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Reaction Coupling, Acceptor pK, and Diffusion Control
in Light Induced Proton Release of Bacteriorhodopsin
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The mechanism of proton release to the bulk during the photocycle of bacteriorhodopsin has been studied by
absorbance measurements using pyranine as indicator. The initial absorbance change of the indicator is
characterized by a sigmoidal shape, reflecting coupling of proton pumping with transfer of protons to the
indicator. The time constants of pumping & 20 to 50us) and of transfer to the indicator,(= 0.4 to 1.5

ms) decrease with increasing pyranine concentration, consistent with coupling of an intra- and a bimolecular
reaction step. Proton transfer by buffers is dependent on their pK value. The most efficient buffer in the test
proved to be borate; in the presence~df mM borate protons appeared in the bulk with a time constant of

7, ~ 60 us. The data are described by simple reaction mechanisms. The rate constants of proton transfer are
consistent with a standard dependence on the pK difference between donor and acceptor, but apparently
other factors like size and charge of the acceptor contribute as well. The rate constants of proton transfer
from bacteriorhodopsin to acceptors with a favorable pK are at the limit of diffusion control. However, the
data indicate the existence of a separate intramolecular reaction step for most acceptors, which seems to
reflect proton transfer from the release cavity of bacteriorhodopsin to the periphery for acceptors, which
cannot approach this cavity because of steric, electrostatic, and/or other factors. Crystal structures of
bacteriorhodopsin support the interpretation that the release site is not directly accessible for acceptors such
as pyranine. Proton transfer to borate is without barrier and, thus, there is no general diffusion barrier in the
proton release of bacteriorhodopsin.

Introduction to the bulk by a set differential equations and attribute the delay

" of of protons to a high buffer capacity of the membrane. A

Bacteriorhodopsin is considered to be a “paradigm ; . .
completely different conclusion is suggested by early experi-

membrane proteins and certainly is among the most thoroughly

studied protein moleculés? The transformation of light ener . -
udied protel . I 9 9y protons in the bulk in the presence of buffers amtitrophenol

into chemical energy in form of a proton concentration gradient ~ =" . . - ;
9y P 9 as indicator. The issue is of sufficient general interest for further

is based on a reaction cycle, which has been characterized in

considerable detail, mainly by flash spectroscopy. On the basisanalySiS‘ In the present investigation, proton release in bacte-

of spectra in the visible range, six different reaction states (J, norho_dopsm is analyzed in more detall_than previously. The
K, L, M, N, and O) have been identified. Additional substates experimental data demonstrate a special form of the release

were characterized by various methods. The release of protonérans'entS that must be expected but has not been detected in

during the M state of this cycle at the extracellular surface has previqus experiments._ Th‘?se data show coupling of proton
been studied by pH indicatofs4 When indicators were fixed ~ PUMPING by the protein with the subsequent step of proton

covalently on the extracellular surface, protons appeared in timestranSfer' Furthermore, the experimental data demonstrate that
proton release is very much dependent not only on the

as short as~70 us, whereas indicators in free solution showed ) .
concentration but also on the nature of the proton accepting

proton appearance with time constants of e.g., 1.28Ehese ies. The d d Fi for offici th i
results have been used as evidence for the existence of a barrierP€¢!€S: | € dépenadence of transier efliciency on the parameters

in the diffusion of protons from bacteriorhodopsin to the bulk OI thf prot?r:haccepttor IS lusefuldfor qna]ys;)s Otf a fl:}n((:jtlongl
solution. Moreover, protons released at the extracellular surfaceStTucture of the proton rejease domain in bacteriornodopsin.

of bacteriorhodopsin disks arrive rapidly at indicators fixed on Analysis of the data by a simple kinetic model demonstrates
the intracellular surfacé!! providing evidence for efficient that the rate constants of proton transfer follow the expected

diffusion of protons along the membrane surface. In the general general dependence on pK dlfferences. The rate constants for
context of energy processing according to Mitchelie data proton transfer observed in cases with a favorable pK difference

seem to support a localized form of a pH gradient, where protons are close to the I|m|_t of diffusion (_:ont_rol and, _thus, there is no
move directly between a source and a sink, e.g. from a proton evidence for the existence of a diffusion barrier. However, the

pump to H-ATP synthase, and do not get delocalized by experimental data indicate a separate reaction step, which is

diffusion into the bulk medi;Jm suggested to represent proton transfer from an inside cavity of
If there is any barrier against diffusion into bulk solution, the release site to the periphery of the protein.

what is the nature of this barrier? Nachliel and Gutian

simulated proton transfer from photoactivated bacteriorhodopsin

mental data of Drachev et &lwho report fast appearance of

Materials and Methods

Bacteriorhodopsin was prepared as described by Oesterhelt
* Corresponding author. E-mail: dpoersc@gwdg.de. and Stoeckenidéusing an overproducing straikiélobacterium
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salinarum S9 that was kindly provided by Dr. J. Tittor. The l 90
sample proved to be homogeneous in SDS gel electrophoresi

and in isoelectric focusing. Suspensions of bacteriorhodopsin
in given buffers were prepared either by extensive dialysis or ;
by repeated centrifugation into a pellétresuspension. Most 60
of the present measurements were performed in 50 mM KCI;
some measurements were also performed in a low salt mediung '
containing 1 mM NaCl@ 0.2 mM MgSQ. The pH of the
samples was adjusted by addition of NaOH solution from a
microsyringe directly into solutions in the measuring cell under
nitrogen using an AtmosBag from Aldrich. The cell was then .
closed under nitrogen. After light adaptation by a Schott cold 0.
light source, spectra were measured in this cell with a Perkin- I 02 04 06 Ml e
Elmer Lambda 17. In solutions containing pyranine, pH values s % T 1o
were controlled by recording ratios of absorbances at 454 ang t, [ms]

403 nm; contributions to the absorbance from bacteriorhodopsinfigyre 1. Change of light transmissioal at 458nm of a solution
were subtracted, and the ratio of corrected absorbances at 454ontaining 19.9«M bacteriorhodopsin and 502M pyranine in 50

and 403 nm was used to determine pH values of solutions in mM KCI pH 8 induced by irradiation of light pulsed ¢ 520 nm);

the measuring cell immediately before and after recording data traces a and b (of the same transient) are given at time dgaledty,
sets of flash spectroscopy. The following reagents were used:the transient is averaged from 40 shots and is corrected for contributions

sodium azide (Merck. extra pure). ammoniurm chioride (Merck from absorbance changes of bacteriorhodopsin measured under identical
ium azide ( , extra pure), u ide ( * conditions in the absence of pyranine. Fitting of the transient requires

PpA), boric acid (Baker, pA), cacodylic acid (Sigma), imidazole three exponentials: two exponentials for proton release=(35 us;
(Merck), potassium chloride (Baker, pA), RHnorpholino)- 7, = 879us) and another one for proton uptake € 7.64 ms; the line
ethanesulfonic acid (MES, Merck)); tris(hydroxymethyl)-ami- representing the fit cannot be distinguished from the experimental data).

nomethan (TRIS, Merck, pA); pyranine (Molecular Probes).  The dashed line shows a least-squares fit with two exponentials for
Flash icd btained with f comparison. Convolution of the experimental data resulting from the
ash spectroscopic data were obtained with components froMjignt” puise and from a limited time resolution of the detector was

a fluorescence temperature jump instrumérolutions were included in the evaluation (50 mM KCI, pH 7.65). The dotted line (c;
filled into a fluorescence T-jump cell: the central part of this AF) shows the reference used for deconvolutienifitensity of the

cell was prepared from quartz, the lower electrode was madeflash pulse recorded by the detector used for measurements of
from Pt, and the Pt electrode closed the cell chamber with an @bsorbance changed, integrated and normalized).

O-ring from perbunan. The optical path lengths in both ) ) ] o
directions of excitation and absorbance were 7 mm. Flash light honlinear fit routined' (for an example of global fitting
was irradiated from a lamp FX1160 (Perkin-Elmer) driven by presente(_:l previously cf. r_ef 23). The reference for decc_mvolutlon
an EG&G Electro-Optics model PS302; the wavelength of was obtained by measuring the _mtensny (_)f the flash light puls_e
irradiation was limited td. > 520 nm by a filter KV 520 from by thg detector used for recordmg pyranlne/bagtenprhodopsm
Schott (Mainz, Germany). The flash pulse was recorded by g transients (at the same bandwidth) and numerical integration.
diode detector. Absorbance changes were measured °at 90
orientation with respect to flash irradiation using a wolfram lamp

as light source, a Schoeffel grating monochromator, and a Coupling of Proton Pumping and Release to Indicator.
standard photomultiplier detection unit. Detection of scattered The flash light induced change of pyranine absorbance found
flash light by the photomultiplier was avoided by interference in the present experiments, indicating proton release at the
filters (411 and 458 nm) in front of the photomultiplier. The extracellular side followed by proton uptake at the intracellular
flash light signal and changes in light transmission were recordedside, is of course similar to that published in the literafinié.

by a Tektronix DSA602. Absorbance changes of pyranine, However, a careful analysis of the data reveals a feature that
observed at 458 nm, were always corrected for contributions has not been described in the literature yet. The initial part of
from absorbance changes due to bacteriorhodopsin occurringthe release signal cannot be represented by a single exponential,
in the absence of pyranine by subtraction of the signal measuredpecause it starts with a zero slope; the shape is sigmoidal,
with the same sample at the same pH in the absence of pyraninecorresponding to a small but noticeable initial delay (Figure
At high concentrations of both pyranine and bacteriorhodopsin, 1). This feature is detected in all experimental data, provided
residual signals resulting from the flash pulse passing the 458that these data are properly corrected for contributions resulting
nm interference filter were found due to high amplification of from the photocycle of bacteriorhodopsin recorded in the
the detector; in these cases the residual flash pulse signals werabsence of pyranine. The full time course of proton concentra-
recorded separately and subtracted. The experimental data weréion changes can be described without systematic deviation by
processed (including subtraction of data sets, deconvolution anda sum of three exponentials, where two exponentialsand
exponential fitting) by a set of programs designed for analysis t,) are required to describe proton release.

of chemical relaxation dafd:?°Relaxation time constants were The explanation of this result is obvious: protons are not
fitted to kinetic models by a combination of a general least- released immediately after irradiation: it is well known that
squares fitting routine based on a simplex procetaad an about 5Qus time of the photocycle are required to arrive at the
algorithm for simulation of relaxation spectf&Finally, sets M state, where protons are released. Calculations of transients
of relaxation curves obtained for different concentrations of based on a two-step reaction scheme, with an intramolecular
given acceptors were fitted directly to reaction models (“global” reaction step representing proton pumping followed by the
fit) by a combination of a deconvolution procedédfe routine intermolecular reaction of proton transfer to the indicator (details
for calculation of relaxation time constants for given reaction in section “reaction models”), confirm that the time required
mechanisn®@ and application of a combination of linear and for proton pumping gives rise to the sigmoidal appearance of
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Figure 2. Reciprocal time constants}/(x, left ordinate) and I 20000 +———— . 7
(O, right ordinate) as a function of the pyranine concentration at 7.24 m]
uM bacteriorhodopsin. The combined least-squares fit of theakld 1/:2 17500 T
1/z, values using reaction model (B(= 1.4 x 1B s, ky = 9.3 x SR ]
108 s, k' = 6.7 x 10 M1 s7%) is represented by a dashed and a ] o
continuous line forr, and t,, respectively. 12500 - E
. . 0000 4
the proton release curves. Thus, the sigmoidal shape of the ' i
release curves must be expected and clearly is not an artifact 7500 + .
resulting from insufficient instrumentation. soo] B+ v ]
Measurements under exactly the same experimental condi- g oV
tions recorded at 411 nm, where the rise of the M state is 2500 gf:fjt/*/* ]
observed, do not show the delay found in the pyranine transients ol . i : . . [ , .
at 458 nm. This result is in agreement with literature data and 0 1 2 3 4 5 6 7
demonstrates that the delay found at 458 nm is not due to any acceptor [mM]
problem with instrumentation and/or deconvolution. Figure 3. Reciprocal time constants 3/as a function of the

Measurements at different concentrations of pyranine clearly concentration of different buffers: azid), cacodylate), MES ©),
demonstrate an acceleration of the relaxation with increasing 'Mdazole (), TRIS (x), borate [) and ammonium4) (50 mM KCI;

. - . data for cacodylate in 1 mM NaCkp0.2 mM MgSQ). (a) Abscissa
concentrations. This concentration dependence can be measuregi, e total buffer concentration. (b) Abscissa with the concentration

more _easily for the slower of the r_elease time ConSta_f‘fs_r of the proton acceptor species of the respective buffer at the given pH.
technical reasons, but the experimental data also indicate a

concentration dependence «f(Figure 2). A serious problem  heen measured in the presence of different acceptor species. In
for determination of accurate data is the strong dependence ofy| cases pyranine was used as indicator, because its spectral

the transients on pH. Although the sample cell was closed under 5 ameters are very convenient for analysis of proton release
nitrogen (cf. Methods), there used to be a slow pH drift, g bacteriorhodopsin.

apparently due to diffusion of GOnto the cell. Because of the
low reactant concentrations the buffering capacity was very low
and, thus, small quantities of GQvere sufficient to cause a

Added proton acceptors serve as catalysts for transfer of
protons to the indicator. As shown in Figure 3, clear differences

pH drift. It is difficult to estimate the error level remaining from " the transfer ativity are found for various buffer species. A

the problem of pH control. However, the errors in the final rate particularly high transfer efficiency is observed for borate.
constants (cf. Table 1) estimated from reproducibility are  Because protons are accepted from bacteriorhodopsin only
probably mainly due to residual shifts of pH values. by the deprotonated buffer species, the data of Figure 3a, which

Dependence of Proton Release on Proton AcceptorEhe are presented with the total buffer concentration in the abscissa,
rate of proton transfer may depend on various factors, including have been plotted again in Figure 3b as a function of the
the structure of the proton acceptor. To check for any depen- concentration of the unprotonated buffer species at the given
dence of this type, the appearance of protons in solution haspH value. In this plot the position of borate is more extreme,

TABLE 1: Rate Constants kg Ko, k', and k;’ Obtained According to the Cyclic Reaction Scheme 2 by Global Fitting

salt Ko, ko K ks K
acceptor pK pH [mM] [s™Y [s™Y [M~1sT [M~tsT [M~1sT
azide 4.7 7.66 1 4% 1C¢° 2.0x 10¢ 3.9x 10° 1.8x 1¢° 1.0x 17
azide 4.7 7.96 50 4.6 1C¢° 2.0x 10¢ 7.3x 10° 25x 108 1.0x 1@
MES 6.1 7.45 50 6.% 10° 2.0x 10¢ 1.8x 10/ 15x 1 1.0x 10
cacodylate 6.3 7.51 1 54 10° 2.0x 10¢ 1.7x 10 21x 10 1.0x 10
imidazole 7 7.73 50 7.% 106° 2.0x 10¢ 1.7x 1 1.2x 1 1.0x 10
TRIS 8.21 7.73 50 6.4 10° 2.0x 10¢ 25x 10° 1.3x 1¢° 4.0x 10°
borate 9.14 7.98 50 1410 3.0x 10 49x 1C° 4.4 x 107 1.0x 1
ammonia 9.4 7.87 50 78 10° 2.0x 10¢ 7.1x 10° 1.0x 1¢° 5.0x 107
pyranine 7.3 8.04 50 2.4 10° 2.0x 10¢ 1.1x 10 22x 10 1.0x 10

2The rate constanlls; were estimated from the known dependence of proton-transfer rate constants éqdiffegnce. Estimated accuracy
ki £10%;ky, ki andk; £30%.


http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp0261004&iName=master.img-001.png&w=236&h=154
http://dontstartme.literatumonline.com/action/showImage?doi=10.1021/jp0261004&iName=master.img-002.png&w=214&h=311

10236 J. Phys. Chem. B, Vol. 106, No. 39, 2002 Porschke

100000 — i —r transfer pathway via acceptor/donor groups on bacteriorhodopsin
1k, ] disks.
;57 T Reaction Models.A reaction scheme must include at least
two reaction steps: (1) proton pumping within bacteriorhodop-
sin, which can be represented for the present purpose by a single
reaction step; and (2) proton transfer from bacteriorhodopsin

80000

60000

to pyranine
40000
BR iﬁ BH
20000 ko
ki
. BH+I=B+IH (1)
T T T T T T ky
0 25 50 75 100 125 150
pyranine [uM]

where BR, BH, and B represent the resting state of bacterio-
rhodopsin, the states with a proton and without a proton at the
release site, respectively; | and IH represent the unprotonated
and the protonated states of the indicator, respectively. This
model is expected to be sufficient in the absence of added
- : buffers. Some parameters of the reaction are known: khefp
[ the indicator pyraniré is 7.3 and the K of the proton release
) é// group of bacteriorhodopsin has been repdfealbe 5.8. These

pK values define the equilibrium constagt/k; of the second
reaction step. Fitting of the two time constants resulting from
the reaction scheme to the set of experimental data shown in
Figure 2 provided the remaining three parameters. The rate
_ constant of proton transféé, = 6.7 x 1 M~1 s 1is in the
expected range, whereas the ratio of the rate const@nﬁ
1.4 x 10® s tandky = 9.3 x 10° st is unexpectedly low for
an “irreversible” reaction. This problem will be discussed below.
Based on the reproducibility of the data, the accuracy of these
rate constants is estimated to #40% for k; and+20% for

2000 ———— . — :

1h, '

[s"]
1500

1000

0 T T T T T T T T T T
0 25 50 75 100 125 150
pyranine [pM]

Figure 4. Reciprocal time constantstl/(a) and 1¢, (b) as a function kar andk;

of the pyranine concentration at three different bacteriorhodopsin " L . . .
concentrations (7.24M O; 15.7uM x; 30.24M O) in 50 mM KCI A quantitative analysis of the relaxation curves measured in
at pH 8.03. The combined least-squares fit of aty Bnd 1, values the presence of buffers must be based on a reaction scheme
according to reaction model &{=2.2x 1®s % k; =3 x 10°s}; including the major reactions contributing to the proton transfer.

K =13x 1°M1st ki =3.3x 18 M1s?)is represented by ~ As discussed by Eiget} reactions based on “free” protons or

continuous, dashed, and dotted lines for bacteriorhodopsin concentra-on defect protons (HQ) do not provide any essential contri-

tions of 7.24, 15.7, and 30/2M, respectively. bution in the pH range around 7 under usual conditions because
) of their low concentrations. The remaining transfer reactions

closely followed by ammonia. As should be expected, the pK expected in solutions containing bacteriorhodopsin, indicator

value of the proton acceptor is essential. |, and transfer reagent T are included in the following cyclic

Dependence of Proton Transfer on Bacteriorhodopsin reaction scheme:
Concentration. The experimental data demonstrate a clear

decrease of, with increasing bacteriorhodopsin concentration BR

(Figure 4), even though pyranine was always in excess of ko“ko

bacteriorhodopsin, and thus a dependence on the concentration

of bacteriorhodopsin is not expected to be detectable at the given BH

limits of experimental accuracy. Simulations based on a simple + o+

two step-reaction scheme described below (1) confirm this Kt | T K

expectation. // K3 k,-\o '
Thus, it may be suspected that the experimental dependence B B

of 72 on the bacteriorhodopsin concentration is due to a + ki +

contamination by some proton transferring species. Standard H+T = 1|+ TH

procedures used for purification of bacteriorhodopsin may not k2

eliminate such contamination at the micromolar concentration

level. However, bacteriorhodopsin samples have been dialyzedThe initial step BR= BH represents light induced proton
extensively and/or resuspended in solutions that had been freshlypumping (rate constants andk,) and is coupled to three
degassed in order to avoid proton transfer via any buffer of low different proton-transfer reactions: (1) the pumped proton may
molecular weight, including hydrogencarbonate ions. These be transferred from bacteriorhodopsin (BH) to the unprotonated
purification steps did not affect the relaxation effects associated transfer reagent T (rate constamﬁ andk;); (2) the proto-
with proton release. Thus, it is possible that the dependence onnated transfer reagent TH may pass its proton to the indicator
the bacteriorhodopsin concentration is due to a special proton-1 (rate constantskz andk,); (3) the pumped proton may also
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be transferred from the state BH to the indicator | directly (rate 1 1

constantskg andky). 75 A_Cj  ane “] A CjL*W
The number of parameters for this reaction scheme is rather a 1 b

high and, thus, it is difficult to determine exact values for all N \.\ , Al | 4

the rate constants from the limited set of the available 1

experimental data. However, analysis is favored by the fact that \\/ ]

some independent information is available. First of all, the pK 0 ; : ; . o' ; ; . ,

values are known and, thus, equilibrium constants can be 0 500 1000 0 500 1000

calculated. Furthermore, the transfer rate between buffer and Agﬂw A?: ] W

indicator may be estimated from the known general dependence| -1 1.2

of rate constants on pK differenc&sThe rate constant k ; 20- ]

10° M~ s71 observed for proton transfer from acetic acid to %07 AC]&W 1 AC}&-W-L

imidazole is used as a reference for the diffusion controlled \ ‘\k\ :

limit.2> Thus, the number of unknown parameters is reduced L 1

considerably. Further reduction would be possible if the

parameters obtained from the data for bacteriorhodopsin 1

pyranine in the absence of buffer could be introduced into the J j

analysis of the data measured in the presence of buffer.| ° " s00 | 1000 % ©os00 1000

However, as discussed below, fitting according to model (2) 061 05

revealed coupling between the parameters of the bimolecular | aai | V&W"‘“‘V‘ AA@MM“’VL
-1

proton transfer and the parameters of the initial intramolecular | -1.4-

reaction step; thus, simple substitution appeared to be impos- . .
_\ ACJLQW 7‘5_\ ACJW
I\ .

Al Al 4

sible. Because of this coupling, each set of experimental data
was fitted independently and parameters were not fixed with
two exceptions: pK values and the transfer rate between buffer
and indicator. NE Al
The data obtained for different buffers show individual fitting 1
qualities. In the case of borate the data do not provide
information on a specific value fdg,. The experimental time o s0 | 1000 6 s00 1000
constants are compatible with a rangekgfvalues as long as 4
k; < kI. This result is expected for an irreversible reaction. |** }WWMM’ sl MMM
Photoinduced pumping of protons in bacteriorhodopsin is
irreversible, because the proton does not return to its original Figure 5. Global fit of proton release curves indicated by absorbance
donor. changes of pyranine at 458 nm in the presence of different concentra-

: . . tions of NH,CI. In each panel the line with noise represents the
.The data obtained for other buffers prov!de ev_ld_ence for a measured change of light intensitM in mV; a line without noise
different and more complex reaction mechanism. Fitting of these representing the least-squares fit cannot be distinguished from the
data indicatesk, = kg corresponding to an equilibrium  experimental data. The residuai\l are given separately below and
reaction between BR and BH, with a higher population of the the autocorrelations AC of the residuals are given as insets. The lines
initial state BR. This is in contrast with expectation because marked by open squares represent the reference used for deconvolution.

the photoinduced net output of protons suggests the absence Oizmz:r:glig’?t?r?sltir?mgdi rﬁélv ;rgeit'\],vég\:i;ﬁ\/gg;ﬁgﬁ:ﬁﬂgﬁ .gi‘ﬁ” in
any detectable back-reaction. ' RS up

- . ) to channel 924 and 1Qos for channels 924 to 1020. Other conditions:

Global Fitting. The usual procedure for fitting of relaxation 20 °c: 50 mm KClI: 13.3uM bacteriorhodopsin, 50.2M pyranine,
data involves two steps. First, relaxation time constants are fitted pH 7.87. Concentrations of Ny&l in mM are (a) 0; (b) 0.248; (c) 0.539;
to relaxation curves and in a separate second step these timéd) 1.111; (e) 2.216; (f) 4.28. The last relaxation process representing
constants are fitted to reaction models. This procedure is usefulProton uptake (cf. Figure 1) was not described by the reaction model
for assignment of the minimal mechanism required to describe (2) but by fixed time constants obtained from fl_ttlng of single relaxation

. ) . curves. Because the final part of the relaxation curtes10.5 ms)
the eXpe”men_tal data. However,_ for a final evaluation of does not contribute to the information on proton release, it was not
parameters it is more useful to fit the rate constants of the jncluded in the global fit. The complete set of data used for global
reaction model directly to the set of relaxation curves measuredfitting is shown in this figure, corresponding to a total recording time
at different reactant concentrations. This “global fit” procedure of 10.5 ms after light pulse initiation. The fitted parameters are given
avoids problems with assignment of proper statistical weights in Table 1. The relatively larga Al values in panels a to c at channels
for different relaxation processes. In the present casalues >924 are due to jitter in the time base caused by the large change in
. . the time interval.

cannot be assigned as accuratelyravalues, because; is
derived from a relatively small part of the relaxation curves. ) ) )
Appropriate statistical weights are assigned automatically during 1 ne differences in the concentration dependences of the
global fitting. An example of a global fit is shown in Figure 5. '€laxation curves obtained for different buffers are clearly
In almost all cases the experimental data could be fitted by the reflected in the parameters specified by minima in the error sum.
cyclic reaction mechanism at a satisfactory accuracy (excep- N cases such as Nfborate, and TRIS, a minimum in the error
tion: azide; cf. below), and in almost all cases the results SUM IS found for each of the rate constants to be evaluated and,
obtained by global fitting are consistent with those obtained by thus, all parameters can be determined. In other cases the
the two step fitting procedure. Some change in the resulting information is limited due to coupling of the rate constakyjs
parameters was observed in the case of TRIS buffer. Becauseandk; : an increase in the error sum due to a change afan
global fitting is expected to be more reliable, the discussion be compensated by a changekyf Thus, these data sets are
presented below is based on parameters from global fits. consistent with a relatively broad rangelgf values. Because
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10° —b——— el . . L The k; value obtained for azide on the basis of reaction

] scheme (2) is about an order of magnitude larger than expected
from the dependence shown in Figure 6. This deviation is hardly
due to experimental uncertainty but provides evidence for the
existence of a separate proton-transfer pathway, which contrib-
utes in the presence of azide because of its unfavorable pK value.
The existence of an additional reaction pathway is also indicated
by systematic deviations in the global fit of the relaxation curves
measured in the presence of azide. Special effects associated
with azide ions have been observed in previous investigatfons.

BR Concentration Dependence.The data for the proton
transfer between bacteriorhodopsin and pyranine obtained at low
T concentrations of bacteriorhodopsigk can be described by a
two-step reaction mechanism (cf. Figure 2). However, as
discussed above, an additional reaction pathway must be
Figure 6. kiobtained for different buffers as a function of the pK included at highcsr values. The complete set of experimental
value of the acceptor. The data indicated by open circiysvere used  data may be described quantitatively on the basis of reaction
fpr a Ieaert-squares fit to eq 3; the continuous line shows ihe resulting gcheme (2), assuming that the transfer reagent T is equivalent
fit with Ky = 5.2 x 10° M™* s and pio = 7.58. Thek value 1 s3me residues at the surface of bacteriorhodopsin and using
obtained for pyranine®) was not included in the fit (note that in this - . .
case ki of reaction scheme 2 reflects direct proton transfer to acpncentratlon. for the species T corresponding to the concen-
pyranine). tration of bacteriorhodopsin. The p_K vqlue of the surface res@ue

was assumed to be 6. As shown in Figure 4, the concentration

some rate constants of the cyclic reaction scheme, including dependence of both;, and t, can be represented by this
ky, are expected to be constant in the presence of differentmechanism with high accuracy. The rate constants obtained from
buffers, the corresponding rate constants should be identical.this fit for the pumping reaction and for the proton transfer to
Thus, the data obtained for different buffers were examined for the indicator are in the same range as those obtained from the
satisfactory fits by a set of parameters with identical values for data measured at low concentrations, but some change of the
identical reactions. For most of the buffers, fitting with such a values indicates that the additional reaction included in scheme
set of parameters was possible. However, parameters deviating3) contributes to some degree already at the lower concentration
from the consensus set were found in the case of borate. used in Figure 2. The results obtained by the standard fitting

The rate constants obtained by fitting of experimental data procedure are confirmed by global fitting.
to reaction scheme (2), compiled in Table 1, demonstrate a clear Extension of the Reaction MechanismAs discussed above,
dependence of the proton-transfer rigfeto the acceptor onits  the results obtained by the reaction schemes (1) and (2) suggest
pK value. As should be expected, highvalues are observed ~ that the reaction mechanism is more complex. A simple
when the acceptor pK is high, and thus proton transfer can be €xtension of the mechanism (1) may be used as an example

at the diffusion controlled limit. Thé; values decrease with

10" 4

10°4

'J

decreasing pK value of the acceptor, when the proton has to be BR i BA k_i_ BH

transferred against an increasing free energy barrier. These data kox ko

are consistent with the general rules for proton-transfer reactions "

described by Eigef The transition between the diffusion BHR + Té B+ TH 4)
controlled regime (pK — pKa < 1), and the regime controlled ke

by the energy barrier (pik — pKa > 1) is described by the _ _ S
following equation on the basis of the free energy differences where the resting state BR of bacteriorhodopsin is first converted
to an activated state BA and subsequently BA is converted to

ki the state BH with the proton exposed for transfer to the acceptor
+ 1,max . . .
K = —— 3) T. For a least-squares fit of the experimental data shown in
1+ 10°"0 P

Figure 2, the rate constants of the first reaction were fixed to

where pk and pKa are the pK values of the bacteriorhodopsin k = 2 x 10" s and k,» = 10 s, corresponding to a
donor site and of the acceptor, respectively, kﬁﬁlax is the rcilaxatlon time cinsgant of 50s. Theiiesult|n+g rate constants
maximal rate constant in the limit of a favorable pK difference. Kir = 1.4x 10°s, k. = 9.6 x 10° s%, andk,. = 6.8 x 10°
When this equation is used to fit experimental rate constants of M* S * are similar to those obtained for the corresponding
proton transfer between acetic acid as donor and different "€@ction steps of scheme (1). The quality of the fit is also very
acceptors (hydrazine, imidazole, aniline, formiate ame similar. Thus, the intramolecular reaction step of reaction scheme
chloroaniling>29 the resulting pK value of the donor is 4.9 (1) may be separated into two steps, where the first one in
(agreement with the literature value 4.8 for acetic acid within Scheéme (4) is virtually irreversible and the parameters of the
the limits of accuracy). second step in scheme (4) are almost identical with those of
As shown in Figure 6, thekir values for proton transfer the first step derived on the basis of scheme (1).
between bacteriorhodopsin and a wide variety of buffers can Discussion
be described by the expected dependence on the pK difference.
The value ply = 7.6 of the donor group obtained from the Coupling of Reactions in Proton ReleaseBecause the
least-squares fit using eq 3 is clearly larger than that given mobility of protons in water is known to be particularly high,
previously? for the release group (pks 5.8). Apparently the the interpretation of experimental data initially was based on
difference is due to the fact that the pK determined in the presentthe assumption that protons are transferred directly via diffusion
investigation represents a kinetic pK value (cf. Discussion).  through the aqueous phak¥.However, the concentration of
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free protons in aqueous solution is minimal at pH values around rate of proton transfer, because the time constant of the
7 and, thus, protons are usually transferred in aqueous solutiongelaxation process with the dominant amplitude is virtually
either directly from donors to acceptors or via buffers serving independent of the pyranine concentration under these condi-
both as proton acceptors and donors at a high efficiency. Directtions. Heberlé® concluded that proton transfer to pyranine is
proton transfer between bacteriorhodopsin and indicator wasindependent of the pyranine concentration. Apparently the
included in a model presented by Nachliel and Gutrfamt bacteriorhodopsin concentration used in his investigation was
some of the rate constants used in their model are not consistentimited to this special domain.
with experimental data. General rules for the kinetics of proton | the present publication the term “pumping” refers to the
transfer were discussed by Eig&€nAnalysis and description  first step of the reaction mechanisms (1) or (2) and does not
of proton release in the present investigation is consistent with jmply any direct relation to one of the individual steps of the
these rules. established photocycle. Thus, pumping is used in a simple
Any quantitative analysis of proton release from bacterio- operative manner to describe the reaction chain initiated by the
rhodopsin to the bulk requires that coupling between the first light pulse and ending with the appearance of protons at the
intramolecular step of pumping and the subsequent bimolecularrelease site. An influence of the proton-transfer reaction on the
step of proton transfer into the bulk is described explicitly. “pumping” time constant must be expected according to the
Pumping is not infinitely fast but is known to take about/&0 general rules of kinetics. Experimental evidence for this effect
and, thus, the pumping time affects the appearance of protonsis given by the data shown in Figure 2. However, the exact
in solution. Coupling between the two reactions is reflected by relation of the present pumping reaction to the steps of the
a special sigmoidal form of the release curves, which has neitherestablished photocycle remains to be demonstrated. In previous
been described nor discussed in previous investigations. investigations any influence of buffer concentration on one of

Numerical simulations based on the coupled reaction schemethe time constants of the standard photocycle has not been
(1) demonstrate that the delay does not appear for largedetected yet.
perturbations, i.e., large changes of the pH induced by extensive pK Dependence of Proton Transfer to Buffers and
proton production exceeding the buffering capacity of the Separate Internal Reaction Step.The experimental data
system. In this case the observed time constants cannot beobtained for the proton transfer efficiency of various buffers
interpreted by usual models anymore, because the reaction timelemonstrate the expected general dependence on the pK
constants are strongly pH dependent. Another potential reasondifference, corresponding to that described previously for other
for missing the delay effect is incorrect compensation of the case$® The pK value indicated by this dependence for the
absorbance changes resulting from bacteriorhodopsin at theproton donor group (7.6) is clearly higher than the value reported
wavelength used for recording the indicator signal. previously for the release group (5.8). A further analysis with

The present experimental data were obtained by a techniqued more extensive set of acceptors would be useful to increase
without expensive lasers. A disadvantage of this technique is athe accuracy, to check a wider range\gK values and potential
limited time resolution. However, a direct comparison of €ffects of other acceptor parameters. Probably the transfer rate
experimental transients in the 10 to &6 time range shows is not only dependent on the pK difference but also on other
that the signal-to-noise ratio of the measurements in the presenfarameters of the acceptor, in particular size and charge. Effects
investigation is at least an order of magnitude higher than that Of this type may have some influence on thpK dependence
in previous investigations. Thus, it is very likely that the delay and, thus, it is hardly possible to estimate the accuracy of the
effect was simply hidden in the noise of transients in previous PK value derived from the rate constants obtained in the present
investigations. Obviously, correct conclusions on reaction investigation. However, in a nonequilibrium system like pho-

mechanisms are not possible when the basic relaxation effectdoactivated bacteriorhodopsin a difference between a pK value
are not assigned properly. obtained from rate constants and that obtained from other data

Some experimental difficulty results from the requirement is not at all .evidence for an error. It is very likely that the
to correct pyranine transients for contributions from absorbance difference simply reflects different reaction states of the
changes of bacteriorhodopsin itself. This correction must be Nonequilibrium system. The pK value determined in the present
based on data obtained at the same pH value, which is not trivialnvestigation clearly is a “kinetic” pK. The nature of this pK
in the absence of buffers. Moreover, bacteriorhodopsin transientsShould be analyzed in further investigations. More information
are modified in the presence of buffers, because the reactiond@ Pe also obtained by an analysis of the pH dependence of
are coupled with each other. Thus, exact correction requires {N€ Proton release kinetics.
transients measured under identical experimental conditions. ~ Special buffer effects on electric signals of light-excited

The relatively slow appearance of protons in the bulk is partly bacterlorhodoposm were reported by Liu et*aland Toth-
due to the coupling between the intramolecular pumping reaction Boconadi et af? These effects have been classified according
and the intermolecular release reaction(s). Rate constants derivedP the charge transition upon protonation. Because the electric
without explicit consideration of this coupling must lead to Sign&ls were measured under different conditions (low salt), a
erroneous conclusions. Furthermore, time constants observedli'éct comparison to the present results is not possible. In view
for a process involving intermolecular reaction steps cannot be ©f the photoelectric results, it is remarkable how closely the
compared directly with time constants for an intramolecular Proton-transfer rate constanks obtained for buffers of dif-
process, as in previous publications on proton release byferent charge state_follow the expected pK depender_u:e (Figure
bacteriorhodopsin. The danger of false conclusions from an 6)- Apparently the influence of the acceptor charge is reduced
analysis of kinetic data without correct assignment of the at the much higher salt concentration used in the present
coupled reaction mechanism is demonstrated by the data showrnvestigation.
in Figure 4. If the analysis of data would be limited to a  The analysis based on the reaction mechanisms (1) and (2)
bacteriorhodopsin concentration in the range of /30 and reveals an unexpectedly low ratio of the rate constkgitbg
would be based on a simple one-step mechanism, the depenfor the first reaction step. Probably the low value of this
dence on the pyranine concentration would suggest a very low“equilibrium” constant obtained in the presence of many
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observed in the absence of buffers suggests catalysis of proton
transfer by some group on the surface of bacteriorhodopsin
disks. When this particular pathway of proton transfer is
included in the reaction scheme, the concentration dependence
of both r; andr, can be described at a high accuracy (Figure
4). The existence of groups serving as proton acceptors and
donors on the surface of bacteriorhodopsin must be expected,
because there are many different glutamic and aspartic acid
residues and also some arginine and lysine residues. Due to
electrostatic interactions it is likely that some of the pK values
are shifted into the range where both acceptor and donor function
at neutral pH is possible. In addition to large numbers of
bacteriorhodopsin molecules the purple membrane contains
many lipid molecules; the headgroups of these lipids may also
serve as proton acceptors and donors.

Transfer of protons by intermolecular exchange between
bacteriorhodopsin disks is not required if there is a sufficiently
high mobility of protons along the surface, because a general
high mobility would serve to equilibrate protonation at all
available sites by intramolecular transfer. The general problem
of proton mobility along membrane surfaces has been discussed
extensively (e.g., refs 43, 44). For the special case of bacterio-
rhodopsin disks, evidence for a high mobility of protons along
Figure 7. Structures of bacteriorhodopsin (A), pyranine (B), and borate the surface has been presented by several independent investiga-
(C) on the same scale. The oxygens of the carboxyl groups of Glu204 tions. However, the experimental results given in these inves-
(red)+ Glu 194 (orange), representing the release group (cf. Discus- tigations for the same type of reaction are very different:
sion), and of Asp96 (green) are highlighted using van der Waals japarie et af, report a time constant of 228 39 us for the
dimensions. The retinal group is presented in “licorice” form (purple). L . .

The crystal structure 1c3w.pdbirom the Protein Data Badkwas appearance of protqns at indicators fixed on the intracellular
used for preparation of this figure by VM. side, whereas the time constants of Alexiev et'dor the
corresponding process are 77, 76, antHY% us at positions
101, 105, and 160, respectively. Different transfer time constants
have been published for the extracellular side as well: proton
arrival was reported with time constants #38 us® and 76+
18 us® by an indicator fixed at position 129 of the sequence,
with a time constant 74 4 us*! at position 72 and with a time
constant 134s!® at positions 129 and 130. These results indicate
a relatively broad distribution of exchange time constants,
the existence of a separate proton transfer step from the releasgeper?d'ng on the_ posmon of re3|due;s_and/or on details of
experimental conditions. Thus, a prediction of proton transfer

cavity to the periphery. It is also possible that access to the ~ . . i hardl il h
release site is enabled by a local change of the protein structure /M€ constants to given residues is hardly possible. Under these

The identity of the release site is not exactly known. The conditions a final interpretation of the dependence on the
residues Glu202! Glu194+Glu20432 a water molecul&33and bacteriorhodopsin concentration cannot be presented: neither
a hydrogen-bonded continuum in this regf# have been transfer by a residual buffer contamination nor by contact
suggested. Crystal structures of bacteriorhoddp3iiindicate between disks can be excluded.
that the residues in the region of the release site are not directly A special problem associated with the kinetics of proton
accessible for bulky proton acceptors such as pyranine (Figuretransfer from bacteriorhodopsin may result from its disk-like
7). Luecke et a¥” wrote that the “proton release complex is Structure involving many protein molecules in close contact. A
well insulated from the aqueous medium” and, thus, seemed tohigh local proton concentration is expected transiently at the
anticipate the existence of a separate reaction step from theirextracellular surface after pulsed photoexcitation. Under these
analysis of the protein structure. However, the present resultsconditions the distribution of protons in space is more time
also indicate that small acceptors such as borate have direcconsuming than in the case of protein monomers without
access to this complex. aggregation. The problem is analogous to that encountered in
Another factor contributing to the special release kinetics may ligand binding to linear polymers, where the diffusion controlled
be a high degree of hydrogen bonding within the release rate constants of binding are dependent on the chain léhéfth.
group364L Internal hydrogen bridges are known to decrease A simple estimation based on Einstein’s equation suggests that
proton-transfer rate®. The release group may exist in different  the effect is not detectable in the case of bacteriorhodopsin under
states of hydrogen bonding. Transfer of protons may require a usual experimental conditions (LM bacteriorhodopsin, 40M
separate reaction step for some acceptors. The kinetic modelgpyranine, pH 8). An experimental test with bacteriorhodopsin
used in the present investigation were not extended yet in disks of different diameters in the range from 0.25 o did
general, because additional information should be collected for not show any difference in the observed time constants. This is
specification. partly due to the fact that pumping of protons is relatively slow
Effect of Bacteriorhodopsin Concentration and Surface (r ~ 50 us). More evidence for the conclusion that the special
Mobility of Protons. The unexpectedly strong dependence of distribution effect resulting from the disk-like structure does
the time constant, on the concentration of bacteriorhodopsin not affect the experimental transients comes from the observa-

different proton acceptors is due to a simplified mechanism.
An explanation may be based on the large differences in the
structure of proton acceptors. An extreme case is pyranine with
a bulky aromatic structure and many negative charges, both of
which may contribute to exclusion from the cavity of the release
domain. Apparently molecules such as pyranine can accept
protons only from the periphery of the protein. This implies
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tion that the time constants are not dependent on the extent of
perturbation in the range from approximately 1 to 10%

photoexcitation of bacteriorhodopsin (within the limits of

accuracy +20%, under standard conditions of the present
investigation).

Delay or Acceleration of Proton Transfer by Buffer
Residues on the SurfaceThe present investigation provides
new information on proton release in bacteriorhodopsin but also
raises new questions. One of the goals of the analysis was an
analysis of some potential “barrier” in proton release. The results
demonstrate that there is no general barrier against diffusion,
but the pathway of proton release is more complex than
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