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ABSTRACT. The light harvesting 1 antenna (LH1) complex fr&thodobacter sphaeroidésnnels excitation
energy to the photosynthetic reaction center. Our ultimate goal is to build up the structure of LH1 from
structures of its individual subunits, much as the antenna can self-assemble from its components in
membrane-mimicking detergent micelles. Theubunit adopts a nativelike conformation in Zwittergent
3:12 micelles as demonstrated by its ability to take the first step of assembly, binding &8Chl
Multidimensional NMR spectroscopy shows that theubunit folds as a heljx2-szsy—hingge26-w2s)—
helixq29-waa) Structure with the helical regions for the 10 lowest-energy structures having backbone rmsds
of 0.26 and 0.24 A, respectively. Mhrelaxation data and the proteidetergent NOE pattern show the
C-terminal helix embedded in the micelle and the N-terminal helix lying along the detergent micelle
surface with a 6Dangle between their long axé8N relaxation data for residues L32V44 are typical

of a well-ordered protein with a correlation time of 8.252.1 ns. The presence of the hinge region
placing the N-terminal helix along the membrane surface may be the structural feature responsible for the
functional differences observed between the LH1 and |gHibunits.

The conversion of light energy to chemical energy in  Detailed structures of the LH2, RC, and cytochrobog
bacterial photosynthesis proceeds through a series of specialcomplexes 1—5) have greatly enhanced the understanding
ized membrane-spanning proteipigment complexes. The of bacterial photosynthesis. However, no high-resolution
initial stage involves the light-harvesting complexes (LH1 structure of LH1 currently exists. A projection map at 0.85
and LH2} and the reaction center (RC). Light absorbed by nm resolution of the LH1 complex frorRhodospirillum
the LH1 and LH2 carotenoid and bacteriochloropayBChl ~ rubum obtained by cryoelectron microscopy showed an
a) molecules is transferred as excitation energy to the RC. &rangement of 16 identical subcomplexes positioned in a

The excitation induces a charge separation from the excited'nglike structure €). One subcomplex of LH1 consists of
primary donor, a BChé dimer called the special pair, which &N & heterodimer (58 and 48 amino acids, respectively)

: . binding two molecules of BChh and one carotenoid/ ¢
acpumulates at the quinone {)site. A doubly reduced 10). RC—-LH1 two-dimensional crystals placed the RC within
quinone accepts protonsgR») from the cytoplasm and then

) . the ring of LH1 (1, 12). A molecular model for the
is released from the RC to diffuse to the cytochrom_xg Rhodobacter sphaeroidé$i1 based upon its close homol-
cpmplex. The.cytochrombcl complex ca.talyzes the F)dea- _ ogy to LH2 also supports a hexadecamer structlige14).
tion of the quinone to rglease protons mtq the perlplgsmlc Recently, a structure of thRb. sphaeroides subunit in
space. The proton gradient created by this process is useqyyganic solvents was determined, illustrating two helical
by the ATP synthase, which completes the conversion of yegions separated by a more flexible link@By,

light energy to chemical energy. Although a structural determination of the LH1 complex

(>200 kDa) is beyond current NMR techniques, the sym-
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if any, conformational changes take place during the as- NMR SpectroscopyNMR data were acquired at 3TC
sembly process of a large membrane protein complex. using a Bruker DRX-600 spectrometer fitted with a triple-
We have used multidimensional NMR to determine the resonance probe and triple-axis gradients. All experiments
solution structure of thg subunit fromRb. sphaeroidesH1 made use of pulsed field gradients for coherence selection
in Zwittergent 3:12 micelles as a mimetic for native and artifact suppressior2@, 21). Sensitivity enhancement
membranes. We have found detergent solution conditionsschemesZ1, 22) were used in the pulse programs wherever
in which high-resolution NMR data can be obtained, and in possible. Quadrature detection in the indirect dimensions was
which thef subunit binds BChh to form B820 3-2BChl via States-TPPI, TPPI, or States depending on the individual
a). TheS subunit folds as a helixhinge—helix structure. A experimentsZ3). 'H chemical shifts were referenced directly
model is presented to illustrate the position of theubunit to TSP [3-(trimethylsilyl)propionic acid] at 0 ppm, adtN

in a Zwittergent 3:12 micelle. and*3C were referenced indirectl24). NMR spectra were
processed using NMRPip&%). The data in all indirect
EXPERIMENTAL PROCEDURES dimensions were extended by linear prediction and zero
Sample PreparationThe LH1 B subunit was over- filling. Data were analyzed using NMRView2§).
expressed from a genomic deletion straifiRbf sphaeroides Backbone sequential assignments were obtained using the

(SK102). SK102 was modified to eliminate genomic expres- following 3D experiments: HNCACBZX7), CBCA(CO)NH
sion of the LH2 peptides, the L and M subunits of the RC, (28), HNCA (29), HNCO (30), HN(CO)CA 31), HNHA
and pufX. SK102 was grown in the dark at 332 using 1.8 (32), and HCACO 83). Side chain chemical shifts were
L of M22 minimal medium n a 2 L flask with cotton obtained from 3D HCCH-TOCSY3d) and >N TOCSY-
plugging the neck to limit the ©concentration. Uniform HSQC @5) experiments. Distance constraints were derived
15N and/or'3C labeling was achieved by growing cells with from NOEs observed in*®\N NOESY-HSQC and*C

1.5 mM (5NH4),SO; and 11.1 mM $¥Clglucose as the sole  NOESY-HSQC 85) spectra, with mixing times of 125 and
nitrogen and carbon sources, respectively. Deuterium was150 ms, respectively.

incorporated by cell growth in 100% ,D. SK102 was Backbone Hydrogen Bonddydrogen bonds were identi-
acclimated to PO by increasing the ED/H,0O ratio in 20% fied on the basis of slowly exchanging backbone amide
increments starting with 20%. protons 86) and temperature dependence stud83.(For

Chromatophores were prepared from cells suspended inthe amide protordeuterium exchange experiment, the
water and disrupted by two passages through a Frenchsubunit was initially solubilzed in detergent solution to allow
pressure cell at 20 000 psi. Cell debris was removed by insertion of the membrane-spanning region into the micelle.
centrifugation (Sorvall GSA rotor, 12 000 rpm, 15 min), and The sample was then diluted to a fina})@ concentration
the chromatophores were collected by high-speed centrifuga-of 60%. A series of 4 5N HSQC spectra were recorded
tion (Beckman Ti-45 rotor, 45 000 rpm, 1.5 h) and lyophi- over a 3 day period, and amide proton signals with half-
lized to dryness. Thg subunit was extracted from 1.2 g of lives of exchange greater than 1 day were considered likely
dried chromatophores by:3 10 mL organic solvent washes to be hydrogen-bonded. The side chain glutamines were used
[1/2 CHCL/MeOH mixture and 100 mM ammonium acetate as an internal control for fast exchange to follow the loss of
(pH 7.5)] (18). The extract was chromatographed on a LH60 signal unrelated to hydrogemeuterium exchange (i.e.,
column (120 cmx 4.8 cm), and fractions containing tife aggregation or precipitation). Temperature dependence stud-
subunit were dialyzed in spectra/Por 1 membranes (molecularies followed the amide proton chemical shifts from 12 to 37
mass cutoff of 6-8 kDa) against water at 4C for 60 h. °C. Any amide proton that shifted less than 4.5 ppb/K was
The precipitated subunit at the interface between the water considered likely to be hydrogen-bonded. The data from these

and remaining chloroform was collected, frozen-&0 °C, two experiments were compared, and an amide proton

lyophilized to dryness, and stored -a20 °C. hydrogen bonding constraint was imposed only if it appeared
NMR samples (1.7 mM) of the purified uniformly isoto- to be hydrogen-bonded by both criteria. Each hydrogen bond

pically labeled &N, N and *C, or 2D, N, and'C) 8 was imposed as two distance restraints-(®1 distance of

subunit were prepared in 3QL (95% H,O/5% D,O) of 1.9-2.3 A and N-O distance of 2.43.0 A).
8% Zwittergent 3:12 and 50 mM phosphate buffer (pH 6.5). 15N Relaxation Experiment$he pulse sequences used for
Sample stability was monitored B andH—*N HSQC measuring®N T; andT, relaxation times ané®N{*H} NOEs
spectra before and after each three-dimensional (3D) NMR are described by Skelton et aBg) and were modified to
experiment. The half-life of each sample was approximately include watergate-based water suppressd®ds described
1 week. by Fushman et al.40). The NOE experiment was also
BChl a Purification BChl a was extracted from chro- modified to reduce the extent of magnetization exchange
matophores of &b. sphaeroidedeletion strain WS231BG, between the amide protons and water protons according to
lacking carotenoids, by X 30 mL methanol extractions. Grzesiek and Bax 4(). Data sets for theT; and T,
The methanol used to extract BChlfrom the chromato-  experiments were collected with 4K and 192 complex points
phores was evaporated to give a final B@doncentration in F> (*H) andF; (**N), respectively, with 32 scans pér
of approximately 1 mg/mL. Aliquots (400L) were loaded point and a recycle delay of 1 s. Data sets for the NOE
onto a Waters Radial-Pac C18 reverse-phase HPLC columnexperiments were collected with 2K and 64 complex points
(8 mm x 200 mm), and BChh was eluted isocratically with  in F, (*H) and F; (**N) respectively, with 96 scans pér
methanol at 1.8 mL/min. The BCH concentration was  point and a recycle delay of 6 s. All experiments used a
calculated using a#y7o0f 63 500 M~ cm™ (19). Methanol proton sweep width of 7800 Hz and'#N sweep width of
was removed by evaporation under argon, and dried BChl 2500 Hz with the'H and >N carriers set to 4.7 and 119
was stored in the dark at20 °C. ppm, respectively.
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Ficure 1: H—5N HSQC spectrum of thBb. sphaerodiekH1 5 subunit in detergent micelles. The spectrum was recorded using 1.7 mM
S subunit dissolved in 50 mM phosphate buffer (pH 6.5) and 8% Zwittergent 3:12 &€ .3&mide cross-peaks are labeled.
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Ficure 2: Binding of bacteriochlorophylh (BChl a) to the LH1 subunit in Zwittergent 3:12 micelles. (A) No subcomplex formation:
B774 (1 mM BChla and 1 mMp subunit in 1% Zwittergent 3:12 at Z%&). (B) Initial B820 subcomplex formation (0.13 mM BCaland
0.13 mMg subunit in 0.13% Zwittergent 3:12 at 2&). (C) B820 subcomplex formation (0.031 mM BGhhand 0.031 mMg subunit in
0.031% Zwittergent 3:12 at 2%C). (D) Initial B820 subcomplex formation under NMR conditions (2.8 mM B&lihd 2.4 mMg subunit

in 1.83% Zwittergent 3:12 at 32C). Arrows indicate B820 formation.

The T, measurements were performed with transverse Gill sequence during the transverse relaxation period. The
relaxation delays of 8, 16 (twice), 24, 32, 40, 48, 64 (twice), T; measurements were performed with longitudinal relaxation
128, 160, 240 (twice), and 320 ms,cha 1 msdelay was delays of 8, 20 (twice), 40, 100 (twice), 160, 200, 300
used betweedN pulses in the CarrPurcel-Meiboom— (twice), 500, and 800 ms and 2 and 4'¥\{'H} steady-



34 Biochemistry, Vol. 41, No. 1, 2002 Sorgen et al.

A B
I35 V36 A37 H38 L39 I35 V36 A37 L39
. 76
’S\ 76 118.01ppm ||119.28 ppm; |120.73 ppm|;115.05 ppm||118.17 ppm —_ 118.01ppm {1119.28 ppm | [{120.73 ppm LIS, 118417ppm‘
g 78 £
> &
E 50 _. o vo.- = 8 e
& % o ‘2
= 82| <t £ 8
% 8.4 g 8.
=] [P}
S ss 5
= =
88 5 &
8.03 82 88 8.01 83 80l 821 8.8 8.0 832
'H" Chemical Shift (ppm) 'H" Chemical Shift (ppm)
C D
135 V36 A37 H38 L39 135 V36 A37 H38 139
fé\so 118.01ppm ||119.28 ppm| | 120.73 ppm||115.05 ppm| | 118.17 ppm —_ 49 118.01ppm | (119.28 ppm | (120.73 ppm 115.05ppm 118.17 ppm
&4 ‘ g 53 z :
T s. | B |l
§ 58 = % 57 P -
g E
£ 62 g ol _
.g = Q
& =
& 66 Q; 65
70 @ T 69
8.04 82 88 8.0 83 8.04 8.18 8.79 799 831
'H" Chemical Shift (ppm) 'H" Chemical Shift (ppm)

Ficure 3: Example assignment strips from two inter-residue 3D experiments demonstrating the enhanced resolution and signal to noise
from a deuterate@ subunit. Sequential strips for membrane-spanning residuesLi3% from (A) 15N NOESY-HSQC, (ByD-decoupled

15N HSQC-NOESY, (C) HNCA, and (DAD-decoupled HNCA data sets. Strips from the NOESY experiments were taken at the intraresidue
diagonal peak to show all inter-residue cross-peaks. Lines illustrate the sequential connections when posshilechiémical shift is

listed in each panel.

state NOE values were obtained by recording spectra with shown). To optimize sample conditions, we investigated
and withod a 3 sGARP proton decoupling period applied numerous detergents [Zwittergent 3:8, 3:10, 3:12, and 3:14
in the middle of the amide spectral region during the recycle (50), n-dodecyls-p-maltoside (DM), dodecylphosphocholine
delay. Relaxation data were analyzed using the program(DPC), 3-[(cholamidopropyl)dimethylammonio]-1-propane-
Dasha 42). sulfonate (CHAPS), lauryldimethylamine oxide (LDAO), and
Structure CalculationModel structures were calculated sodiumn-dodecyl sulfate (SDS)], detergent concentrations
by simulated annealing using torsion angle dynamics as (1—8%), temperatures (255 °C), protein concentrations
implemented in the program CN®&3). NOE cross-peaks  (1-5 mM), salt concentrations (5250 mM phosphate
classified as strong, medium, and weak were converted intobuffer), and pHs (6.57.5) (data not shown). The optimal
distance restraints of 1-8.5, 1.8-3.5, and 1.85.5 A, sample conditions were found to be 1.7 nfiVsubunit in
respectively. Torsion angle restraints were obtained from 8% Zwittergent 3:12 and 50 mM phosphate buffer at pH
chemical shift analysis using the TALOS prograda)( *Juna 6.5 and 37C (Figure 1). The half-life of th@ subunit under
coupling constants were measured from a 3D HNHA these conditions was approximately 1 week. The single most
experiment 82), and used directly as constraints. The 10 jmportant factor was the detergent. Thesubunit was not
best minimized structures were evaluated using AQUA and stable in detergents with sugar headgroups, net charges, or

PROCHECK-NMR 45). small chain lengths, as indicated by half-lives of day.
RESULTS The half-life of the subunit was extended by increasing
the detergent concentrations up to 4%. Even though there

Sample ConditionsSample conditions were optimized to was no increase in stability between 4 and 8%, the higher
obtain high-resolution spectra of tifesubunit in detergent ~ concentration was used to obtain a more homogeneous
micelles for structural determination. Initial samples made population of micelles containing a singesubunit. Tem-
in then-octyl 3-p-glucopyranosided-OG) detergent [1 mM  perature and pH affected resolution in theN HSQC
B subunit in 4.5%3-OG and 50 mM phosphate (pH 7.5)], spectrum. The8 subunit in Zwittergent 3:12 was stable up
as used in many LH1 studies for purification and charac- to 45°C, but above this temperature, an irreversible loss of
terization of the complex46—49), had a half-life of only 1 signal occurred. The maximum stable protein concentration
day and poor dispersion in'8\ HSQC spectrum (data not was 1.7 mM. In samples prepared at up to 5 fildubunit,
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Ficure 4: Summary of NMR restraints derived for the LHlsubunit. (A) Black circles indicate hydrogen bonding determined from
hydrogenr-deuterium exchange and variable-temperature experiments. Horizontal lines identify backbone NOEs with the thickness indicating
approximate cross-peak intensityyn, and13Ca chemical shift deviations from random coil values are also shown. (B) Number of NOE
restraints per residue. White bars indicate intraresidue NOEs; hatched bars indicatel sequential NOEs, and black bars indicate
medium-range NOEs.
the signal intensities decayed to the level observed in thebackbone amide resonances (Figure 1). Consistently, the
1.7 mM sample over the course of 24 h, but then remained weakest signals observed in all NMR experiments belonged
at that level with the typical half-life of 1 week. to what appears to be a hinge region (G2828), while
B820 Subcomplex Formatiod major concern for any  the strongest signals and best resolution came from the
protein under new sample conditions is its biological activity. N-terminal residues. A larger number of experiments was
To test if thef subunit was properly folded in Zwittergent required to make the assignments for fhiesubunit than
3:12 micelles, we investigated its ability to bind BGhénd typically would be used for proteins of this size. AKCO
form nativelike higher subcomplexes (Figure 2). The binding and 3C* resonances were assigned, and most<aP
of BChl ato thef subunit can be followed optically by the resonances were found with the exception of those from L29,
red shifting of the Q@band from unbound BCld at 774 nm W44, and R45. All protonated®N resonances for the
through32-2BChl a formation at 820 nm46). Our initial glutamine, tryptophan, and arginine side chains were also
test was to see whether subcomplex formation could occurassigned.
in Zwittergent 3:12 detergent. Controls for this experiment  Except for the HNCO, no single triple-resonance experi-
showed that thg® subunit alone has no absorbance at 774 ment gave more than 85% of the expected cross-peaks with
nm and BChla alone has one Qabsorbance peak at 774 a!N- and*3C-labeled protein. The cross-peaks consistently
nm (data not shown). Thg subunit and BChla were missing were from the hinge region (G2&/28) and the
combined at a high detergent concentration which preventsC-terminus (W44-P46). To identify the missing resonances,
binding (Figure 2A). As the detergent concentration is we resorted to @D-, 1°N-, and**C-labeledp subunit. The
decreased by the addition of buffer alone [50 mM phosphate replacement ofH with 2D increased sensitivity in a HNCA
buffer (pH 6.5)], B820 formation occurs (Figure 2B,C). B820 experiment and the amidemide region of a 3D?D-
can also be formed at the concentrations and temperaturedecoupled>N NOESY-HSQC experiment by removing
needed for NMR (Figure 2D). The absorbance data demon-contributions to proton line widths from proteiproton
strate that thg subunit retains its native ability to bind BChl  dipolar relaxation andH—!H scalar couplings. Figure 3
a and form larger complexes in Zwittergent 3:12. illustrates the signal enhancement from deuterium-labeled
Resonance Assignment$he triple-resonance spectra protein by comparing slices for protonated and deuterated
allowed identification and sequential assignment of all samples in the 3B°N NOESY-HSQC (Figure 3A) anéD-

L L
g
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decoupled®N NOESY-HSQC spectra (Figure 3B) and the A
3D HNCA (Figure 3C) andD-decoupled HNCA spectra \ G26
(Figure 3D). Additional peaks were identified in the HNCA F CORR

and °D-decoupled?™N NOESY-HSQC spectra with the
deuterium-labele@ subunit. With deuteration, all expected
cross-peaks were present in the HNCA and 20 more amide
amide connections were identified in tHdl NOESY-HSQC
spectra. The deuterium labeling also decreased the potential
for misassignment by decreasing tH€“ line widths from

150 to 15 Hz. Full assignments have been deposited at the
BMRB (accession number 4949).

Constraints for Structural CalculationNOEs from all
protons to the amide protons were identified in a 38
NOESY-HSQC spectrum and a 3ED-decoupled*N
NOESY-HSQC spectrum. Figure 4A summarizes the back-
bone NOEs observed for the subunit. Nearly all of the
219 amide NOEs observed were characteristic af &elix.

From the amide NOE patterns alone, the protein appeared
to be helical from T12 through S25 and from L29 through

N-terminus

N-terminus

W44. No long-range NOEs were detected. Seconé#y C-termirus C-terminus
Cheml_cal shifts§1) were also C0n5|s_tent with these segments FiIGURE 5: Solution structure of the LHE subunit in detergent
of helical secondary structure (Figure 4A). The 3& micelles. Backbone traces of the 10 L@&ubunit NMR conform-

NOESY-HSQC spectra provided 54 proton to carbon proton ers that best represent the structure are aligned by superimposing
NOEs. Few NOEs were observed from the aromatic side the backbone atoms of residues (A)-144, (B) 12-25, and (C)
chains. Altogether, 37 restraints were intraresidue, 143 were30—44- Allimages were produced using MOLMOL3).
short-range, and 93 were medium-range. The total number: — -
of NOE constraints observed per residue is illustrated in Table 1: Structural Statistics of the 10 LH1Subunit Structures
Figure 4B. The reduced number of inter-residue NOEs no. of NOE distance restraints (total of 273)

observed between G26 and W28 (approximately seven each) ;”etair:ﬁ{%‘fe ﬂs

is consistent with a break in structure between the two helical  megium-range 93

regions. No additional amideamide NOEs for G26W28 long-range (interhelix) 0

were observed in the deuterium-labej@cubunit. A total no. of backbone hydrogen bonds 29

of 28 3June coupling constants were measured from the r:ngdogz‘?g%cgg‘ﬂzaﬁd 2628

HNHA experiment 82). The 3Jun, data indicated an ( bacukbone A) ’ ) 0.26.0.24, 0.60

unstructured N-terminus (A1L11), followed by a predomi- all non-hydrogens (A) 1.14,1.08,1.21

nately helical structure. Both hydrogedeuterium exchange  deviations from experimental distance restraints

and amide temperature coefficients identified two segments 'r";: gg?‘z\()/;\) 8-336

of stable hydrogen-bonded secondary_structurg: residues Ramachandran plot '

T12—M24 and F36-W44. Hydrogen bonding restraints were residues in most favored regions 92.1%

added for these residues. The hydrogen bonding data, carbon residues in additional allowed regions 6.7%

chemical shifts, and NOE data are consistent with a break rde f:jolm 'dt‘i]a' gfometry 0.0023

between the hydrophilic and hydrophobic helical regions bgﬂd ::gﬂess(ggg) 0.429
Structure Calculation and Descriptiostructure calcula- impropers (deg) 0.251

tions by torsion angle dynamics followed with refinement
by simulated annealing and energy minimization led to the 0.60 A, respectively. Structural statistics are presented in
family of structures shown in Figure 5A. The structures were Table 1.

superimposed on the basis of the backbone coordinates from The overall structure of thé subunit in detergent micelles
T12—-W44, which includes a somewhat less well-defined is two helical sections separated by a hinge region. The
hinge region (G26:'W28) between the two helical segments. C-terminal helix (L29-W44) is inserted in the detergent
The total rmsd for this alignment was 1.58 A. The main micelle, as evidenced by the 12 strong NOEs3G A
difference between these structures was due to the rotationdistances) observed between the backbone amides in the
of the N-terminus on the surface of the micelle relative to membrane-spanning region and the aliphatic protons of the
the C-terminal helix caused by variations in this hinge region. Zwittergent 3:12 detergent (Figure 6A,C). The C-terminal
The structural models fit the NMR data well, with no residues (R45F48) fold back toward the membrane-
violations of experimental distance restraints greater than 0.35spanning helix. The N-terminus is highly flexible and mostly
A. The positions of the backbone and most side chain atomsunstructured (A+L11), although six of the 10 calculated
were well-defined by the NMR restraints. This becomes structures have helical tendencies. The N-terminal helix
clearer when the hydrophilic region between T12 and S25 extends from T12 through S25. Some residues in the
(Figure 5B), the membrane-spanning region between L29 N-terminal helix show weak NOEs<G.5 A distances) to
and W44 (Figure 5C), and the hinge region of G2828 the aliphatic protons of the Zwittergent 3:12 detergent (Figure
are aligned separately. The rmsds for the hydrophilic, 6A,C). The pattern of N-terminal helix NOEs to detergent
membrane-spanning, and hinge regions are 0.26, 0.24, andhas a helical periodicity, with residues Q17, S21, and M24
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FIGURE 6: Positioning of the LH13 subunit in a Zwittergent 3:12 micelle modeled from Mrand NOE data. (A) Ratio 0PN HSQC peak
intensities from the LHI3 subunit in the presence and absence of 1 mMMiGreen bars and red bars denote protected and solvent-
exposed amino acids, respectively. Dark blue circles denote residues with strong NOEs to the aliphatic region of the detergent, and light
blue circles denote residues with weak NOEs. (B) Top view of the fkubunit in a Zwittergent 3:12 micelle. Colors correspond to the

bars in panel A. Yellow indicates residues not resolved in thé"Mmxperiment. (C) Side view of & subunit in a Zwittergent 3:12 micelle

with half the micelle removed, which is modeled to correspond with the detergent NOE data. The dark and light blue colors correspond to
the circles in panel A. Green denotes residues with no detergent NOEs. A model of Zwittergent 3:12 was created in Alchemy Il (Tripos
Inc.), and the models were created in MidasPIl4 75).

exhibiting no detergent NOE cross-peaks. The approximatecharged side chains binding ¥n More importantly, the

60° angle between the N- and C-helices is consistent with Mn?" affected the hydrophilic N-terminal helix in an

contact of the N-terminal helix with the detergent micelle, amphipathic manner as modeled in Figure 6B. Furthermore,

and the pattern of NOE peaks to the Zwittergent 3:12 theg subunit probably associates with the membrane as early

suggests that one face of the N-terminal helix lies embeddedas T9, as indicated by complete protection against™n

in the Zwittergent 3:12 micelle. Combining the structural, M relaxation, and detergent
To confirm that one face of the N-terminal helix is NOE data, we find residues Q17, S21, and M24 face the

embedded in the micelle, we added the paramagnetic specie§olvent side with Q17 and S21 completely solvent exposed.
Mn2*, and looked for line broadening of solvent-exposed These experiments provide evidence that one face of the
residues in 8N HSQC spectrum. MnGiwas added to 1.7  hydrophilic N-terminal helix lies embedded in the Zwitter-
mM S subunit at increasing concentrations (0.01, 0.1, 1, and gent 3:12 micelle, implying that the hinge region is a
5 mM). Data for the 1 mM MnGlexperiment are illustrated ~ necessary structural feature, and not just an artifact from the
in Figure 6A. The membrane-spanning region was unaffectedlimited number of NOEs. These results could not be
as expected, because Mndoes not enter the membrane. explained if the N-terminal helix extended straight out of
The N-terminus is solvent-exposed, based on the reducedhe Zwittergent 3:12 micelle and was fully solvent exposed.
cross-peak intensity. Residues D13 and E14 lost all signal >N Relaxation N relaxation measurements were per-
in the presence of M, which can be explained by a formed to characterize the overall motion of hesubunit
combination of being solvent-exposed and their negatively backbone in detergent micelles. Thg T,, and *>N{'H}
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FiIGURE 7: Relaxation measurements of the Li1lsubunit in
detergent micelles. Plots 8N (A) Ty, (B) T2, and (C) NOE values
as a function of residue number.

NOE results are shown in Figure 7&. The relaxation
values are consistent with a highly dynamic N-terminus
(A1—L11). The remainder of the subunit behaves as a more
rigid body. The longT; and T, values for the N-terminus
are typical of disordered polypeptides, while those for
residues T12W47 are typical of a well-ordered protein with
an overall correlation time of 8.2k 2.1 ns @42). The hinge

Sorgen et al.

a and form the B820 subcomplex, unlike the protein in mixed
solvents 15).

The C-terminal membrane-spanning helix is approximately
25 A in length with four helical turns. Its overall shape is
slightly curved, exposing the conserved H38 for BGhI
binding. Residues Y42 and R45, which are known to be
involved in binding BChla (49, 56—58), lie on the same
side of the helix as H38. The position of the transmembrane
helix in the micelle inferred from NOE and Mhrelaxation
data would place Y23 and W44 at opposite membrane
interfaces, a preferential location for aromatic side chains
(59, 60). The C-terminus folds back toward the membrane-
spanning helix, but does not place the indole side chain of
W47 in a position that would hydrogen bond to BGh(57,

58) on the same plane as H38.

The N-terminal helix begins at T12, even though G10 and
L11 are conserved in all photosynthetic bacterial species,
and extends through S25. It is possible that the N-termius
(A1—L11) becomes structured in the presence of the LH1
o subunit and RC components, since there are helical
characteristics in this region. In addition, the lack of charged
amino acids (L6-L11) suggests the N-terminus should be
buried, and this may also occur in the presence of the LH1
o subunit and the RC. The N-terminus forms an amphipathic
helix with charges and polar groups on one face (D13, E14,
Q15, Q17, and E18) and hydrophobic residues on the other
(T12, A16, L19, V22, and Y23). Mit-induced relaxation
and the detergent NOE patterns showed a helical periodicity
in the N-terminal helix. The data presented here support
interactions of the charged face with Zwittergent 3:12’s
charged headgroups and the hydrophobic face with the
micelle interior. So, in the Zwittergent 3:12 micelle, the
C-terminal helix traverses the core of the micelle, the
N-terminal helix lies along the micelle surface, and a hinge
is required to connect the two. This observation could explain
why Zwittergent 3:12, Zwittergent 3:14, and DPC were the
most stable detergents that were tested because they most
resemble the native membrane lipid in chain length and
charge [phosphatidylethanolamine (40%), phoshphatidyl-
choline (18%), phosphatidylglycerol (27%), and sulfolipids
(3%) 61)].

The NMR data presented here support the presence of a
hinge region between the transmembrane and surface helices.

region (G26-W28) is as well-ordered on the picosecond to Only half as many NOEs involving amide protons were
nanosecond time scale as the helical regions, indicating thatypserved for residues G26V28 as were observed for the

the N-terminal helix adopts a preferred orientation.

DISCUSSION
The Rb. sphaeroidesH1  subunit folds as a helix

two helical segments. The hydrogen bonding network stops
in the hinge region, consistent with a break in the helical
structure. The smallest deviations from random coil carbon
chemical shifts in the ordered region of thesubunit are in

hinge—helix structure in the detergent micelle system used the hinge region. Relaxation data show that the hinge region

here. The N-terminal amphipathic helix lies partially embed-
ded in the micelle surface at an approximately @dgle
relative to the C-terminal helix which is inserted into the

is ordered on the picosecond to nanosecond time scale,
similar to the two helical regions. This would indicate that
the hinge region is not highly flexible. ComparaldfeN

detergent micelle (Figure 6C). The observed fold is in good relaxation data were observed for the major bacteriophage

agreement with predictions from its sequen&®)( the
distribution of hydrophilic and hydrophobic residues for
aligned LH polypeptides53), and the subunit structure
determined in organic solvent$s). The overall helicity of
the f subunit structure reported here is 65%, in good
agreement with far-UV CD datd 6, 54, 55). The structure
of the # subunit in the Zwittergent 3:12 micelle is of

coat protein ke in MPG micelles, in that a hinge region
possesses picosecond to nanosecond dynamics similar to
those of the N-terminal amphipathic and C-terminal helices
(62). However, the observation of weak and broad signals
from residues in the hinge region of tjfiesubunit suggests
that slower (microsecond to millisecond) motion takes place.
Weaker signals were also observed in the area around the

particular interest because it retains the ability to bind BChl hinge region for the Ike protein, and model free analysis
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Ficure 8: Comparison of th&b. sphaeroidekH1 5 subunit structures in detergent micelles with (A) fRie. sphaeroidesH1 3 subunit

in organic solvents and (B) tHeps. acidophiliastrain 10050 LH25 subunit with a B850 BCha molecule. (C) Top and side view from
a portion of theRps. acidophiliastrain 10050 LH2 complex illustrating three oufesubunits and three inner subunits. The subunits
are aligned with the C-terminal helix from the LH8Lsubunit in detergent micelles. The LHBLsubunit in detergent micelles is colored
green.

showed slow exchange, suggesting conformational flexibility folds inward, making specific interactions with the Lkl
in the hinge residues6®). Though less pronounced, the subunit and the RC to afford protection.
observation of a hinge in the subunit in organic solvents The LH1 S subunit is one of the first cases of a protein
provides further support for its importance, since organic structure being determined in both an organic solvent mixture
solvents have been shown to stabilize and even induce helicabnd a detergent micelle environment. Although the hinge
conformations §3). described here differs from the one observed in organic
A wealth of indirect data also supports the results observed solvents (Figure 8A)X5), the overall structures under the
here, with the N-terminal helix partially embedded in the two solution conditions are quite similar to each other (Figure
micelle, connected to the transmembrane helix by a hinge.8A). The local rmsds between the best conformer of each
The LH1 A subunit has been shown to be in close contact family are 0.7 and 0.6 A for the N- and C-terminal helices,
with the LH1 o subunit and the RC by chemical cross-linking respectively. The C-terminal helices even share the same
(64). This is supported by the modeled projection map of curvature under both solution conditions. The hinge region
the Rs. rubrumLH1 complex by Conroy et al.16), which for both 8 subunits is centered at a relatively similar point,
fits the extra outer mass in the projection map to the W28. On the other hand, the angle adopted by the hinge
N-terminus of the subunit. Proteolytic studies of the region and the location of a true break in secondary structure
subunit in the B870 subcomplex showed that much of the between the N- and C-terminal helices are different between
N-terminus is protected from digestion. Specific N-terminal the/ subunits. The N-terminal helix lying along the detergent
amino acids have been shown to be necessary for LH1micelle surface adopts a BGangle with respect to the
formation, as determined by a variety of methods, including C-terminal helix, while in organic solvents, thesubunit

protease treatmen6%), acid hydrolysis §5), heterologous
reconstitution §6), site-specific mutagenesis49), and
truncated synthetic peptide§7). To explain why anaf
B820 structure is more stable thangg B820 structure,
Loach et al. 6) described possibles B820 interactions
involving the N-terminus ofs which are caused by inter-

adopts an approximately 3@ngle. This would place the
N-terminal helix of the organic solverit subunit structure
fully exposed to the solvent. The location of the break
between the N- and C-terminal helices occurs at the hinge
region for the detergerft subunit, while the hinge region is
calculated to be helical for th&subunit in organic solvents.

polypeptide ion pairing, hydrogen bonding capability, and Therefore, the location for the break for the organic solvent

side chain associations. These data suggest thAtghbunit

S subunit extends around H20, while for the detergént
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subunit it extends around L27. The accentuated bend in the Similary, the N-terminus of thg subunit is most likely
hinge region for the detergefitsubunit is likely a result of  in an intermediate conformation in the detergent micelle
interactions between the N-terminal helix and the detergentstructure. The major differences observed between the
micelle. The protein also seems to adopt a better definedstructures calculated for the LH1 subunit are due to the
fold in detergent micelles. Local and overall rmsds and rotation of the N-terminus on the surface of the micelle
violations of NOE constraints are significantly higher in relative to the C-terminal helix. The angle between the two
mixed solvent 15), indicating more conformational flexibility ~ helices does not change, nor do the interaction surfaces of
or heterogeneity in the absence of a micelle. And, ultimately, the N-terminal amphipathic helix with the detergent and
it appears that higher-order complexes can only be studiedsolution. The relaxation data support the presence of an
in a micellar environment, since the subunit does not bind ordered hinge region, as reflected in a low rmsd (0.6 A) for
BChl a in mixed solvents 15). the hinge residues (G26/N/28), yet conformational exchange
The helix-hinge-helix motif for a small membrane  ©F rotation of the N-terminal helix would explair_1 elevat_ed
protein is not unique to the LHB subunit. The major rmsds compared to those of the C- and N-terminal helices.

bacteriophage coat proteins gVIllp in SDS and DPC micelles, It vv_ould be expec.ted th_at the conformation of the N-terminal
fd in SDS micelles, and Ike in myristoyllysophosphatidyl- helix becomes fixed in the presence of the other LH1
glycerol (MPG) micelles have one hydrophobic helix that components, so this opservanon again suggests that the
spans the micelle, and a second amphipathic helix on theProtein is in an mtermepha';e c_onformat|on that is favorable
surface of the micelled@, 68—70). One difference between 0 BChl @ anda subunit binding. n

the 8 subunit and the others is that the depth of the hinge in "€ major difference between tifesubunit in LH1 and

the micelle places the amphipathic helix for thesubunit LH2 appears to be simply the orientation of the N-terminal

more deeply embedded in the membrane than the N-terminalhe"X’ which extends into the solvent in the LH2 structure.
helix of the gVIlip, fd, and Ike proteins. It will be interesting to investigate the LHA subunit in the

. . . presence of the LH#& subunit and BChh to discern what
Although the structure determined here may be identical gy, differences cause the large observed functional
to that of thef subunit in the B820 and LH1 complexes, it

likelv that | : ith - ’ differences between the two complexes. These include the
seems likely that in absence of BCalthe C-terminus of ;e of hound BCha, the optical absorbance spectrum,
the 5 subunit is in an intermediate conformation between a y,q ring size and stability, and interactions with the RC. A
completely extended conformation and the B@tound g4 \ctyre of the B820 subcomplex will aid our understanding

confprmation. This .is evidgnt when co.mparing th? C- of LH1 light harvesting and energy transfer to the RC.
terminus and C-terminal helix of the organic solvent (Figure
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