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The gene coding for bacteriorhodopsin was modified 
in  vitro to replace Aspz1' with  asparagine  and  ex- 
pressed in Halobacterium  halobium. X-ray diffraction 
measurements showed that  the major lattice dimension 
of purple membrane containing  the  mutated  bacterio- 
rhodopsin was  the  same as wild type. At  pH > 7, the 
Aspzlz 4 Asn chromophore was blue (absorption max- 
imum at 586 nm) and  exhibited a photocycle containing 
only the  intermediates K and L, i.e. a reaction sequence 
very  similar  to that of wild-type bacteriorhodopsin at 
pH < 3 and  the blue form of the Asp'' + Glu protein at 
pH < 9. Since in the  latter cases these effects are 
attributed  to  protonation of residue 85, it now appears 
that removal of the  carboxylate of Asp212 has  similar 
consequences as removing the  carboxylate of AspsB. 
However, an important  difference  is that only Asps5 
affects  the pK,  of the Schiff base. At pH 7, the Aspz1' 
4 Asn protein  was  purple (absorption maximum at 
569 nm) but photoexcitation produced only 15% of the 
normal amount of M and  the  transport  activity  was 
partial.  The  reactions of the blue and  purple  forms 
after photoexcitation are both quantitatively ac- 
counted for by a proposed scheme, K c-, L1 c-, Lz + BR, 
but  with  the  addition of an  LI - M reaction  with 
unfavorable pK, for Schiff base deprotonation  in  the 
purple form. The latter  hinders  the  transient accumu- 
lation of M, and  the consequent branching at L1 allows 
only partial proton transport activity.  The  results are 
consistent with  the existence of a complex counterion 
for  the Schiff base proposed earlier (De Groot, H. J. 
M., Harbison, G. S. ,  Herzfeld, J., and  Griffin, R. G. 
(1989) Biochemistry 28,3346-3353) and suggest that 
Asp", AspZ", and at least one other  protonable residue 
participate  in  it. 

Illumination of the light-driven proton pump, bacteriorho- 
dopsin, causes a cyclic sequential reaction via the spectro- 
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scopically distinct  intermediate  states J, K, L, M, N, and 0. 
The two  key events in this reaction are  the loss of the retinal 
Schiff base proton to  the extracellular side, resulting in the 
M  state,  and the subsequent reprotonation of the Schiff base 
from the cytoplasmic side. At least two aspartate residues 
participate in this process. Asps5 is in  a hydrophilic region of 
the protein which opens to  the extracellular medium (Hen- 
derson et al., 1990); this is the residue involved in the proton 
release phase of the  transport (Braiman  et al., 1988 Gerwert 
et al., 1989,  1990; Butt  et al., 1989; Stern et al., 1989). Aspg6, 
on the other  hand,  is occluded in  a hydrophobic region located 
nearer the cytoplasmic side (Henderson et al., 1990); this 
residue functions  as the proton donor to the Schiff base 
(Gerwert et al., 1989,  1990; Butt  et al., 1989;  Holz et al., 1989; 
Tittor  et al., 1989; Otto  et al., 1990; Stern  et al., 1989). 

The proposed role for Asps5 is supported by much self- 
consistent evidence. Its replacement with asparagine produces 
a blue chromophore (with  a red-shift of 33 nm, Mogi et al., 
1988; Subramaniam et al., 1990; Otto  et al., 1990)  whose  Schiff 
base will not  deprotonate effectively during illumination 
(Stern  et al., 1989). As expected, proteins  containing  any 
nonprotonable replacement at Aspss  will have the same prop- 
erties  as the wild type with AspS5 protonated  (Subramaniam 
et al., 1990; Otto et al., 1990). Replacement of Asps5 with 
glutamate  on the  other  hand raised the pK, for reaching this 
state.' Thus, Asps5 and  the Schiff base seem to have an 
intimate  and unique relationship: the anionic Asps5 not only 
determines the purple color of the chromophore but functions 
as  a counterion which stabilizes the protonated Schiff base 
and  the residue which accepts the Schiff base proton  during 
the L + M reaction. 

Aspz1' is also located on the extracellular side of the Schiff 
base, and at about the same distance from the  NH+ group as 
Asps5 (Henderson et al., 1990). It may  be protonated in the 
second half of the photocycle (Braiman et al., 1988; Gerwert 
et al., 1990). Yet little could be said definitively about the 
involvement of this residue in the chromophore and  proton 
transfer. Its replacement with asparagine resulted in a chro- 
mophore with some unexpected properties. 1) Light adapta- 
tion, which normally converts an equilibrium mixture of 13- 
cis and  all-trans bacteriorhodopsins to 100% all-trans  and 
thereby causes a  10-nm  red-shift in the absorption maximum, 
caused a blue-shift in the  mutant (Mogi et al., 1988; Subra- 
maniam et al., 1990). In the Aspz1* + Glu mutant at least, 
this was related to  the fact that  it was the dark-adapted 
chromophore which contained nearly entirely all-trans  reti- 
nal, while light adaptation gave a mixture of isomers (Duiiach 
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et al., 1990). The Fourier transform  infrared ethylenic stretch 
depletion band of  Aspz1' mutants also suggested a mixture of 
all-trans  and 13-cis chromophores (Rothschild et al., 1990). 2) 
Since Asp"' carries a negative charge as does  Aspss, its 
replacement might have been expected to have had a similar 
effect on the chromophore as replacement of  Aspss. However, 
the light-adapted Asp'" + Asn protein absorbed to  the blue 
of the wild type  rather  than  to  the red (Mogi et al., 1988; 
Subramaniam et al., 1990; Stern et al., 1989). 3) Unlike the 
Aspa5 + Asn mutant whose Schiff base deprotonated  in the 
dark with a pK,,  of 7 (Otto et al., 1990), the Asp'" + Asn 
chromophore was unchanged at least up to  pH 10 (Subraman- 
iam et al., 1990). 4) Even though the characteristic purple- 
blue transition at acid pH was attributed  to  protonation of 
Aspss rather than Asp2", the Asp"' + Asn protein did not 
show the  spectral  shift at low pH (Subramaniam et al., 1990). 
5) Unlike the wild type, the Aspz1' + Asn chromophore was 
destabilized by illumination (Marinetti et al., 1989; Duiiach 
et al., 1990). 6) Light-dependent deprotonation of the Schiff 
base occurred under some conditions, but  the amount of M  in 
the photocycle was much less than in wild type (Otto et al., 
1990; Stern et al., 1989; Rothschild et al., 1990), as was 
transport activity (Mogi et al., 1988; Marinetti et al., 1989). 
7) With the Asp"' + Asn protein in detergent micelles, the 
time-course of absorption change at 650 nm resembled that 
in  a  mutant with Aspm replacement (Otto et al., 1990), but 
the same protein in a lipid-reconstituted sample had  quite 
different absorption changes in this wavelength region (Stern 
et al., 1989). On the basis of these findings, it was suggested 
(Otto et al., 1990; Subramaniam et al., 1990) that Asp'" must 
play an important role in the chromophore, perhaps  as an 
alternate counterion to  the Schiff base, and  that  its presence 
is required for efficient proton release in  the first half of the 
photocycle. A  structural role for Aspz1' seemed to be indicated 
by the  instability of the Aspz1' mutants  in general, the changed 
light-adaptation behavior (Mogi et al., 1988; Duiiach et al., 
1990), and  the greatly slowed rate of retinal  reconstitution as 
compared with wild type (Mogi et al., 1988). In particular, 
hydrogen bonding between T y P 5  and Asp'" was suggested to 
stabilize the relative orientations of helices F and  G  (Roths- 
child et al., 1990). 

Nevertheless, the specific function of Aspz1' has remained 
elusive. Furthermore, these observations were obtained with 
mutated bacteriorhodopsin expressed in Escherichia coli. We 
have found' that when  Aspm  was replaced with glutamate, 
but  as  an in vivo mutation in a halobacterial species, the 
chromophore had different properties than  the same protein 
produced in E. coli. The apparent cause for this was that  the 
latter does not readily assemble into two-dimensional crys- 
talline  arrays ("purple membranes"). It seems reasonable to 
assume that  there  is less gross structural  alteration in mutated 
bacteriorhodopsins when they form these arrays. Since a 
Halobacterium halobium expression system is now available 
(Ni et al., 1990), we constructed the Asp"' + Asn bacterio- 
rhodopsin with this method and examined its properties in 
purple membrane-like arrays. As much as possible, we had 
attempted  to  interpret  the  data  in  terms of specific effects on 
individual steps of the photocycle. The results, given in  this 
report, remove any  uncertainties in the earlier data which 
may be due to  the expression system. Our conclusion is that 
replacing this residue does not greatly perturb  protein  struc- 
ture  and produces a chromophore with very similar properties 
to those one finds after Asps5 is replaced or protonated.  This 
indicates  a close functional  interaction between Asp'" and 
either  the Schiff base or Asp=, or more  likely both,  consistent 
with participation of these residues in the multicomponent 

counterion complex proposed earlier on other grounds (De 
Groot et al., 1989, 1990). The involvement of a  third  proton- 
able amino acid residue is suggested by the appearance of pH 
dependence in the Aspz1' + Asn protein,  both for chromo- 
phore absorption  and Schiff base deprotonation. 

MATERIALS  AND  METHODS 

Strains, Growth  Conditions, Sample Preparation, Transport As- 
say-The clone which produced Asp2" --t Asn bacteriorhodopsin was 
constructed by transformation of H. halobium L-33, which lacks 
carotenoids and gas vacuoles and contains the stable  insert ISH2 
(DasSarma  et al., 1984) in the bop gene  which encodes bacteriorho- 
dopsin. For controls, H. halobium S-9 was  used. The cells were  grown 
in  a medium containing the following per liter: 250 g of NaCl, 20 g of 
MgSO,. 7H20, 3  g of citric acid trisodium salt, dihydrate, 2 g of  KC1, 
0.2 g of  CaC12, 10 g of Oxoid peptone, 50 mM Tris. HC1, and  a 10,000 
X dilution of a  trace metals solution. The  latter consisted of 1.3 g of 
ZnSO4.7H20, 0.3 g of MnS04.Hz0, 0.8 g Fe(NH),S04.6Hz0, 0.15 g 
of CuSO4.5HZ0 in 200 ml  of 0.1 N HCl. Where required, mevinolin 
(a generous gift of Merck Sharp  and Dohme) was added to  the 
autoclaved medium from an ethanol stock. Bacteriorhodopsin was 
prepared from cultures of  1-9 liter medium without mevinolin, grown 
as described before (Oesterhelt and Stoeckenius, 1974), under normal 
laboratory illumination. It was collected from sucrose gradients at 
the high buoyant density characteristic of purple membrane, which 
has  a lower lipid/protein ratio than  the rest of the cytoplasmic 
membrane. The circular dichroism band in the visible exhibited the 
bilobe shape  characteristic of wild-type bacteriorhodopsin in purple 
membrane (e.g. Heyn et al., 1975; Ebrey et al., 1977), indicating that 
the mutation did not abolish the trimeric arrangement within the 
array. The yield of purified Aspz1' + Asn bacteriorhodopsin was 
about 18 mg/liter culture; this is comparable to  the highest yields of 
the wild-type protein achieved. The purple membrane samples were 
in 100 mM NaCl, 50 mM phosphate, at  the  pH indicated. Some of the 
measurements were with samples encased in polyacrylamide gel 
(Mowery et al., 1979) because at  pH near  4 the membranes aggregated. 

Cell envelope vesicles  were prepared by the sonication method 
(Lanyi and MacDonald, 1979) and were stored in 4 M NaC1. One hour 
before the proton transport assays, they were diluted 1:30 into  3 M 
KC1 in order to load them with KC1 and thereby eliminate effects 
from sodium/proton antiport; light-induced pH changes were meas- 
ured at various light intensities as before (Vir6  et al., 1990). Interfer- 
ence from halorhodopsin was minimized by performing the assays at 
pH 5.5. Incident light intensity was determined with a thermopile. 
The bacteriorhodopsin contents of the vesicles  were estimated from 
light-adapted minus dark-adapted difference spectra (as in Bogomolni 
et al., 1980) in a 2-mm cuvette. It was assumed that  the molar 
extinction of the purple form of the mutated  protein is not so different 
from that of wild-type as  to introduce a significant error; the maximal 
amplitude change upon light adaptation was about 60% of the wild 
type (cf. below). . 

Mutagenesis-A 2.7-kilobase-long BamH3-Hind111 fragment con- 
taining bop (a generous gift of  D. Oesterhelt, Max Planck Institute 
for Biochemistry, Martinsried,  Germany) was cloned into M13mp19. 
Site-directed mutagenesis was according to Nakamaye and Eckstein 
(1986), using a kit from Amersham Corp. After identification of the 
mutation, the coding region of the gene  was sequenced to confirm 
that no additional mutations had occurred. 

Plasmids-The expression plasmids were derivatives of pWL102 
(Lam and Doolittle, 1989). The unique KpnI and Xba sites were 
removed along with the adjacent HindIII site  to form plasmid 
pRN2357. The mutated M13mp19 replicating form was cut with 
BamH3 and HindIII and cloned into pUC18 to form  pRN2390. The 
EcoRI-Hind111 fragment containing the Aspz1* + Asn  bop  gene from 
pRN2390 was then inserted into pRN2367 which had been cut with 
EcoRI and HindIII, to form pMClD212N. 

Transformation-The method described earlier (Cline and Doolit- 
tle, 1987;  Ni et al., 1990) was used, with some modifications. The 
major change was the use of increased amounts of DNA.  L33  cells 
were  grown to a density of about 5 X 109/ml. One ml  of culture was 
centrifuged and suspended in 200  pl of spheroplasting buffer (2 M 
NaC1,  27 mM KC1, 50 mM Tris.HC1, pH 8.75, 15% sucrose), and 20 
p1 0.5 M EDTA in the same solution was  added. When microscopic 
examination indicated that all of the cells were converted to sphero- 
plasts, 200  pl  was transferred to a tube containing 1-10  pg  of  DNA 
in 20  pl  of spheroplasting solution plus 0.5 M EDTA. After incubating 
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20 min at room temperature, 220  pl of filter-sterilized polyethylene 
glycol solution (60%, v/v, purified polyethylene glycol  600 in  unbuf- 
fered spheroplasting solution) was added with gentle but thorough 
mixing. Standing for 20 min at room temperature was  followed  by 
addition of 1 ml  of regeneration salt buffer (4.3 M NaCl, 80 mM 
MgSO,,  27 mM KCl, 1.4 mM  CaC12, 10 mM sodium citrate, 50 mM 
Tris. HCl, pH 7.2, 15% sucrose) and centrifugation for 15 min at 20% 
maximum speed in a Sorvall-Du Pont  24s microcentrifuge. The 
supernatant was removed, 1 ml  of growth medium containing 15% 
sucrose was added, and  the culture was incubated overnight, without 
shaking, at 37 "C. Aliquots were then plated in 3-ml regeneration soft 
agar overlays (growth medium with 0.8% agar, 15% sucrose) onto 
plates containing the same medium with sucrose but 1.5% agar. 
Mevinolin (5 pg/ml) was added to both  bottom  and  top layers. After 
about 2 weeks  of incubation at 37 "C, a stereo microscope  was used 
to pick  single  colonies; these were transferred to  hard agar plates 
containing growth  medium and mevinolin as above. 

X-ray Diffraction-The diffraction experiments were carried out 
a t  room temperature (23 "C) using nickel-filtered CuK, radiation 
produced by a  Jarrell-Ash Microfocus x-ray generator operating at 
250 watts. Diffraction patterns were recorded on Kodak DEF-5 film 
using an Elliot (1965) toroidal camera with D-sector optics. Good 
diffraction patterns were obtained with 12-16-h exposures. Partially 
oriented samples were prepared by painting small amounts of pelleted 
membranes on the outer surface of a  1-mm x-ray capillary with a 
small spatula. The sample was  allowed to dry and  then equilibrated 
under argon for 24 h  in  a sealed chamber containing  a saturated 
aqueous NaN02 solution to maintain the relative humidity at 66%. 
The 1-mm capillary was then sealed inside a 1.5-mm capillary con- 
taining  a drop of the same saturated  salt solution and allowed to 
equilibrate for another 24  h. Membrane pellets were prepared from 
dispersions of purple membranes suspended in 0.1 M sodium acetate 
buffer, pH 5.0,  by centrifuging 1 h at 200,000 X g. Line spacings for 
calculating interplanar distances were determined directly from the 
films. 

Spectroscopy-Spectra  were measured with a Shimadzu UV-250 
spectrophotometer, in the dark-adapted state (incubation overnight 
in  the  dark at  room temperature) and in the light-adapted state 
(illumination for 5 min with white light from a 150-watt tungsten- 
halogen lamp). Time-resolved difference spectra were determined on 
light-adapted samples with a gated optical multichannel analyzer, as 
before (Zimanyi et al., 1989). Single wavelength measurements were 
with a dual-beam transient spectrophotometer described before (Vir6 
and Lanyi, 1990a). All spectroscopy was at room temperature. Spec- 
tral  and kinetic analysis was as before (Vir6  and Lanyi, 1990b), but 
with a program for numerical integration  written in gwbasic. 

RESULTS AND DISCUSSION 

Crystalline Structure of Purple Membranes Containing 
Asp212 -+ Asn Bacteriorhodopsin-X-ray diffraction of semi- 
dry, partially oriented purple membranes from wild type  and 
mutant showed both to be  highly ordered and  to have P3 
hexagonal unit cells. As shown in  Table I, the lattice  constants 
for the two types of membranes are identical within experi- 
mental  error  and  are  in excellent agreement with the results 
of Henderson (1975) and Blaurock (1975) for wild-type bac- 
teriorhodopsin. Densitometric traces of the films are given in 
Fig. 1. While not examined in detail, the relative intensities 
of the reflections are approximately equivalent. Inasmuch  as 
the lattice formed by the Asp"' + Asn protein is like wild 
type, its three-dimensional structure  cannot have been greatly 
perturbed. 

Spectrum of the Asp2" + Asn  Bacteriorhodopsin-Fig. 2A 
shows absorption spectra for a  dark-adapted  and light- 
adapted sample in 100 mM NaCl at  pH 8. As in wild-type 
bacteriorhodopsin, the maximum of the chromophore band 
shifted about 9 nm in the red direction upon light adaptation; 
the extinction also increased as in wild type although only by 
50-60% as much. The light-adapted maximum was at 584 nm, 
which is 16 nm red-shifted from wild type. These  results  are 
the opposite of what had been expected from results with the 
protein expressed in E. coli, but  consistent with earlier argu- 
ments  (Lanyi et al., 1988) that Aspz1' should function as at 

least part of the counterion to  the Schiff  base; the external 
point-charge model of rhodopsins (Nakanishi et al., 1980; 
Spudich et al., 1986) predicts that removal of a negative charge 
from the immediate vicinity of the Schiff base will cause a 
shift toward longer wavelengths, as found. 

The absorption maximum of the Asp"' -+ Asn chromophore 
was dependent on pH. Fig. 2A contains  dark-adapted  and 
light-adapted  spectra also at pH 4; both of these are blue- 
shifted relative to  the spectra at pH 8. Fig. 2B shows that  the 
light-adapted and dark-adapted  absorption maxima both ex- 
hibit the blue-shift at lowered pH, with an apparent pK,  of 
6.7. Above this  pH  the light-adapted maximum was at 585 
nm, and below it was at 569 nm. The phenomenon was 
observed in 100 mM NaCl and in 200 mM Na2SO4 solutions, 
as well as in 4 M NaCl, but in the  latter case the apparent 
pK, was 8.0 (not shown). All spectral changes upon illumi- 
nation  and  pH  shift were reversible. 

On the one hand, the  pH dependence in Fig. 2 confirms the 
earlier result  (Subramaniam  et al., 1990) that  the spectrum of 
the -+ Asn bacteriorhodopsin did not change in the 
alkaline range up  to  pH 10. This is unlike the behavior of the 
Asps5 + Asn protein in which the Schiff base pK, is lowered 
to 7, as detected by shift of the absorption  band to 410 nm 
above this  pH  (Otto  et al., 1990). Thus, even though Aspz1' 
and Aspa5 both appear to have counterion-like effects on the 
NH+ group (which implies electrostatic interaction), only 
Aspa5 affects its pK, (which implies hydrogen bonding). On 
the other  hand, in contrast with earlier findings (Subraman- 
iam et al., 1990) we observe a second spectral species at lower 
pH, whose maximum is similar to wild type (Fig. 2B). Indeed, 
transient absorption changes at 410 nm (Fig. 2C) indicated 
that  this species, but  not the 585 nm form, produces M upon 
illumination. However, the amount of M which had accumu- 
lated  transiently was only about 15% of what is observed 
under similar conditions in wild-type bacteriorhodopsin (cf. 
also below). At pH 4-5, the decay of M was biphasic, but at 
pH 2 6  the amplitude of the slower process disappeared (Fig. 
2C), in  contrast with the simple M decay kinetics of the wild- 
type  protein  in  this  pH region. 

At still lower pH,  the chromophore was unstable: unlike 
the wild type, the -+ Asn protein was destroyed at pH 
2, when set with either HCl or HzS04 in the absence of salts 
(not shown). Presumably, at this low pH Aspa5 is  protonated 
as in wild type, but lack of an ionized residue at position 212 
now leaves the Schiff base charge entirely uncompensated. A 
requirement for at least 1 ionized carboxyl residue for chro- 
mophore stability was suggested by Subramaniam  et al. (1990) 
because the chromophore of the double mutant would 
not reconstitute. Unexpectedly, our attempts  to produce mon- 
omeric Asp212 + Asn protein failed because incubation with 
2% Triton X-100 or 1% octylglucoside rapidly bleached the 
chromophore even in  the dark. 

Proton  Transport by Asp212 + Asn Bacterwrhodopsin-The 
initial  rate of light-driven proton extrusion was measured in 
cell envelope vesicles containing  either wild-type bacteriorho- 
dopsin or the  mutant. Under the conditions used, the purple 
form of the mutated  protein predominated. At  very low light 
intensities where the response for both systems was in the 
linear range (e.g. at 0.25 milliwatt/cm2), the  rate of transport/ 
min was 2.9 k 0.2 H+/bacteriorhodopsin for the wild-type 
protein  and 1.0 f 0.1 H+/bacteriorhodopsin for the  mutant 
(not shown). Thus,  the Asp212 replacement reduced proton 
transport activity to about one-third. 

Photocycles of the Two Spectral Forms of AspZ1' + Asn 
Bacterwrhodopsin-Fig. 3, A and B, shows measured time- 
resolved difference spectra  after flash excitation of the Asp212 



Properties of Asp212 + Asn Bacteriorhodopsin 11481 

TABLE I 
Lattice  parameters  (in  angstroms) for purple  membranes  containing  wild-type and Asp2'' + Asn bacteriorhodopsin 

Wild-type Asp212 + Asn 
Miller indices Interplanar Lattice Interplanar Lattice 

distance parameter distance parameter 

(LO)  53.09 61.30 54.42 62.84 
(1,  1) 31.12 62.24 31.12 62.24 
(2,O) 26.73 61.73 26.90 62.12 
(2, 1) 20.48 62.51 20.19 61.68 
(3,1) 15.02 62.53 14.81 61.66 
(4, 0) 13.50 62.35 13.26 61.25 
( 4 , U  11.81 62.49 11.77 62.28 
(5,O) 10.75 62.07 10.75 62.07 
(4,2) 10.07 61.53 10.02 61.22 
( 5 , l )  9.43 60.63 9.55 61.40 
(4,3) 8.74 61.39 8.80 61.81 
(6, 1) 8.23 62.32 8.17 61.86 
(7,O)  (5,  3) 7.67 62.00 1.62 61.59 
( 7 , U  7.10 61.90 7.09 61.81 

Average lattice parameter: (S.D.) 61.9 (0.5) 61.8  (0.4) 

2.0 

g- 2.0 

U 

1.0 

0.0 I 
0 0 16 24 32 

dlstance (mm) 

FIG. 1. Densitometer scans of x-ray films from diffraction 
experiments on purple membranes from  wild-type H. halo- 
bium and  the Asp2" + Asn mutant. The scans are  from the 
second film  in a stack of  four. The scan of the mutant has been 
shifted upward  by 0.6 optical density units for clarity. The Miller 
indices for the principal diffraction peaks assuming a P3 hexagonal 
lattice are indicated. The (1,1) and (2,O) peaks are not separable in 
these scans but can be identified visually on the films. The (1,O) peak 
is relatively small and is obscured  in these scans by parasitic scatter. 

+ Asn protein in 100 mM NaCl at  pH 8, i.e. in  its blue form. 
They bear some resemblance to difference spectra reported 
earlier for this  mutant  (Stern et al., 1989). Up to a few 
microseconds, they  are similar to  the difference spectra for 
the wild-type chromophore (e.g. Var6 and Lanyi, 1990b), but 
after  this  time absorption increase near 410 nm is virtually 
absent,  consistent with the results in Fig. 2C, and between 
400 ps and 6 ms the spectra hardly change. The quantum 
yield  was approximately the same as for wild-type bacterio- 
rhodopsin. As described before (Vir6  and Lanyi, 1990b), the 
difference spectra were used to calculate component absorp- 
tion  spectra,  and the measured spectra were then decomposed 
into  sums of these to give the time-resolved concentration 
changes. The assumptions in this  kind of analysis are dis- 
cussed in the earlier report. The decomposition left residuals 
without  persistent  structure  and  within the noise level (not 
shown). The measured difference spectra could  be described 
with two spectroscopic species only, with absorption  spectra 
nearly identical to those of the K and L  states of wild-type 
bacteriorhodopsin (Fig. 4A). The kinetics of the interconver- 
sions of these  states  contained  a  time  constant for the initial 
K-to-L  transition,  a second for the L + BR reaction, and  a 
third between the two (Fig. 4B). The additional  time  constant 
indicates the existence of an additional kinetic entity. The 

0 
wvslsngth. nm 

550 I 
6 8 10 

I I 
0 10 20 30 40 

time. rns 

FIG. 2. Absorption spectra of dark-adapted  and light- 
adapted Asp2" + Asn bacteriorhodopsin, and light-induced 
absorbance changes at 410 nm, at various pH. Conditions: 100 
mM NaC1, 50 mM phosphate at the indicated pH. DA, dark-adapted 
L A ,  light-adapted protein. A, absorption spectra at pH 4 and  pH 8. 
B, absorption maxima at various pH. 0, dark-adapted; 0, light- 
adapted. C, time course and amplitudes of  absorbance changes after 
flash excitation at various pH.  The flash was at time zero. The 
amplitudes at pH 4-5 were  about 15% of that  in a wild-type sample 
under the same conditions. 

simplest model  which accounts for the results includes a 
second L-like state, i.e. K c, L1 c, Lz + BR. Fig. 4B shows 
the fit of this model. The second L  state is analogous to  the 
second M state  in wild-type bacteriorhodopsin. Although the 
L2-to-LI back-reaction is significant, unlike the M2-to-M1 
back-reaction, it seems likely that  this step reflects a confor- 
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FIG. 3. Measured time-resolved 
difference spectra of the blue ( A  and 
B )  and purple (C and D)  forms of 
Asp"' + Asn bacteriorhodopsin. 
Conditions were as in Fig.  1A; the sam- 
ples were light-adapted. Delay times 
after photoexcitation are indicated by 
numbers. From 1 through 16, these were: 
100 ns, 250 ns, 600 ns, 1.5 ps, 4 ps, 10 ps, 
25 ps, 60 ps, 150 ps, 400 ps, 1 ms, 2.5 ms, 
6 ms, 15  ms, 40 ms, 100 ms. 
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FIG. 4. Calculated absorption spectra of the photointerme- 
diates of Aspz1' 4 Asn bacteriorhodopsin and their time- 
dependent concentrations after photoexcitation at pH 8. The 
spectra  and kinetics were derived from data such as  that in Fig. 2, A 
and B. A, -, bacteriorhodopsin (BR);  -----, L-like intermediate; - 
- -, K-like intermediate. The spectra were averaged and smoothed. 
R, A, K; 0, L ( i e  L1 + LJ; H, BR. The line describes the model 
shown with the following rate constants: kKLl = 5.55 X lo5 s-'; ~ L I K  

= 2.0 x lo6 s-l; kLlLZ = 2.5 x io3 s-l; kLZLl = 1.0 x io3 s-'; kLZBR = 25 
S". 

mational change such as suggested (Fodor et al., 1988; Var6 
and Lanyi, 1990~)'  to occur also in wild type when access of 
the Schiff base is changed from  Asps5 to Aspg6 during  proton 
translocation. If this is so, the protein is destined to undergo 
a conformational transition in the photocycle whether the 
Schiff base deprotonates or not. 

A photocycle which contains only K and  L  has been de- 
scribed in two other systems: wild-type bacteriorhodopsin at 
pH < 2 (Mowery et al., 1979; Kobayashi et al., 1983; Vir6 and 

G.  Var6 and J. K. Lanyi, manuscripts in  preparation. 

350  450  550 650 750 
wavelength, nm wavelength, nm 

Lanyi, 1989) and the blue form of Aspa5 + Glu bacteriorho- 
dopsin at higher pH.'  Much evidence indicates (cf. also Butt 
et al., 1989; Subramaniam  et al., 1990; Otto et al., 1990) that 
in both cases residue 85 had been protonated,  and  this is what 
prevented the deprotonation of the Schiff base and resulted 
in the truncated photocycle. Blocking Schiff base deprotona- 
tion apparently allows  recovery of BR from L. Because the 
same effect is now observed after replacement of  Aspz1',  we 
must conclude that in the blue form of  Aspz1' + Asn bacte- 
riorhodopsin proton  transfer from the Schiff base to Aspas is 
as dependent on the carboxylate group of  Asp'" as on the 
carboxylate of  Asps5. 

A similar measurement of time-resolved spectra was per- 
formed with the purple form of the Asp2'' + Asn protein, in 
100 mM NaCl at pH 4. Fig. 3, C and D shows the measured 
difference spectra. It is evident that  the early spectra resemble 
those of the blue  form (Fig. 3, A and B ) ,  but  after about 15 ps 
absorbance increase at 410 nm indicates that a small amount 
of M is present,  and absorbance increase above 600 nm at  the 
end of the photocycle indicates the formation of 0. The small 
amplitude of M, and  the intermediate(s) which  follow it, 
distinguish these  spectra from those of the wild-type photo- 
cycle,  however. The derived component spectra (Fig. 5A) 
consist not only of K  and L, as for the blue form, but also of 
M, N, and 0 (the  latter two are  not shown as  their amplitudes 
were too small for anything  but rough estimates). The exist- 
ence of a Schiff base deprotonation and reprotonation path- 
way  of the correct vectoriality is indicated by the  fact that 
the purple form of the protein  has some proton  transport 
activity (cf. above). 

The  data  thus indicate that  in  this sample about normal 
amounts of K and  L were produced but much less M, N, and 
0. The calculated kinetics (Fig. 5B, points) was complicated, 
particularly for L. Modeling such a complex system is neces- 
sarily ambiguous. Nevertheless, it is important to develop a 
strategy for finding the model for this kind of kinetics because 
several other  mutated bacteriorhodopsins also seem to exhibit 
high apparent  quantum yield for the photoreaction but low 
amplitude for M  (Stern  et al., 1989). The most conservative 
approach would assume a heterogeneous sample and two 
independent photocycles. However, there is no reason to 
suspect that  at  pH 4 the Asp2" + Asn protein is heteroge- 
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FIG. 5. Calculated absorption spectra of the  photointerme- 
diates of Asp212 + Asn bacteriorhodopsin  and  their  time- 
dependent  concentrations  after  photoexcitation at pH 4. The 
spectra  and  kinetics were derived from  data  such as those  in Fig. 2, 
C and D. A ,  -, bacteriorhodopsin ( B R ) ;  -----, L-like  intermediate; 

were averaged and  smoothed.  Spectra for an N-like and  an  0-like 
species are  not shown; they  accumulated  but  not  in  sufficient  quantity 
for  critical  evaluation. B, A, K; 0, L (i.e. L1 + L2); 0, M (i.e. MI + 
MJ; U, BR. The line describes the model shown  with  the following 
rate  constants: = 8.3 X lo5 s-'; ~ L ~ K  = 2.0 X lo5 s-I; kl,lL2 = 1.0 
x 10' s-'; kL21.1 = 1 x 10" s-'; kLYBR = 125 s-'; = 2.5 x lo3 SKI; 

s". The fit at the  end of the photocycle is  not  as good as the  rest 
because the model for the recovery of BR was  simplified as  shown; 
this  had  its effects mainly  after 10 ms. 

" _  , K-like  intermediate; -, M-like  intermediate. The spectra 

k~11- l  = 1.0 X lo4 s-'; ~ M I M ~  = 500 s"; ~ M ~ N , O  = 667 s"; ~ N , O R R  = 330 

neous. Instead, we chose to begin with  the photocycle of the 
blue  form  (Fig. 4B)  and  searched for a self-consistent modi- 
fication which would explain  the  behavior of the  purple form. 
Production of M in  such a model would have  to  be  from L, as 
in wild type. However, if the  Ll-to-L2  transition  has a confor- 
mational  basis  related  to  that of the  M,-to-M2  transition,  as 
we suggested ( c f .  above), access of the Schiff base  to  its  proton 
acceptor would be in  Ll  but probably not  in Lz. Consistency 
with  the wild-type  photocycle thus suggests a model branched 
at L1 (Fig. 5B) .  For  the  sake of simplicity, we did  not resolve 
the  M-to-BR  pathway  into individual  reactions. The  data 
(Fig. 5B) fit  this model remarkably well. The low amplitudes 
of M and  the  intermediates of the  subsequent  pathway  to  BR 
were explained by the  fact  that  the L, t, M1 equilibrium, 
although  rapid,  is  in favor of  L1, and  thereby  the  parallel L, 
t, L2 equilibrium allowed only limited  accumulation of M. 
With  the  rate  constants for these  steps  in  the model, the 
amplitude of M would have to be as low as  actually  found 
(Fig. 5B) .  We suggest therefore  that  the photocycle  proceeds 
in  essentially  the  same way in  the  purple  and blue forms of 
the Asp2" + Asn protein,  but  in  the  purple  form  deprotona- 
tion of the Schiff  base will occur. The  latter  is  with  different 
kinetics  than  in wild type because the  deprotonation equilib- 
rium L - M is poised against loss of the  proton  from  the 
Schiff  base, and  thus  the  relaxation  pathway  to  BR  without 
deprotonation competes effectively. Thus, according to  this 
model the effect of the residue replacement at  Asp2" is  to 1) 
either lower the AspRs pK, or raise the Schiff  base pK, in  the 
purple form and 2) prevent Schiff  base deprotonation  virtually 
entirely  in  the blue  form. The  earlier  steps of the photocycle, 

and probably the M + BR  pathway once  M is produced, are 
not significantly  affected. If this  is so, Asp"' plays no signif- 
icant role in  the  reprotonation of the Schiff  base, contrary  to 
suggestions otherwise  (Braiman et al., 1988; Rothschild et al., 
1990). While  other  kinetic models (e.g. with  two independent 
photocycles) cannot be ruled  out,  and  the proposed  scheme 
contains  some  assumptions  as discussed above, its  conceptual 
self-consistencies  seem  appealing. 

According to a recent  hypothesis based on chemical shifts 
in Schiff  base "N resonance  (De  Groot et al., 1989, 1990), 
there may be a three-dimensional hydrogen-bonded complex 
near  the Schiff  base  comprising  for example a water molecule 
and  three  protonable  amino acid  residues. Redistribution of 
the  protons  in  response  to  the positive charge of the NH' 
group would create a  diffuse  negative  charge  in the complex 
which can  thus  function  as  the  counterion.  The  near equiva- 
lence of replacing Asps5 and Asp"* on  the  chromophore  ab- 
sorption  and  the  light-induced Schiff  base deprotonation,  as 
reported  here, would be  consistent  with  this  concept if these 
residues were part of the complex. The  important differences 
in  the effects of Aspa5 and Aspz1' seem to  be  that only AspR5 
will influence the Schiff base pK, and  accept  the Schiff base 
proton  during  the photocycle. Thus,  the two residues cannot 
occupy symmetrical  positions relative to  the NH' group,  such 
as implied by the  simplest version: a postulated complex with 
perfect  tetrahedral geometry around  the  water oxygen. The 
influence of at  least  one  other group at this location is indi- 
cated by the  pH dependency of the  spectrum  and  the  photo- 
reaction of the Aspz1' + Asn protein.  The  protonation of this 
(unidentified) residue,  which may be also part of the complex, 
causes  blue-shift  and allows measurable  deprotonation of the 
Schiff  base. Protonation of AspRs would have  the opposite 
effects. From  their  nearby location (Henderson et al., 1990), 
candidates for other groups participating  in  the  counterion 
complex are T y P 5 ,  Tyr57,  and Ar$2. As a basic  residue, ArgX' 
is a logical choice  for  inclusion in  the proposed counterion 
complex (De  Groot et al., 1990).  On  the  other  hand,  Rothschild 
et al. (1990) have given evidence  for  hydrogen bonding be- 
tween Aspz1' and Tyrls5. 
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