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Introduction

Estrogens such as 17-f-estradiol and estrone are steroid compounds that are key
mediators of female reproductive functions. In addition, these compounds are essential
for health of numerous tissues such as maintenance of bone tissue and are implicated in
the cardiovascular system. It has been shown that exogenous chemicals with estrogenic
and/or anti-estrogenic activities may disrupt these regulatory pathways.(/) Environmental
or industrial compounds and phytoestrogens that interfere with the hormonal or endocrine
system have been defined as endocrine disrupting chemicals (EDCs). It is well
established that these substances cause adverse effects on human health including
reproductive cancers by dramatically altering the pattern of gene expression. (2)The
estrogen receptor is the primary target for these substances because this receptor is
promiscuous in its ability to interact with a variety of ligands.(3, 4) EDCs mimic estrogen
in their ability to induce or inhibit estrogenic responses after binding to the estrogen
receptor.

Predicting the estrogenicity of the thousands of compounds present in commerce
by structural analysis is difficult since a wide variety of potentially estrogenic substances
may bear no resemblance to that of the natural estrogens. Monitoring and detection
strategies cannot be grounded on simple analysis of complex environmental samples for
known or suspected structures. Many of these compounds or their metabolites may be
constituents of food, household or personal care products, or pharmaceuticals.

In this project, a structurally independent ligand-binding domain of the estrogen
receptor (HBD) will be produced using genetic engineering.(5) The goals of this project
are to attach a self assembled layer of this HBD on the surface of a piezoelectric quartz
microbalance to produce a biosensor capable of screening environmental samples for
small molecules that have estrogenic and antiestrogenic activity. The strategy presented
here was designed to allow a screening mechanism and capture system for substances
that bind to the estrogen receptor. The development of such a system would impact the
risk assessment of a number of compounds including phytoestrogens and other synthetic
chemicals, which may potentially modulate endocrine responses leading to greater
incidence rates of hormonally-related diseases such as breast cancer.

Body
Instrumentation used in this study

Biosensors are analytical devices that measure the presence of molecular species by
combining the intimate recognition properties of biological macromolecules with a signal
transduction mechanism. (6) An affinity sensor can be designed to detect substances that
bind to a particular protein and can be highly specific for that event. Since we are
interested in sensing compounds that bind to the estrogen receptor, our sensor
incorporates the hormone-binding domain of the estrogen receptor (HBD) as the
biomolecule on the surface of this sensor. A signal will be detected from the biosensor
when a molecule interacts with HBD. The sensitivity of the biosensor is due to the fact
that the HBD only binds certain substances. The HBD is known to be functionally
independent as a truncated receptor (amino acids 304-554). When a ligand binds, the
protein undergoes a conformational change, which in vivo allows interaction with a



variety of factors to propagate the gene action.(7) It has been confirmed by X-ray
analysis that the conformation of the receptor is solely dependent on the structure of the
ligand in the binding pocket.(8-717) In the estrogen-occupied receptor, the infamous
helix-12 caps the binding pocket and the protein forms a stable complex. Anti-estrogenic
substances such as tamoxifen result in a structure where helix-12 is misaligned with the
binding pocket.(8, /12) We take advantage of this conformational change and change in
protein rigidity to detect the binding event by a piezoelectric transducer, namely the
QCM. For our studies we used two different QCMs, the Maktec model (Figure 1.) and
the Q-Sense Model (Figure 3).
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Figure 1. Quartz crystal microbalance measurement system. The crystal holder contains
the piezoelectric crystal coated with gold. The crystal has a frequency that is related to
the buffer in the measurement cell and the substances attached to the gold surface.
Frequency measurements are taken by immersing the crystal holder into the measurement
cell and waiting until a steady baseline is obtained. The initial baseline is taken and then
protein is added to the crystal and incubated for a period of time. After the incubation the
measurement is taken. The ligand is then added to the crystal, which is also incubated for
a specific time before the measurement is taken. Crystal frequency usually decreases as
mass is added.
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Figure 2. Glass cell for the Maxtec instrument. The glass container holds up to 30 ml of
liquid. The quartz crystal is located in the area of the clamp. Liquids can be injected into
the cell via the rubber stopper at the top of the glass container. For some of our
experiments we inserted a small spin bar to mix solutions. Illustration taken from
www.infitron.com who has just bought out Maxtec, INC.

Figure 3. The E4 Q-Sense instrument. (The Q-sense instrument used for this study was
located in the laboratory of Nathalie Tufenkji Assistant Professor Department of
Chemical Engineering McGill University, Canada. Illustration downloaded from

Q sense.com.)

The Q-sense instrument is a state of the art instrument that has a new way of measuring
the crystal frequency called the QCM-D technology. The QCM-D monitors the response
of a freely oscillating crystal which is touted to be more accurate than other models such
as the Maxtec. The QCM-D also measures many different frequencies (called overtones)
and dissipation, which is their proprietary technology. The advantage of this technology
is the characterization of protein surfaces on the crystal. It was thought that with the
dissipation measurement it is possible to determine whether the absorbed film is rigid or
soft. Another advantage is the ability to monitor four cells at one time in a flow cell
arrangement. Flow cell technology would be a more versatile set up for work in the
environment. In addition, our original hypothesis was that the estrogen receptor became
more rigid when ligands were bound in the pocket.(/3, /4) Experiments were run on this
instrument in hopes that we could prove that hypothesis and discriminate between
different types of ligands. It was also thought that this instrument would be more
sensitive than our Maxtec instrument. The crystals have a different design and are



smaller. These gold crystals are cleaned using a pirrhana solution, which strips the entire
crystal of all impurities. The surface is smoother than that of the Maxtec crystals.(/3)

Proteins used in this study

The estrogen receptor is a 66 kDa protein with a number of functional domains. It
is fortunate that the hormone HBD can function independently from the intact protein and
binds hormone in the same range as the full receptor (/5-17). Our preliminary studies
have used HBD made from a construct that produces the protein from amino acid 304 to
554 (18-20). There are four naturally occurring cysteine residues present in this HBD
protein: 381, 417, 447 and 530. In order to attach the protein to the gold in a known
orientation, it was necessary to have only one cysteine accessible for binding to the gold
surface. The cysteine at position 447 is deeply buried within a hydrophobic region of the
folded protein and thus is not able to react with the gold film. Since cysteines 381, 417
and 530 are surface exposed, two of these residues (C381 and C530) were mutated to
serines, removing their reactivity with the gold surface. From previous work in the
Katzenellenbogen laboratory, these mutations are known to have no implications on the
overall three dimensional structure of the protein or its capacity to bind ligands (19, 21).
The one remaining surface exposed cysteine, 417, was then utilized to immobilize the
protein on the gold surface. Amino acid 417 is not involved in ligand binding and tethers
the protein to the surface in a manner that does not disrupt ligand binding, dimer
formation or any conformational change associated with the binding site. Immobilization
of the double serine mutant HBD (HBDC417) dimer to the gold electrode is shown in
Figure 4.

Figure 4. The depiction of the HBDC417 dimer on the gold surface. The cysteine
residues in green are labeled. The surface exposed cysteine 417 is illustrated in red and
the 17B-estradiol (E;) is shown in blue. Mutation of Cys to Ser were made on residues



530 and 381. Residue C447 is buried and is not available for binding on the gold surface
unless the protein is unfolded. Helix 12 the cap of the binding pocket is shown in yellow.

The HBDC417 immobilized on the surface constitutes the bio part of the
biosensor. The frequency of the sensor crystal was measured before and after
immobilization of the HBD mutant as well as following exposure to a number of different
potential ligands. Repeat experiments with HBDC417 mutant showed frequency shifts
resulting from receptor immobilization ranged from 45 - 54 Hz. Exposure of immobilized
receptor to 17B-estradiol (natural estrogen) showed an additional frequency shift of 25
Hz. Calculations based only on mass (equation 1) indicate that a frequency shift of less
than 1 Hz is expected from addition of 17B-estradiol to the surface. Again, an
unexpectedly large frequency shift is observed with ligand binding. This occurs because
of conformational changes in the receptor that change the nanoscale environment at the
sensor surface, yielding a much larger frequency response than expected from mass
considerations alone. This data was found with the Maxtec system and was reported. (/4)
Our studies funded by this grant further investigate the versatility of the Maxtec system
for binding a number of different ligands under the same conditions as reported and to
test the sensitivity of the system to ligand concentrations and conditions that would exist
in environmental samples.

Another mutant of the HBD was produced for this investigation in hopes that this
new construct may provide greater sensitivity, producing a signal in the low nM range for
estradiol and other target compounds such as nonylphenol. Sensitivity to a range of
estrogens at environmentally-relevant concentrations is a prerequisite to a biosensor and
capture system that can be used to monitor unprocessed, relatively uncontaminated field
samples. A new HBD construct was made in which we leave the naturally-occurring
cysteine at the 530 residue to make the sulfur linkage to the gold surface and mutate the
cysteine at position 417 to serine. The illustration of this construct HBDC530 is shown in
Figure 5.



Figure 5. The depiction of the HBDC530 dimer on the gold surface. The surface
exposed cysteine 530 is illustrated in green with lines drawn to the gold and the 17f3-
Estradiol is shown in blue. Mutation of Cys to Ser were made on residues 417 and 381.
Residue C447 is buried and is not available for binding on the gold surface unless the
protein is unfolded. Helix 12 the cap of the binding pocket is shown in yellow.

A third mutant was also developed for these studies. The triple mutant where all
three cysteines were mutated to serine (HBD TM) was produced to provide a negative
control for these experiments. If a cysteine is not surface available the immobilization of
the protein is not possible and the biosensor will have no change in frequency when
protein is added. This provides a check for our hypothesis that the cysteines are key to the
immobilization of the protein. In addition this, HBD TM provides a means of ligand
capture. If the gold surface of the crystal with HBDC417 immobilized on the surface is
fully loaded with ligand a mobile protein HBD TM could be introduced in the
experiment. HBD TM in higher concentration than HBDC417 would confiscate the
bound ligand by LeChatelier’s principal. The mobile protein could then be used for mass
spectral studies. We were in hopes that this may be a way to sequester the ligands
immobilized on the surface without hindering the protein layer. Severe chemical
conditions must be utilized to remove the protein covalently bound on the surface. The
conditions make it impossible for the protein to remain intact. If we were to use harsh
conditions the proteins would also be compromised. In essence we would have numerous
chemical species in a mixture if we were to try to remove the protein (with acid or base
conditions) with ligand attached. It would be impossible to sort out the products in a mass
spectrometry experiment. So our reasoning for this mutant is to develop a capture and
recapture system for future mass spectrometry experiments to discover novel ligands of
the estrogen receptor.
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Figure 6. The experimental plan for regeneration of the biosensor surface and
sequestering of the ligands captured. Our reasoning for the production of the HBD TM
shown in green is to capture the ligands that are sequestered from the environmental
samples by the protein immobilized on the surface. We intend to do this so that we would
not have to use acid or base to break the covalent S-Au bond. The acid or base would
have dire consequences on the protein and make an impossibly complex mixture to
examine by mass spectrometry.

Mass spectrometry experiments are being done by Owen Nadeau at University of Kansas
Medical Center on the HBD TM. All attempts were made on an FT ICR MS. The
proteins were injected onto RP nanobore C18 columns and analyzed by electrospray
ionization (ESI). We tried to mimic the procedures outlined in a previously reported
work.(20) except that we used fourier transformation for detection. Progress is being
made to solubilize the protein so that this methodology can be used.

Both mutants were produced and purified to homogeneity. A representative SDS gel is
shown below in Figure 7.
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Figure 7 SDS-PAGE of HBD-Mutant expression and isolation: Lane 1- molecular weight
marker; Lane 2- supernatant from lysed cells; Lane 3- supernatant run-thru from Ni(I)-
NTA column; Lane 4- T/G buffer run-thru column; Lane 5- HBD-Mutant elution #1 from
column; Lane 6- HBD-Mutant elution #2 from column. Details of the purification are
published. (14, 22)

The following is a graph of the experiments with HBDC417 and a number of ligands.
The ligand concentration for each of these is 20 uM with less than 10% ethanol in
solution.(/4)

Estrogens

frequency of ligand / frequency of
protein
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Figure 8. QCM Frequency Response to Ligand Binding. This graph represents the
frequency shifts from the QCM for ligand binding relative to the immobilization of HBD-
C417 for two trials with each ligand. Ligand include: (1) 17B-estradiol (2) estriol (3)



diethylstilbestrol (4) tamoxifen (5) 4-hydroxytamoxifen (6) genistein (7) testosterone and
(8) progesterone. Experiments were done with 20 uM ligand with less than 10% ethanol
in the buffer.
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Figure 9. QCM Frequency Response to Ligand Binding. This graph represents the
normalized frequency shifts from the QCM for ligand binding relative to the
immobilization of HBD-C417 for two trials with each ligand. Ligand include: (1) estrone
(2) apigenin (3) ergosterol (4) methoxychlor (5) octyphenol (6) baicalein (7) kaempferol
(8) 2,4 dichlorophenoxyacetic acid. Experiments were done at concentrations of 20 uM
ligand.

In addition to the binding capacity of the biosensor for a variety of ligands we
tested the sensor to monitor its capability to bind 17-B-estradiol in the nanomolar range.
Results are shown in Figure 10 which illustrate a logarithmic trend in the frequency shift
with increasing concentrations and begins to plateau near the 20 uM range. It was thus
postulated that a concentration of 20 uM 17B-estradiol was sufficient to saturate the
majority of HBDC417 immobilized receptors. It is also important to notice that a
significant reading was detected in the nanomolar range (100 nM). Subsequent trials
with estradiol and other ligands including those shown above did not provide us with any
further sensitivity. Thus our lowest limit of concentration for detection by this
methodology with the Maxtec instrument is 100 nM. All studies with the HBDC530
mutant resulted in an even lower sensitivity. We surmise this because the residue 530 is
located near the binding pocket and it may be assumed that the attachment to the gold
surface does not allow the helix 12 to fully close to capture the ligand. In most of the
studies with HBDC530 the ligand binds but after time is released from the protein.
Figure 11 and Figure 12 depict these phenomena with estradiol and nonylphenol.
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Figure 11. The Maxtec QCM experiment of HBDC530 and estradiol. Baseline was
established at 325 Hz addition of protein caused a reduction of frequency of 47 Hz and
the addition of 20 mM estradiol in buffer and ethanol gave an additional decrease in
frequency of 10 Hz.

1.0
oo Time ©1:31:36.00

Figurel2.. The Maxtec QCM experiment of HBDC530 and nonylphenol. Baseline was
established and the addition of protein caused a reduction of frequency of 24 Hz and the
addition of 20 mM nonylphenol in buffer and ethanol gave an additional decrease in
frequency of 8 Hz. As you can observe the frequency is increasing with time. In
subsequent experiments the frequency after 2 hours reached the frequency of the
immobilized protein layer. This indicates that the protein is releasing the ligand.

We investigated the additive properties of ligands. In these experiments we incubated two
ligands together on the quartz crystal. In all cases if we were above the concentration of
detection 100 nM no significant difference in the QCM response was observed when two
compounds were added together. Since our limit of detection is not low enough for
environmental samples, we abandoned these experiments. A representative graph is
shown for these types of experiments in Figure 13.
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Figure 13 The combination of DES and estradiol as ligands in the Maxtec QCM
experiment.

Studies relating to the direct attachment of the protein to the surface.

Our work has brought up many questions as to why the QCM responds in such a manner
with proteins directly attached to the gold surface. In many other studies, researchers
have attached proteins to linkers to passivate the surfaces. We wanted to examine the
effect of immobilization strategy on the QCM frequency response to ligand binding
experienced by HBD. The thiol linker 3,3-dithiobis [N-(5-amino-5-carboxypentyl)-
propionamide-N’-N’-diacetic acid] complexed with nickel (Ni-NTA) was used as a
means to immobilize the genetically engineered ligand binding domain of the estrogen
receptor. The thio end of the linker binds to the gold surface via a gold-sulfur bond and
provides a self-assembled monolayer on the gold. The Ni-NTA chelate end which is
commonly used for histidine-tagged protein purification or separation, binds to the
genetically engineered binding domain of the estrogen receptor. In this study the
frequency response to 17p-estradiol is compared for the receptor directly immobilized on
the gold surface to receptor immobilized via a Ni-NTA linker. The details of this study
are in the appendix in the paper: Baltus, R.E, Carmon, K.S.,and Luck, L.A.(2007) Quartz
Crystal Microbalance with Immobilized Protein Receptors: A Comparison of Response to
Ligand Binding for Direct Protein Immobilization and Protein Attachment via a Disulfide
Linker. Langmuir 23 3990-3995.

Studies of the HBD with the Q-Sense Instrument

Experiments with HBDC417 and HBDC530 were performed at McGill University under
the direction of Dr. Nathalie Tufenkji. This system allows 4 simultaneous experiments to
be performed under flow conditions. The following experiment shows HBDC417
immobilization and subsequent incubation with the ligand nonylphenol (SMM in 90%
ethanol).

The configuration was at follows:
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Cell 1: Ligand + Buffer, Cells 2 & 3: HBD+ Ligand, Cell 4: HBD + Buffer.

Procedure:
TG Buffer was pumped until baseline was achieved.

1.

Nk WD
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Frequency shift (Hz)

A total volume of 1 ml of HBD dissolved in Buffer was injected in cells 2, 3 & 4.

The pump was halted and an incubation period of 1 hr was allowed.
The ligand (4-Nonylphenol) was injected in cells 1, 2 & 3 @ 5 mM.

The pump was stopped followed by an incubation period of 15 min. There is no

frequency change observed when ligand is added to the protein.

The system is rinsed with buffer solution, and the frequency shift returns to the

previous levels
The protein binds to the gold surface
It appears that the nonylphenol may bind to the gold surface as well
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Figure 14. The Q-sense experiment with HBDC417 described above.
The Q-sense and Maxtec instruments showed a 50 to 60 Hz change when the proteins

(both HBDC417 and HBDC530) were added. The Q-sense instrument showed a decrease

Ligand +
Buffer

— — — HBD + Ligand

HBD + Ligand

— - — - HBD + Buffer

in frequency along with an increase in the dissipation as the protein deposits on the

surface. Experiments with both mutants of HBD using other iterations failed to show a
change in frequency when ligand (estradiol, nonylphenol, estrone) were added. A number

of trials were done with the three estrogenic compounds and proteins.

We also tried to repeat experiments on the glucose and galactose binding protein which
showed in the Maxtec experiments a large frequency shift upon ligand addition. These
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glucose experiments with the Q-sense instrument also did not parallel those of the
Maxtec instrument. Both Maxtec and Q-sense representatives have been consulting with
our two groups on this dilemma. It appears that we are not the only ones who are having
these discussions. There seems to be a large disconnect between the technologies and the
proprietary nature of these companies have not made these studies transparent. Although
this course has not been productive in terms of developing a method for capturing new
ligands, it has opened new doors for scientific inquiry. We plan to pursue this challenge
in the next few months by further study in the area of surface phenomena with proteins.
Dr. Luck’s group plans to beta test a new QCM by Sierra Sensors and the Tufenkji group
is beta testing a new Q-sense instrument with the estrogen receptors made for this project.

While investigating the predicament mentioned, above we decided to test a number of
compounds that were used in the purification of the protein to see if they might be
interfering with the Q-sense instrument. One such compound was imidazole. This
compound is used to isolate the protein by competing with the His tagged protein for the
NTA on the purification column. It is also present in uM quantities in the final
preparation used in the QCM experiments. Our experiments showed in both the Q-sense
and the Maxtec that imidizole does not bind to the gold significantly under 5 mM.

We also tested DNA to see if it may bind to the surface. The reasoning for this is that the
preps may vary from time to time and one of the key differences is the isolation of the
protein from the cell contents. DNA many times contaminates protein preps. Our
conclusion from data from the Maxtec instrument is that DNA does not bind to the gold
surface.

Humic Acid Studies

In screening waste water for unidentified EDCs we needed to assess whether the
dissolved organic matter (DOC) content of the solutions would be of concern. We used a
standard river humic acid standard (International Humic Substances Society, Suwanee
River Humic Acid) as a model compound for this study. We made solutions of the
standard organic matter in buffer solutions to see if the organics would bind to the gold
crystal and interfere with binding of proteins to the surface. We also need to test this
organic matter on gold surface for work that we may pursue with gold nanoparticles.
Both QCM instruments were used for these studies. In both experiments, our results
indicate that DOC levels that are occurring in sewage samples are not likely to bind to the
gold surfaces. We see an ~ -2 Hz shift in the Q-sense experiment of the humic acid at
100 mg/L which is likely to be the highest concentration that would occur in samples of
interest. Concentration of 20 mg/L and 1 mg/L show no significant frequency decrease in
comparison to the buffer. Studies with the Maxtec instrument show no changes in
frequency upon subsequent addition of humic acid up to 50 mg/L in the glass cell
apparatus. These experiments were done over a 7 hour period.

15
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Figure 15. Experiments with the Q-Sense instrument using 4 crystals. After a baseline
was established addition of each sample of humic acid was added by flow mechanism.
An incubation of 10 minutes was used. Crystals were rinsed after the incubation.

Investigation of the gold nanoparticles for trapping EDCs

Since our QCM experiments were not sensitive enough to detect estrogens at low
concentration, we started preliminary work on the development of surface-immoblized
proteins on gold nanoparticles with detection of ligand binding by an electrochemical
system that is known to be more sensitive. Our first studies have been done with the
glucose and galactose binding protein which has been our model system due to the
protein being readily available and stable. The investigation of the nanoparticle sensor
showed detection in the range of the glucose receptor. The manuscript attached in the
appendix gives the details of the experiments and methodology.

Key Research Accomplishments

¢ Established that the direct attachment of the protein to the gold surface is key to the
QCM experiments.

¢ Showed that Q-Sense and Maxtec QCM Instrumentation does not illustrate the
same responses for ligand binding.

¢ Showed that humic acid does not bind to the gold so all experiments done on gold
surfaces will be viable with environmental samples containing high levels of

dissolved organic matter

¢ Showed the sensitivity of the QCM is not yet good enough to be used in
environmental studies of estrogenic substances present at low concentrations
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¢ Showed electrochemical detection of ligand binding by nanoparticles may be a
more viable methodology for EDC detection
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Nanoparticles: A Novel Electrochemical Glucose Biosensor in press Analytical
Biochemistry

Baltus, R.E, Carmon, K.S.,and Luck, L.A.(2007) Quartz Crystal Microbalance with
Immobilized Protein Receptors: A Comparison of Response to Ligand Binding for Direct
Protein Immobilization and Protein Attachment via a Disulfide Linker. Langmuir 23
3990-3995.

Roy, U. and Luck, L.A. (2007) Molecular Modeling of the Estrogen Receptor Using
Molecular Operating Environment. Biochemistry and Molecular Biology Education 35
238-243.

Abstracts

Luck, L.A., Layhee, A. W., Abramowitz, D.J., Standley, L.J., and Rudel, R.A.
Genetically Engineered Protein Films on the Quartz Crystal Microbalances: A Biosensor
for the Detection of Xenoestrogens 235™ ACS National Meeting, New Orleans, LA April
2007 accepted

Luck, L.A. and Andreescu, S. Genetically Engineered Protein Films on Gold
Nanoparticles: A Novel Electrochemical Glucose Biosensor VII European Symposium of
the Protein Society. Stockholm/Uppsala Sweden, May 2007

Luck, L.A , Carmon, K.S., and Baltus, R.E. Detection of Small Ligands using a Quartz
Crystal Microbalance with Genetically Engineered Proteins. 1** Annual International
QCM-D Conference. Boston MA December 2006

Luck, L.A , Carmon, K.S., and Baltus, R.E. Development of a QCM Biosensor using
Genetically Engineered proteins. 34" NERM Meeting of the ACS. Binghamton, NY
October 2006 (no abstract)

Sokolov, 1., Luck, L.A. and Subba-Rao, V. Change in Rigidity in the Glucose/Galactose
Receptor Detected with AFM: A Phenomenon that will be Key to the Development of a
Family of Biosensors. 34" NERM Meeting of the ACS. Binghamton, NY October 2006
(no abstract)
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Luck, L.A. Biosensors Using Genetically Engineered Proteins: Incorporating
Undergraduates in Interdisciplinary Research Projects in the Biosensor Field. 20"
Symposium of the Protein Society, San Diego, CA August 2006

Students Trained

Graduate Students
Kendra Carmon
Jessica King
Undergraduate Students
Robert Byno BS Chemistry 2007 will be grad student Jan 08
Kathryn Whipple Bs Chemistry 2007
Dave Abramowitz BS Biochemistry 2007
Adam Layhee (supported by grant)
Courtney Sipe sophomore
Jeremy Childs transferred to UB (supported by grant)
Candace Moulton sophomore

Funding applied for
NSF MRI grant for mass spectrometer Co PI with Guissepi Petrucci, chemistry
department at the University of Vermont

Conclusions

This concept award was granted to develop a biosensor for identifying novel endocrine
disrupting chemicals. We proposed to develop a QCM-biosensor that would be able to
sense and identify estrogenic activity in complex mixtures. The initial biosensor has
promise for this capability but our subsequent studies have shown that the QCM
biosensor will not have the sensitivity to sequester and release estrogens that are in low
concentration. Our work has also pointed to a discrepancy between two different types of
instruments, the Maxtec and the Q-Sense instrument. The Maxtec shows a response for
ligands whereas the Q-Sense instrument which is touted to be more sensitive does not.
This study has raised a number of questions in the QCM field that will open doors for
much research in the future. We have clearly demonstrated that humic acid as a model for
dissolved organic substances in wastewater and other sources did not interfere with the
gold surfaces used in a number of electrochemical methods. We also have shown that
electrochemical methods in combination with gold nanoparticles may be a more sensitive
methodology for ligand capture for EDCs.
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Abstract

Genetically engineered periplasmic glucose receptors as biomolecular recognition elements on gold nanoparticles (AuNPs) have
allowed our laboratory to develop a sensitive and reagentless electrochemical glucose biosensor. The receptors were immobilized on
AuNPs by a direct sulfur-gold bond through a cysteine residue that was engineered in position 1 on the protein sequence. The study
of the attachment of genetically engineered and wild-type proteins binding to the AuNPs was first carried out in colloidal gold solutions.
These constructs were studied and characterized by UV-Vis spectroscopy, transmission electron microscopy, particle size distribution,
and zeta potential. We show that the genetically engineered cysteine is important for the immobilization of the protein to the AuNPs.
Fabrication of the novel electrochemical biosensor for the detection of glucose used these receptor-coated AuNPs. The sensor showed
selective detection of glucose in the micromolar concentration range, with a detection limit of 0.12 pM.

© 2007 Elsevier Inc. All rights reserved.

Keywords: Gold nanoparticles; Biofunctionalization; Periplasmic glucose/galactose receptor; Biosensor; Surface immobilization; Self-assembled protein

monolayers

During the past decade, gold nanoparticles (AuNPs)"
have attracted an enormous amount of attention in the sci-
entific and engineering fields due to their multifaceted
properties. Recently, they have been widely used in combi-
nation with proteins, peptides, enzymes, antibodies, and
nucleic acids [1-10]. These biomolecule-AuNP assemblies
have found applications in biotechnology, biology, and

* Corresponding author. Fax: +1 315 268 6610.

E-mail address: eandrees@clarkson.edu (S. Andreescu).

U Abbreviations used: AuNP, gold nanoparticle; GGR, glucose/galactose
receptor; GGR-WT, glucose/galactose receptor-wild type; GGR-Cys,
glucose/galactose receptor where alanine was replaced by cysteine at the
N-terminal position; {-potential, zeta potential; PSD, particle size distri-
bution; TEM, transmission electron microscopy; PB, phosphate buffer;
DI, deionized water; HR-TEM, high-resolution JEOL 2010 transmission
electron microscopy; GCE, glassy carbon electrode; SEM, scanning
electron microscopy; CV, cyclic voltammetry.

0003-2697/$ - see front matter © 2007 Elsevier Inc. All rights reserved.
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medicine for the development of biological assays and
biolabeling, in drug delivery, and as probes in cancer detec-

30
31

tion. Immobilization of proteins in a functional state on Q1 32

AuNPs is of critical importance in practical applications,
especially in biosensing and biolabeling [7-10].

Here we describe studies that incorporate genetically
engineered periplasmic binding proteins that sense glucose
on the surface of AuNPs. We further describe an electro-
chemical methodology to use these protein—~AuNP assem-
blies for use in biosensors to detect glucose in the
micromolar range. For the most part, biosensors use target
molecules that are immobilized on or within a suitable
material that is in direct contact with the surface of a trans-
ducer. AuNPs are an ideal platform for biosensors, espe-
cially for those with electrochemical detection, because
the gold surface area is suitable for binding of biomolecules
and the metal facilitates direct and fast electron transfer.

Biochem. (2008), doi:10.1016/j.ab.2007.12.035
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Moreover, the AuNPs, as compared with flat gold surfaces,
have a much higher surface area, allowing the loading of a
larger amount of protein and potentially more sensitivity
[7-10]. For many biosensor applications in the literature,
the biomolecules are attached to gold surfaces via thiol
linkers attached on the gold surface [11,12] or, as in the
current study, are directly linked to the gold by the use
of sulfur atoms within the bioentity [13,14]. The receptors
used in a number of studies from our laboratories have
used a cysteine residue endogenous to the native protein,
or one that is genetically engineered into the protein can
be used to link and spatially orient the biomolecule on
the gold surface [15-22]. When a surface-exposed cysteine
residue on a protein is not feasible, thiol linkers to other
residues on a protein allow semispecifically oriented layers
on the surface [23]. Although there has been some discus-
sion in the literature pointing to protein deposition without
exposed cysteines, a number of studies from our laborato-
ries have indicated that native glucose/galactose receptors
(GGRs) without a genetically engineered cysteine residue
do not bind to the gold surface, whereas receptors with a
surface-exposed cysteine form a stable affinity bond to gold
surfaces [15-22].

The current study was undertaken to explore the ori-
ented immobilization of receptor proteins to AuNPs. For
our purposes of developing a glucose biosensor, we used
the periplasmic glucose/galactose receptor—wild type
(GGR-WT), which is highly specific for its natural cognate
ligands. Ligand binding is accompanied by a large confor-
mational change [15]. GGR-WT has no native cysteines,
but we have developed a number of mutants that have
one surface-exposed cysteine residue that can be used to
attach the protein to a gold surface. For this study, we used
the mutant where alanine was replaced by cysteine at the
N-terminal position (GGR-Cys). This engineered site pro-
vides an SH group for protein linkage to the gold surfaces.
The advantage of such an approach is the precise control
and orientation of the protein on the electrode surface with
the preservation of its functional properties. This system
circumvents the denaturation or instability problems com-
monly encountered when immobilization is achieved
through physical adsorption or covalent linkage of natural
proteins.

A number of studies have been reported using the GGR
and genetically engineered cysteine mutants of this receptor
where we have looked at detected binding through changes
in surface plasmon resonance [17], frequency decrease on a
quartz crystal microbalance [15], change in rigidity by
atomic force microscopy [22], and electrochemical imped-
ance [18,21]. In the current study, the AuNPs with immo-
bilized receptor proteins are characterized by UV-Vis
spectroscopy, zeta potential ({-potential), particle size dis-
tribution (PSD), and transmission electron microscopy
(TEM). We demonstrate the utility of these AuNPs as a
means to detect glucose in the micromolar range. In addi-
tion, this study serves as a model for the development of
electrochemical biosensors using receptors that bind to

small molecules. Applicability of this system could be
extended to a number of protein families, including the ste-
roid hormone receptor superfamily, and to the detection of
Xenoestrogens.

Materials and methods
Expression and purification of recombinant proteins

The preparation and expression of GGR-WT and
GGR-Cys have been described previously [17]. Fig. 1 illus-
trates the position of the amino acid cysteine mutation and
the orientation of the protein on the nanoparticle.

Reagents and solutions

HAuCl, 3H,0 (23.03 wt% Au, 6.5 wt% free HCI) was
purchased from Degussa (South Plainfield, NJ, USA).
Isoascorbic acid (Cg¢HgOg) was obtained from Fluka.
The phosphate buffer (PB) solution (pH 6.5) used for
the preparation of 10 mM Kj;[Fe(CN)g] (Fischer Scien-
tific, Fair Lawn, NJ, USA) contains 0.1 M KH,PO,
(Fischer Scientific) and 0.1 M Na,HPO, (J. T. Baker,
Phillipsburg, NJ, USA). All aqueous solutions were pre-

‘ Glucose
AUNP
& Cysteine

Fig. 1. Backbone structure of the glucose and galactose binding protein
attached to the AuNP. This figure illustrates the position of the alanine to
cysteine mutation at position 1 in green and the glucose in the binding
pocket in red. The drawing was done using PDB file 2GBP from the
Protein Data Bank. The nanoparticle is not drawn to scale because it
actually is 10 times larger than the protein. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web
version of this article.)
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pared with deionized water (DI) using a Millipore Direct-
Q system with a resistivity of 18.2 MQ. p-Glucose, fruc-
tose, L-valine, and L-leucine were purchased from Sigma.
Protein buffer contained 100 mM KCI, 10 mM Tris (pH
7.1), and 0.5 CaCl, (Tris buffer). Tris buffer was used in
all experiments involving colloidal gold in the presence/
absence of proteins.

Instrumentation

The UV-Vis spectra of AuNPs were recorded with
a Shimadzu P2041 spectrophotometer equipped with a
I-cm path length cell. The electrokinetic properties,
{-potential, and PSD were measured with a Brookhaven
Zeta Plus—Zeta Potential Analyzer at 25 °C and calcu-
lated with standard software. The size, size distribution,
and morphology of the AuNPs were measured by high-
resolution JEOL 2010 transmission electron microscopy
(HR-TEM).

All electrochemical measurements were performed with
a PARSTAT 2263 electrochemical analyzer (Princeton
Applied Research) equipped with Power Suite software.
These electrochemical experiments were carried out using
a conventional cell operating with an Ag/AgCl/3M NaCl
as reference electrode, a platinum wire as counterelectrode,
and a glassy carbon electrode (GCE) with a geometrical
surface area of 28 mm® as working electrode. The cell
and electrodes all were provided by Bioanalytical Systems
(West Lafayette, IN, USA).

Preparation of gold colloids

Gold colloids were obtained by reduction of gold ions
with isoascorbic acid as described previously [24]. All glass-
ware used in the preparation of AuNPs was cleaned in an
HNO; bath, rinsed thoroughly with distilled water, and
dried prior to use. A stable red gold colloidal solution
was obtained. The resulting AuNPs are uniform and highly
dispersed, with an average particle diameter between 30
and 40 nm (as determined by TEM and scanning electron
microscopy [SEM] analysis) [24]. The absence of dispersing
agents during the preparation procedure ensures a clean
gold surface, making them attractive for further modifica-
tion with biomolecules.

Preparation of protein—-AuNP conjugates: Study of protein
attachment

The protein production and genetic engineering of the
native glucose and galactose protein and the mutant used
in this study were described previously [17]. For the current
article, we have defined the native protein as GGR-WT
and the alanine to cysteine mutant of GGR as GGR-
Cys. An illustration of the position of this mutation and
its binding on an AuNP is given in Fig. 1. The point of
attachment of the cysteine residue is far from the glucose

binding site in the GGR protein; thus, this modification
has no effect on its binding capability.

The immobilization of both GGR-WT and GGR-Cys
to the AuNPs was accomplished by mixing 0.84 ml of 0.2
mM colloidal gold solution with 0.14 ml of 7 uM protein
solution. The solutions were stirred for approximately 20
to 30 s and then analyzed by UV-Vis spectroscopy and
{-potential. The results were compared with the spectra
of a control colloidal gold solution in the absence of pro-
tein. To evaluate the immobilization of the proteins on
the AuNPs, the conjugates were separated by centrifuga-
tion (15 min at 6000 rpm) and the UV-Vis spectrum of
the supernatant was recorded to check for the presence of
proteins. For HR-TEM analysis, one drop of gold or pro-
tein-modified AulNP colloidal solution without sonication
was deposited on a TEM copper grid and dried under
vacuum.

Electrode preparation and electrochemical studies

AuNPs were electrodeposited on the surface of a GCE
by electrodeposition from a gold solution. The procedure
involves applying a constant potential of —200 mV for 60
s in a solution of 1.2 pM HAuCl,. The solution was pre-
pared in distilled water and deoxygenated by purging with
N, for approximately 15 min. Prior to deposition, the GCE
was cleaned and dried according to the following sequence:
polish with 0.3 um alumina powder, wash ultrasonically for
10 min in distilled water, rinse with distilled water, and dry
under a nitrogen stream. The surface of the electrode prior
to and after deposition of proteins was characterized by
cyclic voltammetry (CV) using the model reversible redox
couple Fe"'(CN); /Fe'(CN);". For this purpose, the
three electrodes were immersed in a classical electrochemi-
cal cell containing K3Fe(CN)g, 10 mM was prepared in PB
(pH 6.5), and the potential was scanned between 0 and 0.6
V versus Ag/AgCl reference electrode at a scan rate of 50
mV/s.

Biosensor fabrication and binding studies

The GCE-AuNP electrodes prepared by electrochemical
deposition were incubated in 0.5 ml of 7 uM GGR-WT (or
GGR-Cys) for 1 h at room temperature. The electrodes
were rinsed thoroughly with Tris buffer to remove the
excess of unbound protein and were incubated in p-glucose
solution at a given concentration. b-Fructose, L-valine, and
L-leucine were used as negative controls because they are
not natural ligands and do not bind to the protein. Protein
immobilization, as well as the binding of target ligands,
was evaluated by CV using Fe(CN);” /Fe(CN),~ solution
(10 mM) in PB (pH 6.5) by scanning the potential between
0 and 0.6 V at a scan rate of 100 mV/s. For evaluation of
nonspecific absorption of the protein, attachment of
GGR-WT and subsequent binding of glucose were per-
formed under the same experimental conditions as for
GGR-Cys.

Biochem. (2008), doi:10.1016/j.ab.2007.12.035
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Results and discussion

Study of binding and activity of recombinant proteins on
AuNPs

UV-Vis spectroscopy

It is known that highly dispersed gold colloids (single
particles) in solution present a single absorption peak
attributed to quadrupole plasmon excitation [25]. The posi-
tion of the plasmon absorption band depends on the size,

surface properties, mutual interactions in the dispersion
medium, and extent of aggregation. The attachment of
the proteins on AuNPs and the surface changes due to
the absorbed proteins are expected to affect the surface
plasmon. This results in a color change in the solution
[26]. Aggregation of AuNPs usually is observed as a red
shift in the color arising from the absorption bands at long
wavelengths due to coupling between plasmons of neigh-
boring particles inside the aggregates. In general, the smal-
ler the interparticle distance, the larger the red shift [27].

A
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- = s Au_GGR- Cys
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Fig. 2. UV-Vis spectra of AuNPs in the absence (Au) and presence of GGR-WT (Au_GGR-WT) and GGR-Cys (Au_GGR-Cys) immediately after
mixing (A) and after 48 h incubation (B). In all experiments, a 10-mM Tris buffer solution (pH 7.1) containing 100 mM KCl and 0.5 mM CaCl, was used.
Q3 Panel A inset: Color of gold sols in the presence of GGR-WT and GGR-Cys. AU, arbitrary units.
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The gold sols prepared in our preparations of Au*" with
isoascorbic acid have a red wine color and a well-defined
absorbance peak at approximately 523 nm [24]. The stabil-
ity of these electrostatically stabilized sols is highly depen-
dent on the ionic strength of the system. Because very small
additions of salts might cause coagulation of the AuNPs,
we first studied the effect of the Tris buffer solution (pH
7.1) in which the proteins were prepared on the UV-Vis
spectrum. The spectrum presents a well-defined peak at
approximately 523 nm and a small wide shoulder starting
at approximately 650 nm (Fig. 2A). The small peaks at
approximately 226 and 320 nm are attributed to the square
planar AuCl, complex ion. This spectrum was used as a
control in the absence of proteins.

In the presence of proteins, gold colloidal particles form
aggregates. On protein binding, the absorbance usually
shifts to higher wavelength as the aggregation proceeds
[24,25]. In our experiment, in the presence of GGR-WT,
there was an increase in the gold peak at 523 nm, concom-
itant with the appearance of a new peak at 280 nm corre-
sponding to the protein (Fig. 2A). No color change in the
gold sols was observed. Thus, the wild-type protein does
not bind to the gold particles.

In the presence of GGR-Cys, the color of the gold sol
turned from red to blue, suggesting aggregation of the
AuNPs due to the immobilized protein on their surface.
The UV-Vis spectrum of the gold sols containing 1 uM
GGR-Cys shows very distinct characteristics, with the
peak corresponding to the AuNPs at 523 nm shifting to
600 nm and the new peak being significantly broader
(Fig. 2A). In addition, there was no noticeable peak at
280 nm, suggesting that all of the protein in solution is
attached to the AuNPs. The protein coating of the gold
particles induces aggregation between the AuNPs, thereby
producing changes in the plasmon absorption band associ-
ated with the color change.

The GGR-WT and GGR-Cys have distinctly different
effects on the AuNPs that are more evident after 24 h of
incubation of AuNPs and protein. After this time, the color
of the solution and the characteristics of the UV-Vis spec-
trum of the GGR-WT did not change significantly. In con-
trast, the mixture of GGR-Cys and the AuNPs formed
visible bluish aggregates that precipitated, leaving the
supernatant nearly colorless. The UV-Vis spectrum in
Fig. 2B illustrates this phenomenon. After centrifugation
and separation, no protein was present in the supernatant
in the case of GGR-Cys, suggesting that all of the protein
was attached on the nanoparticles that formed large aggre-
gates. Our spectrophotometric measurement showed that
the total amount GGR-WT was retrieved in the superna-
tant, proving that the wild-type protein without the genet-
ically engineered cysteine did not bind to the AuNPs under
our experimental conditions.

{-Potential and TEM analysis
HR-TEM and {-potential analysis was used to charac-
terize the surface properties, morphology, and size distribu-

tion of the AuNPs with and without immobilized protein.
The surface modification can affect the surface charge of
nanoparticles; this determines the dispersion and/or aggre-
gation of colloidal solution at a given pH value. The bare
AuNPs used in this work were negatively charged, with
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Fig. 3. PSD of AuNPs in the absence (A) and presence of GGR-WT (B)
and GGR-Cys (C).
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AuivPs MNP+ GGRWT
?4

AulNPs + GGR-Cys ‘

P

Fig. 4. TEM of AuNPs in the absence and presence of GGR-WT and GGR-Cys (scale = 50 nm). Different magnifications are shown for GGR-Cys (50
and 5 nm).

Table 1
Spectroscopic and morphological characteristics of AuNPs and AuNPs in the presence of GGR-WT and GGR-Cys
(-Potential (mV) Average size (nm) UV-Vis peaks (nm) Color/aggregation
AuNPs (Tris buffer) —43.54+4.1 42.5 523, 226, 320, and 650 (wide shoulder) Red wine/Monodispersed particles
AuNPs + GGR-WT —-19.34+2.0 59.4 523 and 280 Red wine/Monodispersed particles
AuNPs + GGR-Cys —4.24+6.6 139.6 600 (wide peak) Blue/visible aggregates
-y

HAUC,
——
200 mV for 60s

GGR-Cys

Fig. 5. Fabrication steps of the GCE-AuNP glucose sensor illustrating the binding of the protein via the cysteine residue on the GGR-Cys receptor and
the subsequent glucose binding.
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an average (-potential value of —29.1 £4.1 mV. In the
presence of GGR-WT, the (-potential value was
—19.3 4+ 2.0 mV, suggesting a partial modification with
the AuNPs. When the GGR-Cys was added, the particles
were nearly neutral in charge (with a {-potential value of
—4.25 4+ 6.6 mV, indicating nearly complete coverage of
the particles by a protein coating. The PSD of AuNPs in
Tris buffer determined using the dynamic light scattering
analyzer (Fig. 3A) indicates an average size of 42.5 nm.
For the GGR-WT, the PSD shows an average diameter
of 59.4 nm, whereas for the GGR-Cys, the average size
of the aggregates formed was 139.6 nm.

These findings were also supported by the HR-TEM
analysis. Fig. 4A shows the HR-TEM image of the bare

A S00E-05 1
G00E-05 4
400E-05

200E-05 A

o

G-E0E+20

AuNPs obtained by chemical precipitation of Au** with
isoascorbic acid used for protein immobilization. As can
be seen in the figure, the nanoparticles are quite uniform
and monodispersed. The same behavior was observed
when the GGR-WT protein was added to the solution.
When GGR-Cys was used, the particles formed large
aggregates (Fig. 3C). Analysis of a single AuNP +
GGR-Cys at a lower magnification shows the presence of
a thin layer on the surface of the particle. We speculate that
this layer could be attributed to the protein, which is 35 A
wide and 65 A long. The characteristics ({-potential, aver-
age particle size, UV-Vis peaks, and color) of the three
configurations tested (AuNPs, AuNPs + GGR-WT, and
AuNPs + GGR-Cys) are summarized in Table 1.

— GCBA
—— GCE AU + GGR-C
—— GCEAu + GGR-WT

0.1 q
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Fig. 6. (A) Cyclic voltammograms of GCE-AuNP electrode before and after modification with GGR-WT and GGR-Cys in 10 mM K3Fe(CN)g as redox
probe. (B) Cyclic voltammograms of a conventional gold electrode before and after modification with GGR-Cys. Scanning range: 0 to 0.6 V versus Ag/

AgCl reference electrode at 50 mV/s.
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Fabrication of electrochemical biosensor for detection of
glucose

The binding between the AuNPs and the two glucose
receptor proteins was further investigated using CV after
deposition of AuNPs on the surface of a working GCE.
The recombinant proteins used in this work are engineered
and act as an uptake system for a target ligand that in this
case is glucose. The receptor binds p-glucose with a Ky of
0.1 uM. The binding of p-glucose produces a ligand-
induced conformational change in the protein that is well
characterized and has been used in a number of studies
[15,17-19,23,26]. This specific binding, combined with the
use of AuNPs for protein immobilization on an electrode
surface, was employed in the current work in the construc-
tion of an electrochemical biosensor for the detection of
glucose. A schematic of this experiment is illustrated in
Fig. 5.

Biosensor fabrication

In our study, the AuNPs were electrodeposited on the
GCE from a solution of HAuCly according to a published
literature procedure [28,29]. This resulted in a deposition of
a smooth layer of aggregates of AuNPs that was confirmed
by the change in the color of the working GCE surface
from gray to yellow. The gold particles in the aggregate
have an average size of approximately 50 nm, and this
was also confirmed in our experiments by SEM (results
not shown). This is in agreement with published literature
data [28,29]. The modified GCE-AuNP electrode was fur-
ther characterized by CV using Fe''(CN); /Fe" (CN);~ as
a model redox probe. Compared with the bare GCE, the
peak potential separation AE, was reduced from 93 to 70

B.00E-05 -
4.00E-05 +
2.00E-0% -
0.00E+00

-2.00E-05 +

Current (A)

-4.00E-05 { /4

-B.00E-05

-8.00E-05 T T

mV for the GCE-AuNPs. Concurrently, a current amplifi-
cation of both anodic and cathodic peaks was observed,
suggesting that the presence of gold promoted the electron
transfer at the surface of the electrode (results not shown).

We used this system first to investigate whether the bind-
ing of the protein on the GCE-AuNP surface follows the
same trend as in the case of colloidal particles and then to
check the stability of the binding for both the wild-type
and Cys modified protein. For this purpose, the protein
(GGR-WT or GGR-Cys) was immobilized on the GCE-
AuNP surface. Immobilization was carried out by incubat-
ing the gold modified electrode for 1 h in a solution contain-
ing protein at a concentration of 7 uM. The electrode was
washed several times to remove the excess of weakly bound
proteins. CV using the FeH(CN);F / FeIH(CN)zf model
reversible electrochemical reaction was then employed to
characterize the electron transfer properties on the surface
of the electrode before and after protein binding. It is
expected that the GGR-Cys will attach to the gold surface
through its Cys residue. This will partially insulate the elec-
trochemically active surface, hampering the electron trans-
fer of the redox probe. Fig. 6 represents the cyclic
voltammogram obtained from the GCE-AuNP electrode
with GGR-WT or GGR-Cys and without protein. The cyc-
lic voltammogram recorded after exposure to GGR-WT is
nearly identical to that corresponding with the bare GCE-
AuNP electrode. This implies that there is little or no change
on the surface of the AuNPs, suggesting that the WT protein
does not bind to the electrode surface. In contrast, the expo-
sure of GGR-Cys to the AuNPs induced a significant
decrease in the oxidation and reduction peaks in the CV
spectrum, clearly indicating the deposition of a protein layer
that partially insulates the electrode surface. To confirm the

T T T T d
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0.3 04 D& 06
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Fig. 7. Cyclic voltammograms of GCE-AuNP electrode modified with GGR-Clys after 5 min incubation with different glucose concentrations: 0 pM (a),
0.1 uM (b), 0.25 uM (c), 0.5 uM (d), and 1 uM (e). Cyclic voltammograms were recorded in 10 mM K;Fe(CN)g as redox probe. Scanning range: 0 to 0.6 V
versus Ag/AgCl reference electrode at 50 mV/s. Inset: Biosensor calibration curve for glucose. The error bars represent the standard deviation of triplicate

measurements obtained with different electrodes.
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Fig. 8. Binding studies of the GCE-Au-GGR-Cys biosensor for valine (A), leucine (B), and fructose (C) in 10 mM K;Fe(CN)g as redox probe. Scanning
range: 0 to 0.6 V versus Ag/AgCl reference electrode at 50 mV/s.
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role of the AuNPs, for comparison purposes, we performed
similar studies with a conventional gold electrode. In the
same experimental conditions, the electrochemical response
of the gold electrode was significantly reduced (1.25 x 107°
A) as compared with that of the GCE-AuNPs (7.8 x 107°
A). After incubation in a solution of GGR-Cys, the protein
binds to the Au electrode, but the decrease in the signal was
very small (Fig. 6B).

Detection of glucose

The GCE-AuNPs with GGR-Cys immobilized on the
surface were used as a biosensor for the detection of glu-
cose. This system is based on the specificity of the glucose
receptor and the ligand-induced conformational change
that occurs after glucose binds to the protein. Studies
showed that when a ligand binds to a periplasmic binding
protein, such as the GGR used in the current work, the
protein undergoes a structural change [14]. In previous
studies, this effect was studied extensively and confirmed
by atomic force microscopy [22], quartz crystal microbal-
ance [15-17,20], and electrochemical impedance spectros-
copy [18,21]. It was demonstrated that the flexible ligand-
free protein undergoes a conformational change to a more
rigid structure after ligand binding [20]. In the current
work, after immersion of the GGR—Cys modified electrode
in a solution containing glucose, the cyclic voltammogram
shows that the oxido/reduction current decreases concur-
rently with a shift toward more positive potentials shown
in Fig. 7. This is a result of the glucose binding, associated
with the closing structure of the protein around its binding
pocket, hindering the electron transfer of the redox probe
on the active surface of the electrode. These observations
are in agreement with previous impedance spectroscopy
studies that showed an increase in the electron transfer
resistance after glucose binding [18,22]. Fig. 7 shows the
cyclic voltammogram of the GCE-AuNP electrode modi-
fied with GGR-Cys before and after 5 min incubation with
different concentrations of glucose ranging from 0.1 to 1
uM. The decrease in the current was proportional with
the glucose concentration. No further decrease in the signal
was obtained at concentrations higher than 1 pM. Increas-
ing the incubation time (e.g., 1 h, 12 h) does not result in a
lower detection limit, showing that glucose binding is a
nearly immediate effect. The detection limit of the sensor
was 0.18 puM, calculated based on the standard deviation
and the slope, using the 3¢/S formula, where ¢ is the stan-
dard deviation of the responses of three blank samples
obtained with different electrodes and S is the slope of
the calibration curve.

Although in other previous studies we have shown that
glucose does not bind to flat gold surfaces [15,17], we did
control experiments to check for the possible binding of
glucose to the AuNPs. Results showed that incubation of
the bare GCE-AuNP electrode in a glucose solution has
no effect on the electrochemical current, indicating that
binding of the glucose with the immobilized GGR protein

on the AuNPs is responsible for the observed decrease of
the redox peaks.

When the GCE-AuNP-GGR-Cys electrode was incu-
bated with three other compounds that do not bind
GGR (B-p-fructose, L-valine, and L-leucine), no decrease
in the electrochemical signal was observed (Fig. 8). These
results show that the proposed biosensor specifically binds
its target sugar and shows no response to compounds that
are not natural ligands.

Conclusions

We have studied the surface chemistry and interactions
of AuNPs with a wild-type and a genetically engineered
thiol-containing glucose receptor protein, and we used this
system to construct an electrochemical system for selective
detection of glucose. The interaction of proteins with AuN-
Ps and the surface chemistry was studied with UV-Vis
spectroscopy, TEM, (-potential, and PSD analysis, and
the results were confirmed with CV. The gold colloids form
large aggregates in the presence of the thiol-containing pro-
tein. This is due to the strong binding between the gold and
the SH of the cysteine group that was genetically engi-
neered in the protein sequence. Under the same experimen-
tal conditions (pH, temperature, and buffer solution) but
using the WT protein, gold colloids do not aggregate in
the same manner. These experiments suggest that the sur-
face-exposed cysteine is key to the binding of the protein
to the AuNPs. The electrochemical GGR-based biosensor
developed in this work is suitable for selective determina-
tion of glucose in the micromolar concentration range,
with a detection limit of 0.25 pM. The AuNP reagentless
glucose biosensor described here provides a unique addi-
tion to the currently available methods to detect glucose.
As compared with classical solid gold electrodes, the use
of AuNP modified GCE offers several advantages such as
a large surface area that provides multiple binding points
for proteins (thereby facilitating loading of more protein
molecules), high conductivity, and increased sensitivity.
The application of this strategy of combined genetic engi-
neering, AuNPs, and electrochemistry serves as a useful
tool for the study of receptor-ligand interactions.
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Quartz Crystal Microbalance (QCM) with Immobilized Protein
Receptors: Comparison of Response to Ligand Binding for Direct
Protein Immobilization and Protein Attachment via Disulfide Linker
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Clarkson Unversity, Potsdam, New York 13699
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Results from an investigation of the frequency response resulting from ligand binding for a genetically engineered
hormone-binding domain of the-estrogen receptor immobilized to a piezoelectric quartz crystal are reported. Two
different approaches were used to attach a genetically altered receptor to the gold electrode on the quartz surface:
(1) the mutant receptor containing a single solvent-exposed cysteine was directly attached to the crystal via a sulfur
to gold covalent bond, forming a self-assembled protein monolayer, and (2) the N-terminal histidine-tagged end was
utilized to attach the receptor via a 3,3-dithiobig[5-amino-5-carboxypentyl)propionamidé;N'-diacetic acid] linker
complexed with nickel. Previous studies have shown that these engineered constructgtestddiol and are fully
functional. Exposure of the receptor directly attached to the piezoelectric crystal to the known lighastiEdiol
resulted in a measurable frequency response, consistent with a change in conformation of the receptor with ligand
binding. However, no response was observed when the receptor immobilized via the linker was exposed to the same
ligand. The presence of the linker between the quartz surface and the protein receptor does not allow the crystal to
sense the conformational change in the receptor that occurs with ligand binding. These results illustrate that the
immobilization strategy used to bind the receptor to the sensor platform is key to eliciting an appropriate response
from this biosensor. This study has important implications for the development of QCM-based sensors using protein
receptors.

Introduction changes. Work in our laboratories has focused on using QCM
to study interactions between protein receptors and small
ligands®®

A QCM sensor utilizes an AT-cut piezoelectric quartz crystal
m with gold electrodes deposited on both surfaces. Application

o . h . - of a radiofrequency voltage at the resonant frequency of the
on surfaces. Recently the utilization of this technique for biological crystal excites the crystal into oscillation. Changes in mass,

systems has come into vogtiéln the past decade, QCM-based viscosity, conductivity, and stiffness of the layer near the crystal

SEnsors have be.en used to StL.'dY I.<|net|cs of protein adfsorpt'onsurface result in changes in the crystal frequency, which can be
and antibody-antigen and proteinalipid membrane interactions

where the mass change on the surface is quite Brgale have easily measured. When a rigid mass is added to the surface of

been interested in examining OCM response to smaller massthe piezoelectric crystal, the resulting decrease in oscillation
! in examining Q P frequency can be quantitatively interpreted using the well-known

Sauerbrey equation

There has been considerable interest in using quartz crystal
microbalance (QCM) technology to examine adsorption phe-
nomena at solid surfaces. This technique has been used in e
variety of applications, primarily to monitor metallic deposition
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addressed this deviation from the Sauerbrey equation with effortschelate end, which is commonly used for histidine-tagged protein
to account for the viscoelastic properties of the film on the purification or separation, binds to the genetically engineered
surface**!1This expands the versatility of the QCM methodology binding domain of the estrogen receptor. In this paper, the
and enables application of the technology to biological systems. frequency response to g+stradiol is compared for the receptor
In recent years, work in our laboratories has focused on directlyimmobilized onthe gold surface to receptorimmobilized
experimental studies of receptedigand interactions using QCM  Via a Ni-NTA linker.
with immobilized genetically engineered protein receptors. A
QCM study of glucose binding to a mutant-immobilized glucose/
galactose receptor froEscherichia colivas undertakefResults Estrogen Receptor Protein Production for Experiments The
showed a frequency response to glucose binding that wasprotein used in this study was expressed from a pet-15b construct
significantly larger than predicted by considering only the mass of the ligand-binding domain of ttee-estrogen receptor encompassing
contribution from glucose. We attributed this unexpectedly large residues 304554 transformed into BL21(DE3) pLysS cells with
response to ligand-induced conformational changes in the Cysteine to serine mutations at positions 381 and §38&D-ER).
protein®12When a ligand binds, the glucose/galactose-binding The His-taggedinHBD-ERs were purified according to standard
protein undergoes a structural change, as do many otherprotocols described in previous publlcatldﬁﬁ'.hls.double mutant
periplasmic binding protein€ The ligand-free protein is flexible was used for all experiments reported here and is the same receptor

: . - o . that was used in our earlier reported stddyor brevity, we will
and poised to capture the ligand. With ligand binding, the protein simply useqHBD-ER when referring to this protein. The mutant

adopts a denser and more rigid form that enables the transporteceptor, with and without the His-tag, binds estradiol and xe-
of ligand to the transport or chemotaxis assemblies in the poestrogens with wild-type affinit§1s

membrane. The SenSitiVity of the QCM to the characteristics of QCM Sensor. The Research Quartz Crysta| Microbalance
the film in the vicinity of the crystal surface enables the QCM (RQCM) from Maxtek, Inc., is composed of the sensor, oscillator
to sense receptor binding to this small ligand. Calculations of the unit, frequency counter, voltage supply, and PC interface connection
frequency shift expected when aflexible, viscous filmis replaced for signal output visualization. The RQCM sensors employed were
by a thinner, denser, and more rigid film were consistent with commercially available 5 MHz polished AT-cut quartz crystals (2.54
this interpretation. An examination of the rigidity of this €M diameter) with gold eI_ectrodes (1.27cm dla_meter) on both snd_es.
immobilized glucose receptor with and without ligand using '€ ¢'ystal was placed in the holder and positioned by an O-ring

. . . . ~ so that only one side was exposed to the protein, ligand, and buffer
;ilt:)errrl)(r:el;ca)l?oeﬁznlcroscopy provided additional support for this solutions. A 250 mL beaker containing 200 mL of 50 mM Tris, 10%

glycerol, and 10 mMB-mercaptoethanol (pH 8.0) (T/G buffer) served
Asimilar investigation was undertaken to examine the responseas the “measurement cell”. A small plastic ring, which was part of

of a QCM biosensor that utilizes a genetically engineered the crystal holder, formed a small well above the electrode surface.

histidine-tagged construct of the hormone-binding domain of Protein and ligand solutions were incubated on the crystal surface

Experimental Section

the estrogen receptor containing amino acids-3884 to various
estrogenic substancgsin this construct, the two naturally

inthis well. The experimental systemis described in detail elsevéhere.
Self-Assembled Protein Monolayer. Direct Attachment of

occurring cysteine residues on amino acids 381 and 530 weredmHBD-ER to the Gold Electrode Surfacghe frequency of the

changed to serine residues, leaving only one solvent-expose

cysteine residue at position 417 for binding to the gold electrode.

Exposure of the immobilized estrogen receptor to various
estrogenic substances (i.e ft&@stradiol, tamoxifen, diethylstil-

lean quartz crystal was measured initially by immersing the crystal
olderin the QCM measurement cell with T/G buffer. After a stable
baseline had been recorded, the holder was removed from the
measurement cell, and 400 of 1 mg/mL4-,HBD-ER was incubated
on the crystal surface. An incubation timglch was used to ensure

bestrol) yielded frequency shifts considerably larger than expectedmaximum protein attachment. After incubation, the crystal with
from mass considerations alone. Again, it is proposed that theimmobilized protein was washed and returned to the measurement
QCM is sensing ligand-induced conformational changes when cell. Frequency was monitored until a stable reading was again

this receptor binds to ligand. Our results also indicate that the obtained.

frequency response of the immobilized estrogen receptor is

Exposure of the Self-Assembled Protein Monolayer t8-17

dependent upon the type of estrogen mimic, antagonist or agonist Estradiol. The crystal with immobilizeds»HBD-ER was then

These observations are believed to result from different con-

formational changes induced by the different ligands.

The objective of the current study was to examine the effect
of immobilization strategy on the QCM frequency response to

incubated with 40QL of 20 uM 17/-estradiol. Because f7estradiol

is insoluble in water, an ethanol in water solution was used, with
ethanol concentration of 1%. After 30 min, the estradiol solution
was rinsed off the crystal and the crystal was immersed in the

frequency measurement cell. When a stable frequency value was

ligand binding experienced by the estrogen receptor. The thiol achieved, the crystal was removed from the measurement cell.

linker 3,3-dithiobisN-(5-amino-5-carboxypentyl)propionamide-
N',N'-diacetic acid] complexed with nickel (Ni-NTA) was used

as a means to immobilize the genetically engineered ligand-

binding domain of the estrogen receptor. The thio end of the
linker binds to the gold surface via a getdulfur bond and
provides a self-assembled monolayer on the gold. The Ni-NTA

(11) Hunt, W.; Stubbs, D.; Lee, S. Time-dependent Signature of Acoustic
Wave BiosensordEEE 2003 890-901.

(12) Luck, L. A.; Falke, J. J*F NMR Studies of the-Galactose Chemosensory
Receptor. 1. Sugar Binding Yields a Global Structural Chamjechemistry
1991 30, 4248-4256.

(13) Quiocho, F. A. Atomic Structures of Periplasmic Binding Proteins and
the High Affinity Active Transport Systems in Bacterfhilos. Trans. R. Soc.
London199Q 326, 341—-351.

(14) Sokolov, I.; Venkatesh, S.; Luck, L. A. Change in Rigidity in the Activated
Form of the Glucose/Galactose Receptor fibneoli: A Phenomenon That Will
Be Key to the Development of BiosensoBiophys. J2006 90, 1058-1063.

Receptor Immobilization via Ni-NTA Linker. The sequence of
experiments carried out with the Ni-NTA linker is depicted in
Figure 1.

Immobilization of Ni-NTA Linkerlnitially, the frequency of a
clean crystal was measured by immersing the crystal holder into the
QCM measurement cell. After a stable baseline had been recorded,
the crystal holder was removed from the measurement cell and
incubated for 30 min at room temperature with 1003,3-dithiobis-
[N-(5-amino-5-carboxypentyl)propionamidé&;N'-diacetic acid]
(NTA) purchased from DOJINDO (Kumamoto, Japan) followed by
washing with distilled water. The quartz crystal was then immersed
in 0.1 M NiSQ, for 30 min. After solution was rinsed off the crystal,
the frequency of the crystal was again measured by re-immersing

(15) Tamrazi, A.; Carlson, K. E.; Daniels, J. R.; Hurth, K. M.; Katzenellenbogen,
J. A. Estrogen Receptor Dimerization: Ligand Binding Regulates Dimer Affinity
and Dimer Dissociation Raté&lol. Endocrinol.2002 16, 2706-2719.



3882 Langmuir, Vol. 23, No. 7, 2007

HO g
HO YOH

o! N\/go
NTA Linker Ni [ll]
MNH

— 7 =3

S

/
d)\ N N
0 ML 0 N 0. Wl
Ligand
" HBD-ER [17 B-estradiol] Imidazole
am

S TS S

Baltus et al.

S

C A | [ A | [ Aau ] |

AU | [ Au ] [ au ]

Figure 1. Schematic diagram of the steps involved in attachmegtteBD-ER to the gold electrode, followed by exposure t@-¥&tradiol

and imidazole.

the crystal holder in the QCM measurement cell containing T/G
buffer. The Ni-NTA linker is attached to the gold electrode by a
sulfur—gold bond, as shown in Figure 1.

Attachment ofHBD-ER to the Ni-NTA LinkeiThe crystal with
attached Ni-NTA linker was removed from the QCM measurement
cell and incubated with 400L of a 1.0 mg/mL solution ofjn-
HBD-ER in T/G buffer for 1 h. The crystal surface was again rinsed
and returned to the QCM measurement cell with T/G buffer. The

frequency was again recorded once a stable value was observed.

The histidine tag on thgHBD-ER binds to the nickel that is

complexed with the NTA linker, as shown in Figure 1.
Exposure to 1j3-Estradiol. The crystal holder was again removed

from the measurement cell, and a 4@0quantity of 15-estradiol

in ethanol solution €1% ethanol in water) was introduced to the

crystal surface. Experiments were conducted with solutions with

estradiol concentrations of 2 and 2M. At 30 min intervals, the

crystal was rinsed and immersed in the QCM measurement cell with

T/G buffer and frequency was measurA® h incubation time was
found to be sufficient for complete ligand binding.

Exposure to Imidazolélo verify the QCM frequency response
to the addition ofi\HBD-ER, the crystal withimmobilizeghHBD-
ER was incubated with imidazole solution for 1 h. Imidazole will
compete for the NTA sites with the histidine residues of the protein,

resulting in protein removal, as shown in the last step in Figure 1.

The effect of imidazole was examined for ligand-free immobilized
amHBD-ER as well as for immobilizedHBD-ER that had been
exposed to 17-estradiol. Experiments were conducted with solutions
with imidazole concentrations of 0.5 and 1.0 M. Following incubation
with imidazole, the crystal holder was again immersed in the QCM
measurement cell with T/G buffer for frequency measurements.

Results and Discussion
amHBD-ER. To produce sufficient quantities of protein for

20 uM

«mHBD-ER Estradiol

10 —
20 —
-30 -
-40 —

-50 -

-60 —

-70 -

Frequency Shift from Clean Quartz (Hz)

-80 -

-90

Figure 2. QCM response to direct attachment gHBD-ER,
followed by exposure to estradiol. The standard deviation in each
frequency measurementsdsl Hz.

Direct Attachment of ¢nHBD-ER to the Gold Electrode
Surface. The results from QCM frequency measurements for
direct attachment ofHBD-ER to the gold electrode surface
followed by exposure to estradiol are shown in Figure 2. These
results have been reported previouslynmobilization of g
HBD-ER to the crystal surface resulted in a decrease in crystal
frequency of 54 Hz. Crystallography measurements have shown
that HBD-ER with bound estradiol is a dimer with dimensions
of approximately 55 Ax 55 A x 64 A, as shown in Figure &

this study, a construct of the ligand-binding domain of the estrogen Given the position of C417, it is expected that t#iBD-ER
receptor that could be expressed in bacterial cells was used. Indimer will occupy a footprint of approximately 55 & 55 A
the wild-type protein, three cysteines are solvent exposed and(3025 A). Using the Sauerbrey equation (eq 1) with the molecular

can form interdomain disulfide bonds, leading to protein

mass of HDB-ER (62 kDa), a frequency response of 16 Hz is

aggregation and denaturation. The double cysteine to serinepredicted for monolayer coverage of this receptor. This predicted
mutant was created to circumvent these problems. Also, thisvalue is~3—4 times smaller than the measured frequency shift.
double cysteine to serine mutant provided a single solvent-exposed The Sauerbrey equation is derived for a rigid film added to
cysteine residue, which was utilized to immobilize the receptor the piezoelectric surface. The protein film is expected to be

directly on the gold surface of the quartz crystal microbalance.

reasonably fluid and viscous. This should lead to a dampening

There is one buried cysteine residue (447) that was left intact. of the crystal oscillation, yielding an observed frequency shift
The six histidines at the N terminus of the protein served a that is smaller than the Sauerbrey prediction, not larger. There

dual purpose for this study. First, the N-terminal histidine tag
is used to purify the protein via a nickeitrilotriacetic acid
(NTA) resin. Second, this His-tag was used to immobilize the

receptor to the NTA self-assembled monolayer on the gold

electrode surface, as shown in Figure 1.

are anumber of possible explanations for the larger than expected

(16) Brzozowski, A. M.; Pike, A. C. W.; Dauter, Z. E.; H. R.; Bonn, T.;
Engstrom, O.; Ohman, L.; Greene, G. L.; Gustafsson, J.; Carlquist, M. Molecular
Basis of Angonism and Antagonism in the Oestrogen RecepN@iure 1997,

389, 753-758.
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observed frequency shifts with receptor attachment. The gold 50

surface has some roughness, as revealed by atomic forcesigyre 4. QCM response to attachment of Ni-NTA linker and
microscopy imaging. Therefore, the surface area available for immobilization of 4 HBD-ER, followed by exposure to estradiol.
protein attachment is larger by perhaps 20% than the area based’he standard deviation in each frequency measuremetis I4z.
on the surface coverage of the electrd@litis also possible that
multiple layers of receptor attach to the gold surface because ofmolecular mass of 272.38 g/mol, the Sauerbrey equation (eq 1)
different orientations of thenHBD-ER monomers relative to  predicts a frequency shift of1 Hz with the addition of this
each other. For example, one monomer could bind to the electrodesmall mass to the surface. A similar unexpectedly large frequency
via a sulfur to gold bond with C417. A dimer could then form response was also observed in similar experiments in our
with this monomer. If the C417 residue of the second monomer laboratory that involved glucose binding to a genetically
does not bind to the electrode, this residue is available to form engineered glucose/galactose receptor that was attached via a
a disulfide bond with C417 of a third monomer. As discussed cysteine residue to the quartz fifmWe attributed the large
in our earlier papetthe effective size of the immobilized protein ~ frequency response to ligand-induced conformational changes
in a liquid environment is expected to be smaller than the size in the protein that are sensed by the QCM. These observations
estimated from crystallography measurements. Itis also possibleare consistent with calculations of the frequency response based
that thegqmHBD-ER can immobilize at an orientation such that on a viscoelastic model of the protein film where the protein
its footprint is smaller than that estimated from the dimensions undergoes a change in conformation from a flexible and viscous
illustrated in Figure 3. ligand-free protein film to a more rigid film upon ligand binding.
The relatively large measured frequency shift may also be This explanation is also consistent with atomic force microscopy
attributed to the hydration shell surrounding the immobilized studies showing anincrease inthe Youngs modulus of the glucose
protein, yielding a film with mass greater than expected from receptor film with ligand binding? We speculate that the
protein geometry. In a study of protein adsorption using ¢mHBD-ER undergoes similar ligand-induced structural changes
ellipsometry, optical waveguide lightmode spectroscopy, and a that are sensed by the QCM.
quartz crystal microbalance, Hook efdbund that the mass of amHBD-ER with Ni-NTA Linker. Results from QCM
adsorbed protein measured using QCM was32imes larger frequency measurements tracking the crystal response to im-
than the mass determined using the optical techniqguesan@1.1 mobilization of Ni-NTA linker to the gold electrode surface,
times larger than the mass predicted from protein geometry. attachment of\HBD-ER to the linker, and exposure to estradiol
They attributed the large mass determined by QCM to bound or and/or imidazole are shown in Figures-@.
coupled water, which is not sensed by the optical techniques. |neach experimentinvolving the Ni-NTA linker, the frequency
Given the uncertainty in the estimation of the footprint occupied of the quartz crystal decreased by-30 Hz with immobilization
by immobilizedynyHBD-ER and in the interpretation of frequency  of the NTA followed by complexation with Ni. The Sauerbrey
measurements in terms of added mass, the difference betweemquation (eq 1) was used to estimate the frequency response
the Sauerbrey prediction and the observed frequency responsexpected for this linker. As shown in Figure 1, the linker attaches
is notunreasonable. Itis also important to note that the uncertaintyto the gold surface via a sulfaigold bond. Therefore, the area
in our estimation of the amount of immobilized protein is not occupied by linker on the surface can be estimated using the van
critical in our interpretation of frequency shifts resulting from der Waals radius for sulfur (0.185 nm), giving an estimated
ligand binding. coverage area of 0.108 Aiper linker molecule. With a molecular
When 4wHBD-ER was exposed to 2@M estradiol, an mass for the Ni-NTA complex of 444 g/mol, calculations using
additional frequency shift of25 Hz was observed. Significant  the Sauerbrey equation yield an expected frequency decrease of
frequency shifts were also observed when HBD-ER was exposed39 Hz if the gold electrode surface is saturated with a monolayer
to other ligands that are known to bind to the estrogen recéptor. of the Ni-NTA linker complex. The experimentally observed
All of the tested ligands are relatively small. Assuming that each frequency response values are in reasonable agreement with this
receptor binds one molecule of estradiol (or each dimer binds prediction, indicating that this picture of the surface coverage is
two molecules of estradiol), we can estimate the frequency shift accurate. These results indicate that the Ni-NTA on the surface
expected from ligand binding on the surface. With an estradiol is closely packed, providing for a reasonably rigid SAM film.
Upon attachment qf;HBD-ER to the immobilized linker, the
(17) Sokolov, I. Personal communication, data not shown. frequency of the piezoelectric crystals decreased an additional
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Ni-NTA | opER 2MM — 0.5M Therefore, some of this difference in frequency response can be
0— Linker _om Estradiol Imidazole attributed to differences in the effective area forimmobilization.
Itis also likely that the His-tag on the end of the receptor allows
104 some flexibility of the proteir-linker complex whenitis attached
T to the NTA monolayer, discouraging close binding of adjacent
::"T 20 - receptors. Therefore, itis possible that the protein is more compact
g when attached directly to gold than when it is attached to Ni-
2 a0 NTA linker.
3 Exposure of the immobilized,HBD-ER to 2 and 2QuM
(é 40 estradiol yielded no change in frequency, as shown in the results
L presented in Figures 4 and 5. Assuming that each receptor binds
b= 50| one molecule of estradiol (or each dimer binds two molecules
@ of estradiol), a very small{1 Hz) frequency shift is again
§ 60 predicted for ligand binding. The Maxtek QCM is not sufficiently
% sensitive to detect this small change in frequency. Our observa-
I 70 tions are again consistent with the Sauerbrey prediction. Given
estimates of the surface coverage of §felBD-ER (discussed
80 above) and assuming that each receptor binds one molecule of

) ] ] estradiol, 40@.L of ~0.03uM estradiol solution should provide
Figure 5. QCM response to attachment of Ni-NTA linkggHBD- sufficient estradiol to saturate the immobilized receptor. This
ER immobilization, and exposure to estradiol, followed by exposure concentration value is an order of magnitude smaller than the

toimidazole. The standard deviation in each frequency measurement? .
is +1 Hz. owest concentration used for_our measurements. Althpugh no
frequency response to estradiol was observed, we believe that
Ni-NTA . M estradiol is indeed binding to the bound HBD-ER, on the basis
0 Linker an Imidazole of observations reported by others. A previous study of estrogenic
compounds using NTA immobilized receptor similar to our
. 7 construct showed full binding capacity to estradiol, estone, estriol,
g 10 and a number of xenoestrogeisAt the high concentration of
N estradiol used in our experiments, we are confident that the
g . immobilized receptor is fully saturated with ligand.
b The intriguing result from this study is that whggHBD-ER
8 20 is attached to the QCM quartz film via a Ni-NTA linker, the
(é i QCM cannot sense ligand binding, whereas a large frequency
£ response to ligand binding is observed whenght¢BD-ER is
£ 304 directly attached to the quartz film, forming a self-assembled
9 protein monolayer. We believe that the linker provides a sufficient
% h “buffer” between the protein and the electrode surface that
% 40 prohibits the quartz film from sensing the ligand-induced structural
i changes in the receptor.
. Effect of Imidazole. Imidazole competes for coordination
50 sites on the nickel ion of the Ni-NTA linker and thus can be used

) ) . to remove bound protein from the linker. In Figure 5, results are
i'irlgrL:(r)%iI?iat(i?()%hgfgeli%oljn-slfeRtofo?lgefeh dmbi/néxogo';lll;r'\ggimlégrz ;gd presented for the change in frequency observed when bound
The standard devinétion in each frequency measuremetits i4z. F’mHBD'ER with attached estradu_)I was exposed to 0.5 M
imidazole. Results for the change in frequency observed when
) ) ) ) boundywHBD-ER without attached ligand was exposed to 1 M
13—-19 Hz. Given the receptor dimensions as estimated from jmidazole are presented in Figure 6. In all cases, frequency
crystallography and the position of the N-terminal end of the jncreased following exposure of the receptor to imidazole,
HBD-ER, it is expected that the dimer will occupy a footprint - gphservations that are consistent with removal of mass from the
ranging from 55 Ax 55 A (3025 &) to 55 A x 64 A (3520 gyrface, and it is likely that it is protein that is being removed.
A2). with a dimer molecular weight of 62000 Da and this range The results shown in Figure 5 show that following exposure to
of surface coverage, the Sauerbrey equation predicts a frequencymidazole, the frequency “recovered’65% of the decrease
shift of 16-19 Hz if theqnHBD-ER behaves as a rigid solid on  gpserved withHBD-ER attachment. The results shown in Figure
the surface, in agreement with our observations. This comparisong show that frequency returned completely to the value measured
of our experimental observations to the Sauerbrey prediction prior to ¢nHBD-ER attachment. These results support our
indicates that the linker with attached receptor is a reasonably conclusion that the frequency shift observed with exposure to

rigid complex on the gold surface. _ __ thereceptor results from protein attachment to the linker and not
The frequency shift in response to receptor immobilization to some other phenomena occurring at the quartz surface.
for protein directly attached to the gold electrode is43times Itis not clear why exposure to 0.5 M imidazole did not result

larger than the response observed when the receptor is attacheg complete frequency recovery when exposure to 1 Mimidazole
via the Ni-NTA linker. As discussed earlier in this paper, it is
likely that some surface roughness is providing an increase in (18) Pillon, A.; Boussioux, A.; Escande, A; Ait-Aissa, S.; Gomez, E.; Fenet,
the area for immobilization for protein that is directly attached g;:dRUff,EM-t: Moras, g-; Vlgnog, Ft-: D;Chesrtlley Mi; Eatse”a& (Fi-: N'Ct0|aS] Jh-

. Inding Estrogenic ompounas to ecompinan strogen eceptor-alpha:
to the gold surface. However, a considerably smoother SurfaceApplication to Environmental Analysi€nviron. Health Perspect2005 113

is expected once the gold is coated with a SAM of Ni-NTA. 278-284.
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appears to trigger complete protein removal. A 0.5 M solution to the surface, no response to ligand binding is observed. With
should be more than sufficient imidazole to trigger removal of linker between the piezoelectric surface and the receptor protein,
all of the attached protein. It may be that the ligand induced QCM cannot sense the conformational changes that result with
structural changes in receptor resulting from ligand binding ligand binding. Hence, small ligands cannot be detected when
reduces the susceptibility of the NTA chelation site toimidazole. thijs strategy is used to attach receptor. This study emphasizes
Additional studies with imidazole appear to be warranted. the importance of the immobilization method when using receptor
proteins as the sensor platform with QCM. With direct attachment
ofthe receptor creating a self-assembled protein monolayer, QCM
In this study, the effect of the strategy used to immobilize can detect ligands that are too small to be detected from a mass
receptor protein to a piezoelectric quartz crystal surface has beemasis alone.
examined. Detection of Prestradiol using a genetically
engineered hormone-binding domain of thestrogen receptor

was investigated. When the genetically engineered receptor |sthis work from the NIH (Grant RO3-CA 89705), NSF Grant

directly attached to the surface in a known orientation, a

measurable and significant frequency response is observed W“hgr?éggtzg/fﬁg} daRSLi'fwﬁrrgg_lB_rggi C\?Gecetrh:r?segich‘]oGhrgnt
ligand binding. This response is believed to arise from confor- Katzelll?anebo en for the plasmid HBD Iresidue53654 énd
mational changes in the receptor in response to ligand binding. 9 P ( )

When receptor is attached to the quartz crystal via binding of many helpful discussions.
the histidine-tagged N-terminal end to alinker covalently attached LA0628468

Conclusions

Acknowledgment. We gratefully acknowledge funding for



© 2007 by The International Union of Biochemistry and Molecular Biology

Articles

BIOCHEMISTRY AND MOLECULAR BIOLOGY EDUCATION
Vol. 35, No. 4, pp. 238-243, 2007

Molecular Modeling of Estrogen Receptor Using Molecular

Operating Environment

Received for publication, March 29, 2006, and in revised form, January 19, 2007

Urmi Royt and Linda A. Luck§q

From the $Center for Advanced Materials Processing, Clarkson University, Potsdam, New York 13699-5665
and §Department of Chemistry, State University of New York, Plattsburgh, New York 12901

Molecular modeling is pervasive in the pharmaceutical industry that employs many of our students from
Biology, Chemistry and the interdisciplinary majors. To expose our students to this important aspect of
their education we have incorporated a set of tutorials in our Biochemistry class. The present article
describes one of our tutorials where undergraduates use modeling experiments to explore the structure
of an estrogen receptor. We have employed the Molecular Operating Environment, a powerful molecular
visualization software, which can be implemented on a variety of operating platforms. This tutorial rein-
forces the concepts of ligand binding, hydrophobicity, hydrogen bonding, and the properties of side
chains and secondary structure taught in a general biochemistry class utilizing a protein that has impor-

tance in human biology.

Keywords: Computational biology, biotechnology education, computers in research and teaching, molecular
modeling, estrogen receptor, estradiol, molecular operating environment.

The rapid developments in our understanding of bio-
molecular structures and their direct relationship to func-
tion have transformed biochemistry to a new level. Inte-
gration of this knowledge in a readily available framework
is critical and this can be achieved through visualization
of three-dimensional structures of biomolecules using
interactive computer graphics. In addition, molecular
modeling plays an important role in structure-bas drug
design in the pharmaceutical companies, biotechnology
companies, and university research since it is useful in
predicting structures of macromolecules, as well as for
analyzing chemical and biological functions of these mol-
ecules. For these reasons, interactive molecular modeling
has now become an integrated part of standard Bio-
chemistry and/or Biomolecular Science courses taught at
many universities. In this work, we present a relatively
simple tutorial for a specific software package for such
modeling exercises in a typical undergraduate classroom
environment.

Currently, a number of molecular modeling software
packages are used for teaching three-dimensional struc-
tures of biological macromolecules in undergraduate
courses [1-15]. Many of these packages are available for
free, and several tutorials illustrating simulation details as
well as pedagogical aspects also are available. The
present report is a result of our own efforts for several
years in this area, and focuses on the software package,
Molecular Operating Environment (MOE), developed by

¢ To whom correspondence should be addressed. Tel.: 518-
564-4119; Fax: 518-564-3169; E-mail: luckla@plattsburgh.edu.
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Chemical Computing Group Inc [16]. It should be noted
at this time that neither our university nor we received
any compensation for this work by this company. In
earlier years, we have used Insight Il as a visualization
platform and developed tutorials for introductory bio-
chemistry classes. Examples of macromolecules that
were used in these tutorials include: hemoglobin, myo-
globin, porins, membrane proteins, ferrodoxin-NADP+
reductase, and citrate-synthase. When our IBM RISC
stations using the UNIX operating system came to the
end of their lifetime we converted these tutorials to be
used on PCs with MOE.

MOE is quite versatile and can be used on a wide vari-
ety of platforms ranging from Intel computers running
Microsoft Windows™, Linux to Mac OS X, IBM eServer,
Sun Microsystems, Hewlett-Packard, and SGI systems.
This powerful program is generally available for class-
room use at an academically discounted cost. We found
the PC (Windows) platform most useful for our purposes,
because essentially all of our computer labs and class-
rooms are equipped with PCs and students are more
familiar with this mode of operation. In order to run MOE,
at least 1 GB of free hard-disk space and at least 64 MB
memory are required. Use of MOE for molecular model-
ing in these classes allows students to view, display, an-
alyze, interpret and manipulate biomolecular data in a
straightforward way by utilizing interactive three-dimen-
sional computer graphics tools. The system integrates
visualization, molecular modeling, protein modeling,
cheminformatics and bioinformatics all in one program.
Although there are other UNIX programs available we
found this superior because the students spent less time

This paper is available on line at http://www.bambed.org



TaBLE |
Sample outline of the general course-structure

Topic

Course introduction 1

Search and gather information from the Internet, 2
Protein Data Bank, Pub Med etc

Nuclear Receptor Superfamily

Why study ER

Molecular Operating Environment

Overview of the three dimensional structure of ER
and EST

Observing the Hydrophobic pocket in the LBD 1

Conserved amino acids and their role 2

Observing hydrogen bond, ionic bond
and cation-pi interactions in the protein

Surface properties of the protein 2

Structural and comparative studies of ER-LBD 4
in complex with different ligands

In class oral presentations 4

learning the operating system and more time focused on
the biochemistry aspects of the tutorials. MOE is versa-
tile and flexible due to certain additional capabilities
including the pharmacophore-based combinatorial library
design, potential energy evaluations, docking, crystallo-
graphic system and electron density map visualization.
By introducing the student to the initial suite of visualiza-
tion programs they can easily move to more complex
utilities of the system in later research projects or in their
future careers.

This manuscript focuses on a specific application of
MOE, where we describe the molecular structure of the
ligand-binding domain of the human alpha-estrogen re-
ceptor (LBD-ER). A biochemical modeling project on the
estrogen receptor (ER) is suitable for an introductory bio-
chemistry class or an environmental class about endo-
crine disruptors in the environment. Students planning to
use this tutorial should have some familiarity with basic
protein chemistry as described in any standard Biochem-
istry textbook [17-20]. We have designed the tutorial with
two objectives in mind: 1) to show the correlation be-
tween protein structure and function and to 2) introduce
the students to the ligand binding properties of the ER.
This tutorial will reinforce the concepts of hydrogen
bonding and hydrophobic interactions that occur in
ligand binding in steroid receptors. Most importantly stu-
dents are introduced to computational biochemistry
research. A brief outline of the general course-structure
is presented in Table I.

METHODS
Working with the MOE Window

A typical MOE application window is shown in Fig. 1. The
top tool bar contains all the basic commands that will be used
in this tutorial and this is accessible by mouse click. The blank
line below the top tool bar is used for command line computing
that we will not use in this present tutorial. SEQ is used to open
Sequence Editor Window and Cancel is used to cancel any job.
A detailed description of the MOE Window can be accessed
from the MOE Help menu. Here, we briefly summarize a number
of main commands. The vertical tool bar on the far right is used
for additional commands and is accessible again by mouse
click. For example, under System one can open the Atom Man-
ager Window. The Builder button will open the Molecule Builder

:

Fiz Edt Selschion Render Compuls GEMOE Window Help S¥L SEQ
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Fic. 1. MOE Application Window.

that allows one to construct small molecules or macromolecules
or nucleotides. The Minimize button will perform Energy Minimi-
zation on the molecule in the window. The Close button can be
used to clear molecular data. Using View it is possible to view
the protein in different display Modes including line, stick, ball
and line, ball and stick, and space filling. Among other standard
MOE commands, Label is used to identify atom type, charge,
or residue. Color is used to color specialized items such as
specific atoms residues, chains, or secondary elements. Hide
and Show are used to highlight or hide selected elements of
structure. Measure is used to determine bond lengths, bond
angles and dihedrals. The bottom part of the MOE window con-
tains “dials” that are used for rotating, moving and zooming of
molecule.

Data Input

To view the three-dimensional structure of LBD-ER com-
plexed to 17-estradiol (EST), a natural estrogen, the PDB file
1ERE.PDB [21] from the protein data base [22] was first edited
to include data for only one dimer of the three found in the file.
This edited file was then imported in the MOE window. Fig. 2A
illustrates the structure of LBD-ER in ribbon form with EST dis-
played in space filling mode. The 2D structure of EST alone is
shown in Fig. 2B.

RESULTS AND DISCUSSION
Why Explore the Structure of the ER?

Natural estrogens play a critical role in the normal
growth, development and maintenance of a diverse
range of tissues. They exert their effects via the ER
which functions as a ligand activated transcription regu-
lator. The ligand-binding domain of this protein is autono-
mous and has multiple functions including ligand binding,
dimerization and ligand dependent transactivation [23].
Study of this part of the LBD-ER provides crucial infor-
mation about the receptor function and steroid receptors
in general.

X-ray crystal structures of the LBD-ER have been
reported with a variety of ligands including EST, raloxi-
fene, diethylstilbestrol, tamoxifen, genistein, and a num-
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B OH

HO

Fic. 2. (A) Ribbon diagram of hERa LBD complexed with
17p-estradiol (white space filling mode). The figure shows
the dimeric form of 1ERE.PDB. (B) Structure of 17B-estradiol
(C18H2402)'

ber of synthetic estrogens [21, 24-27]. LBD-ER binds a
large repertoire of compounds with remarkable structural
and chemical diversity. Most ligands have two hydroxyl
groups separated by a rigid hydrophobic linker. They are
classified as agonist or antagonist ligands by their effect
on the structure and function of the protein. The three
dimensional structure of LBD-ER as shown in Fig. 2A
displays a canonical alpha-helical sandwich topology
composed of 12 o helices that are arranged into three
anti-parallel layers. This arrangement allows a sizeable
buried binding pocket where the ligands are seques-
tered. In general, when an agonist binds in the pockets,
helix 12 forms a “lid” over the binding pocket and
exposes the transactivation site for coactivators. This
binding is necessary for transcriptional activity. In con-
trast, when an antagonist binds to the pocket, it changes
the conformation of the LBD such a way that helix-12
blocks the coactivator-binding site. Thus the orientation
of helix 12 is an important factor for distinguishing ago-
nist from antagonist. The underlying determination of the
function of the LBD-ER with a particular ligand is
revealed in its binding mode in the cavity. Exploration of
the hydrogen bonding between ligand and protein and
complementarity of the hydrophobic residues and the
ligand give the students insight into steroid-ligand recog-
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nition. Further exploration of the protein architecture
around EST reveals how the A ring pocket imposes a
requirement for the planar ring group. The promiscuity of
the LBD-ER is exhibited by the large unoccupied space
above and below the steroid cavity.

Visualizing the Structure

Upon opening the MOE window and loading the data,
use X, Y, and Z rotate wheels on the bottom of MOE
window to rotate the molecule in the three planes. Zoom
in by using the zoom tool located on the bottom of the
screen. It is also possible to change the appearance of
the protein (line/stick/ball and line/ball and stick or space
filling) by using the Render menu from the top toolbar
panel or Mode menu from the far right toolbar. Click on
Render|Backbone|Color|Secondary  Structure to view
the Secondary structure of the protein or click on Ren-
der|Backbone|Color|Chain Color to color the Protein by
Chain. To make viewing of the secondary structure eas-
ier, color the protein by clicking: Render|Backbonel|Flat
Ribbon. Viewing may be made even easier by hiding the
backbone. To do this, click: Render|Hide|Backbone. Hide
the sidechains by clicking on Render|Hide|Sidechain.
Now we only can see the ribbons.

To view the EST in its binding site click: Render|Show|
Ligand. To highlight it, open Sequence Editor. Highlight
EST and, right click Atoms|Select and then Atoms|Show.
EST will be displayed in the MOE window in pink.
Change the appearance of the EST to space-filling mode
by clicking Render| Space filling. In the MOE window, we
can now see that the ligand-binding domain has the anti-
parallel topology, with bound EST (Fig. 2B) in the lower
portion of the domain (Fig. 2A).

View the dimer of 1ERE.PDB in stereo mode by click-
ing on Render|Stereo|left-Right. Adjust the stereoscopic
view by zoom in or zoom out the molecule in the MOE
window. View the protein by clicking on MOE|GizMOE|
Rock and Roll. The protein in the MOE widow will then
start to move slowly, and the three-dimensional structure
of the molecule will become more apparent.

Save the molecular data by clicking: File|Save. You
may want to save your molecular structural output either
in moe format or in pdb format (e.g. *.moe). * is a wild
card that represents any series of characters. You may
also want to print the figure by clicking: File|Print (set the
printer as postscript and select print to file option) and
then save it as a postscript file (e.g., “ere.ps”). Or, you
may save it on your computer using the Printer pull
down menu. These choices are available depending on
the printing devices installed on the computer. Details of
saving and printing of a MOE file can be found on the
help menu of MOE.

Observing the Hydrogen Bonding

To observe details of hydrogen bonding, click: Edit|
Hydrogens|Add Hydrogen, then click: Render|Draw|
Hydrogen Bonds. Before observing the hydrogen bonds,



Fia.

3. Hydrogen bonding between the 17f-estradiol
(white) and the side chains of the ER protein in the ligand-
binding pocket. The side chains, His 524 (orange), Glu 353
(red), Phe 404 (green), and Arg 394 (yellow) are illustrated.

display the backbone by clicking Render|Show|Backbone.
Using MOE it is possible to display all or a selected set of
hydrogen bonds in a given macromolecule. The contact
analysis option of MOE (MOE|Compute|Biopolymer|Pro-
tein Contacts) reports hydrogen bond contacts within
chains and/or between different chains. Both side-chain-
to-side-chain and side-chain-to-main-chain hydrogen
bond contacts can be calculated (see web-based supple-
mentary material [28]). In Fig. 3, hydrogen bonding
between 17p3-OH of EST and & nitrogen of His 524 is dis-
played. Here, Glu 353 in the ER accepts the H-bond
donated by the 3-OH group of EST. The Arg 394 helps to
keep the glutamate side chain in its right position via a
structurally conserved H,O mediated H bond. The side
chain of Arg 394 is further supported by a H-bond to the
carbonyl of a nearby Phe 404. A particular task for the stu-
dents may be to trace the entire hydrogen-bonding net-
work in the MOE window. They might also be asked to
measure the hydrogen bond distances shown in Fig. 3.

Hydrophilic and Hydrophobic Regions

To display the hydrophilic residues of 1ERE.PDB in
the MOE window, open Sequence Editor by clicking SEQ
OR click on Window|Sequence Editor. In the sequence
editor, click: Selection|Conserved Residues|Hydrophilic.
This will highlight all the hydrophilic residues. To display
these residues on the protein, click: Selection|Atoms|Of
Selected Residues. The hydrophilic residues will now be
displayed in pink on the protein. Repeat the same proce-
dure to observe the hydrophobic residues of the protein.
Be sure to select chains before selecting conserved resi-
dues. The contact analysis option of MOE can also be
used to identify hydrophobic and ionic contacts (salt
bridges), in this way, students can browse and isolate
contacts in both the Sequence Editor and main MOE
window [28].
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Fic. 4. Alpha carbon backbone structure of 1ERE.PDB in
dimeric form. Tyr 537 (white) and 17p-estradiol (yellow) are
shown in space filling mode.

Other Noncovalent Interactions

Cation-pi interactions play a crucial role in protein fold-
ing and stability [29, 30]. There are several papers that
describe and demonstrate the importance of such inter-
actions in the framework of undergraduate Biochemistry
course [31, 32]. The CaPTURE program by Gallivan and
Dougherty is an authoritative source for identifying ener-
getically significant cation-pi interactions within proteins
in the Protein Data Bank [33]. Although such interactions
are often involved in ligand binding, the EST in 1ERE is
not involved in such interactions. So it would be useful to
leave this as an assignment for the students to determine
whether there would be such an interaction between the
protein and EST.

Another example of non-covalent interactions is the
salt bridge, which also is important in protein stability
and folding. The contact analysis option of MOE can
identify ionic contacts (salt bridges) in the protein. The
unique salt bridge that stabilizes the agonist conforma-
tion in 1ERE is between Arg-548 (end of helix 12) and
Glu-523 (helix 11). Another relevant intra-molecular pro-
tein salt bridge is formed between Glu353 and Arg394
that are adjacent to the ligand binding pocket. A particu-
lar task for the students would be to identify each of
them in the MOE window.

Amino Acids in the Binding Site

Particular amino acid sequences in the binding site are
necessary for the receptor to bind ligands. MOE has a
very versatile tool to display and identify particular amino
acids. To display a specific amino acid of 1ERE.PDB in
the MOE window, open Window|Sequence Editor. In the
Sequence Editor window, click: Selection|Residue Selec-
tor. In the Residue Selector window, click on the amino
acid of your choice; for example, Histidine—HIS or H.
Then Click on Select Atoms and finally close the Residue



242

Fic. 5. Critical residues in the binding pocket of the ER
illustrated in stick form are depicted in this figure. lllustrated
are Ala 350 (white), Arg 394 (violet), Gly 521 (dark yellow), Leu
346, 349, 384, 387, 391, 525 (Red), Phe 404 (yellow), Met 388,
421 (green), and 17B-estradiol in white.

selector window. This will highlight all the Histidine resi-
dues of the pdb file in the MOE window. From the previ-
ous section, we know that the important amino acids in
the binding pocket include Glu 353, Arg 394, and His
524. Students can easily locate these residues in the
MOE application window. Koffman et al. reported that ty-
rosine has an important role in the binding of EST in ER
[34]. According to Anstead et al. [35], Tyr 537 may have
a controlling role in ligand binding because Tyr 537 lies
at the start of helix 12. Tyrosine 537 is highlighted and
shown in Fig. 4.

Students can be guided to observe some of the other
critical residues in and near the active site. These are high-
lighted in Fig. 5. This include: Ala 350 (white) Arg 394
(violet), Gly 521 (dark yellow), Leu 346, Leu 349, Leu 387,
Leu 384, Leu 391, Leu 525 (Red), Phe 404 (yellow), Met
388, Met 421(green). Another student task would be to
locate lle 424, Leu 354, Leu 428, Leu540, Met 343, Met
522, Met 528, Phe 425, Val 534 in order to determine each
of the residue’s orientation to the ligand and to each other.

Surface Representation

Using MOE, the students can create, display, and
manipulate the molecular surface of a biomolecule. With
this method, AnalyticConnolly, GaussAccessible, Gauss-
Connolly, and Interaction surface of a biomolecule can
be displayed [16]. To operate this mode in the MOE win-
dow one needs to click Compute|Molecular Surfaces. A
dialogue box will appear. In the dialogue box for surface
type, click: Interaction. Set the spacing at 0.75, and set
the render as solid with transparency set to 0. This will
generate the Interaction surface for the protein. To
remove the radii by clicking Window|Graphic Obijects,
choose the surface and click Hide. Similar protocols are
used to display the GaussConnolly surface of the biomo-
lecule as shown in Fig. 6. The two later surface render-
ings reinforce the importance of these surface hydrophilic
and hydrophobic interactions in the formation of the LBD
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Fic. 6. GaussConnolly surface of 1ERE.PDB. This depiction
represents pocket areas on the protein. The red areas represent
nonpocket regions or peninsula regions, while the white areas
represent neutral regions. The blue and green areas are hydro-
philic and hydrophobic pockets, respectively.

Fic. 7. Contact Statistics plots of 1ERE.PDB. EST is shown
in the white ball and line mode. The green solid area is hydropho-
bic when the settings are at 90% and red is hydrophilic at 90%.

dimer. The contrast in color allows the students to iden-
tify the areas of the biomolecule that will be solvent
accessible and available for hydrogen bonding. They will
also be able to understand where the two lobes of the
dimer interact and why this happens. Students can also
visualize the hydrophilic areas of the surface away from
the dimer interaction.

Contact Statistics

The structure of the LBD-ER shows a dimer that is sta-
bilized by hydrophobic interactions. All nuclear receptors
have a hydrophobic core in which a specific ligand
binds.

To find out the receptor’s contact preference in this
process, open: Compute|Contact Statistics Grid. In the
MOE window select EST atoms. Now in the contact Sta-
tistics window panel set the Atoms to be Unselected in
any chain. Press the Apply button. We will see the con-



tact statistics plots of the ER’s preferences along with
the ligand (Fig. 7).

FUTURE TASKS

By using the tutorial presented here, it is possible to
engage students in exploring the structure of ligand-bind-
ing domain (LBD) of the ER when complexed with diethyl-
stilbestrol (3ERD.PDB), 4-hydroxytamoxifen (3ERT.PDB),
and raloxifene (1ERR.PDB). It is also possible to assign the
task of identifying, superposing and comparing the struc-
tures of beta ligand-binding domain complexed with full an-
tagonist raloxifene (1QKN.PDB), and partial agonist genis-
tein (1QKM.PDB).
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Substantial evidence indicates that endocrine disrupting chemicals (EDCs)
particularly those that interact with the estrogen receptor may play a role in endocrine
related cancers particularly breast cancer. EDCs are found in food, water, air and
consumer products and originate from pharmaceutical, industrial, agricultural and natural
sources. Using current available technologies it is extremely difficult to identify EDCs in
complex sample mixtures. Hence we have developed a new technology, an estrogen-
receptor quartz crystal microbalance biosensor (ER-QCM) for the selective detection of
estrogenic substances. The ER-QCM using genetically engineered proteins immobilized
on the gold surface of the piezoelectric crystal has been shown to detect estradiol,
tamoxifen and genistein which are know ligands of the estrogen receptor. In addition the
biosensor shows no response for non-binding ligands such as testosterone.

The ER-QCM sensor surface is the unique and critical aspect of this biosensor
that permits the detection of ligands which bind to the estrogen receptor. Immobilization
of the hormone binding domain of the estrogen receptor (HBD) to the surface is
accomplished by Au-S bond from a sulfur atom in a cysteine residue on the protein to the
gold on the crystal surface. HBD has four native cysteine residues (530, 447, 417, and
381). Cysteine 447 is buried while the other three are surface exposed. Our initial studies
used a construct of the ER-HBD where residues 530 and 381 were changed to serines and
417 remained the only surface exposed cysteine. This allows a uniform orientation of
protein on the surface.

In this study we will show a new repertoire of ligands that are sensed by the ER-
QCM with cysteine 417 immobilization. In addition, we have recently prepared another
mutant where 381 and 417 are mutated to serine residues and 530 remains as a cysteine
residue. This new mutant of HBD is oriented on the surface in a manner quite different
than the protein from our previous studies since the 530 residue is near the binding
pocket. Comparison of the two mutants and their binding abilities with the various
ligands will be presented. A third mutant with all three surface exposed cysteines mutated
to serines was generated as a control and proof that the cysteine residues are necessary
for creating a self assembled protein layer on the surface of the crystal.

We gratefully acknowledge funding for this work from NSF grant CTS-0329698 and US
Army Breast Cancer Research Grant Concept Award W81 XWH-06-1-0621.



Genetically Engineered Protein Films on Gold Nanoparticles: A Novel
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The construction of an electrochemical biosensor for the selective detection of
glucose using gold nanoparticles has been investigated. We have studied the surface
chemistry and the interactions of gold nanoparticles with a native and genetically
engineered E.coli periplasmic protein that binds glucose and galactose (GGR). The recent
popularity and utilization of periplasmic binding proteins as the sensing units of
biosensors has arisen due to their solubility, stability and ability to reversibly bind a large
variety of small ligands including sugars, amino acids and inorganic ions. These proteins
comprise a large family of functionally similar receptors with a two-domain structure and
a hinge cleft mechanism for binding substrates. The wild-type GGR does not have native
cysteine residues. The genetically engineered GGR with cysteine at the N-terminus
(GGRAI1C) can form directed, self-assembled protein films on gold surfaces via a
covalent bond with the sulfur. UV, Zeta potential, Particle Size Distribution and TEM
analysis was performed on the gold nanoparticles that were incubated with GGR and
GGRAIC. The gold colloid particles with GGRA1C showed distinctively different
characteristics than those exposed to GGR. The genetically engineered amino acid
cysteine residue is key to the immobilization strategy for this biosensor.

Cyclic voltammetry was used to detect the binding of glucose to GGRA1C-
modified nanoparticles. Non-binding substrates do not elicit a change in response. We
show that this electrochemical biosensor is suitable for selective determination of glucose
with a detection limit of 0.25 micromolar. Our biosensor offers several advantages over
current technologies, including simplicity, selectivity and sensitivity. The results indicate
that this technique will find widespread use for variety of protein receptors including
those of the steroid superfamily.

We gratefully acknowledge funding for this work from NSF grant CTS-0329698 and US
Army Breast Cancer Research Grant Concept Award W81 XWH-06-1-0621.
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We will present results from experimental investigations of quartz crystal
microbalance (QCM) biosensors that utilize genetically engineering protein receptors.
The E. coli periplasmic glucose/galactose binding protein (GGR) and the hormone-
binding domain of the human estrogen receptor a (HBD) were utilized as biological
recognition elements in these studies. The sugars glucose and galactose bind to GGR;
natural estrogens and xenoestrogens bind to HBD. Mutant proteins of HBD and GGR
were genetically altered to create a single, solvent exposed cysteine in order to
immobilize the proteins on the gold surface in self assembled protein monolayers
(SAPM). It has been shown that all mutant proteins bind to respective ligands with near
native affinities.

In this study, the frequency shift resulting from protein attachment to the gold
electrode as well as the frequency response resulting from subsequent exposure of the
SAPM to ligand was measured. The frequency response to protein immobilization for
both proteins was in general agreement with the Sauerbrey prediction for addition of a
rigid mass to the surface. These calculations relied on estimates of protein size provided
by crystallography. The frequency response resulting from ligand binding was observed
to be considerably larger than predicted from the Sauerbrey equation.

We hypothesize that the frequency shift observed when the SAPM is exposed to
ligand arises from the QCM sensing conformational changes of the proteins that occur
with ligand binding. Further studies show that the QCM can only sense these ligand
induced conformational changes when the proteins are directly bound to the surface via
the sulfur-gold bond. These observations are important in that they illustrate a widened
applicability of QCM to protein systems that bind small molecules and undergo ligand-
induced conformational changes.



Biosensors Using Genetically Engineered Proteins: Incorporating Undergraduates in Interdisciplinary Research
Projects in the Biosensor Field

Clarkson University, a primarily undergraduate institution, provides a broad range of opportunities for students in basic
science and engineering biosensor research under the mentorship of an interdisciplinary group of scientists and
engineers. The students are exposed to the research process from design to analysis to authorship, with the goals of
instilling both an understanding of the research process and of fostering a commitment to the pursuit of their part of an
interdisciplinary biosensor research project.

The students are recruited early in their education and participate for credit as an independent study course or for
Honors/Senior thesis work. The capstone experience involves a presentation of the work in a public forum either as a
poster or powerpoint presentation to their peers and faculty.

Receptor proteins can be used as the sensing element in biosensors for measuring small compounds. One of the major
challenges in the development of biosensors has been in immobilizing receptors on surfaces while controlling their
orientation so that full biological activity is maintained. It has been shown that the receptors from E.coli can be been
genetically reconstructed and used as the platform in biosensors where ligand-induced structural changes in the protein
allow detection of an analyte. To this end, my laboratory students have utilized genetic engineering to incorporate a
cysteine residue into a number of periplasmic receptors and human steroid receptors. This allows for the direct
immobilization of the protein to a gold surface via a sulfur-gold covalent linkage. The individual self-assembled
monolayers of were capable of specifically binding target ligands, as revealed by surface plasma resonance, electrical
impedance spectroscopy, cyclic voltametry, atomic force microscopy, and by the response in an electrochemical quartz
crystal microbalance.
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