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Selective inhibitors of human peptide deformylase (HsPDF) are predicted to constitute a new class of
antitumor agents. We report the identification of benzofuran-4,5-diones as the first known selective
HsPDF inhibitors and we describe their selectivity profile in a panel of metalloproteases. We characterize
their structure–activity relationships for antitumor activity in a panel of cancer cell lines, and we assess
their in vivo efficacy in a mouse xenograft model. Our results demonstrate that selective HsPDF inhibitors
based on the benzofuran-4,5-dione scaffold constitute a novel class of antitumor agents that are potent
in vitro and in vivo.

� 2011 Elsevier Ltd. All rights reserved.
During protein synthesis in prokaryotes, the N-formyl group of
nascent peptides is removed from most peptides in order to yield
mature proteins. Consequently, PDF activity is essential to bacterial
growth.1,2 Since until recently PDF was thought to be absent from
eukaryotes, PDF has constituted an attractive target for the devel-
opment of antibotics.3 However, the demonstration of the exis-
tence of a functional human analogue of PDF4–6 raises concerns
over the use of non selective PDF inhibitors as antibacterial agents
in humans.

Following the observation that HsPDF inhibition by actinonin (1)
and actinonin analogs or by specific siRNA knockdown of expression
is associated with antiproliferative effect in cancer cells7, we specu-
lated that HsPDF inhibitors could constitute a new class of antitumor
agents. However, most currently known PDF inhibitors such as acti-
nonin consist of a peptidomimetic backbone attached to a hydroxa-
mic acid moiety, and this class of compounds is typically associated
with poor selectivity across metalloproteases.8–11 In addition, their
poor bioavailability precludes their use in vivo as antitumor agents.
The crystal structure of an N-terminal truncated, catalytically active
HsPDF revealed structural differences between HsPDF and EcPDF
such as a characteristic entrance to the active site that provide a
rationale for the identification of selective HsPDF inhibitors.12 For
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this reason, we developed and validated a strategy that would allow
us to identify novel non peptidomimetic and non hydroxamic acid
based inhibitors of HsPDF13, and we subsequently embarked in the
screening of a library of 200,000 small molecules using our proven
strategy. Among the confirmed positives identified in this campaign
were five compounds (2–6) belonging to the chemical scaffold of
benzofuran-4,5-diones (Fig. 1). All five compounds induced P75%
inhibition at 10 lM in our fluorescence polarization-based assay
for HsPDF (Fig. 1) in absence of any optical interference, which
was measured as previously described.13 In addition, the five benzo-
furan-4,5-diones identified during primary screening were con-
firmed as functional inhibitors of HsPDF using a methodology
previously described.13 While the benzofuran moiety is included
in inhibitors of various enzymes, to our knowledge, no inhibitory
activity toward any PDF and no antitumor activity has previously
been described for the chemical scaffold of benzofuran-4,5-diones.
In order to expand the limited structure–activity relationships of
benzofuran-4,5-diones gathered during primary screening, we initi-
ated exploratory chemistry efforts aimed at defining the importance
of the halogen substitutions at a- and b-positions on the 4,5-
orthodione moiety.

For the synthesis of 13 novel benzofuran-4,5-dione derivatives
and three napthofurandione derivatives, we engaged in a strategy
relying on acid catalyzed reaction of substituted enaminones with
appropriately halogenated 1,4-quinones14–17 to provide a general
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Scheme 1. Synthesis of the enaminones 8a–8d. Reagents and conditions: (a) DMF-
DMA, 150 �C, 20–30 h.
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Figure 1. Chemical structure of actinonin, 1; chemical structure and percentage
inhibition (HTS%) of confirmed positives in primary screen belonging to the
benzofuran-4,5-dione scaffold, 2–6; general chemical structure of the primary hits
belonging to the benzofuran-4,5-dione scaffold.
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construct of substituted 5-hydroxy benzofuran and naphthofuran
derivatives, followed by oxidation with a suitable oxidant. Toward
this end, substituted acetophenones 7a–7d were reacted with di-
methyl formamide dimethyl acetal at 150 �C in DMF to give the
enaminones 8a–8d18 in 63–88% yield (Scheme 1). The enaminones
8a–8d were reacted with appropriately halogenated 1,4-quinones
O
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Scheme 2. Synthesis of benzofuran-4,5-diones. Reagents and conditions: (a) AcOH, rt; (b
22–27: HNO3, AcOH, rt?65 �C, 3 h. Z = Br or Cl, matching X and Y.
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Scheme 3. Synthesis of naphtofurandiones. Reagents and con
and hydroquinone in acetic acid as a solvent to give the correspond-
ing 5-hydroxybenzofuran derivatives 16i–30i19,20 (Scheme 2), as
well as the corresponding 5-hydroxynaphthofuran derivatives
32i–34i21 (Scheme 3) in variable yields. The oxidation of 5-hydrox-
ybenzofuran derivatives 16i–28i and 5-hydroxynaphthofuran
derivatives 32i–34i was best accomplished via either nitric acid22,23

or with Dess–Martin’s periodinane, to give the corresponding
substituted 4,5-benzofurandiones 16–28 with 40–57% yield and
the 4,5-naphthofurandiones 32–34 with 38 to 43% yield.

We evaluated the potency of the 13 novel benzofuran-4,5-dione
derivatives toward HsPDF and EcPDF as well as their selectivity
profile using a previously validated methodology.10 We found that
all the benzofuran-4,5-dione derivatives we have synthesized
inhibit HsPDF with an IC50 ranging from 5.2 to 65 lM (Table 1).
In contrast, when we characterized the potency of the 5-hydrox-
ybenzofuran intermediates of synthesis 16i–30i, we found that
they were all inactive toward HsPDF up to 100 lM (Supplementary
Table 1). This result clearly indicates that the orthodione moiety in
the benzofuran-4,5-dione scaffold is important for activity. Simi-
larly, the three napthofurandiones 32, 33 and 34 we have synthe-
sized have no activity toward any of the metalloproteases tested
(Supplementary Table 2), suggesting that substituting the benzofu-
randione moiety by a naphtofurandione moiety abrogates activity.
Interestingly, since the benzofurandiones 16 and 17 lacking a hal-
ogen substituent at a- and b-positions on the 4,5-orthodione moi-
ety are potent toward HsPDF (Table 1), we can conclude that
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Table 1
Potency and selectivity profile of benzofuran-4,5-dione derivatives

O

O

O

R1

R2

R3
O

X
Y

Compd X Y R1 R2 R3 HsPDF (IC50, lM) EcPDF (IC50, lM) HsPDF (%I) EcPDF (%I) APN (%I) MMP-1 (%I)

1 — — — — — 2.7 0.14* 98 99 95 97
16 H H H H H 59 >100 100 32 5 0
17 H H H OMe H 34 >100 100 24 4 6
20 Cl H H OMe H 40 >100 100 11 54 11
28 Br H H OMe H 32 >100 100 5 22 26
19 H Cl H OMe H 16 >100 100 13 68 10
21 H Br H OMe H 15 >100 100 26 64 8
5 Cl Cl H H H 45 >100 100 65 101 41
22 Cl Cl H OMe H 15 >100 88 1 50 0
25 Br Br H OMe H 65 >100 100 22 41 23
23 Cl Cl OMe OMe H 6.1 67 100 63 99 46
26 Br Br OMe OMe H 10 >100 100 53 96 46
24 Cl Cl OMe OMe OMe 25 >100 100 27 50 32
27 Br Br OMe OMe OMe 5.2 >100 100 32 50 38

%I: % Inhibition at 100 lM, average of duplicates; 100: P100 %I; 0: 60 %I.
* as assessed in the FLUO functional assay13.
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Figure 2. (a) Dose response curves for 22 and 27 toward HsPDF and EcPDF. (b)
Cytotoxicity profiling of 27.
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Figure 3. In vivo efficacy of 27 in a mouse xenograft model using HL-60 cells.
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halogens in those positions are not required for activity, and that
the naphtofurandiones 32, 33 and 34 are not inactive because they
lack halogens, but rather because the benzofuran-4,5-dione moiety
is necessary for activity. While halogen substitutions at a- and
b-positions on the 4,5-orthodione moiety are not required for
HsPDF activity, they do seem to increase the potency of benzofu-
ran-4,5-diones toward HsPDF, since the top six most potent deriv-
atives we have synthesized harbor at least one chloro or one bromo
substituent in those positions. Similarly, we observe that the top
three most potent derivatives have two or three methoxy substit-
uents on the benzoyl moiety (Table 1), indicating that those sub-
stituents could be responsible for the formation of hydrogen
bonds with the target. With an IC50 of 5.2 lM toward HsPDF, 27
is the most potent HsPDF inhibitor we have characterized. When
we assessed the selectivity of benzofuran-4,5-diones, we found
that only one of the derivatives we have synthesized was weakly
active toward EcPDF (23, IC50 = 67 lM), while 12 out of 13 had
no measurable activity toward EcPDF (Table 1). This result con-
trasts with the broad activity of benzofuran-4,5-diones toward
the human enzyme and demonstrates that this class of compounds
is selective for the human PDF compared to the bacterial enzyme.



Table 2
Cytotoxicity profile of benzofuran-4,5-dione derivatives

Compd HL-60 HL-60/RV+ Jurkat Molt-3 ALL-3 CWR22 HEK293 Y79 Meso47

1 16 100 40 45 N.D. 25 15 N.D. 100
16 21 22 8.1 7.3 22 30 23 30 63
17 17 27 8.9 9.1 29 35 21 31 100
20 32 67 57 47 34 69 100 67 71
28 48 67 20 4 48 71 54 100 71
19 17 48 13 11 47 59 40 74 100
21 10 38 12 11 35 46 36 63 100
5 72 100 46 31 69 72 100 100 100
22 10 43 6.1 4.1 27 50 30 66 100
25 53 100 55 40 70 70 100 68 100
23 69 100 67 71 69 68 100 66 72
26 42 64 28 25 36 100 100 100 100
24 36 55 5.9 7.0 49 67 67 64 100
27 5.4 12 2.8 2.9 10 21 16 33 37

IC50, lM ; 100: P100 lM; N.D.: not determined.
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To our knowledge, benzofuran-4,5-diones constitute the first class
of compounds with such a specificity, since all currently known
HsPDF inhibitors are peptidomimetic- and hydroxamic acid-based
that inhibit both HsPDF and EcPDF6,8,24, and tend to exhibit low
specificity among metalloproteases.8–11 When we further charac-
terized the selectivity profile of benzofuran-4,5-diones at 100 lM
in a panel of metalloproteases, we found that the newly synthe-
sized compounds are not only selective for HsPDF compared to
EcPDF, but also demonstrate selectivity for HsPDF among other
metalloproteases such as APN and MMP-1; as an example, 22
had no significant activity toward EcPDF and MMP-1, while being
potent toward HsPDF (IC50 = 15 lM) (Table 1, Fig. 2a). Similarly,
16, 17 and 28 completely inhibited HsPDF while having low activ-
ity toward EcPDF, APN and MMP-1 (Table 1). Altogether, our re-
sults demonstrate that benzofuran-4,5-diones constitute the first
known selective inhibitors of HsPDF. With an IC50 of 5.2 lM to-
ward HsPDF and no significant activity toward the bacterial
enzyme (Table 1, Fig. 2a), 27 is the most potent and selective HsPDF
inhibitor we have characterized.

To confirm that the novel HsPDF inhibitors we have identified
have no antibacterial activity as predicted by their lack of activity
toward EcPDF, we determined the MIC of compounds 5 and 22 in
a panel of 15 bacterial strains. We found that none of the com-
pounds had measurable antibacterial activity toward 14 out of
the 15 strains tested (MIC >64 lg/mL), while actinonin was active
in 12 out of the 15 strains tested as expected (Supplementary Table
3). This important result confirms that benzofuran-4,5-diones con-
stitute the first known HsPDF inhibitors that specifically target the
human enzyme and lack antibacterial activity, presumably because
they are structurally different than actinonin and its derivatives and
do not contain a hydroxamic acid moiety.

To verify the hypothesis that HsPDF inhibitors may constitute
novel anticancer agents, we assessed the cytotoxicity profile of
the 13 novel benzofuran-4,5-dione derivatives in a panel of nine
well characterized cancer cell lines using a method previously
described.25 We found that all the benzofuran-4,5-dione deriva-
tives we have synthesized have cytotoxic activity toward at least
five out of nine of the cancer cell lines tested, with an IC50 rang-
ing from 2.8 to 74 lM (Table 2). Interestingly, the most potent
HsPDF inhibitor we have identified was also the most potent
compound in the viability assay: 27 was active across all the can-
cer cell lines tested, with IC50 ranging from 2.8 to 37 lM, includ-
ing the multidrug resistant cell line HL-60/RV+ (IC50 = 12 lM)
(Table 2, Fig. 2).

In summary, our findings provide guidelines for the develop-
ment of selective HsPDF inhibitors active at the cellular level and
altogether our results validate our strategy, in that we have de-
signed novel and selective HsPDF inhibitors that have cell-based
anticancer activity.

In a pilot study, we assessed the in vivo efficacy of 27 in a mouse
xenograft model using human promyelocytic leukemia HL-60 cells.
Our lead compound delayed the growth of HL-60 tumors by up to
40% (Fig. 3). To put this result in perspective, actinonin – which has
a reported IC50 of 43 nM toward HsPDF7—must be administered
twice a day for two weeks at the large dose of 250 mg/kg to delay
tumor growth.7 This difference in potency could be attributed to a
better bioavailability compared to the peptidomimetic actinonin
but further studies are needed to address this question. In light
of this observation, our results are encouraging considering that
27, a benzofuran-4,5-dione derivative of first generation, was po-
tent in vivo at a dose of 15 mg/kg.

In conclusion, our findings strongly suggest that derivatives of
the benzofuran-4,5-dione scaffold could constitute a new class of
potent antitumor agents selective for HsPDF.
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