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ABSTRACT: Fungal infections are a present-day medical problem in expansion, yet only a few drugs are used in clinical 
practice. Glucosamine-6-phosphate (GlcN-6-P) synthase (EC 2.6.1.16) is responsible for catalyzing the first committed 
step in the hexosamine biosynthetic pathway, that has as final product uridine 5’-diphosphate-N-acetyl-D-glucosamine 
(UDP-GlcNAc), which controls the enzyme by feedback inhibition and is required for biosynthesis of cell wall precursors. 
GlcN-6-P synthase has been proposed as a promising target for antifungal chemotherapy and antidiabetic type 2 
therapy, since it has also been linked to insulin resistance phenomena. In the partial C. albicans enzyme X-ray crystal 
structure some elements of high mobility are not visible, like the so-called C-tail, in contrast to that obtained for 
Escherichia coli. There is a missing “lock” in the C-tail, when comparing the eukaryotic with the prokaryotic enzyme, 
that may condition the degree of its mobility or susceptibility to mobility changes upon inhibitor binding, causing 
enzyme activity loss. To verify this evidence, a L460A L434R mutant version of GlcN-6-P synthase from C. albicans was 
constructed and characterized. The mutations were successfully constructed in the plasmid pET23b-K568HS569H-
CaGFA1 and transformed into E. coli Top10F’. Mutein overexpression was realized in E. coli Rosetta(DE3)pLysS and 
purified by immobilized metal-ion affinity chromatography, having collected in average 1.232 mg of protein, measured 
by the Bradford method. The total and specific activity achieved were 0.088 ± 0.038 U and 8.351 ± 2.090 U/mg, 
respectively, measured by the Morgan-Elson method, and the mutein constructed was non-sensitive to inhibition by 
UDP-GlcNAc. 

KEYWORDS: antifungal chemotherapy; C-tail; Candida albicans; glucosamine-6-phosphate synthase; mobility changes; 
inhibition by UDP-GlcNAc.  

INTRODUCTION 
Systemic fungal infections and respective mortality, which 
are frequently caused by Candida albicans, are a present-
day medical problem in expansion, wherein only a few 
drugs are being used in clinical practice.1,2 Hence, the 
discovery of new drug targets has become a compelling 
medical demand. Unfortunately, reaching a supportable 
selective toxicity against fungi is a delicate mission, since 
fungi and humans are both eukaryotes. However, one 
aspect where their cells differ is in the presence of a cell 
wall, and thus, potential targets can be found among the 
enzymes belonging to the pathways leading to the 
formation of the cell wall.3,4 Likewise, L-glutamine:D-
fructose-6-phosphate amidotransferase, or generically 
known as glucosamine-6-phosphate (GlcN-6-P) synthase 
(EC 2.6.1.16), is the rate-limiting enzyme of the 
hexosamine biosynthetic pathway, being responsible for 
catalyzing its first and practically irreversible step, 
converting D-fructose-6-phosphate (Fru-6-P) into D-
glucosamine-6-phosphate, using L-glutamine as an amino 
donor (Equation 1).5,6 

𝐷 𝐹𝑟𝑢𝑡𝑜𝑠𝑒 6 𝑃 + 𝐿 𝐺𝑙𝑢𝑡𝑎𝑚𝑖𝑛𝑒 ⟶ 𝐿 𝐺𝑙𝑢𝑡𝑎𝑚𝑎𝑡𝑒 +

𝐷 𝐺𝑙𝑢𝑐𝑜𝑠𝑎𝑚𝑖𝑛𝑒 6 𝑃   (1) 

UDP-GlcNAc, the final product of this pathway, controls 
the enzyme by feedback inhibition and is required for 
biosynthesis of cell wall precursors, such as chitin. Since 
several studies implied that inhibiting chitin production 
leads to lethal effects on fungi cells, and since this enzyme 
catalyzes the first committed step of the pathway, GlcN-
6-P synthase is an indisputable point of metabolic control, 
and so, this it has been proposed as a promising target for 

antifungal chemotherapy.7 Moreover, this enzyme is also 
an attractive target for antidiabetic type 2 therapy, due to 
the insulin resistance phenomena, wherein it is involved 
in the human case.8 
According to its origin, the GlcN-6-P synthases have been 
termed by different nomenclatures. GlmS is used for the 
prokaryotic version of the enzyme, Gfa for the fungal 
version, whereas Gfat is its mammalian version. In detail, 
for C. albicans, the enzyme is known by Gfa1.9 
Each constituent monomer contains the glutaminase 
amidohydrolase (GAT) domain, which deals with L-
glutamine binding and hydrolysis, and the ketose/aldose 
isomerase (ISOM) domain, which oversees Fru-6-P 
binding, catalyzing its amination and isomerization.10 The 
only way of transporting the ammonia from the GAT 
domain to the ISOM domain is by creating an 
intramolecular channel.11 
Statistical analyzes point to a 35 to 55% of sequence 
identity between the bacterial and the enzymes from 
higher organisms.9 But one significant difference is based 
on their secondary structure, regarding the fact that 
prokaryotic enzymes are homodimers, with each 
monomer containing the two domains, while the 
eukaryotic version is homotetrameric, being described as 
a “dimer of dimers”, wherein each dimer structure 
resembles the one of GlmS.9 Since the dimeric prokaryotic 
enzyme is not inhibited by UDP-GlcNAc, the inhibitor 
binding site appears to be a unique feature of the 
tetrameric eukaryotic GlcN-6-P synthase.5 
Physiological and therapeutic significance of the enzyme 
serve as a boost for tangible applications, such as the 
rational design of enzyme inhibitors for potential drugs. 
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Although the prokaryotic enzyme has been extensively 
studied, mainly in E. coli, investigations of the eukaryotic 
enzyme are limited so far, largely due to the fact that it is 
an unstable protein and because until recently its 
purification was inefficient, delaying its investigation.12 
And until today, in contrary with the obtained for GlmS, 
only one of the domains was solved by X-ray crystal 
structure, the isomerase domain, and still some elements 
of high mobility are not visible on it, like the so-called C-
tail.13 
This element, which consists in the last 12 amino acids of 
the C-terminal enzyme, is involved in the Fru-6-P binding 
and constitutes the majority of the ammonia channel. It 
has been postulated that at the moment of the inhibitor 
binding, its rigidification may cause the interruption of the 
intercommunication between the two domains and thus 
provoke a loss of activity.14 In GlmS, the C-tail becomes 
ordered upon sugar ligation, due to the formation of 
bonds in the extremities of the tail, generating a “lock”. 
But this conformational change is not visible on the crystal 
of Gfa1, wherein the C-tail does not become ordered 
enough, due to the lack of a lock in the C-terminal of the 
C-tail.14 
Therefore, the aim of the present project is based on the 
construction and characterization of the L460A L434R 
mutant version of Gfa1, by mimicking a more prokaryotic 
version of this enzyme and creating the missing lock with 
the mutation L434R. However, an auxiliary mutation must 
be executed in first place, L460A, in order to remove the 
steric hindrance caused by the introduction of the more 
bulk residue, when comparing R to L. The reason behind 
the chosen location was due to the proximity of 460 and 
434 residues in the 3D structure, and Ala434 would 
correspond to the Ala357 residue in the prokaryotic GlcN-
6-P synthase (A: Alanine; L: Leucine; R: Arginine). The goal 
was to investigate and shed light on the understanding of 
the significance of the influence of mobility changes 
regarding enzyme activity and inhibition by UDP-GlcNAc. 
 
MATERIALS AND METHODS 
Bacterial strains and growth media 
Escherichia coli TOP10 F′ competent cells from Invitrogen 
(F´ {lacIq, Tn10(TetR)} mcrA Δ(mrr-hsdRMS-mcrBC) 
φ80lacZΔM15 ΔlacX74 recA1 araD139 Δ(ara leu) 
7697 galU galK rpsL (StrR) endA1 nupG) were used for all 
cloning procedures. For GlcN-6-P synthase 
overexpression, two strains from Novagen were tested, E. 
coli BL21(DE3)pLysS (F- ompT hsdSB (rB

- mB
-) gal dcm (DE3) 

pLysS (CamR)) and E.coli Rosetta(DE3)pLysS, (F- ompT 
hsdSB (rB

- mB
-) gal dcm lacY1 (DE3) pLysSRARE (CmR)). E. 

coli were cultured at 37 ⁰C incubation on Luria-Bertani (LB) 
solid medium [1% (w/v) NaCl, 1% (w/v) peptone, 0.5% 
(w/v) yeast extract and 1.5% (w/v) agar] and in LB liquid 
medium [1% (w/v) NaCl, 1% (w/v) peptone and 0.5% (w/v) 
yeast extract], supplemented with 0.1 mg/ml of ampicillin. 
 
 
 

Plasmid 
The pET23b-K568HS569H plasmid with Gfa1 gene 
encoding C. albicans GlcN-6-P synthase was from the 
Department of Microbiology, Gdańsk University of 
Technology. 
 
DNA manipulation 
Transformation procedures occurred according to the 
standard heat shock method.15 DNA plasmids isolation 
was carried out according to the protocol of GenElute 
Plasmid Miniprep Kit (Sigma), with 50 µL as final volume.16 
Further DNA concentration was determined by 
spectrophotometry in a Nano-drop equipment (BioSpec-
nano, Life Science), as well as, the DNA OD ratio at a 
wavelength of 260 nm and 280 nm (OD260/280).  
 
Construction of expression plasmids 
The Gfa1 gene was amplified from the plasmids by 
polymerase chain reaction (PCR) with two primers 
phosphorylated at the 5′ ends, with the polymerase 
Phusion Flash High-Fidelity PCR Master Mix (Thermo 
Scientific). The primer sequences used in PCR 
amplifications are summarized in Table 1. 

 
Table 1 - Oligonucleotides used for PCR amplification of the 
genes encoding the required mutations of C. albicans GlcN-6-P 
synthase. Codons and nucleotides introducing mutations are 
underlined. 

Required 
mutation 

Primer sequences 

1st 
mutation: 

L460A 

Gfa1_460for: 
5’-Pho-GGCTTTACAATATTGTTTGGAAAGAGGAG 

Gfa1_460rev: 
5’-Pho-GCAATGGAGTCGGCAGTTTCACC 

2nd 
mutation: 

L434R 

Gfa1_434for: 
5’-Pho-
CGGGATAGAAGATCTCCAGTTTTCAGAGATG 

Gfa1_434rev: 
5’-Pho-
GAAATCAGAAGCTAATTCAACCGAAACGGG 

 
Digestion of the products was followed by the enzyme 
DpnI, with the intention of eliminating the template 
DNA.17 
To determinate if the PCR products had the correct 
weight, an agarose gel electrophoresis was set up, with a 
DNA marker with a range from 10 000 to 200 bp, from 
Blirt.18 A standard protocol of 120 Volts for 30 minutes 
was run, and 60 Volts during 1 hour was used for the gel-
out protocol.19 DNA fragments were isolated from the 
agarose gel following the standard procedure of DNA Gel 
Extraction kit (Sigma).20 The equipment used to 
photograph and analyze the electrophoresis gels are 
BioRad System Geldoc XR+ and Image LabTM Software, 
respectively.  
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Products were ligated with T4 DNA Ligase (Termo 
Scientific), giving the recombinant pET23b-K568HS569H - 
L460A and pET23b-K568HS569H - L460A L434R plasmids.  
The identification of the resulting plasmids with the 
required mutations was confirmed by DNA sequencing 
(Genomed).21 
 
Protein expression and purification 
An overexpression optimization was made, regarding 3 
parameters: strain (E. coli BL21(DE3)pLysS and E.coli 
Rosetta(DE3)pLysS), optical density (OD) (0.4, 0.5 and 0.6) 
and culture conditions (temperature and time). 
After optimization results, for a large scale 
overexpression, E. coli Rosetta(DE3)pLysS cells harbouring 
the pETGfa1 K568HS569H - L460A L434R plasmid were 
cultured at 37 ᵒC in 800 mL of LB medium supplemented 
with 0.1 mg/mL of ampicillin to reach OD600 = 0.5, followed 
by induction with 0.5 mM of isopropyl β-D-1-
thiogalactopyranoside (IPTG) and further overnight 
incubation. 
Cells were harvested by centrifugation (4000 rpm, 20 min, 
4 o C), the bacterial pellet was suspended in 10 mL of buffer 
A, and the cells were disrupted by sonication on ice 
(Branson sonifier 250). The total lysate was further 
centrifuged (10000 rpm, 20 min, 4 ᵒC). The supernatant 
was loaded on a HisTrap FF 5 mL column charged Ni2+ (GE 
Healthcare), and equilibrated with buffer B, beginning the 
purification of histidine-tagged recombinant proteins by 
immobilized metal-ion affinity chromatograph (IMAC). 
Afterward, the column was washed with 5 column 
volumes of buffer B, and subsequently, the elution run 
with buffer C (0.5-1 mL/min). Target enzyme fractions 
were collected and concentrated by ultrafiltration using 
the Vivaspin concentrators, 30 kDa cutoff limit 
(VivaScience) at 4500 rpm for 10 minutes, and the buffer 
was exchanged for buffer D using HiTrap™ Desalting 
Columns (GE Healthcare).  
The buffers mentioned previously are described as follow. 
Buffer A: 20 mM Tris-HCl, pH 8.5, 300 mM NaCl, 5 mM 
imidazole, 1% (v/v) Tween 20, 1 mM 
phenylmethylsulfonyl fluoride (PMSF); Buffer B: 20 mM 
Tris-HCl, pH 8.5, 300 mM NaCl, 5 mM imidazole, 1% (v/v) 
Tween 20; Buffer C: 20mM Tris-HCl, pH 8.5, 300 mM NaCl, 
500 mM imidazole; Buffer D: 25 mM KH2PO4/K2HPO4, 1 
mM ethylenediaminetetraacetic acid (EDTA), 1 mM 
dithiothreitol (DTT), 0.5 mM phenylmethylsulfonyl 
fluoride (PMSF) pH 6.9. 
 
Protein concentration and molecular mass 
determination 
Protein concentration was determined by the Bradford 
method.22 For molecular mass determination, sodium 
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-
PAGE) was executed by the Laemmli method, with 200 V 
for 50 min, with a 12% separating gel and a 5% stacking 
gel.23 
 
 

Determination of GlcN-6-P synthase activity 
The determination of GlcN-6-P synthase activity was 
realized by Elson-Morgan method, based on the 
quantification of product formed, GlcN-6-P.24 A standard 
incubation mixture of 400 µL as a total, carried 100 mM of 
Fru-6-P, 100 mM of L-glutamine and the buffer composed 
by 25 mM of KH2PO4/K2HPO4, 1 mM of EDTA and 1 mM of 
DTT, pH 6.9. Different and appropriated enzyme dilutions 
were added to the mixture, as well as, UDP-GlcNAc. 
Additionally, positive and negative controls were inserted 
in the experiments, respectively, a sample only with 
phosphate buffer and 1 mM of product, GlcN-6-P, and a 
sample without inhibitor as a negative control in the case 
of the inhibition tests. One unit of specific activity (U) was 
defined as the amount of enzyme which catalyzed the 
formation of 1 µmol GlcN-6-P min-1 mg protein-1. 
The reaction was started by a 37 ᵒC incubation for 30 min, 
and stopped by heating at 100 ᵒC for 1 min. Next, 200 µL 
of saturated NaHCO3 and 100 µL of acetone solution with 
10% (v/v) of acetate anhydride were added, with further 
incubation at room temperature for 3 min. The 
acetylation was terminated by a 100 ᵒC incubation for 3 
min. The assay continued with the addition of 200 µL of 
0.8 M of K2B4O7, pH 9.2, and one more incubation at 100 
ᵒC during 3 min. Lastly, 5 mL of Elson-Morgan reagent was 
added to the reaction mixture and its incubation lasted for 
20 min at 37 ᵒC. The Elson-Morgan reagent consisted of 1 
g of 4-dimethyl-aminobenzaldehyde (ADAB) per 100 mL of 
glacial acetic acid and 1.25 mL concentrated HCl.  
 
RESULTS AND DISCUSSION 
Verification of correctness of plasmid construction 
PCR optimization was realized, regarding different 
annealing temperatures, and analyzed by agarose gel 
electrophoresis. The plasmids have 5772 bp, and so, it 
should appear between the 6000 and 5000 bp bands of 
the DNA marker, namely the third and fourth bands from 
the top. In Figure 1, relative to the first mutagenesis, 
L460A, both products had the correct weight, 
nevertheless, the product from the higher temperature 
was chosen to continue the project, due to its lower 
amount of unspecific products.  
 
 
 
 
 
 
 
 
 
 
 
Figure 1 - Agarose gel electrophoresis for testing annealing 
temperatures regarding the first mutagenesis, L460A. Legend: 
1 - PCR product with 58 ᵒC as annealing temperature; 2 - PCR 
product with 60.2 ᵒC as annealing temperature; 3 - DNA ladder 
(represented from 10000 to 200 bp). 
 

1     2     3 
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Figure 2 corresponds to the second mutagenesis. The 
annealing temperature input was the one calculated by 
the supplier indications (63 ᵒC), since the information 
given was correct in the first mutagenesis, and no 
optimization was necessary.   
 
 
 
 
 
 
 
 
 
 
 
Figure 2 - Agarose gel electrophoresis regarding the second 
mutagenesis, L434R. Legend: 1 and 2 - PCR products after DnpI 
digestion, extracted by gel-out, to not compromise the working 
DNA; 3 - DNA ladder (represented from 10000 to 200 bp); 4 and 
5 - PCR products right after the PCR, without digestion, (to 
validate if the weight of the PCR products extracted was 
precise). 
 

DNA sequencing 
After receiving the Genomed laboratory results related to 
the  plasmids constructed and using the Basic Local 
Alignment Search Tool (BLAST) to compare it with the DNA 
template, it was concluded that the required mutations 
were indeed introduced.25 
Regarding the first mutagenesis, the BLAST analysis 
output was 96% of identity and 89% of coverage, while for 
the second mutagenesis was 96% of identity and 98% of 
coverage. 
 
Protein overexpression 
In the protein overexpression optimization, E. coli 
Rosetta(DE3)pLysS cells reaching an OD of 0.5 
demonstrated to produce the bigger amount of enzyme, 
visible by the higher density bands obtained in the SDS-
PAGE gel (data not shown). Usually, E. coli BL21(DE3)pLysS 
cells are the most widely used host for targeting gene 
expression, but in some cases, it does not work. The 
reason why E. coli Rosetta(DE3)pLysS cells proved to have 
a higher protein expression is based on the feature that 
this strain is designed to enhance the expression of 
eukaryotic proteins that contain codons rarely used in E. 
coli, by increasing the level of rare tRNA within the host. 
This means, it provides a rare codon supplementation, 
that was indeed necessary in this mutant case. 
Further, the enzyme was purified by IMAC, and its elution 
profile is shown in Figure 3. The protein elution was made 
with approximately 20.9% of elution buffer, estimating an 
elution with 104.5 mM of imidazole. 
It must be enlightened that the host cells that carried the 
overexpression of Gfa1 are E. coli cells, and thus contain 
their own GlcN-6-P synthase, that also possesses an 
hexaHis 3D microdomain in its structure. This might 
contaminate the final solution product, due to the fact 

that the host oligoHis are assumed to bind to the IMAC 
resin as well. However, due to the IPTG system, it is 
assumed that the content of WT GlmS in the extract is 
significantly lower when compared with the 
overexpressed Gfa1 mutant. This suggestion was proved 
by the authors that constructed the working plasmid 
previously, wherein it was also observed that, with the 
same purification steps, buffers, type, etc, the GlmS 
enzyme was eluted from the column in a very different 
imidazole concentration, rather than the muteins, with a 
difference of approximately 150 mM.12 Hence, it is 
assumed that the affinity of the bacterial WT GlcN-6-P 
synthase to the Ni2+ resin is sufficiently lower than the one 
of Gfa1, being able to separate the former from the bulk 
oligoHis in study. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3 - IMAC graphic for protein purification, obtained from 
Unicorn software. After the sample injection and further wash, 
the protein elution is represented by the small second peak. 
The blue line is the absorbance at 280 nm and the green line is 
the imidazole gradient. 

 
SDS-PAGE analysis 
A new SDS-PAGE electrophoresis was run with the intent 
of analyzing the purification samples, illustrated in Figure 
4. 
 
 
 
 
 
 
 
 
 
 
 
Figure 4 - SDS-PAGE electrophoresis gel from purification 
results. Legend: RS - E. coli Rosetta(DE3)pLysS cells; BL - E. coli 
BL21(DE3)pLysS cells. 1 - RS0.5 large scale overexpression (this 
sample was not considered in the project, the overexpression 
did not correspond to the expected); 2 - RS0.5 large scale 
overexpression; 3 - sample of waste/other proteins collect 
after elution; 4 - sample after buffers exchange at the end of 
purification procedure; 5 - sample of elution protein/purified 
protein; 6 - sample before purification; 7 - protein ladder 
(represented from 250 to 15 kDa). 

 
By a densitometric analysis, it was estimated that the 
protein was 12% of the fraction for the overexpression 

1       2       3        4        5 

1     2      3      4      5      6       7 
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sample, and approximately 30% of the fraction for the 
purified sample, represented by the 2nd and 5th line on the 
figure above, respectively, which consists in an indicator 
of a good purity yield. A big difference is also observed in 
the 6th line, the sample before purification, and the 
following purified sample, represented by the 5th line, in 
which the former contains a lot of proteins with all kinds 
of MWs, while the latter contains much fewer protein 
bands in comparison. 
However, it is important to mention that, the samples 
after purification, especially the 5th but also the 4th line, do 
not appear to be totally purified, since they present 
multiple protein bands, with a wide range of MWs. 
Besides the band correspondent to the target protein, 
another protein is well visualized with a dense band, 
although less intense than the former, with a denatured 
MW around 45 kDa. This event can be related to several 
possible conditions. As an example, a partial degradation 
of the tagged protein by proteases might have occurred. 
Although a protease inhibitor was added to the 
procedure, perhaps its concentration was insufficient. 
Aside from that fact, contaminants may have a high 
affinity for nickel ions, and an imidazole optimization 
could have helped in this situation, determining a more 
suitable concentration for binding and wash. Likewise, a 
shallow imidazole gradient, that is, using more column 
volumes, could separate the proteins with identical 
binding affinities. Beyond that, the impurities can also be 
associated with the tagged proteins, and in this case, 
considering detergents and/or reducing agents may turn 
out in a better-quality purification. Even though Tween 20 
was added in 1% (v/v) before and after initiating the 
sonication step (on the purification protocol), an increase 
of the detergent level could have been used to avoid this 
occurrence. The use of glycerol in the washing buffer 
could have been taken into consideration, since it 
promotes the disruption of nonspecific interactions. 
Moreover, the active fractions were collected at the end 
of the IMAC and concentrated by ultrafiltration with a 30 
kDa cutoff limit. It should be noticed that this procedure 
can be well visualized in the part correspondent to a lower 
MW. This part, the last 3 bands of the protein ladder, 
namely, 35, 25 and 15 kDa, contains fewer bands when 
compared with the part correspondent to a higher MW, 
where more contaminants bands can be observed (5th 

line). 
Notwithstanding, the difference from the 5th to 4th lines 
consists in the buffers exchange with the HiTrap™ 
desalting column, with, as one of the intentions, removing 
low molecular weight contaminants. But the effect does 
not appear to be efficient, since no substantial differences 
can be observed. 
Regarding the 3rd line, the sample of waste/other proteins 
collect after elution, it shows that a portion of the target 
protein was eluted after its peak on the chromatography, 
affecting the purification yield. When this phenomenon 
happens, it can mean that the buffer/sample composition 
is incorrect, wherein special attention should be focused 

on the strong reducing or chelating agents, ensuring that 
they are not present in a too elevated concentration. Once 
more, imidazole concentration optimization could have 
reduced this event. 
Furthermore, knowing the supposed molecular weight 
(MW) of the mutein, 79.33 kDa, the respective standard 
deviation (SD) relative to the main samples was calculated 
from this value and the one given by the standard curve 
of the SDS-page (data not shown). The values are 
presented in Table 2, wherein the MW are related to 
denaturing conditions, and the mutein MW was 
calculated based on its amino acid sequence, according to 
ProtParam tool.26 
 
 Table 2 - Mutated GlcN-6-P synthase molecular weight and 
respective standard deviation for the relevant samples of the 
project. Numeration follows the same represented in Figure 4. 

Sample MW (kDa) SD 

 4 - After buffers exchange 79.76 0.304 

5 - Purified protein 80.35 0.721 

6 - Before purification 80.35 0.721 

 

The similar MW, obtained between the measured bands 
and the target value, is clearly observed by the small 
standard deviation, regardless from the deviated bands 
composing the protein ladder in Figure 4. The relevant 
bands were well aligned, had been straightened up with 
the help of extra time in the electrophoresis protocol. 
 
Determination of mutated GlcN-6-P synthase activity 
In Table 3 is represented some values used to characterize 
the mutein. 
 
Table 3 - Average protein mass obtained (from 3 attempts) and 
mean of mutated GlcN-6-P synthase activity results and 
respective mean SD ((from 5 attempts). 

 
It seemed that the method used for concentration 
determination is suitable for this protein, appearing to be 
precise, since the same mass was obtained for both, 
purified sample and with exchanged buffers, which is in 
line with what is expected. Nonetheless, when comparing 
the average concentration of the purified and waste 
samples, there was still 21.5% of protein being eluted 
after its chromatographic peak. 
Bradford method is the ideal technique to be applied for 
these determinations, due to the similar response that 
both proteins, enzyme and bovine serum albumin (BSA) 
(standard protein of the method), should present to 
Bradford reagent. First, the content of positively charged 
residues creating complexes with Bradford reagent and 
the protein charged are almost identical, since BSA 
contains 14% of positively charged residues and WT C. 
albicans GlcN-6-P synthase has 11% (although the value 

Protein mass 
(mg) 

Total activity 
(U) 

Specific activity 
(U/mg) 

1.232 0.088 ± 0.038 8.351 ± 2.090 
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mentioned is related to the WT enzyme, the two 
mutations realized do not change this number 
significantly).27 Secondly, the isoelectric point (pI) of the 
mutein, calculated based on the enzyme amino acid 
composition, is 5.6, while for BSA is 5.76, showing again a 
lot of similarity.28 
It can be concluded that the values were not as high as 
they could be, but since an optimization was not 
performed in the purification step, it is understandable 
that they did not reach such a high level. The fact that the 
purified sample still contained some impurities should 
also be pointed out here, since those contaminants can 
influence the mutein activity. 
It is important to refer that the properties of the mutein 
should mimic the properties of the WT enzyme as close as 
it can be achieved. Otherwise, the study cannot be 
validated, and the further inhibition assays would be 
compromised.   
 
Analysis of UDP-GlcNAc effects in the mutein  
The activity outcome in the mutein provoked by UDP-
GlcNAc was analyzed for the purified samples, by the 
Elson-Morgan method. The results can be observed in 
Figure 5, wherein it was established 0 mM of inhibitor 
concentration as 100% of enzyme activity. The data 
provided comes from 4 attempts. 

Figure 5 - Results of inhibition by UDP-GlcNAc represented as a 
percentage of the mutated GlcN-6-P synthase activity. The 
tested concentrations were 0, 0.2, 0.5, 1, 2, 3, 4, 6, 8 and 10 
mM, depending on the assay. It was established 0 mM of 
inhibitor concentration as 100% of enzyme activity. Error bars 
correspond to SD values. 

 
It is clearly visible that the constructed L460A L434R 
mutant version of GlcN-6-P synthase from C. albicans was 
not inhibited by UDP-GlcNAc, since the activity values did 
not go below 100%, while the inhibitor concentration was 
increasing, and thus, the graphics do not present the 
typical representative appearance of an inhibition assay.  
For such representation to be delineated, the percentage 
of activity would decrease with a significant slope, 
reaching a point where it would then stabilize. Rather than 
that, the values appear to be independent of the inhibitor 
concentration, according to the error bars.     

Unfortunately, according to the error bars, the results 
exhibit an extremely high variability, and correcting 
measures needed to be made in order to decrease these 
exaggerated standard deviations. Several reasons were 
hypothesized for the occurrence of this event. 
Firstly, it was noticed that the problem could be related 
with the fact that the enzyme solution, in a short period 
of time, started to appear less clear, whiter, which could 
indicate enzyme precipitation. This way, when using the 
pipet, a big portion of the enzyme could have been taken 
from the solution, or a small amount of it could have been 
taken from the same solution, for the same assay. To 
prove if this was indeed the case, in one the assays, it was 
made a double check for each concentration tested. The 
results concluded that, for 2 of the 5 concentrations, the 
values differed drastically (data not shown). These results 
exclude the option of a spectrophotometer malfunction.  
Thus, the precipitation problem was assigned to fact that 
the buffer, where the enzyme was being stored, would be 
inadequate. However, the estimated pI for the enzyme is 
5.6 and it is known that the minimum of solubility for 
proteins is reached in buffers with the same value for pH 
as the protein’s pI, and the further the buffer pH goes, the 
less soluble the protein becomes. Therefore, since the 
phosphate buffer used to store the enzyme, exchanged at 
the end of the purification procedure, has a pH of 6.9, the 
enzyme should not have such low solubility in this buffer. 
Albeit, during the whole purification protocol, the enzyme 
is in a buffer with a pH of 8.5, and perhaps it can be 
sensitive to the rapid change of buffers. Because the 
project is based on a mutated enzyme, every hypothesis 
should be taken into consideration. In addition, it should 
be mentioned that the contaminating proteins observed 
in the SDS-page could also influence the precipitation 
complication.   
Thereby, due to this issue that was turning the inhibition 
values extremely discrepant, changes in the protocol were 
performed. The inhibition determination assay did not 
suffer any modification, but after the IMAC the exchange 
of buffers did not take place, and consequently, the 
enzyme stayed in a buffer with a higher pH (8.5) increasing 
its solubility, and without suffering any sudden pH change. 
This means that, regarding the method nomenclature, 
there was no exchange to the buffer D, and the 
purification finished with the enzyme on buffer C. 
On the other hand, one more alteration was realized, with 
the intent of verifying if there was no inhibition effect for 
sure. Studying the effect of inhibition by UDP-GlcNAc 
together with structurally related sugar phosphates, 
revealed that the presence of glucose-6-phosphate (Glu-
6-P) showed a strong negative cooperativity, with a Hill 
constant of 0.54. Specifically, this parameter provides a 
measure of the cooperativity of substrate binding to an 
enzyme. In comparison with mannose-6-phosphate and 
glucose-1-phosphate, as the other sugar phosphates 
analyzed, no enhanced sensitivity and affinity to UDP-
GlcNAc were observed. With a pure Gfa1, it was thus 
proved the occurrence of this modulation of enzyme 
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sensitivity, being Glc-6-P concentration-dependent. Plus, 
the presence of the specific effector demonstrated a 
noncompetitive behavior in respect to both Fru-6-P and 
Gln. Besides, the molecular basis under this phenomenon 
and the location of a possible binding site are unknown 
yet.29 
Furthermore, it can be assumed that whether with an 
increase of inhibition sensitivity, the tests would present 
the same results, without no visible inhibition, it would 
give emphasis to the fact that there was no inhibition 
unequivocally. 
Likewise, the mentioned alterations on the protocol were 
realized. In first place, the exchange of buffers after 
purification was not performed, and secondly, 10 mM of 
Glu-6-P was added to the samples during the Morgan-
Elson method for inhibition determination. Some assays 
were also executed without the second protocol 
modification, for comparison of the inhibition with and 
without the effector action. The results of these changes 
were monitored and are presented in Figure 6, coming 
from 3 attempts. 

Figure 6 - Results of inhibition by UDP-GlcNAc represented as a 
percentage of the mutated GlcN-6-P synthase activity, in the 
presence or absence of 10 mM of Glu-6-P. The tested 
concentrations were 0, 1, 3, 6 and 10 mM. It was established 0 
mM of inhibitor concentration as 100% of enzyme activity. 
Error bars correspond to SD values. 

 
The biggest difference between the latter and the former 
assay is related to the value disparities. In detail, for the 
different inhibitor concentrations tested, according to the 
former assay the maximum SD value obtained was 107.4% 
for 8 mM, while the minimum was 22.4% for 0.5 mM. 
However, for the latter assay, the maximum SD value, in 
the presence of Glu-6-P, was 32.7% for 10 mM of inhibitor, 
and the minimum was 13.8% for 1 mM. In the case of Glu-
6-P absence, the maximum and minimum was, 
respectively, 30.7% for 6 mM and 10.7% for 1 mM UDP-
GlcNAc. Therefore, it can be surely affirmed that the 
alteration suggested, the maintenance of the enzyme in 
the pH 8.5 buffer, was indeed a good option for solving 
the precipitation problem, showing promising advantages 
and improvements in the study. As suggested by the SD 

values, also visible by the error bars in Figure 6, the 
discrepancy in the results was still present, suggesting that 
even more optimization is required, although the 
disparities were not so strongly noticed as before. 
For both results, with or without protocol changes, the SD 
values do not seem to increase linearly with the inhibitor 
concentration.   
It must be emphasized that regardless the buffer change 
and enhanced study performance, the impurities 
previously discussed can still be influencing these results, 
since that this optimization does not interfere with that 
factor.  
Moreover, based on the same reasons previously 
referred, no inhibition results are observed for this case 
too. This confirmation can be guaranteed by the fact that, 
even together with the Glu-6-P effector, that modulates 
and increases UDP-GlcNAc sensitivity, the activity results 
do not show a different nature. The activity percentage 
does not present any signs of variance, being always near 
the initial value (100% for 0 mM of UDP-GlcNAc), for both 
cases, presence or absence of Glu-6-P. For instance, for 
this case, the activity result furthest from 100% was 
observed for 3 mM of inhibitor, with a value of 116.1% in 
the absence of Glu-6-P, and 115.7% for 6 mM 
concentration in the presence of the effector. This 
outcome is markedly contrasting with the previous 
findings, where the most distant value from 100% of 
activity was 224.7%, for a UDP-GlcNAc concentration of 8 
mM. 
Thereby, one may conclude that these two changes on the 
protocol, not executing the change on the buffers and the 
addition of the effector Glu-6-P, beneficiate the study by 
decreasing the activity values discrepancies and ensuring 
unequivocally the absence of inhibition by UDP-GlcNAc, 
respectively. 
It is also important to mention that, if there was inhibition, 
it would be possible to take out an IC50 value from it. This 
parameter is a measure of the effectiveness of a 
substance in inhibiting a specific biological function and, 
in this case, it quantifies how much UDP-GlcNAc is 
required to inhibit the enzyme activity by half, 50%. In 
addition, KI is equal to IC50 under noncompetitive kinetic 
conditions, such as observed for Gfa1 for both substrates. 
Some examples of this value can be mentioned regarding 
the literature on the basis of this project. For instance, the 
overexpression of the pET23b-Gfa1-K568HS569H plasmid 
in E. coli was described to have an IC50 of 2.0 ± 0.4 mM, 
whereas in the same study, the WT Gfa1 presented an IC50 
of 1.55 ± 0.25 mM.12 Other studies, while exploring the 
inhibition effects for the WT Gfa1 overexpressed in S. 
cerevisiae, reported a value of 0.67 mM. 7,29 All these 
mentioned values are referred to the inhibition action 
together with 10 mM of Glu-6-P. Without this addition, 
WT Gfa1 overexpressed in S. cerevisiae was described to 
possess an IC50 higher than 5 mM.29 
Above all, the hypothesis under the fact that prokaryotic 
GlcN-6-P synthase is not inhibited by UDP-GlcNAc, can be 
correlated with its primary structure. The eukaryotic 
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enzyme possesses a specific UDP-GlcNAc binding site, 
different from the active site. Since the prokaryotic, 
dimeric enzyme, is not inhibited by UDP-GlcNAc, the UDP-
GlcNAc binding site seems to be a unique feature of the 
tetrameric GlcN-6-P synthase. It is also known that the 
UDP-GlcNAc binding pocket is built on the residues 381-
388, 474, 476, 484 and 487-492. In C. albicans, Gly474 and 
Gly490, that shape the binding pocket of UDP-GlcNAc, are 
replaced by alanines in GlmS, respectively Ala372 and 
Ala388. The hGfa1 also contains glycines in the same 
locations, namely Gly445 and Gly461. The rigidity of the 
alanines, together with its largeness, would not allow 
UDP-GlcNAc binding to GlmS. Specifically for the first 
mentioned residue, the steric hindrance of the alanine 
methyl moiety creates an obstacle to UDP-GlcNAc 
binding. For the second residue difference, it can be 
estimated that the alanine methyl group fills the space 
supposed to belong to the binding pocket of the UDP-
GlcNAc uridine ring in Gfa1, and the rigidity of alanine 
main chain, set side by side with the glycine flexibility, 
provokes the Ala388 Cα to buckle into the pocket by 
around 1.5 Å.9,13  Point mutations were already realized on 
these residues replacing them by alanines, with hGfa1, 
wherein that mutein demonstrated to be non-sensitive to 
UDP-GlcNAc (up to 600 mM), validating this hypothesis 
and the fact that the residues are indeed involved in 
inhibition by UDP-GlcNAc. Since the residues are 
conserved in eukaryotic Glc-6-P synthase, the equivalent 
can be affirmed for Gfa1.10 
Besides, the loop formed by the residues 381-388 on the 
eukaryotic enzyme, binds together the phosphate and the 
ribose ring of UDP-GlcNAc, demonstrating a very distinct 
conformation in the other version. The difference on this 
fragment structure between Gfa1 and GlmS is based on 
the fact that, in the eight amino acid long fragment, there 
are two glycine residues, Gly383 and Gly384, while in E. 
coli there is one glycine and one proline.9,13  
Taking into consideration the goal of the project, one may 
conclude that the construction and the characterization of 
the L460A L434R mutant version of GlcN-6-P synthase 
from C. albicans, and consequent mimicking of a more 
prokaryotic version of this enzyme, were both successful. 
Since the mimicking was based on a prokaryotic version of 
the enzyme, it was crucial to analyze the GlmS and make 
the necessary comparisons along the project as well. 
However, besides the high identity between Gfa1 and 
GlmS, the latter has been more studied through the years, 
the mobility problems on the C-tail are absent, and it is 
not regulated at the post-translational level by UDP-
GlcNAc. Moreover, the aim of the study was to investigate 
and shed light on the understanding of the significance of 
the influence of mobility changes regarding enzyme 
activity and inhibition by UDP-GlcNAc.  
Regarding the inhibition hypothesis, it is focused on the 
disruption of the interdomain signaling, rather than 
alterations in any of the domains. Besides, it is known that 
the inhibitor binding does not influence isomerase activity 
in the ISOM domain, but it does influence negatively the 

glutaminase activity of the GAT domain, and, as 
repercussion, the overall reaction and production of the 
end product, GlcN-6-P.10 
The C-tail contributes to the Fru-6-P binding site and to 
the catalytic mechanism with Lys707, besides covering the 
Fru-6-P binding site like a lid after its binding, protecting 
the intermediate compound from the solvent. 
Furthermore, it is an important element of the ammonia 
channel, forming its majority and being involved in its 
signaling, and consequently, any alterations of its mobility 
must interfere with the interdomain communication. If 
this interdomain communication does not occur, the 
ammonia formed in the GAT domain does not reach the 
ISOM domain where it is supposed to substitute the 
hydroxyl group of the Fru-6-P and cause further synthase 
activity. 
Therefore, since the stability of the Fru-6-P pocket is vital, 
it is postulated that mobility changes induced by inhibitor 
UDP-GlcNAc binding, can strongly interfere and interrupt 
the bonding between the ligand and the active site and 
interdomain signal transferring, provoking the enzyme 
activity loss, wherein the rigidification of the C-tail has a 
great emphasis.  
Because the mobility of Gfa1 C-tail is greater than the one 
presented by GlmS C-tail, or in other words, less ordered, 
due to the lack of the lock in the C-tail extremity on its C-
terminal, the inhibition upon mobility changes was 
studied by creating this lock artificially. Likewise, the C-tail 
suffered rigidification on both extremities, while its inner 
part was mobile.    
For all these reasons, since the results showed an absence 
of inhibition by UDP-GlcNAc, it is an indication that the 
amino acid 434, the target mutation, that does not belong 
to any of the ligand binding pockets, is indeed deeply 
connected with the existence of such phenomenon. The 
mutation turned the C-tail less mobile, such as the 
prokaryotic one, and furthermore, it proved that the lock 
of the C-tail condition its degree of mobility and its 
susceptibility to mobility changes upon the inhibitor 
binding, validating the theoretical hypothesis. In sum, it is 
due to such mobility capacities upon binding of UDP-
GlcNAc, that the enzymatic reaction is stopped. If the 
results of this project had shown inhibition effects, it 
would indicate that the inhibition hypothesis based on 
mobility changes and interruption of the ammonia 
transferring upon the inhibitor binding would be 
incorrect, and new and different studies would be 
necessary to understand the UDP-GlcNAc action.  
This assay was the first experimental evidence regarding 
the C-tail lock structure in C. albicans GlcN-6-P synthase. 
Therefore, it can be concluded that the generation of the 
missing lock was achieved with success, and that it has a 
great implication in the inhibition action, proving to be 
one more reason for the existence of such post trans-
translational mechanism in eukaryotes and, consequently, 
nonexistence in prokaryotes. Furthermore, since this C-
tail demonstrates a strict conservancy among different 
enzyme origins, this eukaryotic phenomenon can be 
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extended to the other eukaryotic enzyme emphasized in 
the project, the human GlcN-6-P synthase. 
It is important to mention that the auxiliary mutation, 
L460A, turned the target mutation possible and without 
complications regarding its construction, and thus, this 
residue must be classified also as an indirect influencer.   
 
CONCLUSIONS 
The inhibition mechanism by UDP-GlcNAc is not fully 
understood so far, but it was concluded on this project 
that its action, and reason of existence, is due to 
conformational mobility changes occurring on the C-tail 
upon the inhibitor binding. Since the C-tail is such an 
important and major part of the ammonia channel and 
consequent interdomain communication, the interruption 
of this phenomenon by the susceptibility of mobility 
alterations provoke the loss of the enzyme activity. Such 
occurrence was proved by mimicking the full C-tail lock, 
present in GlmS, and absent in the eukaryotic version of 
GlcN-6-P synthase. This present evidence was carried out 
by constructing a L460A L434R mutant version of Gfa1 on 
the plasmid pET23b-K568HS569H-CaGFA1. 
Furthermore, this mutated enzyme could be very useful to 
obtain a more complete X-ray crystal structure of Gfa1, 
since the C-tail is extremely mobile, and it is impossible to 
visualize it on the structures obtained so far. This study is 
fundamental, because a better-quality X-ray crystal 
structure would allow a deeper understating of the 
molecular events governing GlcN-6-P synthase catalysis 
and inhibition, which are still not fully understood for 
Gfa1.  
In addition, rational drug design approaches would be 
enhanced by the information given by the resolution of 
several X-ray crystal structures captured at different steps 
of the catalytic process, with and or without ligands, being 
essential for improving the design quality and inhibitor 
specificity. Likewise, this study contributes to a progress 
on the rational design of GlcN-6-P synthase inhibitors and 
their practical application as potential drugs, emphasizing 
the fact that studying UDP-GlcNAc analogous must receive 
a bigger focus in the future. Moreover, the UDP-GlcNAc 
binding site is well conserved among eukaryotic 
sequences and thereby it is an impeccable model in 
structure-based drug design. 
Despite all the efforts, some unresolved issues are still 
addressed to this enzyme, creating distance between the 
studies and its potential applications, nevertheless, step 
by step, study by study, the understanding of this enzyme 
is becoming clearer. 
 
FUTURE WORK 
A very important proposal must be considered for further 
studies, because, although the presented results suggest 
an absence of inhibition by UDP-GlcNAc, it is impossible to 
affirm without doubts whether the result is a false 
positive. It is believed that UDP-GlcNAc binds itself to the 
enzyme, causing conformational changes that preclude 
the inhibition effect to occur. However, the false positive 

occurs in the event of UDP-GlcNAc binding prevention due 
to the differences in the 3D structure of the mutated 
enzyme, that could have blocked this phenomenon. 
Gfa1 contains three tryptophan residues on its primary 
sequence, located at the positions 97, 388 and 690.30 The 
Trp97 is one of the hydrophobic residues forming the 
intramolecular ammonia channel between GAT and ISOM 
domain, and Trp388 is known for being part of the UDP-
GlcNAc binding pocket. Since these residues belong to 
meaningful positions, using tryptophan fluorescence to 
study the interaction of Gfa1 with UDP-GlcNAc, can 
provide a possible monitorization of conformational 
changes triggered on the enzyme upon the inhibitor 
binding. By evaluating the emission spectra of the 
mutated Gfa1 at the tryptophan specific excitation 
wavelength, in the presence and absence of the ligand, 
changes in fluorescence would indicate changes in the 
enzyme conformation, observing whether the tryptophan 
residues would become more, or less, exposed to the bulk 
solvent. In the event of both spectra demonstrate an 
absence of differences, it would indicate that the ligand 
did not bind to the protein, turning out as a false positive 
result. In an opposite way, if the spectra would exhibit 
differences between them, it would confirm that the 
inhibitor indeed bounds to the mutated enzyme and 
consequently, the results and conclusions presented in 
this study would be verified and complemented.  
 
REFERENCES 
1. Pais, P., Costa, C., Cavalheiro, M., Romão, D. & 

Teixeira, M. Transcriptional Control of Drug 
Resistance, Virulence and Immune System 
Evasion in Pathogenic Fungi: A Cross-Species 
Comparison. Front. Cell. Infect. Microbiol. 6, 
(2016). 

2. Badiee, P. & Hashemizadeh, Z. Opportunistic 
invasive fungal infections: diagnosis & clinical 
management. Indian J. Med. Res. 139, 195–204 
(2014). 

3. Carrillo-Munoz, A., Giusiano, G., Ezkurra, P. & 
Quindos, G. Antifungal agents: mode of action in 
yeast cells. Rev. Esp. Quimioter. 19, 130–139 
(2006). 

4. Aderiye, B. & Oluwole, O. Antifungal Agents That 
Target Fungal Cell Wall Components: A Review. 
Agric. Biol. Sci. J. 1, 206–216 (2015). 

5. Milewski, S. Glucosamine-6-phosphate synthase 
— the multi-facets enzyme. Biochim. Biophys. 
Acta 1597, 173–192 (2002). 

6. Moss, G. EC 2.6.1.16. International Union of 
Biochemistry and Molecular Biology (2018). 
Available at: 
http://www.sbcs.qmul.ac.uk/iubmb/enzyme/EC2
/6/1/16.html. (Accessed: 23rd March 2018) 

7. Smith, R., Milewski, S., Brown, A. & Gooday, G. 
Isolation and characterization of the GFA1 gene 
encoding the glutamine:fructose-6-phosphate 
amidotransferase of Candida albicans. J. Bacteriol. 



10 

 

178, 2320–2327 (1996). 
8. Wells, L., Vosseller, K. & Hart, G. A role for N-

acetylglucosamine as a nutrient sensor and 
mediator of insulin resistance. Cell. Mol. Life Sci. 
60, 222–228 (2003). 

9. Durand, P., Golinelli-Pimpaneau, B., Mouilleron, 
S., Badet, B. & Badet-Denisot, M. A. Highlights of 
glucosamine-6P synthase catalysis. Arch. 
Biochem. Biophys. 474, 302–317 (2008). 

10. Assrir, N. et al. Mapping the UDP-N-
acetylglucosamine regulatory site of human 
glucosamine-6P synthase by saturation-transfer 
difference NMR and site-directed mutagenesis. 
Biochimie 97, 39–48 (2014). 

11. Teplyakov, A., Obmolova, G., Badet-Denisot, M., 
Badet, B. & Polikarpov, I. Involvement of the C 
terminus in intramolecular nitrogen channeling in 
glucosamine 6-phosphate synthase: Evidence 
from a 1.6 Å crystal structure of the isomerase 
domain. Structure 6, 1047–1055 (1998). 

12. Czarnecka, J., Kwiatkowska, K., Gabriel, I., 
Wojciechowski, M. & Milewski, S. Engineering 
Candida albicans glucosamine-6-phosphate 
synthase for efficient enzyme purification. J. Mol. 
Recognit. 25, 564–570 (2012). 

13. Raczynska, J. et al. The Crystal and Solution 
Studies of Glucosamine-6-phosphate Synthase 
from Candida albicans. J. Mol. Biol. 372, 672–688 
(2007). 

14. Miszkiel, A. & Wojciechowski, M. Long range 
molecular dynamics study of interactions of the 
eukaryotic glucosamine-6-phosphate synthase 
with fructose-6-phosphate and UDP-GlcNAc. J. 
Mol. Graph. Model. 78, 14–25 (2017). 

15. Sambrook, J., Fritsch, E. & Maniatis, T. Molecular 
cloning: a laboratory manual. Cold Spring Harb. 
Lab. Press Cold Spring Harb. New York. (1989). 

16. Sigma-Aldrich. GenElute TM Plasmid Miniprep Kit. 
1–13 (2010). 

17. Thermo Scientific. Thermo Scientific FastDigest 
DpnI. 1–4 (2001). 

18. Blirt. M10kpz DNA Ladder. Blirt (2017). Available 
at: http://products.blirt.eu/product/m10kpz-dna-
ladder-ready-to-use,512,188/. (Accessed: 23rd 
December 2017) 

19. Smisek, D. & Hoagland, D. Agarose Gel 
Electrophoresis of High Molecular Weight, 
Synthetic Polyelectrolytes. Macromolecules 22, 
2270–2277 (1989). 

20. Sigma-Aldrich. GenEluteTM Gel Extraction Kit. 1–6 
(2010). 

21. Genomed. Sequencing: How to describe 
templates. Available at: 
http://www.genomed.pl/index.php/en/sequenci
ng/how-to-describe-templates. (Accessed: 6th 
February 2018) 

22. Bradford, M. A rapid and sensitive method for the 
quantitation of microgram quantities of protein 

utilizing the principle of protein-dye binding. Anal. 
Biochem. 72, 248–254 (1976). 

23. Bollag, D. & Edelstein, S. Protein Methods. (Wiley-
Liss, 1992). 

24. Kenig, M., Vandamme, E. & Abraham, E. The mode 
of action of bacilysin and anticapsin and 
biochemical properties of bacilysin-resistant 
mutants. J. Gen. Microbiol. 94, 46–54 (1976). 

25. NIH & NCBI. BLAST: Basic Local Alignment Search 
Tool. (2018). Available at: 
https://blast.ncbi.nlm.nih.gov/Blast.cgi. 
(Accessed: 6th February 2018) 

26. SIB - Swiss Institute of Bioinformatics. ProtParam 
tool. ExPASy: Bioinformatics Resources Portal 
(2018). Available at: 
https://web.expasy.org/protparam/. (Accessed: 
7th February 2018) 

27. Sachadyn, P., Jȩdrzejczak, R., Milewski, S., Kur, J. 
& Borowski, E. Purification to homogeneity of 
Candida albicans glucosamine-6-phosphate 
synthase overexpressed in Escherichia coli. 
Protein Expr. Purif. 19, 343–349 (2000). 

28. Kozlowski, L. Protein isoelectric point calculator. 
(2016). Available at: 
http://isoelectric.ovh.org/calculate.php. 
(Accessed: 10th February 2018) 

29. Milewski, S. et al. Oligomeric structure and 
regulation of Candida albicans glucosamine-6-
phosphate synthase. J. Biol. Chem. 274, 4000–
4008 (1999). 

30. Olchowy, J., Gabriel, I. & Milewski, S. Functional 
domains and interdomain communication in 
Candida albicans glucosamine-6-phosphate 
synthase. Biochem. J. 404, 121–30 (2007). 

 


