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Abstract

Intramembrane hydrogen bonding and its effect on the structural integrity of purple bacterial light-harvesting complex 2, LH2, have been

assessed in the native membrane environment. A novel hydrogen bond has been identified by Raman resonance spectroscopy between a

serine residue of the membrane-spanning region of LH2 a-subunit, and the C-131 keto carbonyl of bacteriochlorophyll (BChl) B850 bound to

the h-subunit. Replacement of the serine by alanine disrupts this strong hydrogen bond, but this neither alters the strongly red-shifted

absorption nor the structural arrangement of the BChls, as judged from circular dichroism. It also decreases only slightly the thermal stability

of the mutated LH2 in the native membrane environment. The possibility is discussed that weak H-bonding between the C-131 keto carbonyl

and a methyl hydrogen of the alanine replacing serine(� 4) or the imidazole group of the nearby histidine maintains structural integrity in this

very stable bacterial light-harvesting complex. A more widespread occurrence of H-bonding to C-131 not only in BChl, but also in

chlorophyll proteins, is indicated by a theoretical analysis of chlorophyll/polypeptide contacts at < 3.5 Å in the high-resolution structure of

Photosystem I. Nearly half of the 96 chlorophylls have aa residues suitable as hydrogen bond donors to their keto groups.

D 2003 Elsevier B.V. All rights reserved.
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1. Introduction ligands, to assemble to the helix-bundles in the membrane.
a-Helical, integral membrane proteins display surprising

simplicity in design, in spite of their wide and variable range

of functions in the cell. Their central structural element is

the transmembrane helix (TMH). Two or more TMH

associate, in many cases, with additional ligands or cofac-

tors to form distinctive membrane-spanning helix-bundles.

Advances have been made in understanding the factors and

forces that drive TMH devoid of prosthetic groups or
0005-2728/$ - see front matter D 2003 Elsevier B.V. All rights reserved.
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Abbreviations: (B)Chl, (bacterio)chlorophyll; LH, light-harvesting
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binding histidine
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At intramembrane helix–helix interfaces, interaction motifs

have been proposed with H-bonding as a key factor in the

helix–helix association [1]. In many cases, cofactors or

ligands contribute to helix–helix interactions. For example,

in photosynthetic proteins, (bacterio)chlorophylls ((B)Chl)

are frequently inserted into TMH bundles and contribute

extensively to the structure of (B)Chl-proteins (for recent

reviews see Refs. [2,3]). Often, they are strictly required for

correct folding and assembly of pigment protein complexes

(see e.g. [4–9]).

The best understood interaction of (B)Chl molecules in

their binding sites is the ligation of the central Mg ion by a

suitable protein ligand, frequently a histidine residue [10].

The complex structures of the natural (B)Chl with up to four

peripheral CMO groups, several asymmetric centers and the

long-chain esterifying alcohols, point to multiple types of

interactions between the Chl and the surrounding polypep-
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tide(s). Critical structural features have been identified for

several binding sites by pigment exchange experiments

[11,12]. Details of the interactions with carbonyl groups,

which are of particular interest due to their H-bonding

potential, have hitherto been particularly explored for the

acetyl group of BChl. H-bonding between the acetyl group

and neighbouring residues may modulate the functional

properties, such as the excitation energies of BChl a in

light-harvesting (LH) complexes from purple bacteria

[13,14], or (though still under some dispute [15]), the redox

energies of P870 in bacterial reaction centers [16]. H-

bonding interaction with the other conjugated carbonyl

group, the keto carbonyl at the isocyclic ring of BChl, has

hitherto been much less understood. In particular, there has

been, to the best of our knowledge, no site-selected mutant

specifically designed to modulate the H-bonding state of

these chemical groups within photosynthetic proteins.

Resonance Raman (RR) spectroscopy has been very

useful in dissecting the physicochemical mechanisms un-

derlying the interactions among (B)Chl and the surrounding

polypeptide [13,17]. In particular, RR is sensitive to inter-

molecular interactions of the C-131-keto and C-3-acetyl

groups conjugated to the macrocyclic k-system as well as

to the properties of their immediate polypeptide environ-

ments [18]. Low-energy shifts of up to 40 cm� 1 of the CMO

stretching modes are diagnostic of the strength of H-bond-

ing, while the dielectric constant (polarity) of the binding

pocket may tune their frequency by 10–20 cm� 1 [19]. H-

bonding interactions have thus been identified in photosyn-

thetic proteins, in particular, H-bonding to the 131 keto

carbonyl of BChl and possible partners were suggested

[20,21].

In a systematic approach to investigate structural and

functional aspects of BChl-proteins, in particular intramem-

brane interactions in the highly stable LH2 from Rhodo-

bacter (Rb.) sphaeroides in a membrane system, we have

started to express mutants modified in the membrane-

spanning region in a background strain of this organism

lacking all the BChl complexes [22]. Here, we focus on H-

bonding to C-131 by replacing serine at position � 41 of the

a-subunit (a-S(� 4)) of LH2 in Rb. sphaeroides, which

potentially participates in H-bonding to BChl-B850, with

alanine, the residue which occupies position � 4 in LH2-a

in most other purple bacteria [22,23]. The results suggest

that the 131-keto group of h-BChl-B8501 is strongly H-

bonded to the hydroxyl group of serine(� 4), yet disruption

of this bond neither significantly affects the stability nor the

structure of the complex. Extension of the theoretical

analysis beyond BChl proteins, to the nearly 100 binding

pockets of Chl a in Photosystem I (PSI) from Thermosy-

nechococcus elongatus (previously Synechococcus elonga-
1 The numbering specifies the aa position relative to the histidine,

designated His (0), which binds the central Mg of the a-BChl-850. The

number following BChl indicates the maximum absorption of the BChl’s

red most absorption band.
tus) [10], indicates that intramembrane H-bonding is not

uncommon between TMH residues and (B)Chl, in particular

C-131 keto carbonyl groups.
2. Materials and methods

2.1. Bacterial strains, plasmids, gene transfer and growth

conditions

The bacterial strains used in this work include E. coli

strain S17-1 ((thi pro hsdR � hsdM + recA RP4-2 (TcDmu

KanDTn7), Rb. sphaeroides strain DD13 (genomic deletion

of both pucBA and pufBALMX; insertion of SmR and KanR

genes, respectively) [24]. The mobilizable plasmids used

were based on pRKCBC1 (TcR, derivative of pRK415;

insertion of a 4.4 kb fragment encompassing pucBAC);

briefly, this expression vector contains the pucBA genes as

a 420 base pair KpnI–BamHI insert [24]. Growth conditions

for E. coli and Rb. sphaeroides were as described in Ref.

[25]. For E. coli, tetracycline was used at concentrations of

10 Ag/ml. For Rb. sphaeroides antibiotics were tetracycline

(1 Ag/ml) and neomycin (10 or 20 Ag/ml). Conjugative

transfer of plasmid from E. coli S17-1 to Rb. sphaeroides

was performed as described [25].

2.2. Construction of mutant LH2

For the construction of LH2 complex with alanine at

position � 4, a-S(� 4)A, by site-directed mutagenesis

(Quick change, Stratagene), pucA was subcloned into

Topo-TA using an engineered HindIII site between pucB

and pucA, just downstream of the stop codon of pucB, and a

BamHI site downstream of the pucA coding region.

2.3. Instrumentation

UV–Vis-absorbance spectra were recorded on a Lamda

25 spectrophotometer (Perkin Elmer), circular dichroism

(CD) spectra on a Dichrograph CD6 (Jobin Yvon). FT-

Raman spectra were recorded using a Bruker IFS 66

interferometer coupled to a Bruker FRA 106 Raman module

equipped with a continuous Nd:YAG laser, as described

previously [13].

2.4. Preparation of intracytoplasmic membranes

Membranes were prepared from cells grown semi-aero-

bically in the dark, by disruption in a French pressure cell

and subsequent centrifugation on a sucrose step gradient

[22].

2.5. Thermal denaturation of LH2

Purified membranes, wt LH2 and LH2 a-S(� 4)A were

adjusted to an A850 nm = 8 cm� 1 in Tris (10 mM, pH 8)



Fig. 1. Optical absorption (top) and CD spectra (bottom) of wt LH2 (—)

and LH2 a-S(� 4)A (- - -). Absorption spectra are vertically displaced for
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EDTA (1 mM) and placed into 1 mm thermostated cylin-

drical quartz cuvette. Samples were heated from 15 to 95 jC
at a constant rate of 1 jC min� 1 and the CD signal at 845

nm was recorded every 0.05 jC (integration time 0.2 s).

Thermal denaturation was irreversible and accompanied by

an increase in sample turbidity at higher T. The increase in

sample turbidity (as reproduced by the addition of milk to

LH2 membrane samples) does not significantly affect the

NIR-CD spectrum.

2.6. Modeling and statistical analysis

Modeling of the interaction between the a-TMH and the

BChl-B850 was done by use of the high resolution data of

Rhodopseudomonas (Rps.) acidophila [26]. Replacements

of a-TMH residues (Rps. acidophila>Rb. sphaeroides) and

subsequent energy minimizations were done using WebLab

Viewer 3.7. For the statistical analysis of Chl/polypeptide

contacts, the high-resolution structure of PSI from Thermo-

synechococcus [2] was investigated using the same soft-

ware. All protein atoms have been analysed within radii

V 3.5 Å around the keto carbonyl’s oxygen atoms at C-131,

C-133 and C-173 and the C-3 vinyl group.

clarity.
3. Results and discussion

In order to study possible H-bonding partners to the keto

carbonyls of BChl-B850 in LH2, a-serine(� 4) was rep-

laced by alanine. a-serine(� 4) is close to the isocyclic rings

of BChl-B850 and has been proposed to partake in H-

bonding to BChl-B850 [21,23]. The absorption and CD

spectra of purified membranes of wt LH2 complex and LH2

complex with a-S(� 4)A are nearly identical, with Qy

absorption at 849 nm, and a non-conservative, S-shaped

CD signal centered at 855 nm that is characteristic for the

CD signal of LH2 from Rb. sphaeroides (Fig. 1) [27]. Thus,

the exchange of serine by alanine at position � 4 in a-LH2

apparently neither results in significant alterations of the

BChl excitation energies, nor in the pigment arrangement.

The interaction state of BChl, especially its H-bonding

interactions with the surrounding polypeptide has been

examined in native LH2 and the a-S(� 4)A mutant by RR

spectroscopy of the BChl keto carbonyl stretching modes. In

apolar solvents and in the absence of H-bonding interac-

tions, the 131 keto stretching mode of BChl a is located at

1685 cm� 1, that of the 3-acetyl carbonyl group at 1663

cm� 1. Close to the bands arising from the stretching modes

of these groups, on the lower frequency side, there is a band

arising from the methine bridge stretching modes of the

(B)Chl molecules. This band, which is sensitive to the

conformation of the (B)Chl macrocycle, may be used for

comparing the intensity of the different bands from the

carbonyl stretching modes, thus assessing what happens in

this spectral region upon, e.g. a mutation. In the RR

spectrum of wt LH2, five bands in the carbonyl stretching
modes region (1620–1710 cm� 1) are resolved (Fig. 2),

similar to the findings in Ref. [23]. The bands at 1627 and

1635 cm� 1 have been attributed to the C-3 acetyl groups of

the BChl-B850 [13]. The stretching mode of the acetyl

carbonyl of the BChl-B800 also contributes in this frequen-

cy range, but it is very weak in FT-Raman spectra [28]. The

remaining bands have been attributed to the 131 keto

carbonyl of the BChl-B850 (1651 and 1677 cm� 1) and of

the BChl-B800 (1701) cm� 1 [23,29]. The considerable

downshift of one of the BChl-B850 131 CMO bands to

1651 cm� 1 has been proposed to reflect strong H-bonding

[23], while the band at 1677 cm� 1 is downshifted only by

about 8 cm� 1 relative to the band in organic solvent [19]. In

the a-S(� 4)A mutant, only three carbonyl bands are

resolved (Fig. 2) in the carbonyl region. The two low

frequency bands at 1627 and 1635 cm� 1 are replaced by

an intense 1630 cm� 1 band. The band at 1651 cm� 1 is

nearly absent, whereas that at 1677 cm� 1 gained intensity

and is slightly downshifted to 1674 cm� 1. The FT-Raman

spectrum of the Rb. sphaeroides a-S(� 4)A mutant is very

similar to the spectra of LH2 from Rb. capsulatus and Rps.

acidophila [23]. The merging of the 1627–1635 cm� 1

bands has already been observed previously in the LH2

spectra from Rb. sphaeroides G1C, which produces as the

major carotenoid neurosporene [30]. It has been attributed to

a minor reorganization of the carboxy terminal end of the a-

polypeptide, due to the change in the chemical structure of

the carotenoid. The similarity in the RR spectra indicate that

similar minor reorganization may occur upon the exchange

of serine(� 4) with alanine in a-S(� 4)A mutant. The main

change in the FT-Raman spectra of the a-S(� 4)A mutant



Fig. 3. Putative H-bonds at the BChl-B850/a-TMH interface in LH2

complexes from Rb. sphaeroides. In the high-resolution structure (PDB

file:1KZU) of Rps. acidophila [26], residues 18–37 of the a-subunit have

been replaced with residues 18–37 of the a-subunit of Rb. sphaeroides

(sequence P02946). Energy minimization has been carried out on the

replaced TMH stretch and the BChl-B850 carbomethoxy groups using the

molecular modeling and visualization software WebLab ViewerProk 3.7

(Molecular Simulations Inc.). For clarity, only the a-TMH, BChl-B850 and

a-serine(� 4) are depicted in detail. The hydroxyl hydrogen of serine and

the oxygen of the C-131, C133 and C173 carbonyl groups are shown as

spheres. Putative H-bonds to the C-131 carbonyl group of a-BChl-B850

and the C-173 carbonyl group of the h-BChl-B850, are indicated by dotted

lines.

Fig. 2. Resonance Raman spectra of wt LH2 (top) and LH2 a-S(� 4)A. The

shift of the 1651 cm� 1 band to 1677 cm� 1 is indicated by the arrow.
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LH2 is, however, the considerable shift of the 1651 cm� 1

band to 1674 cm� 1. This shift indicates that the H-bond to

the 131 keto carbonyl has been disrupted or significantly

weakened. This study thus constitutes the first direct exper-

imental evidence of such a strong H-bond between the

protein and the keto carbonyl group of one of the BChl-

B850 molecules.

To model putative H-bond(s) between the BChl-B850

and serine(� 4), the high-resolution structure of Rps. acid-

ophila was used to substitute residues 18–37 of the a-

subunit with the respective residues of the Rb. sphaeroides

(Fig. 3). In the vicinity ( < 3 Å) of the hydroxyl group of

serine(� 4), two CMO groups are found, i.e. the C-131-keto

carbonyl of h-BChl-B850 and the C-173 ester-carbonyl of

the a-BChl-B850. The distance between the hydrogen of the

serine OH-group to the C-131 oxygen is 2.4 Å and the angle

O–H–O is 112j, which compares favorably with the ideal

values of V 2.7 Å and 120j, respectively. The distance

between the hydroxyl hydrogen and the C-173 carbonyl

oxygen is only slightly larger (2.9 Å), but the angle between

the hydroxyl bond and the carbonyl oxygen of a-BChl-

B850 (78j) deviates significantly from the ideal angle. This

would support an H-bond to the 131 CMO group of h-BChl-
B850 (and the assignment of the 1651 cm� 1-Raman band to

this pigment) in wt LH2 from Rb. sphaeroides. The next

nearest CMO group (C-133 of h-BChl-B850) is located

approximately 5 Å from the hydroxyl group, which is too

far for an H-bond. It should be mentioned, however, that

there is currently no force field available for BChl, and

energy minimization therefore does not include the BChl

macrocycles. While this limits the model, significant rear-

rangements of the pigments are unlikely from the conser-

vation of the CD in the a-S(� 4)A mutant. We may thus

conclude, (taking into account the Rps. acidophila struc-

ture), that the H-bond is formed between the keto carbonyl

group of the BChl-B850, which is bound to the h-polypep-
tide, and the serine(� 4) of the a-polypeptide. In wt LH2

from Rb. sphaeroides, the 1651 and 1677 cm� 1 bands thus
arise from the keto carbonyl groups of the h-bound and a-

bound BChl-B850 molecules, respectively. This attribution

is consistent with the observation that FT-Raman spectra of

LH2 proteins which exhibit in their primary sequence an

alanine at position � 4 (such as Rps. palustris, Rb. capsu-

latus, Rps. acidophila), closely resemble the spectrum of

mutant LH2 a-S(� 4)A [23], while that of LH2 from Rb.

sulphidophilus (now Rhodovulum sulphidophilum), the only

other species with serine at position � 4, closely resembles

the FT-Raman spectra of wt LH2 from Rb. sphaeroides.

Curiously, the stretching frequency of the keto carbonyls

seem shifted even in the absence of serine to somewhat

lower energies (1670 cm� 1 in Rps. acidophila) compared to

that in aprotic solvent, indicative of either a polar environ-

ment around the keto carbonyl [19] or a weak H-bond even

in the absence of serine(� 4). Recently, high-resolution

structural data have suggested that CH groups, such as

methyl hydrogens, could act as H-bond donors [31,32]

(for a recent review, see Ref. [33]). It therefore may be

possible that the alanine residue at position � 4 is involved

in weak H-bond interactions with the C-131 keto carbonyl,

and that this bond may be accountable for the shift of the

stretching mode tof 1674 cm� 1 compared tof 1680

cm� 1 in organic solvent. Based on the structural data,

statistical potentials have been developed to quantitatively



Fig. 4. Thermal denaturation of wt and mutant LH2. Changes of the CD

signal at 845 nm during heating of suspended membranes containing wt

LH2 (filled circles) and of LH2 a-S(� 4)A (open circles). The transition

temperatures Tm of wt LH2 and LH2 a-S(� 4)A are indicated by the

arrows. Heating speed: 1 jC min� 1.
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estimate the energy of such H-bonds. Accordingly, H-

bonding to methyl hydrogens have been estimated to

amount to about 2 kJ/mol [34]. The 15 cm� 1 downshift

of the keto carbonyl band as observed in the presence of

serine(� 4), however, has been correlated with stronger H-

bonding (f 10 kJ/mol) [35].

Alternatively, the polar NH groups of the liganding

histidine residues, which do not participate in complexation

of the central Mg atom, are also close (less than 4 Å) to the

BChl-B850 keto groups [26]. The presence of this highly

dipolar imidazole side chain in the environment of these

carbonyl groups may explain their low frequency. In LH1,

the downshifts of the stretching frequency of the keto

carbonyl groups to 1660 cm� 1 as compared to free CMO

groups at around 1685 cm� 1 have been shown to be related

to the presence of the liganding histidines, possibly by

formation of H-bonds between the histidine’s NH group

and the keto carbonyl of the red-most absorbing BChl

molecules [20].

H-bonding to (B)Chl 131 keto carbonyl group has been

clearly recognized in antenna–RC complex [36,37], in PSI

[38] and in bacterial reaction centers [16,39,40]. However,

there is little information whether such H-bonding interac-

tions affect the excitation energies of the bonded (B)Chl,

and whether it contributes to the complex’s stability. H-

bonding to the acetyl carbonyl groups of BChl seems to be

correlated with red-shifting of the Qy band for both mono-

meric and coupled BChl molecules [13,23,28,41], although

the underlying mechanism for the red shift is still not

completely understood. In contrast, the electronic absorption

spectra of the Rb. sphaeroides a-S(� 4) mutant LH2 is very

similar to that of the wt LH2 (Fig. 1). Therefore, it appears

that, in these complexes at least, protein-BChl H-bonds

involving the C-131 keto carbonyl do not significantly

influence the electronic properties of the BChl molecules,

contrary to what had been proposed from molecular

calculations [42].

To explore the effect of the identified H-bond on the

thermal stability of LH2, we monitored the CD signal of wt

and mutant complexes in their native lipid environment

during heat denaturation (Fig. 4). LH2 complexes exhibit

irreversible, cooperative thermal unfolding transitions and

can be described as an irreversible two state process [43]. In

the case of the irreversible two-state process, the denatur-

ation is kinetically controlled and thus depends on the

heating rate. At a heating rate of 1 jC min� 1, the melting

temperature of wt LH2 in purified membranes (Tm= 68 jC)
is very similar to the Tm value of LH2 in octylglucoside and

is distinct from the Tm in LDAO [44]. Interestingly, the

denaturation process within the native membrane covers a

much wider temperature range compared to the process in

detergent. In addition, denaturation is accompanied by a

strong increase in the sample turbidity (not shown), indic-

ative of major reorganization of the lipid bilayer during LH2

disassembly [45]. The denaturation curve of the LH2 mutant

a-S(� 4)A is very similar to that of the wt LH2. It is
similarly broad and its Tm is only slightly reduced to 65

jC, indicating only a minor decrease, if any, in the thermal

stability of LH2 a-S(� 4)A. This is further supported by

very similar expression levels for wt LH2 and LH2 a-

S(� 4)A (nor shown). It should be emphasized again that

this study has been performed using purified membranes.

Under these conditions, which may be considered near

native, the strong H-bond between serine(� 4) and the C-

131 keto carbonyl of the BChl-B850 apparently does not

contribute significantly to the stability of the fully assem-

bled LH2 complex.

Given that wt LH2 is comprised of nine ah-protomers,

and that each H-bond should ideally contribute 20–24 kJ/

mol [46], it is somewhat surprising that there is hardly a

difference in melting temperatures between wt and mutant

complex. However, the contributions of intramembrane H-

bonds to the overall conformational stability seem to vary

and are not yet understood. For instance, single strongly

polar amino acids (e.g. Gln, Arg) were sufficient to drive

helix–helix interactions in model TMH systems [47,48],

while single amino acids of the less polar residues (Ser, Thr)

were not able to promote significant helix–helix association

[48,49]. Specific combinations of serine and threonine

residues have been shown to participate in cooperative

and stabilizing helix–helix interactions [50]. Intrahelical

H-bonds involving single serine residues, however, have

even been shown to destabilize TMHs by promoting bends

in the backbone possibly facilitating conformational

changes in membrane proteins [51].

The H-bond which has been identified between the C-131

keto carbonyl of the h-BChl-B850 and a-serine(� 4) in this

study does not seem to be a major factor for the stability of

LH2. One possible explanation could be that the serine’s

hydroxyl hydrogen is substituted by another, weaker H-

bond donor in the mutant a-S(� 4), involving either a-
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alanine(� 4), or the nearby a-histidine(0). Formation of a

hydrogen bond between these residues and BChl may partly

compensate for the loss of the H-bond to the OH of

serine(� 4) and at the same time may be accountable for

the relatively low stretching frequency (1674 cm� 1 com-

pared to 1685 cm� 1 in organic solvent) of the keto group

even in the absence of serine(� 4) (Fig. 2). However, if such

a bond is formed, it should be weaker than the H-bond with

the hydroxyl group of serine (� 4), as noticeable from the

pronounced upshift of the Raman stretching of the keto

carbonyl (Fig. 2). Therefore, to account for the comparable

thermal stability of wt LH2 and LH2 a-S(� 4)A, additional

alteration, such as favorable packing effects, may take effect

which could compensate for the loss of the H-bonding

energy.

As discussed before, H-bonds to C-131 are not uncom-

mon in BChl proteins. We therefore undertook a search if

such bonds are also found in chlorophyll proteins, contain-

ing Chl a, a pigment lacking the 3-acetyl group and

preserving only the one at C-131. The immediate environ-

ment was searched around the C-131, C-133 and C-173

carbonyl groups in the Chl binding pockets of PSI from

Thermosynechococcus [10]. The 96-well resolved Chl mol-

ecules currently provide the largest database suitable for a

statistical analysis. Chl-polypeptide contacts are shown in

Fig. 5 for the C-131, C-133, and C-173 carbonyl groups, at

radii V 3.5 Å around the oxygens. They are categorized

into ‘non-polar’ and ‘polar’, the latter including charged

atoms of H-bonding potential. Similar contacts with the

non-polar C-3 vinyl group of Chl a are also shown for

comparison. Of the three CMO groups, the one at C-131

has significantly higher percentages of polar contacts than

the other two (and the C-3 vinyl groups). ‘Polar’ contacts
Fig. 5. Chl a–apoprotein interactions in PSI. Contact atoms at V 3.5 Å

distance from the 131, 133 and 173 carbonyl oxygens, as well as the 32

carbon of the 3-vinyl group, have been categorized into ‘non-polar’ and

‘polar’ groups. Potential H-bonds to ‘polar’ atoms have been identified by

use of the WebLab ViewerProk 3.7. Numbers of contacts and H-bonds are

shown for the keto carbonyl oxygens at C-133 (white columns), at C-131

(black columns) and at C-173 (dark grey columns), and for the vinyl groups

at C-3 (light grey columns). All contacts (rV 3.5 Å) are listed between Chl

a and the apoproteins. ‘Polar’ groups also include H-bond contacts.
around the C-131 oxygen are almost as frequent as ‘non-

polar’ ones, and of the former nearly 60% potentially

participate in H-bonds judged on the intermolecular dis-

tances and angles. While H-bonds cannot be positively

identified in the crystal structure, the RR findings that a

considerable fraction of the keto carbonyls of antenna Chl

in PSI is being involved in H-bonding strongly supports

this analysis [36,37]. The protein groups participating in

these bonds include backbone NH (10� ), heteroatoms of

aromatic residues (13� Trp and Tyr, 7� His), side chain

amino (2� Lys), guanidinium (5� Arg), amide (5� Asn

or Gln), and hydroxyl groups (4� Ser or Thr). The RR

spectra suggest that the H-bonds to the C-131 keto carbonyl

diverge in strength [36], which agrees well with our

findings of a high variation in the nature of H-bond donors.

In contrast, about 80% of the contacts with the C-3 vinyl

groups are ‘non-polar’ and, obviously, no potential H-

bonds are found at these positions. This shows that, in

spite of the predominantly intramembrane location of Chl,

the Chl’s keto carbonyls frequently interact with ‘polar’

protein groups and apparently are H-bonded to the TM

domains. It should be pointed out that in the structure of

PSI, eight alanine residues are found in close vicinity

( < 3.5 Å) of the C-131 keto, and in seven of these

methyl-hydrogens are found at distances and angles close

to the ones ideal for H-bonding (not shown).

Besides the C-131 carbonyl groups, the C-133 and C-173

carbonyl groups are also involved in potential H-bonding,

even if to a notably lower extent. Yet, while the total number

of C-133 CMO contacts is approximately equal to that of the

C-131 CMO, only f 25% of them are ‘polar’ and compar-

atively fewer potential H-bonds are detected (Fig. 4).

Among them, hydroxyl groups are relatively frequent, four

H-bonds out of twelve involve the OH of serine residues.

The C-173 groups, which are linked to the long, hydrocar-

bon phytol tail, are clearly less frequently involved in both

polar and non-polar interactions: there are only about 40%

of total contacts compared to C-131 or -133, with again half

of them polar (6� His 1� Arg, 1� Asn, 1� Tyr).

Among the latter, H-bonds are frequent with the histidines

that ligand the central Mg of the Chl. Thus, it appears that

H-bonding between the apoproteins and keto carbonyls, in

particular, C-131, is a consistent feature in PSI, too. Future

work will be required to take apart the significance of H-

bonding, in particular of hitherto unrecognized H-bonds, for

assembly and stability of membrane-embedded (B)Chl pro-

tein complexes.
4. Conclusions

In conclusion, the C-131 keto carbonyl of one of the

BChl, most likely h-BChl-B850, in the photosynthetic

antenna, LH2 of Rb. sphaeroides, is strongly H-bonded.

Yet, disruption of this H-bond, which seems frequent in

bacterial photosynthetic proteins, apparently neither alters
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the strongly red-shifted absorption nor the structural ar-

rangement of the BChl-B850, and only slightly decreases

the thermal stability of LH2. With alanine consistently

replacing serine in most LH2 from other purple bacteria,

weak H-bonding may be involved in this compensation,

either directly with this alanine or with the nearby histidine.

The occurrence of H-bonding to the 131-CMO group of Chl

a seems to be frequent as well. Statistical analysis of the 96

binding sites of PSI confirm that the C-131 keto carbonyl

groups are repeatedly involved in H-bond interactions.

Together with vibrational spectroscopy of these and other

proteins, this shows that intramembrane H-bonding between

TMH’s residues and (B)Chl, in particular C-131 keto car-

bonyl group, which is present in all known chlorophylls, is

indeed widespread in photosynthetic proteins.
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[19] K. Lapouge, A. Näveke, J.N. Sturgis, G. Hartwich, D. Renaud, I.

Simonin, M. Lutz, H.a. Scheer, B. Robert, Non-bonding molecular

factors influencing the stretching wavenumbers of the conjugated

carbonyl groups of bacteriochlorophyll a, J. Raman Spectrosc. 29

(1998) 1–6.

[20] J.D. Olsen, J.N. Sturgis, W.H. Westerhuis, G.J. Fowler, C.N. Hunter,

B. Robert, Site-directed modification of the ligands to the bacterio-

chlorophylls of the light-harvesting LH1 and LH2 complexes of Rho-

dobacter sphaeroides, Biochemistry 36 (1997) 12625–12632.

[21] E. Katsiou, J.N. Sturgis, B. Robert, M.H. Tadros, Heterologous ex-

pression of genes encoding bacterial light-harvesting complex II in

Rhodobacter capsulatus and Rhodovulum sulfidophilum, Microbiol.

Res. 153 (1998) 189–204.

[22] P. Braun, J. Olsen, B. Strohmann, C.N. Hunter, H. Scheer, Assembly

of light-harvesting bacteriochlorophyll in a model transmembrane

helix in its natural environment, J. Mol. Biol. 318 (2002) 1085–1095.

[23] J.N. Sturgis, V. Jirsakova, F. Reiss-Husson, R.J. Cogdell, B. Robert,

Structure and properties of the bacteriochlorophyll binding site in

peripheral light-harvesting complexes of purple bacteria, Biochemis-

try 34 (1995) 517–523.

[24] M.R. Jones, G.J. Fowler, L.C. Gibson, G.G. Grief, J.D. Olsen, W.

Crielaard, C.N. Hunter, Mutants of Rhodobacter sphaeroides lacking

one or more pigment–protein complexes and complementation with

reaction-centre, LH1, and LH2 genes, Mol. Microbiol. 6 (1992)

1173–1184.

[25] G.J. Fowler, A.T. Gardiner, R.C. Mackenzie, S.J. Barratt, A.E. Sim-

mons, W.H. Westerhuis, R.J. Cogdell, C.N. Hunter, Heterologous

expression of genes encoding bacterial light-harvesting complexes in

Rhodobacter sphaeroides, J. Biol. Chem. 270 (1995) 23875–23882.

[26] G. McDermott, S.M. Prince, A.A. Freer, A.M. Hawthornthwaite-Law-

less, M.Z. Papiz, R.J. Cogdell, N.W. Isaacs, Crystal structure of an

integral membrane light-harvesting complex from photosynthetic bac-

teria, Nature 374 (1995) 517–521.

[27] S. Georgakopoulou, R.N. Frese, E. Johnson, C. Koolhaas, R.J. Cog-

dell, R. van Grondelle, G. van der Zwan, Absorption and CD spec-

troscopy and modeling of various LH2 complexes from purple

bacteria, Biophys. J. 82 (2002) 2184–2197.

[28] A. Gall, G.J. Fowler, C.N. Hunter, B. Robert, Influence of the protein

binding site on the absorption properties of the monomeric bacterio-



P. Braun et al. / Biochimica et Biophysica Acta 1607 (2003) 19–2626
chlorophyll in Rhodobacter sphaeroides LH2 complex, Biochemistry

36 (1997) 16282–16287.

[29] B. Robert, M. Lutz, Structures of antenna complexes of several Rho-

dospirillales from their resonance Raman spectra, Biochim. Biophys.

Acta 807 (1985) 10–23.

[30] A. Gall, R. Cogdell, B. Robert, Influence of carotenoid molecules on

the structure of the bacteriochlorophyll binding site in peripheral

light-harvesting proteins from Rhodobacter sphaeroides, Biochemis-

try 42 (2003) 7252–7258.

[31] B. Ho, P.M. Curmi, Twist and shear in beta-sheets and beta-ribbons,

J. Mol. Biol. 317 (2003) 291–308.

[32] E.L. Ash, J.L. Sudmeier, R.M. Day, M. Vincent, E.V. Torchilin, K.C.

Haddad, E.M. Bradshaw, D.G. Sanford, W.W. Bachovchin, Unusual

1H NMR chemical shifts support (His) Cq 1. . .OMC H-bond: pro-

posal for reaction-driven ring flip mechanism in serine protease cat-

alysis, Proc. Natl. Acad. Sci. U. S. A. 97 (2000) 10371–10376.

[33] G.R. Desiraju, Hydrogen bridges in crystal engineering: interactions

without borders, Acc. Chem. Res. 35 (2002) 565–573.

[34] L. Jiang, L. Lai, CH. . .O hydrogen bonds at protein–protein inter-

faces, J. Biol. Chem. 277 (2002) 37732–37740.

[35] B. Zadorozhnyi, I. Ishchenko, Hydrogen bond energies and band

shifts of the stretching vibrations of C:O groups, Opt. Spectrosc. 19

(1965) 306–308.

[36] U. Liebl, W.A. Nitschke, T.A. Mattioli, Pigment–protein interactions

in the antenna – reaction center complex of Heliobacillus mobilis,

Photochem. Photobiol. 64 (1996) 38–45.

[37] P. Moenne-Loccoz, B. Robert, I. Ikegami, M. Lutz, Structure of the

primary electron donor in photosystem I: a resonance Raman study,

Biochemistry 29 (1990) 4740–4746.

[38] H. Witt, E. Schlodder, C. Teutloff, J. Niklas, E. Bordignon, D. Car-

bonera, S. Kohler, A. Labahn, W. Lubitz, Hydrogen bonding to P700:

site-directed mutagenesis of threonine A739 of photosystem I in

Chlamydomonas reinhardtii, Biochemistry 41 (2002) 8557–8569.

[39] T.A. Mattioli, K.A. Gray, M. Lutz, D. Oesterhelt, B. Robert, Reso-

nance Raman characterization of Rhodobacter sphaeroides reaction

centers bearing site-directed mutations at Tyrosine M210, Biochem-

istry 30 (1991) 1715–1721.

[40] J.M. Hughes, M.C. Hutter, J.R. Reimers, N.S. Hush, Modeling the

bacterial photosynthetic reaction center: 4. The structural, electro-
chemical, and hydrogen-bonding properties of 22 mutants of Rhodo-

bacter sphaeroides, J. Am. Chem. Soc. 123 (2001) 8550–8563.

[41] J.N. Sturgis, J.D. Olsen, B. Robert, C.N. Hunter, Functions of con-

served tryptophan residues of the core light-harvesting complex of

Rhodobacter sphaeroides, Biochemistry 36 (1997) 2772–2778.

[42] E. Gudowska-Nowak, M.D. Newton, J. Fajer, Conformational and

environmental effects on bacteriochlorophyll optical spectra: correla-

tions of calculated spectra with structural results, J. Phys Chem. 94

(1990) 5795–5801.

[43] J.S. Landin, M. Katragadda, A.D. Albert, Thermal destabilization of

rhodopsin and opsin by proteolytic cleavage in bovine rod outer seg-

ment disk membranes, Biochemistry 40 (2001) 11176–11183.

[44] M. Ishimura, S. Honda, H. Uedaira, T. Odahara, J. Miyake, Thermal

denaturation of photosynthetic membrane proteins from Rhodobacter

sphaeroides, Thermochim. Acta 266 (1995) 355–364.

[45] A.I. Polozova, G.E. Dubachev, T.N. Simonova, L.I. Barsukov, Tem-

perature-induced micellar– lamellar transformation in binary mixtures

of saturated phosphatidylcholines with sodium cholate, FEBS Lett.

358 (1995) 17–22.

[46] A. Senes, M. Gerstein, D.M. Engelman, Statistical analysis of amino

acid patterns in transmembrane helices: the GxxxG motif occurs fre-

quently and in association with beta-branched residues at neighboring

positions, J. Mol. Biol. 296 (2000) 921–936.

[47] F.X. Zhou, M.J. Cocco, W.P. Russ, A.T. Brunger, D.M. Engelman,

Interhelical hydrogen bonding drives strong interactions in membrane

proteins, Nat. Struct. Biol. 7 (2000) 154–160.

[48] H. Gratkowski, J.D. Lear, W.F. DeGrado, Polar side chains drive the

association of model transmembrane peptides, Proc. Natl. Acad. Sci.

U. S. A. 98 (2001) 880–885.

[49] F.X. Zhou, H.J. Merianos, A.T. Brunger, D.M. Engelman, Polar res-

idues drive association of polyleucine transmembrane helices, Proc.

Natl. Acad. Sci. U. S. A. 98 (2001) 2250–2255.

[50] A. Senes, I. Ubarretxena-Belandia, D.M. Engelman, The Ca–H. . .O

hydrogen bond: a determinant of stability and specificity in trans-

membrane helix interactions, Proc. Natl. Acad. Sci. U. S. A. 98

(2001) 9056–9061.

[51] J.A. Ballesteros, X. Deupi, M. Olivella, E.E. Haaksma, L. Pardo,

Serine and threonine residues bend alpha-helices in the chi(1) =

g(�) conformation, Biophys. J. 79 (2000) 2754–2760.


	Identification of intramembrane hydrogen bonding between 131 keto group of bacteriochlorophyll and serine residue alpha27 in the LH2 light-harvesting complex
	Introduction
	Materials and methods
	Bacterial strains, plasmids, gene transfer and growth conditions
	Construction of mutant LH2
	Instrumentation
	Preparation of intracytoplasmic membranes
	Thermal denaturation of LH2
	Modeling and statistical analysis

	Results and discussion
	Conclusions
	Acknowledgements
	References


