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ABSTRACT. In order to elucidate the mechanism of the reprotonation switch of bacteriorhodopsin, the
protein conformation of the M intermediate of the D96N mutant was examined at various hydration
conditions by X-ray diffraction and FTIR spectroscopy. We observed two distinct protein conformations
at different levels of hydration. One is like in the N photointermediate, although in this case with an
unprotonated Schiff base. It is stabilized in highly hydrated samples. The other is a protein conformation
identical to that in the normal M intermediate of wild-type bacteriorhodopsin, which is stabilized in partially
dehydrated samples. The hydration dependence of the structural transition between the M-type and the
N-type conformations suggests that there is a change in the binding of water at the cytoplasmic surface.
Thus, more water molecules bind in the N-type structure than in the M-type. This is consistent with the
idea that the conformational change from the M-type to the N-type corresponds to the opening of the
proton channel to the cytoplasmic surface by tilt of the cytoplasmic end of helix F, and that this is required
for proton transfer from Asp-96 to the retinal Schiff base.

Bacteriorhodopsin (bR)transports protons across the ments (Dencheet al,, 1989; Kochet al, 1991; Nakasaket
membrane against a chemical potential upon absorption ofal., 1991; Subramaniaret al, 1993). More recently, those
light by the retinylidene chromophore. The transport cycle in the N intermediate were also detected by X-ray and
consists of the interconversions of a sequence of intermediateelectron diffraction (Kamikubet al, 1996; Vonck, 1996).
states, J, K, L, M, N, and O (Mathies, 1991; Rothschild, The preliminary three-dimensional maps calculated from
1991, Lanyi, 1993). In order to elucidate the mechanism of electron diffraction patterns obtained from tilted specimens
proton transport, we must clarify how the alternating suggested that the density changes occur in the vicinity of
connection of the active site with the two opposite sides of helices B, F, and G, and that they are localized to the
the membrane is regulated. This is the proposed universalcytoplasmic half of the protein. The changes include tilt of
element in ion pumps (Lanyi, 1995). The M intermediate the cytoplasmic end of helix F away from the other helices
of bR is produced when a proton is transferred from the (Subramanianet al, 1993; Vonck, 1996). We have shown
retinal Schiff base (the active site) to Asp-85 located in the that these structural changes are closely related to the
extracellular region, and a proton is then released to the elimination of electrostatic interaction between the protonated
extracellular surface from Glu-204 and probably bound water schiff base and its counterion, Asp-85, upon the transfer of
(BrOWn et al., 1995a; Richteet al., 1996) The reprotonation a proton from the former to the latter (Katamh 1994;
of the Schiff base from the cytoplasmic si_de represents the grown et al, 1997). In the unphotolyzed protein (conforma-
decay of the M state. Therefore, the switch of the accesstjon E), the proton channel is open to the extracellular side,
must consist of three phases: breaking the connection ofanq jn the M intermediate it is open to the cytoplasmic side
the Schiff bas.e to the extracellular proton chan_nel (first (conformation C) (Kataokat al, 1994). Thus, the proton
phase), establishing a new one to the cytoplasmic channelyansport mechanism is elegantly explained by an alternating
(second phase), and Iowerlng the higksjof Asp-96 so as protein conformation model in which the access change is
to make it a proton donor (third phase). initiated by the proton transfer at the active site (Kataeka

Structural changes in the M intermediate have been al., 1994: Lanyi, 1995; Browret al, 1997).

revealed by neutron, X-ray, and electron diffraction experi- The initial pK, of Asp-96 is high, and we had suggested
a ]

that it is lowered by increased hydration of the cytoplasmic
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remains open until N decays. That is to say, the proton X-ray Diffraction Experiments.The X-ray diffraction
channel is more hydrated in the MN and N intermediates experiments were carried out with the MUSCLE Diffracto-
than in M. To examine this hypothesis, we investigated the meter (Amemiyaet al,, 1983) installed at BL-15A in the
effect of hydration on the structures of these photointerme- Photon Factory at Tsukuba, Japan, as described in an earlier
diates by X-ray diffraction and FTIR. publication (Nakasaket al., 1991). The purple membranes

During the M decay process, the deprotonated Schiff basewere suspended in 10 mM borate, 5 mM NaCl (pH 10) up
can be reprotonated from Asp-96. In the Asp96Asn to 20 ODU at 570 nm. A 10@4 drop of the suspension
mutant of bR, in which its proton donor activity is lost, the Wwas dried on a piece of Mylar sheet at room temperature.
lifetime of the M intermediate is prolonged extremely at The moderately dehydrated samples were obtained by vapor
alkaline pH (Buttet al, 1989; Caoet al, 1991). The  exchange over saturated MO, (95% relative humidity
previous FTIR experiment suggested that the M intermediateat 293 K), saturated (NhLSOs (81% relative humidity at
in this mutant had the N-type conformation although the 293 K), and saturated sodium acetate (76% relative humidity
chromophore and the Schiff base were the same as the Mat 293 K). Two kinds of highly hydrated samples were
intermediate observed in wild type, so-called MN (Sasaki Prepared: by adding a 14 drop of the buffer onto a
et al, 1992). Using this mutant, we report here that there moderately dehydrated sample (81% relative humidity) and
seems to be a structural equilibrium between the M-type (M) by soaking buffer into a highly hydrated sample for 1 h,
and the N-type conformations (MN), and it depends on Producing an even better hydrated sample. After both
hydration. The N-type conformation is observed only in Procedures, the excess buffer was removed. In this way,
highly hydrated samples, while the M-type conformation is We prepared five kinds of samples at different hydration
arrested at lower hydration. This result suggests a different/evels. _ _
binding affinity of water molecules to the cytoplasmic surface ~ X-ray diffraction profiles were recorded at the same
between the M-type and N-type structures, and supports ourPosition of the sample with and without continuous illumina-
model of the reprotonation switch. A recent study examined tion light by a 1-kW slide projector, using a Y-50 cutoff
this question with similar techniques, but reported on the filter (A > 500 nm). The temperature (283 K) was controlled
hydration-dependent presence or absence of an M-typeby circulating thermostated water through a sample holder.
structure in D96N rather than detecting the stabilization of Exposure was for 180 s.
an N-like structure by X-ray diffraction (Sas$ al, 1997). The integral intensity of each Bragg reflection was
In this paper, we clarify the difference in X-ray diffraction calculated by a profile fitting with an asymmetric function

between the M state and the MN state, whose stabilization (Nakasakoet al, 1991). Phases and intensity ratios for
depended on the hydration. overlapping reflections were derived from cryoelectron

ed microscopy data in the calculation of the electron density
K Mmap (Hendersomt al., 1990).

" Comparison of the structural changes was carried out with
-ray diffraction intensity changes. Correlation coefficients

etween pairs of data sets were calculated as follows:

Nomenclature.The photointermediates of bR were nam
from their spectra in the visible. Therefore, their names,
L, M, N, etc., originally indicated differences in the chro-
mophore environment. Recently, these intermediates can b
recognized also by FTIR and diffraction, which distinguish
changes in the protein moiety as well as in the retinal. This . -
situation has brought confusion to the discussions of the  correlation coefficient= S(1,2)K1,1) x §2,2)
proton pump. In this paper, we use the following terminol- \,here
ogy. The M intermediate represents the intermediate with
an unprotonated Schiff base, whose absorption maximum is Si.j) = Z(Al; x Aly) — (ZAl) x (ZAL)/IN
near 410 nm. The N intermediate represents the intermediate
that follows the M intermediate, which has a reprotonated andN is the total number of Bragg reflections.

Schiff base and an absorption maximum of 5850 nm. We used thdR-factor as a criterion of the overall relative
The M-type and N-type conformations represent the protein change. TheR-factor was calculated as follows:
structures of the M and the N intermediates observed in the

wild type protein, respectively. It is possible to produce, R= 2l photo — |unphot3/2|unphoto

however, the N-type conformation with an unprotonated _ . -
Schiff base (an M intermediate). This so-called MN wherelunphoto @Nd I ghoto represent integrated intensities after
intermediate (Sasalkit al, 1992) is, thus, categorized as an Lorentz correction and background subtraction obtained from

M intermediate, although we will use the term MN inter- unphotolyzed and photolyzed bR, respectively.
mediate occasionally, in its original meaning. The Eand ¢ FTIR Spectra. A 10l sample of D96N mutant bR

conformations represent the protein structures whose protonsUSPended in 10 mM borate at pH 10 was placed on a BaF
window (10 mm diameter), and dried under a gentle stream

access channel is open to the extracellular and the cytoplas- X . i
mic side, respectively. of N? gas. The films were mcup_ated under 81% relative
humidity and sealed using a silicone rubber spacer and
MATERIALS AND METHODS another Bafwindow and set in the cell holder. For hydrated
samples, 0.5uL of H,O was put inside the spacer before
Samples.The D96N mutant was constructed by inserting sealing. The sample cell holder was mounted in an optical
a nonintegrating vector with novobiocin resistance, and cryostat (DN1204, Oxford) connected to a temperature
Halobacterium salinariunwas transformed as described (Ni  controller (ITC4, Oxford). Spectral recordings were per-
etal, 1990; Needlemasat al, 1991). The mutated bR were formed in a Horiba FT-210 Fourier transform infrared
purified as a purple membrane sheet according to a standardgpectrophotometer equipped with an MCT detector. The M
method (Oesterheltt al., 1974). intermediate of hydrated and partially hydrated samples at
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Ficure 1: X-ray diffraction profiles for the D96N mutant of bR S .ef
incubated under 95% relative humidity. The solid line indicates
the diffraction profile in the dark, and the dashed line is the
diffraction profile under continuous illuminatior>600 nm). The \j
dashed line is slightly shifted to the right for the sake of easy L0k . \ L 1 4 dehydration
comparison. Intensities fd8 > 0.06 are multiplied by 2. 0.025 0.030 0.035 0.040 0.045
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283 K was produced by irradiation of bR with500-nm Ficure 2: Difference X-ray diffraction profiles in the low-angle
light for 30 s. Difference FTIR spectra were obtained by 8 region that includes the (11) and (20) Bragg reflections. For

: . . - comparison, the profiles are normalized by adjusting the amplitude
independent recordings before and after irradiation, each of ¢ %1 7y réfiection to 1. Profiles-ge were obtained from samples

which was 16 scans (resolutiea 2 cn™). of various hydration levels as follows: (a) fully hydrated sample
obtained by soaking; (b) fully hydrated sample obtained by placing
RESULTS a drop of buffer solution for 1 h; (c) 95% relative humidity; (d)

. . ) . . 81% relative humidity; and (e) 76% relative humidity.
Figure 1 shows X-ray diffraction profiles obtained from

oriented purple membrane films of D96N mutant bR at 283 z T .
K and 95% relative humidity, in the presence (solid line) 1 A
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al., 1989), and little of the unphotolyzed protein is present
under these conditions. Significant changes in some of Bragg
reflections are clearly observed in Figure 1. The most
prominent of these occur in the (11), (20), (40), (32), and
(42) reflections, almost identical to the changes previously
reported by Kochet al. (1991). The calculated lattice
constant was increased by 0.1 A in the photointermediate.
It is obvious that this intermediate has a structure that is
distinct from the unphotolyzed state.

Figure 2 shows light minus dark difference X-ray diffrac- 3
tion intensity profiles in the low-angle region that includes
only the (11) and (20) reflections, obtained at different 1800
hydration levels. The profile was normalized to the change
of the (11) reflection. Itis clear that the increase of the (20) . :
reflection becomes prominent at the lower hydration levels. f%c?fl%og gﬁrle{‘ecgﬁoﬂ?ufrpﬁf;ﬁf;?i8,': ? ggohlr?n?)agtpzké;(l)(l?o'[rhe

For the fully hydrated film prepared by soaking, no intensity 3 s, for fully hydrated sample (a) and partially dehydrated sample
change in the (20) reflection was observed. We observedwith 81% relative humidity (b).

significant differences in the higher angle reflections (cf.
Figure 1) as well. The differences strongly indicate that the Figure 3b show the difference spectrum for a relatively high
structural change in the photointermediate is hydration- level and a relatively low level of hydration, respectively.
dependent. A decrease in the lattice constant under dryBoth samples were irradiated with500 nm light for 30 s,
conditions was reported previously to be up to about 1 A and the spectrum of the photolyzed state was measured
(Henderson, 1975). Such a large decrease in the latticebetween 5 and 60 s after the illumination. The experimental
constant was not observed at the moderate dehydration incondition is essentially the same as that for X-ray diffraction
these measurements. measurements, except for the continuous illumination for
To characterize the difference in the structures obtained diffraction and the use of the much thinner film for FTIR.
between relatively high and low hydration levels, we The two spectra in (a) and (b) are significantly different. In
performed parallel FTIR measurements. The difference Figure 3a, there is a pair of positive and negative amide |
FTIR spectra of D96N mutant bR between the spectrum bands at 1650 and 1670 cf respectively, which are
obtained before and after illumination are shown in Figure characteristics of the N-type protein conformation (Pfefferle
3. The spectrum was measured at 283 K. Figure 3a andet al, 1991; Ludlamet al, 1995). However, the large
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positive band at 1186 cm, due to the chromophore of the

N intermediate with a protonated Schiff base, was not
observed. Therefore, the photointermediate of hydrated
D96N mutant bR is the MN intermediate with the N-type
conformation despite its deprotonated Schiff base. It is the
same photoproduct reported by Sasekial. (1992). In
contrast, the amide | bands in Figure 3a are absent at a
relatively low hydration. The difference spectrum under
these conditions (Figure 3b) is essentially identical to the
difference spectrum of the M intermediate obtained for wild-
type bR at 230 K. Thus, the photointermediate of partially
dehydrated D96N is the true M intermediate with an M-type
conformation (by the FTIR criterion) and a deprotonated
Schiff base.

The FTIR measurements with D96N bR strongly suggest
that the difference in diffraction profile shown in Figure 2
is attributable to the M-type and the N-type conformations.
We have already observed and reported the difference of
the change in the relative difference intensity of the (20)
reflection to that of (11). The increase of the (20) reflection
at the M intermediate was clearly visible for arginine-treated

wild-type bR (Nakasaket al, 1991), while there was almost Ficure 4: Two-dimensional difference Fourier maps projected to
no change in the (20) reflection for the N intermediate the membrane normal. Difference maps between the M intermediate

ikub | h . di f and initial state at pH 10 in hydrated D96N bR (MN) (a) and in
(Kamikuboet al, 1996). The M intermediate of D96N at  partially dehydrated D96N bR (M) (b). Two diffraction profiles

alkaline pH, which is now designated as the MN intermedi- corresponding to Figure 2b,c were combined and normalized to

ate, also exhibits little change in the (20) reflection (Kataoka obtain map (a), and the diffraction profiles of Figure 2d,e were

etal, 1994). Therefore, it seems that the change in the (20) combined for map (b). Thick contour lines indicate positive density
o R changes, where the electron density is increased in the M intermedi-

reflection is an |r_1d|c_at|on of whether the M-type or the ate; dashed contours indicate negative density changes.

N-type conformation is produced. Recently, Vonck (1996)

and Sasst al. (1997). h_ave claimed that the M 'ntermed'atfe Table 1: Comparison of the Intensity Changes Observed for M, N,

accumulated by arginine treatment of the wild-type protein and MN in Previous X-ray Diffraction Studies with the Intensity

is the MN state. However, our FTIR measurements clearly Changes Observed for M of Hydrated and Dehydrated D96N in

indicate that the photointermediate of arginine-treated wild- This Study

type bR is a true M (manuscript in preparation). This correlation
discrepancy could be explained by the different levels of  data (previous study) data (this study)  coefficient
hydration, and by the fact that the arginine treatment can N2 D96N (hydrated) 0.95
also stabilize the N intermediate. N"; D96N (dehydrated) 0.87
Figure 4a,b shows difference electron density maps mb ngm gzgﬂ%ﬁé d) %%‘;')
calculated from the average of the separated Bragg intensities MNE D96N (hydrated) 0.92
in Figure 2b,c, and in Figure 2d,e, respectively, which MN¢ D96N (dehydrated) 0.81

correspond to the conditions in Figure 3a,b. The data of "z pata are taken from Kamikubet al. (1996).° Data are taken from
Figure 2a were not used for the calculation because of aNakasakeet al. (1991).¢ Data are taken from Kocht al. (1991).
broad reflection width caused by disorder in the membrane
orientation. Many positive and negative peaks especially mutant was published (Sastal., 1997), but it reports only
around helices B, F, and G in both maps are observable,on the presence and/or the absence of conformational change
which are very similar to the various difference maps for by X-ray diffraction at hydration levels between 100% and
the M and N intermediates reported so far (Dencéteal., as low as 57%, and interprets these results in terms of the
1989; Kochet al, 1991; Nakasaket al,, 1991; Subramaniam  M1—M2 transition.

et al, 1993; Kamikubeet al,, 1996; Vonck, 1996). It should The two sets of intensity changes, obtained at low and
be noted that the small but essential differences reportedhigh hydration, in this study are compared in Table 1 with
before in the positive peaks around helices B and F betweenthe changes obtained for the M intermediates of arginine-
the M and the N structures are evident in these maps. Thetreated wild-type bR (Nakasaket al, 1991), the D96N
most prominent positive peak is near helix F in the hydrated mutant (Kochet al, 1991), and the N intermediate of the
sample (Figure 4a), while it is in the vicinity of helix B in F171C mutant (Kamikubcet al, 1996). The intensity

the partially dehydrated sample (Figure 4b). This difference changes in the hydrated samples are almost identical to those
is the characteristic structural change between the M and Nin the M intermediate of D96N (Kocht al, 1991) and the
intermediates, as we reported previously (Nakasetal., N intermediate (correlation coefficients 0.95 and 0.92,
1989; Kamikubeet al,, 1996). Thus, the difference Fourier respectively), consistent with the idea that the M intermediate
maps also suggest that under relatively lower levels of accumulated in D96N mutant bR at alkaline condition has
hydration the M-type conformation is accumulated, while N-type conformation in spite of the unprotonated Schiff base.
at higher levels of hydration the N-type conformation is In contrast, the intensity changes in the partially dehydrated
formed. Recently, a similar study of the hydration depen- samples resemble those in the M intermediate of arginine-
dence of the conformation of the M states in the D96N treated wild-type bR (correlation coefficient 0.90). The other
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correlation coefficients are lower. The result again demon- mation from the N-type conformation are the large positive
strates that the M intermediate stabilized under partially peak near helix B and the distribution of negative region
dehydrated condition has the M-type conformation; i.e., it around helix G. Their FTIR spectrum at 75% relative

is the true M rather than the MN intermediate. humidity contains more M-like properties than those at 100%
relative humidity [Figures 4 and 5 in Sass al. (1997)].
DISCUSSION Therefore, what they observed at 75% relative humidity

would be the M-type conformation. Apparently, their FTIR
spectrum at 100% relative humidity indicated the N-type
conformation. It is plausible that they would observe the

) . 0 ) -
changes in partially dehydrated samples and the N_typedlfference electron density map at 100% relative humidity

; : which is similar to our map with full hydration (Figure 4a).

structural changes in well-hydrated samples. This observa- . o
tion suggests that there is an equilibrium between the M-type  How does hydration affect the structural equilibrium
and the N-type structures, and this equilibrium is affected Petween M and N? One of the possible hypotheses is that
by hydration. it is the physical properties of unphotolyzed bR which are

We had earlier clarified the structural changes in the M changgd upon dehydration, for example, its static and/or
and the N intermediates, and suggested that the two structureé’lyn"’lmIC §tructgre. But ther(_a Were no remarkable strgctural
are similar but there is a small difference between them that C12N9es 'mcludmg changes In the lattice constant during the
is significant (Kamikubcet al, 1996). In these studies, the dehygjra_tlon under our gxpenmental condl_uons. .Changes of
photointermediates were stabilized in different kinds of Protéin internal dynamics in dry PM by inelastic neutron
samples. In the case of the M intermediate, we used scattering were reported (Ferraedal., 1993). Th|§ stud)_/
arginine-treated wild-type bR, and for the N intermediate Su99ested that large-amplitude anharmonic atomic motions,
the F171C mutant. Therefore, it could not be firmly stated Which play a central role in the function of this protein,
that the proposed structural transition from the M-type to disappeared upon dehydration. They suggested that the
the N-type structure can occur in the same sample. Likewise,Str“Ctural transition from M1 to M2 is inhibited without the

we have never been able to precisely compare the electrorP0SSibility of such anharmonic motion (Ferragical, 1993).
density changes in the N intermediate with those in the M "€S€ experiments were performed under extremely dry
intermediate and/or the MN intermediate. conditions, in which structural changes in the photocycle

In this study, we demonstrate that it is possible to produce gouldhnot be seben at zzlléGlglem?I.,lgggs). This should
the two distinct conformations in the photoreaction of the e what was 9 serve ) y _aessa - )'_ -
same protein. We can now compare the absolute values of The alternative possibility is a perturbation of an equilib-
the changes. ThR-factors of the separated Bragg reflection fium between the two protein conformations, caused by
intensity changes used in the calculation of the electron differing stabilities of the M-type and the N-type conforma-
density maps (Figure 4a,b) are 6.5% for M of dehydrated tions at different levels of hydration. The results indicate
D96N and 8.5% for MN of hydrated D96N, respectively. that in this case the transition between the two conformational
The R-factors reported before are 7% for M of arginine_ states occurs Only at a hydration of about 85% relative
treated wild-type bR and 9% for MN of D96N mutant bR humidity or higher. A neutron diffraction study of the
(Kochet al, 1991). The values are thus in good agreement location of the water of hydration in purple membranes
with the previous results. The greafefactor suggests that ~ suggested that at 85% relative humidity only water molecules
larger density changes occur in the N-type structure than in at the surface are withdrawn, while internal water remains
the M-type. In fact, the intervals of the contours in Figure unaffected (Zaccai, 1987; Papadopoulet al, 1990).
4a (N-type structure) are larger than those in Figure 4b (M- Therefore, the stability of the N-type structure must be
type structure) by a factor of about 1.6, suggesting that in connected with water molecules at the surface. This could
the N state the structural changes have a larger amplitudearise if the N-type structural changes include an increase of
than in the M state, rather than only a different shape. This the binding of water molecules at the surface area of bR,
could explain that the amide | bands in N and MN are quite While the M-type structural changes are more internal and
large although the bands cannot be clearly seen in M (Figureless affected by surface-bound water. It was previously
3). However, the amide bands do not necessarily accompanyeported that the hydration levels influence the photocycle
the structural changes detected by diffraction (Brawal., of bR. The M to N step is specifically inhibited in partially
1997). dehydrated samples at 85% relative humidity i¢/at al,,

Recently, Sasst al. (1997) also reported the hydration 1991 Pfefferleet al, 1991; Cacet al, 1991). On the basis
dependence of the conformational change of D96N bR with Of our results, this inhibition would be caused by a higher
FTIR and X-ray diffraction. Although they examined a bParrier to the formation of the N-type structure. This
wider hydration range than in our measurements, they Mmechanism is consistent also with the suggestion (Bretwn
described only whether the structural change (which they &l 1995b; Vao et al., 1996) that the functional role of the
refer to as the M1 to M2 transition) occurs or not. They conformational shiftis that increase of the hydration inside
report that it does not occur at 57% humidity, a hydration the channel upon structural changes during the M to N
level lower than we employed. However, otherwise their transition causes a decrease of ti& pf the proton donor
results seem to be consistent with our observations. Their/ASP-96.
difference electron density map at 75% relative humidity  Participation of water in the structure of the N state would
[Figure 2 in Saset al. (1997)], which they ascribed to M2, extend the model we had suggested earlier (Katabld.,,
is rather close to our partially hydrated map (Figure 4b). The 1994). In the model, bR has at least two distinct conforma-
characteristic features that discriminate the M-type confor- tions. In conformation E, the proton channel between the

We observed two types of structural changes in the
photointermediate with deprotonated Schiff base, stabilized
at alkaline pH in the D96N mutant: the M-type structural
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