
This paper is on the intersection of two topics that

were favorites of the late Andrei Kaulen. The first is the

processes involved in the light�induced deprotonation of

the Schiff base in retinal pigments, especially bacteri�

orhodopsin (see his masterful review [1]) and thus the

link between the absorption of light and the physiological

result for the pigment, the pumping of a proton. The sec�

ond involves the intriguing similarities between the bacte�

riorhodopsin and rhodopsin systems and in particular the

possibility that light�driven proton movements in

rhodopsin may be as important as such changes in bacte�

riorhodopsin (see, in particular, his papers with Drachev

and Skulachev [2, 3]). Future researchers will continue to

build upon Kaulen’s important contributions to these and

other areas of research.

Light initiates a sequence of spectral changes in the

visual pigment rhodopsin (RH), which lead to electrical

excitation of a photoreceptor cell. Within a few millisec�

onds, the primary photoproduct, Bathorhodopsin, decays

through the Blue Shifted Intermediate (BSI) through

Lumirhodopsin (Lumi) to Metarhodopsin I (Meta I).

Meta I then decays to Metarhodopsin II (Meta II)

(reviewed in [4�7]). Lumi may also have alternative path�

ways of decay (discussed below and in [8, 9]). Meta II is

perhaps the key intermediate in the photolysis of the

rhodopsin because it is this intermediate that interacts

with the G�protein transducin, initiating the enzyme cas�

cade leading to visual excitation. It is therefore of great
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Abstract—In this paper we first review what is known about the kinetics of Meta II formation, the role and stoichiometry of

protons in Meta II formation, the kinetics of the light�induced changes of proton concentration, and the site of proton

uptake. We then go on to compare the processes that lead to the deprotonation of the Schiff base in bacteriorhodopsin with

rhodopsin. We point out that the similarity of the signs of the light�induced electrical signals from the two kinds of oriented

pigment molecules could be explained by bacteriorhodopsin releasing a proton from its extracellular side while rhodopsin tak�

ing up a proton on its cytoplasmic side. We then examined the pH dependence of both the absorption spectrum of the unpho�

tolyzed state and the amplitude and kinetics of Meta II formation in bovine rhodopsin. We also measured the effect of deuter�

ation and azide on Meta II formation. We concluded that the pKa of the counter�ion to the Schiff base of bovine rhodopsin

and of a surface residue that takes up a proton upon photolysis are both less than 4 in the unphotolyzed state. The data on pH

dependence of Meta II formation indicated that the mechanisms involved are more complicated than just two sequential,

isospectral forms of Meta II in the bleaching sequence. Finally we examined the evidence that, like in bacteriorhodopsin, the

protonation of the Schiff bases’s counter�ion (Glu113) is coupled to the changing of the pKa of a protonatable surface group,

called Z for rhodopsin and tentatively assigned to Glu134. We conclude that there probably is such a coupling, leading to the

formation of the active form of Meta II.
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interest to investigate the molecular events that take place

during the formation of the Meta II intermediate in order

to understand the mechanism of the activation of trans�

ducin. We will first give an in depth review of what is

known about Meta II.

The retinal chromophore of rhodopsin is attached to

Lys296 by a Schiff base linkage. It was cogently argued at

the time of the discovery of Metarhodopsin II [10] that

the Schiff base is protonated in Meta I but deprotonated

in Meta II. This was later shown more directly using res�

onance Raman spectroscopy to observe the C=N and

C=NH+ vibrations of Meta II and Meta I, respectively

[11]. Many other aspects of the excitation process are not

clear. While the pigment has to be in the Meta II state to

activate transducin, being in the Meta II state is by itself

not sufficient for activation. There is good evidence that

Meta II is quickly phosphorylated and then binds

arrestin, disabling the ability of Meta II to activate trans�

ducin (see reviews, cited above). There is no change in the

spectrum of Meta II upon phosphorylation or arrestin

binding. Another area of uncertainty involves the exact

sequence of photointermediates after photoexcitation.

The sequence from Batho to Meta I has been fairly well

agreed upon, once it was realized that one of the interme�

diates, BSI, is “frozen out” by low temperatures and can

only be observed easily in flash photolysis experiments

(reviewed in [6]). However, there is uncertainty about the

lifetimes and processes taking place in the later stages of

bleaching, starting with the formation and especially the

decay of Meta I. There are several reasons for this. One is

that different investigators have used different prepara�

tions that seem to have quite different behaviors. From

the most physiological to the most disrupted, common

preparations are the following. 1) Intact photoreceptor

cells, in which transducin and rhodopsin kinase are pres�

ent. Transducin and rhodopsin kinase can interact with

rhodopsin’s bleaching intermediates and shift the equilib�

rium between them (transducin, especially, can shift the

Meta I↔Meta II equilibrium). 2) Purified membrane

suspension of rod outer segment (ROS) disk membranes,

in which most of the extrinsic peripheral membrane pro�

teins have been removed and rhodopsin itself is in its

native lipid environment. These two preparations, being

particulate, scatter transmitted light badly and so it is

more difficult to obtain high quality spectral data from

them. 3) Rhodopsin solubilized in digitonin, a detergent

in which rhodopsin can be regenerated after bleaching.

Relative to rhodopsin in other detergents, the thermal

stability of rhodopsin in digitonin is more similar to that

of rhodopsin in ROS disk membranes [12, 13]. 4)

Rhodopsin solubilized in dodecyl maltoside or a similar

detergent where regeneration is still possible but thermal

stability is further decreased (see references above). 5)

Rhodopsin solubilized in a detergent that does not allow

regeneration and therefore is deemed harsher than those

that do allow it.

As an example of the effects of using different sample

preparations, we consider the experimental evidence for

alternative pathways for the decay of Lumi. The data is

complex but the simplest interpretation is that part of the

Lumi decays to this new species, called by Thorgeirsson et

al. [8, 9], the particularly unfortunate name of Meta I380

(unfortunate because it probably would be best to reserve

the name Meta I for protonated Schiff base species and it

is very likely that the new short wavelength species is an

unprotonated Schiff base). We propose calling it “T” in

honor of Thorgeirsson. The experiments of Thorgeirsson

et al. were performed in mildly sonicated ROS. It is most

prominent at higher temperatures and so, at room tem�

perature, like in the experiments presented below [14],

the preferred pathway for the decay of Lumi seems to be

through Meta I to Meta II. We tentatively ignore this new

species (T380) in this paper as not being a major partici�

pant in most experimental situations, including the one

examined here. However, at higher temperature, signifi�

cant amounts of the pigment can flow through this path�

way from Lumi.

Equilibration between Meta I and Meta II and com�
plex formation kinetics for Meta II. The original experi�

ments of Matthews et al. (1963) on rhodopsin in digitonin

showed that Meta I was in pH� and temperature�depend�

ent equilibrium with Meta II. The observed pH depend�

ence was at first surprising in that one might expect that

the equilibrium between a protonated and unprotonated

Schiff base would favor the protonated Schiff base with

increasing proton concentration. Instead, the equilibrium

is shifted towards Meta II with increasing proton concen�

tration. This suggests that the protonation state of one or

more groups, other than the Schiff base itself, can shift

the equilibrium from Meta I to Meta II. Later, it was

shown that when light initiates events that lead to Schiff

base deprotonation, the proton is transferred to a glutam�

ic acid buried in the center of the membrane, Glu113

[15]. The Meta I→Meta II transition is identified with

this proton transfer.

In early reports, the formation of Meta II from Meta

I, monitored spectroscopically at 380 nm, was fitted as a

single exponential. Others found the process to be multi�

exponential even in ROS (both sets of data are summa�

rized in [16]). Most recent reports find two or three com�

ponents of Meta II formation in ROS or digitonin at 15�

25°C [14, 17�20]. To explain these kinetics, Straume et al.

[19] favored a model in which two Meta IIs were each

independently in equilibrium with Meta I. Thorgeirsson

et al. [8] explained their data in part by a Meta II like

species formed directly from Lumi. Hofmann and co�

workers [21, 22] favored two Meta IIs in series. Although

these models do not exclude each other [14], with the

available evidence the series model is attractive because:

1) it parallels a model for the formation of the key M

intermediate in bacteriorhodopsin (see below), and 2) it

is compatible with experimental results that suggest that
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proton uptake is required for the stabilization and main�

tenance of Meta II. We consider the latter idea first.

The role of protons in forming Meta II. The equilib�

rium between Meta I and Meta II is pH�dependent with

the higher concentration of protons favoring the deproto�

nated form of the Schiff base (Meta II). Since the forma�

tion of Meta II reflects the intra�protein proton transfer

between the Schiff base and Glu113 [15], the origin of the

pH dependence of this equilibrium is not obvious; it must

reflect the role of another protonatable group. The Meta

I/Meta II equilibrium was studied in some detail by

Parkes and Liebman [23] who made careful measure�

ments of the thermodynamics and kinetics of the Meta I

to Meta II transition between pH 5.9 and 8.1; these

experiments were done at lower temperatures (–1 to 5°C)

so that they could follow the kinetics accurately even with

limited time resolution (~60 msec). Their results suggest�

ed that a proton is taken up during the formation of Meta

II. They initially found that n, the number of protons

taken up was 0.70 ± 0.04. Gibson, Parkes and Liebman

[24] later showed that because of the surface potential

affecting the local membrane surface pH, the apparent

number of protons taken up was distorted, and that when

the surface potential effects are taken into account, n

equals 1. Miller and Oesterhelt [25] had earlier reported

that the surface potential of the purple membrane distort�

ed some proton stoichiometries associated with bacterio�

rhodopsin. Thus, examining the pH dependence of the

equilibrium between Meta I and Meta II suggests that one

proton is taken up in going from Meta I to Meta II.

Note that with this technique only protons taken

up/released that control the Meta I/Meta II equilibrium

are measured. More recently, Arnis and Hofmann [21]

examined the kinetics of Meta II formation at different

pH values and formulated a model in which Meta II for�

mation is divided into two steps, Schiff base deprotona�

tion and then proton uptake (see below). They suggested

the existence of two Meta IIs in series, Meta I↔Meta

IIa↔Meta IIb, with the proton being taken up in the sec�

ond step. Thus, of the three exponential phases reported

in the 1 µsec to 500 msec time range, the fastest can be

assigned to the Lumi to Meta I transition while the other

two are assigned to the Meta I↔Meta IIa↔Meta IIb.

According to Hofmann et al. [5, 26] the rate of the tran�

sition from Meta IIa to Meta IIb at 5°C is 10 msec in dode�

cyl maltoside; at 20°C in ROS membranes, Meta

I→Meta IIa is ~5 msec while Meta IIa↔Meta IIb is now

1 msec. Meta II takes minutes to decay.

Stoichiometry of the protonation changes associated
with Meta II formation. The pH dependence of the Meta

I/Meta II equilibrium provides evidence of transient pro�

tonation changes upon light activation of rhodopsin.

Accurate determination of the stoichiometry and the

kinetics of proton binding/release from light�activated

rhodopsin is complicated by many seemingly contradic�

tory results that may depend on the experimental prepa�

ration used. Below we attempt to summarize and evaluate

these results. As with experiments on the photochemistry,

several different preparations of rhodopsin have been

used: intact cells, ROS membranes, washed ROS mem�

branes, rhodopsin reconstituted in lipid vesicles,

rhodopsin in mild (regenerating) detergents and

rhodopsin in stronger detergents.

The first report of light causing protonation changes

of rhodopsin was by Radding and Wald [27]. They showed

that bleaching bovine rhodopsin caused the pH of the sus�

pending medium to increase, and they surmised that a

proton was taken up for every rhodopsin bleached. Soon

thereafter Matthews et al. [10] reported that

Metarhodopsin existed in two interconvertible forms,

Meta I and Meta II. They found that the pKa of the group

that controlled the equilibrium between Meta I and Meta

II was ~6.4 at 170 mM salt. Several paths of research were

then pursued. One line of investigation was to measure

near room temperature the number of protons taken up or

released from light�activated rhodopsin. Falk and Fatt

[28] found that in frog ROS near neutral pH, one pro�

ton/bleached rhodopsin is taken up. These workers used

pH electrodes to measure protons and showed that the

changes occurred within 500 msec. Emrich [29] was the

first to report results with pH sensitive dyes and found a

light�initiated proton uptake for ROS membranes at 20°C

(7 to 31°C) using bromocresol purple as an indicator.

Similarly, Wong and Ostroy [30] used a pH indicator

dye, bromocresol green, to measure light�induced

changes for rhodopsin in digitonin at low temperatures,

e.g., –10°C. In this way they could measure proton

changes with some kinetic resolution and found that one

proton was taken up during Meta II formation and

released later, in times of the order of minutes at 25°C,

concurrent with the decay of Meta II. Later Emrich and

Reich [31] reported a variable proton/Meta II stoichiom�

etry at low bleached fractions of RH converted to Meta

II, which converged to one proton/Meta II at higher

bleaches. It seems likely that the presence of transducin

contributed to the variable stoichiometry [32]. In 1978

Bennett [33] reported that over the pH range 6�8 two pro�

tons are taken up per Meta II formed in ROS membranes

at 3°C. At warmer temperatures, the Meta II decays but

also loses protons itself so that now an “unprotonated”

Meta II is formed. The pH changes were measured with a

pH electrode. Using the pH sensitive dye bromocresol

purple, washed ROS membranes, and reasonable time

resolution (milliseconds at 20°C), Bennett [34] reported

that two protons were taken up as Meta II was formed, but

that at pH values greater than 5, one of the protons was

released before Meta II decayed, so that the H+/Meta II

stoichiometry equals 2 only at low pH values. It is not

clear why this pH dependence differed from that reported

earlier. Schleicher and Hofmann [32] found that for low

bleaches in unwashed ROS, two protons were taken up

per Meta II but that at higher bleaches, where there is
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much more rhodopsin photolyzed than transducin pres�

ent, the stoichiometry went down to 1 proton/Meta II.

Later, working with rhodopsin solubilized in octyl gluco�

side or dodecyl maltoside, Arnis and Hofmann [21] found

two protons are taken up per Meta II at pH 6. Arnis et al.

[22] reported stoichiometries of 2 for pH 6.0 and for

pH 7.5, and a net release at higher pH values.

Another method used to determine the number of

protons taken up/released upon Meta II formation is

photocalorimetry. Cooper and Converse [35] measured

the amount of heat released from a solution of ROS

membranes after photolysis in several different buffers

with differing heats of proton ionization. They found that

there were no protonation changes during Meta II forma�

tion at pH 8.0, and only one proton was taken up during

Meta II formation at pH 5.4.

To summarize, several experiments following light�

induced protonation changes with pH sensitive dyes or

pH electrodes [27, 28, 30, 32], pH effects on the Meta

I/Meta II equilibrium [24] and photocalorimetric exper�

iments [35] find that just one proton is taken up in form�

ing Meta II at lower pH values. In contrast, Bennett [36]

and Arnis and Hofmann [21] find that up to two protons

are taken up per Meta II at lower pH values. While some

experiments would only measure the protons that must be

taken up to allow Meta II formation (“essential” protons

[23]), others measure all the protons taken up, essential

and non�essential. This could explain part of the discrep�

ancy. However, in view of the difficulty of measuring pro�

ton stoichiometries, we tentatively assume that the sim�

pler, more comprehensive set of data is accurate and that

only one proton is taken up in going from Meta I to Meta

II in ROS membranes. Arnis and Hofmann’s experiments

show that Meta II can be transiently formed without pro�

ton uptake (Meta IIa) but that a stabilized Meta II (Meta

IIb) requires proton uptake [21, 37]. The question of the

kinetics of the proton changes will now be addressed.

Kinetics of the protonation changes in photolyzed
rhodopsin. Several of the techniques used to measure the

stoichiometry of the protonation changes have also been

used to measure the time course with which the proton is

taken up during the photolysis of rhodopsin.

Measurements in ROS membranes or rhodopsin in digi�

tonin at lower temperatures (–10.5°C [30]) or at warmer

temperatures (23°C [31]; 37°C [33]) found proton uptake

fairly well matched the Meta I to Meta II transition rate,

although resolution and precision were limited. Bennett

[36] reported good time resolution data for proton uptake

(bromocresol purple) and Meta II formation (absorbance

at 365 nm), and found that they matched well. A small

(10% of total), very slow phase (t1/2 of ~2 sec vs. 10 msec

for the main phase at 20oC) of Meta II formation was

observed. At pH values above 5 a proton was released with

about the same lifetime as the slow phase, 2 sec. This

transient change in protonation, if present, probably

could not have been seen by Bennett [33], Schleicher and

Hofmann [32], Wong and Ostroy [30] or Emrich [29]

with the methods they used. Kaupp et al. [38] used the pH

indicator bromocresol purple to show that in sonicated

ROS membranes proton uptake and Meta II formation

times were essentially identical at 20°C (both with half�

times of ~5 msec).

In 1993 Arnis and Hofmann [21] solubilized bovine

rhodopsin in two different detergents, octyl glucoside or

dodecyl maltoside (in these detergents Meta II formation

is greatly accelerated compared to ROS or digitonin solu�

tions) and showed that at some temperatures, the light�

induced proton uptake signal from bromocresol purple

lagged significantly behind Meta II formation. Their

experiments were performed at such a low temperature

(3°C) that their time base was fast enough (unlike before,

when everyone’s resolution was too slow) to detect any

possible deprotonation associated with Meta II on the 1�

10 sec time scale1. So far, all the kinetics of proton uptake

which have been reported have been plausibly represent�

ed as a single exponential phase, so if there were two dif�

ferent groups that took up a proton during Meta II for�

mation, they would have to become protonated with

about the same kinetics. This is an argument, albeit not a

strong one, that only one proton is taken up in forming

Meta II. This will be pursued below.

There is another way to potentially follow proton

kinetics in intact ROS, and that is to use the Early

Receptor Potential (ERP) or the Early Receptor Current

(ERC). The ERP is a very fast potential/current evoked

from oriented photoreceptors with bright flashes

(reviewed in [41, 42]). A similar potential can be elicited

from oriented bacteriorhodopsin. At room temperature,

two phases can be easily observed for the ERP, a some�

what faster (sub�milliseconds) corneal negative R1 and a

bit slower (1�10 msec) potential of opposite sign, R2. For

rhodopsin, Cone [43, 44] showed that the kinetics of

appearance of R2 and Meta II were identical within

experimental error (this correlation was also reported by

Spalink and Stieve [45] for bovine retinas at 37°C). This

finding, along with R2’s temperature dependence, led

Cone [43, 44] to propose that R2 was due to charge move�

ments associated with the Meta I to Meta II transition.

(R1 was similarly linked to the RH to Meta I transitions.)

Cafiso and Hubbell [46] used spin labels and Bennett et

al. [36] used membrane absorbed dyes to detect changes

in the electrical properties of the ROS disk membrane

interface. The signals these groups detected could plausi�

bly be explained as having the same origin as the R2 phase

Even more recently Szundi et al. [39] and Meyer and

Hofmann [40] have reported that there is a very rapid (less

than a millisecond) light�induced proton release and reup�

take, perhaps before Meta I decays, followed by a “slower”

proton uptake matching Meta II formation. It is difficult to

evaluate this putative very rapid protonation change without

further study, to be sure it is not a reflection of membrane sur�

face dipole potential changes.

1
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of the ERP as discussed above, that is, both are due to the

cytoplasmic face becoming more positive; this could arise

from the uptake of a proton from the medium at the cyto�

plasmic surface of the disk. The interfacial potential

change measured by Cafiso and Hubbell titrated with a

pKa of ~6.8 at 135 mM salt, similar to the pKa of the Meta

I to Meta II equilibrium.

Cone [43, 44] argued that since R2 is caused by

charge movement associated with Meta II formation, and

since it is known that at least one proton is taken up when

Meta II is formed, that such a proton uptake could con�

tribute to the charge movement associated with Meta II

formation. (Movement of charged groups or dipoles with�

in the pigment could also contribute to the observed elec�

trical signal, and indeed must be the source of R1.) Two

recent studies seem to demonstrate this assignment.

Dickopf et al. [20] studied oriented ROS membrane frag�

ments incorporated into lipid vesicles. They found that

the rise of the light�evoked electrical current could be

resolved into two components with similar time con�

stants, 1.1 and 3.0 msec at 22°C, pH 7.8. Together these

probably correspond to R2; R1 was not observed, perhaps

because the recording method used makes very fast events

difficult to detect. The photocurrent’s amplitude and

time course were pH dependent, with the amplitude

falling with increasing pH. These changes did seem to

track the pH dependence of the amplitude of Meta II

produced, although both determinations did not quite

match what had been reported in other studies. However,

this may be because of the unusual environment of the

rhodopsin, in sonicated membrane fragments attached to

a lipid support membrane. Sullivan [47] titrated the R2

component for rhodopsin expressed and then incorporat�

ed into HEK293S cells. He found that 3/4 of the R2 ampli�

tude disappeared upon raising the pH with a pKa of 6.3,

again suggesting that a large part of R2 is due to proton

uptake by the photolyzed rhodopsin in forming Meta II.

In summary, three kinds of techniques for measuring

proton kinetics: pH electrode, pH sensitive dyes, and the

shape of the R2 component of the ERP find that the for�

mation of Meta II is intimately and kinetically associated

with the uptake of a proton. Arnis and Hofmann [21]

show that in some circumstances proton uptake can lag

behind Meta II formation. Moreover, titration data for

the equilibrium between Meta I and Meta II, along with

the titration of the fast photocurrent due to proton uptake

associated with Meta II formation, find that the pKa of

the group binding the proton is approximately 6.4 in

150 mM salt.

Site of proton uptake. Arnis and co�workers [22]

showed that the light�induced proton uptake by

rhodopsin was completely abolished in a mutant in which

Glu134 was changed to a neutral residue. The authors

reasonably enough argued that this shows that Glu134 is

the site of proton uptake. As noted below, the uptake of a

proton by Glu134, located on the cytoplasmic surface of

the pigment [48], would be of the right sign to contribute

to the R2 photovoltage from rods. In addition, using

FTIR spectroscopy Fahmy et al. [49] have recently shown

that Glu134 is likely deprotonated in the dark, but is pro�

tonated in Meta II in the presence of transducin. Can we

identify Glu134 as the site which, when it takes up a pro�

ton, shifts the equilibrium between Meta I and Meta II

towards Meta II? This seems entirely plausible and the

consequences of this mechanism will be taken up in the

Discussion section of this paper. Since Arnis et al. worked

in the context that there were two protons taken up in

Meta II formation, they had to posit that the alteration of

one locus for proton uptake, Glu134, affected the second

locus. If we assume that there is only one proton taken up,

then this awkward problem disappears. Although it

appears the proton uptake site is Glu134, other residues

may be involved and so to avoid making premature con�

clusions we will call the proton uptake group, Z.

Comparison of the formation of Meta II with the for�
mation of the M intermediate of bacteriorhodopsin. It is

useful to summarize briefly what is known about the pho�

tochemical sequence following light absorption by anoth�

er retinal protein, bacteriorhodopsin (BR). At present

there is no evidence that bacteriorhodopsin is connected

evolutionarily to rhodopsin, though it cannot be exclud�

ed. However, although the chromophore binding sites and

chromophore isomeric specificity of the two pigments

differ, there are striking similarities in their photochem�

istry. In both pigments light acts by photoisomerizing a

retinal chromophore, attached to the parent pigment by a

Schiff base linkage with a lysine residue in the 7th trans�

membrane helix. As in rhodopsin, the primary photo�

product of bacteriorhodopsin is a red shifted species, here

called K. It is followed by a species blue shifted from K

which in bacteriorhodopsin seems to combine features of

the Lumi and Meta I intermediates of rhodopsin; it is

called L. L decays with complex kinetics to M, with an

apparent lifetime of ~80 µsec at 20°C. The L to M transi�

tion is due to the transfer of a proton from the Schiff base

to Asp85. This is directly analogous to the Meta I to Meta

II transition. Conceptually there may be as many as three

phases in M formation [50, 51] although rapid kinetics

between two of the states could reduce this to two and

possibly even one observable phase under some circum�

stances [52�54]. The first (fast) phase is due to the initial

transfer of a proton from the protonated Schiff base to the

primary proton acceptor, Asp85. Asp85, is part of the

negative counter�ion to the positively charged protonated

Schiff base of retinal similar to the role of Glu113 in

rhodopsin. The next phase reflects a physical coupling

event which links the protonation of the counter�ion

(Asp85) in the interior of the pigment to the change in

pKa of the Proton Release Complex (PRC) at the extra�

cellular surface of BR. It is by this mechanism that the

PRC can sense that the counter�ion is protonated. It is

not known precisely what this physical coupling event is,
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but a reasonable hypothesis is that the positively charged

Arg82 changes its position within the pigment as M is

formed [55] and that several internal water molecules

within bR move and rearrange their hydrogen bonds

(Maeda, this volume). The movement of Arg82 away from

the Schiff base towards the Proton Release Complex

could cause the Complex to deprotonate [56�59]. Finally,

as a consequence of the physical changes in M, a proton

from the Proton Release Complex is released from the

membrane, leading to a third chemically/structurally dis�

tinct form of the M intermediate (see Fig. 1a); all three

Ms have a deprotonated Schiff base and very similar

absorption spectra. Some consequences of these changes

can be investigated by altering the external pH. If, for

example, the pH is raised high enough so that the Proton

Release Complex is already deprotonated in the dark, the

pKa of Asp85 increases by about 5 pH units [60]. This in

turn greatly alters the kinetics of light�induced Schiff base

deprotonation so that M is formed with an apparent life�

time of less than 6 µsec, instead of ~80 µsec. Below, in our

a

b

Fig. 1. Schematic of possible contributions by charge movements to the R2 component of the Early Receptor Potential (ERP) and the B2

component from oriented bacteriorhodopsin.
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own experiments we try to find analogous reactions to

these in the formation of Meta II. Note that the structur�

al changes involved in going from one M to another are

quite restrained and while large protein conformational

changes may occur in the photocycle, they are not

required up to this stage.

In bacteriorhodopsin, a photocurrent/photovoltage

on the sub millisecond time scale is composed of two

phases of the opposite sign, called B1 and B2. Liu [61]

showed that the photocurrent kinetics of B2 match the

kinetics of proton release and formation of the M inter�

mediate. In both systems, RH and BR, light absorbed by

the deprotonated Schiff base photointermediate, Meta II

or M, gave a photovoltage of the opposite sign to R2 or

B2, as expected if these signals reflect the photoreversed

proton movement from the counter�ion back to the Schiff

base.

In addition, the kinetics of the associated photocur�

rent/photovoltage signals accelerate at alkaline pH in a

manner similar to the kinetics of M formation [62]. As

noted above, Misra [53] argued that for BR, theoretically

there should be three phases to the rise of M and thus

potentially three phases to the associated electrical signal.

It is of course possible that one or more of the transitions

are so fast or arranged in other ways that they are not rate

limiting so that one could observe only two or even one of

these components.

Comparison of the photoelectric responses of
rhodopsin and bacteriorhodopsin. There are intriguing

similarities between the flash photoelectric responses of

visual pigments and bacteriorhodopsin. Figure 1 illus�

trates a hypothetical but plausible set of charge move�

ments that RH and BR would go through after a flash.

Note that in both cases, the main counter�ion, Glu113

(RH) (Fig. 1b) or Asp85 (BR) (Fig. 1a) is on the N�ter�

minal side (extracellular or intradiskal) of the membrane�

embedded pigment molecule. In both cases photoisomer�

ization moves the Schiff base proton away from the

counter�ion, toward the C�terminal side, giving rise to R1

(RH) and B1 (BR). In BR, the formation of M1 occurs

when the Schiff base protons of some of the activated pig�

ment molecules move in the opposite direction, towards

the N terminal side of the membrane, as they are trans�

ferred from the Schiff base to Asp85. The movement of

the Schiff base proton gives rise to a current with the pos�

itive sign of B2 and with the approximate initial kinetics

of B2. Then the protonation of Asp85 allows a set of

events (M1 to M2), which includes and may even be most�

ly restricted to a rearrangement of internal water mole�

cules and the movement of a positively charged residue,

Arg82, away from the now neutralized Asp85 and towards

the N�terminal side of the membrane (Maeda, this vol�

ume, and [59]). This probably also contributes to B2.

Finally in the M2 to M3 transition, as a consequence of

these changes, a proton is now released from the interface

into solution. This positive current may also contribute to

B2. Thus, in generating B2 there almost certainly are

contributions from a proton being released from the

membrane as M3 is being formed. This sequence of events

is shown in Fig. 1a. If we accept this sequence, then the

correlation between the kinetics of Meta II formation and

the R2 kinetics implies that proton uptake normally fol�

lows Meta II formation.

As noted above, Cone [43] proposed that the proton

which is taken up in forming Meta II would substantially

contribute to the R2 current. The only difference between

rhodopsin and bacteriorhodopsin in this event is that in

BR, the proton current in the direction from C�terminus

(intracellular) to N�terminus (extracellular), is caused by

proton release from the N�terminal side, while in

rhodopsin, a proton current of the same sign arises when

a proton is taken up on the C�terminal side of the mem�

brane (Fig. 1b). Thus, the formation of Meta II in

rhodopsin and the M intermediate in bacteriorhodopsin

are analogous in several ways. The kinetics of formation

of these photointermediates are complex in both cases. In

both pigments, there are electrical signals that are inti�

mately associated with the formation of these key pho�

tointermediates especially M and Meta II. Finally, a

change in the protonation state of a surface residue

appears to contribute to the complex kinetics of forma�

tion of M and Meta II.

Rationale for the experiments. In bacteriorhodopsin,

the concept of “coupling of protonatable residues” has

proven illuminating in analyzing the titration behavior of

the pigment in the dark [60, 63, 64]. In essence, the

model emphasizes that the pKas of important residues

whose protonation states change during the photocycle

mutually influence each other. Importantly, the coupling

between these residues in the initial (dark) state of the

pigment is also manifested during the photocycle.

Specifically, in bacteriorhodopsin, the pKas of the Schiff

base, the counter�ion Asp85, and the PRC are coupled to

each other. These are the residues involved in the forma�

tion of M. Because of the parallels between bacteri�

orhodopsin and rhodopsin noted in this section, we sur�

mise that a similar coupling may be present between the

Schiff base, Glu113, and Glu134 in rhodopsin.

In this paper, building on these earlier results, we

examined the pH dependence of Meta II formation over

a broader pH range than had hitherto been studied. We

determined both amplitude and kinetics of Meta II for�

mation as a function of pH. We wanted to see if any

anomalous changes occur in these processes that would

suggest that the pKa of the group on the cytoplasmic sur�

face of rhodopsin that controls the Meta I/Meta II equi�

librium, is coupled to the pKa of the Schiff base (or the

counter�ion to the Schiff base) in the Metarhodopsin

state. The limits of our titration should also provide us

with limits to the pKas of the group regulating the pKa of

the Schiff base counter�ion. In addition, we also exam�

ined other agents known to inhibit or accelerate protona�
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tion changes in other systems to see if we can assign the

steps involved in the Meta II transition to particular pro�

ton transfer steps.

MATERIALS AND METHODS

Sample preparation. All procedures involving

rhodopsin samples were performed under dim red light

(Kodak No. 1A safety lamp) and the samples were kept

on ice unless otherwise indicated.

Digitonin was the detergent used to solubilize the

pigments so as to avoid light scattering problems by the

ROS membrane fragments. Purification of digitonin was

done according to Bridges [65]. Digitonin purchased

from several vendors (Sigma, Fluka, and Calbiochem,

USA) was pooled and dissolved in boiling water. After

being kept in a refrigerator for one week, the solution was

centrifuged and the supernatant filtered through 0.45 µm

nitrocellulose filter unit (Nalgene, Milwaukee, WI) to

eliminate small particles. The filtrate was then freeze�

dried for later use.

Frozen bovine retinas obtained from Hormel

(Austin, MN) were thawed and suspended in 43% sucrose

in R�buffer (120 mM KCl, 60 mM NaCl, 10 mM MgCl2,

2 mM DTT, 0.1 mM PMSF, 20 mM MOPS, pH 7.4).

ROS membranes were isolated from the homogenate by

sucrose floatation using 43% sucrose in R�buffer, and

then 38% sucrose in R�buffer. Membranes were washed

with R�buffer twice, then three times by water. The

preparation of gecko ROS was as described in [66]. To

avoid any possible effects of residual transducin on Meta

II formation, the ROS membranes were washed exten�

sively with a hypertonic solution (5 mM Tris�HCl, 5 mM

KCl, pH 7.0). The washed membranes were solubilized to

extract rhodopsin by gentle agitation with 2% digitonin in

water at 4°C overnight. After centrifugation to remove

undissolved material, the extract was kept frozen until

used. Aliquots of detergent extracts of bovine rhodopsin

were mixed with NaCl (final concentration: 140 mM)

and a mixture of buffers (MES, MOPS, TRICINE,

CHES; final concentration: 10 mM each) adjusted to pH

values between 4 and 10. The absorption spectrum of each

sample was measured prior to flash photolysis with a

Model 14DS UV�VIS spectrophotometer (AVIV

Associates Inc., Lakewood, NJ). The pH was also meas�

ured after mixing.

For the D2O experiments, the ROS membranes were

washed extensively with buffer solutions made up in D2O

and then incubated with 2% digitonin, also dissolved in

D2O at 4°C for 24 h to 4 days.

Samples with added sodium azide at various concen�

trations were analyzed in the same manner by recording

the light�induced absorbance changes at 480 nm to mon�

itor the decay of Meta I in addition to at 380 nm for the

formation of Meta II.

Kinetic measurements and data analysis. The kinetics

of Metarhodopsin II formation were measured with a

home made flash photolysis setup [67, 68]. Time�resolved

absorbance changes at 380 nm were measured after a

short flash (532 nm, 7 nsec, ~20 mJ/cm2) from a Nd�

YAG laser (Quanta�Ray® DCR�11, Spectra�Physics,

Mountain View, CA). The signal from the photomultipli�

er tube was digitized and first stored on a Le Croy tran�

sient digitizer (TR8837F from Le Croy Research, Spring

Valley, NY) and then transferred to a computer. The data

were recorded at 20oC with full scale duration ranging

from 100 msec to 5 sec. Absorption spectra of the flash�

bleached samples were taken and their difference from

the ones taken prior to the measurement were used to

estimate the amount of bleached pigment in the sample.

The kinetic traces of the absorbance changes were

normalized based on the amount of the bleached sample,

then fitted to three exponential component(s) (two rising

and one decaying) by using KaleidaGraph™ software

(Synergy Software, Reading, PA) and the time constants

and amplitudes were plotted versus pH. For each set of

experiments the spectral traces were recorded in two dif�

ferent time scales, 100 msec and 5 sec.

Several possible reaction schemes for the formation

of Meta II subspecies were considered and the theoretical

predictions based on those model schemes were com�

pared to the observed titration curves of the amplitudes.

RESULTS

Titration of the initial (dark) state of rhodopsin. The

purpose of the first set of experiments is to determine if

there is a measurable coupling of the deprotonation of the

Schiff base/protonation of the primary proton acceptor,

Glu113, with the protonation change at the cytoplasmic

surface of rhodopsin. For the coupling of the protonation

of the primary proton acceptor (Asp85) in bacteri�

orhodopsin to the protonation change at the extracellular

surface of the Proton Release Complex (PRC) of BR,

four types of evidence were obtained [60, 64, 69]. 1) The

presence of a complex titration curve for the counter�ion,

Asp85 (monitored spectroscopically at 605 nm) could be

most easily explained by two interacting protonatable

groups, the counter�ion Asp85 and the Proton Release

Complex. 2) A very small shift (1.5 nm) in the absorption

spectrum of BR is observed when the Proton Release

Complex deprotonates in the dark, suggesting that the

PRC interacts with the chromophore. 3) A change in the

kinetics of M formation at alkaline pH (specifically, a

large increase in the amplitude of the fastest component)

suggests that the counter�ion pKa is influenced by the

protonation state of the PRC. In a complementary fash�

ion, a large change in the pKa of the Proton Release

Complex is predicted when the counter�ion is protonat�

ed; this is what is required for the proton release observed
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when light causes the Schiff base to be deprotonated and

the counter�ion to be protonated. 4) The pKa of the

Proton Release Complex [62] of ~9.2 is close to the high

pKa in the complex titration curve of the counter�ion

Asp85 (~9.5).

We looked for similar phenomena in bovine

rhodopsin. First, is there any evidence for a complex

titration curve for the counter�ion of the protonated

Schiff base of rhodopsin, Glu113? We assume that

rhodopsin with a protonated counter�ion would absorb

near where a pigment with a neutral counter ion, e.g., the

rhodopsin mutant Glu113Asn would absorb. There is

some complexity because the mutants’ absorption spec�

trum depends on the type of anion present in the salt

used [70, 71]. Nevertheless, red shifts of the absorption

spectrum compared to control (11�cis retinal regenerat�

ed WT) rhodopsin (498 nm) were found for Glu113Ala

(506 nm) and Glu113Asn (520 nm) [70, 71] (however,

Glu113Gln absorbs at 490 nm [72]). Moreover, the pKa

of the Schiff base dropped from greater than 14 [73] to

~5.7 (Glu113Ala) or 6.7 (Glu113Gln). In BR, when the

primary counter�ion, Asp85 is changed to Asn, the spec�

trum red shifts by ~30 nm. Similarly, the absorption

spectrum of wild type BR shifts ~30 nm when Asp85 is

protonated from the bulk under acidic conditions, and

the pKa of the Schiff base is reduced [74, 75]. In summa�

ry, we expect that when Glu113 is protonated, the

absorption spectrum of rhodopsin would shift ~20 nm to

the red. There is no evidence for such a shift down to

pH 4, at which rhodopsin begins to denature ([27, 76,

77] and Koutalos, Liang, and Ebrey, unpublished

results). We conclude that Glu113 cannot be protonated

from the bulk above pH 4. Without a way to measure the

pH dependence of the protonation of Glu113, we cannot

determine if there is a complex titration curve or not (but

see “Discussion”).

Second, is there a change in the absorption spectrum

when the putative protonatable group on the surface of

rhodopsin, named Z, changes its protonation state? In

BR, we showed that when the pH was raised so that the

Proton Release Complex on the extracellular surface is

deprotonated, there was a very small (~1.5 nm) shift in

the absorption spectrum of the native unphotolyzed pig�

ment [63]. We hypothesize (see below) that the protonat�

able group on cytoplasmic surface of rhodopsin, which we

nominally call group Z, is normally in its anionic (e.g.,

COO–) form but protonation of Glu113 causes Z to pro�

tonate (e.g., COOH). If so, then lowering the pH below

the pKa of Z when RH is in its initial set of protonation

values (the Schiff base is protonated and the counter�ion

is anionic) could lead to a small spectral change when Z

becomes protonated. However, so far we have not

observed a pH dependent change in the absorption spec�

trum of rhodopsin that could reflect this protonation. We

suggest that the pKa of Z in the initial state of RH is also

less than 4 or that protonation of Z causes only a very

small shift of the absorption band of initial rhodopsin

(less than 1 nm).

pH dependence of the kinetics of Meta II formation.
The third set of experiments we conducted was to look for

a dramatic effect of pH on the formation of Meta II,

taken as the rise of absorption at 380 nm. In order to eval�

uate the pH dependency, the rising phase of each trace

taken at a given pH was fit by two exponential curves.

Initially each trace was fitted by a single exponential

curve, which resulted in obvious deviation of the observed

curve from the calculated one. Better fits were obtained

with two successive exponential components with time

constants separated by more than an order of magnitude

(fast, ~3�5 msec; slow, ~100�400 msec) throughout the

pH range we measured (Fig. 2). The rate constants based

on these time constants and their relationship to the actu�

al rate constants for a particular process depends on the

model used to represent the observed changes (see

“Discussion”). The amplitude of each component was

also obtained in the curve fitting of each measurement

(Fig. 3). In the lower pH range the amplitude of the slow

component titrates with a pKa of ~6.0 and so is assigned

to the titration of the surface group which controls the

equilibrium between Meta I and Meta II, as initially

observed by Matthews and co�workers [10].

As mentioned above, in BR, when the pH is raised so

that the Proton Release Complex deprotonates in the

dark, then the kinetics of M formation accelerate dramat�

ically [63, 78] presumably because of the increased pKa of

the primary proton acceptor, Asp85 [60]. Specifically, the

amplitude of the fastest component of M formation

increases dramatically, at the expense of the slower com�

Fig. 2. pH dependence of the rate constants of Meta II forma�

tion for bovine rhodopsin. The two time constants, fast and

slow, were obtained by fitting the observed kinetics to two expo�

nentials (see “Materials and Methods”).
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ponents [53, 62]. In rhodopsin, we might expect to see a

dramatic change in the kinetics of Meta II formation, as

the pH is lowered below the pKa of the protonatable

group, Z. The amplitude of the fast component of Meta

II, however, decreases slightly between pH 8 and 4, rather

than increasing. Our data on the pH dependence of the

kinetics of Meta II formation, for rhodopsin in digitonin

(Fig. 3) shows that while there are some effects of proton

(pH) changes, they are not dramatic. However, the

amplitude of slow component is strongly pH dependent.

A fivefold increase in the amplitude is observed at low pH

with pKa close to 6. The pKa of the major transition in the

acid range is presumably the Meta I to Meta II equilibri�

um with pKa of 6.3 observed by Matthews et al. [10].

These results are more or less consistent with those of

other investigators who studied the pH dependence of

Meta II formation although usually over much smaller

pH ranges at either lower temperatures [23, 24, 79]; or in

ROS membranes [14]. We conclude that the pKa of the

group Z on the cytoplasmic surface is either quite low

(less than 4) or that it is not titratable.

Effects of deuteration on the formation of Meta II.
We next examined the effect of deuteration on the forma�

tion of Meta II. It is known that membrane proteins like

rhodopsin can take very long times for deuterons to com�

pletely exchange with protons [80]. However, some of the

protons in rhodopsin can also exchange extremely rapid�

ly; Deng et al. [81] showed the Schiff base proton could

exchange with a deuteron in less than 3 msec. Rhodopsin

samples, as discussed in the methods section, were

exposed to D2O for 1 to 4 days. Deuteration slows the

overall kinetics of Meta II formation (Fig. 4) for the

Gecko P521 pigment (a member of the Long Wavelength

Sensitive (“red cone”) visual pigment family, reviewed in

[82]). The size of the slowing effect was ~3.5 for the fast

component of the rise of bovine Meta II (data not shown)

and 4.3 for the fast component of the P521 pigment. After

incubation for 1 day, the slow component of Meta II for�

mation showed a smaller deuterium effect, but prolonged

incubation of up to 4 days increased the size of the effect

from 2.5� to 3.5�fold. The implications of these deuteri�

um effects are considered below in the discussion. Briefly,

the deuterium effect highlights the involvement of proton

translocation in both of the observable components of

Meta II formation.

Effect of azide on the formation of Meta II. Azide

added to the medium accelerated the decay of Meta I as

well as the formation of Meta II (Fig. 5). The absorption

at 480 nm was measured in order to monitor the amount

of Meta I. The kinetics of Meta I decay, shown as the

decrease in absorption at 480 nm, agree well with the

Meta II formation kinetics measured at 380 nm.

At longer time scales Meta II started to decay at high

azide concentration concomitant with a rise in absorp�

tion at 480 nm, presumably due to the formation of Meta

III.

The difference of the effect between the fast and slow

component should be attributed to the difference on the

way proton(s) are involved in those steps. The azide effect

is not the result of elevated sodium concentration, as we

have examined the kinetics at higher NaCl concentra�

tions and found no change (data not shown). Azide not

only accelerated the formation of the slow component but

also reduced the total apparent amount of Meta II

formed. This may also be due to the fact that azide facili�

Fig. 3. pH dependence of the amplitudes of the fast and slow

components of Meta II.
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tated the formation of Meta III and thus depleted the

Meta II on a timescale observable in our experiments.

DISCUSSION

The earlier data reviewed in the introduction to this

paper provided strong evidence that a proton is taken up

in forming Meta II, that the pKa of the group taking up

the proton is 6.4 (in 150 mM salt), that Glu134 is the

group (or a part of the group) taking up the proton, and

that the proton is taken up after Meta II starts to form,

and in some cases [21] can be temporally separated from

the formation of the 380 nm absorbing species.

Proton uptake is crucial in forming the activated

form of RH. The finding that Glu134Asn can constitu�

tively activate transducin in the absence of 11�cis retinal

[83] suggests that a neutral, polar residue at the 134 posi�

tion (i.e., protonated E134 in the WT) is required for acti�

vation. Moreover, the pH dependence of transducin acti�

vation [84] and the effect of photoreversal on two of the

forms of Meta II [37] also suggest that the protonated

form of Meta II (i.e., with protonated Glu134) is required

for activation. Finally, there is accumulating direct evi�

dence that Glu134 is protonated when transducin forms a

complex with Meta II [49].

Evidence for the coupling of the pKs of Glu113 and Z
(Glu134). As noted in the results, we found no evidence of

a red shifted form of RH with a protonated counter�ion

(Glu113) down to pH 4. Moreover, the extraordinarily

high pKa of the protonated Schiff base of bovine

rhodopsin (greater than 15 [73]) probably requires a very

low pKa for its counter�ion [85]. Thus a very low pKa for

Glu113 in RH, say 1.0, is quite likely. This very low pKa

would plausibly explain why we can neither follow the pH

titration of the counter�ion Glu113 or even determine its

main pKa. In addition, we (Figs. 2 and 3) and others (see

introductory section) observe no pH dependence of Meta

II formation kinetics that can be explained as being due to

the protonation of Glu134 at acidic pH in the dark, sug�

gesting that its pKa is also quite low.

Despite our present inability to follow the titration of

the counter�ion, there is some indirect evidence that the

pKas of Glu113 and Glu134 are coupled in Metarho�

dopsin. In a sequential, multicomponent model of Meta

II formation (see Fig. 1), Meta II is clearly stabilized

through proton uptake. That is, the proton exchange

between the Schiff base and Glu113 is biased towards the

latter upon proton uptake by E134, suggesting that the

pKa of Glu113 is higher when Glu134 is protonated than

when it is deprotonated.

The basic observation that the protonation state of

Glu134 determines the amount of Meta I or Meta II is

prima facie evidence for coupling in the Meta state since

coupling of pKas means that the pKa of the counter�ion,

Glu113, depends on the protonation state of a second

Fig. 5. Effect of azide on Meta II formation. Rhodopsin samples in the concentrations of azide indicated were photolyzed and the decay of

Meta I and the formation of Meta II analyzed as a sum of three exponentials. The third exponential has a small amplitude and so was

ignored in the other analyses but in this case we followed the changes to very long times.
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residue, Glu134. Further evidence that the pKa of the

counter�ion depends on the protonation state of Glu134 is

that mutants of 134 that mimic protonated Glu134 by sub�

stitution with a neutral, polar species all shift the equilib�

rium between Meta I and Meta II towards Meta II [86].

Evidence for the converse interaction of these two

groups, that the protonation state of Glu113 affects the

pKa of Glu134 is more tenuous, but plausible. The order

of events with respect to proton uptake by Glu134 is that

first light�induced Schiff base deprotonation/Glu134

protonation occurs, and then a proton is taken up by

Glu113 [21]. This suggests that protonation of the count�

er�ion can raise the pKa of Glu134.

Models for the coupling of the pKa of the Schiff base
counter�ion, Glu113, with a protonatable group on the
surface, probably Glu134. Case 1. Unphotolyzed rhodopsin.

For rhodopsin, we propose a coupling between the Schiff

base counter�ion, Glu113, and a protonatable surface

group, Z. Z is probably Glu134, but Glu134 may only

constitute part of Z; in any case, Z does not have to be

identified for the following analysis. The protonation of Z

controls the pKa of Glu113, and vice versa. The best evi�

dence for such coupling is the pH dependence of Meta

I↔Meta II equilibrium. The interaction of Glu113 and Z

can be described by a 4�corner diagram, as was done for

Asp85 and Proton Release Complex in BR [60, 69],

which reflects the protonation states of the groups

involved:

The pKas refer to Glu113 (E113 in the scheme) and Z when

the Schiff base is protonated. The sum of the pKas to go

from the upper left to the lower right is pKa1 + pKa4 =

pKa2 + pKa3.

In bacteriorhodopsin, the change in the pKa of one of

the coupled residues upon a change in the protonation

state of the other is similar whether the protonation

change occurs during the photocycle, or is induced in the

unphotolyzed pigment by experimental titration of the

bulk pH. This is the case even though the absolute pKas of

the residues differ in the two situations. The same is prob�

ably also true in rhodopsin. If so, we expect that protona�

tion of either Glu113 or Glu134 in the dark, under acidic

conditions, would lead to an increase of several units in

the pKa of the other residue, and the concomitant partial

protonation of that residue (see below, the model for

Meta I↔Meta II transition).

As mentioned above, we were not able to titrate

either residue at acidic pH without denaturing the pig�

ment, so the pKa values are unknown at present.

However, there is another way to determine whether

there is coupling between the two residues, namely by

titrating Glu113 in a neutral mutant of Glu134 (which

approximates a protonated Glu134). According to the

model above, the pKa of Glu113 in such a pigment

should be about seven units higher than in wild type

rhodopsin. Thus, Glu113 may be titratable in the dark at

high enough pH values above the denaturation pH of

rhodopsin. Another option may be to examine neutral

mutant of Arg135, which normally forms a salt bridge

with Glu134 in an otherwise rather hydrophobic envi�

ronment between helices III and VI in the dark state of

rhodopsin [48]. Mutation of Arg135 may result in the

destabilization of the anionic state of Glu134, and raise

its pKa to within the titratable range. We are proceeding

to test both of these options.

Case 2. Metarhodopsin. Coupling of internal proton

transfer in Meta I↔Meta II with the protonation of Z. A

simple version of the coupling model for Metarhodopsin

(Fig. 6) that probably can account for the main features of

the pH dependence of Meta I↔Meta II transition would

be to assume that the proton transfer between the Schiff

base and Glu113 is an internal transfer, meaning that the

Schiff base and Glu113 exchange a proton only with each

other, a possible scenario for the buried ion pair which has

been discussed earlier [64, 87]. These internal reactions

are shown in the scheme (Fig. 6) with block arrows. The

second assumption would be that the thermodynamics of

this exchange might depend on the protonation state of

another residue Z. Z would be the only group that equili�

brates with the bulk.

The fraction of Meta II as a function of pH can be

calculated from the following formula:

fMII = 1 + 10(pH – pKa4)/(1 + K2 + (1 + K1) 10(pH – pKa4)), (1)

where K1 = [Meta Ia]/[Meta IIa], K2 = [Meta Ib]/[Meta IIb].

The effect of the protonation of group Z on Meta

I↔Meta II equilibrium depends on the strength of the

linkage (coupling strength) between the two reactions.

We define coupling strength of two protonatable groups

as the size of the pK shift (or equilibrium constant

shift) of one group due to the protonation of the other

[64, 88]. If the coupling strength is 1, then protonation

of Z could change the ratio of Meta I/Meta II 10�fold

(which is equivalent to change of the equilibrium con�

stant by one pK unit). If the coupling strength is 2, then

the ratio can be changed 100�fold. Correspondingly

the pKa of Z should also change by one or two pKa units

upon the Meta I to Meta II transition. Thus if the pKa

of Z in Meta II is 7 and coupling strength is 2, the pKa

of Z in Meta I would be 5. Figure 7 depicts three curves

generated with Eq. (1) for different K1 and K2 assuming

that the pKa of Z in the Meta II state (pKa4) is 7. The

amount of Meta II formed when group Z is deproto�

K

KK

K
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nated depends on the equilibrium constant K1. When

K1 = 1, equilibrium mixture would contain 50% Meta I

and Meta II at high pH, K1 = 10 only about 10% of

Meta II will be present. An increase in the equilibrium

amount of Meta II at lower pH depends on the cou�

pling strength (and correspondingly on the value of

K2). The solid curves correspond to K2 equal to 0.1

(pK2 = 1), whereas dashed lines correspond to K2 =

0.01 (pK2 = 2). Comparison of the curves with the

experimental data shown in Fig. 3 indicates that the

coupling strength between Meta I↔Meta II transition

and protonation of group Z for bovine rhodopsin in

digitonin is at least 1. More exact determination of an

actual coupling strength and equilibrium constants

would require measurements of the amount of Meta I

present.

Analysis of the complex Meta II formation kinetics.
The formation of Meta II in digitonin�solubilized

rhodopsin can be readily decomposed into two observable

components, fast and slow (Figs. 2 and 3). Both the

apparent lifetimes and amplitudes of these components

are dependent on pH. We analyzed the kinetics of Meta II

formation in light of several plausible reaction schemes

that include proton uptake (Fig. 7). The fast component

of Meta II formation (Fig. 2) directly represents the (mil�

lisecond) equilibration of the Schiff base proton between

the Schiff base and Glu113. Further formation of Meta II

represents a shift in that equilibrium due to depletion of

an initial Meta II subspecies into isospectral, later sub�

species of Meta II, in analogy with the formation of M in

bacteriorhodopsin [52]. One of the simplest implementa�

tions of such a Meta II formation scheme is shown as

Scheme 1 (Fig. 7). In this case, the depletion of the initial

Meta II subspecies (Meta IIa) is due to proton uptake

Fig. 6. A scheme describing effect of protonation of a group Z

(presumably Glu134) on the proton transfer from the Schiff

base (SB) to Glu113 (E113) and simulation of the pH depend�

ence of the equilibrium amount of Meta II using Eq. (1) for the

case of pKa4 = 7. Solid lines are for K2 = 0.1 (pK2 = 1), dashed

lines are for K2 = 0.01 (pK2 = 2). Note that the apparent pKa of

the curves differ from pKa = 7. Thus, for K1 = 10 and K2 = 0.1,

the pKa = 6.
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from the bulk. This model was presented initially by Arnis

and Hofmann and used by others since then to analyze

Meta II formation [20].

The scheme can be analyzed in the following man�

ner. If it is assumed that the formation of the fast Meta II

component reflects a pseudoequilibration between Meta I

and Meta IIa, the amplitude of the fast component can be

used to estimate the pseudoequilibrium constant K12.

Since no Meta I is present when Meta I and Meta IIa have

fully equilibrated,

(amplitude of fast component)
K12 = 

__________________________________
.          

(maximal Meta II amplitude – 

amplitude of fast component)

The maximal Meta II amplitude is the maximum total

Meta II amplitude observed (in the entire pH range);

Scheme 1 suggests that this is approached at low pH. This

analysis assumes that the equilibrium constants between

the photointermediates and subspecies are such that an

experimental situation can be reached at which the entire

photoexcited sample accumulates in Meta II; that is,

Meta I decays completely. This should occur at low pH,

since the equilibrium between Meta IIa and Meta IIb will

be biased completely forward due to the abundance of

bulk protons.

The value of pKab, the pKa of the putative proton

uptake group, can be estimated using similar reasoning.

At a given pH, when Meta II formation has saturated, a

pseudoequilibrium exists between Meta I, Meta IIa, and

Meta IIb.

Hence,

[Meta IItotal] = [Meta IIa] + [Meta IIb]

or:

[Meta IIa] + [Meta IIb]
[Meta IItotal] ∝ ______________________________ .

[Meta I] + [Meta IIa] + [Meta IIb]

Since: 1) K12 = [Meta IIa]/[Meta I] and 2) Kab = ([Meta

IIa][H+])/[Meta IIb] = K12[Meta I][H+]/[Meta IIb], the

above expression becomes:

K12[Meta I] + K12[Meta I][H+]/Kab________________________________________ ,

[Meta I] + K12[Meta I] + K12[Meta I][H+]/Kab

which reduces to:

K12(1+ [H+]/Kab)___________________

1+ K12(1+ [H+]/Kab)

or:

K12(1 + 10pKab–pH))____________________ .

1+ K12(1 + 10pKab–pH))

The proportionality constant is calculated during

curve fitting of the above expression to the data and

should be equal to the maximum experimentally observed

Meta II amplitude.

Note that Scheme 1 does not provide for any pH

dependent change in the amplitude of the fast compo�

nent, since K12 is pH independent. It can be posited that

the protonation state of a nearby residue modulates the

equilibrium of the Schiff base proton between the Schiff

base and the counter�ion, as is the case in bacteri�

orhodopsin. In this case, K12 has two values, depending

on the protonation state of this “modulator” residue. This

results in a simple modification of Scheme 1 (Scheme

1a). K12 is substituted by an expression of the form:

K12lo/(1 + 10pH–pK1) + K12hi/(1 + 10pK1–pH).

Since we observe a small pH dependent increase in

the amplitude of the fast component, we suggest that a

residue near the Schiff base/counter�ion charge pair is

being titrated and influences the proton affinities of these

two residues (see proposed Scheme 2, Fig. 7). Several

residues in the binding pocket of bacteriorhodopsin,

notably Arg82 and Tyr57, have been shown to have a

strong effect on kinetics of M formation [56, 89]. Note

that this residue is not Glu134. The coupling model pre�

sented above would suggest that titration (protonation) of

Glu134 would result in an increased pKa for Glu113 (or,

equivalently, a larger value for K12 in Scheme 1) at lower

pH. Thus, one would expect to observe an increase in the

amplitude of the fast component with decreasing, rather

than increasing pH.

Schemes 1/1a are similar to schemes proposed by

Hofmann and coworkers [5, 21, 26], who have suggested

formation of an early Meta II intermediate, followed by

proton uptake inferred from pH�sensitive dye measure�

ments. As seen from model data generated using Schemes

1/1a (Fig. 7), the slower component of Meta II formation

should decrease in amplitude to zero with increasing pH,

as the bulk proton concentration becomes extremely

small. According to our observations, however, the ampli�

tude of the slower component, though decreasing

between pH 5 and 7, saturates at a definite value; subse�

quently, the amplitude increases with pH up to 10. This

suggests that a simple model consisting of only two Meta

II subspecies (related to a proton uptake) is inadequate to

describe the entire Meta II formation process and that the

sequence is more complicated. The fact that the ampli�

tude of the slow component saturates above zero suggests

that what appears as a single component probably consists

of several additional subspecies. The kinetics of the tran�
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sitions between these subspecies may be similar to each

other, or the later transitions may be rate�limited by the

preceding transitions.

A representative model is shown as Scheme 2, along

with model data generated using the pKa and pseudoequi�

librium constant values shown, using an analysis similar

to that detailed above. The generated data is quite similar

to the experimental data we obtained (Fig. 7). The inclu�

sion of the extra subspecies Meta II′a allows the amplitude

of the slow component to saturate instead of decreasing to

zero with increasing pH. In addition, the presence of this

subspecies provides a rationale for why the kinetics of the

slow component are less sensitive to pH than would be

predicted by, say, Scheme 1/1a, since the Meta ΙΙa→Meta

II′a transition could be rate�limiting for the subsequent

proton uptake step. Inclusion of this subspecies provides

another “point of modulation”, to explain the increase in

the amplitude of the slow component at high pH. Just as

the protonation state of a residue could influence the pro�

ton transfer between the Schiff base and the counter�ion,

a second residue could influence the equilibrium between

Meta IIa and Meta II′a depending on its protonation state.

Obviously, Scheme 2 is far from unique in rationalizing

the experimental amplitude data presented in Fig. 3. The

increase in the amplitude of the slow component at high

pH could also be due to, for example, a proton release

process, although there is a controversy if one occurs late

in Meta II (see introductory section and [34]).

Identification of putative “modulating” amino acids

through mutagenesis is necessary to further verify or dis�

prove Scheme 2 or similar models.

How can Schemes 1/1a or 2 be integrated with the

idea of residue coupling, presented in the previous sec�

tion? Coupling explains why there is no substantial back

reaction between Meta IIb and Meta I or a Meta I�like

intermediate. As the pKa of Glu113 is high after the pro�

tonation of Glu134, Glu113 will be much less prone to

release its proton back to the Schiff base. The coupling

model also suggests that, in neutral mutants of Glu134,

the amplitude of the fast component should be larger than

that observed in the wild type pigment. That is, K12 should

have a higher value in such mutants, since K12 is related to

the difference in the pKas of the Schiff base and Glu113,

and since the pKa of Glu113 should be relatively higher in

the mutants than in the WT. We will be testing this in the

near future as well.

Deuterium and azide effects on kinetics of Meta II
formation. The use of deuterium in the study of the bac�

teriorhodopsin photocycle has helped to identify those

transitions that include proton translocation steps (see,

for example, [90]). Deuterium effects occur either

because: 1) a translocated proton is substituted by a

deuteron; 2) internal water molecules or exchangeable

protons whose reorientation is required for a transition

are substituted. In light of this, we expect to observe deu�

terium effects for both components of Meta II formation,

as both involve proton translocation steps. We observe a

~3.5�fold increase in the apparent time constants of both

the fast and slow components of Meta II formation, after

incubating our samples for several days in deuterium solu�

tion (Fig. 4). Interestingly, the magnitude of the deuteri�

um isotope effect is larger than that expected for proton

transitions between freely rotating groups or disordered

proton transfer chains, in which reorientations of the par�

ticipating groups limit the rate of proton transfer [90, 91].

The magnitudes of the deuterium isotope effects are more

consistent with protonation changes involving fixed ori�

ented groups, or with complex multiproton transfer

events [90]. These results seem appropriate for the fast

component of Meta II, which likely reflects direct proton

transfer between the Schiff base and Glu113. Both groups

participate in a complex hydrogen� and charge�bonded

network in the retinal binding pocket [48], which may

limit their rotational freedom but keeps them in orienta�

tions favorable for proton transfer. The results are more

surprising for the slow component of Meta II formation,

which ostensibly includes the uptake of a proton by

Glu134 from the bulk. One would expect the deuterium

isotope effect to be closer to 1.5 [91], if this reprotonation

comes from transient water chains at the membrane sur�

face. The magnitude of the isotope effect suggests instead

that there are oriented donor groups (possibly, strongly

bound water molecules) accessible to Glu134 in Meta

IIa/Meta II′a.
Azide has similarly been used in the analysis of the

bacteriorhodopsin photocycle to influence the kinetics of

specific photocycle intermediates [92�94]. Azide and

other weak acids appear to act as “proton shuttles” in

some contexts, directly participating in proton exchange

between the intramembrane portions of bacterio�

rhodopsin and the bulk aqueous phase [94]. In other con�

texts, azide may bind within bacteriorhodopsin and alter

the internal hydrogen�bonded water structures within the

pigment [93]. We noted that azide increases the rate of the

slow component of Meta II formation in a concentra�

tion�dependent manner (Fig. 5), suggesting that azide

can aid in the protonation of Glu134. This implies a shut�

tle�type mechanism for azide in this step, but somewhat

contradicts our suggestion, above, that Glu134 may be

reprotonated from a strongly bound water molecule. We

were surprised to note an azide effect on the fast compo�

nent of Meta II as well; in this case, azide slows down

rather than speeding up the kinetics. The effect on the

absorbance at 380 nm is relatively independent on the

azide concentration. This suggests that an azide molecule

may bind in the retinal pocket of the pigment and alter

the local structure in such a manner as to increase the

barrier for proton translocation between the Schiff base

and Glu113. Because the concentration of rhodopsin in

our samples is much less than 50 mM, the lowest concen�

tration of azide tested, the putative azide binding sites

may be saturated at this concentration, eliminating any



1298 KUWATA et al.

BIOCHEMISTRY  (Moscow)  Vol.  66  No. 11   2001

effect of azide concentration. Thus, azide affects the

kinetics of both the fast and slow components of Meta II

formation in ways that suggest two different mechanisms

of action.

Azide also appears to accelerate the decay of Meta II

(Fig. 5). With increasing azide concentration, the peak

amount of accumulated Meta II decreases and the slope

of the absorbance change at 380 nm becomes negative,

while the absorbance at 480 nm recovers. This may be due

to the decay of Meta II into Meta III, which absorbs at

~460 nm [95]. In the absence of azide, the decay of Meta

II to Meta III is very slow, taking ~100 sec at 20°C in

washed ROS membranes [95]. In our experiments, we do

not detect any Meta III at subsecond timescales in the

absence of azide. However, in the presence of azide, Meta

II decays with apparent kinetics of seconds to a photoin�

termediate with a protonated Schiff base. Whether this

intermediate is a “genuine” Meta III intermediate, simi�

lar to that observed in more physiological settings at long

timescales, is open to question. To our knowledge, this is

one of relatively few lines of evidence suggesting that pro�

ton transfers are involved in the formation of Meta III

from Meta II (see, for example, [96]). The effect of azide

is most easily explained as the direct reprotonation of the

Schiff base through a proton�shuttling mechanism.

However, other explanations, such as an azide�mediated

change in the pKa of the Schiff base through a change in

the retinal binding pocket are certainly plausible.

This work was supported by NIH grant EYO1323. We

thank Sergei Balashov for many illuminating conversa�

tions.
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