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ABSTRACT Proteorhodopsin (PR) is a microbial proton pump that is ubiquitous in marine environments and may play an

important role in the oceanic carbon cycle. Photoisomerization of the retinal chromophore in PR leads to a series of proton trans-

fers between specific acidic amino acid residues and the Schiff base of retinal, culminating in a proton motive force to facilitate

ATP synthesis. The proton donor in a similar retinal protein, bacteriorhodopsin, acts as a latch to allow the influx of bulk water.

However, it is unclear if the proton donor in PR, E108, utilizes the same latch mechanism to become internally hydrated. Here,

we used molecular dynamics simulations to model the changes in internal hydration of the blue variant of PR during photoacti-

vation with the proton donor in protonated and deprotonated states. We find that there is a stark contrast in the levels of internal

hydration of the cytoplasmic half of PR based on the protonation state of E108. Instead of a latch mechanism, deprotonation of

E108 acts as a gate, taking advantage of a nearby polar residue (S61) to promote the formation of a stable water wire from bulk

cytoplasm to the retinal-binding pocket over hundreds of nanoseconds. No large-scale conformational changes occur in PR over

the microsecond timescale. This subtle yet clear difference in the effect of deprotonation of the proton donor in PR may help

explain why the photointermediates that involve the proton donor (i.e., M and N states) have timescales that are orders of magni-

tude different from the archaeal proton pump, bacteriorhodopsin. In general, our study highlights the importance of understand-

ing how structural fluctuations lead to differences in the way that retinal proteins accomplish the same task.

INTRODUCTION

Proteorhodopsin (PR) is a microbial proton pump that was

first identified in marine phytoplankton (1), and its discov-

ery spawned the field of metagenomics. Two variants of

PR exist (green PR (GPR) and blue PR (BPR) (2)) that

have adapted to optimize the depth-dependent wavelengths

of light at which they reside in the ocean. Since their initial

discovery, PR-encoding genes have also been found in

freshwater bacteria (3), soil-bound bacteria (4), viruses

(5), and eukaryotes (6). Although the exact biological role

of PR is undetermined, it may be a vital component in

several marine ecosystems, notably the carbon cycle for

degradation of complex organic matter (7) and as a second-

ary source of ATP synthesis in iron-deficient regions of the

ocean (8). In addition, PR has the potential for applications

in solar-to-chemical energy conversion (9).

PR is a member of the microbial retinal protein family,

proteins with a seven-transmembrane a-helical topology

and a retinal chromophore that is covalently bound to a

lysine residue on helix G. Absorption of a photon of light

leads to an all-trans to 13-cis isomerization, initiating

the photocycle (10). This structural rearrangement of the

retinal-binding pocket leads to a shift in the pKa of key

acidic residues in the interior of PR that allows for proton

transfers to take place (the proton acceptor (D97), proton

donor (E108), and proton release group (as yet unidenti-

fied)) (11) (Figs. 1 and S1). Each proton transfer is charac-

terized by a spectroscopically distinct photointermediate,

with the end product being a net transport of one proton

across the inner membrane to the periplasmic space of the

bacterial cell. This proton gradient can then be used for syn-

thesis of ATP.

The majority of what we know about microbial proton

pumps comes from decades of research on bacteriorho-

dopsin (bR) (12–14). Although many similarities exist

between bR and PR, PR possesses several unique character-

istics that must be elucidated to fully understand how it gen-

erates a proton motive force. The timescales for the first half

of the photocycle of GPR are noticeably faster than that of

bR (14,15), even though the complete photocycle of PR is

an order of magnitude slower (16). In addition, the pKa of

the proton acceptor is noticeably higher (7.1–7.6 (10,17))

than bR (2.6 (18)), leading to an ability for PR to invert

the direction of proton pumping at a low pH (19). In bR,
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the proton release group is composed of a pair of glutamic

acids (20), but in PR there is a lack of corresponding resi-

dues. Finally, a single residue in the retinal-binding pocket

at position 105 (a leucine in GPR and a glutamine in

BPR) acts as a color-tuning switch between the two variants

of PR (21).

The cytoplasmic half of both bR and PR undergo large-

scale conformational changes that allow for an influx of

bulk water in the later stages of their respective photocycles

(14). This influx is necessary to form a stable water wire to

bridge the 10- to 15-Å gap that exists between the proton

donor and the protonated Schiff base (PSB) of retinal and

allow for proton transfer through a Grotthuss mechanism

(22–25). In bR, the proton donor controls the outward move-

ment of helices E, F, and G; deprotonation of this residue

leads to the opening of the protein on the nanosecond time-

scale (26). This rapid release of the helical bundle in bR

(i.e., ‘‘latch mechanism’’) has a twofold purpose: 1) to

form the water wire and 2) to prevent backflow of protons

that impede the photocycle (27). Although PR has a gluta-

mic acid (E108) in the same position as the proton donor

in bR, it lacks a pair of glutamic acids that act as a proton

uptake complex (28) as well as a hydrogen-bonding partner

in helix B that lies directly across from the proton donor

(12). In addition, an acidic residue as the proton donor is

not conserved among other PR-like proton pumps, such as

a lysine in Elasmotherium sibiricum rhodopsin (29) and a

histidine on helix B in eubacterial proton pumps (30). Our

recent computational study of PR hinted that the protonation

state of the proton donor in PR may have a more subtle in-

fluence on the internal hydration of protein because we did

not observe the latch mechanism seen in bR (31).

In this work, we set out to characterize the effect of pro-

tonation of the proton donor in blue PR, E108, on the early

photointermediates of the PR photocycle using molecular

dynamics (MD) simulations. The most well validated struc-

ture of PR is from the blue variant in the dark state (32),

limiting us to a microsecond-timescale investigation of the

dark and K states. (Deprotonation of E108 normally occurs

during the formation of the N photointermediate in the pho-

tocycle). We find that deprotonation of E108 controls the

interior hydration of the cytoplasmic half of PR, with full

hydration occurring over hundreds of nanoseconds. Unlike

in bR, there is no large-scale conformational change associ-

ated with deprotonation of the proton donor; rather, E108

acts as a gate that opens and closes to allow or deny access

to the internal water channel. In addition, we observe a sig-

nificant degree of cross talk between E108 and the color-

tuning switch in PR as well as differences in interactions

of the retinal-binding pocket that may help explain how pro-

ton release occurs in PR.

METHODS

Equilibrium MD

The x-ray crystal structure of BPR from Med12 in the dark state (Protein

Data Bank (PDB): 4JQ6) (32) was used as the starting structure. Missing

loops were modeled based on the loops of the NMR structure of GPR

(PDB: 2L6X) (33). We have truncated the N- and C-termini (D9 to S231

are included) and have numbered residues based on GPR.

Two sets of equilibrium MD simulations were carried out based on the

protonation state of E108. In the protonated state, the Od2 oxygen of the car-

boxylic group is protonated, and in the deprotonated state, both oxygens of

the carboxylic terminal group are deprotonated. In the protonated state of

E108, partial charges of the terminal OE1, OE2, and HE2 atoms

are �0.55, �0.61, and 0.44, respectively. The carboxylic OE1 and OE2

atoms in the deprotonated state of E108 have equal partial charges

of �0.76. The ionization states of all other residues are identical between

the two sets of simulations. Based on our earlier simulations of PR (31),

we protonated H75 on the Nd atom of the imidazole ring. The putative pro-

ton release group, E142, is deprotonated because its pKa is reported to

be <7.5 in BPR (34).

FIGURE 1 PR functions as a proton pump. The

tertiary structure of BPR (PDB: 4JQ6) is located on

the left. The chemical structure of retinal and

important residues in the photocycle of PR is

located on the right. Upon photoisomerization of

retinal (RET), PR proceeds through its photocycle,

utilizing a series of proton transfers to facilitate

proton pumping. The initial proton transfer occurs

from the protonated Schiff base (PSB) to the pro-

ton acceptor, D97. The Schiff base then becomes

reprotonated by the proton donor, E108. E108 is

then protonated from bulk cytoplasm, and D97

donates its proton to the putative proton release

group, E142, allowing an excess proton to be

released in the the periplasmic space. CY, cyto-

plasmic side of the inner membrane; PP, periplas-

mic side of the inner membrane. To see this

figure in color, go online.
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PR with protonated E108 was placed within 160 lipid molecules (80 per

leaflet) with a molar ratio of 3:1 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-

phoethanolamine/1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoglycerol as a

proxy for a gram-negative inner membrane (35) using the replacement

method (36,37) of the CHARMM-GUI server (http://www.charmm-gui.

com) (38,39). After solvation with 7867 water molecules (transferable

intermolecular potential with three points) and ionization with 44 sodium

ions (to neutralize the system), the total system size was 47,288 atoms.

The corresponding system with deprotonated E108 has 129 lipids (65 and

64 in upper and lower leaflets, respectively) with the same 3:1 molar ratio

of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphoethanolamine/1-palmitoyl-2-

oleoyl-sn-glycero-3-phosphoglycerol. There were 7030 water molecules,

38 sodium ions, and 1 chloride ion for a total of 40,880 atoms.

The systems were minimized and equilibrated with NAMD 2.10 (40)

based on the CHARMM-GUI protocol with the CHARMM c36 force field

for lipids and proteins (41). The minimization and equilibration protocol in-

volves six steps that gradually remove restraints from the protein backbone,

lipids, water molecules, and ions over 375 ps (36). Retinal force field pa-

rameters were obtained from Scott Feller (42,43). After equilibration, the

systems and force fields were converted to formats compatible with Assis-

ted Model Building with Energy Refinement (AMBER) in CHAMBER

(44), and all production simulations were run with AMBER 12 and

AMBER 16 packages with graphics processing unit acceleration (45,46).

All equilibrium MD simulations were run in the NPT ensemble at 300 K

and 1 bar using a Langevin thermostat and a Berendsen barostat (relaxation

time of 8 ps) with a 2 fs timestep. A cutoff of 8 Åwas applied for nonbonded

interactions. To initiate K-state simulations through all-trans to 13-cis

isomerization of retinal, the torsional potential of the C13¼C14 bond

was temporarily lowered, as has been done previously for PR (31) and

rhodopsin (47).

Thermodynamic integration

Thermodynamic integration (TI) is a technique that determines the free en-

ergy associated with an alchemical transformation between two states

(48,49), defined as

DA ¼

Z 1

0

�

dHðx; rx; lÞ

dl

�

l

dl; (1)

whereH is theHamiltonian of the system and l is the coupling parameter that

represents the transition from deprotonated (l ¼ 0) to protonated (l ¼ 1) in

E108. The parameters x and rx are the coordinate and momentum, respec-

tively. Snapshots were taken from dark-state equilibrium MD simulations

with E108 protonated as starting coordinates for TI calculations. A dual to-

pology was assigned to E108, one for each protonation state. Initial TI sim-

ulations were run at 16 l values equally spaced between 0 and 1. Follow-up

TI simulations were carried out from l¼ 0.0 to 0.1 at 0.02 intervals to avoid

overestimates of hdU
dl
i as l approaches zero. A soft-core potential was also

used to avoid end-point catastrophes at l ¼ 0 and 1. TI simulations were

run in NAMD 2.12 (40) in the NVT ensemble with T ¼ 310 K and with a

0.5 fs timestep for 20 ns for each l value. A cutoff of 12 Åwith force-switch-

ing at 10 Åwas applied for nonbonded interactions. The trapezoidal rulewas

used to calculate the free energy of transformation, which was subsequently

used to obtain the pKa of E108.

Analysis

Visual MD (50) was used for analysis of angles, interatomic distances, sol-

vent accessibility, hydrogen bonds, and root mean-squared deviation. Im-

ages of representative snapshots were rendered in either visual MD or

PyMOL (51). Water density maps were calculated with MDAnalysis

(52). CAVER 3.0 (53,54) was applied to each trajectory every 4 ns to detect

cavities inside PR that could allow diffusion of water. The probe radius was

0.8 Å, with a shell radius of 3 Å and a shell depth of 4 Å. A threshold of 10

was used for clustering tunnels. For hydrogen bond analysis, a distance

threshold of 3 Å and an angle threshold of 20� was used (where the angle

is defined by the vectors of 1) the heavy atom of the hydrogen bond donor

and the hydrogen of the hydrogen bond donor and 2) the heavy atom of the

hydrogen bond acceptor and the hydrogen of the hydrogen bond donor).

N-body information theory was used to identify the correlation of dynamics

between distant residues. The methodology uses configurational entropy of

molecules in MD trajectories to identify distal residues that communicate

with each other or organize dynamics within functional sites (55,56).

RESULTS AND DISCUSSION

Deprotonation of E108 leads to an increase in

hydration from bulk cytoplasm

A detailed examination of the proton donor, E108, reveals

that titration of the side chain has a very specific purpose:

to prohibit internal hydration and subsequent interaction

with the PSB. At the most fundamental level, this function

manifests itself in the orientation of the E108 side chain.

In the dark state, the c1 dihedral has a dominant conforma-

tion at �70�, regardless of protonation state. However, the

c2 dihedral is highly dependent on protonation state of

E108: when protonated, c2 predominantly has a 5180�

orientation, leading to a linear conformation that occludes

the interior channel of the cytoplasmic half of PR from

bulk cytoplasm (Figs. 2 A, S2, and S3). In contrast, when

E108 is deprotonated, the c2 dihedral is �65�, correspond-

ing to an outward rotation toward bulk cytoplasm. (We

would emphasize that although our simulations are well

beyond the timescale for the dark-state/ K-state transition

(picoseconds), the effects of deprotonation of E108 reported

here occurred in a majority but not all of our trajectories.

Further discussion can be found in the Supporting Material.)

Upon isomerization of retinal and the transition to the K

state, the side-chain orientation when E108 is deprotonated

is largely unaffected. In contrast, when E108 is protonated,

both the c1 and c2 dihedral angles shift to a bimodal distri-

bution, with a loss of sampling in the region of �70�, 60�

(c1, c2) (Fig. 2 B). The corresponding rearrangement of

the sampling landscape of the E108 side chain in the proton-

ated state indicates that the side chain prefers to be in a

completely linear orientation. This indicates that there is a

degree of coupling existing between E108 and retinal that

will be discussed below. In addition, we can further charac-

terize the hydration of the side chain of E108 by calculating

its solvent-accessible surface area (SASA). It appears that a

dihedral orientation of 5180� at either of the c dihedrals is

sufficient to prevent the interior channel of PR from

becoming hydrated: in both the dark and K states, the

SASA of the side chain of E108 when protonated is less

than 10 Å2 (i.e., essentially dehydrated) (Fig. S4). In

contrast, the SASA of E108 when it is deprotonated fluctu-

ates from 20 to 80 �A
2
(Fig. S4).

When expanding the scope of analysis beyond E108, we

see that the protonation state of E108 also has a marked

Faramarzi et al.

1242 Biophysical Journal 115, 1240–1250, October 2, 2018



effect on its interactions with a polar residue in helix B,

S61 (Table 1). In the protonated state, the side chain of

E108 is much less likely to lie within a range in which it

is possible to form a hydrogen bond with S61. However,

upon deprotonation, the distance between the side chains

of E108 and S61 becomes noticeably smaller (1–3 Å), to

the point at which a stable hydrogen bond is formed on

the microsecond timescale (Figs. 3 A and S5). Inspection

of the cytoplasmic half of PR shows that the hydrogen

bond between E108 and S61 is essential to facilitate inte-

rior hydration of the cytoplasmic half of the protein

(Fig. 3 B). When E108 is protonated, the side chain of

the residue is oriented toward the PSB, occluding the prox-

imal space of the binding pocket and preventing formation

of a coordinated system of water molecules. In contrast,

when E108 is deprotonated, the hydrogen bond formed

with S61 provides a stable checkpoint for intercalated wa-

ters to diffuse into and out of the interior channel, connect-

ing the retinal-binding pocket with bulk cytoplasmic

solvent. This result is consistent with our previous study

(31) and is also conserved in other retinal proteins closely

related to PR: in E. sibiricum rhodopsin, this residue is a

threonine, and in xanthorhodopsin and the sodium pump

KR2, it is a serine. Most notably in bR, the proton donor,

D96, forms a hydrogen bond with T46. In crystal structures

of bR in the dark and N states, this hydrogen bond rear-

ranges to accommodate an influx of waters from the cyto-

plasm (12,57). Specifically, D96 recruits waters from bulk

cytoplasm, and in the progression toward the N photointer-

mediate, the interaction of the T46 and D96 side chains

provides a key stabilizing force for a water molecule to

diffuse between the two. The unique aspect of the

conserved behavior between PR and bR with respect to

this hydrogen bond is that S61 lies 1.5 turns farther away

from the interior of PR on helix B: the side chain of

E108 is predisposed to have a c2 dihedral that favors an

orientation that facilitates the formation of the hydrogen

bond (Fig. S5).

A marked contrast from bR in our simulations is that there

is no large-scale conformational change in the cytoplasmic

side of the protein upon deprotonation of E108. MD simula-

tions of the different photointermediate states of bR, with

the proton donor either protonated or deprotonated, showed

that deprotonation of the proton donor led to a rapid opening

of the cytoplasmic side of the protein (26) (i.e., within

50 ns). It was hypothesized that the proton donor serves as

a ‘‘latch,’’ with deprotonation triggering the release of this

FIGURE 2 Protonation state of E108 strongly influences its side chain-orientation. (A) Normalized histograms of the c1 and c2 dihedral angles of E108 in

the dark state are shown. When E108 is protonated (black), the dominant orientation of the c2 dihedral is 5180�, leading to a fully extended side chain and

blockage of the interior channel from the cytoplasmic end of PR to the retinal-binding pocket. When E108 is deprotonated (red), the dominant c2 dihedral

is �65�, i.e., allowing the side chain to be oriented away from the retinal-binding pocket and opening the cytoplasmic half channel inside the protein for

hydration from bulk solvent. Unlike c2, the dominant orientation of the c1 dihedral for E108 in both protonated (black) and deprotonated (red) states

is �60�, leading to the conclusion that the c2 dihedral angle is the determining factor in side-chain orientation of E108 in the dark state. (B) Normalized

histograms of the c1 and c2 dihedral angles of E108 for PR in the K state are shown. No noticeable changes occur for the side-chain orientation of the de-

protonated state of E108 for both c1 and c2 (red). However, the bimodal distribution of the c1 and c2 side-chain orientation of E108 between closed and open

conformations when protonated (black) undergoes a shift; c2 becomes more evenly distributed, whereas c1 shifts toward5180�, leading to transient access

of bulk waters to the interior of the protein. Circles highlight the shift of the c1 and c2 side-chain orientation from the dark to the K state when E108 is

protonated. deg, degree. To see this figure in color, go online.

TABLE 1 Fraction of Time a Hydrogen Bond Forms between

E108 and S61 in PR

System Dark State K State

Protonated 0.18 0.20

Deprotonated 0.55 0.40

Cytoplasmic Hydration of Proteorhodopsin
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latch. A subsequent study on a triple mutant of bR in which

the dark-state conformation had an open cytoplasmic end

showed that this fast response of the latching mechanism

may play a vital role in preventing backflow of protons

into bulk cytoplasm (27). More recently, it was revealed

that proton uptake in bR utilizes a cluster of residues to sta-

bilize interactions of the proton donor with bulk cytoplasmic

waters, leading to modulation of the later stages in the pho-

tocycle (28). PR does not possess a corresponding aspartic

acid residue, so it would make sense that the proton donor

behaves differently from bR. Based on our simulations of

PR in the dark and K states, it appears that the proton-

ation-dependent orientation of E108 is sufficient to control

passage of waters into the cytoplasmic half channel of PR.

We do not observe any major conformational fluctuations

of the protein based on root mean-squared fluctuations

(Fig. S6).

To further characterize the local environment around

E108, we carried out TI calculations. The pKa of E108

when PR is in the dark state based on these calculations

is 10.3. No pKa of E108 in BPR has been determined

experimentally; studies on GPR have determined that the

pKa of E108 is at least >8.5 (19) or that it is similar to

the proton donor in bR (>11) (10). This pKa is well above

the pH of marine environments (around 7.6), meaning that

E108 would remain protonated in the dark state. Deproto-

nation of E108 would presumably occur when the local

environment undergoes rearrangement to expose the resi-

due to bulk water, i.e., during the outward tilt of helices

F and G that is characteristic of the M / N transition.

Our TI calculations are consistent with what is known

about proton donors in retinal proteins; because the cyto-

plasmic side of PR in our simulations has not opened,

the area around E108 has yet to shift from a hydrophobic

to a hydrophilic environment. This shift is a prerequisite

for decreasing the pKa of the proton donor to facilitate pro-

ton transfer from E108 to the Schiff base. These calcula-

tions also help emphasize how PR is markedly different

from bR with respect to the proton donor, as deprotonation

of the proton donor led to large-scale conformational

changes in bR regardless of the photointermediate that

was used as a starting structure (26). The presence of a pro-

ton switch on the third transmembrane helix is also impor-

tant in several class A G-protein-coupled receptors; in

rhodopsin, E134 is part of an ionic lock that releases

the cytoplasmic half of the protein to allow for reprotona-

tion of the Schiff base and activation of the G-protein,

transducin (58,59).

Long-range effects of the protonation of E108 on

hydration in PR

Inspection of the entire protein reveals that the protonation

state of E108 has long-range effects as well. In most retinal

proteins, the cytoplasmic half channel between the proton

donor and the Schiff base undergoes subtle rearrangements

immediately after photoactivation. It is only in the later

stages of the photocycle (N and O states) that large-scale

conformational changes in the cytoplasmic side of PR

take place (14). This lack of large changes within the protein

is also the case in our simulations. For both protonation

states of E108, the distance between the side chain of

E108 and the PSB remains fairly stable in both the dark

and K states (Fig. 4 A). It appears that the side-chain orien-

tation of E108 is the major determining factor in internal hy-

dration of the cytoplasmic half channel; when E108 is

protonated, 1–2 water molecules diffuse into the channel,

whereas when E108 is deprotonated, we observe an influx

of water (up to 10 water molecules in the K state)

(Fig. 4 B). Interestingly, this increase in hydration for the de-

protonated form of E108 is not restricted to the cytoplasmic

half of PR. The periplasmic half of PR remains largely de-

hydrated in the dark state and with E108 protonated; when

E108 is deprotonated, 2–3 times as many waters diffuse

into the protein (Fig. 4 C). After isomerization of retinal,

the levels of hydration between the protonation states of

FIGURE 3 E108 shows a noticeably higher propensity to form a

hydrogen bond with S61 in the deprotonated state. (A) A histogram of

the distance between the center of mass of the two terminal oxygens of

E108 and the hydrogen of S61 is shown. When E108 is deprotonated

(red), the side chain of the acidic residue is in much closer proximity to

the side chain of S61, facilitating the formation of a hydrogen bond. In

contrast, when E108 is protonated (black), the distance between the side

chains of E108 and S61 is usually too large to form a direct hydrogen

bond. This relationship stays consistent for both the dark (top) and K (bot-

tom) states. (B) Representative snapshots of the cytoplasmic interior of PR

when E108 is in the protonated (top) and deprotonated (bottom) states are

shown. Sticks indicate the residues involved in the interaction of waters

from bulk cytoplasm to the retinal (RET)-binding pocket, spheres indicate

the water molecules, and ribbons indicate helices B (left) and C (right) of

PR. To see this figure in color, go online.
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E108 becomes indistinguishable. This behavior indicates

that E108 may be subtly influencing the retinal-binding

pocket, as will be discussed in more detail below.

If we look at the average water density of the interior of

the protein for both protonation states of E108 in the dark

and K states, a clearer picture of the mechanism of proton

pumping emerges. When E108 is deprotonated, two stable

half channels of water, connected by retinal, form from

the cytoplasmic to the periplasmic side of the protein

(Fig. S7). This continuous water channel exists regardless

of the dark or K state. In contrast, when E108 is protonated,

only the periplasmic half channel becomes hydrated and

only in the K state. If we analyze the formation of these

half channels, identifying potential half channels that exist

at a given frame in our trajectories, we observe similar

behavior. A significantly larger number of pathways exist

in the cytoplasmic side of PR when E108 is deprotonated,

whereas few pathways exist when E108 is protonated. In

the periplasmic half of PR, a large number of pathways exist

in both photointermediates when E108 is deprotonated, and

when E108 is protonated, a transition from few to many

pathways occurs from the dark to the K state (Fig. 5). The

gating mechanism we have observed with E108 has been

determined as a function of the ionization of E90 in chan-

nelrhodopsin with Fourier transform infrared experiments

and MD simulations (60). To the best of our knowledge,

this is the first time that such an effect has been elucidated

for E108 in PR.

In terms of the overall photocycle of PR, our observa-

tions bring support to the notion that PR has both similar

and unique characteristics among microbial retinal pro-

teins. Proton release in bR occurs through the utilization

of two glutamic acids that act as a proton ‘‘diode’’

(20,61), but there is no corresponding set of residues in

PR. In addition, proton release in bR occurs in the

L / M transition, whereas in PR, it occurs during the

last step of the photocycle (10). Our previous simulations

showed that photoisomerization of retinal proceeding into

the K state was sufficient to allow an influx of water into

the periplasmic half channel of BPR, aided by a hydrogen-

bonded network centered around R94 and three tyrosine

residues (31). Given the fact that the majority of confor-

mational change that takes place in the photocycle of PR

and bR occurs in the cytoplasmic half of the protein

(14), our previous and current results are not surprising.

However, the proton transfer we have focused on in this

study (i.e., E108 to the Schiff base) that is characteristic

of the M / N transition does not have a conserved set

of residues in PRs. Several classes of proteobacteria with

retinal-based proton pumps utilize nonacidic residues as

FIGURE 4 Deprotonation of E108 has proximal and distal effects on the hydration of BPR. (A) The distance between the PSB and carboxylate side chain

of E108 in the deprotonated (red) versus the protonated (black) states in the dark (left) and K (right) states is shown. Simulations with E108 in the depro-

tonated state have a much larger separation in the cytoplasmic half channel, because of how the orientation of the E108 side chain is away from the retinal-

binding pocket. (B) The number of water molecules in the cytoplasmic half-channel of PR, defined as the region inside PR between the nitrogen of the Schiff

base and the carboxylic oxygen of E108. The number of waters when E108 is deprotonated (red) steadily increases in the dark state (left), whereas the cyto-

plasmic half channel stays dehydrated when E108 is protonated (black). In the K state (right), hydration fluctuates more but remains around four waters when

E108 is deprotonated, whereas when E108 is protonated, the protein remains dehydrated. (C) The number of water molecules in the periplasmic (PP) half-

channel of PR, defined as the region inside PR between the nitrogen of the Schiff base and the carboxylic carbon of E142. In the dark state (left), both titration

states of E108 lead to an increase in internal hydration, with a more noticeable increase when E108 is deprotonated (red). In the K state (right), the number of

waters fluctuates but remains at about 20 water molecules with E108 in the deprotonated state. When E108 is protonated (black), hydration increases after

isomerization of retinal, stabilizing around 20 waters. (D) Representative snapshots of PR with E108 protonated (top) or deprotonated (bottom) are shown.

The surface indicates bulk water; ribbons indicate the backbone of PR, sticks indicate the retinal, and spheres indicate individual internal water molecules.

Schiff base and E108 side chains are highlighted for clarity. To see this figure in color, go online.
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a proton donor, most notably E. sibiricum PR, which uses

a lysine (4), and Pseudomonas putida and Pantoea ana-

natis PRs, which use a glycine (30). This may be an indi-

cation that the gating mechanism we have observed in our

simulations is a simpler route to hydration of the cyto-

plasmic half channel of PR that allows for mutations of

the proton donor mentioned above while still retaining

function.

Deprotonation of the proton donor perturbs the

retinal-binding pocket in PR

All retinal proteins require a coordinated hydrogen-

bonded network within the retinal-binding pocket to stabi-

lize the PSB in the dark state (Fig. 1). In bR, the closest

homolog to PR, this network is formed by a pentameric

arrangement of three water molecules with the D85 and

D212 counterions (12). The crystal structure of BPR

does not have a high enough resolution to identify any wa-

ters within the binding pocket (32), but the arrangement of

the PSB and counterions is very similar to the retinal-bind-

ing pocket of bR in the dark state. We observe that after

diffusion of water into the interior of PR, a stable pen-

tameric arrangement of waters forms, consistent with

other microbial proton pumps (62,63) (Fig. 6 A). In addi-

tion, the protonation state of E108 does not perturb the

formation of the pentameric water cluster. Upon all-trans

to 13-cis isomerization of retinal to generate the K photo-

intermediate, the hydrogen of the PSB rotates away from

the aspartate counterions and is no longer available to

form hydrogen bonds with the water cluster. The behavior

of the retinal polyene chain after isomerization is consis-

tent with the slight out-of-plane rotation around the

C14–C15 bond that was recently observed with solid-state

NMR in the dark- to K-state photoactivation of GPR (64)

(Table 2). This leads to a subsequent shift in the waters

and counterions; one water molecule remains to coordi-

nate with D97 and D227, but the side chains of the coun-

terions now form direct hydrogen bonds with R94

(Fig. 6 B). This rearrangement within the retinal-binding

pocket is the initial event that leads to an influx of waters

from the periplasmic space, as shown from our previous

study of PR (31).

In particular, of the two aspartic acid residues in the bind-

ing pocket (D97 and D227), D227 is the only one that

directly forms a hydrogen bond with the PSB (Table 3).

The closer interaction of D227 with the PSB compared to

D97 is structurally consistent with the x-ray structure of

BPR (32). In addition, this stable interaction under dynamic

conditions helps validate earlier experimental investigations

of the structure-function relationship of PR. One of the first

studies to examine the PR photocycle with a D227N point

mutant determined that D227 was responsible for selectivity

of the retinal photoisomerization (predominantly 13-cis

(65)). A more recent pump-probe and flash photolysis study

showed that D227 is able to modulate the pKa of the Schiff

base, partially contributing to the abnormally high pKa of

the proton acceptor (�7.1–7.6) with respect to that of bR

(2.6) (66). We observe this direct interaction only in the

dark state; after isomerization of retinal, the PSB rotates

away from D97 to D227 as mentioned above (Figs. S8–

S11). Deprotonation of E108 does not have any significant

effect on this arrangement.

The residue at position 105 is the major determinant in

the difference of spectral absorption between green and

blue variants of PR: in BPR, it is a glutamine, whereas

in GPR, it is a leucine. The glutamine residue in BPR is

able to alter the electrostatic environment of the Schiff

base. Earlier quantum mechanical calculations on a homol-

ogy model of BPR in the dark state suggested that Q105

specifically influences the electronic environment around

H15 of the retinal polyene chain through the formation

of a hydrogen bond (67), and subsequent Fourier transform

FIGURE 5 Available pathways for diffusion of water change as a func-

tion of protonation state of E108 and photoactivation of PR. (A) CAVER

3.0 was used to identify tunnels large enough to accommodate diffusion

of water from outside PR to the retinal-binding pocket in the dark state.

Significantly more water-accessible pathways exist in the cytoplasmic

half channel of PR when E108 is deprotonated. Same-colored tunnels repre-

sent pathways from a particular cluster. Protonated E108 is located on the

left, and deprotonated E108 is located on the right; sticks indicate the

retinal. (B) Water-accessible tunnels in PR in the K state, identified with

CAVER. Although the greatest number of tunnels are present when E108

is deprotonated, an increase in the number of tunnels is also observed for

simulations when E108 is protonated. Coloring and representations are

the same as in (A). CY, cytoplasmic; PP, periplasmic. To see this figure in

color, go online.
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infrared spectroscopy studies showed that Q105 interacts

with the Schiff base in both the dark and K states (34).

In addition, a solid-state NMR study on a L105Q mutant

of GPR showed that the presence of the glutamine side

chain disrupts the conjugated p system of the polyene

chain, leading to a defect in the electronic environment

(68). Interestingly, we observe that the protonation state

of E108 has a long-range effect on the interaction of

Q105 with the retinal chromophore. In the dark state and

when E108 is deprotonated, the carbonyl oxygen in the

side chain of Q105 is too far to form a hydrogen bond

with H14 (i.e., >5 Å; Figs. 7 A and S12). However, if

E108 is protonated in the dark state, the side chain of

Q105 is close enough to influence the electrostatic environ-

ment of the retinal polyene chain (�5 Å; Fig. S13). Upon

photoisomerization of retinal to initiate the K state, the dis-

tance between Q105 and H14 decreases to the point that a

stable hydrogen bond can form, regardless of the proton-

ation state of E108 (Fig. 7B) (69–71). This distance has a

bimodal distribution for both protonation states of

E108; however, when E108 is protonated, it is more

than twice as likely to form a hydrogen bond (i.e.,

<3 Å) than when it is deprotonated.

CONCLUSION

We have studied the effect of the protonation state of the

proton donor on the hydration and color tuning of BPR in

the early stages of photoactivation. When E108 is proton-

ated, its side chain is oriented toward the retinal-binding

pocket, preventing internal hydration of the cytoplasmic

half channel. Upon deprotonation, the side chain of

E108 rotates outward, facilitating the formation of a sta-

ble water channel from bulk cytoplasm to the retinal-bind-

ing pocket, in essence acting as a gating mechanism. In

addition, deprotonation of E108 has distal effects on PR.

In the dark state, deprotonation of E108 leads to an in-

crease in hydration of the periplasmic half channel that

is normally characteristic of the K state. In addition, de-

protonation of the proton donor destabilizes interactions

of the color-tuning switch, Q105, with the retinal polyene

chain. Although a comprehensive picture of the proton

transfers that occur during the photocycle of PR remains

to be fully elucidated, our study highlights the ability of

MD simulations to aid in characterizing subtle details

that lead to differences in retinal proteins that act as pro-

ton pumps.

FIGURE 6 Pentameric water cluster is disrup-

ted upon photoactivation of PR. (A) A snapshot

of the retinal-binding pocket of PR with proton-

ated E108 in the dark state. Sticks indicate the

retinal (green) and important amino acid residues

(gray) in the binding pocket, spheres indicate wa-

ters involved in the hydrogen-bonded network

with the PSB and counterions, red indicates oxy-

gen, white indicates hydrogen, blue indicates ni-

trogen, and yellow dashes indicate hydrogen

bonds. The hydrogen on the PSB is rendered as

a sphere. Waters and the hydrogen of the PSB

are highlighted in cyan. (B) A snapshot of the

retinal-binding pocket of PR in the K state is

shown. After all-trans to 13-cis isomerization of

retinal (dashed arrow), the PSB rotates away

from the counterions, leading to a rearrangement

of the water cluster. Orange sticks indicate the

retinal. All other color schemes are the same as

(A), with the hydrogen of the PSB highlighted in

red. To see this figure in color, go online.

TABLE 2 Comparison of C13¼C14–C15¼N Dihedral of

Retinal in PR

System Dark Statea K State

Protonated 186.90� 5 12.46� 176.27� 5 12.33�

Deprotonated 182.03� 5 11.84� 177.43� 5 11.80�

aCrystal structure of BPR (PDB: 4JQ6) has a value of 180.48�.

TABLE 3 Changes in Key Hydrogen-Bonding Networks in PR

System Intermediate

PSB to

D97a
PSB to

D227

ASP to

Waterb

Od1 Od2 Od1 Od2

Protonated Dark state 0 0.1 11.9 22.3 1.3

K state 0 0 0 0 0.3

Deprotonated Dark state 0.2 0.1 25.1 16.3 0.7

K state 0 0 0 0 0.7

aAverage occupancy (in percent) of hydrogen bonds between N atom of

retinal Schiff base and side-chain oxygen atoms of neighboring aspartic

acids. D227 is the only counterion that is close enough to the Schiff base

to directly form hydrogen bonds. However, isomerization of retinal effec-

tively abolishes these direct interactions. D227 is believed to influence

isomerization of retinal (65). This effect might be due to proximity of

D227 to the retinal Schiff base.
bAverage occupancy (in percent) of hydrogen bonds between aspartic acid

residues in retinal pocket with water molecules.
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