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The use of an HPLC bioactivity profiling/microtiter plate technique in conjunction with capillary probe NMR
instrumentation and access to appropriate databases effectively short-circuits conventional dereplication procedures,
necessarily based on multimilligram extracts, to a single, more rapid submilligram operation. This approach to dereplication
is illustrated using fungal or bacterial extracts that contain known compounds. In each case the dereplication steps were
carried out on microgram quantities of extract and demonstrate the discriminating power of "H NMR spectroscopy as

a definitive dereplication tool.

Natural products continue to play an important role in the
discovery and development of new chemical entities as drug-lead
compounds. Considerable effort is being expended by many groups
worldwide on the isolation of natural products from terrestrial and
marine macro- and microorganisms. These efforts are often
combined with the application of bioassays to crude extracts to
identify those that might contain bioactive compounds that can then
be isolated by a bioassay-guided fractionation process. Convention-
ally, this process involves the extraction of significant amounts of
source organism, followed by extensive chromatography leading
to pure compounds, which are then characterized by instrumental
techniques including mass spectrometry and UV, IR, and NMR
spectroscopies (Supporting Information, Figure 1a). The commit-
ments are becoming increasingly expensive in terms of manpower,
collection costs, and technology. Increasingly, the disappointing
outcome of this extended approach to the dereplication of crude
extracts is the isolation of previously characterized compounds.
(Dereplication is the process of differentiating those natural product
extracts that contain nuisance compounds, or known secondary
metabolites, from those that contain novel compounds that are of
interest.)

There are numerous approaches to dereplication based on
hyphenated techniques, and each has its own advantages in
sensitivity, resolution, or scale (mg vs ug). The most common
approaches are LC-UV, LC-MS, LC-MS/MS, and LC-NMR, or
combinations thereof, and the increasing use of capillary and cryo
NMR probes.' ™

The dereplication methods based on the use of LC-MS and LC-
MS/MS are very sensitive and provide structural information (low-
or high-resolution molecular mass, molecular formula), which is
searchable in most of the commercial databases (AntiBase,!°
Dictionary of Natural Products,'' MarinLit,'? and, with limitations,
in SciFinder Scholar or STN International (CAPlus)). The disad-
vantages of these methods, which can lead to false compound
identification, are the uncertainty regarding the apparent pseudo-
molecular ion, which could not be easily attributed to certain adduct
ions (MH*, MNa*, MK*t, MNH,*, MCH,CN™, etc.),’> or the
presence of interfering ions from minor components that ionize
more readily than the component of interest.
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Access to 1D '"H NMR data at the initial steps of dereplication
of crude extracts can significantly accelerate the whole process.
The presence or absence of easily recognized functional groups in
a compound of interest is an extremely discriminating approach to
dereplication. The genesis of the NMR approach taken in MarinLit
and subsequently in AntiMarin dates back to a conference presenta-
tion in 2000,"* while the use of NMR functional groups was initially
commented on in the literature by Bradshaw et al. in 2001.'* They
were able to demonstrate that a combination of the numbers of
methyl, methylene, and methine groups together with mass data
was an excellent discriminator and, furthermore, unlike the MS/
MS approach was sensitive to stereochemical differences if chemical
shift data were considered. A similar approach was used by Bitzer
et al.'> However, the general applicability of these two approaches
to dereplication (Bradshaw and Bitzer) is not possible, as the
databases used are not available.

Herein we present a method of extract evaluation using HPLC
profiling with biological evaluation'® followed by capillary probe
NMR spectroscopy/ESMS/UV combined with NMR database
(AntiMarin) evaluation, which reduces the crude extract requirement
for dereplication to submilligram quantities.'” Furthermore, for
compounds of molecular mass less than ~600 Da, it is possible to
acquire high-quality 1D and 2D NMR data over a reasonable time
frame, allowing full characterization from the material collected
by HPLC into a single microtiter plate well. This effectively
telescopes crude extract evaluation, isolation, dereplication, and
characterization into just one process (Supporting Information,
Figure 1b)."”

Description of the Method. Typically, fungal or bacterial
isolates were grown on agar slopes (4 mL), on a single Petri dish,
or as small liquid cultures (10 mL) using a variety of media and
temperatures, followed by extraction with EtOAc. The crude
extracts (typically in the range 0.5—2 mg) were evaluated for
cytotoxic, antimicrobial, and antifungal properties.'® The derepli-
cation process for bioactive extracts was initiated by HPLC analysis
of 250—750 ug of crude extract using an analytical reversed-phase
column and elution with a standardized acetonitrile/water gradient.'®

In the first pass of the dereplication process, the UV spectra and
retention times recorded for each bioactive peak during the HPLC
separation are searched in an in-house library of previously isolated
and known fungal and bacterial metabolites. This database has been
built within the HPLC operating system (Dionex). Particular
attention has been paid to ensure that all HPLC parameters have
been maintained constant over the years so that it is possible to
realistically include the retention time along with a direct com-
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Figure 1. HPLC chromatogram, with ELSD detection, of 400 ug of extract from a nonsporulating endophyte, F4045, isolated from a New

Zealand Muehlenbeckia sp.

parison of the UV data. As necessary, the retention time comparison
can be omitted. If a match of data with a known compound is found,
then no further effort is expended on the isolation of that component.

If no match is found in the in-house UV library, then the ESMS
and/or UV data can be entered as search components into databases
such as MarinLit'? or AntiBase.'® In our experience searches using
UV and/or ESMS data in MarinLit or AntiBase may not always
produce a definitive answer. This can arise from the lack of
characteristic UV maxima and uncertainty over the apparent
molecular ion from the ESMS. The use of ESMS/MS can
circumvent this problem. At the University of Gottingen, an in-
house ESIMS/MS database with more than 1000 entries has been
established. However, the availability of a sufficient number of
authentic compounds and difficulties to transfer and run the database
on other spectrometers remain a problem (vide infra).

The approach that makes this dereplication process very dis-
criminating is the inclusion in the databases of 'H NMR structural
information in searchable numeric fields. Such structural information
can readily be obtained from a very preliminary interpretation of a
"H NMR spectrum. For example, signals arising from methyl groups
are usually very easy to recognize, and additionally, these can be
characterized as singlets, doublets, or triplets, or as being attached
to oxygen or nitrogen. Variously substituted benzene rings can often
be established from the coupling patterns of the aromatic proton
signals. To implement this approach, the compound data contained
in the MarinLit and AntiBase databases have been merged to form
AntiMarin,'® which has data for ~47 000 unique compounds. For
every compound in AntiMarin, the number and type of methyl
groups, the number of sp>-hybridized methylene or methine protons,
the full range of benzenoid, pyridine, and alkene substitution
patterns, and carbinol, acetal, ether, amide, and formyl groups have
been coded into the database as numeric searchable features. These
data can be searched independently or in combination with all the
other usual searchable features (UV, mass, bibliographic informa-
tion, etc.) as well as substructure searching.

From the scale of the HPLC separation described above, it is
expected that each well in the microtiter plate might contain 2—40
ug of bioactive compound. Until recently it has not been possible
to obtain meaningful spectra on such small amounts. However, by
using a capillary NMR probe (CapNMR) (cell volume of ~6 uL
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Figure 2. '"H NMR spectrum of F3 from HPLC/bioactivity profiling
of 400 ug of extract from the nonsporulating endophytic fungus
F4045, isolated from a Muehelenbeckia sp.

in a 500 MHz NMR instrument), it is now possible to obtain good
spectra in a few minutes on as little as 2 ug of compound. These
spectra can then be examined for characteristic features that are
then searched against the AntiMarin database for dereplication
purposes.

As an example we investigated the crude extract of an unidenti-
fied nonsporulating endophyte (strain F4045). HPLC on an aliquot
(400 pg) of this extract gave a simple HPLC trace showing two
major (wells E9/E10, 1 and F2/F3) and one minor (F12; 2) bioactive
compound (Figure 1). Well F3 (17 ug; see Experimental Section
for quantitation method) gave a simple 'H NMR spectrum that was
acquired in 16 s. The 'H NMR spectrum (Figure 2) revealed that
compound 1 contained a total of four singlet methyl peaks, one of
which was from a methoxyl group (dy 3.8) and one formyl group
(0y 10.5). Using this profile, a search in AntiMarin returned 23
hits from ~47 000 compounds (Supporting Information, Figure 2).
The search profile could be refined further by using the absence of
certain functional groups, in this case, the lack of any proton signals
from sp3-hybridized methylene or methine groups. When the search
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Figure 3. Screen shot from AntiMarin showing profile used to identify phomosine A (1).

was repeated with the addition of zero sp3-hybridized methylene
protons, the number of hits was reduced to only 11 (Supporting
Information, Figure 3). Alternatively, the search profile could be
tightened by using additional data: two slightly broadened (meta-
coupled) one-proton aromatic singlets were observed (dy 6.40 and
5.71), characteristic of a 1,2,3,5-tetrasubstituted benzene ring. If
this was included in the search profile, only one hit, that for
phomosine A, was returned (Figure 3). Another approach, which
returned the same answer, was to include data from the positive
ESMS spectrum (346 Da; searched on 345—347 Da) (Supporting
Information, Figure 4). When the '"H NMR data for the compound
1 were compared with the literature data for phomosine A, they
were found to be identical.®

OH CHO
R 0] OH
HO
0" OCH;
1: R= CHy
2:R=H

In order to demonstrate the sensitivity of this approach, the minor
component 2 was also examined. In the "TH NMR spectrum of 2 (2
ug) three singlet methyl groups, one of which was a methoxyl,
and a formyl group were observed (Supporting Information, Figure
5). Searching AntiMarin with these data and a molecular mass of
332 Da (from ESMS) gave only one hit, corresponding to
phomosine C (Supporting Information, Figure 6).2° The remaining
component in the extract (wells E9/E10; 14 ug) was also a
phomosine derivative.

The second example is based on a bioactive extract from a
Malaysian endophytic Aspergillus sp. The HPLC profile of the crude
extract contained in excess of 15 peaks (Figure 4). HPLC/bioactivity
profiling established that just one of the peaks, a relatively minor
one, was bioactive. '"H NMR data for compound 3 (Figure 5),

located in well F9, very clearly showed seven singlet methyl groups,
one of which arises from an acetyl group (dy 2.17). Searching
AntiMarin on seven singlet methyls gave 327 hits, which were
reduced to 34 if one of the methyl groups was assigned as an acetyl
group and to just five hits if two vinyl methyl groups were included
in the search profile (based on their chemical shifts; oy 1.85 and
2.05) (Supporting Information, Figure 7). The use of the molecular
mass of 3 (502 Da) together with the NMR data resulted in only
one hit. The compound was identified as NF-00659-A3, isolated
previously from an Aspergillus sp. (no stereochemistry had been
assigned).?' It is pertinent to note that if the mass data alone had
been used in the search profile (502 Da; searching on 502.5—502.7),
52 hits were returned. This situation can be improved, however, if
HRMS data are accessible. Even an accuracy of only two significant
places (503.30 for MH™) is sufficient to reduce the 47 000 entries
of AntiMarin to just five possible compounds, all having the formula
CyH405.

Results and Discussion

Using the techniques described above, extracts from many
different sources and differing genera have been dereplicated in a
minimal time frame and a wide range of known compounds have
been identified. For any compound that does not show 'H NMR
features that can be matched in the AntiMarin database, the problem
becomes one of structure elucidation. For simpler molecules, this
can be achieved by using the same sample that was used for the
dereplication process, and 2D NMR spectra could be obtained using
the CapNMR probe. For larger molecules this approach becomes
more problematical.

Our particular approach to dereplication has several advantages:
cost, throughput, scale, access, and integration, and each aspect
has significant implications for the effectiveness and applicability
of any dereplication effort.

Cost. Items not routinely found in, or available to, a natural
products isolation laboratory are the capillary NMR probe and
possibly the databases. However, running costs for a capillary NMR
probe are low, as no tubes are required and only 50—70 uL of
deuterated solvent are required per sample, including recovery. The
cost for either the MarinLit'?> or AntiMarin'® databases is modest.

Throughput. The HPLC/microtiter plate analysis time is 40
min/sample. Preparation of daughter plates for bioassay and MS
studies can be grouped but take only minutes per sample. Routine
acquisition of "H NMR spectra from a CapNMR probe takes less
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Figure 4. HPLC chromatogram with ELSD detection of 750 ug of extract from an Aspergillus sp., F6878, isolated from the Malaysian tree
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Figure 5. '"H NMR spectrum of F9 from HPLC/bioactivity profiling of 750 ug of extract from an Aspergillus sp., F6878, isolated from the

Malaysian tree Kenondong Koot.

than 10 min/sample. However, for those samples for which 2D
homonuclear and heteronuclear data are required, the time require-
ments rise quite rapidly, but that is normally a problem only if a
new compound is suspected (vide supra).

Scale. It is now possible to operate routinely using just a single
injection of <700 ug of crude extract onto an analytical HPLC
column with collection of the eluent into a 96-well mictrotiter plate.

Access. For this approach to dereplication the only databases
that contain structural information as searchable fields and available
commercially are MarinLit'? and AntiMarin.'® For comparison of
UV data the Marine Group at the University of Canterbury has
generated a library of ~1000 known and unknown UV profiles,
primarily of fungal origin, accumulated from samples we have
examined. This library has been developed using HPLC operating
software®* and is available on application.** In addition, the next

update of AntiMarin'® (and AntiBase'®) will contain an additional
12 000 UV data sets from Berdy’s database of natural products.**

Integration. The final aspect of our approach to dereplication
is the tight integration of the data. The UV data for searching UV
libraries are acquired during the HPLC run and can be directly
correlated with specific wells on the microtiter plate. The balance
of the data, biological, ESMS, and NMR, are acquired directly from
specific wells. This tight integration of the data is of great advantage
when correlating results, as this can be done on a well-by-well basis.

We believe that this combination of cost-effectiveness, potential
for throughput, the microgram scale of the approach, the ready
availability of appropriate databases, and the tight integration of
the results represents a practicable, new, inexpensive, and innovative
approach to sample dereplication. An example of dealing with a
more complex new metabolite is dealt with in Evolving Trends in
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the Dereplication of Natural Product Extracts: Part 2.>> We are now
exploring the extension of this approach to include a database of
all natural products (> 145 000), each one coded with the numbers
of 'H NMR recognizable features.

Experimental Section

General Experimental Procedures. NMR spectra were recorded
on a Varian INOVA AS-500 spectrometer (500 and 125 MHz for 'H
and ®C NMR, respectively), using the signals of the residual solvent
protons and the solvent carbons as internal references (n 3.3 and dc
49.3 ppm for CD3;0D). A Protasis CapNMR capillary probe was used
for the microplate dereplication studies. ESIMS were acquired using a
Micromass LCT TOF mass spectrometer. Solvents used for extraction
and isolation were distilled prior to use. Bioactivity assays were
measured using standard protocols.'®!®

Isolation and Cultivation of the Fungal Strains. The nonsporu-
lating endophyte F4045 was isolated from a New Zealand native plant
Muehlenbeckia sp. A twig was placed on MYE medium and incubated
for 30 day at 26 °C.

The endophytic Aspergillus sp. was isolated from the Malaysian
native plant Kenondong Koot using PDA medium and inoculation for
30 days at 26 °C.

Voucher specimens of F4045 and the endophytic Aspergillus sp.
have been deposited in the University of Canterbury and the Universiti
Teknologi Mara fungal collections, respectively.

For chemical studies F4045 was grown in liquid culture (10 mL of
MYE medium) for 28 days (14 days shaking followed by 14 days
static). The fermentation broth was macerated with EtOAc and
centrifuged (4000g), and the EtOAc was removed and concentrated
under reduced pressure to give the crude extract (3.2 mg). The
endophytic Aspergillus sp. was grown to maturity on PDA medium
(15 plates; 20 mL). The combined agar was macerated with EtOAc
and centrifuged (4000g), and the EtOAc was removed and concentrated
under reduced pressure to give the crude extract (45.3 mg).

Evaluation of Extracts. An aliquot of extract (up to 750 ug) was
analyzed by HPLC (RP-18, solvents: (A) H,O + 0.05% TFA, (B)
MeCN; gradient: 0 min 10% B, 2 min 10% B, 14 min 75% B, 24 min
75% B, 26 min 100% B; flow: 1 mL/min; 40 °C). The eluent from the
DAD was split in a 1:10 ratio between an ELSD and a fraction collector
configured to collect into a 96-well microtiter plate (15 s/well). A total
of 88 wells were collected (2.5—24.5 min). A daughter plate was
prepared by transferring an aliquot (5 or 50 uL) from each well of the
master plate, which was then dried in vacuo at room temperature. After
complete evaporation of the solvent in the daughter plate the wells
were analyzed for activity against P388 murine leukemia cells as
described previously.'®!® For screening against microorganisms such
as Bacillus subtilis it was necessary to make duplicate master plates,
as much higher concentrations are required to reveal the bioactive wells.
The assay serves to correlate cytotoxicity and antimicrobial activity
against the HPLC-ELSD-UYV trace.

Those wells in the dried master plate containing compounds of
interest were then analyzed using capillary probe NMR spectroscopy.
The contents of each well to be examined were each dissolved in
CDsOD (7 uL) and transferred into the Protasis CapNMR capillary
probe. The quantity of the compound in each well was estimated
according to the formula: (MW/*H) x (total integral for *H)/(integral
for CHD,0OD) x CF, where MW is the actual molecular weight of the
compound (ESMS) or an estimated value, “H is the number of protons
included in the integration of the '"H NMR spectrum, and CF is the
calibration factor that had previously been determined from a standard
solution containing quinine (30 xg in 6 4L) in the same CD3;0D solvent.
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