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Figure C5. Far-UV CD of GB1. Wild-type and variant GB1 are shown as solid and dashed 

lines respectively. Samples were run at pH 7.0 (blue), pH 2.0 (red), and 3.0 M NaCl (green). 

Data plotted using Microsoft Excel 365. 

 

 

Figure C6 shows the results from the near-UV CD analysis during thermal unfolding. 

Wild-type GB1 is the least stable in acidic conditions, losing its tertiary structure between 20 °C 

and 55 °C while variant GB1 retains little tertiary structure under all three conditions at 20 °C. 

The overall results show that the variant protein displays a decrease in tertiary structure under all 

conditions when compared to the wild-type. Thermal unfolding was also monitored using 

fluorescence spectroscopy. 
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Figure C6. Near-UV CD of GB1 during thermal unfolding. Wild-type and variant GB1 are 

shown in black and grey respectively. Thermal unfolding was performed at (a) pH 7.0, (b) pH 

2.0, and in (c) 3.0 M NaCl. Temperature data is shown for 20 °C (dotted lines), 55 °C (dashed 

lines), and 95 °C (solid lines). Data plotted using Microsoft Excel 365. 

 

 

As shown in Figure C7, the variant protein is less stable than the wild-type. The profiles 

for the two proteins match in that they are more stable when salt is present and less stable in an 
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acidic environment. These results parallel those obtained for far-UV CD and also help to 

determine whether the presence of salt makes the wild-type protein more stable. The results of 

this study show that while theoretically, through a computational study, a mutation that produces 

a greater number of contacts should increase the stability of the protein, experimentally this is 

not always the case. 

 

 

 

Figure C7. Fluorescence spectroscopy during thermal unfolding. Wild-type and variant GB1 

are shown as solid and dashed lines respectively. Samples were run at pH 7.0 (blue), pH 2.0 

(red), and 3.0 M NaCl (green). Data plotted using Microsoft Excel 365. 
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The axin dix domain (ADD) found in the Norwegian rat, PDB code 1WSP, when 

structurally aligned with GB1, contains a phenylalanine in position 26 (Figure C8). Upon 

analysis of the two protein structures, it was seen that opposite the amino acid side chain in ADD 

there is a glycine residue while in GB1 there is another phenylalanine. This means that while a 

phenylalanine residue is allowed to exist in this location there must be a compensatory mutation 

that shortens the side chain of the amino acid opposite that of the phenylalanine. If this mutation 

does not occur, overcrowding within the interior of the protein core results and the stability is 

decreased. 

 

 

 

Figure C8. GB1 compared to the axin dix domain. In (a) GB1 alanine 26 and phenylalanine 52 

are shown in red and blue, respectively. In (b) the axin dix domain phenylalanine and glycine are 

shown in red and blue, respectively. Structures visualized using RasMol Ver. 2.7.2.1.1. 
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These findings have implications for further understanding how protein folds evolved on 

this planet and how the density of protein cores may limit further adaption on other planets that 

have conditions more extreme than our own. 
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APPENDIX D 

FURTHER INVESTIGATION INTO ELUCIDATING DETERMINANTS OF PROTEIN 

STABILITY AND FOLDING IN EXTREME ENVIRONMENTS – GB1 

INVESTIGATION FOR THE VIRGINIA SPACE GRANT CONSORTIUM 2017-2018 

 

ABSTRACT 

Computational bioinformatics studies were conducted using the immunoglobulin-binding 

domain of protein G (GB1) to assess the role of amino acid type and amino acid interactions in 

dictating structure and stability. This directed experimental studies and a double mutant, GB1-

Ala26Phe-Phe52Ala, which was synthesized. The variant protein was then expressed. Following 

biophysical studies in physiological and extreme conditions, (high salt and high temperature), it 

was determined that the variant was highly unstable in physiological conditions however 

interestingly in 3.0 M NaCl the structure and stability of the variant protein increased. This 

suggests that extreme conditions are not necessarily deleterious to the building blocks of cells 

and can facilitate adaptability. 

 

INTRODUCTION 

This work is a continuation of the research presented in Appendix C. As a result of the 

previous Virginia Space Grant Consortium computational studies, we discovered that changing 

alanine in the 26th position to phenylalanine in GB1 resulted in destabilization and altered the 

protein structure despite phenylalanine being moderately expected in a helix compared to other 

amino acids [D1]. We hypothesized this may have been due to overcrowding in the protein core 

and proposed that mutating a phenylalanine in the 52nd position to alanine would cause some 
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stability and structure to be regained. The characterization of this double variant of GB1 is the 

focus of one of our present research aims This new compensatory mutation was selected due to 

the presence of a glycine residue in a protein found in the Norwegian rat that has a structure 

similar to GB1. However, this was not the case and the resultant protein was further destabilized. 

While unexpected, this is in fact very interesting, because it suggests that compensatory 

mutations are limited by the 3D space around the residue. 

 

MATERIALS 

Bioinformatics studies were conducted using the DALI [D2] and BLAST [D3] databases 

for identifying related sequences and calculating their percent identity and RMSD. Protein 

sequences were aligned using MUSCLE [D4]. Proteins were visualized using RasMol [D5]. A 

mutation in silico was made using Insight II (Accelrys). Contact distances were calculated using 

the Contact program (CCP4) [D6]. Networks were generated on a SUN Workstation running 

Linux using a DegLR program written in the laboratory. The networks were visualized using 

Pajek [D7].    Luria broth (LB) media, supplemented with 100 µg/ml carbenicillin (Teknova), 

was used for bacterial cultures and agar plates. Mutagenesis reactions were performed using the 

Q5 site-directed mutagenesis kit from New England Biolabs (NEB). A Strataprep mini plasmid 

prep kit (Agilent Technologies) was used for the purification of plasmid DNA. Plasmid DNA 

samples were sent to the Molecular Core Facility at Eastern Virginia Medical School for 

sequencing. Protein was expressed using BL21 (DE3) competent E. coli cells (NEB) via 

induction with 0.4 mM IPTG (IBI Scientific). An AKTA purification system (GE) was used for 

the purification of protein samples. Q Sepharose fast flow resin (GE) was used for anion 

exchange and Sephacryl S-100 (GE) was used for gel filtration. 3.0 kDa MWCO concentrators 
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(Sartorius) were used for protein concentration and buffer exchange. Protein purity was verified 

using 4-12% Bis-Tris gels (Invitrogen). Relevant IBC protocol numbers are 16-005 and 17-010. 

 

METHODS 

The present research investigation is delineated into three major aims. In Aim 1, a search 

was done using the BLAST database and the PDB FASTA sequence for SAMP1 as the query. 

SAMP1 was used as the query because it has the same topology as GB1 and is found in a 

halophilic organism. The results generated were from many different organisms. The results 

were filtered to obtain a list of proteins that were exclusively from extremophilic organisms. The 

selected sequences were then aligned using MUSCLE. In Aim 2, we sought to expand upon the 

work previously carried out in the VSGC project. A mutation from alanine in position 26 to 

phenylalanine was made. This mutation destabilized the protein and was hypothesized that this 

was due to overcrowding in the core. To test this theory another mutation was made; 

phenylalanine in position 52 to alanine. The new network was generated with the DegLR 

program which used a contact file as input and visualized in Pajek. The cutoffs used in the 

network were 5 Ǻ contact distance between atoms and seven residue separation between pairs of 

interacting amino acids [D8]. In Aim 3, site-directed mutagenesis and transformation were 

performed using the protocol from NEB followed by structural and stability studies. Polymerase 

chain reaction running conditions were as follows: initial denaturation at 98 °C for 30 s, 25 

cycles of denaturation at 98 °C for 10 s, annealing at 62 °C for 30 s, and extension at 72 °C for 3 

min and 30 s, finally a final extension at 72 °C for 2 min. The transformed cells were plated and 

incubated at 37 °C overnight. A single colony was then obtained from the selective plate and 

cultured in 50 ml of selective LB media and incubated at 37 °C overnight with shaking at 250 
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rpm. Plasmid DNA was extracted, purified and sent for sequencing. Upon confirmation of the 

mutated cDNA sequence, the plasmid was transformed into BL21 (DE3) competent E. coli cells 

using the protocol provided. The transformed cells were again plated on selective LB agar and 

incubated at 37 °C overnight. A single colony was then obtained from the selective plate and 

cultured in 50 ml of selective LB media and incubated at 37 °C overnight with shaking at 250 

rpm. 5.0 L of selective LB media was inoculated with 500 µL of starter culture and incubated at 

37 °C with shaking at 250 rpm until the OD600 was between 0.6 and 0.8 representing the mid-log 

phase of growth. Cultures were then inoculated with more carbenicillin bringing the final 

concentration to 200 µg/ml and IPTG at a final concentration of 0.4 mM. Cultures continued 

shaking incubation at 37 °C for 4 hours. After incubation cultures were centrifuged into a single 

pellet at 8000 rpm for 30 min and stored at -20 °C overnight. The bacterial pellet was thawed and 

solubilized in buffer containing 20 mM Tris base, pH 8.5 and sonicated on ice at 40% amplitude 

for 2 hours with 10 s pulses per minute using an ultrasonic processor. Sonicated lysate was then 

heated at 80 °C for 15 min to precipitate out proteins that are not thermostable. Lysate was 

centrifuged at 16000 rpm for 20 min to pellet bacterial debris and decanted into a sterile falcon 

tube. Lysate was filtered through a 0.45 µm membrane and loaded onto a XK26 anion exchange 

column containing 38 ml of Q sepharose fast flow resin. Sample was loaded and washed at a 

flow rate of 0.5 ml/min using a 20 mM Tris buffer, pH 8.5 and was eluted at a flow rate of 0.5 

ml/min for 230 min using a 20 mM Tris, 500 mM NaCl buffer, pH 8.5. Peaks were ran using gel 

electrophoresis to check for purity. Peaks containing the variant protein were pooled and 

concentrated using 3.0 kDa MWCO concentrator. The variant protein was loaded onto a XK16 

size exclusion column containing 120 ml of Sephacryl S-100 resin with a running buffer 

containing 50 mM Tris and 200 mM NaCl, pH 7.5. Column was run at 0.5 ml/min for 4 hours. 
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Gel electrophoresis was again used to check for purity. Peaks containing the variant protein were 

pooled, concentrated, and buffer exchanged into double deionized water using 3.0 kDa MWCO 

concentrator.  

The structural and stability studies involved using CD (Jasco J-815). Near-UV CD was 

performed in the native condition (pH 7.0) and far-UV CD was performed in the native condition 

(pH 7.0) and at an extreme condition (3.0 M NaCl). Comparative stability studies were more 

clearly analyzed using thermal unfolding by fluorescence spectroscopy on a Cary Eclipse 

spectrophotometer. GB1 has an intrinsic tryptophan in the core (Trp 43) and was monitored 

using 295 nm excitation and 350 nm emission wavelengths at a concentration of 0.05 mg/ml. 

The slit widths were 5 and 10, respectively. 

 

RESULTS AND DISCUSSION 

The final corrected structural alignment of extremophilic proteins in reference to SAMP1 

is shown in Figure D1. It includes the halophilic query sequence (3PO0) and sequences found in 

a halophile (WP_020445345.1), haloacidophile (WP_021780493.1), haloalkaliphile 

(WP_011324211.1), alkaliphile (WP_093047229.1), thermophile (WP_005588799.1), 

alkalithermophile (WP_007506270.1), and two hyperthermophiles (WP_010879121.1 ; 

WP_048091823.1). 
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Figure D1. MUSCLE alignment. Gaps are delineated by dashes. Accession numbers are in 

brackets on the left. Numbering is with respect to 3PO0. 

 

 

It is interesting to note that halophilic sequences in the alignment share the same amino 

acid at positions 3, 9, 31, and 46 with respect to 3PO0 whose side chains point toward the protein 

core and positions 60 and 75 with respect to 3PO0 whose side chains are solvent exposed. These 

amino acids may be important in facilitating enhanced stability in a high salinity environment.    

We propose that mutating a phenylalanine residue in position 52 to alanine will alleviate some of 

the overcrowding (Figure D2). To test our hypothesis, a network was constructed for the mutated 

form of GB1. 
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Figure D2. Backbone representation of GB1. Position 26 is in blue and position 52 is in red. 

(a) Wild-type, (b) A26F mutant, and (c) A26F and F52A mutant. Structures visualized using 

RasMol Ver. 2.7.2.1.1. 

 

 

As seen in Figure D3, when an alanine replaces the phenylalanine in position 26, new 

long-range interactions are generated with residues 1 and 2 in the first β-strand and residue 19 in 

the second β-strand. However, upon mutation of the phenylalanine in position 52 to alanine, 

long-range interactions are lost to residue 3 in the first β-strand and residues 23, 26, and 27 in the 

α-helix. 
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Figure D3. Long-range interaction network of GB1. Amino acids are filled circles connected 

by long-range interactions shown as lines. Long-range interactions gained by A26F mutation 

(dark blue) and lost by F52A mutation (red) are highlighted. Data plotted using Pajek64-XXL 

4.08. 

 

 

To determine the effect on protein structure and stability experimentally, far- and near-

UV CD studies were performed. Figure D4 shows the results from the far-UV CD analysis. Both 

wild-type and variant GB1 show little variation in protein stability in the presence or absence of 

NaCl. The overall results show that the variant protein, independent of the buffer, exhibits a 

decrease in secondary structure when compared to the wild-type and is therefore less stable. 
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