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the M State and the D96A and T46V Mutahts
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ABSTRACT. The X-ray diffraction structure of the non-illuminated D96A bacteriorhodopsin mutant reveals
structural changes as far away as 15 A from residue 96, at the retinal, Trp-182, Ala-215, and waters 501,
402, and 401. The Asp-to-Ala side-chain replacement breaks its hydrogen bond with Thr-46, and the
resulting separation of the cytoplasmic ends of helices B and C is communicated to the retinal region
through a chain of covalent and hydrogen bonds. The unexpected long-range consequences of the D96A
mutation include breaking the hydrogen bond between O of Ala-215 and water 501 and the formation of
a new hydrogen bond between water molecules 401 and 402 in the extracellular region. Because in the
T46V mutant a new water molecule appears at Asp-96 and its hydrogen-bond to lle-45 replaces Thr-46
as its link to helix B, the separation of helices B and C is smaller than that in D96A, and there are no
atomic displacements elsewhere in the protein. Propagation of conformational changes along the chain
between the retinal and Thr-46 had been observed earlier in the crystal structures of the D96N and E204Q
mutants but in the trapped M state. Consistent with the perturbation of the retinal region in D96A, little
change of the Thr-46 region occurs between the non-illuminated and M states of this mutant. It appears
that a local perturbation can propagate along a track in both directions between the retinal and the Asp-
96/Thr-46 pair, either from photoisomerization of the retinal in the wild-type protein in one case or from
the D96A mutation in the other.

Light-driven proton transport in bacteriorhodopsin is illuminated state other than the shorter side-cham),(but
dependent on a few key residues, such as Lys-216, Asp-85the decay of the N state in the photocycle is considerably
and Asp-96, and they have been identified in part from the lengthened, suggesting that there may be greater structural
distinctive phenotypes of mutants in which the replaced consequences in this intermediatd)( The V219L mutation
amino acids are unable, or much less able, to perform theirresults in a cavity filled with two additional water molecules
normal roles {—3). Other residues, such as Tyr-185, Glu- (10) but otherwise little change in the structure, although
194, Glu-204, and Arg-82, play more dispensable roles, asthe N state also has a longer lifetime. The E204Q mutation
suggested by the altered but less defective phenotypes otauses local changes in the positions of water molecules and
their site-specific mutations4¢-9). As usual, such assign- the position of the nearby Glu-194, but these displacements
ments make the assumption that the effects of mutations aredo not extend far into the proteid2). In the D96N mutant,
local and interpretable in terms of differences in side-chain a new water molecule appeafsS) as far as 7 A from residue
volume, hydrogen bonding, ability to protonate and depro- 96. The lifetime of the M and O states of the photocycle are
tonate, and so forth. Of necessity, they ignore the possibility strongly altered in the latter two mutants. Introducing a
of changes distant from the site of mutation. As often proline (14) causes little change in the structure when near
acknowledged, this assumption might not be justified in all the surface (in K41P) but distorts the main chain when in
cases, and for an unambiguous interpretation of the effectsthe middle of a transmembrane helix (in A51P). The greatest
of mutations, structural information about the non-illuminated global effect is by the D85S mutation, which radically alters
state as well as the intermediates of the altered reaction cycleshe entire structure and results in changed crystal contacts,
would be needed. changed helical tilts, and the redistribution of bound water

How good is the assumption of purely local perturbation (15).
in site-specific bacteriorhodopsin mutants? Crystal structures  Tnere is reason to believe that at least some mutations
are available for several mutants, and they show that the gq1q have more than purely local effects. Point mutations
extent of perturbation depends greatly on the residue that isyng the photoisomerization of retinal are both structural
exchanged, on the residue that replaced it, and on thepeyrhations at a single, well-defined location. The thermal

changing local environment during the photocycle. The yeactions in the photocycle are the consequences of the
V49A mutation causes no structural alteration of the non- ,5iation of the G=C.4 retinal double bond, but eventually

they include atomic displacements throughout the protein.
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transiently in the functional cycle but also when induced by structures of the non-illuminated and M states in the D96A
an appropriate side-chain replacement. In some mutants, thisnutant and compare them to the non-illuminated states of
seems to be indeed the case. The outward tilt of helix F thatthe T46V and the wild type protein, and the M state of D96N.
characterizes the late M and N intermediate6—(22) was The results indicate that changes of the sidechain of residue
observed in the non-illuminated states of D85N at alkaline 96 have consequences that are not only local but also
pH, D85N/D96N at neutral pH2Q, 23—25), and the D96G/  communicated to other locations including the extracellular
F171C/F219L triple mutantl(/, 18). Coupling between the  region through atomic displacement along a track comprised
protonation state of Asp-96 and the isomeric state of the of Thr-46, wat502, and Lys-216 and result in the redistribu-
retinal was observed not only in the N photointermediate tion of bound water throughout the protein. This track also
but also in the non-illuminated mutants of Asp-&%) appears to function in the photocycle. In contrast to D96A,
One of the long-range effects in the photocycle is the no such cascade of changes is observed in the less perturbed
destabilization of the protonated Asp-96 in the cytoplasmic T46V mutant.
region; therefore, it will become the proton donor to the
Schiff base. This article explores, therefore, the stable EXPERIMENTAL PROCEDURES

structural changes caused by the mutation of Asp-96 and its 11, bacteriorhodopsin crystals, grown in cubic lipid phase

hydrogen-bonding partner Thr-46. '!'he rqle of this region ir) as described3?), were thin hexagonal plates about 120
proton transport has been described in crystallographic . 120 um x 10-15 um. Pieces of the cubic phase with

studies £7). The creation of a hydrog_en-bonded chaln (_)f encased crystals were soaked overnight in the mother liqueur
four water molecules in the photochemical cycle begins with plus 0.5% octylglucoside and the crystals were removed
the formation of a water cluster at Asp-96. A water molecule 4,4 mounted by mechanical manipulation with a nylon loop.
intercalates between the side-chains of Asp-96 and Thr-46,  pyta tion data were collected at 100 K from either non-
and as the cluster grows, it reaches the retinal during the Milluminated crystals, or after illumination f&3 s atroom

to N reaction 10), allowing reprotonation of the Schiff base temperature and rabid cooling with a cold nitrogen stream
by Asp-96. The redistribution and entry of water into this to 100 K. lllumination was wh a 5 mWHe-Ne laser at 628
region is very likely the consequence of side-chain repacking nm. The diffraction measurements were taken at beamlines
(12) in response to the movements of Lys-216 and Trp-182 BL 9-1 and 11-1 of SSRL (Stanford, California), using a 3

upon relaxation of the isomerized retinal into its bent shape. « 3 array CCD detector (ADSC, San Diego). For each data
The observation that small cavities are formed before the N set, 90 images with a°loscillation angle were collected,

state had already suggestetli that th? chain of water integrated, and scaled with HKL20083), in the P63 space
molecules between Asp-96 and the retinal is created by thegroup, with minor variations frora = 61 A, b = 61 A, ¢ =
gradual opening of the cavities and the recruitment of water 7ng' 8" an40 = 90° B =90, andy = 120°
by wat502 to fill them. ’ ' ' :
The understanding of how the Schiff base is reprotonated
in the M to N reaction has been aided considerably by studies
(28—31) of the photocycles of mutants of Asp-96. The
replacement of Asp-96 with a non-ionizable residue, such
as Gly, Ala, or Asn, removes the internal proton donor.
Reprotonation of the Schiff base becomes pH dependent
suggesting that the proton is taken up from the bulk. The
change of the volume of the side-chain may be expected to

alter the distribution of water nearby and, thereby, the : _
conduction of the proton to the Schiff base. The possibility !\rﬂr?éscz:fé(lg(r:dl\i/ln;g?o;ng.ﬁr?e(hg%fscfiighlmgét;afi?”?r,]ecﬁ)én-

cannot be excluded that the phenotypes depend not only ONjluminated states of D96A and T46V and the M state of

tnet remloval do'ft AI‘SE'%d b,:Jht alst? on t?e kir][ﬁ c:ftﬁidz-chain fD96A are deposited at the Protein Data Bank with accession
at replaced IL. indeed, the observations that the decay 0Ofq,qag 211x, 2122, and 2120, respectively.

M is much slower 20, 31) in D96N than in D96A and D96G
and that azide, a weak acid, strongly accelerates the reproResULTS AND DISCUSSION
tonation of the Schiff base in the D96N mutant but not in
the wild-type or even in D96A and D96G are hings) that In the following, we examine specific structural features
the proton conduction path in D96N is unique and that it Of wild-type bacteriorhodopsin and the D96A and T46V
depends on the introduced asparagine. This idea is supportednutants. In such comparisons, if the differences in the atomic
by the crystallographic structure of this mutari3) In positions or the cavity sizes are real, then they must exceed
D96N, the hydrogen bond between the side chains of Asp- the magnitude of positional error between different crystals
96 and Thr-46 is removed, and the amide nitrogen of Asn- Of the same kind. For the wild-type, this variability was
96 is connected to the Thr via a new water molecule, wat504. estimated from the averages and standard deviations in
These observations had suggested that the nature of théndependent models refined from diffraction data from five
side chain of residue 96 might have influence on the Crystals, with resolutions ranging from 1.43 to 1.60 A. Two
distribution of water molecules in the cytoplasmic region. Of these are published, alone or as part of a determination
Mutations of Asp-96 affect the photocycle not only because ©f @ photocycle intermediate8%, 36), but three are from
this residue is the proton donor to the Schiff base but also Newly collected data. For the T46V mutant, the positional
because the Asp-96/Thr-46 pair will organize the pathway
for proton conduction. We report here on the crystallographic  * Abbreviation: octylglucosideg-octyl-3-b-glucopyranoside.

Refinement of models was performed with SHELXL-97,
as before 34), but with single conformations because
occupancy of the desired state (non-illuminated or M) was
essentially 100%. The input model was first 1C3W to
produce omit maps that contained evidence for the replaced
side-chains, and then with Asp-96 replaced with Ala or Thr-
'46 replaced with Val. Superimposition of coordinate sets for
calculating displacements of selected atoms was with the
program package CCP4i. Cavities were calculated with
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the corresponding standard deviation (or in the case of D96A,
the range from two independent crystals).

Our intent was to also compare the structural changes in
the M (last M substate, or M) states produced by the

Table 1: X-ray Data Collection and Refinement Statistics for Data
Sets from a Non-llluminated and an llluminated Crystal of the
D96A Bacteriorhodopsin Mutaht

non-illuminated

illuminated non-illuminated

D96A D96A T46V illumination of the D96A and D96N mutants under the same
data resolution 2.0-25.0 2.08-25.0 1.84-25.0 conditions, that is, at ambient temperature. Although it would
range, A be more relevant for the transport function to use the M state
total observations 306,070 207,357 356,040 of the wild-type as reference, this is not possible. In the wild-
;:'q“b‘j rg'ea'ons 6125'(%86) 615"(2265) 4119'(35’237) type protein, M decays too rapidly at room temperature to
averagd/o()sd 234 (2.9) 23.4(3.8) 28.9 (2.1) accumulate in amounts more than a few percent under usual
completeness%  99.9 (99.9) 100.0 (100.0)  95.5(90.5) illumination conditions. To populate this state, in the two
mosaicity,° 0.57 0.61 0.84 studies of wild-type M produced in cubic phase grown
:Zggzmgm 2.0-25.0 208250  1.8425.0 crystals at ambient temperatuted(38), the illumination was
structure factors 14,807 13.226 18,360 continued for a short time (1 s) as the crystals were rapidly
restraints 8,206 8,240 8,223 cooled, and thus, the M was produced at some undefined
parameters 8,284 8,272 8,300 temperature below the ambient temperature. Such a regime
t";’c')r;erﬁ]“gtoms 917:7?17 5?74127 921712 0 produces either a claimed mixtur@gj of early and late M,
fetinal atoms 20 20 20 or in our experien_cel(O), an M state_ earlit_ar than M In
water molecules 23 23 24 both cases, the retinal assumed configurations different from
lipid atorps 310 310 310 those in M of D96N. In two other studies, the illumination
R-factor!, % 23.9(19.8)  156(153)  195(17.2) of the crystals was at 210 K36) and 230 K 40), and the M

red, % 299 (25.9) 260 (23.7) 260 (23.2) roduce)c; was also an earliﬁzzr M, that is<L ?\;avith fewer
average protein B, 32.0 29.2 30.9 P ' i
A2 changes than those of the later M states. In yet another study
average retinal B, 25.0 22.7 20.5 of the wild-type M intermediate, with crystals of a different

z kind where the crystal contacts were suggested to slow the
average water B, 38.3 39.5 34.0 decay of M and allow its accumulation at ambient temper-
average lipid B, ~ 685 71.1 72.6 ature ¢1), the structural changes do not seem to be
A2 comparable to those in cubic phase crystals. In this case,
deviation from 0.015 0.015 0.015 there was virtually no change from the BR state near residue
:gﬁglr?sor}f 96, where our attention is focused, but a sliding movement
deviation from 0.054 0.055 0.054 of helix G not seen in the other M structures was reported.

ideal bond angle
distances, A

The M state of the E204Q mutant3), however, shows
similarities to the structure of the M intermediate of D96N.

aThe illumination at 295 K with a red laser, as described in Although the M produced is an earlier sub-state because the

Experimental Procedures, converted bacteriorhodopsin in the crystalE204Q mutation blocks proton release to the extracellular
to the M state with virtually full occupancy.Rmerge(l) = Zna Zi [Ihi surface, that is, the M— M’ reaction 6), the illumination

= hall/Zha Zi [l |, wherellhLis the average intensity of the multiple o qitions are most similar to those used for the D96A and
Inwi observations for symmetry-related reflectiohto(l), average of D96N mutants

the diffraction intensities divided by their standard deviatichEhe ] ) ) .
values in parentheses are for the 2.00 to 2.09 A and the 2.08 to 2.17 A Because the illuminated crystals contained little of the non-
shell resolution shells for the non-illuminated and the illuminated D96A illuminated state of the protein, both models for M, from
crystal, respectively, and the 1.84 to 1.92 A shell resolution shell for D9BA in this study and from D96N earliell ), are the
the T46V crystal® Rfactor = Ziu| Fobs = Feac [/ZnalFond, WhereFons —  raqyits of refinements from data with full occupancy. The
and Fcac are observed and calculated structure factors, respectively. .
fThe values are for all data,with those in parenthese$ fer 4o(F). resolution of the data for M of D96N was 2.0 A7 and for
9 Ryee = Shit € T| Fobs — Feaie [/Zhi € T|Fobs Where a test set (5% of the  D9BA it is 2.08 A (the latter from a crystal with merohedral
data) is omitted from the refinement in such a way that all structure twinning (see Table 1), as in the earlier report).
factors in each of several thin resolution-shells were selected to avoid  gryctural Changes in the Non-llluminated State from
bias from merohedral twinning. Replacement of Asp-96he crystal structure of the non-
illuminated F219L mutant had revealetf that the cavity
errors are calculated from models for four crystals, with created by the side-chain replacement is filled by two water
resolutions between 1.84 and 1.92 A. The crystallographic molecules hydrogen bonded to each other and to an existing
resolution for D96A is 2.0 A (two crystals). There was no water (wat501). Comparison of théc@s — Fearc electron
detectable twinning in the crystals of the two mutants, that density maps of the immediate neighborhood of residue 96
is, the quality of the data is more or less equivalent to that in the D96A mutant and the wild type (Figure la and b)
of the wild type. The statistics for the data and the refinement shows, however, that this is not always the case. The cavity
of models for the D96A and T46V mutants are given in Table between Ala-96 and Thr-46 from the smaller Ala side-chain,
1. The standard deviations for interatomic distances in the with a volume of 23-25 A3, contains no density. As in the
five wild-type models will be given in the comparisons below wild type, the side chain of Thr-46 donates a hydrogen bond
and arez+ 0.06-0.20 A depending on the location, in line  to the peptide &0 of Phe-42 (not shown in Figure 1), but
with earlier attempts to determine crystal-to-crystal reproduc- the energy penalty of inserting a water molecule into this
ibility in our bacteriorhodopsin crystals37). When we low-dielectric matrix is evidently not compensated by the
conclude that the structural feature is different, it is only when hydrogen bond this water would donate to OG1 of Thr-46.
the change of interatomic distance or cavity size is well above In contrast, the replacement of the protonated carboxyl of
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Thr-46

Ficure 1: Electron density Bons — Fcai maps of the Asp-96 region in the non-illuminated state in wild-type bacteriorhodopsin (a), the
D96A mutant (b), and in T46V (c). Contour level atsl The wild-type model and map are from 1C3\82).
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Ficure 2: Comparison of the Asp-96/Thr-46 region that connects
helices B and C in the non-illuminated states in D96A and the wild FIGUrRe 3: Comparison of the retinal region of the non-illuminated
type. The model for the mutant is shown with atomic colors, and states of the D96A (a) and T46V (b) mutants (shown with atomic
the wild-type model 82) is in green. colors) with that of the wild type32) (in green).

Asp-212 ¢

residue 96 with an amide in D96N causé8)(an insertion the Schiff base and beyond, that is, at a distance as far as 15
of a water molecule to bridge the amide ND2 and OG1 of A. Because these water molecules form hydrogen bonds with
Thr-46, and creates no cavity. functionally important residues and play prominent roles in
The Asp to Ala residue replacement in D96A, and the the proton transport mechanisd®2(43), their displacements
consequent loss of the hydrogen bond between Asp-96 andnay be meaningful.
Thr-46 that connects helices B and C, will perturb this region. We had suggested earlier that the retinal region is
As shown in Figure 2, where the model of D96A is overlaid connected to the Asp-96/Thr-46 region through a continuous
on the wild-type structure (latter in green), the cytoplasmic chain of covalent and hydrogen bonds that appear to have a
ends of helices B and C move apart. As a result, the distancefunctional role during the photocycld2). The structure of
between CA atoms of residue 96 and Thr-46 increases bythe D96A mutant (atomic color model in Figure 3a) reveals
nearly 1 A. Another indication of perturbation is the increase that the retinal Schiff base region is influenced by the
of a small cavity in the protein, bound by helices B, C, and displacement of Thr-46 via the same chain. In the wild type,
G, that extends from the Thr-46 region toward the retinal wat501 bridges helices G and F through hydrogen bonds to
(not shown). In the wild type, this cavity has a volume of the peptide O of Ala-215 and NH1 of Trp-182 (green model
75+ 4 A3, but in D96A, it nearly doubles in size to 136 in Figure 3a). The hydrogen bond of wat501 to Trp-182 is
143 A3. Otherwise, the main-chain and side-chain displace- essentially unchanged in the D96A mutant (its length is 2.91
ments from the D96A mutation are local, however, and do — 3.05 A vs 2.80+ 0.06 A in the wild type). However, the
not extend significantly toward the center of the protein hydrogen-bond between wat501 and the O of Ala-215 is
beyond Leu-48 on helix B and Leu-93 on helix C (Figure broken as the interatomic distance increases from 2:97
2). 0.07 A in the wild type to 3.383.52 A. This appears to be
Although the primary main-chain and side-chain perturba- an indirect consequence of the displacement of helix B at
tions from the D96A mutation in Figure 2 do not reach the Thr-46 as follows. Wat502 moves with the movement of
retinal region, water molecules are affected as far away asThr-46 described above because its hydrogen bonds with the
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peptide O of Thr-46 (2.873.00 A vs 2.95+ 0.09 A in the
wild type) and with the peptide O of Lys-216 also (2-94
2.95 A vs 3.02+ 0.12 A in the wild type) are maintained
(Figure 3a). Ala-215 is linked to the cytoplasmic region via
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the hydrogen bond of the peptide O of Lys-216 to wat502.
Displacement of wat502, therefore, causes the main chain
of helix G to move at Lys-216 and Ala-215, and the peptide
O of Ala-215 moves away from wat501, its hydrogen-
bonding partner in the wild-type protein.
Unexpectedly, as shown in Figure 3a, water molecules are
displaced in the D96A mutant also in the extracellular region.
Wat402 is coordinated by the Schiff base nitrogen (NZ of
Lys-216) and the OD2 of two anionic residues, Asp-85 and
Asp-212. Wat402 is displaced strongly toward Asp-85 (the
length of its hydrogen bond with OD2 of Asp-85 is 230
2.46 A vs 2,67+ 0.13 A in the wild type), whereas its Leu-95 V== Z NP
distance to Asp-212 is nearly unaffected (23930 A vs 7
3.04+ 0.20 A in the wild type). Surprisingly, in the D96A
mutant, wat401, the link of Asp-85 to the extracellular 7N
aqueous network, moves close enough to wat402 to form a ~ 7’
new hydrogen bond (interwater distance is decreased from < 7
3.68 + 0.17 A in the wild type to 2.873.06 A). The Leu-93
approach of wat401 and wat402 is partly from the displace-
ment of wat402 but mostly from the movement of wat401 7S
(Figure 3a). In spite of this movement, the hydrogen bonds rigyre 4: Comparison of the Asp-96/Thr-46 region that connects
of wat401 to its partners in the wild type (Asp-85 and helices B and C in the non-illuminated states in T46V and the wild
wat406) are relatively unaffected (not shown in Figure 3a). type. The model for the mutant is shown with atomic colors, and
Likewise, although there is minor redistribution of the side the wild-type model §2) is in green.
chains in the extracellular region, no hydrogen bonds are i . ) _
broken or formed as a result of the movement of wat401. 1P and c). There is no new cavity at residue 96 as in D96A,
The observed movements of protein atoms, and particu- because a new water mc_)lecule, wat504, intercalates and
larly water far from the site of the D96A mutation, urge [orms a hydrogen bond with the OD2 of Asp-96 and O of
caution in interpreting the phenotypes of all mutations in lle-45. ) _ ) )
terms of local effects and in assigning-®l bands to specific Consistent with the absence of a cavity at residue 96 and
water mo|ecu|es SOIer on the basis Of the |Ocati0n Of the fOI’matlon Of a hew hydrogen bond that retains the link
mutations that affect them. between helices B and C, the perturbation of the Asp-96
Little of this cascade of displacements between Thr-46 region in the TA6V mutant is less than that in D96A (Figure
and the retinal region is evident in the earlier determined 4). The distance between the CA atoms of Asp-96 and
chain of hydrogen bonds through O of Thr-46, wat502, and the wild type, and this change is from the movement of both
O of Lys-216 is unaffected by the smaller movement of helix residues rather than mainly from Thr-46 as in D96A (Figure
C in this mutant, and the hydrogen bond between O of Ala- 2). The cavity that_extends toward retlnal_|s mcreased in size
215 and wat501 is not broken (not shown). The cytoplasmic but less than that in D96A, from 75 4 A% in the wild type
cavity between Thr-46 and the retinal is only slightly t0 94+ 5 A% As in the D96A mutant, the perturbation is
increased, if at all, relative to that of the wild type (to 82 A local, and little change is observed a few residues away on
vs 75+ 4 A). The changes in the extracellular region are €ither helix B or C (Figure 4).
also less in D96N. Thus, although wat402 moves closer to  Consistent with the smaller perturbation at residue 46, the
the OD2 of Asp-85 in D96N (2.30 A vs 2.6% 0.13 A in retinal region is less affected. As shown in Figure 3b, the
the wild type) as in D96A, the interatomic distance between hydrogen bond of Ala-215 with wat501 is maintained
wat401 and wat402 is decreased (to 3.36 A vs 3:68.17 (interatomic distance 2.9% 0.06 A). Wat401 does not move
A in the wild type) but not sufficiently to form a hydrogen  significantly, and a new hydrogen bond between wat402 and
bond. wat401 is not formed (interatomic distance 3#1.09 A).
Structural Changes in the Non-llluminated State from  In an earlier study of 2D crystals of the T46V mutahf,
Replacement of Thr-4@he Thr-to-Val change for residue a density feature at helix C was observed in the non-
46 breaks its hydrogen bond with Asp-96 as does the D96A illuminated T46V versus the non-illuminated wild-type
mutation, but there are two important differences. First, the difference projection map. Its origin may well be the
side-chain is replaced without change of volume. Second, separation of helices B and C in Figure 4.
the energy penalty of burying the highly polar COOH of Structural Changes in the M State from the Replacement
residue 96 without a hydrogen-bonding partner in T46V must of Asp-96.Given the structural changes in the non-il-
be greater than burying the OH of the Thr in D96A. Indeed, luminated D96A mutant described above, it would be
the Zops — Feac €lectron density map in this region is informative to know how they affect the structure of the M
different in the T46V and the D96A mutants (compare Figure state. The decay of the M state is greatly slowed by the
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Ficure 5: Electron density @ops — Fcaid maps of the retinal region a
in the non-illuminated state (a) and the trapped M state (b) in the
D96A mutant. Contour level at &.

replacement of Asp-96 with a non-protonatable residue, Trp-182
particularly at higher pH31—34), and this allows accumula- -
Indeed, as with the D96N crystals at neutral @3)( a full Ala- 215
color change from purple to yellow upon illumination of k
D96A crystals at pH 8.5 at ambient temperature indicated
the virtually complete conversion to the M state. This state
K, as before 13). Asp-212 } -' '

Figure 5a and b compareFg,s — Fcac €lectron density
respectively. As expected, the trapped M state of this mutant b
bears considerable similarity to the earlier reporte8) M
are absent in the map (latter not shown), wat401 forms a °f Ithre Dgg’]\‘tg?’)r(r"") a”dtlegi%rgblfl ”I]rlljltnf;“ttes d(ggﬁ‘é"g (\:\r/:tgl Sé?m'c
hydrogen-bond with OD2 of Asp-85, and the Arg-82 side- colors) with their respec .
pected feature in M is a new water molecule, wat507, jlluminated state of the D96A mutant (Figure 3a), although
hydrogen bonded to wat501. A water molecule had beenthey are greater in magnitude. Thus, in both models, the O
not in the M state, of D96N. the displacement of Lys-216, and wat401 approaches the two

Elsewhere in the protein, however, the M states of D96A aspartate carboxyls. In the M state, the perturbation originates
the retinal region in the M states (atomic colors) of D96N whereas in D96A, the perturbation originates at residue 96
and D96A, respectively, each superimposed on the non-and spreads to Thr-46 and then the retinal region (Figure
(Figure 6a), the rotation of the retinal$&NZ-CE segment  bonds can be the means for propagating structural perturba-
with the deprotonated Schiff base from the extracellular to tion in both directions.
the geometry of the retinal polyene chain and the Lys-216 wat401 in M of D96N will have already partly occurred in
side chain move the main chain of helix G at Lys-216 and, the non-illuminated D96A. Consistent with the perturbation
refs 12 and 1342, 13). The displacement of the O of Ala- M state of D96A (Figure 6b) are similar to those of the M
215 breaks its hydrogen bond with wat501, and there is no state of D96N (Figure 6a), the ensuing displacements of Lys-
G to helix F through this water and Trp-182 is, thereby, example, the movement of the O of Ala-215 in the M state
eliminated, and the Trp ring is free to tip upward from the of D96N relative to that in the non-illuminated state is 0.97
The movement of Lys-216 moves the connected wat502 andconnected to the O of Lys-216, moves by 1.00 A in the M
the O of Thr-46, moving OG1 of Thr-46 away from Asn- of D96N but 0.51 A in the M state of D96A. As a result, in
locations in the trapped M state of the E204Q mutd®),( with the Thr-46 region will have been impaired, and Thr-46
this structural shift may occur in the wild-type M as well. It should be less displaced.
therefore, it will become the proton donor to the Schiff base. illuminated and M states, in D96N and D96A, respectively.
The displacements of Ala-215, Lys-216, wat502, and Inthe M of D96N, the displacement of wat502 toward O of

tion of the last M state (M) in a photostationary state.

was then trapped by rapidly dropping the temperature to 100 rptmeﬂ

maps of the non-illuminated and M states of D96A,

of D96N: the retinal is 13-cis,15-anti, wat402 and wat406 FiGURE6: Comparison of the retinal region of the trapped M states
chain is rotated toward the extracellular surface. An unex- the M of D96N (Figure 6a) are similar to those in the non-
reported {3) at this location in the non-illuminated, although  of Ala-215 moves away from wat501, wat502 is moved by
and D96N are different. Figure 6a and b shows models of at the retinal and spreads to Asn-96 via Thr-46 (Figure 3a),
iluminated state of the same mutant (blue color). In D96N 6a). It appears that the same track of covalent and hydrogen-
the cytoplasmic direction and the accompanying changes of The changes in the position of Ala-215, wat502, and
therefore, at Ala-215 (for a detailed discussion of this, see of this region, although the movements of the retinal in the
electron density for this water in M. The connection of helix 216, Ala-215, Lys-216, and wat501 are less extensive. For
approach of the 13-methyl group of the retinal (Figure 6a). A, but in the M state of D96A, it is only 0.55 A. Water 502,
96. Inasmuch as the same kinds of changes occur at thesghe M state of D96A, communication of the retinal region
should have the rationale to lower thd&pof Asp-96; Figure 7a and b compares the region of Thr-46 in the non-
wat401 (but not Trp-182, and obviously not the retinal) in Thr-46 allows movement of the peptide segment, and the
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y H‘” Thr-47

Ficure 7: Comparison of the Asp-96/Thr-46 region in the trapped
M states of the D96N 1) (a) and the D96A (b) mutants. The
models for M are shown with atomic colors, and the models for
their respective non-illuminated states are in blue.

ensuing torsion of the main chain moves OG1 of Thr-46
away from wat504 (by 0.88 A). The interatomic distance

between these atoms increases from 3.29 to 4.02 A, and the
weak hydrogen bond breaks. Because the other hydrogen

bonds in this region are maintained, the bulky side chain of
Phe-42, a participant of the cytoplasmic hydrophobic barrier
(20) like Phe-219, moves, presumably in anticipation of the
increased hydration that allows conducting a proton to the
retinal Schiff base in the next step of the photocycle.

In the M of D96A, the smaller, and more importantly
lateral, displacement of wat502 relative to O of Thr-46 results
in fewer changes at Thr-46 (Figure 7b). In D96A, OG1 of
Thr-46 undergoes virtually no movement in M (its displace-
ment is only 0.14 A).

In the earlier described trapped M state of D96N, the
cytoplasmic ends of helices F and G as well as part of the
E—F interhelical loop were too disordered to mod&B)(
The disorder along helix F begins at Val-177, which is
displaced in a manner consistent with the outward tilt of the
cytoplasmic end of helix F detected in many other studies
(16—22). Thus, it may be the result of the tilt that disrupts
the crystal locally and as such constitutes evidence for this
large-scale conformational shift. However, we detect neither
the disorder nor an observable tilt of helix F in the trapped
M of D96A, consistent with the lack of structural changes
at the Ala-96/Thr-46 pair (Figure 7b). In this respect, the M
states of D96A and D96N also seem to differ. Such a
difference was reported before. In the projection map of the
M state of a 2D crystal of the D96G mutarit7j, density

changes were detected at helices F and G, but the difference

map had considerably less magnitude at helix F than that in
the M state of the wild type and D96N. The smaller tilt of
helix F was attributed to an alteration of conformational
flexibility in the D96G mutant but not in the more conserva-
tive D96N mutant. This observation and its interpretation
are consistent with the 3D structure we report here for the
D96A mutant.

CONCLUSIONS

The D96A and the T46V mutations in the cytoplasmic
region of bacteriorhodopsin both break the functionally
important hydrogen bond between Asp-96 and Thr-46, but
in the former mutant, the structural perturbation is greater

and propagates to the retinal and the extracellular region by =

a track of covalent and hydrogen bonds that include wat502,

Biochemistry, Vol. 45, No. 39, 2006.2009

which links helix B to helix G. The same track is utilized in
the functional cycle of this proton pump to propagate
structural changes from the photoisomerized retinal to Asp-
96. If one can generalize from these findings, it seems
possible that the structure of well-chosen mutants of bacte-
riorhodopsin-like heptahelical membrane proteins will reveal
the details of functionally relevant conformational changes
otherwise difficult to measure.
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