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A drug composition consisting of nucleoside reverse transcriptase
inhibitors (NRTIs), non-nucleoside reverse transcriptase inhibitors
(NNRTIs), and protease inhibitors (Pls) is commonly used in AIDS
therapy. A major difficulty encountered with the therapeutic com-
posite involves the emergence of drug-resistant viruses, especially
to the PIs, regarded as the most effective drugs in the composi-
tion. We present a novel bioelectronic means to detect the ap-
pearance of mutated HIV-1 exhibiting drug resistance to the Pl
saquinavir. The method is based on the translation of viral RNA,
the association of cleaved or uncleaved Gag polyproteins at an
electrode surface functionalized with the respective antibodies,
and the bioelectronic detection of the Gag polyproteins associat-

Introduction

The currently used methodology to detect drug-resistant virus-
es in AIDS patients consists principally of phenotyping and
genotyping viruses isolated from blood samples.! Phenotyp-
ing of the viral protease (PR) is carried out through the isola-
tion and propagation of viruses in cultured cells in the pres-
ence of anti-HIV drugs,” or by the cloning and expression of
the viral PR in bacterial cells, and assessment of the enzyme
activity in the presence of protease inhibitors (Pls).”! Nonethe-
less, the virus-propagation step in the presence of the Pl may
itself result in the growth of mutated viruses™® that do not re-
flect the initial mutants of the HIV carrier. In addition, sequenc-
ing of the PR-encoding region in the viral RNA is used to geno-
type the drug resistance characteristic of the virus.®” The se-
quencing of the viral genome is only partially representative,
since only a limited number of viral DNA molecules are ana-
lyzed. Thus, although significant advances in the detection of
HIV drug resistance have been accomplished, the different
methods exhibit drawbacks, and the development of analytical
methods that bypass the virus-propagation step of the ana-
lyzed samples would be advantageous.

The retroviral Gag and Gag-Pol polyproteins are translated
from mRNA that is indistinguishable from the full-length ge-
nomic RNA found in virions. The ratio of HIV Gag to Gag-Pol
polyprotein expression is approximately 20:1.®' The viral Gag
and Gag-Pol polyproteins are processed by a virus-encoded
PR, that consists of a dimer composed of two identical subu-
nits.””’ Cleavage of the viral polyproteins is a key step in viral
maturation, and without specific cleavage of the precursors,
the virion is not infectious."*'? Previous studies have indicated
that PR is already active in its Gag-Pol precursor form, and that
the cleavage of the polyproteins may occur by inter- or intra-
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ed with the surface. The bioelectronic process includes the associ-
ation of anti-MA or anti-CA antibodies, the secondary binding of
an antibody-horseradish peroxidase (HRP) conjugate, and the
biocatalyzed precipitation of an insoluble product on the elec-
tronic transducers. Faradaic impedance measurements and
quartz crystal microbalance analyses are employed to follow the
autoprocessing of the Gag polyproteins. The method was applied
to determine drug resistance in infected cultured cells and also in
blood samples of consenting AIDS patients. The method de-
scribed here is also applicable to the determination of drug effec-
tiveness in AIDS patients and to screening of the efficiency of
newly developed drugs.

molecular mechanisms.'>' HIV PR inhibitors are effective

against wild-type HIV both in vitro and in vivo, but are also
rapidly selected for HIV variants displaying reduced susceptibil-
ity to the PR inhibitors."®'” Currently, all of the clinically ap-
proved inhibitors of HIV PR are peptide mimetics that interact
with the protease active site and adjacent substrate specificity
pockets. Mutations both in these regions and in distal sites
affect the inhibitor and substrate binding by altering the
number and/or strength of subsite interactions.'® Consequent-
ly, in the presence of a PR inhibitor, there is a replicative ad-
vantage for HIV-containing mutations that decrease affinity to
the inhibitor while retaining sufficient enzyme activity to proc-
ess the Gag and Gag-Pol polyproteins.

Bioelectronics, and specifically the development of biosen-
sors, is a rapidly developing research field."'”*” Electronic bio-
sensors transduce biorecognition events into electronic signals.
Electrodes,?" piezoelectric crystals,”? and field-effect transis-
tors'®® are often used as electronic transduction units. Electro-
chemical transduction of enzyme-substrate interactions®"” and
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of antigen-antibody“* or nucleic acid-DNA recognition
processes has been accomplished. Microgravimetric quartz-
crystal microbalance measurements have been employed for
the detection of antigens® or DNA,*" and field-effect transis-
tors have been used to analyze antibody-antigen com-
plexes.” Recent efforts in bioelectronics have been directed
towards amplified detection of antigen-antibody™® or nucleic
acid-DNA interactions.””" The replication of the analyzed
DNA to yield a redox-active replica coupled to a bioelectro-
catalytic cascade,” or the conjugation of nucleic acid-labeled
particulate systems such as liposomes® or nanoparticles®"
have been used to amplify DNA detection processes. A power-
ful method to amplify antigen-antibody or DNA (RNA) detec-
tion involved the coupling of a biocatalytic conjugate to the
biorecognition complex; this resulted in the precipitation of an
insoluble product on electronic transducers.”®*? The insulation
of the electrodes by the insoluble product or the increase in
the mass associated with piezoelectric crystals as a result of
the formation of the precipitate was electronically transduced.
Here we report on the amplified detection of in vitro transla-
tion of viral MRNA. To the best of our knowledge, this is the
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first example of an electronic device that transduces an mRNA
translation process. Specifically, we describe the electronic
transduction, through an in vitro mRNA-translation process, of
drug resistance developed in HIV-1 carriers. The method not
only enables the diagnosis of drug-resistant HIV-1, but also the
identification of the most efficient drugs for antiviral therapy
and the rapid screening of new anti-HIV-1 drugs.

Results and Discussion

In vitro translation of viral RNA results in the synthesis of pre-
cursors being autoprocessed by the translated protease. The
bioelectronic method enables us to compare the processing
efficiency by comparing the amounts of viral precursors
cleaved and not cleaved by the intrinsic protease. Scheme 1 il-
lustrates the method of probing HIV drug resistance by analy-
sis of the PR inhibition. The electronic transducers (Au electro-
des or Au-quartz crystals) are modified with protein G, which
binds the anti-CA-Ab. Inhibition of the protease activity results
in the binding of uncleaved Gag precursors MA-CA-NC to the
transducer, as depicted in Scheme 1A. Treatment of the sur-
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Scheme 1. Bioelectronic transduction of translated HIV-1 Gag polyproteins. A) Analysis of MA in the translated proteins obtained in the presence of the PI. B) Detec-
tion of MA (route i) and CA (route ij) in the translated Gag polyproteins obtained in the absence of PI.
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face with the anti-MA-Ab results in antibody association to the
MA fragment. Further binding of the secondary anti-MA anti-
Ab/HRP conjugate to the assembly, followed by the biocata-
lyzed H,0,-mediated oxidation of 4-chloronaphthol (1) to the
precipitate (2), amplifies primary recognition of the uncleaved
Gag precursor assembly. On the other hand, a fully functional
protease cleaves the precursor, and the MA-CA site is cleaved
off (Scheme 1B). Under these conditions, the CA fragment
binds to the sensing interface, but the anti-MA antibody and
the secondary anti-Ab/HRP conjugate do not associate with
the transducer, so the biocatalyzed precipitation of 2 is retard-
ed, as in Scheme 1B, route i) (provided that nonspecific adsorp-
tion processes are minimized). The PR inhibition is thus as-
sayed through the biocatalyzed precipitation of 2 on the elec-
trode or the Au-quartz crystal by using Faradaic impedance
spectroscopy or microgravimetric quartz crystal microbalance
measurements, respectively (for the physical background of
the methods, vide infra). Note that the extent of precipitation
is governed by the inhibition efficiency of the translated PR,
and that as the inhibitory effect decreases, the accumulation
of 2 on the transducers is reduced. It should also be noted
that the detection of the nonhydrolyzed Gag polyprotein is a
consequence of two amplification steps. In the first step, the
translation of the viral RNA to the protein provides an amplifi-
cation path. The second amplification step involves the bioca-
talyzed precipitation of 2 on the transducers. As a single recog-
nition event of the nonhydrolyzed polyprotein by the anti-CA
sensing interface is translated into the accumulation of many
insoluble molecules on the transducer, the precipitation proc-
ess represents an effective amplification route. To confirm the
formation of the anti-CA-Ab/CA complex in the system that in-
cludes the functional PR, the resulting interface is allowed to
react with another anti-CA-Ab, and the secondary anti-CA anti-
Ab/HRP conjugate is then linked to the surface. The biocatalyt-
ic interface catalyzes the precipitation of 2, as shown in
Scheme 1B, route i)). The formation of the precipitate on the
electronic transducer is probed by electrochemical means (Far-
adaic impedance spectroscopy) or by microgravimetric quartz
crystal microbalance measurements. The development of the
bioelectronic schemes for analysis of HIV-1 drug resistance was
carried out in the following phases: i) assessment of viral RNA
extracted from bacteria expressing viral proteins in the pres-
ence and in the absence of the PR inhibitor, i) the assessment
of viral RNA extracted from cells infected by wild-type HIV-1 or
by a drug-resistant HIV-1 mutant in the absence or in the pres-
ence of the PR inhibitor, and iii) the assessment of RNA extract-
ed from blood samples of AIDS patients by the synthesis of
the viral proteins in the absence or in the presence of the PR-
inhibitor. The method enables us to assess the relative
amounts of drug-resistant PR, as well as relative concentrations
of inhibitors required to inhibit PR.

Impedance spectroscopy is an effective method for probing
the features of surface-modified electrodes.*® The complex im-
pedance can be presented as the sum of the real—Z,(w)—and
imaginary—Z;,,(w)—components, originating mainly from the
resistance and the capacitance of the electrode interface,
respectively. Modification of the metallic surface with a bioma-
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terial or an organic layer decreases the double-layer capaci-
tance and retards the interfacial electron-transfer kinetics. The
electron-transfer resistance at the electrode is given by Equa-
tion (1), where R,, and R4 are the electron-transfer resistance
of the unmodified electrode and the variable electron-transfer
resistance introduced by the modifier, in the presence of the
solubilized redox probe, respectively. A typical shape of a Fara-
daic impedance spectrum (presented in the form of a Nyquist
plot, Z,, versus Z, at variable frequencies) includes a semicircle
region lying on the Z, axis followed by a straight line. The
semicircle portion, observed at higher frequencies, corresponds
to the electron-transfer-limited process, whereas the linear part
is characteristic of the lower frequency range and represents
the diffusion-limited electron-transfer process. The diameter of
the semicircle corresponds to the electron-transfer resistance
at the electrode surface, R.

Ret = RAu + Rmod (1)

The precipitation of the insoluble product on the electrode
support can also be probed by microgravimetric quartz crystal
microbalance (QCM) analyses.®¥ The analysis of the Gag poly-
proteins as in Scheme 1 involves the binding of the proteins to
the sensing interface, followed by the association of the
detecting antibody and the anti-Ab/enzyme conjugate. These
binding processes alter the mass on the piezoelectric crystal.
The subsequent biocatalyzed precipitation of 2 on the crystal
represents a time-dependent mass change occurring on the
transducer. The frequency change of a quartz crystal (Af) re-
sulting from a mass alteration on the crystal (Am) is given by
the Sauerbrey equation [Eq. (2)], where f, is the resonance fre-
quency of the quartz crystal, A is the piezoelectrically active
area, p, is the density of quartz (2.648 gcm™), and yj is the
shear modulus (2.947 x 10" dyncm™2 for AT-cut quartz).

Am
Af =2, 2M 2
o) @)

Figure 1 shows the Faradaic impedance spectra that corre-
spond to the build-up of the sensing interface and to the anal-
ysis of the in vitro translation of the total bacterial RNA in the
presence of saquinavir, according to Scheme 1A. The redox
label in the electrolyte solution is Fe(CN)s>"/Fe(CN)s*". The elec-
tron-transfer barrier (resistance) to the redox label, resulting
from the formation of the protein layers and the biocatalytic
generation of the insoluble product on the electrode surface,
is employed to probe the translation process. The stepwise as-
sociation of protein G and the anti-CA-Ab results in an increase
in the electron-transfer resistances at the electrode surface to
200 and 400 Q (curves a and b), respectively. This increase in
the interfacial electron-transfer resistances is attributable to
the partial hydrophobic insulation of the electrode support by
the proteins. Parallel microgravimetric QCM analyses indicate
that the surface coverage of proteinG is about 8.8x
107" molcm™ and of anti-CA-Ab about 2.0x 107> molcm™,
Binding of the Gag polyprotein through CA to the anti-CA-Ab
further increases the interfacial electron-transfer resistance to
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Figure 1. Faradaic impedance spectra (depicted in the form of Nyquist plots,
Z,, versus Z,) that follow the construction of the sensing interface and the
analysis of the MA Gag polyprotein translated from bacterial RNA in the pres-
ence of the Pl (saquinavir, 1x10~*m). a) The protein G-modified Au electrode.
b) After the immobilization of anti-CA onto the surface. c) After the association
of the translated Gag polyprotein. d) After the binding of anti-MA to the sur-
face. e) After the association of the anti anti-MA/HRP conjugate. f) After the
biocatalyzed precipitation of 2 in the presence of 1 (1x10*m) and H,0,
(1.5x107*m) for a time interval of 10 min. Data were recorded in a 0.1 m phos-
phate buffer solution (pH 7.0) containing Fe(CN)3~/*~ (1x107?wm) as redox label.
The electrode was biased at 0.175 V versus SCE, and an alternating voltage

(10 mV) in the frequency range of 100 mHz to 10 kHz was applied.

2100 Q (curve c). The association of the anti-MA antibody to
the interface increases the interfacial electron-transfer resist-
ance to R,=2800 Q (Figure 1, curve d); the increase in the in-
terfacial electron-transfer resistances upon the association of
the Gag polyprotein and anti-MA-Ab is consistent with the as-
sociation of the proteins insulating the electrode surface and
perturbing the interfacial electron transfer to the redox label
solubilized in the electrolyte solution. Upon addition of the
anti-anti-MA-HRP conjugate we observe a further increase in
the electron-transfer resistance to R.,=3000Q (Figure 1,
curve e). The subsequent biocatalyzed precipitation of 2 results
in a significant increase in the interfacial electron-transfer re-
sistance (R,,=5000 Q; Figure 1, curve f), indicating that an am-
plified detection of the Gag polyprotein is indeed observed,
and implying that inhibition of the protease in the Gag precur-
sor did indeed occur.

Figure 2 shows the Faradaic impedance spectra obtained
upon the conduction of the in vitro translation of the Gag pol-
yprotein in the absence of the PR inhibitor. This experiment
enables us to probe the protease activity according to
Scheme 1B, routei). Curve a shows the spectrum observed
upon the attachment of protein G to the surface of an Au elec-
trode, curve b depicts the spectrum obtained upon attach-
ment of the Fc fragment of the anti-CA antibody to the pro-
tein G on the electrode support, and curve c shows the spec-
trum after the attachment of the translated CA units obtained
under conditions where proteolysis of the Gag precursor oc-
curred. Curve d corresponds to the spectrum obtained after an
attempt to bind the anti-MA antibody to the sensing interface,
and curves e and f to the subsequent attempts to bind the
anti-anti-MA/HRP conjugate and to stimulate the biocatalyzed
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Figure 2. Faradaic impedance spectra (Nyquist plots) corresponding to the
analysis of the MA units in the translated Gag polyprotein from bacterial RNA
obtained in the absence of the Pl. a) The protein G-modified electrode. b) After
the association of the anti-CA. c) After binding of the translated product.

d) After the association of anti-MA. e) After the linkage of anti anti-MA/HRP.

f) After the biocatalyzed precipitation of 2 in the presence of 1 (1x107*m)
and H,0, (1.5x 10~*m). Experimental details are similar to those detailed in
Figure 1.

precipitation of 2, respectively. Interestingly, we find that upon
treatment of the system with the anti-MA antibody, an increase
in the interfacial electron-transfer resistance (AR, =~400 Q) is
observed, implying that the antibody binds to the sensing in-
terface even though the MA sites should not exist on the sur-
face, due to the proteolytic activity of PR. The anti-MA-Ab asso-
ciated to the interface stimulates the binding of the anti-Ab/
HRP conjugate and the precipitation of the insoluble product.
Note, however, that the translation of identical quantities of
mMRNA in the absence and in the presence of the saquinavir in-
hibitor yield substantially different electron-transfer resistances:
while the inhibited translation yields an electrode with a high
electron-transfer resistance (ca. 5100 Q) and an increase in the
interfacial electron-transfer resistance of AR,~2000 Q upon
the precipitation of 2, the electrode treated with the uninhibit-
ed translation mixture yields an electrode with an interfacial
electron-transfer resistance of only 2500 ©, and an increase in
the interfacial electron resistance of AR,,=500Q upon the
precipitation of 2, a value four times lower than that observed
for the inhibited translation mixture. The binding of the anti-
MA-Ab to the sensing interface and the subsequent precipita-
tion of 2 under conditions in which the translation of the
mRNA is performed without inhibition is attributable to the ex-
istence of unprocessed polyprotein that has not been cleaved
by the PR. This unprocessed polyprotein acts as a background
perturbation for the analysis of the uncleaved polyprotein gen-
erated upon translation in the presence of the PIl. Thus, for
practical analysis of HIV-drug resistance it is mandatory to de-
velop an analysis that assays, in parallel, the background level
of unprocessed protein, and the polyprotein content generat-
ed by translation in the presence of the PI.

Although the sensing interface has a low coverage by the
unprocessed polyprotein, it also includes a high content of the
hydrolyzed CA units, generated in the translation mixture. This

ChemBioChem 2004, 5, 949 - 957
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was confirmed by analysis of the modified electrode according
to Scheme 1B, route i) and is depicted in Figure 3. In this ex-
periment the sensing interface consisting of the anti-CA anti-
body is treated with the translation mixture to “fish out” the
hydrolyzed CA and residual unprocessed polyprotein (curve c).

35
3
2.5

2
Z, /1kQ
15

Z,/kQ ——

Figure 3. Faradaic impedance spectra (Nyquist plots) corresponding to the
analysis of the CA units in the translated proteins obtained from bacterial RNA
in the absence of PI. a) The protein G-modified electrode. b) After the associa-
tion of the anti-CA. c) After binding of the translated product. d) After the asso-
ciation of anti-CA. e) After binding of the anti anti-CA/HRP conjugate. f) After
the biocatalyzed precipitation of 2 in the presence of 1 (1x10>m) and H,0,
(1.5x 107" m). Experimental details as given in Figure 1.

The increase in the interfacial electron-transfer resistance to
R.:=1600 Q indicates binding of proteins to the surface. Fur-
ther association of a second anti-CA-Ab and the anti-anti-CA-
Ab/HRP conjugate (curves d and e, respectively), followed by
the precipitation of 2, leads to a pronounced increase in the
interfacial electron-transfer resistance of the electrode to R.=
6200 Q. The increase in the interfacial electron-transfer resist-
ance as a result of the precipitation of 2 is AR,~3600 Q. This
difference is higher than the value observed upon the precipi-
tation of 2 in the presence of the anti-MA-Ab (cf. Figure 1,
AR, =2000 Q) and is attributed to the higher affinity of the
anti-CA-Ab as compared to the anti-MA-Ab to the respective
antigens.

Microgravimetric quartz crystal microbalance experiments
further confirm the results and
conclusions extracted from the

these experiments. In all of the systems, the sensing interface
consists of the proteinG as base monolayer (8.8x
107" molcm™) and the associated anti-CA layer as the recog-
nition interface. Entry (a) summarizes the frequency changes
observed in stepwise analysis of the Gag polyprotein translat-
ed in the presence of the inhibitor, as in Scheme 1A. The fre-
quency changes (Af=-50Hz) observed upon treatment of
the surface with the translated proteins, and also upon interac-
tion with anti-MA (Af=—80 Hz), indicate that an unprocessed
Gag polyprotein is generated upon translation. The biocata-
lyzed precipitation of 2 results in a frequency change of Af=
—100 Hz, consistent with the effective formation of a precipi-
tate on the transducer. Entry (b) summarizes the frequency
changes observed upon analysis of the unprocessed Gag poly-
protein in the translation mixture obtained in the absence of
the inhibitor. The frequency change of —40 Hz observed upon
the precipitation of 2 implies that uncleaved Gag polyprotein
exists in the translation mixture, consistently with the conclu-
sion obtained from the impedance measurements. Table 1,
entry (c) summarizes the frequency changes upon analysis of
the CA unit obtained upon translation in the absence of the in-
hibitor, as in Scheme 1B, route ii). In this case, both the cleaved
and the uncleaved CA are analyzed. The biocatalyzed precipita-
tion of 2 results in a frequency change of —150 Hz, indicating
that anti-anti-CA/HRP conjugate was associated with the sens-
ing interface. We see that the formation of 2 in the presence
of anti-CA is enhanced in relation to the effectiveness of the
generation of 2 in the presence of the anti-MA. This observa-
tion is in agreement with the Faradaic impedance analyses,
and may be attributed to the higher affinity of the anti-CA for
the respective precursor.

The experiments described above demonstrate that we are
able to transduce the differences in the translation of mRNA
electronically in the presence and in the absence of the PI.
Nonetheless, the method is not free of analytical limitations,
due to: i) the existence of unprocessed polyprotein even in the
absence of the inhibitor, ii) the difference in the anti-CA and
anti-MA antibody affinities to the respective antigens, and—
most importantly—iii) the difficulties involved in retaining con-
stant mRNA concentrations in the analyzed samples. In order
to overcome these limitations, we formulated the assay proto-
col outlined in Scheme 2. The extracted RNA sample is sub-
divided into two equal samples, A and B. While sample A is sub-

Faradaic impedance measure-
ments. Table 1 summarizes the
frequency changes of function-

Table 1. Microgravimetric quartz crystal microbalance analyses of the translated MA and CA units in the presence
and in the absence of the saquinavir PR inhibitor.”!

i | Anti-MA Anti-CA Anti-anti- Anti-anti- Precipitation
alized Au-quartz crystals upon MA/HRP CA/HRP of 2
analysis of the MA in the trans- Af [HzZ] Af [HzZ] Af [Hz] Af[HzZ] Af [HzZ]
lated  Gag po.lyproteln in the a) Translated Gag polyprotein in the —80 - —140 - —100
presence and in the absence of presence of PR inhibitor
the PR inhibitor (saquinavir) and b) Translated Gag polyprotein in the -15 - -30 - —40
analysis of the CA in the trans- absence of PR inhibitor

¢) Translated proteins in the ab- - —150 - —110 —150

lated polyprotein in the absence sence of PR inhibitor

of the inhibitor. Total RNA from

[a] Frequency changes are determined at time intervals identical to the impedance measurements.

cultured cells was employed in
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have analyzed the translation processes of RNA ex-
tracted from the G48V mutated virus, which is resis-
tant to saquinavir.*>*® Figure 4 shows the Faradaic
impedance spectra corresponding to the final step of
precipitation of 2 on the electrode supports after
the application of the analytical protocol outlined in
Scheme 2. Figure 4 A shows the spectra (curves a and
b) obtained for the translation of the RNA derived
from the wild-type virus in the absence of the inhibi-
tor according to paths B1 and B2 in Scheme 2, re-

anti-anti-CA-HRP anti-anti-MA-HRP anti-anti-CA-HRP

NN S

Precipitation of (2)

Scheme 2. Analytical protocol for the determination of Pl resistance in AIDS patients. B)

jected to the in vitro translation in the presence of the PI, sam-
ple B is translated in the absence of the PI. Each of the transla-
tion mixtures is then further divided into two equal sub-sam-
ples: A1 and A2, and B1 and B2, respectively. The samples A1
and B1 are subjected to analysis of the total CA units by use of
anti-CA, according to Scheme 1B, route ii). The samples A2 and
B2 utilize the anti-MA antibody to assess the polyprotein con-
tents in the respective samples, according to Scheme 1A and
B, route i). Note that the ratio of the interfacial electron-transfer
resistances generated upon the precipitation of 2 in routes A2
and B2 reflect the content of polyprotein generated under PR
inhibition against the unprocessed polyprotein in the system.
The ratio of the electron-transfer resistances of paths A1 and
B1 should be independent of PI, and its value should be ~1.
This ratio provides an internal standard for the effectiveness of
translations in the entire set of experiments. Thus, the four-
path analysis scheme for the mRNA translation processes elimi-
nates the background signal of unprocessed polyproteins in
the absence of the inhibitor. The assay also abrogates the dif-
ference in the affinities of anti-CA and anti-MA for the respec-
tive antigens. Since the original sample is subdivided into
equivalent sub-samples prior to the translations, the problem
of different RNA contents in analyses paths is cancelled out.

To verify the analysis method shown in Scheme 2, we ap-
plied it to analyze the translation processes of wild-type HIV-1
in the absence and in the presence of Pl, and in parallel we
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Figure 4. A) Faradaic impedance spectra corresponding to analysis of the
translated proteins obtained from the mRNA from the media of cultured cells
infected by wild-type HIV-1, in the presence and absence of the Pl (saquinavir,
1x107*m) according to Scheme 2. The spectra reflect the impedance responses
of the electrodes after the final step of the biocatalyzed precipitation of 2 in
the presence of 1 (1x 107> m) and H,0, (1.5x 10~*m) for a time interval of

10 min: a) analysis of CA in the absence of Pl, b) analysis of MA in the absence
of PI, ¢) the analysis of CA in the presence of Pl, and d) analysis of MA in the
presence of Pl. B) Faradaic impedance spectra corresponding to the analysis of
the translated proteins obtained from the mRNA from the media of cultured
cells infected with the HIV-1 G48V mutant, in the presence and in the absence
of P, according to Scheme 2. The spectra depict the impedance responses of
the electrodes after the final step of the biocatalyzed precipitation of 2, in the
presence of 1 (1x1073>m) and H,0, (1.5x10~*m) for 10 min: a) analysis of CA
in the absence of PI, b) analysis of MA in the absence of PI, c) analysis of CA in
the presence of Pl, and d) analysis of MA in the presence of PI.

ChemBioChem 2004, 5, 949 - 957


www.chembiochem.org

Electronic Transduction of HIV-1 Drug Resistance

spectively. Figure 4A, curves ¢ and d are the Faradaic impe-
dance spectra observed for the Au electrodes in analysis of the
translation mixture of the wild-type HIV obtained in the pres-
ence of saquinavir as the PI, according to paths A1 and A2, re-
spectively. As expected, the electron-transfer resistance for the
inhibited virus analyzed with anti-MA for the uncleaved protein
according to path A2 is the higher and corresponds to R.=
14 kQ. For comparison, the use of the anti-MA for analysis of
the uninhibited protease encoded by the wild-type viral RNA
according to path B2 yields an electron-transfer resistance of
R.=06 kQ. Clearly, the ratio of electron-transfer resistances of
the inhibited vs. uninhibited wild-type HIV is R%/R?=0.43. An
identical analysis scheme was applied to analyze the saquina-
vir-resistant mutated HIV-15*", Figure 4B, curves b and d show
the parallel analyses of the translation processes of RNA ex-
tracted from the G48V mutant according to paths B2 (without
inhibitor) and A2 (with inhibitor), respectively. The resulting in-
terfacial resistances in the two systems are identical (R~
11 kQ), indicating no effect of the inhibitor on the protease ac-
tivity. The ratio R%/RS>=1 is observed for the G48V system, as
expected. Note, however, that we observe a difference in the
electron-transfer resistances resulting from analysis of the wild-
type virus according to path B2 (R.,=6 k) as compared to
the HIV-1°® analyzed by path B2 (R,=11 k). This implies
that the protease activities of the wild-type virus and of the
HIV-15*V differ, and that the PR of the mutant has a lower ac-
tivity for processing (hydrolyzing) the polyprotein.

The method outlined in this study has enabled us to devel-
op a quantitative assay to probe the effect of inhibitor concen-
tration on the activity of the viral PR. Since the interfacial elec-
tron-transfer resistance analyzed according to Scheme 1A di-
rectly translates into the content of uncleaved Gag polypro-
tein, the interfacial electron-transfer resistance correlates with
the inhibition efficiency of the translated PR activity by the
specific inhibitor. Figure 5 shows the calibration curve corre-
sponding to the interfacial electron-transfer resistances of elec-

2.5 1 1 1 I I 1 1 |
35 4 45 5 55 6 65 7 75

-log[inhibitor] / m

Figure 5. Calibration curves corresponding to the analysis of the MA units in
the unprocessed Gag polyprotein obtained from the translation of RNA from
cultured cells infected with HIV-1, in the presence of variable concentration of
the PI (saquinavir). The calibration curve depicts the observed interfacial elec-
tron-transfer resistances after the biocatalyzed precipitation of 2 upon analysis
of the MA units according to Scheme 1A.
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trodes used for analysis of the Gag polyproteins translated
from the RNA of HIV-1 infected cultured cells, in the presence
of increased concentrations of the saquinavir inhibitor. Clearly,
as the concentration of the saquinavir increases, the interfacial
electron-transfer resistance is enhanced, consistently with the
elevated uncleaved Gag polyprotein content. Such quantitative
correlation between the inhibitor concentration and the un-
cleaved polyprotein content should be of extreme importance
for determination of drug doses and drug efficiencies.

Finally, the analysis scheme outlined in Scheme 2 was ap-
plied to detection of drug resistance in AIDS patients treated
with saquinavir. In this process, it is to be expected that analy-
sis of the CA units by the anti-CA antibodies should lead to an
electron-transfer resistance ratio corresponding to a=R%/
RE'~1.0 for paths B1 and A1, whereas the ratio of electron-
transfer resistance on analysis of the MA units with the anti-
MA antibody should show a value of 8=R¥/R ~1.0 for
drug-resistant patients, whereas f=R%/R¥ <1 should be ob-

t
served for non-drug-resistant patients. Table 2 summarizes the

Table 2. Analysis of HIV patients for saquinavir drug resistance.l”’

Patient a=RA/RE B=RE2/R?
1 0.85+0.03 0.87£0.04
2 0.93£0.03 1.1£0.04
3 0.96£0.03 0.75+0.04
4 0.91£0.03 0.79+£0.04
5 1.0£0.03 1.07 £0.04

[a] Analyzed according to Scheme 2.

results observed for five patients. From these values we were
able to predict that patients #2 and #5 had developed drug
resistance. It is difficult to verify the validity of these conclu-
sions, and we have to rely on the subjective statements of the
physicians who treated the patients. On the basis of this infor-
mation, patients #2 and #5 were indeed suffering from severe
conditions that did not react to the treatment with saquinavir,
whereas all other patients were under balanced conditions.
Furthermore, the results shown in Table 2 suggest that patient
#1 had developed partial resistance to the drug, and this pa-
tient will be followed up by our analytical procedure in the
future.

Conclusion

This study describes a rapid assay of HIV patients for drug
resistance. The method is based on measurement of the resis-
tance phenotype of the HIV-1 protease through the in vitro
translation of HIV-1 viral mRNA extracted from the patient in
the absence and in the presence of the HIV-1 PR-inhibiting
drug saquinavir and comparison of the PR activity in the two
different translation paths. A major accomplishment of the
study is the successful analysis of the corresponding proteins
generated by the minute amounts of mRNA extracted from
the blood samples. This success derives from the amplification
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routes involved in the detection scheme: i) the translation
process represents a biocatalytic amplification, and ii) the bio-
catalyzed precipitation of (2) represents a biocatalytic amplifi-
cation that follows a few recognition events on the electrode.
The analysis scheme for detection of the HIV-1 drug resistance
is relatively rapid and efficient and, under nonoptimized, non-
automatic conditions, approximately five to six samples could
be analyzed by a single operator within 24 h. The method
should be applicable for analysis of any HIV-1 Pl, and should
also enable assessment of the effectiveness of prescribed
drugs, as well as drug doses.

Experimental Section

Chemicals: |gG-goat-anti-rabbit-horseradish peroxidase (HRP), IgG-
goat-anti-mouse-HRP (anti-Ab-HRP), hydrogen peroxide, 4-chloro-
1-naphthol, 3,3'-dithiodipropionic acid bis(N-hydroxysuccinimide)
(DSP) active ester, protein G, and the other chemicals were from
commercial sources (Aldrich or Sigma) and were used as supplied
without further purification. Monoclonal mouse IgG-anti-CA was
contributed by Dr. K. Steimer and obtained through the AIDS Re-
search and Reference Reagent Program, Division of AIDS, NIAID,
NIH. Polyclonal rabbit IgG-anti-MA was prepared by immunization
of rabbits with purified recombinant MA protein. The biotin in
vitro translation kit was purchased from Roche Diagnostics, Mann-
heim (Germany). The PR inhibitor saquinavir (Ro 31-8959)®” was a
gift from Roche Products, and was initially dissolved in 10% di-
methyl sulfoxide (DMSO) to a concentration of 1.0 mm and stored
at —20°C until further use. Ultrapure water from Elgastat (VHQ)
source was used throughout this work.

Characterization and pretreatment of electrodes: Gold wire elec-
trodes (0.5 mm diameter, ~0.2 cm? geometrical area, roughness
coefficient ~1.2-1.5) were used for the electrochemical measure-
ments. To remove any previous organic layer, and to regenerate a
bare metal surface, the electrodes were treated in a boiling solu-
tion of KOH (2m) for 4 h, and were then rinsed with water and
stored in concentrated sulfuric acid. Prior to modification, the elec-
trodes were rinsed with water, dried, and soaked for 2 min in fresh
piranha solution (30% H,0,, 70% H,SO,). The resulting electrodes
were then rinsed with water, soaked for 10 min in concentrated
nitric acid, and again rinsed with water.

Electrochemical measurements: A conventional three-electrode
cell, consisting of the modified Au electrode, a glassy carbon auxili-
ary electrode isolated by a glass frit, and a saturated calomel elec-
trode (SCE) connected to the working volume with a Luggin capil-
lary, was used for the electrochemical measurements. The cell was
positioned in an earthed Faraday cage. Impedance measurements
were performed with an electrochemical impedance analyzer
(EG&G, model 1025) and potentiostat (EG&G, model 283) connect-
ed to a computer (EG&G Software Power Suite 1.03 for impedance
measurements). All electrochemical measurements were performed
in phosphate buffer (0.1 M, pH 7.0) as a background electrolyte sol-
ution. Faradaic impedance measurements were performed in the
presence of a K;[Fe(CN)¢l/K,[Fe(CN)s] (10 mm) mixture (1:1) as a
redox probe. Impedance measurements were performed at a bias
potential of 0.175 V versus SCE with alternating voltage (10 mV) in
the frequency range of 100 mHz to 10 kHz. The impedance spectra
were plotted in the form of complex plane diagrams (Nyquist
plots).
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Microgravimetric measurements: A QCM analyzer (Fluke 164T
multifunction counter, 1.3 GHz, TCXO) linked to a personal comput-
er and a homemade flow cell with a working volume of 0.3 mL
was employed. Quartz crystals (AT-cut, 9 MHz, EG&G) sandwiched
between two Au electrodes (area 0.196 cm? roughness factor
~3.5) were used. The Au—quartz crystals were cleaned with a pira-
nha solution, followed by rinsing with water.

Electrode modifications: The electrodes were rinsed with water,
dried, and soaked in a solution of the DSP-active ester (10 mm) in
DMSO for 30 min at room temperature. The functionalized electro-
des were rinsed with DMSO and water and incubated in a solution
of protein G (100 pgmL™") for 90 min in a phosphate buffer saline
solution (pH 7.4) at room temperature, to couple protein G lysine
residues covalently to the functionalized electrodes. The protein G-
functionalized electrodes were then allowed to interact with the Fc
fragment of the anti-CA antibody (1 pgmL™") for 30 min at room
temperature to yield the sensing interfaces.

Analytical procedure: The antibody-functionalized electrode was
treated with varying concentrations of the Gag polyprotein gener-
ated in the translation mixture for 60 min, diluted to 1.0 mL with
phosphate-buffered saline (PBS) solution (pH 7.0) at room tempera-
ture. After attachment of the respective polyprotein to the sensing
interface, the electrode was incubated in the solution of anti-MA
or anti-CA (sources were diluted 200-fold) for 30 min at room tem-
perature. After attachment to the respective antibody, the elec-
trode was incubated either in a goat-anti-rabbit-HRP conjugate
(2.5 ugmL™") for the MA analysis, or in a goat-anti-mouse-HRP con-
jugate (2.5 ugmL™") for the CA analysis, for 30 min at room tem-
perature. 4-Chloro-1-naphthol (1) was dissolved initially in ethanol
and the ethanolic stock solution was then diluted with phosphate
buffer (0.1 m, pH 7.0) to yield the developing solution containing 1
(1 mm) and ethanol (2% v/v). The modified (HRP-tagged antibody-
functionalized) electrodes were incubated in the developing solu-
tion of 1 for a fixed time of 10 min at room temperature to stimu-
late the precipitation of 2. After incubation of the electrodes in the
probe solution, they were rinsed with phosphate buffer (0.1m,
pH 7.0) and introduced into the electrochemical cell for analysis by
Faradaic impedance spectroscopy. It should be noted that the elec-
trode was rinsed thoroughly with buffer solution (pH 7.0) after
each step, to eliminate any unspecific adsorbates on the electrode.
In the microgravimetric quartz crystal microbalance measurements,
the various modification and amplification steps, including the rins-
ing steps, were performed in the flow cell of the QCM apparatus.

Cells and viruses: Sup T1 cells were maintained in RPM1 1640
medium supplemented with 10% fetal calf serum, antibiotics (pen-
icillin and streptomycin), and glutamine (2 mm). HIV-1,; infect
(kindly supplied by Dr. Wainberg, Lady Davis Institute, Montreal,
Canada) was used to infect the cultured cells at 0.1 multiplicity of
inspection (MOI), and virus was harvested 7-9 days post infection.
Culture medium containing the virus was clarified from cell debris
by centrifugation at 10000 rpm for 10 min and the clear superna-
tant was centrifuged for 45 min at 45000 rpm in a Beckman centri-
fuge (SW 50.1 rotor). The drug-resistant HIV-1 (NL4-3) strain that
includes the G48V mutated PR was constructed and propagated
as described previously.?®

Blood samples: Plasma was obtained from consenting donors,
with removal of blood cells by centrifugation for 5min at
3000 rpm. The plasma was diluted threefold with PBS, and viral
particles were pelleted by centrifugation of the volume for 45 min
at 45000 rpm in a Beckman centrifuge (SW 50.1 rotor). The viral
pellets were suspended in TRIzol reagent (1 mL, Gibco BRL) con-
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taining tRNA (5-10 pg, Sigma) as carrier and RNA was extracted
according to the manufacturer’s instructions.

In vitro translation: All RNA preparations were translated in vitro
by use of a “Biotin in vitro translation kit” (Roche 1559951) in the
absence or in the presence of saquinavir (Ro 31-8959). Reactions
were performed in 50 pL, according to the manufacturer’s instruc-
tions, with use of DEPC-treated water. The PR inhibitor saquinavir
was dissolved in NaCl (1m) in the DEPC-treated water, and was
added to reaction mixtures before the start of the synthesis. The
reaction mixtures were incubated for 90 min at 30°C, and the reac-
tions were halted by placing on ice or storage at —75°C until
further use.
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