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1.1. BIOSENSORS

1.1.1. CONCEPT

According to the International Union of Pure and Applied Chemistry (IUPAC), a biosensor
is “a self-contained integrated receptor-transducer device, which is capable of providing
selective quantitative or semi quantitative analytical information using a biological
recognition element” (Thevenot, Toth et al.,, 2001). The most used biological
components are proteins, nucleic acids, membrane cells or tissues, whereas the signal
transducers are generally microbalances, electrodes, optical components and

semiconductors (Villaverde, 2003; Scheller, Wollenberger et al., 2001).

ﬁ Biological Physical

receptor transducer

FIGURE 1. Schematic representation of a standard biosensor. The signal
produced by the physical transducer is only transmitted when there is a
specific recognisement between the biological receptor and the analyte.
Adapted from Villaverde A (Villaverde, 2003).

1.1.2. CLASSIFICATION

Biosensors can be classified in different ways, according to the label nature of the signal
(Pejcic, De Marco et al., 2006), the transducer used (Pejcic, De Marco et al., 2006;
Cooper, 2003; Leonard, Hearty et al., 2007) or the general composition of the sensor

(Villaverde, 2003).
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1.1.2.1. LABELLING
Pejcic et al (Pejcic, De Marco et al.,, 2006) described a classification regarding to the

labelling of the molecules:

= Labelled-type biosensors are those on which a specific label is detected. Labelled
biosensors are the most used nowadays. Fluorescence-based biosensors, where
a fluorescence signal is detected, or immunoassays such as enzyme-linked
immunoassay (ELISA) where the analyte is detected through labelled antibodies,

are clear examples of this concept.

* Non-labelled or label-free type biosensors are those sensors allowing the direct
measurement of the biochemical reaction on the transducer surface without the
presence of a label. Non-labelled biosensors are under continuous development
and they are acquiring great interest in recent years. The biosensor signal can be
measured by Surface Plasmon Resonance (SPR), which allows detection of
protein-protein interactions using only refractive waves (Gauglitz and Proll, 2008;
Pejcic, De Marco et al., 2006). Other important biosensing techniques are
acoustic wave devices or cantilevers for detecting mass changes, infrared wave
(IR) technologies, for gas analysis and detection of pollutants in marine water, or
ellipsometry, a method for characterizing thin layers based on the
superimposition of the reflected light from a thin layer that has been radiated
with a polarized light (Gauglitz and Proll, 2008). Some of these technologies will

be explained more in detail in the next chapter.

1.1.2.2. TRANSDUCER
The classification regarding the type of transducer is defined by the technology required
to produce the signal. The main types of biosensors use optical and electrochemical
signals. However, the use of systems based on the detection of acoustic and thermal

signals is increasing.

> OPTICAL OR PHOTOMETRIC BIOSENSORS
Optical or photometric biosensors are those based on the reception of light that either

has passed through the sample or has reflected back. The study of the electromagnetic
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spectrum can provide
[Evanascant g | information  about the

changes in the environment

Afiligen | Biomolecules
~ Antibody interaction surrounding the analyte' In

1997, Collings et al (Collings
and Caruso, 1997) described

the different types of optical

measurement: absorption;

Reflected light Incidant
manitored by wave-ength reflection; fluorescence;
detector
chemiluminescence and
FIGURE 2. Representation of a common surface plasmon resonance system.
Adapted from Habauzit et al (Habauzit, Chopineau et al., 2007). phosphorescence.

Fluorescence measurements are of particular interest in biosensing because of its high
sensitivity. In some immunoassays, fluorochromes are used to label molecules such as
antibodies, to produce a fluorescence signal (Pejcic, De Marco et al., 2006). Nowadays it
is also important the use of other techniques such as Surface Plasmon Resonance (SPR).
This technology is based on the absorption of the photon energy by the free electron
constellation of a thin noble metal layer (gold or silver) and its conversion into an
evanescent field (Habauzit, Chopineau et al., 2007). The binding of the analyte to the
receptor immobilized on the metal layer, induces a change in the refractive index of the
dielectric medium, affecting the generation of the evanescent wave, and changing the
incident angle (Figure 2). The change of the wavelength induced by the binding of the
analyte is proportional to the quantity of retained analyte. The analyte is injected over
the surface and the bound molecules can be monitored as a function of time. In the
same way, the dissociation of the complex can be monitored when a buffer is injected.
Therefore, this technology offers the possibility to follow in real time the binding

between both molecules (Berggard, Linse et al., 2007).

Modern optical devices allowing direct, time-resolved monitoring of binding processes
are low-priced, offer simple technical setups, and are user-friendly and robust (Gauglitz

and Proll, 2008).

7
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» ELECTROCHEMICAL BIOSENSORS
Electrochemistry is one of the most promising methods in biosensing (Gauglitz and Proll,
2008), in which the biological recognition element (biochemical receptor) is retained in
direct spatial contact with an electrochemical transduction element (Thevenot, Toth et
al., 2001). The sensor contains three electrodes, including one used as a reference. The
signal corresponds with the derived potential from ions but subtracting that one of the
reference electrode. Main advantages of this transduction are the low cost, high
sensitivity, independence from solution turbidity, easily miniaturized/well suited to
microfabrication, low power requirements, and relatively simple instrumentation
(Guilbault, Pravda et al.,, 2007). These characteristics make electrochemical detection
methods highly attractive for the monitoring of infectious diseases and biological
warfare agents. In fact, several electrochemical approaches (i.e., amperometric,
potentiometric, impedance) have already been used to monitor emerging infectious

diseases (Pejcic, De Marco et al., 2006).

Thevenot et al (Thevenot, Toth et al.,, 2001) classified electrochemical biosensors
depending on their measurement mechanisms (Table 1). The method used depends on
the type of change (redox, ionic, conductivity, etc) along with the properties of the
analyte and matrix (Pejcic, De Marco et al., 2006). The most widespread example of a
commercial biosensor is that one based on glucose oxidase enzyme (Updike and Hicks,
1967), since sugars such as glucose are detected through amperometric measurements.
Glucose oxidase enzyme is able to hydrolize glucose producing gluconic acid and
hydrogen peroxidase. The consumed oxygen needed for the reaction is detected by an
oxygen electrode and this is converted into a measure of glucose concentration (Updike
and Hicks, 1967). Another example is the detection of viruses through amperometric
measurements (Los, Los et al., 2005). The basis of this system is the use of an alkaline
phosphatase (AP)-catalyzed reaction that produces a redox active product detectable by
an electrode. First, antibodies immobilized on a chip bind the virus particles and then,
the addition of a viral-specific secondary antibody bound to the AP, allows the indirect
measurement of the amount of viral particles present in the sample (Los, Los et al.,

2005). In a similar way, this reaction has been used also to the detection of
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oligonucleotides, but through the immobilization of molecular probes in magnetic beads

(Gabig-Ciminska, Holmgren et al., 2004).

TABLE 1. Types of electrochemical biosensors. Adapted from Thevenot et al (Thevenot, Toth et al., 2001).

Measurement type

Transducer

Transducer analyte

Potentiometric

Amperometric

lon-selective electrode (ISE)
Gas electrode

Glass electrode

Metal electrode

Metal or carbon electrode

K+, Cl-, Ca2+, F-

H+, sugars, alcohols...

Chemically modified electrodes Sugars, alcohols, phenols,
(CME) oligonucleotides...
Conductometric, impedimetric Interdigitated electrodes, metal Urea, charged species,
electrode oligonucleotides...
lon charge or field effect lon-sensitive field effect H+, K+...
transistor (ISFET), enzyme FET
(ENFET)

> PIEZOELECTRIC AND ACOUSTIC BIOSENSORS
Piezoelectric biosensors are based on the use of crystals able to suffer an elastic
deformation when an electrical potential is applied. Through that potential, it is possible
to obtain a characteristic resonance frequency. Thus, when analyte binds to the surface,
there is a detectable change. Piezoelectric materials have become popular because of
the inherent simplicity, ease-of-use, low-cost and speed to obtain the results (Uludag,

Piletsky et al., 2007).

In general, acoustic biosensors are based on a type of piezoelectrical material, quartz
crystal resonators. A high frequency voltage is applied to the quartz crystal to induce the
crystal to resonate, and its resonance frequency is then monitored in real time. Quartz
crystal resonators can be used to characterize interactions with peptides, proteins and
immunoassay markers, oligonucleotides, viruses, bacteria and cells (Uludag, Piletsky et
al., 2007). Acoustic systems are not affected by refractive index changes, but are instead

sensitive to the viscosity and density of the media (Uludag, Li et al., 2008).
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» THERMOMETRIC BIOSENSORS
Thermal biosensors measure changes in temperature of circulating fluid following the
reaction of a suitable substrate with immobilized enzyme molecules. Thermometric
biosensors have several applications such as measure of enzyme activity, fermentation
monitoring, etc. However, problems related to stability and fluid handling are still
avoiding the development of miniaturized micro-thermometric systems (Ramanathan

and Danielsson, 2001; Ramanathan, Rank et al., 1999).

1.1.2.3. SENSOR COMPOSITION
Apart from biosensors composed by a receptor and a transducer as two different
molecules or systems, protein-only biosensors are composed by a single molecule able

to detect the analyte and transduce the signal (Villaverde, 2003).
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1.2. PROTEIN-ONLY BIOSENSORS

Protein-only biosensors are generally enzymes including both the receptor and the
transducer in the same polypeptide chain (Ferraz, Vera et al., 2006; Villaverde, 2003).
The main advantage of this type of sensors is that it does not require a chemical
coupling between the receptor and the signal transducer, since the whole molecule is
biologically produced in a single step. Furthermore, protein engineering procedures
allow the improvement and the design of new proteins with the capability to detect

essentially molecules of interest in medicine and industry (Ferraz, Vera et al., 2006).

Insertional protein engineering also allows a more versatile combination of functional
modules for the construction of highly responsive mosaic proteins exhibiting unusual
conformational versatility upon ligand binding (Doi and Yanagawa, 1999b; Ostermeier,
2005). Obviously, a proper design of the protein is necessary to promote a good
exposure of the inserted receptor to the analyte, allowing a better interaction between
them. These procedures are usually based on site directed peptide insertion (Feliu and
Villaverde, 1998; Hiraga, Yamagishi et al., 2004; Charbit, Ronco et al., 1991; Martineau,
Guillet et al., 1992; Manoil and Bailey, 1997; Coeffier, Clement et al., 2000; Aris and
Villaverde, 2004; Bckstrom, Holmgren et al., 1995) but a previous identification of the
solvent-exposed permissive sites is required. The recombinant enzymes are in general
stable, they can be produced in big amounts in bacterial systems, are easy to purify and

its detection assay is rapid and simple (Feliu, Ferrer-Miralles et al., 2000).

According to the different peptides introduced into the protein, we can distinguish

between cleavage-based platforms and allosteric platforms.

1.2.1. CLEAVAGE-BASED PLATFORMS

These biosensors are proteins displaying protease target sites. Cleavage-based platforms
include proteins that can either be activated when they are cleaved by removal of a
repressing domain, or inactivated (Pufall and Graves, 2002). When the protein has a
fluorochrome bound to a quencher, the effect of a protease could induce the removal of

the quencher allowing the observation of fluorescence (Zhang, 2004). Dual fluorescence

11
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can also be observed if there is no interaction between two different fluorochromes of

the same cleaved molecule (Blackman, Corrie et al., 2002) (Figure 3).

The insertion of specific protease target sites on the protein surface can be a good
option for the development of new biosensors. If the protein is cleaved, it can be
observed either by changes in its electrophoretic pattern, or in activity. It has to be
taken into account that the regions close to the insert can influence peptide
conformation and, as a consequence probably digestion efficiencies (Benito, Mateu et

al., 1995).

Fepressar inactivation
Electrophoretic pattern chanoes
Enzyme inactivation

Protein activation by rermoval of a
repressing domain

®

S
O e
&

cluencher removal

Dwal fluorescence

®

2u®

FIGURE 3. Summary of the different types of cleavage-based platforms. P: effector
protease. Adapted from Ferraz et al (Ferraz, Vera et al., 2006).

It is known that many natural proteins are proteolitycally activated by the removal of
self inhibitory protein domains. In fact, targeted proteolysis is a biological principle
regulating many complex cellular events (Ehrmann and Clausen, 2004; Goulet and
Nepveu, 2004; Hilt, 2004). In this context, Geddie et al (Geddie, O'Loughlin et al., 2005)
obtained a set of p53 variants that were activated upon the regulatory element removal.
This element corresponded with the carboxy-terminus fragment of p53. The cleavage
was mediated by either the lethal factor (LF) or the human immunodeficiency virus (HIV)

protease (Geddie, O'Loughlin et al., 2005). Moreover, protein p53 is able to interact with
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specific DNA sequences, making it detectable by electrophoretic analysis (Geddie,

O'Loughlin et al., 2005).

It is also common the use of fluorophors to detect the cleavage. For example, one
approach is the use of monomers of rhodamine fused to the extremes of a protein
containing a cleavage site for a protease. Rhodamine monomers have a high
fluorescence. However, when two rhodamine monomers stack with each other and they
are physically close and suitably oriented, there is a complete loss of fluorescence by
self-quenching. Thus, when the protease divide the protein in two parts, separating both
molecules of rhodamine, a high fluorescence signal appears (Blackman, Corrie et al.,
2002). In the same way, this system can also give information about the interaction of
two proteins labelled with this fluorophore (Hamman, Oleinikov et al., 1996) since the
signal disappears when there is an interaction. Fluorescence also stands out when using
a protein containing two molecules emitting fluorescence at different wavelengths.
When a protease cleaves the protein, changes in the Fluorescence Resonance Energy

Transfer (FRET) spectra are observed (Kohl, Heinze et al., 2002; Zhang, 2004).

Another example of cleavage-based platforms is the use of the cl lytic repressor of the
E.colilambda bacteriophage, which has been engineered to contain different target sites
for proteases from HIV (Goh, Frecer et al., 2002), hepatitis C virus (HCV) (Martinez,
Cabana et al., 2000) and severe acute respiratory syndrome (SARS) viruses(Martinez and
Clotet, 2003). When there is a coexpression of the cl repressor and the protease, lytic
lambda cycle is promoted and it is clearly observed by plaque counting. This can be used
for the analysis of new protease inhibitors and also to quantitatively analyse the activity
of proteases from mutant viruses emerging in patients treated with antiviral, protease-

targeted drugs (Parera, Clotet et al., 2004a).

1.2.2. ALLOSTERIC PLATFORMS

In allosteric sensors, the interaction between the sensor and the analyte induces
functional changes in the biosensor, generating a macroscopically detectable signal,
either improving or inhibiting its activity. Allosteric platforms can be activated through

the interaction with either another protein by oligomer formation, with the ligand

13
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(Geddie, O'Loughlin et al., 2005), by proper folding of the protein (Kohn and Plaxco,
2005; Huidobro-Toro, Lorca et al., 2008) or by true allosteric modulation (Benito, Feliu et
al., 1996; Ferrer-Miralles, Feliu et al., 2001; Brennan, Christianson et al., 1995; Doi and
Yanagawa, 1999a). There are some enzymes on which the interaction with the ligand

produces inactivation, probably by steric hindrance of the active site (Figure 4).

Activation by aligomer farmation

Froper folding

Allosteric modulation
for steric hindrance)

o 0 0
(2 O (A

FIGURE 4. Schematic representation of allosteric platform types. L: Ligand.
Adapted from Ferraz et al(Ferraz, Vera et al., 2006).

Allosterically modulated biosensors are based on the capability of a ligand to produce
conformational modifications into the sensor. This property is not exclusive of proteins,
since engineered ribozymes can also be allosterically activated by ATP (Breaker, 2002).
All allosteric enzymes that catalyze the formation of easily detectable products are
potential biosensors (Villaverde, 2003). Natural allosteric enzymes cannot be directly
used as biosensors because most of their modulators are in general devoid of analytical
interest. Hence, protein engineering has been of great importance to modify allosteric
and non-allosteric enzymes to induce an allosteric response to new effectors by
insertion of appropriate receptor sites. Therefore, it is necessary to identify the best
places to accomodate the insert, which are permissive sites where the inserted segment
does not disturb irreversibly the enzyme activity (Cabana, Fernandez et al., 2002;
Villaverde, 2003; Webb, 2007). Several proteins such as [-galactosidase (Benito and

Villaverde, 1994; Benito, Feliu et al., 1996), alkaline phosphatase (Brennan, Christianson
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et al., 1995), B-lactamase (Legendre, Soumillion et al., 1999) and green fluorescent

protein (GFP) (Doi and Yanagawa, 1999a) have been engineered in this way.

The main effectors of the allosteric activation are antibodies (Cabana, Fernandez et al.,
2002). The use of antigenic sites as inserts into the protein-only biosensors makes
possible the application of this type of sensors for infectious diseases (Benito, Feliu et
al., 1996; Ferrer-Miralles, Feliu et al., 2001; Brennan, Christianson et al., 1995; Doi and
Yanagawa, 1999a). Villaverde et al found that [-galactosidases containing arginine-
glycine-aspartic (RGD) were activated by anti-peptide antibodies but not by RGD-
targeted integrins (Feliu, Ferrer-Miralles et al., 2002; Alcala, Feliu et al., 2001). This fact
indicates differences in the binding of both molecules, suggesting that antibody binding
is a major force in sensor activation. Sometimes, the presence of an anti-peptide

antibody inhibits the enzyme activity, such as in alkaline phosphatase and B-lactamase.

The main limitation of allosteric biosensors is the slight difference between the sensor
signal and the background. Higher activation factors would be desirable for fine
analytical applications where a wide dynamic range is required. However, further
exploration of these sensors could improve the sensing signal to allow the proper

development of efficient allosteric sensors.

1.2.2.1. [B-GALACTOSIDASE
[-galactosidase from Escherichia coli (B-D-galactoside hydrolase, E.C. 3.2.1.23) is an
enzyme involved in the heterotrophic growth of the bacteria, being the responsible for
the degradation of lactose. It is also able to degrade lactose analogues such as ortho
nitrophenil 3-D-galactopyranoside (ONPG) or chlorophenol red f—D-galactopyranoside
(CPRG), rendering a coloured product, Fluorescein [3-D-galactopyranoside (FDG)
producing a fluorescent signal or Galacton®, with a luminescent product. This enzyme is
composed by four subunits of approximately 116 KDa each (Jacobson, Zhang et al.,
1994). It has been widely used as a reporter enzyme in gene expression (Casadaban,
Martinez-Arias et al., 1983), as a marker for gene cloning and plasmid construction
(Sambrook, Fritsch et al., 1989), as a partner in fusion proteins (Yang, Veide et al., 1995)

and as a tag for process monitoring (Benito, Valero et al., 1993). Furthermore, due to its

15
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ability to respond allosterically to antibodies, it is useful to the development of
enzymatic biosensors (Villaverde, 2003). The simple quantitative enzymatic assays,
tolerance to foreign polypeptide fusions and reactivation of inactive mutants are the
main characteristics that make 3-galactosidase useful for the design of biosensors (Feliu,

Ferrer-Miralles et al., 2000). This issue will be developed later in the chapter 1.5.

1.2.2.2. ALKALINE PHOSPHATASE
Alkaline phosphatase (AP; EC 3.1.3.1) catalyzes alkaline hydrolysis of a great number of
different phosphoric acid esters. It is a homodimer of 94000 Da containing 4Zn** and
2Mg®* metal ions (Brennan, Christianson et al., 1995) important in catalysis and
stabilization of the structure. Alkaline phosphatase is highly used as enzymatic label in
immunoassay for determining herbicides, pesticides, different active organic compounds

and proteins (Muginova, Zhavoronkova et al., 2007; Brennan, Christianson et al., 1995).

Insertion of an HIV peptide from envelope glycoprotein gp120 and a Hepatitis C virus
(HCV) peptide into the vicinity of the active site of the alkaline phosphatase, rendered a
fully active enzyme. The addition of specific anti-peptide antibodies induces an inhibition
up to 40-50% of the enzyme activity (Brennan, Christianson et al., 1995). Furthermore,
protein variants able to respond enzymatically to antibodies were generated by
insertion of two independent point mutations. The fact that enzymatic modulation is
altered from inhibition to activation by single amino acid changes in the active site of AP
supports an allosteric mechanism due to structural alterations in or surrounding the
active site upon antibody binding rather than the antibody mediated steric blocking of

the active site (Brennan, Christianson et al., 1994).

Using three different types of alkaline phosphatases isolated from E. coli and intestinal
alkaline phosphatases of animal origin, Muginova et al (Muginova, Zhavoronkova et al.,
2007) analyzed the presence of zinc and magnesium in urea and insulin preparations
using a colored compound derived from p-nitrophenyl phosphate (NPP) as an indicator
of the reaction. Interference of the sample ions with Zn** and Mg** from the enzyme
produced alterations in alkaline phosphatase activity, producing an inhibitory effect

(Muginova, Zhavoronkova et al., 2007).
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1.2.2.3. [(-LACTAMASE

B-lactamases are enzymes responsible for the resistance to -lactam antibiotics, such as
penicillin and cephalosporin. They have a four atom ring called 3-lactam, the origin of its
name. Legendre et al (Legendre, Soumillion et al., 1999) modified genetically a -
lactamase obtaining enzymes which activity was inhibited when exposing the binding
site of specific anti-prostate antigen antibodies and streptavidin. However, one of the
clones they obtained (P66L4-06) responded to the antibody PSA66 enhancing its
catalytic activity up to 1.7 fold (Legendre, Soumillion et al., 1999). In another work, these
authors developed an engineered [B-lactamase library responsive to other molecules

such as horse spleen ferritin and B-galactosidase (Legendre, Vucic et al., 2002).

Binding of metal ions to allosteric sites distant from the active site of the enzyme can act
also as an allosteric regulator. Mathonet et al (Mathonet, Barrios et al., 2006) described
several B-lactamase mutants exposing binding sites to Zn**, Cu®" and Ni* in loops
remote to the active site. Metal binding induced a local conformational change and a
possible broader transmission of new conformational constraints, affecting the enzyme
activity. A different response was obtained depending on the ion used and on the
mutant. However, in all of them an enzymatic inhibition was observed (Mathonet,

Barrios et al., 2006).

1.2.2.4. GREEN FLUORESCENT PROTEIN
Green Fluorescent Protein (GFP) has a molecular mass of 26.9 KDa and it is folded as 11-
stranded [-barrel that spontaneously generates its own fluorophor (Wachter, 2007). It
was discovered four decades ago in the jellyfish Aequorea Victoria and since then, it has
been used in a wide range of applications, such as reporter protein for many purposes
and biosensing. It has been used, for example, for the detection of protein-protein
interactions fusing two different fluorescent proteins with two proteins of interest for
the measure of resultant wavelength through FRET technology (Chudakov, Lukyanov et

al., 2005).

This protein was also used as an allosteric sensor by Doi N et al (Doi and Yanagawa,

1999a) who inserted a TEM-1 [B-lactamase in a solvent exposed region near the

17



18 INTRODUCTION

fluorophore of the protein. When the engineered GFP interacted with the B-lactamase
inhibitory protein (BLIP), an increase of fluorescence without changes in the emission

spectrum was observed (Doi and Yanagawa, 1999a).

In Table 2 and as a summary, there are some examples of protein-only biosensors either

based on cleavage platforms or in allosteric platforms.



TABLE 2. Examples of either cleavage-based platforms or allosteric proteins obtained by insertional mutagenesis. Adapted from Ferraz et al (Ferraz, Vera et al., 2006).

Holding Strategy Insert Analyte Sensing Signal (factor, Application References
protein mechanism when activated) (proved or
suggested)
B- Site directed FMDV® and Anti-peptide Allosteric Enzymatic activity Diagnosis (Benito, Feliu et al., 1996; Cazorla, Feliu et
galactosidase | insertion HIV antigenic antibodies up-shift al., 2002; Feliu, Ferrer-Miralles et al., 2002;
peptides and immune Feliu, Ramirez et al., 1998; Ferrer-Miralles,
sera Feliu et al., 2001; Ferrer-Miralles, Feliu et
al., 2000)
B- Site directed HIV protease HIV protease Cleavage Enzymatic activity Antiviral drug  (Vera, Aris et al., 2005; Baum, Bebernitz et
galactosidase | insertion substrate mediated down-shift or designand al., 1990)
inactivation electrophoretic screening
analysis
Alkaline Site directed HIV antigenic Anti-peptide Probably  steric Enzymatic activity Diagnosis (Brennan, Christianson et al., 1994)
phosphatase insertion peptide antibodies hindrance down-shift
Alkaline Site directed HIV and HCV Anti-peptide Allosteric Enzymatic activity Diagnosis (Brennan, Christianson et al., 1995)
phosphatase insertion plus antigenic antibodies up-shift (up to 2.5-
site  directed peptide fold)
mutagenesis
of the active
site
GFP Site directed TEM1 B- TEM1 B- Allosteric Fluorescence Drug design (Doi and VYanagawa, 1999a; Doi and
insertion lactamase lactamase emission up-shift and screening  Yanagawa, 2002)
followed by inhibitor (not determined)
random
mutagenesis
EGFP Amino acid LPS/LA- Bacterial LPS Quenching Fluorescence Quiality (Goh, Frecer et al., 2002)
replacement binding motif emission down-shift control
(endotoxin
detection)
TEM B- | Random Random Anti PSA  Allosteric and Enzymatic activity Diagnosis (Legendre, Soumillion et al., 1999)
lactamase insertion and peptides antibodies steric hindrance down- or up-shift (up
phage- upon the specific to 1.7-fold)
mediated construct

selection




p53

p53

cl lambda
repressor

MBP

MBP

DHFR

FynSH3

GFP-DsRed
fusion

Site directed
insertion plus
site  directed
deletion
Site directed
insertion

Site directed
insertion

Site directed
insertion
eventually
followed by
punctual
mutagenesis
Random
insertion

Site directed
insertion
eventually
followed by
punctual
mutagenesis

Deletion

Modular
fusion

LF, HA and
HSV antigenic
peptides

HIV and LF
protease
substrates

HIV, HCV and
SARS protease
substrates
Zinc  binding
sites

TEM-1 B-
lactamase
segment

FKBP
macrolide-
binding
protein
ERa
binding
domain
none

and
ligand

TEV protease
substrate

Anti-peptide
antibodies

HIV protease
and LF

HIV, HCV
and SARS
proteases
Zinc

Maltose and
other sugars

FK506
estrogen

and

Proline-rich
peptide
ligand

TEV
protease

Dimerization

Auto-inhibitory
domain removal

Cleavage
mediated
inactivation
Allosteric

Allosteric

Binding-
promoted
thermostability
and consequent
genetic
complementation

Ligand  induced
protein folding

Cleavage
mediated
fluorescent
separation

tag

Electrophoretic
mobility up-shift (up
to 100-fold)

Electrophoretic

mobility up-shift (up
to > 100-fold) or in
situ hybridisation (2-

fold)
Phage plaques
counting (up to 50-
fold)

Fluorescence
emission modulation
(up to 8-fold)

Enzymatic activity
up-shift (up to 1.7-
fold)

Growth of
temperature-
sensitive yeast under
non-permissive
temperatures (up to
2.5-fold)

Tryptophan
fluorescence increase
(up to 15-fold)

Dual fluorescent
emission yield

Diagnosis and
screening

Screening

Antiviral drug
design and
screening

Not specified,
presumably
wide

Not specified,

presumably
wide
Drug design

and screening

Not specified,
presumably
wide

Antiviral drug
design and
screening

(Geddie, O'Loughlin et al., 2005)

(Geddie, O'Loughlin et al., 2005)

(Martinez, Cabana et al., 2000; Martinez
and Clotet, 2003; Parera, Clotet et al.,
2004b)

(Marvin and Hellinga, 2001)

(Guntas and Ostermeier, 2004)

(Tucker and Fields, 2001)

(Kohn and Plaxco, 2005)

(Kohl, Heinze et al., 2002)
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1.3. BIOSENSOR APPLICATIONS

Over the last years, biosensors have become an important tool for detection of
molecules in many fields. There are several examples of biosensor applications, such as
detection of ions by electrochemical and optical biosensors; sugars, alcohols, phenols,
urea or oligonucleotides by electrochemical biosensors (Thevenot, Toth et al., 2001;
Gabig-Ciminska, Holmgren et al., 2004); interactions between peptides, proteins,
immunoassay markers, oligonucleotides, viruses, bacteria and cells through acoustic
(Uludag, Piletsky et al., 2007) or optical biosensors (SPR) (Berggard, Linse et al., 2007);
temperature measuring in enzymatic processes such as fermentation through
thermometric biosensors (Ramanathan and Danielsson, 2001); or determining presence
of herbicides, pesticides, active organic compounds and proteins (Muginova,
Zhavoronkova et al., 2007; Brennan, Christianson et al., 1995) by protein-only
biosensors. Detection of environmental pollutants as well as benzotriazoles, dioxane and
algal toxins in water (Richardson, 2007), detection of adulteration and contamination of
milk and milk powder (Haasnoot, Marchesini et al., 2006), or the detection of explosives
(Singh, 2007), are only some examples of other applications of biosensors. In spite of the
wide range of possibilities, nowadays is becoming more and more important the
development of biosensors for the detection of molecules in public health. One example
is the detection of markers for cancer diagnosis. For example, Sarkar et al developed a
prostate cancer marker biosensor based on an immunoassay joined to an amperometric

system (Sarkar, Pal et al., 2002).

There is an urgent need, specially in developing countries, for new health-related
technologies (Chin, Linder et al., 2007). In particular, early and accurate diagnosis of
diseases would improve the individual health as well as that of the general public,
permitting prompt and proper treatment of the patients, limiting the spread of disease
in the population and minimizing the waste of public resources on ineffective
treatments (Chin, Linder et al., 2007). The international community, specially the Global

Fund (www.theglobalfund.org), has been addressed a strong investment to HIV/AIDS,

malaria and tuberculosis treatment and diagnosis. There are other infections also

important such as lower respiratory infections, diarrheal diseases (rotavirus, cholera),
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childhood-cluster diseases (diphtheria, measles, pertussis, tetanus) and tropical diseases

(lymphatic filiariasis, dengue, Chagas disease, leishmaniasis, guinea worm, etc.).

In table 3 is shown a summary of some of the diagnostic technologies used nowadays for
several infectious diseases affecting humans and animals. Most of them correspond to
the group of emerging infectious diseases, an especially important group in the last

years (Pejcic, De Marco et al., 2006).

Optimal biosensor prototypes would have to work both inside and outside the
laboratory to allow testing in places without qualified personnel. The concept of Lab-on-
a-chip appears due to the necessity of portable devices of small size, low requirement

for samples and rapid analysis (Chin, Linder et al., 2007).
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TABLE 3. Examples of different used techniques to detect infectious diseases, detection limit and the reference
where it is described. Modified from Pejcic et al (Pejcic, De Marco et al., 2006).

ANALYTE BIOSENSOR FORMAT DETECTION REFERENCE
LIMIT*
HIV RT-PCR for HIV RNA 10 RNA copies (Vet, Majithia et al., 1999)
Conventional PCR 50 RNA copies (Dube, Sherman et al., 1993;
Branson, 2007)
Immunoassays NA (Ausubel, Kingston et al.,, 1987,
2005a)
Newcastle Enzyme-label 11.1ngmi™ (Gong, Gong et al., 2007)
disease immunoassay
Sandwich enzyme-label 2ngml™ (Lee, Thompson et al., 1993)
immunoassay
Forest-Spring Sandwich gold-label 10" mgml™ (Brainina, Kozitsina et al., 2003)
encephalitis immunoassay
Hepatitis B Methylene blue probe, NA (Meric, Kerman et al., 2007)
PCR & DNA
Osmium complex probe, NA (Ju, Ye et al., 2003)
PCR & DNA
Enzyme label ~50 fM (Purvis, Leonardova et al., 2003)
immunoassay
Immunoassay 8ngml™ (Tang, Yuan et al., 2004)
Nucleic acid ~0.01 pg mli™* (zhou, Liu et al., 2002)
Hepatitis A Immunoassay NA (Gomara, Ercilla et al., 2000)
Various Immunoassay ~ngml™* (Rowe-Taitt, Golden et al., 2000)
toxins
Dengue Immunoassay NA (Renard, Belkadi et al., 2003)
Nucleic acid ~Picomolar (Kwakye and Baeumner, 2003;
Zaytseva, Montagna et al., 2005)
Immunoassay ~pg ml™ (Tai, Lin et al., 2005)

*NA: not available.
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1.4. HUMAN IMMUNODEFICIENCY VIRUS: A DIAGNOSIS TARGET

1.4.1. BioLOGY

HIV belongs to the family Retroviridae, group of Lentivirus. There are two types of HIV
affecting humans: HIV-1 and HIV-2, but there are other viruses inside this group
affecting other primates such as Simian Immunodeficiency Virus (SIV). There are also
specific Lentivirus on non-primates; Maedi-Visna-Virus (VMV) in sheep, Caprine arthritis-
encephalomyelitis virus (CAEV) in goat, Bovine Immunodeficiency Virus (BIV) in cattle,
Feline Immunodeficiency Virus (FIV) in cat and Equine Infectious Anemia Virus (EIAV) in
horse. Lentivirus virions have a size between 80-130 nm, an enveloped icosahedral

capsid and two copies of +ssRNA (10Kb) (Joag, Stephens et al., 1996).

HIV is about 120 nm and its RNA is covered by a nucleocapsid composed of 2000 copies
of the viral protein p24. RNA is bound to several proteins important for virus
multiplication such as proteases, reverse transcriptase (RT), ribonuclease and integrase.
The nucleocapsid is surrounded by a matrix composed of the protein p17 and also of the

viral envelope, composed by lipids and

Encapsidated

viral proteins proteins involved into the infection of

? RT, integrase
" | Matrix (p17)

new cells. These proteins are gpl120
and gp4l, both deriving from the
polyprotein gp160 and codified by the

-
. gene env (2005b) (Figure 5). As

detailed in table 4, HIV has in total nine

HIV-1 RNA

(2 copies) ‘
‘ genes codifying all these proteins,
iral envelope

being the main ones env (envelope),

FIGURE 5. HIV virion composition. Adapted from Simon et al gqag (capsid and matrix) and pol
(Simon, Ho et al., 2006).
(polymerase).



INTRODUCTION

TABLE 4. Genes encoded in HIV genome, products and function. Adapted from Prous Science web page
(http://www.ttmed.com/sinsecc.cfm?http://www.ttmed.com/sida/texto art long.cfm?id dis=212&id cou=20&id
art=1356&comecover=y&id dis=212&id cou=20).

Genes Name Product Viral protein  Function
(precursor)
Structural gag p55 pl7 Myristoylated protein from viral matrix.
p24 Main protein from viral capsid.
p7 Nucleocapsid protein.  Viral RNA
packaging.
p6 Nucleocapsid protein. Vpr binding. Viral
encapsidation.
pol p160 pl0 Protease: Gag and Gag-Pol polyprotein
postranslational processing.
p50 Reverse transcriptase.
pl5 RNase H.
p31 Integrase.
env gpl60 gpl20 Envelope glycoprotein (surface). Viral
interaction with CD4 receptor and cellular
co receptors.
gpal Envelope glycoprotein (transmembrane).
gp120 anchoring and fusion of viral and
cell membrane.
Regulatory tat Tat (p14) Transcription activator.
rev Rev (p19) RNA transport between nucleous and
cytoplasm.
Accesory nef Nef (p27) Negative regulation of the presence of
CD4 and MHC-I in the cellular membrane.
Interference in the activation of T
linfocytes.  Estimulation  of  virion
infectivity.
vpr Vpr (p15) Nucleous transport of the preintegration
complex. Blocking of the cellular cycle.
vpu Vpu (p16) Increase of the delivering of virions into

the infected cell.
vif Vif (p23) Infectiosity of extracellular virions.
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HIV can infect a variety of immune cells such as CD4" T cells, macrophages and microglial
cells. Infection is produced through the external glycoprotein gp120 and the
transmembrane protein gp41, which form the spikes on the virion’s surface. Binding of
these spikes to CD4 receptor and subsequent interactions between the virus and the
chemokine co-receptors, generally CCR5 and CXCR4, trigger irreversible conformational

changes (Simon, Ho et al., 2006). The first

W Flanlsi

Wk step after this interaction is the
: % .;,’r introduction of the viral core into the cell

\ 1 cytoplasm. Viral genome is then reverse
ENA

o / 1 transcribed into DNA by the HIV reverse
i

(BT

L ey transcriptase. The viral protein integrase

T 1

= ".;!FJ_ in conjunction with host DNA repair

e ity
TN enzymes insert the viral genome into the
Cedliar e ne .
host chromosomal DNA. After that, virus
FIGURE 6. Viral replication cycle. Adapted from Simon et particles can be produced using the
al(Simon, Ho et al., 2006).
cellular machinery in combination with
virus driven transcription. Viral proteins are assembled in proximity of the cell
membrane and virions expulsed through a vesicular pathway without the lysis of the cell

(Figure 6).

1.4.2. STAGES OF HIV INFECTION

HIV infection can be divided in different stages (Alcami, 2004) (Figure 7):

1. Primary acute HIV infection. It can be asymptomatic or it can produce influenza
or mononucleosis-like symptoms; fever, headache, pharyngitis etc. After 2 or 3
weeks the patient is totally recovered. Primary infection is characterized by high
plasma viremia, low CD4" T cell and absence of HIV-1 antibodies. However, this
phase is followed by a rapid immune response able to control viral load.

2. Asymptomatic infection or clinical latency. This stage starts after a strong
immune response that reduces the number of viral particles in the blood stream.

During this phase HIV is active within lymphoid organs, where numbers of virus
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particles become trapped in the follicular dendritic cells (Burton, Keele et al.,
2002). Along several years, the level of CD4" T cells goes down gradually.
However, viral load is maintained. In fact, despite the absence of symptoms, HIV-
1 is dynamically replicating along the disease course. In a chronically infected
patient, the total number of virions produced can reach 1010 particles per day
(Simon, Ho et al., 2006). There is a low percentage of patients maintaining the
level of cells stable, who are called non-progressors patients.

3. Symptomatic stage/AIDS. This is the final stage of the illness. In general, AIDS
appear after 10-12 years after infection, when cell mediated immunity is lost. It is
characterized by a level of CD4" T cells under 200 per microliter and viral load
higher than 100000 viral RNA copies per ml of plasma. At this point, several
opportunistic microbes produce infections such as pneumonia, tuberculosis,
candidiasis, etc. Reactivation of Herpes virus producing eruptions, Epstein-Barr
induced lymphomas and even tumours can also appear. As a consequence of the

lack of immune response and the opportunistic infections, the patient dies.

As it is shown in figure 7, the risk of transmission varies along infection, being more
pronounced in the first and the last stages. It is also noticeable the gradual increase in
viral diversity along the stages due to the high and continuous replication of the virus

(Simon, Ho et al., 2006).
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FIGURE 7. Representation of the time course of HIV infection. Plasma viremia (top)
and cell number/titre (bottom) in relation to the course of infection. Adapted
from Simon et al (Simon, Ho et al., 2006).

1.4.3. IMMUNE RESPONSE

1.4.3.1. CELLULAR RESPONSE

As it has been described above, immediately after infection an increase of the viral load
followed by a strong response of CD4" T cells is observed. CD4" T cells are responsible for
the first drop of the viral load helping B cells or cytotoxic cells, secreting lymphokines,
growth factors or other facilitatory molecules. However, after a few weeks, CD4" T cells

are gradually being infected and its number decreases slowly.

Antigen-specific immune responses include also cytotoxic T lymphocytes (CTL), which
lyse cells expressing a foreign antigen. Although some CTLs can be CD4", normally they
are CD4, CD8". CTLs are activated by the interaction with cells expressing the Major
Histocompatibility Complex (MHC) type |, which are able to recognize viral proteins,

internalize, process and expose them on their surface. In the case of CD4" T cells,
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activation is produced through MHC type Il. So, the range of epitopes to which an

individual is able to respond is MHC-restricted (Coffin, Hughes et al., 1997).

During the process of the infection there is an increase of CD8" T cell titer in response to
the lack of CD4" T cells. This phenomenon is called Homeostasis and is maintained until
two years preceding AIDS (Margolick, Munoz et al., 1995). CTL activity is dependent in
part on the help providing by CD4" T cells. For this reason, the decline in CD8" T cells can
be due to the strong drop in number and functionality of CD4" T lymphocytes. Moreover,
CD8" T cells rapidly respond to antigenic stimuli, generating large clones (Maini, Casorati

et al., 1999).

It has been described that CD8" CTLs have a role in the regulation of the
infection(Benito, Lopez et al., 2004). However, it is difficult to analyze the effects of CTLs
in a laboratory due to the lack of animal models that can be infected by the virus. The
most used model nowadays is rhesus macaques infected with SIV or chimeric HIV/SIV

viruses (Ambrose, KewalRamani et al., 2007).

In 1998 Hay et al (Hay and Rosenberg, 1998) described that “nonprogressors have
persistent, vigorous, virus-inhibiting CTLs whose response is broad and adaptable”. On
the contrary, rapid progressors of AIDS develop a CTL response unable to adapt to viral
changes (Hay and Rosenberg, 1998). Other authors observed that there is a correlation
between the quality and magnitude of the CTL response in infected individuals and the
rate of progression; in fact, CTL levels correlate with low viraemia levels (Cao, Qin et al.,

1995).

Moreover, it has been described that treatment during primary HIV infection improves
the clinical course and increases the CD4" T cell count compared to individuals who

remain untreated (Kinloch-De Loes and Perrin, 1995).

Sester et al (Sester, Sester et al., 2000) developed a system to detect gag-specific CD4
and CD8 T cell responses. When the quantity of T cells in untreated patients versus
treated ones was analyzed, a higher amount of CD8" T cells than CD4" T cells was found.
Therefore, antiretroviral treatment induced a strong drop in the quantity of CD8" T cells

(Sester, Sester et al., 2000). Lichterfeld M et al talks about the immune response
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generated against viral proteins (Lichterfeld, Yu et al., 2005). Proteins inducing more
strongly specific CD8" T cell response are early expressed HIV proteins, being the nef
derived protein the most important inducer. There is also a response against other
proteins produced later in the development of the infection, such as those codified by
gag and env genes. Furthermore, antiviral efficiency of CTLs can vary depending of the
exposed protein. It seems that proteins encoded by gag gene are associated with viral
control during chronic phase of infection, whereas nef or env have no effect
(Geldmacher, Currier et al., 2007; Heeney and Plotkin, 2006). Specific CD4" and CD8" T
cell responses can be obtained when a viral lysate or gp140 is pulsed in a cell line of

dendritic cells (Aline, Brand et al., 2007).

Finally, the analysis of CTLs in HIV-1 infected children just before and after treatment
shows that there is a drop in HIV-specific CTLs and IFN-gamma-producing lymphocytes in
patients that respond to highly active antiretroviral therapy (HAART) in comparison with

non responders and non treated patients (Zhang, Zhao et al., 2006).

1.4.3.2. HUMORAL RESPONSE
Adaptative humoral response of the immune system is based on the production of
antibodies by B cells. Naive B cells are first recovered by immunoglobulins type IgM, but
upon interaction with the antigen and after activation by T helper cells, there is an
irreversible differentiation producing an isotype switching, which allows the production

of other specific types of immunoglobulins.

Several antibody responses against HIV have been observed in recent studies. The most
effective antibodies are those able to neutralize the virus, which have the ability to
prevent infection of host cells by the infectious pathogen. The definition of the action
and targets of neutralizing antibodies is of considerable importance for understanding
the mechanisms of clinical latency and disease progression and for the development of

prophylactic vaccines and immune-based therapies (Coffin, Hughes et al., 1997).

On HIV, the region inducing the majority of neutralizing antibodies is that composed by
gp41-gp120 (Broliden, von Gegerfelt et al., 1992), specifically, this region comprises the
variable region V3 of the surface glycoprotein gp120 (Young, Teal et al., 2004) and the
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constant region C4 of gp120, responsible for the binding with the CD4+ T cell. There are
also other types of neutralizing antibodies, including those recognizing V1, V2, V5, C2,
and gp41 epitopes (Coffin, Hughes et al., 1997). Recent studies on the viral escape of HIV
from CV-N (Cyanovirin), a carbohydrate binding agent useful as an antiviral drug,
described several mutants of the virus with a major sensitivity to neutralizing antibodies.
Normally, the neutralizing epitopes of the viral envelope glycoprotein gpl20 are
recovered by glycans, avoiding the proper recognition of these sites. The loss of glycans
on the surface due to the escaping from CV-N, produce mutants on which antibodies can
respond. Specifically, an increase of the neutralization sensitivity to CD4 binding site
(CDA4BS) antibodies, V3-loop directed antibodies and CD4-induced antibodies is observed

when there is a deglycosilation of specific residues of gp120 (Hu, Mahmood et al., 2007).

Recent studies (Sheppard, Davies et al., 2007; Cavacini, Kuhrt et al., 2003) analyzed both
the binding and the neutralization potency of several antibodies, normally produced in
in vitro systems but also those derived from sera of infected patients. In this context,
Sheppard et al developed a library of human monoclonal antibodies anti-HIV by means
of a mouse model. These antibodies bound efficiently conformational gp41l epitopes
(Sheppard, Davies et al., 2007) and one of them was weakly neutralizing. Predominant
antibody isotype in sera was analyzed by Cavacini et al (Cavacini, Kuhrt et al., 2003) and
a higher neutralizing activity was obtained with 1gG1 immunoglobulins. Furthermore, a
comparison between sera antibodies and in vitro produced antibodies was done,
reflecting important differences between them regarding to the neutralizing ability. It
was described that a human monoclonal anti CD4BS IgG3 antibody was more
neutralizing than others corresponding to the isotype IgG1 (Cavacini, Emes et al., 1995).
Other isotype-related HIV studies have been developed. For example, correlation
between the amount of 1gG2 reactive with gp4l and long-term nonprogression was
observed(Ngo-Giang-Huong, Candotti et al., 2001). Khalife et al studied the isotypic
response against structural proteins (env, gag, pol) observing a polyisotypic response
against gag-products, including IgM, 1gG1, 1gG3 and IgA and a response to env-products
restricted to 1gG1 (Khalife, Guy et al., 1988).
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Recent studies have been also focused on IgE. An inhibition effect of purified IgE from
sera of HIV-infected children on the production of HIV-1 in vitro was observed by
Pellegrino et al (Pellegrino, Bluth et al., 2002). Moreover, HIV-1 seropositive patients had
significantly higher IgE levels than HIV-1 seronegative subjects, suggesting IgE as a
marker of evolution of HIV disease (Miguez-Burbano, Shor-Posner et al., 1995) and an
effective method to detect HIV-1 infection in adults (Fletcher, Miguez-Burbano et al.,
2000). HIV-infected children with elevated IgE levels had lower IgG3 levels and higher
IgG4 levels than non-infected children. As the disease progressed, HIV-1 patients failed
to produce 1gG3, but IgG4 antibodies remained unaffected. 1gG4 antibodies have no
known role in the defense against HIV-1 infection but they may increase during disease
progression (de Martino, Rossi et al., 1999; Becker, 2004). Finally, a high amount of HIV-
specific IgM antibodies was found early after HIV-infection (Muller and Muller, 1988;

Joller-Jemelka, Joller et al., 1987).

It has been described that during the HIV infection, the first viral-directed antibodies
that appear are those against the viral nucleocapsid (p24 and p17) and then those
against the viral envelope (gp41 and gp120) (Lottersberger, Salvetti et al., 2003; Janvier,
Baillou et al., 1991).

1.4.4. VIRAL ESCAPE

It is known that, the immunological system is not able to fight effectively against HIV
infection, and this is due to the development of different strategies of the virus to
escape from the immune response. In fact, apart from viral latency, viral escape and
antibody neutralization are the most important determinants in the dynamics of HIV-1

infection and progression to AIDS (Wei, Decker et al., 2003).

Despite of the strong anti-HIV CTL response, which is important in the initial control and
in the suppression of the viral load, the virus is able to generate mutants in important
epitopes, escaping from that cells and avoiding its completely elimination (Klenerman,
Wu et al.,, 2002). However, this is not the only viral system to escape the immune
system. The virus is able to mask neutralizing epitopes of the gp41-gp120 glycan shield

through the modulation of the N-linked glycosilation pattern (Wei, Decker et al., 2003;
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McCaffrey, Saunders et al., 2004; Koch, Pancera et al., 2003; Hu, Mahmood et al., 2007).
Hu et al demonstrated resistance to the inhibitor cyanovirin by loss of the glycan shields

in the C2-C4 region of gp120 (Hu, Mahmood et al., 2007).

In the same line, the virus is able to substitute single amino acids from gp41 and gp120
to avoid the effect of inhibitors or antibody mediated neutralization. Maeda et al
analyzed the regions involved in the increase of sensitivity to CXCR4 inhibitors,
concluding that a single amino acid substitution from arginine to serine (R308S) in the
V3 region of gp120 produced an escape mutant (Maeda, Yusa et al., 2007). This type of
substitutions can also inactivate remote epitopes by long distance structural alterations
that are transmitted within (Park, Vujcic et al., 1998; Park, Gorny et al., 2000; Zhang,
Bouma et al., 2002; Watkins, Buge et al., 1996). Such conformational camouflage
indicates a high extent of flexibility of gp41-gp120 complexes, which allows protein

domains to reorganize upon receptor binding (Myszka, Sweet et al., 2000).

1.4.5. INCIDENCE AND DIAGNOSIS

According to the last report from the World Health Organization (WHO-UNAIDS), in 2007
there were estimated 33.2 million of infected people and 2.1 million people died of
AlIDS-related illnesses. Furthermore, there were 2.5 million of new HIV infections in
2007, with 1.7 million (68%) of these occurring in sub-Saharan Africa (Table 5)
(http://data.unaids.org/pub/EPISlides/2007/2007 epiupdate en.pdf).

The high incidence of the infection makes necessary the use of technology to detect HIV.
A quick, cheap and fine detection will assure treatment and care of the patients avoiding
new infections and promoting those essential resources will be used effectively by

targeting ART on people who really need treatment.
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TABLE 5. Data extracted from the last update of the global AIDS report 2007 (www.who.org).

People living with New infections AIDS deaths 2007

HIV 2007
Sub-Saharan Africa 22.5 million 1.7 million 1.6 million
South and South East 4 million 340,000 270,000
Asia
East Asia 800 000 92,000 32,000
Latin America 1.6 million 100,000 58,000
North America 1.3 million 46,000 21,000
Western & Central 760 000 31,000 12,000
Europe
Eastern Europe & 1.6 million 150,000 55,000
Central Asia
Middle-East & North 380,000 35,000 25,000
Africa
Caribbean 230,000 17,000 11,000
Oceania 75,000 14,000 1,400
Total 33.2 million 2.5 million 2.1 million

Nowadays, a great variety of HIV tests are available. However, due to the sophisticated
equipment that some of them require, it is impossible their use in places with low
resources such as Sub-Saharan Africa and South and South East Asia where there is a
high HIV incidence (Table 5). For example, one of the most widely used techniques is the
ELISA test (2005a). However, it is necessary to have automatic pipettes, incubators,
readers, etc, and skilled technicians to operate the equipment. Ultrasensitive p24
antigen detection also requires equipment and consumables too expensive for many
countries. More and more, HIV PCR tests and other nucleic acid detection techniques
are being used in all over the world due to the fact that they are becoming less
expensive, more automated and faster in producing results. The problem again is the

necessity of equipment and personnel in these countries (1998).

Simple/rapid HIV tests are the solution for the HIV detection in laboratories with limited
facilities. Advances in technology have led to the development of a wide range of these
tests, such as agglutination, immunodot and immunochromatographic membrane tests.

All of them are presented in a kit form, where needed reagents are included and where
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the use of special equipment is not necessary. Furthermore, its use can be extended to
all over the world (extracted from Weekly epidemiological report (1998) and

http://www.who.int/hiv/topics/vct/en/index.html).

Since 2002, the Food and Drug Administration (FDA) in the United States has approved 6
different rapid HIV tests. All of them are based on the detection of anti-HIV antibodies
and present sensitivities and specificities comparable to those of conventional
immunosorbent assays (EIA) (table 6): OraQuick ADVANCE Rapid HIV-1/2 (OraSure
Technologies, Inc., Bethlehem, PA), Uni-Gold Recombigen HIV test (Trybity Biotech, Bray,
County Wicklow, Ireland), Reveal G3 Rapid HIV-1 Antibody Test (MedMira, Bayers Lake
Park, Halifax, Nova Scotia), the Multispot HIV-1/HIV-2 Rapid Test (Bio-Rad laboratories,
Redmond, Washington), the Clearview Complete HIV 1/2 Assay (Chembio Diagnostic
Systems) and the HIV 1/2 Stat-Pak Assay (Chembio Diagnostic Systems) . In spite of being
very good tests, results need to be confirmed by Western Blot or indirect
immunofluorescence assays. Other important HIV test useful for the early detection of
HIV infection is Aptima HIV-1 RNA qualitative assay (Gen-Probe). It is based on RNA
detection and requires 4.5 hours to give a result while the rest of tests give a value

between 5-20 minutes (Branson, 2007).

TABLE 6. Diagnostic characteristics of rapid HIV tests approved by the US FDA(Branson, 2007).

Assay, by specimen analyzed Sensitivity (95%) Specificity (95%)
Whole blood
OraQuick ADVANCE Rapid HIV-1/2 99.6 (98.5-99.9) 100 (99.7-100)
Uni-Gold Recombigen HIV test 100 (99.5-100) 99.7 (99.0-100)
HIV 1/2 Stat-Pak Assay 99.7 (98.9-100) 99.9 (98.6-100)
Clearview Complete HIV 1/2 99.7 (98.9-100) 99.9 (98.6-100)

Serum or Plasma
Reveal G3 Rapid HIV-1 Antibody Test 99.8 (99.2-100) 99.9 (98.6-100)
Multispot HIV-1/HIV-2 Rapid Test 100 (99.9-100) 99.9 (99.8-100)
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1.5. B-GALACTOSIDASE AS A SIGNAL TRANSDUCER

1.5.1. DESCRIPTION

Protein B-galactosidase from Escherichia coli (3-D-galactoside hydrolase, E.C. 3.2.1.23) is
an enzyme codified in lacZ gene and composed by four subunits of 116353 Da non-
covalently bound (Jacobson, Zhang et al., 1994). It is a hydrolytic transglucosidase
specific for the 3-D-galactopiranoside configuration, and can act as a hydrolase as well
as a transferase. Each monomer has an active site, although it needs part of the other
subunits to work being only the tetrameric form active (Jacobson and Matthews, 1992).
Its structure was first described by Jacobson et al in 1994 (Jacobson, Zhang et al., 1994),
two years after its crystallization (Jacobson and Matthews, 1992). Each monomer is
composed by five different domains and disposed on space into two axes of symmetry.
Two main regions of interaction between
monomers called “long interface” and
“activating interface”, where is located the
active site, have been described.
Moreover, there are several metal binding
sites in B-galactosidase crystal structure. A

Mg? and a Na' binding site have been

found into the active site of pB-

galactosidase and it is important to stand
FIGURE 8. Tridimensional structure of B-galactosidase.
Deported from a RasMol representation according to the
coordinates given by Jacobson et al (Jacobson, Zhang et
al., 1994).

out that Mg”* and Na* are necessary for a
maximal activity of the protein (Matthews,

2005).

[-galactosidase is important in the metabolism of E.coli, being the responsible for the
hydrolysis of the 3-1,4 bond of the lactose, to obtain glucose and galactose, allowing the
use of this sugar as a carbon source (Jacob and Monod, 1961). It also catalyzes the
isomeration of lactose (galactosil-B-D-(1,4)-glucopiranose) to allolactose (galactosil-B-D-

(1,6)-glucopiranose), the main inductor of E.coli lac operon (Huber, Kurz et al., 1976).
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Furthermore, 3-galactosidase hydrolyzes several lactose analogs chemically synthesized,
mainly used for enzymatic assays. There are different types of substrates depending on
the obtained product, being the main group the colorimetric ones. In all of them a
change of colour is observed when the [(-galactosidase catalyzes the reaction of
hydrolysis. Ortho nitrophenil 3-D-galactopyranoside (ONPG), rendering a yellow product
and chlorophenol red [3-D-galactopyranoside (CPRG), becoming red when it is
hydrolyzed, are clear examples of this group. 5-bromo-4-chloro-3-indolil-B-D-
galactopiranoside (X-gal) rendering a blue precipitate, is also important because it has
been widely used in cloning processes with E.coli (Sambrook, Fritsch et al., 1989). Other
substrates produce a fluorescent signal upon [-galactosidase cleavage, such as

Fluorescein [-D-galactopyranoside (FDG) and others produce light, such as Galacton®.

Even with slight modifications, -galactosidase is a non toxic, soluble and resistant to
proteolysis protein. Besides, it is easy to purify by affinity chromatography (Ullmann,
1984) and its production is easily monitored by enzymatic assays (Benito, Valero et al.,
1993; Miller, 1972). Resolved tridimensional structure (Jacobson, Zhang et al., 1994)
makes easier its use in cloning processes and, moreover, due to its tolerance to foreign

polypeptide fusions, it is suitable to use in protein engineering procedures.

In wild type E.coli, B-galactosidase production is regulated by the lactose operon (lac
operon) (Ullmann, 2001) (Figure 9). Lac operon is composed by structural genes,
encoding for the synthesis of proteins, and regulatory genes, to control the expression
of the proteins. Structural genes are lacZ, lacY and lacA, encoding [3-galactosidase,
lactose permease and thiogalactoside transacetylase respectively. Protein production is
controlled by the presence of a repressor encoded by lacl gene, which binds to the
operator to repress the transcription of lac genes. When an inducer is present, such as

lactose or IPTG, the repressor is released allowing transcription of genes.
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FIGURE 9. lllustration of the lac operon working in a repressed (a) and induced (b)
state. Adapted from encyclopedia of life sciences (Ullmann, 2001).

Nowadays, a high number of commercially available vectors for constructing lacZ fusions
in vitro are available. These vectors have been used in cloning processes using lacZ gene
as a reporter gene, but also in protein production procedures to construct genetically
engineered proteins (Ullmann, 2001). Expression vectors are indispensable tools to
achieve a high protein production. There are several types of vectors, those on which
protein production can be induced by an inductor, such as lactose or the synthetic
compound Isopropyl B-D-1-thiogalactopyranoside (IPTG), and thermo-inducible vectors.
The use of IPTG has been further limited in industrial applications because of its high
cost and toxicity. So, thermo-inducible vectors derived from heat-sensitive lacl genes
have appeared as a good option to avoid those problems. In these, the increase of
temperature from 28 to 422C produces the inhibition of the repressor (Casadaban, Chou
et al., 1980) and as a consequence, the expression of the protein. In general, they are
based on the use of the pR and pL strong promoters of lambda phage and the clI587
repressor protein (Schauder, Blocker et al., 1987), however other efficient thermo-
sensitive vectors have been described by Chao et al., who developed vector series
including a lacl® with different mutations and the T7 A1 promoter (Chao, Chern et al.,

2002). Normally, in all of them lacZ deficient E. coli strains are used to ensure the unique
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expression of the desired gene and to prevent the production of wild type B-

galactosidase.

1.5.2. ALLOSTERIC PROTOTYPES

As described in the chapter 1.2.2, [B-galactosidase is an enzyme with allosteric
properties. Interaction with other molecules can modify its structure regulating its
activity. This property and protein engineering as a tool have been used to develop
biosensors that respond to antibodies directed against foot-and-mouth disease virus
(FMDV) (Benito, Feliu et al., 1996; Feliu and Villaverde, 1998) and HIV (Ferrer-Miralles,
Feliu et al., 2001). Antigenic peptide insertions into specific and defined solvent exposed
loops from [-galactosidase resulted in modified enzymes with reduced enzymatic
activity. However, in presence of specific anti-peptide antibodies, the protein increases
its activity (Ferrer-Miralles, Feliu et al., 2001; Feliu, Ramirez et al., 1998). This activation
occurs in an antibody titre-dependent fashion (Benito, Feliu et al., 1996). Activation
factor of B-galactosidase sensors was defined as the percentage of the obtained product
of the reaction in presence of antibody related to the product obtained without

antibody (Ferrer-Miralles, Feliu et al., 2001).

First studies were focused to find the optimal expression system in E.coli for the
successful production of recombinant proteins (Benito, Vidal et al., 1993). Rec A+
phenotype strains were selected due to the higher stability of the recombinant vector. It
seemed that the expression of the recombinant proteins in E. coli, activated the RecA
protein increasing the copy number of recombinant vectors (Benito, Vidal et al., 1993).
Several approaches with [B-galactosidase engineering early showed different effects
depending on the applied modification. Changes at the N terminal end of the protein
produced fewer effects into the kinetic constants than those in the C terminal end.
Furthermore, insertions in several permissive sites of the [3-galactosidase showed big
differences in specific activity between [B-galactosidase mutants (Benito, Feliu et al.,
1996; Feliu, Ramirez et al., 1998). Those experiments took to the development of several
protein libraries exposing antigenic sites of virus, describing the best insertion sites to

have an optimal sensor response (Benito, Feliu et al., 1996; Feliu, Ramirez et al., 1998).
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Three types of sensors to FMDV were described depending on the effect of the antibody
binding into the Kcat/Km constants (Feliu, Ramirez et al., 1998): Those on which the
binding of a specific antibody improved the substrate binding by reducing steric
hindrance, those on which it improved the catalytic activity by structural changes
promoted by the antibody, and finally, those on which both features were coexisting
(Feliu, Ramirez et al., 1998). All these features allowed the design and development of

improved enzymatic sensors.

The comparison of different types of allosteric biosensors, allowed to know if those
characteristics could be extended to other proteins. [-galactosidase, alkaline
phosphatase and -lactamase mutants were analyzed altogether in order to define the
molecular mechanisms for antibody-mediated modulation (Ferrer-Miralles, Feliu et al.,
2000). A correlation between the activation factor of each protein and the relative Kcat
(Kcat obtained for the engineered protein regarding to the Kcat obtained in the native
enzyme) was done, obtaining a good correlation between them. A lower relative Kcat
implied a higher activation factor. So, enzymes with lowered Kcat reached a higher
activity after antibody binding than the recombinant protein alone, and enzymes with
Kcat higher than the parental protein showed lower activity after antibody binding
(Ferrer-Miralles, Feliu et al., 2000). Taking into account these values and the presence of
several types of proteins, it was concluded that the theoretical upper limit of
reactivation of any protein is close to 200%. As different proteins were included, this
value seems to represent a common limit in the enzyme flexibility of different proteins.
Theoretically, there is an impossibility to construct a -galactosidase insertional mutant
with a Kcat higher than 2 fold that of the unmodified protein, representing a limitation

in sensitivity of analytical systems (Ferrer-Miralles, Feliu et al., 2000).

Several studies were then developed trying to find the conditions responsible for a
better activation of allosteric proteins. Cazorla et al combined different concentrations
of both enzyme and substrate and arrived to values of 500% of activation using a model
of B-galactosidase with a single FMDV insertion (Cazorla, Feliu et al., 2002). Multiple
peptide insertions in B-galactosidase were also studied. Residues 134-156 from VP1

capsid protein of FMDV were inserted in several sites of 3-galactosidase, exposing 1, 2 or
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3 copies per monomer. Antibody-mediated activation factors are higher in -
galactosidase sensors with 8 insertions than others with only one per monomer (Cazorla,
Feliu et al., 2002; Feliu, Ferrer-Miralles et al., 2002). However, when 12 copies of the
same peptide are exposed, the protein became instable enough to avoid the proper
effect of the antibody. Despite the limitation in the number of insertions; the increase in
the number of insertions in the B-galactosidase from 1 to 2 per monomer seems to
result in a global improvement of epitope presentation and antibody binding. Moreover,

stability and specific activity of the enzyme are decreased.

In further approaches, several 3-galactosidase proteins including the main immunogenic
segments of the protein gp41l (namely P1 and P2 epitopes) from the envelope of HIV
were developed (Ferrer-Miralles, Feliu et al., 2001). Different sized peptides comprising
amino acids 579-618 of the precursor gpl60 were inserted in two acceptor sites
(position 795 and 278) of P-galactosidase. In all of them, thermo-inducible vectors
expressing lacZ gene under the control of the pR and pL promoters of lambda phage and
the thermosensitive repressor cl587% (Casadaban, Chou et al., 1980) were used. These
proteins were also characterized through calculation of Km, Kcat and kcat/Km, and the
peptide size was described as a critical point to a better activation factor (Ferrer-
Miralles, Feliu et al., 2001). Kcat and Km were strongly affected by peptide insertion in
an apparently opposite fashion. Moreover, Km value increased depending on the

peptide size (Ferrer-Miralles, Feliu et al., 2001; Ferrer-Miralles, Feliu et al., 2000).

Among all those proteins, the best response was obtained to the protein NF795gpC. This
protein is composed by residues 579 to 613 from the polyprotein gp160, precursor of
gp41, including the linear epitope P1 and only a fragment of the conformational epitope
P2. Analysis of P1 surface accessibility through a model revealed a bigger exposure of

this protein than the others (Ferrer-Miralles, Feliu et al., 2001).

Despite of the high variability of recombinant proteins developed, the maximum
activation values obtained by the binding of an anti-peptide antibody were 250%,

similarly to the previous upper limit obtained.
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The general aim of this work was the development and characterization of protein-only
biosensors for the detection of infectious diseases, using Human Immunodeficiency
Virus as a model and protein engineering as the technique for recombinant protein

development. The specific aims that have guided work in this thesis are:

1. Characterization of the previously developed HIV biosensor NF795gpC.
Obtainment of the optimal concentrations of protein and substrate to obtain a

better sensing response.

2. Study of the parameters of NF795gpC activation depending on the substrate
used and selection of the optimal substrate regarding sensitivity, signal-

background ratio, range of response and sensibility.

3. Evaluation of the immunoreactivity and level of allosteric response of the protein

NF795gpC testing different types of antibodies, either monoclonal or polyclonal.

4. Functional characterization of the main isotypes of sera antibody subpopulations

responsible for the activation of the protein.

5. Immobilization of the biosensor into a surface and analysis of performance of the

immobilized biosensor.

6. Analysis of the effect produced by the antiretroviral treatment in the

composition and function of antibodies activating the sensor.

7. Development of new biosensors exposing other antigenic sites of HIV to improve

the sensitivity of the test.
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3.1. PUBLICATION I

PROFILING THE ALLOSTERIC RESPONSE OF AN ENGINEERED B-GALACTOSIDASE TO ITS
EFFECTOR, ANTI-HIV ANTIBODY

Rosa M. Ferraz, Anna Aris and Antonio Villaverde

Biochemical and Biophysical Research Communications, Vol. 314, No. 3, 854-860 (2004)

SUMMARY

A previously developed recombinant [-galactosidase called NF795gpC showed a good
exposure of the inserted peptide on the enzyme surface and among a series of related
biosensor prototypes, it was the best responder in presence of specific anti-peptide
antibodies (Ferrer-Miralles, Feliu et al.,, 2001). Maximum activation values obtained
were of 250% with an amount of protein NF795gpC of two pmol and a concentration of
2mg/ml of ONPG. Here, and similarly to the previous work with FMDV-based
sensors(Cazorla, Feliu et al., 2002) a wide range of substrate and enzyme concentrations
were tested in an attempt to improve the sensor signal adjusting the assay conditions.
Topographical maps of the enzymatic activity and activation factors were built. The
analysis of the plots gave the optimal concentrations of both protein and substrate to
obtain a better signal:background ratio, that reached values up to 4-fold. Different
concentrations of a specific anti-peptide antibody were also explored, showing that the
antibody was not the topographical definer but the enzyme and substrate
concentrations. Moreover, the use of a secondary antibody suggested that multivalent
antibody binding and the consequent enzyme network formation enhance allosteric

activation.
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Abstract

Ergivgriclii eolf f-palactosidaze responds enzymatically to antiviral antibodies when o vieal aptigenic pepride, acting as receplor,
is conveniently displayed in the vicinity of the active site. The allosteric response of a f-palactosidase molecular sensor contuining a
Becell epitope from HIY has been finely dissected upon binding of an elfecror monoclonal antibody, within a wide cange of standard
concentrations of both enzyme and substrate. The wpography of the enzymatie activation reveals a wide set of conditions in which
the enevmitic response renders o signal over threefold the background, that s suntable for analytical biosensing, Morcover, ot
discrete engvme substrate coordinates, the effector antibody promotes an enhanced activation Gactor up to Avefold, The insertion of
s 37-mer viral peplide beiween frgalactosadase resicdues 795 amd T s observes] as indducer of e strectural exibility regquared Tor
mcsleculir sensimg, whose dynamees and efliciency are intmately associted with the concentrations of engyme and substrate, the bwao

partners in e signal rransduction evenl.
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Kevwarde Amiboddy: Allosteric eneyme; Betn-gnlacosidase; Biosensor: HIY: Signal transduction

Biosensors are chemical sensors in which the recog-
nitien system wses a hochemical mechanism [1]. They
are hybrud devices consisting of a receplor sile [or ana-
Ivie binding and recognition, wsually oclls or ccll com-
ponents like proteins, nucleic acids or membranes, and a
physicochemical wransducer of diverse nawres [2]. On
the other hand, allosteric enzvme activation is based on
prodein struciural Bexibelity required Tor o melecular
signal 1o be transmitted from the effector-binding site 10
the active site. This property hazs been exploited 1o
constrect compact molecular biosensors thal respond
enzvmatically to cffectors relevant in dingnosis, espe-
cially antibodies. in a concentration=dependent Fashion.
The adapuive antibody binding and the conformational
fluctuations occurring in the parmope can be then
transfommed inte an analviically uselul signal (subsirate
production) by the transducer component of the
Iosensor (the active sitel.
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The engincering and re-engineering of both allosweric
and non-allosteric enzvmes [3] by directed poit muta-
tion [4). nsertional mutagenesis [5.6) or direcled mo-
lecular  evoluion  [7]  has  resulied im0 intercsting
prototypes, working satisfactonly in fast homogeneous
assavs with sensinivity levels comparable 1o those of
conventional diagnostic tests [8,9). This paramerer and
others such as disenmination, resolution or stability
could be improved by further protein engineering and
by adjusting the conditions for the biosensing reaction
and signal transducthion, However, the allostene mae-
chanics is not completely understood from its enzymatic
side, and this fact prevents a rational approach o con-
siruet such optimised biosensors. To gain insights into
the nature of the sensing event in allosteric devioes, we
have explored here the dvnamics of 1he enzymatic re-
sponse of 4 modified P-galaciosidaze in Mront of an el
fector,  anti-human  immunodeficiency  virus  (HIV)
antibody, by scanning the generated signal (namelv the
ratio of the product formed m presence and in absence
of effector) in a wide range of substrate and enzyvme
concentrations. This method offers topographical maps
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of the enzymatic sensing that permit a fine analysis of
the enzyvme and substrate as kev partner elements for the
conversion of a conformational stimulus into an enzy-
miatic signal.

Materials and methods

FProvins wod prosein pueifcation. Protcin NFT25gpl & o modified
Exetrevichia colf fegalactosiclase i which a 37-mer HIV-1 peplde has
been aceonunsshiied anle a solvent-exposad loop. im the vienny of the
wctive site [8]. The resulting protein exhibits then one copy of the virul
peptide por monomer and a 1l of fowr cophes Per CnEyme LeIFmee,
which s the active form off the eneyme. The foreign streweh melucdes the
immunodominant B.cell cpitope P1 ol the gpdl structural protein,
spanaing amino acids 279613 of the Env procursorn, Binding of both
poebckonal amd monoclonal anti-pepiide antabodies 1o this peplide on
the enayme siimulates the hydrolysis mie of laciose analogues men-
dering colourad compounds, which net &s & biosensing wselul signal,
Protein NETRSepd was produced i £ coli BL26 a8 directad (rom the
emperatare sensitive expression veetor piNET3epl amd purified from
cruide cell extracts by affinity chromatogruphy as described [10], The
hagvested peotcin was dialysed againa £ buller [11] and quantified
both spectrophotometrically af 280nm and by Bradiond analysis as
medicated [B]. Molar values given in the lgunes sefer to the 116 kD
WET95gpC monomers.

ELISA ared fpaderrosidkase aceiefiy assrr. A conventional, indirect
creyme-linked  immuneassay  (ELISA) was  performed by usang
065 pmoltawell of NFT95gpC as bound antigen, with differemt con-
conlratins of o mowe, ant-Pl monoclonal  antibody  (mAb)
Detnils about second antiboddy amd standard developing procedunes
e pronvicked elsewhone [B]. Activition assavs were performed i ELISA
mscroplates according 1o previously described procedunes (8], Braefly,
differcmt concenirntions of NFTgpC in buller £ aere mived with the
cifector antibody in the same baller and incubatod for &min a1 25°C
i g microtitne plate Labsysiems IEMS reader. noa 101l volume of
Sl gl Them. 40 pl of eribe-nitropheny] fro-galaclopyranoside (ONPG)
al different concenirations was added and the reaction was carried out
for Yh st 23°%C, Measures of nhsorbance were nutomatically mken
cvery 10nun. Every mucroassay for a spocalic set ol conditions was
performed ot least in duplicate (most of them in iriplicateh, with
stamlard deviations always bower than 10046 of the obtained data. In-
dividusl pancts shown in Fig. 3 represent the average activation vilises

-

"

(83

-

f -

Bound antibody (A,,,)

for every cnmyme- subsirnie valug pair. and any of them has been
consructed from up to 12 ELISA plates with a ttal of 1100 imde-
pendent reactions. Deaia from these plates were combined and ploted
by using SigmaPlot DN v 0, The spectra of ONPG concenirations
mionilored for the Vasis were 166, 332, 497, 66 £3 b and
Tamb, For the ¥-axis, the concenmmations of sesor usually em-
ploved i the reactions were [rom 125 10 18.75nM, measared at m-
tervals of 125 aM. A indkaicd, some esperiments were performed up
v 25nb, A secomd, anti-mowse mAb IgG from BioBad was used for
somc expenmsents al a dalution 12200 and ia medar eviess respecting
the first, anti-HIV mAk Dn thai cases, ihe fird effecior aniibody was
incubated with the eneyme for G0min amd the second antibody for
anolher perwd of 6min, Controls fog (hese caperimwnts sillout U
seoond antibody were performed by incubating the enepme and the
ellecuor antibody for 20 min.

Hesulis

Bivdinge of the effecrar aniibody amd enzyimne sp=modidi-
tieen

The binding of the effector, ami-Pl monoclenal an-
tibody 10 protein NFT23gpC was monitored by ELISA
and plotted for comparson along with the accompa-
nvimg enzymatic response (Fig. 1) In both cases, the
dose-dependence of the signal was excellent and the
llnn:alil:,.' was lost by saiuration between 3 and 153 ngipl
of antibody. The antibody concentration rendering 5004
of the maximum binding signal in ELISA was 0.4 ng/pl,
and a value slightly higher (around 0.8 ng/pl) was re-
quired to promote 5054 of maximum activity increase in
the biosensing assay. This difference 15 compatible with
the observation that the simultanecus binding of effector
antibodics 10 more than one monomer significantly en-
hances the enzymatic response of the sensor [12]. This
result also confirms the allosteric nature of the biosen-
sing signal of NF795gpC and the antibody binding as
the unigue effector for the generation of the enzymatic

signal.
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Fig. I. Antibody binling and sensor activation. Anli-F| antibody binding to MFT95gpC, as measured by indirect ELISA (A). For compearison,
NETSgpC activation measured as the amount of product formed, as promoted by e same antibody amouns (Bl The sctivity in absemce of

untibody indicates the background of the assay.
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Kimetivs of enzyvane upamoidilafion

The response of MEFT95gpC was kinetically analysed
as activated by 12 3ng/ul mAb, a concentration close o
the saturation values, We womndered i the molar ratio
between active site and substrate, in allosteric [f-galac-
tosidases being the unigque components of the physico-
chemical transducer, could determine the efliciency of
the signal transduction, After a first screening of differ-
ent ranges for both partners, we selected 7.5 and
16.25nM NF7952pC and 3,32 and 10mM ONPG, re-
speotively, as pair values close to the standard Miller
agaay for [egalactosidase determination [11] and in
which the resulting enzymatic signals were initally
found 1o be high. The activation events were monitored
for more than 3h and the results are plotted in Fig. 2,
After 10min of reaction, the enzyme i absence of an-
tibody was not further processing substrate and the
amount of formed product remained low and stable,
Contrarily, in presence of the effector antibody. the
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Frg. 2. Kmnetics ol sensor activatvon under dilferent conditions. Dy-
namics of prodect formed by MFM5gpl activity m absence (white
triangks, kel scale) and in presence (black squanes, lelll scale) of ante-
Pl monoclonal amtibody, under different crovme and subsirate cons
centrateens, namsly 7.5 abM NET5gpl amd 232 mM ONPG (AR, amd
16 25nM NET95gpd and 10mM ONPG, rospectively (BL The acti-
wation fuctor, as o quoticnt of both valies, is shown by grey circles
(right scalbe)

product of the ONPG hvdrolysis increased under both
conditions with a slightly different kinctics, rendering a
signal-background ratio (namely activation factor) be-
tween three- and fivelold. A mnor but also shighly
differential fading of the signal and concomitantly of the
activation factor was observed sccording to previous
reports [9]. what was probably due 1o degradation of the
vellow product of the ONPG hydrolysis occurring after
long incubation periods. The maximum activation Fac-
tors were reached between 300 and 50 min, after a rapid
increase tending 1o a platean from about 1o 20min on.

Imterestingly, the activation factors reached in these
experiments were higher than those observed experi-
mentally i previous studies, and also higher than that
predicted as the maximum range of allosteric signal
(roughly twolold) by comparizon of diverse prototvpes
[13]. This fact proved that the allostenc sensors are more
flexible than that previously assumed and that the acti-
vation value suggested as the upper limit was probably
Iimited by specific reaction conditions that might be
critical i the signal transduction process. In this con-
text, the differemt activation factors reached in the wo
biosensing analysis (Fig. 2) revealed a noticeable vari-
ability in the allosteric performance. This fact prompted
us Lo investigate the biosensor activation in a wider
spectrum. of enzyme and subsirate concentralions 1o
identify conditions that could be eventually more
convenient for an enhanced response,

Topography of the allosteric response

The activation of NFT95ppC was scanned under
different enzyme:substrate combinations by sampling
cach axizs a short intervals, thus generating 1opo-
graphical maps of the allosteric response. By this anal-
yais, an impoertant sensing area was observed with signal
values over threefold (defined by the vellow sector i
Figs. 3A-C) that might be very much appreciated for
diagnostic applications. Interestingly, this highly re-
sponsive region was notl homogeneous and showed an
irregular topography in which the activation factor
peaked at discrete coordinates, up to values close 1o
fivefold., The coordinates of these enhanced sensing
peaks did not occur in an entirely concentration-de-
pendent pattern for any of the two serface axes, al-
though a weight of both partners’ concentration and
specially of OMPG was clearly observed. Also, some hot
positions were already defined at early tmes of the re-
action (Fig. 3A) and they remained ncarly stable
throughout the substrate hvdrolysis, Conzsequently., the
general profile of the map was essemtially conserved
(Figs., 3A-CL Interestingly, higher enzyme concentra-
tions (namely 20 and 25aM) were not supportive of
viery ellicient antibody sensing, only rendenng moderate
activation values (sce legend of Fig. 3) Original
data showing product concentration in absence and m
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presemce of the antibody are shown in Figs, 3D and E.
respectively, after 20min of reaction. The ratio between
both panels generated the activation map depicied in
Fig, 3B The wopography of wild type f-ealactosidase
activity was also imcluded as a control (Fig. 3F)L 1o
compare with that of NFT95gpC activity in absence of
the effector anubody and to evaluate the mpact of the
peptide accommodation of the enzvme performance.

From all these data. the concentrations of both cne-
zyvmie and substrate, the two partner molecules involved
in the biosensing signal transduction, were revealed as
critical for generating enhanced biosensing signals. To
evaluate the possible weight of the effector concentration
on the activation topography, an additional experiment
was performed using the poorly activating mAb effector
congeniration of 1.3 ngful (Fig. 1B). Despite the lower
activation values, the topographical map occurred in a
similar pattern te that observed with high mAb con-
centration {compare Figs. 3B and G), the top signal
zones being already visible with less elfector molecules,
This fact excludes the antibody concentration as a to-
pographical definer and confirms enzyme and substrate
concentrations as major controllers of the allosteric
profile.

Antiterdy—enzyore ratic and enzyme activalion

High protein concentrations supported activation
factors significantly higher than threefold {(Figs. 3A-C).
However, over 18.75nM. NFT93epC was not activated
bevond this level (see legend of Fig. 30, At 18.73nM, the
resulting mAbzenzyme monomer ratio was about 4.4
and it declined concomitantly at higher values, There-
fore, a molar excess of mAb might stimulae the allo-
steric signal, in agreement with the enhanced activation
abserved when more than one effector molecule binds
the wtrameric enzyme [12]. However. a molar excess of
the effector, being a bivalent ligand, would also promote
oligomernic complexes by cross-inking the enesvme. To
evaluate iIf complex formation, irrespective of muluple
contacts in a single enzyme molecule, could also mod-
ulate the allosteric signal, we incorporated a second anti-

mAb amtibody 1o the activation reactions at different
ratios of the effector antibodyvienzyme monomer. Inter-
estingly. the second amtibody enhanced the activation
lactor under differemt conditions, but only when the
ratio between the fiest, effector antibody. and the en-
syme ocowrred below 4.5 (Table 1), Indeed, this sug-
gested that this enhancement ocourred by inducing the
formation of complexes, and that a about 4.5 mAb
molecules per enzyme., such complexes already ocourred
spontancously. To further explone the suggested de-
pendence of the signal enhancement and the ratio be-
tween the effector antibody  and the ensvme, we
performed an additional, comparative experiment. In
this analysis, the positive impact of the second antibody
was evident at effector-ensyme monomer ratios between
0.2 and 1.3, but it was siill observable up io 4.5 (Fig. 4).
Furthermore, a nested ANOVA confirmed both the
significant diference between the two sets of signals

350
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1] 1 2 3 4 5
mibanzyme (molar ratio)

Fig. 4. Enhanced actvation by a second, anti-clector antibody.
WFMSgpl activation has been monitorsd a1 dilferent rtios of ihe
effector, anli-P1 mAb in absence (black symbols) and in presence
fahine symbolsh of & second, anti-mouse mAb (1gG), The concemra-
T ol NEFTR5gpl was 7,70l and that of the anti-P1 mAb rnged
Tromm O e W6mbd. ONPG was wsed a1 10mM. Node thit the second
amibady adone did not affeet the activity of the eneyme in abseice of
ithe elfector antibody.
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shown i Fig. 4 (p < 0.001), and also, that the en-
hancement of the signal was dependent on the concen-
teation of the first amibody (p < 0.001).

Discussion

Allosteric enzymes undergo effector-mediated modu-
lation through remote conformational effects. which are
iramsrmitted from the cffecior-hinding site (o the aclive
site, An important extent of structural flexibility 15 then
required. that in non-allosieric enzymes can be gamed
either by point [4,7] or insertational [5.6] mulagenesis.
The antibody adaptive binding (or induced fin) efficiently
triggers allosteric responses in enzymes engineered 1o act
as moelecular biosensors |3, what has permitted the
generation of new diagnostic prototypes based on vari-
ations of the specific activity, The acrivity of E oafi
[galactosidase is naturally modulated by Mg™ [14], by
thiol reagents [13], and also by antibodies rased againsi
the enzyme [16], pmuing a structurally r-:-spnnsihlt: ar-
chitecture with potential for biosensing. From a series of
insertional mutants carrving antigenic peptides. two
telerant insertion sites were wentfied betwesn residues
279280 and T95-T96, im which the cpitope-carrying
streteches act as allosterie receplors [6.8.13]. Both ac-
commadation sites are within  solvent-exposed, un-
structurgd. and flexible loops, cither protruding from
one monomer to other forming the activating interface,
or sited apart from the acuve sie and monomer
monomer conlact regions, respectively [17,18].

Therefore, in NFTS5gpC, the effector amtibody pro-
motes activation by long=distance transmission of ¢on-
formational  changes.  Althowugh  some  ohgomenc
enzymes respond allosterically through modifications in
the association-dissociation constants [ 19.20], antibody
binding to NFO75gpC does not influence enzvme tetr-
amerisation [£]. When determining the activation factor
in a range of enzyme and substrate concentrations, an
irregular landscape was observed (Figs. 3A-C), with a
wide area over threefold activation Factor at high con-
centrations of both enzyme and substrate. The intensity
of this signal is sufficient for eflicient antibody detection
i new-generation diagnostic assavs based on allostenic
biosensing, which were previously confined 1o enzvme
and substrate concentrations only allowing a twofold
factor [2.13]. Actuvation up to fivelold also occurred in
the wpper marging of this sector within 12,5 amd
18.750M enzvme and 8 and 12o0M ONPG (namely
high-concentration sectorh. However, diserete coordi-
mates within 5 amnd 12.50M enzvime and 4 and [0nM
OMNPCG (low-concentration sector) also supported highly
efficient biosensing. This heterogencous activation palt-
tern, unnoticed up o now, reveals that the allostenc
response s amplified o defined concentrations of ¢n-
gvme and substrafe (not restricted to a sole sub-

strate:enzvme molar ratio) that allow a high divergence
between the product formed ratios in absence and
presence of the effector antibody. The concentration of
the effector is not influencing the signal transduction
topography {Fig. 3G), for which eneyme and substrate
have been identified as key elemems. Interestingly. the
peptide  insertion  in [Fgalactosidase o render
MFMAapC did not dramatically affect the activity pro-
file of the enryme (compare maps in Figs. 3E and F), but
it would have instead enhanced the molecular fexibility
required for signal transduction and also provided an
allosteric-binding site for molecular sensing in a sensi-
tive surface of the enzvme.

Finallv, the fine exploration of the biosensing me-
chanics strongly suggests that multivalemt  antibody
binding and the consequent enzyvme network formation
enhance allosteric activation (Table | and Fig. 4), this
event being elearly observable ar antibodvieneyme ratios
over 4.5 (Table 1) At this value and especially at lower
ratios, @ high-molar ¢xcess of secomd anti-effecior anti-
body significantly amplify the allosteric signal {Table 1
and Fig. 41 This occurs withowt modifving the tetra-
merisation efficiency [8] {inote that £, ceff =galactosidase
dimers are not active), and probably by modulating the
adaptive binding 1o the receptor site and the consequent
conformational signal. This fact contributes to explain
why, at exception of the [=lactamase inhibitory proiein
BLIP |7]. antibodies but not other ligands such as inte-
grins  [21,22] have been observed  as  cexcellent
effectors for allosteric biosensors based on different
enzymes [4-6.9], and it prompis the further adaptation
and exploitation of these nanoinstruments for fast
molecular dingnosis of infections diseases,
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ENHANCED MOLECULAR RECOGNITION SIGNAL IN ALLOSTERIC BIOSENSING BY PROPER
SUBSTRATE SELECTION

Rosa M. Ferraz, Anna Aris and Antonio Villaverde

Biotechnology and Bioengineering, Vol. 94, No. 1, 193-199 (2006)

SUMMARY

This paper explored the effect of six different -galactosidase substrates regarding the
activation and allosteric profile of the protein NF795gpC. The substrates X-gal and
lactose were discarded in the first assays. In the first case, the instability of the enzyme
in the buffer required for X-gal dissolution unabled to perform the assay. On the other
hand, lactose, the natural substrate of the protein, rendered glucose concentrations in
absence of antibody under the detection limits in a standard amperometric detection
system. Thus, a comparative sensing analysis between the remaining substrates (ONPG,
CPRG, FDG and Galacton®) was done, obtaining the parameters that define sensor
activation profile in each case. Emission of light and fluorescence, although being
themselves highly sensitive signals, did not result into detection of lower analyte
concentrations. However, colorimetric substrates showed optimal features for the
activation assays. ONPG offered the lower analyte detection limit and CPRG the higher
activation values and the wider activation range. These results prompted us to use CPRG

for colorimetric sensing of specific antibodies in plasma samples for further assays.
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Enhanced Molecular Recognition Signal in
Allosteric Biosensing by Proper Substrate

Selection

Rosa Maria Ferraz, Anna Aris, Antonia Villaverde

institut de Biofecnologia § de Biomedicina and Departament de Genética | de
Micrabiologia, Universitat Auténoma de Barcelona, Bellaterra, 08193 Barcelona,
Spain; telephong: 34 935812 148; fax: 34 93581207 1; e-mail: avillaverde@servel.uab.os

Received & May 20035 accepted 27 October 2003

Publighed online 14 March 2008 in Wiley InterScience (www.interscionce.wiley.com). DOE 10100270t 20798

Abstract: Among profein biogenzsors, those based on
enzymatic responses to specific analytes offer convenient
instruments for fast and ultra-fast molecular diagnosis,
through the comparative analysis of the product formed
in presence and in absence of the eflector. We have
explored here the performance of five f-galactosidase
substrates during the activation of a [-galactosidase
sensar by antibodies against the human immunodefi-
clency virus (HIV), Interastingly, the employed substrate
determines the dynamic range of the allosteric signal and
significantly influances the sensitivity of the senso-
anzymatic reaction. While artho-nitrophany| [}-o-galacto-
pyranoside allows the detection of a model anti-gpdl
manaclenal antibady below 0,024 ngiul, phenal red fi-o-
galactopyranoside offers the most dynamic response
with signalbackground ratios higher than 12-fald and a
detection limit arcund 0.071 ngfpl. The hydrolysis of
bath chromogenic substrates generates linear sensing
responses to immung human sera and parallel time-
course topologies of the allosteric reaction. Therefore, the
obtained results stress the potential of chromogenic
substrates versus those rendering gquimiclumineseent,
amperometne, o fluorescen signals, for the funher
automatization, miniaturization, or adaptation of [-galac-
tosidase-based biosensing to high-throughput applica-
tions. © 2006 Wiley Periodicals, Inc.

Keywords: antibody; [l-galactosidase; E. coli; HIV; molec-
ular diagrosis

INTRODUCTION

Among the different types of protein sensors under current
development. allosteric biosensors are those based on an
engineered reporter encyme that responds w0 the analye
binding by detectuble changes i is activily. either inhibilion
or desitably up-modulaion (Villovende, 2003} Allosieric
Biosensors are especially useful for diagnosis of infectious
dizeazes, since antibodies have been observed as the most
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effective effectors, This Bwet can be sccounted by the adaptive
anfibody banding {altermatively named imduced fitl, which
having a conformational impact on the inlemeting epitope i
15 further transmitted to functional areas of the holding
eneyme. In these sensors, the antibody-binding peptide is
dizplayed in the vicinity of the active sie. socommodated in
permissive siles of the eneyme. By this approach, less selive
variants are generated that are eventally up modulated by
immiune sera {(Ferrer-Miralles et al.. 20000, Engyme activa-
tion occurs in a titer-dependent fashion (Benito et al.,
19960 and within a dynamic range particular for specific
provein constructs, In general, the insention sites for epitopse
display have been entificd by trial=and=cror insertional
mutagenesis, but a few examples of direcied evolution are
alser available (Do and Yanogaws, 20025 Alkaline phos-
phataze (Brennan ¢ al.. 1995), green fluorescence protein
(D and Yamagawa, 1999, -lactamase (Legendre et al.,
19997, [-zalaciosidase (Benito et al., 19963, and ccnain
provcases (saghatelian coal,, 2003 ) and ribozymes (Ferguson
et al., HHd; Sekella er al, 2002 have been engineered
according to this principle gencrating interesting prototypes,
I our Laborutory, we have produced several f-galactosidase-
brased allosterye sensors thal are swccessbully activated by
sera either from fool-and-mouth discase virus (FMIW)-
infected animals (Feliv et al. 2002) or from human
immunodeficiency virus (HIV kinfected humans (Ferrer-
Mirallies e1 al., 2000 .

The robustness af these f-galactosidase biosensor profo-
types could be noticeably ncreased by enhancmg the signal/
background ratio, which under standard conditions 15 not
much higher than twolald (Ferrer-Miralles et al., 2001 ) This
could be achieved by protein engineening but also by talonng
the sensing reaction amd improving the produect detection,
for which the sclection of an appropriate subsirate could
be critical. Since the E. eoli [l-palactosidase has been
extensively used as a marker in molecular biology for rather
different analytic purpeses, a diversity of analogues of
lactose, the natural substrale of the cneyme, has been
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developed for specific assay requirements. Five of these
substrates plus lactose were included in a comparative
analysaz of human, ant-HIV antibody sensing. Interestingly.
the =sensitivity, dyvnamic range of response and  other
properties of the assay have been observed as dramatically
influenced by the emploved subsirate, Farticulary. il proper
use of chromogenic compoands results in highly enhanced
signalbackground rations over 12-fold and in detection
limats below 0,024 pgdul. for o mode] moaoclonal antibody
amd below D3R Tfor a model sera pool, These resulis
are discussed in the context of the potential of allosteric
P-galactosidases in high-throughpot molecular diagnosis.

MATERIALS AND METHODS

Proteins, Protein Production, and Purification
Procedures

Provein NFET95gpC is a madified £, colf [galactosidase in
which a 37-mer HIV-1 peptide has been sccommaodated into a
sodvent-exposed loog, inthe vicinity of the active site (Ferrer-
Mirallesetal., 20001y, The resulting protein displays one copy
of the viral peptide per monomer and a tofal of fowr copies per
enzyme tetramer, the active form of the enzyme. The foreign
stretch includes the immunodominant B-cell epitope P from
the gpd] structural protein, spanning amine acids 579-613
of the Env precursor. Binding of both pelyclonal and
monoclonal anti-peptide antibodies to this peptide, as
displayed by the enzyme, stimulates the hydrolysis rate of
lactose analogues (Ferrer-Mirlles et al.. 20001). Protein
NEFT95pC was produeced in £, coli BL26 as directed from the
lemperiure sensilive expression vector pNE795epC. and
purified from crude cell extracts by affinity chromatography
(U Nmamn., 1984 ). The hurvested protein was dizaly sed agaimst
£ buller (Miller, 1972) and quantified bath spectrophoionme-
trically @t 280 mm amd by Brodfosd analvsis as indicaed
iSambrook of al., 198%). Molar values given in the figures
refier w the 116 kDa NET9S5gpC monamers,

Enzymatic Assays

The sensing enzyvmatic assays were performed in ELISA
microplates sccording 1w previcusly described procedures
(Felw er al.. 1998). Brefly, different concentrations of
NFT95epC in bulfer £ were mixed with the effector antibody
in the same buffer and incubated for 60 min at 25°C ina
microtiter plate Labsystems IEMS reader, in a total volume
of 80 pl. Then, 40 pl of chromogenic substrtes ortho-
nitropheny| fb-p-galactopyranoside (ONPCG) or chlorophenol
red fo-galactopyranoside (CPRGY ar differemt concentra-
tions were added, and the reaction was monitored for 3 b at
25 C. Measures of absorbance were auwtomatically taken
every 10hmin at 414 nm for ONPG and 540 nm for CPRG.
S-Bromo-4-chloro- .'-'i-indnl-ﬂ-u—g.‘l!.‘lctmidu { X-zal) was also
used for some expeniments preparcd as deseribed (Sambrook
el al., 1989).

T plot titration curves, (0635 pmols of the sensing enzyne
were exposed as indicated above, 1o different concentrations
of antibady or sera and also o enther chromogene (ONPG or
CPRG), fluorescent | f-o-galactopyranoside (luorescein dil,
FDGY and luminescent (Galacton®) substenes, The final
concentration was 1, 10md inall cases except Galacion™ that
wis acdded o 0008 mM.

Activation assays for FIG were performed in Fluoso-
Mune™ Black plates, special indicated for fuorescence-
based assays. The assay was performed as previously
described with the chromogenic substrates but in this case
using a VICTOR "W 1420 muliilabel counter from Perkinkl-
mer. The samples were excited an 485 nm and the
fluorescence emission was measured at 535 nm. Activation
assays using the luminescence substrate Galacton were
performed in B&EW isoplates from Wallac and they also were
monitored by VICTOR™ 1420 multilabel counter from
PerkinElmer after adding 60 pL of 0.2 N NaOH o stop the
reaction.

Glucose produced during the hydrolysis of leclose was
determined by a standard blood glucose meter (GLUCC-
CARD MEMORY 2. from A, Menannm diagnostics), which
detects the imensiy of the eleciric signal generated dunng
the oxidation of potassium ferrocvanide. The reaction was
stopped 20 i after sdding lactose by boaling the mixture for
10w, swdd o aliquet wsed o soak the assay stripas indicated
by the manufacturer for blood samples. Allermatively we
used the colorimetnic Glucose assav kit from SIGMA,
based on the rising of the brown-colored, oxidized form of
ce-cliamiside. Briefly, protein NFT95gpC in buffer £ was
mixed with the effector antibody in a final volume of B0 pl.
for 1t 25°C, After adding 160 pl. of the assay reagent and
40 pL of lectose, the mixture was incubated 30 min at 37°C,
and the absorbance further measured at 4350 nm,

The given substrate. enzyme, and antibody concentrations
are referred to the final assay volume comesponding to 120
pl im all cases except in the glucose analysis wsing Glucose
Assay kit from SIGMA that corresponds 1o 280 ul,

Sera and Antibodies

A mencclonal antibody (mAb) against the immunodominant
P11 epitope within HIV gpd | was wsed Tor most of the assays
(Ferrer-Miralles et al.. 2000 ), Also, human HIV-immone sera
feenerously provided by Dr Migeel Angel Martines from
Hospital Universitari Germans Trias 1 Pujol) and o pool of
36 imimne huwsan sera were used for some experiments, Sera
dilutions given in the figures refer to the aliquor of 200 pl.
adebed 1o the sensing reaction,

RESULTS
Substrate Selection for [i-galactosidase-based
Enzyme Sensors

Toexplore the potential of different substrates in improving
the antibody sensing process by engineered f-galactosidases,
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wie compuratively amilyzed the performance of the prototy pe
prodein sensor NFT95epC upon its activation by anu-HIY
antibodies. Initially, we selected the three commonly used
chromogenic lactose analogue substrtes ONPG, CPRG, and
Xegal. plus FDG and Galacton that once hydrolyzed by the
enzyme  render Quorescent and  luenunescemt  products,
respectively, Lactose, the natural substrate of the eneyme
was also included in the analysis, since one of its hydrolysis
products, glucose, can be efficiently deternimed by colori-
metric bun also amperametric assays,

In & fiest substrte screening. NF795apC was unstable in
the buffer required For X-gal dissolution (mol shown b, and this
spehstrate was then discarded for further analysis, On the other
hamd. the use of lictose o monitor amibody sensing was
fiestly tested for a model ant-P1 mAb by using a personal
glucose blood tester, Since human blood contains glucose,
wie tried o optimize glucose production 10 overcome those
basal levels, by screening differem substrate and cnEyme
concentrations arsund those previously seen as optimal for
oiher substrates (Ferraz et al,, 20040, At 9.1 nM NFT95gpC
and 3.3 mM lactose, 535 nM effector anti-P1 mAb produced
5706 £ 13,3 mpidl of glucose, and slightly lower values at
different concentrations of enegyme and  substrate  (not
shownp, Since the glucose produced in absemce of the
antibody, if any, was under the detection linnts, precise
sensor activation values (regarded as the relative increase of
activity mediated by the antibody ) were not obtained. The
alternative use of the colorimetric Gluecose assay kit from
Sigmia, dat 3.55 nM NF7952pC, 1.43 mM lactose, and 23 nM
anti=P 1 annbody b, allowed determining the produced glucose
in absence of effector and therefore solving the Factor in
which the antibody medimed activiion (182.6%). This
activation value was very similar to that imitially described for
ONPG during the charactenization of [galactosidase-based
sensors (Benito ¢t al, 1996G), bur again the obained
concentrations of glucose were below those expecied (o be
found in sera. In this context, determination of ant-HIY
antibodies in human immune sera rendered no detectable
activation values (not shown). Therefore, lactose, although
technically wseful for [galactosidase allosteric biosensing
wis also discarded as substrte for funther analyveical
purposes that might imvolve mammalian seri.

Comparative Sensing Analysis Based on
Chromogenic, Luminogenic, and
Fluorometric Substrates

The profile of allosteric activation was then compared by
using four substrates, among those initially intended. which
seemed potentially  applicable o animal sera samples,
Therefore, the response of the enzyme to ihe effector anti-
Pl mAb was plotted against analyvie concentration. The
resulting. best-hiting rectangular eguation

Vo= v+ a v xf b+ x)

in which v represents the antibody concentration, v the sensor
activation factor, vy, the basal activity, and & and b correspond
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with the maximal activation factor and the apparent
disseciation constant for the effector antibody bound o the
enzyme, respectively, was adjusted to cover the thearctically
cxpected pairwise value (- 10 (no activation in absence of
analyted. As abserved (Fig. 1), the general activation profile
resulted sigmificamtly influenced by the substrte wsed 1o
determine enzymatic scivaton amd the oblaned equation
constams were clearly distinguishable berween subsirites
(Table 1) The activition of the sensor was linear ot low
effector concentration values bt sech dependence was
imoedified at higher concentrations. To identify the inflexion
poants, indicative of analyte concemtrations in which the
sensing capability is saturated, we plotted pairs of converging
regression lines for each plot from Fign:u I and the crossing
poants identificd and shown in Table 1 (e values fos these line
sgls were ranging from 0839 1o 0999 pot shown),
Interestingly, the sensing signal remained saturated ot

250 -
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150 -

o ONPG

500
400
300
200
100

Activation factor (%)

250
200
150
100 FDG

250 .

150
100 ¢ Galacton

0 10 20 30
Antibody concentration (ng/ful)

Figure 1. Enrymatic activation of NFT95gpC apon exposare to anti-HIY
o lonal antibody as determaned by the haadosdysis of different subsirales.
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between | amd 2 ngfpl. mAb when using cither Galscton or
ONPG but the activation was stll progressive above this
value for FDG (up to about 2.7 ngfpl) and CPRG (up to abont
5.2 ng/pL). In particular, CPRG showed an excellent linear
response from & 10 33 ngfpL effector mAb (7 = D999, with
activation Gictors over S00% (while they hardly reached
3% when using other subsirates),

Fegarding the lower detection limit. ONPG allowed the
sl sensiive assay response, since with this substrate, the
protein sensor detected vp 1w (U024 ngfpl specific antibody
with an activition factor of  105%  (threshold  up-shif
considered of analytical valeey (Table 1. With CPRG,
instemd, the sensor generated a detectable signal from 0,071
ngul. while Galacton and FDG allowed a lower detection
limit im berween those of chromogenic substrates (0004 and
0,16 ngful., respectively), In this context, it should be poted
that paramcters from rectangular equations were very similar
with and without the 0100 coordinate constriction (see
parcmbesis in Table 1), and that vy values of the crude
couations were very close to 1. However, such resem-
blance was slightly lower for CPRG couations {(for instance
6126 versus 100 for vl whot could represent an important
warability in the sensing data for low analyte concentrations,

Allosteric Sensing Monitored by OMPG and CPRG

Since Galocton and FDHG did not offered clear advantages
over chromogenic substrates regarding sensitivity, signal-
background ratio. range of response or reproducibility, we
further tested CPRG and ONPG for a deeper comparative
analysis, First, a pool of human, HIV-immune sera was used
as analvie o explore the sensing behavior with natural
samiples. The activation profile is shown in Figure 2 and the
relevant plot parameters at the bottoan of Table 1, Alihough
the general behavior was slightly different than thar observed
with the model mAb (Fig. 1), the relative propertics of both
substrates indicated above were also conserved in the new
comtext. In this regand, the saturation point {17135 and the
maximal activation factor (more than TINFE) were baoth
higher in CPREG than in ONPG (171 1406) and 350%,
respectively). In addition, CPRG hydrolysis permited the
detection of lower levels of antibodies im sera (13809098 vs, 1F
B.3609 with ONPGY In this case, the resulis were much less
variable at low analyte concentrations than those observed
with maAb, since the expected and actual v, valuwes were very
simmlar (Table [k The poor adjustment of activation values
observed with both substrates an low sera dilitions, when the
samration point is reached. is irrelevant from a diagnostic
pant of view,

Tin a previous work amd by using ONPG as substrae for
WFT95gpC (Ferraz e al., 20040, we observed that the ratio
bBetween the sensing signal and the background was largely
dependent on the concentration of bodh enzyme and substrate
in the reaction, defining time-evolving  but  consistent
topographics. From the analysis of these maps, specific
comcentrations of the reaction components can be sclecied in
which the activation factor is enhanced, a very comvenient
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Figure . Enzymatic activation of NF7%5gpC upon exposure to an HIV.
immune haman sera pood as determined by the hydmolysis of (PG or
CPRG.

issue for diagnostic purpases, A comparative analysis of the
sensing topography was then performed with both anu-Pl
mAb and a human sera pool for CPRG and ONPG (Fig. 3. As
observed with the effector mAb, the areas allowing amplificd
sensing sigmals were nof coincident, being around 5-7 nM
enzyme and (.5— 1.5 mM substrate for CPRG {panel C). and
T=11 ¢ encvme and 2.5-4 mM substrate for ONPG (panel
Crp. These areas were Tound more widely extended although
the activation vilues were slightly lower when sensing
antibodies i immune =era (panels D oand H). In agreement
with results shown in Figures 1 and 2. peak activation values
were higher when wsing CPRG than ONPG (380,1% vs,
395.6% for the mAb and 426, 3% and 3060, 1% for the immune
serk To evaluate the reproducibility of these results and the
reliability of CPRG and ONPG as subsirates for sensing. five
different hwman HIV-immune sera were used as effectons o
plot topological sensing maps with both substrates, under the
comentranon ranges of them and the enzyme indicated
Figure 3. Both the average sensing signal and the maximum
activation values were obtained and compared by a correla-
tion amalysis. In Figure 4, regression lines are depicted
showing a high consistence between data derived from both
substrates (/ is 0.992 and 0.955 for average and maximal
values, respectively, F <001 in both cases), and again a
higher sensing signal with CPRCG, that for the most activating
sample reached 12000 of the basal enevme activity.
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DISCUSSION

Allostenie enzymes respond to the binding of a specific heand
toy o position distinet to the active site by a varation of their
specific activity, This pranciple is obviously applicable 1o the
specific detection of analytes of diagnostic interest. Being
antibodies the most efficient allosieric effeciors, infectious
diseases are very appropriate for diagnosis through allosteric
bicsensing. Several f-galactosidase-based sensor prototypes
have been previously developed that, by displaving immu-
nodominant epitopes on their surface, are successfully
activated by monoclonal antibodies but also by immune sera
against cither FMDY (Benito ¢t al., 1996; Feliu ot al., 2002)
or HIV (Ferrer-Miralles e al., 2000). Antibody-mediated
activation requires multiple and simultancous monovalent
contacts between this enzyvme and the effector molecules
(Alcala e al.. 20023 that modify the enzymatic constants
presumably  through  alterations 0 the  conformational
architecture of the active site (Feliu et al., 1998, 2000),
Since the modulation of subsirate processing rate is the
sensing signal itself’ {obtained by comparison of product
formed in absence and i presence of the analyte), the specific
substrate selected o deermine the signal could be nom
irrelevant to the final sensing data. In this work, we have
explored this issee by comparing different  available
substetes for this enzvme and that generate differem Kind
of macroscopic signals, Interestingly. emission of light and
fluorescence, although being themselves highly sensitive
signals does not result inte detection of lower analyie
concentrations and boah the sensitivity and activation profile
are rather similar in all the tested substrates (Fig. 1, Table I),
Contrarily, the chromogenic substrates ONPG and CPRG
offer attrctive properties such as lower detection limits and
specially, in the case of CPRG, awider activation range with a
top signal/background ratio wsually around Q0% and up o
IHHFe (Figs. 1. 2, and 4). These high values can be
approached by adjusting the concentrtions of the resction
components, namely enzvme and substrate, 10 the =mgle ho
zone of the sensing reaction generated by CPRG (Fig. ).
Interestingly. although the substrmle-dependence of the
maximal activation valee {paramicter o i Table 1) is no
completely unexpected, the wsed substrate is also affecting
the apparent dissociation constant of the effector antibody
(namely parameter b in Table 1), However, as the molecular
size of substrates is different and the sensor 1s in fact activated
by conformational modifications of the engyme active site,
cach substrate could differently imerpret, at the molecular
level, the structural effects of antibody binding.

sensitivity of allostenc P-galaciosidase biosensors, being
comparable 10 thar amomatized ELISA (Ferrer-Miralles
et al.. 2000, is not itself offering any additional advantaged
for precise diagnosis under laboratory conditions. However,
the simplicity ond fasiness of [-galactosidase activity
detection through chromogenic components can make the
sensing assay usclul for high-throughput scereening of a
large number of samples in the feld context, what could be
curried out by non-skilled personnel through bomogenous
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microassays, This potential application approach 15 agree-
ably supported by the properties shown by CPRG but in
particular by the enlanced signalbackeround ratios. higher
s that offered by any ather tested subsirate and appropriale
for sceeening under ield conditions, On the siber hand, the
molecular mechanics supporting the highly divergent sub-
strate production for CPRG hydralvsis in absence and in
presence of the analyte deserve detailed investigation by
molecular modeling,

Ihosdy are depicted im panels
ap campari=on. the sclivation

Finally, the amperometnc detection of specific antibodices
in homogenous assays would alse accomplish the nequire-
imemts of a Gt Geld-framed diagnostic assay. However, the
meastire of e elecinic signal through glucose production
pesulting from lactose hydrolysis must largely overcome
glicose levels as occurming i blood or sera, In our hands,
glucose concentrations reached vmder the small-volame
assay conditions appropriate with diagnosis have been oo
low for this purpose, Although [B-galactosidase sensing by
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Figmre 4.  Coarelation between average and higher activation Factors from opography maps oblained by wsing either CPRG or ONPG. when analyring five

dafferent, HIV-immune human seri.

elecine determination would deserve Turther development
for analytical purposes oaher than diagnosis, results presented
here prompt the implementation and further investigation of
CPRG for colonmetnic sensing of specilic antibodies.

W approctne the Belplul aasastance oF Dy, Foan Cedano i statistsal
analysis,
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HIGH-THROUGHPUT, FUNCTIONAL SCREENING OF THE ANTI-HIV-1 HUMORAL RESPONSE
BY AN ENZYMATIC NANOSENSOR

Rosa M. Ferraz, Anna Aris, Miguel Angel Martinez and Antonio Villaverde

Molecular Immunology, Vol. 43, No. 13, 2119-23 (2006)

SUMMARY

Neutralizing antibodies are becoming of great interest in therapy and vaccine
development to HIV. Several studies describe that these antibodies are able to promote
conformational perturbations of the epitope and surrounding areas. In this work, the
type of human antibodies acting as the most efficient sensor effector was investigated
by exploring the relationship between antibody titre and the allosteric response.
Different specific anti-HIV-1 gp41 antibodies present in sera samples (namely IgM, IgE,
IgA, 1gG1, 1gG2, IgG3 and IgG4) were analyzed regarding their ability to activate the
sensor, and in consequence, to conformationally modify the epitope. Sensor activation
was significantly dependent on IgG4 antibody subpopulation binding, showing a specific
ability of this type of antibodies in promoting conformational modifications in the target

site.

The use of enzymatic nanosensors to high-throughput analysis of antibodies in sera was

proposed.
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Abstract

The impact of amibodics onothe target’s epitope conformation is a major detenminant of HIV-1 neurralization and a porential contributer o discase
progression, We explone bere a confonmation-semsitive enzymatic nanosemsor for the high-throoghput Tenctional screeming of human anti-HIY-
amlibiadies i sern, When displiving a model epitope fron o gpd | mimunodomimant regaon By residues From 579 1o G135 the sensing siznal
quantiatively distinguishes beoween adaptive and non-adaprive amtibody binding. By using this wool, we have identafed 104 & ohe dmmunog lobailin
subpopulatron most elficuen n the structora] modilicatmn of the Brgel epbope,

0 2006 Elsevier Lad. All rights resered,

Kevweards: HIV: Amtibody: IpGel: Immunosensor: Viral infection: Allostenc biosensor; Adaptive hinding

I. Intredaction

Antibody neutralization and viral escape have been regarded
as important determinams in the dynamics of HINV-1 infection
and progression 0 AIDS (Wei er al, X033 Major immun-
odominant regions of gpdl and gpldD proteins contain mos!
of the HIV-1 neutralizing epitopes idemified so far (Broliden
ci al.. 1992}, In contrast 10 other vituses, many Cvasive muia-
tions in HIV-1 map outside target nemralizing epitopes (Kwong
el al., K2 Watkins et al.. 1996). This can be accounted by
two iniriguing escape mechanisms other than plain alientions
of the antibody-binding site sequence, First, the ocourrence of
a gpetl-gp 1 20 glycan shield and its evolving structure, as sup-
ported by the modulation of the N-lnked glycosilation patier,
allows an efficient carbohydrate masking of neutralizing epi-
topes (Wea et al., 2003: McCaffrey e al.. 2004: Koch et al., 2003).
Secomd. single amino acid substitutions inactivatle remole epi-
topes by long distpnce structural alterations thai are iransmined
within, bt also between gpd | and gp ) Hemwvelope proteins | Park

* Comresponding awthor, Tel: + 34 D35E12148; fax; 34 DISE120010
E-nndl aelifrrnn svillavesded® werveLpates A, Villaverde)

D 61-589V% = see front miatter © 06 Elsevier Lid. Al righls reserved.
hind; 100 1000 e macsliomem, 2005, 1 2,00 2

ctal,, 190, 2000, Lhang et al.. 20025 Watkins et al., 1'99%6; Thah
et al, 1994). Such conformational camouoflage indicates a high
extent of fexibility of gpdl-gpl20 complexes, which allows
protein domains (o reorganise upon receplor binding ( Myseka
el al. 20000, In the context of this unusually high sorucioral
plasticity. newtralization of HIV-1 might be closely hinked o
the antibosdy-promoted conformational perturbation of the epi-
tope itself and sprounding areas of influence, This possibility
has been elegantly confirmed for the broadly newtrlizing anti-
hody 2F5, whiose binding to gpd] precludes viral fusion through
its conformudional impact on gpdl (de Rosny et al,, 2004), ©i
hias been suggested that other gpd | -targeted nevtmlicing wti-
bodies, namely 4E10 and Z13, could sct a0 a similar way (de
Rosny et al.. 2004). Funhermore, the stroctucal effect of anti-
e antibodies was also observed with a setof 20 gpl 20-reactive
monockonal antibodies. The enthalpic and emropic changes of
the former ligamds cormelated with their neutralization polency
ikwong et al., 2002). Interestingly, the ability (o perfonm struc-
tural madifications is determined by the antibody and not by
specific features of particular gpl20 epitopes (kwong i al.,
2012,

However, the potency of human anti-HIV-1 sera 1w modify
the turgcl':s structure remains o be analysed. Bath A-ray anti-
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gen and antibody comples structure determination { Kwong et
al,, P9E end thermodynamee measurement of antibody bind-
ing (Kwong ¢t al., 2002) are not suitable for high-theoughpat
sereening. Morcover, determination of viral neutralization with
homologous viruses is also not suitable for a large volume of
samples and the biological significance of the newralization
of heterslogous sirains is at least controversial. Therefore, we
propose here o use an engymatic nanosensor, based on an engi-
neered Esclerichio cofi J-galactosidase (MFT95gpCh. that can
b usetul o evaluare the structural impact of HIV= 1 immune sera
binding on a highly conserved antigenic segment of gpd (Env
residues from 579 oo 6l 35 { Viveros e al., 20004,

2, Muteral and methods

2.0, Prodein, protein prodiechion aird parification
frercedires

Provein NFT95gpC is o modified £ coli f-galactosidase that
displays four copics (ong per subunith of & 37-mer HIV-1 pep-
tice, inserted into o solvent-exposed loop. close 1o the enzyme
active sites. It includes the immunodominant B-cell epitope PI
frovm the gp4 ] structural protein, spanning amino acids 579613
of the Env precursor (Ferrer-Mirnlles et al., 2000 The spe-
cific activity of the engineered encyme is lower than that of the
parental ensyme. but it is regulatable upon specitic ant-HIY
antibady Binding. Protein NET95epC was produced i E coli
BL26as directed From the lemperaiure sensilive cxpressmm veg-
tor pNET95epC, and it was purified from crude cell exiracts by
affinity chromatography (Ullmann, 1984, The harvesied pro-
tein was dialyzed against Z buffer and quantificd by Bradiord's
procedure (Sambrook of al., 1989,

2.2 Sera amd ELISA preosceidunes

Boih immune and non-immune human sera was obiained
from indicated sources (Ferrer-Miralles et al,. 20005 and also
from the Hospital Universitan Germigns Trios § Pujol. Badalona,
Spain. An indirect, enzyme linked immunoassay (ELISA) was
performed by using saturating amounts of NF795zpC (7 pmol
per welly as antigen. Swandard procedures were applied as
deseribed elsewhere (Femer-Mirnlles ¢ al. 200 All seéra
were diluted st 17500 and 100 pl of sech solutions were
added 10 each well, Different iypes of second anti-human
antibodies were used a0 optimal dilwions (angi-1gG, 172000
from Pierce; anti-IgGl. 15000 ann-1gG2, 20000 ami-1gG3,
LA anti-1g G, 12000 anti-Tghd, 12000, anti-1gA, 171000
and anei-1gE. /50 from Southern Bistechnology Associates,
Inc.)

For the comparison between monoclonal antibodies F240and
anti-P1. we wsed several antibody concentrations ap 1o S0mgul,
and 1720000 diluted anti-homan o anti-mouse (Bio-Rad Lab-
oratories) secondary antibodies, The reaction was developed
by using 2.2 i bis 3-ethylbenzothixoline-6-sulfonic acid)
from Sigma, according 1o the instructions given by the manu-
facturer. Samples were amalysed in mplicate.

2.4, p-Galactosidase activity easay

Activation assays were performed in ELISA microplates as
deseribed before (Ferrag et al., 20040, Briefly. monoclonal anti-
beodies F244) and anti-P1 were diluied in buffer £ with 0,65 pmol
of NFT93gpC and funther incubated for 60min ot 25 °C in a total
volume of 8 pl. Ciherwise. sera diluted at 104 were mixed with
0.5 pmol of eneyme and incubated for 6min at 25 °C. Then,
40l of ertfro-nitropheny | [#-p-galsctopyranoside (ONPG ) were
wsed 1o determine mAb-mediated sensor activation and 40 pl
of chilorophenol red B-p-galactopyranoside (CPRG) in samples
sctivated with sera, both substrates ina final concentration of
033 mgiml. After 30min of reaction, absorbance wis deter-
mined at 414 and 540 nm, respectively. with a microditre plate
Labsysiems IEMS reader, The allostenc signal was measurced as
the percentage of product hydrolysed by the B-galactosidase sen-
sar in presence of effector, relative to that hydrolysed in absence
of any analvie, through shsorbance quotients (therefore activa-
tion values are given as [FD or higher) {Benito e al.. 19%).
Al the assays were performed in trplicae.

24, Dhata analvsis

The allosteric signals obtained with sera panels as described
abowve were straightforward wsed for correlation with different
parameters. namely ELISA absorbances for isotype determina-
tipn, AXSYM rough dota as indicated (Ferrer-Miralles et al.,
20000, T or CDEY cell concentration and HIV-1 RNA con-
centration. Correlation analysis were done by using cither acti-
vation data obtained under the optimal enzyme and substrate
concentrations for a higher signal:hockground ratio (4. 0608
NF795epC and 1.66 mM CPRG: (Ferrue et al., 2004 or dats
sets collected o differem eneyme and substrale concenlrations
namely 208, 4,06, 6.26, 833 and 1041 nM NF795epC, and
166, 3.32, 6,60 and 10.00mM CPRG, The significance of both
tvpe of cormelation was similar and they are shown in Table 3.

25 Provein-aniibody inferactio analysis

Buscore anulysis was performed by using a BLAcore 1000
instrument, BlAcore 1000 control software version 2.3 and
BlAcvaluation Software v. 4.1 (Biacore AB, Uppsala, Sweden).
Each monoclonal antibody was covalently attached 10 a car-
boximenlated dextran matnx of o Sensor Chip CMS Rescarch
grade (Biscore AB, Uppsala. Sweden) using amine coupling
chemiziry as described by the manufscteres, Bricfly, the carboxyl
groups of the chip surface were activaled by exposing 1o a mix-
ture of 200 mh& AM-cthyl-A-dimethylaminoprogy | carbodiimide
(EDC ) and 50omM N-hydroxysuccinimide i NHS ) for 7 min, The
pwor monoclonal antibodies F240 and anti-P 1 were imumohilised
into twoe different flow cells a1 25 pgdml in HEPES-buffered
saline (HBS, 10mM HEPES, 150mM NaCl, 0.05% Tween 20
and 3mM EDTA at pH 345 and 385, respectively ). followed
by imjection of 1M ethanolaming 1o block the unreacted groups.
Provein METO8epC was used as analvie. Binding assavs were
performed at 257C in HBS pH 7.4 at o Aow rate of 3 pfmin, by
adding 70 plof protein soluion. Berween each oyele of analysis,
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5l of 100 mb NaOH were inpected at a fow rate of 10 pliimin
foor the regencration of the hgand, Data from every flow cell
exposed 10 different amounts of NFT9SepC wene analvsed o

Tahde |
Cornelation paransciers belweem onsymatic activation andantibody binding mea-
st By [wer liermative procedianes

obain the vilues of association and dissociation rate constanis AT ELISA®

amd the affinity constant KD (dissociation constant/association Immune and non-immune s r=0.793, p< 00U, r=0672, pc (0000,

constant ). Association and dissociation rte constants were cal- =il n=df

culated separately by 111 (Langmuir) model. available in the (LR A r=lL 200, p= RS F=002T, p=DURHL
LR _1: n= .‘.‘J

BlAevaluntion Software v. 4.1 { Biscore AR, Uppsali, Sweden).
3. Results

The viral peptide displaved by NF795gpC comtains i major
nevtralizing, disulphide bridge-free B-cell cpitope (named P
and spanning residues from 589 1o 603 ) displaved in its helical,
mative confirmation (Ferrer-Miralles et al.. 20005 The mosd-
ificd B-galactosidase (NFT95gpC) enzyme displays a wotal of
fosur copies (one per monomer) of the viral peptide on solvent-
exposetd surfaces and responds allosterically 1w antibody ligands
by an up-shifl inits specific activity (Fermer-Miralles etal., 20010
Ferrae et al., 2004), The conformational activation of NFT95gpC
does not imvolve aliermions of the quaternary strocture and i
is irrespective of antibody moltivalency (Ferrer-Miralles et al.,
20m11).

As shown in Table 1. the activation of NFT95gpC was lin-
carly dependent on the effector concentration, either podvelonal
sera or monoclonal antibodies, In addition, the extent ai which
this sensor is activated by human (Gimmune plus non-immenc

Tabss 2

* An-HIV amibody dler in 6] imlecied and nos-infecied mdividuals were
obiained by AxSYM ina previous study (Ferrer-Mimlbkes of al. 2000 & Detailed
peoceduies for the sensing reaction {lasting 30 min) are explained in detail elve-
where | Ferrar et al.. Tk The lincarity of the semsing nesposns 10 the eflector
a0 By ConCenrLion bus been assessod for NETRSgpC with the ani-Pl mon-
o lonal amiibasdy (Ferner-Miralles et nl. 2000 b (p<.00] ), sl wish a pood af
sera from 31 HIY- | -imfected imdividuals (pr<i000] ). Such linear respooss is in
agreement with that found with related Brgalatosalise mnosensons displaying
differest ancigens {Hemiio eq al.. 1

® Indirect ELISA was perfommed manually n microtiser plaies by using an
anti-1gls secondary antibaody.

* Posaible relatismship Petwoen ELISA and encynatic sctivaton dala other
i Finesr depensdence wene alsoexplosed, 8l cases nendering mon-significant
cormelation fcoor (o0 14k, not shimm),

sera showed a significant and very high linear correlation with
anti-HIV-1 antibody titers, as demonstoned by both the auio-
mated AXSYM immunoassay and a mangal ELISA (Table 1),
However, when the :malg.'six wis limited o immune sera no
dependence was observed, Imponianily, this result indicated thai
the meere interaction with the antibody did not necessanly resull

Bindeng amd activaieon of NFT5gpC with two monocional anibhodies dinscoed against epiiope P1

Mloocsclomal aniiboddy and feferonce

F24 fCavacim ¢l al. 1998} Anti-P1 {Fermer-Miralles et al.. 200§ "
Semeor activation § 75" i KT 41531 FRI05 =402 il
ELISA (% of maximal signal i 66 018 HT124 £ 1493 0142

Ky iny DM 0 203 107"

205w WY 2928« (07 (LT

! The signilicanse of the different values obaimsed for e two sestod amibodics was analysed by o one-factor AROVA s,

B Sensor porlvanion was deermained an 330 npfl amibody and 5.4 nbi NFTOSgpC

“ Both binding and dissociation constamts wene measaned by using NFT95gpC as antigen. BIVCORE experinents wene performed acconding g commin progesduns.

Allthe experiments were perfoned ot beast in iriplicate.

Tahle 3

Correlation parametlers (aamely ramd ) for cocymalic sensang and climical features in HIV-1-infeciod indavidaals im= 155

Antibody tiner Climical parameter
Izt IgM IgE lIzls IgGil lgli2 lgli3 e8] ¥L CIa* (WL
Riscrele sigral® ~ 0,184 275 7 A& M (1,105 0194 579 1 [ 0¥ 271
n 052 447 ik Ry 0421 0 ind 097K 0,41, a2l 974 02 7l
Anerage sipnal® r 0420 o7 3 0404 {0 Ttk 1155 0,224 [IEL]) [LTHLY 047 (LR
[ 0465 214 (L5TH ORIT w176 .50 0423 nazi LU 0HE3 173

! The semsimg sigmal was determined as the quadtsem between the prodoct of CPRG hydmolysis mediated by KFT%SgpC. fomed in presenoe and ahsence of sera
The semsing reaction was performicd at 4.16aM NETHepC and LotmM CPRG, conditions in whsch the backgsoiid sighal bas beei found mantmal (Ferrae o al-
200M40, Al neactions wene perfonmed in mplacate.

" Comelasoes were also explived by using an average senskng shgnal obasined ueder difierent eneymatic reactbon condiibons, la particulur, sem wene fesied for
sensor activation in all poasihle combinations of 208, & 166,26, £33 and [0 nM NFTOSgpC, and 166, 332, Adanmd 1000mM CPRG. Since all the neactions
wiene perfommed in tnplicate, the average sensing sigeall For cach spocilic scrum was oftained from sbout 50 indepondent eneymatic iests, p-Valoes lwer than .05
are bndlisated in holdee,

* Im the cormelstion analysis, ELISA ahsorthance units (A g ) wos considered Tor antibodies, HIV-1 RNA copies per millilitees for viral losd, and nember of cells
per mécrolitnes for CI4* and CDE,
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in Empriant Fn:rlurlwli::m‘.ul'llu: Lurget epatope, Moreover, reac-
tive antibodies may be differently competent {as expected) in
epitope modification. This possibility was coafirmed by the
divergent behaviowr of two selected anti-gpd | monoclonal anti-
bodies direcied against the immunodominant epitope displayed
an NF795gpC. These antibodies exhibited indistinguishable
affinity constants to the viral peplide, but activated the sensor
with significamly different efficiencies (Table 23,

To identity functionad antbody populitions elicited during
U i response o vical infection we companed sensor acti-
vation levels with the occurmence of anti-gpd 1 lzA, 1gE. lzM
and 1gG, as well as with the different G solypes. in immune
seri, from a group of patients (n= 15) with different virl boaids,
CDA™ and CDE™ titers, As expecied, B-galaciosidase activation
did not correlie with those clinical parameters bin neither with
binding of IgA, IgM. IgE wtal [gG and 1gG 1, [gG2 and 1gG3
isotypes (Table 31 Imerestingly, sensor activation was instead
significantly dependent on 2G4 binding (pr=10.023. 0= 15). To
comfirm such cormelation, we determined the oocumence of anti-
HIV 1gG4 in a larger number of sera samples w0 be added in
our analvsis (not shown ), and the anti-HIY [gG4 dependence of
the sensor activation became then mech more obviows (= 55;
=00 ).

4. Discussion

Allosteric biosgnsors are vseful tols for the diagnosis of
infectious discases and other analytical purposes (Villavernde,
23 By exploring solvem-cxposed sites of the £ colfi -
galactosidase, permissive (o peptide inseriions {Benito et ol
1995: Felin and Villaverde, 19981, we have constructed sets of
hvbrid eneymes contaiming different viral epitopes that ane scti-
vated by anti-peptiche antibodies {Benito eval.. 1949%6; Felio etal.,
1998 h; Ferrer-Miralles e al.. 20000 and wseful for the detection
of the infection of either foot-and-mouth disease virus (Feliu
et al., 2002) or HIV-]1 (Ferrer-Miralles et al.. 20015, Interest-
ingly, structurally different foreign peptides as those used from
Toot-and-mouth disease viros VP capsid protein (Feliu et al.,
P4 and HIV-1 gpd | protein (Ferrer-Mirallies et al,, 2000 ) are
cfficien as receptors for allosteric biosensing throngh aneibody-
dbependent induced fit, although only defined acceptor sites in the
enzyme efficiemly suppon antibody-mediated activation {Felio
et al.. 1998b; Ferrer-Mralles et al., 2000 5 One of such siles,
mamely between eneyime residues T95 and 796, has been used
1o construct the maodel sensor NF795gpC, whose efficiency as a
diagnostic ol is comparable w thit of conventional automated
immumkassays (Ferrer-Miralles et al., 2000 1 By using this sen-
sor, displaying an immunodominam epatope from HIV-1 gpdl,
we have proved here that the presence of anti-peplide [gGa ani-
bodies are main contribyiors of sensor activation, whal indicaies
aspecific ability of such antibody population in promating con-
formational periurbations in the targel antigenic site,

The occurrence of 1g G isotypes in the plasma of infected indi-
viduals is becoming a sudden matterof exciting attention, as they
mvight become useful markers for AIDS progression (Marines:
ef al., 2005; Abbas et al., 2005}, In this regard. the occurrence

of lgGd in show progressors comelates sith CDEY cell count,

while in rapid progressors. 1gG4 comelates with the percent-
age of CD4" cells (Abbas e al., 2005). Ahlough these dua
are still partial and [gG4 has been sometimes used in combi-
mition with other parameters for comelation analysis (Manine:
el al,. 2003), these preliminary studies indicate thar LgGa might
play a funcriomal robe in controlling HIV-1 replication. On the
other himd, the data presented in this work indicate that this
antibody subpaopulation may exhibit an unusoal ability of epi-
tope miodifcation, thar could be eventually relaed o particulsr
meutralizing abilities. The vnusual structural properties of [pG4
inamely u shon bridge and the lack of covalent imerctions
between heavy Chamns among iers) { Aalberse and Schuwrman,
A2 b, could contribute 1o its particular impact on the arget epi-
iope as revealed here, The possible influence of this fact on the
progression of the viral infection would reguire further and deep
investigation.

The resulis presented here prompt the consideration of enzy-
mustie nanosensors for the high-throughput analysisof antibodies
present in sera sumples. In the case of HIV- 1, the conformational
perturbation of & major gpd] epitope by the antibody adaptive
hinding seems to be of particular biological relevance, and it is
predominamly mediated by the 1204 populiticon.
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ALLOSTERIC MOLECULAR SENSING OF ANTI-HIV ANTIBODIES BY AN IMMOBILIZED
ENGINEERED -GALACTOSIDASE

Rosa M. Ferraz, Anna Aris, Gloria Gonzélez, Josep Lopez-Santin, Antonio Villaverde and

Gregorio Alvaro

Enzyme and Microbial Technology, Vol. 41, Issue 4, 492-497 (2007)

SUMMARY

Activation properties of the protein NF795gpC bound to a surface such as agarose were
analyzed. This is an essential step in order to develop new and portable versions of the
sensor, for the future implementation of optimized devices able to detect HIV infection

in an easy and reliable way and by non-skilled personnel.

The protein NF795gpC was immobilized into an agarose support. Anti-HIV antibodies
were analyzed in this situation and the sensing signals compared with the results
obtained in the common assay. Higher activation values were obtained with the free
enzyme, but the immobilized version exposed to HIV-infected patients sera, showed a
sufficient increase of activity for sensing purposes. Furthermore, it was demonstrated

that biosensor is stable enough to perform measurements at environment temperature.
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Abstraet

The main ehjective is 1o demonstrte the feasibility of gualitative and semi-guamitative determination of anti-HIY antibadies, based on the
allostene responee of an smobilieed engimeered Esoherictia coli B-galaciosulase, The smtabihity of this eneymie aml the condunons Tor homaoge-
neows assay hid been previcusly demenstrated. Inthe present work. the operational conditions forengingered £, coli J-galaciosidase immobilizaion
on activated agarese suppons have been determingd, A solid biocsalys has been prepaned and charscienzed in onder 1o determing ithe activation
degree of the immobilized enzvme in the presence of anti-HIV antibodies, The solid-phase biocatalyst has been <hown 1o be able o modulae
it activity and produce an weegquivocal signal in presence of anti-HIY comaining sera from differem patienis. Finally, the conceplual design of o

possible assay bosed on the above methodology is proposed.
© 2007 Elsevier Ing, Al rights reserved,

Kevwgrds: Imimashilized engineered PB-galnowsidase; Ang-HIN angibodies sensing: Allossenic enrymes

1. Dowivodduction

Biosensors ane hybrid devices that convent chemical informi-
tion inio an analyiical signal by using o biochemical mechanism
[1]. Among protein biosensons, those based on the allosteric
responses of modificd engymes [ 2] are promising instrements for
fust el wltrn-fast molecular dingnosis through specific antibody
dhetection [3]. I them, the aoalyie antibody inerscts specilically
with the receplor, a foreign antigenic peplide displayed i the
wigimity of e ey me active site, As a resul of such ineraction
and by means of the induced fin the functional architecine of
the active site is modified and the catalytic activity modulaed
in a detectable way, The cnevme isIF acts then as a physico-
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chemical iransducer that amplifies the signal resulting from such
interaction o macroscopical level. A rther shon lisy of natural
enzymes hive been engineercd as allosteric biosensors including
B-galaciosidase, alkaline phosphatase and TEM-1 B-laciamase
121, beimg all of them suitable for Romogencous imimunoms-
siys. In particular, Escherichia coli B-galectosidase has been
successfully tuilored for the dingnosis of either foot-and-mooth
dlisease [4.5] and oo immunodetciency virus (HIY) infec-
tion 6.7, and conditions for homogenous assays in liguid plise
completely established [8],

For many dingnostic applications, in both human and animal
health, it would be desirable the development of a solid-phase
bioscnsor version that could be uscd by non-skilled person-
nel in a simple and reliable way, This is capecially significan
in fichd campaigns and when a lorge number of samples are
1o be sereened. For anti-HIY antibodies detection, the cur-
rent assays ane different immunodetection methods [4.10], wnd
there is a grest interest in field amd fast optimized methods
[1E 2], In this context, chromogenic substrates would be also
very appropriate for the qualitative and semi-gquantitative iden-
tification of antibodies in immune sem or any other relevant
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amalvtes. Among the differem substrates available for the
enevme. those rendeding colored products, namely  artfe-
niwophenyl B-p-galactiopyvianoside (ONPG) and chlorophenol
red [E-p-galactopyranoside (CPRG), have been observed as the
mast appropriate for antibody bicsensing, because of the low
detection limits and the high signal-background ratio derving
from their use [13],

Aminivial bt eritical step in this direction would be the imimo-
hilizmion of the engineered hincaalva ina sahle and functional
way. still not reported by any allosteric eneyme. In this work.,
using g modificd E, cofi B-galactosidase responsive o anii-HIV
antibedies, we prove that the immebilizamon in glyoxal-agarose
supports results in énsymes fully responsive [ iImmang hidman
serat. The objective is o demonstrate the usefulness of the mmnmo-
balized allostene eneyme Tor qualitative and semi-gquantitative
detection of HIV amibodies, opening possible futere bosensor
developmeents.

2, Materials and meihosds
21 Proreins, prorein expression and sera

The peotcins used wene cither commsercial B-galsctosslase from £ el
(Rocte Deagnestics 510 or NFMSgpC, o medified £ colf B-galactosadaee
which contains an insertion of the epiiope PI fnom the proicin gp] of HIY-
1. betwoen rewitwes. TS and 7 of every eneyme sulbsmii | 7], The viral epitape
spars (he aming acids from 579 10 613 o (ke Env precursor and is o major
Immmiepenic HIV=1 Beocllopitope, The pepdie is acomamimodiaied inno ool vl -
expongd koop near the eneyme active site and Tully available for mberaction
with specific antibodies, While the mmiont protein displays a catalytic activity
lersw than tbe parental versio, the presemce of a spevilic anti-epitope antibody
enhamces this activity (s 5 dose-dependent menner [4]. Peossin NFTOSppd was
pevaduced im £ eolf BL26 using the empermioee semsitive plasomild piFE7Sgpd
|7] and it was pariiied by afinity chromawgraphy [14] using baffer & in the
ilalysis procedures | 15]

For bimersing experimmnts we isod enter a posd of 36 himan sera (e
HIV. bebnfected individuals of some oF thens indiavideally, The sers samplés were
pencmily provided by Anmetic Miillor (Micnocoai | 7]

22 Mmmobiltzeaion supporr and acivarion procedire

Agamsg beaits IDRCT and JBCL from Hispanagar were s 5 sspporms
and their petivation process ks described elsewhene [ 16]. Bricfly, after the ik
iAemtion of agarose widh glycidol {2 epoxypropanol. from Sigma) during 1%h
200 i s okl ioed using Nal Oy 0.1 8 i Sigmah and the amoont of shic-
e groaps formed ainer 34 mimaf incubaiion wis messwred theve i an enabled
reaction ming I 0% amd siwrated SNalbC0h, The number of alidehyde groops
availabde pir link the ligam! wans caloulaied by analyzing the consumed pericdaic
L]

23 Prorefo fnmiotilizanion fimo agarose aod staldline aoalysts

Thae drmemishilsratiom process wos carried oo s pH 10, for the comemercial
P=gaiactosiclaee | Koche Dasgnivwtics S0 ) and x0 pll 2.5 for XFTSgpC. s d °C,
ursder gentle sairrisg, A solutios of 100 nsdd NaliCy a8 ehe opemmtion pil weas
el wiih ke enerymanis solwton lemding o 2 fnal coscenration of Hims
MaHOOh, An appeoprinie voleme of ihis solibon wan mised with activased
mgarose, offering approximaiely 30 AUmL of apercee sappornt. The renmining
vodume was used os a reforemce (Blanky o sl soduble cnsdyme sabality under
iennsbelizalson condabons. The catalyis adivaly of the Blank. supcnsstant asxl
icaal suspemsion was measured an cliffenem nmes withibmwing samples of 2000
AN jal. as describesd belone [1T]. The reduction of the Schifl bases was perfonmicd
empliving a NaBH; concentration of | mpfml aring 30min [1E] Finally, the

ey derivative war separated Trom the sapemastant by lmtion, washed wiih
ke and stomed a4 U

24 Engymanic assay

Twenry miceodiiere of cliber prossin sodution or immaobilizakon soluton
i sapernatant or blank) were mixed with 135wl of & mM ONPG from Sigma and
625 pl o F hafler pH 84 Activity was menssed osing o spectrophistonseter
Cary Varian 2. folbiswing (s increase i abeorbance at 430 nm i | mL-covenies.
Fos the panvsolsdi el N]-‘T'I.I‘in'-[", e asaay wis chog u\.;lq,g -‘Upl, il gl
tive agamse suspension wiil 3 penile siming in a 2mb cuveie, An aciviiy
wnit (AL was defined as the amoum of PJ-galaciosidase which hydrdyses
I jumal ONPGmin a0 2890 and pH 8.4, weing a molar extinction coeflicient
e=dl55M e

24, Aciivarion assays

Thnese Bundned mscroliters of eicher il sern pood or 2 seleeted single semm
wars wsed for the activation assays. Felaive eneymalic activities wone obeained
by gomparing the aclivily valugs (ALY frm the samples in prosenee of
i serd relied po those ofmes obiained i shsence of s HIY anibodies.
Thus, weconsidera K activiny valee as (has obained in absence of anibody,
Frivm replicated experimenis, 1 mean devindon of =106 wos caloulnisd.

X Resuls and dizscussion

The purpose of the present work was 1o exploare the ability of
an engineered f-galaciosidase enzyme (protein NFT95gpCh o
allosterically perform HIY antibody determination upon immis-
bilization in a solid phase. This is a s and necessary step for
the further development of o ponable device o be wsed umler
field comnditions by non-skilled personnel. This assay kit would
represent an advantageous method of screening of HIV-1 infec-
tion in situations in which sophisticated laborstory resources are
abment,

The functioning of such device implies the availabiliy of
a solid-phise siable biocamalyst acting as sensor and, as the
eneymatic activity is modulated by the presence of the ana-
Ivte Canti-HIY antibodies ), an unequivocal sigmal (optical in this
case) has 1o be oblained,

J A, Dhfinivions of ineselalizarion procedive

Preliminary selection of the appropriate conditions for
immobilization has been performed psing a commercial B-
wulactosidise, Glyvosal-agarose was chosen as suppon because
of its well-known gond performance with & great number of
enzyvmes | 19], Enzymes can be immobilized by multipoing cova-
lent attochment to the generated aldehyde residues on the suppon
through their amine groups, The employed procedone is detailed
in Section 2, including the steps of supgon activation, enzyvine
immobilization and sodivm borohydride reduction o ransfomm
the Schiffs base 1o 4 stable single C-N bond and the remain-
ing free aldehyde residues w non-resctive hydroxyl groups
[17].

The immaobilization of native B-galiciosidase was assaved
employing 4BCL and 10BCL sgerose supports with the maxi-
mum activation degree and at alkaline pH vilues o ensure o high
nummiber of pon-protonated amine residues in the protein sur-
fage resulls nod shown ), The best immobalzation resulls were
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Fig. L. Time course of the immohilizmion process of a conmercial
B galpcvosbdase fn SBCL agarosc, (@) Aoivity evoluton of the biank (-
palatosilase withoul supponl, (1) Sepension aclivily, sccouniing for the
eneymalic activity in the supematant pas ibe one immaohiliced onbo aganese,
(¥} Activity of the remaining protcin in the supomatant

obtained with 4BCL agarese as immobiliznion support and the
time evolution of the immobilmtion process is shosn in Fig. 1.

Along vimee, we observed an accentuated decrease on the
supermtam sctivity but in the suspension and the Blank i
remetingd stable. indicating that protein progressively linked
agarose reactive aldehyvde groaps.

The immcbilization vield wis around 105, caloulated as ini-
tial offered activity T minus percentage of initial activity in
the supermatant, The retained activity in the derivative was calcu-
lated by subtracting the remaining supematant f-galactosidase
activity from the suspension activity (in % of initial activig).
Ursing diwa from Fig. 1. 85% of the offered activity was recovered
im e imenbilized derivative,

A2 Tmmodilizarton of enginecred §-galactosidase

The allostenc engineered £ calt B-galactosidase NFT95epC
has been prepared by inserion of a pepide that reproduces the
immunodominant B-cell epitope P from the gp$l strectural
prodein. This enzyme exhibits lower hydrolysis rate of the sob-
strpte ONPG than the nutive ong but the presence of amibodics
direcied to this peplide significanily increascs the enzymitic
activity [6-%]. The engineered B-galactosidase enzyme has been
produced in E eodi according 1o the procedure explained in
Section 2.

To translate the immobilization methodology from the com-
mercial 1o the recombinam Girgel engyme, bs stability omder
the alkaline conditions requined for imamobilization was stugd-
ied and the resulis are presented in Fig. 2. The engineered
B-galactosidase is rmher unstable ot pH 101, but at pH 9.5 s
stability s good cnough for immobilization purposes (Fig, 20,
This pH wis emploved in subsequent immobilization mins, as
a condinion leading o o reasonahle number of nes-protonated
residues and maintaining stbility. in spite of lower immobi-
lization rate than at pH 1000 A representative immobiliznion
time-course resull is shown in Fig. 3. As observed, NFT95gpC

Fig. * Seahility of B-palaciosidase NFYepC ar 4°C amd pH 1001 o) or pH
L5000

was relatively siable during the whole process at pH 9.3, reach-
ing an immobilization yield of 80%. and retention of 5046 of the
ofered setivity into the immobiliaed derivative.

KX Activerion of engly e H-galacios felerse

The enzyme denivatives prepared according 1o the above pro-
cedure were tesied for theirab iy 1o give asignal propariionil o
their activation in presence of sera samples containing ant-HIY
antihodies, The standord [B-galoctosidase pctivity assay using
ONPG as substrte [15] was modified sceording 1o Section 2
indications, The activity of the immobilized derivative of £
colt [B-palaciosidase NFTO5epC was measured in presence and
absence of a model immune serum (GOU03R in Ref. [T]). Fig. 4
shows the response against the sume serum concenirution of both
the immobilised preparation and the free enzvme. The activ-
iy measurements were pedformed by adding simultaneously
the enzyme to the subsirate and serum or baffer solutions. The
muaximum slope (proponional i @-galectosidase activityy was

120
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Fig. 3. Smbiliy of engincered foee (8 and immabilized (20 Begalaciosidase
045 al 3770,
(E}
o bipsensing methodology based on the response of immobilized
0 =T allosteric eneyvmes.
P i T activation Fector of e Begalactosidase sensoms depends
B a5 et = on the antibody concentration [B] which is expecied o be dil-
,-"'J ferent Tor each sumple. A pool of HIV-infeced patiems" sera
{_..-" was emploved in the proposed assay at different dilutians with
€% & the purpose of determining the titre conducting 0 a maxi-
i manm response (saturation ). The obtancd data are prcsented i
o Fig. 6 as sctivation factor ¢ IO05 in absence of scrom) versus
the serumfenzyme ratio (serum microliters per B-galactosidase
activity unit). Although a higher activation degree can be
e T = T achieved by using the froe enzyme (Fig. 6). the immobilized
time (min) preparafion was able (o reach vilues around 200% when volumes

Fig. 4. Activity assay of the immobilised (A and soluble engineered (=
galactonidass (B b in presence (dashed line b aml abeence (contimmsms ling) ol a
serum comaining ang-HIV anibodies. 038 AU was employed in all cases,

obdained as initial rate for the free encyme (Fig, 4B). demon-
strating that no previous incubation 15 meguired. As it can be
seen in Fig., 4A, the reaction behavior was differemt for that
of the immobilized eneyvme, It could be due o a chemical
modification of the eneyme leading to Kinetie changes or iodiffu-
sional liminations affecting ONPG and amibodies mass teansfer
inte the pores of the biocatalyst. Mevertheless, ihe difference
in absorbance (or raised color) after &0 min was high enough
1o allow the discrimination between immune and non-immune
SCTa.

The immobilized allosteric eneyme was shown to be stable
alter storage a4 “C, maintaining 1005 activity after | month. In
order i check S applicability in Geld measwnements, the immo-
bilised allosenic enzyme stabaliny ar 37 °C was determined, As
it can be seen (Fig. 50, the immobilized enzyme wis mose stable
than the seluble one, mmntaining around 80% of the initial activ-
iy after Shoat 37 7C The imosobilized denvative wis almost
fully stable afier | h incubation ar this emperature, This time
period is long enough 1o perform measurcments ol cnvironment
emperaiune without significant loss of sctivity (see Fig. 4A).
This result is of especial significance for the development of a

of seruny above 300000 L serumfBaetivity wnit ane enployed,
The sensitvity threshold of the inmmobilized enzyme is six imes
higher than the free eneyme one. Nevertheless, this sensing sig-
nal is good enough (o allow o robust diagnosis of HIV-infection
throausgh the determination of antibadies in sera, with sensibility
values comparable i tha shown by standard immunoassays (7).

The general application of the proposed assay was tested
using sera from differemt patients, the serum of 3 non-infected

350
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Flg. 6. Samrasion curves using a pool of HIV infecied patient ser. Soluble ()
il inmabilizedd (00 | Begallsctosiase.
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Activation valoes obininad with several HEV-infected ol wen. For compas
o, data of stamdend HIV- 12 st for coch serom is inclsded
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A ool widh @ seruny Trom o soneinlectied patient is remariesd in bold,

# According i Kef [7)

® ARSYM remlings above | ase comsidered positive. and neadings below | ane
HIN-172 nepstise.

patient Being incloded as a control, The resulis, presemed in
Table |, confirm the activation of the immobilized ensyme in
presence of the analyes, discriminaing betwesn infected and
non-infected serum samples. For comparizon. dala concerning
e sera tatre measuned by the comamercial HTV- 12 1es1 have becn
reproduiced from Bef, 7], As can be seen, thene is a gualitative
agrecment with the proposed immohilized enzyme method.
The potentizl of the proposed biosensing method  allows
envisaging the use of immobilised allosteric engineered £ coff
Brgalactosiduse NFT93epC as the baological part of a Tuture
biosensor, The principle, illustrated o Fig, 7, consists of 2 suit-
able support containing the immobilized eneymie that has w

Y Arfs-HIV
anitibodies

o

@ O F

@ O |

Fig. 7. Sehame of the operationsl principle for the proposed biosensing methad,

be exposeald o the problem serom and a control sample. After
addition of the ONPG solution the target anmibodics are 1o be
detected by the color ratio between a positive sample and the
coantrol,

This methodology is expected 10 be vseiul for field meisure-
mvenits o be managed by non-skilled personnel. for the qualitative
determination of anti-HIY antibodics-containing samples.

The reported principle has to be developed in future research
taken into pecount some other possible substrates or detection
systems which could improve the final desien of the biosensing
device,
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4.1. PROTEIN NF7956PC AS A MOLECULAR BIOSENSOR

4.1.1. SENSING OPTIMIZATION

In a previous study by Ferrer-Miralles et al (Ferrer-Miralles, Feliu et al., 2001), a series of
hybrid recombinant [(-galactosidase-based proteins was designed and synthesized.
Different sized peptides from the protein gp41 of HIV, including the most important
antigenic peptides (P1 and P2), were inserted in two different permissive sites of the
protein. Most of the proteins with insertions in between amino acids 795 and 796 of 3-
galactosidase, called NF795gpA, NF795gpC and NF795gpD, presented higher enzymatic
activity than those in between amino acids 278 and 279. Moreover, analysis of surface
accessibility through the three-dimensional structure analysis of those proteins showed
that NF795gpC presented the best surface accessibility of its inserted peptide P1,
agreeing with the activation experiments on which this protein was the best responder
to the presence of specific antibodies. This enzyme was selected for a large scale
comparison of the modulation assay with a Food and Drug Administration-approved
automated standard HIV detection method (AxSYM). There was a 94% of agreement
between both tests; only two of the HIV-infected patients analyzed resulted as false
negative and one negative serum gave a positive result (table 7). Interestingly, it
presented the highest response of the negative set in the standard assay. After a deeper
analysis of anti-HIV antibodies specificity from those false negative sera, the lack of
specific anti-P1 antibodies and the presence of only antibodies specific to the epitope P2
were observed (Ferrer-Miralles, Feliu et al., 2001). These results confirm the potential of
recombinant-epitope displaying -galactosidases as molecular sensors for the detection

of specific antibodies in human sera (Ferrer-Miralles, Feliu et al., 2001).

In spite of all these promising previous results, a low relation signal: background was
obtained in these initial analyses. The maximum value of NF795gpC activation was close
to 250%, a value too low to develop an optimal sensor device. This result was similar to
the upper threshold observed previously to this type of biosensors (Ferrer-Miralles, Feliu

et al., 2000), calculated with the correlation between the maximum activation factor of
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different protein-only biosensors (B-galactosidase, [-lactamase and alkaline
phosphatase) and the relative Kcat value (Ferrer-Miralles, Feliu et al., 2000). Moreover,
proteins with lower Kcat value after protein engineering produced a higher activation

factor.

TABLE 7. HIV1/2 AxSYM method compared with NF795gpC enzymatic modulation in a panel of 61 human serum
samples. +++, 150 < relative activity < 300; ++, 130 < relative activity < 150; +, 110 < relative activity < 130; -, relative
activity < 110. ND, not done. AXSYM reading above 1 are considered positive, and readings below 1 are HIV1/2-
negative. Adapted from Ferrer-Miralles et al(Ferrer-Miralles, Feliu et al., 2001).

HIV1/2 HIV1/2
Serum AXSYM NF795gpC Serum AXSYM NF795gpC
60.0001 28.08 + 60.0002 0.41 -
60.0003 29.05 +++ 60.0008 0.46 -
60.0004 32.90 + 60.0009 0.64 -
60.0005 26.20 +++ 60.0020 0.74 -
60.0006 19.98 +++ 60.0044 0.30 -
60.0007 24.85 ++ 161198 01 0.34 -
60.001 35.30 +++ 161198 02 0.55 -
60.0011 27.59 +++ 161198 03 0.52 -
60.0012 26.58 +++ 161198 04 0.42 -
60.0013 21.47 +++ 161198 05 0.51 -
60.0014 34.43 +++ 161198 06 0.49 -
60.0015 24.30 +++ 161198 07 0.50 -
60.0016 17.61 + 161198 08 0.54 -
60.0017 11.14 + 161198 10 0.53 -
60.0018 18.96 - 161198 11 0.60 -
60.0019 23.70 +4++ 161198 12 0.30 -
60.0021 30.92 +++ 161198 13 0.57 -
60.0022 41.11 ++ A8039 01 0.78 +
60.0023 24.78 +++ A8039 02 0.35 -
60.0024 24.87 +++ A8039 03 0.47 -
60.0025 35.60 +++ A8039 04 0.47 -
60.0026 31.13 +++ A8039 05 0.50 -
60.0027 14.81 + A8039 06 0.42 -
60.0028 15.07 ++ 6022956 0.33 -
60.0029 14.60 - 6022982 0.29 -
60.003 24.53 +4++ 6023012 0.30 -
60.0038 21.38 +++ 6117482 0.33 -
60.0039 21.91 +++ 6117488 0.39 -
60.004 15.00 ++ 6210075 0.30 -
60.0041 31.90 +++
60.0042 31.49 +
60.0043 24.48 +++

Anti-P1 ND +++
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It has to be taken into account that a higher concentration of protein does not result in a
higher response in presence of antibodies. In the first publication presented here, a
deep study of the optimal concentrations of enzyme and substrate was done, revealing
that the concentrations of both enzyme and substrate were critical for generating
enhanced biosensing signals. Previously, a similar study was done by Cazorla et al but
using proteins with one or more inserted fragments of FMDV (Cazorla, Feliu et al., 2002).
In this case, a protein with only one copy of the epitope per monomer (called JX795A),
as well as our case with the protein NF795gpC containing one copy per monomer but of
a fragment of HIV, rendered a signal of 250%. However, when a protein with two copies
of the insertion per monomer was used, an activation factor up to 500% was obtained

(Cazorla, Feliu et al., 2002).

Topographical maps of the enzymatic response combining different concentrations of
protein and substrate were constructed (Paper 1, Figure 3). In them, the obtained
sensing signal was represented as different colours depending on the percentage of
response. First, a comparison between topographical maps of NF795gpC protein and
wild type [-galactosidase was done to evaluate the impact of the peptide
accommodation on the enzyme performance (Paper 1, Figure 3E and 3F), revealing that
the peptide insertion dramatically affected the activity of the enzyme. However, when a
specific antibody was used in the assays, a clear increase of activity was observed (Paper
1, Figure 3D). So, the insertion would have instead enhanced the molecular flexibility
required for signal transduction and also provided an allosteric-binding site for
molecular sensing in a sensitive surface of the enzyme. Flexibility of allosteric biosensors
was also measured when comparing the time-course of the reaction between the
enzyme in absence of antibody, which after 10 minutes of reaction was no further
processing substrate, and enzyme in presence of antibody, which arrived to a maximum
of response only after 30 to 50 minutes (Paper 1, Figure 2). The flexibility of the enzyme
would allow conformational modifications when the binding of the specific antibody

occurs, permitting an improvement of the activation of the sensor.

In a step further, and to evaluate the possible effect of the low antibody concentration

on the sensing assay, we compared activation factors obtained with a low and a high
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concentration of antibody (Paper 1, Figure 3B and 3G). Topographical maps obtained in
both cases showed a similar pattern, excluding the antibody concentration as a
topographical definer and confirming enzyme and substrate concentrations as major

controllers of the allosteric profile.

The amount of antibody bound to NF795gpC, measured through an indirect ELISA, and
the resulting activation factor obtained by the enzymatic assay (Paper 1, Figure 1) were
compared. It was observed that the amount of antibody giving the 50% of the maximal
response in the enzymatic assay was higher than the antibody bound in the ELISA assay
corresponding to the 50% of the total antibody bound. This fact indicated a possible
enhancement of activity due to the simultaneous binding of effector antibodies to more
than one monomer of the protein. Thus, a molar excess of the antibody might stimulate
the allosteric signal. In fact, an enhanced activation when more than one effector
molecule binds the tetrameric enzyme was previously observed (Alcala, Ferrer-Miralles
et al.,, 2002). However, the molar excess of antibody would also promote oligomeric
complexes by cross-linking the enzyme. The possible effect of the formation of
oligomeric complexes was studied using a secondary antibody (Paper 1, Figure 4). An
enhancement of the activation factor by the formation of those complexes was
observed. It probably occurred by the modulation of the adaptive binding to the

receptor site and the consequent conformational signal.

Previous studies of interaction between protein and antibody suggested that some
proteins need the bivalent capacity of the antibody to be activated whereas others can
be activated only by the Fab fragment or monovalent antibodies (Feliu, Ferrer-Miralles
et al., 2002). Here, the deep exploration of the biosensing mechanics suggests that
multivalent antibody binding and the consequent enzyme network formation enhance

allosteric activation (Paper 1, Figure 4, and Table 1).

Analysis of the crystal structure of [B-galactosidase(Jacobson and Matthews, 1992)
revealed that the 794-803 loop did not directly contribute to the shape of the active site
but interacted with residues in this site (Ferrer-Miralles, Feliu et al., 2001). Furthermore,

substitutions for Gly-794 affect the binding of substrates (Martinez-Bilbao and Huber,
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1996). So, it is not unexpected that peptide insertions in this position affect kinetic
constants. In fact, previously developed [-galactosidases (Ferrer-Miralles, Feliu et al.,
2001) containing HIV-peptides had Kcat and Km values strongly affected by peptide
insertion in an apparently opposite fashion, Km value increasing depending on the
peptide size (Ferrer-Miralles, Feliu et al., 2001; Ferrer-Miralles, Feliu et al., 2000). The
three-dimensional model of NF795gpC obtained by comparative modelling
computational analysis (Ferrer-Miralles, Feliu et al., 2001) indicates that some portions
of the insertion interact with the residues Asn-102 and Trp-999, important for substrate
binding. Unsuccessful approaches avoid the crystallization of this protein as well as the
parental B-galactosidase (Jacobson and Matthews, 1992).Moreover, the local secondary
structure of the inserted peptide, which might induce a local rigidity affecting to the
conformation of the protein in the vicinity of the active site, could have also an effect to

the substrate binding.

Substrate binding can be influenced by several characteristics of the protein but it could
be also influenced by the type of substrate. Since the modulation of substrate
processing rate is the sensing signal itself, the specific substrate selected to determine
the signal could be relevant to the final sensing data. So, a further analysis of the
reactivation of the protein NF795gpC was done using different types of substrates, with
the aim to improve the resulting activation values and to determine which are the best

substrates to do it.

An analysis of six different [-galactosidase substrates was done in the second
publication presented in the results. The objective was to define the main characteristics
of every substrate regarding to sensitivity, activation range and sensor response. Since
every substrate had a different molecular size and different properties it was not

unexpected to find kinetic differences between them when the sensor was analyzed.

The first substrate tested was X-gal, being quickly discarded due to the instability of the
protein in the buffer required for the X-gal dissolution. Lactose, the natural substrate of
the protein, was tested since there are commercial amperometric (personal glucose
blood tester) and colorimetric tests to determine the lactose hydrolysis product,

glucose. First approaches with the amperometric system revealed slight problems
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regarding to the sensing signal. Experiments with a monoclonal anti-P1 antibody
produced 57.6 * 13.3 mg/dL of glucose; however, the protein without antibody
generated a value of glucose under the detection limits. Since human sera contain high
amounts of glucose, different concentrations of both protein and substrate were tested
similarly to the previous work with ONPG (Paper 1), trying to overcome sufficient basal
levels of product to do the measures. However, only those HIV-immunoreactive sera
gave a slight response. The lack of a detectable signal coming from the protein without
antibodies did not allow obtaining a quantitative result. On the other hand, the glucose
colorimetric test using the monoclonal anti-P1 antibody gave a maximal result close to
200%, comparable to those obtained in the initial studies with B-galactosidase and with
ONPG (Benito, Feliu et al., 1996). Nevertheless, again higher concentration of glucose in
sera masked the small amount of glucose produced by the protein. Hence, lactose was

also discarded for further assays.

We comparatively analysed chromogenic (ONPG, CPRG), luminogenic (GalactonR) and
fluorometric (FDG) substrates. Activation factor was first determined with different
concentrations of specific monoclonal antibodies for each substrate (Paper 2, Figure 1)
and the resulting plots were compared. Clearly, the activation profile was influenced by
the substrate used and the equation constants on each case were also different (Paper
2, Table 1). The equation values were obtained as theoretical, constraining to 100% the
parameter regarding to the minimal activation factor that could be obtained in absence
of antibody, and real, where no constrain was applied. In spite of observing a different
behaviour for each substrate, in all of them the activation of the sensor was linear at low
antibody concentrations and it was modified at higher concentrations. The extent of
linear range was determined, obtaining the widest response with the substrate CPRG.
Moreover, among all substrates, ONPG was considered as the most sensitive because of

its lower detection limit (Paper 2, Table 1).

Comparison of real and theoretical results (Paper 2, Table 1) showed big similarities for
all the substrates excepting for CPRG, where the real basal activity (background) was of
61.26%. This value could represent an important variability in the sensing data for low

analyte concentrations. Taking into account all obtained values for the substrates,
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namely sensitivity, signal-background ratio, range of response and sensibility,

chromogenic substrates were selected as the most promising for further experiments.

Then, several sera assays were done with CPRG and ONPG and again equation
parameters were calculated (Paper 2, Figure 2 and Table 1). The activation profile was
slightly different from that one obtained with monoclonal antibodies; however the
relative properties of both substrates were maintained. CPRG was the substrate with a
higher activation factor and the substrate with the widest response. Regarding the
detection limits, in this case, CPRG detected the lower dilution of sera. Again, CPRG
presented a poor adjustment of the basal value to the theoretical value of 100%,
however it was better than the previously obtained with monoclonal antibodies. Both
topographical maps of the sensing reaction with CPRG and ONPG were also done (as in
paper 1), allowing the comparison of the optimal concentrations of protein and
substrate giving the maximum response (Paper 2, Figure 3). Areas allowing amplified
sensing signals were not coincident between both substrates, confirming different
properties between them. Moreover, when those topographical maps were done with a
pool of sera, these sensing areas were found more widely extended although with lower
activation values. Results showed that peak activation values were higher when using
CPRG than ONPG. Finally, to evaluate the reproducibility of these results, five different
sera were tested for each substrate and again, higher activation values for CPRG were
obtained (Paper 2, Figure 4). The fact that other authors have also used successfully
CPRG to the detection of B-galactosidase activity but in blood samples (Pelisek J.,
Armeanu S et al., 2000), would represent an advantage if the biosensor has to be used in
field measurements. The properties shown by CPRG are optimal for the development of

this type of assay, especially because of the enhanced signal: background ratio.

4.1.2. ALLOSTERIC SENSING BY IMMOBILIZED NF795G6PC

For many diagnostic applications in both animal an human health, it would be desirable
the development of a solid phase biosensor version useful for field measurements

where a large number of samples has to be analyzed and where sophisticated laboratory
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resources are absent. The publication IV presented as a result in this thesis describes the
immobilization of NF795gpC protein into a support to evaluate the allosteric sensing

under these conditions.

Agarose was used as a support due to the previous experience of the group of Chemical
Engineering of the Autonomous University of Barcelona, with who we collaborated in
this study. The aim was to determine if the protein was reactivated when it was
immobilized and if it was stable in this situation. Previous studies have been focused on
the immobilization of non-allosteric 3-galactosidases with biosensor purposes but in
other supports such as gold layers (Ball, Puckett et al., 2003) or silicon surfaces

(Betancor L, Luckarift HR et al., 2008).

4BCL agarose properties allowed the proper immobilization of the -galactosidase due
to its suitable porus size for the entrance of the protein and the convenient mass
transfer during the reaction. First, a commercial B-galactosidase, 4BCL agarose (Paper 4,
Figure 1) and 10BCL agarose were tested (not shown). Immobilization was based on a
multicovalent attachment to the generated aldehyde residues on the support through
the amine groups (Guisan, 1988; Alvaro, Fernandez-Lafuente et al., 1990). Due to the
lower stability of the engineered enzyme NF795gpC under the alkaline conditions
necessary for immobilization, kinetics of activity at different pHs were done (Paper 4,
Figure 2). In spite of the optimal pH used in typical immobilization procedures (pH 10.1),
a higher stability of the protein NF795gpC was observed at a pH 9.5, using this condition

to develop the rest of assays (Paper 4, Figure 3).

Furthermore, stability of the immobilized enzyme was higher than that of the soluble
version (Paper 4, Figure 5), allowing measurements at environment temperature
without significant loss of activity. In general, this immobilization method allow the
stabilization of proteins (Alvaro, Fernandez-Lafuente et al., 1990; Blanco and Guisan,
1989), as shown with penicillin G acylase (Alvaro, Fernandez-Lafuente et al., 1990) and

proteases (Blanco, Bastida et al., 1991).

As previously described, the activation factor of the B-galactosidase sensors depends on

the amount of antibody ((Benito, Feliu et al., 1996), so, different dilutions of a pool of
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HIV-immunoreactive sera were used to determine the sera concentration giving a
maximal response (Paper 4, Figure 6). Although a higher activation factor was achieved
by the soluble protein, the immobilized preparation was able to reach activation values
around 200%. In spite of the lower sensitivity obtained with the immobilized sensor than
that obtained with the free one, the sensing signal was good enough to discriminate
between infected and non-infected patients. Several HIV-1 immunoreactive sera were
also tested with the immobilized version of the sensor to confirm the activation in

presence of analyte, obtaining positive values between 150 and 400% (Paper 4, Table 1).

The biosensing principle described in this paper would allow comparing a serum sample
with a control through a colorimetric assay in a support. The simple observation of a
color change would give the result. Its simplicity would allow its use in regions where
there is a lack of technologies and skilled personnel or as an initial test that could be
done at home. Until now, no other allosteric enzyme has been immobilized to this aim
and moreover, in a stable and functional way. In spite of the wide range of rapid HIV-
tests that has been described recently (Greenwald, 2006) (see chapter 1.4.5); the
simplicity of this one and the use of inexpensive materials would allow a better use of

the social funds assigned to this issue.

4.1.3. CONSTRUCTION OF NEW ALLOSTERIC ENZYMES FOR ANTI-HIV ANTIBODY

DETECTION

As it has been described above, protein NF795gpC exposes correctly the epitope P1 from
gp41l of HIV-1, so only anti-P1 antibodies can be detected (Ferrer-Miralles, Feliu et al.,
2001). In fact, the two false negative sera obtained when the comparison with the
AxSYM system was done (Table 7, chapter 4.1.1), gave negative results to anti-P1
antibodies by ELISA test. However, the presence of anti-P2 antibodies was detected
(Ferrer-Miralles, Feliu et al., 2001). Only a sensitivity of 94% was obtained previously
with this protein (Ferrer-Miralles, Feliu et al., 2001). So, the development of additional
allosteric proteins exposing other immunogenic epitopes of the virus, would improve

the detection of several specific anti-HIV antibodies when used in combination (see
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annex I). Using the new synthesized proteins together with the previously characterized
NF795gpC, a more complete device could be developed. Hence, several immunogenic
epitopes from HIV-1 were carefully selected (Annex |, Table 8), including fragments from
the HIV proteins gp120, gp41, p24 and p17. Other groups have also used combination of
different antigenic sites to the antibody detection and diagnosis of HIV infection, such as
Hashida et al, who developed a highly sensitive and specific immune complex transfer
enzyme immunoassay combining the detection of antibodies to RT (retro transcriptase),
pl7, p24 and p24 antigen(Hashida, Hashinaka et al., 1997; Hashida, Hashinaka et al.,
1996).

The insertion of the new antigenic sites in permissive solvent exposed loops of (-
galactosidase was done with the same cloning protocol as before (Ferrer-Miralles, Feliu
et al.,, 2001), in order to compare the activation of these proteins and NF795gpC.
Plasmid pJX795, a derivative from pJLA602 (Schauder, Blocker et al.,, 1987), was the
vector used for the cloning processes, using its restriction site BamHI in between
residues 795 and 796 to drive the epitope insertions. The new synthesized proteins were

called JX795-MN, JX795-11IB, JX795-B138, JX795-p24 and JX795-p17.

In a first approach, the best concentrations of both protein and substrate were selected
to obtain the maximal signal: background ratio, similarly to the previous work with
NF795gpC (Paper 1). However, CPRG was used as a substrate due to the higher
activation values (Paper 2). Finally, after the analysis of the reaction kinetics of each
protein, 30 minutes was selected as the optimal time at which the maximum response is
reached. Once the conditions were established, sera from different patients were
analyzed. A different activation factor depending on the protein was observed (Annex I,
Figure 10). Three proteins containing fragments from gp41l and gpl120 were clearly
activated (NF795gpC, JX795-MN and JX795-111B), whereas those containing fragments
from the capsid and matrix (p24 and p17) were less activated. As it has been described
above, the HIV-1 envelope region (gp41/gp120) belongs to a region sensitive to the
neutralization by antibodies, and this neutralization can be closely linked to the
conformational changes induced by antibodies (de Rosny, Vassell et al., 2004). So, the

observed activation in the proteins NF795gpC, JX795-MN and JX795-111B, could be due to
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the effect of the antibodies on to the neutralizing region inserted in the proteins. Rosen
et al studied the structure by nuclear magnetic resonance (NMR) of neutralizing
peptides belonging to V3 loop of gpl120 in strains 1lIB and MN. Using two different
specific antibodies and the peptides free in solution, changes in peptide conformation
were observed, suggesting an induced fit produced by antibodies (Rosen, Chill et al.,

2005).

Ferrer-Miralles et al analyzed the effect of the insertion of peptides with different sizes
in the position 795-796 of the (3-galactosidase (Ferrer-Miralles, Feliu et al., 2001). After
analysis of kinetic constants and activities, an optimal length of 35 amino acids was
found. Protein JX795-B138 is the only one containing a fragment lower than 35 amino
acids (Annex |, Table 8), and in spite of being part of the gp120 protein (Morrow,
Williams et al., 1992) and having a neutralizing epitope (de Rosny, Vassell et al., 2004),

there was no activation of the enzyme (Annex I, Figure 10).

A low activation factor was obtained with sera in the enzymes containing fragments of
the gag-derived HIV-proteins p24 and pl7 (JX795-p24 and JX795-p17) (Annex |, Figure
10). Humoral immune response against p24 and p17 has been described to appear in
early stages of HIV infection, moreover, its affinity to the epitope correlates with disease
progression (Chargelegue, Stanley et al., 1995; Kozinetz, Matusa et al., 2005) making
them suitable as prognosis markers (Janvier, Baillou et al., 1991). High levels of p17
antibodies correlate with slower progression to AIDS (Fiorentini, Marini et al., 2004). In
fact, p17 and p24 have been used in HIV tests for an early detection of the infection in
the window period. In this period anti-HIV antibodies production is just starting and
normally they are under the detection limits of HIV-antibody tests (Hashida, Hashinaka
et al., 1996). It has to be taken into account that as the disease progresses to AIDS, the
level of antibodies to the HIV-1 gag proteins falls progressively (Allain, Laurian et al.,
1991). So, the low activation of both proteins (JX795-p24 and JX795-p17) could be
maybe due to the analysis of HIV-1 sera samples from patients in advanced stages of
disease, where the level of anti-gag antibodies is low. However, the lack of information

about the stage of disease on which are those analyzed patients, avoid the confirmation
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of this hypothesis. Hence, further analysis of activation of these proteins would be of

interest to know if there is recognition of early infection antibodies.

The sensor activation capacity of antibodies present in five different sera samples was
analyzed using the newly synthesized proteins (Annex |, Figure 11). Clear differences of
activation levels were observed between proteins, demonstrating that different patients

had different specific antibody composition in serum.

Finally, linear regression analysis between activation values and CD8" (CD8), CD4"(CD4)
T cell count and viral load (VL) were obtained (Annex |, Table 9 and 10). Good regression
parameters (p and r) were obtained when JX795-B138 protein activation was compared
with the level of CD4" T cells in sera (p = 0.029). This correlation was also maintained
when data was divided into two groups depending on whether the patients followed or

not antiretroviral therapy (Annex I, Table 10).

As it is described in Table 8 (Annex 1), protein JX795-B138 contains a fragment from the
CD4 binding site in gp120 (Morrow, Williams et al., 1992). To study the possible
activation of JX795-B138 by CD4" T cells, a commercial soluble glycoprotein CD4 was
used. Higher concentrations of the glycoprotein CD4 resulted in higher activation factors
of the JX795-B138, although the activation values arrived only to 120%. However, no
activation of the protein NF795gpC in the same conditions was observed (Annex |, Figure
12). So, it seems that the soluble CD4 glycoprotein is able to activate the protein JX795-
B138.

Finally, those sera classified as false negative by NF795gpC protein (60.0018 and 60.0029
from Table 7) (Ferrer-Miralles, Feliu et al., 2001) were analyzed using the new enzymes.
Protein JX795-MN, containing a neutralizing fragment from gpl120 HIV-1-protein,
responded positively to those sera generating sensing values of 262.8% and 151.4%
respectively (not shown). So, the use of other immunogenic epitopes to the
development of new allosteric HIV-1 sensors, allow the detection of other specific anti-
HIV-1 antibodies and improve the previous sensitivity obtained with the protein

NF795gpC.
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4.2. PROTEIN NF795GPC AS A TOOL FOR THE SCREENING OF
SPECIFIC ANTIBODIES

As explained in the introduction, HIV has several mechanisms to escape from the
immune system, such as changes in the glycosilation pattern or amino acid substitution
producing conformational changes in specific epitopes (Wei, Decker et al., 2003; Park,
Gorny et al., 2000; Zhang, Bouma et al., 2002). This conformational camouflage indicates
a high flexibility of the region gp120-gp41 (Myszka, Sweet et al., 2000). In the context of
this plasticity, neutralization of HIV-1 might be closely linked to the antibody-promoted
conformational perturbation of the epitope itself and surrounding areas of influence (de
Rosny, Vassell et al., 2004). Moreover, the responsible for structural modifications is the
antibody and not specific features of particular gp120 epitopes (Kwong, Doyle et al.,
2002). Protein NF795gpC contains the peptide P1 from the env-derived protein gp41,
which is one of the most neutralizing epitopes of the virus (Broliden, von Gegerfelt et al.,
1992), in its native helical conformation (Ferrer-Miralles, Feliu et al., 2001). One copy of
this peptide is exposed in every subunit of the protein, close to the active site of the
enzyme. Activity of the engineered [-galactosidase NF795gpC is affected by the
insertion, however, adaptive interaction with specific antibodies induces conformational
changes leading to an activation dependent on the antibody concentration (Benito, Feliu
et al., 1996). Here, the sensor is proposed to be useful in the evaluation of the structural
impact of HIV-1 immune sera binding on the antigenic segment of gp41 and as a tool to

study the properties of the HIV-neutralizing antibodies.

First, the correlation between the activation factor and antibody binding (measured by
ELISA and AxSYM) (Paper 3, Table 1) was analyzed. The comparison of the activation
factor induced by immune and non-immune sera of patients as a whole and the
antibody titer gave a good correlation. Also, activation of NF795gpC was linearly
dependent on the effector antibody concentration, as it was previously described
(Benito, Feliu et al., 1996). However, when the analysis was done taking into account
only the immune sera, no correlation was observed. This indicated that the mere
interaction between the protein and the antibody is not enough to generate the sensing

signal. Maybe different types of antibodies have different abilities in changing epitope
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conformation. In fact, in studies by BlAcore technology with two monoclonal anti-gp41
antibodies with indistinguishable affinity constants, different level of sensor activation

was observed (Paper 3, Table 2).

An analysis of the anti-gp41 specific antibodies subpopulations from sera of HIV-infected
patients was done to identify which functional antibodies were promoting the activation
of the sensor. The use of the protein NF795gpC as the antigen to develop several
indirect ELISAs with secondary antibodies recognizing IgA, IgE, IgM, 1gG1, 18G2, IgG3 and
IgG4 antibodies, allowed the determination of the amount of specific antibodies of each
isotype in sera. This data was compared with the sensor activation. The results showed a
good correlation with the levels of IgG4 subpopulation (p = 0.023, n = 15) (Paper 3, Table
3). Moreover, the increase in the number of sera samples resulted in a better
significance of the correlation (p = 0.001, n = 55). This indicated that among all the types
of antibodies, 1gG4 were the most involved in sensor activation, suggesting an especial
ability in promoting conformational perturbations in the target antigenic site. No
correlation of the activation factor with clinical parameters (viral load, CD4+ and CD8+ T

cell count) was found (Paper 3, Table 3).

IgG4 isotype has an especial structure. Briefly, it is composed by a short bridge and it
does not have covalent interaction between heavy chains. The main function is the
interference with immune inflammation induced by complement-fixing antibodies or by
IgE antibodies (normally in allergies and helminth infection) (Aalberse and Schuurman,
2002). 1gG4 acts as a blocking antibody in allergic diseases and its titer increases during
infection by viruses such as measles (Isa, Martinez et al., 2006; Isa, Martinez et al.,
2002). And it is also important in pancreatitis, being used as a clinical marker(Hamano,
Kawa et al., 2001). Regarding to HIV, it has been described that this type of antibodies in
slow progressors of AIDS is correlated with the level of CD8+ T cells, while in rapid
progressors, total 1gG4 correlates with the level of CD4+ T cells (Abbas, Vasilescu et al.,
2005). 1gG4 against gag proteins (Klasse, 1996), but also against env proteins has been
detected. In fact, most of the few 1gG2-1gG4 reactions occur with the peptide HIV env
604-625 (Klasse, Blomberg et al., 1990), the same as it is inserted in the protein

NF795gpC (Ferrer-Miralles, Feliu et al., 2001). Moreover, 1gG4 response tends to appear
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after prolonged or iterated exposure to an immunogen, being more common in HIV
infected sera from patients in late clinical stages of HIV infection (Ljunggren, Broliden et

al., 1988).

It is widely known that HIV generates a major neutralizing response of specific I1gG1
antibodies (Klasse, Blomberg et al., 1990). The structure of 1IgG1 and IgG4 isotype was
compared (Aalberse and Schuurman, 2002) observing clear differences between them,
but a similar antigen cross-linking capacity when using mouse-human monoclonal
chimeric 1gG1 and IgG4 antibodies. However, polyclonal 1gG4 did not cross-link two
antigens (Aalberse and Schuurman, 2002). 1gG4 seemed to be less neutralizing than 1gG1

and 1gG3 subtypes (Miranda, Duval et al., 2007).

In fact, 1gG4 antibodies have been already used commercially as antiretroviral agents,
for example, in the patent WO/2005/063282, 1gG4-gp41 mimetibodies were synthesized
to function as antagonists of gp41 (2005c). IgG4 have been also used as a method to
reduce the viral load in HIV (patent 20070026441). TNX-355, a humanized I1gG4 version
of the anti-CD4 monoclonal antibody (mAb) 5A8, blocks fusion events that occur post-

attachment of gp120 to CD4 (Burkly, Olson et al., 1992).

In a step further, the impact of antiretroviral treatment on the ability of sera to activate
NF795gpC was analyzed (see annex Il). It is known that HIV replication is required for an
efficient production and maintenance of significant titers of anti-HIV IgG antibodies in
sera (id-Peralta, Grangeot-Keros et al., 2006). As a consequence, the administration of
antiretroviral drugs has a dramatic, negative impact of the immunoglobulin composition,
titer and avidity in target subjects (id-Peralta, Grangeot-Keros et al., 2006; Voltersvik,
Albrektsen et al., 2003).

As in paper 3, the activation factor of NF795gpC was determined with a series of sera
(Annex II, Table 1) and antibody composition (IgA, IgE, IgM, 1gG1, 1gG2, 1gG3 and IgG4)
was studied through indirect ELISA procedures using NF795gpC as antigen (Paper 3). So,
a parallel study of both binding and epitope conformation modification ability of
antibodies was done. Now, the presence of an antiretroviral treatment was taken into

account, determining possible correlations between activation factor of NF795gpC and
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levels of each subpopulation of antibodies in both treated and untreated patients
(Annex Il, Table 2). Again, when sera from HIV-infected patients were analyzed,
immunoglobulin 1gG4 was the responsible for sensor activation. However, when sera
from non-treated infected patients were analyzed, IgM became the main contributor of
sensor activation (p = 0.005; Annex Il, Figure 2A). As there were no significant
differences between the titer of 1gG4 and IgM (p = 0.96 and p = 0.48 respectively) on
both treated and untreated groups of sera, we concluded that antiretroviral therapy
(ART) produced an impact into the functionality of these antibodies. The induced fit
promoted by IgM was lost during drug treatment at expenses of the conformational
modification promoted by IgG4. Moreover, since the composition of antiretroviral drugs
was variable (Annex Il, Table 1) and because of the drop of antigenemia generated by
the ART (Binley, Trkola et al., 2000), the change of contribution of specific types of
antibodies could not be attributed to any specific drug and probably there is a functional
adaptation of the humoral response. No correlation was observed between other clinical

parameters (viral load, CD4 and CD8+ T cell count) and sensor signal.

Only some authors have studied the occurrence of specific IgM during HIV infection.
There are specific IgM antibodies against gp41 HIV protein, although they seemed to
disappear early after infection (Muller and Muller, 1988). An IgM immune response after
injection of the vaccine NYVAC (gp120 fragment) was found, suggesting that IgM may
have antiviral activity (Sheppard, Bates et al., 2007). So, the meaning of the observed

correlation still needs further investigations.

A correlation near significance (p = 0.09; Annex Il, Table 2) was also observed between
IgE levels and activation factor. Despite not being important regarding statistical
analysis, IgE subpopulation is related to HIV infection (see humoral response chapter).
Elevated level of IgE in sera of HIV-infected individuals is a characteristic of HIV infection,
and can also be used as a diagnostic tool (Fletcher, Miguez-Burbano et al., 2000; Zar,
Latief et al.,, 2002). Anti-HIV-1 IgE of infected children, strongly inhibited HIV
multiplication in culture, although the involvement of direct viral neutralization is not
clear (Pellegrino, Bluth et al., 2002). HIV infection produce the induction of Th2 cells and

synthesis of IgE (Becker, 2004). In allergic diseases, IgG4 antibody responses are often
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associated with IgE antibody responses because both require the stimulation of Th2-
type T-helper cells (Aalberse, Van Milligen et al., 1993). Despite these facts, further

investigations are required to describe the exact role of IgE on biosensor operation.

All these results have described the functional changes of HIV-specific antibodies
induced by the antiretroviral treatment. Hence, the use of enzymatic sensors to the
detection of anti-HIV antibodies has been extended to the high-throughput analysis of

antibodies present in sera samples.

Finally, further incorporation of the newly synthesized proteins (Annex I, Table 1) to
complex sensing systems could also help to the screening of the antibodies relevant to

the control of HIV infection.
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Modulation of both enzyme and substrate concentrations can improve the
sensing signal of NF795gpC protein reaching activation factors up to 1200% with
sera of infected patients. Moreover, allosteric activation can be also enhanced by
the multivalent antibody binding and the consequent enzyme network

formation.

The use of different substrates implies a different sensing signal value, being
influenced the sensitivity and the maximum activation values. In general,
chromogenic substrates are the best substrates to develop enzyme biosensors.
ONPG was the chromogenic substrate showing the lowest detection limit and

CPRG generated the highest sensing signals.

Sensor activation by human, HIV immunoreactive sera is clearly dependent on
IgG4 antibody subpopulation. However, analyses of patients that have not
followed an antiretroviral drug treatment reveal an important activation effect of
IgM antibodies. In presence of antiretroviral treatment, there is then a change in
the functionality of the antiviral response, maybe inducing a functional

dominance of IgG4 subpopulation.

Activation mediated by antibodies is conserved when the NF795gpC protein is
immobilized on solid or semisolid supports. Furthermore, it is stable enough to
perform measurements at environment temperature without significant loss of

activity.

The simplicity and fastness of 3-galactosidase sensing assay using chromogenic
substrates can make the sensing assay useful for a high-throughput screening of
a large number of samples. The fact that it can be immobilized maintaining the
sensor capacity and improving its stability, could be useful to the development of
solid-phase sensors for in situ measurements in places where there is a lack of

skilled personnel and resources.

A wider range of antigenic sites inserted in the new biosensors allowed the

detection of different types of HIV-specific antibodies.
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7. Glycoprotein CD4 is able to modify conformationally the active site of the sensor

JX795-B138.
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TABLE 8. Sequences of the inserted peptides, peptide size and region of HIV which is exposed.

PEPTIDE HIV-1
BIOSENSOR SEQUENCE SIZE REGION oo REFERENCE
NF795gpC *’°GIKQLQARILAVERYLKDQQLLGIWGCSGKLICTT®? 35 P1/P2 gpal (Ferrer-Miralles, Feliu et al., 2001)
JX795- 421 438 -

B138 KQFINMWQEVGKAMYAPP 18 CD4BS gp120 (Morrow, Williams et al., 1992)

JX795-p24  “*AAMQMLKETINEEAAEWDRVHPVHAGPIAPGQMRE** 35 p24 (Janvier, Baillou et al., 1991)
V3 (IlIB
JX795-111B *’INCTRPNNNTRKSIRIQRGPGRAFVTIGKIGNMRQ® 35 Sfr;m) gp120 (Broliden, von Gegerfelt et al., 1992)
299 333 V3 (MN .

JX795-MN INCTRPNYNKRKRIHIGPGRAFYTTKNIIGTIRQA 35 ctrain) gp120 (Broliden, von Gegerfelt et al., 1992)
JX795-p17 >GARASVLSGGELDRWEKIRLRPGGKKKYKLKHIVW?*® 35 pl7 (Fiorentini, Marini et al., 2004)
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TABLE 9. Correlation parameters between activation factor of each protein and viral load (VL), CD4+ T cell (CD4) and
CD8+ T cell (CD8) count regarding to the total of samples. Significant results are indicated in bold.

VL cD4 cD8
P r P r P r
NF795gpC 0,1936 0.1747 0,3051 0.1382 0,5800 0.0755
JX795-MN 0,8996 0.0194 0,5139 0,0999 0,7165 0.0563
JX795-111B 0,2305 0.1824 0,5212 0.0982 0,1451  0.2233
JX795-P17 0,6144 0.0754 0,1209 0.2294 0,2155 0.1862
IX795-P24 0,1543 0.2184 0,8374 0.0318 0,7632  0.043
JX795-B138 0,4772 0.1100 0,0291 0.3293 0,5333  0.0977

TABLE 10. Correlation parameters between activation factor of each protein and viral load (VL), CD4+ T cell (CD4)
and CD8+ T cell (CD8) count regarding to the treated and non-treated group of samples. Significant results are
indicated in bold.

VL CD4 CD8
Non-treated p r p r p r
NF795gpC 0,6420 0.1177 0,5058 0.1677 0,0574 0.4693
JX795-MN 0,4393 0.2468 0,6032 0.1673 0,8633 0.0590
JX795-11IB 0,2859 0.3358 0,5366 0.1983 0,2090 0.4111
JX795-P17 0,9957 0.0017 0,9288 0.0290 0,7584 0.1051
JX795-P24 0,8284 0.0742 0,4739 0.2417 0,3970 0.3016
JX795-B138 0,9263 0.0317 0,0461 0.6105 0,1614 0.4789

VL CD4 CD8
Treated P r p r D r
NF795gpC 0,4008 0.1988 0,3821 0.2066 0,4764 0.1690
JX795-MN 0,1307 0.3944 0,4869 0.1875 0,2511 0.3047
JX795-11I1B 0,0878 0.4403 0,4000 0.2260 0,7851 0.0741
JX795-P17 0,3799 0.2202 0,4434 0.1928 0,2478 0.2873
JX795-P24 0,2307 0.3176 0,9557 0.0151 0,9877 0.0042

JX795-B138 0,2001 0.3382 0,0162 0.5899 0,9686 0.0107
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FIGURE 10. Raw activation factor values for each protein. A reference line gives the basal
activation factor (100%). N: number of tested samples.
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FIGURE 11. Activation of the proteins with 5 different HIV-1 infected sera.
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FIGURE 12. Activation of the sensor of the protein JX795-B138 (*) and the protein NF795gpC
(°) in presence of a commercial soluble CD4 glycoprotein. This work was done in the Institute
of Virology of the University of Saarland, under the supervision of Professor A. Meyerhans.
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ABSTRACT

By using an enzymatic immunosensor that detects epitope-modifying anti-gp41l
antibodies, we have identified an irreversible impact of antiretroviral treatment (ART) on
the functionality of IgG4 and IgM specific antibodies in HIV-1-infected individuals. During
ART, the prevalent induced fit promoted by IgM was lost at expenses of that promoted
by 1gG4, suggesting alternativeness in the neutralization potency of these antibody
subpopulations. Since the particular ART used was irrelevant, the obtained data indicate
that the drop in the viral load and the consequent lost of antigenemia are responsible

for the observed functional adaptation of the humoral response.

Key words: antiviral drug; immunosensor; HIV-1; humoral response; gp41
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INTRODUCTION

The humoral response against the human immunodeficiency virus-1 (HIV-1) infection
has been long time considered of poor relevance regarding the progression of the
infection. However, antibody-mediated viral neutralization and the consequent rising of
evasive mutants have been proven as important contributors of HIV-1 dynamics in
infected individuals™®. In the case of HIV-1, the neutralization potency of antiviral
antibodies directed to env products (gp4l and gpl20) depends on the extent of
structural perturbations caused by the antibody binding on the target epitope and
surrounding areas>”. This fact might be related to the high conformational flexibility of
gp41-gp120 complexes at the virion surface that is required for the structural adaptation
of both proteins to the CD4 receptor during cell attachment®. The neutralization potency
of selected monoclonal antibodies can be predicted through monitoring the enthalpic
and entropic changes in the ligand upon antibody binding as a reflect of the extent of
induced fit>. However, such parameters cannot be obtained from whole sera and the
spectrum of available neutralization assays remain as the only suitable methods for

evaluation of neutralization capability®.

We previously developed an engineered version of the E. coli -galactosidase that
displays the main immunodominant epitope from HIV-1 gp41, in a solvent-exposed area
of the protein’. The modified enzyme (NF795gpC) responds allosterically to anti-gp41
monoclonal and polyclonal antibodies through conformational perturbations induced by
the antibody on the enzyme’s active site. The fact that specific antibodies generate an
increase of the specific activity of the enzyme makes this enzyme a very efficient and
sensitive ‘protein-only’ biosensor® for the screening of humoral anti-HIV-1 responses
and consequently the detection of HIV-1 infection’. Recentlyg, we have shown that
different immunoglobulins in the sera on infected individuals do not act equally as
effectors for the allosteric sensing, being the anti-HIV-1 IgG4 subpopulation the most
efficient in the generation of the allosteric signal. This indicates that the ‘induced fit’

abilities of 1gG4 are distinguishable from the rest of gp41 specific antibodies.
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On the other hand, it is known that HIV-1 replication is required for an efficient
production and maintenance of significant titres of anti-HIV-1 IgG antibodies in serum™.
Consequently, the administration of ART has a dramatic, negative impact on the

1011 However, data

immunoglobulin composition, titre and avidity in treated subjects
about the molecular quality of anti-viral antibodies before and after treatment, and how
the inhibition of viral replication might affect the neutralization potential of antibody
subpopulations are not available. In this context, we have examined here the capability
of different immunoglobulin classes to activate the allosteric sensor NF795gpC in sera

from both untreated and treated patients, as well as the influence of ART on the

functional quality of the humoral anti-HIV-1 response.
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MATERIALS AND METHODS
Biosensor description and production

The antibody-sensing [B-galactosidase enzyme NF795gpC displays the P1
immunodominant B-cell epitope of HIV-1 gp41 on a solvent-exposed position’. In this
location, the accommodated viral peptide is accessible and fully immunoreactive. The
binding of specific anti-P1 antibodies produces structural changes that result in
detectable variations in the enzyme specific activity, easily detectable in a homogeneous
assay. The hybrid enzyme NF795gpC becomes then an allosteric nanosensor® in which
the P1 peptide acts as the specific receptor and antibodies as allosteric effectors.
NF795gpC was produced in Escherichia coli BL26 strain through the thermosensitive
expression vector pNF795gpC. After 4 hours of induction at 42°C, protein was
centrifuged and purified by conventional affinity chromatography’. The harvested

protein was then dialyzed against Z buffer'? and it was quantified by Bradford analysis®>.

Sera samples

A total of 57 HIV-1 infected human sera were used in this study (Table 1). Eighteen were
from healthy individuals, 20 from HIV-1-infected patients who received ART without
interruption for 55 weeks (mean; range 16-120), and 19 from HIV-1-infected patients
who undergone structured treatment interruption for 30 weeks (mean; range 2-112
weeks). All the sera were tested for NF795gpC allosteric activation. Sera from 6 non-

infected individuals were included in the analysis as negative controls.

Biosensing analysis

The enzymatic sensing assay was performed in 96-well microtiter plates by incubating 20
pl of 1:4 dilution of each serum in Z buffer (pH 7.0; 0.06 M Na,HPO,, 0.04 M
NaH,PO4H,0, 0.01 M KCI, 1 mM MgS04 7H,0) with 10 pl of 4.16 nM NF795gpC per well.
After incubation for 1h at 25°C, 40 pl of 1.66 mM chlorophenol red p-D-

123



124

ANNEX I

galactopyranoside (CPRG, a lactose analogue rendering red hydrolysis products) in Z
buffer were added. After 30 minutes of reaction, the absorbance was determined at 540
nm in a Labsystems IEMS plate reader. Percentages of enzyme activation were
determined by referring to values obtained in absence of sera and used as a convenient

numeric biosensing signal. All the experiments were performed in triplicate.

ELISA

For antibody class and subclass analyses, high binding Costar ELISA plates were coated
with saturating concentrations of NF795gpC (7 pmol per well) and 100 Bl of sera
previously diluted in PBS at 1/500 were added to each well. Different types of anti-
human secondary antibodies were used at optimal dilutions (anti-lgG, 1/2000 from
Pierce; anti-lgG1, 1/500; anti-lgG2, 1/2000; anti-lgG3, 1/1000; anti-IgG4, 1/2000; anti-
IgM, 1/2000; anti-IlgA, 1/1000 and anti-IgE ,1/500 from Southern Biotechnology
Associates, Inc.). The ELISA reaction was developed with 2, 2’-Azino-bis (3-
ethylbenzthiazoline-6-sulfonic acid) from Sigma and antibody binding measured at 405
nm. The determinations were performed in a minimum of 14 sera samples from all the
cohorts. When the numerical study required more data for significance analysis, the
determination of antibody composition was extended to a bigger number of samples. All

the experiments were performed in triplicate.

Statistical analysis

Correlation between the activation levels of NF795gpC promoted by each sera sample
and titres of the different types of immunoglobulins found in the same sera were done
using the linear regression analysis tool from Sigma Plot v.10.0. The comparisons
between activation levels in sera sets according to immunoglobulin titre and group of
treatment were performed by the Kruskall-Wallis non-parametric statistical test. P

values under 0.05 were considered as statistically significant.
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RESULTS AND DISCUSSION

To better understand the anti-viral immune response in HIV-1-infected individuals and
the role of ART in the humoral response, we determined which specific antibody
populations are responsible for the sera-mediated NF795gpC sensor activation. For that,
we explored, in the selected sera samples (Table 1), the correlation between the sera-
induced increase of NF795gpC [-galactosidase activity’ and the prevalence of different
classes of antibodies reactive with the target B-cell epitope acting as sensor receptor,
determined by indirect ELISA using NF795gpC itself as immobilized antigen®. Both
analysis, then, detected specific antibodies directed against the gp41-P1
immunodominant epitope present in NF795gpC, regarding either epitope

conformational perturbation or mere immunoreactivity respectively.

The profiles of biosensor signals promoted by the tested sera samples (Figure 1) were
indistinguishable when comparing sera from ART patients and sera from non treated
patients, as confirmed by a Kruskal-Wallis test (H=3.37, p= 0.06). Negative controls,
namely sera from non infected individuals, showed activation factors not higher than
100% (not shown). When investigating possible linear correlations between activation
factors and the amount of specific antibody classes, we found that, as described
previously, the levels of allosteric activation of NF795gpC correlated significantly (p=
0.025) with the prevalence of gp41-binding 1gG4 in sera (Table 2 and Figure 2B). This
result indicates a main contribution of such IgG subclass in the modification of the gp41
B-cell epitope used as sensor receptor. However, when analyzing separately the sera
pool from non treated individuals, the linear dependence observed previously between
the sensor activation signals and IgG4 titres was completely lost. Instead, in absence of
antiviral treatment, the occurrence of specific anti-gp4l IgM antibodies clearly
determined the extent of NF795gpC activation (p=0.005; Figure 2 A). Since the
composition of the ART was non homogeneous (Table 1), the shift in the contribution of
specific immunoglobulin populations to the sensor activation could not be attributed to
any specific drug. In addition, ART intervals were also diverse in the set of analyzed
individuals. In those in which the treatment had been interrupted, viral load values were

notably high, indicating the recovery of viral replication after interruption (Table 1).
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Since both populations of sera (from patients receiving interrupted ART and continuous
treatment) were statistically indistinguishable regarding sensor activation (p=0.48; not
shown), the changes in the functionality of the antiviral response were therefore

irreversible and did not depend on the actual rate of virus multiplication.

In summary, in naive HIV-1-infected individuals, antiviral IgM is the antibody class most
efficient in the conformational modification of a model immunodominant B-cell epitope,
the P1 segment of gp41. However, in individuals receiving ART, the induced fit promoted
by IgM (if existing), is eclipsed by a functional dominance of IgG4. This dominance was
evident when untreated and treated individuals were analyzed together (Table 2). Since
the titres of specific 1gG4 and IgM were not distinguishable when both groups were
compared (p=0.96 and p= 0.48 respectively), the results shown in Table 2 indicate that
ART produces a profound impact on the functionality of the humoral antiviral response,
probably by either reducing the induced fit impact of IgM (and presumably, their
neutralizing ability) or increasing that of 1gG4 or both. Such effect is irrespective of both
the specific drugs used in ART and the continuity of the treatment, and therefore, it does
not depend on low viral replication or load. Therefore, the drop of antigenemia
associated to ART, that specially affects envelope proteins irrespectively of the ART**, is
probably causing a functional adaptation of the humoral response in which 1gG4 gains
neutralization competence at expenses of IgM. No correlation was observed, as
expected, with the rest of clinical parameters, namely VL, CD4+ and CD8+ T cell titres,

which do not participate in the sensor activation (Table 2).

Finally, although being not significant, the correlation between IgE levels and activation
factor in non-treated patients rendered a p value close to the significance limit (p=
0.099). Previous studies have observed a clear inhibition of HIV-1 multiplication by
specific 1gE under different conditions® and elevated levels of specific IgE are
characteristics of the HIV-1 infection'®. These observations strongly suggest an
important role of this immunoglobulin in controlling the HIV infection and therefore, a
possible role of this type of IgE in sensor activation might be clinically relevant but it

would deserve further investigation.



ANNEX II

Importantly, the results showed here stress the value of allosteric nanosensors as
powerful tools for functional and dynamic screening of individual anti-HIV immune

responses, beyond their utility as mere diagnostic tools.
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Legends for the Figures
Figure 1.

Distribution of patients’s frequency regarding to the observed sensor activation
promoted by individual sera (%). White bars represent the total number of patients,
right-dashed bars non-treated patients and rhombus-filled bars the total of patients who

had followed an ART.
Figure 2.

Scatter plots and correlation values between activation of the sensor and IgM (A) and

IgG4 (B) titres.
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Table 1. Clinical parameters and ART status of sera source patients.

Sera reference Viral load (HIV-1RNA  CD4" cells/ul ¢  CD8" cells/pl ART ¢
copies)/mlb
Non-treated
1 752855 10 150
2 22500 300 612
3 195000 616 1380
4 167000 273 682
5 28406 1049 935
6 327165 388 957
7 34328 273 na
8 51028 610 1196
9 20200 752 1040
10 4270 572 1360
11 72800 508 1680
12 1960 584 1540
13 5440 515 1470
14 50800 276 959
15 1520 240 1302
16 71300 420 800
17 150000 759 1182
18 63856 1100 1952
Treated
Continuous
treatment
19 467433 10 1708 AZT,3TC,DDC
20 271648 180 1740 AZT, 3T, DDC
21 41063 285 2345 AZT, DDC
22 9564 350 622 DDI, HU
23 233430 46 472 3TC, DAT, sQVv
24 53967 108 720 HU, D4T
25 57 770 1155 DA4T, 3TC, IDV
26 <20 635 1271 ABV, 3TC, IDV
27 <20 515 528 ABV, 3TC, IDV
28 <20 884 nd ABV, 3TC, IDV
29 <20 625 878 3TC ,NFV ,AZT
30 <20 631 711 DDI ,3TC ,NVP
31 <20 889 2148 ABV ,3TC ,NVP
32 <20 562 777 DAT ,IDV ,3TC
33 <20 392 595 DDI ,3TC ,NVP
34 <20 388 949 DDI ,3TC ,NVP
35 <20 1165 915 DAT ,3TC ,NFV
36 <20 944 1285 DAT ,3TC ,NFV
37 <20 342 935 DAT ,IDV ,3TC
38 <20 1236 1169 DDI ,IDV ,NFV ,NVP
Interrupted
treatment
39 15100 840 1610 DDI, DAT, 3TC

40 58500 352 1230 AZT, 3TC, ABC, EFV
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41 113000 493 748 IDV, 3TC, AZT
42 14400 720 881 EFV, DAT, 3TC
43 15500 725 1485 ABV, DDI, LPV, RTV
44 12200 216 798 ABV, DDI, EFV
45 18900 342 1240 ABV, DDI, NVP
46 5130 405 822 EFV ,3TC ,AZT
47 19600 270 562 3TC, LPV, RTV, TDF
48 8630 840 865 ABV, 3TC, NVP
49 16700 342 1471 DDI, 3TC, NVP, TDF
50 9050 516 780 DA4T, 3TC, NFV
51 6810 425 960 3TC, NFV, AZT
52 18400 1209 1211 ABV, 3TC, NVP
53 11700 902 1476 DDI, DAT, NFV
54 14765 814 910 DAT, 3TC, NFV
55 16100 756 1392  ABV ,3TC ,LPV ,RTV
56 6560 380 548 DDI, 3TC, LPV, RTV
57 15700 1287 1986 3TC ,NFV ,AZT

® Plasma HIV-1 RNA levels were measured by use of the ultrasensitive Amplicor monitor

assay (Roche).
® D4 and CD8 cell count was determined by flow cytometry.

€ 3TC (Lamivudine), ABV (Abacavir), AZT (Zidovudine), DAT (Stavudine), DDI (Didanosine),
EFV (Efavirenz), IDV (Indinavir), LPV (Lopinavir), NFV (Nelfinavir), NVP (Nevirapine), RTV

(Ritonavir, PI), TDF (Tenofovir). na; data not available.
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Table 2.

Significance of correlations (given as p values) between the sensor activation and the

prevalence of immunoglobulin types in each serum.

Antibody Non-treated Treated Total
1gG1 0.159 0.545 0.162
18G2 0.946 0.811 0.874
18G3 0.741 0.838 0.800
18G4 0.128 0.098 0.025 *
IgA 0.803 0.528 0.533

IgE 0.099 0.364 0.105
IgM 0.005 * 0.671 0.201
VL? 0.642 0.388 0.140
CD4 0.506 0.535 0.305
CD8 0.057 0.812 0.592

* The asterisks indicate p values below 0.05.

% Relevant clinical parameters of patients source of sera have been included as controls.
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Abstract

The quantitative detection of low analyte concentratons in complex samples i becaming an urgent
need in biomedical, food and environmental fields. Biosensors, being hybrid devices composed by
a biclogical receptor and a signal transducer, represent valuable alternatives to non biological
analytical instruments because of the high specificity of the biomolecular recognition, The vast
range of existing protein ligands enable those macromaolecules to be used as efficient receprors o
cover a diversity of applications. In addition, appropriate protein engineering approaches enable
further improvement of the recepror functioning such as enhancing affinicy or specificicy in the
ligand binding. Recently, several protein-only sensors are being developed. in which either both the
receptor and signal transduwcer are pars of the same protein, or that use the whole cell where the
protein is produced as transducer, In both cases, as no further chemical coupling is required, the
production process is very convenient. However, protein platforms., being rather rigid, rescrict the
proper signal transduction thae necessarily occurs through kgand-induced conformational changes,
In this contexx, inserticnal prowein engineering offers the possibility o develop new devices,
efficiently responding to ligand interaction by dramatic conformational changes. in which the
specificity and magnitude of the sensing response can be adjusted up to a convenient level for
specific analyre species. In this report we will discuss the major engineering approaches taken for
the designing of such instruments as well as the relevant examples of resulting protein-only
bigsensors.

Review

Introduction

Convemtional biosensors are hvbrid elemenis consisting
of a bicchemical eoepror for a given analvie, physically
coupled o a physicochemical transducer that converts
such imeraction imto a macroscopic, analytically useful
signal |1]. In the last decades, many types of biosensors
have been under comtinuous development, imegrating
hiological components such as proteins, nucleic acids,
membranes cells and even tissues acting as receprors, and

differemt signal wansducers devices including microbal-
ances, electrodes, opical components and semiconduc-
tors, Such instruments have been applied ino a diversity
of fields but specially for the detection of contaminants in
foods and environment [2]. 8ore recemily. and pressured
by thie need of more sensitive and specific detection tools
for biomedical applications, in particular diagnosis, new
pes of prowein-only blosensors are being explored | 3],
thai contain both the receptor and transducer elements in
a single polypeptide chain. Alwemnatively, protein-only
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Figure |

The blosensing principles of the constructs listed in Table |
are summarized here as split in twa groups, In a), the sensing
principles underlying cleavable platforms are presenced in
which simple hydrodysis of protease targer sice-bearing hybrid
prateins by an effector protease (P) result in 3 macroscogic
signal. Among others, variations of the migration patvern,
ENTYIME ACEIVATION OF MACtivation, répressor inactivation,
enhanced fluorescence by removal of a quencher or dual flu-
orescence emission by FRET modulation, In b}, a ligand (L)
pramotes conformational medifications in the sensor either
multimerization, correct folding or allosteric activation. A
few enzyme biosensors are inactivated in presence of the lig-
and probably by steric hindrance of the active site.

sensors can specifically ac as receprors that exploit the
whiole living cell where they are symthesizsed, as a complex
signal transducer, enabling the detection of the analye
through intncate global activities such as differential
grovwth or support of viral multiplication among others,
Both wype of protein-only biosensors offer very appealing
advaniages over classical devices, First, chemical coupling
1 the signal transducer is not requined as straightforsard
bioproduction resuliz in a ready-to-use final product,
either a purified protein of protein-producing cells or cell
extracts. Also, prowin engineering procedures such as site-
directed mutagenesis or directed molecular evolution
alloww refining the specificity of ligand binding and permit
the development of new receptors for new analyvtes, as
demanded from medicine or mdustry.

The mechanics for which a protein responds e a specific
ligand in a macroscopically detectable way would gener-
ally imply varations in s actuvity, either enhancement or
inhibition, that could be detectable either directly or imdi-
rectly through a biological amplification process, In gen-
eral, matural  protein-ligand  interactions  result  in
moderate conformational modifications that would be
poorly useful in molecular switching, as they have a lim-

hitp:/hwww. microbialcelifaciones comicontentiS/1/15

ited impact on protein’s activity. Prodein engineering
allows the modification of the receptor in a way in which
the interaction with the analvie promotes profound con-
formational modifications. There are many examples of
useful intracellular indicators of molecular imeractions,
gene expression of for biological sereening 4] tha use at
different extent end-to-end fusion proteinsg, including
two-hwbrid systems [5]. fluprescence resonance energy
ransfer (FRET) |&), and protein fragment complementa.
tion |7] among others. However, insertional protein engi-
neering allows a more versatile combination of functional
miodules for the construction of highly responsive mosaic
prodeins exhibiting unusual conformational versatility
upon ligand binding |8,9]. Obviously, the proiein seg-
mient or domain actng as a receptor clement must be con-
venpiently displayed on the protein surface 1o allow a
proper interaction with the analyte. Although some of the
constructs referenced below derive from random inser-
tions and further selection [10,11], the previous idenifi-
cation  of solvent-exposed  permissive  sites  through
differemt procedures has allowed a more rational design-
ing procedures based on site directed peptide insertion for
the construction of biosensors and other wpe of muli-
functional proteins | 12-19]. The principles of protein
functionality supponing insertional approaches for bio-
semsor construction are funher discussed as exemplified
by representative models and specific applications, being
miost of the resulting protein-only biosensors based on
either cleavable [Figure 1A) or allosteric [Figure 1B) pro-
win platforms, Representative examples of specific sen-
sors and constmiction approaches are listed in Table 1.

Cleavable platforms

The most dramatic conformational modification than a
given ligand {in this case a protease) might induce on a
target protein is hydrolysis, thar mostly result in its func.
tional inactivation but being somelimes a requisite for a
polypemide reaching the active form, if existing as an
inactive precursor, In fact targeted proteclysis is a biolog-
ical principle regulating many complex cellular events
[ 20-22]. Therefore, including a specific protease targel site
omn a protein's surface would made it susceptible o site-
limited digestion resulting in detectable changes in s
electrophoretic pattern. The successful implementation of
such technology would imply a refined analysis of the
provease target site susceptibility, as peptide display in dif-
ferent solvent-exposed sites could result in distinguisha-
ble digestion  efficiencies, since the prolein  regions
neighbouring the insert seem to have a dramatic influence
o the pepide conformation [ 23] This has been exempli-
fied by the insertional mutagenesis of the protease resist-
ant, preen  fluorescent  protein (GFP)L 1w make it
susceptible to trypsin and other proteclytic enzymes [24]).
The detection of specific proteases and proveolviic activi-
ties is now of extreme relevance in virology and in partic-

Page 2of7
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Tahble |: Representative examples of protein only biosensars obtained by insertional mutagenesis.
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ular for designing antiviral drugs that inhibit viral protem
processing and therefore muliiplication, Beyond the
straightforward electrophoretic analysis of the sensing
pronein [25], a rather inconvemient technique from the
analytical point of view, monitenng protease-mediated
reduction of activity {ﬂunn:sn:lm: EIMIsSion O enzyvmatic
activity] would offer a more convenient protease sensing
signal | 26]. In a siep further, it is known that many naiural
proteins are protealvtically activated by the removal of
self imhibitory protein domains |27, In this conext, the
convenient insemional engineenng of the carboxy termi-
nus of p53, containing such a regulatony element, has
resulted ina set of p33 vanants that are activated upon its
removal mediated by either the lethal factor (LF) or the
human immanedeliciency virus (HIV) protease [ 28).
Again, in this case. the sensing signal is detectable by up-
shiftelectrophoretic analysis, since the activated p53 gains
the ability 1o interact with specific DNA sequences | 28],

I an anempt to produce more convenient analytical sig-
nals, protease target sites have been imtroduced in the
linker hetween two end-to-end fused proteins that emin
fuorescence at different wavelengihs, so the cleavage can
b monitared by variations in the FRET spectra |29-31]).
Although being not a standard insertional approach, the
principles governing such engineering processes are simi-
lar o those discussed above. Inthis context, the protein
hydralysis splitting a I'In::mph-nn: and its quencher has
Been also a successfully proven osensing principle [60).

It would be expected that the generation of a signal by a
specific protenlytic atack acted as an all-or-nothing
switcher rather than as a fine sensing tool. However, a very
discriminative monitoring ool for viral proteases activity
wias implemented as a high-throughpu analvtical method
for antiviral drug testing and evaluation of the enzyme
activity. The ¢l Ivtic repressor of the B coli lambda bacteri-
ophage has been engineered 1o accommodate a selecied
target site for proteases from either HIV [ 32]. hepatitis ©
virus [HOV) [33] and severe acute respiratony syndoome
[SARS) viruses |34]. The appropriate co-expression of the
engineered ¢l and ihe protease promoies Ivtic lambda
propagation that is reponed by plague counting. This sys-
tem serves not only to test protease inhibitors for antiviral
dmag research but also o quanitaively evaluate the activ-
ity of proteases from mutant viruses emerging in patients
treated with amtiviral, proease-targeted drugs [35]. The
cascade events supported by the cell as a network signal
transducer permits the quantitative translation of the sta-
tistic ¢ heydrolysis within the cellular pool. what would be
probably not possible by using a more straightforward sig-
nal transducing system.

hitpiiwsna microblalcelifactories comicomtentiSAM15S

Allesteric platforms

The regulatable activity of allosteric enzymes lies on a hio-
logical principle highly matching with the protein-only
biosensing concept | 36]. The activity of allosteric enzymes
is modulated upon binding of an effector 1 a receplor
site, that ht:ingdiifrn;'m from the active site, can influence
its performance through the confermational impact pro-
moded by the allosteric effector, Since most natural effec
wors are irrelevant for analytical purposes, both allosteric
and non allosteric enevmes have been engineered 10 allos-
terically respond 1o new effectors by insertion of appropri-
At receptor sites, in some cases accompanied by directed
or random mutagenesis of the enesyvme or directed malec-
ular evolution, This straightforwand insertional sirategy
often requires the idemtification of permissive sites in
which inseried motives do not disiurh irreversibly the
enzyme activity |12.37], and has proven v be efficient in
the engingering of P-galaciosidase [38.39|, alkaline phos-
phatase [40), f-lactamase |10] and GFP [41,42] as allos-
weric  biosensors. As  the  fine mechanics of  the
conformational signal wansdection in allosteric activa-
tion is not know, such devices bave been constmicted by
error-and-trial approaches. Recently [11], a mandom inser-
tional approach has permitted 1o newly create two allos-
e enzvimes by domain incorporation, by a strategy, in
principle, with general applicability in biosensor design.
Among ensyme inhibitors and other few ligand species
that aciivate allosteric biosensors, antibodies have been
noted o be specially efficient allosternic effectors |36) and
the use of antigenic peptides as receptors in only-protein
biosensors would offer appealing wols for the fast molec-
ular diagnosis of infectious diseases |39.43). Allosteric fi-
galactosidases displaving  arginine-glvcine-aspartic acid
[RGD)-comaining antigenic peptides [23], are activated
by amti-peptide antibodies |35 but now by RGD-wargeted
integnins binding the same receptor [44]. This fact indi-
cates different conformational constraints in the bnding
of both molecules [45] and suggesis that the adaptive anti-
body binding could be a major force in sensor activation.

A main problem of allosteric biosensing is the poor sig-
nal-background ratio, that in most of cases does not reach
maode than 2-fold (Table 1), Higher activation factors
would be extremely desirable for fine analytical applica-
tions where 2 wide dynamic range is required. In fact, in 3
few examples, the presence of anti-peptide antibodies (the
analyie) even reduces the activity of the enzvme probably
b steric hindrance of the active site, as reported by alka-
line phosphatase [46] or Bdactamase | 10], when the anti-
genic peptide was placed in the very close vicinity of the
active site, The inhibition of the engymatic activity is not
very desirable as an analyvtical signal since in high-
throughput analysis of complex samples, the presence of
cmeyme inhibitors might render false positives. By com-
paring different species of allosteric biosensors sensing
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anti-peptide antibodies, it was recognized that the activa-
tion factor was highly depending on the periurbation that
the insened peptide recepror had promoted on the activiy
of the enzvime platform after insertion [47], Greater was
the reduction in the specfic activity of the eneyme, higher
the activation mediated by the effector, but reaching only
activation factors around 2 that seemed 1o be a biological
upper limit 1o allosteric activation [47). However, a
deeper exploration of pgalactosidase allostenc sensors
has revealed that the signal background ratio can be
enhanced up 1w more than 10-fold, by alternative or com-
Bined approaches such as introducing a higher number of
receplors per enzvime 43,448, optimising the reaction
conditions [49] and sclecting the approprate substeae
[50].

Apart from plain diagnostic utilities, allosteric sensors can
intriguingly perform as tocls for the analysis of the
immune response, as they specially recognize antibodies
with a high potential as modifiers of the epitope confor-
mation. In this context, a B-galaciosidase sensor display-
ing an HIV gp41 epitope and responsive 1w human HIV-
immune sera is preferentially activated by the IgG4 anti-
boddy subpopulation [31]. As at least in the case of HIV
infection the ability of anti-viral antibodies to modify the
epitope’s conformation is strongly related w their neutral-
izing activity |52.53] and probably 1o the progression of
the infection |54, allosteric hiosensing could eveniually
offer a valuable instriment for high-throughpun sera anal-
ysis for prognostic investigation.

Cther examples of conformation-dependent sensor
activation

Conformational changes promoted by molecular imterac-
tions may generate signals suitable for biosensing other
than allostenic responses. The correct folding of a deletion
mutant of the human Fyn vrosine kinase [FynSH3), a
predominantly B-sheet protein, is induced by the binding
of an appropriate proline-rich peptide ligand, and the
folding process monitored in real ime by trvprophan fu-
orescence |35]. Temperature-sensitive veast oells lacking
dihwdropholate reductase {DHER) are complemented by
two mouse DHFR containing foreign different ligand
binding domains [36]. Culwre growih is then enhanced
in presence of the respective ligands proving that molecu-
lar binding activates the complementing enzyme,
Although this system can be observed as a generic biosen-
sor |57). s real potential would lie on the selection of
specific or improved ligands by directed molecular-cellu-
lar evolution. On the other hand, the presence of bivalent
antibedies can promote dimer formation of a mutant p53
in which the tetramenzation domain has been remaoved
andd antigenic B-cell epitopes of viral origin conveniently
inserted 28], Since dimers are much more active than
monomers, the presence of antiviral antibodies enables
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P53 to bind DNA in an electrophoretically detectable
manner,

Other conformation-linked effects of molecular interac-
tons might also result i detectable activity changes or
phenomvpes acting as macroscopic signals for a given ana-
Ivte, Gamming further knowledge abow eneyme struciure
and dynamics would necessarily offer additional possibil-
ities of ratonal proein engineering [58] for exploiation
of such conformational signals.

Conclusion

Insemion of foreign peprides as receplons of protein-only
biasensors confers the resulting protein construct the alil-
ity 10 sense analytes by dramatic conformational changes
unusual in the native, non engineered prowein. For such a
sensor being efficiently responsive, appropriated penmis-
sivie sites need 1o be selected permiming proper receplor
display and signal transduction, and the whole protein
might require further engineenng 1o gain specificity and
response range. Although most protein-only biosensors
derive  from  wial-and-ermor  engineering  approaches,
rational and very clever setting-ups are exemplified by
combinations of sensing protein segments and conven-
iently modified acceptor proteins. Among the diversity of
sensing strategies based on insertional muagenesis wo
protein platforms emerge as the most explored, namely
cleavable sensors responding 1o proteases or their inhibi-
tos, and allosteric, among whose most efficien efecions
are antibodies. The performance of these two sensor types
has been largely proved in the high throughpat screening
of antiviral drmgs and for the molecular diagnosis of infec-
tious diseases respectively. Although the potential appli-
cations of protein-only biosensors are diverse and still
have to be fully exploited, they have arisen as valuable
new toels in bomedicine being intriguing alternatives 1o
classical sensing technologies,
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DHFR Dihydropholate redieciase

DsRed Engineered mutant of red fluorescent prodein
EGFP Enhanced green fluorescent protein

FADV Food-and-mouth disease vims

FRET Flugrescence resonance energy transfer

GFP Green fluorescent protein
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HA Influenza hemaglutinin

HCY Hepanitis C virs

HIY Human immunodeficiency vins

HEV Herpes simplex virus

LA Lipid A

LF Lethal facior

LIS Lipopolysaccharide

MBI Maliose binding protein

RGD Arginane-glyeine-aspartic acid to-peptide

SARS Severe acute respiratory syndromae

TEV Tobaceo eteh virs

TEM [ lactamase

PSA Prostate specific antigen
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Abstract

Background: Many enzymes of industrial interest are not in the market since they are bic-
produced as bacterial inclusion bodies, believed to be biologically inert aggregates of insoluble

progein,

Results: By using two structurally and functionally different model enzymes and two fluarescent
proteins we show that physiclogical aggregation in bacteria might only result in a moderate lass of
biological activity and thar inclusion bodies can be used in reacuon mixtures for efficient catalysis,

Conclusion: This cbservation offers promising possibilities for the exploration of inclusion bodies
as catalysts for industrial purposes, without any previous protein-refolding step,

Background

Protein misfolding is a common event during bacterial
over-expression of recombinant genes |1]. The aggrega-
tion of insoluble polypeptide chains as inclusion bodies
has seriously restricted the spectram of proteins marketed
by the bimechnology indusire.  Being  widespreadly
believed that inclusion body proteins are biologically
imactive and therefore useless in bioprocesses, many
aggregation-prone products have been disregarded for
commercialisation. Protein solubility can be tailored by
gither process |2] or prowein 3] engineering, although
mast effarts have been addressed o minimize inclusion
body formation by co-production of folding modulators

|4]. or w refold purified inclusion body proteins by chem-
ical denamiration followed by refolding procedures |5).
Both strategies need o be adapred w pamicular protein
species and they render largely variable resulis regarding
the final soluble protein vield.

Interestingly, independent repons have noted enzyvimatic
activity associated 10 inclusion bodies formed by recom-
binant enzymes [6-8), but the extent of these side-obser-
vations has been never quantified and its biological and
bisechnological relevance remained unexplored., In this
work, we have quantitatively explored the biclogical

Page 1ol
{page nemnber nol for cifabon purposes)



152

ANNEX I

Microbial Cell Faclonas 2005, 4:27 hitp:/fwwew. microbialcelfactones, comicontentid 127

Tabde I: Enzymatic activity or fluorescence of inclusion bodies produced in E. coll

Congrnat nams Raferonce Funonignal Fracmion of Approgating Specific actkicy or emisseon ® Acrhiny of the
proven inchsion domain of {enaymraric wnits'mg or luorescenge  inclusion body
body protein - procein (all in unics'mg) fracrion
{rarge. %) * thee M-terminal relative o that
poditian) ol solubhe
protein %) ©
Solubde provein  Inchusion bodies
YR ILAC This work and  E col fi- 156459 FHDW VP 6783 2 1530 Hi6LS + 2560 (1]
%] palacrosidase capiid protein
hDH-IFR [25] Human 4-388 PO BO IO e 24 4710 09107 59
dibipdrofolate lug
reductase
WP IGFF This work Green B15-8E4 FHDW YFI 1555 = 660 704 = 1001 19.5
Msorescer capiid provein
proten
APALFI9D)-BFP 28] Blue &1 4553 APALFI9D) 1181 £ 102 3422 0.7
fuworescent
protesn

* The percencage of protein found in inchesion bedies relacive to ch cocal incracellular amegunt of recombinang progein, Values werg degerminnd
from different samples aken ar 3 and 5 b afier criggering recombinang gene e pression,

b These values were determined in samiples takoen beeween 3 and 5 h after triggering recombinant gene expression.

¢ Specific acthvity or fluorescence emistson of ndlusion bodies relative to the valwes determined for the soluble counterpart fracton. Protein
amiunts were determined by Western blot analyiii a8 deicribed and enzymatic dixd ptl‘fﬂr‘l'ritd by conventional procedures. Excitation

wavilengehs were 450 nm for VPIGFP and 360 nm for AJ43FI90)-BFP.

activity of inclusion body recombinant proteins amd their
potential use for bioprocesses in the aggregated form

Results

Tordetermine the ocourrence of active protein in inclusion

bodies we analysed those formed upon overproduction of
the wild-type human dibydrofolae reductase (hDHER)
and an engineered E, coli Begalactosidase fused to the
aggregaton-prone foot-and-mouth disease virus (FMOV)
VI capsid protein (VPTLAC). In addition, we exploned
flusrescence emission of green and blue Nuorescent pro-
wins (GFP and BFP respectively) fused o differemt agsre-
gating polypeptides, namely the FMDV V'L and a point
miutant of the human Ap-amyloid peptide [AB{F190D)).
by comparing specific Mluorescence emission ol protein in
the soluble cell fraction and punfied inclusion bodics.
Lpon overproduction, all these proteins form cytoplas-
mie inclusion bodies in B coli, the fraction of the aggre-
gated protein ranging between 28 and 88 9 of the total
recombinant producton (Table 1), Surprsingly, both
enEymatic activity and specific fluorescence of inclusion
body proteins were unexpectedly high (Table 1), ranging
from 6 to 166 % of that of their coumerpars ooourming in
the soluble cell fracion. This fac indicates thar protein
imactivation mediated by in vive aggregation is only mod-
erate, In addition, it is shown thar protein packaging as
bactenial inclusion bodies it inter-molecular B-sheet
architecture (characterized by the presence of a peak

arpund 1620 cm! that dominates ithe FTIR spectrum in
the amide | region] |9.10] inthese model proteins {Figure
1} is compatible with the functionality of enzyme active
sites and fluorophores, In this context, VIPLGEP and
ABAZIF1900-BFP inclusion bodies are noticeably Nuores-
cent inside the producing cells (Figure 2}

We wondered if active inclusion bodies could be then
used insuspension as efficient catalysts for bloprocesses.
If so, the straightforward use of these particles, that in
addinon are easily emovable from the reaction mixiire
once the reaction is completed by low speed centrifuga-
tiom, would be a conventent alternative o in vitro protein
refolding before use, a complex procedure for which effi-
ciencies are highly variable but in general low [5], The
ereymatic activity of soluble and inclusion body versions
of hoth VI LHLAC and hDHFR was then monitored in reac-
o mixtures, As observed (Figure 3A and 3B), inclusion
body-embedded ensymes performed very efficiently as
catalysts of enevmatic reactions. Substrate hydrolysis
mediated by the insoluble form of VP HLAC was signifi-
camtly faster than thar mediated by the same amount of
the soluble version {Figure 3A), while substrate processing
By hDHER was sloswer when driven from inclusion bodies
but still imporant (Figure 3B). These observations are
micely compatible with the specific activities displaved by
osth versions of these proteins (Table 1).
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FTIR spectra of inclusion bodies fermed by either VPILAC
{black), hOHFR (green). VPIGFP (red) or Af42(FI19D)-BFP
(blug) in the amide | region [9], The asterisk labels the peak
indicative of extended inter-molecular -sheet structures in
bacterial inclusion bodies.

Discussion

The quamtitative similarity between protein activity in the
soluble cell fraction and that of the aggregated forms of
both emzymies and Nuorescent proteins (Table 1) demon-
sirates that physiological aggregation as inclusion bodies
does not necessarily split protein population into active
and inactive fractions. Probably, protein solubility
[observed as the occurmence in the soluble cell fraction)
does ot necessanly indicate the acquisition of a correctly
frlded and thus active structure, In this conext, soluble
micro-ageregates have been described [11)] and recently
characterized in dewail |12]. The non complete coinc-
dence between solubility and folding has been previously
indicated by exhaustive mutaional analysis of maodel pro-
wins [13]. showing that the genetc determinants of pro-
tein aggregation and misfolding are not coincident. In this
way, natively unfolded proteins are unstruciured but sol-
uhle [14]. Therefore, determinations of CFP-fusions solu-
bility by using Muorescence as reponer |15] could have
eventually been indicative of folding-misfolding extend
rather than selubility-insolubility, since inclusion bodies
formed by GFP fusions can be highly fluorescent [Figure
). Funhermore, solubility does not appear 1o be an all-
or-nothing attribute and polypeptide chaims might exhibit
a continuum of folding states in both soluble and insolu-
ble cell fractions, between which they are dymamically
transferred with the assistance of cellular folding modula-
1ors | 16]. 1n this context, the occurrence and evolution of
soluble” aggregates in bacteria (namely misfolded species
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Figure 2

Optical micrographs of A[42(FI19D)-BFP (top) and VP GFP
(battem) inclusion bodies by phase contrast (left) and fluo-
rescent micrascopy (right).

ocouming in the soluble cell fraction and presumably
imactive) |12] could explain the variable specific activity
obhserved in the soluble cell fraction of bacteria producing
recombinant B-galaciosidases [17).

Inversely, our resulis prove 4 major ocourmenoe of native or
native-like protein in inclusion bodies. In Fact, deposition
as inclusion bodies might even result in the ennchment of
activee species as suggested by the specific activity (166 %
of that found inthe soluble cell fraction; Table 1) and ca-
alytic propenies [Figure 3A) of VI'LLAC inclusion bodies,
This abservation can be then again indirectly indicative of
the presence of enesymatically imactive protein in the solu-
Ble cell fraction, since protein deposition is not expeced
to Favour a correct folding.

Fimally, although the existence of manve-like struciure in
hacterial inclusion hady proteins has been previously
reparted | 18], here we demonstrate that this is not anec-
dotic but probably the architectonic natre of these Kind
of aggregates, as inclusion bodies formed by four seructure
ally different proteins all display significantly high biolog-
ical activity, Imerestingly, the active and properly folded
polypeptides in inclusion bodies coexist with a molecular
[t-sheet organization also manifest in all cases, although
the extent of f-sheet structure and 1s comncidence with the
biological activity of the agegregates cannot be quantita-
tively evaluated. Since is highly improbable thar eneyime
active sites involved in the intermolecular fi-sheet struc-
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A} Preduct formed by soluble {black symbels) or inclusion body (red symbels) VFPILAC through OMPG hydrolysis as decer-
mined at 414 nm, Yery coincident resules have been obuained by using CPRG as alternative subserate (see the small panel),
whose hydrolysis product was determined at 540 nm. B) Conwersion of MADPH into MADP* associated to tetrahydrofolate
formaticn mediaced by soluble (black symbols, left scale) and inclusion body (red symbols, right scale) hDHFR. Absorbance was

determined at 340 nm,

ture could be themselves active, we suggest that enzvmatic
activity or Hluorescence are supported by properly folded
medecules or molecule segments. Aggregation, observed
as  protein deposition  driven by intermolecular
interactions  between  solvent-exposed  hyvdrophobic
patches |94] would not necessarily disiurh the conforma-
tion of all protein domains, and the active site would be
still functional if misfolded, aggregation-prone regions
are locaned in a distam site of the polvpeptide chain, Alwer-
natively, properly folded and active molecules could coex-
ist with PBesheetenriched [inactive] versions of the same
spaecies, and both situations could in Gact take place simul-
taneously in single aggregate units. Funher strectural and
funcriomal analysis would hopefully solve this issue,

From an applied point of view, mclusion bodics, being
formed by sequence-specific interaction between homaol-
ogous protein patches resultin highly pure protein micro-
particles |9]. Since they are also porous and  highly
hydrated | 19], efficient subsirae diffusion would proba-
by eccur for miost of the {or at least many ) biotechnolog-
ically relevant aggregated enzvmes, thus opening the
possibility for a new industrial market of enzymatically
active inclusion bodies,

Conclusion
Resuls presented here prove than aggregation of recom-
hinant proteins as bacterial inclusion bodies does nog nec-

essarly  inactivate  them,  despite  the  ennched
imtermaolecular [F-sheet struciure observed in those formed
by the tested model proteins. The extent of protein activity
varies depending on the specific protein, bui even ihe low-
st functional values observed are sall high enough w
consider the use of inclusion body enzymes in hioproc
esses, without any previous refolding step. The eventual
incorporation of inclusion bodies in industrial catalysis
could represent an important concepiual shift in the bio-
technology market.

Methods

Strain, plasmids and culture conditions

E. codi SAC4 100 | 20] was used for all the expernments, Mlas-
mids encoding hDHER and AR42(F190)-BFP have been
previously deseribed and appropoate references can be
found in Table 1. Briefly, in the AB42(F19D)-BFP vector
(6.7 Kb) the DNA sequence encoding the 42-mer Alzhe-
imer's amyloid pepride, (bearing a Phe'—=Asp mutation
o rediece is i el aggregation rate), s fused upstream of
the BFF gene and under the control of the T7 promaoter, in
a pET-28 based veoor, In the product, the two protein
sequences were separated by 12-mer linker stretch o
provide flexibility to the fusion protein and limin steric
constrains between domains, pIVE1LAC was constructid
by moving the Sall-Neol VP LLAC fusion-encoding DMNA
segment (3.5 Kb ) from pIVPTLAC (8.5 Kb] 1w the cloning
vector pTRCS9A |20). The resulting pTVE 1 LAC constric
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(7.7 Eb) was used o direct the production of VPILAC,
Thie lacZ gene was funther replaced there by an appropriate
GFP-encoding DNA segment (0.7 Kb) through digestion
with EcoRl and BamHL, rendering pTVPIGEP (5.5 Kb). All
the production processes were performed in shaker-Nask
cultures gronving at 37°Cin LB rich medium [20] plus 100
pg/ml ampicillin for plasmid maintenance, and recom-
binant gene expression was induced when the O,
reached 0.4, by adding 1 mM IFTG, Cell samples were
taken at 3 and 5 bafter induction of gene expression.

Analysis of enzymatic activity

Culture samples of 2.5 ml were jacketed in ice, disnupted
by sonication for 5 min at 50 W under 0.5 s ovcles |21
and centrfuged at 4°C for 15 min at 15000 g The super-
matant was directly used for the analysis as the soluble cell
fraction. Inclusion bodies were purified by a detergent-
washing protocol as described [19) and used in suspen-
sion for activity analysis. B-Galactosidase activity of both
soluble cell fraction and inclusion bodies of VPTLAC was
determined in microplates as desenbed |7,22] under con-
tinuous stiming at 250 rpm. Kinetic analysis of VI LAC
CHEVTIANG ACUVILY was monitomed in 120 pl reaction mix-
tures with either 2 mbd ORNPG [(pH 8.4} or 2 m&M CPRG
(pH1 700 The hIDHFR activity was determined by inculwa-
ing 50 ul of ihe protein sample and 8530 ul of the appro-
priate assay bufler (001 M KPO, pH 7.4, 1 mM DTT, 0.5
M ECL 1 ms EDTA and 20 md ascorhic acid) for 10 min-
uies at room emperatre, Then, 50 pl of 2 mM 7.5-dihid-
rofolate and 50 gl of 2 mM NADPH were added and
hIYHFR activity was recorded every 15 seconds during 4
minutes at 340 oo Protein concentration im all the assays
was adjusted between 2 and 3 pg/ml.

Fluorescence {at 510 nm for GFP and 460 nm for BFIY)
wis recorded in a Perkin-Elmer 650-40 fluorescende spec-
trophotomeier by using excitation wavelengths of 450 nm
and 360 nm for GPF and BEF respectively, Fluorescence
was measured in 1 ml samples using dilutions when nec-
essary, Both eneymatic activities and fluorescence were
determined in taplicate,

Quantitative protein analysis

Samples of bacterial culres [ 10 ml) were low-speed cen-
trifuged (15 min at 12000 g) w harvest the cells. For pro-
tein quantification in soluble cell fractions, samples were
resuspended in 400 pl of 2 bulfer withowt f-mercaproeth-
anol [23] with one tablet of protease inhibitor cocktail
(Roche, ref, 1 836 170) per 10 ml buffer, Such mixiures,
onee jacketed inice, were sonicated for 5 min [or longer
when required o achieve a complete dismption) an 500W
under 0.5 s cyeles as described [ 21], and centrifuged for 15
min ar 12000 g The supernatant was mixed with denatur-
ing buller at appropriate ratios |24]. For the detenmina-
tion of inclusion body protein, these structures were

ANNEX I
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purficd by repeated detergent washing as described [19)
and resuzspended in denaturing buffer |24, Afer boiling
for 200 min, appropriate sample volumes were loaded
onto denaturing gels. For Western blot, polvclonal anti-
Bredies specific for each prowein were used as previously
described [17]. Dried blots were scanned at high resolu-
tion and bands quamified by using the Quantity One soft-
ware from Bio Rad, by using appropriate protein dilutions
of known concentration as controls, Determinations wene
always done within the limear range and they were used o
calculate the specific activity values.

Conformational analysis by FTIR spectroscopy

For FITR spectroscopy analysis, purified inclusion bodies
were dried for two hours in a Seepd-Vac sysiem before
analysis o reduce water interference in the infrared spec-
tra. The FITR spectrum of the dry samples was analysed
directly in a Bruker Tensor FTTR specirometer. All process-
ing procedunes were carmied out so as (o optimise the qual-
ity of the speciim in the amide | region, between 1604
cmt and 1700 cmc?, Second derivatives of the amide 1
Band specira were used 1o determineg the Frn]urnrirﬁ ai
which the different spectral components were located, A
pgeneral description of FTIR procedures can be found else-
where [#,10].

Abbreviations
BFP blue fluorescent protein

CIPRG phenal red B-D-galactopyranoside

FMDY foot-and-mouth disease virus

FITR fourier transform infraned

G FP green fluorescent prodein

HIHER human dihydropholae reductase

IFTG isopropyl-[3-D-thiogalactopyranoside
ONMG anho-nitropheny! [i-D-galaciopyranoside
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8. ABBREVIATIONS



SPR:

HIV:

FRET:

HCV:

SARS:

ONPG:

CPRG:
FDG:
X-gal:
AP:
GFP:
BLIP:

DHFR:

EGFP:

FMDV:

HA:

HSV:

LA:

LF:

LPS:

MBP:

TEV:

CTL:

MHC:

ABBREVIATIONS

Surface Plasmon Resonance

Infrared wave

Human Immunodeficiency Virus
Fluorescence Resonance Energy Transfer
Hepatitis C Virus

Severe Acute Respiratory Syndrome
Ortho nitrophenil B-D-galactopyranoside
Chlorophenol red B—D-galactopyranoside
Fluorescein 3-D-galactopyranoside
5-bromo-4-chloro-3-indolil-B-D-galactopiranoside
Alkaline Phosphatase

Green Fluorescent Protein

[-lactamase inhibitory protein

Dihydropholate reductase
Enhanced green fluorescent protein
Food-and-mouth disease virus
Influenza hemaglutinin

Herpes simplex virus

Lipid A

Lethal factor

Lipopolysaccharide

Maltose binding protein

Tobacco etch virus
Citotoxic cell

Major Histocompatibility Complex

175



176  ABBREVIATIONS

AIDS: Acquired Immunodeficiency Sindrome
SIV: Simian Immunodeficiency virus

IFN: Interferon

WHO: World Health Organization

ART: Antiretroviral therapy

CD4BS: CD4 binding site

FDA: Food and Drug Administration

IgA, IgE, IgM, IgG: Heavy chain isotypes. Immunoglobulins A, E, M and G

1gG1, 18G2, 1I8G3, IgG4: Isotypes of immunoglobulin G

Km: Michaelis-Menten constant

Kcat: Catalytic constant

Kcat/Km: Catalitic efficiency

ELISA: Enzyme-linked immunosorbent assay

IPTG: Isopropyl B-D-1-thiogalactopyranoside
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