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Abstract
Nitric Oxide (NO) is an important signaling molecule in blood pressure regulation. The
NO receptor, soluble guanylate cyclase (sGC), produces the secondary messenger cGMP in
response to NO binding. Because of its role in blood pressure regulation, sGC is increasingly
targeted for drug discovery and several new drugs treating hypertensive individuals are sGC
stimulators. Unfortunately, stimulator development is limited by our understanding of NO and
simulator induced conformational changes. In the present study, we used lanthanide resonance
energy transfer (LRET) to measure distances between sGC domains in truncated M. sexta sGC
constructs and assessed the magnitude of distance changes induced by ligand binding. Our
strategy was to place a lanthanide binding domain at various locations in the protein and measure
changes in lanthanide luminescence in the presence of the quenching domain, His6 with
coordinated copper or nickel ion, which quenches luminescence in a distance dependent manner.
Terbium luminescence decayed bi-exponentially in the absence of quencher, and displayed a
slow phase with a rate constant of ~2.3 ms. Quencher presence altered the time constant for the
slow phase, but not the fast phase. Distances obtained from fitting these data indicate sGC is a
compact molecule with the coiled-coil ~23 Å from the a H-NOX N-terminal end. However, we
must further develop our system to ensure the decays measured reflect the distance between
donor and acceptor. In the future, distances will be measured after ligand or stimulators are
bound to determine the change in distance, which will give insight into the conformational
dynamics of sGC.
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Introduction

Nitric oxide (NO) signaling is involved in the regulation of blood pressure, smooth
muscle relaxation, platelet aggregation, and neurotransmission (1) and problems with signaling
lead to cardiovascular disease, cancer, improper wound healing, and aging. As of 2009, one of
every three deaths were caused by cardiovascular disease and 40.6% of the individuals who died
from cardiovascular disease were hypertensive (2). Hypertension medications typically target the
NO signaling pathway in endothelial cells and the most promising drugs are NO-independent
stimulators of the primary NO receptor, soluble guanylate cyclase (3,4).
Endothelial nitric oxide synthase (eNOS) oxidizes L-arginine to L-citrulline when
cellular concentrations of Ca2+ are high, generating NO (5). NO binds to a ferrous heme on sGC,
triggering a conformational change and stimulating catalysis, leading to enhanced production of
cGMP from GTP (6). cGMP regulates kinases and ultimately leads to smooth muscle relaxation
and lower blood pressure (7). Since sGC is a central enzyme in blood pressure regulation, sGC
stimulators are ideal for treating hypertensive individuals.
Although the role of sGC in the vasodilation pathway is appealing for a hypertension
drug target, lack of structural and biophysical understanding hinders rational stimulator design.
However, it is known that the isoform of sGC involved in vasodilation requires both a1 and b1
monomers for enzymatic activity (8,9). The monomers are homologous and each subunit
contains an N-terminal ferrous heme binding domain (HNOX) that generally binds heme, a
Per/ARNT/Sims (PAS) domain, a coiled-coil, and a C-terminal catalytic or cyclase domain (10).
The a H-NOX domain lacks heme and, as a result, the ability to bind NO, while the b H-NOX
domain contains a ferrous heme. The beta H-NOX domain has several bacterial homologues with

2

solved crystal structures from species such as Caldanaerobacter subterraneus and
Thermoanaerobacter tengcongensis (11,12). The PAS domain is hypothesized to facilitate dimer
formation and may be involved in signal transduction. Furthermore, the structure of the M. sexta
a PAS domain is known and suggests a regulatory role (13). In addition, cross-linking
experiments indicate the a and b PAS domains and the coiled coil are in direct contact with each
other, and this suggests the coiled-coil serves a scaffolding role for the other domains (14). The
crystal structure for the human sGC heterodimeric catalytic domain is available but catalyzes
GTP cyclization very poorly in the absence of the other domains (15). Despite the current
structures and functions of individual sGC domains, little is known about the overall structure
and the conformational dynamics of the enzyme.
Although a model based on homology modeling, isolated domain structures, small angle
X-ray scattering (SAXS), and cross-linking experiments was proposed, the conformational
dynamics of sGC remains a topic of debate (14). Single particle negative stain electron
microscopy (EM) experiments suggest the overall shape of full length sGC is dynamic,
exhibiting both elongated and compact conformations (16). However, SAXS experiments with a
truncated construct of M. sexta sGC lacking the catalytic domain indicate that NO and stimulator
binding induce small conformational changes (14). To further analyze conformational changes
and the domain architecture, I employed lanthanide-based or luminescence resonance energy
transfer (LRET) using genetically encoded tags to measure intramolecular distances between
various domains of M. sexta sGC.
LRET is like Förster resonance energy transfer (FRET) because it uses the same
mechanism of distance dependent quenching to determine distances between a donor and
acceptor molecules, however luminescence is monitor rather than fluorescence. In LRET
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experiments, a lanthanide ion is the donor and the quencher can be copper, nickel or cobalt ions.
Previous studies used this technique to confirm intramolecular distances and probe
conformational changes in a variety of proteins using different combinations of donors and
acceptors (17-19). Lanthanide ions luminesce weakly on their own and require a sensitizing
antenna to provide the energy required for strong luminescence (20). To avoid this obstacle, a
genetically encoded lanthanide binding tag (LBT) can be used, which contains residues
providing eight coordination sites for a lanthanide ion. The coordination ligands consist of the
following: 3 monodenate ligands from oxygens on two aspartic acid and one asparagine residues,
2 bidenate ligands from the oxygens of two glutamic acid residues, and 1 from the backbone
carbonyl of a tryptophan residue (21). The LBT prevents collisional quenching by aqueous
media by excluding water, and the tryptophan serves as the sensitizing molecule aiding in
luminescence. The tryptophan indole side chain is excited with 280 nm UV light and relaxation
causes energy transfer to the lanthanide ion chelated by the tag. The lanthanide luminesces at 491
nm, 545 nm, 581 nm, and 622 nm and the luminescence decay is recorded on a fluorescence
spectrophotometer (20). The acceptor is coordinated by a 6-His tag at another location in the
protein (22) and has absorbance overlap with the emission of the donor. The presence of copper
increases the decay rate proportional to the distance from the lanthanide and the Förster equation
is used to determine the distance between the donor acceptor pair (20).
In this study, I developed multiple truncated M. sexta sGC constructs containing the
engineered LBT in various locations and we use these tags to determine distances between
various domains of sGC.
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Materials and Methods

All chemicals and oligonucleotides were obtained from Sigma-Aldrich, restriction
enzymes from Fermentas, and purification columns from GE Healthcare unless otherwise
indicated.

Design and Cloning of pETDuet-NT25
Four C-terminal truncations of M. sexta a1b1 sGC were used in this study. The Nterminal construct consisting of a1 49-471 and b1 1-401, named Ms sGC NT2, was amplified in
Escherichia coli from a pET-Duet-1 vector (23). The construct Ms sGC NT25 consists of a1 49459 and b1 1-389 with a strep purification tag (WSHPQFEK), located on the C-terminal of the

a1 subunit, and a His6 tag, located on the N-terminal of the a1 subunit. pETDuet-NT25 was
created by introducing a stop codon at position 460 (a1), a strep tag and another stop codon at
position 390 (b1). A QuickChange Lightning Site-Directed Mutagenesis kit (Agilent
Technologies) was used to place the stop codon on the b1 subunit of pETDuet-NT2 using primers
NT25F-STOP and NT25R-STOP (Table 1). The a1 subunit was amplified by polymerase chain
reaction (PCR) using primers NT25-AF and NT25-AR (Table 1), the amplified DNA was then
digested using Fast Digest restriction endonucleases BamHI and NotI for one hour at 37 °C, run
on a 1% agrose gel, and the band was removed and purified using a GeneJet Gel Extraction kit
(Fermentas). The purified a1 subunit sequence was inserted into the pETDuet-NT2 vector that
was digest with the same restriction enzymes, replacing the NT2 a1 subunit with the a1 subunit
containing the strep tag.
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Design and Cloning of pETDuet-NT23
Ms sGC NT25 was further modified to create Ms sGC NT23. Ms sGC NT23 lacks the a1
H-NOX domain (272-459); the b1 subunit and location of the strep tag are identical to Ms sGC
NT25. The pETDuet-NT23 construct was obtained by digesting the pETDuet-NT25 plasmid
using Fast Digest restriction endonucleases BamHI and NheI for one hour at 37 °C (excising the

a1 H-NOX domain), run on a 1% agrose gel, and the band containing the rest of the plasimid
was cut out and purified using a GeneJet Gel Extraction Kit (Fermentas). A dsDNA consisting of
oligonucleotides NT23-Oligo1 and NT23-Oligo2 (Table 1) was directly ligated into the purified,
digested plasmid using T4 DNA ligase for 16 h at room temperature.

Design and Cloning of pETDuet-NT23LBT1
Ms sGC NT23 was modified to construct the Ms sGC NT23 LBT1 protein. To create this
construct, the pETDuet-NT23 plasmid was digested with Fast Digest restriction endonucleases
BamHI and NheI for one hour at 37 °C, then the dsDNA composed of the LBT sequence
encoding oligonucleotides NT23LBT1-Oligo1 and NT23LBT1-Oligo2 (Table 1) was ligated
with T4 DNA ligase into the digested plasmid and the reaction incubated for 16 h at room
temperature, leading to LBT sequence insertion into the plasmid.
Design and Cloning of pETDuet-NT19LBT2
The construct Ms sGC NT19 consists of a1 49-450, b1 1-380, an a N-terminal His6 tag, and a Cterminal strep tag, as previously described (14). The construct Ms sGC NT19 LBT2 contains a
LBT at the C-terminal of the b1 subunit and was prepared by amplifying the pETDuet-NT19 a1
sequence using PCR with primers NT19LBT2-F and NT19LBT2-R (Table 1). The PCR
fragment was digested with Fast Digest restriction endonucleases NotI and EcoRI for one hour at
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37 °C, and the digested fragment was run on a 1% agrose gel, the band was excised, and the
DNA purified using a GeneJet Gel Extraction Kit (Fermentas). The digested PCR fragment was
ligated into the pETDuet-NT19 vector (cut earlier with the same restriction endonucleases) using
T4 DNA ligase at room temperature for 16 hours.

Design and Cloning of pETDuet-NT19LBT3
pETDuet-NT19LBT3 was also constructed using the pETDuet-NT19 as a template. The

a1 subunit sequence was amplified using PCR and the primers NT19LBT2-F and NT19LBT2-R
(Table 1), were digested using Fast Digest restriction endonucleases BamHI and NheI for 1 h at
37 °C, run on a 1% agrose gel, and the excised band purified using a GeneJet Gel Extraction Kit
(Fermentas). The fragment was inserted into the pETDuet-NT19 vector after digestion with the
same endonucleases used to digest the PCR fragment, and ligated the into pETDuet-NT19 with
T4 DNA ligase for 16 hours at room temperature, resulting in LBT sequence insertion into the
plasmid.

Design and Cloning of pETDuet-NT21LBT4
Ms sGC NT21 LBT4 (a1 272-450, b1 1-380, LBT tag at the C-terminal of b1) was
constructed by digesting pETDuet-NT19LBT2 using Fast Digest restriction endonucleases
BamHI and NdeI for 1 h at 37 °C and then ligating with dsDNA composed of the following
oligonucleotide, NT23-Oligo1 and NT23-Oligo2 (Table 1), using T4 DNA ligase at room
temperature for 16 h.
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Expression and Purification of M. sexta sGC constructs from E. coli
All constructs were expressed and purified as previously described, with modifications
(23). The supernatant produced from ultracentrifugation of lysate was applied to a pre-packed
Ni2+ affinity column. The protein was eluted from the Ni2+ resin in a buffer containing 30 mM
EDTA, 50 mM NaPO4 , 300 mM NaCl, pH 7.4, loaded onto a 5 mL StrepTactin Sepharose High
Performance column, and eluted in a buffer containing 50 mM NaPO4, 300 mM NaCl, 2.5 mM
desthiobiotin, pH 7.4. The eluted fractions were concentrated to 1 mL using an Amicon ultra-15
centrifugal filter (Millipore), and loaded onto a Sepharcryl S-200 gel filtration column. The
eluted fractions containing the protein of interest were concentrated using the same centrifugal
filters and the buffer was exchanged for a buffer containing 100 mM NaCl, 50 mM Hepes, pH
7.4. The protein was concentrated and stored at –80 ºC.

Lanthanide Resonance Energy Transfer (LRET) Luminescence Scans and Lifetime
Measurements
The samples in all LRET experiments contained 0.5 µM M. sexta sGC LBT construct, 50
mM Hepes pH 7.4, 100 mM NaCl, 2 µM TbCl3. After recording the spectrum in a scan or the
decay in a lifetime measurement, 10 µM CuCl2 was added to quench the reaction to provide a
time constant in the presence of donor and acceptor.
Luminescence scans were recorded on a Varian Cary Eclipse Fluorescence
Spectrophotometer using the Varian software ‘Scan’. The instrument was blanked using 100 mM
NaCl, 50 mM Hepes, pH 7.4 before recording scans from M. sexta sGC constructs. Excitation of
the sensitizing tryptophan was done with a gated pulse of light at 280 nm with a slit width of 20
nm. After excitation, there was a 0.1 ms delay to avoid recording fluorescence from the
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sensitizing tryptophan. Luminescence was recorded over the range of 450 nm to 650 nm with a
gating time of 2.8 ms and for a total time of 5 ms. After the spectrum was recorded with terbium
(III), CuCl2 was added to the same sample and incubated for 10 min at room temperature before
recording a new spectrum with the same parameters.
Lifetime experiments were recorded on a Varian Cary Eclipse Fluorescence
Spectrophotometer using the Varian software ‘Lifetime Kinetics’. The sample was excited with a
single pulse of light at 280 nm with a delay of 0.1 ms after the gated light pulse due to the
fluorescence generated by exciting the sensitizing tryptophan. The emission intensity was
measured at 545 nm (the strongest emission peak of terbium) with a slit width of 20 nm over a
time span of 5 ms and a gate time of 2.8 ms. Ten cycles were recorded and averaged during each
measurement. After recording the first lifetime, CuCl2 was added to the same sample and
incubated at room temperature for 10 min before recording another lifetime with the same
parameters.

Results

Due to difficulty in expressing full length human sGC, LRET experiments in this study
were performed on truncated M. sexta constructs containing an LBT at the terminal ends of
different domains (Figure 1). All constructs lack the cyclase domain of both subunits, various
truncations of the N-terminal region of the a subunit, and retain the ferrous heme on the b HNOX domain. Generally 1-2 mg for each liter of M. sexta sGC LBT was obtained after
purification, indicating somewhat lower expression levels than for constructs without LBT.
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Despite the low yield, the three-column purification protocol ensures extremely pure protein
samples. SDS-PAGE gels display strong bands at the molecular weight of the appropriate sGC
construct and any other bands are faint. Because spectroscopic experiments require pure protein
sample and a small amount of protein, I chose to sacrifice yield by purifying on three columns to
increase purity.
LRET luminescence scans of constructs containing LBT’s (Figure 2) display intensity
peaks at the wavelengths 491 nm, 545 nm, 581 nm, and 622 nm, the expected peaks for the
luminescence of terbium (III). Copper (II) is used as the quencher because copper has
absorbance overlap with terbium luminescence and the Förster distance is 20 Å, similar to the
distances we expect to measure. When copper (II) is added, copper quenches the luminescence
and the intensity peaks drop drastically.
Lifetime decays are fit with non-linear regression analysis software (SigmaPlot), and all
decays are fit with a two-phase exponential decay function: f(x)=a*exp(-bx) + c*exp(-dx). The
parameters a and c represent the amplitude of the function, b and d represent the rate constants.
The time constants (! ) used in distance calculations is the inverse of the rate constants.
Luminescent lifetime LRET experiments (Figure 3) indicate a decay time of 5 ms and adding
copper causes the rate to increase for the slow phase, however, the fast phase of the biexponential regression function displays no change after adding copper. The amplitudes for both
phases of the regression function were equivalent for each of the constructs and ! for the slow
component is similar for all constructs prior to copper addition (Table 1).
Luminescent decay regression analysis provides time constants necessary for determining
distances (table 1), and the distances calculated using the Förster equation:

! = !# (

% &'
% & -% &'
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R0 is the Förster distances between terbium and copper (20 Å) and represents the distance at
which 50% quenching efficiency occurs. The parameter !"# is the time constant, the inverse of
the rate constant (b and d in the regression function), in the presence of donor and acceptor, and
!" is the time constant in the presence of donor only. In NT23 LBT1, the acceptor tag is on the N

terminal of the a subunit, followed by a short linker and then the LBT (donor tag), and the
calculated distance calculated 20 ± 1 Å. The acceptor tag for NT19 LBT2 is located on the Nterminal of the a subunit and the donor tag is linked to the C-terminal of the b subunit, and the
calculated distance is 23 ± 2 Å. NT19 LBT3 is like NT23 LBT1 because the acceptor tag is
linked to the N terminal of the a subunit and it is followed by the LBT, and the distance
calculated between the donor and acceptor was 22 ± 2 Å. The construct NT21 LBT4 is like
NT19 LBT2 because the LBT is located at the same location; however, the a H-NOX domain is
truncated in NT21 LBT4. The distance 19 ± 2 Å between the donor and acceptor was determined
for NT21 LBT4.

Discussion

In this study, I developed truncated M. sexta sGC consructs containing two genetically
encoded tags labeled with donor and acceptor. I confirmed luminescence is occurring and
originating from the LBT tag, and is quenched once copper is added, and determined the
luminescent lifetimes in both scenarios. The regression analysis of the luminescence decay
yielded a two-phase exponential function and determined time constants are used to calculate
intramolecular distances between the donor and acceptor atoms.
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Luminescent scans were consistent for all M. sexta sGC LBT constructs and indicate
terbium bound to the LBT caused luminescence at four expected peaks and the luminescence
intensity dropped once copper is added (Figure 2). The drop in luminescence indicates copper
bound to the His6 tag quenched luminescence originating from LBT-bound terbium. The highest
intensity peak occured at 545 nm, therefore emission was recorded at 545 nm for the luminescent
lifetimes to maximize signal.
Luminescent lifetime measurements were combined with regression analysis and
modeled as a two-phase exponential decay function. The determined slow phase is consistent
with the reported values for time constants when terbium (III) is bound to the LBT: ~2.6 ms (19).
The two phases in the regression function indicate two distinct populations in the LRET
experiments, however the origin the fast phase remains unknown. The amplitudes corresponding
to the slow and fast phases are similar and suggest both populations contributed to the observed
signal equally. The fast phase could arise from quenching by the ferrous heme on the b H-NOX
domain, protein aggregation, or unspecific bound terbium (III). Since the slow phase time
constant is equivalent to the reported value, the slow phase time constants were used to calculate
distances.
The calculated distances indicate that the C terminal end of the coiled coil is about 20 Å
from the N terminal end of the a H-NOX domain. The expected distance between the LBT and
the His6 tag in the constructs NT23 LBT1 and NT19 LBT3 is ~10-15 Å which deviates from the
calculated distance. According to the model proposed by our group, the expected distance for
NT19 LBT2 is ~20 Å and the calculated distance from the LRET experiments supports this (14).
The calculated distance from LRET for NT21 LBT4 deviates far from the model-predicted
distance of ~40 Å.
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Unfortunately, all of the distances obtained are similar in magnitude, about 20 Å, and
similar to the Förster distance. This suggests our measurements may lack a key control or our
modeling may be incorrect. It is possible that dynamics in our protein system are faster than the
decay measurements, which would eliminate the distance dependence for the decay rate. To
address these I will design proper controls, and use different donor and acceptor pairs and
observe if those pairs yield similar distances or if the distances are closer to the R0 value. The
origin of the fast phase will be resolved, hopefully by designing controls to eliminate one of the
phases. Once the fast phase is resolved, I will perform luminescent lifetimes experiments using
NO and sGC stimulators bound to sGC to determine how the distance change and will provide
insight into the conformational dynamics of sGC.
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Figures and Tables
Manduca Sexta sGC Construct Design Primers and Oligo Nucleotides

Primer Name

Primer Sequence (5’->3’)

NT25F-STOP

cttctttactcagtgctgtagataagcgtggccacggaacttcgtcaccg

NT25R-STOP

NT25-AF

NT25-AR

NT23-Oligo1

NT23-Oligo2

cggtgacgaagttccgtggccacgcttatctacagcactgagtaaagaag

tcactgggatccgtccactcttaagcatat

atcttagcggccgctcatttttcaaactgtgggtggctccaagcagagaatattaaatgcagcaggc

gatccgaccaaagtgacagatttgaagatcggcgtgg

ctagccacgccgatcttcaaatctgtcactttggtcg

NT23LBT1-Oligo1

gatccggggtacattgacactaacaacgacggctggattgaggggacgaattatacaccaaagtgacag
atttgaagatcggcgtg

NT23LBT1-Oligo2

ctagccacgccgatcttcaaatctgtcactttggtgtataattcgtcgccctcatccagccgtcgttgttagt
gtcaatgtaccccg

NT19LBT2-F

cgagagctggaattggaaaaacagaaggggtacattgacactaataacgacggctggattgagggcga
cgagttatactgaacga

NT199LBT2-R

tcagtggcggccgcataatgcttaagtcgaac

Table 1
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Full length
M. Sexta sGC

NT23 LBT1

NT19 LBT2

NT19 LBT3

!
"

1 49

699

PAS

CC

Cyclase

H-NOX

PAS

CC

Cyclase

191

327

PAS

H-NOX

389

CC

1

191

327

49
His6

272
H-NOX

396 450
CC
PAS

H-NOX

PAS

"
1

191

49
His6 LBT

272

"

CC
327

LBT
380

H-NOX
H-NOX

PAS
191

!

PAS

H-NOX
1

191

Figure 1
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CC
327
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Figure 3
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Construct

Tau-Slow
(ms)

AmplSlow

TauFast
(ms)

AmplFast

NT23 LBT1

2.3 ± 0.2

2±1

0.4 ± 0.2

1 ± 0.5

NT23 LBT1
+ 10 uM Cu

1.2 ± 0.1

2 ± 0.5

0.3 ± 0.1

5±1

NT19 LBT2

2.4 ± 0.3

2.5 ± 0.6

0.3 ± 0.1

3±1

NT19 LBT2
+ 10 uM Cu

1.7 ± 0.1

4.5 ± 0.7

0.3 ± 0.1

4.3 ± 0.3

NT19 LBT3

2.3 ± 0.2

4.5 ± 1.5

0.3 ± 0.1

2.7 ± 0.7

NT19 LBT3
+ 10 uM Cu

1.5 ± 0.1

4.5 ± 0.3

0.4 ± 0.1

5±1

NT21 LBT4

2.7 ± 0.1

45 ± 7

0.5 ± 0.2

11 ± 2

NT21 LBT4
+ 10 uM Cu

1.1 ± 0.4

7±2

0.2 ± 0.1

16 ± 2

Table 2
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Calculated Predicted
Distance
Model
(Å)
Distance
(Å)

20 ± 1

~10-15

23 ± 2

~20

22 ± 2

~10-15

19 ± 2

~40

Legends

Table 1. Primers and oligonucleotides used for developing M. sexta sGC constructs and
constructs containing the LBT.

Figure 1. M. sexta sGC constructs predicted domain boundaries and location of purification and
experimentally relevant tags.

Figure 2. Luminescent scans for each M. sexta sGC LBT construct with emission recorded over
the range of 450 nm to 650 nm and each data point was recorded after excitation with 280 nm
light. The blue curve represents the scan when only terbium is bound to the construct and red
represents the scan when terbium and copper are bound the corresponding construct. The highest
intensity peaks occur at 491 nm, 545 nm, 581 nm, and 622 nm.

Figure 3. Luminescent decays for each M. sexta sGC LBT construct recorded at 545 nm. The
blue curves represent the measurement when only donor was bound to the construct and the red
represent when donor and acceptor were both bound to the protein in the experiment. The two
black curves in each indicate the predicted values generated from the bi-exponential decay
regression function. Below each decay curve are the two residual plots corresponding to the
residuals calculated in SigmaPlot upon non-linear regression analysis of luminescent lifetime
data.
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Table 2. Table of values determined from non-linear regression analysis of luminescent lifetimes
data. The time constants (tau) and amplitudes (ampl) are shown in the table as well as the
corresponding phase of the bi-exponential regression function (fast or slow). The amplitudes are
represented by a and c and the time constants (tau) are represented by 1/b and 1/d in the
described regression function. The distances were calculated using the tau-slow values from the
table and plugging them into the Förster equation and using 20 Å for R0. Predicted model
distances were determined using pymol and the homology model of M. sexta sGC (14).
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