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Phosphorylation Alters the pH-Dependent Active State Equilibrium of Rhodopsin
by Modulating the Membrane Surface Poteritial
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ABSTRACT. Phosphorylation reduces the lifetime and activity of activated G protein-coupled receptors,
yet paradoxically shifts the metarhodopsinlll (Ml —MII) equilibrium (Keg) of light-activated rhodopsin
toward MII, the conformation that activates G protein. In this report, we show that phosphorylation increases
the apparentkg for Mll formation in proportion to phosphorylation stoichiometry. Decreasing ionic strength

enhances this effect. GotyChapman theory shows
the membrane surface potential, which becom

that the changeHKnip quantitatively explained by
es more negative with increasing phosphorylation

stoichiometry and decreasing ionic strength. This lowers the membrane surface pH compared to the bulk
pH, increasindeq and the rate of MIl formationkq) while decreasing the back rate constdat) of the

MI—MiIl relaxation. MIl formation has been observed to depend on bulk pH with a fractional stoichiometry
of 0.6-0.7 H*/MII. We find that the apparent fractional*Hdependence is an artifact of altering the
membrane surface charge during a titration, resulting in a fractional change in membrane surface pH

compared to bulk pH. GouyChapman calculations

of membrane pH at various phosphorylation levels

and ionic strengths suggest MIl formation behavior consistent with titration of a singlgirding site
with 1:1 stoichiometry and an intrinsidkpof 6.3 at 0.5°C. We show evidence that suggests this same
site has an intrinsicko of 5.0 prior to light activation and its protonation before activation greatly enhances

the rate of MIl formation.

Absorbed light can isomerize Ids-etinal, the resting
state inverse agonist of rhodopsin, to the all-trans configu-
ration, providing the agonist of visual transduction. The light-
activated receptor quickly relaxes through several spectro-
scopically distinguishable intermediates, forming a quasi-
equilibrium between two species, metarhodopsins 1{Rax
480 nm) and Il (MIl, Amax 387 nm) (). MIl activates the
retinal rod G protein, transduci2{4).

The equilibrium between MI and Ml is affected by several
factors including pH. MIl formation is known to be ac-
companied by proton uptake, but the stoichiometry of this
uptake is puzzling in that it is apparently less than 1;15(

6). Thus, in Scheme 1y has the value of 0:60.7.
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Regulation of the lifetime and activity (quenching) of
activated G protein coupled receptors (GPCR) by phospho-
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pHmems membrane surface pHps Observed rate constant.

10.1021/bi990411w CCC: $18.00

rylation was first described for rhodopsii<9), which is
multiply phosphorylated on C-terminal serine and threonine
residues by rhodopsin kinase, GRKIO{-12). Phosphoryl-
ation decreases the ability of rhodopsin to activate G protein
(13) and facilitates the binding of arrestiri4), which
enhances the inhibitory effeci§).

We have recently reported that the Wil equilibrium
(Keg shifts toward MII in proportion to phosphorylation
stoichiometry in native rod disk membranes (RDNI%). A
previous study reportelde,to be unaffected by phosphoryl-
ation for rhodopsin reconstituted into POPC liposonies. (
This suggests that Ml stabilization by phosphorylation is
dependent on properties of RDM that are absent from POPC.

Rhodopsin inserts unidirectionally in RDM and bidirec-
tionally in liposomes. Rhodopsin’s dipolar charge distribution
is such that its bidirectional insertion into PC liposomes
yields a membrane net surface charge near zé®). (
Inclusion of PS in liposomes augments negative membrane
surface charge, which increaseg to more RDM-like values
(19). A more negative surface produces a lower membrane
surface pH, favoring MIl formation. These and other effects
imply that the increase in local negative charge density upon
rhodopsin phosphorylation increadég in RDM, while this
effect is absent in PC vesicles because of lower membrane
surface charge density.

Gouy—Chapman theory relates membrane surface charge
density to membrane surface potent20)( this relationship
successfully explains several biological membrane phenom-
ena @1—26). The membrane surface potential of RDM and
of rhodopsin liposomes has been measured with phospho-
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nium spin labels18). A Gouy—Chapman model was used Determination of MIl Formation Parameter§he Ml—

to quantitatively describe the ionic strength and PS concen-MII equilibrium constantKeq, and the fraction of rhodopsin

tration dependence of the measured membrane surfacébleached per flash were determined from each 19-flash series

potential, indicating that the charges on rhodopsin are locatedas previously described1§, 29). Briefly, this method

near the surface and can be described by the smeared chargeassumes that light-activated rhodopsin consists only of Ml

surface required by the GowyChapman theory. and Ml at equilibrium. According to Scheme 1, at constant
In this report, we show that the appareit (pKa,p for pH

MII formation increases directly with rhodopsin phospho-

rylation and inversely with ionic strength. The magnitude _ (M1] _ ﬁ (1)

of these effects is well described by a Getghapman M kg,

formulation that relates RDM surface pH to membrane

surface potential. The apparent fractional stoichiometry ~ The pseudo-first-order rate constdhy,is related to the true

previously observed for Ml formation is explained as an Second-order rate constakt;, by

effect of membrane surface potential. When corrected for RN

this effect, our analysis shows MIl formation to be accom- ky=[H Tk (2)

panied by the uptake of a single proton (1:1 stoichiometry). with n being the number of protons taken up in the reaction.

EXPERIMENTAL PROCEDURES The change; in equilibrium ODs fqllowing each.flash
(AOD) were fit to the following equation by a nonlinear

Preparation of Rod Disk Membrand3DM were purified least-squares fitting algorithm:
from bovine eyes obtained from a local slaughterhouse as
previously described(). The rhodopsin concentration was AOD = AMI] Aegp .y + AMI] Aégpyyy 3)
determined from its absorption spectrum by using the
Dartnall correction for light scatteridg28).

Preparation of Phosphorylated RhodopsiRhodopsin
samples with increasing average phosphorylation stoichi-
ometries were produced as previously descritis). (The
RDM were hypotonically stripped after phosphorylation to
remove _peripheral membrane protei$ nd finally sus- were averaged into a single flash respoh3ée averaged
pended in 10 mM KHP®, 25 mM KCl, 0.01 mM EDTA, response was well fitted by a single rising exponential of

'?'ﬂgsle rgg/ImD;I'T at a stock cgncgtﬂtratmn of :lebotut ng d I(observed rate constakd,s Pseudo-first-order forwardk{)
; ples were purged with argon and stored In dark, , 4 reversek(;) rate constants contributing tans were

containers on ice. During the preparation procedure, Samplesdetermined as previously describe@).(Briefly, k, was

were washed three times in 0.1 mM EDTA, once in 20 mM determined fromkepe b ' P

EDTA (overnight incubation), and three times in 1 mM bs DY

EDTA. After this process, these samples were assumed to Kyp AOD

be free of divalent metals. k, = Ae—[Rh*]

MI—MII

Measurement of MIl FormatiorNineteen light flashes of

equal intensity separated by 50 s intervals were used 10, here Rh* is the concentration of activated rhodop&i®D
bleach 3-49% of the remaining rhodopsin per flastgf. Ml is the change in optical density associated with the- Il
formation was continuously measured at 390 nm while the {4nsition andhei i (42 000 M2 cmY) is the MI— Ml
absorbance of the MiMII isosbestic point (426 nm) was itferential extinction coefficient. At low pH, where the
subtracted to correct for changes in light scatter8@.(0ata  increase in OD following a flash partitions into a fast and

were taken every 4 ms and averaged and stored every 16o,, phasekosswas determined from the exponential fit of
ms. . ) . the slow phase. Equation 4 was used to deterrkinasing
Spectral data were acquired with a SLM/Aminco DW2000 5 yajye ofAOD that is the increase from the calculated OD
dual-wavelength spectrophotometer (Urbana, IL) equipped for complete MI conversion to the final OD of the flash
with a thermally jacketed cuvette holder connected to a response at equilibrium. This is equivalent to using the

constant-temperature water circulator. All measurements concentration of Rh* that progressed through the slow phase
were made in quartz cuvettes tia 1 cm path length but is much easier to calculate.

(measuring beam axis) and a width of 0.4 cm (bleaching pgyffers and pH DeterminatioriThe pH of each RDM
axis). Bleaching flashes were produced by an EG&G Electro sample was set approximately by diluting 26 of RDM
Optics (Salem, MA) xenon flash unit (FX-199 tube, PS-302  stock with 475uL of solution buffered to a desired pH. The
power supply set at 500 V, with aiF external capacitor)  following buffers were used for the indicated pHs: potassium
outfitted with optical filters to limit the bleaching flash to  5:etate (pH~ 5.0), 2-(N-morpholino)ethanesulfonic acid
wavelengths between 420 and 680 nm. The exact concentra MES; pH ~ 5.5-6.5), 3-(N-morpholino)propanesulfonic
tion of rhodopsin (around 1QM) was measured for each  5¢ig (MOPS; pH~ 7.0—7.5), N-(2-hydroxyethyl)piperazine-
experimental sample. Measurements were made at 0.3 N'-2-ethanesulfonic acid (HEPES; pH 8.0), andN-tris-

°C to minimize the gradual decay of Mil into MilK s~ (hydroxymethyl)methyl-3-aminopropanesulfonic acid (TAPS;
460 nm) during the course of an experiment.

whereA[MI] and A[MII] are the concentrations of Ml and
MII formed per flash, and\erp-m (—7200 Mt cm™1) and
Aéern—mii (34800 Mt cm™?) are the Rh— MI and Rh—
MII differential extinction coefficients, respectively.

To improve the signal-to-noise ratio for kinetic resolution
of MIl formation, the last 17 responses in a 19-flash series

(4)

3 The first two flashes were not fit because of distortion by residual
2 [Rh] = (1.100D00 — 0.770Dy00 — 0.330Dy00)/40 000 cnmt M1, G protein that stabilizes MII.
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pH ~ 8.5-9.5). The exact pH of each sample was measured
using an Orion 8303 semimicro Ross electrode (Boston,
MA) following each experiment. The pH measurements were
made either on ice~0 °C) or at room temperature with
extrapolation to the experimental temperature (G by
use of the thermal dependence of thefpr each buffer 81);
results from these two methods were in good agreement.

lonic Strength Assignment&Zwitterionic amines were
assumed not to contribute to the overall ionic strength. In
their unprotonated form, however, zwitterionic buffers are
anions with potassium (K as counterion. The amount of
each buffer anion was therefore calculated from Ksgmd
total concentration and used as its ionic strength contribution.
Buffer concentration was 10 mM for solutions of 25 or 100
mM total ionic strength, and 5 mM for solutions of 10 mM
total ionic strength. The 2bL of RDM stock used for each
experiment was calculated to contribute 2 mM kK the
500 uL experimental sample. The remaining ionic strength
contribution came from additions of KCI calculated to give
a desired overall ionic strength.

pH Dependence of MIl Formatiomhe 19-flash method
was used to determin&.q at each pH. The pH dependence
of Keq was plotted as the fractional amount of MIl versus
pH:
Ml Keg

fraction in MIl = NI M = 1 Keq

(5)

Each resulting titration curve was fitted to the following
Hendersor-Hasselbalch equation, which allowed the proton
stoichiometry,n, and titration end points, ep, to vary:

Ml epl+ (ep2)16< ™"
MI+MI 1 4 qpKeH

where epl is the lower and ep2 is the higher end point.
Membrane Surface Potential and pMembrane surface
potential was calculated from the Goeu@€hapman equation:

()

whereo is membrane surface charge densH is mem-
brane surface potentiaC is salt concentrationZ is salt
valence, and is 134.8 M2 A2 at 0.5°C (20). Membrane

(6)

o = (C*?A) sinh ZFW,/2RT)

surface pH is related to membrane surface potential and bulk

pH by the Nernst equation:
pHmemb= prqu + FIPO/(Z'?’ORT) (8)

Membrane surface charge density) (depends on the
number and Ks of ionizable groups at the cytoplasmic

Biochemistry, Vol. 38, No. 34, 19991105

Table 1: Number of Charged Groups and Their Intrinsic pK on the
Cytoplasmic Membrane Surface of a Rhodopsin Unit Cell

charged number pK® charged number pK®
groups on surfacé (0.5°C) groups onsurfacé (0.5°C)
Arg 5 11.2  Glu (ERY) 1 6.2
His 2 6.3 Tyr 2 9.4
Lys 9 9.3 o-COOH 1 3.1
Asp 2 4.4  PQ(pKy) 0-9 3.C
Cys 2 8.2  PQ(pKy) 0-9 6.5
Glu 7 44 PS 8 36

2Ref 18.° From ref 33 and temperature corrected to 9C5using
the thermal dependence of thEg(ref 34).¢ Estimated values! Ref
36.

surface potential. Thekpof the PS carboxyl group is 3.6
(36). PS also binds Kwith a dissociation constanK{,) of
6.7 M (37).

The contribution of each amino acid to the membrane
surface charge density was determined from Ksaod the
membrane surface pH. The charge contribution of basic
amino acids is

Gbasicz N/(l + 100Hmemb7 pK) (9)
and that of acidic amino acids is
O eigic = N[1 — 1/(1+ 10Q°HmemPK)] (10)

The charge contribution from PS depends on the membrane
surface concentration of both*Kand H". The membrane
surface charge density for PS was calculated fr86) (

_ N
Ops™= . H'] . K'] } = (12)
KH Ksalt e ﬁ

whereN is the total surface density of each ionizable group
per square angstrorig, is the dissociation constant oftK
for PS,Ky is the dissociation constant for'H10 ~PK), and
[H] and [K'] are bulk concentrations. The total charge
density per rhodopsin unit cell is

0 = Z0pasic ™ Z0qcidic ~ Ops (12)
Membrane surface concentration of both tdnd K*
depends on membrane surface potential. These surface
concentrations in turn determine the membrane surface
charge density. Thus, iterative computations were needed to
solve these equations for the membrane surface pH. Initially
pHmemp Was assumed to be the same as bulk pH, and the
surface charge density was calculated using from egk29
Equation 7 was then solved f&F,, and eq 8 provided a

membrane surface and upon the membrane surface pH. Th&€W estimate for pkm, The process was repeated until self-

RDM surface area for a rhodopsin unit cell is approximately
4000 A (32). The numbers of ionizable amino acids and
PSs previously employed to model the RDM surface
potential ((8) were used in our calculations (Table 1).
Average amino acidlgs in proteins 83) were extrapolated
to 0.5°C by use of the thermal dependence of tlies pf
the free amino acids3d). Glu-134 is thought to be the Ml
protonation site 35). The (K for Glu-134 is inferred to be

consistency was obtained.

RESULTS

Effect of Phosphorylation and lonic Strength og,KVe
previously showed that rhodopsin phosphorylation increased
Keq in proportion to phosphorylation stoichiometry and did
not change the fraction of rhodopsin bleached per flagh (
This effect is shown in Figure 1. Decreasing ionic strength

approximately 6.2 on the basis of previous measurementsincreased the Of3o-426 nm per flash (Figure 1A) without

of the K for MII formation (29) corrected for the RDM

altering the fraction of rhodopsin bleached per flash (Figure
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FiGURE 1: Response to 19 serial flashes of constant intensity for Bulk pH

samples with (a) 0.0, (b) 2.4, and<e) 6.2 phosphates per
rhodopsin. The monovalent ionic strength for each sample was (a FiGurRe 2: pH titration of MIl formation. (A) Samples with

¢) 100 mM, (d) 25 mM, and (e) 10 mM. (A) MIl formation was increasing phosphorylation stoichiometry in 100 mM ionic strength
monitored at 396426 nm at 0.5C. All data have been normalized medium. The apparentkp for MIl formation increases with

to 9 uM rhodopsin. (B) Change in optical density between flashes phosphorylation. (B) lonic strength dependence of MIl formation
from panel A, corrected for MIll formation and plotted on a log for rhodopsin with 6.2 phosphates. Decreasing ionic strength
scale. The first two points are not shown due to increaséd increases the apparerp

due to MIl enhancement by residual G protein. The linearity of
the data shows that the fraction of rhodopsin bleached per flash is
constant. The similar slope of all the data shows that the fraction
bleached is not dependent on phosphorylation or ionic strength.

tion of the iterative GouyChapman calculation (see Ex-
perimental Procedures), thus showing that their salt and
phosphorylation dependence is quantitatively explained by
1B). This shows that both increasing phosphorylation and changes in plemp at the cytoplasmic surface (Figure 3B).
decreasing ionic strength incredsg, All consequent plots with pkkmpas titration variable overlay
Rhodopsin phosphorylation caused the appar&rpBapy each other with an intrinsicp(pK;) of 6.3 for MIl formation.
for MIl formation to shift to more alkaline pH, the magnitude Fractional Proton Stoichiometrydendersor-Hasselbalch
of the shift increasing with increasing phosphorylation fits (eq 6) to the bulk pH MII titration curves (Figure 3A)
stoichiometry (Figure 2A). In 100 mM ionic strength gave n values around 0.7 (Table 2) in agreement with
medium, fKa,p shifted from 6.7 for unphosphorylated previous reportsi( 5, 6). Fits to pHremplitration plots (Figure
rhodopsin to 7.3 for samples with 6.2 phosphates/rhodopsin.3B), however, gave values approaching 1 (Table 2). This
At lower ionic strength, the Kpp shift was enhanced (Figure  is consistent with the reaction model shown in Scheme 1
2B). pKappfor samples with 6.2 phosphates/rhodopsin shifted with a single proton accompanying Mil formation.
from 7.3 to 7.9 when ionic strength was reduced from 100 Kinetic Analysis.The pH dependence of the kinetics of
to 10 mM. MIl formation has been studied with unphosphorylated
The effect of increasing phosphorylation &gy and its rhodopsin 6, 38). An ionic strength dependence of MII
enhancement at reduced ionic strength suggests that phosformation has also been reportegb). However, there has
phorylation alterK.q by increasing the negative membrane been no previous investigation of the effect of phosphoryl-
surface potential of the cytoplasmic (extradiskal) surface. The ation on these parameters.
negatively charged surface attracts$ kbns, lowering the The effect of pH on the observed rate constant for Mll
membrane surface pH (plhs €q 8). Gouy-Chapman formation K.py at various phosphorylation levels and ionic
calculations were used to determine whether alterations instrengths is shown in Figure 4A. Both ionic strength and
phosphorylation stoichiometry and/or ionic strength could phosphorylation affedt,,s The previously reported U-shaped
produce changes of pHmpthat account for the shift in the  pH dependence d§s (6) was maintained for all conditions
apparent g of MIl formation. with a minimum around pH 7 for unphosphorylated rhodop-
MII titration curves for three different phosphorylation sin. Increasing phosphorylation and decreasing ionic strength
stoichiometries and three different ionic strengths are shownshift the entirekg,s curve to higher pH. In 10 mM ionic
in Figure 3A. Each of the nine curves has a differeiifgp strength buffer, the pH minimum d&,,s for samples with
These nine curves were brought into congruence by applica-6.2 phosphates/rhodopsin was shifted almost 1 pH unit to
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FiIcURe 4: Dependence of the observed rate constant of MIl
Ficure 3: pH dependence of MIl formation at 0.0, 2.5, and 6.2 formation .9 on pH, ionic strength, and phosphorylation stoi-
phosphates/rhodopsin in media of 100, 25, and 10 mM ionic chiometry. (A) Bulk pH dependence s is U-shaped with a
strength. (A) Bulk pH titration of MIl formation. Curves are shifted  minimum that shifts with ionic strength and phosphorylation level.
by phosphorylation stoichiometry and ionic strength. (B) Titration (B) Calculated membrane surface pH dependenck,qf Plots
data as a function of calculated membrane surface pH. The curvesconverge with a common minimuika,s at membrane surface pH
overlay each other and appear to be independent of phosphorylatiorg .4,
stoichiometry and ionic strength.

and k-;. Previous studies of the pH dependence of Mil

Table 2: Besn Values of HendersorHasselbalch (eq 6) Fits for kinetics refer only to bulk pH value$,(38). Since membrane
MIl Formation as Function of Bulk or Membrane pH surface pH can be much lower than bulk pH, earlier
bestn from bestn from conclusions need to be refined.

PQ/Rho salt (mM) bulk pH membrane pH Membrane surface potential effects account for the phos-
0.0 100 0.85+ 0.09 0.95+0.11 phorylation and ionic strength dependencekgf (Figure
2.5 100 0.8Gt 0.07 0.95£0.09 4B). The curves for all ionic strengths and phosphorylation
6.2 100 0.76+ 0.07 0.95+£0.10 levels overlay each other when plotted as a function of
0.0 25 0.69+ 0.04 0.88+ 0.07 )
25 25 0.61+ 0.05 0.80+ 0.07 PHmem» The shape of the pH dependencekgf;s remains
6.2 25 0.72+ 0.09 0.90+ 0.13 U-shaped with a minimum at pkdm,6.4. Membrane surface
g-g ig 8-23&? 8-33 82% 8-1‘21 potential effects also explain the phosphorylation and ionic
6.2 10 0.80% 0.13 1.02% 0.24 strength dependence kf (Figure 5B) andk-; (Figure 6B).

Values forKe, calculated as the ratio of kinetic constants
_ ki andk-3, are in excellent agreement with values determined
7.9 compared to unphosphorylated rhodopsin at 100 mM from equilibrium analysis (Figure 7). Such agreement

ionic strength. At high pH (pH- 8.5), kebs Was unreliable  provides additional confidence that the measured values of
because too little MIl was formed. Kobs K1, k-1, andKeq are correct.

Previous work has demonstrated that reduced pH increases The values ofn taking pHnems into account (Table 2)
the rate of MIl formation K1) while decreasing its back rate  suggest that a 1:1 proton stoichiometry is required for Mll
to Ml (k-4) (6). Phosphorylation has the same effect as lower formation. The true second-order forward rate constaht,
pH, increasingk: and decreasing-1 (16). Figures 5A and  can thus be calculated by dividing the pseudo-first-order rate
6A show that increasing phosphorylation and decreasing constant k;) by the membrane proton concentration (eq 2;
ionic strength augment the effect of bulk pH knandk-;. n = 1). ki corrected for plemp (Figure 8) shows base

Shifts in MI—=MIl equilibrium caused by changes in catalysis, as was inferred from earlier bulk pH studi@s (
phosphorylation or ionic strength are adequately explained Fast-Forming Intermediatédt pH 6.5 and higher, a single
by changes in membrane surface potential (Figure 3). Therising exponential fits the kinetics of MIl formation. At lower
same explanation should account for the effect of phospho-pH, this phase is progressively replaced by a much faster
rylation and ionic strength on the kinetic parametegs ki, component (Figure 9). Formation of this fast phase must be
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Ficure 5: Dependence of the pseudo-first-order rate constant for on pH, ionic strength, and phosphorylation stoichiometry. (A) Bulk
MII formation (k;) on pH, ionic strength, and phosphorylation pH dependence df_;. The reaction appears to be base-catalyzed
stoichiometry. (A) Bulk pH dependence &f. k; increases with and is decreased by increasing phosphorylation levels and decreas-
decreasing bulk pH and ionic strength and increasing phospho-ing ionic strengths. (B) Membrane surface pH calculations account
rylation. (B) Membrane surface pH calculations account for the for the phosphorylation and ionic strength dependende-of
phosphorylation and ionic strength dependence;of

complete before our first postbleach measurement (4*ms), 15 - Ei”x )
given that a single rising exponential adequately fit the D- o
remainder of the flash response. = L

In determining the rate constantg, and k-1, from Kops g ﬁ,/ FPO/Rh Sal
we assumed that the final amplitude of the flash response o 104 o /'/‘ "o oo 100mm
was due only to Ml and MIl. This implies that the fast © &j/ O 25 100mM
component relaxes into the classical Ml equilibrium 5 e - (6)(2) ‘g‘s’m"‘;‘:
with a time constant equal tos at all pHs, preserving the 5 y 2 ® 25  25mM
single-exponential character of the slow phasg, deter- %M A 62 25mM
mined from the final amplitude of each flash response ¢ M 00 10mM
(equilibrium method) is in good agreement with kinetically 2 lome
determined values df¢q (ratio of rate constants) (Figure 7). = : : '
This agreement suggests that the kinetic assumptions are 0 10 15

]
appropriate. Equilibrium Keq
The fast-forming component increased with decreasing g e 7: Agreement betweeke, values determined by equilib-

bulk pH and ionic strength and with increasing phosphoryl- rium analysis and those calculated as the ratio of forward to reverse
ation (Figure 10A). Its ionic strength and phosphorylation rate constants under various salt and phosphorylation conditions.

dependence is accounted for by changes afibl(Figure The line has a slope of 1.
10B). A HendersorrHasselbalch fit well described the DISCUSSION

pHmempdependence of the fast-phase amplitude. The results Despite the great diversity of agonists for G protein-

are consistent with protonation of a single site withka gf coupled receptors, this family of receptors has many features

5.0. The end point of the fit (ep2 in eq 6) is equal to the . : : .
; . . in common. Much of the paradigm for GPCR signaling was
optical density calculated for complete MII formation (0.017 first described in the rho%opsir?system. The a%undsnce of

OD). this receptor and its unique spectroscopic properties provides
information about GPCR signaling that is either difficult or

4The absorbance was sampled over 4 ms, averaged, and stored everwnpossime to obtain for other members of the GPCR family
16 ms. Since the fast component appears to be complete by our first ’

recorded point (16 ms), we can conclude that the four measurements 1 Ne regulation of GPCR signaling by phosphorylation of
that make up this point do not contain any of the fast component. ~ the C-terminal tail of the receptoryba G protein receptor
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Ficure 8: Dependence of the true forward rate consthyif,for 2 0.010 1
MIl formation on membrane surface pH. The calculation assumes 1
that one proton is necessary for Mll formation. The valueskor 0.008 -
increase with membrane surface pH; thereflyds base-catalyzed. -
0.006
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2 0.0044 [+ +++++:I il FiGURE 10: Effect of pH, ionic strength, and phosphorylation
o ’+++Iﬂ;'++‘ wettEt B stoichiometry on the amplitude of the fast component. Zero
0.0024 it e ana amplitude was taken as the OD for 100% MI formation immediately
| gt . I following the flash (e.g., Figure 9, curve A). Fast-phase amplitude
0.000 A Sl is the increase from this level to the value of the exponential fit to
. T .

0.0 ’ 0'2 0'4 ) 0'6 the slow phase, extrapolated back to the time of the flash. (A) Fast-

: s * : phase amplitude increased with decreasing pH and ionic strength,
Time (sec) and increasing phosphorylation. (B) Membrane surface pH calcula-

FiGURE 9: First 600 ms of the averaged flash response for the tions gquantitatively account for the phosphorylation and ionic

following samples: (A) 0.0 P@Rh, pH 7.5; (B) 0.0 P@Rh, pH strength dependence of the fast-phase amplitude. A Henderson

6.5; (C) 0.0 PQRh, pH 6.0; (D) 2.5 P@Rh, pH 6.0; (E) 6.2 P@ Hasselbalch fit witm = 1 (solid line) to the pHempcurve suggests

Rh, pH 6.0; (F) 6.2 P@Rh, pH 6.0. Data AE were obtained in thaf[ th_e fast phase depends on the p_rotonation of a single site with

100 mM ionic strength buffer, and data set F was measured in 10 an intrinsic (K of 5.0. At low pH, the fit saturates near the OD for

mM ionic strength buffer. All data were normalized to a AWl complete conversion to MIl.

rhodopsin concentration with a 4% bleaching flash. The flash

occurred at time zero. The initial drop in OD for samplesB

was due to Ml formationAegn—m —7200 Mt cm™2). Spectra G-F

have a fast phase followed by a slower phase due to MIl formation.

The fast phase appeared complete by the our first measurement (4

ms) since the first averaged and stored data point of each set (16

ms) was not perturbed.

&
~
!

kinase (GRK) was first discovered in the rhodopsin system
(7—9). Phosphorylation of rhodopsin reduces G protein
activation (3), facilitates the binding of arrestiri4, 40),
and stabilizes the active conformation of rhodopsin, N8)(

In this report, we show that rhodopsin phosphorylation
stabilizes MII by shifting the apparenKpof MIl formation 62
to higher pH. The shift increases with increasing phospho- ’ (') ) i i i ’ _;’ ’ "‘ ; 5' ) "5 ) ;
rylation and decreasing ionic strength. Moreover, the rate Phosphorylation Stoichiometry
of MIl formation, k;, increases with phosphorylation stoi- E 11: caleulated ch _ b ¢ H with
chiometry and decreasing ionic strength while the reverseir:gfeR:sin 9 ph gsgﬁgr; ati%nag%ebdurl]k ”;ﬁ'm7g'n:n dsulroaocemﬁ/l i c‘)’:}'i .

rate, k-1, has the opposite dependence, both defining the gyength at 0.5C. Lowering the ionic strength increases the slope
phosphorylation and ionic strength dependencé&gfand of this relationship.

Keg

Increasing phosphorylation and decreasing ionic strengthin a lower pHnemn (Figure 11). Our Gouy Chapman calcula-
shift the apparentk for MIl formation by increasing the  tions show that increasing phosphorylation augments the
negative membrane surface potential which, in turn, results negative membrane surface charge density while decreasing

Membrane Surface pH
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salt concentration reduces the electrostatic shielding of the3 pH units through a surface potential effect. Using a smaller
surface charge; both conditions increase the negative surfaceange of ionic strengths (3x0L00 mM), our measurements

potential magnitude. This model of the RDM surface

demonstrate an opposite and weaker ionic strength depen-

quantitatively predicts phosphorylation and ionic strength dence.

dependence dfeq Kobs ki, andk-;.
Previous investigations of the pH dependence of MIl
formation did not discriminate between péhnand bulk pH.

Increasing salt concentration can increaggypof MIl
formation through a surface potential effect only if the
membrane surface has a net positive charge. Both intradiskal

It is clearly the local surface pH that is of consequence to a and extradiskal surfaces of RDM are negatively chard8y (
membrane-localized protein like rhodopsin. The difference Shielding of the membrane surface charge, regardless of its
between bulk pH and membrane surface pH can be substansign, should saturate as ionic strength is increased, resulting
tial: up to 1.8 pH units at our most extreme condition (10 in pHmemp titration curves of MlIl formation that converge
mM ionic strength and 6.2 phosphates/rhodopsin). Using with increasing ionic strength. Indeed this is the case in our

Gouy—Chapman theory, we calculated g, values cor-
responding to our bulk pH measurements. Hendefson
Hasselbalch analysis of the pkh, data shows that Ml
formation at 0.5°C has an intrinsic i of 6.3. This value is
around 0.3 pH unit lower than previously reported bulk pH
titration midpoints 6, 29, 38, 39) extrapolated to 0.8C by
use of the thermal dependence of MII formati@). (

Figures 2B and 3A. Conversely, the titration curves of
Delange et al. 39) diverge with increasing ionic strength.
This suggests that their increaselg, with large changes
in ionic strength is not due primarily to an effect on surface
potential.

Increasing osmolality has previously been reported to
increaseKeq (49). The increased osmolality was argued to

The effect of cytoplasmic rhodopsin phosphorylation on favor MIl formation by dehydrating the RDM. This effect
Keq demonstrates that MIl formation is associated with would increase with salt concentration and would not saturate
cytoplasmic proton uptake in agreement with conclusions like a surface potential effect. Increased osmolality rather

drawn from other studies3b, 41, 42). In addition, Gouy-

than a change in surface potential might be the source of

Chapman calculations assuming intradiskal protonation failed the ionic strength effect observed by Delange et al.
to describe the ionic strength or phosphorylation dependence Explanation of Apparent Fractional Proton Stoichiometry.

of MII titration curves (data not shown).
Physiological Releance We used rhodopsin that had been

Formation of Ml is accompanied by deprotonation of the
Schiff base ofall-transretinal (1) and the uptake of a proton

exhaustively bleached, phosphorylated to an average phosfrom solution 60) on the cytoplasmic side of the RDM.
phorylation stoichiometry, and regenerated prior to our There is growing evidence that Glu-134 is the cytoplasmic
measurements. These steps produced a global change in therotonation site35, 51—54); however, Fourier transform in-
membrane charge density that could be modeled by thefrared spectroscopy (FTIR) studies have not detected protona-

infinite plane of smeared charge required by the Geuy
Chapman equation.

Only a small fraction £1%) of molecules are bleached
in vivo, yielding a much lower density of phosphorylated

tion of this residue. In this paper, we refer to Glu-134 as the

cytoplasmic protonation site since it is the leading candidate.
Previous observations suggest that only fractional proton

stoichiometry is required for MIl formationl( 5, 6). The

rhodopsin compared to our in vitro system. The results from Schiff base proton is transferred internally to its counterion,

our Gouy-Chapman study, however, should still qualita-
tively hold true for in vivo physiology. Although phospho-
rylation of a single molecule will result in an imperceptible

Glu-113 65-57), and is not thought to contribute to the
pH dependence of MIlI formation. Therefore, MIl's pH
dependence must be attributed to the protonation of Glu-

change in net membrane surface charge density, phospho134.

rylation will increase the local negative potential around the

molecule according to the PoisseBoltzmann equation. This
will cause a local redistribution of all mobile ions, including
H*, near the phosphorylated receptor, shifting its-\II
equilibrium toward MII. In comparison, several studies of

Several explanations have been offered to account for the
fractional value oh. It has been suggested that protonation
of His-211 stabilizes MIl while protonation of His-65 and
His-152 destabilizes MII, creating an apparent fractional
proton stoichiometryg8). Other studies propose that Mll is

ion channels have demonstrated the importance of localin equilibrium with an additional 380 nm-absorbing inter-

electrostatics on ion concentratio®5( 43, 44).

mediate that is pH-independer®3( 59, 60), thus giving an

The stoichiometry of rhodopsin phosphorylation obtained n value that equals the fraction of protonated MII.

in vivo is a highly debated subject. One report found only

two phosphorylation sites in vivalp). A more recent study,
however, found three phosphates per rhodopsin in viép (

Our work suggests a simpler explanation for a fractional
n. As bulk pH is lowered in a titration, membrane charge
density is reduced through protonation of titratable groups

In addition, data from studies that mutated several combina-on the RDM surface (Figure 12A). The decrease in surface
tions of rhodopsin phosphorylation sites suggest that multiple charge density lowers the membrane surface potential,
phosphorylation plays a role in arrestin bindidg,(48). The thereby reducing the difference between the bulk and
question of physiological phosphorylation sites and stoichi- membrane surface pH (Figure 12B). This acts to extend the
ometry is still unresolved. Even so, phosphorylation stoichi- bulk pH range required to protonate Glu-134 beyond that
ometries as low as one phosphate per rhodopsin will changewhich would have been required were the surface charge to
the local electrostatic environment enough to alter-Mill remain fixed; thus creating the illusion that fractional proton
equilibrium. stoichiometry is necessary for Mll formation.

lonic Strength EffectA previous study by Delange et al. Table 2 supports this hypothesis. Hendersblasselbalch
(39) reported that increasing the ionic strength frovii5 fits (eq 6) to the data of Figure 3A yield an averagef
mM to 4 M raised the apparenKpf MIl formation by about 0.73 as previously reportedd)( We used our Gouy
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04 T T T y T y T of PS (Table 1). A positive membrane surface potential
would cause the membrane surface pH to be higher than

bulk pH, disfavoring MIl formation. The concentration of
24 PS is high enough on the cytoplasmic side of RDM to both

counteract the positive charge of rhodopsin and to produce
a net negative membrane surface chafd®. (The resulting

-4 1 potential lowers pHemn favoring Ml formation (increasing
Keg). Our calculations show that the PS in RDM lowers
PHmemb by about 0.5 pH unit at 200 mM ionic strength and

Rhodopsin Unit Cell Charge

0.5°C.
pH-Dependent Pre-MIl Intermediat8elow pHnemp 6.5,
8- we detected a 390 nm-absorbing intermediate that formed
9. with kinetics much faster than those of MlIl (Figures 9 and

10). Its rate of formation was too fast to be kinetically
resolved by our apparatus. However, comparison of the
8- equilibrium and kinetics of subsequent MIl formation (slow
phase) suggests that this fast-forming intermediate relaxes
into the classical M+MII equilibrium (Scheme 1). Given
that (1) the slower phase was well fit by a single rising
exponential at all pHs, (2) the total postflash absorbance
plotted against pkem, Was well fit by a Henderson

Membrane Surface pH
~

6 - Hasselbalch curve with amof 1, and (3) there was excellent
agreement between the values g, obtained from kinetic
and equilibrium measurements, it appears that the fast phase
5 T T y Y T T ¥ is due to accelerated formation of MIl from a portion of the
5 6 7 8 9 i
Bulk Solution pH bleached rhodopsin.

Several groups have recently postulated the existence of
Ficure 12: Effect of bulk pH on the membrane surface charge 380 nm-absorbing species that appear before classical MII:

density and membrane surface pH with 100 mM monovalent salt ;
at 0.5°C. (A) Calculated change in rhodopsin unit cell charge with MIl rast (66), Mil 2 (59, 67, 68) and Mkgo (38, 60). Formation

bulk pH. (B) Since the membrane surface charge density changesmc Mlsgo is thought to be pH-mdependent, while formgtlon
with pH, changing the bulk pH results in fractional changes in the Of Ml s appears to be pH-dependent in RD&8) but not in
membrane surface pH. detergent %9). The rate of formation of Ml was ap-
proximately the same as MIl at temperatures below@0
Chapman model together with the distribution of the charged Similarly, the temperature dependence oddlsuggests that
residues and theirfs shown in Table 1 to compute the it does not exist at the low temperatures (T3 of our study
membrane surface pH corresponding to each value of bulk(60).
pH (Figure 3). HendersorHasselbalch fits to the pkmb At pH = 4 and pH> 7.5, Dickopf et al. §8) reported
plots give an average of 0.92. Though this model has that a single exponential adequately fit the kinetics of Mil
potential sources of error s may vary with local rhodopsin  formation. At pHs between these extremes, two exponentials
environment), the universal trend of the valuengbward 1 were required to fit the kinetic data. They assumed the two
upon correction for local electrostatics strongly suggests thatexponentials resulted from sequential formation of two
a single proton is associated with MIl formation. isochromic species of Mll, M}l (fast component) and MJI
Other Roles for Surface PotentiaModifications of (slow component); this model is similar to the one proposed
membrane surface potential will cause changes in the localby Arnis and Hofmanng9).
membrane concentrations of all mobile ions. Local divalent  The microscopic rate constants were determined by
cation concentrations have a much stronger dependence omickopf et al. using this model, with the constraint that only

membrane surface potential than monovalent i@@s Z1); one rate constant is pH-dependent, even though they found
therefore, phosphorylation will strongly affect the membrane both the rates of MY and MIl, formation increased with
concentrations of metals such as*?GaMg?t, Mn?*, etc. decreasing pH. The model describing the rate of ,Mll

Divalent metals play several roles important to transduction formation as pH-dependent failed to describe the data; this
mechanisms that may be influenced by phosphorylation ef- conclusion appears to disagree with all other kinetic studies,
fects on membrane surface potential. For examplé! Ga which show that a component analogous to the slow phase
known to regulate rhodopsin kinasgl{-63), guanylate cy- is dependent on pH5( 38, 39, 69, 70). The alternative model
clase 64), and C&*-activated opsin phosphatab) activ- describing the rate of Milformation as the pH-dependent
ity. Due to the negative membrane surface potential of RDM, component was able to fit the data at pHs below 7.5; at higher
the C&" concentration at the membrane surface will be high- pHs the model failed. A model describing both Mé#nd
er than bulk concentration under all phosphorylation stoi- Mll, formation as pH-dependent and other possible kinetic
chiometries (8-9 phosphates/rhodopsin) and should be taken schemes were not tested by these authors.
into account when Ca binding constants of membrane pro- Although complete kinetic and thermodynamic character-
teins are determined and €aspecific effects are modeled. ization of the fast component in our low-pH measurements

PS Tunes the Membrane Surface Potenfiie cytoplas-  was beyond the scope of the present study, the pH depen-
mic surface of rhodopsin is positively charged in the absence dence of the amplitude of our fast phase (Figure 10) is similar
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Scheme 2
500 nm liaht 480 nm slow ? 387 nm
fast (M H_)
H‘ Ho HO

pK 5-0]r pK 6.3 Ew pK 6.3 Fsl

?

i | fast :

Rh-H —2—(MI-H) —=== MII

500 nm 480 nm 387 nm

to the pH-dependent amplitudes of Mdlescribed by Dickopf
et al. In addition, the measured rate of formation of this
intermediate £100-400 s at 0.5°C depending on pH) is
fast enough to explain our results 250 s%). In contrast to
the model proposed by Dickopf et al., the kinetics of our
slow phasek;) is also pH-dependent.

Gibson et al.

6 (71); the author noted that this may be due to “partial
protonation of rhodopsin before bleaching”. McConnell et
al. (72) found a similar effect; however, Bennett found uptake
of 2 H*/MII, while McConnell et al. found uptake of 1 H

Mil. On the other hand, a subsequent study by Bennett used
the pH indicator dye bromocresol purpleK(i6.2), which
showed the uptake of 2H#MIl formed at pHs 5-8 (42). At

pH 4.5, however, the uptake of only 1tHMIl was found

with digitonin-extracted rhodopsin and the pH indicator dye
bromocresol green §4.7) (73).

Cooper and Convers&4) measured the net proton uptake
at pH 5.4 by comparing the enthalpy of MIl formation in
acetate AH = 10.6 kcal/mol) with that in piperazineAH
= 17.2 kcal/mol). TheAH variation of 6.6 kcal/mol is due

We propose that our fast phase might be due to protonationto the difference between the heat of protonation of acetate

of Glu-134 prior to activation, allowing light-activated
rhodopsin to proceed more rapidly to Mll through the lower
path in Scheme 2. In this model, th&;dor Glu-134 would
shift from 5.0 (Figure 10) in the dark-inactive state to 6.3
(Figure 3) in the light-activated state, accounting for the pH

(AH = 0 kcal/mol) and piperazine. The authors usefith

of —7.1 kcal/mol for piperazine and concluded that the
protonation stoichiometry is near 1. A more recent value for
AH of piperazine is—10.2 kcal/mol {5). Our recalculation

of the protonation stoichiometry with this new&H yields

dependence of the fast and slow phases of MIl formation. It an uptake of 0.65 HMII. According to our model and the

is probable that the “fast” Ml is identical to “classical” MlI

data in Figure 10, at this pH 32% of rhodopsin would be

and that it does not have access to a fast path back to MI. Itprotonated in the ground state; therefore we would expect

will relax back to the M+MiII equilibrium with the same
kobsSeen in the normal (slow phase) production of MII. This

the uptake of 0.68 HMII.
Implications for GPCRsAIlthough there is not high overall

is entirely consistent with our data and the results reported sequence homology among GPCRs, limited regions are

by Dickopf et al. 68).

In our fast phase, protonation of Glu-134 would appear
to precede Schiff base deprotonation. If this order of
protonation were to be preserved for the slow phase, Ml
would be formed through a slowly protonated 480 nm
intermediate (MI-H in Scheme 2). This implies that events
associated with the 11-cis to all-trans isomerization of the
chromophore may quickly raise th&pf Glu-134. The shift
in pK would favor protonation of Glu-134, which, according

highly conserved. One of these is the portion of the second
intracellular loop at the end of helix 3, which contains the
E(D)RY sequence 76, 77). This maps to Glu-134 of
rhodopsin, the potential protonation site required for Mil
formation @5). Opsin mutants, wherein a neutral amino acid
replaces Glu-134, show enhanced G protein activafidn (
52) suggesting that neutralization of this charge is necessary
for the receptor’s active configuration.

Neutral amino acid mutations of the Asp in the DRY

to this reaction path, is required for the deprotonation of the sequence of other GPCRs also produce constitutive activity.

all-transretinal Schiff base linkage.

Mutational analysis in conjunction with molecular modeling

If the protonation order observed for the fast phase were suggests that protonation of Asp in the DRY sequence is

not maintained for the slow phase, MIl might be produced
through a slowly forming unprotonated 387 nm intermediate
(MII~ in Scheme 2), corresponding to the Mproposed by
Arnis and Hofmann §9). MIl would then form by fast
protonation of MIF. This reaction path suggests that
deprotonation of thall-transretinal Schiff base linkage is
required to raise thelpof Glu-134, favoring its protonation
and thus stabilizing the unprotonated Schiff base.

Our results do not rule out either potential pathway
(marked with question marks in Scheme 2) or specifically
support the existence of MI-H or Mil However, our present
work is consistent with protonation of Glu-134 before Schiff

required for activation ofaig-adrenergic 18, 79), S-
adrenergic 80), and gonadotropin-releasing-hormone recep-
tors @1). This suggests the possibility of MI- and Mll-like
states in other GPCRs.

Phosphorylation of GPCRs is a paradigm for receptor
deactivation. Phosphorylation lowers local membrane surface
potential resulting in lower local membrane pH. This could
favor protonation of Glu or Asp in the E(D)RY sequence,
thereby stabilizing the MIl-like conformation of other
receptors.

Though not discussed by the authors, Figures 1 and 4 from
Gurevich et al. 82) show that phosphorylatgt}-adrenergic

base deprotonation (fast phase). In addition, our finding of and m2 muscarinic cholinergic receptors do not have

ann near 1 (Table 2) suggests that neither MI-H nor Ml
can be significantly populated nor can they be equally
populated at equilibrium, since this is unlikely to be possible
at all pHs.

If Glu-134 is protonated in its ground state with i pf

increased affinity for agonist compared to unphosphorylated
receptors. Since these receptors were reconstituted into PC
vesicles, they are predicted not to undergo an appreciable
change in membrane surface pH upon phosphorylation. As
discussed above, rhodopsin reconstituted into PC vesicles

5, there should be less proton uptake per MIl formed at also fails to show a phosphorylation-dependent change in

sufficiently low pH. Only a few studies have measured direct

MI—MII equilibrium (17).

protonation at low enough pHs to see this effect. The results Scheme 2 suggests that th€ pf Glu-134 may shift from

from these studies seem somewhat ambiguous.

5.0 to 6.3 upon receptor activation. Protonation of the

Using an electrode to measure proton uptake, Bennettcorresponding site in other GPCRs appears important in
found decreased proton uptake per Mll formed at pHs below converting the receptor from the inactive to active conforma-
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tion. An increase in i of Asp or Glu in the E(D)RY

sequence upon agonist binding may serve as a general

mechanism of GPCR activation.

In conclusion, we have shown that rhodopsin phospho- 3
rylation stabilizes the active conformation of rhodopsin, Mil,
by augmenting the negative RDM surface potential. The

increase in negative membrane surface potential through 32:

receptor phosphorylation could have other important func-
tions in visual signaling and be another paradigm for
regulation of GPCR signaling.
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