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Abstract

Drug development programs have proven successful when performed at a whole cell level, thus
incorporating solubility and permeability into the primary screen. However, linking those results
to the target within the cell has been a major set-back. The Phenotype Microarray system,
marketed and sold by Biolog, seeks to address this need by assessing the phenotype in
combination with a variety of chemicals with known mechanism of action (MOA). We have
evaluated this system for usefulness in deducing the MOA for three test compounds. To achieve
this, we constructed a database with 21 known antimicrobials, which served as a comparison for
grouping our unknown MOA compounds. Pearson correlation and Ward linkage calculations were
used to generate a dendrogram that produced clustering largely by known MOA, although there
were exceptions. Of the three unknown compounds, one was definitively placed as an anti-folate.
The second and third compounds’ MOA were not clearly identified, likely due to uniqgue MOA not
represented within the commercial database. The availability of the database generated in this
report for S. aureus ATCC 29213 will increase the accessibility of this technique to other
investigators. From our analysis, the Phenotype Microarray system can group compounds with
clear MOA, but distinction of unique or broadly acting MOA at this time is less clear.
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INTRODUCTION

High throughput drug discovery efforts have followed two parallel paths: target based
pathway screening and whole cell phenotypic screening. The advent of sequences of whole
genomes was believed an advantage toward target-based assays by identifying non-
redundant or essential targets (Mills 2006). The fruit of more than a decade of focused effort
at target screening did not deliver usable therapeutics (Payne, Gwynn et al. 2007). Screening
for a whole cell phenotype has the advantage of incorporating cell permeability and
solubility in the primary screen, but suffers from a lack of knowledge of specific targets, and
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translating hits from these experiments into a defined mechanism of action (MOA) is
laborious (Baker 2010; Fulmer 2011).

Experimental methods to address the identification of an unknown target from a phenotypic
screen have been developed; however, these approaches require high overhead for set-up of
experimental systems, and they have limited portability between bacterial strains. Some
examples include experiments with transposon mutagenesis or related methods of reverse
chemical genetics to identify targets of small molecules (Miller, Bundy et al. 2008). This
idea was further developed with applications of gene signatures and RNAi methods, such as
Elitra Pharmaceuticals S. aureus TargetArray (Brazas and Hancock 2005; Xu, Trawick et al.
2010). Recent studies have advanced to forward chemical genetics, also termed multi-copy
suppression (Li, Zolli-Juran et al. 2004; Stirrett, Ferreras et al. 2008; Wang, Claveau et al.
2011). Some /n silico methods have identified targets based on compound activity profiling
using “guilt-by-association” algorithms (Plouffe, Brinker et al. 2008), as well as mining of
chemical databases such as ChEMBL (Gaulton, Bellis et al. 2011). While the Phenotype
Microarray system does not deliver a single target, it has an advantage in minimal set-up
once a database set is generated, and experiments can then be completed in a few days.

We have undertaken the Phenoype Microarray (PM) system from Biolog in efforts to extend
information for growth inhibitors identified from primary whole cell screens (Bochner 2003;
Barrow, Dreier et al. 2007; Biolog Application Notes). The PM system employs two parts:
ten 96-well plates to evaluate metabolic usage and another ten 96-well plates to assess
chemical sensitivities to known antibacterials, microbicides, toxic ions and detergents. The
ten plate metabolomic component of this screening technology, not utilized in the current
report, has been readily applied to the studies of different bacterial strains, unique properties
of halophiles, mutants in pathways of interest, and to hunt for gain of function related to
pathogenesis for use as drug targets (Tracy, Edwards et al. 2002; dela Cruz, Schulz et al.
2006; Loh, Gyaneshwar et al. 2006; Seidl, Druzhinina et al. 2006; Nagy, Seidl et al. 2007;
Tohsato and Mori 2008; Zhang and Rainey 2008; Edwards, Dalebroux et al. 2009; Sabet,
Diallo et al. 2009; Fabich, Leatham et al. 2011). Applications using the chemical sensitivity
plates seem to be continually developing. Reports have been published using the chemical
sensitivity technology to analyze components of pathways as well as antibiotic resistance
phenotypes in greater detail (Sauer, Bachman et al. 2005; von Eiff, McNamara et al. 2006;
Bailey, Paulsen et al. 2008; Mesak and Davies 2009; Pietiainen, Francois et al. 2009;
Tremaroli, Workentine et al. 2009; Zhang and Biswas 2009). However, the major role for
this system as presented by Biolog is for use in drug development by inference of the MOA
of a given compound; experimental applications of this approach are missing from the
literature.

To initiate this investigation we have constructed a database of 21 commercial antimicrobial
compounds to serve as a comparative database. Compounds were chosen to maximize
representatives of MOA while attempting to minimize the number of compounds. Further,
each compound needed to be effective against our test organism, S. aureus ATCC 29213. As
the Biolog system uses different media and growth conditions from conventional Clinical
and Laboratory Standards Institute (CLSI) methods (CLSI 2009), minimum inhibitory
concentration (MIC) values were determined with both CLSI and Phenotype Microarray
reagents. We used this database to infer the MOA for three compounds under development.
One of these has already been identified as an inhibitor of dihydrofolate reductase (DHFR)
(Bourne, Barrow et al. 2010); the other two compounds were identified by a medium-
throughput whole cell screen for inhibitors of bacterial growth (Barrow, Bourne et al. 2007).
While these two compounds have unknown MOA, some prior information has been
gathered using the compounds’ structure in literature and database searches.
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We found the PM chemical sensitivity assay was able to group similar MOA compounds in
most cases, but experiments had to be performed at very similar sub-MIC concentrations
between all compounds. In addition, data processing methods had to be developed and
mechanisms were derived to deal with inherent noise within the system while maintaining
the diversity of response to yield valid groupings with a minimum number of samples. The
MOA of the anti-folate RAB1 was confirmed by these studies, while limited insights were
gained into the MOA of the other two test compounds.

MATERIALS & METHODS

Commercial antimicrobial compounds

All compounds were purchased from Sigma unless noted. Abbreviations are as specified in
CLSI documents (CLSI 2010): GEN, gentamicin; TOB, tobramycin; DOX, doxycycline;
TET, tetracycline; CLI, clindamycin; CHL, chloramphenicol; ERY, erythromycin; LNZ,
linezolid; IPM, imipenem; MEM, meropenem; CTX, cefotaxime; CFX, cefuroxime; OXA,
oxacillin; PEN, penicillin G; VAN, vancomycin; DAP, daptomycin; CIP, ciprofloxacin
(Mediatech, Inc.); LEV, levofloxacin; TMP, trimethoprim; SXT, 1 part trimethoprim to 19
parts sulfamethoxazole; RIF, rifampin. RAB1 was synthesized as described previously
(Bourne, Bunce et al. 2009); 6628 and 6021 were purchased from Sigma Aldrich.

Determination of minimum inhibitory concentration (MIC)

MIC determinations followed the CLSI recommended guidelines for the broth microdilution
method or were carried out as below for the PM assays (CLSI 2009). Major differences
between the two MIC methods were (1) S. aureus ATCC 29213 was propagated on
trypticase-soy agar for the CLSI method, or on Biolog Universal Growth with 5% sheep’s
blood (BUG-B) for the Biolog method, (2) inoculating fluids were saline/CAMBH for the
CLSI method, and were IF-0a/IF-10b for the Biolog method, (3) incubation temperature was
37 °C and time was 18 — 20 hours for the CLSI method, and was 33 °C for 24 hours for the
Biolog method, (4) CLSI MIC values were determined using the turbidity of growth at
600nm, while for the Biolog method the MIC cutoffs were determined based on colorimetric
changes in Redox Dye H, (5) the colony forming unit for inoculation using the CLSI method
was in the range of 2 — 8 x 10°, while for the Biolog method it was 2 — 4 x 106,

Phenotype Microarray (PM) assays

Each antimicrobial or test compound was tested within a single run, which consisted of a
control set of ten plates with only vehicle (referred to as the “plus zero” set), a set with 0.1x
MIC, a set with 0.25x MIC, and a set with 0.5x MIC, where MIC is determined using
Biolog reagents, and resulting in forty 96-well plates per assay. Each plate contains 24
different chemicals dried in the wells, each at four concentrations (“plated compounds”).
Respiration of the bacteria was detected by colorimetric reaction with Biolog’s tetrazolium
based Redox Dye H (Bochner 2003). Color changes were recorded by an Omnilog system at
15-minute intervals for 48 hours at 33 °C. Reagents and experimental procedures followed
the recommended protocol from Biolog. Inocula were prepared in Biolog’s 1.2x 1F-0a fluid
using a turbidimeter to adjust the cell density to 85% relative to an 85% Turbidity standard
(Biolog). The inocula were diluted ten-fold into Biolog 1x IF-10b fluid containing 1%
Redox Dye H and the appropriate concentration of antimicrobial or test compound, diluted
from stock solutions of either water or dimethylsulfoxide (DMSO), as solubility allowed;
100uL was delivered to each well. Electronic files were captured from the Omnilog system
computer, converted with Biolog’s Data File Converter utility, partitioned into sets with
their File Management software, and parameters of the growth curves exported with their
Parametric software (version 1.20.02).

J Mol Recognit. Author manuscript; available in PMC 2013 July 08.
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Calculation of Phenotype Microarray assay results

Raw numbers for the “height” parameter, defined as “the average height of the plot” (in
arbitrary units corresponding to color changes upon bacterial respiration) were imported into
Excel, arranged by Biolog plate, well number for plated compounds (1 — 4), and finally by
xMIC for each tested compound (these are available for each commercial antimicrobial as
part of the Supporting Information). To enhance the interpretability of the isobolograms, raw
numbers were converted to a percent growth using the following formula (Wiater, Madejska
et al. 2007): % growth = [log(Height, data point) — log(Height, minimum)] / [log(Height,
maximum in plate) — log(Height, minimum)]. These values were used to construct
isobolograms within Excel as 3D contour plots (raw data and spreadsheets suitable for
calculations with new raw data are available in the Supporting Material).

Processing attempted to maintain the rationale that Biolog had previously used (Wiater,
Madejska et al. 2007), but calculations were formulated to reflect the difference in growth
upon titration of plated compounds (wells 1 — 4) and the added compounds (0x, 0.1x, 0.25%
and 0.5x MIC) in efforts to capture the resulting shape of the isobologram. To this end, data
composing an isobologram were partitioned into discrete blocks along each axis and an
equation for finding the area of an irregular polygon (surveyor’s area) was applied (Braden
1986). For the plated compounds, the area was calculated for each well from the x MIC
values and the % growth; for the added compounds, the area was calculated for each x MIC
value from the well number (1 — 4) and the % growth.

These calculations yielded a series of four area values for the concentrations of plated
compound and four for the concentrations of added compound across the isobologram. To
capture the change in area, successive area measurements were subtracted from the previous
value such that the more dilute concentration was subtracted from a higher concentration,
giving a series of delta (area), or d(A), for each isobologram axis. If this number was
positive, it indicated an increase of growth as the compound concentration increased,
suggesting a growth enhancing effect. If this number was negative, it indicated a decrease in
growth as the compound concentration increased, indicative of some level of inhibition.

The d(A) for each isobologram axis, one calculated from the plated-compounds and the
other calculated from the added compounds, were then summed to yield a final single
numeric parameter representative of: (1) the four concentrations of the plated compound and
(2) the three concentrations (and the “plus zero” control) of test compound. These values
were normalized per data set by converting to fractional values, yielding a maximum of 1.0
(maximum increase in growth as the concentrations increased) and a minimum of 0
(maximum decrease in growth as the concentrations increased).

The agreement of the raw “height” signal was assessed with the independent control “plus
zero” sets for each of the 21 antimicrobials. Raw data points that displayed a standard
deviation greater than 20% for any of the four plated compound concentrations were
excluded from further calculations, as these were deemed to be inherently noisy independent
of any added compound (Supporting Material Table 1).

After removal of data points with inherent variation, the remaining data set was enriched for
variation arising from the added compounds by including only points that exceeded 10%
standard deviation (enriched data included in Supporting Material Figure 1). Inclusion of
data with limited variation (< 10%) diluted the relationship between compounds and resulted
in shallow linkage distances, although the pattern of clustering was maintained (data not
shown). Processing continued following Biolog’s procedure by applying a linkage analysis
based on Pearson distance calculations to determine the similarity of each antimicrobial or
test compound to the other, as well as a one-sided significance value (Figure 1) (Wiater,

J Mol Recognit. Author manuscript; available in PMC 2013 July 08.
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Madejska et al. 2007). The result is a table of correlation values, which is then used to
produce a final dendrogram with the most similar responses grouped together (Figure 2).
Combinations with p > 0.05 were excluded from the clustering, which used a Ward
hierarchical analysis; Pearson correlation and Ward clustering were carried out with the
excel add-on winSTAT. (product of R. Fitch, www.winstat.com).

RESULTS & DISCUSSION

Different MIC values arising from different methodologies

The MIC was determined using the same methodology as the Biolog experiments, as the
composition of the media, incubation temperature, growth time and inocula composition are
different. In addition, the Biolog protocol utilizes a colorimetric redox-sensitive dye to
indicate growth. MIC determinations were also performed in-house using standardized CLSI
conditions to ensure reproducibility for comparisons. In all cases the CLSI conditions
yielded the same MIC values as previously published, although some, such as the
aminoglycosides GEN and TOB, were more defined with in-house measurements (Table 1,
CLSI reported 0.12-1 pg/mL, while in-house experiments yielded 0.25-0.5 pug/mL) (CLSI
2010). However, in some instances the MIC determination carried out with Biolog reagents
yielded a higher value than CLSI methods, such as the aforementioned GEN and TOB,
which were elevated to 2 pg/mL with Biolog methods. A likely explanation is the incubation
temperature and time, which for CLSI is 37 °C for 18-20 hours and for Biolog is 33 °C for
24 hours (Wiater, Madejska et al. 2007; CLSI 2009). In addition, the colorimetric reagent is
likely more sensitive to bacterial respiration, while CLSI methods rely on active growth to
produce turbidity within the solution (Bochner, Siri et al. 2011).

There were two antimicrobials that gave particularly increased MIC values with Biolog
reagents. The MIC for PEN, a beta-lactam antibiotic that inhibits peptidoglycan cross-
linking (Yocum, Rasmussen et al. 1980), increased from 1 pg/mL with CLSI methods to 32
pg/mL with Biolog reagents. This did not occur with the other representative from the
penicillin class (OXA), or other beta-lactam antibiotics (CTX, CFX). The other example of
an elevated MIC is daptomycin, a lipopeptide antibiotic with a unique MOA that causes
rapid membrane depolarization (Ho, Jung et al. 2008; Robbel and Marahiel 2010). The MIC
for DAP increased from 1-4 pug/mL (including addition of CaCl, at 50 pg/mL) with the
CLSI method up to 50 pg/mL with Biolog reagents. This dramatic increase is likely due to
interference from cations other than calcium in the media, as this has been noted to increase
the MIC by up to 32-fold in other systems (Ho, Jung et al. 2008).

Calculation of PM assay results

As each compound was analyzed with a negative control plate set, these “plus zero” controls
served as a way to assess the inherent variable response of this system irrespective of the
added compounds. The raw data signal for each individual well was compared for all 21
“plus zero” data sets, and points were flagged for removal if any exceeded 20% of the
standard deviation from the average, an empirically determined cut-off level. As each of the
240 plated compounds are present at four concentrations, excessive variation at any of the
four concentrations was considered grounds for removal of that plated compound from the
analysis. This resulted in the exclusion of 49 plated compounds (Supporting Material Table
1). Among those culled, sodium cyanide, a general respiration disruptor, had excessive
variation at all four plated concentrations. Amikacin (an aminoglycoside), dodine &
guanidine hydrochloride (non-specific membrane chaotropes), dichlofluanid
(phenylsulphamide, used as an antifungal), methyltrioctylammonium chloride (non-specific
membrane detergent), and 5,7-dichloro-8-hydroxy-quinaldine (lipophilic chelator) all
displayed excessive variation in three of the four plated concentrations.

J Mol Recognit. Author manuscript; available in PMC 2013 July 08.
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The remaining 196 values for plated compounds per data set were enriched for variation due
to the added compound. This was achieved by selecting only points with > 10% standard
deviation between all data sets, resulting in 164 plated compounds analyzed from the
original 240. The rationale behind this action was that plated compounds that behave the
same with every tested antimicrobial or test compound would strengthen agreement
regardless of MOA, thus diluting the effective variation useful to class assignment. The
drawback to this approach is that it must be repeated with the addition of any new data set,
possibly creating some variation with each new analysis, although in practice only two to
five data points were affected by this re-calculation.

Pearson correlations were used to assess the linear pairwise dependence of each data set’s
deviation from random noise, such that the more similar the data sets the closer the
correlation value approaches 1 (Figure 1). This analysis also generated a one-sided
significance that was used to remove data sets with a low probability (p > 0.05) of
significance (indicated by grey boxes in Figure 1). An indicator of the reliability of this type
of correlation due to sample size is Cronbach’s alpha, which was excellent at 0.95; further,
the homogeneity-quotient, which indicates the level of variability, was 0.44. It was noted in
these analyses that values of the homogeneity-coefficient greater than ~ 0.6, as was obtained
before enriching with variability > 10% standard deviation, resulted in shallow clustering.

Clustering Results for Commercial Antimicrobials

The clustering results for the generated database were successful despite the relatively
limited number of members per MOA, as well as including only 3 concentrations of
antimicrobial or test compound (Figure 2). Two major divisions arose among 21 commercial
antimicrobials and three test compounds. This grouped the folate pathway inhibitors TMP,
SXT and RABL1 into one tight cluster, and GEN, VAN, TOB within another tight cluster
within the first division. These groupings are easy to visualize in the correlations (Figure 1)
and the data (Supporting Material Table 2), as the folate pathway inhibitors display a strong
decrease in growth in combination with plated sulfa compounds. Among anti-folates a
strong synergy is known when administered with sulfa drugs such as sulfamethoxazole
(SXT for in vitrotesting is 1 part TMP to 19 parts sulfamethoxazole) (Grim, Rapp et al.
2005). The same phenotype is observed with GEN, VAN, TOB, which is unexpected.
However, the data for GEN, VAN, TOB compounds display more deviations as compared to
all other compounds, and it is unclear what significance their individual responses may have.
These three compounds, particularly VAN, seem to favor greater growth inhibition than all
other compounds (Supporting Material Table 2, smaller numbers, shaded blue). In addition,
GEN, VAN, TOB are the only compounds to display poor significance in correlation values
(Figure 1, grey boxes).

The other major division contains the remaining 18 compounds analyzed in these
experiments (Figure 2). These 18 compounds are distributed into five clear branches, with
some further hierarchy among individuals. Inhibitors of protein synthesis that group together
are DOX (tetracycline), LNZ (synthesis), ERY (macrolide), CLI (lincosamide), which are
interestingly also grouped with the cell wall acting beta-lactam inhibitor PEN (penicillin).
This grouping is most closely correlated to the two compounds with unknown MOA, 6628
and 6021. These two clusters are most closely correlated to a group of inhibitors acting on
the bacterial cell wall, encompassing IPM (carbepenem), CFX (cephem), MEM
(carbepenem), OXA (penicillin) and CTX (cephem).

This second major division is completed by two branches, one composed of TET
(tetracycline), DAP (membrane depolarization), CHL (50S ribosome inhibitor), and the
other composed of CIP (quinolone), LEV (quinolone), RIF (RNA polymerase). It is
reasonable that the quinolones, which interfere with DNA unwinding, would group with the

J Mol Recognit. Author manuscript; available in PMC 2013 July 08.
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RNA polymerase inhibitor RIF, as RNA polymerase would need to read through the
uncoiled DNA to perform its cellular function.

The clustering of TET and CHL apart from other inhibitors involved in steps of protein
synthesis results from subtle differences. These differences result from a more enhanced
growth, largely in response to some sulfa compounds, nitro-containing and oxidizing
compounds, aminoglycosides, and cephalosporins (Supporting Material Figure 1). It is not
clear why this is, but it is apparent from inspection of the correlation values that while there
appears to be some cross-correlation among all protein synthesis inhibitors, it isn’t strong
enough to impact the final clustering (Figure 2). In such cases, it is useful to envision MOA
as a spectrum of primary and secondary effects. Further, a known MOA does not indicate
full exploitation of the compound’s abilities, particularly at sub-MIC concentrations as
tested in the current assays, and this may be affecting the responses of TET and CHL such
that they appear more similar to DAP than to other protein synthesis inhibitors.

Clustering of test compounds using the database of commercial antimicrobials

As part of our investigations we tested three compounds that were not commercially
available antimicrobials. Among these, RAB1 has a known MOA and belongs to a class of
anti-folates that inhibits dihydrofolate reductase (Bourne, Barrow et al. 2010). The
clustering of RAB1 with known anti-folates TMP and SXT provides a validation of this
method, both for experimental parameters and calculation procedures. RAB1 and TMP have
a weak correlation with quinolones (range 0.54 — 0.59, Figure 1), but are not closely
correlated with any other compounds. For SXT, the closest correlation outside of the anti-
folate cluster is to 6628 (0.53), although 6628 has much higher correlations with other
compounds (Figure 1).

The compounds identified as 6628 and 6021 were selected based on the screening of whole
cell phenotypes (Barrow, Bourne et al. 2007). These compounds were identified as having
an MIC < 16 pg/mL against at least one of the tested bacterial agents (B. anthracis, Y. pestis,
B. abortus or F. tularensis, unpublished data). When the structures of these compounds were
examined, 6628 was noted to contain a sulfonamide moiety similar to other sulfa-drugs that
target DHPS (Skold 2000), while 6021 was found in the PubChem BioAssay database
(National Center for Biotechnology Information AID=372) to be a known inhibitor of HIV1
RNaseH1 (Figure 3).

The current study was unable to cluster either 6628 or 6021 with compounds of known
MOA. Among anti-folates, TMP and RABL1 inhibit the DHFR enzyme, and a decreased
growth is noted when also treated with sulfa drugs (Supporting Material Table 2). However,
there is no appreciable effect when TMP or RAB1 are added to wells already containing
TMP. This is in contrast to SXT, which showed decreased growth in the presence of plated
sulfa-compounds as well as TMP. 6628 showed modest growth reduction with sulfa-
compounds and no appreciable effect on growth with plated TMP.

We have attempted to evaluate the anti-folate capacity of 6628 using recombinant DHPS
from B. anthracis, which had an MIC of 4 pg/mL for 6628, although this DHPS is naturally
resistant to many sulfonamides (Valderas, Andi et al. 2008). Using the PiPer Pyrophosphate
Assay (Invitrogen) DHPS vyielded only a weak signal above background, and no inhibition
with 6628 or related series compounds were identified (data not shown). This is consistent
with a published report finding the antimicrobial activity of benzene-sulfonamides was not
dependent on the amide region, leading to a conclusion that they are not acting as traditional
sulfonamides (Namba, Zheng et al. 2008). Structural similarities to 6628 have been noted
for inhibitors of human 5-aminoimidazole-4-carboxamide ribonucleotide transformylase
(AICAR) (Cheong, Wolan et al. 2004; Li, Xu et al. 2004; Xu, Li et al. 2004), human

J Mol Recognit. Author manuscript; available in PMC 2013 July 08.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Bourne et al.

Page 8

methionine aminopeptidase type 11 (Kawai, BaMaung et al. 2006), and to sulfasalazine,
which was shown to inhibit human sepiapterin reductase (Chidley, Haruki et al. 2011)
(Figure 3). In each case no information is available about the potential role of these enzymes
as antimicrobial targets. It would be interesting to extend the current database to include
these inhibitors, and to evaluate the response in comparison to that of 6628.

Compound 6021 was identified in the PubChem BioAssay database as an anti-viral that
targets the RNaseH domain of HIV1 and 2 (National Center for Biotechnology Information
AID=372), as well as E. coli (National Center for Biotechnology Information AID=365) and
human RNase H1 (National Center for Biotechnology Information AID=366). RNaseH1 is
essential in bacteria as it digests RNA from a DNA:RNA hybrid, such as found in Okazaki
fragments during replication (Tadokoro and Kanaya 2009). Compound 6021 clusters with
6628, and these are most closely correlated with inhibitors of protein synthesis (DOX, LNZ,
ERY, PEN, CLI). However, examination of the correlation values (Figure 1) reveal that
neither 6628 nor 6021 are particularly well correlated with any other MOA; the highest non-
self values for 6628 are 0.6 with LNZ and LEV, and for 6021 are 0.59 with ERY and 0.56
with PEN. Examination of the response data expressed as d(A) does not delineate a clear
pattern for either compound (Supporting Material Table 2).

While there were no clear predictions for the clustering result based on 6021’s putative
MOA, it was unexpected to partition with compounds targeting protein production. The
putative MOA was considered most likely to be similar to inhibitors of DNA replication. It
is possible that bacterial RNaseH1 plays unappreciated roles in cellular maintenance. 6021’s
inhibitory activity may also arise due to similarity to an RNA nucleotide (Figure 3, adenine
is shown as an example). As with 6628, it would be interesting to evaluate the responses of
other RNaseH1 inhibitors as tallied in the BioAssay repository for comparison to 6021. We
have demonstrated direct inhibition of bacterial RNaseH1 proteins by 6021, and shown
species variation in this inhibitory activity (data not shown), arguing for a specific rather
than generic target. For both 6628 and 6021 this may be a case of a unique target, which is
unable to cluster successfully with known antimicrobials.

CONCLUSIONS

The Phenotype Microarray assay system is marketed for determining compound MOA
(Biolog Application Notes). From the current investigation, this system can correctly assign
MOA, as for commercial antimicrobials and for RAB1. Clustering results were not
particularly fine, in that the identified MOA was broad in nature and could not distinguish
specifics of the targets, such as tetracyclines versus macrolides. However, aminoglycosides
did partition together and away from all other protein synthesis inhibitors. We did not note
any effect of bactericidal versus bacteriostatic in these experiments. In the case of 6628 and
6021 there are no clear MOA from these analyses; this may be due to their unique MOA. It
is likely that application of the PM system to unique MOA will only be possible by first
deducing putative MOA followed by seeding the comparator database with similar MOA
compounds, even if they are not commercial antimicrobials. The current investigations
highlighted the importance of determining the MIC using the same solutions and conditions
as the PM assay, as in the case of DAP. We also found a subtle effect from changing the sub
MIC concentrations of test compounds, which seemed to alter the clustering (data not
shown), leading to the adoption of standardized concentrations among all database members.

The major deviation from marketed purpose noted in these analyses is the inability to assign
synergy or antagonism, which was the cornerstone of the calculation method as presented by
Biolog (Wiater, Madejska et al. 2007). The assignment of synergy or antagonism is a useful

descriptor, but can only be calculated with knowledge of the MIC for all compounds in the
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combination (Lorian 1996; Chou 2010; Peifer, Weiss et al. 2010; Brunton, Chabner et al.
2011); in the PM system, the concentration of the plated compounds is proprietary and not
available to the public. This lack of MIC information was the major stumbling block in
implementing this system. However, using the method of calculation presented here it is
possible to achieve meaningful clustering without invoking synergy or antagonism.

This study has also demonstrated a minimum number of points for composition of a
comparative database. It is likely that clustering results would improve with a larger
database sample number, and perhaps even resolve the ambiguity surrounding the
assignment of unique MOA. While our future efforts will be on populating this database
with non-commercial antimicrobials directed at compounds 6628 and 6021, the public
availability of the database (Supporting Material Table 2) from this work will hopefully spur
more analyses into PM assignment of MOA.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Pearson correlation values between antimicrobials and test compounds. Values approach 1

(shaded green) as the agreement between data sets increases. Boxes shaded gray were
excluded from analysis due to p > 0.05; shading is from lowest (yellow) to highest (green)
values.
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| GEN 30S ribosome, aminoglycoside
d VAN cell wall synthesis, glycopeptide
|§ TOB 30S ribosome, aminoglycoside
RAB1 DHFR, anti-folate
‘ | TMP DHFR, anti-folate
! SXT DHFR / DHPS, anti-folate
DOX 30S ribosome, tetracycline
LNZ protein synthesis
r[ ERY 50S ribosome, macrolide
PEN beta-lactam, penicillin
l— CLI 50S ribosome, lincosamide
[T| 6628 unknown, sulfonamide-like
k.| 6021 unknown, potentially RNaseH1
_[ IPM cell wall synthesis, carbepenem
CFX beta-lactam, cephem
MEM cell wall synthesis, carbepenem
OXA beta-lactam, penicillin
CTX beta-lactam, cephem
TET 30S ribosome, tetracycline
DAP membrane depolarization
|- CHL 505 ribosome
CIP DNA gyrase, quinolone
LEV DNA gyrase, quinolone
RIF RNA polymerase

Figure 2.

Dendrogram of MOA clusters derived from PM assays. Compound abbreviations are given

in the Materials and Methods section.
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Figure 3.

Tested compounds with unknown MOA and structurally similar compounds identified in the
literature. (A) Compound 6628, a benzene sulfonamide. (B) An inhibitor of human 5-
aminoimidazole-4-carboxamide ribonucleotide transformylase (Li et al., 2004a). (C) An
inhibitor of human methionine aminopeptidase type 1l (Kawai et al., 2006). (D) An inhibitor
of human sepiapterin reductase (Chidley et al., 2011). (E) Compound 6021, a thiophene
carboxamide. (F) An adenine ribonucleotide.
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