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An Enzyme-Mediated Amplification Strategy Enables
Detection of f3-Lactamase Activity Directly in Unprocessed
Clinical Samples for Phenotypic Detection of 3-Lactam

Resistance

Tara R. deBoer,*™ Nicole J. Tarlton,”™ Reina Yamaji,*! Sheila Adams-Sapper,”’ Tiffany Z. Wu,"’
Santanu Maity,” Giri K. Vesgesna,”” Corinne M. Sadlowski,”” Peter DePaola IV,

Lee W. Riley,*® and Niren Murthy*®

Biochemical assays that can identify f-lactamase activity direct-
ly from patient samples have the potential to significantly im-
prove the treatment of bacterial infections. However, current
[B-lactamase probes do not have the sensitivity needed to mea-
sure fB-lactam resistance directly from patient samples. Here,
we report the development of an instrument-free signal am-
plification technology, DETECT, that connects the activity of
two enzymes in series to effectively amplify the activity of [3-
lactamase 40000-fold, compared to the standard (-lactamase
probe nitrocefin.

B-Lactamases are enzymes adapted by bacterial pathogens to
evade the bactericidal capacity of f-lactam antibiotics, through
hydrolysis of the f-lactam pharmacophore of these therapeutic
agents."’ B-Lactamases remain an important diagnostic target
because they represent a ubiquitous resistance mechanism
that significantly complicates the treatment of a wide range of
bacterial infections. Diagnostic tests that can rapidly detect the
presence of these enzymes directly in patient samples remain
an unmet medical need.*?

The lack of diagnostic options for rapidly revealing resist-
ance biomarkers forces physicians to treat patients empirically
at the time of care, then wait days to receive clinical informa-
tion confirming or contradicting their selected treatment.”
Because B-lactam antibiotics are a predominant class of agents
used to treat infections caused by both Gram-positive and
Gram-negative bacteria, the presence of 3-lactamases in bacte-
rial pathogens can have a significant impact on treatment effi-
cacy. Therefore, biochemical approaches that detect the activi-
ty of these enzymes represent an attractive strategy that can
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provide simple, colorimetric, real-time detection of -lactamase
activity.

Unfortunately, sensitivity limitations have prevented the
translation of biochemical assays into viable point-of-care
(POC) diagnostic tests. Although bacterial concentrations in
clinical samples are low, and can be in the range of 10 to 10°
colony forming units per mL (CFUmL™") depending on the
type of sample, current commercial colorimetric biochemical
assays require > 10" CFUmL ™" to detect B-lactamase activity.”®
Therefore, the implementation of amplification strategies to
circumvent the sensitivity limitations of current colorimetric
biochemical assays would significantly expand the scope and
impact of biochemical-based tests, and support their potential
for use as POC diagnostics.

Herein, we report the development of an instrument-free
amplification strategy, termed DETECT, that effectively enhan-
ces the sensitivity limit for detecting p-lactamase activity by
linking the B-lactamase in series with a secondary enzyme am-
plifier, papain. DETECT is a four-component system composed
of: 1) the target enzyme, B-lactamase (E1); 2) the enzyme am-
plifier, papain,”” caged by a disulfide formed at its active-site
cysteine (E2);"” 3) the B-lactamase substrate, thiophenol-f-lac,
which eliminates the papain trigger, thiophenol, after cleavage
by p-lactamase; and 4) the papain probe, N-benzoyl-L-arginine-
p-nitroaniline (BAPA), which releases the colorimetric product
p-nitroaniline. DETECT amplifies enzymatic activity because a
single f-lactamase enzyme can activate thousands of papain
molecules, and each activated papain molecule can subse-
quently turn over thousands of its chromogenic substrate,
thus enhancing the detection sensitivity by orders of magni-
tude relative to traditional single-enzyme assays (Figure 1A).

Thiophenol-B-lac is the chemical link between the target (3-
lactamase and the enzyme amplifier papain, and contains both
a targeting and triggering unit. The targeting unit features a
first-generation cephalosporin core containing a benzyl moiety
at the C7 amide, analogous to the early-generation B-lactam,
benzylpenicillin. Hydrolysis of thiophenol-f-lac liberates thio-
phenol through a 1,4-elimination cascade, and initiates the
activation of disulfide-caged papain (Figure 1B). The promiscu-
ous benzylcephalosporin scaffold enables the detection of a
broad range of 3-lactamases.

We first verified that thiophenol-f3-lac could target diverse f3-
lactamases by testing DETECT with the recombinant p-lacta-
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Figure 1. A) Pictorial comparison of the amplification capacity of DETECT rel-
ative to traditional single-enzyme biochemical assays. B) Thiophenol-B-lac
acts as the chemical link between the target enzyme and the secondary
enzyme amplifier of DETECT, by selectively eliminating thiophenol upon hy-
drolysis by E1. Thiophenol subsequently activates E2 by displacing the disul-
fide-protected cysteine of papain through a thiol-disulfide interchange reac-
tion. Activated papain subsequently generates a signal output by hydrolyz-
ing its probe, BAPA, to produce the chromophore p-nitroaniline.

mases SHV-1, CTX-M-2, CTX-M-14, CTX- M 15, CMY-2, and KPC-
2, prepared as reported in the literature."” The recombinant -
lactamases were incubated with the DETECT components thio-
phenol-f-lac (100 um, final concentration), caged papain (6 um,
final concentration), and BAPA (3.3 mm, final concentration)
within the wells of a 96-well plate. After 30 min of incubation
at ambient temperature, the absorbance values at 405 nm
were collected with a microplate reader. The 405 nm absorb-
ance corresponds to the presence of p-nitroaniline, which is
produced upon activation of the DETECT system. The final
absorbance values at 30 min are shown in Figure 2B. Results
from this study established the molecular promiscuity of thio-
phenol-f-lac; DETECT signal outputs were generated only in
the presence of the recombinant (-lactamases, but not in con-
trol wells that contained all the DETECT components in the
absence of a -lactamase. Therefore, thiophenol-B-lac was vali-
dated as an effective [(-lactamase-targeting probe in the
DETECT system.

Subsequently, we defined the amplification capacity of the
DETECT system by using the recombinant (-lactamase, TEM-1,
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which mediates resistance to early-generation B-lactam antibi-
otics such as ampicillin. The sensitivity of DETECT was com-
pared against the standard chromogenic (-lactamase probe,
nitrocefin (Figure 2C and D).'? The limit of detection (LOD) for
recombinant TEM-1 was assessed by measuring the formation
of the chromogenic products from DETECT or nitrocefin in a
time-dependent manner, with a microplate reader (DETECT
measured at 405 nm and nitrocefin measured at 486 nm).
These studies validated the amplification power of the dual-
enzymatic approach of DETECT—with an LOD of 100 fm TEM-1
compared to nitrocefin’'s LOD of 4 nm TEM-1—which demon-
strated a 40000-fold enhancement in sensitivity.

Next, we evaluated the ability of DETECT to identify B-lacta-
mase activity in clinical bacterial isolates. For this analysis, we
selected (-lactam-resistant Escherichia coli isolates character-
ized to produce a single B-lactamase, and 3-lactam-susceptible
E. coli isolates that lacked these [-lactamases. The “positive” re-
sistant group comprised isolates SF334, SF674, and B2, which
produce TEM-1, CTX-M-15, and KPC-2, respectively; the “nega-
tive” susceptible group comprised isolates SF505, SF384, and
1IT91 7‘[11,13—15]

Bacterial suspensions of the isolates were prepared from
overnight broth cultures to final optical densities at 600 nm
(ODggo, Where 0.1 OD=1x10* CFUmL™") of 0.5, 0.4, 0.3, 0.2,
0.1, and 0.05 (£0.001). The suspension prepared to an ODg,, of
0.05 was then serially diluted in one-half increments to prepare
samples with presumed ODs of 0.025, 0.0125, 0.00625, and
0.003125. Aliquots (5 uL) of each whole-cell bacterial suspen-
sion were transferred to two wells of a 96-well plate, each con-
taining BAPA and caged papain, with one well being the
sample well and the other a control well. The control well con-
tained all of the DETECT components except thiophenol--lac,
so as to evaluate nonspecific background signal. The incuba-
tion time was initiated when thiophenol-f3-lac was added to
the sample wells. After 1h of incubation, the absorbance
values at 405 nm (A,qs) were measured. The detection parame-
ter of DETECT is denoted as the “DETECT score” hereafter, and
is defined as the A, of the sample well minus the A, of the
control well after 1 h. To determine the LOD, a signal threshold
value was defined for each tested bacterial concentration by
taking the average DETECT score of the negative samples at
the designated concentration and adding three times their
standard deviation.

The LODs of the TEM-1-producing isolate SF334 (LODqgs,),
CTX-M-15-producing isolate SF674 (LODg,,), and KPC-2-pro-
ducing isolate B2 (LODg,) were 1.0x10°% 6.3x10% and 1.3x
10° CFU, respectively. Under these conditions, nitrocefin was
unable to detect f-lactamase activity in any of the isolates
(Figure 3 A, inset). Therefore, a secondary LOD study was per-
formed to determine LODqgs34, LODg74, and LODg, for nitroce-
fin; these were found to be 4x 107, 4x10° and 3x 10° CFU, re-
spectively (Figure S1 in the Supporting Information).

The clinical impact of the observed amplification of B-lacta-
mase activity by DETECT supported the potential utility of this
system in revealing P-lactamase activity directly from urine
samples, in which bacterial concentrations associated with
urinary tract infections (UTIs) typically range from 10% to
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Figure 2. A) Time-dependent plot demonstrating selective triggering of unique batches of prepared caged papain by thiophenol. B) Plot highlighting the
signal outputs observed when 500 nm of the recombinant [3-lactamases were analyzed by DETECT. The control well contains all components of the DETECT
system but no B-lactamase, so as to account for nonselective hydrolysis of thiophenol-B-lac or any other nonselective signal generated by the system.

C) Quantitative time-dependent plot of f-lactamase activity assays performed with DETECT, in which varied concentrations of recombinant TEM-1 were ana-
lyzed. The absorbance at 405 nm was collected in 5 min intervals and plotted against time. D) Quantitative time-dependent plot of -lactamase activity
assays performed with a standard f-lactamase probe, in which varied concentrations of TEM-1 were incubated with nitrocefin (486 nm).

10° CFUmL™". To assess this potential, we tested 40 urine sam-
ples that were collected from patients suspected of having a
UTI at the outpatient clinic at the University of California, Ber-
keley." No personal identifiers or clinical information were
obtained from the study subjects. Urine samples were tested
with DETECT by transferring 50 pL aliquots of a urine sample
into two independent wells of a 96-well plate, one designated
“sample” and the other “control”. Urine samples in sample
wells were incubated with all DETECT components, whereas
the corresponding control wells were incubated only with
caged papain and BAPA to account for nonspecific reactions
that could be triggered by free thiols or proteases potentially
present in urine. Samples were incubated for 30 min at ambi-
ent temperature, then analyzed with a microplate reader to
define the DETECT score.

In this study, standard phenotypic analyses were used as the
reference test method. E. coli isolated from urine samples were
tested for susceptibility to 3-lactams by using the early-genera-
tion agent, ampicillin, and following the Clinical & Laboratory
Standards Institute guidelines. Samples that tested resistant to
ampicillin were defined as positive; samples that tested suscep-
tible to ampicillin were defined as negative. Samples that did
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not grow bacteria were also defined as negative. The average
DETECT score from samples that were considered positive was
compared to the average score from samples that were con-
sidered negative. [3-Lactam-resistant samples yielded an aver-
age DETECT score of 1.026, whereas (3-lactam-susceptible sam-
ples yielded an average DETECT score of 0.2990 (p=0.00261,
two-tailed t-test; Figure 4B). The threshold value of DETECT
was defined as 0.616, which was three standard deviations
greater than the average DETECT score from 3-lactam-suscepti-
ble samples. Therefore, samples with DETECT scores >0.616
were defined as “positive” (resistant to [-lactams) by DETECT,
and samples with DETECT scores < 0.616 were defined as “neg-
ative” (susceptible to f-lactams) by DETECT.

Based on this analysis, DETECT identified the absence of 3-
lactamase activity in 22 of 23 urine samples (Table S1). In addi-
tion, DETECT identified eight of 11 urine samples containing
bacteria with resistance to early-generation (-lactams (97 %
specificity, 73% sensitivity). Genotypic analysis of the 11 f3-
lactam-resistant E. coli revealed that ten (91 %) of the isolates
produced TEM-1 f-lactamases and three (27 %) isolates pro-
duced a CTX-M P-lactamase (from CTX-M-g1 or CTX-M-g9).l"”’
Two of three resistant urine samples that were missed by

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. A) Concentration-dependent plot demonstrating the LOD of DETECT in identifying the activity of 3-lactamase in clinical isolates producing TEM-1,
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DETECT were later characterized to contain TEM-1-producing
E. coli; the third sample was found to contain a TEM-1/CTX-M-
g9-producing E. coli (likely CTX-M-14, Table S1). The E. coli iso-
lated from these three false-negative and one false-positive
urine sample were subsequently analyzed by DETECT and
found to be correctly positive or correctly negative, respective-
ly (Figure S2). We speculate that the original incorrect results
were likely due to very low CFUmML™" concentrations in the
false-negative urine samples, or a very high CFUmL™' concen-
tration in the false-positive urine sample.

Overall, the instrument-free amplification capacity of DETECT
afforded a significant enhancement in the ability to detect f3-
lactamases. This enabled the identification of [-lactamase
activity directly from patient urine samples, without any need
for culturing, sample centrifugation/concentration, or cell lysis.
One possible issue with DETECT is the potential for nonspecific
triggering of the system by thiols that could be present in bac-
terial suspensions or urine. However, by evaluating the DETECT
score instead of the raw absorbance reading, these nonspecific
signals were accounted for in the analysis. Furthermore, the
quantitative absorbance-based signal output feature is amena-
ble to numerous device formats, ranging from smart digital
devices to paper-based tests. As such, DETECT represents an
innovative amplification solution that could be applied as a di-
agnostic test to detect [3-lactamase activity in patient samples,
to direct antimicrobial therapy in a POC fashion.
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