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ABSTRACT: Optogenetics and photopharmacology are
powerful approaches to investigating biochemical systems.
While the former is based on genetically encoded photoreceptors that utilize abundant chromophores, the latter relies
on synthetic photoswitches that are either freely diﬀusible or
covalently attached to speciﬁc bioconjugation sites, which are
often native or engineered cysteines. The identiﬁcation of
suitable cysteine sites and appropriate linkers for attachment is
generally a lengthy and cumbersome process. Herein, we
describe an in silico screening approach that is designed to
propose a small number of optimal combinations. By applying
this computational approach to human carbonic anhydrase and
a set of three photochromic tethered ligands, the number of potential site-ligand combinations was narrowed from over 750
down to 6, which we then evaluated experimentally. Two of these six combinations resulted in light-responsive human Carbonic
Anhydrases (LihCAs), which were characterized with enzymatic activity assays, mass spectrometry, and X-ray crystallography.
Our study also provides insights into the reactivity of cysteines toward maleimides and the hydrolytic stability of the adducts
obtained.

■

INTRODUCTION
A major goal in modern biology is to introduce optical control
over biological processes, which enables researchers to take
advantage of the temporal and spatial precision of light.1 In
order to convert proteins that are not normally sensitive to light
into photoreceptors, synthetic photoswitches can be attached
via a variety of bioconjugation techniques. This approach,
which is known as tethered photopharmacology,2−5 serves as an
alternative to conventional optogenetics, which manipulates
biological activity by means of the genetic introduction of lightsensitive proteins foreign to the cells and tissues of interest.6
Photopharmacological approaches have been successfully
implemented to a variety of targets, such as ionotropic7,8 and
metabotropic9,10 glutamate receptors, nicotinic acetylcholine
receptors,11 GABAA receptors,12 and enzymes.13−15 Systems
described to date utilize aﬃnity labeling,13 cysteine-maleimide16
or click chemistry (iBOLT),17 and SNAP-tagged receptor
labeling.10 Bioconjugation to genetically engineered cysteine
© 2018 American Chemical Society

residues remains the most popular approach for the attachment
of synthetic photoswitches, requiring only minor alteration in
the target structure, along with a readily available labeling
agent.16 Its implementation, however, has been limited by the
diﬃculty in identifying suitable native or engineered cysteine
sites (the cysteinome18) to act as anchor residues for the
attachment of diﬀerent photoswitchable ligands. Herein, we
describe a method to quickly screen for these site−ligand
combinations.
To demonstrate the power of this approach, we selected
human Carbonic Anhydrase II (hCAII), an enzyme that
catalyzes the reversible conversion of carbon dioxide and water
into a proton and a bicarbonate anion (see Figure 1a).19 Widely
expressed in the human body, hCAII has a variety of
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Figure 1. Design of a light-sensitive human Carbonic Anhydrase II. (a) hCAII catalyzes the hydration of CO2 (gray spheres represent Zn(II)). (b)
Inhibitors of hCAII are aryl sulfonamides (sulfanilamide and acetazolamide), N-hydroxy benzamides and dithiocarbamates. (c) Phenyl sulfonamide
blocks enzymatic activity by directly binding to the catalytically active site. (d) Azobenzenes can be reversibly photoisomerized, which is
accompanied by a large structural change. (e) Schematic representation of building a PTL-labeled, photoresponsive hCAII: ﬁrst, a cysteine is
introduced in the lyase, which in the following can be labeled with a photoresponsive PTL. (f) Michael addition of a cysteine to a maleimide results
in thioether adducts, which can undergo hydrolysis to give two regioisomeric succinamides, either in proximity to the α- or β-carbonyl group (α- or
β-CO). (g) Designed PTLs SA-1, SA-2, and SA-3.

active site, they are known to eﬃciently block hCAII activity
with inhibitory constants (Ki) in the picomolar range.19
Although other molecular scaﬀolds, such as N-hydroxy
benzamides or dithiocarbamates (Figure 1b), have been
recently reported to inhibit hCAII in the subnanomolar
range,20 aryl sulfonamide inhibitors have been more comprehensively investigated,19 making them the best scaﬀold for the
design of our photoswitchable tethered ligands (Figure 1c
depicts the typical binding mode of aryl sulfonamide to the Zn
atom, pdb: 4jsa21). To make our molecules respond to light, we
incorporated an azobenzene moiety (Figure 1d). The geometry

physiological roles and its malfunction has been associated with
several diseases, ranging from neurological disorders to cancer.
In the eye, it is crucial to maintaining the correct pressure,
which is why blockers of hCAII are utilized to treat glaucoma.
Given its abundance, stability, and medical signiﬁcance, hCAII
has been used extensively as a model system in enzymology. Its
mode of action is well understood, several inhibitors have been
identiﬁed, and well-resolved crystal structures are available.19
Aryl sulfonamides, such as sulfanilamide or acetazolamide
(Figure 1b), are a prominent class of hCAII inhibitors. Acting
as transition-state analogues that bind to the Zn atom in the
794
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of azobenzene changes signiﬁcantly upon the cis-trans isomerization of its NN double bond, which can be toggled back
and forth quickly and reliably over many cycles. In addition, the
optimal wavelength of switching can be tuned by adding
substituents to the azobenzene scaﬀold.3
We computationally screened over 750 site−ligand combinations to determine four potential cysteine mutation sites,
each of which could potentially work with at least one of the
tested photoswitchable compounds, for a total of six optimal
and unique site-ligand combinations. We then investigated
these six combinations in the laboratory, tested for ligand
binding via mass spectrometry, determined light-dependent
catalysis via standard enzymatic assays, and characterized the
structures of a subset via X-ray crystallography. In two of these
six cases, hCAII was successfully converted into an enzyme
whose activity was controlled by light, giving rise to a rationally
designed light-activated human carbonic anhydrase II
(LihCAII) (Figure 1e). Our results provide a method and
guidelines for the rapid development of additional lightcontrolled proteins, in particular for approaches that require
an eﬃcient screening of the cysteinome.

major aim was that the maleimide would be able to bind to an
introduced cysteine residue at that site while the sulfonamide
remains in its binding pocket. To determine these sites, two
known crystal structures of hCAII (pdb: 2cba29 and 1bnt30)
provided the required starting information, allowing us to begin
each calculation with the sulfonamide appropriately coordinated to the Zn ion in the catalytic center. Since the
computation is designed to solve what is mainly a complex
geometric problem, we used a simple united atom model for
the protein and considered only Lennard-Jones (LJ)
interactions with a cutoﬀ implemented to exclude improper,
i.e., too-close, steric contacts (see the “Computational
Methods” section in the Supporting Information). During the
calculation, the sulfonamide moiety remained coordinated to
the Zn ion, while the rest of the PTL was allowed to rotate
around its single bonds in order to explore the accessible
physical space. Potential binding sites were then identiﬁed
whenever the maleimide moiety came close enough to the Cα
position of a given wild-type residue to indicate that the
maleimide would also be able to get close enough to form a
covalent bond with a cysteine introduced at that site.
One complexity in designing an eﬃcient screening algorithm
lies in the fact that all potential mutation sites have noncysteine
residues in the wild type. Therefore, if simulated with all wildtype side chains present, the introduced residue might block the
simulated PTL from getting close enough to the Cα carbon of
that residue to register it as a potential binding site. However,
removing or mutating each side chain to a cysteine one by one
to overcome this complexity would be too time-consuming,
while removing all side chains or changing them all to cysteine
residues at once would remove the chemical detail necessary to
determine a good mutation site. As a result, we designed the
screening calculation so that the PTL is able to interact with
diﬀerent subsets of the protein’s atoms as requested, for
instance with the backbone atoms alone or with the backbone
atoms plus a subset of the side-chain atomseﬀectively
allowing us to temporarily “remove” groups of side chains as
needed. We then progressed through a series of three steps that
collectively allowed us to minimize the number of computations, while still obtaining a comprehensive picture of the
candidate sites for cysteine mutation:
(1) First, we considered the interactions of the PTL with just
the backbone atoms. If a PTL’s maleimide is not able to
get close enough to form a bond to a residue’s Cα atom
when all neighboring side chains are eﬀectively removed,
then it will also not be able to access that site in the
presence of neighboring side chains.
(2) We then considered the interactions of the PTL with the
backbone atoms and the subset of all side chains that
were ruled out as potential maleimide-binding sites in
step 1, since these wild-type side chains would all be
present in the ﬁnal mutant.
(3) Lastly, for each potential maleimide-binding site that was
identiﬁed in step 2, we considered the interactions of the
PTL with the backbone and all side-chain atoms, except
for those of the speciﬁc potential site that we were testing
(so that the wild-type residue at that site would not
interfere with our assessment of its binding potential, if it
was changed to a cysteine).
Figure 1 in the Supporting Information provides an illustration
of the residues identiﬁed at each step for SA-1, and additional

■

RESULTS AND DISCUSSION
Construction of Photochromic Tethered Ligands
(PTLs). To enable bioconjugation, we decided to introduce a
maleimide moiety into our ligands. Maleimides readily react
with the thiol group of cysteine residues, making it possible to
covalently anchor a photochromic tethered ligand (PTL) to a
protein via Michael addition.22 The reaction is suﬃciently fast
at RT and physiological pH to eﬀectively label native proteins.
Depending on the local environment, the resulting succinimide
may gradually hydrolyze to yield the corresponding monoamide
of succinic acid (Figure 1f),23 in which case the length of the
tether increases slightly. It has been shown that, after such a
hydrolysis, the retro-Michael addition is suppressed due to the
increased pKa of the α-H atom,24 which may be one reason why
maleimides have proven so eﬀective in bioconjugation.25−28
By combining the bioconjugating moeity with a photoswitch
attached to a biologically active ligand, we designed three PTLs
(SA-1, SA-2, and SA-3, Figure 1g). All three variants contain
the same aryl sulfonamide, azobenzene, and maleimide
moieties. However, the linkers between the azobenzenes and
maleimides diﬀer: SA-1 bears a glycine linker; SA-2 includes a
bis-glycine linker; and SA-3 contains a methylene triazole
linker. These three linkers were designed to introduce diﬀerent
degrees of length and ﬂexibility, thus providing a variety among
the ligands to screen in silico. Additional details on PTL
synthesis and characterization are listed in the Supporting
Information (also see Scheme 1 in the Supporting Information).
Computational Screening. The next step was to
determine a set of optimal locations for each PTL (SA-1, SA2, and SA-3) on the hCAII backbone by introducing a cysteine
residue for the covalent attachment of the respective PTL.
There are more than 250 possible mutation sites to consider for
each PTL in the hCAII structure, far more than could be
reasonably explored via experiments. In order to reduce this
number to a handful of likely sites, we developed a
computational screening approach aimed at identifying a
small number of optimal candidates for experimental testing.
Promising positions in the protein structure are sites where a
cysteine mutation would allow binding of either the cis-isomer
or the trans-isomer of the tested PTL (but not both). Our
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Figure 2. Predicted mutant−ligand combinations and results from the pNPA kinetic assay of hCAII mutants. (a) Visualization of amino acid residues
that were proposed in silico for cysteine mutations. (b) Combinations that were predicted to result in photocontrol. (c) Representative kinetic traces
from wild-type and mutant enzymes in the absence of PTL labeling. (d) Bar diagram of the calculated rate constants khCAII for both the control group
(no PTL exposure) and after labeling with SA-1, SA-2, and SA-3. The background rate of saponiﬁcation (colored gray in panel (c)) was subtracted
prior to calculating the rate constants depicted in panel (d); the error bars indicate the standard deviation across three or four trials per mutant-PTL
combination. A hashtag symbol (#) above the bar indicates that the PTL failed to label this mutant. See Table 3 in the Supporting Information for
details.

same catalytic activity as the wild type,31 and we therefore
introduced this additional replacement in all of our mutant
hCAII candidates as well (see the Supporting Information).
Four mutant enzymes, namely, D130C, F131C, G132C, and
K133C were obtained that also include the C206S mutation.
Henceforth, these double mutants are referenced only by their
cysteine-attachment site mutation. The enzymatic activity of
our hCAII variants was assayed via hydrolysis of paranitrophenolacetate (pNPA) to a phenolate whose concentration could be monitored by UV-vis spectroscopy. This
colorometric assay allowed us to accurately determine the
esterase activity of hCAII for all four mutants. Representative
results are shown in Figure 2c and further elaborated in the
Supporting Information.
All of our engineered carbonic anhydrases exhibited
signiﬁcantly faster rates of phenolate production than the
background (shown in gray). Nevertheless, there were
signiﬁcant diﬀerences among the observed catalytic rates:
G132C and K133C yielded similar rate constants to those
measured for the wild-type enzyme. F131C possesses
signiﬁcantly reduced catalytic activity, while the D130C version
exhibits a much higher rate constant (calculated rate constants
are listed in Table 2 in the Supporting Information).

details are provided in Supporting Information section entitled
“Computational Methods”.
An optimal cysteine mutation site is one that is detected as a
potential maleimide-binding site when tested individually with
all other side chains present in their crystallographic positions
for the cis or trans isomer (as in step 3), but is not detected as a
potential binding site, even when using the backbone-only
analysis with the other isomer (as in step 1). With these criteria
in mind, four cysteine mutants were identiﬁed that depicted
promising maleimide-binding sites: D130C (with SA-2),
F131C (with SA-2), G132C (with SA-1, SA-2, and SA-3),
and K133C (with SA-2) (Figures 2a and 2b; full results can be
seen in Table 1 in the Supporting Information). Notably, the
predicted mutation sites are all located along the rim of the
enzymes’ binding pocket, identifying this ridge as a particularly
optimal position for a bound PTL to access the binding pocket
in only one isomer.
Protein Expression and Functional Assessment. With
SA-1, SA-2, and SA-3 in hand, we set out to express these
cysteine mutants of hCAII in order to test our computational
predictions. hCAII bears one native cysteine (C206), which
could complicate our assessment by means of cross-reactivity.
Fortunately, the C206S mutant has been shown to have the
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Figure 3. Determination of the LihCAII activity’s dependence on irradiation. (a) Enzymatic activity of G132C•SA-2 and K133C•SA-2 irradiated
alternatingly with 440 nm light (blue background) and 370 nm light (gray background), respectively. (b) Expanded view of an area shown in panel
(a), depicting induction periods after a switching event and highlighting the data linearly ﬁtted to obtain the distinct rate constants. For clarity, only
the G132C•SA-2 trace is shown. (c) Calculated rate constants of the photodependent kinetics for the last 30 s in each irradiation window. The rate
constants demonstrate photoswitchable enzymatic activity (error bars indicate the standard deviation across N = 3 trials for G132C•SA-2 and N = 4
trials for K133C•SA-2). (d) Diﬀerences in the averaged rate constants calculated for each wavelength across the three irradiation windows. These
proved to be signiﬁcant (Student’s t-test: both ***p < 0.005) after averaging (N = 9 for G132C•SA-2 and N = 12 for K133C•SA-2). Error bars
represent the standard error of the mean (which is smaller than the symbol in case of the G132C•SA-2 variant). Results in panels (c) and (d) have
had the background reaction rate subtracted out.

Protein Labeling and Photocontrol. Having established
the enzymes’ activities in the absence of a PTL, each mutant
was incubated separately with SA-1, SA-2, and SA-3, using a
protocol that removed any excess PTL (see the Supporting
Information). Results from full protein mass spectrometry
indicate that all three PTLs underwent covalent attachment to
D130C and G132C. SA-2 and SA-3 only reacted with K133C.
No PTL attachment could be detected in the F131C mutant.
Notably, the SA-2-labeled and some of the SA-3-labeled
proteins possessed an additional mass of 18 Da, which we
attribute to the hydrolysis of succinimide post attachment (see
Figure 1f and Tables 4−7 in the Supporting Information).
PTL labeling with SA-1, SA-2, and SA-3 under ambient
conditions lowers the activity of the mutants (see Figure 2d and
Table 2 in the Supporting Information), indicating that the aryl
sulfonamide group is able to enter the ligand-binding pocket
and inhibit enzyme function when the azobenzene switch is in
its trans conﬁguration. In order to probe photoswitchability, the
labeled enzymes were incubated as described above and then
irradiated with the appropriate wavelengths, λ1 and λ2, for
reversibly switching between trans and cis: SA-1 (λ1 = 440 nm
and λ2 = 370 nm), SA-2 (λ1 = 440 nm and λ2 = 370 nm), and
SA-3 (λ1 = 440 nm and λ2 = 335 nm). The applied light was

toggled back and forth between these wavelengths every 2 min
for a total of three cycles, stretching over 12 min (see Figure
3a). This protocol ensured that the photostationary state was
reached and was in agreement with the photoswitching rate
constants of unbound SA-2 ligand in PBS (cf. τcis‑SA‑2(370 nm)
= 15.1 ± 1.6 s; τtrans‑SA‑2(440 nm) = 10.1 ± 1.4 s). Within each
2 min light-irradiation window, the kinetic traces depict an
induction period, followed by a linear regime where the rate of
substrate conversion is concentration-independent (Figure 3b).
As a result, kinetic constants were calculated by linearly ﬁtting
the rate of conversion over the ﬁnal 30 s in each 2 min window
(see Figures 3c and 3d).
Our eﬀorts culminated in the reversible photocontrol of two
hCAII mutants after incubation with the SA-2 PTL. Out of the
12 PTL mutant combinations tested experimentally, six were
predicted to possess photoswitchable activities, where two
diﬀerent mechanistic scenarios can be proposed: (i) the
sulfonamide is released from the Zn atom by “ﬂipping” out
of the active site, or (ii) the conformational switch of the
azobenzene is transmitted to the linker while the sulfonamide is
still coordinated to the Zn atom, thus causing protein
rearrangements. Either scenario could result in an increase of
the turnover number. Taken together, the F131C mutant failed
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Figure 4. Analysis of LihCAII, G132C•SA-2. (a) Protein X-ray structure showing the azobenzene and sulfonamide units of SA-2 and the cysteine
mutant where the linker turned out to be ﬂexible. The rendering in panel (b) and the cartoon in panel (c) highlight the dimensions and interactions
between the enzyme and SA-2, respectively. In both panels (b) and (c), the linker is drawn as a set of dotted bonds, showing only one of its possible
regioisomers and without stereochemical information on the asymmetric carbon bound to the S atom.

to undergo labeling and two of the remaining ﬁve candidates
were found to function as a photoswitchable enzyme after
labeling: G132C with SA-2 (G132C•SA-2) and K133C with
SA-2 (K133C•SA-2) (Figure 3). Remarkably, in the presence
of UV irradiation the corresponding rates increased signiﬁcantly
by 5.6-fold for G132C•SA-2 (***p = 0.004) and 1.5-fold for
K133C•SA-2 (***p = 0.002). Exact values of all results are
given in Tables 8−11 in the Supporting Information.
X-ray Crystallographic Studies of Mutants F131C and
G132C. To better understand the hCAII−ligand system and
investigate why some of our mutants failed to label, we
performed crystallographic studies to provide structural insights
with atomic resolution. First, we co-crystallized F131C with SA2 (1.3 Å resolution, Rfree = 17.1%, pdb: 5t71). Although the
sulfonamide group is tightly bound in the pocket, the remaining
part of the ligand was not resolvable, which is consistent with
the failure of SA-2 to label F131C. Interestingly, in this
structure, the cysteine thiol of F131C was buried in the
hydrophobic environment that, in the wild-type structure, is
occupied by the phenylalanine (see Figure 2j in the Supporting
Information). This hydrophobic microenvironment may
increase the thiol’s pKa value, which, in turn, lowers its
reactivity toward electrophiles. A similar situation has been
observed recently in the substrate discrimination by glutaredoxin.32 In addition, the computational screening technique
uses the location of the wild-type Cα carbon at the proposed
mutation site. Although the Cα carbon utilized in the
calculation is solvent-exposed, the introduced cysteine thiol
group adopts a diﬀerent, but well-deﬁned, orientation,
demonstrating one limitation of our computational screening
algorithm. We conclude that the local environment of the thiol
group, both in terms of its structural occlusion and its acidity,
may prevent the reaction with the maleimide group in the
F131C mutant (for a more-detailed discussion and other
photochromic molecules resolved by X-ray crystallography, see
Section 11 in the Supporting Information).
Next, we determined the crystal structure of our best
photoswitch-attachment site combination, G132C•SA-2 (1.5 Å
resolution, Rfree = 17.5%, pdb: 5t75). Interestingly, we observed
a blurry electron density around our engineered cysteine
(Figure 4a) while we received a well-deﬁned electron density
for the remaining part of the protein and SA-2. In particular,
the sulfonamide-zinc binding and the azobenzene interaction
with F131, L198, T199, and P202, respectively, were well-

resolved (Figure 4). These molecular-level insights led us to
conclude that the conjugate addition to the maleimide is not
stereoselective and/or the subsequent hydrolysis of the
resulting succinimide is unselective. The stereoisomers and
regioisomers are expected to be ﬂexible and, thus, the linker
region is poorly reﬁned in the crystal structure.
Discussion and Summary. Carbonic Anhydrases have
proved to be an excellent platform to probe the principles of
photopharmacology. Photoswitchable aﬃnity labels (PALs),
which engaged native histidines on the ﬂexible N-terminus of
hCAII, allowed for a 2-fold change in the rate constant.13
Another isoform of carbonic anhydrase (hCAI) was linked via a
chelating copper complex and a photoresponsive 1,2dithienylethene to a sulfonamide inhibitor.14 While the IC50
value between the two photoisomers could be changed by a
factor of ∼50, repetitive switching could not be demonstrated.14 Although this approach was expanded to other hCA
isoforms (namely, II, IX, XII and XIV), the change in the
inhibitory constant Ki for isoform II was found to be ca. 5fold.33 In addition to labeled hCAs, freely diﬀusible azobenzene
inhibitors were reported in other studies but no lightdependent enzymatic activity was observed.34,35
Here, we demonstrate the rational design of a lightcontrolled enzyme via an in silico screening process. We have
developed two LihCAIIs (Light-controlled human Carbonic
Anhydrases II) by combining advanced computational
modeling with detailed structural knowledge about residues
essential for catalysis. Thus, we could precisely deﬁne six
optimal photoresponsive mutant-PTL combinations from a set
of three PTLs. Two of theseG132C•SA-2 and K133C•SA2turned out to be eﬀective. Our screening algorithm enabled
us to obtain two photoresponsive LihCAIIs from only six
mutant−ligand combinations, which is a signiﬁcant improvement over past trial-and-error approaches. We hope that our
study will stimulate the use of engineered cysteines for the
design of covalently bound drugs that target native and
engineered proteins.
During our studies, we also found that seemingly accessible
cysteines can be surprisingly inert, because of their microenvironment. This sheds light on the reactivity of the
cysteinome with electrophiles.36 We conﬁrmed experimentally
that the hydrolysis of succinimides to monosuccinamides
occurs over time. Although this changes the length and
ﬂexibility of the covalent attachment chemistry, as apparent in
798

DOI: 10.1021/acschembio.7b00862
ACS Chem. Biol. 2018, 13, 793−800

Articles

ACS Chemical Biology

(4) Lerch, M. M., Hansen, M. J., van Dam, G. M., Szymanski, W., and
Feringa, B. L. (2016) Emerging Targets in Photopharmacology. Angew.
Chem., Int. Ed. 55, 10978−10999.
(5) Leippe, P., Koehler Leman, J., and Trauner, D. (2017) Specificity
and Speed: Tethered Photopharmacology. Biochemistry 56, 5214−
5220.
(6) Deisseroth, K. (2011) Optogenetics. Nat. Methods 8, 26−29.
(7) Volgraf, M., Gorostiza, P., Numano, R., Kramer, R. H., Isacoff, E.
Y., and Trauner, D. (2006) Allosteric control of an ionotropic
glutamate receptor with an optical switch. Nat. Chem. Biol. 2, 47−52.
(8) Izquierdo-Serra, M., Bautista-Barrufet, A., Trapero, A., GarridoCharles, A., Diaz-Tahoces, A., Camarero, N., Pittolo, S., Valbuena, S.,
Perez-Jimenez, A., Gay, M., Garcia-Moll, A., Rodriguez-Escrich, C.,
Lerma, J., de la Villa, P., Fernandez, E., Pericas, M. A., Llebaria, A., and
Gorostiza, P. (2016) Optical control of endogenous receptors and
cellular excitability using targeted covalent photoswitches. Nat.
Commun. 7, 12221.
(9) Levitz, J., Pantoja, C., Gaub, B., Janovjak, H., Reiner, A.,
Hoagland, A., Schoppik, D., Kane, B., Stawski, P., Schier, A. F.,
Trauner, D., and Isacoff, E. Y. (2013) Optical control of metabotropic
glutamate receptors. Nat. Neurosci. 16, 507−516.
(10) Broichhagen, J., Damijonaitis, A., Levitz, J., Sokol, K. R., Leippe,
P., Konrad, D., Isacoff, E. Y., and Trauner, D. (2015) Orthogonal
Optical Control of a G Protein-Coupled Receptor with a SNAPTethered Photochromic Ligand. ACS Cent. Sci. 1, 383−393.
(11) Tochitsky, I., Banghart, M. R., Mourot, A., Yao, J. Z., Gaub, B.,
Kramer, R. H., and Trauner, D. (2012) Optochemical control of
genetically engineered neuronal nicotinic acetylcholine receptors. Nat.
Chem. 4, 105−111.
(12) Lin, W. C., Davenport, C. M., Mourot, A., Vytla, D., Smith, C.
M., Medeiros, K. A., Chambers, J. J., and Kramer, R. H. (2014)
Engineering a light-regulated GABAA receptor for optical control of
neural inhibition. ACS Chem. Biol. 9, 1414−1419.
(13) Harvey, J. H., and Trauner, D. (2008) Regulating enzymatic
activity with a photoswitchable affinity label. ChemBioChem 9, 191−
193.
(14) Vomasta, D., Hogner, C., Branda, N. R., and Konig, B. (2008)
Regulation of human carbonic anhydrase I (hCAI) activity by using a
photochromic inhibitor. Angew. Chem., Int. Ed. 47, 7644−7647.
(15) Gu, Y., Wu, X., Liu, H., Pan, Q., and Chen, Y. (2018)
Photoswitchable Heparinase III for Enzymatic Preparation of Low
Molecular Weight Heparin. Org. Lett. 20, 48−51.
(16) Broichhagen, J., and Trauner, D. (2014) The in vivo chemistry
of photochromic tethered ligands. Curr. Opin. Chem. Biol. 21, 121−
127.
(17) Tsai, Y. H., Essig, S., James, J. R., Lang, K., and Chin, J. W.
(2015) Selective, rapid and optically switchable regulation of protein
function in live mammalian cells. Nat. Chem. 7, 554−561.
(18) Liu, Q., Sabnis, Y., Zhao, Z., Zhang, T., Buhrlage, S. J., Jones, L.
H., and Gray, N. S. (2013) Developing irreversible inhibitors of the
protein kinase cysteinome. Chem. Biol. 20, 146−159.
(19) Krishnamurthy, V. M., Kaufman, G. K., Urbach, A. R., Gitlin, I.,
Gudiksen, K. L., Weibel, D. B., and Whitesides, G. M. (2008) Carbonic
anhydrase as a model for biophysical and physical-organic studies of
proteins and protein-ligand binding. Chem. Rev. 108, 946−1051.
(20) Winum, J. Y., and Supuran, C. T. (2015) Recent advances in the
discovery of zinc-binding motifs for the development of carbonic
anhydrase inhibitors. J. Enzyme Inhib. Med. Chem. 30, 321−324.
(21) Martin, D. P., Hann, Z. S., and Cohen, S. M. (2013)
Metalloprotein-inhibitor binding: human carbonic anhydrase II as a
model for probing metal-ligand interactions in a metalloprotein active
site. Inorg. Chem. 52, 12207−12215.
(22) Nimmo, C. M., and Shoichet, M. S. (2011) Regenerative
Biomaterials that “Click”: Simple, Aqueous-Based Protocols for
Hydrogel Synthesis, Surface Immobilization, and 3D Patterning.
Bioconjugate Chem. 22, 2199−2209.
(23) Kalia, J., and Raines, R. T. (2007) Catalysis of imido group
hydrolysis in a maleimide conjugate. Bioorg. Med. Chem. Lett. 17,
6286−6289.

an X-ray structure, it still aﬀorded our best photoswitchable
enzyme-ligand combination: G132C•SA-2.

■

METHODS

■

ASSOCIATED CONTENT

See the Supporting Information for a description of the methodology
used. All materials (plasmids, enzyme mutants, PTLs) described herein
are available upon request for academic use free of charge. The code
and a set of instructional ﬁles can be obtained upon request.

* Supporting Information
S

The Supporting Information is available free of charge on the
ACS Publications website at DOI: 10.1021/acschembio.7b00862.
Details on chemical synthesis including characterization,
computational methods, protein cloning, expression,
puriﬁcation, labeling, mass spectrometry, assays and Xray crystallography, and further discussion (PDF)

■

AUTHOR INFORMATION

Corresponding Author

*E-mail: johannes.broichhagen@mpimf-heidelberg.mpg.de.
ORCID

Michael Groll: 0000-0002-1660-340X
Dirk Trauner: 0000-0002-6782-6056
Johannes Broichhagen: 0000-0003-3084-6595
Present Addresses
#

Department of Chemistry, University of Virginia, Charlottesville, VA 22904, USA.
%
Department of Chemical Biology, Max Planck Institute for
Medical Research, Jahnstr. 29, 69120 Heidelberg, Germany.
Notes

The authors declare no competing ﬁnancial interest.

■

ACKNOWLEDGMENTS
K.H.D. was supported by a NIH grant (No. 5R01GM06702703). M.G. and D.T. thank the Munich Centre for Integrated
Protein Science (CIPSM), as well as the Deutsche
Forschungsgemeinschaft SFB749, for ﬁnancial support. D.T.
acknowledges support of the European Research Council for an
Advanced Grant (No. 268795). We are grateful to the staﬀ of
the beamline X06SA at the Paul Scherrer Institute, Swiss Light
Source, Villigen (Switzerland) for assistance during data
collection. J.B. is grateful to the Studienstiftung des deutschen
Volkes for a Ph.D. Fellowship and an EMBO short-term
fellowship. We thank M. Gattner, D. Eisen, and T. Carell for
full protein mass spectrometry assistance; E. P. Trautman for
synthetic assistance; A. Reiter for protein puriﬁcation
assistance; S. Koch, M. Müller, and T. Carell for protein
crystallization assistance; and H. Janovjak for helpful discussions and advice. Plasmids for hCAII single mutants
(D130C, F131C, G132C, K133C) were a generous gift kindly
provided from C. A. Fierke (Ann Arbor, MI).

■

REFERENCES

(1) Gorostiza, P., and Isacoff, E. Y. (2008) Optical switches for
remote and noninvasive control of cell signaling. Science 322, 395−399.
(2) Velema, W. A., Szymanski, W., and Feringa, B. L. (2014)
Photopharmacology: beyond proof of principle. J. Am. Chem. Soc. 136,
2178−2191.
(3) Broichhagen, J., Frank, J. A., and Trauner, D. (2015) A Roadmap
to Success in Photopharmacology. Acc. Chem. Res. 48, 1947−1960.
799

DOI: 10.1021/acschembio.7b00862
ACS Chem. Biol. 2018, 13, 793−800

Articles

ACS Chemical Biology
(24) Lyon, R. P., Setter, J. R., Bovee, T. D., Doronina, S. O., Hunter,
J. H., Anderson, M. E., Balasubramanian, C. L., Duniho, S. M., Leiske,
C. I., Li, F., and Senter, P. D. (2014) Self-hydrolyzing maleimides
improve the stability and pharmacological properties of antibody-drug
conjugates. Nat. Biotechnol. 32, 1059−1062.
(25) Alley, S. C., Benjamin, D. R., Jeffrey, S. C., Okeley, N. M.,
Meyer, D. L., Sanderson, R. J., and Senter, P. D. (2008) Contribution
of linker stability to the activities of anticancer immunoconjugates.
Bioconjugate Chem. 19, 759−765.
(26) Baldwin, A. D., and Kiick, K. L. (2011) Tunable degradation of
maleimide-thiol adducts in reducing environments. Bioconjugate Chem.
22, 1946−1953.
(27) Ryan, C. P., Smith, M. E., Schumacher, F. F., Grohmann, D.,
Papaioannou, D., Waksman, G., Werner, F., Baker, J. R., and Caddick,
S. (2011) Tunable reagents for multi-functional bioconjugation:
reversible or permanent chemical modification of proteins and
peptides by control of maleimide hydrolysis. Chem. Commun. 47,
5452−5454.
(28) Shen, B. Q., Xu, K., Liu, L., Raab, H., Bhakta, S., Kenrick, M.,
Parsons-Reponte, K. L., Tien, J., Yu, S. F., Mai, E., Li, D., Tibbitts, J.,
Baudys, J., Saad, O. M., Scales, S. J., McDonald, P. J., Hass, P. E.,
Eigenbrot, C., Nguyen, T., Solis, W. A., Fuji, R. N., Flagella, K. M.,
Patel, D., Spencer, S. D., Khawli, L. A., Ebens, A., Wong, W. L.,
Vandlen, R., Kaur, S., Sliwkowski, M. X., Scheller, R. H., Polakis, P.,
and Junutula, J. R. (2012) Conjugation site modulates the in vivo
stability and therapeutic activity of antibody-drug conjugates. Nat.
Biotechnol. 30, 184−189.
(29) Hakansson, K., Carlsson, M., Svensson, L. A., and Liljas, A.
(1992) Structure of native and apo carbonic anhydrase II and structure
of some of its anion-ligand complexes. J. Mol. Biol. 227, 1192−1204.
(30) Boriack-Sjodin, P. A., Zeitlin, S., Chen, H. H., Crenshaw, L.,
Gross, S., Dantanarayana, A., Delgado, P., May, J. A., Dean, T., and
Christianson, D. W. (1998) Structural analysis of inhibitor binding to
human carbonic anhydrase II. Protein Sci. 7, 2483−2489.
(31) Huang, S., Sjoblom, B., Sauer-Eriksson, A. E., and Jonsson, B. H.
(2002) Organization of an efficient carbonic anhydrase: Implications
for the mechanism based on structure-function studies of a T199P/
C206S mutant. Biochemistry 41, 7628−7635.
(32) Jensen, K. S., Pedersen, J. T., Winther, J. R., and Teilum, K.
(2014) The pKa value and accessibility of cysteine residues are key
determinants for protein substrate discrimination by glutaredoxin.
Biochemistry 53, 2533−2540.
(33) Vomasta, D., Innocenti, A., Konig, B., and Supuran, C. T.
(2009) Carbonic anhydrase inhibitors: two-prong versus mono-prong
inhibitors of isoforms I, II, IX, and XII exemplified by photochromic
cis-1,2-alpha-dithienylethene derivatives. Bioorg. Med. Chem. Lett. 19,
1283−1286.
(34) Runtsch, L. S., Barber, D. M., Mayer, P., Groll, M., Trauner, D.,
and Broichhagen, J. (2015) Azobenzene-based inhibitors of human
carbonic anhydrase II. Beilstein J. Org. Chem. 11, 1129−1135.
(35) Maresca, A., Carta, F., Vullo, D., Scozzafava, A., and Supuran, C.
T. (2009) Carbonic anhydrase inhibitors. Inhibition of the Rv1284 and
Rv3273 beta-carbonic anhydrases from Mycobacterium tuberculosis with
diazenylbenzenesulfonamides. Bioorg. Med. Chem. Lett. 19, 4929−
4932.
(36) Wu, S., Luo, H., Wang, H., Zhao, W., Hu, Q., and Yang, Y.
(2016) Cysteinome: The first comprehensive database for proteins
with targetable cysteine and their covalent inhibitors. Biochem. Biophys.
Res. Commun. 478, 1268−1273.

800

DOI: 10.1021/acschembio.7b00862
ACS Chem. Biol. 2018, 13, 793−800

