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Bioluminescent sensor proteins for point-of-care
therapeutic drug monitoring

Rudolf Griss™3, Alberto Schena'3, Luc Reymond'3, Luc Patiny’, Dominique Werner?,
Christine E Tinberg®, David Baker> & Kai Johnsson'3*

For many drugs, finding the balance between efficacy and toxicity requires monitoring their concentrations in the patient's
blood. Quantifying drug levels at the bedside or at home would have advantages in terms of therapeutic outcome and
convenience, but current techniques require the setting of a diagnostic laboratory. We have developed semisynthetic
bioluminescent sensors that permit precise measurements of drug concentrations in patient samples by spotting minimal
volumes on paper and recording the signal using a simple point-and-shoot camera. Our sensors have a modular design con-
sisting of a protein-based and a synthetic part and can be engineered to selectively recognize a wide range of drugs, including
immunosuppressants, antiepileptics, anticancer agents and antiarrhythmics. This low-cost point-of-care method could make
therapies safer, increase the convenience of doctors and patients and make therapeutic drug monitoring available in regions
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with poor infrastructure.

toxicity. Many immunosuppressants, antiepileptics, anti-

biotics and other drugs have unpredictable pharmacokinetics
and narrow therapeutic ranges, requiring monitoring of their
concentrations in the body. This process, known as therapeutic
drug monitoring (TDM), currently relies on immunoassays and
chromatographic techniques, but such methods require dedicated
personnel and infrastructure!. Although measuring blood glucose
levels at the point of care is well established, low-cost methods for
quantifying drug levels are still lacking. The development of fast and
low-cost assays would improve safety and therapeutic outcome in
regions with poor infrastructure and allow personalized dosage at
bedside or at home.

Moving TDM from the diagnostic lab to the patient requires
tools that (i) are capable of handling minimal sample volumes down
to a single drop, (ii) are quantitative, (iii) do not require operator
intervention and (iv) permit automated readout with inexpen-
sive, portable devices. We introduce here luciferase-based indica-
tors of drugs (LUCIDs), a new class of biosensors that fulfill all of
these demands.

LUCIDs are ratiometric, bioluminescent sensor proteins made
up of three components: a receptor protein for the drug of interest,
a luciferase and a synthetic molecule containing a fluorophore and
a ligand for the receptor protein (Fig. 1a,b). The attached ligand
binds in an intramolecular manner to the receptor protein, bringing
the fluorophore close to the luciferase and permitting efficient bio-
luminescent resonance energy transfer (BRET). Sufficient concen-
trations of analyte can displace the ligand from the receptor protein,
causing BRET efficiency to decrease. Recording the ratio of light
emitted from the luciferase (blue) and the synthetic fluorophore
(red) permits quantification of the concentration of the analyte
independently of sensor concentration and signal intensity. We have
previously shown that competition between a tethered ligand and
free analyte permits the design of Forster resonance energy trans-
fer (FRET)-based sensor proteins®-, but the use of bioluminescence

D rug dosage needs to strike a balance between efficacy and

simplifies the readout, increases sensitivity and renders the sen-
sor protein independent from external light sources—important
features for the development of point-of-care devices.

RESULTS

Sensor development

As a first analyte, we chose the anticancer agent methotrexate
(Fig. 1). High drug concentrations are required to kill tumor cells,
and TDM is required to prevent excessive toxicity by guiding dose
adjustment of folinic acid®. To create a LUCID for methotrexate, we
chosebacterial dihydrofolatereductase (DHFR) asareceptor protein
and the DHFR inhibitor trimethoprim as an intramolecular ligand.
The sensor then is a fusion protein of DHFR, the luciferase NanoLuc
and SNAP-tag’ for the specific attachment of the synthetic mole-
cule containing the fluorophore Cy3 and trimethoprim (Fig. 1a,b).
We inserted a rigid 30-proline linker between SNAP-tag and
NanoLuc to push the fluorophore and the luciferase apart, ensur-
inglow BRET efficiency in the open state of the sensor. Titration of
this sensor with methotrexate revealed a maximum ratio change of
218+ 6% (£s.d.) (Supplementary Results, Supplementary Fig. 3).
Even though this is the highest dynamic range for any BRET bio-
sensor reported so far®, we speculated that we could improve it
by bringing the luciferase closer to the active site of DHFR and
thus to the acceptor fluorophore in the closed state of the sensor.
We constructed a circularly permuted DHFR variant, moving the
N terminus to residue Asn23, which is located in a loop next to
the protein’s active site (Fig. 1¢)°. This increased the sensor’s ratio
change more than sixfold to 1,340 = 90% (Fig. 1d,e). Titrating the
sensor with increasing concentrations of methotrexate permitted
us to determine the concentration resulting in 50% of the maxi-
mum ratio change (c,,) of 0.75 = 0.04 uM. An attractive feature of
the sensor design is that we can adjust the c,, for a given drug by
changing the affinity of the tethered ligand. For example, replacing
trimethoprim by the stronger inhibitor methotrexate shifts the c;,
of the sensor from 0.75 +0.04 uM to 85 + 6 uM (Fig. 1e). Together,
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Figure 1| Design and performance of a sensor for methotrexate. (a) The fusion protein SNAP-Pro30-NanolLuc (NLuc)-cpDHFR is linked to a synthetic
molecule containing a fluorophore (red star) and a DHFR inhibitor (gray ball). Free analyte (green ball) can shift the sensor to an open conformation,
reducing BRET efficiency. (b) Structure of the synthetic molecules used to assemble the sensor. The benzylguanine group (blue) serves as the reactive
moiety for SNAP-tag labeling, the fluorophore Cy3 is colored in red, and the tethered DHFR inhibitors trimethoprim (BG-Cy3-TMP; 1) and methotrexate
(BG-Cy3-MTX; 2) are shown in gray. (¢) Structure of E. coli DHFR bound to methotrexate?4. The N terminus is shown in blue, the C terminus is shown in
red, and the position of the new termini produced by circular permutation (N23 and L24) as well as the 5-glycine linker used to connect the original termini
are shown in orange. (d) Emission spectra of SNAP-Pro30-NanoLuc-DHFRcplL24G5 labeled with BG-Cy3-TMP (1) in human serum spiked with defined
concentrations of methotrexate. RLU, relative luminescence units. (e) The sensor protein labeled with BG-Cy3-TMP (1) has a ratio change of 1,340 £ 90%
and a cs, of 0.75 + 0.04 uM (obtained from three independent titrations; the graph shows one titration). The sensor protein labeled with BG-Cy3-MTX (2)
has a cs, of 85+ 6 UM (obtained from three titrations; the graph shows one titration). Error represents s.d. (f) Chemical structure of methotrexate.

the two constructed sensors permit the measurement of metho-
trexate serum concentrations from 100 nM to 1.5 mM, covering
most of the range of methotrexate concentrations as they occur
during therapy'. The metabolites 7-hydroxy methotrexate and
4-amino-4-deoxy-N-methylpteroic acid (DAMPA), which inter-
fere with existing immunoassays!!, have c, values that are at least
two orders of magnitude higher than that of methotrexate and thus
do not affect measurements (Supplementary Fig. 4).

Measurements in human samples using a digital camera
To use LUCIDs for quantifying drug concentrations in human sam-
ples, they need to be insensitive to matrix effects. However, light-
absorbing molecules can distort the measured emission intensity
ratio. For example, the serum component bilirubin strongly absorbs
bluelight,andits concentration canvary substantiallybetweenhuman
samples (normal levels are 5.1-17.0 uM)'2. We found that adding an
additional 10 uM bilirubin to commercial human serum markedly
changes the measured BRET intensity ratios (Supplementary
Fig. 5a). We speculated that reducing the distance emitted light has
to travel through the serum could solve this problem. To spread
out samples as a thin layer, we spotted them on chromatography
paper and analyzed the emitted light. Under such conditions, the
measured emission intensity ratio became independent of bilirubin
concentrations (Supplementary Fig. 5b).

We did all of the above measurements using a traditional
microplate reader, which is not compatible with point-of-care appli-
cations. As the emission peaks of NanoLuc and Cy3 are well sepa-
rated and overlap with the blue and red color channels of standard
complementary metal-oxide-semiconductor (CMOS) and charge-
coupled device (CCD) image sensors, we investigated whether
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sample analysis could be achieved with simple digital cameras. We
spotted 5 pl of human serum containing 50 nM LUCID and varying
concentrations of methotrexate onto chromatography paper
patterned with wax rings that confine the applied solution within
their borders (Fig. 2a). Standard printers can easily produce such
patterns®>. We placed the paper into a simple polystyrene icebox to
exclude surrounding light and took a picture with a digital camera
(costing <$100) through a hole in the box (Fig. 2a). We could clearly
detect glowing spots and observed a methotrexate-dependent
color transition from red to blue. We quantified the signal using
a software script that recognizes the spots, determines the average
intensity per pixel in the blue and red color channels and calcu-
lates their ratio (Fig. 2b). Using such a portable detection device,
which anybody can easily assemble from any cardboard box and a
simple digital camera in about 10 min, we could measure titration
curves not only in serum but also in strongly absorbing whole blood
(Supplementary Figs. 6 and 7).

Using our point of care-compatible prototype, we quantified
methotrexate concentrations in 30 patient samples and compared
the results to those obtained by a standard fluorescence polariza-
tion immunoassay. We observed a very good correlation between
the results obtained with the two different methods (Fig. 2¢ and
Supplementary Fig. 8). Our LUCID also displayed a good repro-
ducibility with an average interassay coefficient of variation of 16%.
The excellent performance of our simple, homemade device clearly
demonstrates the potential of LUCIDs for point-of-care TDM.

Engineering LUCIDs for different analytes
To demonstrate the generality of our approach, we developed
additional LUCIDs for five commonly monitored drugs: the
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Figure 2 | Measuring methotrexate a
concentrations in patient samples using a
point-and-shoot digital camera. (a) Pictures

of the box and camera used for detection. The
chromatography paper with printed wax circles
can be seen in the bottom picture. (b) Picture of
spotted SNAP-Pro30-NanoLuc-DHFRcplL24G5
labeled with BG-Cy3-TMP with varying
methotrexate concentrations in human serum
taken with a digital camera. Scale bar, 5 mm.
The histograms show the intensity distributions
of pixels in the red and blue channels.

(c) Correlation of the results obtained for patient
serum samples using LUCIDs and a traditional
fluorescence polarization immunoassay. Each
LUCID measurement is given as the mean + s.d.
of three independent measurements. Regression
analysis yielded a Pearson correlation coefficient
(R) = 0.995. The two samples highest in
concentration were diluted tenfold in commercial
human serum before the measurement.

immunosuppressants tacrolimus and sirolimus (Fig. 3) as well as
cyclosporin A (Fig. 4), the antiepileptic topiramate and cardiac
glycoside digoxin (Fig. 5).

The macrolide tacrolimus is one of the most widely used
immunosuppressants. Its variable pharmacokinetics, combined
with the need for maintaining a narrow therapeutic range to pre-
vent toxicity without risking transplant rejection, requires TDM!.
We chose the target of tacrolimus, FKBP12, as a receptor protein.
However, this protein is geometrically not well suited for obtain-
ing a high BRET efficiency in the closed state of the sensor. Both
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termini lie far away from the active site, and the distance between
them is large, excluding circular permutation as a viable strategy
(Fig. 3a). Moreover, the concentrations of tacrolimus in blood dur-
ing therapy are low (6-19 nM)', making it necessary to have a weak
intramolecular ligand that can be easily displaced. Recently, bipar-
tite ligands for FKBP12 have been described that, in addition to the
protein’s active site, bind a secondary site close to the N terminus®®
(Fig. 3a,b). Those parts of the ligands that only bind the secondary
site have affinities of around 100 uM and would thus be too weak to
close the sensor completely in the absence of analyte. On the basis

c d
~ 7 ~ 7]
o™ o™
S )
> 64 el >64 b e
Z 54 w Z 54 /‘
o . 2 -
T 4] , T 4] ;
c i c |'
S S ;
8 31 b 2 34
£ E
5 5 :
E 2 ’-‘. E 2 ’-"
ERRE ST T IR S
S S
Zo0 . . : . . = . . : . .
10" 10 10° 10% 107 10° 107° 0" 10 10° 10®% 107 10° 107°
Tacrolimus (M) Sirolimus (M)

Figure 3 | LUCID for tacrolimus and sirolimus. (a) Crystal structure of FKBP1

2 bound to an inhibitor that occupies the primary binding site (orange

asterisk)?. The secondary binding site is shown in green (two orange asterisks). The N terminus is shown in blue, and the C terminus is shown in red.

(b) Design of the sensor. The parts of the ligand that target the different bindi

ng sites on FKBP12 are marked with orange asterisks. (¢) Titration of the

sensor with tacrolimus yielded a ratio change of 460 = 30% and a c., of 17 £ 3 nM (obtained from three independent titrations; the graph shows one
titration). Error represents s.d. The shaded area corresponds to the therapeutic range of the drug. (d) Titration of the sensor with sirolimus gave a ratio
change of 480 £30% and a ¢, of 13.7 £ 1.6 nM (obtained from three independent titrations; the graph shows one titration). The shaded area corresponds
to the therapeutic range of the drug (5.5-16.5 nM)?¢, (e) Chemical structure of tacrolimus. (f) Chemical structure of sirolimus.
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Figure 4 | LUCID for cyclosporin A. (a) Crystal structure of cyclophilin A bound to the inhibitor EACG (PDB ID 3RDD). The N terminus is shown in blue, the
C terminus is shown in red, and the position of the new termini produced by circular permutation (R148 and N149) and the 5-glycine linker used to connect
the original termini are shown in orange. (b) Design of the sensor with the reported cyclophilin A inhibitor EACG and the designed inhibitor MACG.

(c) Titration of the sensor containing the two different intramolecular inhibitors with cyclosporin A. For BG-Cy3-MACG, we obtained a ratio change of 192 +
5% and a cs, of 500 £ 90 nM; for BG-Cy3-EACG we obtained a ratio change of 900 +30% and a ¢, of 5.9 £ 1.4 uM (obtained from three independent
titrations; the graph shows one titration). Error represents s.d. The shaded area corresponds to the therapeutic range of the drug. Although the emission ratios
at high analyte concentrations are similar, the weaker inhibitor does not reach the ratio of the fully closed sensor in the absence of analyte. However, with the
stronger inhibitor, the c., is too high for measuring cyclosporin A in its therapeutic range. (d) Rationale for ligand design: the crystal structure of EACG bound

to cyclophilin A shows that the ethyl group of the ester points into a hydrophobic pocket (PDB code 3RDD). (e) Chemical structure of cyclosporin A.

of published results'®, we designed a ligand that spans both binding
sites on FKBP12 and that should have an affinity around 1 uM. We
attached the fluorophore Cy3 to the part of the ligand that upon
binding should be close to the N terminus of the protein (Fig. 3b).
The resulting LUCID displays a BRET ratio change of 460 + 30%
and a ¢, of 17 = 3 nM (Fig. 3c). This c,, value is in the range of tac-
rolimus concentrations found in blood during therapy. Moreover,
we can also use the sensor for TDM of the important immunosup-
pressive sirolimus, which binds the same receptor protein (Fig. 3d).
As for the LUCID for methotrexate, we can read out the signal of
this sensor using a digital camera (Supplementary Fig. 13a,b).
Cyclosporin A is another important immunosuppressant for
which TDM is indispensable!4. We chose the drug’s target, human
cyclophilin A, as a receptor protein. As the protein’s termini do not
lie close to its active site, we decided to follow a similar strategy as
for DHFR. We found that residues Argl48 and Asn149 are poorly
conserved between variants from different species and speculated
that they are not important for the protein’s structure and function.
Moreover, the two amino acids reside in a loop close to the bind-
ing site. For these reasons, we constructed a cyclophilin A mutant
that is circularly permuted between residues Argl48 and Asnl49,
connecting the original termini by a 5-glycine linker and produc-
ing new termini in close proximity to the active site (Fig. 4a and
Supplementary Fig. 9). As cyclosporin A concentrations during
therapy are rather low (83-333 nM)*?, we had to choose a weak
inhibitor as intramolecular ligand. We first attempted to use the

recently described cyclophilin A inhibitor ethyl ((4-aminobenzyl)
carbamoyl)glycinate (Protein Data Bank (PDB) code 3RDD) but
obtained a c;, for cyclosporine of > 5 uM (Fig. 4b,c). The crystal
structure of the inhibitor bound to its target reveals that the ethyl
group of the ester makes important hydrophobic contacts with
the protein (Fig. 4d). We speculated that replacing the ethyl by a
methyl group should lower the affinity of the intramolecular ligand.
The resulting ligand was too weak to close the sensor completely
in the absence of analyte, leading to the slightly lower BRET ratio
change of 192 + 5%. However, as expected, the LUCID’s response
was shifted to a c,, of 500 + 90 nM, making it suitable for TDM of
the drug (Fig. 4¢). As for the other LUCIDs, we were also able to use
a digital camera for readout (Supplementary Fig. 13c).

The antiepileptic topiramate is widely used for the prevention of
seizures in epilepsy. Optimizing the dose is critical, but the prophy-
lactic nature of the drug prevents physicians from finding sufficient
doses quickly without missing the subtle signs of toxicity®. Using
TDM, doctors can adjust the dose to maintain effective but subtoxic
drug serum concentrations. Topiramate is an inhibitor of human car-
bonic anhydrase II (HCA), and we chose HCA as the receptor protein
for the generation of a LUCID for topiramate (Fig. 5a,b). We previ-
ously used HCA as a receptor protein and benzene sulfonamides as
intramolecular ligands for the generation of a FRET-based sensor?*.
However, to achieve a response of an HCA-based LUCID at clinically
relevant topiramate concentrations, we needed to generate benzene
sulfonamides with lower affinity toward HCA than those previously
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Figure 5 | LUCIDs for topiramate and digoxin. (a) Crystal structure of HCA bound to a sulfonamide inhibitor?”. The N terminus is shown in blue and

the C terminus is shown in red. (b) Design of the LUCID for topiramate. (c) Titration of the sensor with topiramate gives a ratio change of 591+ 12%

and a cs, of 7.3 £1.3 uM (obtained from three independent titrations; the graph shows one titration). Error represents s.d. The shaded area corresponds to
the therapeutic range of the drug. (d) Chemical structure of topiramate. (e) Crystal structure of DIG10.3 bound to digoxigenin®. The N terminus is shown
in blue, and the C terminus is shown in red. (f) Design of the LUCID for digoxin. (g) Titration of the sensor with digoxin gives a ratio change of 458 £ 11%
and a cg, of 22 £ 5 nM (obtained from three independent titrations; the graph shows one titration). Error represents s.d. The shaded area corresponds to

the therapeutic range of the drug. (h) Chemical structure of digoxin.

used (Supplementary Fig. 10). The resulting LUCID can detect topi-
ramate with a ratio change of 591 £ 12% and a ¢, of 7.3 £ 1.3 uM
(Fig.5¢),and we can read it out using a digital camera (Supplementary
Fig. 13d). These properties make it highly suitable for measuring
the drug in its therapeutic range (15-60 uM)®*. It should also be
noted that in this LUCID we used a tetramethylrhodamine deriva-
tive as BRET acceptor as it resulted in a higher ratio change than the
corresponding Cy3 derivative (Supplementary Fig. 11).

Digoxin is a widely used drug for the treatment of heart con-
ditions. As the therapeutic window is small and symptoms arising
from drug toxicity are difficult to distinguish from the clinical symp-
toms of the treated condition, TDM is necessary'. The protein tar-
get of digoxin is a (Na*-K*)-ATPase membrane pump*®, and such an
integral membrane protein is not a suitable receptor for our sensor
design. Recently, a computationally designed high-affinity binding
protein for digoxin, DIG10.3, has been described”. The therapeu-
tic levels of digoxin in serum are extremely low (0.6-2.5 nM)*,
requiring an intramolecular ligand with low affinity. We chose pro-
gesterone, which binds weakly to DIG10.3 and should thus be dis-
placed easily by low digoxin concentrations. As the C but not the
N terminus of DIG10.3 lies in close proximity to its binding site,
we inverted the geometry of the fusion protein to obtain DIG10.3-
NanoLuc-Pro30-SNAP (Fig. 5e,f and Supplementary Fig. 12).
This brings the fluorophore into close proximity of the luciferase
in the closed state of the sensor, leading to a high BRET efficiency.
The sensor displays a BRET ratio change of 458 + 11% and a ¢,
of 22 + 5 nM for digoxin in human serum (Fig. 5g), and we can
read it out using a digital camera (Supplementary Fig. 13e). The
Cs, of this digoxin LUCID is too high to measure the drug at its
low therapeutic levels but is suitable to detect toxic levels exceeding
5 nM (ref. 21). More importantly, this example demonstrates that
computational protein design extends the range of analytes for
which LUCIDs can be generated to those for which no appropriate
natural binding protein is available.

DISCUSSION
An important step toward personalized medicine will be to decen-
tralize diagnostics and move them from the lab to the patient. This
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trend brings benefits to the individual patient as well as to society
as a whole, increasing convenience, improving therapies and reduc-
ing healthcare costs. In the same way that people are starting to use
their smartphones to monitor their fitness, they will in the future be
able to measure biochemical parameters and monitor their health
state wherever they are. To date, only electrochemical biosensors
such as the glucose meter are successfully used for quantitative
measurements at the point of care. The development of sensors for
other analytes is an active area of research?, but very few have made
it to the market. LUCIDs introduce an entirely new mechanism for
inexpensive point-of-care biosensors. They are to our knowledge
the first sensor proteins that exploit the light-emitting properties of
luciferases to accurately quantify the concentrations of analytes in
patient samples. A drop of the sample is simply spotted onto a piece
of filter paper, and the emitted light is analyzed with a basic digital
camera. Potential problems arising from the variable composition
of samples are avoided. We have demonstrated the generality of our
approach: through a combination of protein engineering and ligand
design, sensor proteins for virtually any analyte can be constructed.
Their simplicity and versatility make LUCIDs ideally suited for
home use and point of care-applications.

Two aspects are crucial for constructing a LUCID for any new
analyte: the engineering of the binding protein and the ligand
design. The geometry of the binding protein is key to achieving
a high ratio change. Rigid polyproline linkers between SNAP-tag
and the luciferase can reliably bring the BRET efficiency in the sen-
sor’s open state to a minimum. To obtain a high BRET efficiency
in the closed state, the luciferase’s point of attachment has to be
in close proximity to the binding pocket of the binding protein.
In cases where none of the two termini are suitable, circular per-
mutation has proven to be a viable strategy to move the termini to a
desired position.

The ligand design is important for tuning the equilibrium
between the open and closed sensor states. The sensor response can
be viewed as a two-step process: the unbinding of the tethered ligand
followed by the binding of the analyte. In the absence of analyte, the
ratio of open and closed sensor molecules is equal to the affinity
of the tethered ligand divided by its effective molarity?. From our
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previous studies of similar sensor systems, we estimate the effective
molarity to be around 100 UM (ref. 2). In the absence of analyte, the
affinity of the intramolecular ligand thus has to be lower than 10
UM for the sensor’s closed state to be favored at least tenfold over
its open state. The fact that such moderate affinities are sufficient
is an important advantage over intermolecular displacement assays.
Moreover, because the ¢y, for a given drug is inversely proportional
to the affinity of the tethered ligand, the sensor response can be
tuned to the therapeutically most relevant concentration range.

One of the key parameters of any ratiometric biosensor is its
maximum ratio change. LUCIDs are the first BRET-based sensors
that can quantify small molecules with truly high ratio changes,
clearly surpassing the ratio change of any previously reported BRET-
based indicator®. They introduce both a new sensor mechanism and
a new type of readout for diagnostics and might well be combined
with current trends in the field such as the use of microfluidics
or multiplexing.

Several steps still need to be taken to take LUCIDs from the
proof-of-concept stage to a device that can be used in practice.
We foresee a setup in which the protein and the luciferase substrate
are dried on separate layers of paper and a membrane is used on
top of them to filter out the red blood cells, as it has been previously
done®. The patient would prick his or her finger and transfer a drop
of blood onto the membrane, and the serum would diffuse into the
paper containing the luciferase substrate and the sensor protein.
A handheld device could then read the produced light from the
opposite side. This instrument only needs to quantify the inten-
sity of blue and red light; a whole camera, as used in this study,
will therefore not be necessary. The device should automatically
calculate the analyte concentration on the basis of the intensity of
blue and red light and have a user interface, which is easy to use for
both doctors and patients. The stability of the sensor protein and the
luciferase substrate, when dried on paper, will have to be evaluated
and potentially optimized. However, it has been previously shown
that proteins can be stable for long periods of time in this state'*.

In conclusion, LUCIDs are a family of semisynthetic, biolumi-
nescent sensor proteins that through protein engineering and ligand
design can be constructed to recognize diverse analytes. They per-
mit the quantitative analysis of patient samples with simple, porta-
ble devices. By making TDM more easily accessible, LUCIDs could
not only improve patient care in developed areas but also bring its
benefits to regions with poor infrastructure.

Received 30 January 2014; accepted 15 May 2014;
published online 8 June 2014

METHODS
Methods and any associated references are available in the online
version of the paper.
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ONLINE METHODS
Chemical synthesis. Detailed procedures for SNAP-tag substrates 1-7 and 42
as well as other compounds can be found in Supplementary Note 1.

Sensor constructs. All sensor constructs were obtained from the previously
described pET51b(+)-based construct SNAP-PP30-CLIP-HCA* using stand-
ard cloning techniques. The amino acid sequences of the described sensor pro-
teins can be found in Supplementary Figure 1.

Sensor protein expression and labeling. The sensor proteins were expressed
in the E. coli strain Rosetta-gami (DE3). Bacterial cultures in LB medium were
grown at 37 °C to an ODgy ,,, of 0.8, at which point the temperature was low-
ered to 16 °C, and 0.5 mM isopropyl B-p-thiogalactopyranoside (IPTG) was
added. After 16 h, the cells were harvested by centrifugation and lysed by son-
ication. The cell extracts were cleared by centrifugation and purified in two
steps using Ni-NTA (Qiagen) and Strep-Tactin (IBA) according to the sup-
pliers” instructions. For SNAP-tag labeling, the sensor proteins were diluted
to concentrations of 1 UM in buffer (50 mM HEPES, pH 7.2, 50 mM NaCl)
containing 4 UM of the corresponding SNAP-tag substrate. After incubation
at room temperature for 1 h, the labeled sensor constructs were used directly
without further purification.

Titration curves. The labeled sensors were diluted to concentrations of 1 nM
in 50 pl normal human serum (Merck Millipore) spiked with known con-
centrations of analyte in white nonbinding 96-well plates (Greiner Bio-One).
After incubation at room temperature for 15-30 min, 50 pl Nano-Glo Luciferase
Assay Substrate (Promega) diluted 100-fold in buffer (50 mM HEPES, pH 7.2,
50 mM NaCl) was added. Bioluminescence was measured on an EnVision
Multilabel Reader (PerkinElmer). The signal was collected using an emission
filter for Umbelliferone (wavelength: 460 nm, bandwidth: 25 nm) to record
NanoLuc emission and a filter for Cy3 (wavelength: 595 nm, bandwidth:
60 nm) to record Cy3 or TMR emission. The ratio of donor and acceptor emis-
sion was plotted against the analyte concentration, and the data were fitted to
a single binding isotherm (equation (1)) to obtain the ¢, and maximum ratio
change as previously described?. The c;, values and ratio changes are reported
as the mean * the s.d. from three independent experiments.

Rsat — Rzero )
€50
[MTX]

R=Ryero +

For sensors containing HCA, a twofold molar excess of ZnCl, was added to
the purified protein. In contrast, for sensors containing DHFR, the cofactor
NADPH was not added as it increases the affinity of both the intramolecular
and free ligand, and the sensor would need to be incubated longer with the
sample to reach equilibrium. As methotrexate absorbs in the blue region, high
drug concentrations affect the observed ratio when titrations are performed in
multiwell plates. For this reason, 200 UM was chosen as the highest concentra-
tions in titrations of the sensor containing trimethoprim as intramolecular
ligand, and a concentration of 1 mM was chosen for the sensor labeled with
the methotrexate derivative. In titrations performed on paper, methotrexate
absorbance is not an issue.

Emission spectra. Emission spectra were obtained essentially the same way as
titration curves. The samples were prepared the same way except for the fact
that a final sensor concentration of 10 nM was used. Spectra were measured
on an Infinite M1000 spectrofluorometer (Tecan) with a step size of 1 nm,
a bandwidth of 10 nm and an integration time of 50 ms.

Testing interference by absorbing substances. Titrations were performed as
described above either using normal human serum or normal human serum
spiked with additional 20 pM bilirubin (final concentration after addition of
luciferase substrate: 10 uM). A sensor concentration of 10 nM was used. 3 pl
from each well was then spotted onto pieces of Whatman No. 1 chromatogra-
phy paper (GE Healthcare) that were produced using a standard hole punch,
and these were put into empty wells of the same 96-well plate. The wells con-
taining the paper were measured in the same way as the others.

Titrations in whole blood. Titrations in whole blood were performed in a similar
way as in serum. The sensor protein was diluted in 25 pl bovine blood in heparin
sodium (Antibodies Online Inc.) spiked with defined drug concentrations.

NATURE CHEMICAL BIOLOGY

25 ul Nano-Glo Luciferase Assay Substrate diluted 50-fold in lytic Nano-Glo
Luciferase Assay Buffer (Promega) was added. The samples were incubated
for 3-5 min to allow for lysis of the red blood cells. 5 l were spotted on the
chromatography paper and analyzed as described above. As for the titrations
in serum, a final sensor concentration of 50 nM was used.

Detection using a digital camera. Black circles in the shape of the wells of
a 96-well plate were printed onto Whatman No. 1 chromatography paper
(GE Healthcare) using a Xerox Phaser 8560 solid ink printer. The paper was
then heated in an oven at 90 °C for 5-10 min until the black circles were well
visible from the opposite side.

Solutions in multiwell plates were prepared the same way as described above
for titration curves except for the fact that final sensor concentrations between
5 nM and 50 nM were used. 3-5 min after the addition of the luciferase sub-
strate, 5 pl from each solution was spotted in the center of the circles printed
on the paper. After 1-2 min, a picture of the paper was taken using a digital
camera through a hole in a polystyrene ice box to prevent light from the envi-
ronment to disturb the measurement. The white balance of the camera was set
in such a way that the red and blue spots were well distinguishable.

Final sensor concentrations of 50 nM for the methotrexate LUCID and 25 nM
for the topiramate and cyclosporin A LUCIDs were used. The pictures were
taken using a Canon PowerShot SX150 IS digital camera with an exposure
time of 15 s, an F value of 3.4 and an ISO value of 1,600, and the focus was set
manually to 10-15 cm. Because of the low ¢, values, 5 nM was used as a final
concentration for the tacrolimus/sirolimus LUCID as well as for the digoxin
LUCID. Because of the lower light intensity, a Canon PowerShot G1X digital
camera with an exposure time of 60 s, an F value of 2.8 and an ISO value of
5,000 was used, with the focus set manually to the lowest possible setting.

To process the images, a java servlet based on Image]* was developed. In a
first step, the parts of the pictures corresponding to spots were isolated. Because
of reduced contrast in the pictures and the change of color, it was found that the
most suitable procedure to create a binary mask was to split the color image in
HSB components and apply Li’'s minimum cross entropy thresholding method
on the brightness component®. The resulting regions of interest (ROIs) were
filtered out on the basis of the surface area. To calculate the average content of
red and blue of each subimage, a red and blue histogram was generated, and a
weighted mean was taken as the average respective red and blue content. The
source code of the java servlet is available in Supplementary Note 2.

Measurement of methotrexate in patient samples using LUCIDs. Thirty
serum samples from patients undergoing treatment with methotrexate were
obtained from the University Hospital of Lausanne (CHUV). 5 ul of a stock
solution containing 500 nM labeled sensor was added to 25 pl of the patient
samples. After incubation at room temperature for at least 15 min, 20 pl Nano-
Glo Luciferase Assay Substrate (Promega) diluted 100-fold in buffer (50 mM
HEPES, pH 7.2, 50 mM NaCl) was added, and detection using a digital camera
was carried out as described above.

Up to 20 samples were measured in parallel. In addition to the samples,
a reference curve consisting of 16 samples of normal human serum spiked
with known concentrations of methotrexate was included in each experiment.
Equation (1) was used to fit the ratios obtained from the reference samples and
to calculate the concentrations of the samples on the basis of the measured
ratios. Interassay coefficients of variation for each sample were calculated
by dividing the s.d. from three independent measurements by the mean. As
no clear dependence on the mean concentration was observed, the average
coefficient of variation was determined.

The experiments were done blindly, i.e., without previous knowledge of
the results obtained by the reference method. All of the experiments involv-
ing samples from patients were approved by the Commission cantonale (VD)
déthique de la recherche sur létre humain.

Measurement of methotrexate in patient samples using a fluorescence polar-
ization immunoassay. Samples from patients were measured at the University
Hospital of Lausanne (CHUV) on a TDxFLx using the Methotrexate II assay
(Abbott) according to the supplier’s instructions.

28. Schneider, C.A., Rasband, W.S. & Eliceiri, K.W. NIH Image to Image]:
25 years of image analysis. Nat. Methods 9, 671-675 (2012).

29. Li, C.H. & Tam, PK.S. An iterative algorithm for minimum cross entropy
thresholding. Pattern Recognit. Lett. 19, 771-776 (1998).
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