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Effective Light-Induced Hydroxylamine Reactions Occur with C,; = C,,
Nonisomerizable Bacteriorhodopsin Pigments
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ABSTRACT The light-driven proton pump bacteriorhodopsin (bR) undergoes a bleaching reaction with hydroxylamine in the
dark, which is markedly catalyzed by light. The reaction involves cleavage of the (protonated) Schiff base bond, which links
the retinyl chromophore to the protein. The catalytic light effect is currently attributed to the conformational changes
associated with the photocycle of all-trans bR, which is responsible for its proton pump mechanism and is initiated by the
all-trans — 13-cis isomerization. This hypothesis is now being tested in a series of experiments, at various temperatures,
using three artificial bR molecules in which the essential C,;=~C,, bond is locked by a rigid ring structure into an all-trans or
13-cis configuration. In all three cases we observe an enhancement of the reaction by light despite the fact that, because of
locking of the C,;=C,, bond, these molecules do not exhibit a photocycle, or any proton-pump activity. An analysis of the
rate parameters excludes the possibility that the light-catalyzed reaction takes place during the ~20-ps excited state lifetimes
of the locked pigments. It is concluded that the reaction is associated with a relatively long-lived (us-ms) light-induced
conformational change that is not reflected by changes in the optical spectrum of the retinyl chromophore. It is plausible that
analogous changes (coupled to those of the photocycle) are also operative in the cases of native bR and visual pigments.
These conclusions are discussed in view of the light-induced conformational changes recently detected in native and artificial
bR with an atomic force sensor.

INTRODUCTION

Retinal proteins, such as visual pigments and the lightstructure (Ottolenghi and Sheves, 1995). This hypothesis
driven proton pump bacteriorhodopsin (bR), consist of ahas been seriously questioned by Subramaniam et al.
retinal chromophore bound to the opsin via a protonated1991), who studied the reaction in a series of bR mutants
Schiff base with the-amino group of a lysine residue (for solubilized in lipid/detergent micelles. No correlation was
recent reviews see Ottolenghi and Sheves, 1995). The lighfound between the efficiency of the light-induced reaction
induced response of (vertebrate) visual rhodopsins leads tand the presence or absence (or the lifetime) of the M and
11<is — all-transisomerization of the chromophore along subsequent N and/or O photointermediates. This led to the
with hydrolysis of the &N bond. In contrast, the light conclusion that the reaction occurs as a consequence of a
response in altrans bR is associated with G=Cy4 all-  conformational change caused by the light-catalyzed all-
trans — 13-cis isomerization in a reversible photocycle, trans — 13<is isomerization, but before deprotonation of
with no disruption of the &N bond. However, the Schiff the Schiff base at the M stage. The L precursor of M was
base in bR is susceptible to reaction with reagents such agggested as the species that is reactive to hydroxylamine.
hydroxylamine and sodium borohydride under illumination | the present work we adopt a different approach to the
(Oesterhelt et aI._, 1973), and to a much smaller extent in th@tudy of the light-induced hydroxylamine reaction in bR.
dark (Subramaniam et al., 1991). o __The study is based on the artificial pigments;pR,ox, (1),

The importance of the hydroxylamine reaction in bR in bRs 1, (Ill), and bR, ;5 (IV) derived from the synthetic
the dark, and primarily its enhancement by light, stems from.gsina1s (allrans) 13'-demethyl-11,14-epoxyretina| 2, all-
its relevance to the structure of the retinal and of its pmtein[ranslz,14-ethanoretinal 3, and X8 13,14-propanoreti-

environment, and to the conformational changes that botla . : :
al 4, respectively (see Scheme ), in which thgr€C
undergo during the photocycle. An ongoing working hy- P y( ) 14

pothesis has attributed the light-induced reaction to the ’\irans — cis or cis — all-trans isomerization, which is a
) . g ritical prerequisite of the photocycles of both wlkns and
photointermediate of alirans bR (Oesterhelt and Schu- prered P y

mann, 1974; Oesterhelt et al., 1974), which is relatively13CIS bR, is prevented by an appropriate rigid ring struc-

; . . . - “ture. Early work by Bhattacharya et al. (1992a), who exam-
long-lived and is known to be associated with deprotonation . o . .
. : . . .Ined pigment 1l in lipid/detergent micelles, did not detect

of the Schiff base and with substantial changes in protein . . .
any light enhancement of the corresponding hydroxylamine

reaction, as suggested by the absence of a photocycle.
However, a study with an artificial visual rhodopsin with a
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o CHO was carried out with a halogen lamp with an output of 150 W and equipped

X 13\ CHO SN P with a heat-absorbing filter and a 520-nm glass cutoff filter. Illumlnatlon
LR was kept steady for the full set of experiments, and it was confirmed, by

1 all-trans retinal 2 continuously monitoring the temperature of the solution by inserting a

thermocouple into the solution, that it did not affect the thermostatted
sample temperature. The temperature fluctuatectBy5°C.

S N CHO S NN
CHO RESULTS AND DISCUSSION
3 4

Fig. 1 shows the spectral changes associated with the dark-
Scheme 1 and light-induced reactions with hydroxylamine of pig-
ments |-1V. Analogous but considerably slower reactions
a[lso take place in the dark. All reactions are well repre-
lockedt lecule (oi il Il as to the &8 %ented by single exponentials, in keeping with those of
ockedtrans molecule (pigment 1), as well as to the native bR and of bR mutants (Oesterhelt et al., 1973, 1974;

locked p'g”.‘e”‘ V. .Surprlsmgly, we fmd. that effective Oesterhelt and Schumann, 1974; Subramaniam et al., 1991).
hydroxylamine reactions are observed with all three syn-

thetic pigments. An analysis of the kinetic parameters IeadThe experimental measured rate constants, as a function of

to the interpretation that the reactions are caused by ligh femperature, in both lightd(ex)) and dark k), are sum-

induced conformational changes, extending jesems time marized in Table 1. We represent the dark reaction rate

_ pad d :

scale, which are not associated with an optically detectabIg""rameters ak’ = A% exp( E"i‘/RT)' The_llght catalyzed

: ) rocess was analyzed accordingkibs) = K(ex) — kq,

photocycle. It is plausible that analogous changes are also | . . . !
S . . -Wherek(ex) is the experimental rate constant in the light,
relevant to the same reaction in native bR, and possibly in .~ ~. N :
. . which is the sum of the contributions of the dark reaction

visual pigments.

(K% and of the “observed” light-catalyzed reactid(¢bs)).
K/(obs) was calculated by extrapolating the appropridte
MATERIALS AND METHODS values. Arrhenius plots of the rate constants are given in

. . _ Fig. 2, showing good fits to the expressiok$ = A°
Retinal analogs were prepared as previously described (Fang et al., 1983;

_=d I _ Al I
Sheves et al., 1985). Bacteriorhodopsin was isolated according to tthp( Ea/RT) and k(ObS) o A(ObS) exD&E'flR-Dj The
method of Oesterhelt and Stoeckenius (1974). Artificial pigments wereCOrresponding rate parameters are summarized n Taple 2.
prepared by incubating the analogs at 25°C with the apomembrane at pMote thatk'(obs) andA'(obs) are related to the intrinsic

6.8. The bleaching reaction of bR with hydroxylamine was followed by parameters of the light-induced reactidd’ and AI, by
monitoring the disappearance of the main absorption band (570 nm for II('(ObS) =K -cCand A'(ObS) = A . C whereC is an

and Il and 550 nm for 1V). Experiments were carried out in the dark or . . . . .
under illumination, using M bR suspensions in the presence of 1 M undetermined function of the Ilght intensity and of the

. . . I
hydroxylamine at pH 7, adjusted with NaOH and HCI. A thermostattedduantum yield of th? re?-Ctlon- Ewdentlk_‘,(obs) = K(ex)
reaction cell in a HP 8453 spectrophotometer was employed. Illuminatiowhenk' (ex) >=> k% which is the case for pigments | and IV.

a range of temperatures, extending the work to an addition
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TABLE 1 Rate constants for measured light and dark hydroxylamine reactions of native bR(l) and artificial pigments II-IV

Temperature wT) bRy, epoxy (1) bR, 1 (IIl) bRs 15 (V)

(K) K(ex) (s k(s K(ex) (s k(s Kex) (s k(s K(ex) (s k(s
283 1.44x 1073 2.72x 10~ %
288 1.78x 10°% 5.10x 10 * 2.36x10°° 4.39% 10 %
293 220X 1073  6.47x 10°* 3.65x 1072 6.96x 10~ %
298 3.01x 1073 212X 10°* 267x10°% 822X 10°% 6.48 X 1072 1.09% 10~ *
303 1.78x10°° 426X 10> 385x10° 247x10>* 330x10° 1.00x10** 11.95x 103 1.67X 10 %
308 2.04x 107® 6.65X 107> 4.62x 1073 2.88x 10> 4.08x10°% 1.20x10°* 19.25X% 1073 2.54% 10~ %
313 2.31x10°%  1.02x 10°* 564x10°% 3.11x10°3 6.03x 10 1.65%x 1072

318 2.83x10°% 3.03x10°“ 7.49x 10°° 3.73x10°3 7.45x10°° 1.82x10°3 5.08x 104
323 3.47x 1072  4.81x10°* 8.35x 10 4.33x10°° 2.20x 1073 8.62x 107
328 3.85x 10°% 6.23x 104 4.88%x 1072 2.95x 1073 10.90% 10°4
333 9.54x 103 1.60x 10°*

*Extrapolated from Arrhenius plot of the measured rate constants.

However, a substantial correction for the contribution of thetion in E,, despite a significant decrease in the relative
dark reaction was needed for pigments Il and III. frequency factor.

The following features are clearly evident: 2. The dark reaction rate for the locke$ pigment (V)

1. Unexpectedly, both dark- and light-induced hydroxyl-is similar to that of the native pigment, with respect to both
amine reactions are observed with all three locked molefrequency factor and activation energy. The reactions of
cules. Moreover, in some of the cases such processes areggments Il and Il are faster by factors of 10-30. This is
(or even more) effective than that of the native pigment. Thejue to a considerably loweE, value, which more than
catalytic effect of |Ight in the case of the locked pigments iSCompensates for the much lower frequency factor.
due to an increase in the frequency factor. In native bR, the 3 A different situation prevails in the case of the light-
reaction is light-accelerated because of a significant reduGnduced reactions. For all locked pigmenE, > E¢
whereas for native b}, < E&,

We first address the key observation, namely, that light
W.TbR catalyzes the hydroxylamine reaction, despite the failure to
bR, , detect a photocycle. Flash photolysis studies with time
bR, , resolution in the>ns time range did not detect a photocycle
in the locked pigments (Sheves et al., 1985; Chang et al.,
1985; Bhattacharya et al., 1992a; Delaney et al., 1995). In
addition, for pigment Ill, no accumulation of any photoint-
ermediate was observed at liquid nitrogen temperature by
either absorption or Fourier transform infrared spectrosco-
pies (Chang et al., 1985). A possible interpretation of these
‘ ‘ , : phenomena is that the reaction takes place in the excited
0.0031 0.0033 0.0035 state, which in the case of pigments Ill and IV has been
dark \ shown to exhibit lifetimes of-20 ps (Delaney et al., 1995;

Zhang et al., 1996; unpublished results from our laborato-
6 2 ry). We address this mechanism by estimating the quantum
yield of the light-induced hydroxylamine reactiosj and
by setting an upper limit to its rate constatht, was deter-
mined by using the quantum yield of the t&— all-trans
(dark to light adaptation) reaction of native bidy() for
actinometry. This was performed by carrying out experi-
ments, under the same illumination conditions, in which the
rate of dark to light adaptation (monitored by the charac-
0.0030 ' 0.0031 ' 0.0032 teristic absorbance change at 600 nm) was compared to that
B of the hydroxylamine bleaching reaction. A quantum yield
UT[K'] ratio of ¢4 = 40¢y, was obtained. Becaus#y is on the
_ _ order of 0.1 (Korenstein and Hess, 1977; Kalisky et al.,
FIGURE 2 Arrhenius plots of the first-order rate constants of the hy-

. . — 73 . .
droxylamine reactions of pigments -1V in the dak)(and under illumi- 1977)' \_Ne obtain for native bB_'h =2x10" Sl_mllar or
nation klope). Note thatkly represents the net contribution of the EVEN higher values characterize the locked pigments (see

light-induced reaction after correction for that of the dark reaction. Table 2). This value o, clearly excludes an excited state
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TABLE 2 Rate parameters associated with the dark- and light (obs.)-catalyzed hydroxylamine reactions of native bR(l) and of
the artificial pigments II-IV

Dark Light
k™ (st 19, (s) = AT Kobs(SH) iz (0DS) (5) E. Alobs) K(s™ A
(298°K)  (298°K) (kcal/mol) (298°K)  (298°K) (298°K)  (kcal/mol) (s = (298°K) (s bn
| bR (native) 6.6x 10 ° 10,400 15.5 1.5 10" 1.4x 107> 495 6.4  7.0x10 — — ~2x 1072
bRy cpory 21X 1073 330 6.1 6.2< 10 8.9x 1074 778 108 7.9 10* <10 <10° ~2x10°°
Nl bRs 15 8.2x 104 846 7.9 5.0< 10? 1.8x10°® 375 9.1 8.4x 10° <10 <10® ~25x10°
IV bR ;5 1.1x 104 6,300 15.5 25¢10° 6.9x 103 100 18.2 1.5< 10" <1?  <10'° ~1072

*Extrapolated from Arrhenius plot of the measured rate constants.

reaction in the case of the locked tBpigment (V). Thus, native and artificial pigments was monitored by following
assuming an upper limit & ~ 10*°s™%, the observe®!  the vertical Z) deflection of the tip of an atomic force
value of 18 kcal/mol sets an upper limit f&, which at  microscope (Rousso et al., 1997). Interestingly, pigments
298°K is on the order of s *. This is nine orders of 1I-IV exhibited a positive atomic force signal on a 0to
magnitude slower than the excited state decay time, imply10~3 s time scale, analogous to that observed in the case of
ing that for an excited state reactiafy, < 10 °. This value  native bR. The effect was interpreted in terms of a light-
is highly inconsistent with the experimental value-62 X induced structural change in the protein that is not accom-
103, The application of similar considerations to pigmentspanied an optical photocycle, namely, by changes in the
Il and 1Il, for which E}, = 9-10 kcal/mol, sets an upper optical spectrum of the retinyl chromophore. The mem-
limit of k' ~ 108 s™* (298°K), and thereforey, <5 x 102, brane-protein conformational alterations were monitored on
This value, which is based on the upper limitAdf~ 10> a 10 “to 10 ®s time scale, but were probably triggered by
s %, is not inconsistent with the experimental valuedof much faster events initiated in the retinal binding site. Such
2 X 103 However, it appears that for pigments Il and Ill, conformational alterations may be responsible for the light-
Al'is much smaller than 20 s™ . Thus, on the basis of the induced reaction with hydroxylamine. Although there is no
value ofK'(obs)= 1.5 x 10'* s, reported in Table 2 for direct evidence to independently confirm this hypothesis, it
pigment IV, and becausk < 10*°s ™!, we can estimate that is tempting to suggest that after coupling to the photocycle
C = 10 % Thus, for pigments Il and lIA' = 16Bs Y and  events (Rousso et al., 1997), these structural changes may
K < 10. According to the above discussion, this excludes amplay a role in catalyzing the hydroxylamine reaction in the
excited state mechanism for pigments Il and Il as well. case of native bR as well. Future studies should address this
Excluding an excited state process, and on the basis of thgossibility. The analogy with observations in the case of a
above kinetic considerations, we are led to the conclusiofocked rhodopsin (Bhattacharya et al., 1992b) may indicate
that the reaction of the G=C,, locked molecules takes that similar structural changes are also induced by light in
place after relaxation to a ground state photoproduct, on gisual pigments. We note that protein conformational alter-
time scale that is longer than microseconds. As mentionedtions induced by retinal light absorption was also sug-
above, there is no spectroscopic evidence forrs photo-  gested in the process of retinal binding to apoprotein at low
transformation of such molecules, and it has generally beehumidity (Rousso et al., 1996). In this process, critical
assumed that the original ground state is repopulated withigavities in the protein are temporarily open, despite the fact that
~20 ps after excitation (Delaney et al., 1995; Zhang et al.the retinal-protein complex lacks a characteristic photocycle.
1996). Our data are thus at variance with this assumption, We finally consider the mechanism of the hydroxylamine
suggesting that a relatively long-lived structural change igeaction in the dark and its enhancement by light. The
induced in these locked bR pigments that catalyzes thetriking analogy between the rate parameters (fEgrand
hydroxylamine reaction. One way to account for this con-high A') of pigments | and IV (see Table 1) suggests an
clusion is to assume the presence of a low-yield @ 3) analogous mechanism that differs from those (Blyand
photocycle in the case of the locked molecules (e.g., byow A') of pigments Il and IIl. This may be in keeping with
isomerization around a=€C bond, other than G=C,,), the distorted protein conformation at the binding site of the
which leads to the hydroxylamine reaction with a quantumlatter pigments (Rousso et al., 1995), as compared to the
yield, which is close to unity. However, this mechanism isrelaxed conformation associated with the structurally simi-
highly unlikely, in view of the failure to observe accumu- lar chromophores in | and IV. It is plausible that in native
lation of any photointermediates after light absorption atbR, which in the dark is composed of 40%/60% di&all-
liquid nitrogen temperature in pigment Il (Chang et al., transisomers (Scherrer et al., 1989), the reaction proceeds
1985). In fact, independently of its primary quantum yield, via the 13eis component, which is geometrically similar to
there is no precedent for any retinal-protein photocyclethe chromphore in IV.
whose primary photointermediates cannot be accumulated A different situation prevails in the case of the light-
at cryogenic temperatures. It is tempting to consider oucatalyzed reaction, for which we observe an increadeljn
data in view of a recent study in which the light response ofas compared t& 2 for all locked (1I-IV) molecules. This is
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in clear contrast to the native pigment, wh&g << EJ. It Kalisky, O., C. Goldschmidt, and M. Ottolenghi. 1977. On the photocycle
appears that coupling to the photocycle and/or the specific and light adaptation of dark-adapted bacteriorhodopBiophys. J.

. ; . . : . 19:185-191.
native protein conformation which binds athns retinal,

| | Korenstein, R., and B. Hess. 1977. Hydration effects on the photocycle of
compensates for the lo, value by a much lower, bacteriorhodopsin in thin layers of purple membraREBS Lett.82:

keeping the light-catalyzed process at a relatively low effi- 7-11.
ciency. In other words, the conformational alterations in-gesterhelt, D., M. Meetzen, and L. Schumann. 1973. Reversible dissoci-
duced by light increase the probability that the reaction will ation of the purple complex in bacteriorhodopsin and identification of

occur. However, coupling to the photocycle or the specific 13<cis and alltrans retinal as its chromophore&ur. J. Biochem40:
N e ) 453-463.
protein conformation compensates for this effect. Future

. . . . . _Oesterhelt, D., and L. Schumann. 1974. Reconsititution of bacteriorhodop-
work should aim at establishing the light-induced reaction in. FEBS Lett44-262-265.

mechanism, p”.manly Clal’lfylr'lg the na.ture of the primary Oesterhelt, D., L. Schumann, and H. Gruber. 1974. Light-dependence
step (e.g., reaction of the Schiff base with a water molecule, reaction of bacteriorhodopsin with hydroxylamine in cell suspensions of
as compared with a direct, single-step, reaction with hy- Halobacterium halobriumdemonstration of an apo-membrarfEBS
droxylamine), and correlating the relevant structural Lett44:257-261

changes with those responsible for the photobiological funcOesterhelt, D., and W. Stoeckenius. 1974. Isolation of the cell membrane
tion of bR. Finally, it will also be of interest to clarify the of halobacterium halobrium and its fractionation into red and purple

i bet h hanistic i in bR d th membraneMethods EnzymoB1:667-678.

I on ween m nistic 1 n n . . .

eactions betwee SUC. ep a. ste §sues a Og?tolenghl, M., and M. Sheves, editors. 1995. Photophysics and photo-
of the analogous reactions in visual pigments. chemistry of retinal proteindsr. J. Chem35:193-513.
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