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ABSTRACT 9 

Red-light photosensory proteins, phytochromes, link light activation to biological functions by 10 

interconverting between two conformational states. For this, they undergo large-scale secondary 11 

and tertiary changes which follow small-scale Z to E bond photoisomerization of the covalently 12 

bound bilin chromophore. The complex network of amino acid interactions in the chromophore 13 

binding pocket plays a central role in this process.  Highly conserved Y263 and H290 have been 14 

found to be important for the photoconversion yield, while H260 has been identified as important 15 

for bilin protonation and proton transfer steps. Here we focus on the roles these amino acids are 16 

playing in preserving the chemical properties of bilin in the resting Pr state of the photosensory 17 

unit of a bacteriophytochrome from Deinococcus radiodurans.  By using pH dependent UV-Vis 18 

spectroscopy and spectral decomposition modeling, we confirm the importance of H260 for 19 

biliverdin protonation. Further, we demonstrate that in the canonical bacteriophytochromes, the 20 

pKa value of the phenol group of the Y263 is uncommonly low. This directly influences the 21 

protonation of the bilin molecule and likely the functional properties of the protein. Our study 22 

expands the understanding of the tight interplay between the nearby amino acids and bilin in the 23 

phytochrome family. 24 

  25 
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INTRODUCTION 26 

Phytochromes are proteins found in plants and microorganisms that function to detect and respond 27 

to the quality of light in the environment. Light absorption is due to the covalently bound bilin 28 

chromophore located in a pocket of the GAF domain (cGMP phosphor- diesterase/adenyl 29 

cyclase/FhlA). In canonical phytochromes, the GAF domain is preceded by an N-terminal PAS 30 

(Per/ARNT/Sim) domain which, together with GAF, form the chromophore-binding domain 31 

(CBD). A long helical spine connects the CBD to the phytochrome-associated PHY domain to 32 

form the photosensory module (PSM); additional long-range contacts are also made from PHY to 33 

GAF via a highly conserved PHY hairpin extension, often referred to as a “tongue”. Downstream 34 

from the photosensory core is the C-terminal output region which, in the bacteriophytochromes, is 35 

typically a histidine kinase. Photoactivation initiates a phosphorelay system controlling such 36 

processes as seed germination and shade avoidance in plants and circadian rhythm and phototaxis 37 

in bacteria (1-4).  38 

 Phytochromes were first discovered in plants, and their role in all aspects of plant growth 39 

and development has been recognized over decades (2,5). The subsequent discovery of microbial 40 

phytochromes has been beneficial for all phytochrome research as their ease of purification has 41 

allowed for the determination of numerous crystal structures and a wide range of optical 42 

spectroscopy and NMR studies (6-8). Common to most phytochrome species is the covalently 43 

bound bilin chromophore, although the type of bilin conjugation is dependent on the specific 44 

subfamily: plant phytochromes bind phytochromobilin (PFB), bacteriophytochromes (BphPs) and 45 

fungi incorporate biliverdin IXα (BV) while some cyanobacteriochromes (CBCRs), including 46 

Cph1 from Synechocystis sp. PCC 6803 and RcaE from Fremyella diplosiphon, use 47 

phycocyanobilin (PCB) (9). 48 
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 Phytochrome activity is toggled on and off by switching between two conformational 49 

states: Pr and Pfr, named for their red and far-red absorbing properties, respectively (6). In Pr, bilin 50 

is in a ZZZssa conformation (PrZZZ) which isomerizes to a ZZEssa conformation (PfrZZE) after light 51 

absorption (Figure 1). This double bond isomerization occurs on a picosecond time scale initiating 52 

a cascade of conformational changes that are amplified throughout the protein within milliseconds, 53 

resulting in the formation of the Pfr state (10-13). Reversion to the resting Pr state can occur by a 54 

slow spontaneous thermal process called dark reversion, or by a fast, far-red light-induced 55 

interconversion. For the so-called bathy phytochromes, the Pfr is the resting state and the thermal 56 

reversion occurs from Pr to Pfr state (14). Several studies indicate that during photoconversion 57 

from Pr to Pfr, bilin undergoes a transient proton exchange (15,16), although it is not yet clear if 58 

this is an obligatory step common to all phytochromes (17). 59 

  60 

Figure 1.  The chromophore binding pocket of Dr-PSM in the Pr state. The amino acids studied 61 

in this paper are coloured cyan while other neighbouring amino acids as well as BV in ZZZssa 62 

conformation are coloured dark grey, two ordered waters are shown as red spheres. Several key 63 

H-bond interactions (green lines) are shown including those from pyrrole water to the pyrrole 64 

nitrogens of BV, the Nδ of H260 and the backbone carbonyl of D207 and between the carboxylic 65 
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acid group of D207 and the guanidinium group of R466 from the tongue.  Figure prepared using 66 

PDB 4q0j (18) and VMD (19) 67 

 68 

The specific chemical, spectroscopic and photoisomerization properties needed for activity are due 69 

to the network of interactions formed by the highly conserved amino acids that surround the bilin 70 

in the chromophore binding pocket (17,20,21). For example, when bilin is bound to the native 71 

protein, all four pyrrole nitrogens are protonated in PrZZZ and PfrZZE resulting in a net positive 72 

charge (22-24). In solution, on the other hand, bilin has a pKa of 5.7 and PCB covalently bonded 73 

to denatured phytochrome has a pKa of 6.6 (25,26) with deprotonation likely occurring from the 74 

C-ring pyrrole nitrogen (26).  Of particular importance is the conserved histidine (H260 in 75 

Deinococcus radiodurans, Dr) which sits in the plane on the alpha face (as defined in Rockwell et 76 

al.(27)) near pyrrole rings A, B and C (Figure 1).  This amino acid along with D207 on the beta 77 

face, were shown to be critical for maintaining bilin protonation using site directed mutants of 78 

Agp1 from Agrobacterium fabrum (28) and in quantum chemical calculations using PFB as a 79 

model (29). They were also shown to be involved in proton release and reuptake during 80 

photoconversion of Agp1 (28). In the binding pocket, H290 (Figure 1) has also been shown to 81 

influence BV protonation in Agp2, and both histidine residues have been shown to exist in their 82 

neutral and positively charged protonation states with pKa values near 7 (14,30). All these 83 

protonation states may contribute to heterogeneity of the ground state with consequences for 84 

complex excited state kinetics (31). 85 

 In this study, the different protonation states of BV and the nearby amino acids within the 86 

phytochrome binding pocket of the BphP from Dr are studied. Specifically, the Dr-PSM construct 87 

in the resting Pr state was monitored by UV-Vis spectroscopy in a pH range of 6.5 - 10. These pH-88 
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titrations indicate the wild-type (WT) construct has a bilin pKa > 10 which decreases by more than 89 

two pH units when H260 is replaced with alanine (H260A mutant). The H290T mutation on the 90 

other hand has no observable effect on the protonation state of the BV. The Y263F mutation 91 

highlights the influence of the Y263 hydroxyl on the BV protonation and absorbance with evidence 92 

for deprotonation of the phenol hydroxyl at pH values as low as 8. Comparing pKa values from 93 

other phytochromes, the protonation state and the role of these binding site residues appears to 94 

have some species variation, but in all cases play an important role in maintaining bilin 95 

protonation. This further indicates how protein cofactors may influence the properties of the amino 96 

acid side chains in their vicinity. 97 

MATERIALS AND METHODS 98 

Cloning, protein expression and purification: The WT Dr-PSM fragment (amino acids 1–99 

502) of D. radiodurans phytochrome and its Y263F and H290T variants are described 100 

elsewhere(32-34) The H260A and H260A/Y263F mutations were introduced to Dr-PSM with 101 

QuikChange Lightning Multi Site-Directed Mutagenesis Kit (Agilent Technologies) and primers 102 

5'–ACC TCG CCC ATG GCC ATG CAG TAC CTG CGG AAC –3' (H260A underlined) and 5’–103 

ACC TCG CCC ATG GCC ATG CAG TTC CTG CGG AAC ATG – 3’ (H260A/Y263F 104 

underlined). Proteins were expressed and purified as previously outlined (35,36). Purified proteins 105 

from the final size-exclusion chromatography step were concentrated in 30 mM Tris pH 8 to 20–106 

40 mg/ml, flash-frozen, and stored at -80 °C. The samples were thawed and filtered with 0.22 - 107 

µm centrifugal filter units (Amicon Ultrafree, Millipore) immediately before experimental 108 

characterization. 109 
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UV-Vis Spectroscopy: The UV-Vis measurements were carried out using a Perkin-Elmer 110 

Lambda 850 UV-vis spectrometer. The stock solutions of the phytochromes in the dark state were 111 

diluted into solutions buffered between pH 6 and 11: Mes buffer was used for pH 6 to 7.1, Tris for 112 

pH 7.2 to 9.2 and glycine for pH 9.3 to 11. The final concentration of buffer was 30 mM with 113 

constant ionic strength maintained at all pH values using NaCl. The final concentrations of Dr-114 

PSM constructs were ~ 2 µM giving an absorbance at 700 nm of about 0.25 at pH 7. 115 

Data processing and analysis: Component analysis was carried out using a 32-bit version of 116 

SPECTRALAB software (37). Before analysis, UV-Vis spectra were normalized using the 117 

absorbance at 280 nm.  Scattering in the UV region was occasionally observed in solutions above 118 

pH 10 and required baseline subtraction with a first or second order polynomial. This was done in 119 

order to normalize spectra using the absorption at 280 nm. Components were made using data 120 

between 450 and 800 nm. For all constructs, the spectra measured at the lowest pH value (between 121 

pH 6.5 to 7.1) was taken as the first component Comp1. For WT, Y263F and H290T, the second 122 

component Comp2 was made by subtracting (Comp1 ´ fraction) from the spectra at ~ pH 10.8, 123 

then, smoothing it to make a single peak centered ~620 nm. For H260A/Y263F, Comp2 was made 124 

by subtracting (Comp1 ´ fraction) from the spectra at pH 8, then, smoothing it to make a single 125 

peak centered ~620 nm. For H260A, Comp2 is the spectra measured at ~ pH 10.5. The third 126 

component Comp3 required for H260A was made by subtracting (Comp1 ́  fraction1) and (Comp2 127 

x fraction2) from the spectrum at ~ pH 8.5 then smoothing the resultant trace. These major 128 

components (Comp1 & Comp2 for WT, Y263F, H290T, H260A/Y263F and Comp1, Comp2 & 129 

Comp3 for H260A) were able to reconstruct the measured spectra at all pH values with a square 130 

correlation coefficient of 0.98 or greater. The use of a minor residual component (made using the 131 
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trace with the lowest square correlation coefficient) enabled a square correlation coefficient of 132 

greater than 0.999 to be obtained for spectra at all pH values.  133 

 Either the absorption at 700 nm or the component contribution obtained from component 134 

analysis was plotted as a function of pH and fit to equations describing titration of one or more 135 

ionizable protons outlined in detail in Supporting Information (25,38). 136 

Equation 1, described in detail in Supporting Information as Equation S16, was used to globally 137 

fit components to the four-state equation.  138 

 𝑆 = ∑ 𝐹%&
%'( [𝑆%(𝑓𝑖)]  Equation 1 139 

Briefly, 𝑖 is one of four protonated species AA, AB, BA and BB outlined in the four-state cyclic 140 

model below, F is a scaling factor that sets how much each species contributes to the signal being 141 

fit, S is the component contribution signal associated with each of the four species and 𝑓 is the 142 

fraction of species 𝑖 in solution which depends on pH and pKa values. During fitting, pKa and Si 143 

values were shared across all data sets, while F was allowed to vary between data sets and pKa1 144 

was defined as pKa2 + pKa3 - pKa4 to maintain the thermodynamic cycle. For WT and H290T the F 145 

value for each species: FAA, FAB, FBA, FBB was fixed to 1, 1, 0, 0 respectively, for Comp1 and 0, 0.1, 146 

1, 1 respectively, for Comp2.  For H260A, FAA, FAB, FBA, FBB was fixed to 1, 1, 0, 0 respectively, 147 

for Comp1 and 0, 0, 0.5, 1 respectively, for Comp2 and 0, 0, 1, 0 respectively, for Comp3. For 148 

Y263F and H260A/Y263F, F-values are not needed as the spectral components are fitted according 149 

to Eq S6a. This, because for a two-state model each species contributes 100% for respective 150 

component. 151 

RESULTS 152 
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UV-Vis absorption of pH titrations in the Pr state  153 

The UV-Vis absorption spectra of Dr-PSM WT, H260A, Y263F, H260A/Y263F and H290T in 154 

the dark Pr state were measured in a range of pH buffered solutions (Figure 2, Supporting 155 

Information Figure S1). The absorption spectra of all variants have Q and Soret bands 156 

characteristic of canonical phytochromes. At low pH (7 and below), the Q band absorbance has a 157 

maximum between 702 to 696 nm, with a 1 nm red shift of Y263F and a 3, 5 and 5 nm blue shift 158 

of H290T, H260A and H260A/Y263F, respectively, relative to WT (Supporting Information, 159 

Table S1). The H260A and H260A/Y263F spectra are slightly broader than the WT spectra (Figure 160 

2). Furthermore, the absorption coefficient is lower in the H260A samples. Using the relative 161 

intensity of UV and 700 nm absorbance after urea denaturation, using the urea denatured WT as 162 

standard, it was confirmed that this effect is not due to lower incorporation of the bound BV 163 

molecules. However, presently we do not have a solid explanation for this effect and this 164 

observation is left for further studies.  165 

 As pH increases, the intensity centered at ~700 nm decreases with concomitant increase in 166 

absorbance at ~600 nm. The pH-induced absorption changes are 100% reversible up to pH 9.8 and 167 

85% to 95% reversible at pH 10.4.(Supporting Information Figure S2) Similar absorption changes 168 

have been observed with green/red CBCRs, where this type of shift occurs as a result of 169 

deprotonation of PCB (25). Furthermore, Escobar et al. and other groups have also described a 170 

similar effect for canonical bacteriophytochrome proteins (15,28,30) and a bathy 171 

bacteriophytochrome (39). In addition, there is no evidence for pH-induced isomerization of BV 172 

to the PfrZZE conformation as evidenced by urea denaturation experiments.(Supporting 173 

Information, Figure S3) Therefore, we interpret the spectral changes described above as indicators 174 

of the increased population of neutral BV (BV-H3) at high pH. Most likely, it is the ring B/C 175 
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nitrogen that becomes deprotonated (29). The spectra of the Dr-PSM constructs at the highest pH 176 

differed more significantly from each other than at the lowest pH. All mutants have an increased 177 

absorbance in the 600 nm region at high pH relative to WT (Figure 2) and thus larger neutral BV-178 

H3 populations.  179 

 180 

Figure 2.  UV-Vis spectra of WT and mutants in the Pr state in a range of pH buffered solutions. 181 

The pH is indicated by colour: red 6-6.9, orange 7-7.5, yellow 7.6-8, green 8.1-8.9, cyan 9-9.5, 182 

blue 9.6-10.4, purple greater than 10.5. Arrows indicate the decrease/increase in absorbance at 183 

700/600 nm as pH increases. 184 

 185 
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 In order to describe the pKa values for each construct under study, the absorbance at 700 186 

nm was plotted versus pH. Since aggregation prevented measurement of the full transition for 187 

some constructs, the Hill equation was initially used in order to have an unbiased assessment of 188 

the cooperativity of the transition.(Table 1, Supporting Information Figure S4). Despite the high 189 

midpoints of WT, H290T and Y263F, all variants could be fit to the Hill equation. With the 190 

exception of H260A, all had Hill coefficients above 0.9 and could be fit with a two-state model 191 

assuming equilibrium between a protonated and non-protonated species with a single pKa (Table 192 

1, Supporting Information, Figure S4). With a Hill coefficient of 0.7, H260A was instead fit to a 193 

three-state model involving two pKas (Table 1, Supporting Information, Figure S4). 194 

 Analysis of the absorbance at a single wavelength indicates the H260A mutation (alone or 195 

together with Y263F) significantly shifts the midpoint of the transition from greater than pH 10 to 196 

pH 8. On the other hand, single wavelength plots do not indicate any significant effect on the pH 197 

dependence of Dr-PSM for Y263F or H290T mutations in comparison with the WT sample (Table 198 

1, Supporting Information, Figure S4). For this, component analysis is required which takes into 199 

account the whole Q-band absorption spectrum. 200 

Table 1. Parameters determined from fitting absorption at 700 nm versus of pH of Dr-PSM 201 
variants in Pr 202 
Protein Hill Equation 1 or 2 pKa model 
CBD-PHY Hill Coef midpoint pKa(1st) pKa(2nd) 
WT 1.1 ± 0.03 10.8 ± 0.1 10.9 ± 0.1  
Y263F 1.1 ± 0.02 10.7 ± 0.1 10.6 ± 0.1  
H260A 0.7 ± 0.02 8.0 ± 0.02 7.7 ± 0.05 8.9 ± 0.11 
H260A/Y263F 0.9 ± 0.03 8.0 ± 0.02 8.1 ± 0.02  
H290T 1.0 ± 0.1 10.9 ± 0.1 10.9 ± 0.1  

Errors are the 95% confidence interval 203 
 204 

Component analysis 205 
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Hill coefficients less than 1 in pH titrations (specifically observed for H260A) suggest that the 206 

deprotonation process of the biliverdin deviates from two-state behaviour. To investigate this 207 

further, component analysis was carried out on all variants using the UV-Vis spectra between 450 208 

and 800 nm. With the exception of H260A, pH titration spectra can be sufficiently reconstructed 209 

with two major components: one with a peak centered at ~700 nm called component one (Comp1), 210 

the other with a peak centered at ~620 nm called component two (Comp2) shown in Figure 3 and 211 

in Supporting Information Figure S1 for H290T. A minor residual component is also needed that 212 

accounts for small shifts in wavelength maximum as a function of pH. For H260A, an additional 213 

major component (Comp3) is required to reconstruct the spectra between 450 and 800 nm as a 214 

function of pH shown in green (Figure 3). 215 

 216 

Figure 3.  Spectral decomposition. UV-Vis spectra of the Pr state at pH 10.8 for WT and Y263F 217 

and pH 8.5 for H260A and H260A/Y263F (dashed lines) are shown decomposed into components. 218 



13 

 

For WT, Y263F, H260A/Y263F and H290T (shown in Supporting Information) two major 219 

components Comp1 and Comp2 (blue and red solid lines respectively) and a minor component 220 

(light grey line) are needed to reconstruct the spectra between 450 and 800 nm at all pHs. For 221 

H260A, an additional component Comp3 is needed (green line). The sum of components are 222 

shown as a solid grey line. 223 

 224 
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Figure 4.  Global fitting of major spectral components. A) WT, H260A and H290F B) Y263F 225 

and H260A/Y263F Top row: The contribution of Comp1 (blue circles), Comp2 (red circles) and 226 

Comp3 (green circles) to the absorption spectra are plotted as a function of pH. Solid lines 227 

represent the global fit using the model with four pKas in A and one pKa in B.  The dash-dot-lines 228 

represents a fit with two pKas for WT and H290T. Bottom row: the fraction of different protonated 229 

species as a function of pH calculated from the fitting parameters. In A these are AA 230 

(corresponding to BV-H4
+/Y263-OH, thick solid line); BA (corresponding to BV-H4

+/Y263-O-, 231 

thick dashed line); AB (corresponding BV-H3/Y263-OH, thin solid line) and BB (corresponding, 232 

BV-H3/Y263-O-, thin dashed line). These line types match those used to outline each of the four 233 

species in Figure 5. In B the two protonation states are BV-H4
+ (thick solid line) and BV-H3 (thin 234 

solid line). 235 

 For each construct, the contribution of each major component was plotted as a function of 236 

pH and globally fit to models involving one to four pKa values (Figures 4 and 5, Table 2, 237 

Supporting Information Table S2). The fitting resulted in convergence for all data sets despite the 238 

high midpoints of WT, H290T and Y263F. In order to compare fitting to data at 700 nm, a single 239 

fit of Comp1 to one pKa was also carried out where possible (Table 1, Supporting Information, 240 

Table 2). For WT and H290T, there is a small amplitude change before the major transition begins 241 

at pH 9.5 – most clearly observed for Comp2 – resulting in deviation when the data is fit to a model 242 

with one pKa (Figure 4, Supporting Information, Figure S5). The deviation in this region is also 243 

observed when the titration is performed using Hepes and Bicine buffer as well as with a Dr-PSM 244 

monomer construct ruling out changes in dimerization or buffer effects as a source of the 245 

asymmetry.(Supporting Information, Figure S5)  A better fit is achieved when a model involving 246 

two pKas is used: the small amplitude change corresponding to a pKa ~8.5 and the large amplitude 247 
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change corresponding to pKa ~10.8 (Figure 4, Table 2). Comp1 alone does not show these two 248 

phases as clearly and can be reasonably fit with one pKa similar to data at 700 nm, demonstrating 249 

the motivation and advantage of using component analysis and global fitting (Table1, 2, 250 

Supporting Information, Table 2). 251 

 Importantly, unlike WT and H290T, constructs with the Y263 mutation, namely Y263F 252 

and H260A/Y263F, involve only one pKa.(Figure 4) This is observed for both single fits to Comp1 253 

and global fits of Comp1 and Comp2 together (Table 2, Supporting Information, Table S2). This 254 

confirms that a single species is being titrated in Y263F and H260A/Y263F constructs, and their 255 

respective pKa values of 10.6 and 8.0 reflect the deprotonation of BV as follows: 256 

                                                        (BV-H4)+ ↔ (BV-H3) + H+  Equation 2 257 

Table 2. Parameters from global fits using a four-pKa model for constructs with Y263, and one-258 
pKa model for constructs with F263. 259 
Protein Spectral BV Y263-OH 
Dr-PSM componentsa pKa1 pKa2 pKa3 pKa4 
WT C1&C2 10.3 11.0 8.4* 9.1 
H290T C1&C2 10.0* 10.8 8.4 9.2 
H260A C1&C2&C3 7.9 8.7 8.7 9.5 
Y263Fb C1&C2 10.3* - - - 
H260A/Y263Fb C1&C2 8.0 - - - 

a C1, C2, C3 are the components Comp1, Comp2 and Comp3 used to deconvolute the spectra 260 
The pKa values 1 to 4 correspond the model in Figure 5. Standard errors from Origin fitting ranged from 0.3 to 4 % of 261 
the fitted value. The pKa values reported in the table are an average from fits to two separate titrations. The 95% 262 
confidence interval was in general 0.2 pH units except values with asterisks,(*) which had 95% confidence intervals 263 
between 0.4 and 0.6 pH units. 264 
b For Y263F and H260A/Y263F, the data can only reasonably be fit (single or global) with one pKa.  265 
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  266 

Figure 5.  The four-state cyclic model with reciprocal influence of BV and Y263-OH titrations. 267 

In this model, the chromophore binding pocket of Dr-PSM can exist in four different protonation 268 

states designated as species AA, BA, AB and BB. In AA and BA (thick lines), BV is fully 269 

protonated and positively charged with the Y263 hydroxyl protonated or deprotonated, 270 

respectively. In AB and BB (thin lines), BV is neutral with Y263 hydroxyl protonated or 271 

deprotonated, respectively. The pKa1 and pKa2 describe the titration of BV when Y263-OH is 272 

protonated and deprotonated, respectively. The pKa3 and pKa4 describe the titration of Y263-OH 273 

when BV is protonated and deprotonated, respectively. 274 

Since the pH dependence of Dr-PSM is simplified in constructs where the Y263 hydroxyl group 275 

(Y263-OH) is removed, this group is a likely source of the asymmetry and complexity observed 276 

in pH titrations of WT, H290T and H260A. The nearby negative charge of Y263-O- can influence 277 

the absorption properties of BV and make it appear similar to the deprotonated form, which is 278 

compensated for by the increased contribution of Comp2 in spectral decomposition. This 279 

hypothesis was tested further by measuring the UV-Vis absorbance of the tyrosine band at 280 nm 280 
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as well as fluorescence emission at 340 nm.(See Supporting Information Figure S7, S8, S9) Since 281 

the aim is to detect the deprotonation of a single tyrosine out of eleven, observing the spectral 282 

changes is challenging; However, the results of both experimental methods are consistent with 283 

Y263-OH deprotonation. For WT and H290T, the large amplitude change with pKa ~10.7 is 284 

therefore considered to be from titration of BV while the small amplitude change with pKa ~8.4 is 285 

assigned to the titration of Y263-OH. The complexity attributed to the Y263-OH group in WT and 286 

H290T is even more pronounced in Dr-PSM with the H260A mutation. As discussed above, 287 

H260A requires three major spectral components (Comp1, Comp2, Comp3) to reconstruct the 288 

spectra while only two (Comp1, Comp2) are necessary for H260A/Y263F (Figure 3). The pH 289 

dependence of Comp3 in H260A (green circles in Figure 4), shows a rise and fall in population of 290 

an intermediate indicating at least two pKas; however, a sequential three-state model fails to fully 291 

describe the data (Supporting Information, Figure S6). The four-state cyclic model was instead 292 

considered which includes deprotonation of both BV and Y263-OH (Figure 5). In this model, four 293 

different protonation states can be defined for Dr-PSM: AA (BV-H4
+/Y263-OH), BA (BV-294 

H4
+/Y263-O-), AB (BV-H3/Y263-OH), BB (BV-H3/Y263-O-), and their relative population 295 

changes with pH. Since initial attempts at fitting the components of H260A separately required at 296 

least two pKas (not shown), each component likely reflects a combination of absorption spectra 297 

arising from at least two of these protonation states. When fitting the data to the four-state model, 298 

it was therefore assumed that Comp1 accounts for the fraction of species AA and BA in solution, 299 

Comp2 the fraction of species AB and BB in solution and Comp3 the fraction of species AB in 300 

solution. With these assumptions, the four-state model provides a good global fit of the three major 301 

components of H260A (Figure 4). 302 
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 Fitting the data of H260A gives two pKas for BV deprotonation, one when the tyrosine 303 

hydroxyl is protonated Y263-OH (pKa1 = 7.9) and the other when it is deprotonated Y263-O- (pKa2 304 

= 8.7). It also gives two pKas for Y263-OH deprotonation, one when BV is positively charged 305 

(pKa3 = 8.7) and the other when BV is neutral (pKa4 = 9.5). Using the results of the fit, the fraction 306 

of each of the four Dr-PSM protonation states: AA, BA, AB and BB can be plotted as a function 307 

of pH (Figure 4A, bottom row). With this in mind, the WT and H290T data were also globally fit 308 

to the four-state model (Figure 4, Table 2). Since the model is underdetermined by the data (i.e. 309 

there are only two components and the full titration cannot be observed) the fitted pKa values have 310 

a certain degree of error which has been estimated in Supporting Information Figure S10; 311 

nevertheless, the pKa3 and pKa4 values describing the titration of Y263-OH are very similar for 312 

WT, H290T and H260A, ~8.4 and 9.4, respectively (Table 2). For WT and H290T, the pKa2 of ~11 313 

for BV in the presence of Y263-O- predicts that BV deprotonation is only fully complete at ~pH 314 

12. The pKa3 of ~8.4 means that the Y263 hydroxyl is ~20% deprotonated at pH 8 and fully 315 

deprotonated at pH 9.5 (Figure 4). 316 

Contributions of each spectral component to the UV-Vis spectra of Dr-PSM 317 

A UV-Vis spectrum at a given pH is a combination of the individual spectra of the different 318 

protonated species in solution. For WT, H290T and H260A these species are assumed to be AA, 319 

BA, AB and BB, outlined in Figure 5. For Y263F and H260A/Y263F, which have a single pKa 320 

value, there are two species: BV-H4
+ and BV-H3 as outlined in Equation 2. From the fractional 321 

population of species as a function of pH shown in Figure 4, the fully protonated state, AA (BV-322 

H4
+ for the Y263F mutants), is well isolated (>99% populated) at pH values less than 8.5 for Y263F 323 

and pH values lower than pH 6 for the other constructs. Since protein aggregation was usually 324 

noticeable near pH 6, Comp1 was taken from spectra measured between pH 6.5 and 7.1 and 325 
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therefore, for all but Y263F, may have some contribution from deprotonated species. The fully 326 

deprotonated species (BB or BV-H3) can be observed at pH values > 10 in titrations of 327 

H260A/Y263F, while for WT, H290T and Y263F, the fully deprotonated species is only 328 

significantly populated at pH values greater than 11, which is out of range of the protein stability 329 

and therefore unable to be measured by UV-Vis. Even for H260A, the spectrum at pH 10.5 may 330 

contain some contribution from BA and AB in addition to the major species BB. 331 

 The presence of intermediate protonated species is most obvious in titrations of H260A 332 

which requires a third major component, Comp3. From Figure 4, the fraction of species AB is 333 

much higher than BA between pH 8 and 9. In this case, Comp3, made from subtracting a fraction 334 

of Comp1 from the spectrum measured at pH ~7.2, is likely very similar to the spectrum of isolated 335 

AB but may also have contributions from BA (Figure 4). For WT and H290T, the species BA is 336 

well isolated at pH ~9.5. This suggests that the spectrum of BA is very similar to that of AA with 337 

slightly more absorbance around 600 nm. This is reasonable given the only difference is the 338 

protonation state of Y263. 339 

  340 

DISCUSSION 341 

In this study, bilin protonation of Dr-PSM was monitored by UV-Vis absorption spectroscopy of 342 

WT and mutants in the dark Pr conformation. Absorption spectra of all Dr-PSM constructs have 343 

so-called Q and Soret bands characteristic of canonical phytochromes (Figure 2). All constructs 344 

were photoactive and photoreversible (data not shown). This indicates phytochromes with 345 

mutations are properly folded and functional.  346 
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pH dependent absorption spectra of Dr-PSM: deprotonation in the chromophore 347 

binding site 348 

Deprotonation of the bilin B/C nitrogen typically results in a decrease in absorbance at 700 nm 349 

and an increase at 600 nm (ref (15) and references therein). This is clearly observed in plots of 350 

absorption at 700 nm versus pH for all constructs and is interpreted as a result of BV deprotonation 351 

as in Equation 2 (Supporting Information, Figure S4). For WT, Y263F and H290T, absorbance at 352 

700 nm does not significantly decrease until ~ pH 9, indicating the chromophore is fully protonated 353 

up to this point. In contrast, pH titrations of H260A and H260A/Y263F show that absorption at 354 

700 nm is close to the minimum at pH 9, and each have midpoints of ~ pH 8 (Table 1, Supporting 355 

Information, Figure S4). This is in line with Resonance Raman of H260A of full length Dr-BphP 356 

at pH 8 which shows approximately half of the intensity of the N-H in-plane mode of the wild-357 

type indicating the bilin is approximately half deprotonated (34). These data demonstrate the key 358 

role H260 plays in maintaining BV protonation.  359 

 Although the single and double mutants have similar midpoints, their Hill coefficients 360 

reveal differences in titration behaviour.  For H260A/Y263F, the coefficient of 0.9 indicates a 361 

single deprotonation of BV as in Equation 2, while for H260A, the coefficient of 0.7 suggests an 362 

additional ionization is taking place. The most evident ionization group is Y263-OH, initially 363 

considered since this hydroxyl is absent in the double mutant.  Firstly, the amino acid at position 364 

263 is in close proximity to BV with observable differences in the absorption spectra attributable 365 

to this mutation; for example, at high pH, constructs containing the Y263F mutation have higher 366 

absorbance in the 600 nm region and the Soret band relative to their Y263 counterparts (Figure 2). 367 

As in the model outlined in Figure 5, the absorbance decrease resulting from pH increase observed 368 

for H260A is therefore interpreted as a reflection of both BV and Y263-OH deprotonation. Spectral 369 
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component analysis, discussed below, as well as UV absorbance and fluorescence (Supporting 370 

Information) provides further support for this model and also provides evidence for titration of 371 

Y263-OH in WT and H290T. 372 

Spectral component analysis confirms titration of Y263 concomitant with 373 

chromophore deprotonation in WT Dr-PSM 374 

For H260A, three major spectral components and a minor component are needed to deconvolute 375 

the Q band region throughout the pH range 6.5 to 10.5, while two major and one minor component 376 

are sufficient for WT, Y263F, H290T and H260A/Y263F (Figure 3, Supporting Information 377 

Figure S1). For all constructs, Comp1 is the spectrum measured at pH 6.5 to 7 taken to represent 378 

the protonated form, whereas Comp2 and Comp3 (required only for H260A), have peaks between 379 

~585 nm and ~620 nm that resemble a deprotonated species. The constructs without the Y263-OH 380 

group, Y263F and H260A/Y263F, have simple sigmoidal transitions: Comp1 and Comp2 can be 381 

globally fit using a single pKa attributed to BV deprotonation (Figure 4, Table 2, and Supporting 382 

Information Figure S5). For WT and the other two mutants that have the Y263-OH group, 383 

component analysis indicates that along with BV deprotonation, an additional pH dependent event 384 

is taking place. In particular for H260A, Comp1 and Comp2 have clear inflection points, and 385 

Comp3 increases and decreases in a way typical of intermediate formation. In this case, a global 386 

fit is best carried out using the four-state model outlined in Figure 5 which takes into account 387 

deprotonation of BV and Y263-OH (Figure 4, Table 2). For WT and H290T, deprotonation of 388 

Y263-OH is manifested in the small amplitude changes of Comp2 at ~ pH 8-9. Global fitting of 389 

these constructs requires at least two pKa values (Figure 4, Supporting Information Table S2, 390 

Figure S5), but data can also be fit using the four pKa model outlined in Figure 5.(Figure 4) These 391 

fits give two pKa values for bilin deprotonation: pKa1 and pKa2 when the Y263 hydroxyl is 392 
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protonated and deprotonated respectively, and two pKa values for Y263 hydroxyl deprotonation: 393 

pKa3 and pKa4 when bilin is protonated and deprotonated, respectively (Table 2). 394 

 The pKa values for BV in Table 2 are reasonable given the wide range of values found in 395 

other phytochrome species, discussed further below. On the other hand, the pKa3 value of ~8.5 396 

determined for the Y263 containing constructs WT, H290T and H260A is much lower than the 397 

average pKa value of 10.3 found for tyrosine in proteins (40). Such a low tyrosine pKa can be found 398 

for example in UDP-galactose 4-epimerase (41). In this protein, Y149 has a very low pKa of 6.08 399 

attributed to the positive electrostatic field created by nicotinamide adenine dinucleotide and a 400 

lysine. Similarly, in glutathione transferase A1-1, active site Y9 has a pKa of 8.1 which, when 401 

nearby R15 is mutated to alanine, increases to 8.8 due to removal of the positive charge (42). In 402 

Dr-PSM, the chromophore binding pocket is shielded from solvent by the tongue so that a 403 

positively charged BV could also be lowering the pKa3 of Y263-OH. Indeed, the pKa4 for Y263-404 

OH in the presence of the neutral BV is ~9.4 for all Y263 containing constructs, closer to a typical 405 

tyrosine value.  406 

 Our spectral component analysis therefore detected a deprotonation event in Y263-OH in 407 

WT and H290T, which is not readily apparent in single wavelength plots. For H260A, multiple 408 

ionization events are apparent in single wavelength plots in the form of a low Hill coefficient; 409 

however, component analysis confirmed the existence of intermediate ionization states within the 410 

chromophore binding site and allowed for the development of a detailed model of BV and Y263-411 

OH deprotonation.  412 

Comparison of bilin pKa with other phytochrome species – role of bilin protonation 413 

Although the type and amount of domains that make up phytochromes is species dependent, the 414 

binding site architecture is in general similar enough that it is worth comparing the binding 415 
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chemical properties in order to better understand how amino acid arrangement effects the binding 416 

site properties. The high bilin pKa value found for Dr-PSM is consistent with the pKa value of 11.1 417 

found for Agp1, which is also a canonical BV containing BphP (28). The cyanobacterial Cph1 and 418 

RcaE have bilin pKa values of 9.0 and 5.6, respectively (15,25,30). A pKa value greater than 9.5 419 

indicates that the bilin is in the cationic form under physiological conditions which may be 420 

important for activation; for example, it was suggested that the deprotonated chromophore can 421 

only be weakly excited (15,29) and is less likely to photoisomerize (29). For RcaE, the low pKa of 422 

the Pr state is responsible for the photochromicity of the protein: the deprotonated chromophore 423 

in ZZZ conformation has green absorbance, which, after photoisomerization to the ZZE 424 

conformation, results in a protonated red absorbing chromophore due to an increase of the pKa 425 

(25). 426 

 In the bathy phytochrome Agp2, the PfrZZE resting state deprotonates at the B/C nitrogen 427 

with an apparent pKa of 7.6 (14). This relatively low pKa does not occur with a change in the overall 428 

net charge of the molecule, instead, deprotonation of ring B/C is concomitant with keto/enol 429 

isomerization of ring D. The location of the resulting positive charge distribution is influenced by 430 

the protonation state of H278 (H290 in Dr-BphP) which in turn influences the dark reversion rate 431 

of the Pfr state. These studies together suggest there is large degree of species variation in bilin 432 

pKa values with the bilin protonation state serving different functions such as photoactivation, 433 

photochromicity and dark reversion. 434 

 435 

Residues in the chromophore binding pocket: H260, H290 and Y263 436 

The amino acids in the chromophore binding pocket form interactions with bilin that produce its 437 

specific functional chemistry and geometry. According to structural studies, the conserved H260 438 
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H-bonds to the C-ring propionate of bilin through its Ne group while its Nd group interacts with 439 

the pyrrole (Figure 1). The so-called pyrrole water in turn H-bonds with the imidazole nitrogens 440 

of rings A, B and C, maintaining their protonation. This and other studies confirm that removal of 441 

this histidine typically results in a significant population of the neutral bilin species at 442 

physiological pH values. For example, constructs with the H260A mutation in this study result in 443 

an ~2.3 unit decrease to pKa values near 8 (Table 2). This near identical decrease in the pKa1 and 444 

pKa2 values of WT or the single pKa value of Y263F, indicates the effect of the mutation is the 445 

same regardless of the protonation state or presence of the Y263 hydroxyl. A 2.3 unit decrease in 446 

pKa was also seen in the dark PrZZZ state of Agp1 as replacement of this histidine with alanine 447 

changed the value from 11.1 to 8.8 (28). In the bathy phytochrome Agp2, replacement of H260 448 

not only decreases bilin protonation but also partially inverses the direction of dark reversion from 449 

Pfr to Pr (28,34,39). Interestingly, the bilin pKa of 5.6 in RcaE is similar to the value obtained in 450 

denaturing conditions and is attributed to a leucine at the corresponding H260 position. When this 451 

leucine is replaced with a histidine, the pKa increases 2 units in the green absorbing state (PgZZZ) 452 

but decreases in the red absorbing state (PrZZE).  453 

 In Cph1, this histidine may have a slightly different function. Substitution with glutamic 454 

acid has no observable effect on the pKa of PrZZZ but rather selectively decreases the pKa of PfrZZE 455 

(30). In this case, the H260 itself was observed to undergo deprotonation in the Pr state with a pKa 456 

of 7.5 accompanied by a decrease in Q band absorbance. This equilibrium between the cationic 457 

H260 and the one singly protonated at Ne is a natural origin of the heterogeneity in the PrZZZ state 458 

of Cph1 (30,43,44), also observed in complex excited-state dynamics (31). There is, however, no 459 

evidence for H260 deprotonation in this pH range in Dr-PSM; for example, in Y263F there is no 460 

change in contribution of Comp1 or Comp2 until after pH 9 (Figure 4) (28). 461 
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 Another histidine in the binding pocket, H290, makes up an important interaction network 462 

among the BV D-ring and water molecules that affects bilin conformation and photoconversion 463 

(33,45). When bilin is in the PrZZZ conformation, it H-bonds through its Nδ to both an ordered 464 

water and the D ring carbonyl maintaining the 44° out of plane rotation of ring-D relative to B and 465 

C (34,46). After photoisomerization, H-bonding switches from the D ring in PrZZZ to the C-ring 466 

propionate in PfrZZE. Studies with Rp-BphP3, where this conserved interaction with H290 is 467 

augmented with H-bonds from Ser and Lys side chains (47,48), and SaP1, where it is absent due 468 

to a natural Thr replacement (45), indicated the amount of hydrogen bonding between the D-ring 469 

and the amino acids correlates with the excited-state lifetime of bilin and the extent of non-470 

productive decay back to Pr. On the other hand, comparison of the IR-absorption band of the D-471 

ring carbonyl between WT, the H290T mutation in Dr-PSM, and SaP1, led to the conclusion that 472 

the D-ring carbonyl actually has stronger H-bonding, but to the water molecules present in the 473 

absence of the histidne (33). This also influences the excited state decay processes of the biliverdin.  474 

 As mentioned above, in bathy Agp2, the neutral form of this histidine stabilizes a tautomer 475 

of bilin that has a decreased rate of dark reversion back to Pfr. The cationic histidine is thought to 476 

deprotonate with a pKa of 6.7 (14). In our study, pH titrations of WT and H290T appear very 477 

similar to each other with similar pKa values and no evidence for a change in protonation state of 478 

H290 was observed (Table 2, Figure 4). Therefore, this histidine can influence the quantum 479 

efficiency of Pfr photoconversion in canonical phytochromes and – in a pH dependent manner – 480 

dark reversion in bathy phytochromes, but does not appear to have an effect on bilin protonation. 481 

Another key amino acid involved in the bilin H-bonding network is the highly conserved 482 

Y263. Not only does it form important H-bonds to bilin in both PrZZZ and PfrZZE, but it is also one 483 

of several amino acids that make up the hydrophobic pocket surrounding ring D (34). It was also 484 
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found to influence photoconversion quantum efficiency (49). In the Pr conformation, Y263 has the 485 

potential to H-bond with the carboxylate of D207 (46) and has been proposed to play a role in 486 

keeping the tongue rigidly fixed to the GAF domain through its involvement in the conserved 487 

interaction between D207 and R466 (36,50). Recently it was found that the Y263F mutation 488 

resulted in the uncoupling of structural changes in Dr-PSM, enabling the tongue to adopt a Pfr-489 

like �-helix fold while the chromophore remains in the ZZZ conformation of the Pr state (32). 490 

 In this study, the Y263F mutation on its own does not seem to influence BV protonation in 491 

Dr-PSM which was also the case in Cph1 (49). Although removal of the OH group does not have 492 

an effect in and of itself, its protonation state does affect the pKa of BV: the deprotonated negative 493 

form stabilizes the positive charge of BV resulting in two observed pKa values. In the alternative 494 

scenario, the Y263H mutation in Cph1 introduces a positive charge in the binding-pocket resulting 495 

in partial deprotonation of the chromophore (49). In this study, stabilization of BV protonation by 496 

the phenolate group is not readily affected by other changes in Dr-PSM as the pKa2 is ~0.8 pH 497 

units higher than pKa1 for all three Y263-containing isoforms (Table 2). 498 

Summary 499 

The protonation properties of BV and binding-pocket amino acids in Dr-PSM were monitored by 500 

UV-Vis spectrometry. Our study indicates a direct influence of the nearby amino acids on the 501 

absorption properties, and moreover on the protonation properties of the BV. The pH induced 502 

changes in spectra were analyzed by component analysis which enabled detection of more than 503 

one deprotonation event. The large amplitude decrease in the 700 nm was mainly attributed to BV 504 

deprotonation while the increase ~ 600 nm was attributed to a combination of BV and Y263-OH 505 

deprotonation. These simultaneous titrations result in four pKa values, two for BV and two for 506 

tyrosine. The high BV pKa values for WT and Y263F were decreased by two units when H260 507 



27 

 

was replaced with alanine. The other histidine in the binding pocket, H290, showed little to no 508 

change in pKa. Although highly conserved, comparison of the properties of binding-pocket 509 

residues suggest their function may be somewhat different depending on the PHY species. We 510 

show that about 20% of WT has a deprotonated Y263 under biological conditions at pH 7.8. This 511 

observation may explain the source of heterogeneity of the Pr state, observed in several 512 

phytochrome species (31,51,52). There may be aspects of the low pKa of Y263 that are important 513 

for phytochrome function, for example, in regards to the proposed proton transfer reaction during 514 

photoisomerization (48), which then may influence the isomerization yield of the chromophore. 515 

Further, the Y263 tyrosinate may quench BV fluorescence differently than tyrosine, and as such, 516 

our results may help further the design of the phytochrome-based fluorescent proteins.(53,54) 517 
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SUPPORTING INFORMATION  522 

Figure S1.  UV-Vis spectra as a function of pH and spectral decomposition for H290T. 523 

Figure S2.  Reversibility of BV absorbance  524 

Figure S3.  Maintenance of the PrZZZ conformation of BV in high pH as indicated by Urea 525 

denaturation. 526 
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Figure S4.  Plot of absorption at 700 nm as a function of pH for WT, H290T, H260A, Y263F and 527 

H260A/Y263F. 528 

Figure S5.  Deviation observed from a fit to one pKa for WT and H290T but not for Y263F or 529 

H260A/Y263F. 530 

Figure S6. Global fitting of the major spectral components of H260A to the sequential 3-state 531 

model. 532 

Figure 7. Changes in UV-absorption as a function of pH 533 

Figure 8. Plots of the absorption difference at the specific wavelength regions indicated by arrows 534 

in Figure 7. 535 

Figure 9. UV Fluorescence  536 

Figure 10. Error estimation 537 

Table S1.  Wavelength maxima determined from UV-Vis spectra of Dr-PSM variants in Pr 538 

Table S2. Parameters determined from fitting spectral components to models involving one to two 539 

pKa values 540 

Supporting Methods: Models used for fitting pH titration data 541 

ABBREVIATIONS 542 

CBD, chromophore-binding domain; PSM, photosensory module which includes PAS, GAF and 543 

PHY domains; Dr, Deinococcus radiodurans; Dr-PSM, photosensory module from Deinococcus 544 

radiodurans; BphP, bacteriophytochrome; BV, biliverdin Ixα; BV-H3, neutral BV with three of 545 

four pyrrole nitrogens protonated; BV-H4
+, positively charged BV with all four pyrrole nitrogens 546 

protonated; Pr, the red-light absorbing state of the phytochrome molecule; Pfr, the far- red-light 547 
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absorbing state of the phytochrome molecule; PrZZZ, the bilin chromphore in the Pr state 548 

conformation ZZZ; PrZZE, the bilin chromophore in the Pfr state conformation ZZE; WT, wild-549 

type; Comp1, component one; Comp2, component two; Comp3, component three; AA, the 550 

protonation state of Dr-PSM with BV-H4
+ and Y263-OH;  AB, the protonation state of Dr-PSM 551 

with BV-H3 and Y263-O-;  BA, the protonation state of Dr-PSM with BV-H4
+ and Y263-O-; AA, 552 

the protonation state of Dr-PSM with BV-H3 and Y263-O-; 553 
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FIGURE CAPTIONS 718 

Figure 1.  The chromophore binding pocket of Dr-PSM in the Pr state. The amino acids studied 719 

in this paper are coloured cyan while other neighbouring amino acids as well as BV in ZZZssa 720 

conformation are coloured dark grey, two ordered waters are shown as red spheres. Several key 721 

H-bond interactions (green lines) are shown including those from pyrrole water to the pyrrole 722 

nitrogens of BV, the Nδ of H260 and the backbone carbonyl of D207 and between the carboxylic 723 

acid group of D207 and the guanidinium group of R466 from the tongue.  Figure prepared using 724 

PDB 4q0j (18) and VMD (19) 725 

Figure 2.  UV-Vis spectra of WT and mutants in the Pr state in a range of pH buffered solutions. 726 

The pH is indicated by colour: red 6-6.9, orange 7-7.5, yellow 7.6-8, green 8.1-8.9, cyan 9-9.5, 727 

blue 9.6-10.4, purple greater than 10.5. Arrows indicate the decrease/increase in absorbance at 728 

700/600 nm as pH increases. 729 

Figure 3.  Spectral decomposition. UV-Vis spectra of the Pr state at pH 10.8 for WT and Y263F 730 

and pH 8.5 for H260A and H260A/Y263F (dashed lines) are shown decomposed into components. 731 

For WT, Y263F, H260A/Y263F and H290T (shown in Supporting Information) two major 732 

components Comp1 and Comp2 (blue and red solid lines respectively) and a minor component 733 

(light grey line) are needed to reconstruct the spectra between 450 and 800 nm at all pHs. For 734 

H260A, an additional component Comp3 is needed (green line). The sum of components are 735 

shown as a solid grey line. 736 

Figure 4.  Global fitting of major spectral components. A) WT, H260A and H290F B) Y263F 737 

and H260A/Y263F Top row: The contribution of Comp1 (blue circles), Comp2 (red circles) and 738 

Comp3 (green circles) to the absorption spectra are plotted as a function of pH. Solid lines 739 



39 

 

represent the global fit using the model with four pKas in A and one pKa in B.  The dash-dot-lines 740 

represents a fit with two pKas for WT and H290T. Bottom row: the fraction of different protonated 741 

species as a function of pH calculated from the fitting parameters. In A these are AA 742 

(corresponding to BV-H4
+/Y263-OH, thick solid line); BA (corresponding to BV-H4

+/Y263-O-, 743 

thick dashed line); AB (corresponding BV-H3/Y263-OH, thin solid line) and BB (corresponding, 744 

BV-H3/Y263-O-, thin dashed line). These line types match those used to outline each of the four 745 

species in Figure 5. In B the two protonation states are BV-H4
+ (thick solid line) and BV-H3 (thin 746 

solid line). 747 

Figure 5.  The four-state cyclic model with reciprocal influence of BV and Y263-OH titrations. 748 

In this model, the chromophore binding pocket of Dr-PSM can exist in four different protonation 749 

states designated as species AA, BA, AB and BB. In AA and BA (thick lines), BV is fully 750 

protonated and positively charged with the Y263 hydroxyl protonated or deprotonated, 751 

respectively. In AB and BB (thin lines), BV is neutral with Y263 hydroxyl protonated or 752 

deprotonated, respectively. The pKa1 and pKa2 describe the titration of BV when Y263-OH is 753 

protonated and deprotonated, respectively. The pKa3 and pKa4 describe the titration of Y263-OH 754 

when BV is protonated and deprotonated, respectively. 755 


