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Figure 6.7)  A composite of the active site from the Teg12 binary and ternary structures.  PAPS was 

modeled into the ternary structure in place of PAP.  In this aligned view, PAPS and teicoplanin aglycone 

would not be able to occupy their respective positions simultaneously, as there would be strong clashes 

between the two substrates.  Residue 3 of the teicoplanin aglycone, the site of sulfation, is more than 16 

angstroms from the sulfate of PAPS when the ternary and binary structures are overlapped.  A substantial 

rearrangement of teicoplanin aglycone within the active site would have to occur in order for sulfation to 

proceed by the proposed in-line attack mechanism.  The positions of Arg101 in the binary (green) and 

ternary (tan) structures appear to preclude the movement of teicoplanin aglycone towards His67.  Arg101’s 

position in the context of the apo structure (grey) creates a more open active site, where the aglycone could 

pivot towards His67 more easily. 

 

mutually exclusive contacts with the substrates present in the binary and ternary 

structures.  In the binary structure it is inserted into the peptide core and hydrogen bonds 

with residues 1 and 7, while in the ternary structure it forms a key salt bridge with the 3-

phosphate of PAP.  If, when both substrates are present in the active site, Arg101 were to 

adopt the conformation seen in the apo structure, the glycopeptide would largely be free 
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to move out of the PAPS binding pocket and towards His67.  By pivoting towards His67, 

the glycopeptide would occupy the same general location that substrates bind in 

eukaryotic sulfotransferases (Allali-Hassani et al., 2007), and it would also be positioned 

so that it could interact with all three variable loops. 

The movement the glycopeptide must undergo to reach the PAPS sulfate traces a 

path similar to that which the GHL helix undergoes when it bends.  This conformational 

rearrangement may serve not only as a mechanism to allow large glycopeptide substrates 

into the active site, but it could also play a role in positioning a glycopeptide for catalysis 

once it enters the active site.  Alanine exchange mutagenesis of residues found on both 

the lower glycopeptide associated face (E206A, R207A, and R214A) and the upper 

solvent exposed face of the helix (E212A) led to decreases in substrate conversion.  

Residues around the entire helix likely make key contacts with the glycopeptide at 

different points in time as a result of the rotation in the helix as it bends.  In fact, all 

residues that contact the glycopeptide in the binary structure face out from the active site 

cavity in the ternary structure.  One alanine exchange mutant, R248A, resulted in a two-

fold increase in activity.  R248, along with R214 of the GHL helix, and a mediating water 

molecule, forms a cage-like enclosure over the top of the glycopeptide (Figure 6.6).  

Introduction of an alanine side chain at this position would open up the back side of the 

active site to the solvent, and could provide substrates in the active site more room for 

positional rearrangement.  The sequence of the GHL helix is conserved throughout the 

TEG sulfotransferases and a large portion of it is also conserved in StaL.  The mechanics 

of the conformational change from the straight to bent structures may therefore be 

conserved throughout this family of finishing enzymes. 
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Sequence and structural similarities between eukaryotic and prokaryotic 

sulfotransferases indicate that all members have likely arisen from one common ancestor.  

In eukaryotic structures the loop that would correspond to the V3 loop of the GHL 

behaves in much the same way as it does in Teg12; it is disordered in apo structures and 

associated with PAP and the substrate in co-crystal structures (Allali-Hassani et al., 

2007).  The open active site conformation that results from the straightening of the GHL 

helix was not observed in previous StaL structures.  While a GHL-like helix-loop region 

is present in eukaryotic sulfotransferases, the helix from these structures does not appear 

to exhibit the same conformational rearrangements from a single straight helix to two 

helices with a bent conformation during substrate binding as it does in Teg12.  At over 

1000 Daltons, glycopeptides are significantly larger than the substrates used by most 

eukaryotic sulfotransferases.  The increased conformational plasticity that results from 

the ability of the GHL helix to easily flex may help TEG-like sulfotransferases 

accommodate larger substrates.  

In addition to the conformational flexibility seen in the V3 loop, both the V1 and 

V2 loops adopt different conformations in this series of structures, suggesting they could 

easily reorganize to accommodate an incoming glycopeptide substrate.  The sequence 

differences seen between Teg12, 13, and 14 suggest that these three short variable 

regions likely control the selection and orientation of the glycopeptide substrate bound in 

the active site.  Systematically altering the residues found in the three TEG variable 

regions may provide a means to generate new glycopeptide finishing enzymes that sulfate 

a broader collection of glycopeptide congeners than is currently possible with the small 

number of sulfotransferases that have been identified naturally.  The sulfated teicoplanin 
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aglycone derivatives produced by the native TEG sulfotransferase retain potent in vitro 

antibacterial activity (Banik and Brady, 2008).   

The cloning and characterization of biosynthetic gene clusters derived from 

uncultured bacteria provides a means to access both novel small molecules and new 

biosynthetic enzymes.  Teg12 is one of the first enzymes discovered using culture 

independent methodologies to be characterized structurally, and the Teg12-teicoplanin 

aglycone co-crystal structures are the first examples of a substrate complexed with a 

member of this family of glycopeptide finishing enzymes.  This series of Teg12 

structures provides key insights into how sulfotransferases might be engineered to 

generate additional anionic glycopeptides that could be evaluated against clinically 

relevant drug resistant bacteria. 
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Materials and Methods 

 

Teg12 Expression and Purification 

Teg12 was cloned and expressed as previously described (Banik and Brady, 

2008).   Briefly, teg12 was amplified (30 cycles of 95 °C for 30 s, 60 °C for 30 s, and 72 

°C for 90 s; FailSafe system from Epicentre) from eDNA cosmid clone D30 using the 

following primers: Teg12FWD(BclI):GCGCTGATCAATGAACGGAATTCGATGG, 

Teg12REV(HindIII):GCGCAAGCTTTCCTTAACCGGCATACCCGTA.  Restriction 

enzyme sites used for cloning are shown in bold.  The resulting product was doubly 

digested with BclI and HindIII and subsequently ligated into pET28a, which had been 

BamHI/HindIII doubly digested.  The resulting construct was then transformed into E. 

coli BL21(DE3) for protein expression.  Expression cultures were grown to OD600=0.6, 

followed by IPTG induction, and overnight growth at 20 °C.  The culture was pelleted by 

centrifugation (3,200 x g for 30 min), the supernatant was discarded, and the cell pellet 

was resuspended in 40 mL lysis buffer (50 mM HEPES, pH 7.5, 0.5 M NaCl, 5% 

(vol/vol) glycerol, 20 mM imidazole, pH 8, 10 mM β-mercaptoethanol and 0.5% 

(vol/vol) Triton X-100).  The resuspended cell pellet was lysed by sonication, and the 

insoluble portion was removed by centrifugation (15,000 x g for 30 min).  The cleared 

cell lysate was incubated with 1 mL Ni-NTA resin for 15 min.  The slurry was loaded 

onto a column, allowed to empty by gravity flow, washed with 40 mL lysis buffer, and 

finally washed with 40 mL wash buffer (50 mM HEPES, pH 7.5, 0.5 M NaCl, 5% 

(vol/vol) glycerol, 20 mM imidazole, pH 8.0, and 10 mM β-mercaptoethanol).  The 
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protein was eluted by the addition of 15 mL of elution buffer (50 mM HEPES, pH 7.5, 

0.5 M NaCl, 5% (vol/vol) glycerol, 125 mM imidazole, pH 8, and 10 mM β-

mercaptoethanol).  No attempt was made to remove the vector derived His6-tag, resulting 

in a Teg12 protein plus 34 additional residues N-terminal to the start methionine.  Protein 

was concentrated using Vivascience Vivaspin 30,000 MWCO ultrafiltration 

concentrators, and was buffer exchanged 3 times into protein buffer (200 mM NaCl, 20 

mM HEPES, pH 7.5, 5% glycerol, and 1 mM DTT).  

 

Teg12 Crystallization 

Concentrated protein was centrifuged at 14,000 rpm (4 °C, 30 min) in a 

microcentrifuge to remove any insoluble material prior to crystallization.  All crystals 

were grown using the hanging drop vapor diffusion method.  Initial Teg12-apo crystals 

were obtained by mixing 1 µl of protein (7.5 mg/ml in protein buffer) with 1 µl of 

reservoir solution (1.0 M sodium citrate, 0.1 M sodium cacodylate, pH 6.5, JCSG core 

III-48, Qiagen) over a 500 µl reservoir.  Blade-like crystals grew overnight at 22 °C and 

reached a maximal size of 400 µm X 50 µm X 20 µm in approximately one week.  To 

improve crystal thickness, Teg12-apo crystals were optimized by microseeding, in 

addition to mixing 1 µl of protein at 7.5 mg/ml with 0.5 µl of reservoir and 0.5 µl of 

Silver Bullets™ reagent 29 (Hampton Research).  A component of the Silver Bullets™ 

screen, aspartame, was modeled into the PAPS binding site of one of the monomers of 

the Teg12 dimer.  Crystals were soaked in a 20 µl drop containing reservoir solution plus 

10% ethylene glycol.  The drop was allowed to dehydrate by exposure to open air at 
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room temperature for approximately 5 hours before flash cooling the crystals in liquid 

ethane.   

Teg12-ternary crystals were co-crystallized at 4 °C in the presence of 2 mM PAP 

and 1 mM teicoplanin aglycone.  Teg12 was first concentrated to 20 mg/ml in protein 

buffer.  The protein was then diluted 1:1 with 50 mM CHES, pH 9.1, 2 mM teicoplanin 

aglycone, 4 mM PAP, achieving a final concentration of 10 mg/ml Teg12 in 0.5X protein 

buffer, 25 mM CHES, pH 9.1, 1 mM teicoplanin aglycone, 2 mM PAP.  1 µl of protein 

was mixed 1:1 with reservoir solution (0.2 M ammonium acetate and 20% w/v PEG 

3350, JCSG, core I-25, Qiagen).  Crystals appeared in 2-3 days and grew to a maximal 

size of 100 µm X 50 µm X 50 µm in approximately 1 week.  These crystals were of an 

irregular chunk-like morphology and had cracks throughout.  Crystals were cryo-

protected by quickly dunking in reservoir solution plus 15% ethylene glycol and were 

flash cooled in liquid nitrogen. 

Teg12-binary crystals were co-crystallized at 4 °C in the presence of 1 mM 

teicoplanin aglycone.  Similar to Teg12-ternary crystallization, the protein was first 

concentrated to 20 mg/ml in protein buffer, then diluted to 10 mg/ml with 50 mM CHES, 

pH 9.1, 2 mM aglycone  (final 0.5X protein buffer, 25 mM CHES, 1 mM teicoplanin 

aglycone).  1 µl of protein solution was mixed with 1 µl of reservoir solution (2.0 M 

sodium formate, 0.1 M sodium acetate, pH 4.6, JCSG core III-85, Qiagen).  Cubic 

crystals grew between 2 and 3 weeks, and were approximately 50 µm X 50 µm X 50 µm.  

Crystals were soaked in 6.0 M sodium formate, 0.1 M sodium acetate, pH 4.6, 1 mM 

teicoplanin aglycone overnight, prior to flash cooling in liquid nitrogen. 
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Data Collection and Structure Solving   

All data sets were reduced and scaled using the HKL2000 package (Otwinowski 

and Minor, 1997).  Data for Teg12-apo crystals were collected at the NSLS, beamline 

X29A.  All but one of the crystals screened diffracted poorly to approximately 4 Å 

resolution.  The crystal from which the 2.91 Å dataset was collected rotated briefly out of 

the cryostream, and thereby had gone through a room temperature annealing cycle of 

several seconds.  Diffraction from this crystal was dramatically improved compared with 

other crystals taken from the same drop.  Data for Teg12-apo was reduced and scaled in 

space group C2221.  Phase information was obtained by molecular replacement using the 

program Phaser and StaL (GenBank accession number AAM80529, PDB code 2OV8), 

devoid of all flexible loops, as the search model (McCoy et al., 2007).  The initial 

molecular replacement model was refined against the Teg12-apo dataset using rigid body 

refinement in Refmac (Murshudov et al., 1997).  Additional features of the map were 

enhanced through density modification, and 2-fold ncs averaging in CNS (Brunger, 2007; 

Brunger et al., 1998).  The model was rebuilt manually using the program Coot (Emsley 

and Cowtan, 2004).  Full restrained refinement was carried out using the 

translation/libration/screw model in Refmac, with the addition of hydrogen atoms, 

converging to a final Rwork and Rfree of 21.96 and 27.19, respectively (Winn et al., 2001).  

NCS restraints were not used during refinement.  The final model comprises residues 1-

129, 136-203, and 251-285 for monomer A, and 1-27, 42-128, 137-210, 247-285 for 

monomer B.  The Teg12-apo model was used as a molecular replacement model for all 

subsequent structures. 
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Teg12-ternary and Teg12-binary data sets were collected at the APS, microfocus 

beamline 24-IDE.  Teg12-ternary data was reduced and scaled in space group P212121.  

Teg12-binary was scaled in space group I212121.  The crystal structure of glycopeptide 

aglycone A-40926 was used as a starting point to generate a restraint definition file for 

teicoplanin aglycone using the program Phenix Elbow (Schafer et al., 1996).  Geometry 

optimization was achieved using the semi-empirical quantum mechanical AM1 method.  

Teg12-binary and Teg12-ternary models were refined using the translation/ 

libration/screw model in Phenix Refine to a final Rwork and Rfree of 17.30 and 22.61, and 

17.12 and 22.47, respectively (Adams et al., 2002).  The final Teg12-binary model 

comprises residues 1-129, 135-216, and 247-285.  The final Teg12-ternary model 

comprises residues 1-215, 220-224, and 231-285 for monomer A, and residues 1-129, 

136-224, and 240-285.  All structures were validated using the Molprobity server from 

the Richardson laboratory at Duke University (Davis et al., 2007). 

 

Site-Directed Mutagenesis   

Teg12 point mutants were generated using the “megaprimer” method, with slight 

modifications (Sarkar and Sommer, 1990).  Oligonucleotide primers were designed for 

each mutant (Table 6.2), and a megaprimer was generated by PCR amplification from the 

Teg12/pET28a construct using the Pfx Accuprime System (Invitrogen), the relevant 

mutant oligonucleotide primer, and either the T7 promoter (for mutations at residues 9-

108) or the T7 terminator (for mutations at residues 167-251) as the second 

oligonucleotide primer, (30 rounds of amplification: 95 °C for 30 s, 55°C for 30 s, 68 °C 

for 30 s).  The full length mutant Teg12 gene was amplified from the Teg12/pET28a 
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construct, using the megaprimer, which then contained the bases that code for the specific 

mutant residue, and either the T7 terminator (for mutations at residues 9-108) or the T7 

promoter (for mutations at residues 167-251) as the second oligonucleotide primer (30 

rounds of amplification: 95 °C for 30 s, 55 °C for 30 s, 68 °C for 80 s).  Full-length 

mutant amplicons were then sequentially digested with BamHI and HindIII, and 

subsequently ligated into BamHI/HindIII doubly digested pET28a.  Ligated constructs 

were transformed into E. coli EC100 (Epicentre), and sequenced to identify successfully 

mutated constructs.  Mutant constructs containing the desired point mutation were then 

transformed into E. coli BL21 (DE3) for protein expression.  

 

Mutant Teg12 Expression and Purification   

Mutant proteins were expressed and purified in a manner similar to the native 

Teg12, except on a reduced scale.  100 mL overnight expression cultures were pelleted 

and resuspended in 4 mL lysis buffer.  After sonication to lyse the cells, the crude lysates 

were centrifuged to remove insoluble material (10 min at 15,000 x g).  The cleared 

lysates were incubated with 100 µl Ni-NTA resin for 15 min.  The slurry was then loaded 

onto a column, allowed to empty by gravity flow, washed with 4 mL lysis buffer, 

followed by a second wash with 4 mL wash buffer.  The protein was eluted by the 

addition of 1.5 mL elution buffer.  All Teg12 mutants used in activity assays appeared to 

be homogeneous by polyacrylamide gel electrophoresis. 
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Teg12 Activity Assays  

All soluble Teg12 mutants were assayed for activity using the teicoplanin 

aglycone as a substrate.  50 µL reactions were run in duplicate, as follows: 15 mM 

HEPES, pH 7.5, 1 mM 3’-phosphoadenosine-5’-phosphosulfate (PAPS), 0.1 mM DTT, 

1.2 mM teicoplanin aglycone (in DMSO), and 500 ng purified protein in elution buffer.  

Reactions were carried out at 30 °C for each of the four time points (10, 15, 20, 25 min), 

followed by heat inactivation at 99 °C for 10 min, and a further 10 min in an ice water 

bath.  Vmax and Km values were determined under the same reaction conditions using the 

teicoplanin aglycone as substrate (5 mM to 100 mM).  25 µL of each reaction was run on 

a Waters analytical HPLC system (C18 (4.6 x 150 mm)).  A linear gradient (1.5 ml/min) 

was run from an initial condition of 95:5 20 mM ammonium acetate:acetonitrile to 70:30 

20 mM ammonium acetate:acetonitrile over twenty minutes.  The area under the UV peak 

(Diode Array, 240 nm-400 nm) was determined for both the monosulfated product and 

the teicoplanin aglycone substrate at each time point. The percent substrate conversion 

for duplicate time points was averaged.  The slope of the graph derived from the four 

time points for Teg12 and each mutant was then determined.  Relative activity of each 

mutant is reported as a percent of the slope for wild-type Teg12.  
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Table 6.1 

 Teg12 apo Teg12 ternary Teg12 binary 
Data collection    

Space group C2221 P212121 I212121 
Cell dimensions    
a, b, c (Å) 79.39, 126.09, 

145.13 
77.12, 78.56, 100.54 66.12, 80.15, 132.94 

α, β, γ (º) 90, 90, 90 90, 90, 90 90, 90, 90 
No. reflections 
(observed/unique) 

55,339/15,372 177,647/38,619 66,588/16,647 

Resolution (Å) 50.00 – 2.93 
(3.03 – 2.93) 

50.00 – 2.05 
(2.12 – 2.05) 

50.00 – 2.28 
(2.36 – 2.28) 

Rmerge/Rsym 0.063 (0.396) 0.084 (0.464) 0.079 (0.542) 
I/σI 19.10 (2.04) 16.43 (2.62) 15.50 (2.17) 
Completeness (%) 95.5 (98.0) 97.7 (96.6) 99.9 (100.0) 
Redundancy 3.6 (3.6) 4.6 (4.6) 4.0 (4.1) 
Refinement    
Resolution (Å) 72.57 – 2.91 32.95 – 2.04 34.32 – 2.27 
No. reflections 14,562 36,951 15,761 
Rwork / Rfree 21.96 / 27.19 17.12 / 22.47 17.30 / 22.61 
No. atoms 3,628 4,820 2,222 
  Protein atoms 3,550 4,247 1,945 
  Ligand/ion 44 233 170 
  Waters 34 340 95 
B factors 36.2 35.7 43.0 
  Protein 35.9 35.6 40.3 
  Ligand/ion 61.7 30.1 69.5 
  Water 39.1 40.5 47.4 
Solvent Content 52.4 40.9 46.5 
Rms bond (Å) 0.014 0.007 0.006 
Rms angle (°) 1.495 1.183 1.038 
Rotamer Outlier 
(%) 

3.6 0.7 1.0 

Ramachandran 
(favored/outlier) 
(%) 

94.6 / 0.6 98.7 / 0.0 100.0 / 0.0 

PDB code 3MGC 3MGB 3MG9 
 

Table 6.1)  Data collection and refinement statistics for the Teg12 structures. 
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Table 6.2 

Mutant Primer (5’-3’) 
S9A GTTTCCAGCCTTTGGATACGCTGCGATCCATCGAATTCC 
K12A CCACGTGTTTCCAGCCGCTGGATACGATGC 
T16A CACCTGACCCACGCGTTTCCAGCCTTTGG 
W17A CAACATGCACCTGACCGCCGTGTTTCCAGC 
K65A CATCGGCCTTGAGGTGCGTCGCCACCAGCACCGGTTC 
H67A CACATCGGCCTTGAGGGCCGTCTTCACCAG 
R90A CATATCCCGCGGGTTCGCCACGAGATAGAG 
S98A GGCCATGCGATCGAGGCGAGCAGCATATC 
R101A TATCGAGGCCATGGCCATCGAGCTGAG 
S106A CTACGTCGTCGCGCGCTATCGAGGCCATGCG 
R107A GCTTTTTTCTACGTCGTCGGCCGATATCGAGGC 
D108A GCTTTTTTCTACGTCGGCGCGCGATATCGAGGCC 
Y167A GTGCTGACGATGCGTGCTGAGGACCTGAAGGGC 
K171A CGTTATGAGGACCTGGCGGGCGATCCGGTCGCACGG 
E206A GCTGCCTCCACGCTGGCGCGGATGCGTGAACTG 
R207A GCTGCCTCCACGCTGGAGGCGATGCGTGAACTG 
E210A GAGCGGATGCGTGCACTGGAGAAACGGAG 
E212A CGGATGCGTGAACTGGCGAAACGG 
K213A CGGATGCGTGAACTGGAGGCACGGAGCGAGCAGCAG 
R214A CGGATGCGTGAACTGGAGAAAGCGAGCGAGCAGCAG 
M232A GGTGATGCGAGAATGGCGAAAGGG 
K233A GATGCGAGAATGATGGCAGGGGG 
G234A GCGAGAATGATGAAAGCGGGACC 
G235A AGAATGATGAAAGGGGCACCTGGTG 
P236A ATGATGAAAGGGGGAGCTGGTGG 
G238A AAAGGGGGACCTGGTGCCGCGAGG 
A239R AAAGGGGGACCTGGTGGCCGGAGG 
R240A GGACCTGGTGGCGCGGCGCCCCAG 
P241A CCTGGTGGCGCGAGGGCCCAGTTC 
Q242A GGTGGCGCGAGGCCCGCGTTCGTG 
R248A CAGTTCGTGGGCGAGGGCGCGTACGACCAGTCCCTG 
Q251A GAGGGCAGGTACGACGCGTCCCTGTCCTTCTTG 

 

Table 6.2)  Oligonucleotide primers for site-directed mutagenesis. 
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Table 6.3 

Catalytic 
or PAP 
binding 

  
Activity 
(%) 

V3 
aglycone 
binding 

  
Activity 
(%) 

Non-V3 
aglycone 
binding 

 Activity 
(%) 

S9A N/A M232A 74 R101A 29 
K12A 0 K233A 79 S106A 92 
T16A 0 G234A 82 R107A 82 
W17A N/A G235A 100 D108A 82 
K65A 61 P236A 73 Y167A N/A 
H67A N/A G238A 56 K171A 69 
H67E N/A A239R 37 E206A 0 
H67Q 0 R240A 48 R207A 79 
R90A N/A P241A 0 E210A 97 
S98A 27 Q242A 64 E212A 26 
    K213A 99 
    R214A 67 
    R248A 196 
    Q251A 41 

 

Table 6.3)  Relative activity of Teg12 mutants.  N/A indicates an insoluble mutant. 
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Figure 7.6)  Teg14 colored according to the groups used for TLS refinement in Phenix.refine.  The groups 

are numbered from 1 to 15 (see the methods section for the residues for each group).  Regions of disorder 

are connected with grey dots, and the number of disordered residues is indicated. 

 

ADP (“optimize wxu”) weights were optimized during the final round of refinement.  

The model converged to a final Rwork and Rfree of 19.55 and 23.56, respectively.  The 

structure was validated using the Molprobity server at Duke University (Davis et al., 

2007), the results of which along with refinement statistics are presented in Table 7.1.  

All figures of the protein model were generated using the program PyMol (Delano 

Scientific LLC, http://www.pymol.org). 

 


