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ABSTRACT 18 

The development of biosensors for in vitro quantification of small molecules such as 19 

metabolites or man-made chemicals is still a major challenge. Here we show that engineered 20 

variants of the sensory PAS domain of the histidine kinase CitA of the thermophilic bacterium 21 

Geobacillus thermoleovorans represent promising alternatives to established biorecognition 22 

elements. By combining binding site grafting and rational design we constructed protein 23 

variants binding L-malate, ethylmalonate or the aromatic compound phthalate instead of the 24 

native ligand citrate. Due to more favorable entropy contributions, the wild-type protein and 25 

its engineered variants exhibited increased (nano- to micromolar) affinities and improved 26 

enantioselectivity compared to CitA homologs of mesophilic organisms. Ligand binding was 27 

directly converted into an optical signal which was preserved after immobilization of the 28 

protein. A fluorescently labeled variant was used to quantify ethylmalonate, an urinary 29 

biomarker for ethylmalonic encephalopathy, in synthetic urine, thereby demonstrating the 30 

applicability of the sensor in complex samples. 31 
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Owing to their almost infinite combinatorial sequence space combined with established 37 

natural or nature-inspired selection processes, biopolymers such as proteins and nucleic acids 38 

offer unmatched affinity and selectivity for chemosensing of low molecular weight (LMW) 39 

compounds. Antibodies are one of the earliest and still the most widespread class of 40 

biorecognition elements as they can readily be obtained by high-throughput screening 41 

approaches 
1
 and show affinities in the subnanomolar range. However, despite some 42 

remarkable successes 
2
, raising antibodies against small molecules (haptens) is still a major 43 

challenge because it requires covalent linkage of the hapten to a larger carrier molecule prior 44 

to immunization. In consequence these antibodies show reduced affinities for the unmodified 45 

target compared to their counterparts raised against larger peptides or proteins. Aptamers, a 46 

second class of biorecognition elements with increasing relevance, are nucleic acids 47 

molecules binding specific ligands 
3
. In contrast to antibodies, aptamers undergo major 48 

conformational changes upon ligand binding, thereby enabling direct detection of binding 49 

events with optical or electrochemical readout 
4, 5

. Even though a few aptamers with 50 

nanomolar affinities for compounds <200 Da are available, there seems to be a positive 51 

correlation between the molecular weight of the analyte and its affinity to the aptamer 
6
.  52 

To circumvent these limitations, naturally occurring ligand binding domains (LBDs) offer 53 

a promising alternative for small molecule sensing because over billions of years these 54 

proteins have already been selected by evolution to bind a vast set of different compounds 55 

with high affinity and selectivity. Similar to aptamers, LBDs frequently couple ligand binding 56 

to structural switching making them an ideal tool for the construction of reagentless single 57 

molecule sensors 
7
. Although different classes of LBDs such as transcription factors 

8
 were 58 

exploited for the detection of LMW compounds, up to now most studies have focused on 59 

bacterial periplasmic binding proteins 
9
. These efforts resulted in an electrochemical sensor 60 

for maltose quantification 
10

, single molecule FRET sensors for in vivo imaging 
11

, as well as 61 

variants modified with fluorescent dyes for the detection of various sugars, ions and amino 62 
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acids 
12, 13

. Fluorescent periplasmic binding proteins were integrated into devices for 63 

continuous monitoring of glucose concentrations 
14

 and entered clinical studies for 64 

applications inside the human body 
15

. Nevertheless, the application range of LBD-based 65 

biosensors is so far limited to analytes for which evolutionary pressure has generated a 66 

corresponding protein variant. Hellinga and co-workers addressed this drawback by rational 67 

protein engineering and reported periplasmic binding proteins with nanomolar affinities for 68 

the explosive trinitrotoluene and a degradation product of the nerve agent soman 
16, 17

, but a 69 

further study showed that these variants were severely destabilized and did not bind their 70 

respective ligands in isothermal titration calorimetry (ITC) experiments 
18

. More recent 71 

breakthroughs in rational protein design finally succeeded in building semi-artificial LBDs 72 

with nanomolar affinities for digoxigenin 
19

 and the opioid fentanyl 
20

. So far the scaffolds 73 

used in these designs have not been employed for biosensing in vitro, and furthermore they 74 

harbor prearranged binding sites and thus lack a conformational change which can be coupled 75 

to an optical signal.  76 

Here we report a set of semi-artificial LBDs based on the extracytoplasmic Per-Arnt-Sim 77 

(PAS) domain of the citrate-sensing histidine kinase CitA of the thermophilic bacterium 78 

Geobacillus thermoleovorans, which bind their non-native ligands with micromolar affinities. 79 

Due to the increased affinity compared to homologs of mesophilic organisms, the stability 80 

towards mutations, chemical modifications and immobilization as well as the functionality in 81 

complex sample matrices, we propose that GtCitAP represents an ideal scaffold for the design 82 

of semi-artificial LBDs in future biosensor applications.  83 

 84 

RESULTS AND DISCUSSION 85 

Wild-type GtCitAP is a high-affinity citrate binder. The purpose of our study was to 86 

explore the potential of the PAS domain scaffold for in vitro biosensing as this protein family 87 

is one of the most widespread sensory domains in bacterial signaling proteins 
21

, and thus 88 
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there are ligand-binding PAS domains for a huge variety of biologically relevant molecules 89 

available. In previous studies we identified the periplasmic PAS domain of the histidine 90 

kinases CitA from Klebsiella pneumoniae and Escherichia coli as citrate-binding proteins 
22, 

91 

23
 and identified amino acid residues important for binding 

24
. For the K. pneumoniae protein 92 

high-resolution crystal structures are available 
25, 26

 and it has already been converted into a 93 

fluorescent single molecule sensor in previous studies 
27, 28

. As in vitro biosensors should 94 

exhibit long-term stability and our initial mutational studies with the K. pneumoniae protein 95 

failed due to instability, we decided to search for CitA homologs in the genomes of 96 

thermophilic bacteria, because these organisms are known to be an excellent source of highly 97 

stable protein variants
29

. A BLAST search 
30

 identified CitA homologs in several Geobacillus 98 

species out of which the protein of G. thermoleovorans (Fig. S1) was chosen for further 99 

characterization. In the course of this study a highly similar histidine kinase of Geobacillus 100 

thermodentrificans was reported to function as citrate sensor 
31

, thereby confirming that the 101 

chosen PAS domain was most likely specific for citrate. 102 

The DNA sequence encoding residues 31 - 161 of GtCitA was cloned into plasmid 103 

pIVEX2.4IN 
32

 to express the PAS domain N-terminally fused to His-tagged immunity 104 

protein 7 of Escherichia coli (Im7; see Fig. S2). The Im7 tag allows stable and oriented 105 

immobilization on surfaces coated with the DNase domain of colicin E7 (DNaseE7) 
32, 33

. The 106 

protein termed GtCitAP was purified to apparent homogeneity by Ni-NTA chromatography 107 

and showed a band at the expected size of ~27 kDa in SDS-PAGE (data not shown). As initial 108 

ITC experiments did not provide any evidence for citrate binding to GtCitAP, we speculated 109 

that this result was caused by co-purification of the protein with citrate. To test our hypothesis 110 

we released putative ligands by boiling of purified GtCitAP and determined the citrate 111 

concentration in the supernatant by an enzymatic assay, which showed that the protein was 112 

indeed loaded with an equimolar amount of citrate. To prepare a citrate-free GtCitAP, we 113 

dialyzed the purified protein against 6 M urea followed by extensive dialysis against PBS for 114 
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refolding. Approximately 20 % of GtCitAP were correctly refolded and showed high affinity 115 

citrate-binding as judged by the step-shaped binding isotherm of subsequent ITC experiments 116 

(Table 1, Fig. S3). Although this high affinity prevents an accurate determination, the 117 

method’s lower detection limit gives a value of ≤ 10 nM for the KD 
34

. Taking the determined 118 

enthalpy change of -67 kJ·mol
-1

 into account, this corresponds to a change in Gibbs enthalpy 119 

of ≤ -45 kJ·mol
-1

 and an entropy contribution of ≤ 22 kJ·mol
-1 

at 298 K. These 120 

thermodynamics differ remarkably from the CitA domains of the mesophilic organisms K. 121 

pneumoniae and E. coli, which exhibit slightly more favorable enthalpy changes of -76 and -122 

86  kJ·mol
-1

, respectively, but show higher entropy costs of 46 and 49 kJ·mol
-1 

at 298 K, 123 

respectively 
22, 23

. This results in lower affinities with a KD of 5.5 µM for K. pneumoniae CitA 124 

and 470 nM for E. coli CitA.  125 

Given the fact that the residues in the first coordination shell of the citrate ligand in 126 

modeled GtCitAP match almost exactly the crystallized domain of K. pneumoniae (Fig. 1A, 127 

B), we propose that the extraordinary affinity of GtCitAP for citrate is not a special feature of 128 

its binding site configuration, but rather of the thermostable scaffold as a whole. While the 129 

domain of K. pneumoniae exhibits a high level of flexibility in the citrate-free state, which is 130 

lost upon the citrate-induced conformational change 
26

, proteins of thermophilic organisms 131 

tend to be rigid at room temperature 
35, 36

 and thus cannot lose much flexibility. Combined 132 

with our ITC data, these considerations imply that the loss of conformational entropy caused 133 

by ligand binding is lower for GtCitAP than for its mesophilic homologs, and consequently 134 

GtCitAP is better suited for the design of high-affinity LBD-based biosensors. 135 

 136 

Ligand binding of GtCitAP can be coupled to an optical output. Most LBD-based 137 

biosensors rely on optical signal outputs, which are usually based on different fluorescent 138 

properties of the free and the ligand-bound protein. As the concentration dependence of ligand 139 

binding is described by a 1:1 Langmuir binding isotherm, 90% of the sensor’s total signal 140 
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change occurs over a 100-fold concentration range from 0.1 to 10 x KD. We tested whether 141 

ligand binding to GtCitAP can be monitored by attachment of environmentally sensitive 142 

fluorophors. Based on the expression plasmid for wild-type GtCitAP, we introduced the 143 

mutation D100C (numbering according to full-length GtCitA) for site-specific attachment of 144 

thiol-reactive dyes close to the binding site. Moreover, we replaced R133 by alanine, a 145 

substitution known to decrease the affinity of CitA 
37

, to allow reversible binding and to 146 

adjust the affinity to physiological citrate levels. The purified protein variant GtCitAP-147 

D100C-R133A was labeled with DACM or Dansyl and incubated with different 148 

concentrations of citrate in PBS. We observed a concentration-dependent fluorescence 149 

decrease of ~28 % for the DACM-labeled protein and of ~21 % for the Dansyl-labeled 150 

protein, which could be fitted to a 1:1 binding isotherm yielding an apparent KD of 406 ± 36 151 

µM for the DACM-labeled protein and 520 ± 120 µM for the Dansyl-labeled protein (Table 2, 152 

Fig. S4). Even though the total change in fluorescence is relatively small, the observed KD 153 

represents a suitable working range for analysis of biological samples. For instance, the 154 

entries in the human metabolome database 
38

 for the physiological concentrations of citrate in 155 

human blood vary between 30 and 400 µM and thereby closely match the working range of 156 

the DACM-labeled GtCitAP-D100C-R133A protein. 157 

To check if the observed change in fluorescence was indeed related to ligand binding, we 158 

incubated the DACM-labeled protein with various putative ligands at a high concentration of 159 

64 mM to detect even very weak interactions (Fig. S5). It should be noted that the affinity of 160 

ligands causing saturation of the protein can still vary drastically, as shown by the comparison 161 

of the affinities for citrate and isocitrate (see below). The result clearly demonstrated a close 162 

relation between the structure of the tested compounds and the fluorescence of the protein 163 

suggesting that a decrease of fluorescence is coupled to an interaction with the respective 164 

compound: While the tricarboxylate DL-isocitrate induced a change which is comparable to 165 

citrate, most dicarboxylates caused a decrease of 10 - 20 % compared to the control with 166 
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buffer. Interestingly, compounds harboring a positively charged amino group (L- and D-167 

aspartate, L-glutamate) did not affect the fluorescence at all. This observation can be 168 

explained by the excess of positive charges in the binding pocket, which allow more or less 169 

specific interactions with negatively charged ligands, but prevent compounds with positively 170 

charged groups from entering.  171 

For further characterization of the DACM-labeled GtCitAP-D100C-R133A protein, its 172 

affinity for DL-isocitrate was determined using the same approach as described above for 173 

citrate (Table 2). Compared to citrate, binding of DL-isocitrate was 20 times weaker (KD = 174 

11.0 ± 6.5 mM). This indicates that the labeled GtCitAP variant is still highly specific for 175 

citrate with a physiologically suitable working range, although applications in complex 176 

samples may require an improvement of the total change in fluorescence between the citrate-177 

free and the citrate-bound domain.  178 

 179 

The specificity of GtCitAP can be altered by binding pocket grafting. The application 180 

range of a biosensor can potentially be expanded by changing the ligand specificity of its 181 

biological recognition element. While it is known that ligand recognition by sensory CitA 182 

domains involves multiple residues 
25, 26, 39

, the complex inter-residue interactions in this 183 

conformational change make it difficult to predict the effect of mutations outside of the 184 

binding pocket. In contrast, recent studies achieved considerable progress in the construction 185 

of artificial LBDs by designing an artificial coordination sphere for the intended ligand, which 186 

was subsequently transferred to a fitting protein scaffold 
19, 20

. To test if the scaffold of 187 

GtCitA is suitable for the integration of foreign binding sites, we tried to transfer the critical 188 

amino acid residues from the binding pocket of a homologous dicarboxylate-binding protein 189 

into GtCitA, a process referred to as “binding pocket grafting” 
40

. The crystallized sensory 190 

domain of the C4-dicarboxylate-specific kinase DcuS of E. coli  (EcDcuSP) in complex with 191 

L-malate 
41

 shares a high degree of similarity with the crystal structure of CitA (Fig. 1A, C), 192 
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and residues determining the specificity of both proteins have also been reported 
42

. Based on 193 

this study and the crystal structures, we changed the five amino acid residues interacting with 194 

carbon atoms C4 and C5 of the citrate molecule in CitA to the corresponding amino acids of 195 

EcDcuSP (Fig. 1B-D). This resulted in the protein variant GtCitAP-G87T-M106F-N111I-196 

K135F-S150A (hereafter GtMalAP).  197 

The GtMalAP protein was produced in E. coli and purified in similar amounts as 198 

GtCitAP. ITC experiments revealed an enthalpically driven interaction between GtMalAP and 199 

L-malate (ΔH = -35.1 ± 5.3 kJ·mol
-1

) with a KD of 83 ± 20 µM (Table 1). Compared to the 200 

interaction between citrate and GtCitAP, the lower affinity of GtMalAP for L-malate is 201 

caused by a less favorable enthalpic term which probably originates from the loss of the 202 

electrostatic interactions between the carboxyl group at carbon atom C5 and the side chains of 203 

K135 and S150. In contrast, the entropic contribution nearly matches the estimate for 204 

GtCitAP and citrate. The resulting micromolar affinity differs remarkably from the apparent 205 

millimolar KD values observed for the interactions between the template protein EcDcuSP and 206 

several C4-dicarboxylates 
43

. The same study reported indications that ligand binding by 207 

EcDcuSP is connected to rigidification of the protein backbone and concomitant entropy 208 

costs. In analogy to the increased affinity of wild-type GtCitAP compared to the domains of 209 

mesophilic organisms, this argues in favor of the assumption that the affinity of a PAS 210 

domain-binding site can be increased by transferring its binding motif to the less flexible 211 

scaffold of GtCitAP.  212 

To observe binding of L-malate by optical detection methods we also introduced the 213 

D100C substitution to GtMalAP and labeled the protein with DACM and Dansyl. Addition of 214 

L-malate caused a fluorescence decrease of 68 % for DACM-labeled GtMalAP and of 71 % 215 

for Dansyl-labeled GtMalAP (Fig. 2). The respective KD values of 1.74 ± 0.17 mM (DACM-216 

labeled variant) and 0.943 ± 0.053 mM (Dansyl-labeled variant) for GtMalAP-D100C are 11- 217 

to 21-fold higher than the one determined for the unmodified protein. The most likely 218 
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explanation for this effect is an interaction of both labels with the ligand binding site, which 219 

necessitates displacement of the dye prior to ligand binding. This hypothesis is supported by 220 

the ligand-induced decrease of fluorescence and a red-shifted emission in the ligand-bound 221 

state. The latter effect was especially prominent for the DACM-labeled protein, which 222 

showed two emission maxima at 452 and 470 nm in the unbound state out of which the 223 

maximum at 452 nm disappeared almost completely upon ligand addition. Both phenomena 224 

are typical for the displacement of solvatochromic dyes from a protein environment into a 225 

polar solvent 
44

. Noteworthy, the fluorescence decrease triggered by binding of L-malate to 226 

GtMalA was much stronger than the one observed for citrate binding to GtCitAP-D100C-227 

R133A and outperformed the signal change of LBDs that were used as glucose sensors in 228 

clinical trials 
15, 45

, opening an avenue for application of GtCitA derivatives in complex 229 

samples. 230 

As the template protein EcDcuSP shows a broad ligand specificity, we tested binding of a 231 

set of di- and tricarboxylates to DACM-labeled GtMalAP-D100C and determined the affinity 232 

for compounds causing a fluorescence decrease of at least 25 % (Fig. S6, Table 2). Besides L-233 

malate, we detected considerable binding of citrate, maleate, 2-methylmaleate, phthalate, 234 

ethylmalonate, and 2-oxoglutarate, but still the affinity for L-malate exceeded the affinities 235 

for other ligands by a factor of 10 or more. The preference for L-malate and the selectivity 236 

between cis- and trans-dicarboxylates is a distinct difference to the template protein 237 

EcDcuSP, which binds saturated, cis- and trans-C4-dicarboxylates with similar affinities 
43

. 238 

Interestingly, the crystal structure of EcDcuSP
41

 shows the bound L-malate molecule in a 239 

conformation similar to cis-configured C4-dicarboxylates and thereby enables an interaction 240 

of the two carboxyl groups with R107 (R93 in GtMalAP) and H110 (H96 in GtMalAP) of the 241 

major loop (Fig. 1C, D). Although there is no EcDcuSP structure with bound fumarate 242 

available, the rigid elongated structure of the trans-configuration requires a different 243 

arrangement of the three positively charged residues in the binding pocket (R107, H110 and 244 
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R147) for an efficient interaction with both carboxyl functions. Based on these considerations, 245 

the binding of trans-dicarboxylates by EcDcuSP suggests that its scaffold provides sufficient 246 

flexibility for larger rearrangements in the binding pocket, whereas the scaffold of 247 

GtCitAP/GtMalAP puts harder constraints on side chain movements and by that restricts 248 

molecular recognition to ligands that resemble the conformation in which the preferred ligand 249 

L-malate is bound. This strong influence of the outer coordination shells is in line with the 250 

recent observation that other residues than those located in the binding site show strong shifts 251 

of their NMR signals upon citrate binding in the highly similar CitA domain of G. 252 

thermodinitrificans 
39

.  253 

Further evidence for this interpretation is provided by the enantioselectivity of GtMalAP, 254 

which did not bind C4-hydroxydicarboxylic acids with R-configured stereocenters such as D-255 

malate or L-tartrate in our experiments. The latter compound binds to EcDcuSP with a low-256 

milimolar affinity that is similar to other C4-dicarboxylates 
43

. However, if L-tartrate was 257 

bound in the same conformation as L-malate, one would expect a steric conflict between the 258 

hydroxyl group at the R-configured stereocenter and the phenyl ring of F120 (F106 in 259 

GtMalAP, Fig. 1C, D). This again suggests that EcDcuSP allows conformational 260 

rearrangements which are energetically unfavorable in the scaffold of GtCitAP/GtMalAP. 261 

 262 

Rationally designed binding motifs enable novel ligand specificities of GtCitAP. 263 

Despite identical molecular shapes GtMalAP interacts with L-malate but does not bind L-264 

aspartate. We hypothesized that this property is caused by an electrostatic repulsion between 265 

the positively charged amino group of L-aspartate and R133. To specify the influence of R133 266 

for the selectivity GtMalAP in more depth, we inverted its positive charge by substitution 267 

with L-glutamate, expecting an interaction with L-aspartate by the introduction of the R133E 268 

exchange. Furthermore, D110 was replaced by L-asparagine to avoid repulsion between D110 269 
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and the introduced E133 residue, resulting in GtCitAP-G87T-M106F-D110N-N111I-R133E-270 

K135F-S150A (hereafter GtAspAP, Fig. 1F).  271 

Moreover, the substitution D100C was introduced into GtAspAP to characterize its 272 

binding specificity after labeling with DACM and Dansyl. In accordance with our prediction, 273 

addition of L-aspartate caused the highest fluorescence decrease of DACM-labeled GtAspAP-274 

D100C (~20 %), whereas most of the other compounds did not show any effect (Fig. S7). 275 

Notably, the enantioselectivity for the L-enantiomer, which had been observed for GtMalAP 276 

and L-malate, was retained in GtAspAP. Although these results support our model for ligand 277 

binding by GtMalAP, the affinity of labeled GtAspAP turned out to be in the high millimolar 278 

range (Fig. S8), and by that is probably too low to be of practical use in sensing applications. 279 

For this reason we did not characterize this variant further and focused on other designs.  280 

 281 

The specificity of GtCitAP can be adapted to man-made ligands. As discussed before, 282 

the characterization of GtMalAP strongly suggested that its binding mode for L-malate and 283 

cis-configured C4-dicarboxylates closely resembles the EcDcuSP crystal structure 
41

. 284 

Combined with the results obtained for GtAspAP, this implies that substituents at carbon 285 

atom C2 interact with R133 of GtMalAP (Fig. 1D). As the fluorescence of DACM-labeled 286 

GtMalAP-D100C was significantly quenched by phthalate (Fig. S6), which can be regarded 287 

as a cis-configured dicarboxylate with a diene substituent bridging C2 and C3, we reasoned 288 

that the affinity for this aromatic compound could be increased by introducing the mutation 289 

R133M, as methionine represents a hydrophobic amino acid of comparable size as arginine. 290 

In addition, we replaced D110 with a hydrophobic L-isoleucine residue because D110 291 

stabilizes R133 by a conserved salt bridge and the mutation R133M alone might disrupt the 292 

connection between the helix harboring D110 and the binding pocket (Fig. 1D). The 293 

homology model obtained for the D110I substitution (Fig. 1E) showed nearly the same 294 

folding of the protein backbone as the EcDcuSP structure, so that this variant was chosen for 295 
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further characterization (GtCitAP-G87T-M106F-D110I-N111I-R133M-K135F-S150A, 296 

hereafter GtPhtAP).  297 

After introduction of the substitution D100C into GtPhtAP and fluorophore-labeling, 298 

DACM-labeled GtPhtAP-D100C showed by far the highest fluorescence decreases for 299 

phthalate (57 %) and ethylmalonate (45 %) with similar spectral characteristics as observed 300 

for GtMalAP-D100C and L-malate (Fig. S9 A, B). In addition, we detected a slight decrease 301 

for maleate, 2-methylmaleate, and methylsuccinate, whereas neither trans-dicarboxylates, 302 

dicarboxylates with hydrophilic substituents nor tricarboxylates did show any effect (Fig. 303 

S10). The respective affinities were 4.23 ± 0.43 mM for phthalate and 10.15 ± 0.60 for 304 

ethylmalonate (Table. 2, Fig. S9 C, D). The quenching of fluorescence and the affinities of the 305 

Dansyl-labeled GtPhtAP-D100C protein were almost identical (Fig. S9 E - H). For 306 

verification of the interactions of GtPhtAP with phthalate and ethylmalonate, we performed 307 

ITC experiments with the unmodified protein (Table 1). The determined KD values of 110.0 ± 308 

8.1 µM for phthalate and 323 ± 47 µM for ethylmalonate are significantly lower than the 309 

values obtained by the fluorescence assay with the labeled proteins, which probably originates 310 

from an interaction of the dyes with the binding site, as already discussed for GtMalAP-311 

D100C. In contrast to citrate and malate binding to GtCitAP and GtMalAP, respectively, 312 

binding of phthalate and ethylmalonate to GtPhtAP was driven by favorable enthalpic and 313 

entropic terms, the latter reflecting a higher contribution of hydrophobic interactions, which 314 

supports our initial design strategy.  315 

 316 

Fluorescently labeled variants of GtCitAP are active on solid supports. In most cases 317 

the biological recognition element must be attached to solid supports prior to integration into 318 

a biosensing device. This step is critical as harsh conditions of covalent immobilization 319 

procedures can cause inactivation of the biomolecule, whereas non-covalent immobilization 320 

frequently suffers from insufficient stability. To verify that GtCitAP variants are suitable for 321 
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immobilization, we used a system which is based on the tight interaction between DNaseE7 322 

and its cognate immunity protein Im7 and combines extremely high stability with mild 323 

immobilization conditions and defined orientation 
33, 46

 (Fig. 3A). The enzymatic function of 324 

DNaseE7 was inactivated by the substitution H545A to facilitate expression of the otherwise 325 

toxic protein. Purified DNaseE7-H545A was covalently attached to maleic anhydride-326 

activated microplates. Fluorescently labeled GtMalAP-D100C and GtPhtAP-D100C were 327 

successfully immobilized by the interaction between their N-terminal Im7 tag and the 328 

DNaseE7-coated surface as judged by the constant fluorescence signal after removal of excess 329 

protein (Fig. S11).  330 

Addition of the respective ligands L-malate and phthalate caused a concentration-331 

dependent fluorescence decrease which could be fitted to a 1:1 Langmuir binding isotherm 332 

(Fig. 3B-C). Except for the interaction between Dansyl-labeled GtMalAP and L-malate, the 333 

KD values of the immobilized protein variants were increased by factors between 1.6 and 3.0 334 

compared to the affinities determined in solution. In addition, the changes of fluorescence 335 

represented only 38 - 53 % of the quenching in solution. The latter effect could be due either 336 

to inactivation of a fraction of the immobilized protein or to an interaction of the 337 

solvatochromic dyes with the plastic surface of the microplate or other protein molecules in 338 

close proximity. In these scenarios the dye would be exposed to a more hydrophobic 339 

environment than the hydrophilic solvent water, resulting in an increased or less decreased 340 

fluorescence 
44

. Although this effect and the reduced affinities suggest that the optical readout 341 

of the immobilized proteins is moderately impaired, we have demonstrated that the sensory 342 

properties of immobilized GtCitAP variants were preserved to a large degree.  343 

 344 

GtCitAP variants enable selective molecular recognition in complex sample 345 

matrices. We believe that GtPthAP is the first example of a biomolecule for the detection of 346 

ethylmalonate, an urinary biomarker for ethylmalonic encephalopathy with a clinically 347 



15 

 

relevant concentration range of 0.7 - 22 mM 
47

. Given that  phthalate and the low affinity 348 

ligands methylsuccinate and methylmaleate do not occur in urinary levels that would cause 349 

substantial binding according the human metabolome database 
38

, we decided to test 350 

GtPthAP-D100C for quantification of ethylmalonate in synthetic urine. For this reason, we 351 

decided to test GtPthAP-D100C for quantification of ethylmalonate in synthetic urine. For 352 

calibration of the system, we determined the affinity and the maximal fluorescence quenching 353 

of Dansyl-labeled GtPhtAP upon binding of ethylmalonate in a modified assay buffer system, 354 

which included a higher buffer capacity and EDTA to avoid complex formation between the 355 

analyte and divalent cations of the matrix (Fig. 4A). In comparison to PBS, the affinity was 356 

slightly increased (KD = 10.05 ± 0.24 mM), but the change of fluorescence was almost 357 

unaltered. To determine the influence of the synthetic urine on the fluorescence in the absence 358 

of ethylmalonate, we compared the fluorescence in buffer and in buffer supplemented with 60 359 

% (v/v) synthetic urine. Both samples did not show any significant difference, demonstrating 360 

that the matrix does not affect the fluorescence of the sensor.  361 

For quantitative analysis, we spiked synthetic urine with defined amounts of 362 

ethylmalonate and calculated its concentration by comparing the fluorescence quenching in 363 

relation to the blank sample with the calibration curve in buffer. The results showed a good 364 

correlation between the added amounts of ethylmalonate and the calculated concentrations 365 

(Fig. 4B), confirming that GtCitA variants allow selective quantification of target analytes in 366 

complex samples. 367 

 368 

CONCLUSIONS 369 

Employing simple strategies of structure-guided rational protein design, our study shows 370 

that the scaffold of the PAS domain GtCitAP derived from histidine kinase CitA of the 371 

thermophilic G. thermoleovorans can be adapted to bind non-native ligands with micromolar 372 

affinity. Importantly, the characteristics of GtCitAP are significantly improved in terms of 373 
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affinity and (enantio-) selectivity compared to homologs of mesophilic organisms. Our results 374 

suggest that these benefits mainly arise from a lower flexibility of the GtCitAP scaffold in the 375 

ligand-free state resulting in reduced entropy costs upon ligand binding. In consequence, we 376 

propose that these properties and the mutational stability of GtCitAP as revealed by the design 377 

of functional variants with up to eight mutations make this domain an ideal subject for more 378 

sophisticated protein engineering strategies 
19, 20

. Having successfully shown that 379 

fluorescently labeled GtCitAP variants are functional on solid supports and suitable for 380 

applications in complex samples and given the fact that homologous CitA domains were 381 

converted into ratiometric and signal-on fluorescent biosensors 
27, 28

, thermophilic PAS 382 

domains provide a promising target for the construction of custom-made biosensing devices. 383 

 384 

METHODS 385 

Recombinant DNA work. Plasmids used or constructed in this work are listed in Table 386 

S1, oligonucleotide sequences used for PCR or assembly reactions are given in Table S2. To 387 

construct an expression plasmid for GtCitAP (residues 31 - 161) fused to His-tagged 388 

immunity protein 7 (Im7), the encoding gene sequence was amplified from genomic DNA of 389 

Geobacillus thermoleovorans DSM 5366 (DSMZ) and cloned into plasmid pIVEX2.4IN 
32

 390 

via NcoI and XhoI restriction sites yielding plasmid pIVEX2.4IN-GtCitA. For generation of 391 

GtCitAP variants, the designed sequences were assembled from oligonucleotide mixtures 392 

(Table S3), PCR-amplified according to a previously published protocol 
48

, and cloned into 393 

the backbone of plasmid pIVEX2.4IN-GtCitAP via Eco105I and XhoI restriction sites. For 394 

the expression construct pIVEX2.4d-E7H545A of the catalytically inactive DNaseE7-H545A 395 

domain (residues 444 - 576 of colicin E7), the corresponding DNA sequence was amplified 396 

from plasmid pQE30DNaseE7/Im7 in two different fragments to allow introduction of the 397 

H545A mutation via primer overhangs and assembled into plasmid pIVEX2.4d (5Prime) via 398 

NdeI and SmaI restriction sites 
49

. 399 
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 400 

Protein expression and purification. Escherichia coli OverExpress
TM

 C43(DE3) cells 
50

 401 

were transformed with the respective expression plasmid and grown overnight in 5 ml LB 402 

medium supplemented with 100 µg/ml ampicillin and 10 g/l glucose at 37 °C under vigorous 403 

shaking. The culture was used to inoculate 500 ml of LB (+ 100 µg/ml ampicillin, + 10 g/l 404 

glucose) in a baffled 2 l-Erlenmeyer flask and cells were grown to an optical density at 600 405 

nm (OD600) of 0.6 at 37 °C under vigorous shaking. Isopropyl-β-D-thiogalactopyranosid was 406 

added to a final concentration of 0.5 mM to induce synthesis of the target protein and cells 407 

were grown for another 3 hours (DNaseE7) or overnight (GtCitAP variants) at 37 °C. Cells 408 

were harvested by centrifugation (4,000 g, 20 min, 4 °C), washed with 50 ml PBS (20 mM  409 

KH2PO4/Na2HPO4, 137 mM NaCl, 2.7 mM KCl, pH 7.8), shock-frozen in liquid nitrogen, and 410 

stored at -80 °C.  411 

For protein purification, the cell pellet obtained from 500 ml of culture was suspended in 412 

15 ml equilibration buffer (20 mM NaH2PO4/Na2HPO4, 20 mM imidazole, 500 mM NaCl, pH 413 

7.4) and after addition of protease inhibitor (cOmplete™ Mini EDTA-free, Roche), cells were 414 

disrupted by sonication. After removal of cell debris by centrifugation for 20 min at 20,000 g 415 

and filtering through a filter with a pore size of 0.22 µm (Millex filter unit, Millipore), the 416 

supernatant was applied to a syringe-operated and pre-equilibrated 1 ml HisTrap FF column 417 

(GE Healthcare). After washing of the column with 15 ml of equilibration buffer, the protein 418 

was eluted with 10 ml of elution buffer (20 mM NaH2PO4/Na2HPO4, 500 mM imidazole, 500 419 

mM NaCl, pH 7.4). Fractions containing the recombinant protein were pooled, dialyzed twice 420 

against 500 ml of PBS, shock-frozen in liquid nitrogen, and stored at -80 °C. Protein aliquots 421 

were thawed once and discarded after one day. Protein purity was verified by SDS 422 

polyacrylamide gel electrophoresis using a denaturing Tris/glycine system (Mini-PROTEAN
®

 423 

TGX™, Bio-Rad Laboratories) according to manufacturer’s instructions. For cysteine-424 

containing variants, 2 mM tris(2-carboxyethyl)phosphine (TCEP) was added to each buffer. 425 
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                  426 

  Ligand removal and refolding. For quantification of citrate bound to purified 427 

GtCitAP, the protein was boiled for 8 min and after centrifugation the supernatant was 428 

analyzed with an enzymatic assay (Citrate Assay Kit, Merck) according to the manufacturer’s 429 

instructions. For denaturation with subsequent refolding, purified GtCitAP was dialyzed 430 

overnight against 500 ml 6 M urea. Afterwards the protein was dialyzed three times against 1 431 

l of PBS for refolding. Precipitates formed in the refolding step were removed by 432 

centrifugation at 16,000 g.  433 

 434 

Protein modification with fluorescent dyes. Purified GtCitAP variants containing the 435 

mutation D100C were incubated with a 20-fold molar excess of N-(7-dimethylamino-4-436 

methylcoumarin-3-yl)maleimide (DACM, Eurogentec) or N-[2(dansylamino)ethyl]maleimide 437 

(Dansyl, Merck) in PBS supplemented with 2 mM TCEP. The reaction was allowed to 438 

proceed overnight at 4 - 8 °C. Excess amounts of dye were removed by size exclusion 439 

chromatography of the sample using a PD 10 column (GE Healthcare) equilibrated with PBS. 440 

 441 

Isothermal titration calorimetry. All ITC experiments were performed with a MicroCal 442 

PEAQ-ITC (Malvern Panalytical GmbH) at 298 K. The respective GtCitAP variant was 443 

loaded into the cell at concentrations of 54 µM (GtCitAP), 150 µM (GtMalAP), or 260 µM 444 

(GtPhtAP) in PBS. Ligand solutions were prepared in dialysis buffer (PBS) at concentrations 445 

of 540 or 125 µM (trisodium citrate), 1.5 mM (disodium L-malate), and 5 mM (disodium 446 

phthalate, disodium ethylmalonate). The ligand solution was injected in one 0.4 µl injection 447 

followed by 12 injections of 3.0 µl. The spacing time between the injections was 150 s. A 448 

control experiment in which the ligand solution was titrated into buffer was performed for 449 

each protein variant/ligand combination. The raw data was analyzed with MicroCal PEAQ-450 

ITC Analysis Software (Malvern Panalytical GmbH). 451 
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 452 

Analysis of ligand binding by fluorescence. All fluorescence measurements were 453 

performed in a TECAN Infinite M1000 PRO microplate reader (Tecan). To probe for an 454 

interaction, fluorescently labeled GtCitAP-D100C variants at a concentration of 1 µM were 455 

incubated with the sodium carboxylates L-malate, D-malate, L-aspartate, D-aspartate, L-456 

tartrate, succinate, 2-methylsuccinate, maleate, 2-methylmaleate, fumarate, 2-methylfumarate, 457 

itaconate, L-glutamate, 2-oxoglutarate, phthalate, quinolinate, citrate, DL-isocitrate, L-lactate, 458 

or ethylmalonate at concentrations of 64 mM in PBS using UV-Star® microplates (Greiner 459 

Bio-One GmbH). The excitation and emission wavelengths were 380/440 nm (bandwith: 10/5 460 

nm) for DACM-labeled proteins and 350/510 nm (bandwith: 20/5 nm) for Dansyl-labeled 461 

proteins. For affinity determination, a 1:1 dilution series of the respective compound was 462 

prepared in PBS and the impact on the fluorescence was determined accordingly. The KD was 463 

fitted according to the following formula of a 1:1 Langmuir binding isotherm using Origin 464 

Pro 9.1 (Origin Lab):  465 

𝐹(𝑐) = 𝐹0 +  
∆𝐹𝑚𝑎𝑥  ∗  𝑐

𝐾𝐷 +  𝑐
 

where F(c) is the measured fluorescence, c is the ligand concentration, F0 is the fluorescence 466 

in the absence of the ligand and ΔFmax is the fluorescence difference between the ligand-467 

saturated and the ligand-free protein. The values for the parameters ΔFmax and F0 were also 468 

determined by the fitting algorithm. 469 

 470 

Immobilization of GtCitAP variants on DNaseE7-coated microplates. The wells of 471 

“Pierce
TM

 Maleic Anhydride Activated Plates” (Thermo Fisher Scientific) were washed with 472 

PBS and incubated overnight with the purified catalytically inactive DNaseE7-H545A domain 473 

(residues 444 - 576 of colicin E7) at a concentration of 50 µg/ml at 4-8 °C. After washing 474 

twice with PBS remaining maleic anhydride functions were deactivated by incubation with 475 



20 

 

3% (w/v) bovine serum albumin in PBS for 1 h. The wells were washed four times with PBS, 476 

incubated with 1 µM of a purified and fluorescently labeled GtCitAP-D100C variant and 477 

washed again four times with PBS. Afterwards the wells were washed ten times with PBS and 478 

the fluorescence after each washing step was recorded. Finally, a 1:1 dilution series of ligand 479 

solution in PBS was added in order of increasing concentrations, and the fluorescence for 480 

each concentration was recorded. The fluorescence measurements were performed as 481 

described in the previous paragraph. 482 

 483 

Quantification of ethylmalonate in synthetic urine. For calibration of the system, a 1:1 484 

dilution series of 64 mM ethylmalonate in assay buffer (100 mM MOPS/NaOH, 100 mM 485 

NaCl, 15 mM EDTA, pH 7.0) was prepared and incubated with 1 µM of Dansyl-labeled 486 

GtPhtAP-D100C for fluorescence measurements. Synthetic urine (Surine
TM

, Merck) was 487 

spiked with ethylmalonate in concentrations from 0.7 to 24.3 mM and diluted to obtain a 488 

solution of 60% (v/v) sample in assay buffer. After addition of 1 µM Dansyl-labeled 489 

GtPhtAP-D100C, the fluorescence was determined. All fluorescence measurements were 490 

conducted as described in the previous paragraphs. The concentration of ethylmalonate was 491 

calculated by rearrangement of the equation for KD determination using the values for KD, 492 

ΔFmax and F0 obtained from the calibration. 493 

 494 

Homology modelling and ligand docking. Homology models were prepared with 495 

SWISS-MODEL 
51

 using the crystal structures of the sensory domains of K. pneumoniae CitA 496 

(pdb code: 2J80) 
26

 or E. coli DcuS (pdb code: 3BY8) 
41

 as template. Ligand docking was 497 

performed with the ROSETTA server 
52

. Homology models of GtCitAP, GtMalAP, 498 

GtAspAP, and GtPhtAP are included as pdb files in the SI. 499 

 500 

SUPPORTING INFORMATION 501 
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The supporting information includes Figures S1 – S11, Tables S1 – S3, and 502 

supplementary references. 503 

Fig. S1. Sequence of the full-length histidine kinase CitA of Geobacillus thermoleovorans 504 

DSM 5366  505 

Fig. S2.  Sequence of His6-Im7-tagged GtCitAP protein as encoded by plasmid 506 

pIVEX2.4IN-GtCitAP 507 

Fig. S3. ITC experiments with refolded GtCitAP and citrate 508 

Fig. S4. Citrate-dependent fluorescence decrease of GtCitAP-D100C-R133A 509 

Fig. S5. Analysis of the ligand selectivity of DACM-labeled GtCitAP-D100C-R133A 510 

Fig. S6.  Analysis of the ligand selectivity of DACM-labeled GtMalAP-D100C 511 

Fig. S7.  Analysis of the ligand selectivity of DACM-labeled GtAspAP-D100C 512 

Fig. S8.  L-aspartate-dependent fluorescence decrease of GtAspAP-D100C 513 

Fig. S9.  Phthalate- and ethylmalonate-dependent fluorescence decrease of GtPhtAP-514 

D100C 515 

Fig. S10. Analysis of the ligand selectivity of DACM-labeled GtPhtAP-D100C 516 

Fig. S11. Stability of the immobilization of GtCitAP variants by the interaction between 517 

DNaseE7 and Im7 fused N-terminally to the GtCitAP variants 518 
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Table 1. Thermodynamic data of the interaction between GtCitAP variants and their 693 

respective ligands obtained by ITC at 278 K using PBS buffer pH 7.8. 694 

Variant Ligand KD 

(µM)
a 

Stochiometry ΔH 

(kJ·mol
-1

)
a 

-T·ΔS  

(kJ·mol
-1

)
a 

ΔG 

(kJ·mol
-1

)
a 

n
b
 

GtCitAP Citrate ≤ 0.01 0.203 ± 0.032 -67.4 ± 2.2 ≤ 22 ≤ -45. 3 

GtMalAP L-Malate 83 ± 20 0.682 ± 0.089 -35.1 ± 5.3 11.8 ± 5.6 -23.40 ± 0.59 6 

GtPhtAP Phthalate 110.0 ± 8.1 1 (fixed) -14.40 ± 0.17 -8.27 ± 0.35 -22.60 ± 0.21 3 

GtPhtAP Ethylmalonate 323 ± 47 1 (fixed) -11.1 ± 1.1 -8.9 ± 1.4 -20.00 ± 0.36 4 

a
Errors are given as standard deviations. 

b
n indicates the number of ITC experiments performed. 695 
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Table 2. Apparent KD values (in mM) for DACM-labeled GtCitAP-D100C variants and 697 

various ligands determined by fluorescence. 698 

Ligand GtCitAP-D100C-R133A
a 

GtMalAP-D100C
a 

GtPhtAP-D100C
a 

Citrate 0.406 ± 0.036 22.1 ± 5.4 no binding 

DL-Isocitrate 11.0 ± 6.5 weak binding no binding 

L-Malate weak binding 1.74 ± 0.17 no binding 

Maleate weak binding 26.4 ± 5.4 weak binding 

2-Methylmaleate weak binding 20.0 ± 1.8 weak binding 

2-Oxoglutarate weak binding 39 ± 10 no binding 

Phthalate weak binding 17.6 ± 2.4 4.23 ± 0.43 

Ethylmalonate weak binding 17.9 ± 2.3 10.15 ± 0.60 

a
Errors are given as standard errors obtained from a fit of the fluorescence decrease at 440 nm to a 1:1 699 

Langmuir binding isotherm. 700 

  701 
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 702 

 703 

Figure 1. Structures and models of GtCitAP variants and homologs. (A) Crystal structure of 704 

the sensory CitA domain of K. pneumoniae 
26

 in ribbon presentation. Residues located in the 705 

binding site of the citrate ligand (yellow) are displayed as sticks. (B) Homology model of 706 

GtCitAP based on the crystal structure shown in (A). The position of the citrate ligand 707 

(yellow) was taken from the template structure. (C) Crystal structure of EcDcuSP 
41

. The 708 

ligand L-malate is shown in green. (D) Homology model of GtMalAP based on the EcDcuSP 709 

structure shown in (C). The position of the ligand L-malate (green) was taken from the 710 

template structure. (E) Homology model of GtPhtAP based on the EcDcuSP structure shown 711 

in (C). The position of the ligand phthalate (cyan) was obtained by molecular docking with 712 

the ROSETTA server 
52

 and selected due to similar positioning of the carboxyl functions of 713 

phthalate compared to L-malate in the template structure. (F) Homology model of GtAspAP 714 
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based on the EcDcuSP structure shown in (C). The ligand L-aspartate is shown in the same 715 

position as the isosteric ligand L-malate in the template structure.   716 
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 717 

Figure 2. L-Malate-dependent fluorescence quenching of GtMalAP-D100C. (A) 718 

Fluorescence spectra of DACM-labeled GtMalAP-D100C in the presence of L-malate at 719 

concentrations of 32, 16, 8, 4, 2, 1, 0.5, 0.25, 0.125, and 0.0625 mM. An excitation 720 

wavelength of 380 nm was used. (B) The mean fluorescence at 440 nm was normalized to the 721 

fluorescence in PBS, plotted against the L-malate concentration, and fitted to a 1:1 Langmuir 722 

binding isotherm (grey curve) to determine the affinity. Error bars represent standard 723 

deviations of the three curves shown in (A) for each concentration. The apparent KD is given 724 

with the standard error obtained from the fit. (C) Respective fluorescence spectra and (D) fit 725 

of the fluorescence at 510 nm of Dansyl-labeled GtMalAP-D100C. A wavelength of 350 nm 726 

was used for excitation.   727 
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 728 

Figure 3. Characterization of GtCitAP variants immobilized on DNaseE7-coated surfaces. 729 

(A) Schematic structure of immobilized GtMalAP-D100C based on the homology model 730 

shown in Fig. 1 and the crystal structure of the complex between DNaseE7 and Im7 
46

. 731 

DNaseE7 (blue) was covalently coupled to the surface of maleic anhydride-activated 732 

microplates. GtMalAP-D100C (magenta) is attached to the surface via the high affinity 733 

interaction between its N-terminal Im7-tag (cyan) and the immobilized catalytically inactive 734 

DNaseE7-H545A domain (residues 444 - 576 of colicin E7). The ligand L-malate (green) and 735 

C100, to which the label is attached, are shown as spheres. (B) The fluorescence of 736 

immobilized DACM-labeled GtMalAP-D100C at 440 nm (top) and the fluorescence of 737 

immobilized Dansyl-labeled GtMalAP-D100C at 510 nm (bottom) was fitted to a 1:1 738 

Langmuir binding isotherm (grey curves) for determination of the affinity. The fluorescence 739 

of each well was normalized to its fluorescence in PBS and averaged for each concentration. 740 

Error bars represent standard deviations of at least four wells. Apparent KD values are given 741 
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with standard errors obtained from the fit. (C) Respective fits for DACM-labeled (top) and 742 

Dansyl-labeled (bottom) GtPhtAP-D100C and the ligand phthalate.  743 
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 744 

 745 

Figure 4. Quantification of ethylmalonate in synthetic urine. (A) Plot of the fluorescence of 746 

Dansyl-labeled GtPhtAP-D100C fluorescence at 510 nm against the ethylmalonate 747 

concentration. The fluorescence was normalized to the fluorescence in MOPS buffer and 748 

fitted to a 1:1 Langmuir binding isotherm (grey curve), which was used as calibration curve 749 

for the determination of ethylmalonate in synthetic urine. Error bars represent standard 750 

deviations of three replicates. The apparent KD is given with the standard error obtained from 751 

the fit. (B) Plot of ethylmalonate concentrations which were added to synthetic urine against 752 

the concentrations which were calculated based on the fluorescence quenching of Dansyl-753 

labeled GtPhtAP-D100C in the respective samples. The slope of 0.959 ± 0.020 obtained by 754 

linear regression (black line) reveals that the calculated concentration equals on average ~ 96 755 



34 

 

% of the added concentrations. The grey line with a slope of one represents a system with 756 

ideal response characteristics.  757 

 758 


