)-tagged proteins (23). However,
both approaches rely on large protein domains (>15 kDa) and
do not allow for a noncovalent, reversible protein modification.
Reversibility is desirable, for example, if in a single-molecule analysis the fluorescent label needs to be “refreshed” after photobleaching (24).
Here we present a unique, generic approach changing the
binding affinity by light from almost zero to high (nanomolar)
over 6–7 orders of magnitude. The concept is implemented with
a small-molecule, lock-and-key element based on a multivalent
chelator head (MCH), which is self-inactivated by a tethered intramolecular ligand. Activation is achieved by a photoreaction
separating the intramolecular ligand from the MCH. We chose
the well-characterized and widely used interaction between Histagged proteins and a trivalent N-nitrilotriacetic acid chelator
head (tris-NTA). Nickel-loaded tris-NTA is known to bind
His-tagged proteins with nanomolar affinities, leading to a sitespecific, stable, but reversible interaction (25, 26). Part of this
concept includes inactivation of the tris-NTA by complexation
of intramolecular exposed histidines (Fig. 1A). The number of
inactivating (intramolecular) histidines control the stringency
of self-inactivation. Activation is achieved by a light-induced
separation of the intramolecular histidines, providing a freeto-interact high-affinity tris-NTA group. The versatility of these
photoactivatable (PA) tris-NTA compounds for the site-specific
interaction with proteins is demonstrated in solution and at interfaces. In situ activation of the biofunctional interfaces by light
allows for multiplexed binding of different His-tagged proteins
or protein complexes. This newly designed strategy allows in situ,
instant, and multiplexed protein assembly.
Results and Discussion
Design and Concept of Photoactivatable Multivalent Chelator Heads.

The design of the photoactivatable tris-NTA has to comply with
the following three demands: (i) self-inactivation of the highaffinity tris-NTA by tethered intramolecular histidines, (ii) activation by a photocleavage reaction, (iii) modification to follow
photon-triggered binding events and to couple proteins or ligands
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(Fig. 1A). The tris-NTA compounds are based on a flexible,
photocleavable peptide backbone, which contain a tris-NTA
group at its N-terminus and a variable number of intramolecular
histidines at its C-terminus. A flexible glycine-serine linker
harboring a photo-sensitive 3-amino-3-(2-nitrophenyl)-propionic
acid (Anp) separates these two functional groups. The photocleavable linker is optimized to afford intramolecular complex formation (self-inactivation of the tris-NTA). A single cysteine in
proximity to the tris-NTA allows for a variable modification of
the PA tris-NTA, such as for attaching fluorophors, ligands, or
proteins, and for immobilization. This leads to the following sequence: tris-NTA-ACSGGGAnpSGGGHn with n ¼ 3–6 (PA trisNTA-Hisn , Fig. 1B). The photocleavable peptide was synthesized
by solid-phase Fmoc chemistry. Carboxy-functionalized, OtBuprotected tris-NTA was coupled manually to the free N-terminus
of the peptides bound to the resin. Our concept is based on the
photocleavable amino acid Anp, separating the tris-NTA from the
inactivating histidines upon illumination (Fig. 1B). Using conventional solid-phase chemistry offers the advantage that the number
of histidines, the linker length, the position of the photocleavable
element, as well as the amino acid composition and therewith the
characteristics of the PA tris-NTAs can be easily varied and optimized. Synthesis and characterization of the PA tris-NTAs are detailed in SI Text.
Complex Formation and Protein Labeling Triggered by Photons. To
follow site-specific protein modification triggered by light,
ATTO565-labeled PA tris-NTA-His5 was incubated with His6 tagged proteins at an equimolar ratio. The maltose-binding protein (MBP-H6 ) was chosen as a model. Complex formation was
analyzed via size exclusion chromatography by monitoring the absorption at 280 nm and 565 nm (Fig. 2A, black and red, respectively). Before photoactivation, the MBP-H6 and PA tris-NTAHis5 did not interact and elute as separate peaks based on their
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Fig. 1. Design of the photoactivatable tris-NTAs (PA tris-NTAs). (A) Schematic
illustration of the PA tris-NTA concept relying on a tris-NTA moiety, a single
cysteine for further modifications, the UV-sensitive amino acid (Anp), and
cumulated histidines (blue). Addition of Ni2þ ions forces PA tris-NTA in a
closed self-inactivating conformation. Photocleavage disrupts the intramolecular self-inactivation, allowing subsequent binding to His-tagged proteins.
(B) Chemical structure of the PA tris-NTA compounds. Upon illumination the
peptide backbone is photocleaved at the Anp (red).

Fig. 2. Complex formation triggered by light. Size exclusion chromatography of equimolar mixtures PA tris-NTA-His5 and MBP-H6 before (A) and after
photoactivation (B) demonstrates a stable complex formation by coinciding
absorption at 280 nm (black) and 565 nm (red) within the MBP peak. (C) Using
the absorption at 565 nm the percentage of labeled MBP-H6 before (gray)
and after (red) can be calculated. Data are derived from triplicate measurements. The error bars show the standard deviations of the mean.

different hydrodynamic radii. Upon photoactivation, however, a
stable MBP-H6 -tris-NTA(ATTO565) complex was formed as demonstrated by a coinciding absorption of both wavelengths. In
addition, the protein peak is shifted to a slightly larger apparent
size (Fig. 2B). Based on peak integration, ∼12% of the protein
was labeled which is explained by competition between Histagged proteins and the photocleaved His5 -tag. Notably, no interaction was observed in the presence of imidazole or EDTA.
Furthermore, proteins lacking a His-tag did not bind to tris-NTA,
demonstrating that the light-triggered interaction is site-specific.
Since low power UV illumination was used, we did not observe a
significant photobleaching. Exposure to increasing light doses
showed saturation of binding after 20 min of illumination
(Fig. S1). This is in good agreement with the investigation of
the photoreaction of the Anp by reversed-phase HPLC. After
20 min illumination with light at 366 nm, no further changes
in the product peaks were detectable.
A systematic analysis of the series of PA tris-NTA compounds
revealed that full self-inactivation was achieved by five and six
intramolecular histidines, whereas three and four intramolecular
histidines are not sufficient to block the intermolecular binding
(Fig. 2C). After photoactivation, the amount of labeled proteins
decreases slightly with an increasing number of inactivating
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histidines within the PA tris-NTA. These observations can be rationalized by considering the fact that the photoreaction generates a free His-peptide, which can be displaced by the His-tagged
protein for the intermolecular complex formation. Importantly,
the PA tris-NTA can be conjugated not only to a fluorophor,
but to any molecule of interest, including other probes, activating
or inhibiting ligands, DNA, RNA, and proteins, thus allowing for
specific and light-triggered assembly of protein complexes.
Photons Trigger the Molecular Organization of Proteins. We next investigated the light-triggered interaction by surface plasmon resonance (SPR) using gradually self-inactivated PA tris-NTAs in
parallel microfluidics. A dextran surface was functionalized to allow thiol-specific coupling of the different photoactivatable and
nonactivatable tris-NTAs. Association and dissociation kinetics of
His10 -tagged MBP (MBP-H10 ) interacting with PA tris-NTA-His5
were monitored before (Fig. 3A) and after photoactivation
(Fig. 3B). Before photoactivation, a very low and transient protein binding to the self-inactivated state was observed. These findings can be explained by the high effective concentration of
intramolecular histidines competing for binding of His-tagged
proteins. This behavior changed radically after photoactivation:
A drastic increase in the amount of bound protein and a stable,
specific binding of His-tagged proteins was observed (compare
Fig. 3A vs. 3B). Similar results have been obtained for His6 tagged MBP (Fig. S2). Because of the reduced number of histidines in the case of MBP-H6 , not even a transient binding signal
was detected before photoactivation. The binding characteristics
of MBP-H6 and MBP-H10 before and after photoactivation are

summarized in Fig. 3C. While hardly any interaction was
detected in the inactivated state, a high-affinity binding, similar
to the reported, nonactivatable tris-NTA (25), was observed
after photoactivation.
Relative binding signals for all four PA tris-NTA interfaces at
a fixed protein concentration are summarized in Fig. 3D. The
maximal binding signal at the end of the association phase was
normalized to 100%. Comparison of the relative amount of
protein transiently bound to the unexposed PA tris-NTA surfaces
reveals an increasing stringency of self-inactivation with an increasing number of intramolecular histidines. After photoactivation, PA tris-NTA share the same high-affinity characteristics
and reversibility for His-tagged proteins as the nonactivatable
tris-NTA (25).
Two-Dimensional Protein Assembly by Light. Guided by this quantitative analysis, we explored the PA tris-NTA-His5 interface for the
two-dimensional organization of His-tagged proteins. Two different strategies have been explored to produce structured protein
microarrays: (A) conventional mask lithography and (B) in situ
laser lithography (Scheme 1). In the first approach, a quartz
mask with grid patterns of different sizes was placed on top of
the PA tris-NTA surface during illumination. After photoactivation, fluorescently labeled MBP-H10 was specifically captured at
photoactivated areas. Sharp and well-defined edges of fluorescent patterns demonstrate stable protein organization with high
spatial control (Fig. 4A). The very high contrast reflects the
differences in protein binding between photoactivated and
self-inactivated areas. Regeneration of the photostructured

Fig. 3. Light-induced interaction of His-tagged proteins followed by SPR. The association and dissociation kinetics of MBP-H10 before (A) and after photoactivation (B) reveal a drastic change in affinity. Before photoactivation almost no interaction is observed, while after illumination His-tagged proteins are
stably bound at high density. (C) Protein binding to the PA tris-NTA-His5 surface (30 min after dissociation) are plotted against the concentration of MBP-H6 and
MBP-H10 before (open) and after (closed symbols) photoactivation. (D) Comparison of the relative binding signals obtained for MBP-H6 and MBP-H10 (625 nM
each) interacting with different PA tris-NTAs. The relative amounts of bound proteins (30 min after dissociation) are shown before (gray) and after photoactivation (red) in comparison to the binding observed with nonactivatable tris-NTA. Maximum binding of MBP-H6∕10 after photoactivation for each interface is
normalized to 100%.
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Scheme 1. Assembly of protein complexes by light. (A) Patterning with UV light using a chrome mask during illumination. (B) In situ photocleavage of the PA
tris-NTAs using laser scanning microscopy (405 nm). (C) Multiplexing of different His-tagged proteins by successive activation of different chip areas using in situ
laser scanning lithography is possible.

Fig. 4. In situ assembly of proteins by light. (A) High contrast fluorescence images of Alexa488-MBP-H10 interacting with photo-patterned PA tris-NTA-His5
interfaces revealing sharp, diffraction limited edges. For photo patterning three distinct grid masks of different feature sizes were used. The white line
indicates the position for which the fluorescence intensity profile is presented below the images. (B) Freely chosen regions of a PA tris-NTA-His5 interface
were in situ exposed by laser scanning microscopy. Increasing time-dependent UV doses (exposure times 0–5 min) generate a protein gradient of
Alexa488-MBP-H10 molecules. The corresponding fluorescence intensity profile emphasizes the stepwise increase in protein binding. (C) Orthogonal multiplexing of protein binding at a PA tris-NTA-His5 interface is demonstrated by using mask and in situ laser lithography in combination. The green pattern of
Alexa488-MBP-H10 originates from the mask photo-patterned PA tris-NTA interface. Subsequently, in situ laser lithography was employed to write red numbers
of ATTO565-MBP-H10 molecules into areas initially shadowed by the photo mask. The scale bars have a length of 20 μm.
Grunwald et al.
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tris-NTA surfaces was readily afforded by washing with imidazole
and EDTA. Mask lithography allows patterning large areas in a
single operation.
The second approach utilizes in situ laser scanning lithography,
offering an appealing advance over conventional mask lithography. Any region of interest can be gradually photoactivated by
different, time-dependent UV doses, demonstrating the spatiotemporal organization of proteins at interfaces (Fig. 4B). In contrast to mask lithography, areas composed of different protein
densities, e.g. receptor gradients, can be implemented.
In situ laser lithography is also a powerful method to realize
multiplexed binding of different His-tagged proteins by iterative
photoactivation of user-defined areas (Scheme 1C). Multiplexing
was confirmed by a combination of both mask and in situ laser
lithography as shown in Fig. 4C. Alexa488-MBP-H10 was first patterned by light activation of PA tris-NTA via a grid mask, followed
by in situ laser lithography to write new patterns of a red fluorescent ATTO565-MBP-H10 . Patterns with well-defined edges
and high contrast were obtained for the orthogonal pair, demonstrating the high spatial resolution of the technique. Notably, only
a very small amount of ATTO565-MBP-H10 was detectable on
the gridlines, which could be either due to free tris-NTA binding
sites or due to a slow, almost negligible protein exchange. In summary, our results show that multiplexing can be achieved comfortably using the PA tris-NTA-His5 interface. As a special benefit,
size and shape of the in situ laser activated areas can be chosen on
demand as needed. The resulting target protein densities within
activated areas can be adjusted by controlling the dose during illumination. Therefore, the proposed methodology enables interaction studies on biofunctionalized interfaces with engineered
gradients of protein density.
Functional Receptor Patterns Sensing Human Rhinovirus Particles. Advanced protein chip technology does not only demand sitespecific and multiplexed binding of different proteins but also
has to be practically compatible with complex physiologically
or medically relevant samples. An important prerequisite for the
highly selective binding of physiological targets is the functional
integrity of immobilized proteins under physiological conditions.
As an example, we chose the very low-density lipoprotein
(VLDL) receptor, which specifically recognizes minor group hu-

man rhinoviruses such as HRV2 particles. HRVs are one of the
main causes of the common cold and have a strong impact on
human health (27). Here we photo-patterned the engineered
MBP-VLDL-receptor fusion protein MBP-V33333-H6 , which
consists of a pentameric V3 repeat and binds HRV2 with subnanomolar affinity (28). To visualize the receptor arrays, we doped
the VLDL receptor with Alexa488-MBP-H6 as direct labeling can
disable receptor function. Interaction between the His-tagged
VLDL receptor and Cy5-labeled HRV2 was investigated by
total-internal reflection fluorescence (TIRF) microscopy. The receptor (Fig. 5B, green) and the virus particle layer (Fig. 5C, red)
were imaged subsequently. Merged images confirmed that the
virus particles were selectively bound to receptors patterned by
light (Fig. 5D). No binding of viral particles and receptors was
observed in the absence of nickel ions. In conclusion, PA trisNTA interfaces represent a highly flexible platform for detection
and analysis of clinically relevant virus particles.
Conclusion
In summary, we have developed small photoactivatable recognition elements with striking characteristics in terms of site-specific
protein labeling, stable complex formation, and two-dimensional
assembly of proteins triggered by light. The self-inactivation by
intramolecular ligands was found to be very efficient. In contrast
to previous attempts, which involved drastic, stepwise, protein incompatible surface modifications (29, 30), this strategy allows in
situ, instant, and multiplexed protein organization. As an example, different proteins were multiplexed by iterative in situ writing
and binding with temporal and spatial control. Importantly, we
confirmed the applicability of this generic concept to affinity
capture virus particles. In situ photopatterning creates arbitrarily
shaped interaction and reference spots as well as continuous or
discontinuous protein gradients. Despite the many advantages,
there is still room and need for further improvements within
the self-inactivation concept. The photoactivatable multivalent
chelator heads will be further improved by placing the photocleavable group within the self-inactivating histidines. Further
developments will aim at investigating cellular processes by
photon-triggered protein-protein interactions (e.g. receptor clustering), one of the major objectives in chemical biology.

Fig. 5. Two-dimensional organization of receptor-virus particle by light. (A) Schematic representation of capturing viral particles onto PA tris-NTA interfaces.
The virus specific VLDL receptor (MBP-V33333-H6 ) doped with Alexa488-MBP-H6 was preimmobilized onto photo-patterned PA tris-NTA-His5 interfaces.
Subsequently, Cy5-labeled HRV2 was bound by its receptor. Highly sensitive total-internal reflection fluorescence microscopy was used to detect the twodimensional organization of receptor proteins (MBP-V33333-H6 was detected indirectly via cocapturing of fluorescent Alexa488-MBP-H6 ) (B) and Cy5-labled
HRV2 particles (C). An overlay image of (B) and (C) is presented in (D). The scale bar has a length of 10 μm.
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Complex Formation in Solution. Five μM of MBP-H6 was incubated with equimolar ATTO565-labeled PA tris-NTA in HBS buffer (20 mM Hepes, 150 mM
NaCl, pH 7.5). Photoactivation was performed in a 96-well plate on ice.
The distance between sample and lamp was 1.5 cm. After illumination for
30 min at 366 nm (2 × 8 W, Benda), the sample was incubated in the dark
for 30 min at room temperature. As negative control, the samples were
treated identically except from exposure to UV light. Complex formation
was analyzed using a Superdex™ 200 PC 3.2∕30 column (GE Healthcare) in
an ETTAN™ system (GE Healthcare). The experiments were performed at
10 °C using HBS buffer as running buffer with a flow rate of 70 μL/min.
For analysis, 10 μL of the PA tris-NTA/MBP-H6 mixtures were taken before
and after photoactivation.
Protein Binding at Interfaces. The binding of His-tagged MBP to PA tris-NTA
functionalized surfaces was followed in real-time by surface plasmon resonance (Biacore® T100, GE Healthcare). A carboxymethylated dextran surface
(CM5 sensor chip, GE Healthcare) was functionalized via the 2-(2-pyridinyldithio)ethaneamine linker, which allowed coupling of the PA tris-NTAs via
its single cysteine. For direct comparison, each PA tris-NTA was coupled separately to each of the four flow cells. To this end 200 μM of PA tris-NTA
in citric acid buffer (0.1 M, pH 2.5) were injected into the respective flow cell
for 15 min. All kinetic experiments were carried out in HBS buffer supplemented with 50 μM EDTA (HBSE buffer) and 0.05% Tween20 at a flow rate of
10 μL/min. In the beginning of each binding cycle, the surfaces were washed
successively with imidazole (1 M, 2 min) and EDTA (100 mM, 2 min), followed
by loading of the tris-NTA groups with 10 mM of Ni2þ ions for 2 min. Association of MBP-H6 (39 nM to 10 μM) and MBP-H10 (39 nM to 2.5 μM) was measured at a flow rate of 5 μL/min for 30 min. The dissociation was monitored
for 30 min under constant buffer flow (10 μL∕ min). Finally, affinity captured
protein was removed by injection of imidazole (1 M, 2 min) and EDTA
(100 mM, 2 min). Omitting the nickel-loading completely abolished MBP
binding, underlining the highly specific interaction between tris-NTA and
His-tagged MBP. For photoactivation, a UV lamp (366 nm; 2 × 8 W; Benda)
was placed 2 cm above the chip and exposure was carried out for different
periods of time on ice. Using progressive illumination doses, a maximum
protein binding was observed after 20 min of illumination (Fig. S3). Protein
binding was analyzed as described before. The binding kinetics was corrected
for bulk refractive index contribution by subtraction of binding curves
obtained from measurements without nickel ions.
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Mask Patterning. Quartz masks with chrome grids of different sizes were used
to fabricate laterally structured PA tris-NTA surfaces on glass slides (cover
glass 24 mm diameter, thickness 160–190 μm, Menzel). The mask was placed
on top of the PA tris-NTA chip during exposure to UV light of a 200 W Hg/Xe
lamp equipped with a dichroic mirror (280–400 nm, Newport SpectraPhysics). Irradiation was carried out for 12 min with a small amount of HBSE
buffer between mask and surface. After removal of the mask, the surface was
successively washed with 1 M of imidazole and 100 mM of EDTA.

SEE COMMENTARY

Details of the synthesis and analytic characterization of the photoactivatable
tris-NTAs (Table S1) as well as protein purification, labeling, and surface
chemistry are provided in SI Text.

Virus-Receptor Assembly. Tris-NTA groups were loaded with 10 mM of Ni2þ
ions for 10 min, followed by a specific immobilization of the respective
His-tagged protein. Alexa488-MBP-H10 was used at a concentration of
200 nM for 20–30 min. The viral receptor MBP-V33333-His6 (500 nM) was
doped with Alexa488-MBP-H6 (20∶1 molar ratio) to allow fluorescence imaging. After receptor patterning, the surface was rinsed thoroughly with HBS
buffer containing 2 mM of CaCl2 (HBSCa buffer). Subsequently, the surface
was incubated with 10 nM of Cy5-labeled HRV2 particles in HBSCa buffer for
2 h. Imaging was performed after removal of unbound HRV2 in HBSCa buffer.
In Situ Assembly of Protein Complexes by Light. Protein binding was monitored by confocal laser scanning microscopy (CLSM) (LSM 510, Carl Zeiss) with
an inverted microscope (Axiovert 200 M, Carl Zeiss). The protein chips were
mounted in a home-built liquid cell and imaged under HBSE buffer using a
Plan-Apochromat 20x objective (NA 0.75, Carl Zeiss). Alexa488-MBP-H10 was
excited at a wavelength of 488 nm using an argon laser (17.5% maximal
power output, 30 mW). A He/Ne laser (1 mW) with a wavelength of 543 nm
and 84% maximal power output was used to excite the ATTO565-MBP-H10 .
For in situ patterning the 405 nm laser (diode laser, 25 mW) of the CLSM setup
was used. The surface was incubated with ATTO565-MBP-H10 (200 nM). The
generated structures were imaged in HBSE buffer using the CLSM. Alternatively, photopatterned interfaces were analyzed using a TIRF microscope
(DMI 6000 B, Leica Microsystems) with a home-built liquid cell. Images were
acquired with a 100x oil-immersion objective (HCX Planapo, NA 1.46, Leica
Microsystems). The Alexa488-MBP-H6 within the receptor layer was visualized using a 488 nm laser. The Cy5-HRV2 was excited with a 633 nm laser
(laser source: AM TIRF MC, Leica Microsystems). Fluorescence images were
processed with the Leica LAS AF software (Leica Microsystems).
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