J. Med. Chem2007,50, 2385-2390 2385

A High-Throughput Screen for Aggregation-Based Inhibition in a Large Compound Library

Brian Y. Feng!-® Anton SimeonoV;$ Ajit Jadhav# Kerim Babaoglu, James Ingles&Brian K. Shoichet,® and
Christopher P. Austin¥

Department of Pharmaceutical Chemistry & Graduate Group in Chemistry and Chemical Biology, 1700 4th Streetsityndf California
San Francisco, San Francisco, California 94158-2330, and NIH Chemical Genomics Center, National Human Genome Research Institute,
National Institutes of Health, Bethesda, Maryland 20892-3370

Receied Naember 13, 2006

High-throughput screening (HTS) is the primary technique for new lead identification in drug discovery
and chemical biology. Unfortunately, it is susceptible to false-positive hits. One common mechanism for
such false-positives is the congregation of organic molecules into colloidal aggregates, which nonspecifically
inhibit enzymes. To both evaluate the feasibility of large-scale identification of aggregate-based inhibition
and quantify its prevalence among screening hits, we tested 70 563 molecules from the National Institutes
of Health Chemical Genomics Center (NCGC) library for detergent-sensitive inhibition. Each molecule
was screened in at least seven concentrations, such thatrdspense curves were obtained for all molecules

in the library. There were 1274 inhibitors identified in total, of which 1204 were unambiguously detergent-
sensitive. We identified these as aggregate-based inhibitors. Thirty-one library molecules were independently
purchased and retested in secondary low-throughput experiments; 29 of these were confirmed as either
aggregators or nonaggregators, as appropriate. Finally, with the-des@onse information collected for

every compound, we could examine the correlation between aggregate-based inhibition and steep dose
response curves. Three key results emerge from this study: first, detergent-dependent identification of
aggregate-based inhibition is feasible on the large scale. Second, 95% of the actives obtained in this screen
are aggregate-based inhibitors. Third, aggregate-based inhibition is correlated with steepesiosese

curves, although not absolutely. The results of this screen are being released publicly via the PubChem
database.

Introduction that this counter-screen was sufficiently reliable to evaluate
aggregation in a small, 1000-compound library. Here, we test
this method in a 1536-well format screen of 70 563 molecules
from the NCGC small-molecule library. For each molecule, a
dose-response curve encompassingIb points from 3 nM
to 30 uM was calculated according to the recently described
| gHTS techniqué? As explained in Inglese et & curves were
classified -4 according to quality, with Class 1 curves being
the highest quality fits and displaying a top and a bottom
asymptote. Class 2 curves contain a single asymptote, and Class
'’ 3 curves show significant inhibition only at the highest
concentration point. Class 4 curves are assigned to inactive

aggregate into a suspension of large particles that indiscrimi- molecules. These doseesponse curves aiso allowed us to
ggreg . ISP . ge p investigate the frequent coincidence of aggregate-based inhibi-
nately associate with proteins and sequester enzymes from

substrate. Recent work has suggested that aggregate-basetlé?ln and steep doseesponse curves. Curves with such high

inhibition may explain a large number of promiscuous inhibitors | slopes are frequently a harbinger of pathologica! be_ha%ﬁior,

although exactly how common they are remains unclear + and we wished 0 u_n_d_erstand if they were an indicator of
- L ) aggregate-based inhibition.

Aggregate-based inhibition has several characteristic features. Here, we address the following questions: Is the detergent-

Perhaps the most exploitable of these is the sensitivity of this dependent assay for detecting aggregators robust in a low-

inhibition to non-ionic detergent$:2°Moderate concentrations . >
(0.01-0.1%) of such detergents not only disrupt aggregate yolume, high-throughput format? How prevalent are aggregates

) . . . - ) in a well-curated screening library, and how common are they
formation, but can dissociate the protemggregate interaction AT
S . . . as compared to other types of inhibitors? Is aggregate-based
and reverse inhibition. In earlier work, we exploited this

characteristic to design a detergent-based counter-screen fomh'bItlcm correlated with steep doseesponse? Because we

aggregation, where detergent-sensitive, aggregate-based inhibilbave tested every compound at no less than seven concentrations

tion is isolated from detergent-resistant inhibiti8nVe found across a .Iarge range, we anticipate tha'.[ these st.udles will foer
useful guides to what may be expected in screening campaigns,

at least against enzyme targets.

High-throughput screening (HTS) is the most widespread
technique used to identify new candidate leads for drug and
chemical probe discovery. Although screening has had notable
successes? it can also generate a crippling number of false-
positive “hits”. Lipinski's well-known rule$were a first step
to avoiding such misleading “hits”; subsequently, computationa
filters have beenwidely deployedto flag problematic compodnds.
These filters attempt to capture artifactual causes of nonspecific
inhibition such as molecules that interfere with assay read-out
oxidize or chemically modify the targét!! or form colloidal
aggregate$? 22 In this latter mechanism, small molecules self-
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NIH Molecular Libraries Small Molecule Repository (MLSMR,  a.

http://mismr.discoverypartners.com/MLSMR_HomePaggd 000
molecules). Compounds from this library generally display lead-
like?> or drug-like® properties. The MLSMR was additionally
supplemented by small collections from various vendors and
non-commercial sources (see Materials and Methods).

Screening ResultsAfter optimizing enzyme, detergent, and
substrate concentrations (see Materials and Methods), we
screened 70 563 compounds from the NCGC small-molecule
library againsg3-lactamase under both detergertand detergent-

(+) conditions (Figure 1a,b). The detergenf(screen was run
continuously in 65 h, while the detergeti)(screen was finished

in 51 h. Acceptable signal-to-noise levels were achieved in both
cases, as measured by tHescore, a standard metric of HTS
quality?® The detergent{) screen had an avera@e of 0.77,
whereas the detergent) screen had an averageof 0.82. For
both assays, th&' is well above 0.5, the standard cutoff score
for assay reliability. Kinetic data for each reaction were
collected, although for this analysis only the first and last points
were used to calculate percent inhibition (we are making the
full time courses of each reaction publicly available, as these
may be a useful source of data for further study). We considered
any molecule that displayed dose-dependent inhibition to be an
active in the detergent() screen. Two criteria were used to
describe detergent-sensitivity: first, each desssponse curve
was qualitatively classified (the curve cl&dson the basis of

the completeness of the curve and the quality of therfit (
We required the curve class of putative aggregators be more
defined (lower in curve class value) in the absence of detergent
than in its presence. For example, a molecule that has a-dose
response curve of Class 1 in the detergeht§écreen, but of
Class 4 in the detergent] screen, would satisfy this criterion
(Figure 1c,d). Second, the maximum inhibition observed across
the titration series had to decrease in the deterggra€reen
relative to the detergent() screen. We took a significant
decrease to be 3 standard-deviation units from the mean
difference in activity upon addition of detergent for the whole ¢,
library. By these criteria, the assay results fell into four
categories: detergent-sensitive inhibition, detergent-insensitive 2 s
inhibition, inconclusive results, where only one of the criteria
for detergent-sensitive inhibition was satisfied, and compounds
for which no inhibition was observed in either assay.

Overall, 1204 molecules (1.7%) met both the inhibition and
the curve criteria and were identified as aggregation-based
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inhibitors, whereas only 70 (0.1%) were identified as detergent- d ctergenti) hﬁ?\@\;\\sﬁo

insensitive. These 70 included 25 knoyHactam inhibitors B e ’ -
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for detergent-sensitive inhibition (Figure 2). These consisted \ oH ””_<o

mostly of molecules that exhibited marginal levels of inhibition, ) N

and, while most did show some response to detergent, they fell
outside the range of statistical confidence. Aggregators varied
in their ability to inhibit 5-lactamase, but the most potent had
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Figure 1. A 3D scatter plot of qHTS data. Concentratioresponse

relationships for all 70 563 molecules are shown, colored as: no
relationship (black), inhibition (blue), or activation (red). Comparison
between detergent( (a) and detergent() (b) screening reveals the
presence of aggregation-based activity in the deterggngssay.
Example doseresponse curves obtained from gHTS data for detergent-
resistant (c) and detergent-sensitive (d) inhibitors.

ICs0 values near kM. The concentration-dependence of these
molecules was consistent with a colloidal mechanism of
inhibition; few aggregators were detected belowM, but by
5 uM 60% of the aggregate-based inhibitors were apparent.
Secondary AssaysTo test the reliability of these measure-
ments, 31 molecules were independently purchased (i.e., re-
sourced from the vendors) and retested in secondary assayshose of the primary screen, these experiments varied the
These molecules, identified in the primary screen as 17 concentration of DMSO, enzyme, and detergent, as well as the
aggregators and 14 inactives, were examined in the samereaction volume (1 mL vs &L) and path length. Of the 17
f-lactamase assay, conducted in a one-at-a-time cuvette-formatmolecules identified as aggregators in the primary screen, 15
Although the conditions of these experiments were similar to exhibited aggregate-based inhibition upon retesting in the
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Results of Screen Table 2. Sensitivity to Assay Conditions among “Nonaggregators”
N=70,563 _ ICeM)
Stringent  Relaxed  Detergent PubChem
97 4% Structure conditions conditions Sensitive? Aggregator? SID
70000+ 47 *251 ,
60 >300 130 Yes Yes 7973586
600004 O@ >100°  >100° Yes Yes 7975152
500004 E&p >200° 120 Yes Yes 7973072
o
@ 40000 1O &% 40 20 Yes Yes 4259752
§ 15001 ﬁ@if
g ’ O% > 66 20 Yes Yes 4265457
- 1.7%
5 % C
o > 66 13 Yes Yes 4255506
°
10004
5 .
=z
150° 35 Yes Yes 11110962
0.8%
5004 ) 100° 20 Yes Yes 11112813
0.1% 82* 46° Yes Yes 11112318
0 R
& < & & 126° 2° Yes Yes 11113780
o & & &
\(\Q \(’\Q & OQ . .
~{$‘0 @6" < aExtrapolated 1@ values.? Highest soluble concentration.
% &
Q
° & . ey . L
Q&‘" & nonaggregators identified in the primary screen, activation was
,3,&9 .3,@ not reproducible in these secondary assays. Subsequently,
() 2 .
¥ ¥ another 100 of these apparent activators were re-sourced from

Figure 2. Classification and quantification of inhibitors found in  the vendors, and stocks were remade directly from solid powder.
the screen. 1204 molecules were identified as detergent-sensitiveTpnage compounds were then tested under medium throughput

inhibitors, based on two difference criteria between the deterggnt( e
and detergentf) conditions: deterioration in the curve class of the conditions, such as 96- or 384-well formats. Because of the

molecule, and a decrease in the maximum observed inhibition acrosslarger volume of these assays, as compared to the 1536-well
the dilution series. Seventy molecules were detergent-insensitive formats, it was often possible to observe the compound
inhibitors, 68 727 showed no activity, and 562 were ambiguous, only immediately after addition to the assay. In these cases, we often
fulfilling one of the two criteria necessary to be identified as an gpserved what appeared to be precipitants, typically at the
aggregation-based inhibitor. b .

ottom of the wells at the solvenapolymer interface. Also,

Table 1. Results of Low-Throughput Secondary Assays when the compounds were tested at these higher volumes, much
number of number of of the former a}ctiva_ltion was attenua_ted, although many of these
aggregators- aggregators- compounds did still lead to activation. Taken together, these
type of number  stringent screening relaxed screening results suggest that activation is a phenomenon peculiar to the
molecule tested conditiond condition$ very low volume, high-throughput formats used in the primary
primary screen 17 15 15 screen. We will not consider it further here.
prig%%;egcarfén 14 0 10 Hill Slope Analysis. The dose-response information obtained
nonaggregator in this screen allowed us to investigate the correlation between
aggregate-based inhibition and steep dassponse curves,

aPrimary screening condition8Less-stringent conditions (4-fold less : ’ i
enzyme, 5-fold less stabilizing detergent). which are common among high-throughput screeningf#$.

We analyzed the Hill slopes of the highest-quality dese

secondary assay. Likewise, of the 14 inactive molecules retested '€SPONS€ curves, consisting of 174 aggregate-based inhibitors,
none inhibited under screening conditions. However, 10 of these 24 /-lactam-based irreversible inhibitors, and 17 reversible
exhibited aggregate-based inhibition at higher concentrationsnhibitors of f-lactamase (Figure 3). The reversible inhibitors
or under relaxed assay conditions, that is, using decreaseddisplayed standard, single-site dose response curves with slopes
enzyme concentration and less detergent in the detergent( Nnear 1, whereas thg-lactam inhibitors were biased toward
condition of the primary high-throughput assay (Table 1). somewhat steeper curves, as expected for very potent inhibi-
A curious feature of the primary screening data was that sometors?”?® However, the aggregators displayed a mixed ten-
molecules appeared to activgidactamase in the detergent- dency: many had Hill coefficients close to 1, but many others
free screen; this activation was eliminated on detergent addition.showed steep curves, even steeper than the covalatam
Six of these putative activators were independently purchasedinhibitors, and similar to those seen for other aggregating
and retested under several conditions in low-throughput, cuvette-inhibitors1” Of the 174 aggregators in this set, 70 had Hill slopes
based assays (Table 1). In contrast to the aggregators andteeper than 1.5.
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a Hill Slopes of Aggregators vs. Nonaggregators (Figure 2). This assay may be used to characterize other libraries,
09 - W Specific Inhibitor Hil Slope (n = 17) or may be adapted to other enzymes for direct use as a counter-
” ! Oirreversible Inhibitor Hill Slope (n = 24) screen.
° 0.8 O Aggregator Hill Slope (n=174) . . .
S o7 Many mechanisms have been proposed to explain promiscu-
2 o6 ous inhibition, including interference in assay read-bcom-
E o5 pound oxidatiort? and chemical modification of the target?
§ 0.4 A striking result of this screen is that 95% of the actives can be
.2 03 attributed to a single one of these: aggregate-based inhibition.
@ 02 How the remaining 5% of actives are distributed among other
E 0.1 H—l |—| mechanisms, including true specific, reversible inhibition, is
0 I - ] currently under investigation in our laboratory; few of these
0 1 2 3 4 5 >5 mechanisms are as rapidly and decisively identified as promis-
Hill Slope (Bin Center) cuous aggregation. What we can say at this point is that 25 of
these 70 actives apglactam-based inhibitors ¢f-lactamase,
b Distribution of Hill Slopes Among PubChem Hits which act by covalently modifying the catalytic nucleophile,
{m 8264, 15 sunays) Ser642930 Also, 5—-10 of these appear to be aggregates that
5000 - are resistant to 0.01% Triton X-100, but are sensitive at 0.1%,
2 4500 4 the concentration used in the original scré&mhis leaves only
§ 4000 4 about 35 molecules that act by all other mechanisms.
g 9508 7 Although the vast majority of hits in this screen inhibited
E 3000 4 through aggregate formation, the overall percentage of aggre-
. 0y gators identified in the library is smaller than what we found in
5 2000 A an initial, smaller-scale screen. This previous study suggested
£ 1500 1 that as many as 19% of 298 randomly selected drug-like
3 1000 4 molecules behave as aggregators at;30.12 Two factors
500 1 contribute to this discrepancy. The first relates to the sensitivity
0 - of aggregate-based inhibition to assay conditions. For reasons
] 1 2 3 4 5 >5 of enzyme stability in the 1536-well format, a low level of
Hill Slope (Bin Center) detergent (0.0001%) was present in the detergenscreen;

this concentration of detergent is 5-fold greater than the amount
required in the original 96-well assdy.Additionally, the
concentration of enzyme was increased 4-fold relative to the
original assay, while the concentration of detergent used in the
detergentft) screen was reduced 10-fold to 0.01%. These
changes reduced the number of aggregators found under
detergent{-) conditions, resulting in a more stringent screen.
Among the 31 compounds retested in low-throughput secondary
assays, the original conditions were more sensitive to aggregate-
based inhibition than the new high-throughput conditions. At
least a 2-fold difference in potency was observed for most
aggregators tested under both conditions (Table 2). Finally, we

0 051 15 2 25 3 35 4 45 5 55 6 657 75 cannot discount the possibility of compound bias in our original

Deviation in Average Hill Slope (Bin Center) set of 298 rule-of-5-compliant molecules. The much larger

Figure 3. (a) Correlation between aggregation-based inhibitors and NCGC library not only allows for more robust statistics, but its
those with high Hill slopes. Compared to a set of specific, reversible careful curation may have also contributed to the lower rate of
p-lactamase inhibitors and a set of irreversible inhibitors, aggregators aggregate-based inhibition.

are more likely to have steep desesponse_curves. (b) Distribution Steep doseresponse curves are often harbingers of pathology
of Hill slopes among the active molecules discovered from 18 enzyme .

screens currently annotated in PubChem. (c) Variation in the slopes of N HTS _r_esultsz.“ _Because many aggregators also have such

high Hill slope molecules that were tested in at least two enzyme assays.CUIVes, itis tempting to correlate the two phenomena. The gHTS
Hill slopes appear consistent for most of these molecules. titrations allowed us to investigate this possibility. We selected
the highest quality doseresponse curves, consisting of 174

Data Sets.The full results of these screens are publicly aggregators, 17 previously known specific, reversible inhibitors
available through PubChem (http:/pubchem.ncbi.nim.nih.gov/) of B-lactamase (from our previous work with this enzyme) and
and the Shoichet Lab website (http:/shoichetlab.compbio.ucs- 24 known specific, covalent inhibitors (Figure 3). The classical,

Variation in Hill Slope Across Multiple Enzyme
Assays (n =118)

(2]

Number of Compounds

f.edul). competitive inhibitors all had doseesponse curves consistent
with single-site inhibition, with Hill coefficients near 1. In
Discussion contrast, the aggregators were biased toward steeper curves, with

an average slope of 2.2 versus an average slope of 0.7 for the
Perhaps the most practical conclusion to be drawn from this reversible inhibitors. The aggregator curves were also on average
screen is that the detergent-sensitive assay can reliably identifysteeper than a set of irreversilfidactam inhibitors, which had
aggregate-based enzyme inhibitors in a genuinely high- an average Hill slope of 1.2. The steep desesponse curves
throughput format. A counter-screen consisting of 0.01% Triton for the S-lactams are expected, given their generally Ik
X-100 effectively separated 1274 assay actives into 1204 values?”28 Overall, 40% (70/174) of the aggregators had Hill
aggregators and 70 molecules that act by other mechanismsoefficients greater than 1.5. Also, every compound with a high
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Hill slope was either an aggregator (93% of the time) or a mechanisms of inhibition put together, including covalent
covalent modifier (7% of the time). Thus, increased Hill modification, oxidation, and assay interference. For well-
coefficients may be reliable predictors of aggregation-based or, behaved enzymes, the chemical reactivity mechanisms about
less frequently, potent covalent inhibition, although these which the field most worries may be rare in well-curated
predictions will also miss some aggregators. The high Hill slopes libraries. Instead, it may be the physical behavior of organic
of both potent covalent and aggregation-based inhibitors, andmolecules that most contributes to false-positive hits in screen-
indeed those of potent reversible inhibitors, have the sameing. Certainly, assays that ignore this effect risk drowning in a
mechanistic origin: all are stoichiometric inhibitors with very sea of artifacts. By the same coin, an encouraging aspect of
low Kq values. For such molecules, inhibition is only observed aggregation is that it is a physical phenomenon that we can
when the inhibitor concentration approaches that of the enzyme.hope to understand and for which we can control. Pragmatically,
Because the latter is well above the triig of the inhibitor, we can deploy a simple high-throughput assay to detect it; this
inhibition rises very quickly in this concentration range, leading assay can be applied to most screening collections, in the
to steep curves. Thus, for both aggregators and certain covalenhighest-format assays, and can do much to prioritize molecules
inhibitors, high Hill slopes have nothing to do with cooperative for follow-up experiments.

binding and everything to do with high enzymeKgratios?®

A question that naturally arises is how often are the
aggregators found in this screen also found against other enzyme Compound Library. The 70 563-member library was collected
screens of the MLSMR. More generally, do aggregates turn up from several sources: 1280 pharmacologically active compounds
with the same frequency in other screens? It is difficult to answer from LOPAC (Sigma-Aldrich), 1120 compounds from Prestwick
this question directly at this point: few of the enzyme screens Chemical (lllkirch, France), 280 purified natural products from
reported in PubChem test all or even most of the MLSMR TimTec (Newark, DE), three 1000-member combinatorial I|brar|e$
molecules; also the conditions of the screen and the definition 7O™ Pharmacopeia (Princeton, NJ), 1106 compounds from Tocris

of “actives” differ from assay to assay (many use detergent (Bristol, U.K.), 59 684 cpmpounds from the Natiorjal Institutes of
' Health Molecular Libraries Small Molecule Repository (MLSMR,

for instance). However, one criterion that may be directly pyn./mismr.discoverypartners.com/MLSMR_HomePage/), 1981
compared is the Hill slopes of active molecules. As of this compounds from the National Cancer Institute (the NCI Diversity
writing, 18 enzyme screens with Hill slopes for each active are Set, http:/dtp.nci.nih.gov/branches/dscb/diversity_explanation.htmi),
available in PubChem. For these 18 screens, 6254 actives (hits}l48 NCGC internally generated compounds, 20 control compounds
were reported. Of these, 1452 (23%) have Hill slopes greater from the Shoichet laboratory (UCSF), 96peptides from the
than 1.5 (Figure 3b). For those high Hill slope molecules that Gellman laboratory (University of Wisconsin, Madison), 726
were tested in two or more assays, the Hill coefficient was fairly compounds from University of Pittsburgh Center for Chemical
stable, suggesting that these measurements are reliable anffléthodology and Library Development, and 1121 compounds from
transferable (Figure 3c). In thelactamase screen, all molecules oston University Center for Chemical Methodology and Library

that had st d ith ¢ Development. The library was deployed as DMSO solutions(7
at had steep doseesponse Curves were eitner aggregalors o5qp, iy 1536-well Greiner polypropylene compound plate) at initial

(93%) or covalent modifiers (7%). If this pattern extends to the concentrations ranging between 2 and 10 mM. Plates were serially
other enzyme screens, it suggests that, despite the use Ofjiluted, and compounds were assayed at final concentrations ranging
detergents and other adjuvants, more than 20% the actives infrom 4 nM to 30uM. Plate-to-plate (vertical) dilutions and 384-

these screens are also aggregators. Because only about 45% a6-1536 compressions were performed on an Evolution P3 dispense
the aggregators identified in this study had high Hill slopes, system equipped with a 384-tip pipetting head and two RapidStak

the percentage of aggregation-based artifacts among the enzyméhits (Perkin-Elmer, Wellesley, MA). Additional details on the
screens is likely to be higher still. preparation of the compound library are provided elsewfiere.

Assay Implementation. The detergent-dependent screen was

Our interest n undertaking this study was to test an assay adapted from a previously described, 96-well format assay for the
that could quantify the presence of aggregate-based InhIID'torsidentification of promiscuous inhibitof§.Moving to a 1536-well

in a high-throughput setting. Several caveats deserve mentionformat demanded changes to ensure a high signal-to-noise ratio;
A surprising conclusion from this study is that so many of the hoth a 4-fold increase in enzyme and a 2-fold increase in substrate
actives were aggregators, and so few can be attributed to othelconcentration were required to maintain a high signal-to-noise ratio.
mechanisms of inhibition. Whereas we suspect that similar Also, a 5-fold increase in the concentration of Triton X-100, to

patterns might occur in other enzyme assays, this inference is0.0001%, in the detergentj screen was needed to stabilize the

tentative, as enzymes with greater liabilities to chemical €nzyme. Meanwhile, the Triton X-100 concentration in the detergent-
reactivity, or indeed libraries with different compounds, may (+) screen was lowered from 0.1% to 0.01% to avoid excess bubble

show different patterns. Also, we note that identification of an formation. Technical adjustments to the liquid handling systems
. . . were also necessary to deal with this problem. Finally, serial
aggregating molecule does not disqualify that molecule from

L dilutions were carried out in 5-fold intervals, resulting in DMSO
future activity. Whereas aggregators should be flagged for future percentages of 0.3%.

screens, aggregation is concentration- and condition-dependent, p-Lactamase AssaysAmpC f-lactamase was purified and
and a molecule that aggregates under one condition andassayed as describ&F!unless otherwise noted. The enzyme was
concentration may behave well under different conditions or present at 4 nM in a final reaction volume ofiB. Reactions were
lower concentrations. More importantly, counter-screens for conducted in 1536-well Greiner black clear bottom plates, and
aggregation should always be considered; one lesson of thisliquids were handled using a solenoid-based dispenser. Compounds
study is that such assays may be straightforward. and controls (23 nL) were transferred via a Kalypsys PinTool

Perhaps the greatest liability of HTS is the occurrence of false- equipped with a 1536-pin array and inline washing stations. The

itive hit d hani h b d toplates were incubated for 15 min at room temperature-g2°C),
positive Nits, and many mechaniSms have been propose and reactions were initiated by the addition of substrate (dissolved

explain these. A key result of this study is that, at least for robust i, pyffer, final concentration 400M). The plates were immediately

enzymes likes-lactamase, 95% of the artifactual hits are due transferred to a ViewLux (Perkin-Elmer) high-throughput CCD
to a single mechanism: colloidal aggregation followed by imager and read every 20 s for 4 min at 480 nm. During liquid
enzyme sequestration. Only 5% can be attributed to all other handling, reagent bottles (AmpC, buffer, and nitrocefin solution)

Materials and Methods
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were kept submerged in &€ water bath. All screening operations
were performed on a Kalypsys robotic system (Kalypsys Inc., San
Diego, CA) containing one RX-130 and two RX-90 anthropomor-

Feng et al.

(13) Seidler, J.; McGovern, S. L.; Doman, T.; Shoichet, B. K. Identification
and Prediction of Promiscuous Aggregating Inhibitors among Known
Drugs.J. Med. Chem2003 46, 4477-4486.

phic robotic arms. The absorbance difference between the last and (14) Liu, H.; Wang, Z.; Regni, C.; Zou, X.; Tipton, P. A. Detailed Kinetic

first time points was used to compute the reaction progress.
Cuvette-based assays (1 mL reaction volume) either replicated

the above conditions (stringent conditions) or contained 1 nM

AmpC p-lactamase, 200M nitrocefin, and 0.00002% Triton X-100

(relaxed conditions). Cuvette-based assays contained between 1%

and 2% DMSO. Compound and enzyme were incubated for 5 min
before the reaction was initiated by addition of substrate. Nitrocefin
hydrolysis was monitored at 482 nm on a HP8453-tiNsible
spectrophotometer.

Data Analysis. Initial curve-fitting and data analysis were
conducted as previously describ®dBriefly, concentration-effect
relationships were derived using the GeneData Screener
software package. Curves were categorized according to fit quality,

response magnitude, and degree of measured activity. Manual curve

refitting was performed using Graphpad 5.0. The results of these
screens are available through PubChem (http://pubchem.ncbi.nlm-
.nih.gov/) and the Shoichet Lab website (http://shoichetlab.comp-
bio.ucsf.edu/).
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