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a b s t r a c t

The hopanoid products synthesized by two mutant strains of Methylobacterium together suggest a bio-
synthetic pathway for the formation of the hopanoid side chain. Mutants deficient in the gene hpnH lack
side chains entirely, while those deficient in hpnG accumulate adenosylhopane. These results are in accor-
dance with adenosylhopane as a precursor to extended hopanoids and suggest that adenine is subse-
quently cleaved, possibly forming phosphoribohopane. We propose that the great diversity of
microbial bacteriohopanepolyols and composite hopanoids reflects processes occurring downstream of
this intermediate.

� 2010 Elsevier Ltd. All rights reserved.
1. Introduction

Hopanoids are pentacyclic triterpenoids used widely as bio-
markers for bacterial productivity in ancient and modern environ-
ments (Brocks and Summons, 2004). It has been proposed that
hopanoid side chain structures carry taxonomic and/or physiolog-
ical information (Talbot and Farrimond, 2007) and recent develop-
ments in analytical technology now allow rapid elucidation of
hopanoid distributions in natural environments (Talbot et al.,
2007). However, our increased understanding of hopanoid struc-
tural diversity has come without similar gains in unraveling how
this diversity is linked to hopanoid sources (Talbot et al., 2008)
and only limited information is available regarding hopanoid func-
tion (Welander et al., 2009). In addition, studies on pure cultures
are laborious and can never be applied to the full range of hopanoid
producing bacteria, some of which may not be cultivable, or which
may not produce hopanoids under all conditions (Poralla et al.,
2000). The factors influencing composite side chain hopanoid
products therefore remain largely undiscovered.

Identifying the genes responsible for various hopanoid modifi-
cations will provide tools to predict their structures based on geno-
mic or metagenomic sequence information. Similar approaches
have been used with the squalene–hopene cyclase gene to detect
putative hopanoid biosynthetic capacity in bacterial cultures
(Fischer et al., 2005; Hartner et al., 2005) and the environment
(Pearson and Rusch, 2008; Pearson et al., 2009).

In this study, we identify the first two steps in the formation of
hopanoid side chains. We suggest the pathway involves addition of
ll rights reserved.
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the adenosyl moiety from S-adenosyl methionine, followed by loss
of adenine. This mechanism sheds light on some of the hopanoid
structures observed in the environment and it suggests the possi-
bility that some of the observed diversity of extended hopanoids
could be affected by diagenesis or degradation, rather than solely
by physiological synthesis.
2. Methods

2.1. Construction of plasmids and generation of strains

Mutant strains of Methylobacterium extorquens AM1 (hereafter
referred to as Methylobacterium) were constructed as described in
Marx (2008). The target genes were chosen because they are asso-
ciated with a cluster of genes that co-occur with squalene–hopene
cyclase in several genomes (Perzl et al., 1998). In Methylobacterium,
the operon structure of hpnH and hpnG suggests that disruption of
these genes is unlikely to lead to polar effects. DNA sequences
flanking the upstream and downstream regions of each target gene
(hpnH and hpnG) were amplified by PCR, cloned into pCR2.1-TOPO
(Invitrogen, Carlsbad, CA, USA), sequenced and then introduced
into the broad-host-range allelic exchange vector pCM433 (Marx,
2008). The plasmid for excision of hpnH was generated by amplify-
ing the region upstream of hpnH using primers AB-15uf (GAC-
GTCCGCGAAGAGCTCGATAAAGA) and AB-15ur (CATATGATCTTCG
CGACGTACCGTAT), the product of which was cloned into pCR2.1-
TOPO, and subsequently into pCM433 using the restriction enzymes
AatII and NdeI. The downstream flank of hpnH was generated by PCR
using primers AB-15df (GGGCCCACCGCTTACCATGAGAGACC) and
AB-15dr (ACGCGTCATGACCGTTGCCGATAAG), then cloned into
pCR2.1-TOPO, and subsequently, with ApaI and MluI, cloned into
the vector containing the upstream flank, yielding pAB32. The
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plasmid for excision of hpnG was generated by amplifying the
region upstream of hpnG with primers AB-16uf (GACGTCCCAGAAG
CACTTCCTCAACC) and AB-16ur (CATATGACGCCCTTGAAATGAAA-
AGA), which was cloned into pCR2.1-TOPO and then into pCM433
using AatII and NdeI. The downstream region was generated with
AB-16df (GGGCCCGAAGCTCTGGGTCAGGAACA) and AB-16dr (ACC
GGTTCACCAAACCGATCTCACAA), cloned into pCR2.1-TOPO, and
then into the final plasmid with ApaI and AgeI, yielding pAB34.
The sequences of pAB32 and pAB34 have been deposited in GenBank
(Accession numbers GU952841–GU952842).

These constructs were conjugated from Escherichia coli into
wild-type strain CM501 (Marx, 2008), where selection for the tet-
racycline resistance gene on pCM433 resulted in strains with a sin-
gle-crossover homologous recombination. Subsequent plating onto
succinate agar containing sucrose (5% w/v) selected against the
lethal sacB locus, resulting in a second recombination event that
removed the integrated plasmid to leave behind the deleted (or
original) allele. Regions of the chromosome including the deleted
sequence were amplified by PCR and sequenced to confirm gener-
ation of the desired unmarked deletion. Table 1 details the plasmid
used to generate each mutant, the locus on the Methyobacterium
chromosome of the amplified upstream and downstream flanks,
and the region deleted as confirmed by PCR and sequencing.
2.2. Media, growth condition and lipid analysis

Methylobacterium strains were grown at 30 �C in a minimal
medium (Lee et al., 2009) with 15 mM succinate as the carbon
source. E. coli strains were grown at 37 �C on Luria–Bertani agar.
Antibiotics added for selection were at the following concentra-
tions: ampicillin 50 lg/ml, chloramphenicol 20 lg/ml, kanamycin
50 lg/ml, rifamycin 50 lg/ml, streptomycin 35 lg/ml and tetracy-
cline 10 lg/ml.

Lipids were extracted from 10 ml of culture grown to a final
optical density of at least 0.35 following the method of Bligh and
Dyer (1959). Total lipid extracts were analyzed following methods
Table 1
Plasmid names and resulting strain numbers used in this study, indicating the target gene
for each gene’s coding sequence), the upstream and downstream flanks inserted into each p
region in mutant strains. Numbers refer to the nucleotide numbers within the Methylobac

Strain Plasmid target Coding region

CM2180 pAB32 hpnH 3838139–3839302
CM2181 pAB34 hpnG 3839497–3840204

Table 2
Genes hypothetically involved in hopanoid biosynthesis. AM1 locus refers to the CoDing Se
References indicate the publication in which each gene’s function was demonstrated or hyp
function; 5: Hausmann et al. (2009) and 6: Welander et al. (2010).

Gene Annotation AM1 locus

hpnA Hopanoid associated sugar epimerase Meta1_1814
hpnB Putative glycosyltransferase No homolog
hpnC Squalene synthase Meta1_1815
hpnD Putative dehydrosqualene synthase Meta1_1816
hpnE Putative dehydrosqualene reductase Meta1_1817
hpnF Squalene–hopene cyclase Meta1_1818
hpnG Nuceloside phosphorylase Meta1_3691
hpnH Hopanoid biosynthesis associated radical SAM protein Meta1_3690
hpnI Glycosyltransferase Meta1_3685
hpnJ Hopanoid biosynthesis associated radical SAM protein Meta1_3690
hpnK Hopanoid biosynthesis associated protein (ydjC) Meta1_3687
hpnL Conserved hypothetical protein Meta1_3683
hpnM Hopanoid biosynthesis associated membrane protein No homolog
– Conserved hypothetical protein Meta1_3688
hpnN RND superfamily exporter Meta1_3689
hpnP Hopanoid A-ring methylase Meta1_4400
previously established (Talbot et al., 2003a,b, 2007), using a Ther-
mo Surveyor LC interfaced to an LTQ-MS. Hopanoids were identi-
fied by comparison of retention times and mass spectra to
published information (Talbot et al., 2003a,b, 2007) and to samples
with previously established hopanoid composition, including Rho-
dopseudomonas palustris CGA-009 and Crocosphaera watsonii
WH801. For hopanoid analysis by GC-MS the total lipid extract
was subjected to periodic acid oxidation and then reduced with
NaBH4 (Rohmer et al., 1984) and subsequently derivatized with
acetic anhydride or N,O-bis(trimethylsilyl)trifluoro-acetamide
(BSTFA + 1% TMCS) in the presence of pyridine. The limit of detec-
tion for individual lipids was approximately 1 ng per lg of total li-
pid extract.
3. Results

Wild-type Methylobacterium has hopanoid genes encoded
mainly in three gene clusters (Table 2). When grown on succinate
in liquid media it accumulates diploptene (I) diplopterol (II), meth-
yldiplopterol (III), trace bacteriohopanetetrol (BHT, IV), BHT cycli-
tol ether (V) and guanidine-substituted BHT cyclitol ether (VI),
similar to other Methylobacterium strains (Knani et al., 1994).
Approximately 63% of diplopterol is methylated. The mutant strain
DhpnH (CM2180) produces only I, II and III, i.e., it does not accumu-
late any hopanoids > C31 (Fig. 1). The DhpnG mutant strain
(CM2181) accumulates I, II, III and it also accumulates adenosylho-
pane (VII). It does not, however, accumulate any bacteriohopanete-
trol (IV), BHT cyclitol ether (V) or guanidine-substituted BHT
cyclitol ether (VI) (Fig. 2).

The products accumulated in mutants lacking hpnH and hpnG
can be interpreted by comparison of the deleted genes to homologs
of known function. The genome annotation for Methylobacterium
classifies hpnH as encoding a Radical SAM superfamily enzyme
and its classification in the InterPro database (Hunter et al.,
2009) supports this annotation. Radical SAM enzymes rely on S-
adenosyl methionine (SAM) as a substrate. Similar assessment of
of each plasmid (excised from resulting strain), the target region (nucleotide numbers
lasmid and the excised region based on PCR amplification and sequencing of the target
terium extorquens AM1 genome (Vuilleumier et al., 2009).

Upstream flank Downstream flank Deleted region

3837610–3838171 3839315–3839835 3838172–3839315
3838762–3839377 3840333–3840862 3839377–3840332

quence (CDS) number in the genome of M. extorquens AM1 (Vuilleumier et al., 2009).
othesized 1: Perzl et al. (1998); 2: Reipen et al. (1995); 3: This work; 4: Hypothesized

Hypothesized or known function Reference

Involved in side chain formation 1
Involved in side chain formation 1
Synthesis of squalene 1
Synthesis of squalene – alternative pathway 1
Synthesis of squalene – alternative pathway 1
Formation of hopanoid cyclic backbone 2
Cleavage of adenine from side chain 3
Addition of adenosyl group to side chain 3
Possibly involved in side chain formation 4
Possibly involved in side chain formation 4
Possibly involved in side chain formation 4
Possibly involved in side chain formation 4
Possibly involved in side chain formation 4
Unknown. Occurs only in Methylobacterium spp. 4
Probable hopanoid transporter, similar to eukaryotic Ptc 5
Methylates A ring at C2 6
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Fig. 1. GC-MS chromatogram showing hopanoid products in (a) wild-type Meth-
ylobacterium (peak representing structures IV + V + VI is the TMS derivative of the
alcohol product after periodic acid oxidation and NaBH4 reduction) and (b) the
DhpnH mutant strain. The mutant strain lacks hopanoids > C31.
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Fig. 2. LCMS partial chromatogram showing extended hopanoids in (a) wild-type
Methylobacterium (b) DhpnG mutant strain. The chromatogram is a combination of
ions m/z 655 + 746 + 1002 + 1086, the molecular ions for IV, VII, V and VI,
respectively.
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hpnG reveals that it belongs to a large family of genes that encode
purine nucleoside phosphorylases (PNPs), which act to cleave a
nucleoside (like adenosine) into a nucleobase plus a phosphory-
lated ribose (Mao et al., 1997; Silva et al., 2007).
4. Discussion

The pattern of hopanoid accumulation in these two strains is
consistent with the functions predicted for their respective mu-
tated genes. The prediction for the function of each gene derives
from the general function of homologous genes within the same
the gene family. We suggest that the enzyme encoded by hpnH is
responsible for the transformation of I to adenosylhopane (VII).
The enzyme encoded by hpnG then cleaves adenine from
adenosylhopane.

Based on its homology to other genes, hpnH encodes a radical
SAM enzyme. The absence of hpnH in Methylobacterium yields
hopanoids with no side chains. The C5 unit of extended hopanoid
side chains is known to originate from a ribosugar (Flesch and Roh-
mer, 1988; Neunlist et al., 1988; Rohmer et al., 1989), although to
date the origin of this ribose has remained unknown. Our pathway
suggests it is derived from the adenosyl group of SAM. Many rad-
ical SAM enzymes such as hpnH generate a 50-deoxyadenosyl rad-
ical (Layer et al., 2004), which could serve as the adenosyl donor to
the double bond of I (Fig. 3).

The DhpnG mutant strain of Methylobacterium accumulates only
a single extended hopanoid: adenosylhopane. This is consistent
with the mechanism proposed above. The hpnG gene is located
downstream of hpnH and disruption of hpnG leads to the accumu-
lation of adenosylhopane, because our hpnG mutant still contains a
functional copy of the adenosylating hpnH. Adenosylhopane has
been previously proposed as a hopanoid intermediate based on
the correlation of the stereochemistry in IV and VII (Neunlist
et al., 1988). We postulate that adenosylhopane is an essential
intermediate in hopanoid synthesis not only in Methylobacterium,
but also in all hopanoid producing bacteria. This suggestion is
strengthened by analyzing co-occurring proteins in all published
microbial genomes (Jensen et al., 2009). We found that hpnH and
hpnG homologs are present in all genomes in the STRING (http://
string.embl.de/) database that encode an apparent squalene–
hopene cyclase. This implies the presence of these genes in the last
common ancestor of hopanoid containing organisms and signifi-
cantly, it also implies that side chain addition is significant in the
physiological role of hopanoids. The absence of adenosylhopane
in wild-type Methylobacterium indicates that in this species adeno-
sylhopane normally undergoes further modifications mediated by
gene products acting downstream of hpnG.

The sequence of hpnG supports this argument, indicating it en-
codes for a purine nucleoside phosphorylase (PNP) homolog. The
activity of PNPs is to cleave adenine (or guanine) from its corre-
sponding nucleoside using a mechanism that universally requires
phosphate addition to the ribose (Erion et al., 1997; Silva et al.,
2007); it is likely that the HpnG enzyme is no exception. Therefore,
it is probable that the next intermediate step in hopanoid biosyn-
thesis involves formation of phosphoribohopane. This intermediate
has yet to be observed experimentally and may be short lived.

The next steps of hopanoid synthesis in Methylobacterium in-
volve opening the ribose ring (Duvold and Rohmer, 1999). It is un-
clear whether this occurs before or after loss of the phosphate
group and the genes involved are as yet unknown. Subsequently,
in Methylobacterium most of the compound hopanoid is converted
into BHT cyclitol ether. Previous studies have determined that the
polyhydroxylated cyclopentane group in the hopanoid side chain
derives from N-acetyl-D-glucosamine (GlcNAc) (Vincent et al.,
2003), very likely via UDP-GlcNAc, which is a common enzymatic
cofactor in bacterial metabolism. This is consistent with the pres-
ence of the gene annotated as hpnI (Table 2), a homolog of other
bacterial glycosyltransferases that require nucleotide diphosphate
sugars as substrates. Current work is aimed at confirming this role
for the hpnI gene and whether its substrate is phosphoribohopane
or IV. The biosynthetic steps downstream of adenosylhopane are
likely to differ among the various hopanoid producing organisms
and may include a range of genes involved in the production of
the many diverse hopanoid structures that have been observed
in nature (Talbot et al., 2007; Talbot and Farrimond, 2007).

Our proposed pathway (Fig. 3) has a number of direct implica-
tions for hopanoid structures commonly found in bacterial samples.
The hpnH results reveal that synthesis of 2-methyl hopanoids is
independent of side chain formation in Methylobacterium. Both
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Fig. 3. Proposed first steps in the biosynthesis of the hopanoid side chain: the enzyme encoded by hpnH adds SAM to I, forming VII. Adenine is subsequently cleaved from VII
by hpnG, likely forming phosphoribohopane.
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the wild-type and DhpnH strains of Methylobacterium produce III,
but our strain of Methylobacterium has not been observed to pro-
duce 2-methyl hopanoids with extended side chains. This suggests
that the methylating enzyme (encoded by hpnP; Welander et al.,
2010) in Methylobacterium may accept only diplopterol as a
substrate and not diploptene or extended hopanoids. In contrast,
Rhodopseudomonas palustris TIE-1 is reported to contain 2-methyl-
diploptene, 2-methyltetrahymanol and 2-methylbacteriohopane-
tetrol, along with their desmethyl homologs, but contains only
desmethyl 35-aminobacteriohopane-32,33,34-triol (Rashby et al.,
2007). Therefore, in R. palustris – unlike in Methylbacterium – the
A-ring methylase HpnP is likely to act on non-extended hopanoids
and tetrahymanol and also on some extended hopanoids. This is
consistent with the phylogenetic analysis suggesting that hpnP
can be divided into subfamilies and that the hpnP of Methylo-
bacterium species are distinct from that of other proteobacteria
(Welander et al., 2010). Alternatively, the lack of extended meth-
ylhopanoids could be due to the inability of HpnH to catalyze the
reaction of SAM with a methylated diploptene, if such a molecule
is ever present. There may be some flexibility in the substrate affin-
ities of these enzymes, since small amounts of 2-methylbacterioho-
panetetrol have been isolated from Methylobacterium organophilum
(Renoux and Rohmer, 1985).

Adenosylhopane has been identified in the environment (Talbot
and Farrimond, 2007; Blumenberg et al., 2009; Pearson et al., 2009)
and in some bacterial cultures (Neunlist and Rohmer, 1985;
Seemann et al., 1999; Bravo et al., 2001; Talbot et al., 2007). It accu-
mulates preferentially in terrigenous and lacustrine settings, lead-
ing to the suggestion that it may be a good marker for soil bacteria
(Talbot and Farrimond, 2007). Alternatively, the accumulation of
adenosylhopane could simply reflect a lower activity of hpnG in
organisms that accumulate it. We propose that adenosylhopane
has limited potential as a phylogenetic marker but may reflect
physiological or environmental conditions.

The implied formation of a phosphorylated intermediate by the
PNP analogue hpnG also suggests a possible connection to the hopa-
noid lactones that have been observed in cultures and the environ-
ment (Seemann et al., 1999). Hopaneribonolactone (VIII) has an
oxo group at the 10 position of the ribose, which could result from
oxidative loss of phosphate. Similarly, reductive loss of phosphate
would yield 32,35-anhydrobacteriohopanetetrol (IX), which has
been observed in sediments (Bednarczyk et al., 2005; Cooke
et al., 2008b), soils (Cooke et al., 2008a) and hydrothermal vents
(Talbot et al., 2005). These two reactions can proceed abiotically,
suggesting that VIII and IX could be diagenetic or accidental prod-
ucts. Schaeffer et al. (2008) have also suggested that IX may form
as a diagenetic product from IV. The ratio of VIII to IX may be a
product of sedimentary pH and Eh, carrying little phylogenetic
information. Finally, in the alternative case of catalyzed hydrolysis
of phosphoribolactone or its downstream products, it is possible
that some fraction of bacteriohopanetetrol also is a metabolic or
environmental breakdown product, rather than enzymatically
biosynthesized.
5. Conclusions

Mutations of two genes, hpnH and hpnG, produced strains of
Methylobacterium with two distinct hopanoid profiles that differed
from the profiles found in the wild-type. This work provides evi-
dence linking the genes hpnH and hpnG to specific aspects of hopa-
noid side chain biosynthesis that are likely present in all hopanoid
producing organisms and suggests a central role for adenosylho-
pane in the biosynthesis of hopanoid side chains. Examination of
the nucleotide sequences of these genes in bacteria and in the envi-
ronment has potential to help us further elucidate the utility of
hopanoids as biomarkers.
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