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ABSTRACT. PufX, the protein encoded by thaufX gene ofRhodobacter capsulatusnd Rhodobacter
sphaeroideshas been further characterized. The mature forms of these proteins contain 9 and 12 fewer
amino acids, respectively, at the C-terminal end of the protein than are encoded lputXagenes. To
identify the portion of PufX responsible for inhibition of LH1 formation in reconstitution experiments,
different regions (N-terminus and several core regions containing different lengths of the C-terminus) of
Rb. sphaeroidesand Rb. capsulatusufX were chemically synthesized. Neither the N- nor C-terminal
polypeptides oRb. sphaeroidewere inhibitory to LH1 reconstitution. However, all core segments were
active, causing 50% inhibition at a concentration ratio of between 3:1 and 6:1 relative to the LH1
o-polypeptides whose concentrations wered3:M. CD measurements indicated that the core segment
containing 39 amino acids &b. sphaeroideBufX exhibited 47%o-helix in trifluoroethanol while the

core segment containing 43 amino acidsRif. capsulatusPufX exhibited 59 and 55%:-helix in
trifluoroethanol and in 0.80% octylglucoside in water, respectively. Approximately &®flix was also
indicated by a PHD (BurkhareRost) structure prediction. Binding of bacteriochlorophyll to these PufX
core segments is implicated.

A supramolecular complex existing in the membranes of complex (LH2) has been determinetD{-12). In addition,
photosynthetic bacteria is responsible for absorbing light and a low resolution structure of LH1 d®hodospirillum rubrum
converting this energy into an electrochemical gradient of has been determined using electron cryomicrosctfyld).
protons. Structural elements of this complex include the On the basis of these data, it has been suggested that LH1
reaction center (RC), a set of core light-harvesting pigments has a ring-like structure that encircles the R, (16). This

(LH1)! and possibly several other componerits-4). The is problematic, however, in that if LH1 completely encircles
structure of the RC as crystallized from isolated detergent the RC, it is unclear how the reducing equivalents collected
complexes has been determined for several bacterif)( in QgH> of the RC could reach the bcl complex.

Although a high-resolution structure of LH1 has notyetbeen s jikely that the supramolecular photoreceptor complex
obtained, the structure of a related peripheral Ilght—harvest|ng(a|SO called the core complex, containing LH1 and the RC)

FThis work w ed b ot from the National Scien contains additional proteins, some of which may interface
Foundeftior?(MC%séssggngf y & grant from fhe National SCIeNCe patween LH1 and the RC. It has been proposed th&hin

“*Address correspondence to this author at the Department of capsulatusand Rb. sphaeroideshe pufX gene product is
ﬁloinemlitwy Mo!eculcfitr Bglogy flnd ﬁeggzl%lg%)gg&% Sheridan Rd., contained in the complex and enables reducing equivalents

orthwestern University, Evanston, - : _

1 Abbreviations: Bchl, bacteriochlorophyl; LH1, core light- .Of QsH. to reach the bcl complexd{-19). PUf.X was
harvesting complex (also referred to as B875 after the near-infrared isolated from l_i)Otbe. C§p$U|atU9-nd Rb. sphaeroideand
absorption maximum); LH2, peripheral light harvesting complex (also  shown to inhibit reconstitution of LH1 and thus was proposed

referred to as B800-850 after the near-infrared absorption maxima); i i
subunit complex (also referred to as B820), subunit form of LH1 or to interrupt LH1 encirclement of the RC2Q). Recent

LH2 either isolated from membranes or prepared by reconstitution using €XPeriments have indicated that PufX exists in a 1:1 mole
nativea- andS-polypeptides and Bchl; subunit-type complex, in vitro ~ ratio to the RC irRb. sphaeroideand that it may be involved
reconstituted complex exhibiting absorption and CD spectra very similar in dimerization of core Comp|exe§:0_ Further Suggegtions

to those of the native subunit complex but containing a non-native - : PP
andg-polypeptide combination or only a natigepolypeptide and Bhl; that the core complex might be dimeric in vivo were based

PufX, protein coded for by thpufX gene ofRb. sphaeroidesr Rb. on electron microscopic measurements of an LH2utant
capsulatuscore region of PufX, middle region of PufX exhibiting the  of Rb. sphaeroideg?2). In the latter report, it was suggested
most similarity in amino acid sequence betwédm sphaeroideand that the bcl complex was also a component of this supramo-

Rb. capsulatugapproximately from amino acid 20 to 66); CD, circular . . .
dichroism; OG p-octyl-3-p-glucopyranoside; HFA, hexafluoroacetone  l€cular complex. Working with this same LH2] mutant,
trihydrate. linear dichroism measurements indicated that PufX was
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Native PufX amino acid sequences

Rb. capsulatus

MSMFDKPFDYENGSEKFEMGIWIGRQMAYGAFLGSIPFLLG-
1 ] [ [ I | | ] | ] i
MADKTIFNDHLNTNPEKTNLRLWVAFQMMEGAGWAGGVFFGT -
Rb. sphaeroides | | | |
10 20 30 40
Rb. capsulatus
LGLVLGSYGLGLMLPERAHQAPSPYTTEV(VVQHATEVYV)
1 | | | 11 N B I WY | |
LLLIGFFRVVGRMLPIQENOQAPAPNITGA(LETGIELTIIKHLY)
Rb. sphaeroides | | | |
50 60 70 80

Ficure 1: Amino acid sequence of PufX frofRb. capsulatug31) and Rb. sphaeroide$32). The symbols (solid squares) and (open

squares with two vertical black lines) indicate identical and very similar amino acids, respectively, between the two sequences. Parentheses

indicate amino acids encoded by thefX gene sequence, but not present in the isolated mature protein.

responsible for a specific orientation of LH1 to the RC and
also enabled long-range ordet3[. Taken together, these
results imply that PufX is intimately involved in the structure
of the core complex ilRb. capsulatusndRb. sphaeroides

In this paper, PufX isolated frofRb. sphaeroideandRb.
capsulatusare further characterized. In addition, portions of
PufX of Rb. sphaeroideandRb. capsulatusvere chemically

J500C spectropolarimeter using 0.1, 1, or 2 cm quartz
cuvettes. The percenthelical content was calculated from
the CD data on the basis of the molar ellipticity at 208 nm
(30).

RESULTS
Mature PufX.PufX was isolated from an LHH)LH2-

synthesized and used to examine the ability of different (—) mutant (RCO1{)) of Rb. sphaeroidess previously

regions of PufX to inhibit the formation of LH1. Only the
core segments proved effective in this regard.

MATERIALS AND METHODS

n-Octyl-5-b-glucopyranoside (OG) was obtained from the
Sigma Chemical Co. Hexafluoroacetone trihydrate (HFA)
and trifluoroethanol (TFE) were purchased from Aldrich
Chemical Co. HPLC grade solvents were obtained from
Burdick & Jackson. The PufX protein2@) and the LH1a-
and-polypeptides 4, 24—26) of Rb. sphaeroideandRb.
capsulatuswvere isolated as previously described.

described 20). A portion of one sample was submitted for
N-terminal amino acid sequencing and a second portion was
submitted for mass spectral analysis. Another sample from
a separate preparation was also submitted for mass spectral
analysis. The N-terminal amino acid sequence found was
ADKTIF, which is in agreement with that previously found
and that expected from the gene sequence except for the
absence of the N-terminal formylmethionine (Figure 1). The
two separate mass spectral analyses gave very similar values
of 7576 and 7582, which are substantially smaller than the
mass predicted by the gene sequeng®.(A sample of

Chemical syntheses of polypeptides were carried out in isolated PufX was also submitted for determination of the

an atmosphere of ultrapure nitrogen on a Milligen 9600
Peptide Synthesizer using 9-fluorenylmethoxycarbonyl
benzotriazole-1-yl-oxy-tris(dimethylamino)phosphonium-

C-terminal amino acid. The amino acid obtained was Ala,
which is consistent with the mass expected if 12 C-terminal
amino acids predicted by the gene sequence are not present

hexafluorophosphate (Fmoc-BOP) chemistry using BOP or in the mature protein; its mass is accordingly calculated to

PyBOP. Fmoa--amino acids were obtained from either

be 7575.

Perseptive Biosystems or Novabiochem. The procedures Similarly, PufX was isolated from an LH2( mutant

followed were previously describedq). Mass spectral

(PTB999) ofRb. capsulatu$20), and samples were submit-

analyses were carried out by the Harvard Microchemistry ted for N-terminal amino acid sequencing and mass spectral

Facility (Cambridge, MA) or the Macromolecular Structure
Facility at Michigan State University. Determination of N-

analysis. The N-terminal amino acid sequence was SMFDK,
which is in agreement with that previously obtain26)(and

and C-terminal amino acid sequences were carried out bythat predicted by the gene sequence minus the N-terminal

the Macromolecular Structure Facility at Michigan State
University.

formylmethionine 81) (Figure 1). Mass spectral analysis
gave 7490, once again indicating that there were fewer amino

Reconstitutions were performed as previously described acids present (in this case there were nine less) than predicted

(28), using n-octyl-3-p-glucopyranoside (OG). Bchlwith

a geranyl-geraniol esterifying alcohol was isolated from the
G9 carotenoidless mutant &fs. rubrumfollowing earlier
proceduresZ8). This form of Bchl was chosen rather than
Bchla with a phytol esterifying alcohol, the form of Bchl
found inRb. sphaeroidedbecause the former is more easily
isolated, and previous studies wih. sphaeroideandRs.
rubrum (29) have shown that the nature of the esterifying
alcohol has no effect on formation of subunit and LH1
complexes.

by the gene sequence. This is the predicted mass for a protein
ending at Val66 (Figure 1) assuming an oxidized Met.
Because of the quantity of protein required, it has so far not
been possible to obtain the C-terminal amino acid sequence.
Chemically Synthesized Polypeptides Reproducing Por-
tions of Rb. sphaeroides Pufiolation of PufX is labor
intensive, and a great deal of effort results in only very small
guantities of pure material. To obtain larger quantities for
more complete characterization of this protein, and to
evaluate which part of the protein might be responsible for

Absorption spectra were recorded on a Shimadzu UV160 inhibition of LH1 formation, three separate regionsRif.
spectrophotometer. CD spectra were measured on a JascephaeroidePufX were chemically synthesized (Figure 2).
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CHEMICALLY-SYNTHESIZED PUFX POLYPEPTIDES
Rb. sphaeroides N-TERMINAL SEGMENT:

ADKTIFNDHLNTNPERKTNLRLWVAFQM

| 1

10 20

Rb. sphaeroides CORE SEGMENTS:

OQOMMKGAGWAGGVFFGTLLLIGPFFRYV

QMMKGAGWAGGVFFGTLLLIGFFRVVGRMLPIQENOQAPA

30 40 50 60

Rb. sphaeroides C-TERMINAL SEGMENT:
RVVGRMLPIQENQAPAPNITGA (LETGIELTIZEKHLYV)

| | l |

50 60 70 80

Rb. capsulatus CORE SEGMENT:
OMAYGAFLGSIPFLLGLGLVLGSYGLGLMLPERAHEQAPSPYTT

30 40 50 60

Ficure 2: Chemically synthesized polypeptides reproducing part oRinesphaeroidesr Rb. capsulatu®ufX sequence. Amino acids in
parentheses were predicted by thex gene sequence but not present in the mature protein.

the amino acid sequence from residue 25 to 49 which
contains six Gly and, with the exception of a Lys near the
N-terminus and an Arg near the C-terminus, is very
hydrophobic. Mass spectral analysis indicated a mass of 2704
in excellent agreement with that expected (2704). This
polypeptide proved to be very difficult to dissolve and
L manipulate. A tripartite solvent consisting of formic acid/
acetonitrile/HFA in a 1:1:1 ratio was somewhat effective and
N allowed partial characterization of this segment. As shown
0 20 40 in Figure 4A, this polypeptide inhibited LH1 formation
RETENTION TIME (min) causing 50% inhibition (based on the size of the 874 nm
FiGURE 3: HPLC chromatograms of the synthetic C- and N-terminal peak expected in the absence of PufX material) at an
polypeptides reproducing the amino acid sequences of the last 34approximately 3:1 ratio to theb. sphaeroides-polypeptide
(top trace) and the first 31 (except for fMet) amino acids (bottom \yhich was 3uM.
trace), respectively, of PufX froRb. spheroideaccording to the . .
gene sequence. A reverse-phase C18 column was used following_ A S&cond, somewhat longer region Bb. sphaeroides
procedures described in r28. For the C-terminal polypeptide, the PufX core was synthesized to include more of the C-terminal
gradient used was previously described in2&fFor the N-terminal portion. In addition to the 25 amino acids of the first core
e 3 o <ot SEGMeN (1esidues 25 to 49 B sphasroigeurX) an
gcetonitrile in a 50:50 (v/v) .ratio with 0.1% trifluoroacetic acid. additional 1A.' amlnq aC|d_s were included at the C-term!nus,
Solution B contained acetonitrile and 2-propanol in 50:50 (v/v) ratio S€ven of which are identical between PufXRif. sphaeroi-
with 0.1% trifluoroacetic acid. After equilibration, the sample was desand that ofRb. capsulatugcompare Figures 1 and 2).
injected and the column was exposed to a linear gradient varying This polypeptide, although larger, was much better behaved
from 20 to 100% B. than the first core segment synthesized, could be dissolved
The N- and C-terminal segments were easily synthesized andn many solvents we have commonly used, and was easily
purified as they were water-soluble polypeptides. The HPLC isolated by HPLC (Figure 5 top; 15 min peak). Exposing
profiles of these segments are shown in Figure 3. Exposingthe isolated polypeptides to a second HPLC run resulted in
the isolated polypeptides to a second HPLC resulted in aa single peak at the same elution time as the original. Mass
single peak at the same elution time as the original. Each ofspectral analysis gave a value of 4213, which is in excellent
these polypeptides was found to be without effect on the agreement with the expected value of 4210. When this longer
reconstitution of LH1 even at high concentration ratios (e.g., core polypeptide segment was tested for its effect on LH1
10:1) (data not shown). The C-terminal segment representsreconstitution, an inhibition similar to that observed with the
the entire C-terminal end as predicted by the gene sequencédirst core segment was found (Figure 4B). The concentration
(Figures 1 and 2) as it was synthesized before the smallerratio of PufX to thea-polypeptide at which a 50% inhibition
size of the mature protein was known. It is of value to Was observed (based on the size of the 874-nm peak expected
consider because it is water soluble and also contains 21in the absence of PufX material) was again about 3:1.
amino acids of the core region. Chemically Synthesized Polypeptides Reproducing Part of
Two different portions of the core region Bib. sphaeroi- Rb. capsulatus PufXAfter working with the synthetic
desPufX were synthesized. The first of these reproduced polypeptides that reproduced part of tRé. sphaeroides

ABSORBANCE (220 nm)
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) . RETENTION TIME (min)
oo L L . .1, 1 Ficure 5: HPLC chromatograms of the 39mer core segment of
400 500 600 700 800 900 PufX from Rb. sphaeroideétop) and the 43mer core segment of
WAVELENGTH (nm) PufX from Rb. capsulatus(bottom) having the amino acid
sequences indicated in Figure 2. The peak at 15 min in the top
08— T T T T ] trace was collected and that at 18 min in the bottom trace was
collected. The solvent gradients used have been previously described
i (20, 28).
= 0.06%
@ 0.16
E 0.14
g 0.04 B 0a2)
2 5 0.10{
< 0.02 )
x 0.08
% 0.06
0.00 . = I
400 500 600 700 800 900 0.041
WAVELENGTH (nm) 0.02
FiGure 4: Inhibition of Rb. sphaeroide&¢H1 formation by the 000' )
26mer (A) and 39mer (B) core segmentsRif. sphaeroideBufX. 7400 500 600 700 800 900
(A) Dashed line, subunit complex at 0.90% OG; solid line, LH1 WAVELENGTH (nm)
formed upon standing overnight at°€ in 0.66% OG; squares,
LH1 formed upon standing overnight at’@ in 0.66% OG in the T T T T ]
presence of a 6:1 ratio of PufX 26mer/LHid Concentrations at 0.14—
0.90% OG weren. = 2.9uM, = 2.9 uM, PufX 26mer= 19.2
uM, and Bchl= 3.7 uM. (B) Solid line, LH1 formed in the absence = 0.12
of PufX 39mer upon standing overnight at@ in 0.66% OG; plus C o0k
signs, LH1 formed in the in the presence of PufX 39mer at a 6:1 Z b
ratio of PufX 39mer/LH&; dotted curve, LH1 formed in the é 0.08
presence of PufX 39mer at a 10:1 ratio of PufX 39mer/bH1 g L
Concentrations at 0.66% OG wexe= 3.0uM, = 2.1uM, 39mer Q 0.06— !
(solid circles)= 18 uM, 39mer (open circlesy 30 uM and Bchl g
= 0.64uM. To enable a more quantitative comparison of the three < 0.04
spectra, those at 0.75% OG and 0.66% OG were adjusted for
dilution relative to the spectra at 0.90% OG. 0.02

0.00

400 500 600 700 800 900
WAVELENGTH (nm)

PufX, a somewhat larger segment of Rie. capsulatu®ufX

core region was synthesized which reproduced the amino
acid sequence from GIn24 through Val66 (Figures 1 and 2). FIGURE6: Inhibition of Rb. capsulatukH1 formation by the 43mer
Thus, it contains all of the C-terminus of mature PufX except core segment oRb. capsulatu®ufX. (A) Control reconstitution

. . assay utilizing the LH1o- and -polypeptide ofRb. capsulatus
for the last two amino acids that are not conserved bEtW‘:“'enand Bchl. Spectra were recorded at 0.90% OG (solid curve with

Rb. capsulatugndRb. sphaeroidegFigure 1). This 43mer  maxima at 779 and 817 nm), 0.75% OG (dashed curve), and 0.66%
readily dissolved in the solvent systems usually employed OG after standing overnight at’€ (solid curve with maximum at
in purification and reconstitution studies, and it gave a major 873 nm). Concentrations at 0.90% OG were= 4.1uM, = 2.9

; ; i~ uM, and Bchl= 1.3 uM. (B) Same reconstitution as panel A but
peak on HPLC (Figure 5, bottom, 18 min peak). Exposing in the presence dRb. capsulatug3mer. Spectra were recorded at

the isolated polypeptides to a second HPLC resulted in aq 9o, OG (dotted line), 0.75% OG (dashed line), and 0.66% OG
single peak at the same elution time as the original. Mass after standing overnight at 4C (solid curve with absorption
spectral analysis of this material gave a value of 4511, which maximum at 870 nm). Concentrations at 0.90% OG were 4.1

is in excellent agreement with the expected value of 4509. ﬁm '[ﬁozeﬁé?allg\g’ n‘?g:g 1@%“155‘\235)%] C:ﬁg;'?g}ﬂﬁg‘:ﬁ:; §4ectra
When assayed in a reconstltutl_on system Cor_1ta|.®h.g those at 0.75% OG a?nd 0.66% OG \r/)vere adjusted for diFI)ution’
capsulatud_H1 a- andg-polypeptides and Bchl, inhibition  (gjative to the spectra at 0.90% OG.

of both subunit and LH1 formation was observed (Figure

6). This result is parallel to that obtained with native PufX the synthetic polypeptide was required (50% inhibition was

of Rb. capsulatu$20) except that a higher concentration of observed at an approximately 5:1 ratio of 43merRb.
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0.2 T T T T ] striking is the inhibitory effect of the 39mer &b. sphaeroi-
- desPufX on subunit and LH1 formation in reconstitution
0.10 experiments with Bchl and the- andg-polypeptides oRb.
8 capsulatugFigure 7B).
7z, 008 Because it was previously reported that native PufX did
EE not inhibit formation of a subunit-type complex when only
g 0.06 the 5-polypeptide and Bchl were use@ld), the effect of the
2 0.04 synthetic core segments was examined in reconstitution
“ experiments with Bchl and th&b. sphaeroider Rb.
0.02 capsulatus?-polypeptpe._ In the case of thrb. sphae_rmqle_;
7 B-polypeptide reconstitution system, only a modest inhibition
0.00 PN I S I P was observed at 0.90% OG that largely disappeared at 0.75
400 500 600 700 300 500 and 0.66% OG. On the other hand, with Rb. capsulatus
WAVELENGTH (nm) B-polypeptide system, very strong inhibition 0% at a 5:1
0.12 . ' . ' . ratio of core segment/LHa&-polypeptide) was observed with
f ' ' ' ! ' bothRb. sphaeroideandRb. capsulatu®ufX core segments
o.10 % (data not shown). As will be discussed later, the inhibition
= : of formation of the subunit-type complex in this instance is
‘29 0.08 likely due to the binding of Bchl by the PufX core segments,
< thus lowering the effective concentration for formation of
£ 0.06 the subunit complex.
8 Since the synthetic polypeptides reproducing the core
@ 0.04 region of PufX exhibited less specific inhibitory activity than
< the native PufX proteins, it was of interest to extend these
0.02 assays to &hodospirillum rubrunreconstitution system. It
: was previously reported that the native PufX protein did not
400 500 600 700 800 900 inhibit reconstitution of the subunit or LH1 complex forma-
WAVELENGTH (nm) tion in Rs. rubrum(20). As shown in Figure 8, modest
FiGURE 7: Inhibition of LH1 formation ofRb. sphaeroideby the inhibition by theRb. sphaeroide89mer core segment was
43mer of Rb. capsulatusPufX (A) and LH1 formation ofRb. found in reconstitution ofRs. rubrumsubunit and LH1

gaclgsmatlrﬁiy tlhe 39fger oRb. Sphaefgideﬁ’r%fx (lB)- At 3-90% complexes when this core segment was present in an
, eacho-polypeptide was 4.kM and eactf-polypeptide was  approximately 5:1 concentration ratio relative to tRe
2.9uM. TheRb. capsulatug3mer and th&b. sphaeroide89mer e : N
were six times the concentration of the-polypeptide. Bchl r_ubruma-po!y_pept_lde Wh'Ch_WE_iS AM. Only weak |nh|b|_-
concentrations were 1,2M (A) and 0.8uM (B). Spectra were  tion was exhibited in reconstitution of tifs. rubrunsubunit

recorded at 0.90% OG [solid curves with maxima at 779 nm (A) and LH1 complexes when the core segment 43meRmf
and 777 nm (B)], 0,75% OG (dashed curves) and 0.66% OG capsulatusvas tested (data not shown).

after standing overnight at 4C [solid curves with maxima at
868 nm (A) and 866 nm (B)]. To enable a more quantitative CD Measurementsvieasurements of the UV CD spectra

comparison of the three spectra, those at 0.75% OG and 0.66%0f PufX of Rb. sphaeroideandRb. capsulatusn OG had

OG were adjusted for dilution relative to the spectra at 0.90% indicated a lowa-helical content 20). The CD spectra of

OG. the synthetic segments were examined in TFE since they
_ ) readily dissolved in this solvent, and it is often thought to

capsulatus H1 o-polypeptide which was AM as compared  4yide an environment similar to that of membranes. The

with a 0.5:1 ratio required for 50% inhibition by native PufX, 3g9mer core segment, the N-terminal fragment, and the

based on the size of the 873-nm peak expected in the absence _tarminal fragment oRb. sphaeroideslisplayed 47, 39,

of PufX material 0)). _ _ and 34%a-helix, respectively, in TFE (data not shown).
Assay for Cross-Reaetty. NativeRb. sphaeroideBufX Lower percentage-helices were observed for OG solutions

had very little effect on reconst|tut_|on systems usib. of these segments, but the samples appeared to contain

capsulatusLH1 o- and j-polypeptides and Bchl20). aggregates based on evidence for scattering observed in the

Similarly, nativeRb. capsulatu®ufX had very little effect UV absorption spectra. Importantly, the CD spectra of the
on reconstitution systems usifRp. sphaeroideSH1 a-and  43mer ofRb. capsulatugave 59%a-helix in TFE and 55%
f-polypeptides and Bchl2(). Since the synthetic core iy oG (Figure 9). All data in TFE and this latter set of data
segments of PufX lack significant portions of the N-terminal i, oG were thought to be most reliable because the solutions
region of native_Pqu, it was of i.nt.er.est. tq_detgrmine whether \,are clear and little, if any, aggregation was present as
these polypeptides would exhibit inhibition in both recon- i qicated by a lack of sample scattering in the UV absorption
stitution systems or would exhibit the species specificity of spectra.

the corresponding native PufX. Also, because a plentiful

supply of the synthetic polypeptides were available, much DISCUSSION

higher concentrations could be tested than was possible with  On the basis of the nucleotide sequences opthfXgenes

the native polypeptide(). As can be seen in Figure 7A, of Rb. sphaeroide32) andRb. capsulatug3l), it has been

the 43mer ofRb. capsulatus?ufX is inhibitory to subunit suggested that the secondary structure of this molecule is
and LH1 formation in reconstitution experiments wi. similar to that of the LH1a- and 3-polypeptides each of
sphaeroides.H1 o- and -polypeptides and Bchl. More  which contain a polar N-terminal segment, a nonpolar
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coded for by theRb. sphaeroides pufXene and nine

0.14 L C-terminal amino acids coded for by tRb. capsulatus pufX
0.12 gene were absent in the isolated protein (Figure 1). These
8 C-terminal amino acids were apparently removed in process-
z 010 ing, upon insertion of PufX into the membrane, or possibly
é 0.08 H by protease activity in vivo. It is unlikely that the C-terminal
g A amino acids were removed during isolation because the same
N polypeptide was isolated by CHETH;OH extraction oRb.
ﬁ 0.04 sphaeroideslyophilized whole cells in which there was
presumably no opportunity for protease cleavage in the
0.02 organic solvent. A shortened C-terminus may be inconsistent
0.00 with the results of Francia et al2l) who incorporated a

400 500 600 700 800 900 His-tag into the 3end of thepufX gene and used the tag to
WAVELENGTH (nm) isolate PufX in anE. coli expression system as well as to
T T T T evaluate the quantity of PufX in ICM froRb. sphaeroides
0.10 It appears that the C-terminal end of PufX was not removed
by post-translational modification in those studies and that

= 0.08 the core complex developed normally. Perhaps the difference
E in the mutants used in the two studies is an important
= 0.06 consideration. While PufX was isolated from an LH{
& " LH1(—) mutant for the current studies, an LH2( mutant
8 0.04 was used in the work of Francia et aP1j. It is possible
) that part of the PufX protein is more susceptible to protease
< S . .
0.02 activity in vivo when LH1 is not present. However, the
C-terminus of PufX fronRb. capsulatuslso appears to be
0.00 . . . shortened, and it was isolated from cells containing LH1.
400 500 600 700 800 900 From the results with the chemically synthesized segments
WAVELENGTH (nm) of PufX, the polar N- and C-terminal synthetic fragments

FIGURE 8: Inhibition of Rs. rubrumLH1 formation by the 39mer ~ RDb. sphaeroideBufX were without effect on the reconstitu-
core segment dRb. sphaeroideBufX. (A) Control reconstitution tion of LH1. The two core synthetic segments, however, were

?gf‘isyamghré;i(’é}i&rt‘%ﬁ'ggg;yeggdsgn%fﬁz- gﬂﬂ;’?ﬁg%égghce quuite effective in inhibiting LH1 formation. Also effective
PufX 39mer. Spectra were recorded at 0.90% OG (solid curves n cauglng inhibition of reconstitution .Of L.Hl .Was the
with maxima at 817 nm (A) and 820 nm (B), 0.75% OG (dashed synthetic core segment &b. capsulatusvhich, in this case,

curves) and 0.66% OG after standing overnight &E4solid curve contained all of the C-terminal end of the presumed mature
with maxima at 869 nm (A) and 870 nm (B). Concentrations at protein except for the last two amino acids which are not
0-%00/10 (())GMweéex = 5"%{5“"’ ﬂh: 2.9 dﬂ'\s’;vgBCh'_: é-3ﬂ';1" A conserved betweeRb. sphaeroideandRb. capsulatuPufX.
gr)lncer.]trgtionf ) an - Sphaeroidess9mer = ©x the a- A comparison of the amino acid sequences predicted by
the gene sequences pfifX from Rb. sphaeroideand Rb.
' I y I T capsulatus indicates only 23% identity. This low percent
identity is to be contrasted with over 75% identity for LH1
o- and S-polypeptides 36, 37) and the L-, M-, and
H-polypeptides of the RC 14, 38) of the same two
organisms. If one compares the core regions (from residue
21 through 67 of th&kb. sphaeroideand from residue 20
through 66 ofRb. capsulatu®ufX), 38% identity is found.
If conservative changes are also considered, the two se-
guences show 59% similarity. This higher percent identity
and similarity in the core regions is consistent with the
finding that it is the core region that specifically inhibits
. L ‘ . . reconstitution of LH1. On the basis of homology model
200 220 240 260 L ; LI :
building (39), this degree of similarity might be used to
WAVELENGTH (nm) predict that the two core regions would have very similar
FIGURE 9: CD spectra of the 43mer core segment of PufXRobt three-dimensional structures. A very similar structure would
Capsulatué'n tri_fluoroethanol (TFE) ((_:iashed CUrVe) and 0.80% OG also be predicted on the basis of their para”e' role in vivo
at pH 7.5 (Solid curve). Concentration of the 43mer wagB0 (37 35 34, 35) and their similar in vitro inhibition of LH1
-mm cuvette. .
formation @0). From measurements of the CD spectra of
o-helical, membrane-spanning segment, and a polar C-the core segments (Figure 9), it is expected that this segment
terminal segment1@, 19). As with the LH1 polypeptides,  would contain between 50 and 608helical structure in a
the N-terminus oRb. sphaeroidePufX has been reported membrane environment.
to be exposed to the cytoplasmic side of the membrage ( The chemically synthesized core segmentRiof sphaeroi-
However, to date the C-terminal portion has not been located.desandRb. capsulatu®ufX (39mer and 43mer, respectively)
From data presented in this paper, 12 C-terminal amino acidsexhibit less specificity than the native PufX polypeptides.

CD (mdeg)
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This is consistent with the absence of 17 and 16 amino acidstide to the RC is approximately 12:4,(43, 44), interaction
at their N-termini, respectively, which exhibit little amino by PufX would be expected to affect the size of LH1 formed
acid sequence identity. These N-terminal segments alsoby oligomerization of the heterodimeric subunit complex and
presumably contribute to the greater effectiveness of inhibi- perhaps limit it to approximately 1&3 pairs. The purpose
tion exhibited by native PufX. The inhibitory activity of the of such “capping” or “interruption” of LH1 is presumably
synthetic core segments was also observed in reconstitutiorto provide a path for the reducing equivalents contained in
of the LH1 complex ofRs. rubrum(Figure 8). This latter = QgH,to be made available to the bcl compl&x,(35). The
result is of special interest becausBufXgene is not present  fact that thea-polypeptide is located on the inside of the
in Rs. rubrum(40, 41). It might be tentatively concluded oligomeric LH2 ring structureslQ—12) would make it ideal
that structural features conserved in the core region of thefor interaction with PufX which, in turn, may interact with
LH1 o- and S-polypeptides which are responsible for the RC, assuming LH1 exhibits a similar oligomerization
formation of the subunit and LH1 complexes are also pattern in vivo. A role for PufX in binding both to LH1 and
involved in recognition of PufX. the RC has also been suggested by Pugh e83), ilburn

The inhibition of the formation of homologous3f) et al. @5), Francia et al.41), and Frese et al2(@).
subunit-type complexes are of particular interest and provide Focusing on the core region (residues 21 through 67 for
new insights. The observation that subunit formation is much Rb. sphaeroideand 20 through 66 foRb. capsulatussee
more strongly inhibited in the case when {hpolypeptide Figure 1) of the PufX proteins, the amino acid sequences
of Rb. capsulatuss used rather than that &b. sphaeroides  are striking in containing 7 Gly and 3 Pro. Two of the Gly
presumably reflects the fact that the association constant isand all three of the Pro are conserved betwbnsphaeroi-
about 50« smaller for forming a homologougf) subunit- desandRb. capsulatu®ufX. Several more of the Gly might
type complex with the3-polypeptide ofRb. capsulatuss be viewed as conserved with the insertion of appropriate
compared to that dRb. sphaeroide@t?). This result suggests  gaps. If a major portion of the interacting region of the core
that the PufX core segment polypeptides bind Bchl. Also regions of the PufX proteins are assumed to have-aglical
consistent with the expectation that the PufX core segmentsstructure, the multiple Gly could allow a close approach to
bind Bchl is the pattern of inhibition shown with thHgb. the LH1 a-polypeptide to optimize van der Waals’ interac-
sphaeroideg-polypeptide system where modest inhibition tions, similar to the dimerization of the membrane spanning
is observed in 0.9% OG, but the inhibition decreases and portion of glycophorin 46) and as generally noted for
becomes insignificant at 0.75% OG and 0.66% OG (data membrane-spanning-helices of integral membrane proteins
not shown). Because the multicomponent equilibrium as- (47). In this regard, a PHD prediction (Burkhard Ro48<{
sociated with subunit formation should have a steeper 50)) of the secondary structure of this core segment suggested
dependence on OG concentration than that of a bimolecularan o-helical membrane-spanning segment from Gly34 to
reaction between PufX and Bchl, B820 formation should be Gly51 for Rb. sphaeroideBufX and for Ala29 to Gly50 for
more favorable at lower percent OG. Preliminary experiments Rb. capsulatuPufX. The expected accuracy was about 65%,
using a fluorescence probe covalently attached to the somewhatlow because there were no homologous sequences
synthetic core segment &b. sphaeroidet39mer) indicate  found in the current version of Swissprot. This amount of
that Bchl does indeed bind to this polypeptide (unpublished o-helix is consistent with that obtained in CD measurements
results). (Figure 9).

Several earlier experimental results pointed to the likeli-  Relationship of LH1 and PufX to the RBssuming that
hood that PufX interacts specifically with the Liddpolypep- the role of PufX inRb. sphaeroideandRb. capsulatuss to
tide (20). In one of these experiments, it was observed that “cap” or “interupt” oligomerization of LH1 subunits so they
the LH1 a-polypeptide and PufX tended to migrate together do not completely encircle the RC, it seems implicit that
during gel filtration on a Sephadex LH60 column as well as such an interaction should occur adjacent to th&l{site
upon HPLC R0). Another observation was that there of the RC. This suggests that a further interaction of PufX
appeared to be no interaction between the |GHiolypeptide would likely involve the exposed isoprenoid tail og@nd/
and PufX as witnessed by the lack of effect of mature PufX or the first membrane-spanning segment of the M-polypep-
on the reconstitution of homologous subunit complexes tide of the RC, the latter of which forms the binding site for
containing only the3-polypeptide and Bchl20). The data the first half of the @ tail (the part nearest to the quinone
on LH1 inhibition reported here imply that the core segments ring) (Figure 10A-C). If one examines the amino acid
of PufX not only bind Bchl, but also interact with the sequence38) and the crystal structurés{9) of the Rb.
a-polypeptide, perhaps upon oligomerization. Thus, in sphaeroide®RC, it seems significant that the first membrane-
systems in which formation of a subunit-type complex is spanning segment (span A) of the M-polypeptide has many
not inhibited, but LH1 formation is (Figures 4A, 6, and 8 Gly residues (Figure 10D). Because of the 2-fold symmetry
and ref20), such inhibition is not explained simply by the in the RC, the first membrane-spanning segment of the
binding of Bchl by the PufX polypeptides. This is because, L-polypeptide also has many Gly, but the single membrane
in these systems, subunit formation becomes optimized andspanning segment of the H-polypeptide covers much of the
overcomes inhibition by PufX core segments upon lowering Qa binding site. It is possible that the external surface of
the OG concentration from 0.90 to 0.66%, but substantial the membrane-spanning A segment of the M-polypeptide
inhibition of LH1 formation is still observed. It follows that  allows extensive matching of van der Waals surfaces to those
PufX interaction in LH1 may involve binding of PufX both  of the PufX protein. Thus, the in vivo LH1 might appear as
to Bchl and to thex-polypeptide in an oligomerized state. a “horseshoe” about the RC if capping or interuption occurs
Because the in vivo ratio of PufX to the RC has been at the first membrane-spanning segment of the M-polypep-
estimated to be 1:12(), and the ratio of the LH&x-polypep- tide.
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Ficure 10: (A) Wireframe representation of the RC Rb. sphaeroide§61) (Accession No. 1AlJ). The H-polypeptide is sky blue, the
L-polypeptide is blue, and the M-polypeptide is sea green. Cofactors are represented in stick form with the donor Bchl in green-blue, the
bridging Bchl in gold, the Bph in magenta,,Qn violet, iron as blue space-filled, g3n yellow and detergent molecules are gray. The

bottom of the structure is the cytoplasmic side. Rasmol was used to prepare the figure. (B) Same structure as shown in panel A except
space-filled. (C) Same as panel B except rotated By @) Same structure as A except that only the first TM segment of the M-polypeptide

is shown in ribbon form along with an adjoining part of the N-terminus. Gly are indicated in light blue. Cofactors are shown as space-filled
and are colored as blue (donor Bchl), gold (bridging Bchl), magenta (Bph), pigk (€d (iron) and green (§).

The idea of a “horseshoe” for the core LH structure is not is substantially greater than the value of 24 which has been
consistent with models of LH1 based on cryoelectron consistently obtained by analytical assa43 @4). An earlier
microscopy of isolated LH11@3) and core complexesl§) study by electron microscopy &ps.viridis membranes was
in which closed rings with 163 pairs are proposed. Because also interpreted to consist of RC surrounded by LH rings
these preparations were obtained using detergent methodol{51), but these data lacked sufficient resolution to be
ogy, they may lack other possibly important polypeptide conclusive.
components. The low resolution so far achieved for the core  Finally, it is noteworthy that a dimeric structure for the
complex (4) severely limits a positive identification of bacterial RC has been suggested, first based on electrochemi-
components. A 16-membered ring implies 32 Bchl/RC which cal and quinone extraction experimerig,(53), then on the
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basis of cytochrome coupling 64) and more recently on
the basis of isolated complexeXlj and electron microscopy
(22). It is perhaps significant to note in this regard that the
PSII RC appears to be dimeri&g, 56). A “horseshoe”
arrangement, but not a closed circle, could be readily
incorporated into a dimeric RC configuration.
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