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Two hydroxyethylamine chroman derivatives, ammonificins A (1) and B (2), were isolated from the marine hydrothermal
vent bacterium ThermoVibrio ammonificans. The molecular structures of these compounds were determined using a
combination of NMR, mass spectrometry, and CD analyses. Biological activities were determined using an antimicrobial
assay and the patented ApopScreen cell-based screen for apoptosis induction and potential anticancer activity. To our
knowledge, this is the first report of secondary metabolites from the marine hydrothermal vent bacterium T. ammonificans.

The oceans are Earth’s largest ecosystem and hold great,
underexplored potential for drug discovery. Within this vast
ecosystem, however, one area remains enigmatic: deep-sea hydro-
thermal vents, which are characterized by high concentrations of
reduced sulfur compounds.1 Life is supported by the growth of
chemolithoautotrophic bacteria, capable of oxidizing hydrogen
sulfide, hydrogen, and other reduced inorganic compounds to
provide energy that is used to fuel carbon dioxide fixation into
macromolecules.

Chemoautotrophic organisms are known to produce chemical
defenses against their consumers. Some chemically deterrent species
are also known to harbor chemoautotropic endosymbiotic bacteria,
and these microbial symbionts may produce metabolites that defend
their host species.2 In this study we investigated the ability of
chemolithoautotrophic bacteria to produce novel secondary
metabolites.

ThermoVibrio ammonificans, a thermophilic, anaerobic, chem-
olithoautotrophic bacterium, was isolated from the walls of an active
deep-sea hydrothermal vent chimney on the East Pacific Rise at
9°50′ N. Cells of the organism were Gram-negative, motile rods
that were about 1.0 µm in length and 0.6 µm in width. Growth
occurred between 60 and 80 °C (optimum at 75 °C), 0.5 and 4.5%
(w/v) NaCl (optimum at 2%), and pH 5 and 7 (optimum at 5.5).
The generation time under optimal conditions was 1.57 h. Growth
occurred under chemolithoautotrophic conditions in the presence
of H2 and CO2, with nitrate or sulfur as the electron acceptor and
with concomitant formation of ammonium or hydrogen sulfide,
respectively.3

Forty grams wet weight of the organism was extracted in MeOH.
One part of the MeOH soluble extract was dissolved in DMSO
and was tested for apoptosis induction as assessed by the Apop-
Screen protocol.4-6 Screening should identify compounds that
possess proapoptotic, and potentially anticancer, activity.

The extract induced apoptosis and therefore was fractionated,
with subsequent purification by analytical RPHPLC. Using this
strategy, two compounds were isolated. The chemical structures
of these two compounds (1 and 2) were ascertained by standard
spectroscopic techniques, as described below.

The LR ESIMS of ammonificin A (1) displayed ion clusters at
m/z 488(100)/490(98), indicating the presence of one bromine. The
molecular formula of 1 was established as C23H22BrNO6 on the
basis of HR ESIMS [m/z 488.0701 (M + H)+]. The 1H spectrum
of 1 indicated clearly the presence of nine aromatic ring signals:
δH 6.67 [(d, J ) 7.9 Hz), H-6], 7.09 [(d, J ) 7.9 Hz), H-7], δH

7.41 [s, H-12], 6.77 [(d, J ) 7.2 Hz), H-15], 7.26 [(d, J ) 7.2 Hz),
H-16], 6.65 [s, H-18], 6.74 [(d, J ) 7.8 Hz), H-20], 7.01 [(dd, J )
7.8 Hz, 7.6 Hz), H-21], and 6.81 [(d, J ) 7.6 Hz), H-22]. Their
corresponding methine carbons were assigned from multiplicity
edited HSQC: C-6 (δ 108.0), C-7 (δ 126.8), C-12 (δ 133.1), C-15
(δ 118.4), C-16 (δ 128.8), C-18 (δ 101.4), C-20 (δ 107.3), C-21
(δ 130.5), and C-22 (δ 106.8). Analysis of HMBC and multiplicity
edited HSQC data suggested the presence of nine quaternary
carbons characteristic of signals belonging to aromatic ring systems
(δC 110.8, 116.1, 119.7, 137.8, 155.7, 156.9, 157.1, 157.9, and
158.9). Given the number of carbons belonging to the aromatic
signals, ammonificin A (1) was found to possess three aromatic
ring systems. Furthermore, three proton signals characteristic of
hydroxy groups attached to aromatic ring systems were present in
the 1H spectrum: δH 8.48 (br s), 9.26 (br s), and 9.47 (br s). Closer
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examination of the 1H-1H COSY along with the 1H NMR spectrum
suggested the presence of signals characteristic of a dihydropyran
moiety: δH 4.35 [(d, J ) 5.6 Hz), H-4], 4.98 [m, H-3], and 4.45
[m, H-2]. HMBC correlations between H-6 and C-7 (δC 126.8),
C-5 (δC 155.7), C-4a (δC 116.1); H-7 and C-8 (δC 119.7), C-8a
(δC 157.9); H-4 and C-4a (δC 116.1); and H-2 and C-8a (δC 157.9)
strongly suggested that 1 has a chroman moiety in its structure.
Another interesting group resulting from the 1H-1H COSY analysis
is a hydroxyethylamine moiety14 in 1: δH 4.70 [m, H-9] and 3.45
[m, H-10]. Moreover, this hydroxyethylamine moiety is found to
be attached to C-8 according to the HMBC correlation between
H-9 and C-8 (δC 119.7). The two remaining aromatic rings were
established using 1H-1H COSY and HMBC correlations (Figure
1). The 1H-1H COSY correlation between H-15 and H-16, HMBC
correlations between H-15 and C-11, C-13, C-14, C-16, and HMBC
correlations between H-12 and C-13, C-14, C-16 define a trisub-
stituted aromatic ring system. The 1H-1H COSY correlations
between H-21 and H-20, H-22 and HMBC correlations between
H-20 and C-19, C-22 and between H-22 and C-17, C-18, C-20
generated a disubstituted aromatic ring system. The connectivity
between the chroman moiety and the remaining two ring systems
was established by HMBC correlations: H-4 to C-12, C-16 and
H-3 to C-17. The chemical shifts of the quaternary carbons
belonging to the aromatic ring systems played an important role in
the assignment of the regiochemistry. For example, the chemical
shift of the C-5 quaternary carbon (δC 155.7) indicated that hydroxy
was attached, whereas the shift at the C-13 quaternary carbon (δC

110.8) indicated bromine was present. Similarly, the chemical shifts
at C-14 (δC 157.1) and C-19 (δC 156.9) indicated that hydroxys
were attached to these positions.

To determine the absolute configurations at C-3, C-4, and C-9,
a circular dichroism (CD) spectrum of ammonificin A (1) was
obtained. This experimental CD spectrum was then compared to
the predicted CD spectra of all possible stereoisomers. Eight
stereoisomers are possible for ammonificin A (1). The coupling
constant between H-3 and H-4 (J ) 5.6 Hz) suggested a cis
relationship between these two protons (H-3 equatorial, H-4 axial),
which indicated only four probable stereoisomers: (3S, 4S, 9R),
(3S, 4S, 9S), (3R, 4R, 9R), (3R, 4R, 9S).

These four probable stereoisomers were submitted to geometry
optimization by the DFT (BLYP/6-31G*) approach.7 For each
minimized geometry a single CD spectrum was calculated using
the TDDFT approach (B3LYP/TZVP).7 The overall CD spectra
thus obtained were subsequently UV-corrected and compared with
the experimental one of 1. An excellent agreement between the

CD curve calculated for 3S, 4S, 9R and the experimental was found
(Figure 2). This indicated that 1 has the configuration 3S, 4S, 9R,
and the structure of 1 is established as shown.

The LR ESIMS of ammonificin B (2) displayed ion clusters at m/z
550(51)/552(100)/554(48), indicating the presence of two bromines.
The molecular formula of 2 was established as C23H21Br2NO5 on the
basis of HR ESIMS [m/z 549.9857 (M + H)+]. The molecular formula
of 2 showed that it has one more bromine atom and one less hydrogen
and oxygen atom compared to 1.

The strong similarity of its 1H NMR spectrum to that of
ammonificin A (1) revealed that 1 and 2 share the same general
structural features. Furthermore, only two proton signals charac-
teristic of hydroxy groups attached to the aromatic ring system were
present in the 1H spectrum of 2 (δH 9.27 (br s), 9.46 (br s)),
suggesting that one hydroxy group was replaced by one bromine
atom. HMBC correlations between H-16 and C-14 and also between
H-12 and C-14 confirmed this suggestion. From the above analyses,
it was concluded that the structure of 2 is similar to that of 1 except
that the hydroxy group attached to C-14 was replaced by one
bromine atom. The absolute configurations at C-3, C-4, and C-9
of ammonificin B (2) were ascertained by the same methods as
described above. Although chroman derivatives are known struc-
tures, the co-occurrence of hydroxyethylamine and phenol in 1 or
brominated phenol in 2 with chroman is unique.

The isolated compounds were evaluated in the apoptosis induc-
tion assay and with antimicrobial tests, but the results were
inconclusive due to the presence of minor inseparable impurities.
The original extract showed interesting activity; however pure
compounds that correlated with the activity were not obtained. The
minor components that could not be removed during the purification
process probably have similar structure and polarity to 1 and 2.
An effort to scale up the culture and reisolate ammonificins A and
B as well as the minor components of the extract is still in progress.
The compounds described herein represent new chemical structures
and may have potential in future drug discovery efforts.

Experimental Section

General Experimental Procedures. Optical rotations were measured
on a JASCO P 1010 polarimeter. UV and FT-IR spectra were obtained
employing Hewlett-Packard 8452A and Nicolet 510 instruments,
respectively. CD spectra were acquired on a JASCO J-720 spectropo-
larimeter. All NMR spectra were recorded on a Bruker Avance DRX400
spectrometer, Varian-400 instrument (400 MHz), and Varian-500
instrument (500 MHz). Spectra were referenced to residual solvent
signals with resonances at δH/C 2.50/39.51 (DMSO-d6). ESIMS data
were acquired on a Waters Micromass LCT Classic mass spectrometer
and Varian 500-MS LC ion trap. HPLC separations were performed
using Waters 510 HPLC pumps, a Waters 717 plus autosampler, and
a Waters 996 photodiode array detector. All solvents were purchased
as HPLC grade.

Figure 1. Key HMBC and selected COSY correlations for ammo-
nificin A (1).

Figure 2. Comparison of the experimental CD spectrum (s) of 1
with the spectra calculated ( · · · ) for 3S, 4S, 9R.
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Extraction and Isolation Procedures. Cell Culturing. ThermoV-
ibrio ammonificans was routinely grown in modified SME medium as
previously described.3 For the purpose of this study, bacterial cells were
harvested from a total of 5 L of bacterial culture.

The material (40 g) was extracted three times with MeOH to give a
polar crude organic extract (550 mg). A portion of this extract (20 mg)
was tested for apoptosis induction. The crude organic extract was found
active and subjected to fractionation using a solid-phase extraction
cartridge (normal-phase silica) to give four fractions, F1 to F4, using
hexane, hexane-EtOH, EtOH, and MeOH as an increasingly hydro-
philic solvent system series. The fractions eluting with hexane-EtOH
(F2) and MeOH (F4) had apoptosis induction activity. These fractions
were further chromatographed on analytical RP HPLC (Phenomenex
Luna C18, 250 × 4.60 mm) using isocratic elution with 50% MeOH
and 50% H2O (flow rate 1 mL/min) to yield 3 mg of 1 (tR ) 2.8 min)
from F2, and 1.6 mg of 2 (tR ) 4.4 min) from F4.

Computational Methods. Geometry optimization and UV and CD
computations were undertaken using TDDFT with the B3LYP hybrid
functional and a TZVP basis set, as included in the TURBOMOLE
suite of programs with TmoleX, a graphical user interface to the
Turbomole quantum chemistry program package.7 The corresponding
oscillator and rotatory strengths thus obtained were summed and
energetically weighted, following the Boltzmann statistics. Finally, the
overall UV and CD spectra were simulated as sums of Gaussian
functions centered at the wavelengths of the respective electronic
transitions and multiplied by the corresponding oscillator or rotatory
strengths, transformed into absorption and ∆ε values, respectively.8-11

Biological Evaluation: Apoptosis Induction. Apoptosis induction
in the presence of compounds 1 and 2 was carried out as described in
Andrianasolo et al. 2007 using the ApoScreen assay.5,15-18 In this assay
viability of treated W2 (apoptosis competent) and D3 (apoptosis
defective)12 cells is measured using a modification of the MTT assay.13

For this study, viability was measured at 0 and 48 h, and differential
growth was calculated in the presence of the compounds staurosporine
(an apoptosis inducer) as positive control and DMSO as negative
controls.

Ammonificin A (1): [R]24
D -150 (c 0.8, MeOH); UV (EtOH) λmax

(log ε) 267 (2.90), 285 (3.68), 305 (3.70); CD (EtOH) see Figure 2; IR
νmax (neat) 3350, 2950, 1620, 1460, 1380, 1230, 1160, 1120, 1090,
1020, 805 cm-1; 1H NMR and 13C NMR, see Table 2; HR ESIMS
[m/z 488.0701 (M + H)+ (calcd for C23H23BrNO6, 488.0709)].

Ammonificin B (2): [R]24
D -150 (c 0.8, MeOH); UV (EtOH) λmax

(log ε) 267 (2.90), 285 (3.68), 305 (3.65); CD (EtOH) see Figure 3; IR

νmax (neat) 3350, 2950, 1620, 1460, 1380, 1230, 1160, 1120, 1090,
1020, 805 cm-1; 1H NMR and 13C NMR, see Table 2; HR ESIMS
[m/z 549.9857 (M + H)+ (calcd for C23H22Br2NO5, 549.9865)].
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