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ABSTRACT: Organic impurities in compound libraries are
known to often cause false-positive signals in screening
campaigns for new leads, but organic impurities do not fully
account for all false-positive results. We discovered inorganic
impurities in our screening library that can also cause positive
signals for a variety of targets and/or readout systems,
including biochemical and biosensor assays. We investigated
in depth the example of zinc for a specific project and in retrospect in various HTS screens at Roche and propose a
straightforward counter screen using the chelator TPEN to rule out inhibition caused by zinc.
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One of the dominant strategies for lead identification for
small molecule drug discovery campaigns is high-

throughput screening (HTS).1−3 The main problems for
medicinal chemistry teams when analyzing and following up
hits derived from HTS are false negatives and false positives.
Contrary to most false negatives that are missed from a
screening effort entirely and may only be rescued by hit
expansion methods, false positives that are pursued by project
teams will always be discovered eventually. However, false
positives can consume significant time and resources to be
identified, characterized, and eliminated, thereby impeding
progress toward lead identification and optimization.4−7

Many different mechanisms that cause false-positive signals
have been discovered in recent years. Among them are
nonspecific binding, interference with the assay detection
method, organic impurities, compound aggregation, and redox
reactions.8−17 Here, we describe another source for false
positives that we identified in recent HTS campaigns at Roche.
These false-positive signals in HTS are caused by inorganic
impurities. These inorganic impurities, the problems they may
cause, and their removal at the developmental stage of drugs are
known and widely discussed, but on- and off-target
interferences from metals at the discovery stage of lead
identification have not been reported.18−21

Most screening libraries are typically designed and built up
over time. Compounds are assembled from various sources. At
Roche, compounds of past projects are part of the HTS library
as well as compounds specifically synthesized or purchased
from various vendors over many years. As a consequence, the
purity data on these compounds differ from being very
elaborate for compounds derived from in-house project teams

to very limited for commercial compounds that were purchased
up to decades ago.
After screening a library, project teams usually select a

number of compounds for hit verification and hit expansion
studies. Initial identity and purity criteria include confirmation
of NMR and mass spectra for the compound under
investigation. As these methods are suitable to confirm the
identity and purity of the organic component of solid
compound material, they cannot reveal potential inorganic
impurities such as transition metals that may be used in the
synthesis of compounds.
During a recent lead identification campaign for the enzyme

Pad4, the project team evaluated a number of HTS hit series.22

Samples from four structurally different series appeared clean,
and activity was retained throughout follow-up activities
including an enzyme-linked immunosorbent (ELISA) enzyme
assay and a standard enzyme assay. ForteBio and Biacore
biosensor-based binding assays provided similar results and
were consistent with these findings.23 The measured IC50 and
KD values were in the low micromolar range, making these low
molecular weight series attractive starting points for develop-
ment into a lead series (compounds 1.1, 2.1, 3.1, and 4.1; Table
1).
The hits were resynthesized, and close analogues were

prepared for early structure−activity relationship (SAR)
exploration. All three series lacked conclusive SAR. Most
exemplifying are the activities of different batches of the very
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same compounds that exhibited very different activities from
being low micromolar to inactive with IC50 values greater than
one millimolar (Table 1). Additionally, the SAR of close
analogues was either flat or very steep as indicated by
compounds with minimal structural changes losing all activity
(data not shown).
For these particular hits, we investigated these findings

further. It was discovered that for one series, different routes of
synthesis were used for the original preparation of the HTS
library compound and its resynthesis. The historic synthesis
made use of a zinc/titanium reduction step, whereas the new
synthesis leading to inactive compounds did not. The schemes
to prepare compounds of the other series also had steps
involving zinc. Elemental analysis of the samples to determine
the zinc content revealed that the active batches contained
different amounts of zinc of up to 20% of total mass, whereas
the inactive batches only had traces of zinc (Table 1). Hence,
we hypothesized that if the assay readout was not affected by
zinc, the enzyme that we were trying to target was sensitive to
zinc ions.
We tested this hypothesis by determining the IC50 for ZnCl2,

which was found to be 1 μM in an ELISA functional enzyme
assay. Also, in Biacore and ForteBio binding studies, we could
confirm zinc binding with a KD of 1 μM with Pad4 (Supporting
Information).
We concluded that the observed strange SAR was caused by

zinc contaminations in the compound samples. Zinc-free
batches of the compounds showed no activities. Different
routes of synthesis or varying methods of working up the
compounds, which removed or only partially removed the zinc
contaminations, caused inconsistent and false activities of the
investigated compounds. We also checked other metals and
found that many of them are active against Pad4, although with
lower potency (Table 2).
To check all HTS hits for zinc contaminations, we

rescreened the hits in the presence of a selective Zn chelator

TPEN (N,N,N′,N′,-tetrakis(2-pyridylmethyl) ethylenediamine)
that has been used frequently to remove zinc effects in various
assays.24−27 We identified 90 compounds in our hit set that
showed greater than 7-fold potency shift in the presence of
TPEN. We concluded that these compounds were very likely to
be contaminated with zinc ions; possibly, the real number is
larger, but we chose a 7-fold shift as a cutoff to be conservative
and only include contaminated compounds in the following
analysis.
We asked the question how often metalsor in our case

zinccause problems in HTS screens. We used the identified
90 compounds as “probes” and analyzed 175 past HTS screens
at Roche. Because the HTS campaigns were completed over a
number of years during which the screening library evolved, not
all compounds were screened in all assays. We analyzed only
those HTS data sets with at least 10 compounds from the list of
90 tested (Table S1 in the Supporting Information).
Of the 175 HTS screens, 41 showed a hit rate of zinc-probing

compounds of at least 25% as compared to a randomly
expected hit rate of <0.01%. We consider this very high, as we
do not expect for all compounds to be active in a zinc-sensitive
screen, since we assume differing impurity levels of zinc in the
compound samples as well as different sensitivities of the
various assays or targets in addition to a false-negative rate
expected for any HTS.
Most of the 41 suspicious HTS campaigns belonged to

nonactive projects at Roche; however, four projects were still
active at the time of this investigation. We assayed zinc in each
of these assays and found each of them were susceptible to zinc
inhibition at various concentrations (Table 3).

The Ras screen was one of the screens showing the highest
hit rate for zinc contaminated compounds with all 36
compounds in the screen known to contain zinc giving a
positive signal. This screen was an exception in that it was not a
HTS but a fragment-based screen (FBS). This was the only
FBS considered for this study and was run at a compound
concentration of 250 μM. It is conceivable to assume that FBSs,
which are typically run at much higher compound concen-
trations, should be more prone for false-positive signals from
zinc and metal-contaminated compounds. The data for the Ras
FBS support this.
We conclude that zinc and potentially other metal impurities

in screening library compounds may affect a large number of
targets or assays. The zinc impurity in false-positive compounds
may cause false-positive signals in the low micromolar range,
simulating potencies relevant for selection by project teams. We
found zinc-contaminated compounds synthesized using differ-
ent reactions involving zinc. Many reactions using metals
including zinc are employed frequently by medicinal chemists
and should be considered as a potential source of zinc
contamination.28,29 Whether or not zinc is transferred as an

Table 1. Activities and Binding Affinities of Various Batches

compd.batch)
IC50
(μM)

ligand
efficieny

KD (μM)
ForteBio

zinc
contamination

(%)

1.1 11 0.29 23 7
1.2 59 0.25 45 2
1.3 >1000 <0.18 no binding
2.1 4 0.39 10 20
2.2 >1000 <0.22 >500
3.1 5 0.52 8
3.2 >1000 <0.29 no binding
4.1 14 0.25 10
4.2 >1000 <0.15 no binding

Table 2. IC50 of Different Metals against Pad4

metal IC50 (μM)

zinc (Zn2+) 1
iron (Fe3+) 192
palladium (Pd2+) 231
nickel (Ni2+) 242
copper (Cu2+) 279
barium (Ba2+) >1000
calcium (Ca2+) >1000
magnesium (Mg2+) >1000

Table 3. Measured IC50 Values in Various Assays (For
Details, See the Supporting Information)

assay target class ZnCl2 IC50 (μM)

1 Jak3 (kinase) 14.9
2 protein−protein interaction 4.9
3 protein−protein interaction 2.7
4 Ras/Raf <47a

aAssay conditions contain EDTA, and the complexation of zinc is
expected to increase the measured IC50 value.
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impurity depends not only on the workup procedure but also
on the property of the organic compound. For example, we
found organic compounds with zinc impurities that may have
formed complexes with multivalent cations and survived
workup procedures.
Because these impurities do not raise flags by simple purity

checks of the organic material and often maintain activity
throughout orthogonal assays including binding assays, they can
lead a project team in the wrong direction, wasting valuable
resources and time. In our case, the zinc inhibitory activity
appeared to be on target. This is not novel since inhibitory or
regulatory effects of metals either alone or in complex with a
small molecule are well-known.30−35 Other nonfunctional
mechanisms of metal interference on readout systems may
also be possible and are more likely to cause false-positive
signals. However, we have not observed an enrichment of a
particular assay type among the suspicious HTS assays (see the
Supporting Information).
When analyzing HTS hits, inorganic impurities should always

be considered and checked for before starting any lead
optimization campaign. Assaying selected hits or the entire
hit selection in the presence of a nonselective chelator such as
EDTA or a more selective chelator such as TPEN can be a
simple but very effective method to rule out false-positive hits.
Metal contamination in compound samples from synthesis can
also cause inconclusive SAR in later lead optimization stages.
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(7) Böcker, A.; Bonneau, P. R.; Edwards, P. J. HTS Promiscuity
Analyses for Accelerating Decision Making. J. Biomol. Screening 2011,
16, 765−774.
(8) Feng, B. Y.; Shelat, A.; Doman, T. N.; Guy, R. K.; Shoichet, B. K.
High-throughput assays for promiscuous inhibitors. Nat. Chem. Biol.
2005, 1, 146−148.
(9) McGovern, S. L.; Caselli, E.; Grigorieff, N.; Shoichet, B. K. A
Common Mechanism Underlying Promiscuous Inhibitors from Virtual
and High-Throughput Screening. J. Med. Chem. 2002, 45, 1712−1722.
(10) Seidler, J.; McGovern, S. L.; Doman, T. N.; Shoichet, B. K.
Identification and Prediction of Promiscuous Aggregating Inhibitors
among Known Drugs. J. Med. Chem. 2003, 46, 4477−4486.
(11) Johnston, P. A. Redox cycling compounds generate H2O2 in
HTS buffers containing strong reducing reagentsReal hits or
promiscuous artifacts? Curr. Opin. Chem. Biol. 2011, 15, 174−182.
(12) Rishton, G. M. Nonleadlikeness and leadlikeness in biochemical
screening. Drug Discovery Today 2003, 8, 86−96.
(13) Rishton, G. M. Reactive compounds and in vitro false positives
in HTS. Drug Discovery Today 1997, 2, 382−384.
(14) Hann, M. M.; Leach, A. R.; Harper, G. Molecular Complexity
and Its Impact on the Probability of Finding Leads for Drug Discovery.
J. Chem. Inf. Comput. Sci. 2001, 41, 856−864.
(15) Lor, L. A.; Schneck, J.; McNulty, D. E.; Diaz, E.; Brandt, M.;
Thrall, S. H.; Schwartz, B. A Simple Assay for Detection of Small-
Molecule Redox Activity. J. Biomol. Screening 2007, 12, 881−890.
(16) Johnston, P. A.; Soares, K. M.; Shinde, S. N.; Foster, C. A.;
Shun, T. Y.; Takyi, H. K.; Wipf, P.; Lazo, J. S. Development of a 384-
well colorimetric assay to quantify hydrogen peroxide generated by the
redox cycling of compounds in the presence of reducing agents. Assay
Drug Dev. Technol. 2008, 6, 505−518.
(17) Soares, K. M.; Blackmon, N.; Shun, T. Y.; Shinde, S. N.; Takyi,
H. K.; Wipf, P.; Lazo, J. S.; Johnston, P. A. Profiling the NIH Small
Molecule Repository for compounds that generate H2O2 by redox
cycling in reducing environments. Assay Drug Dev. Technol. 2010, 8,
152−174.
(18) Garrett, C. E.; Prasad, K. The Art of Meeting Palladium
Specifications in Active Pharmaceutical Ingredients Produced by Pd-
Catalyzed Reactions. Adv. Synth. Catal. 2004, 346, 889−900.
(19) Welch, C. J.; Albaneze-Walker, J.; Leonard, W. R.; Biba, M.;
DaSilva, J.; Henderson, D.; Laing, B.; Mathre, D. J.; Spencer, S.; Bu, X.;
Wang, T. Adsorbent Screening for Metal Impurity Removal in
Pharmaceutical Process Research. Org. Process Res. Dev. 2005, 9, 198−
205.
(20) Tu, Q.; Wang, T.; Welch, C. J. High-throughput metal screening
in pharmaceutical samples by ICP-MS with automated flow injection
using a modified HPLC configuration. J. Pharm. Biomed. Anal. 2010,
51, 90−95.
(21) Shaw, B. J.; Semin, D. J.; Rider, M. E.; Beebe, M. R. Applicability
of total reflection X-ray fluorescence (TXRF) as a screening platform
for pharmaceutical inorganic impurity analysis. J. Pharm. Biomed. Anal.
2012, 63, 151−159.
(22) Slack, J.; Causey, C.; Thompson, P. Protein arginine deiminase
4: a target for an epigenetic cancer therapy. Cell. Mol. Life Sci. 2011, 68,
709−720.
(23) Wartchow, C. A.; Podlaski, F.; Li, S.; Rowan, K.; Zhang, X.;
Mark, D.; Huang, K. S. Biosensor-based small molecule fragment
screening with biolayer interferometry. J. Comput.-Aided Mol. Des.
2011, 25, 669−676.
(24) Chang, H. R.; McCusker, J. K.; Toftlund, H.; Wilson, S. R.;
Trautwein, A. X.; Winkler, H.; Hendrickson, D. N. [Tetrakis(2-
pyridylmethyl)ethylenediamine]iron(II) perchlorate, the first rapidly
interconverting ferrous spin-crossover complex. J. Am. Chem. Soc.
1990, 112, 6814−6827.
(25) Toftlund, H.; Yde-Andersen, S. Spin Equilibria in Octahedral
Iron(II) Complexes with Some Hexadentate Ligands of the Tetrakis-
(2-pyridylmethyl)ethylenediamine Type and a Spectral Correlation
With Their Cobalt(III) and Nickel(II) Analogs. Acta Chem. Scand.
1981, 35A, 575−585.

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml3003296 | ACS Med. Chem. Lett. 2013, 4, 197−200199

http://pubs.acs.org
mailto:johannes.hermann@roche.com


(26) Outten, C. E.; O’Halloran, T. V. Femtomolar Sensitivity of
Metalloregulatory Proteins Controlling Zinc Homeostasis. Science
2001, 292, 2488−2492.
(27) Fahrni, C. J.; O’Halloran, T. V. Aqueous Coordination
Chemistry of Quinoline-Based Fluorescence Probes for the Biological
Chemistry of Zinc. J. Am. Chem. Soc. 1999, 121, 11448−11458.
(28) Roughley, S. D.; Jordan, A. M. The Medicinal Chemist’s
Toolbox: An Analysis of Reactions Used in the Pursuit of Drug
Candidates. J. Med. Chem. 2011, 54, 3451−3479.
(29) Carey, J. S.; Laffan, D.; Thomson, C.; Williams, M. T. Analysis
of the reactions used for the preparation of drug candidate molecules.
Org. Biomol. Chem. 2006, 4, 2337−2347.
(30) Katz, B. A.; Clark, J. M.; Finer-Moore, J. S.; Jenkins, T. E.;
Johnson, C. R.; Ross, M. J.; Luong, C.; Moore, W. R.; Stroud, R. M.
Design of potent selective zinc-mediated serine protease inhibitors.
Nature 1998, 391, 608−612.
(31) Lee, C.-C.; Kuo, C.-J.; Ko, T.-P.; Hsu, M.-F.; Tsui, Y.-C.; Chang,
S.-C.; Yang, S.; Chen, S.-J.; Chen, H.-C.; Hsu, M.-C.; Shih, S.-R.;
Liang, P.-H.; Wang, A. H. J. Structural Basis of Inhibition Specificities
of 3C and 3C-like Proteases by Zinc-coordinating and Peptidomimetic
Compounds. J. Biol. Chem. 2009, 284, 7646−7655.
(32) Reyes-Caballero, H.; Campanello, G. C.; Giedroc, D. P.
Metalloregulatory proteins: Metal selectivity and allosteric switching.
Biophys. Chem. 2011, 156, 103−114.
(33) Kim, C. H.; Kim, J. H.; Lee, J.; Ahn, Y. S. Zinc-induced NF-κB
inhibition can be modulated by changes in the intracellular
metallothionein level. Toxicol. Appl. Pharmacol. 2003, 190, 189−196.
(34) Harrison, N. L.; Gibbons, S. J. Zn2+: An endogenous modulator
of ligand- and voltage-gated ion channels. Neuropharmacology 1994,
33, 935−952.
(35) Che, C.-M.; Siu, F.-M. Metal complexes in medicine with a
focus on enzyme inhibition. Curr. Opin. Chem. Biol. 2010, 14, 255−
261.

ACS Medicinal Chemistry Letters Letter

dx.doi.org/10.1021/ml3003296 | ACS Med. Chem. Lett. 2013, 4, 197−200200


