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3.1 Abstract 

 

The ability to avoid blue-light radiation is essential for bacteria to survive. Photoactive 

yellow protein (PYP) shows an ultraviolet (UV) absorption spectrum that correlates well 

with the wavelength dependence of the escape response of the bacterium under potentially 

harmful blue-light irradiation. Its response to the blue light is mediated by changes in the 

optical properties of the chromophore para-Coumaric acid (pCA) in the active site of PYP. 

This protein is known to display strong pH-dependence in its photocycle kinetics, and 

ground-state recovery displays a bell-shaped profile with a maximum around pH 8. 

However, there is still no consensus about what causes the pH dependence of ground state 

recovery of PYP (Demchuk et al., 2000; Saito and Ishikita, 2012). Therefore, a 

comprehensive pKa determination of the active-site amino acid residues is crucial in order 

to clarify the mechanism.   

 

Here we report nearly complete backbone and sidechain 1H, 13C and 15N NMR assignments 

at pH 5.8 and 20 °C of PYP in its electronic ground state. We utilized these assignments to 

follow the sidechain 13C and 15N chemical shifts of titratable groups of PYP during a pH 

titration, with the aim to determine the pKa of the corresponding amino acids.  One 

important result is that Glu-46 remains protonated from pH 3.4 - 11.4. This conclusion is 

consistent with the observation that the hydrogen-bond proton between Glu-46 and pCA is 

present in that same pH range. Our study also demonstrates that Arg-52 does not undergo 

protonation state changes. Together these findings show that the active site of PYP does 

not undergo any changes in its protonation state in the pG state. Therefore the pH 

dependence of PYP in the photocycle can only result from such changes in the pB state.  

 

 

Keywords: NMR, protonation state, photoactive yellow protein, pKa. 
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3.2 Introduction 

Photoactive yellow protein (PYP) is a small (14 kDa) soluble protein. Its absorption 

spectrum correlates beautifully with the wavelength dependence of the negative 

phototactic behavior of H. halophila. Hence, it has been suggested that this protein serves 

as a photoreceptor for negative phototaxis (Sprenger et al., 1993). 

 

PYP contains 125 amino acids, which form a sheet of six anti-parallel β−strands flanked 

by five α−helices in α/β folds (Figure.3.1.A). High resolution structures of PYP have been 

determined by X-ray diffraction, neutron crystallography and NMR spectroscopy 

(Borgstahl et al., 1995; Düx et al., 1998; Yamaguchi et al., 2009). The chromophore of 

PYP, para-coumaric acid (pCA), is buried in the hydrophobic core of the protein and 

forms a covalent thioester bond with Cys-69 and short hydrogen bonds with Tyr-42 and 

Glu-46. Backbone atoms of Cys-69 are involved in two hydrogen bonds with sidechain 

atoms of Tyr-94 and Ser-72 (Figure 3.1.B). Arg-52 functions as a gateway in the active 

centre of PYP. When it opens, it causes solvent exposure and protonation of the 

chromophore (Genick et al., 1997a).    

 

                          (A)                                                                                (B) 

 

Figure 3.1. Representative structure of PYP (A) and hydrogen-bond network in the active site 

of PYP (B) 

 

Upon blue-light irradiation, absorption of a photon triggers trans-to-cis isomerization of 

the pCA cofactor on the picosecond time scale (Kort et al., 1996). This process is followed 

by the dissociation of the N-terminal region from its PAS domain, and proton transfer 
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leading to the breakage of a short hydrogen bond between pCA and Glu-46. As a 

consequence, the pCA becomes protonated and its active site becomes exposed to the 

solvent. This state is known as the pB or dark state. The wavelength where pCA emission 

is at a maximum, changes from 446 nm in the ground state (pG) to 355 nm in the pB state 

(Düx et al., 1998; van der Horst et al., 2001). Finally, partially folded PYP in the pB state 

relaxes back to the pG state, which is characterized by the formation of a central β−sheet 

and consolidation of some residues close to pCA in the sub-second time scale (Düx et al., 

1998) (Figure. 3.2)   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.2 Photocycle kinetics of PYP. Reproduced from (Changenet-Barret et al., 2005) with the 

permission of the Royal Society of Chemistry (RSC) on behalf of the European Society for 

Photobiology, the European Photochemistry Association and the RSC. 

 

During every step in this photocycle, PYP undergoes structural changes and the rates of 

these events display a strong pH dependence (Figure 3.3) (Brudler et al., 2000; Hendriks 

and Hellingwerf, 2009; Imamoto et al., 2004).  Rate of recovery from pB to pG of  wild-

type PYP exhibits bell-shaped curve of pH dependence with maximum is at pH 7.9 and the 

extracted pK values from that curve are 6.4 and 9.4 (Figure 3.3 A) (Genick et al., 1997b). 

However, when Glu-46 is mutated into Gln, the recovery rate curve changes from bell-
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shaped to sigmoidal pH dependence and increases its rate at two orders of magnitude. The 

extracted pK value from that curve is shifted to 8 (Figure 3.3 B). On the other hand, the 

pH-dependence of photocycle kinetic of Arg52Ala displays very similar profile on pH 

dependence of photocycle kinetic of wild-type PYP (Figure 3.3C), although the recovery 

rate is slower by the factor of 6.  

 

 

 

 

 

 

 

 

 

Figure 3. 3: Effect of pH on the kinetics of the pB to pG recovery of PYP. Native recovery has 

maximum rate constant 6.3 s-1
 and pK = 6.4 and 9.4; E46Q recovery has maximum rate constant 280 

s-1
  and pK = 8.0 ; R52A recovery has maximum rate constant 1.1 s-1

 and pK= 6.5 and 9.6. Reprinted 

with permission from (Genick et al., 1997b) copyright American Chemical Society. 

 

Few years ago, neutron crystallography study showed that Glu-46 forms a low-barrier 

hydrogen bond (LBHB) with the pCA chromophore based on the analysis of the distance 

between OGlu46-OpCA from the density map. The presence of LBHB strongly suggests that 

the stabilization of negative charge of pCA is not necessary anymore due to charge 

delocalization between pCA and Glu-46 (Yamaguchi et al., 2009). This study also 

concludes that the pKa of donor and acceptor should be very similar as it is prerequisite of 

LBHB formation. Surprisingly, Arg-52 was found to be deprotonated in this study, which 

is supported by the fact that the absorption maximum of pCA does not change when Arg-

52 is mutated into the neutral amino acids Gln or Ala (Genick et al., 1997b; Imamoto et al., 

2001; Meyer et al., 2003).  

 

However, recent computational study that analyzed two short distances from crystal 

structure of PYP have different view about the electrostatic interaction in the active site of 
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PYP. Their calculations using a QM/MM approach shows that Glu-46 and chromophore 

pCA have pKa 8.6 and 5.4, respectively, on the ground state, which is very unlikely to 

fulfill the requirement of LBHB formation between Glu-46 and pCA (Saito and Ishikita, 

2012). This study also shows that calculated pKa value of Arg-52 is 13.7, which indicates 

that it is protonated. Hence, the calculation of chromophore’s pKa in this study disagree 

with the previous studies (Kroon et al., 1996; Meyer, 1985; Philip et al., 2008).  

 

Another theoretical study also demonstrated that in the pB state, pKa of Glu-46 and 

chromophore pCA are 6.37 and 9.37, respectively (Demchuk et al., 2000). In this study, 

they revealed that the extracted pK constants from bell-shaped curve showed by Genick et 

al  correspond to pKa of chromophore pCA and Glu-46 (Genick et al., 1997b). At lower 

pH, both of Glu-46 and chromophore pCA are protonated and the repulsion between two 

charges causes slow recovery from pB to pG state. As the pH increases, Glu-46 becomes 

deprotonated and this condition accelerates the rate recovery and raises the maximum 

recovery rate at pH 7.9. Above this pH, the chromophore pCA becomes deprotonated and 

the repulsion between Glu-46 and chromophore pCA causes the slow rate recovery of PYP 

(Figure 3.4).  However, this explanation also seems to be possible also with the QM/MM 

study, which suggested the pKa of Glu-46 and chromophore pCA in the pG state are 8.6 

and 5.4, respectively (Saito and Ishikita, 2012). In this study, they revealed that 

chromophore pCA will be deprotonated first at pH 5.4 and later at pH 8.6, Glu-46 becomes 

deprotonated and decreases recovery rate at higher pH. 
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Figure 3.4.The possibility of Glu-46 and pCA protonation state at lower, higher and 

maximum pH based on the interpretation from rate recovery pH dependence curve. 

Adapted with permission from (Genick et al., 1997b) copyright American Chemical Society. 

 

Unfortunately, until now, there are no strong experimental evidences which show whether 

pH dependence of photocycle ground state recovery of PYP due to 

protonation/deprotonation occurs in the pG or pB state. Furthermore, it is also still unclear 

which residues involved and what the pKa of the residues participates in the pH 

dependence of ground state recovery of PYP are.  

 

In this study, we present nearly complete backbone and side chain 1H, 13C and 15N 

resonance assignments at pH 5.8 and 20 °C of PYP in its electronic ground (pG) state.  

Next, we used 2D and 3D heteronuclear NMR experiments to follow the pH-dependence 

of all titratable group in PYP. NMR spectroscopy has been established as the most reliable 

method to determine the protonation state of individual titratable groups in proteins. 

Several 2D NMR experiments have been developed to determine the individual sidechain 

pKa for titratable groups such as His, Asp, Glu, Tyr, Lys and Arg in proteins (André et al., 

2007; Baturin et al., 2011; Hass et al., 2009; Oda et al., 1994; Oktaviani et al., 2012). Our 

results demonstrate that none of the titratable group change their protonation state in the 

ground state.  Hence, the pH dependence of PYP in the photocycle can only be explained 

by pH-dependence changes in the pB state. 
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3.3 Material and Methods  

3.3.1 Sample preparation 

3.3.1.1 [13C, 15N] labeled PYP 

Uniformly 13C, 15N labeled wild type PYP was produced in M9 minimal medium 

containing 13C glucose and 15NH4Cl, whereas 12C-Tyr PYP was produced in M9 minimal 

medium containing 13C glucose, 15NH4Cl and 12C-Tyr (1g in 1L of medium) (Krishnarjuna 

et al., 2011). Both uniformly 13C, 15N labeled wild type PYP and 12C Tyr PYP were 

purified as described previously (Mihara et al., 1997). NMR samples contained ~1.0 mM 

of doubly labeled [13C, 15N] PYP, 0.15 mM DSS, 10% D2O. 5mM phosphate buffer, 15 

mM sodium (bi)carbonate buffer or 15 mM sodium acetate-d3 buffer was used for the pH 

ranges of 5.9 - 9.2, 8.6 - 11.4 and 3.4 - 5.8, respectively. The pH was changed in steps of 

0.2 pH units by adding a few μL of HCl or NaOH solution. For calibrating the pH meter on 

the range pH 4 up 10, calibration buffers of pH 4.0, 7.0 and 10.0 were used; for calibrating 

the pH meter on the range pH 1.0-4.0, a 0.10 M HCl solution and calibration buffer pH 4 

were used; for calibrating pH meter on the range pH 10-12, 10 mM NaOH and calibration 

buffer pH 10.0 were used.  

 

3.3.1.2 Arginine 

For the pH titration of arginine, 100 mM of natural-abundance L-Arg solution was made in 

H2O with 10% D2O and 0.15 mM DSS. Data was obtained at pH 10.0, 11.0, 12.0, 12.45, 

12.71, 13.3, 13.7 and 15. For adjusting the pH, HCl and NaOH solutions were used. Above 

pH 13.0, no calibration was possible, therefore the pH values above pH 13 are not very 

accurate.  

 

3.3.2 NMR experiments  

1D 13C and 15N NMR data were obtained using a Varian 500 MHz spectrometer with dual 

broadband probe. All 1D 1H, 2D and 3D NMR experiments were carried out at 293 K 

using a Varian Unity INOVA 600 MHz spectrometer equipped with a field-gradient probe. 

For experimental settings, see Table I. The 2D and 3D NMR data were processed using 

NMRPipe (Delaglio et al., 1995) and the spectra were analysed using Sparky (Goddard 

and Kneller, 2003). All chemical shifts were referenced to DSS following the IUPAC 

recommendation (Markley et al., 1998). 
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Table 3.1 Experimental settings of NMR experiments  

Experiment 

Number 

of scans 

Relaxation 

delay Nucleus  

Spectral 

width (Hz) 

number of 

increments 

carrier 
position 

(ppm) 

acquistion 

time (ms) 

total 
experimental 

time  

1H-15N HSQC 2 1.3'' H 

N 

8000 

2000 

1024 

128 

~4.8  

~119 

64 

64 

12' 

CBCA(CO)NH 4 1" H 

C 

N 

8000 

11000 

2500 

1024 

71 

57 

~4.8 

~46 

~117 

64 

64.5 

22.8 

20h 42' 

HNCACB 20 1" 
H 

C 

12001 

12064 

2048 

81 

~4.8 

~47 

85 

6.7 69h58' 

N 1944 33 ~118 16.98 

(H)C(CO)NH-

TOCSY 
4 1.3" H 

C 

N 

8000 
10000 

1650 

1028 
64 

40 

~4.8  
~43 

~119 

64 
6.4 

24 

16h44' 

H(CCO)NH-TOCSY 4 1.3" 

H 

(direct 

domain) 
H 

(indirect 

domain) 
N 

8000 
4000 

1650 

1024 
128 

40 

~4.8  
~4.8  

~119 

64 
32 

24 

33h42' 

1H-13C CT HSQC 
2 1" H 

C 

8000 

8000 

1024 

128 

~4.8  

~42.5 

64 

16 
9'41" 

1H-13C CT 
HSQCAro 

2 1" H 
C 

8000 
8000 

1024 
128 

~4.8 
~125 

64 
16 

9'33" 

1D 1H  12 1" H 14005.6 112044 ~4.8 4000 1'46" 

H2(C)CO 8 1" H 

C 

8000 

1250 

1024 

128 

~4.8 

~178 

64 

102.4 
40' 

(HBGCBG)CO 

(CBGCACON)H 
64 1" H 

C 

9900 

2000 

1268 

128 

~4.8 

~180 

64 

64 
5h31" 

CB(CGCD)HD 384 1" H 
C 

8000 
8000 

2048 
65 

~4.8  
~35 

128 
8.1 

16h13' 

CB(CGCDCE)HE 128 1" H 

C 

8000 

8000 

2048 

256 

~4.8  

~35 

128 

32 

21h31' 

1H-13C HSQC CParo 104 1" H 

C 

8000 

9000 

1024 

250 

~4.8  

~136 

64 

27.7 
16h14' 

CG(CB)HB 20 1" H 
C 

8000 
6000 

1024 
90 

~4.8  
~130 

64 
15 

1h6' 

H2CENZ 8 1” H 

N 

9000 

1440 

1152 

128 

~4.8 

~34 

64 

88.8 

1h 

H2CDNE 128 1" H 

N 

9000 

1440 

1152 

128 

~4.8  

~86 

64 

88.8 
10h43' 
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HNCO 4 1" H 

C 

N 

12001.1 

1809.2 

1944.3 

2048 

64 

64 

~4.8  

~176.0 

~120.3 

85.3 

35.3 

32.9 

21h31' 

HNCACO 16 1" H 

C 

N 

8000 

1809.2 

1944.3 

1024 

64 

64 

~4.8  

~174 

~120 

64 

35.4 

32.9 

85h31' 

HE(NE)CZ 4 1" H 

C 

12001 

3769.1 

2048 

64 

~4.8 

~169 

85.3 

16.9 
10'12" 

1D 13C  1500 1" C 33167 33167 ~100 1 50' 

1D 15N   1"   10155 13127 ~100 1.3 30' 

 

 
3.3.3 Data analysis 

The titration data for all chemical shifts were analysed using the Henderson-Hasselbalch 

equation, appropriate for rapid exchange of the nuclei between the environments 

associated with the neutral and charged states of the side chain: 

For single event :  

δobs = δAH + ∆δ
10n H (pH−pK a )

1+10n H (pH−pK a )
                        (1) 

and for several titrating events 

...
101

10

101

10
)(

)(

2)(

)(

1
2,

2,

1,

1,

+
+

∆+
+

∆+=
−

−

−

−

aH

aH

a
H

a
H

pKpHn

pKpHn

pKpHn

pKpHn

AHobs δδδδ
 (2) 

 

where δAH denotes the chemical shift for the protonated form, and ∆δ = δA– – δAH is the 

change in chemical shift upon deprotonation. nH is the Hill coefficient (nH > 1 indicates  

positive cooperativity). 1,2 refers to first and second titrating event respectively. All 

calculations were performed using Mathematica software (Wolfram Inc.)       
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To select the best fit, F-test statics was used.  F-test statistics is given in the equation (3), 

and after rearrangement in equation (4), where n is number of data points, p is the number 

of fitting parameter, χ2 correspond to sum of squared deviations of the fit and  subscript 1,2 

refers to the simplest and the extended fitting respectively.  

 

                      

2

21

2

2

2

2

2

1

)()(

pn

pnpn
F

−

−−−

−

=
χ

χχ

                               (3)                                                    

 

                       
2

212

2

2

2

12

)(

))((

χ

χχ

pp

pn
F

−

−−
=

                        (4)
 

 

In an F-test, the lower probability means that the extended fitting model is more prefered  

 

3.4 Results  

3.4.1 Assignment 

3.4.1.1 Backbone Assignment 

The assignment of backbone resonances, which was based on a suite of 3D NMR 

experiments (HNCACB, CBCA(CO)NH, HNCO and HN(CA)CO), is more than 96% 

complete (Figure. 3.5). Missing assignments are the amide backbone 15N resonances of the 

four Pro residues, and the amide nitrogen and proton resonances of Met-1 and Gly-7. At 

this pH no backbone assignment was possible for Glu-12. The 13C’ resonances of Phe-6, 

Asp-10 and Ile-11 were not found. 
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Figure 3.5 2D 15N-HSQC spectrum of PYP at pH 5.8 and 20°C 

 

 

 

The backbone assignment was translated into structural propensity using the neighbor-

corrected structural propensity protocol (ncSPC) (Tamiola and Mulder, 2012), which 

demonstrates the presence of 5 helical regions flanked with 6 β-sheet regions (Figure 3.6). 

This structural propensity agrees with the secondary structure determined by X- ray 

crystallography. 
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Figure. 3.6 Backbone structural propensity of PYP at pH 5.8 and 20° C 

 

3.4.1.2 Side chain assignments 

The 1H, 13C and 15N side chain resonance assignment is over 85% complete. To 

accomplish most of the side chain assignment, the strategy outlined by Oktaviani et al was 

performed (Oktaviani et al., 2011). Unassigned side chain resonances mainly involve 

labile protons and their attached heteroatoms, such as protons connected to oxygen (i.e. 

Tyr, Ser and Thr OH), protons bound to nitrogen and their corresponding nitrogens in the 

imidazole group of His residues, Hζ of Lys, and also resonances due to several non-labile 

groups, such as methyl Cε/Hε of Met residues. Signals of Arg Hζ−Nζ can be obtained at 

lower temperature (2oC) and will be presented below.  

 

The Cζ resonances of the tyrosine residues were assigned based on a 13C-1H HSQC 

experiment (Zuiderweg et al., 1996). The assignment of Hδ and Hε can be accomplished 

by using a combination of CB(CGCD)HD and CB(CGCDCE)HE spectra (Yamazaki et al., 

1993). However, Tyr-76 and Tyr-118 have very similar Hε frequencies, making it difficult 

to determine which Hε-Cζ peak corresponds to which residue. Therefore, we used the pH-

titration experiments, in which the tyrosine Cγ and Cζ chemical shifts change 
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simultaneously by large amounts. As has been shown in the previous chapter, the Tyr-76 

signals start moving at a lower pH than Tyr-118, making it possible to assign their Cζ 

resonances. Two short hydrogen-bond signals, which belong to Tyr-42 and Glu-46 can be 

detected using a 1D proton water flip-back sequence (Figure. 3.7). These two proton NMR 

signals have been previously assigned by Sigala et al. (Sigala et al., 2009). The 1H, 13C and 

15N assignments can be found in the BioMagResBank under accession number 18122. 

 

 
                                                                                                                                                                   

 

Figure 3.7 1D 1H NMR spectrum of PYP at pH 5.8, obtained with a selective water flip-back 

pulse, to detect the hydrogen bonds donated by Tyr-42 andGlu-46 to the chromophore 

oxygen. The downfield region is enlarged. The hydroxyl resonances of E46 and Y42 are observed 

at 15.25 and 13.55 ppm, respectively.  

 

3.4.2 pH titration  

pH titration experiments were performed in the pH range 3.4 - 11.4. In this pH range, the 

protein is still folded as indicated by 15N-1H HSQC signals and also by the presence of two 

short hydrogen bonds belonging to Glu-46 and Tyr-42. Below pH 3, the protein would be 

partially unfolded (Craven et al., 2000), and above pH 11.7, the thioester bond that 

connects the pCA chromophore and Cys-69 would be hydrolyzed (Hoff et al., 1996). 
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Glutamic and aspartic acid residues 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.8 Structure of Aspartate (A) and Glutamate (B) 

 

The protonation state of Glu and Asp residues has been established by monitoring the side 

chain carboxyl (Cγ/Cδ) (Figure 3.8) chemical-shift changes using 2D NMR H2(C)CO 

spectrum (Oda et al., 1994). This spectrum shows the correlation between Hβ-Cγ in Asp 

and Hγ-Cδ in Glu residues. Hβ and Hγ signal were assigned based on the H(CCO)NH-

TOCSY spectrum. The signals of Glu-46 and Asp-53 were not found in the H2C(C)O 

spectrum. In the case of Asp-53, this amino acid is followed by a proline, therefore its 

signal does not appear in a H(CCO)NH-TOCSY spectrum. For some residues, the pKa can 

not be determined accurately, because their titration curves are not complete. The pKa 

values of all Asp and Glu residues are shown in Table 2. The complete pH titration profiles 

of these residues are presented in the appendix.  
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Table 2.  Estimated pKa of Asp and Glu 

Residues pKa Note 

D10 4.3 assuming ∆δCγ ~ 3ppm 

D19 3.96 assuming ∆δCγ ~ 3ppm 

D20 

D24 

D34 

4.38 

n.d 
assuming ∆δCγ ~ 3ppm 

n.d   

   

D36 3.83 assuming ∆δCγ ~ 3ppm 

D48 4.42 assuming ∆δCγ ~ 3ppm 

D65 2.5 assuming ∆δCγ ~ 3ppm 

D70 4.38 assuming ∆δCγ ~ 3ppm 

D71 4.79 assuming ∆δCγ ~ 3ppm 

D97 3.3 assuming ∆δCγ ~ 3ppm 

D116 3.97 assuming ∆δCγ ~ 3ppm 

E2 pKa1= 3.9   

  pKa2=6.85 

E9 

E12 

3.89 

n.d   

E74 3.94   

E81 4.03   

E93 4.01   

 

Protonation state of Glu-46 

However, since the Cδ signal of Glu-46 could not be observed in this spectrum, it was 

necessary to use another chemical shifts reporter to report the protonation state of Glu 

unambiguously. Thus, to determine the protonation state of Glu-46 we utilized the 13Cγ 

chemical shift obtained from 3D (H)C(CCO)NH-TOCSY NMR. This experiment 

correlates the chemical shifts of aliphatic side chain carbon nuclei of residue i with those 

of the backbone amide proton and amide nitrogen of residue i+1 (Logan et al., 1993). This 

approach has, for example, been applied by Croke RL et al  (Croke et al., 2011) to 

determine the side chain pKa value of Glu  and Asp in unfolded alpha-synuclein. 
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Figure 3.9. Strip plots at the of Glu-46 (A) and Glu-74  (B) backbone 15N resonance 

frequencies taken from a 3D (H)C(CO)NH TOCSY spectrum, and  graph of Cγγγγ    chemical shift 

as a function of pH of Glu-46 (C) and Glu-74(D) 

 

As exemplified, for the solvent-exposed residue Glu-74 in Figure 3.9.B and 3.9 D, 

deprotonation is typically accompanied by a change of Cγ chemical shift of about 3.8 ppm. 

Figures 3.9 A and 3.9 C clearly demonstrates that there is no chemical shift changes in pH 

range 3.4-11.4 and it indicates that the protonation state of Glu-46 stays constant in that pH 
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range. 

 

pH titration of the two hydrogen-bond protons of Tyr-42 and Glu-46 

NMR detection and assignment of the Tyr-42 and Glu-46 hydrogen-bond proton signals 

have been presented before by Sigala et al (Sigala et al., 2009) and  Pool et al (Pool et al., 

2013). Using water-flip-back based 1D proton NMR spectroscopy, we observed these 

proton signals are present in the entire pH range from 3.4 - 11.42, even at 20°C (Figure 

3.10). This result is in consistent with our previous result (23), that Tyr-42 stays protonated 

in that pH range 3.4 up to 11.4.    

 

 

Figure 3.10.  PYP active site and its corresponding two hydrogen bonds as indicated by 

arrows (A) 1D 1H NMR spectra showing the resonances of the hydrogen-bond protons of Glu-

46 and Tyr-42 from pH 3.4 -11.4  (B) 

 

This result demonstrates that the side chain carboxylate group of Glu-46 and the hydroxyl 



Comprehensive side chain pKa determination for PYP by NMR 

 

73 

 

group of Tyr-42 forms persistent hydrogen bonds to the pCA chromophore. Those two 

hydrogen bonds can maintain formal negative charge by delocalization of electron density 

over a large and highly conjugated network, including the chromophore pCA and Glu-46.  

Apparently, electrostatic interactions in the active site of PYP remain unaltered in the pH 

range 3.24-11.4. In addition, the chemical shift of hydrogen bonded of Glu-46 and Tyr-42 

proton signals do not change. This implies that those bonds have persistent geometry in 

that pH range. 

 

Arginine 

 

Figure 3.11 Structure of Arginine 

 

Early NMR studies described the use of 1D 15N NMR to determine the side chain pKa of 

Arg (Figure 3.11) residues (Kanamori et al., 1978). More recently, a 2D NMR experiment 

has been developed by monitoring indirectly about 6 ppm chemical shift changes of 

Nε nucleus (André et al., 2007). The advantage of using this experiment is that the 2D 

H(C)N NMR technique measures the correlation between Nε and the non-labile Hδ 

protons, which are visible at any pH. Unfortunately, we found very weak signal for Arg-

52, whereas good signal to noise ratio was observed for Arg-124. This finding is likely 

caused by the fact of restricted mobility for the partly buried side chain of Arg-52, as 

opposes to the solvent accessible Arg-124. This fact notwithstanding, our experimental 

results show that from pH 5.8 to 10.7, there is no chemical shift change for Arg-52 Nε (see 

Appendix). 
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Figure 3.12. 2D H(2)CN spectra of Arg signals in PYP at pH 5.8 (A) 7.08 (B) 8.04 (C) 9.07 (D) 

and 10.07 (E) . These spectra show the Nε-Hδ correlation in arginine side chains. Both Arg-52 and 

Arg-124 chemical shifts do not change in that pH range.  

 

To further confirm the finding that the Arg-52 side chain does not titrate, we decided to 

follow an additional side chain chemical shift that is responsive to de(protonation).We 

found that deprotonation of Arg causes Cζ chemical shift to change by about 4 ppm upon 

pH titration (see Appendix). Unfortunately, in PYP, the Arg Cζ signals suffer from 

extensive overlap with the Cζ signals from Tyr, in the spectral region around 157-162 

ppm. Therefore, we addressed this problem by using simple and cheap strategy to obtain 

only Cζ signal from Arg without interference from Tyr signals:  we added 12C-Tyr to the 

growth medium, which also contained the uniformly labeled 13C-glucose and 15NH4Cl.  By 

mean of this, the E coli bacteria will overexpress 13C-15N-label all amino acids, except Tyr. 

This reverse labeling resulted in the complete unlabeling of tyrosine in PYP, and 1D 13C 

NMR spectrum no longer shows signals from Cζ Tyr chemical shifts, providing clean 

access to Arg Cζ signals (see Figure 3.13). Based on 3D HeNeCz experiment, which gives 

the correlation Hε -Nε- Cζ (Pool et al., 2013), we found that the Cζ signals from Arg-52 

and Arg-124 are overlapping. 
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Figure 3.13. 1D 13C NMR spectroscopy in the region 144-166 ppm of U-13C PYP (above) and 

12C-Tyr PYP (below). The incorporation of 12C-Tyr  to U-13C PYP works successfully and only 

Arg Cζ signals are present in the spectra (below). As shown before (Pool et al, 2012), the Cζ 

resonances of Arg-124 and Arg-52 overlap. 

 

Next, we performed pH titration and detect 1D 13C detection of the arginine Cζ signals.  

As demonstrated on Figure 3.14, no chemical shifts changes was observed for the arginine 

Cζ signals in the range pH 3.2 to 11.2 (see Figure 3.14)  
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Figure 3.14. 1D 13Cζζζζ arginine signals as a function of pH. 

 

Since Arg-124 is solvent exposed, therefore its sidechain will be deprotonated above pH 

12.5. However, as Arg-52 is partially buried residue (38%), thus its side chain pKa may be 

lower than random coil pKa value for Arg. Our pH titration data clearly demonstrates that 

there is no change in protonation state of Arg, particularly in the side chain of Arg-52. In 

addition, we were able to detect the guanidino signal of Arginine (Nη-Hη) using 1H-15N 

CPMG-HSQC experiment (Mulder et al., 1996)  at 20C and pH 5.9 and the signals could 

be assigned based on a 3D 1H-1H-15N NOESY-HSQC experiment (see Appendix and 

Table 2).  

 

We found very strong peaks corresponding to the Arg-124 Nη1-Hη1 and Nη2- Hη2 

correlations, whereas Arg-52 only has one peak of weak-intensity (Figure 3.15). The 

presence of separate resonances due to both the Nη1-Hη1 and Nη2-Hη2 correlations of 

Arg-124 indicates that rotation around the partially double Nε-Cζ bond is slow on the 

chemical-shift time scale. Interestingly, exchange cross peaks (indicated by arrows in 
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Figure 3.15) signify magnetization transfer between Nη1 and Nη2 during t1 and the final 

INEPT period due to slow rotationt around the Nε-Cζ bond. A similar case has been 

observed and explained before by Yamazaki et al (Yamazaki et al., 1995) . The 

observation of a single peak of Arg-52 means that the rotations around the Nε-Cζ and Nη-

Cζ bonds are all fast on the chemical-shift time scale.  

 

 

 

 

Figure 3.15 15N-1H HSQC spectrum of arginine guanidino groups at 2°°°° C 

 

In agreement with previous work (Kanamori et al., 1978) , The Arg Nη chemical shifts 

undergoes ~9 ppm change downfield upon deprotonation in aqueous solvent (see 

Appendix).  We observe that the Arg-52 Nη chemical shift is found around 70 ppm, which 

would typically be interpreted to mean that Arg-52 is protonated. However, previous study 

demonstrates that the 15N chemical shifts of the terminal guanidine group depend strongly 

on the solvent chosen for measurements (Xiao and Braiman, 2005): a non polar 

environment leads to more shielding and hence a lower chemical shift. Hence, chemical 
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shift data alone are not sufficient to allow for an unambiguous interpretation of the Arg-52 

protonation state of PYP. 

 

Table 2. 1H and 15N assignment of the arginine guanidino groups of PYP at 2o C and pH 5.9. 

Residue Atom Chemical shift (in ppm) 

Arg-52 Nε 

Hε 

Nη 

Hη 

86.639 

 

7.489 

 

70.559 

 

6.795 

 

Arg-124 Nε 

Hε 

Nη1 

Hη1 

Nη2 

Hη2 

84.270 

7.540 

71.770 

6.706 

72.631 

7.180 

 
 

pH dependence of the Thr-50 backbone carbonyl resonance 

Based on crystal structure of PYP, the backbone carbonyl of Thr-50 participates in a 

hydrogen bond network with Hη of Arg-52 (Sprenger et al., 1993). Previous study showed 

that the backbone carbonyl chemical shift changes can be used to probe hydrogen bonding 

of non-titrating residues. For example, the changes about 1 ppm in backbone-carbonyl 

chemical shift of Lys-10 in the B1 domain of protein G, which is hydrogen-bonded to the 

sidechain carboxyl group of Glu-56, is found to accurately reflect the pKa value of Glu-56 

(Lindman et al., 2007).  

 

We therefore used the pH-dependence of the Thr-50 backbone carbonyl 13C chemical shift 

to confirm the protonation state of Arg-52, using 2D CO(CA)HA spectroscopy (Dijkstra et 

al., 1994). This 2D NMR experiment, which correlates backbone carbonyl and Hα signals, 

is suitable for pH titration study since Hα’s do not exchange with water. As shown in 

figure 3.15, there is no chemical shift change of the Thr-50 carbonyl resonance during the 

titration from pH 5 - 11.2. As comparison , we observe about 0.7 ppm change in the 

backbone carbonyl chemical shift of Thr-70, which reports the pKa  value of Asp-71 (see 
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Figure 3.16 B).This observation supports the conclusion that there is no change in the 

protonation state of Arg-52 in that pH range (see Figure 3.16 A) 

 

 

Figure 3.16. pH dependence of backbone 13C’ chemical shift of Thr-50 (A) and Thr-70 (B) 

 

Lysine  

 

 

 

 

 

 

 

 

 

 

Figure 3.17 Lysine structure 

 

One of chemical shift reporter which can determine the pKa value of Lysine side chain is 

Nζ (Figure 3.17) The 2D H2(CE)NZ experiment, which correlates the Nζ and Hε 

resonances (André et al., 2007), is suitable to measure the Nζ chemical shifts because the 

Hε protons do not exchange with water, thus these Nζ-Hε signal are visible even at high 

pH. The sidechain pKa of the Lys residues can not be determined accurately (see 

Appendix) since the chemical shifts do not reach their plateau value at the last titration 

point, Assuming that the Δδ = -7 ppm (André et al., 2007) upon deprotonation, the pKa’s 
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can be estimated, based on the Henderson-Hasselbalch equation, as shown in Table 3. 

Although all lysine residues are solvent exposed, almost all the estimated pKa values are 

above their intrinsic value of 10.4. The upfield shifts of about ~0.6 are caused by the total 

net charge of PYP, which is -6 at pH 9: there are 19 negatively charged (aspartic and 

glutamic acid) and 13 positively charged (arginine and lysine) residues. Therefore, it 

requires more energy to deprotonate the Lys residues due to coulombic forces that favor 

the positively charged form of Lys.  

 

Table 3. Estimated pKa for the Lys residues 

Residue pKa assuming δ∆=- ~7 

K17 

K55 

K60 

K64 

K78 

K80 

K104 

K106 

K110 

K111 

K123 

11 

11.4 

11 

11.6 

10.5 

11.1 

11.1 

11.2 

11 

11.1 

10.4 

 

Histidine  

 

 

 

 

 

 

Figure 3.18 Histidine structure 

 

The protonation state of His residues can be determined by monitoring the Cδ, Hδ, Cε, Hε 

and Cγ chemical shifts (Figure 3.18) (Hass et al., 2009). Cδ2-Hδ2 and Cε1-Hε1 

correlations in His can be detected by recording 1H-13C CT HSQC experiment (Vuister and 
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Bax, 1992). As described on the previous chapter, Cγ chemical shifts can be followed via 

the CG(CB)HB 2D NMR experiment, which correlates Cγ and Hβ chemical shifts 

(Oktaviani et al., 2012).  

 

 

 

Figure 3.19  pH titration profile of His-3  using Cγ γ γ γ (A), Cδ δ δ δ (B) and Cεεεε (C) as chemical-shift 

reporters  

 

PYP consists of two His residues: His-3 and His-108. We found only the Cγ-Hβ signal of 

His-3 is visible in the CG(CB)HB spectrum. Using the Cγ chemical shift as reporter, the 

sidechain pKa of His-3 was found to be 6.54 ± 0.04. Interestingly, the Cγ-Hβ peak of His-3 

disappears between pH 8.5 and 10 for a reason that we still don’t understand.  The pKa 

value based on Cγ as chemical shift reporter is in agreement with the pKa reported by the 

Cε chemical shift (6.49 ± 0.02, Figure 3.19.A). In contrast, when using Cδ as chemical 

shift reporter, we observed two titration events, which demonstrate very different pKa 

values compare to Cγ and Cε as chemical shifts reporters. The pKa of the first titration 

event (at lower pH) cannot be determined since the titration point has not completely 

reached its plateau. The pKa of the second titration event is  about 7.7 ± 0.1, which 

probably reflects the pKa value of the N-terminus  (usually has a pKa ~ 8 in proteins) 

(Pace et al., 2009).  

 

For His-108, Cδ2 reports a pKa value of 4.92 ± 0.044, in agreement with the value 

reported by the backbone NH of His-108 in the 15N-1H HSQC spectrum, which has the pKa 

value of 4.79 ± 0.06361 (Figure 3.20 A and D). However, the pKa value reported by the 

Cε chemical shift is estimated to be 4.20 ± 0.082, which is about 0.7 lower than the pKa 
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value reported by the Cδ2 and backbone NH. This discrepancy may be explained by the 

small chemical shift change (0.3 ppm) upon pH titration and the low intensity of the Cε 

resonance, which together make this chemical shift becomes less ideal to determine the 

pKa value accurately. 

 

In addition, using the Hε chemical shift as reporter, the pKa of His -108 is shown to be 

4.71± 0.049, which is closer to the pKa value determined by Cδ2 and NH.  This chemical 

shift changes over 1 ppm upon deprotonation, which is larger than chemical shift changes 

reported by Cε. Hence, the Hε chemical shift is more reliable as a chemical shift reporter 

to determine the pKa value of His-108 although the Cε-Hε peak is broadened beyond 

detection at some pH values 

 

Figure 3.20  pH titration profile of sidechain His-108  using the Cδδδδ    (A), Cεεεε    (B) and Hεεεε (C) and 

NH (D) chemical shifts as reporters.  

 

Unfortunately, the Cγ-Hβ peak of His-108 can not be observed in the CG(CB)HB 

spectrum. This may be due restricted mobility of His-108 since it is 50% buried in the 

hydrophobic core. The same phenomenon occurs in the 13C-1H HSQC spectrum where the 
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His-108 sidechain peaks are less intense than those of His-3.   

 

Tyrosine  

 

Figure 3.21 Tyrosine structure 

 

Tyr sidechain (Figure 3.21) pKa can be reported using Cε, Hε, Cγ, Cζ chemical shifts. Cε-

Hε and Cζ-Hε correlation can be recorded using 13C-1H HSQC through 1-bond and 2-bond 

magnetization transfer, respectively. Later, it has been found that these experiments suffer 

from sensitivity losses due to slow ring rotation, when the Hε protons move between 

different magnetic environments (Oktaviani et al., 2012). Therefore, as has been mentioned 

in the previous chapter, the Cγ chemical shift is the best reproter of the Tyr protonation 

state. It can be conveniently measured by the CG(CB)HB 2D NMR experiment (Oktaviani 

et al., 2012).  
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Figure 3.22 pKa profile of Tyr-42 (A) Tyr-76 (B), Tyr-94 (C) Tyr- 98 (D) and Tyr-118 (E).  

 

 The protonation states of Tyr sidechain of PYP can be classified into three types:  

1. Solvent exposed Tyr residues, which are Tyr-76 and Tyr-98. These residues  

       have sidechain pKa about 10.2 (Figure 3.22 B and D) 

2. Partially buried Tyr residue, which is Tyr-118. The pKa of this residue can not be 

determined accurately. It is estimated to be 11.4- 12.0 (assuming ∆δ values within 
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the range -3 to -6 ppm and hill parameter equals to 1) (Figure 3.22(E)) 

3. Hydrogen-bonded Tyr residues, which are Tyr-42 and Tyr-94. The hydroxyl group 

of Tyr-42 forms a hydrogen bond with the chromophore pCA, whereas the 

hydroxyl group of Tyr-94 participates in the hydrogen bonding to the backbone of 

Cys-69. Both of those residues remain protonated in the range pH 3.41 -11.24 

(Figure 3.22 (A) and (C)).  

 

3.5 Discussions 

pKa determination of sidechain residues of PYP 

We report comprehensive determination of sidechain pKa values of PYP. However, since 

we limit the titration range only from pH 3.4 up to 11.4, therefore we can not get 

comprehensive pH profile, which are sufficient to determine the pKa value for several 

amino acid residues. In this case, we made an assumption for chemical shift changes based 

on value that is typically found in protein. In general, the amino acid pKa is influenced by 

several factors: the presence of hydrogen bond with other residue, coulombic interaction 

with other residues and energy required to bring unit charge into certain dielectric 

constant. Interesting example is to compare the pKa value of His-3 and His-108. Normally, 

His has its intrinsic pKa value ~ 6.5, for example side chain pKa value of His 3 is 6.5 since 

this residue is solvent accessible. In contrast, His-108, which is partially buried (50%), has 

pKa 1.6 unit lower relative to its intrinsic pKa value. In this case, desolvation effect for His 

influences its side chain pKa value, where the neutral form becomes more favorable.                                                                      

 

Protonation state of titratable groups in the active site of PYP 

The NMR chemical shifts of nuclei near titratable groups in proteins carry information 

about of individual titrable amino acid’s group in the protein. In this present study, we 

show that the side chain of Glu-46 does not change its protonation state over the entire 

range pH 3.4 - 11.4. Our study also shows that the side chain of Tyr-42 stays protonated in 

the same pH range. Those conclusions are supported by the existence of two hydrogen 

bonds between Glu-46 and pCA and between Tyr-42 and pCA based on 1D 1H NMR 

experiment. This finding also indicates that chromophore pCA stays deprotonated in that 

pH range. Moreover, the side chain of Tyr-94, which forms a hydrogen bond with the 
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backbone carbonyl of Cys-69, also remains protonated in the pH range 3.4 - 11.4. Here, we 

also demonstrated that Arg-52 does not change its protonation state in the range pH 3.2 - 

11.2. Comparing to the pH titration profile of free Arg in water, the chemical shift of the 

nitrogen guanidino group (Nη) seems likely to show that Arg-52 is protonated (see 

Appendix). The positive charge of Arg-52 might be stabilized by the backbone carbonyl of 

Thr-50, which does not show significant change on its chemical shift upon pH titration. 

However, since the chemical shifts of 15N guanidino depends on the solvent chosen for the 

measurement, the protonation state of Arg-52 Nη might be misinterpreted since the 

chemical environment is less polar. Taking those results together with our previous study, 

we conclude that the protonation state of all titratable groups in the active site of ground-

state PYP are persistent over the entire range pH 3.4-11.4 where PYP is still in the pG 

state. Combined with optical spectroscopy and neutron crystallography data, a picture 

emerges in which a change in protonation state in any of the active site residues would 

destabilize the pG state, and lead to the formation of an alternate protein conformation, 

which is likely to resemble the long-lived state that is stabilized by changes in active site 

electrostatics following blue light absorption. 

 

Stabilisation of pCA chromophore  

When Glu-46 and Tyr-42 are mutated, significant changes in the absorption maximum of 

chromophore pCA are observed (Imamoto et al., 2001; Meyer, 1985). The short hydrogen 

bonds between the phenolic oxygen of the chromophore pCA and the side chains of Glu-

46 and Tyr-42 stabilizes surplus electron density by redistribution over an extended 

conjugated network. The mutation of Glu-46 to Gln and Ala red-shifts the absorption 

maximum of pCA from 446 nm to 462 nm (Imamoto et al., 2001; Meyer, 1985). This shift 

can be rationalized in terms of an increased negative charge density on the chromophore 

since the hydrogen bond between Gln and pCA is weaker than between Glu and pCA. A 

red- shift in the  absorption maximum (from 446 nm to 466 nm) is also found when PYP is 

reconstituted with a modified chromophore containing an electron withdrawing cyano 

group (Sigala et al., 2009). Also, when Tyr-42 is mutated to Phe, two peaks occur in the 

absorption spectrum of pCA (458 nm and 385 nm) (Imamoto et al., 2001; Meyer, 1985). 

This result demonstrates that two populations are present which correspond to the 

structural change of chromophore pCA. Since the absorption at 385 nm is much closer to 
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the absorption chromophore pCA in the pB state, this also may indicate that some 

population may shifts toward the pB state, in which the chromophore pCA does not stay 

intact anymore in the active site of PYP.  

 

A recent QM/MM computational study suggested that the pKa of Glu-46 and chromophore 

pCA are 8.6 and 5.4, respectively (Saito and Ishikita, 2012) and this clearly disagree with 

the neutron crystallography study which proposed the similar value for pKa Glu-46 and 

chromophore pCA (Yamaguchi et al., 2009) as consequence of the presence LBHB 

between them. However, this computational study is not in agreement with our 

experimental result. The fact that side chain Glu-46 does not change its protonation state 

over pH range 3.4 - 11.4 means that the ability of this moiety to form hydrogen bond with 

pCA stores an energy of more than 41.5 kJ/mol (relative to the intrinsic pKa of glutamic 

acid). This finding shows that the hydrogen bond between pCA and Glu-46 is very strong 

and important to keep the chromophore pCA locked in the active site of PYP.  

 

The pH-dependence of kinetic recovery  

Our study reveals that the pH-dependence of ground state recovery is not due to a 

protonation or deprotonation event of pG state. Therefore, this pH-dependence should 

result from protonation state changes in the pB state. Interestingly, the bell-shaped curve 

which shows rate constant of PYP from pB to pG state as function of pH reflects two pK 

constant of 6.37 and 9.37 (Genick et al., 1997b). Those pK constants possibly correspond 

to the pKa of Glu-46 and pCA in the pB state. Our results seems to be in agreement with 

the theoretical study by Demchuk et al (Demchuk et al., 2000) which suggested that Glu-

46 and Arg-52 are also protonated in the ground state. The pKa value for Glu-46 is 

predicted to be extremely high and for chromophore pCA to be around 2.7 in the ground 

state, based on UV-Vis spectroscopy (Philip et al., 2008). Moreover, a theoretical study 

suggested the pKa values of pCA and Glu-46 be closer to their intrinsic values of 9.0 and 

4.3 respectively, in the pB state (Demchuk et al., 2000), because the reaction centre is 

exposed to the solvent. At low pH (< 4.3), pCA and Glu-46 are both protonated in the pB 

state, whereas in the pG state only one proton is shared between these two residues. 

Apparently, this imbalance slows down the recovery process. At pH 7.9, the glutamate is 
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deprotonated but the pCA is protonated in the pB state. Therefore, the number of protons is 

the same as in the pG state, and the recovery is fast. At higher pH, both pCA and Glu-46 

are deprotonated in the pB state, and this shortage of one proton compared to the pG state 

also slows down the recovery process (Genick et al., 1997b). Moreover, this theoretical 

study also calculates that pKa of Glu-46 and pCA in the pB state are 6.37 and 9.35, 

respectively, based on macroscopic electrostatic model incorporating atomic details and 

using higher dielectric constant of protein (Demchuk et al., 2000). This calculation reflects 

the extracted pK constants from bell-shaped curve of pH-dependence of pG recovery.    

 

When Glu-46 is substituted by Gln, different kinetics is observed. The recovery rate is 

slow below pH 7 and almost two orders of magnitude faster than the optimum of the 

kinetic of wild type at high pH (Figure 3.3 B). At lower pH, pCA has not been 

deprotonated in the pB state, therefore the presence of proton from pCA and also Gln 

sidechain can slow down the pG recovery. In contrast, at higher pH chromophore pCA is 

supposed to be deprotonated in the pB state, and since Gln has non titrable group in the 

side chain, thus the formation of hydrogen bond between Gln and pCA is easier and this 

condition enables the pG recovery becomes a lot faster (Anderson et al., 2004). In a second 

mutant, Arg52Ala, the rate of recovery shows bell-shaped curve with extracted pK values 

of 6.5 and 9.6 (Genick et al., 1997b). The fact that this curve is very similar with the curve 

of the wild type, it suggests positive charge on Arg-52 does not affect the pH-dependence 

of photocycle. This result is in contrast with previous studies, which suggest that positively 

charged Arg-52, together with Glu-46 and Tyr-42, stabilized deprotonated pCA (Baca et 

al., 1994; Borgstahl et al., 1995; Kim et al., 1995).  However, the fact that this mutation 

can slow down the pG recovery by factor of 6 still remains unclear. It may be the presence 

of guanidino group from Arg side chain is important for the formation hydrogen bond with 

backbone carbonyl Thr-50 and also Tyr-98 as has been described in the crystal structure 

(Borgstahl et al., 1995), thereby the absence of this guanidino group can slow down the 

kinetic of recovery. 

 

3.6 Conclusions 

We demonstrate comprehensive pKa determination of sidechain pKa of PYP using NMR 

spectroscopy. Our study shows that there is no chemical shift changes of Glu-46, sidechain 
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in pH range 3.4 -11.4. This result is supported by the fact that Tyr-42 and Glu-46 

hydrogen-bond proton signals are also present in the same pH range. Our data is consistent 

with the previous study where Tyr-42 has pKa >> 12. In addition, we also investigated the 

protonation state of Arg-52 using 1D 13Cζ NMR experiment. To avoid extensive 

overlapping signals between Arg and Tyr 13Cζ signals, we applied reverse labeling 

strategy, in which Tyr 13Cζ signals became unlabeled and only 13Cz is observable in the 

region 157- 162 ppm. Our pH titration data also clearly demonstrates that there is no 

change in protonation state of Arg, particularly in the side chain of Arg-52 in the same pH 

range. Together these finding show that none of those titratable groups in the PYP active 

site change their protonation states in the pG state. Therefore, these experimental results 

conclusively establish that the pH-dependent ground-state recovery kinetics are due to 

protonation events in the pB state. These findings are consistent with the view that return 

to the pG state requires two mutually opposing pH-dependent events, deprotonation of the 

chromophore and protonation of Glu-46 

 

3.7 References 

Anderson, S., Crosson, S., and Moffat, K. (2004). Short hydrogen bonds in photoactive 

yellow protein. Acta Crystallogr. D Biol. Crystallogr. 60, 1008–1016. 

André, I., Linse, S., and Mulder, F.A.A. (2007). Residue-specific pKa determination of 

lysine and arginine side chains by indirect 15N and 13C NMR spectroscopy: application to 

apo calmodulin. J. Am. Chem. Soc. 129, 15805–15813. 

Baca, M., Borgstahl, G.E., Boissinot, M., Burke, P.M., Williams, D.R., Slater, K.A., and 

Getzoff, E.D. (1994). Complete chemical structure of photoactive yellow protein: novel 

thioester-linked 4-hydroxycinnamyl chromophore and photocycle chemistry. Biochemistry 

33, 14369–14377. 

Baturin, S.J., Okon, M., and McIntosh, L.P. (2011). Structure, dynamics, and ionization 

equilibria of the tyrosine residues in Bacillus circulans xylanase. J. Biomol. NMR 51, 379–

394. 

Borgstahl, G.E., Williams, D.R., and Getzoff, E.D. (1995). 1.4 A structure of photoactive 

yellow protein, a cytosolic photoreceptor: unusual fold, active site, and chromophore. 

Biochemistry  34, 6278–6287. 

Brudler, R., Meyer, T.E., Genick, U.K., Devanathan, S., Woo, T.T., Millar, D.P., Gerwert, 

K., Cusanovich, M.A., Tollin, G., and Getzoff, E.D. (2000). Coupling of hydrogen 



Chapter 3 

90 

 

bonding to chromophore conformation and function in photoactive yellow protein. 

Biochemistry  39, 13478–13486. 

Changenet-Barret, P., Espagne, A., Plaza, P., Hellingwerf, K.J., and Martin, M.M. (2005). 

Investigations of the primary events in a bacterial photoreceptor for photomotility: 

photoactive yellow protein (PYP). New J. Chem. 29, 527–534. 

Craven, C.J., Derix, N.M., Hendriks, J., Boelens, R., Hellingwerf, K.J., and Kaptein, R. 

(2000). Probing the nature of the blue-shifted intermediate of photoactive yellow protein in 

solution by NMR: hydrogen-deuterium exchange data and pH studies. Biochemistry  39, 

14392–14399. 

Croke, R.L., Patil, S.M., Quevreaux, J., Kendall, D.A., and Alexandrescu, A.T. (2011). 

NMR determination of pKa values in α-synuclein. Protein Sci. Publ. Protein Soc. 20, 256–

269. 

Delaglio, F., Grzesiek, S., Vuister, G.W., Zhu, G., Pfeifer, J., and Bax, A. (1995). 

NMRPipe: a multidimensional spectral processing system based on UNIX pipes. J. 

Biomol. NMR 6, 277–293. 

Demchuk, E., Genick, U.K., Woo, T.T., Getzoff, E.D., and Bashford, D. (2000). 

Protonation states and pH titration in the photocycle of photoactive yellow protein. 

Biochemistry  39, 1100–1113. 

Dijkstra, K., Kroon, G.J.A., Vannuland, N.A.J., and Scheek, R.M. (1994). The COCAH 

Experiment to Correlate Intraresidue Carbonyl, Cα, and Hα Resonances in Proteins. J. 

Magn. Reson. A 107, 102–105. 

Düx, P., Rubinstenn, G., Vuister, G.W., Boelens, R., Mulder, F.A., Hård, K., Hoff, W.D., 

Kroon, A.R., Crielaard, W., Hellingwerf, K.J., et al. (1998). Solution structure and 

backbone dynamics of the photoactive yellow protein. Biochemistry 37, 12689–12699. 

Genick, U.K., Borgstahl, G.E., Ng, K., Ren, Z., Pradervand, C., Burke, P.M., Srajer, V., 

Teng, T.Y., Schildkamp, W., McRee, D.E., et al. (1997a). Structure of a protein 

photocycle intermediate by millisecond time-resolved crystallography. Science 275, 1471–

1475. 

Genick, U.K., Devanathan, S., Meyer, T.E., Canestrelli, I.L., Williams, E., Cusanovich, 

M.A., Tollin, G., and Getzoff, E.D. (1997b). Active site mutants implicate key residues for 

control of color and light cycle kinetics of photoactive yellow protein. Biochemistry 36, 8–

14. 

Goddard, T.., and Kneller, D.. (2003). SPARKY 3 (San Fransisco: University California). 

Hass, M.A.S., Yilmaz, A., Christensen, H.E.M., and Led, J.J. (2009). Histidine side-chain 

dynamics and protonation monitored by 13C CPMG NMR relaxation dispersion. J. 

Biomol. NMR 44, 225–233. 



Comprehensive side chain pKa determination for PYP by NMR 

 

91 

 

Hendriks, J., and Hellingwerf, K.J. (2009). pH Dependence of the photoactive yellow 

protein photocycle recovery reaction reveals a new late photocycle intermediate with a 

deprotonated chromophore. J. Biol. Chem. 284, 5277–5288. 

Hoff, W.D., Devreese, B., Fokkens, R., Nugteren-Roodzant, I.M., Van Beeumen, J., 

Nibbering, N., and Hellingwerf, K.J. (1996). Chemical reactivity and spectroscopy of the 

thiol ester-linked p-coumaric acid chromophore in the photoactive yellow protein from 

Ectothiorhodospira halophila. Biochemistry 35, 1274–1281. 

Van der Horst, M.A., van Stokkum, I.H., Crielaard, W., and Hellingwerf, K.J. (2001). The 

role of the N-terminal domain of photoactive yellow protein in the transient partial 

unfolding during signalling state formation. FEBS Lett. 497, 26–30. 

Imamoto, Y., Koshimizu, H., Mihara, K., Hisatomi, O., Mizukami, T., Tsujimoto, K., 

Kataoka, M., and Tokunaga, F. (2001). Roles of amino acid residues near the chromophore 

of photoactive yellow protein. Biochemistry  40, 4679–4685. 

Imamoto, Y., Harigai, M., and Kataoka, M. (2004). Direct observation of the pH-

dependent equilibrium between L-like and M intermediates of photoactive yellow protein. 

FEBS Lett. 577, 75–80. 

Kanamori, K., Cain, A.H., and Roberts, J.D. (1978). Studies of pH and anion complexation 

effects on L-arginine by natural abundance nitrogen-15 nuclear magnetic resonance 

spectroscopy. J. Am. Chem. Soc. 100, 4979–4981. 

Kim, M., Mathies, R.A., Hoff, W.D., and Hellingwerf, K.J. (1995). Resonance Raman 

evidence that the thioester-linked 4-hydroxycinnamyl chromophore of photoactive yellow 

protein is deprotonated. Biochemistry  34, 12669–12672. 

Kort, R., Vonk, H., Xu, X., Hoff, W.D., Crielaard, W., and Hellingwerf, K.J. (1996). 

Evidence for trans-cis isomerization of the p-coumaric acid chromophore as the 

photochemical basis of the photocycle of photoactive yellow protein. FEBS Lett. 382, 73–

78. 

Krishnarjuna, B., Jaipuria, G., Thakur, A., D’Silva, P., and Atreya, H.S. (2011). Amino 

acid selective unlabeling for sequence specific resonance assignments in proteins. J. 

Biomol. Nmr 49, 39–51. 

Kroon, A.R., Hoff, W.D., Fennema, H.P., Gijzen, J., Koomen, G.J., Verhoeven, J.W., 

Crielaard, W., and Hellingwerf, K.J. (1996). Spectral tuning, fluorescence, and 

photoactivity in hybrids of photoactive yellow protein, reconstituted with native or 

modified chromophores. J. Biol. Chem. 271, 31949–31956. 

Lindman, S., Linse, S., Mulder, F.A.A., and André, I. (2007). pK(a) values for side-chain 

carboxyl groups of a PGB1 variant explain salt and pH-dependent stability. Biophys. J. 92, 

257–266. 



Chapter 3 

92 

 

Logan, T.M., Olejniczak, E.T., Xu, R.X., and Fesik, S.W. (1993). A general method for 

assigning NMR spectra of denatured proteins using 3D HC(CO)NH-TOCSY triple 

resonance experiments. J. Biomol. NMR 3, 225–231. 

Markley, J.L., Bax, A., Arata, Y., Hilbers, C.W., Kaptein, R., Sykes, B.D., Wright, P.E., 

and Wüthrich, K. (1998). Recommendations for the presentation of NMR structures of 

proteins and nucleic acids--IUPAC-IUBMB-IUPAB Inter-Union Task Group on the 

standardization of data bases of protein and nucleic acid structures determined by NMR 

spectroscopy. Eur. J. Biochem. FEBS 256, 1–15. 

Meyer, T.E. (1985). Isolation and characterization of soluble cytochromes, ferredoxins and 

other chromophoric proteins from the halophilic phototrophic bacterium 

Ectothiorhodospira halophila. Biochim. Biophys. Acta 806, 175–183. 

Meyer, T.E., Devanathan, S., Woo, T., Getzoff, E.D., Tollin, G., and Cusanovich, M.A. 

(2003). Site-specific mutations provide new insights into the origin of pH effects and 

alternative spectral forms in the photoactive yellow protein from Halorhodospira halophila. 

Biochemistry 42, 3319–3325. 

Mihara, K., Hisatomi, O., Imamoto, Y., Kataoka, M., and Tokunaga, F. (1997). Functional 

expression and site-directed mutagenesis of photoactive yellow protein. J. Biochem. 

(Tokyo) 121, 876–880. 

Mulder, F.A., Spronk, C.A., Slijper, M., Kaptein, R., and Boelens, R. (1996). Improved 

HSQC experiments for the observation of exchange broadened signals. J. Biomol. NMR 8, 

223–228. 

Oda, Y., Yamazaki, T., Nagayama, K., Kanaya, S., Kuroda, Y., and Nakamura, H. (1994). 

Individual ionization constants of all the carboxyl groups in ribonuclease HI from 

Escherichia coli determined by NMR. Biochemistry  33, 5275–5284. 

Oktaviani, N.A., Otten, R., Dijkstra, K., Scheek, R.M., Thulin, E., Akke, M., and Mulder, 

F.A.A. (2011). 100% complete assignment of non-labile (1)H, (13)C, and (15)N signals 

for calcium-loaded Calbindin D(9k) P43G. Biomol. NMR Assignments 5, 79–84. 

Oktaviani, N.A., Pool, T.J., Kamikubo, H., Slager, J., Scheek, R.M., Kataoka, M., and 

Mulder, F.A.A. (2012). Comprehensive determination of protein tyrosine pKa values for 

photoactive yellow protein using indirect 13C NMR spectroscopy. Biophys. J. 102, 579–

586. 

Pace, C.N., Grimsley, G.R., and Scholtz, J.M. (2009). Protein ionizable groups: pK values 

and their contribution to protein stability and solubility. J. Biol. Chem. 284, 13285–13289. 

Philip, A.F., Eisenman, K.T., Papadantonakis, G.A., and Hoff, W.D. (2008). Functional 

tuning of photoactive yellow protein by active site residue 46. Biochemistry  47, 13800–

13810. 



Comprehensive side chain pKa determination for PYP by NMR 

 

93 

 

Pool, T.J., Oktaviani, N.A., Kamikubo, H., Kataoka, M., and Mulder, F.A.A. (2013). (1)H, 

(13)C, and (15)N resonance assignment of photoactive yellow protein. Biomol. NMR 

Assignments 7, 97–100. 

Saito, K., and Ishikita, H. (2012). Energetics of short hydrogen bonds in photoactive 

yellow protein. Proc. Natl. Acad. Sci. U. S. A. 109, 167–172. 

Sigala, P.A., Tsuchida, M.A., and Herschlag, D. (2009). Hydrogen bond dynamics in the 

active site of photoactive yellow protein. Proc. Natl. Acad. Sci. U. S. A. 106, 9232–9237. 

Sprenger, W.W., Hoff, W.D., Armitage, J.P., and Hellingwerf, K.J. (1993). The 

eubacterium Ectothiorhodospira halophila is negatively phototactic, with a wavelength 

dependence that fits the absorption spectrum of the photoactive yellow protein. J. 

Bacteriol. 175, 3096–3104. 

Tamiola, K., and Mulder, F.A.A. (2012). Using NMR chemical shifts to calculate the 

propensity for structural order and disorder in proteins. Biochem. Soc. Trans. 40, 1014–

1020. 

Vuister, G.W., and Bax, A. (1992). Resolution enhancement and spectral editing of 

uniformly 13C-enriched proteins by homonuclear broadband 13C decoupling. J. Magn. 

Reson. 1969 98, 428–435. 

Xiao, Y., and Braiman, M. (2005). Modeling amino acid side chains in proteins: 15N 

NMR spectra of guanidino groups in nonpolar environments. J. Phys. Chem. B 109, 

16953–16958. 

Yamaguchi, S., Kamikubo, H., Kurihara, K., Kuroki, R., Niimura, N., Shimizu, N., 

Yamazaki, Y., and Kataoka, M. (2009). Low-barrier hydrogen bond in photoactive yellow 

protein. Proc. Natl. Acad. Sci. U. S. A. 106, 440–444. 

Yamazaki, T., Forman-Kay, J.D., and Kay, L.E. (1993). Two-dimensional NMR 

experiments for correlating carbon-13.beta. and proton.delta./.epsilon. chemical shifts of 

aromatic residues in 13C-labeled proteins via scalar couplings. J. Am. Chem. Soc. 115, 

11054–11055. 

Yamazaki, T., Pascal, S.M., Singer, A.U., Forman-Kay, J.D., and Kay, L.E. (1995). NMR 

Pulse Schemes for the Sequence-Specific Assignment of Arginine Guanidino 15N and 1H 

Chemical Shifts in Proteins. J. Am. Chem. Soc. 117, 3556–3564. 

Zuiderweg, E.R., Zeng, L., Brutscher, B., and Morshauser, R.C. (1996). Band-selective 

hetero- and homonuclear cross-polarization using trains of shaped pulses. J. Biomol. NMR 

8, 147–160. 

 

 



Chapter 3 

94 
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Figure A.3.1 pH titration profile of Asp (D) and Glu (E) of PYP using the Cγγγγ (Asp) and Cδδδδ (in 

Glu) chemical shifts as reporters. 
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Figure A.3.2 pH titration profile of Lys (K) of PYP using the Nζζζζ chemical shift as reporter. 

 

Figure A.3.3 pH titration profile of Arg using the Nε ε ε ε (A), Cζζζζ (B), Nηηηη (C) chemical shifts as 
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reporters. 
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Figure A.3. 4.  Strip plot from a 3D 15N NOESY-HSQC spectrum showing arginine guanidine  

resonances of PYP at 2°°°° C. Note that the Arg-52 Nη strip plot matches the Arg-52 Nε strip plot, 

and also the Arg-124 Nη strip plot agrees with the Arg-124 Nε strip plot.  


