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The light-harvesting mechanisms of cryptophyte antenna complexes have attracted considerable attention due to their 

ability to exhibit maximal photosynthetic activity at very low-light conditions and to display several colors, as well as the 

observation of vibronic coherent features in their two-dimensional electronic spectra. However, detailed investigations on 

the interplay between the protein environment and their light-harvesting properties are hampered by the uncertainty 

related to the protonation state of the underlying bilin pigments. Here we study the protonation preferences of four types 

of bilin pigments including 15,16-dihydrobiliverdin (DBV), phycoerythrobilin (PEB), phycocyanobilin (PCB) and 

mesobiliverdin (MBV), which are found in phycoerythrin PE545 and phycocyanin PC577, PC612, PC630 and PC645 

complexes. We apply quantum chemical calculations coupled to continuum solvation calculations to predict the intrinsic 

acidity of bilins in aqueous solution, and then combine molecular dynamics simulations with empirical ��� estimates to 

investigate the impact of the local protein environment in the acidity of the pigments. We also report measurements of 

the absorption spectra of the five complexes measured in a wide range of �� in order to validate our simulations and 

investigate possible changes in the light harvesting properties of the complexes in the range of physiological �� found in 

the lumen (�H	~5-7). The results suggest a ��� >7 for DBV and MBV pigments in the α polypeptide chains of PE545 and 

PC630/PC645 complexes, which are not coordinated to a negatively charged amino acid. For the other PEB, DBV and PCB 

pigments, which interact with a Glu or Asp side chain, higher ��� values (��� >8) are estimated. Overall, the results 

support a preferential population of the fully protonated state for bilins in cryptophyte complexes at physiological 

conditions regardless of the specific type of pigment and local protein environment. 

1 Introduction 

In photosynthesis specialized light-harvesting pigment-protein 

complexes (PPCs) are used to capture incident sunlight and 

funnel its energy to the reaction center.1,2 Cryptophytes are 

eukaryotic algae that live in marine and freshwater 

environments and represent important primary producers, 

able to capture sunlight through tunable linear tetrapyrrole 

chromophores known as bilins (see Fig. 1). Despite the 

apparent simplicity of their light-harvesting antennae 

compared to other classes of algae, cryptophytes display 

several colors and exhibit maximal photosynthetic activity at 

very low-light conditions.3–5 Depending on their absorption 

maximum they are divided in two classes, phycoerythrins (PE, 

red colored) and phycocyanins (PC, blue colored), and so far 

four types of PEs (PE545, PE555, two types of PE566) and five 

types of PCs (PC569, PC577, PC612, PC630 and PC645) have 

been reported.5 The variability in spectral properties of these 

phycobiliproteins mainly arises from differences in the 

underlying bilin composition and content. Indeed, several 

types of bilins are present in cryptophytes, which differ in the 

number of double bonds and the degree of conjugation of the 

π-electron system (Fig. 1): 15,16-dihydrobiliverdin (DBV), 

phycoerythrobilin (PEB), phycocyanobilin (PCB), mesobiliverdin 

(MBV), bilin 584 and bilin 618.5 Furthermore, the protein 

sequence also impacts the spectral properties of these 

complexes, as illustrated by differences in PC577 and PC612 

spectra, which contain the same set of bilin pigments, six PCBs 

and two DBVs. 

The remarkable photosynthetic activity of these algae has 

motivated a variety of studies aimed at unraveling their light 
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harvesting mechanisms,2,6 in the quest for principles to be 

used in the development of artificial devices.7 Among them, 

the observation of coherence phenomena at room 

temperature for the PE545 and PC645 complexes8 and other 

photosynthetic systems has fueled an ongoing debate on the 

molecular origin of the observed oscillations and their role in 

the photosynthetic function.9 An emerging consensus indicates 

that vibronic coherences can be supported by resonant 

vibrations, although their electronic or vibrational nature is 

still under debate.10–12 Recent simulations on the PC645 

complex, for example, suggest that energy transport occurs in 

an incoherent vibronic regime, a finding explained by the 

rather large reorganization energies of the pigments compared 

to the electronic couplings among them.13 Cryptophyte 

antenna complexes are also interesting because of the 

observation of persistent vibronic coherences in "closed" 

forms of these antenna proteins (PC630, PC645) compared to 

"open" ones (PC577, PC612), where the insertion of a single 

residue induces a rotation of ~73 degrees of the protein 

subunits leading to an almost two-fold symmetry in the 

quaternary structure.14 

 

Theoretical studies of energy transfer dynamics in antenna 

complexes and the role of coherence, however, still face 

considerable challenges related to the accurate determination 

of the ingredients needed to construct the exciton Hamiltonian 

of the system: the site energies, the electronic couplings and 

the spectral densities of the corresponding pigments.6 An 

additional complication in the study of phycobiliproteins is the 

need to understand the protonation preferences of bilin 

pigments in the complex, as they can considerably impact their 

electronic transition properties, and also their degree of 

coupling to the environment.15 Moreover, 

protonation/deprotonation of the pigments is also important 

because, unlike other photosynthetic organisms where 

antenna complexes are bound to the thylakoid membrane, 

cryptophyte biliproteins are suspended in the lumen,16 where 

the �� varies on the range ~5-7, depending on the 

prolongation of the incident sunlight.17 The uncertainty 

regarding this issue leaves open questions: can the 

protonation state of the pigments change upon variations of 

available sunlight?, and can changes in the bilin protonation 

patterns alter the light-harvesting pathways and dynamics in 

the system? 

Cryptophyte antennae are organized either as α1βα2β 

heterodimers or (αβ)2 homodimers. The crystal structures 

solved for several of these complexes (PE545, PE555, PC577, 

PC612, PC630 and PC645) indicate that all bilins in the highly-

conserved β polypeptide chains present an Asp residue 

interacting with the central pyrrole rings B and C, thus 

suggesting a fully protonated form of the pyrrole rings.14,18,19 

This would be consistent with research that supports a 

protonated form for the PCB in the C-Phycocyanin complex of 

cyanobacteria, where an Asp counterion also coordinates the B 

and C central pyrrole rings.20–22 Spectroscopic studies 

performed on the similar phytochromobilin pigment in plant 

phytochromes also support a fully protonated tetrapyrrole.23 

Compared to the β chains, however, the structures of the α 

subunits in cryptophyte antennae are much more divergent. In 

this case, the bilins in the α subunits of PE555, PC577 and 

PC612 interact with a Glu side chain, but the DBVs in PE545 

and the MBVs in PC645 and PC630 lack the presence of a 

negatively charged amino acid. In PE545, indeed, difference 

electron density maps obtained from ultrahigh resolution data 

at 0.97 Å seem to suggest a protonated form for the PEBs in 

the complex, which interact with an Asp residue, but can not 

distinguish among protonated or neutral forms for the DBVs.19 

The uncertainty regarding the protonation preferences of the 

bilins in cryptophyte antennae is reflected in a variety of 

theoretical studies performed on these systems, where the 

pigments are either assumed to be all protonated or 

unprotonated at physiological conditions.13,14,19,24–33 Recently, 

the Coker group has studied the protonation state of the MBVs 

in PC645 by comparing experimental and theoretical spectra 

derived from quantum chemical calculations.15 Their results 

indicate that the PC645 complex with unprotonated MBVs 

displays better maximum intensities in the two main 

absorption peaks compared to the protonated case. However, 

the low-energy edge of the predicted spectra is slightly too 

broad, so that the assignment of the protonation preferences 

still remains open. 

In this contribution, we study the protonation preferences of 

the PEB, DBV, PCB and MBV pigments found in five 

cryptophyte phycobiliproteins (PE545, PC577, PC612, PC630 

and PC645), shown in Fig. 1, by combining structure-based 

predictions of the ��� 's of the pigments based on 

thermodynamic cycles with ��-dependent measures of their 

Figure 1. Bilin pigments present in the cryptopyte antenna complexes studied in 

this work. a) Bilin structures, b) absorption spectra, and c) protein structures of 

the PE545, PC577, PC612, PC630 and PC645 complexes. R stands for the propionic 

group. 
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absorption spectra. Our results strongly suggest that all bilins 

in these proteins are present in their protonated form at 

biologically relevant �� in the lumen (��~5-7). We find that 

the MBVs in PC630 and PC645 as well as the DBVs in PE545, 

located at the α polypeptide chains of the complexes and 

lacking the presence of a Glu counterion, are the most acid 

bilins in the complexes, but still have ���  values > 7. 

Nevertheless, the changes observed in the absorption spectra 

suggest that a small fraction of deprotonated species of these 

pigments could be populated at ��'s ~7. 

2 Methods 

2.1 Thermodynamic cycles 

Acid dissociation constants, ��, are related to the reaction 

where an acid dissociates into its conjugate base and a proton 

in solution. The corresponding ���  can thus be obtained from 

the Gibbs free energy change of this reaction, ∆��	: 

��� 

∆��


��������
       (1) 

In order to estimate accurate values of ∆��	 , we adopt the 

common thermodynamic cycle illustrated in Scheme 1, which 

combines quantum-mechanical (QM) calculations of the 

reaction free energy in vacuum, ∆����, with solvation free 

energies in water estimated using quantum-chemical 

continuum solvation models, as described in the next 

section.34,35 

 

Thus, we calculate ∆��	  values using the following expression: 

∆��	 
 ∆����+∆∆����    (2) 

where 

∆���� 
 ������������ � ������
 � ! ������������

 �  (3) 

and 

∆∆���� 
 ∆������������ � ∆������
 � ! ∆������������

 �(4) 

We adopted the well-accepted value of ������
 � equal to -

6.28 kcal/mol defined for a standard state of 1 atm, as well as 

the value of ∆������
 � equal to -265.9 kcal/mol, defined for 

the transfer from the gas-phase to aqueous solution at 1M 

standard state.34 ���� values computed for 

protonated/unprotonated forms of the bilins using QM 

methods also correspond to a standard state of 1 atm, 

whereas the corresponding ∆����  terms calculated using 

continuum solvation models are defined for a gas-phase 1M 

standard state. Thus, ∆���� values where converted to a 1M 

standard state by adding the usual 1.89 kcal/mol term.34 

Because the propionic acid groups can adopt multiple 

conformations with respect to the pyrrole rings, and therefore 

impact in different ways their deprotonation properties, the 

aqueous ���  values corresponding to the deprotonation 

reaction on rings A, B, C or D of each type of bilin was 

computed for model pigments where the propionic groups 

where substituted by methyl units, as shown in Fig. 2. Later, 

the impact of the negatively charged propionic groups on the 

���  was introduced when computing the ���  shift associated 

to the transfer of the bilin from water solution to the protein. 

Note that a similar strategy was recently adopted in order to 

compute the ���  of biliverdin in the IFP2.0 fluorescent 

protein.36 We thus compute the ���s first in water and then 

introducing the influence of the protein environment. This 

strategy has the advantage that carefully parametrized 

strategies to determine protonation states in biological 

environments are mostly based on water reference values and 

the determination of water-to-protein ���  shifts. 

 

The prediction of the ���  of titratable groups or ligands inside 

a protein environment is a challenging task, and a variety of 

approaches have been proposed.37–39 The usual strategy relies 

on estimating the free energies associated to the transfer of 

the titratable group from aqueous solution to the protein, as 

illustrated in Scheme 2. Then, these free energy contributions 

are combined to estimate the ∆���  shift compared to an 

aqueous reference value: 
�������"� 
 ����#$"� � ∆����#$" → ���"�   (5) 

where ����#$"� is the reference value adopted for the group 

and the ∆���  term mainly involves electrostatic contributions 

due to interactions established with the protein environment 

as well as the desolvation cost.   

 

 

Different strategies have been developed to compute the 

∆����#$" → ���"� term, mainly based on i) continuum 

solvation models, like Generalized Born (GB) or Poisson-

Boltzmann (PB) electrostatic calculations, ii) molecular 

dynamics (MD)-based techniques coupled to free energy 

simulations, and iii) empirical models in which the shift is given 

as a sum of effective perturbation contributions, for example 

hydrogen bonds, charge-charge interactions or desolvation 

effects, whose weights are optimized by comparison to large 

sets of experimental data, like the popular PROPKA 

Scheme 1. Thermodynamic cycle used to calculate the aqueous deprotonation 

free energies of bilin pigments. ChromNH+ and ChromN stand for the protonated 

ans deprotonated states of the chromophore.

Scheme 2. Thermodynamic cycle used to calculate the deprotonation free 

energies of bilin pigments in the protein environment.
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method.40,41 Here we adopt the fast PROPKA method to 

compute the ∆���  shifts, which has been shown to provide 

���  values with similar accuracy compared to more costly 

molecular dynamics/generalized Born/thermodynamic 

integration (MD/GB/TI) techniques, with root-mean-squared 

deviations of ~1.4 ���  units.38 In PROPKA, the ∆���  shift is 

expressed as the sum of a Coulomb contribution due to 

charge-charge interactions with all other charged or ionizable 

groups, and a self-energy contribution, representing the 

remaining contributions obtained when all other charged or 

ionizable groups are kept in their neutral form. The latter 

involves desolvation and intrinsic electrostatic energy 

contributions, like hydrogen-bonding interactions and other 

unfavorable electrostatic interactions. The resulting coupled 

titrations are then solved iteratively using a Monte Carlo 

scheme. Moreover, we average ���  estimates over 

conformational ensembles sampled from MD simulations of 

the complexes in order to account for thermal fluctuations. For 

the sake of comparison, in addition to PROPKA estimates we 

have also computed the ���  shifts using an electrostatic 

continuum solvation model-based approach, the APBS method 

developed by Baker and co-workers, which relies on 

continuum PB electrostatic calculations.
42

 

2.2 Computational details 

Structures of the cryptophyte complexes. Calculations were 

performed based on the X-ray crystal structures reported by 

Curmi and co-workers for phycoerythrin PE545 from 

Rhodomonas sp. CS24 (PDB code 1XG0, resolution 0.97 Å),18,19 

phycocyanin PC645 from Chroomonas sp. CCMP270 (PDB code 

4LMS, resolution 1.35 Å),14 phycocyanin PC612 from 

Hemiselmis virescens CCAC 1635 B (PDB code 4LM6, resolution 

1.70 Å),14 as well as phycocyanin PC577 from Hemiselmis 

pacifica CCMP706 (resolution 1.00 Å) and PC630 from 

Chroomonas CCAC 1627 B (resolution 1.60 Å), which have not 

been deposited yet. PE545, PC630 and PC645 are organized as 

α1βα2β heterodimers, whereas PC577 and PC612 are (αβ)2 

homodimers and display an almost perfect two-fold symmetry. 

In PE545, each α chain binds one DBV covalently linked to one 

Cys residue (DBV19A and DBV19B), whereas each β chain binds 

two PEBs linked to a single Cys (PEB158C, PEB158D, PEB82C and 

PEB82D) and one PEB linked to two Cys residues (PEB50/61C and 

PEB50/61D). In PC577 and PC612, on the other hand, each α 

chain binds one singly linked PCB (PCB20A and PCB20C) and each 

β chain binds two singly linked PCBs (PCB158B, PCB158D, PCB82B 

and PCB82D) and a doubly linked DBV (DBV50/61B and DBV50/61D). 

Finally, in PC630 and PC645 the β chains bind the same 

pigments as in PC577 and PC612, whereas the α chains binds 

one singly linked MBV (MBV19A and MBV19C) instead of a PCB. 

In PE545, the missing residues in the crystal were added as 

reported previously,26 whereas in the PC577 and PC612 (αβ)2 

homodimers missing residues were added by homology with 

the other symmetric polypeptide chain. In PC630 and PC645, 

we simply capped polypeptide chains using an acetyl group 

due to missing residues in the N-terminal end of the chains.  

 

Quantum chemical calculations. Starting from the geometries 

of bilins as found in the crystal structures, we defined 

simplified models in order to compute their acidity/basicity in 

gas phase and in water solution. Such models included the full 

tetrapyrrolic structure, in which the propionic side chains of 

rings B and C were replaced by methyl groups to avoid the 

folding of the chromophore and thus maintain its biological 

conformation, whereas the thioether linkage was replaced by 

a methyl group. In order to perform the aqueous ���  

calculations, we selected a single geometry for each type of 

pigment PEB, PEB’, DBV, DBV’, PCB and MBV, where the prime 

indicates bilins doubly-linked to the protein through Cys 

residues. The optimized geometries of each model bilin, 

aligned with the multiple conformations found for each type of 

pigment in the crystal structures, are shown in Fig. 2. As can be 

observed, these geometries keep the conformations of the 

Figure 2. Structures of the bilin pigments found in PE545, PC577, PC612, PC630 and PC645 aligned to the quantum-chemical optimized geometries used for the prediction of 

the aqueous ��� . The optimized geometries are displayed in black. 
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pigments in their specific protein environments.  

The geometries of fully protonated and deprotonated (at rings 

A, B, C or D) forms of each model chromophore (PEB, PEB', 

DBV, DBV', PCB and MBV) were optimized at the B3LYP/6-

31G(d) level of theory. The resulting minima were verified by 

vibrational frequency analysis, and corresponding free-energy 

corrections (�&�'') at 298.15 K were obtained by scaling the 

vibrational frequencies by 0.977, as recommended for this 

level of theory.43 Subsequently, the electronic energies were 

refined by combining SCS-MP2 energies extrapolated at the 

complete basis set (CBS) limit with CCSD corrections obtained 

with a reduced basis set. The spin-component-scaled version 

of MP2 provides a significant improvement on ground state 

energies by scaling parallel and antiparallel-spin pair 

correlation energies:44 

()*)+,-. 
 (/0 �
�

1
�(&�''�2+2� � (&�''�3+3�� �

4

5
(&�''�2+3� 

    (6) 

The CBS energy was then extrapolated from SCS-MP2 

correlation energies computed using Dunning's cc-pVDZ and 

cc-pVTZ basis sets according to the formula proposed by 

Halkier:45 

()*)+,-./*7) 
 (/0/&&+89�: �
;<=<>?@A/BB>CDEF
BGHH 1I+;<=<>?@A/BB>CDJF

BGHH .I

1I+.I

    (7) 

Finally, in order to recover the correlation energy between 

MP2 and CCSD, we added a correction given by the difference 

between CCSD/6-31G(d) and MP2/6-31G(d) calculations. 
∆(**)K 
 (**)K/4+1���L� !()*)+,-./4+1���L�  (8) 

Thus, the final gas-phase free energies for the protonated and 

deprotonated species were given by the following expression: 
���� 
 ()*)+,-./*7) � ∆(**)K � �&�''   (9) 

Gas-phase free energies were then combined with hydration 

free energies computed using the MST46,47 and SMD48 

continuum solvation models. MST and SMD calculations were 

performed at the B3LYP/6-31G(d) level of theory, in order to 

be consistent with the parametrization of these methods. In 

order to test the accuracy of the computational protocol we 

also computed the known ��� 's of the heteroaromatic 

molecules pyridinium and imidazolium, which can also 

deprotonate an aromatic NH+ group like the bilins, following 

the same strategy. All quantum chemical calculations were 

performed using the Gaussian 09 software.49 

 

MD simulations and protein MNO shifts. We performed MD 

simulations for PC577, PC612, PC630 and PC645 solvated in 

pre-equilibrated TIP3P water boxes (buffer zone 15Å) using the 

Leap module of the Amber14 suite of programs.50 The ff14SB51 

and GAFF52 force fields were used for the proteins and the 

bilins, respectively. Charges for PCB, MBV, and DBV’ bilins in 

their fully protonated forms were derived from 

multiconformational RESP50 fits performed at the HF/6-31G(d) 

level of theory on the multiple geometries of the pigments 

found in the complexes, where hydrogens were previously 

optimized and Cys links were treated as described previously 

for PE545.26 Protein hydrogen atoms were added according to 

PROPKA predictions,40 which indicated standard protonation 

states for all titratable residues except for His22A in PC630 and 

His21A in PC645, which were considered in their fully 

protonated form. The four systems were initially minimized 

and then thermalized running 50 ps NVT and 150ps NPT 

simulations applying constraints on the protein and bilin atoms 

with a harmonic potential (500.0 kcal/mol·Å2). Then, we 

thermalized the complete system from 50K to 300K by running 

50 ps NVT and 50 ps NPT simulations. Finally, we extended the 

simulations for 10 ns for production purposes. All runs were 

performed with Amber 1450 using an integration time step of 2 

fs together with the SHAKE algorithm to restrain all bonds 

involving hydrogen, periodic boundary conditions, the particle-

mesh Ewald approach to account for long-range electrostatics 

and a nonbonded cutoff equal to 10 Å. For PE545 we used the 

MD simulation described in ref.26 We then extracted 50 

snapshots equally spaced along the trajectories to estimate 

the bilin ���  values in the complexes. Water-to-protein ���  

shifts were computed using the empirical rules implemented in 

the PROPKA3.040 server, which have been extended to ���  

shifts of active site residues and ionizable ligands/cofactors in 

PROPKA3.1.41 In these calculations, the propionic acid groups 

of the pigments were treated as additional titratable groups 

with a reference ���  value of 4.5. In addition, we also 

computed ���  shifts using a physics-based approach, the APBS 

method developed by Baker and co-workers, which uses 

electrostatic Poisson-Boltzmann calculations to evaluate the 

transfer free energies for the protonated and unprotonated 

chromophores.
42

 In this case, the propionic acid groups were 

described as single formic acid groups, in order to account for 

the electrostatic effect exerted by them on the bilin ���s. We 

adopted the point charges of the Amber ff14SB force field for 

the protein, whereas the charges of the protonated and 

neutral bilin pigments, as well as the formic acid groups, were 

computed at the HF/6-31G(d) level of theory using the RESP 

approach
50

 on the optimized geometries of the model 

pigments described in the previous section. We used the APBS 

recommended values for the dielectric constants of water and 

the protein equal to 78.5 and 20, respectively. 

2.3 Absorption spectra  

Concentrated samples of purified PE545, PC577, PC630 and 

PC645 isolated from Rhodomonas sp. CS24 (PE545), 

Hemiselmis pacifica CCMP706 (PC577), Chroomonas CCAC 

1627 B (PC630) and Chroomonas mesostigmatica CCMP269 

(PC645) were frozen at -20°C in 0.050 M sodium phosphate 

buffer (�� 6.5 for PE545; �� 7.5 for PC577, PC630 and PC645) 

until required for spectroscopic measurements.53 We then 

prepared buffer solutions at varying �� levels by adjusting 

relative amounts of Na2HPO4 and citric acid (�� 4.0, 4.6, 5.4), 

Na2HPO4 and NaH2PO4 (�� 6.5, 7.8) trizma HCl and trizma 

base (�� 8.2, 8.5, 9.0) and Na2CO3 and NaHCO3 (�� 9.4). We 

measured the �� levels to be 4.0 ± 0.1, 4.6 ± 0.1, 5.4 ± 0.1, 6.5 

± 0.1, 7.8 ± 0.1, 8.2 ± 0.1, 8.5 ± 0.1, 9.0 ± 0.1 and 9.4 ± 0.1 using 

a calibrated microelectrode (Mettler Toledo). 100μL aliquots of 

concentrated protein were diluted into the different 1.5 mL 

volume buffer solutions. The protein and buffer solutions were 
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measured and dispensed using a micropipette to make the 

concentrations as equal as possible. Proteins were diluted to 

an optical density (O.D.) of ∼0.05/mm. Solution-phase steady-

state linear absorption spectra for each phycobiliprotein was 

then recorded using a Varian Cary 6000i UV−vis spectrometer 

with a resolution of 1 nm at room temperature. 

3. Results and discussion 

3.1 Aqueous MNO 

The first-principles determination of aqueous ���  values is 

considerably challenging due to potential inaccuracies in the 

calculation of the gas-phase free energies of the acid and the 

conjugated base, as well as on their solvation free energies, as 

their counterparts for the proton, ������
 � and ∆������

 �, 

are well tabulated. The main source of inaccuracies may be 

ascribed to the calculation of the solvation free energies of the 

ionic species, as the gas-phase free energies and the solvation 

free energies of neutrals can be computed with errors close to 

~1 kcal/mol if high-level correlated methods are combined 

with modern parametrizations of solvation models.34 In 

contrast to neutrals, solvation free energies of charged species 

are larger in magnitude due to strong electrostatic solute-

solvent interactions, thus increasing associated errors. In 

addition, this can led to persistent specific interactions, like 

hydrogen bonds, not properly accounted for in continuum 

solvation models. Thus, the hydration free energy of ions 

estimated from continuum models may lead to increased 

errors of ~4-5 kcal/mol, though prediction of relative free 

energies may benefit from cancellation of errors. Because of 

this, we have chosen to use two alternative solvation models, 

the SMD model developed by Marenich and co-workers48 and 

the MST model developed in Barcelona.46,47 

Table 1. Gas-phase and aqueous proton dissociation free energies and 

corresponding ���  values computed for pyridinium and imidazolium. 

  MST SMD  

 ∆����
∘ a

 ∆��	
∗ a

 ���  ∆��	
∗ a 

���  ���,ST8
b
 

Pyridinium 215.6 5.4 3.9 5.4 3.9 5.2 

Imidazolium 219.2 
10.

1 
7.4 8.7 6.4 7.0 

aFree energies (kcal/mol) corresponding to standard states of 1 atm in gas 

phase (∆����
� ) and 1 M in aqueous solution (∆��	

∗ ). bExperimental values 

from Ref 54. 

In order to test the validity of our computational protocol, we 

first computed the ���  of two aromatic heterocyclic 

compounds with known acidity, pyridinium and imidazolium, 

which, like the bilins, can be deprotonated on NH+ groups 

without breaking the aromaticity of the heterocycle. The 

results, reported in Table 1, support the reliability of the 

computational protocol, with absolute mean errors of ~1 ���  

unit for both solvation models (contributions to the proton 

dissociation free energies are reported in Table S1 of the 

Supporting Information). This indicates the absence of 

important systematic deviations in the prediction of absolute 

���  values, an error often found to depend on the nature of 

the functional group.34,55 Thus, ���  predictions for the bilin 

chromophores can be roughly expected to have an accuracy of 

~1–2 ���  units.  

For the bilins, we have computed the ���  using the same 

protocol and adopting solvation free energies averaged over 

MST and SMD-based predictions. Table 2 shows the aqueous 

���  predicted for each pyrrole ring of the bilin chromophores, 

as well as the corresponding gas-phase and aqueous free 

energies (the individual contributions to these free energies 

are shown in Table S2). In all cases the outer pyrrole rings A 

and D present larger ���  values (from 11.9 to 31.8) than those 

of the central B and C rings, which lie in the range 5.8–7.4. The 

amide character of the nitrogens in the outer rings explains 

this result, as deprotonation would prevent the delocalization 

of the nitrogen lone pair toward the carbonyl group and the 

corresponding resonance stabilization. However, the ���  

values of outer rings show three characteristic behaviours, 

depending on i) whether the ring is linked through a methine 

or a methylene bridge to the central pyrrole ring, and ii) the 

oxidation state of the ring. In the first group, the D rings of PEB 

and DBV (as well as doubly linked PEB' and DBV') are not 

conjugated with the other rings because of the methylene 

bridge, leading to a ���  of 30-32. This can be explained by the 

lack of the positive charge delocalization onto this ring in PEB 

and DBV, whereas in PCB and MBV the positive charge can 

delocalize along the four pyrroles, including ring D (note here, 

however, that for the sake of simplicity only a single Lewis 

resonance structure is shown in Fig. 1). The A rings of PEB, PEB' 

and PCB, in contrast, are the least basic outer pyrroles, given 

their less oxidized state compared to the A rings in the other 

bilins, which leads to ���  values of 12–13. Finally, the other 

outer rings (A ring of DBV, DBV' and MBV, D ring of PCB and 

MBV) display a ���  of 16–17.  

Overall, the results clearly indicate that the central B and C 

rings are the most acidic ones, with a ���  of 6–7 in aqueous 

solution. The PCB pigment seems to be the least acidic, with a 

���  value of 7.1 (7.4) for the B (C) ring. The other pigments 

show similar acidities, the DBV one being slightly more acidic, 

especially the doubly linked DBV’ one, in which the ���  of ring 

C is lowered from 6.3 to 5.8 compared to the singly linked DBV. 

The results also indicate minor differences regarding the 

acidity of rings B and C, suggesting that at basic �� there could 

be a mixture of both deprotonated tautomers. On the other 

hand, the protein environment might play a key role in 

determining the relative stability of these tautomers as well as 

of the fully protonated form, in a situation reminiscent of the 

influence exerted by the local environment on the ���  of His 

side chains in proteins. 

Recent predictions by Feliks and Field on the biliverdin 

pigment of the IFP2.0 fluorescent protein found slightly more 

acidic ���  values by about ~4–5 ���  units compared to our 

results for the similar MBV bilin.36 Nevertheless, biliverdin 

differs from MBV by the presence of two vinyl groups instead 

of ethyl groups linked to rings A and D as well as by the 

orientation of the A ring. Moreover, their calculations included 

the propionic groups and involved an empirical correction 
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calibrated on a training set of acids. Nevertheless, it is worth 

noting that a similar protocol was adopted in that study based 

on DFT and single point MP2/CBS calculations. However, here 

we further refine the MP2/CBS values by adopting the SCS 

variant of MP2 and by adding CCSD corrections, two effects 

that contribute by ~50% each in increasing the ���  estimates 

of the MBV central rings by  ~3.5 ���  units, thus illustrating 

the importance of such corrections and partially explaining the 

discrepancy with our results. For example, our predictions for 

pyridinium and imidazolium show absolute mean errors of ~1 

���  unit, as discussed before, but degrade considerably to ~3 

���  units if SCS and CCSD corrections are omitted. 

 

Table 2. Gas-phase and aqueous proton dissociation free energies and ��� values 

computed for the deprotonation reaction on different pyrrole rings of bilin molecules. 

 Ring ∆����
∘ a ∆��	

∗ a ��� 

PEB     

 A 249.4 18.2 13.3 

 B 235.4 9.3 6.8 

 C 234.1 8.9 6.5 

 D 290.4 41.0 30.0 

PEB'     

 A 248.2 17.0 12.4 

 B 234.9 9.5 6.9 

 C 233.9 8.8 6.4 

 D 292.1 42.3 31.0 

DBV     

 A 255.3 23.7 17.4 

 B 234.3 9.2 6.7 

 C 233.1 8.6 6.3 

 D 288.4 40.7 29.9 

DBV'     

 A 255.9 24.1 17.6 

 B 234.5 9.2 6.7 

 C 232.6 7.9 5.8 

 D 290.4 43.4 31.8 

PCB     

 A 250.2 16.2 11.9 

 B 238.4 9.7 7.1 

 C 238.7 10.1 7.4 

 D 258.1 23.1 17.0 

MBV     

 A 256.6 22.9 16.7 

 B 236.7 9.1 6.6 

 C 236.6 9.0 6.6 

 D 256.2 21.9 16.1 

aFree energies (kcal/mol) corresponding to standard states of 1 atm in gas 

phase (∆����
∘ ) and 1 M in aqueous solution (∆��	

∗ ), the latter computed by 

using the solvation free energies averaged from MST and SMD calculations. 

 

 

3.2 Protonation preferences in the protein complex 

In this section we investigate the impact of the specific 

environment of the bilins in five different cryptophyte 

complexes. Our predictions suggest that the model bilin 

pigments (lacking the propionic acid groups) have aqueous 

���  values around ~6–7, corresponding to deprotonation of 

either B or C central pyrrole rings. Thus, the protein 

environment and the relative orientation of the propionic acid 

groups may play a key role in determining the relative stability 

of the protonated form and of the two unprotonated 

tautomers. Table 3 reports the ���  values computed for bilin 

pyrrole rings B and C in their protein environments, computed 

as the sum of the aqueous ���  results discussed in the 

previous section and the ∆����#$" → ���"� shifts computed 

by using PROPKA and APBS methods (Eq. 5). Because MD-

averaged values computed using PROPKA displayed minor 

differences compared to the crystal (see Table S3 of the 

Supporting Information), we performed APBS calculations 

based on the crystal structure. In addition, in Tables S4 and S5 

of the Supporting Information we show the ���  values 

estimated using PROPKA for the bilin propionic groups and 

selected titratable residues directly interacting with the bilins. 

The predicted ���  values for the bilin pyrroles in the five 

cryptophyte complexes span a range between ~5 and 8 ���  

units, according to PROPKA, and between ~7 and 11 ���  units, 

according to APBS. Thus, we find a systematic disagreement of 

~2 ���  units between the two methods. Despite this 

discrepancy, there is high similarity in the relative ���  values 

determined using PROPKA and APBS calculations. The range of 

values estimated thus indicates that the protein environment 

and the propionic acid groups tune in slightly different ways 

the aqueous ��� ’s of bilins, which are in the range ~6-7 (Table 

2). Interestingly, in most bilins the acidity of rings B and C is 

very similar, with differences less than 0.5 ���  units. However, 

for doubly linked pigments DBV50/61B and DBV50/61D (PC577, 

PC612, PC630 and PC645 complexes) there is a clear trend 

indicating a ���  smaller by ~1 unit for ring C compared to B, 

thus suggesting that deprotonation should only occur in 

pyrrole unit C, a preference that was already observed in the 

acidities of DBV’ in water (Table 2). Note also that in the 

symmetric proteins PC577 and PC612, which are organized as 

(αβ)2 homodimers, the symmetric pairs of chromophores 

located in the A/C and B/D polypeptide chains present very 

similar acidity constants, as one would expect. The impact of 

thermal fluctuations on the acidity constants is found to be 

small. Indeed, most PROPKA ���  values presented standard 

deviations of ~0.1-0.2 units along the MD trajectories, and the 

estimates are close to those derived from the crystal structure 

of the complexes, with differences below 0.5 units in most 

cases (see Table S3). The only remarkable change is found for 

PEB158D in PE545, in which the crystal structure leads to an 

unexpected ���  of 5.2 compared to the MD-averaged value of 

7.2, which is closer to the value of 7.5 found for the similar 

PEB158C bilin. In contrast, APBS estimates based on the crystal 

structure were consistent throughout the whole set of bilins. 

On the other hand, we find ���  values in the range 2.5-5 for 
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all bilin propionic acid groups (Table S4), suggesting that they 

are unprotonated at physiological conditions.   

By analyzing the details of the environment surrounding the 

bilin pigments on each complex, we can identify two different 

situations regardless of the nature of the chromophore that 

largely explain the trends in ���  values. As it also happens in 

the C-PC complex of cyanobacteria,20–22 the central pyrrole 

rings of all PEB, PCB and DBV bilins located in the highly-

conserved β polypeptide chains are coordinated with an Asp, 

which stabilizes the protonated form. A similar explanation 

applies to PCB20 bilins in PC577 and PC612 located in the more 

divergent α subunits, which interact with a Glu. As reported in 

Table S5, our PROPKA simulations indicate ���  values in the 

range 3.3-6.9 for these Asp and Glu residues, in all cases lower 

than those estimated for the bilin pyrrole rings they interact 

with. In these situations, the bilin ���  values are in the range 

~6-8 and ~8-11 as estimated by PROPKA and APBS calculations, 

respectively. In contrast, MBVs in PC630 and P645 and DBVs in 

PE545 lack the coordination with Asp or Glu, leading to ���  

values of ~5 and ~7-8 for PROPKA and APBS. In Fig. 3 we show 

the environment surrounding DBV50/61D in PC645, with its 

central pyrrole rings interacting with Asp54D, and MBV19A, in 

which the pyrroles are coordinated with a crystallographic 

water. It is also worth noting that in DBVs in PE545 and 

MBV19C in PC630 and PC645 there is a His residue interacting 

with the bilins, as shown in Fig. S1. In this case, a ���  of ~4 is 

estimated using PROPKA for His16A/His16B in PE545, in 

agreement with the neutral state suggested by difference 

electron density maps of the complex.19 On the other hand, 

the ���  of ~7.5 computed for His22A and His21A in PC630 and 

PC645 indicate a fully protonated form, consistent with its 

simultaneous interaction with a propionic group and a Glu 

observed in the crystal structure.  

 

Table 3. ���  values computed using MD-averaged PROPKA calculations and APBS 

calculations based on the crystal structure for bilin pyrrole rings B and C in their specific 

protein environments. 

 PROPKA APBS 

 ���	�U� ������ ���	�U� ������ 

PE545 (α1βα2β)   

DBV19A 5.6  5.7 8.1 7.7 

 DBV19B 5.8  5.6 8.2 7.8 

PEB50/61C 7.3 7.1 10.7 10.1 

PEB158C 7.5 7.6 9.6 9.3 

PEB82C 6.7 6.9 9.0 8.8 

PEB50/61D 7.4 7.5 10.9 10.5 

PEB158D 7.2 7.2 10.2 9.9 

PEB82D 6.9 7.0 9.1 8.8 

PC577 (αβαβ)   

PCB20A 8.0 7.8 10.7 10.7 

DBV50/61B 7.6 6.7 11.4 10.5 

PCB158B 7.9 8.2 10.2 10.4 

PCB82B 6.9 7.3 9.5 9.8 

PCB20C 7.9 7.8 10.4 11.0 

DBV50/61D 7.5 6.6 11.6 10.9 

PCB158D 7.9 8.2 10.3 10.5 

PCB82D 7.0 7.4 9.4 9.7 

PC612 (αβαβ)   

PCB20A 8.1 7.9 9.3 9.4 

DBV50/61B 7.5 6.6 9.2 8.8 

PCB158B 7.9  8.1 9.3 9.4 

PCB82B 7.0 7.4 8.9 9.2 

PCB20C 8.1 8.0 9.4 9.4 

DBV50/61D 7.7 6.8 9.6 8.9 

PCB158D 7.9 8.1 9.4 9.5 

PCB82D 7.0 7.4 8.8 9.1 

PC630 (α1βα2β)   

MBV19A 5.6 5.0 7.2 7.1 

DBV50/61B 7.3 6.3 9.3 8.4 

PCB158B 7.9 8.3 9.3 9.6 

PCB82B 7.0 7.3 8.8 9.0 

MBV19C 5.4 4.9 8.0 8.1 

DBV50/61D 7.2 6.4 9.9 9.2 

PCB158D 7.6 7.9 9.5 9.7 

PCB82D 7.1  7.3 9.0 9.3 

PC645 (α1βα2β)   

MBV19A 5.9 5.3 7.9 7.8 

DBV50/61B 7.3 6.3 9.1 7.9 

PCB158B 7.8 8.0 9.5 9.7 

PCB82B 7.1 7.4 9.0 9.2 

MBV19C 5.5 5.0 8.3 8.3 

DBV50/61D 7.3 6.3 9.6 8.7 

PCB158D 7.6 8.0 9.4 9.6 

PCB82D 7.0  7.4 9.3 9.5 

 

 

 

Figure 3. Representation of the environment surrounding bilin pigments. a) 

DBV50/61D pigment in the PC645 complex with central pyrrole rings interacting with 

Asp54D. b) MBV19A pigment in the PC645 complex with central pyrrole rings 

interacting with a crystallographic water.

Page 8 of 14Physical Chemistry Chemical Physics



Journal Name  ARTICLE 

This journal is © The Royal Society of Chemistry 20xx J. Name., 2013, 00, 1-3 | 9 

Please do not adjust margins 

Please do not adjust margins 

3.3 Absorption spectra 

Because cryptophyte biliproteins are immersed in the lumen,16 

where the �� varies in the range ~5-7 depending on the 

prolongation of the incident sunlight,17 light exposure could 

potentially tune the light harvesting properties of these 

complexes given that protonation/deprotonation could be 

expected to occur in these conditions. However, as discussed 

in Sections 2.1 and 3.1, the accurate prediction of both 

absolute ���  values in water and the corresponding shift upon 

transfer from water to a protein environment are still 

challenging, which may lead to uncertainties of ~1-2 ���  units 

on the acidities reported in Table 3. The relative ���  values for 

the pigments, however, are expected to be more accurate, 

with errors within 1 ���  unit, as illustrated by the systematic 

discrepancy between PROPKA and APBS estimates, which 

otherwise lead to rather similar relative ���s. In order to 

validate our simulations and identify potential systematic 

errors in the predicted acidity constants, we have recorded the 

absorption spectra of four of the complexes (PE545, PC577, 

PC630 and PC645) at �� values ranging from 4.0 to 9.4. Our 

aim is to identify variations in the absorption spectra upon 

varying conditions and correlate them with changes in the 

protonation pattern of the pigments inside the proteins. In 

addition, these measurements allow us to directly test 

whether �� changes in the range ~5-7 as those occurring in 

the lumen could impact the absorption spectra of the 

complexes and thus their photosynthetic function upon 

prolonged light exposure. 

The ��-dependent absorption spectra measured for the 

different complexes are shown in Fig. 4, whereas Fig. 5 shows 

the difference spectra relative to the �� 6.5 curves in order to 

amplify the spectral changes. We additionally show the spectra 

obtained at �� 4.0 and 9.4, in which the trends observed are 

less regular, in Fig. S2 of the Supporting Information. Note that 

at these �� values protonation/deprotonation of protein 

residues and partial unfolding of the complexes may affect the 

absorption spectra, making it more difficult to correlate 

absorption changes to variations in the protonation pattern of 

the pigments.56 Indeed, the absorption spectra of all the 

proteins varies at �� 4, matching the approximate ���  of Asp 

and Glu side chains, but after the eventual deprotonation of 

these aminoacids all spectra remain mostly unchanged as �� 

is increased from 4.6 to 6.5. Thus, it seems unlikely that any 

change in protonation pattern occurs in this range of ��. In 

contrast, we find some appreciable changes in all absorption 

spectra in basic conditions as the �� increases until 9, 

especially for PC630 and PC645 complexes, but also to some 

extent in PE545 and PC577.  

The changes observed in PC645 indicate that the relative 

intensity of the low energy band is reduced. This is consistent 

with the spectral changes predicted recently by Lee and co-

workers arising from deprotonation of MBVs,15 which 

increases the energy of the π→π* transition. As expected by 

the lack of a coordinating anionic residue, MBV pigments are 

predicted to be the least basic bilins in the complex. In this 

case, PROPKA calculations estimate a ���  ~5 for MBVs, 

Figure 4. Normalized absorption spectra of cryptophyte antenna complexes at different �� values. a) PE545, b) PC577, c) PC630 and d) PC645. 
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whereas APBS electrostatic calculations suggest a ���  ~8, 

consistent with the spectral changes occurring at �� > 7. Thus, 

the observed spectral changes suggest that PROPKA 

predictions are underestimating the ���  of these pigments by 

at least 2 units, which we deem reasonable, whereas APBS 

values seem to be rather accurate. Another possibility could be 

that MBVs are indeed already deprotonated in acidic 

conditions, as suggested by PROPKA ���  estimates ~5, so that 

the spectral changes might arise from an eventual 

deprotonation of the central DBV’s in the complex, predicted 

to be slightly more basic than MBVs with a ���  ~6.3. This 

possibility, however, is inconsistent with the fact that the 

spectra remains almost unchanged in the 4.6 – 7.8 �� range, 

as this would suggest a larger difference in acidity among DBVs 

and MBVs. Moreover, the DBVs contribute to the high-energy 

band of the absorption,15,24,25 so we would expect the largest 

spectral changes to occur there instead of the low-energy 

band. Thus, all bilins, including MBVs lacking the anionic 

counterion that interacts with the central pyrrole rings, seem 

to be protonated at the �� range found in the lumen for 

PC645. These findings are in line with negligible changes in 

both spectra and energy transfer dynamics measured for 

PC645 using two-dimensional electronic spectroscopy at �� 

values 5.7, 6.5 and 7.4.57 

In the PC630 complex, we find a similar trend in spectral 

changes compared to PC645, with appreciable changes in the 

spectra occurring only at �� values > 7. As for PC645, we 

expect that deprotonation of MBVs in the complex, rather 

than the central DBVs, is responsible for the changes observed, 

given that protonation of the DBVs and the consequent 

increase in transition energy should mostly impact the high-

energy band of the spectra, whereas MBVs are expected to 

contribute to the low energy bands. In contrast to PC645, in 

PC630 the rise in �� decreases the relative intensities of both 

high and low-energy bands compared to the medium-energy 

region. In addition, there is a slight shift to shorter 

wavelengths both at the red and blue edges of the spectrum, 

leading to an increase in the overall broadening. Because the 

spectra in PC630 is more congested than for PC645, the shift in 

MBV energies seems to have a larger impact on the total 

broadening of the absorption, thus causing an overall decrease 

of the intensity in the normalized spectra shown in Fig. 4, 

which affects both low and high-energy bands. 

In contrast to PC630 and PC645, in PE545 and PC577 the 

absorption is found to be less sensitive to changes in acidity. 

Nevertheless, the trends are similar given that appreciable 

changes in the spectra are only found when the �� is 

increased over 7. This finding supports the idea that most 

bilins are fully protonated in acidic conditions, whereas some 

of them can deprotonate at �� values ∼7 or larger. As 

reported in Table 3, the more acidic bilins in PE545 are the 

central DBV19A and DBV19B pigments, which lack an anionic 

amino acid counterion, with a ���  5.6 and 7.7 according to 

PROPKA and APBS calculations, respectively. The variation 

Figure 5. Normalized difference absorption spectra of cryptophyte antenna complexes at different �� values compared to the spectra at �� 6.5. a) PE545, b) PC577, c) 

PC630 and d) PC645. 
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found at basic conditions on the low energy band are in 

agreement with the expected impact of deprotonation of the 

DBVs, which mainly contribute to the red-edge.28,58 This 

interpretation again suggests that PROPKA ���  predictions are 

underestimated by at least ~2 units, whereas APBS results 

seem to be rather accurate. Otherwise, if most PEB pigments 

in PE545 would have a ���  ~7 as suggested by PROPKA results 

reported in Table 3, we would expect more drastic changes in 

the spectra when the �� is increased from 4.6 to 9.0. As 

shown in Fig. S2, a drastic change is indeed observed at pH 9.4, 

which could be partially caused by deprotonation of most PEBs 

in the complex. Thus, our results support a fully protonated 

form of the DBV pigments lacking the anionic counterion at 

the �� ranges ~5-7 found in the lumen, although some small 

fraction of these pigments could be present in their 

deprotonated form. 

On the other hand, in PC577, as in PC612, all pigments in the 

complex are coordinated either to Asp or Glu. In this case, the 

central DBV50/61B and DBV50/61D pigments are predicted to have 

the lowest ���, close to ~6.7 according to PROPKA, whereas 

APBS simulations predict ���s ~8.8 and ~10.7 in PC612 and 

PC577, respectively. In PC577, indeed, several PCBs are found 

to be more acidic than the DBVs. The changes observed in the 

PC577 spectra are again consistent with our overall 

interpretation, as we find almost no changes when the �� is 

increased from 4.6 to 6.5, and only a small decrease in the 

relative intensity of the maximum absorption band located at 

~577 nm when the �� is further increased until 9.0. Because 

the central DBVs are expected to contribute to this high-

energy band,5 these spectral changes could be caused by a 

progressive deprotonation of the DBV pigments at basic 

conditions, but it is also possible that the changes reflect 

partial deprotonation of the PCBs. Nevertheless, the results 

support again the accuracy of APBS estimates. Due to the high 

similarity between PC612 and PC577 in terms of structure, 

spectra and predicted ���, we expect the same situation to 

happen in PC612. 

Conclusions 

In this study we have addressed the protonation preferences 

of four types of bilin pigments (PEB, PCB, MBV and DBV) found 

in different antenna complexes from cryptophyte algae, 

including three "closed" (PE545, PC630 and PC645) and two 

"open" forms (PC577, PC612). We applied SCS-MP2 quantum 

chemical calculations extrapolated to the CBS limit, 

supplemented with CCSD corrections, as well as SMD and MST 

continuum solvation calculations to predict the intrinsic acidity 

of model bilins (lacking the propionate side chains), leading to 

���  values of ~6-7 in aqueous solution. The results point out 

that deprotonation of bilins is expected to occur at any of the 

central B and C pyrrole rings, which are predicted to have 

similar acidities, given the amide character of the nitrogens in 

the outer rings (A and D). We then investigated the impact of 

the propionate side groups and of the specific protein 

environment on the ���s using PROPKA and APBS 

calculations, and critically assessed the predictions through 

comparison with the absorption spectra of the complexes 

measured in the �� range from 4.0 to 9.4. Our simulations 

predict a strong impact of the local environment in the 

protonation preferences of bilins, leading to both increases as 

well as decreases in their acidities according to PROPKA and 

APBS estimates. These two methods lead to consistent relative 

���  values, but present a systematic difference of ~2 ���  

units. The analysis of the absorption spectral changes observed 

upon increasing �� values, however, support the accuracy of 

APBS estimates and suggest that PROPKA predictions are 

underestimated by ~2 ���  units, given that appreciable 

variations in the spectra of the complexes are only observed at 

�� ~7 and found to be consistent with deprotonation of the 

DBV and MBV pigments lacking a coordinated anionic residue.  

Thus, spectral changes support our APBS results, which 

indicate approximate ���  values ~8-11 for PCBs, PEBs and 

DBVs in which the central pyrrole rings interact with an anionic 

Asp or Glu counterion, as also found for PCBs in the C-PC 

complex of cyanobacteria, whereas a ���  ~7-8 is estimated for 

DBVs and MBVs lacking such counterion in PE545 and 

PC630/PC645 complexes, respectively.  

The present results thus suggest that most bilins in 

cryptophyte complexes are expected to be fully protonated 

when the �� varies on the range ~5-7 in the lumen, depending 

on the prolongation of light exposure, although some minor 

fraction of DBV and MBVs could also be deprotonated at �� ~ 

7. Nevertheless, protonation/deprotonation is not expected to 

change the light harvesting pathways and dynamics in the 

complexes at physiological conditions. This information will be 

useful to derive improved models aimed at understanding the 

interplay between the protein environment and energy 

transfer dynamics in cryptophytes, including the observation 

of persistent vibronic coherences in "closed" forms of these 

antenna proteins. 
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