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ABSTRACT

Human diseases are often diagnosed by determin-
ing levels of relevant enzymes and treated by en-
zyme inhibitors. We describe an assay suitable for
both ultrasensitive enzyme quantification and quan-
titative inhibitor screening with unpurified enzymes.
In the DNA-linked Inhibitor ANtibody Assay (DIANA),
the target enzyme is captured by an immobilized
antibody, probed with a small-molecule inhibitor at-
tached to a reporter DNA and detected by quantita-
tive PCR. We validate the approach using the putative
cancer markers prostate-specific membrane antigen
and carbonic anhydrase IX. We show that DIANA has
a linear range of up to six logs and it selectively
detects zeptomoles of targets in complex biological
samples. DIANA’s wide dynamic range permits deter-
mination of target enzyme inhibition constants using
a single inhibitor concentration. DIANA also enables
quantitative screening of small-molecule enzyme in-
hibitors using microliters of human blood serum con-
taining picograms of target enzyme. DIANA’s perfor-
mance characteristics make it a superior tool for dis-
ease detection and drug discovery.

INTRODUCTION

Many human diseases are diagnosed and monitored based
on selective protein quantification in biological samples, for
which the gold standard is sandwich ELISA (1,2), in which
an analyte is captured by an immobilized antibody, probed

with a second enzyme-linked antibody and quantified via a
reaction catalyzed by the linked enzyme. To increase sensi-
tivity, sandwich immunoassays have been developed using
DNA-linked antibodies allowing detection by quantitative
polymerase chain reaction (qPCR) (3–6).

Many clinically relevant proteins are enzymes that are
directly involved in disease pathogenesis and thus repre-
sent promising drug targets (7) and many currently mar-
keted drugs are indeed small-molecule enzyme inhibitors.
Identifying inhibitors of relevant enzymes typically involves
screening small-molecule libraries (8) to find compounds
capable of displacing an active site probe or directly influ-
encing the enzyme reaction kinetics (9). A major drawback
of currently used protocols is that they usually require pu-
rified enzymes which can be difficult and costly to prepare.

Here we describe a multiwell plate-based assay suitable
for enzyme detection in complex biological matrices that of-
fers significantly greater sensitivity than sandwich ELISA
and that allows screening of small-molecule inhibitors of
target enzymes without the need to purify the target. In our
DNA-linked Inhibitor ANtibody Assay (DIANA), the en-
zyme is captured by an immobilized antibody, probed with
a detection probe consisting of a DNA oligonucleotide co-
valently linked to a small molecule that binds to the active
site of the target enzyme and is subsequently quantified by
qPCR (Figure 1). Dual recognition of the target enzyme
by antibody and detection probe provides selectivity, while
qPCR provides sensitivity and broad linear range. Since the
probe binds to the target enzyme’s active site, DIANA se-
lectively detects only the active form of the enzyme, which
is likely to be the more clinically relevant form. This novel
assay for enzyme detection can also be used to screen for
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Figure 1. Schematic representation of enzyme detection using DIANA. (A) A covalent conjugate comprising an oligonucleotide (reporter DNA) and small-
molecule competitive inhibitor of the target enzyme is used as a detection probe. The probe binds to the active site of the enzyme, which has been captured
on the solid support by binding to the immobilized antibody. The amount of detection probe bound to the target enzyme is measured by quantitative
PCR in terms of the threshold cycle (Cq), which is indirectly proportional to the logarithm of probe concentration. (B) Structures of the detection probes
used for quantification of PSMA and CAIX. Each probe consists of reporter DNA (green box) covalently attached via a linker region (black box) to a
competitive inhibitor of PSMA or CAIX (magenta box). The PSMA probe and CAIX probe #1 contain one copy of inhibitor linked to the 3′ end of the
double-stranded reporter DNA, whereas CAIX probe #2 contains two copies of the inhibitor linked to both ends of the single-stranded reporter DNA.
Probe affinities (Kd values) were determined by titrating each probe into wells containing the corresponding captured enzyme.

small-molecule inhibitors of those enzymes by assessing the
ability of potential inhibitors to compete with the probe for
binding to the active site. The sensitivity and selectivity of
DIANA means that picogram amounts of unpurified target
enzyme can be used, while the broad linear range means that
inhibition constants (Ki) can be determined from single-well
measurements, without the need for serial dilutions of in-
hibitor.

We demonstrate the sensitivity and selectivity of DI-
ANA by targeting two clinically relevant enzymes: prostate-
specific membrane antigen (PSMA), also known as gluta-
mate carboxypeptidase II (GCPII) and carbonic anhydrase
IX (CAIX). Both enzymes are homodimeric integral mem-
brane proteins (10,11) and tumor-associated antigens (12–
14) suitable for use in targeted drug delivery (15,16) and di-
agnostics (17–19). Their direct involvement in pathogenesis
of several diseases makes them attractive targets for drug
discovery (20–25), and indeed high-affinity competitive in-
hibitors of both enzymes have been identified by rational
design (24,26,27). However, PSMA inhibitors bear multi-
ple negative charges and show poor bioavailability (28,29),
while CAIX inhibitors bear a sulfonamide head and act
non-selectively (24,30). Therefore, identifying new inhibitor
scaffolds is essential for further development of drugs tar-
geting diseases related to these enzymes. We provide evi-

dence that DIANA may be an efficient system not only for
identifying leads against these and other target enzymes, but
also for selective and sensitive detection of these target en-
zymes for possible diagnostic purposes.

MATERIALS AND METHODS

Materials

Buffers. Tris buffered saline (TBS): 20 mM Tris (Promega;
H5135), 150 mM NaCl (Penta; 16610–31000), pH = 7.4;
TBST: TBS with 0.05% Tween 20 (Affymetrix; 20605);
TBST’: TBS with 0.1% Tween 20; TBST’C: TBST’ with
500-fold diluted casein blocker (0.01% final, SDT; CBC1);
TBST’CS: TBST’ with 500-fold diluted casein blocker
(0.01% final) and 0.005% sodium dodecyl sulphate (SDS).
HEPES: 100 mM HEPES (Sigma; H4034), 400 mM NaCl
(Penta; 16610–31000), pH = 7.5; HEPESTC: HEPES with
0.01% Tween 20 and 500-fold diluted casein blocker (0.01%
final); HEPEST’C: HEPES with 0.1% Tween 20 and 500-
fold diluted casein blocker (0.01% final).

Detection probes. DNA oligonucleotide of the sequence
CCT GCC AGT TGA GCA TTT TTA TCT GCC ACC
TTC TCC ACC AGA CAA AAG CTG GAA A with
3′-terminally modified phosphate moiety by 6-amino-2-



PAGE 3 OF 13 Nucleic Acids Research, 2017, Vol. 45, No. 2 e10

(hydroxymethyl)hexyl group (Generi-Biotech, OPC purifi-
cation) was reacted with NHS-esters of the small-molecule
ligands of PSMA and CAIX to prepare the monovalent
detection probes. The resulting conjugates were then an-
nealed with equimolar amount of DNA oligonucleotide of
complementary sequence CCA GCT TTT GTC TGG TGG
AGA AGG TGG CAG ATA AAA ATG CTC AAC TGG
CAG G (Generi Biotech, standard purification) prior to
use. DNA oligonucleotide of the sequence AAA CCT GCC
AGT TGA GCA TTT TTA TCT GCC ACC TTC TCC
ACC AGA CAA AAG CTG GAA A containing the 3′-
terminal 6-amino-2-(hydroxymethyl) hexyl phosphate mod-
ification and the 5′-terminal 6-aminohexyl phosphate mod-
ification (custom synthesis Generi-Biotech, OPC purifica-
tion) was reacted with NHS-esters of the small-molecule lig-
and of CAIX to prepare the bivalent CAIX detection probe.
See Supplementary Data for more details.

Proteins. The recombinant extracellular portion of hu-
man PSMA (rhPSMA) was expressed and purified as pre-
viously described (31) (designated as rhGCPII) and its mo-
lar concentration was determined by amino acid analysis
using a Biochrom30 device (Biochrom) according to the
manufacturer’s instructions. The mass concentration was
derived from the molar concentration, whereby the molec-
ular weight of 88.7 kDa for rhPSMA was determined by
MALDI-TOF. For long-term storage, purified rhPSMA di-
luted in TBST’ was aliquoted, flash frozen in liquid nitrogen
and kept at −80◦C.

Human colon cancer cell line HT-29 endogenously ex-
pressing CAIX was used as a source of CAIX in DIANA ex-
periments. Cells grown in Petri dishes at 37◦C and 5% CO2
in Dulbecco’s modified Eagle’s medium (Sigma; D5671)
supplemented with 10% Fetal bovine serum (FBS, Sigma;
F7524) and 4 mM glutamine to 100% confluency were har-
vested by resuspending in the medium, and then transferred
to a microtube and pelleted at 300 g for 2 min and washed
twice with TBS. Afterward, the supernatant was removed
and cells were lyzed by resuspending in 50 mM Tris, 100
mM NaCl, pH 7.4, with 1% octaethylene glycol monodo-
decyl ether (C12E8, Affymetrix; O330) and 2 h incubation
on ice. The crude lysate was centrifuged at 600 g for 15 min
at 4◦C, and the supernatant was transferred to a new tube
and centrifuged at 15 000 g for 15 min at 4◦C. The resulting
supernatant, hereafter referred to as the lysate, was trans-
ferred to a new tube. The total protein concentration in the
lysate was determined using Bio-Rad Protein assay, and the
amount of CAIX was determined using Quantikine ELISA
for human CAIX (R&D Systems; DCA900) according to
the manufacturer’s instructions. The lysate was diluted in
TBST’ and kept in aliquots at −80◦C for long-term storage.

Capture antibodies. Mouse monoclonal antibody 2G7,
which selectively binds human PSMA (Kd ∼2.9 nM (32)),
was prepared and purified as previously described (33). Pu-
rified mouse monoclonal antibody M75 selectively recog-
nizing the PG domain of CAIX (34) (Kd ∼1.5 nM (35)), was
a kind gift from Pavlı́na Řezáčová. For long-term storage,
the antibodies were aliquoted in TBS or PBS, flash frozen
in liquid nitrogen and kept at −80◦C.

Blood samples. Samples were drawn from healthy volun-
teers, patients with histologically proven prostate carcinoma
(PCa) or clear cell renal carcinoma (ccRCC) at Thomayer
Hospital in Prague, with the agreement of the local ethical
commission and with informed consent obtained from all
subjects. See Supplementary Table S5 for a more detailed
description of the individuals, including gender, age and di-
agnosis. In case of patients with diagnosed PCa or ccRCC,
the blood samples were drawn in the morning before surgi-
cal removal of the tumor, i.e. radical prostatectomy, radical
nephrectomy or partial nephrectomy. Blood was withdrawn
into Vacuette® tubes (Greiner Bio-One) containing clot ac-
tivator (# 456071; serum) or sodium citrate (# 456323; cit-
rate plasma) and placed in the refrigerator. Within 8 h, tubes
were centrifuged at 2000 g for 10 min with minimal decel-
eration and blood serum was transferred into a microtube
and stored at −80◦C until analysis. At the time of analysis,
the serum samples were thawed on ice, mixed thoroughly
and centrifuged at 5000 g for 15 min at 4◦C to remove pre-
cipitate if formed.

Methods

General assay protocol. DIANA experiments were done
according to this assay protocol. Any experimental condi-
tions not described in this protocol, such as used buffers
or used probe concentrations, as well as any divergences
from this protocol, such as different incubation times, are
described separately in sections describing particular exper-
iments. To emphasize the possibilities of optimization of
the duration of the protocol, we report both the incubation
times employed in reported experiments and ranges of incu-
bation times that were tested and did not influence the assay
performance.

Capture antibody recognizing the protein of interest was
immobilized onto the surface of wells of a FrameStar
480/96 multiwell plate (4titude; 4ti-0951) by applying 10 �l
of the antibody in TBS at a concentration of 10 ng.�l−1 to
the bottom of the wells and incubating for 60 min (range 30
to 120 min) at room temperature (RT). To avoid evapora-
tion of the liquid in the wells, plates were covered during all
incubations with general adhesive plate seals (4titude; 4ti-
0510). The liquid was then tapped out, and the wells were
washed three times with 200 �l TBS. Then, for PSMA de-
tection, 100 �l casein blocking agent diluted 5-fold in TBS
(‘casein blocker biotin free 5.5% w/v’; SDT; CBC1) was
applied to the bottom of the wells, while for CAIX detec-
tion 10 mg/ml BSA (Sigma; A7906) in TBS was applied.
Plates were then incubated overnight (range 2 to 24 h) at
RT. The liquid was tapped out again, and the wells were
washed three times with 200 �l TBST. Thereafter, 10 �l of
the sample containing analyte was applied to the bottom
of the wells and incubated; during this step the target en-
zyme is being captured by the immobilized antibody. The
samples were typically diluted in appropriate buffer con-
taining 0.1% Tween 20, and the time of incubation was 2
h (range 1 to 21 h) at RT. The liquid was then tapped out,
and the wells were washed three times with 200 �l TBST.
Subsequently, 10 �l of detection probe diluted in appropri-
ate buffer (typically containing 0.01 or 0.1% Tween 20 and
0.01% casein blocker to minimize non-selective binding of
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the probe) was added to the bottom of wells, and samples
were incubated for 45 min (range 15 to 120 min) at RT.
The liquid was then tapped out again, and the wells were
washed at least six times with 200 �l TBST. Finally, 10 �l
of a qPCR reaction mixture composed of LC 480 Probes
Master (Roche, cat. no. 04707494001; diluted to the final
concentration recommended by the manufacturer), forward
and reverse primer (CCA GCT TTT GTC TGG TGG AG
and CCT GCC AGT TGA GCA TTT TT; final concentra-
tion 1 �mol.l−1 each) and fluorescent hydrolysis probe #87
from the Roche Universal Probe Library (LNA octamer se-
quence CTG CCA CC, cat. no. 04689127001; final concen-
tration 100 nmol.l−1) was added and the plate was sealed
with adhesive optical film (Roche, cat. no. 4729692001). The
amount of detection probe was then quantified by qPCR: 3
min at 95◦C; then 45 cycles of 10 s at 95◦C, 30 s at 66◦C
and 30 s at 72◦C; and finally 2 min at 37◦C in a LightCycler
480 II qPCR instrument (Roche) with the excitation and
emission filters adjusted to 465 nm and 510 nm respectively.
. Threshold cycles (Cq) were obtained from the measured
fluorescence curves using the method of maxima of the sec-
ond derivative in the Light Cycler 480 II Software (Roche).
Based on measurements with a dilution series of the PSMA
detection probe in water as a template, the linear range of
quantification of the probe extended from at least 6 copies
to 6 × 108 copies of the probe per well with over 90% am-
plification efficiency.

Determination of the Kd values of the probes. K d values
were determined according to the general assay protocol by
titrating captured enzymes with the appropriate detection
probes. For the PSMA detection probe, 1 pg of rhPSMA
diluted in 10 �l TBST’ was captured onto immobilized an-
tibody 2G7 in each well. Thereafter, different concentra-
tions of the detection probe in TBST’ were incubated with
the captured rhPSMA. Resulting amounts of bound probe
were then fitted using the GraFit v.5.0.11 (Erithacus Soft-
ware Ltd.) with the function [EP] = Etot × Ptot/(Kd + Ptot),
where [EP] is the amount of bound probe, Ptot is the an-
alytical concentration of the probe during the incubation
and Etot is the amount of captured enzyme, while Etot and
Kd were parameters of the fit to be solved. The same proce-
dure was repeated with the detection probe diluted in TBST’
buffer with added casein blocker (TBST’C), or with added
casein blocker and SDS (TBST’CS). Finally, the dissocia-
tion constant of the probe was determined in the same man-
ner with PSMA captured from 1 �l serum diluted 10-fold in
TBST’ prior to capture (determined Kd values are listed in
Supplementary Table S1).

For the monovalent CAIX detection probe, 0.78 ng of
CAIX in HT-29 cell lysate (10 �g total protein) diluted in
TBST’ was captured onto immobilized M75 antibody in
each well. Afterward, different concentrations of the probe
in HEPEST’C were incubated with the captured CAIX and
resulting amounts of bound probe were used to determine
the Kd value in the same way as for PSMA. For the bivalent
CAIX detection probe, only 0.078 ng of CAIX in HT-29
cell lysate (1 �g total protein) diluted in TBST’ was cap-
tured onto immobilized M75 antibody, and subsequently,
different concentrations of the probe in HEPEST’C were
incubated with captured CAIX. The Kd value of the probe

was also determined on captured endogenous CAIX from 1
�l serum diluted 10-fold in TBST’ in the same manner (de-
termined Kd values are listed in Supplementary Table S2).

Quantification of PSMA and CAIX in test matrices. Quan-
tification followed the general assay protocol. In case of
PSMA detection, serial dilutions of rhPSMA in TBST’ were
captured via immobilized antibody 2G7 and subsequently
detected by PSMA detection probe diluted in TBST’CS to
50 pM concentration. In case of CAIX, serial dilutions of
HT-29 cell lysate in TBST’ were captured via immobilized
antibody M75 and subsequently detected by bivalent CAIX
detection probe diluted in HEPEST’C to 500 pM concen-
tration.

Quantification of PSMA in serum samples. Quantification
followed the general assay protocol with minor modifica-
tions. Known amounts of rhPSMA in TBST’ were used as
standards. Prior to analysis of the serum samples, 10% stock
solution of Tween 20 was added to the samples to a final
concentration of 0.1%. The samples were then diluted 10-
fold in TBST’ and added to the wells coated with the an-
tibody 2G7. After overnight incubation (∼21 h) and wash-
ing, the wells with standards were incubated with the PSMA
detection probe in TBST’CS at a concentration of 100 pM,
whereas the wells with serum samples were incubated with
the PSMA probe at a concentration of 500 pM (to com-
pensate for the different affinities of the probe toward the
recombinant and endogenous proteins). The incubation of
serum samples was much longer than incubations used with
purified recombinant standards described in general assay
protocol in order to minimize matrix effects seen in some
samples when analyzing PSMA (non-linear assay response
upon serum dilution in both DIANA and ELISA quantifi-
cations; see Supplementary Data). However, experiments
with limited number of samples indicated that shorter in-
cubation times within the ranges described in general assay
protocol were possible without compromising the assay per-
formance even when assaying complex biological matrices,
such as blood serum, cell lysate or urine (data not shown).

The amount of PSMA in serum samples was computed
by comparing the measured Cq to the standard curve, which
was constructed as a linear regression fit of the plot of Cq
values versus the logarithm of rhPSMA concentrations in
standards (the standards covered the five-log range from
1 fg to 100 pg PSMA per well). To validate the obtained
results, replicate wells with serum samples were incubated
with the detection probe in the presence of 10 �M com-
pound 16 (Ki = 0.34 ± 0.06 nM as determined by enzyme ki-
netics), which was designed to completely disrupt the selec-
tive binding of the probe to PSMA but not the non-selective
binding to the surface.

Quantification of CAIX in serum samples. Quantification
followed the general assay protocol with minor modifica-
tions. Serial dilutions of HT-29 cell lysate in TBST’ of
known CAIX concentration (determined by Quantikine
ELISA for human CAIX supplied by RnD Systems) were
used as a standard. Undiluted serum samples to which 10%
stock solution of Tween 20 was added to a final concentra-
tion of 0.1% were loaded into the wells coated with the an-
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tibody M75. After overnight incubation (∼21 h) and wash-
ing, wells were incubated with the bivalent CAIX detection
probe in HEPEST’C at a concentration of 200 pM.

The amount of CAIX in serum samples was computed by
comparing the measured Cq to the standard curve, which
was constructed as a linear regression fit of the plot of Cq
values versus logarithms of the CAIX concentrations in
standards (the standards covered a five-log range from 7.8
fg to 780 pg CAIX per well). To validate the results, replicate
wells with serum samples were incubated with the detection
probe in the presence of 10 �M acetazolamide (Ki ∼25 nM
(36)), which was designed to completely disrupt the selec-
tive binding of the probe to CAIX but not the non-selective
binding to the surface.

Evaluation of enzyme inhibitors. Evaluation of inhibitors
followed the general assay protocol. For testing of PSMA
inhibitors, 250 pg rhPSMA diluted in 10 �l TBST’ was first
incubated with immobilized capture antibody 2G7. There-
after, a few wells were incubated with the PSMA detection
probe diluted to 125 pM in TBST’C and the remaining wells
were incubated with 125 pM probe in TBST’C in the pres-
ence of various tested compounds (listed in Supplementary
Table S12) at 100 �M concentration. After extensive wash-
ing, the amount of bound probe in each well was quanti-
fied by qPCR and the �Cq values for each compound were
computed as the difference between the Cq value in well(s)
incubated with the particular compound and mean Cq value
of wells incubated without any compound. The Ki values of
the compounds were computed from their tested concen-
tration and the corresponding �Cq values according to the
equation Ki = (2−�Cq/(1 – 2−�Cq)) × Itot/(1 + (Ptot/Kd)),
where Itot is the total concentration of the tested compound
(100 �M), Ptot is the total concentration of probe (125 pM)
and Kd is the dissociation constant of the probe (∼125 pM).
The Ki values of the same compounds toward PSMA natu-
rally present in human serum were determined in the same
manner, but PSMA from 1 �l of sera diluted 10-fold in
TBST’ (containing ∼6 pg PSMA) was captured via immo-
bilized antibody 2G7 in each well. Then, few wells were in-
cubated with the PSMA detection probe diluted to 70 pM in
TBST’ (Kd ∼200 pM) while the remaining wells were incu-
bated with 70 pM probe in TBST’ in the presence of tested
compounds at either 100 nM or 100 �M concentration.

For testing of CAIX inhibitors, CAIX from HT-29 cell
lysate diluted in TBST’ (5 �g total protein containing 390
pg CAIX) was captured via immobilized antibody M75 in
each well and a few wells were incubated with the bivalent
detection probe diluted to 500 pM in HEPESTC with 10%
DMSO, while the remaining wells were incubated with a
mixture of 500 pM probe in the same buffer in the pres-
ence of various tested compounds (listed in Supplementary
Table S17) at either 1 �M or 100 �M concentration. The Ki
values of the compounds were computed from their tested
concentrations and corresponding �Cq values according to
the equation: Ki = ((1 – 2 × Raff)/(1 – Raff – (Raff

2 + (1 –
2 × Raff) × 2−�Cq)0.5) – 1) × Itot/(1 + (Ptot/Kd2)), where
Raff is the ratio of Kd2 of the double-binding probe to Kd1
of the single-binding probe (Raff = Kd2/Kd1; Kd1∼ 70 nM,
Kd2 ∼ 1.5 nM; Supplementary Table S2). The Ki values of
the same compounds toward CAIX naturally present in hu-

man serum were determined in the same manner, but CAIX
from 10 �l of human serum (containing ∼6 pg CAIX) with
Tween 20 added to a concentration of 0.1% was captured
via immobilized antibody M75 in each well. Then, few wells
were incubated with the bivalent detection probe diluted to
180 pM in HEPESTC with 10% DMSO, while the remain-
ing wells were incubated with the 180 pM probe in the same
buffer in the presence of tested compounds at either 1 or 100
�M concentration.

PSMA enzymatic assay. The rate of hydrolysis of pteroyl-
di-L-glutamate (PteGlu2) in the presence of serial dilutions
of various tested compounds was monitored by HPLC and
was used to determine Ki values of the compounds toward
PSMA. The procedure was carried out as previously de-
scribed (37).

CAIX enzymatic assay. The rate of hydration of car-
bon dioxide in the presence of serial dilutions of com-
pound 10 was monitored by detecting color changes of pH
indicator and was used to determine the Ki value of the com-
pound 10 toward CAIX. The procedure was carried out as
previously described (38). The Ki values of carborane com-
pounds were taken from ref. (38), and the Ki value of aceta-
zolamide from ref. (36).

Quantification of PSMA by ELISA. ELISA was carried
out as described previously (39) with some modifications.
Briefly, 2G7 antibody was diluted to 5 ng/�l in 100 mM bo-
rate solution, pH 9.5 and 100 �l were loaded to each well of
96-well Maxisorp plate (Nunc, 437 111) and incubated for 1
h at RT. After washing with TBS (3 × 200 �l), the wells were
blocked with 250 �l casein blocker (SDT; cat. no. CBC1) di-
luted 5-fold in TBS for 22 h at RT, followed by TBST wash
(3 × 200 �l). Then, 100 �l of 10-fold diluted citrate plasma
samples (n = 34) or serum samples when no citrate samples
were available (n = 2) either in TBST’ or in TBST’ with 4.5
mM ethylenediaminetetraacetic acid (EDTA) were loaded
to the wells, and the samples were incubated for 16 h at RT.
As standard, rhPSMA (31) serially diluted in TBST’ to con-
centrations ranging from 1 pg to 1 ng per well was used. Af-
ter subsequent TBST wash (3 × 200 �l), 100 �l biotinylated
mouse monoclonal antibody J591 (40) recognizing GCPII
diluted in TBST’ to 0.25 ng/�l was added and incubated
for 1 h at RT. After washing out the unbound biotinylated
J591 (3 × 200 �l TBST), 100 �l NeutrAvidin conjugated
with horseradish peroxidase (Thermo Scientific) diluted in
TBST’ to 0.5 ng/�l was added and incubated for 30 min at
RT, followed by a TBST wash (5 × 200 �l). Finally, chemi-
luminescence in 170 �l of luminol substrate (prepared by
mixing 0.1 ml 1 M Tris–HCl, pH 8.8; 10 �l 250 mM lumi-
nol in DMSO; 22.2 �l 90 mM 4-iodophenol in DMSO and
filled to 1 ml with distilled water; 0.6 �l of 30% H2O2 was
added shortly before use) was measured on a Tecan Infinite
M1000 instrument.

To control for false-positive signal due to the presence
of heterophilic interfering antibodies, the samples were di-
luted in replicate wells in TBST’ with 4.5 mM EDTA. The
EDTA denatures PSMA, which leads to the loss of binding
of the antibodies to PSMA. The remaining signal, if any,
corresponds to the signal from interfering antibodies. The
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PSMA concentration was therefore determined as the dif-
ference between wells with and without EDTA.

Statistical analysis. Two-tailed Mann Whitney U-test was
used to compare mean PSMA and CAIX serum levels be-
tween the groups of individuals. The calculations were run
in the past software (41). Because the expression of genes
(and consequently also the serum levels) are considered to
be log-normally distributed (42), median values and 16th
and 84th percentiles for serum levels determined in the sam-
ple set were indicated (rather than mean values and stan-
dard deviations) to describe the scatter of the values. The
non-parametric rank statistical test was chosen because we
do not expect the values to be normally distributed. While
the amount of available serum samples was limited, the sam-
ple size of 12 individuals in each group was chosen to pro-
vide reasonable power of the statistical test.

RESULTS

Preparation and characterization of detection probes

To prepare detection probe that binds to the target enzyme
active site and allows quantification by qPCR (Figure 1A),
we derivatized known competitive inhibitors of PSMA (43)
and CAIX (24) to carry a linker bearing a terminal NHS-
ester. These derivatives were then reacted with the primary
amine group of custom-synthesized DNA oligonucleotides
(see Figure 1B for structures and Kd values). Interestingly,
attaching the oligonucleotide to the inhibitors improved
their binding affinity several-fold (see Supplementary Data
for more details on probe synthesis and testing). Because
the affinity of the CAIX probe was three orders of mag-
nitude lower than that of the PSMA probe, we conjugated
two CAIX inhibitors to a single oligonucleotide, increasing
overall affinity nearly 50-fold. This substantial increase may
be because each inhibitor of a single probe can bind to one
active site in the CAIX homodimer, as described previously
for a bivalent small-molecule CAIX inhibitor (16). We used
only this bivalent probe #2 in all CAIX experiments.

Quantification of PSMA and CAIX in test matrices

Quantification of PSMA and CAIX consisted of several
steps. First, the capture antibody was immobilized onto
the bottom of wells in a 96-well polypropylene PCR plate,
and wells were then blocked with appropriate reagent. Next,
sample was added to the wells, and target enzyme from the
sample was selectively bound by the capture antibody. Then
the appropriate detection probe was added and allowed to
bind to the active site of the target enzyme. Finally, after ex-
tensive washing, the amount of bound probe was quantified
by qPCR.

To assess the dynamic range and sensitivity of DIANA,
we analyzed serial dilutions of enzyme standards diluted
in buffered solution; the same standards were later used
to quantify both targets in human sera. As a standard for
PSMA quantification, we used purified recombinant hu-
man PSMA (rhPSMA). The linear range of detection ex-
tended over six orders of magnitude, from 3.6 zeptomoles
to 3.6 femtomoles (320 ag to 320 pg) in a 10-�l sample. The
lowest detected amount, defined as the amount of analyte

that gave a signal higher than the blank signal plus two s.d.,
was 1.1 zeptomole (100 ag). The total range of detection
thus extended over seven orders of magnitude from 1.1 zep-
tomole to 11 femtomoles (100 ag to 1 ng; Figure 2A and
Supplementary Table S3). As a standard for CAIX quantifi-
cation, we used lysate from cultured HT-29 cells; the CAIX
concentration in the stock lysate was determined by Quan-
tikine ELISA for human CAIX (RnD Systems). The linear
range of detection extended over five orders of magnitude
from 140 zeptomoles to 14 femtomoles (7.8 fg to 780 pg) in
a 10-�l sample. The lowest detected amount was 46 zepto-
moles (2.5 fg), corresponding to a total range of detection
over five orders of magnitude from 46 zeptomoles to 14 fem-
tomoles (2.5 fg to 780 pg; Figure 2B and Supplementary
Table S4).

Quantification of PSMA and CAIX in human serum

After establishing DIANA performance against target en-
zymes using purified enzyme or cell lysate, we examined its
performance against clinical samples of human serum from
12 healthy men, 12 men with Prostate carcinoma (PCa) and
10 men and 2 women with clear cell renal cell carcinoma
(ccRCC). Undiluted samples were assayed for CAIX, while
samples were diluted 10-fold before assaying PSMA (for de-
tails on testing of the assay linearity and on the recovery of
spiked protein standards see Supplementary Data). Thus,
the serum volumes used per well were 1 �l for PSMA and
10 �l for CAIX.

Measured PSMA concentrations in serum ranged from
0.10 to 6.0 ng/ml, with a median value of 0.45 ng/ml (16th
and 84th percentiles were 0.23 and 1.1 ng/ml, respectively;
Supplementary Table S9). Mean concentration did not dif-
fer significantly among the three groups, suggesting that
serum PSMA is not elevated in either ccRCC or PCa (Sup-
plementary Figure S1a). This contrasts with a previous re-
port of elevated PSMA protein levels in serum from PCa pa-
tients as determined by semiquantitative SELDI assay (17).
Measured CAIX concentrations ranged from 0.034 to 0.61
ng/ml, with a median value of 0.12 ng/ml (16th and 84th
percentiles were 0.059 and 0.25 ng/ml, respectively; Sup-
plementary Table S10). Mean CAIX concentration was sig-
nificantly lower in healthy individuals than in patients with
ccRCC (two tailed Mann-Whitney test, P = 0.033) or PCa
(P = 0.021; Supplementary Figure S1b). This is the first re-
port showing the elevated level of CAIX in patients with
prostate cancer. The elevated level of CAIX in serum of
ccRCC patients is in line with previous reports (18,19).

To further validate the serum levels obtained by DIANA,
we reanalyzed the samples by sandwich ELISA. We are
not aware of any commercially available ELISA validated
for quantification of PSMA in blood serum or plasma,
so we used our previously reported ELISA protocol (39)
with some modifications. We used this ELISA to deter-
mine PSMA concentrations in control citrate plasma sam-
ples drawn from the same individuals on the same occasion
as samples used in DIANA determinations. PSMA concen-
trations determined by ELISA showed excellent agreement
with values obtained by DIANA (R2 = 0.898; Figure 2C).
Similarly, we validated CAIX concentrations by reanalyz-
ing the serum samples with a commercially available Quan-
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Figure 2. Ultrasensitive detection of PSMA and CAIX by DIANA. (A and B) Plots of average Cq values versus amount of human recombinant purified
PSMA standard diluted in buffered solution (A), or average Cq values versus amount of human CAIX present in HT-29 cell lysate diluted in buffered
solution (B). Upper x-axes indicate molar concentration, while lower x-axes indicate the corresponding molar amount per well. Horizontal lines show the
average background signal; dashed horizontal lines show the average background signal plus 2 s.d. Error bars show s.d. of quadruplicate measurements
(A and B). (C and D) Plots of concentrations of PSMA (C) and CAIX (D) determined using DIANA in 36 human serum samples versus concentrations
determined using ELISA in the same serum samples (CAIX) or in control citrate plasma samples (PSMA) drawn from the same individuals on the same
occasion.Lines show the linear regression fit of log-transformed concentrations; dashed lines indicate values 1.25-fold higher or lower than the linear
regression. Error bars show s.d. of triplicate (C) or duplicate (D) measurements.

tikine ELISA for human CAIX and CAIX concentrations
determined by both methods showed excellent agreement
(R2 = 0.903; Figure 2D). Reference ELISA thus confirmed
the accuracy of serum levels of both enzymes determined
by DIANA, and it corroborated our observations of PSMA
and CAIX levels in clinical samples.

Next, we used the serum samples to examine the sensitiv-
ity and selectivity of DIANA by attempting to outcompete
the binding of the detection probe using known competi-
tive inhibitors of the target enzymes. We hypothesized that
these inhibitors would quantitatively outcompete the selec-
tive binding of the probe to the target enzyme, without af-
fecting possible non-selective binding of the probe to other
proteins. Therefore, we reasoned that PSMA or CAIX con-
centrations determined in wells containing a suitable con-
centration of competitive inhibitor should provide an esti-
mate of the limit of detection, reflecting non-selective bind-

ing of the probe. In this manner, we estimated the average
limit of detection of PSMA in a 1-�l serum sample to be
0.8 pg/ml (range 0.4 to 2.4 pg/ml; Supplementary Table
S9) and of CAIX in a 10-�l serum sample to be 1.1 pg/ml
(range 0.7 to 2.8 pg/ml; Supplementary Table S10). These
detection limits were much lower than the actual enzyme
concentrations in the set of clinical samples analyzed; the
limits for PSMA were on average 870-fold lower than the ac-
tual PSMA concentration (range 140- to 2800-fold), while
the limits for CAIX were on average 210-fold lower than the
actual CAIX concentrations (range 12- to 930-fold).

Using DIANA to evaluate inhibitors of target enzymes

Determination of inhibitor binding affinities (expressed as
Ki values) followed the same general protocol as enzyme
quantification, with slight modifications (Figure 3A). An
identical amount of target enzyme was captured onto the
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Figure 3. Determination of inhibition constants from single inhibitor concentrations by DIANA and its validation by inhibitor titration. (A) Detection
probe was incubated with target enzyme in the presence of putative inhibitor. The binding of the test compound resulted in lower amount of the bound
probe. The amount of bound probe together with concentration of compound was then used to determine the inhibition constant at each dilution of the
compound. (B) Purified PSMA standard was titrated with PSMA inhibitor (compound 4) and detected using the monovalent detection probe against
PSMA. Measured inhibition constants were constant over more than five orders of magnitude of inhibitor concentration. (C) CAIX from cell lysate
was titrated with CAIX inhibitor (compound 10) and detected using the bivalent detection probe against CAIX. Measured inhibition constants were
constant over more than two orders of magnitude. The lowest inhibitor concentrations were lower than their respective Ki values, which leads to insufficient
inhibition and therefore larger errors of determinations. Ki values determined at the highest inhibitor concentrations are higher than the average because
of background signal. Error bars show s.d. of triplicate (B) or duplicate (C) measurements.

immobilized antibody in each well; this amount was within
the linear range of detection. Some wells were incubated
with detection probe alone, and the rest were incubated
with a mixture of the probe and a known concentration
of putative inhibitor, present in molar excess with respect
to the enzyme. Inhibitor affinity (Ki value) was calculated
from the inhibitor concentration and from the difference in
the number of PCR cycles needed to amplify the reporter
DNA (�Cq) in wells incubated in the presence or absence
of inhibitor. Given the broad linear range of the assay, we
were able to calculate the Ki value for each inhibitor from
each well after assuming that the monovalent PSMA probe
bound non-cooperatively to its target, while the bivalent
CAIX probe bound cooperatively (see Supplementary Data
for more details). These calculations are presented in detail
in the next two sections.

Evaluation of PSMA inhibitors

To examine the accuracy of our model to determine Ki
values of PSMA inhibitors using single inhibitor concen-
trations (Supplementary Figure S2a), we incubated cap-
tured rhPSMA with serial dilutions of competitive inhibitor
(compound 4; Ki = 1.1 ± 0.1 nM based on enzyme kinet-
ics) ranging from 100 pM to 100 �M. Then we determined
the Ki from each measured data point (Supplementary Ta-
ble S13). Measured Ki values were constant over the en-
tire dilution series except at the extremes (Figure 3B); mean
Ki calculated over the range from 200 pM to 50 �M was
0.37 ± 0.06 nM. This indicates that DIANA can accurately
determine Ki values from single concentrations of small-
molecule inhibitors over the broad linear range of the assay,
covering six orders of magnitude in the case of PSMA.

To further verify this, we determined Ki values of 41
known competitive inhibitors of PSMA (listed in Sup-
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plementary Table S12) using single-well measurements at
a constant inhibitor concentration (100 �M). We then
compared DIANA-determined values with those using an
HPLC-based substrate cleavage assay (37) which requires
testing serial dilutions of inhibitors (see Figure 4A). The
two methods showed excellent agreement (R2 = 0.991) over
the entire range of Ki determinations covering seven orders
of magnitude from mid-picomolar to mid-micromolar val-
ues (Supplementary Table S15). This confirms that DIANA
can accurately measure Ki values from a single inhibitor
concentration.

The high selectivity and sensitivity of DIANA allowed
us to determine Ki values for the 41 known PSMA in-
hibitors using only 1 �l of human serum (containing ∼6
pg of PSMA) rather than purified rhPSMA. Because of the
low amount of PSMA present, we tested inhibitor concen-
trations of 100 �M and 100 nM in order to cover the range
of Ki values. The values measured in this way agreed well
with those determined using rhPSMA (Figure 4B), over the
entire range of Ki values (R2 = 0.989; Supplementary Table
S16).

To evaluate the robustness of DIANA, we examined the
standard deviations of the assay and evaluated its response
to different buffer compositions and solvents. Standard er-
rors in the presence or absence of inhibitors were typically
lower than 0.15, corresponding to a CV of 11%. Together
with signal-to-background ratios of up to 22 qPCR cycles,
these standard errors translated into a Z’ factor of over 0.9.
Such Z’ values were obtained not only when assaying puri-
fied PSMA standard but also when assaying PSMA in hu-
man serum. The expected precision of the determined Ki
values is shown in Supplementary Figure S2a. We found no
significant variation in the signal-to-background ratio when
we screened different concentrations of detergent, casein
blocker or, most notably, organic solvents such as methanol,
acetonitrile and DMSO at concentrations of up to 10%.
These findings suggest that DIANA can serve as a highly
versatile screening platform for testing small-molecule li-
braries dissolved in 100% DMSO (Supplementary Table
S14).

To explore the possibility of omitting the capture an-
tibody, which would expand the assay to include target
enzymes for which specific antibodies are unavailable, we
tested a panel of PSMA inhibitors against recombinant
biotinylated PSMA captured on neutravidin. This led to
nearly identical results as using untagged PSMA captured
by an immobilized antibody (Supplementary Figure S3).
Since the detection probe also binds the PSMA homolog
GCPIII (44) (with Kd of ∼5 nM), we tested a subset of
these PSMA inhibitors against recombinant biotinylated
GCPIII captured on neutravidin and obtained Ki values
corresponding to those obtained by conventional enzyme
kinetics assays (Supplementary Figure S4; experimental de-
tails on assaying both proteins are described in Supplemen-
tary Data). The binding of the probe to both enzymes to-
gether with capturing of their tagged variants onto neutra-
vidin thus enabled us to rapidly develop screening assay for
both targets, but such promiscuity also may have compro-
mised the selectivity of the PSMA detection in biological
matrices. To examine the selectivity of the DIANA protocol
which employs an immobilized anti-PSMA antibody 2G7

and which we used previously to quantify untagged PSMA,
we assayed different amounts of GCPIII using this proto-
col. We found that the presence of GCPIII did not inter-
fere with PSMA quantification even at very high concen-
trations (Supplementary Table S22). The selectivity ratio to-
ward PSMA was more than six orders of magnitude, which
suggests that using a highly selective capture antibody en-
sures detection of only the desired target, even when the
probe can bind other proteins in the sample.

Evaluation of CAIX inhibitors

Determination of Ki values was more complex for CAIX
inhibitors than for PSMA inhibitors because we used the
bivalent probe against CAIX, which presumably binds co-
operatively to the target. Therefore we altered the model
for calculating Ki values (Supplementary Figure S2b). To
test the accuracy of the model, we incubated CAIX cap-
tured from a lysate of HT-29 cells with serial dilutions of
a competitive CAIX inhibitor (compound 10; Ki = 408 ±
64 nM based on enzyme kinetics) ranging from 0.6 nM to
80 �M, and we determined the Ki from each measured data
point (Supplementary Table S18). We obtained a mean Ki
of 323 ± 54 nM over a range of inhibitor concentrations
spanning more than two orders of magnitude, from 80 nM
to 20 �M. This validated our assumption that the detection
probe binds CAIX cooperatively (Figure 3C).

This inhibitor concentration range over two orders of
magnitude useful for determining Ki from single measure-
ments is narrower than the concentration range giving a lin-
ear response for CAIX quantification. This result reflects
(1) relatively low endogenous expression of CAIX by HT-29
cells, (2) higher non-selective binding of probe after CAIX
capture from lysate versus capture from buffer or serum and
(3) bivalence of the CAIX probe, which leads to a larger
change in Cq with increasing inhibitor concentration than
would be observed with a monovalent probe. These factors
narrow the range of determined Ki values, but the last fac-
tor at the same increase precision and therefore sensitivity,
which may make DIANA useful for identifying weak in-
hibitors (Supplementary Figure S2b).

Using our validated model for calculating Ki, we deter-
mined the Ki values of 10 CAIX inhibitors (listed in Sup-
plementary Table S17) by incubating the inhibitors at 1 �M
and 100 �M with CAIX captured from cell lysate in the
presence of 10% DMSO, which was necessary because of
the low solubility of some inhibitors. We compared these
values with those determined from enzyme kinetics (38)
(Supplementary Table S19) and found good agreement (R2

= 0.816, Figure 4C) over the entire range of Ki values cover-
ing three orders of magnitude from mid-nanomolar to mid-
micromolar values. We assumed that the solvent did not
influence our results, since we found that DMSO at final
concentrations up to 10% did not affect selective or non-
selective binding of the detection probe.

Finally, we determined Ki values using 10 �l human
serum (containing approximately 6 pg of CAIX) and in-
hibitor concentrations of 1 �M and 100 �M in the pres-
ence of 10% DMSO. The resulting Ki values agreed well
with those obtained previously using CAIX from cell lysate
(R2 = 0.888, Figure 4D). Despite the very small amount of
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Figure 4. Validation of single-well determination of inhibition constants of PSMA and CAIX inhibitors using DIANA. (A) Plot of Ki values of 41 PSMA
inhibitors determined by titrating recombinant purified PSMA with inhibitor and measuring kinetics (x-axis) versus Ki values determined by DIANA from
a single well containing 100 �M inhibitor and recombinant purified PSMA (y-axis). (B) Plot of Ki values of 41 PSMA inhibitors determined by DIANA
from a single well containing 100 �M inhibitor with recombinant purified PSMA (x-axis) versus Ki values determined by DIANA from two measurements
with unpurified endogenous PSMA in 1 �l of human serum in the presence of either 100 �M or 100 nM inhibitor (y-axis). (C) Plot of Ki values of 10 CAIX
inhibitors determined by titrating recombinant purified CAIX with inhibitor and measuring kinetics (x-axis) versus Ki values determined by DIANA from
two measurements with unpurified CAIX in cell lysate in the presence of either 100 �M or 1 �M inhibitor (y-axis). (D) Plot of Ki values of 10 CAIX
inhibitors determined by DIANA from two measurements with unpurified CAIX in cell lysate in the presence of either 100 �M or 1 �M inhibitor (x-axis)
and by DIANA from two measurements with unpurified endogenous CAIX in 10 �l of human serum in the presence of either 100 �M or 1 �M inhibitor
(y-axis). (A–D) Lines show linear regression of log-transformed values; dashed lines indicate values that are 1.5-fold (PSMA) or 2-fold (CAIX) higher or
lower than the linear fit. Error bars show s.d. of duplicate measurements in the case of DIANA, or s.e. of the titration in the case of enzyme kinetics.

CAIX in cell lysate and human serum, Z’ values were re-
producibly higher than 0.8. These results confirm the appli-
cability of the assay to screen enzyme inhibitors with low-
abundance enzymes in different biological matrices.

DISCUSSION

Here, we report the development of DIANA assay suit-
able for enzyme detection and screening of enzyme in-
hibitors. This assay is analogous to the immuno-PCR as-
say described in (3), in which the target protein is cap-
tured by an immobilized antibody and then detected by an-
other DNA-linked antibody. However, in DIANA assay, the
DNA-linked antibody has been replaced by detection probe
consisting of a DNA oligonucleotide covalently linked to a

small molecule that binds to the active site of a target en-
zyme. The use of conjugates of DNA and small molecules
as affinity reagents has been proposed more than 20 years
ago (45) and they have been since then employed in a num-
ber of contexts. Nevertheless, we show that DIANA repre-
sents a novel and powerful way of using such conjugates
with some important implications which are discussed in
following paragraphs.

We show that DIANA is a straightforward and extremely
sensitive method for quantifying enzymes suitable for com-
plex biological matrices. We estimated the limits of detec-
tion for two integral membrane proteins, PSMA and CAIX,
in human sera to be, respectively, 10 × 10−21 mol and 200 ×
10−21 mol. Such sensitivity is comparable to that of the most
sensitive sandwich immunoassays available for complex bi-
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ological matrices, including sandwich ELISA (10 × 10-18

mol; e.g. Abbott Architect total PSA kit, IVD Ref. 7K70),
immuno-PCR (3) (100 × 10-21 mol), immuno-PCR on gold
nanoparticles (Bio-Barcode assay (4); 300 × 10−21 mol),
proximity ligation assay (5) (1 × 10−21 mol), and proxim-
ity extension assay (6) (100 × 10−21 mol). Additionally, DI-
ANA is advantageous when assaying clinical samples: the
synthetic nature of the detection probe means that the DI-
ANA sandwich cannot be cross-linked by interfering anti-
bodies present in human blood, which occasionally cause
false-positive results in sandwich immunoassays (46,47).

The amount of target enzyme is quantified via quanti-
tative PCR (qPCR), which has broad linear range and is
extremely sensitive. This is achieved by geometrical ampli-
fication of the template DNA during PCR cycles. However,
this is connected with slightly lower precision than by other
linear readouts, such as colorimetric or chemiluminiscent
detection. Depending on the amount of template, a typical
qPCR machine has standard deviation of 0.10–0.25 cycle,
which translates into coefficient of variation of 7–19% com-
pared to few percent achieved in ELISA readout. Although
such precision should be sufficient for most diagnostic tests,
we suggest that in cases when small changes in enzyme levels
need to be detected, either replicates could be run or other
more precise DNA detection techniques could be employed,
such as isothermal rolling circle amplification (48) or com-
mercially available digital PCR.

The binding of the detection probe to the enzyme active
site, the extremely high sensitivity and wide linear range of
DIANA also make it well-suited for screening of compet-
itive inhibitors of target enzymes. The sensitivity enables
testing of inhibitors using tiny amounts of unpurified tar-
gets, and the wide range enables determination of Ki from
a single well, minimizing the amount of reagents required.
DIANA can identify both tight and weak inhibitors. The
highest inhibitor affinity that can be accurately determined
is limited by the assay sensitivity and therefore lies approx-
imately in the Ki range of five to six orders of magnitude
below the Kd of the probe. DIANA also correctly identifies
inhibitors that bind even more tightly and ranks them as the
most tightly binding in the screen, though it underestimates
their affinities. The ability of DIANA to identify weak in-
hibitors is limited only by their solubility; thus, every in-
hibitor at a concentration at or above its Ki should be de-
tectable in principle. Target binding by the detection probe
does not compete with target binding by weak inhibitors,
since the probe is used at concentrations below its Kd re-
gardless of the magnitude of the Kd, which is made possi-
ble by ultrasensitive qPCR detection. Indeed, in the present
study, we detected PSMA inhibitors with an affinity 106-
fold lower than that of the detection probe, even when the
inhibitor was present at a concentration similar to or lower
than its Ki. The solid-phase assay format also allows testing
of fluorescent or colored compounds, since they are washed
out before analysis and therefore cannot interfere with the
qPCR readout.

As with other ultrasensitive solid-phase assays, the sen-
sitivity of DIANA is limited by non-selective adsorp-
tion of the detection probe, since every single probe
molecule bound to the surface, including those that are non-

selectively adsorbed, is detected by qPCR. In our hands, this
non-selective background binding was low but detectable
even at subnanomolar probe concentrations and in the pres-
ence of casein blocker and it increased with increasing probe
concentration. This implies that a high-affinity ligand is es-
sential for ultrasensitivity as lower probe affinity cannot be
compensated for by increasing probe concentration.

We showed that a probe with subnanomolar affinity en-
abled detection of zeptomole amounts of PSMA. However,
such potent ligands have been identified for a limited num-
ber of targets. As we showed here for CAIX, tight-binding
probes can be prepared from weaker ligands by including
several copies of the ligand moiety in order to induce mul-
tiple binding of the probe, though this strategy is likely to
work only for multimeric enzymes and/or enzymes bear-
ing at least two distinct active sites. Otherwise, the sensi-
tivity will decrease in proportion to the decreasing affinity
of the ligand, which may limit the use of weaker ligands
for DIANA-based diagnostics. However, these ligands may
still be useful for DIANA-based inhibitor screening, since
in this case the assay’s linear range is more important than
its sensitivity. While loss of sensitivity also means loss of dy-
namic range, the range may be partially restored by captur-
ing larger amounts of target enzyme. We therefore predict
that even ligands that bind with micromolar affinity may be
useful for DIANA-based inhibitor screening, offering lin-
ear response over several orders of magnitude.

The ability to use subnanomolar concentrations of probe
without losing sensitivity or dynamic range, regardless of
probe affinity, means that extremely small amounts of probe
are needed. As nanomole amounts of probe are easily syn-
thesized from milligram amounts of ligand, preparing suffi-
cient probe for billions of measurements is straightforward.
Since the probe is stable to multiple freeze-thaw cycles, we
expect that a single probe synthesis will yield enough ma-
terial for any size of project, facilitating replication studies,
reagent sharing and long-term archiving. We obtained simi-
lar assay performance in evaluating enzyme inhibitors when
we captured PSMA via an immobilized antibody as when
we omitted the antibody and instead captured recombinant
biotinylated PSMA onto neutravidin. This shows that DI-
ANA can be adapted to screen inhibitors of target enzymes
for which specific antibodies are unavailable; in these cases,
immobilization can be achieved by derivatizing the surface
to bind an affinity tag recombinantly fused to the target en-
zyme, i.e. biotin or his-tag. This eliminates the need for an-
tibody while still allowing unpurified target to be used. This
approach will enable rapid development of platforms for
testing compounds against panels of enzymes and quanti-
tative evaluation of their selectivity, which will be facilitated
by the use of detection probes prepared from class-specific
inhibitors, such as pepstatin (49), staurosporin (50) or ac-
etazolamide (30), together with production and capture of
tagged enzymes.

Detection probes prepared from promiscuous inhibitors
are still useful for detection of enzymes in complex bio-
logical matrices, in such cases a selective antibody is used
for capturing of the enzyme which complements the assay
selectivity. By testing recombinant purified enzyme stan-
dards, we showed that in combination with suitable anti-
body we selectively detected PSMA over its closest homolog
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GCPIII even when using detection probe binding to both
targets. Selectivity ratio of at least six orders of magnitude
was achieved, even though the selectivity ratio of the probe
itself was only about 60-fold. Moreover, despite both pro-
teins share approximately 70% amino acid sequence iden-
tity without any dissimilar regions, there is a number of
selective anti-PSMA antibodies available (32). This shows
that it is possible to develop selective DIANA assay even
for highly similar enzymes for which a selective inhibitor is
not available. Similarly, we used probe prepared from non-
selective inhibitor of several human carbonic anhydrases
(24) for CAIX detection. There are 15 human carbonic an-
hydrases and 12 of them are enzymatically active and many
potent yet non-selective inhibitors are known, while the de-
velopment of selective inhibitors still remain challenge of
current medicinal chemistry (30). Nevertheless, the low se-
quence homology between the carbonic anhydrases allowed
us to use anti-CAIX antibody M75 which recognizes the
proteoglycan-like domain of CAIX (34) absent from any
other human carbonic anhydrase. The selectivity of result-
ing DIANA sandwich was validated by the excellent agree-
ment of CAIX serum levels detected using DIANA and val-
ues determined using the commercial CAIX ELISA (Quan-
tikine, R&D Systems), which has been tested by the vendor
for selectivity against all other human carbonic anhydrases.

In principle, DIANA is not limited to enzymes and could
be applied to any functional protein, including receptors or
transporters, for which a sufficiently potent small-molecule
ligand is available. Additionally, because DIANA does not
require purified target, it may be especially advantageous
for transmembrane proteins and other proteins that are dif-
ficult to prepare and purify. Moreover, the unique ability
of DIANA to determine the compound’s Ki from a sin-
gle tested concentration might be especially useful for high-
throughput inhibitor screening or for profiling inhibitor se-
lectivity against a panel of enzymes. Finally, DIANA’s sim-
ple and straightforward protocol, similar to that of sand-
wich ELISA or immuno-PCR, and its compatibility with
multiwell plates, make it suitable for automation and high
throughput.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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