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Crystal Structure of the RC-LH1
Core Complex from
Rhodopseudomonas palustris

Aleksander W. Roszak,” Tina D. Howard,? June Southall,?
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Richard J. Cogdell?*

The crystal structure at 4.8 angstrom resolution of the reaction center-light
harvesting 1 (RC-LH1) core complex from Rhodopseudomonas palustris shows
the reaction center surrounded by an oval LH1 complex that consists of 15 pairs
of transmembrane helical a- and B-apoproteins and their coordinated bacte-
riochlorophylls. Complete closure of the RC by the LH1 is prevented by a single
transmembrane helix, out of register with the array of inner LH1 a-apoproteins.
This break, located next to the binding site in the reaction center for the
secondary electron acceptor ubiquinone (UQ,), may provide a portal through
which UQ, can transfer electrons to cytochrome b/c,.

Photosynthesis is one of the most important
biological reactions on Earth. It provides
all of the oxygen we breathe and, ultimate-
ly, all the food we eat. Purple photosynthet-
ic bacteria have proved to be excellent
model systems in which to study the light
reactions of photosynthesis. Their light re-
actions usually begin with the absorption of
a photon by the light harvesting (LH) or
antenna system (/). This absorbed energy is
then rapidly and efficiently transferred to
the reaction center (RC), where it is used to
initiate cyclic electron transport between
the RC, cytochrome b/c,, and cytochrome ¢
(Fig. 1), producing a proton gradient that
drives adenosine triphosphate (ATP) syn-
thase and ultimately converts solar energy
into useful chemical energy. These reac-
tions take place in the photosynthetic mem-
brane, where the RC is surrounded by two
types of antenna complexes, called LH1
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and LH2 (2). The LH1 antenna forms a
stoichiometric complex with the RC, called
the RC-LHI1 core complex. Both types of
LH complexes are constructed on the same
modular principle. Bacteriochlorophyll «
(Bchla) and carotenoids are noncovalently
bound to two types of low molecular
weight (5 to 7 kD), hydrophobic apopro-
teins, called o and B, each of which has a
single membrane-spanning o helix. The
functioning LH complexes are oligomers of
these af pairs, together with their associ-
ated pigments (2).

In the past few years, structural analysis
of some of these pigment-protein complex-
es has substantially advanced the field. The
structure of the purple bacterial RC was
determined in 1985 (3) and is now known
to a resolution of better than 2 A (4). The
structure of the LH2 complex from the
purple bacterium Rhodopseudomonas aci-
dophila was determined in 1995 (5), and it
is now also at 2 A resolution (6). LH2 has
a nonameric ring structure. Nine a-apopro-
teins form an inner ring of a helices, while
nine (-apoproteins form an outer ring of o
helices. The Bchla and carotenoid mole-
cules are located between these two cylin-
ders of a helices. The ATP synthase (7)
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and cytochrome b/c, (8) complex structures
from bovine heart mitochondria have also
been determined, to resolutions of 2.8 and
3.0 A, respectively.

The structure of the LH1 complex has
been investigated previously by electron
cryomicroscopy on two-dimensional (2D)
crystals. An 8.5 A resolution projection map
of a reconstituted LH1 complex from Rho-
dospirillum rubrum (9) revealed a large
(aB),¢ cyclic structure with features similar
to LH2 and in which the “hole” in the middle
was sufficient to accommodate an RC. Sim-
ilar projection maps of RC-LH1 core com-
plexes from several species of purple bacteria
(R. rubrum, Rhodobacter sphaeroides, and
Rps. acidophila) have confirmed that the RC
is located within the LH1 ring (/0—13). How-
ever, some studies have questioned whether,
when the RC is present, the LHI ring is
actually complete (/4).

Figure 1 shows a flow of electrons from
the RC to the cytochrome b/c, complex
through the fully reduced ubiquinone UQ,H,
(ubiquinol), which is generally thought to
migrate from the RC into the membrane (15).
Models in which the RC is completely sur-
rounded by a double palisade of LHI « heli-
ces raise the question of how UQzH, could
escape from the core complex into the mem-
brane (/6). Two species of purple bacteria,
Rb. sphaeroides and Rb. capsulatus, have a
gene called pufX that appears to play a role in
this process (17, 18). When the PufX protein
is present, reduced and oxidized ubiquinones
can rapidly shuttle between the RC and the
cytochrome b/c, complex (19, 20). However,
if this gene is deleted, the bacteria will grow
photosynthetically only when LHI is also
deleted or modified so that full-size complex-
es are not formed (2/-23). It has been sug-
gested therefore that the PufX protein forms a
gate in the LH1 ring through which the UQ
can exchange (/6).

We determined the crystal structure of the
RC-LH1 core complex from the purple bac-
terium Rhodopseudomonas palustris at 4.8 A
resolution (24). Initial phases at 4.8 A were
calculated by the molecular replacement
(MR) method with the RC from Rb. spha-
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eroides (25) as a model. Figure 2A shows the
(2mF -DF) error-weighted electron density
map calculated after rigid-body refinement of
the best MR solution. This map clearly shows
electron density located outside and around
the RC. The LH1 « helices and bacteriochlo-
rophyll pigments were modeled into the den-
sity in several steps, which were interspersed
by rigid-body refinements. In the first step,
four inner-ring a helices (modeled as poly-
alanine, except for a single histidine kept to
facilitate the correct positioning of Bcehla) (5)
were fitted into the best, elongated stretches
of the density surrounding the RC. One of
these helices (marked as W in Fig. 2C) was

Light

H+ LH2

B850

B800|

.

ADP+Pi ATP

H +
ATP synthase

substantially out of rank with the others. New
maps were calculated and additional inner-
ring helices and some bacteriochlorophylls
(represented by bacteriochlorin macrocycles,
i.e., Behla that lack phytol chains) were lo-
cated. At this point, it was clear that the inner
ring was composed of 16 « helices whose
arrangement in the membrane plane deviates
substantially from an exact circle. When all
the inner-ring helices were modeled, the im-
proved electron density allowed fitting of the
outer-ring helices and remaining bacterio-
chlorins. However, only 15 stretches of den-
sity in the outer ring could be fitted with «
helices; there was no density for the putative

Cytochrome b/c,

LH1 o - H*

Cytoplasm

H+

Fig. 1. A representation of the major membrane proteins involved in the light reactions of purple
bacterial photosynthesis. Photon energy (yellow arrows) captured by the Bchla pigments (labeled B80OO
and B850 to indicate the approximate wavelength in nanometers of maximal absorption) in the antenna
LH2 (purple) is passed to the LH1 Bchla (B880, red, which also acts as a light-harvester), and then to a
pair of Bchla molecules (not shown) in the RC. Electron flow (red arrows) occurs across the photosyn-
thetic membrane from Bchla, which is oxidized, to a primary electron acceptor, ubiquinone (UQ,, not
shown), which is reduced. Subsequently, the electron is transferred from UQ, to the secondary electron
acceptor ubiquinone (UQB, shown here as Q). A second RC turnover results in the complete
reduction of UQ,™ to UQH,. The fully reduced UQgH, is replaced in the RC with an oxidized
ubiquinone (shown as Q) and passes its electrons to the next redox component in the cyclic
electron transport path, the cytochrome b/c, complex (blue) (75). Electrons (e”) are returned to
the RC through cytochrome ¢ (Cyt c). A transmembrane proton gradient is established and
drives ATP synthase (orange), producing ATP. ADP+Pi, adenosine diphosphate and inorganic phosphate.

Fig. 2. Electron density (2mF_-DF_) maps (1.0c contoured) for the
RC-LH1 core complex. (A) First map calculated after MR with the RC
model represented by ribbonlike transmembrane « helices (pigments
are removed for clarity). (B) Final density with the core structure

12 DECEMBER 2003 VOL 302

electron density.

(yellow) included in ribbon representation; view is parallel to the
membrane plane. (C) Final map viewed along the RC's pseudo-
twofold-axis with the final model of the core structure within the

16th o helix opposite the “misoriented”
inner-ring helix W. Efforts to refit helix W to
force its orientation to be more in rank with
the other inner-ring o helices were unsatis-
factory, because the initial density still re-
mained while density for the new position
was very poor.

It should be emphasized that, at this res-
olution, electron density shows only gross
structural features. It is not possible to locate
the LH1 carotenoid molecules or the phytol
chains of the bacteriochlorophylls, the mac-
rocycles of which are positioned with low
accuracy. The final model, built with this
bootstrapping approach, is shown in Fig. 2, B
and C. Figure 3 shows the crystal packing of
the RC-LH1 core complex viewed in an ori-
entation parallel to the membrane plane in
which this complex naturally resides. The
main crystal contacts are approximately
along the RC axis, which coincides with the a
axis of the crystal lattice. Table 1 summarizes
the diffraction data and refinement statistics.

At 4.8 A resolution, the LH1 complex
from Rps. palustris is seen to surround the
RC with noncircular topology and an incom-
plete double ring of « helices. The elliptical
LH1 complex has dimensions (measured as
the distance between the centers of the oppo-
site helices) of ~110 A by ~95 A for the
outer ring, formed by the B-apoproteins. The
longest dimension of the inner LH1 ellipsoid,
formed by the a-apoproteins, is ~78 A be-
tween the centers of the helices, which allows
the RC (whose longest dimension in the
membrane plane is ~70 A) to be accommo-
dated. The orientation of the long axis of the
LH1 ellipse coincides with the long “axis” of
the RC, so that the LH1 structure appears to
be wrapped tightly around the RC.

The structure reveals a second distinctive
feature at the location of helix W, where the
regular LH1 structure with its repeating -
and B-apoprotein units is interrupted. The
elliptical LH1 structure has a unique orienta-
tion with respect to the RC (Fig. 2C). Both
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the break of the outer ring of -apoprotein
helices and helix W of the LH1 complex are
positioned on the opposite side of the RC
with respect to the single transmembrane he-
lix of the RC H subunit, which itself breaks
the overall twofold symmetry of the RC. The
W helix is therefore located next to the
groove in the RC through which the tail of the
secondary electron acceptor ubiquinone
(UQg) projects into the membrane lipid
phase. Figure 4, A and B, shows the core
complex with the UQy (shown as Q) in its
usual proximal position in the RC (4, 26, 27).
The hydrophobic tail of UQ, points toward
the gap in the LH1 complex next to the W
helix, strongly suggesting that this helix
forms part of a gate through which UQ,H,
can move from the RC into the membrane
lipid phase outside the LH1 complex. It fur-
ther suggests that the location of helix W may
play a major role in the unique positioning of
the RC within the RC-LH1 complex, in order
to facilitate this movement. The location of
the single transmembrane « helix of the H
subunit of the RC indicates that this helix
could also play a critical role in the orienta-
tion of the RC within the LH1 complex.

In contrast, an 8.5 A resolution, electron
microscopy (EM) projection structure of
the LH1 complex from R. rubrum (9)
showed a circularly symmetrical structure
composed of 16 subunits, interpreted as
af3-heterodimers with their associated bac-
teriochlorophylls. The outside diameter of
the ring was measured as 116 A (similar to
the longest outside dimension in this core
complex structure). The LH1 complexes
used in that study were reconstituted from
detergent-solubilized «f-apoproteins and
did not contain RCs, although the inside
diameter of the ring (68 A) was large
enough to accommodate an RC. Subse-
quent low-resolution EM and atomic force
microscopy (AFM) studies of intact RC-

Fig. 3. Crystal packing of the RC-LH1 core
complex (yellow) viewed parallel to the mem-
brane plane; all neighboring molecules are col-
ored blue.

www.sciencemag.org SCIENCE VOL 302

LH1 complexes have shown an LHI1 ring
that surrounds the RC (70, 11, 13), with
similar overall size and shape to that seen
in the 8.5 A resolution EM projection struc-
ture. However, other experiments have sug-
gested that the LH1 ring of the core com-
plex may not be fully closed and indeed
may contain fewer than 16 subunits (/4). A
recent cryo-EM study of 2D crystals of
RC-LH1 complexes from R. rubrum, also at
8.5 A resolution, showed that although the
LHI rings are closed and composed of 16
identical subunits, their overall topology
may be less restrained (/0), with some
complexes showing substantial deviation
from circular symmetry. The observed vari-
ation was attributed to the flexibility of the
complex and to the influence of the differ-
ent crystal packing forces on the overall
shape of the complex. Most recently, 10 A
resolution AFM images of core complexes
in native membranes from Rps. viridis have
shown that LH1 is a closed ellipsoid of 16
subunits, with the average long and short

REPORTS

dimensions of the ellipsoid estimated as
104 A and 98 A, respectively (28). These
numbers are in good agreement with those
obtained from the crystal structure, al-
though the low resolution of the AFM im-
ages prevents a visualization of any dislo-
cation in the LHI1 ring structure. These
experiments have also shown that the LH1
subunits rearrange into a circle after remov-
al of the RC from the core complex. These
AFM studies of core complexes in their
native membranes show that the elliptical
structure for the RC-LH1 complex from
Rps. palustris observed in the crystalline
state also indicates its in vivo condition.
The presence of helix W poses the ques-
tion of whether it is a 16th a-apoprotein in
the LH1 inner ring or a part of a PufX-like
protein incorporated into the LH1 complex to
facilitate the gating of the ubiquinone ex-
change. In Rb. sphaeroides and Rb. capsula-
tus, photosynthetic growth requires the pres-
ence of the 70—amino acid PufX protein,
which is essential to promote an efficient
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Fig. 4. Schematic model of the RC-LH1 core complex with the transmembrane helices represented
by ribbons and the bacteriochlorophylls and bacteriopheophytins represented by their respective
macrocycles, drawn with the program RIBBONS (30). (A) View of the complex perpendicular to the
membrane plane and approximately along the pseudo-twofold axis of the RC. The pseudo-twofold
axis relating L and M subunit helices of the RC does not relate RC helix H to helix W, and these two
helices are inclined at different angles to this axis. (B) Narrow section of the complex viewed
parallel to the membrane plane.

Table 1. Data collection and refinement statistics for the RC-LH1 core complex from Rps. palustris.
Rerge = (2L = </>)0)/(21), where </> is the average intensity of multiple measurements. R factor and

e = (2[F, — F.O/(SCF,0), where F_ and F_ are the calculated and observed structure factors,
respectively.

Data collection (all data)

Space group P1
Resolution range (A)* 60 to 4.8 (4.97 to 4.80)

No. of unique reflections/total 18,335/37,214
Mean //a(/)* 8.3 (1.1)
Completeness (%)* 97.3 (83.4)

R erge (%)* 8.6 (72.1)
Rigid-body refinement

No. of reflections usedf 17,391

R factor (%) 46.3

Rfree (%) 48.4

*The numbers in parentheses are for the outer-resolution shell.

+This number does not include 5.15% of all available structure factors that were randomly chosen for calculation of Ry, ..
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ubiquinone/ubiquinol exchange between the
RC and cytochrome b/c, (12, 17-20). Bio-
chemical studies on these systems have
shown that PufX is present in the RC-LH1
complex in a 1:1 stoichiometry with the RC
and that it has a strong tendency to interact
with the LH1 a-polypeptide (/7). There is
evidence that PufX is involved directly in the
supramolecular organization of the photosyn-
thetic system, prevents LH1 from completely
encircling the RC, and perhaps induces a
specific orientation of the RC inside the LH1
complex (29).

An equivalent gene for the PufX protein has
not been identified in the Rps. palustris ge-
nome. This is not unexpected, because the PufX
protein sequences, even for two such closely
related species as Rb. sphaeroides and Rb. cap-
sulatus, show only 23% identity (/8); even for
the a-helical membrane-spanning core region
of PufX sequences, the identity is only 38%. In
order to identify helix W, we performed matrix-
assisted laser desorption/ionization—time-of-
flight mass spectrometry analysis on purified
RC-LH1 core complexes. In addition to the
expected a- and B-apoproteins and the L, M,
and H subunits of the RC, this revealed the
presence of a protein of mass 10,707 D. So far,
this protein appears to be N-terminally blocked
and has resisted attempts to sequence it. There
are more than 10 candidate genes in the Rps.
palustris genome that could encode for putative
membrane proteins of this mass. Efforts to
identify the W gene are continuing.
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Mono- Versus Polyubiquitination:
Differential Control of
p53 Fate by Mdm2

Muyang Li, Christopher L. Brooks, Foon Wu-Baer, Delin Chen,
Richard Baer, Wei Gu*

Although Mdm2-mediated ubiquitination is essential for both degradation
and nuclear export of p53, the molecular basis for the differential effects
of Mdm2 remains unknown. Here we show that low levels of Mdm2 activity
induce monoubiquitination and nuclear export of p53, whereas high levels
promote p53’s polyubiquitination and nuclear degradation. A p53-ubiquitin
fusion protein that mimics monoubiquitinated p53 was found to accumulate
in the cytoplasm in an Mdm2-independent manner, indicating that monou-
biquitination is critical for p53 trafficking. These results clarify the nature
of ubiquitination-mediated p53 regulation and suggest that distinct mech-
anisms regulate p53 function in accordance with the levels of Mdm2 activity.

The p53 tumor suppressor protein induces cell
growth arrest, apoptosis, and senescence in re-
sponse to various types of stress (/). In un-
stressed cells, p53 is maintained at low levels
by the action of Mdm2, an oncogenic E3 ligase.
Numerous studies indicate that the ubiquitin
ligase activity of Mdm2 is essential for both
degradation and nuclear export of p53 (2—12).
We investigated the molecular basis for the
differential effects of Mdm2 on p53 fate.

To examine whether Mdm?2 alone cata-
lyzes polyubiquitination (conjugation with a
polymeric ubiquitin chain) or only mon-
oubiquitination (conjugation with a ubiquitin
monomer at one or multiple sites) of p53, we
performed an in vitro ubiquitination assay
using purified components (fig. S1A). Incu-
bation of Flag-p53 with glutathione S-
transferase (GST)-Mdm?2 in the presence of
El, E2, and ubiquitin generated ubiquitin-
conjugated forms of p53 (fig. S1B). We then
tested whether Mdm2 induced the same ef-
fect with a mutant form of ubiquitin (UbKO0),
in which all seven lysine residues (K6, K11,
K27, K29, K33, K48, and K63) were re-
placed by arginine (fig. S1C). Because this
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mutant lacks potential sites for polyubiquiti-
nation, it should support only monoubiquiti-
nation. The patterns of p53-ubiquitin conju-
gates generated by wild-type and mutant
ubiquitin were indistinguishable (fig. S1B),
indicating that Mdm?2 primarily catalyzes
monoubiquitination of p53 at multiple sites
under these conditions.

Yet, in contrast to these results, we and
others have previously demonstrated that
Mdm?2 alone is apparently sufficient to in-
duce polyubiquitination of p53 when in
vitro—translated p53 polypeptides are used as
substrates for in vitro ubiquitination (117, 13—
17). To test the possibility that the outcome
(mono versus poly) of Mdm2-mediated ubiq-
uitination is influenced by the enzyme:
substrate ratio, we prepared ubiquitination
reactions containing a constant amount of
recombinant p53 and varying amounts of
Mdm?2 (Fig. 1A). Monoubiquitination of p53
was observed when the Mdm2:p53 ratio was
low, whereas slower-migrating, polyubiquiti-
nated forms of p53 were observed when the
Mdm2:p53 ratio reached 3.6 or higher. Be-
cause the polyubiquitination-defective ubig-
uitin mutant (UbKO) only supported the fast-
er-migrating, monoubiquitinated forms of
pS3 (Fig. 1B), the higher-molecular-weight
ubiquitin conjugates clearly represent polyu-
biquitinated p53. These data indicate that
Mdm2 catalyzes both mono- and polyubig-
uitination in a dosage-dependent manner.

12 DECEMBER 2003 VOL 302 SCIENCE www.sciencemag.org



