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ABSTRACT. Reaction centers have been crystallized from the antenna-deficient RCO2 stRiadubacter
sphaeroidesand a structural model has been constructed at 2.6 A resolution. The antenna-deficient strain
allows assessment of the structural integrity of the reaction center at each stage in the purification
crystallization procedure. Spectroscopic evidence indicates that the properties of the reaction center
bacteriopheophytins and the primary donor bacteriochlorophylls are modified somewhat on removal of
the protein complex from the membrane and that these changes are carried through to the crystal form of
the reaction center. The structure of a FM197R/YM177F mutant reaction center has also been determined
to 2.55 A resolution. The mutant complex shows an unexpected change in structure, with a significant
reorientation of the new arginine, the incorporation of a new water molecule into the structure, and rotation
of the 2-acetyl carbonyl group of one of the primary donor bacteriochlorophylls to a more out-of-plane
geometry. Changes in the optical spectrum of the FM197R/YM177F reaction center are discussed with
respect to the altered structure of the complex.

The photosynthetic reaction center (R@ an integral arisen from spectroscopic studies of the complex (reviewed
membrane protein that is responsible for the transduction of in refs 8 and9).
light energy into chemical energy in photosynthetic bacteria, In Rb. sphaeroidesthe RC consists of three protein
algae, and higher plants. The best understood RCs are thoseubunits: H, L, and M. The L and M subunits each have
from purple non-sulfur photosynthetic bacteria such as five transmembrane helices and are related by an axis of
RhodopseudomonéBps) viridis, Rhodobacte(Rb) sphaeroi- approximate 2-fold symmetn3¢7). The H subunit has a
des andRhodobacter capsulatusThe catalyst for much of  single transmembrane helix and caps the cytoplasmic faces
the detailed research carried out on the RC over the last 10of the L and M subunits. The bacteriochlorin and quinone
years was undoubtedly the elucidation of the high-resolution cofactors are encased by the L and M subunits and are
X-ray structure of th&kps.viridis RC (1, 2), followed shortly arranged in two branches that span the membrane. Only
afterward by the structure of the RC froRb. sphaeroides  one of these branches is active in transmembrane electron
(3—7). These X-ray structures confirmed many predictions transfer. Spectroscopic studies have revealed the route of
concerning the structure and mechanism of the RC that hadelectron transfer through the comple& 0). The primary
donor of electrons (P) is a pair of excitonically coupled
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When the properties of mutated RCs are being considered,gene in two sequential steps using mismatch oligonucleotides.
high-resolution structural information on the altered complex The template for mutagenesis was plasmid pALTSB-1, which
is extremely valuable, providing a sound basis for the consisted of a 998 biBal—BanHI restriction fragment
interpretation of spectroscopic data in terms of changes inencompassing the 8nd of thepufL gene and the whole of
cofactor-cofactor and cofacterprotein interactions. De-  thepufM gene cloned into the plasmid pALTER-1 (Prome-
spite this, relatively few mutant structures have been ga). The resulting changes in the sequence opth® gene
described13, 14). Part of the reason for this is the difficulty ~ were confined to the target M197 and M177 codons (TTC
in obtaining crystals of integral membrane proteins that to CGC and TAC to TTC) and were confirmed by DNA
diffract to sufficient resolution. An illustration of this sequencing. The mutat&hl—BanHI restriction fragment
problem is the fact that to date no structure has beenwas then transferred to plasmid pRKEH10D for expression
forthcoming for theRb. capsulatufRC, despite it showing  in the double-deletion/insertion mutant strain DD13 as
a similarity to theRb. sphaeroide®RC that is sufficiently  described in detail in refd7, 18, and 26. The resulting
close to have allowed a structural model to be mad. (n strain, named FM197R/YM177F, lacked both the LH1 and
addition, high-resolution structures are still needed for the LH2 antenna complexes and contained the mutant RC as
higher plant RCs despite considerable research effort in thisthe sole pigmentprotein complex.
area. Most progress has been made in_the photosystem | Media, Strains, Growth Conditions, and Preparation of
reaction center fronSynechococcugor which a structure Membranes. WT RCs were purified from the antenna-

at 4 A has recently been reportett. deficient control strain RCO22{) and from the FM197R/

In 1992, a genetic system was described that allows theym177F mutant strain described above. Both strains
construction of a strain oRb. sphaeroidesacking the  produce the WT carotenoids spheroidene and spheroidenone.
antenna pigmentprotein complexes1(7). The principal The strains were grown under semiaerobic, dark conditions
advantage of this strain is that it allows study of the RC 4t 34°C in M22+ medium supplemented with neomycin,
while it is still in the bacterial membrane, and a number of gyreptomycin, and tetracycline, as described in 26f
reports have since sought to compare the properties of thecjtyres were scaled up through 10 mL, 70 mL, and 1 L
membrane-bound form of tfeb. sphaeroideRC with the  staqes in an orbital incubator operating at 160 rpm. The 1
detergent-solubilized form@—20). The strain also provides | ¢yityre was used to inoculate a flask containing 20 L of
an alternative means of studying the properties of mutant gsirred M22+ medium which was aerated through a com-
RC complexes2l, 22), which have the potential to show  yressed air line with on-line filter sterilization (Millex-FG,
altered tolerances to detergent. In addition, access to thep 7 m filters). Intracytoplasmic membranes were isolated
optical properties of the RC in both cells and membranes ,y, jyeakage of harvested cells in a French Pressure Cell, as
means that the integrity of the RC can be assessed at eacjgscriped in ref26, followed by ultracentrifugation at
stage in RC purification, including immediately before_z ~25000@ for 1.5 h. Intracytoplasmic membranes were
removal of the complex from the membrane. Although this g ;spended to a concentration of approximately 10 absor-
feature is not so important for the wild-type (WHb. — pance ynits cmt at 800 nm in 20 mM Tris/HCI (pH 8.0).

sphaeroidesRC, which is relatively robust, it allows e .
monitoring of the state of mutant complexes, which may be Purification O.f RCs.RCs were isolated from resuspended
far more sensitive to the biochemical treatments involved in INtracytoplasmic membranes by a method based on that
their purification and crystallization. described in re28. Solid NaCl was added to the membranes
In thi ' d ive th by which WT to a final concentration of 100 mM, and the suspension was
murt]antllgtgezgrhéz\grii dg;%'s ixp?eggzzeisnsa)ét\rﬂ;irllcwith ar?r stirred in the dark at room temperature. Lauryldimethyl-
antenna—déficient phenotype can be removed from the amine oxide (LDAO) (Fluka) was added to a final concen-
tration of 0.3%, and the incubation was continued for 1.5 h.

membrane, purlfled, a_nd crystallized. We |Ilustr§1te how the The suspension was then centrifuged-@5000@ for 1.5
spectroscopic properties of the RC can be monitored, up toh and the supernatant containing solubilized RCs was
2221 'gcrgjgltr:) 9 tH:aeoCrzyisr:Z: f(;:?m%fr;?](ae_%%Tﬁgeébz]n?eian-&% decanted. The membrane pellet was resuspended in 20 mM
P . ginal, mé compiex.. Tris/HCI (pH 8.0), and the NaCl/LDAO extraction was
crystals obtained are of the trigonal form described by Michel ith ; imal vield of
and co-workers 23—25) and diffract to around 2.4 A repeated ?'.t er once or twice to ensure a maximal yi€ld o
resolution. We compare the details of the X-ray structure RCs. Punﬂ_c_atlon of th_e RCs was achieved by two passes
obtained for the WT complex extracted from the RC-only of the solubilized material through a DE52 (Whatman) anion
source with previously reported structures. We also report exchantge columg, fﬁll(r)wed by Ifurr:lzerpﬁmr%' eixchaggre
the structure of a RC carrying two site-directed mutations. séparation on a Sepharose Q colu ( armac a). 0-
One of these, FM197R, is situated in the vicinity of the P matqgraph|_c separation was performed \.N'th a stepped
Bchls, while the second, YM177F, is located in the binding gradient of increasing NaCl concentrations in Tris/HCI (pH
pockét of the RC car,otenoid ,Changes in the optical 8.0)/0.1% LDAO buffer. Elution of bound RCs from these
spectrum of the mutant RC are discussed in the light of iop exchange CO'F'F“”S was achieyed by washing the column
observed changes in the geometry of the P Bchls and otherWlth buff(;,\r containing 20 mM Tris/HCI (pH 8'9)./300 mM
possible changes in protein structure. NaCl/0.1% LDAO. The RCs were further purified by gel
filtration using a Superdex 200 preparative grade column
MATERIALS AND METHODS (Pharmacia). Pooled RCs from the gel filtration column
typically had an absorbance ratlgsy/Asoo 0f 1.3. This ratio
Mutagenesis The mutations Phe M197 to Arg (FM197R) was used as a guide to the purity of the RC preparation, as
g g |
and Tyr M177 to Phe (YM177F) were introduced to théM described in reR9. The lower the ratio 0fAgdAse0, the
Y
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higher the purity; samples with a ratio 6f1.4 were found 7161 Crystallographic Statistics for Data Collection and

to be suitable for crystallization. Refinement

Purified RCs were concentrated by ultrafiltration, first in wild-type  FM197RIYM177F
a stirred cell (Amicon) under nitrogen gas, and finally in RC RC
Centnc_on concentrators (Amicon). After this initial CON- " llection statistics
centration, the RCs were washed with the buffer required 1o of unique reflections 64 071 54 163
for crystallization [10 mM Tris/HCI (pH 8.0)/0.09% LDAO] completeness 94.9% (98.4%)  76.5% (83.0%)
and reconcentrated using Centricon concentrators. This multiglbidty 2.6 (2.5) 3.0(2.3)
washing was repeated at least five times to ensure goodrefﬁ‘]‘g;%: nt statistics 7.0% (42.0%) 12.9% (36.0%)
buffer exchange, and the RCs were brought to a final regoiytion range 1426 A 11-2.55 A
concentration of 60 absorbance unitsérat 800 nm, again no. of selected reflections 57 980 n/a
in 10 mM Tris/HCI (pH 8.0)/0.09% LDAO. whereF > oF

Crystallography The method used for growing trigonal Refactor %g-%" %?‘7‘2;0
crysta]s of_ theRb. sphaeroidedRC was based on that g;’;erag@_factor 50'_1& 401 Ag
described in ref23. RC crystals were grown by vapor geometry
diffusion from sitting drops at 18C. A potassium phosphate rmsd from ideality
solution (pH 7.5), 1,4-dioxane, and solid heptane-1,2,3-triol bonds 0.012A 0.008 A
were added to the protein solution to give final concentrations re;ggfssin the 1.68 1.54
of 0.75 M, 2% (v/v), and 3.5% (w/v), respectively. The Ramachandran plbt
droplets were equilibrated against a reservoir solution of 1.6 most favored areas 90.7% 90.9%
M potassium phosphate. Trigonal crystals appeared within additional allowed areas  9.0% 8.7%
1—4 weeks and grew as prisms of variable size, ranging from g.e“erous'y allowed areas 0.3% 0.4%

. . . isallowed areas 0.0% 0.0%

0.3to 1 mm in the longest dimension. The crystals belonged  ,qrdinate errdér 03A 0.35 A
to the space group3;21 and had the following unit cell  model
dimensions:a=b = 142.4 A,c = 188.6 A,a. = 8 = 90", no. of protein residues 823 823
andy = 120 for the WT RC;a= b = 141.9 A,c = 187.9 no. of pigments 425‘3?)'.- 2Bphe, 4 lBC*t‘)'.- 2Bphe,
A, o= =90, y = 120 for the mutant RC. The unit cell 2 upn 1 5po, 1 UbL 1 Spo,
dimensions were very similar to those determined previously  no. of waters 108 100
for the trigonal crystal form of the WT RG[=b = 141.4 no. of detergents 4 3
A andc = 1872 A @3)]. no. of phosphates 0 1

The X-ray diffraction data were collected at room tem-  2Figures within brackets refer to the statistics for the outer resolution
perature on a 30 cm MAR image plate on station 9.6 of the shell (2.69-2.6 A), and 2.642.55 A for the mutant model. The
Daresbury synchrotron facility. The crystal of the WT RC completeness for the higher-resolution shell was higher than the overall
initially diffracted to 2.4 A tho ) h the resolution decreased completeness due to overloaded low-resolution reflecti'bﬁ’ﬁerge%
ni '_ y di Y ug u ' . Yhyild(hyO— I(h)il/3nYil (h)i, wherel(h) is the intensity of reflection
during the data collection as a result of radiation damage. h, 5, is the sum over all reflections, ang is the sum over ali
The crystal was translated twice to minimize this problem. measurements of reflectidn © R-factor is defined by ||Fo| — [Fcll/
Radiation damage led to a gradual loss of the high-resolution(ﬂgd- ’ Piee Was calculated With 536 reflections, selected randomly

- . . . . 53), and these reflections were omitte rom all refinement steps.
:jertms O\t/er tlmelz_, S? ghet e]j[fhectlve IS|OI_I’0p|C treSﬁ!u';]IOgo(())/f th? eRama_chandran plot was produce_d by Procheck version 310 (
ata set was limited 1o thé resoluton at whic 0 OT fCoordinate error was estimated with a Luzzati pff)(
reflections in the outer shell had drof >2¢l. The data
were processed using the Denzo and Scalepack packagyes ( . .
to give an overalRperge Of 7.0% for data that was 94.9% the mutant pomplex usmg'the full r.esolutlon range. 'T.he
complete to 2.6 A, with 64 071 unique reflections for the mutated residues were omitted at this stage and rebuilt into

WT RC. The data set acquired for the FM197R/YM177F omit density following simulated annealing refinement.
mutant RC had an effective isotropic resolution of 2.55 A, Refinement continued with alternating rounds of positional
In this case, the overaRpegewas 12.9% for data that was O su_”nglated gnneahng reflnt_ement in X-PLOR and manual
76.5% complete to 2.55 A, with 54 163 unique reflections. rebuilding using the graphics program @G3[. Water
The structure of the WT RC was phased by molecular molecules were included only if they appeared with ap-
replacement using AMoR&{), with the coordinates of the ~ Proximately spherical density in both th&é@— Fc andFo
RC from Rb. sphaeroidestrain ATCC 1702324, 25) as  — Fc electron density maps and showed good hydrogen
the starting model, minus the detergent and water moleculesbonding geometry. The final refinement statistics are given
The rotational and translational searches, performed over theh Table 1. The small difference between the values for the
resolution range of 124 A, yielded one clear solution. The ~R-factor andRr.. was almost certainly due to the fact that
correlation coefficient andR-factor for this solution were ~ our models are isostructural with respect to that described
85 and 24%, respectively. The model obtained from the by Ermler et al. 24, 25) for the trigonal form of the RC.
molecular replacement was used as the starting point for theAlthough 5% of all reflections were omitted from our
refinement of the mutant RC complex. After molecular refinement, these have previously been included in the
replacement, the rotation matrix and translational values wererefinements of Ermler et al. Therefore, tRg.is not entirely
(1.000,—0.0013,—0.0013, 0.0013, 1.006;0.0025, 0.0013, free. The topology and parameter files used in X-PLOR for
0.0025, 1.000), 0.112;0.711, and—0.578. the cofactor groups were kindly supplied by U. Ermler, G.
Rigid-body refinement was performed using X-PLOR 3.1 Fritzsch, and C. R. D. Lancaster. All computations used
(32), yielding R-factors of 34% for the WT RC and 33% for  programs from the CCP4 suit84) unless stated otherwise.
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Spectroscopy Absorption spectra of bacterial cells, intact
membranes, purified RCs, and RC crystals were obtained

A
cell
using a Guided Wave model 260 fiber optic spectrophotom- \
eter (Guided Wave Inc., El Dorado Hills, CA). Spectra of
bacterial cells were obtained using aliquots taken from
growing cultures in the late log phase. Membranes were
diluted in 10 mM Tris/HCI (pH 8.0), while purified membrane
complexes were diluted in 20 mM Tris/HCI (pH 8.0)/0.1%

LDAO. Because the Guided Wave spectrophotometer ir- purified

radiates the sample with white light, resulting in bleaching Syotal

of the PQ, absorbance band, sodium ascorbate was added g2

to a final concentration of 10 mM to ensure full reduction § 2 CWS‘B'-'“’I&SC | .
of the P Bchls [spectra recorded with a Beckman DU640 §§ B
spectrophotometer showed that, in untreated crystals, the P 228

Q, band was not bleached when interrogated with weak = | membrans
monochromatic light (data not shown); the bleaching ob-

served with the Guided Wave spectrophotometer was

therefore due to the white light used and was not a purified

consequence of the crystallization conditions]. Spectra of

crystals were recorded by positioning the fiber optic cables

above and below the wells of the crystal plate. Crystals were crystal

soaked in 5 mM sodium ascorbate ®h prior to acquisition

of ascorbate-reduced spectra. This treatment did not ad-

versely affect the gross morphology of the crystals during . . . |
the period of the experiment. Light-oxidized spectra were 650 750 850 950
recorded by omitting sodium ascorbate. Wavelength (nm)
RESULTS Ficure 1: (A) Room-temperature absorption spectra for various

forms of the WT RC from strain RCO2. Key: cell, bacterial cells;
Monitoring of the Spectrum of the WT RC from Bacterial membrane, ascorbate-reduced intracytoplasmic membranes; puri-
Cell to Crystal. The use of the antenna-deficient RCO2 ﬁEd'talsccorl;?;le-rzgd;scce% F(’:Ugﬁes‘f['a'l?gfo? SQQS.L% gzgg:gggr?glﬁ?dh?c
H : crystal; - . -
stram allowed the absorption specirum of th_e WT RC to he ox>i/dize’d rr);inus ascor’bate-rrgduced difference spectra for var?ous
monitored at each stage of the growth/solubilization/purifica- forms of the WT RC from strain RCO2. Same key as in panel A.
tion/crystallization process. Figure 1A shows a series of
room-temperature absorption spectra that provide a goodon the spectrum (spectrum “crystal” in Figure 1A). For
indication of the structural integrity of the WT RC during crystals that had not been presoaked with sodium ascorbate,
the process that leads to RC crystals. The RC spectrum inthe PQ, band was bleached due to photooxidation of P by
the near-infrared region shows three principal absorbancethe white measuring light of the spectrophotometer (see
bands that arise from the RC bacteriochlorin pigments. The Materials and Methods). This bleaching was accompanied
band at 758 nm is attributed to tg transitions of the two by an electrochromic blue shift of the absorbance band at
RC Bphes; the band at 804 nm is attributed to g 804 nm (to 800 nm) and a small sharpening of the BRhe
transitions of the two monomeric Bchls and the high-energy band. The calculated light-oxidized minus ascorbate-reduced
exciton component of th€, transition of the P Bchls, and  difference spectrum for the crystallized RC is shown in
the band at 868 nm is attributed to the low-energy exciton Figure 1B, where it is compared with difference spectra
component of theQ, transition of the P Bchls. For calculated for the membrane-bound and purified versions of
convenience, we will use the terms BpBgband, BchlQ, the WT RC. Taken together, the spectroscopic data dem-
band, and FQ, band for the 758, 804, and 868 nm bands, onstrate that, while the overall structural and functional
respectively. The effect of detergent solubilization, purifica- integrity of the WT RC was preserved on removal of the
tion, and crystallization on the optical properties of the RC complex from the membrane, the change of environment was
was monitored by referencing the absorption spectrum of sensed by P and the Bphes. However, the optical properties
intracytoplasmic membranes, as this was of better quality of the complex did not seem to be perturbed any further by
than the spectrum of intact bacterial cells which was strongly the processes of purification and crystallization.
affected by light scatter. Experiments with a large number  Crystallography of the WT RCThe procedures used to
of cultures of WT and mutant RC-only strains have shown obtain trigonal crystals of the WT RC from the antenna-
that the preparation of membranes from intact cells does notdeficient strain RCO2 are described in detail in Materials
affect the spectrum of the RC in any significant way (M. R. and Methods. RCs were purified by a standard procedure
Jones, unpublished data). involving detergent solubilization followed by ion exchange
Extraction of the WT RC from the membrane and chromatography and gel filtration. Trigonal crystals of
purification of the complex had a small effect on the near- varying sizes were obtained between 1 and 4 weeks, using
infrared absorption spectrum, Wita 4 nm redshift of the a method based on that described in 2% A crystal
Bphe Q, band ad a 2 nmblue shift of the PQ, band approximately 1.0x 0.4 x 0.4 mm in size was used for the
(compare spectra “membrane” and “purified” in Figure 1A). collection of X-ray data. A similar crystal was used to obtain
Crystallization of the WT RC complex had little further effect the absorption spectra shown in Figure 1A.
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crystals of the latter complex were prepared as described in
Materials and Methods. The absorption spectra of various
preparations of the FM197R/YM177F RC, including the
crystal form, are shown in Figure 2. Once again, these data
illustrate how the use of an antenna-deficient strain allows
us to distinguish between structural changes that are associ-
ated directly with the mutation(s) that have been introduced
and additional spectral shifts that occur following detergent
solubilization or purification of the mutant RC. Comparison
of the various forms of the FM197R/YM177F RC showed
that the absorption maximum of the BpReband underwent
a small (3-4 nm) red shift on purification of the complex.
This shift was similar to that seen in the purified and
crystallized forms of the WT RC. The FM197R/YM177F
RC also showed a-12 nm blue shift of the RQ, band on
removal of the complex from the membrane (Figure 2,
spectra “membrane” and “purified”).

Structure of the FM197R/YM177F RQA data set with
an isotropic resolution of 2.55 A was collected at the
to be very similar to the 2.65 A structure described in refs Daresbury synchrotron facility using a crystal similar to that
24 and 25. Superimposition of thex-carbons of the two  used to obtain the spectra shown in Figure 2. The structure
RC structures gave a rms displacement of 0.35 A. Structural of the FM197R/YM177F RC was then solved by molecular
conservation in the main body of the protein was very good, replacement to an effective isotropic resolution of 2.55 A,
with a low degree of variance in thehelical transmembrane  as described in Materials and Methods. Comparison of the
regions. The residues showing the largest deviations werestructure of the FM197R/YM177F RC with that of the WT
located on the outer surface of the protein and the C-terminalRC showed good conservation of the overall structure
end of the H chain, and therefore did not represent inherentthroughout very nearly the entire volume of the protein.
differences in structure and were unlikely to be of any Within the resolution of the data, the replacement of Tyr by
functional significance. Those regions of the protein not Phe at the M177 position caused no structural changes

cell

membrane

Absorbance
(arbitrary units)

purified

crystal - no asc

1 1 1 1
650 750 850 950
Wavelength (nm)

FiGure 2: Room-temperature absorption spectra for various forms
of a FM197R/YM177F mutant RC from an RC-only strain. Key
as in the legend of Figure 1A.

After refinement, the structure of the RCO2 RC was found

resolved in the published 2.65 A data4( 25) were also
disordered in our map. These included the first 10 amino
acids of the H chain, residues 25260 of the C terminus

of the H chain and residues 36307 of the C terminus of
the M chain.

relative to the RCO2 RC other than the loss of the electron
density associated with the Tyr OH group (Figure 3). In

particular, the YM177F mutation did not appear to cause
any change in the position of the carotenoid or any significant
reduction in the occupancy of the binding pocket, as judged

Construction and Spectroscopy of the FM197R/YM177F by theB-factor distribution in the carotenoid binding pocket
Mutant RC. Residue Phe M197 is related by the axis of of the protein and in the carotenoid itself. The average
2-fold symmetry that runs through the RC to residue His B-factor for the binding pocket was calculated for residues
L168, which forns a H bond to the 2-acetyl carbonyl of the M115, M119, M122, M157, and M177 to be 41.7. These
L side Bchl of P (R) (35). This H bond can be broken by residues are located within the central region of the caro-
mutagenesis of His L168 to Ph&f 37). Mutagenesis tenoid binding pocket. The avera@efactor for the caro-
experiments have shown that substitution of Phe M197 by tenoid in the same region (atoms C1023) was 42.2. The
His or Tyr results in the formation of an analogous H bond methoxy end of the spheroidenone molecule is seen in the
to the 2-acetyl carbonyl group of,R37, 38). The mutation electron density maps, and this has allowed us to fit the cis
Phe M197 to Arg described in this report was constructed bond at the 1515 position. However, the opposite end of
as part of a survey of residues that are capable of forming athe carotenoid molecule has four terminal atoms protruding
H bond interaction with the 2-acetyl carbonyl af M. R. from the protein, and the position of these atoms is not
Jones and J. P. Ridge, unpublished data). During this work,observed in the electron density maps. Conservation of the
it was noted that the FM197R mutation (and a similar structure was good in the central region of the molecule
FM197K mutation) brought about a 15 nm blue shift of the which is fixed in the protein interior (Figure 3). We conclude
P Q, absorbance band (Figure 2). In contrast, there is no from these data that the differences that were seen between
such blue shift in the room-temperature spectrum of a the structure of the FM197R/YM177F RC and that of the
FM197Y or FM197H mutant either in solubilized RC37} WT complex in the vicinity of the P Bchls, described in detail
or in RC-only membranes (M. R. Jones and J. P. Ridge, in the next paragraph, could not be attributed to the YM177F
unpublished data). It should be noted that the FM197R mutation.
mutant examined in this report carried a second mutation The FM197R mutation brought about a significant change
(YM177F) in the carotenoid binding pocket. Experiments in the structure of the protein in the immediate vicinity of
conducted with an FM197R single mutant and a YM177F the M197 residue, and also in the detailed structure of the
single mutant have shown that the spectrum of the RC P_ Bchl, as summarized in Figures 4 and 5. The Arg residue
bacteriochlorins in th&), region between 700 and 950 nm introduced in the FM197R/YM177F RC did not occupy the

is not affected by the YM177F mutation (data not shown).
To investigate the structural origins of the blue shift of
the PQ, band in the FM197R and FM197R/YM177F RCs,

volume of the Phe residue that is present in the WT complex
(Figures 4A and 5A) but rather pointed toward the periplas-
mic surface of the protein (Figures 4B and 5B). Rather
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A

Ficure 3: Structure of the RC in the vicinity of residue M177 in (A) the WT RC and (B) the FM197R/YM177F mutant RC. Shown are
omit Fo — Fc maps contoured at 350 Residues Trp M157 and Ser M119 are also shown. The figure was prepared using the packages
Molscript (56), Raster 3D %7, 58), and Minimage %9).

Ficure 4: View of residues Phe M197 (A), Arg M197 (B), and His L168 (C) from the periplasmic surface of the RC. The M197 and L168
residues are shown in cyan, and Asp L155 (A and B) and Asp M184 (C) are shown in red. For all panels, M subunit residues are shown
in yellow and L subunit residues are in green. RC cofactors are in pink, and fixed waters are in white. Panel C has been rotated to give
?5p7prgé<)imately the same view of the M197 and L168 “clefts”. The figure was prepared using the packages M6Bjcaiptl Raster 3D
surprisingly, this striking change in orientation did not some minor alterations in the position of neighboring
involve a major rearrangement of the protein. Examination residues, particularly Trp L151 and Tyr M198, but there was

of the structure of the WT protein showed that the aromatic no significant change in the position of the backbone of either
ring of Phe M197 lies at the interface of the M and L subunits subunit. The shifts observed for Trp L151 and Tyr M198,
and that several of the carbon atoms of the Phe ring arewhich are near the surface of the protein, were no greater
visible from the exterior of the protein due to a cleft that is than those observed for surface residues in other regions of
present between the subunits (Figure 4A). The new Arg the protein.

residue in the FM197R/YM177F RC was found to lie along  The new position for the M197 residue left a cavity in
this cleft, pointing directly at Asp L155 which had barely the interior of the protein, adjacent to thg Bchl, that was
changed position relative to the WT structure (Figure 4B partially filled by a water molecule (Figure 5B). The
compared with Figure 4A). Electron density was seen structural change also involved an alteration in the orientation
between the proximal nitrogen of Arg M197 and the proximal of the 2-acetyl carbonyl group ofy which had undergone
oxygen of Asp L155, indicating a salt bridge interaction a small rotation out of the plane of thg,Pnacrocycle. It
between the two. These residues were separatedhy was not possible to distinguish between the oxygen and
A, well within the 2.5-4.9 A range of inter-residue distances carbon “arms” of the 2-acetyl group in the electron density
cited for possible salt bridge interactions in the RRL The map. However, if, as we have indicated in Figure 5, the
new orientation for the Arg residue was accommodated by oxygen of the &O group points toward the new water
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gt

Ficure 5: Detail of the change in orientation of Arg M197 (B) relative to the position of Phe M197 (A). The carbon atoms gf BohlP

and M197 residue are shown in gray, oxygen atoms in red, and nitrogen atoms in blue, and the central magnesium is shown as a light green
sphere. In panel B, the new fixed water molecule is shown as a red sphere. TH&omKc maps are contoured at 3.0insets in panels

A and B show omifFg — Fc maps contoured at 5o0for the 2-acetyl group of f, highlighting the rotation of the group relative to the plane

of the Bchl ring. The figure was prepared using the packages Mols&@pt Raster 3D %7, 58), and Minimage §9).

molecule that partially fills the cavity left by the reorientated descriptions of the structure of the WRb. sphaeroideRC

Arg group, then this would place the oxygen within H bond have been published by several groups 1, 24, 25, 39—
distance of this new water (2.7 A). In support of this 41) and have shown some variation. The 2.6 A structure
assignment, it should be remembered that X-ray diffraction for the WT RC obtained in this study agrees with the
is only capable of identifying fixed water molecules, such assignments for axial ligands to the magnesiums of the RC
as those involved in H bond interactions with neighboring Bchls (His L153, His L173, His M182, and His M202) and

groups. participants in hydrogen bond interactions (such as His L168
and Glu L104) described in ret and25 (Brookhaven PDB
DISCUSSION code 1PCR). Conservation between the two structures is

Structure of the Rb. sphaeroides RResearch on the ~ Very good in the central region.of the protein. As with the
mechanism of light energy transduction has benefited trigonal crystals used to obtain the 1PCR structure, oc-
enormously from the availability of high-resolution atomic €uPancy of the binding site for thesQjuinone was rather
structures for the bacterial RC. To date, three crystal forms I0W in our crystals {-30%). The @ quinone was not
of the Rb. sphaeroide®C have been described in detail. fémoved from the molecular replacement, but simulated
The most common is the orthorhombic form, which has given @nnéaling omit maps were calculated for this site. The
rise to structures at a resolution of 28.1 A for the RC  Position of the @ quinone was essentially the same as that
from strains R-26, Y, and 2.4.13¢7, 39-41) and at a  reported by Ermler and co-workerg4, 25).
resolution of 3.6-4.0 A for seven single-site mutants of the Effect of the Enironment on Structural and Functional
RC from strains 2.4.1 and WS 2311). A trigonal crystal Properties of the RC The question of whether the structure
form has also been reported, giving a structure at 2.65 A of the RC that is revealed by X-ray crystallography is an
resolution for the RC from strain ATCC 170224 25). entirely accurate and faithful representation of the structure
Finally, a tetragonal crystal form has been reported for RCs of the RC in the membrane (or even in detergent solution)
from a WT strain and strain R-26, which gave data at a is an intriguing one. From the data in Figure 1A, for
resolution of 2.8 A 42). This has recently been improved example, it can be seen that that extraction of the RC from
still further, and two models to 2.2 and 2.6 A have been the membrane and purification of the complex had a number
published 43). Several of these structures have been of small effects on the near-infrared absorption spectrum.
deposited in the Brookhaven Protein Data Bank. Crystallization of the RC complex had little further effect

The crystals generated in this study from antenna-deficienton the spectrum. Similar small shifts were seen in the
strains ofRb. sphaeroidewere of the trigonal form and gave position of absorbance bands in data from the FM197R/
structures at 2.6 A resolution for the WT RC and 2.55 A YM177F mutant RC (Figure 2), and in this case, some
resolution for the FM197R/YM177F mutant RC. Detailed change in the shape of the P band was also seen on
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crystallization of the complex. The conclusion drawn from residues Trp L151, Leu L154, Val L157, and Ser L158 from
the spectroscopic data is that, while the overall structural the L subunit. In the FM197R/YM177F mutant, the M197
and functional integrity of the RC is preserved on removal Arg lies along this cleft in such a way that the surrounding
of the complex from the membrane, the change of environ- protein is largely undisturbed. The main effect is an increase
ment is sensed by the RC bacteriochlorin cofactors. in the distance between the M subunit and L subunit residues
There are a number of additional pieces of evidence thatthat line the cleft by an average of 0.5 A (measured from
suggest that the properties of the bacteriochlorins and thethe o carbons of the residues listed above). On the basis of
electron transfer reactions taking place within the RC are the errors in the position oét carbons, this was not a
sensitive to the environment of the complex. For example, significant change in structure. Two water molecules were
picosecond time scale transient absorption spectroscopyevident in the WT structure at the surface of the protein just
applied to both RC-only membranes and purified RCs has to one side of the cleft leading to the FM197 residue (Figure
shown that the rate of the first step in transmembrane electrondA). These water molecules are also present in the 1PCR
transfer, monitored though decay of thed®ate, is slightly structure 24, 25) and were present in our structure for the
slower in membrane-bound RCs & 4.5 ps) than in FM197R/YM177F mutant RC (Figure 4B).
solubilized complexest(= 3.2 ps) 0). We have also We come now to the question of why the M197 residue
established that the midpoint potential of the P#edox undergoes this reorientation following mutation from Phe
couple is sensitive to the environment of the RC, being to Arg. The simplest conclusion is that the new arrangement
between 15 and 40 mV lower when the membrane-bound seen in the FM197R/YM177F mutant structure is energeti-
RC is surrounded by the LH1 antenna complex than in cally more stable than the alternative arrangement where the
purified RCs or in RCs in antenna-deficient membrar2&. ( M197 Arg would be buried in the protein, occupying the
Taken together, these studies demonstrate that the structurgolume of the WT Phe residue. Perhaps to be expected is
of the RC, the redox properties of the cofactors, and the ratethe possibility that it is energetically expensive to bury a
of processes such as intraprotein electron transfer arehighly polar residue within the hydrophobic interior of the
sensitive to the environment of the complex but that this protein, although the structure of the WT protein and
influence is relatively small. experiments with mutant complexes have shown that such
Structure of the FM197R/YM177F Mutant RCThe arrangements do exist or can be engineered. Residues Glu
mutation YM177F was made as part of a survey of the L104, Arg L103, and Arg M132 are found in the vicinity of
influence of polar residues that line the carotenoid binding the Bphes in the WT RC, and are assumed to not to be
pocket. The mutation did not appear to bring about any charged. Furthermore, mutagenesis experiments have shown
change in the carotenoid content of the RC, or the optical that acidic and basic residues can be introduced deep within
properties of the carotenoid (P. K. Fyfe and R. J. Cogdell, the hydrophobic interior of the protein at position L184Y
unpublished observations). The mutation also did not bring and at M203 45). One possibility is that during folding of
about any change in the structure of the RC in the vicinity the protein, perhaps as the L and M subunits come together,
of the carotenoid (Figure 3). the Arg M197 takes up a preferred orientation pointing
The mutation FM197R was made as part of a survey of toward the outer surface of the protein and is able to adopt
residues that are capable of forgia H bond from the M197  that conformation in the fully folded complex because the
position to the 2-acetyl carbonyl ofyP Previous work by cleft that exists in this region of the protein facilitates this
other groups has shown that His and Tyr residues introducednew conformation without disturbing the packing of the
at this position are capable of forming such a boBig 88), surrounding protein. Alternately, it may be that an energeti-
and in the structure of th&ps. viridis RC, a H bond is cally favorable salt bridge interaction is formed between Arg
evident between the equivalent residue Tyr M195 and the M197 and Asp L155 as the protein folds and that this
2-acetyl carbonyl of @ (1, 2). In the case of the FM197R  arrangement is allowed to persist in the mature complex
mutation, it was noted that th®@, band of P was strongly  because of the cleft that accommodates the Arg side chain.
blue-shifted relative to its position in the WT complex. The One way to test these ideas may be to mutate Asp L155 to
structural origins of this blue shift are revealed in Figures 4 a neutral residue, to see whether the reorientation of Arg
and 5, and were completely unexpected, with the Arg residue M197 is dependent on the presence of the Asp residue at
pointing toward the surface of the protein where it probably the surface of the protein. It will also be interesting to see
forms a salt bridge interaction with Asp L155, and the cavity how the Arg M197 residue will pack in a double mutant in
left by this reorientation being partially filled by a water which the cleft was blocked by increasing the volume of
molecule. The optical properties of an FM197K mutant RC the lining residues. Experiments designed to reach this end
were essentially identical to those of the FM197R mutant are currently under way.

(data not shown), and it is very likely that a similar Influence of Water MoleculesThe reorientation of the
reorientation of the M197 residue has taken place in this Arg residue leaves a cavity in the interior of the protein that
mutant. is partially filled by a fixed water molecule. This observation

At first glance, it is a little surprising that such a radical is in line with crystallographic studies of other mutant RCs
change in the position of the M197 residue can occur without that have shown that a reduction in the side chain volume
causing a significant degree of structural alteration in the of a particular residue can lead to the incorporation of one
surrounding protein. However, examination of the structure or more water molecules in order to make up the lost volume
of the WT RC reveals a cleft at the interface of the L and M (K. E. McAuley-Hecht and P. K. Fyfe, unpublished results;
subunits that extends from the surface of the protein down see also refs46 and 47 for related findings in soluble
to the Phe M197 residue (Figure 4A). This cleftis lined by proteins). This observation opens up the more general
residues Asn M195 and Tyr M198 from the M subunit and question of how often newly introduced water molecules play
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a part in determining the altered biophysical properties of a of-plane geometry seen in our structural studies is ac-
mutant RC. The involvement of new water molecules was companied by a blue shift of the ® band. However, it
proposed recently in experiments that showed that the P Bchlhas to be remembered that the precise position of the oxygen
dimer was retained in a mutant in which the residue that atom is not certain from the electron density, and the
provides the axial ligand to\R His M202, was replaced by  environment of the acetyl group changes (i.e., becomes more
Gly (48). Previous experiments had shown that replacementpolar) in the mutant complex. Also, the study by Parson
of this residue by Leu or Phe resulted in the incorporation and Warshel predicted that another strong determinant of
of Bphe into the RC at the\Pposition, creating a RC with  the energy of the ), transition is the distance between the
a primary donor consisting of a Bph®chl heterodimer49). two halves of the P dimer (in the direction perpendicular to
In the case of the HM202G mutant, Gly clearly could not the planes of the Bchl macrocycles). A blue shift~ef5
provide the axial ligand to Bchl, but it was suggested that nm could thus be accounted for by a decrease in the
the cavity created by the His to Gly mutation was filled by separation of the two halves of the P dimer~ed.1 A, a
one or more water molecules and that one of these providesstructural change which is well below the limits of detection
the axial ligand to the ¢ Bchl (48). Our crystallographic  in RC crystallography. On the basis of the present data, we
data show that this proposal is entirely feasible for a could not detect any significant change in the spacing of the
membrane protein, with cavities created in the protein interior two Bchls of the P dimer.
by mutagenesis being filled with water molecules. Our findings are in better agreement with the data of Fajer
Orientation of the 2-Acetyl Carbonyl Group of,P For and co-workersg1, 52), who calculated that an out-of-plane
the new water molecule we have identified in the FM197R/ rotation of the 2-acetyl group would cause a spectral blue
YM177F mutant RC to show up in the electron density map, shift of the Q, transition, as the carbonyl bond is taken out
it must be fixed in position, suggesting hydrogen bonding of conjugation with ther-electron system of the Bchl ring.
to an adjacent group. The new water is within 2.7 A of one However, these authors also pointed out the effect on the
of the arms of the 2-acetyl carbonyl group af,Rand it is absorbance properties of P of other factors such as nearby
therefore tempting to sugges H bond interaction between charged amino acids and the inter-Bchl distance. Our
the two. It is not possible to distinguish between the oxygen conclusion, therefore, is that the rotation of the 2-acetyl group
and carbon arms of the 2-acetyl group from the electron we observe in the FM197R/YM177F mutant, and the
density map, due to their similar size. In the 1PCR structure accompanying blue shift in the ®, absorption band, are in
of Ermler and co-workers, the oxygen is assigned to the armgeneral accord with the prediction that the orientation of the
that points away from Phe M197. However, Ermler et al. Py 2-acetyl group will affect the absorbance properties of
(24) suggest that the electron density slightly favors the P. However, we note that there may be other structural
orientation where the oxygen forms the arm that points changes in the FM197R/YM177F mutant which are below
toward Phe M197, although the opposite assignment is inthe resolution of the structural data and which would also
fact made in the coordinates of the 1PCR structure. In our influence the position of the By, band.
structure for the WT RC, we have followed the assignment Implications for Possible Structural Changes at His L168
made in ref24 and positioned the oxygen of the 2-acetyl His L168 is the symmetry-related partner to the M197
group of Ry pointing toward the M197 residue. In the residue, formig a H bond to the 2-acetyl carbonyl group of
FM197R/YM177F mutant, the likelihood@ H bond to the P.. Extensive experiments have shown that replacement of
new water molecule has led us to favor the same assignmentthe L168 His residue by Phe results in breakage of this H
as shown in Figure 5. We are currently carrying out bond and is accompanied by a blue shift of th@fand of
spectroscopic experiments to determine whether the 2-acetyll5 nm @6). This blue shift seems to be characteristic of
group of Ry is in fact H bonded in the FM197R mutant RC. removal of the His residue, as it is also seen to varying
As can be seen from Figure 5, the 2-acetyl grouppfrP amounts (1525 nm) when the His residue is replaced by
the WT RC sits slightly out of the plane of the Bchl ring, Leu, Phe, Lys, Arg, or Glu (J. P. Ridge, D. Spiedel, and M.
making an angle of approximately 15In the mutant RC, R. Jones, unpublished observations). In the case of Arg and
this group has undergone a rotation that places it ap-Lys mutations at the L168 position, the blue shift of the P
proximately 38 out-of-plane, representing a 28nticlock- Qy band amounts to some 25 nm. The crystallographic
wise rotation compared with that of the WT RC. This results we have described for the FM197R/YM177F mutant
change in conformation of the P Bchls perhaps gives someopen up the possibility that a similar structural rearrangement
insight into the origin of the 15 nm blue shift of the@®, underlies the absorbance change seen in some or all of the
band that is observed in this mutant. TheQ bond of the L168 mutants.
2-acetyl group is conjugated to theelectron system of the The 2-fold symmetry of the RC suggests that a cleft might
Bchl macrocycle, and the orientation of the 2-acetyl group also be present connecting residue His L168 with the surface
has been calculated to be one of the factors that determine®of the protein, and indeed, examination of the WT RC
the absorption properties of Bq—52). In ref 50, Parson structure shows that His L168 is “visible” from the exterior
and Warshel calculated that a rotation of the oxygen atom of the protein (Figure 4C). However, comparison with the
of the carbonyl group of one of the P Bchls from fully in- “M197 cleft” (Figure 4A) shows that the channel to His L168
plane with the macrocycle to fully out-of-plane (i.e., 890 is considerably more restricted in the WT RC. A number
rotation) should cause anr50 nm red shift of the R, band of the residues that line the M197 cleft are conserved at the
in the Rps.viridis RC. This effect arose principally froma symmetry-related position, including Asn M195 (as Asn
decrease in th@), transition energy of the individual Bchl  L166), Tyr M198 (as Tyr L169), and Leu L154 (as Leu
(50). At first glance, our experimental findings seem to be M183). Two other residues show changes that are reason-
at odds with this prediction, as the rotation to a more out- ably conservative in terms of size, Val L157 (to Thr M186)
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and Ser L158 (to Asn M187), while the largest change is REFERENCES

Trp L151 (to Phe M180). The surface residue Asp L155 is
also conserved at the symmetry-related position (as Asp
M184), and two fixed water molecules are also present in
this region of the protein. In addition, the backbone atoms
of the L and M subunits are closer in proximity to one
another in the case of the L168 cleft than in the M197 cleft.
For example, measurements with the WT structure show that
the distances between thecarbons of the opposing residue
pairs Leu M183-Asn L166 and Phe M186Tyr L169 in
the L168 cleft are 8.9 and 8.4 A, respectively, while the
distances between the analogous pairs Leu E¥&h M195
and Trp L15+Tyr M198 in the M197 cleft are 11.1 and
9.3 A, respectively. The net result of these differences in
backbone position and residue volume is that the packing
of the residues surrounding the L168 cleft is much tighter
than is the case for the cleft that accommodates Arg M197
in the mutant structure (Figure 4C compared with Figure
4A), so if a residue were to lie along the L168 cleft, there
would probably have to be a more extensive repacking of
the neighboring residues than is seen for Arg M197 in the
structure of the FM197R/YM177F mutant. Our conclusion
from this comparison is that it is not clear whether replace-
ment of the His residue at the L168 position would
necessarily be expected to result in reorientation of the
residue in some or all of the above mutants, but that in light
of the results we have obtained with the FM197R/YM177F
mutant RC this is a possibility that should be kept in mind.
Conclusions To close, the data presented in this report
show that it is possible to obtain crystals of WT or mutant
RCs from an antenna-deficient strain that diffract to atomic
resolution. The structure determined for the WT complex
is essentially the same as that determined by Ermler and co-
workers for RCs from an antenna-containing strain, using
the same crystal form. Data obtained for a FM197R/
YM177F mutant RC show an unexpected change in structure,
involving the reorientation of the mutated residue, and the
incorporation of at least one new water molecule into the
structure. We have also observed rotation of the 2-acetyl
carbonyl group of one of the primary donor Bchls. The
experiments demonstrate the key role that high-resolution
structural studies can play in elucidating the details of the
molecular basis for altered biophysical properties in mutant
RCs. A full biophysical characterization of the FM197R
mutant RC, and related mutant complexes, is currently under
way.
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