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ABSTRACT 

Nitric oxide is a diatomic, signaling molecule known to have numerous 

physiological effects including vasodilation. NO causes vasodilation by activating 

soluble guanylate cyclase (sGC). sGC catalyzes the conversion of guanosine 

triphosphate (GTP) to 3’, 5’‐cyclic guanosine monophosphate (cGMP) when active. 

cGMP is a potent second messenger used for various cellular processes, which 

includes vasodilation in blood vessels and the relaxation of smooth muscle cells. We 

are exploring the structure‐function relationship of sGC to determine 

mechanistically what occurs in sGC when NO binds to the ferrous heme. Currently, 

purified sGC has been difficult to obtain in the large quantities that are needed for 

biophysical studies due to insufficient yields during purification. sGC is a 150 kDa 

heterodimeric protein, with α and β subunits that encompass three distinct 

domains, H‐NOX, PAS and cyclase domains. Progress has been made in obtaining 

functional sGC from Manduca sexta (msGC) as a recombinant protein expressed in 

Escherichia coli. However, insufficient yields of msGC have made large‐scale 

experiments difficult to study. I have developed double affinity‐tagged constructs of 

msGC for the full‐length and the N‐terminal two thirds of the protein, known as 

msGC‐NT2. We have fused a C‐terminal GST affinity tag onto the α subunit and 

utilized the existing His6 tag on the α subunit of soluble msGC. We were able to 

express the full‐length msGC construct with the C‐terminus GST affinity tag, and 

began analysis. The msGC‐NT2αCGST construct has been completed but not yet 

tested for expression. 
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INTRODUCTION 

 
  The journal Science named nitric oxide ‘Molecule of the Year’ in 1992 for its 

various functions in biology [1]. Nitric oxide, NO, is a gaseous hetero-diatomic molecule, 

initially found as an air pollutant from various sources, including exhaust from factories 

and automobiles. Studies have shown that NO has several affects on the physiology of 

living organisms including mammals and insects. For example, NO is known to cause  

vasodilation through its interaction with soluble guaunylate cyclase (sGC) to produce 3’, 

5’ cyclic guanosine monophosphate (cGMP) from guanosine triphosphate (GTP). cGMP 

stimulates a cGMP protein kinase that activates myosin light chain phosphatase, which 

dephosphorylates myosin light chains and inhibits muscle contractions, resulting in  

vasodilation [2].  Vasodilation is an increase in volume in the lumen of blood vessels; 

smooth muscle cells surround blood vessels, and when they relax, a greater amount of 

blood flows.  

  sGC is a 150 kDa protein with two subunits, α and β. Sequence homology of sGC 

revealed 3 distinct domains: an N-terminal heme binding domain (H-NOX); a central 

region containing the PAS domain and a coiled-coil region; and a C-terminal cyclase 

domain, as shown in figure 1, [3]. sGC is activated by NO binding to the heme cofactor 

of the H-NOX domain causing a conformational change in the cyclase domain that 

catalyzes the conversion of cGMP from GTP. The mechanism of activation of sGC by 

NO is not fully understood due to lack of structural information [5] [6].  

 Recent studies have shown that the tobacco hornworm, Manduca sexta, produces 

sGC during olfactory development [4]. sGC from M. sexta (msGC) is homologous to 

mammalian sGC through sequence and kinetic analysis [5]. Furthermore, msGC has been 
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expressed in Escherichia coli, as a recombinant protein. Mammalian sGC has not been 

successfully expressed as a recombinant protein in E. coli making it difficult to obtain 

sufficient quantities for large-scale biochemical studies. Although sGC from M. sexta has 

been expressed as a stable protein in E. coli, it is prone to forming inclusion bodies, 

inactive aggregates of protein, during expression, making it difficult to obtain sufficient 

quantities of functional protein.  

Current constructs of msGC include full-length msGC and truncated msGC, 

where its cyclase domain is missing, known as msGCNT. Full-length msGC contains all 

three distinct domains of sGC. msGC-NT2 is composed of the H-NOX domain, PAS 

domain and coiled-coil region and does not contain the cyclase domain as shown in 

figure 1.  

Structural modeling of the msGC revealed a disordered region in the α subunit, 

which has no known significant role in protein activity. The first 48 residues are 

predicted to be intrinsically disordered, and have been removed from the N-terminus of 

the α subunit. This nearly full-length msGC with the first 48 residues removed we refer to  

as msGC-2. C-terminal truncated msGC with the first 48 residues removed is known as 

msGCNT-2. Both msGC-2 and msGC-NT2 have been studied extensively for their 

structural stability, and they still retain heme, the site of NO binding [5, 6]. Expression of 

msGC-2 often results in ~0.5-1 mg/liter of functional protein per liter of cell culture, 

while msGC-NT-2 yields 1-2 mg/l. [5] 
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Figure 1. Schematic Overview of msGC.  Current constructs of msGC under investigation. The two 

constructs of msGC are full-length (msGC-2) and a C-terminal truncation (msGC-NT2). The 

cyclase domain has been removed in msGC-NT2. Both constructs have the first 48 amino acid 

residues from the α subunit removed because these residues were predicted to be intrinsically 

disordered and have no known function in msGC activity. msGC-2 and msGC-NT2 were used as 

a template to design the C-terminal GST affinity tag onto the α subunit of msGC. All constructs 

have an N-terminal His6 affinity tag α subunit. The addition of a thrombin cleavage site and GST 

affinity tag creates new two new constructs. msGC-3 is msGC-2 plus thrombin cleavage site and 

GST affinity tag. msGC-NT14 is msGC-NT2 plus thrombin cleavage site and GST affinity tag. 
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Current constructs of msGC have an N-terminual His6 affinity tag on their α 

subunit. We hypothesize that a second purification tag on the C-terminus will increase 

ease of purification and decrease the propensity for inclusion body formation due to the 

stability of the tag. We utilized the existing N-terminal His6 affinity tag on the msGC α 

subunit and fused a C-terminal Glutathione S-Transferase (GST) affinity tag with 

thrombin cleavage site onto the α subunit of msGC.  

 The affinity tags used for this project, His6 affinity tag and GST affinity tag, are 

commonly used in protein purification schemes. His6 affinity tags take advantage of 

imidazole binding to immobilized metal affinity columns, IMAC columns, including 

nickel and cobalt. Previous research has shown that an N-terminal His6 affinity tag does 

not deleteriously interfere with msGC activity and does not need to be cleaved off [5].  

GST is a 25 kDa protein that has a strong affinity for glutathione-coated beads. These 

double affinity tagged constructs of full-length msGC and msGCNT-2 are expected to 

yield pure protein because few contaminates are likely to bind to both columns. 

Thrombin will be used to cleave off the GST tag if we find that because GST interferes 

with msGC activity. I anticipate that the end product of this purification scheme will end 

with highly purified, and stable, msGC.  
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MATERIALS AND METHODS 

Cloning Strategy overview 

A C-terminal GST affinity tag was cloned onto the α subunits of msGC-2 and 

msGC-NT2 to create double affinity-tagged constructs. The cloning strategy for fusing 

the C-terminus GST affinity tag used the fact that XhoI and SalI have compatible 

cohesive ends. XhoI and SalI restriction sites were destoryed in msGC-2 and msGC-

NT14.  

All restriction enzymes were from Fermentas, Inc. (Glen Burine, MD)  

All plasmids were verified with restriction enzymes digest, PCR colony screening and 

DNA sequencing from GATC, University of Arizona.  

PCR conditions used for all cloning experiments were:  

Initialization step 94 °C for 4 minutes. 

      Denaturation step 94 °C for 45 seconds. 

    Annealing step 52 °C for 45 seconds. 

      Extension step had a temperature of 72 °C for 1 minute and 30 seconds.  

 Denaturation step through extension steps were repeated for 30 cycles. 

      Final elongation step was performed at 72 °C for 10 minutes.  

            PCR product was stored at 4 °C. 

All final plasmids were transformed into competent cells DH5α. 

Table 1. A table of primers used in the cloning constructs of both cloning strategies 
Amplified region Forward Primer (5’-3’) Reverse Primer (5’-3’) 

GST GGGAATTCGTCGACAA 
TGTCCCCTATACTAGGTTAT 

CCAAGCTTATCATTTTG 
GAGGATGGTCGCCACC 

msGCα (full-length) GGGGATCCCCTCACTCTT 
AAGCACATGAGTGAGGCTTTGC 

CCCTCGAGCCACGCGGAACCAG 
AGTTGGTTCTTCTGTGTCCACATC 

msGCβ (full-length) GGCCATGGCATATGTACGG 
GTTTGTGAACTATGCCCTAGA 

CCTCGAGCCACGCGGAACCAGAT 
TGGATCTTCCTGGTGAGGAACCA 

 
msGCα (truncated) GGGGATCCCCTCACTCTTAAG 

CACATGAGTGAGGCTTTGCAA 
 

CCCTCGAGCCACGCGGAACCAC 
GTCGCCTAGCCAAAGCCTTTTG 

msGCβ mutation 403,V, to 
stop codon 

CGGCACCGTCGCCCGTA 
ACCAGCACGGCGTTACG 

 

CGTAACGCCGTGCTGGT 
TACGGGCGACGGTGCCG 
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Cloning overview for C-terminus GST affinity tag on full length M. sexta α  

 
Refer to Figure 2 a schematic overview of the C‐terminus GST affinity tag 

Placed on full‐length msGC.  Primers were designed to amplify the GST coding 

sequence from the vector pGEX‐2T (GE Healthcare, Wauwatosa, WI) with EcoRI, 

SalI, and HindIII restriction enzyme sites. The PCR product containing the gene 

sequence of GST was digested with restriction enzymes EcoRI and HindIII, and 

ligated into pET‐28b (Novagen, Gibbstown, NJ) creating pET‐28b‐CGST. Primers 

were designed to amplify msGCα to contain BamHI and XhoI restriction enzymes 

sites and a thrombin cleavage sequence. PCR product was ligated into pGEMTEasy 

vector system (Promega, Madison WI) to create pGEMTeasy‐msGCα. BamHI and 

XhoI digested msGCα was inserted into pET‐28‐CGST that had been digested with 

restriction enzymes BamHI and SalI. This new vector was called pET‐28b‐αCGST. 

pET‐28b‐αCGST was digested with restriction enzymes BamHI and XhoI. pETDuet 

was digested with restriction enzyme BamHI and SalI. αCGST was ligated into 

pETDuet to create the vector pETDuet‐αCGST. msGC-β was PCR amplified and moved 

into pETDuet with restriction enzymes NdeI and XhoI creating pETDuet-αCGST+β. This 

final plasmid was called msGC-3. 
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Figure 2. Scheme of cloning C-terminus GST affinity tag on msGC-2 

Amplification of GST seqence from pGEX-2T

PCR amplified GST squence and verified with 1% agarose gel

Cloning GST sequence into pET-28b

 GST sequence was disgested with restriction enzymes EcoRI and HindIII.

pET-28b was digested with restriction enzymes EcoRI and HindIII.  

Amplification of full-length msGC
PCR amplified full-length msGC squence 

and verified with 1% agarose gel.

msGC  was cloned into pGEMTeasy.

Plasmid was called pGEMTeasy-msGC

 

Cloning in msGC  into pET-28b-CGST

pET-28b-CGST was digested with restiction enzymes BamHI and SalI.

pGEMTeasy-msGC  was digested with restriction enzymes BamHI and XhoI.

Digested pET-28b and pGEMTeasy-msGC  were ligated  to create the plasmid pET-28b- CGST.

XhoI site in msGC  and SalI site in pET-28b were destroyed

Cloning in CGST into pETDuet-1

pET-28b- CGST was digested with restriction enzymes BamHI and XhoI.

pETDuet-1 was digested with restriction enzymes BamHI and SalI.

Digested pETDuet + pET28b-CGST were ligated to create the pladmis pETDuet-!CGST

XhoI site in pET-28b- CGST and SalI site in pETDuet-1 were destroyed.

Amplification of full-length msGC
PCR amplified full-length msGC

and verified with 1% agarose gel.

msGC  was cloned into pGEMTeasy.

Plasmid was called pGEMTeasy-msGC .

Cloning in msGC  into pETDuet- CGST

pETDuet- CGST was digested NdeI and XhoI.

pGEMTeasy-  was digested with NdeI and XhoI.

Digested pETDuet- CGST  and pGEMTeasy- were ligated 

to create the final plasmid pETDuet- CGST+". 

Renamed msGC-3

 

  msGC-3

sequence
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Cloning Overview for C-terminus GST affinity tag msGC-NT2 α 

Refer to Figure 3 for schematic overview of cloning C-terminus GST onto msGC-

NT2. Primers were designed to amplify msCGNT2α with BamHI and XhoI restriction 

sites and a thrombin cleavage site using the vector pETDUETαCGST+β (msGC-3) as 

template. PCR product was cloned into the pGEMTEasy vector system. This 

intermediate vector was called pGEMTEasy‐msGCNT2α. The vector containing full‐

length pETDUET‐αCGST+β was digested with restriction enzyme NcoI and NotI to 

remove full length αCGST. pET‐28b‐CGST was also digested with restriction enzyme 

NcoI and NotI to remove the multiple cloning site and the CGST DNA sequence from 

pET‐28b‐CGST. These NcoI/NotI pieces were ligated together to create pETDuet‐

CGST+β. pGEMTEasy‐msGCNT2α was digested with restriction enzymes BamHI and 

XhoI. pETDUET‐CGST+β was digested with restriction enzymes BamHI and SalI. 

msGCNT2α was ligated into pETDUET‐CGST+β to create the plasmid pETDUET‐

msGCNT2α +β, henceforth called msGC‐NT14. Primers were developed to create a 

mutation in the β subunit of pETDUET-NT2α+β to mutate a valine, amino acid 403, to a 

stop codon, TAA, using QuikChange Lightning Site-Directed Mutagenesis Kit from 

Stratagene (LaJolla, CA), following the manufacturers instructions.  
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Figure 3. Scheme of cloning C-terminus GST affinity tag on msGC-NT14 

Amplification of msGC-NT2

PCR amplified the DNA sequence 

for msGC-NT2 .Verified with

 1% agarose gel.  msGC-NT2

was cloned into pGEMTeasy.  

The plasmid was named 

pGEMTeasy-msGC-NT2

Remove CGST from msGC-3

NcoI and NotI digest to remove CGST from msGC-3.

Fragment purified by gel extraction.

Digest of pET-28b-CGST

NcoI and NotI digest to remove the 

CGST DNA sequence. Fragments 

purified by gel extraction. Multiple cloning 

regioin is contained within this fragment. 

Addition of GST into msGC-3

Digested msGC-3 and the GST DNA sequences

were ligated together to create the plasmid

pETDuet-CGST+ .

Digest of msGC-NT2

Cloning in NT2  into pETDuet-CGST+

pGEMTeasy-msGC-NT2

was digested with restcrtion 

enzymes BamHI and XhoI.

Digest of pETDuet-CGST+

pETDuet-CGST+  was digested with 

restriction enzymesBamHI and SalI.

Digested NT2 and digested pETDuet-CGST+  

were ligated together to created the plasmid

pETDuet-NT2 CGST+

Truncation of 

 DNA sequence was truncated by mutating

amino acid 403,Valine, into a stop codon.

pETDuet-NT2 CGST+NT2 renamed as msGC-NT14)
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 Test Expression of msGC-3:Time of Harvest Post Induction. Rosetta cells 

(Novagen, Gibbstown, NJ) transformed with msGC-3 were cultured to determine when is 

the best time to harvest after induction with 0.5 mM isopropyl-1-thio-β-D-

galactopyranoside (IPTG). Four cultures were grown in 50 mL LB broth at 37 °C with 25 

μM δ‐aminolevulinate (ALA), a heme synthesis precursor. All cultures were moved to 

16°C and expression induced with IPTG. Cells were harvested at time points pre-

induction, 6 hours, 16 hours and 24 hours post indution. All further steps were performed 

at 4°C. Cell pellets were resuspended in one mL of lysis buffer (50 mM Hepes pH 8.0, 

300 mM NaCl, 50 ug DNaseI, 2 mM MgCl2, 1 mM phenylmethylsulfonyl fluoride 

(PMSF), 1 mM benzamidine and 1ug of protease inhibitors (aprotinin, leupeptin and 

pepstatin)). The cells were disrupted with sonication on ice for 6 cycles, 30 seconds on/ 

60 seconds off at 15% amplitude. Gel samples were prepared from supernatant and pellet. 

10% SDS-PAGE gel and Western blots were used to determine if msGC-3 is soluble in 

the supernatant or insoluble in the pellet.  

Expression of msGC-3 using His trap FF columns and GSTrap HP columns. 

Refer to Figure 4 for schematic overview of expression of msGC-3 with His Trap FF and 

GSTrap HP columns.  Six liter cultures of msGC-3 were grown with 25 μM δ‐

aminolevulinate (ALA), a heme synthesis precursor. msGC-3 was induced by adding 

0.5 mM IPTG and grown shaking at 90 RPM for 16 hours at 16 °C after induction with 

IPTG. After induction, all purification steps were performed at 4 °C. Cell pellets were 

resuspended in lysis buffer (50 mM Hepes pH 8.0, 300 mM NaCl, 50 ug DNaseI, 2 mM 

MgCl2, 1 mM phenylmethylsulfonyl fluoride (PMSF), 1 mM benzamidine and 1ug of 

protease inhibitors (aprotinin, leupeptin and pepstatin)). French Press  cell disruption was 
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performed at 1000 psi. Cell debris was separated using ultracentrifugation at 40,000 rpm 

for 30 min using the 45Ti rotor. The supernatant was collected and loaded onto a 5 ml 

Qiagen Ni-NTA column (Valencia, CA) that was pre-equilibrated with PBS (50 mM 

NaH2PO3/Na2HPO3, 300 mM NaCl, pH 7.0). The column was washed with 20 bed-

volumes of PBS buffer plus 10 mM EDTA, and the protein was eluted with 100 mM 

EDTA to prevent in heme displacement with immadozole. The second affinity 

purification step has not yet been performed.  However, the initial protocol for this is as 

follows. The GSTrap HP column (GE Healthcare, Wauwatosa, WI) will be washed with 

140 mM sodium phosphate buffer at pH 7.4. Binding buffer is 10 mM sodium phosphate 

at pH 7.4. Elution buffer will be 50 mM Tris-HCl, 10 mM reduced glutathione, pH 8.0. as 

shown in Figure 4. 
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Figure 4. Purification scheme of msGC-3. *Proposed steps not yet performed. 
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RESULTS 

 sGC has the potential to become the target for various new drugs and therapies. 

Limitations in purifying sGC have halted progress in developing structural studies for 

new drugs and therapies. Constructs of msGC have produced msGC for biophysical 

studies, but ease of purification and stability of msGC remains an issue. We have 

developed two new constructs with a C-terminus GST affinity tag on the α subunit of 

full-length msGCα and of an N-terminal fragment of msGCα as seen in Figure 1, to 

improve ease of purification and stability.  

Figure 2 is the cloning scheme used for adding the GST affinity tag onto the C-

terminal of the α subunit of msGC-2. GST affinity tag was obtained from vector pGEX-

2T by PCR amplification. To verify that the reaction worked, I ran it on a 1% Agarose 

gel in 1X TAE buffer. The expected size of the band on the gel is approximately ~700 bp. 

The GST affinity tag was made C-terminus by using two different restriction enzymes 

that would ensure correct orientation of msGCα1 and msGC-NT2α1 into the intermediate 

vector, pET-28b. msGCα1 and msGC-NT2α1 were PCR amplified and verified with a 1% 

Agarose gel and were shown to have the expected single bands, ~2 kb and ~1.5 kb 

respectively. Sequence complementation between the overhang in XhoI and SalI 

restriction sites were used to clone in msGCα1 and msGC-NTα1 with the C-terminal GST 

affinity tag sequence. Figure 5 shows the digest of pET-28b-CGST with restriction 

enzyme NcoI, verifying that several correct plasmids were obtained. The predicted 

number of bands and sizes are two at ~6 kb and ~0.85 kb.
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Figure 5. Restriction enzyme, NcoI, digest of pET-28b-αCGST. 1 % Agarose gel in 1X TAE buffer 

of an NcoI digest of putative pET-28b-α1CGST plasmid. The upper band is 6 kb and corresponds 

to pET-28b and part of α1 DNA sequences. The lower band is 0.85 kb, which represents the other 

half of α and GST DNA sequences. Lower bands indicate the ligation of msGCα1 subunit into 

pET-28b-CGST. Absence of lower bands indicates that the ligation failed. Samples 1, 2, 4 and 5 

showed two bands at the approximate expected sizes. Samples 3 and 6 do not have the expected 

number of bands, and are thus incorrect. 

 

 



  19 

msGCβ was moved into pETDuet using restriction enzymes NdeI and XhoI.  

After verification of pET-28b-α1CGST with restriction enzyme digest and DNA 

sequencing, the resulting fragment was moved into pETDuet with restriction enzymes 

BamHI, XhoI and SalI. pET-28b-α1CGST was digested with BamHI and XhoI and 

pETDuet was digested with restriction enzymes BamHI and SalI. XhoI and SalI sequence 

overhang have complementing sequence. Restriction enzyme digests with restriction 

enzymes AvaI, BamHI and SalI were used to verify the final plasmid called msGC-3. 

GST affinity tag was added to msGC-NT2α1 using a similar cloning strategy for 

msGC-3, as shown in Figure 3, using the same XhoI and SalI sequence overhang 

similarities to move msGC-NT2α into the C-terminal GST affinity tag DNA sequence. 

αCGST was removed from msGC-3 to clone into and msGC-NT2α.  αCGST was 

removed because the restriction enzyme sites, XhoI and SalI, had been destroyed when 

the two fragments were ligated. CGST sequence was cloned into msGC-3 using 

restriction enzymes NcoI and NotI. The CGST sequence still retained the multiple 

cloning restriction enzyme sites. After the CGST had been re-cloned into msGC-3, 

msGC-NT2α was cloned into this new plasmid using restriction enzymes BamHI, XhoI 

and SalI. msGC-NT2α was digested with BamHI and XhoI. msGC-3 was digested with 

restriction enzymes BamHI and SalI. The plasmid, pETDuet-msGC-NT2α+β, still had 

full-length β1, and was verified with restriction enzyme BsaI (Eco 31I); the predicted 

number of bands and correct size was three at sizes ~5 kb, ~2 kb and ~1.5 kb. as seen in 

figure 6. 

 Restriction enzyme analyses verified several correct plasmids and two samples 

were sent for sequencing,  Which data revealed the sent in plasmids were correct.  The 
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plasmids were used to set up a mutagenesis reaction to truncate β and sent in for 

sequencing.  The correct plasmid contains pETDuet-msGCNT2αCGST+NT2β (msGC-

NT14). 

            

                    

         

Figure 6. Restriction digest of pETDUET-NT2αCGST+β (full-length) with BsaI (Eco31I). 1% agraose 

gel showing the digest of vector pETDUET-NT2αCGST+β(full-length) with restriction enzyme BsaI 

(Eco31I). 1% agarose gel digested pETDUET-NT2αCGST+β(full length) was run as samples 1-12. Sample 2 

contained pETDUET-CGST+β(full length) and was used as a negative control. All samples were digested 

with restriction enzyme BsaI (Eco31I). The correct plasmid contains three BsaI (Eco31I) restriction sites; one 

of the sites is in α. All lanes expect for the lane with sample 11 had three bands at sizes 5 kb, 2 kb and 1.5 kb 

and are considered correct. Sample 11 looks like sample 2, the negative control, with two bands at band size 

6 kb and 1.5 kb. 
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We tested expression various times after induction with IPTG, as shown in Figure 

7. Four timepoints were chosen to visualize msGC-3 synthesis and folding: pre-induction, 

6 hours after induction, 16 hours after induction and 24 hours after induction at 16 °C. 

The samples were disrupted by sonication and pelleted. Gel sample buffer was added to 

the supernatant and the pellet fractions. Coomassie staining of a 10% SDS-PAGE gel 

used to visualize msGC-3 as soluble in the supernatant or as inclusion bodies in the 

pellet. The 10% SDS-PAGE gel revealed that the majority of protein induced by the cells 

was found as inclusion bodies in the pellet. The longer the cells were allowed to grow 

post induction, the more msGC-3 was found in the pellet.  The assignment of the α-

subunit bands was confirmed by Western blot as shown in Figure 8. 

             

Figure 7. Test Expression of msGC-3: Best Time to Harvest After Induction. Fractions of cell lysates were 

separated on a 10% SDS-PAGE gel in orders to determine whether msGC-3 is expressed as soluble protein 

(supernatant) or as inclusion bodies (pellet). Four time points were examined after induction with IPTG. New bands 

were found more in the pellet (p) than soluble faction (s). The size of α1 subunit is predicted to be around 100 kDa 

because the α subunit is ~72 kDa and the added GST tag adds another ~25 kDa. The β1 subunit of msGC is ~ 68 kDa.  

Lower bands around 35 kDa and 25 kDa are suggested to be cleaved fragments. In the pellet fractions, band intensities 

appear to be darker at all time points. In supernatant fractions, longer induction times do not appear to increase levels of 

α or β. * is the for the unknown protein at 35 kDa and ** is the unknown protein at 25 kDa. 
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Figure 8. Western blot of msGC-3 to examine His6 tag expression. A western blot of the 10% SDS-

PAGE gel to verify that msGC-3 is largely found in the pellet (p) than in soluble fractions (s). 

However, some material is seen in the supernatant. Western blot results reveal that the α bands 

were close to the 100 kDa as predicted from the 10% SDS-PAGE gel for the α subunit.     

* denotes an unknown protein at ~30 kDa band that react with His antibodies.  

Expression of msGC-3 in large scale did not result in further purification past the 

Ni‐NTA column because the eluted fractions were not colored and eluted 

prematurely off the Ni‐NTA column. 

The C-terminus GST affinity tag did not keep msGC-3 soluble as the Western 

blot revealed the majority of the protein was found in inclusion bodies in the pellet 

fractions. As induction time increased, the protein bands increased in intensity in 

supernatant and pellet. Western blot showed bands of the α subunit around ~100 kDa, 
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which is the predicted size of the msGC-3 α subunit. Furthermore an unexpected band 

appears around 30 kDa.  

DISCUSSION 

 We fused a C-terminus GST affinity tag on the α subunit of full-length sGC and 

sGC with its cyclase domain deleted from M. sexta creating a double affinity-tagged 

msGC. For full-length, we were able to test expression of the recombinant protein in 

Rosetta cells after IPTG induction. IPTG expressed full-length msGC resulted in α and β 

in the pellet fraction from the pre induced, 6 hours, 16 hours and 24 hours time points. 

 Unfortunately, the majority of the protein was found as inclusion body. 

Furthermore, when the protein  was expressed in six-liter cultures the result was msGC-3 

eluting away in the washes of the nickel column. Eluted fractions of msGC-3 from the 

nickel column with EDTA had no brown coloration, indicating that heme was not 

incorporated during msGC-3 folding.  

 Coomassie staining revealed that the test expression of msGC-3 for α and β 

subunits did not increase in intensity with time, indicating that the same amount of 

msGC-3 is made after induction and remains constant no matter how long induction is 

extended. The α and β bands are about the same intensities on the 10% SDS-PAGE gel 

indicating that both subunits are co-expressed in about equal proportions. Furthermore, as 

time of induction increases, the band around 35 kDa seems to be increasing in intensities 

as induction time increases. This 35 kDa band may be degraded α as it is about half the α 

subunit size, minus the GST affinity tag. This band could be a clear indication that as 

more time is given for the cells to grow, the cells are degrading the α subunit. This 

degradation of msGC-3 suggests that the protein is not stabilized by the C-terminus GST 
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affinity under this test expression.  

  Western blot using the His antibodies reveals that the α  subunit is primarily 

found in the pellet as inclusion bodies. However, as time of induction increases brighter 

bands do appear in the supernatant, indicating functional α is being formed at the 

approximate expected size of 100 kDa. Unfortunately, underneath all the bands of both 

supernatant and pellet is a smear of other bands. This smear is an indication of the α 

subunit being degraded as the band found at ~30 kDa sity increases with time. This 

western blot may support our hypothesis that the added C-terminal GST tag increases 

solubility of msGC-3 as the intensity of the band in the soluble fraction does increase 

with induction time.  However results from the purification from six liters cultures do not 

suggest this is stable sGC due to lack of heme binding.  

 Time constraints have not allowed me to test the expression of the C-terminus 

truncated protein with the C-terminal GST affinity tag. Unforeseen cloning issues using 

pET-28b-CGST as an intermediate vector did not allow msGC-NT2α to be cloned into 

pET-28b-CGST. Based on previous data, it has been shown that untagged C-terminal 

msGC-NT2 is more soluble than full-length msGC [5]. I expect that msGC-NT14 will be 

more soluble than msGC-3 because of the similarities between msGC-NT2 and msGC-2, 

where msGC-NT2 was more soluble and stable than msGC-2. However, I expect msGC-

NT14 to result in greater purity of the protein because of the added purification step.  
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FUTURE DIRECTIONS 

 We were able to fuse a C-terminus GST affinity tag onto the α subunit of full-

length msGC and a truncated msGC, where the cyclase domain has been deleted (msGC-

NT2). Now that cloning is complete, the question that arises is how does a C-terminal 

GST affinity tag affect solubility and purity of both full-length and N-terminal fragment 

of msGC. A series of experiments to test different growth conditions to maximize yield 

of full-length msGC needs to be explored. Factors for testing growth conditions include 

temperature used to grow cells, media type for cell growth, type of bacteria used to 

express msGC. Functional activity for msGC-3 also needs to be examined to ensure 

correct folding occurs. 

 Two unknown bands showed up on the coomassie 10% SDS-PAGE gel at around 

35 kDa and 25 kDa.  I suspect that these two bands might correspond to degraded β 

subunit and GST.  The 35 kDa is suspected to be degraded β subunit because the band is 

about half the size of β subunit.  A β antibody on a Western blot will need to be used to 

confirm the identity of the 35 kDa band as a mixture of α and β subunit or is just the α 

subunit. A 25 kDa band appears in the 6 hours, 16 hours and 24 hours samples but not in 

the pre-induced sample. This band is suspected to be the GST-affinity tag. The if the GST 

affinity tag is being cleaved by the cells, this is an indication that msGC-3 maybe too 

large for the cells. A Western blot using a GST antibody will identify whether the 25 kDa 

band is indeed GST. 

 Other aspects of our purification scheme will also need to be rexamined, 

especially the cell disruption step. Sonication could be deleterious to msGC and could 

result in its further degradation. Sonication could result in the ~30 kDa protein seen in the 
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Western blot in Figure 8. Alternative cell disruption methods, including French press, 

need to be explored to ensure the maximum yield of functional msGC is obtained. 

There are still additional expression and purification experiments that need to be 

performed before we can evluate the impact of C-terminus GST affinity tag on 

expression of full-length msGC and the N-terminal fragment of msGC. However, once 

determined, we will have purified protein that can be utilized to discover the 

structure/function relationship of msGC. 
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