
 

 

Introduction 
 
Extremozymes are enzymes that retain some 
function in extreme environments. Environ-
ments with very high or very low temperatures 
(>55°C, <15°C), high salinity (2-5 M NaCl), or 
extremes in pH (>8, <4) can mostly be consid-
ered outside of the range of human habitation 
(with some exceptions), and therefore, relatively 
extreme [1]. The organisms that inhabit these 
environments and produce these enzymes were 
dubbed extremophiles by Macelroy [2]. Extremo-
zymes have become the target of much investi-
gation for a number of reasons. First, they have 
allowed scientists to study the relationships 
between the sequence, structure, and function 
of enzymes in ways not previously possible. Be-
ing able to compare a mesophilic enzyme and 
its extremophilic homologue has given rise to 
many new insights into the mechanisms of en-
zyme structure, stability, and function [3-10]. 
Secondly, there is a lot of interest in the use of 
extremozymes in industrial processes [11-13]. 
Because of the oftentimes harsh environments 
of these industrial processes, enzymes that re-

tain some function in those environments are 
greatly desired. The biofuels industry is one 
such industry that has taken a great interest in 
both extremophilic organisms and extremo-
zymes [14-18]. Bioethanol [14, 17], biodiesel 
[15], and methane, or biogas [19, 20] are all 
examples of biofuels in production right now. 
Extremozymes could facilitate the production of 
these biofuels [21]. Other industries looking at 
extremozymes include the detergent, agricul-
ture, food, and textile industries [13, 22]. The 
scientific industry has been using extremozymes 
for decades now in the form of thermophilic 
DNA polymerases used in PCR [23]. 
 
While extremozymes often have properties use-
ful in various industrial processes, the enzymes 
in their wild type form are often not ideal for the 
job due to other properties such as low catalytic 
efficiency, stability, or selectivity [24]. Directed 
evolution or in vitro evolution is a process that 
can be used to modify the enzyme in a way that 
could allow the enzyme to retain its desirable 
traits, while improving it in other ways. Directed 
evolution is a powerful technique used for both 
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exploring the sequence, structure, and function 
relationships of proteins, as well as making 
modifications to the function or activity of pro-
teins [25]. In its simplest form, it involves mak-
ing changes to a gene, then examining the phe-
notype of the resulting enzyme. Directed evolu-
tion can be approached by either a rational de-
sign method, involving site directed mutagene-
sis, or a random mutagenesis method, involving 
mutagenic PCR and/or gene shuffling [24, 25]. 
Directed evolution has frequently been used as 
a method to improve enzymes for various uses. 
As has been mentioned, biofuels represent a 
promising industry for the use of extremozymes, 
and these enzymes have frequently been the 
target of directed evolution projects [26-28]. 
 
A cold active beta-galactosidase (bgaA) from a 
Planococcus isolate called SOS Orange was 
selected for use in this experiment [29]. Beta-
galactosidases are classified as exoglycosi-
dases, which refer to their function of breaking 
glycosidic bonds at the terminal residue of a 
carbohydrate polymer. Specifically, beta-
galactosidases hydrolyze the 1-4 beta linkage 
between galactose and some other moiety. The 
SOS Orange beta-galactosidase has been deter-
mined to be an extremozyme, due to its activity 
at very cold temperatures (over 10% activity at 
0°C) and very high salt concentrations (40% 
activity at 4M KCL and 20% activity at 4M NaCl). 
It has been classified as a family-42 beta-
galactosidase, according to the Hennrisat classi-
fication scheme [30]. The SOS Orange beta-
galactosidase shows the greatest activity with 
t h e  s u b s t r a t e  o - n i t r o p h e n y l -β - d -
galactopyranoside (ONPG). A crystal structure of 
the enzyme has not been solved although it was 
determined to be a dimer. However there is an-
other family 42 beta-galactosidase (A4-β–Gal) 
that has had its crystal structure solved and 
published [31], allowing us to use homology 
modeling to make predictions about sequence/
function relationships. A4-β-Gal comes from the 
organism Thermus thermophilus A4. It should 
be noted that not only is it a heat tolerant en-
zyme from a thermophilic organism, but it is 
also a trimer.  
 
In an attempt to modify the preferred substrate 
of the enzyme, 5 mutants were designed that 
were predicted to have some activity on certain 
chromogenic substrates similar to ONPG. Each 
mutation was designed based on examination 
of a three dimensional model which was pre-

dicted using the Phyre 2 web servers [32]. Site 
directed mutagenesis via whole plasmid PCR 
was performed to introduce the DNA changes 
for each mutant. Mutants were cloned using the 
PCR product into E. coli, then selected, grown 
up, and induced to produce the enzyme. The 5 
mutants and the substrates they were designed 
for are as follows: 1) Mutant P changed Phe347 
to Tyr with the intent of introducing a hydrogen 
bond between the hydroxyl group of the tyrosine 
and the 4’ hydroxyl group of substrates in which 
this hydroxyl group is in the down position. 2) 
Mutant A changed Asn150 to Gly in order to 
allow room for an amide group at the 2’ carbon. 
3) Mutant G changed Glu 357 to Gly to allow 
room for a carboxyl group at the 5’ carbon. 4) 
Two double mutants (PA and PG) were also cre-
ated that combined the modifications listed 
above.  
 
Materials and methods 
 
Addition of a 6 HIS tag and beta-galactosidase 
gene cloning 
 
Primers containing a 6 HIS tag for the 3’ end of 
the gene were constructed (Planococcus For-
ward pBad 5’-TAA GAG GAA TAA TAA ATG ATT 
AAC GAT AAA TTG CCG-3’, Planococcus Reverse 
pBad 5’-TTA ATG GTG ATG GTG ATG ATG CAC 
TTT CGC CAA AAT CAA CAC GCC-3’), and the 
gene was amplified (95°C for 10 minutes, 35 
cycles of (95°C for 1 minute, 53°C for 1 min-
ute, 72°C for 4 minutes), then a final extension 
step at 72°C for 10 minutes). PCR amplicons 
were used directly in the ligation reaction with-
out cleanup. Ligation of the amplified gene and 
cloning into a TOP10 E. coli host was performed 
using the pBad TOPO TA cloning kit (Invitrogen). 
Transformants were selected based on their 
resistance to ampicillin (100mg/liter), and 
screened based on their ability to hydrolyze X-
Gal. A transformant was selected, grown over-
night in 5 ml LB broth at 37°C, and its plasmid 
purified using the Wizard Plus SV Miniprep kit 
(Promega). The gene was sequenced at the ISU 
Molecular Research Core Facility. 
 
Creation and cloning of mutants 
 
The amino acid sequence of the protein was 
uploaded to the Phyre 2 web servers [32]. The 
three dimensional model that was returned was 
shown to have a 100% homology to a previously 
solved and published three dimensional model 
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of a beta-galactosidase from Thermus thermo-
philus [31]. The sequences of the SOS β-
Galactosidase and the Thermus thermophilus β-
Galactosidase were aligned using ClustalW [33] 
running under Bioedit [34] in order to identify 
the active site residues of the SOS β-gal. The 
active site was analyzed using the Swiss-
PdbViewer software [35], and the decisions on 
which residues to modify were based on this 
analysis. Three pairs of mutagenic primers were 
designed (Table 1). Whole plasmid PCR amplifi-
cation was performed as follows: 1 µl VentR DNA 
polymerase (New England Biolabs), 5 µl 10X 
buffer, 5 µl (65ng) template DNA, 5 µl each for-
ward and reverse primers (100ng each), 8 µl 
DNTP mix, 21 µl H2O. PCR conditions were as 
follows: 95°C for 10 minutes, 20 cycles of (95°
C for 30 seconds, 55°C for 1 minute, 72°C for 
13 minutes), then a final extension step at 72°
C for 10 minutes. 1 µl of Dpn I restriction en-
zyme was added following amplification, and 
the solution was allowed to incubate for 1 hour 
at 37°C. Cloning was performed using TOP10 E. 
coli following the protocol in the pBad TOPO TA 
cloning kit (Invitrogen). Transformants were se-
lected based on their resistance to ampicillin 
(100mg/liter). Because we saw both blue and 
white colonies with some mutations, 10 colo-
nies of each color were picked, restreaked on 
ampicillin plates, and isolated colonies were 
chosen from each plate. These were grown 
overnight in 5 ml LB broth at 37°C, and plasmid 
purification was done with the Wizard Plus SV 
Miniprep kit (Promega). Sequencing was done 
at the ISU Molecular Research Core Facility. The 
P mutant plasmid was then used as the tem-
plate for two more mutants, each of which com-
bined the P mutation with one of the other two 
mutations, resulting in a PA mutant and a PG 
mutant. Double mutants were amplified, cloned, 
and sequenced as described above. 

Induction and purification of protein 
 
5 ml LB broth cultures of each mutant were 
started from a glycerol stock. 25 µl ampicillin 
was added (100mg/liter), and the culture was 
grown overnight at 37°C. 5 ml of overnight cul-
ture was then added to 1.5 liters of LB, plus 
ampicillin (100mg/liter) and arabinose (.02% 
final concentration), and allowed to grow over-
night with shaking at 37°C. The culture was 
pelleted and resuspended in 12 ml Z buffer 
[36]. 120 µl of a 100mM solution of PMSF was 
added, and the cells were disrupted using a 
French Press (2 treatments at 20,000 lb/in2). 
The lysate was centrifuged at 14k RPM for 15 
minutes, and the supernatant was collected. 5 
ml of the supernatant was then added to a 
nickel column packed with Pro Bond resin 
(Invitrogen) and primed with wash solution 
(100mM HEPES, 10mM imidazole). Both ends 
of the column were stopped and the column 
was shaken horizontally for 15 minutes. The 
column was then placed upright and washed 
with 25 ml of the wash solution. 5 ml of elution 
buffer was then added (100mM HEPES, 
500mM imidazole), and the column was again 
shaken for 15 minutes. The eluent was then 
collected and protein gel electrophoresis (10% 
acrylamide, run at 140V) was used to check for 
purity. 
 
Protein assays 
 
Solutions (2mg/ml) of 14 different substrates 
were made with Z buffer. The substrates used 
were: o-nitrophenyl-β-d-galactopyranoside 
(ONPG), p-nitrophenyl-α-d-galactopyranoside 
(PNP-α - ga lactose) ,  p -n i t ropheny l -β -d -
galactopyranoside (PNPG), o-Nitrophenyl N-
acetyl-α-D-galactosaminide (ONP-acetyl-α-
galactose), p-nitrophenyl-β-d-galacturonide 

Table 1. The three mutations along with the mutant names and the primers used. 
Mutation 
(Mutant Name) 

Forward Primer Reverse Primer 

Phe347 -> Tyr 
TTC -> TAT 
(P Mutant) 

GATACCATTTTGTACTATCAGTTGCGTCGCTCA TGAGCGACGCAACTGATAGTACAAAATGGTATC 

Asn150 -> Gly 
AAC -> GGC 
(A Mutant) 

ATTTGGCACGTCTCCGGCGAATACGGCGGCTAC GTAGCCGCCGTATTCGCCGGAGACGTGCCAAAT 

Glu357 -> Gly 
GAG -> GGC 
(G Mutant) 

TCAGTCGGCGCTTGTGGCAAATACCACGGAGCG CGCTCCGTGGTATTTGCCACAAGCGCCGACTGA 
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(PNPgalacturonide),  p-nitrophenyl -β -d-
glucopyranoside (PNPglucose), p-nitrophenyl-α-d
-glucopyranoside (PNP-α-glucose), o-nitrophenyl-
β-d-glucopyranoside (ONPglucose), p-nitrophenyl
-2-acetamido-2-deoxy-β-d-glucopyranoside (PNP-
acetamido-glucose), p-Nitrophenyl β-D-
glucuronide (PNPglucuronide), o-nitrophenyl-β-d-
fucopyranoside (ONPF), p-nitrophenyl-β-d-
fucopyranoside (PNPF), o-nitrophenyl-β-d-
xylopyranoside (ONPX), p-nitrophenyl-β-d-
xylopyranoside (PNPX) (all substrates obtained 
from Sigma-Aldrich except p-nitrophenyl-2-
acetamido-2-deoxy-β-d-glucopyranoside which 
was obtained from Acros Organics). Protein con-
centrations were determined with the Bradford 
method [37]. For 1 assay, 200 µl of substrate 
solution was added to 990 µl Z buffer in a 2 ml 
microcentrifuge tube. The substrate tempera-
ture was equilibrated in a 37°C water bath for 
10 minutes. 10 µl of protein solution was 
added, and the tube was allowed to incubate for 
5 minutes at 37°C. 500 µl of Na2CO3 was 
added to stop the reaction, and the absorbance 
was measured at 420 nm. This was performed 
3 times for each substrate/enzyme combina-
tion, and the absorbance values were averaged. 
Specific activity was calculated from these aver-
ages. The entire assay experiment was then 
repeated 2 more times and the three specific 

activity values for each substrate/enzyme com-
bination were averaged. The extinction coeffi-
cient used for ortho nitrophenyl substrates is 
4.6 mM-1 cm-1 and for para nitrophenyl sub-
strates is 18 mM-1 cm-1. 
 
Results and discussion 
 
In total there were 5 mutant enzymes that were 
examined. The 3 single mutation enzymes are 
listed in Table 1 along with the specific muta-
tion that was made for each one. In addition 
there are two double mutants. The P mutation 
was combined with the G mutation to create a 
PG mutant, and combined with the A mutation 
to make the PA mutant. The P mutation, which 
changes Phe347 to Tyr, was done based on the 
hypothesis that the additional hydroxyl group of 
the tyrosine would be able to create a hydrogen 
bond with the 4’ hydroxyl group of the glucose 
and xylose substrates which is in the down posi-
tion. This hydroxyl group is in the up position on 
our galactose substrate (ONPG). The A mutant 
changes Asn150 to Gly in order to make room 
for an amide group at the 2’ carbon of some of 
our substrates such as p-nitrophenyl-2-
acetamido-2-deoxy-β-d-glucopyranoside. The G 
mutation changes Glu357 to Gly to make room 
for a carboxylic acid group at the 5’ carbon of 

Table 2. Specific activity of all mutants on all substrates. 
    Mutants 

Substrate Wild Type P Mutant A Mutant G Mutant PG Mutant PA Mutant 
ONPG 16.8157 8.7787 3.2209 0 0 0.0790 
PNP-α-galactose 0 0 0 0 0 0 
PNPG 14.7740 8.8372 5.3413 0 0 0.0875 
ONP-acetyl-α-galactose 0 0 0 0 0 0 
PNPgalacturonide 0.0502 0.1621 0.0118 0 0 0 
PNPglucose 0 0 0 0 0 0 
PNP-α-glucose 0 0 0 0 0.0205 0.0110 
ONPglucose 0 0 0 0 0 0 
PNP-acetamido-glucose 0 0 0 0 0 0 
PNPglucuronide 0 0 0 0 0 0 
ONPF 0.9160 0.1982 0 0 0 0 
PNPF 1.2157 0.6501 0.1933 0 0 0 
ONPX 0 0 0 0 0 0 
PNPX 0 0 0 0 0 0 
Units are in µmol min-1 mg-1. o-nitrophenyl-β-d-galactopyranoside (ONPG), p-nitrophenyl-α-d-galactopyranoside (PNP-α-galactose), p-
nitrophenyl-β-d-galactopyranoside (PNPG), o-Nitrophenyl N-acetyl-α-D-galactosaminide (ONP-acetyl-α-galactose), p-nitrophenyl-β-d-
galacturonide (PNPgalacturonide), p-nitrophenyl-β-d-glucopyranoside (PNPglucose), p-nitrophenyl-α-d-glucopyranoside (PNP-α-
glucose), o-nitrophenyl-β-d-glucopyranoside (ONPglucose), p-nitrophenyl-2-acetamido-2-deoxy-β-d-glucopyranoside (PNP-acetamido
-glucose), p-Nitrophenyl β-D-glucuronide (PNPglucuronide), o-nitrophenyl-β-d-fucopyranoside (ONPF), p-nitrophenyl-β-d-
fucopyranoside (PNPF), o-nitrophenyl-β-d-xylopyranoside (ONPX), p-nitrophenyl-β-d-xylopyranoside (PNPX). 
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some substrates such as p-nitrophenyl-β-d-
galacturonide. 
 
Table 2 shows all 5 mutants, along with WT, and 
the specific activity of each on all 14 substrates. 
ONPG and PNPG specific activity values for the 
WT enzyme are considered the standard against 
which all other values are compared. There is a 
general trend of a decrease in activity on ONPG 
and PNPG as we go from wild type to P to A then 
to G, where activity is seemingly eliminated. We 
then see some activity return with the PA mu-
tant, but none on the PG mutant. This trend 
continues with few exceptions on all other sub-
strates in which activity is seen on wild type. 
Novel activity was seen on only one substrate, p
-nitrophenyl-α-d-glucopyranoside. Both the PA 
and PG double mutants had some activity on 
this substrate. 
 
The P mutation (Phe347 to Tyr) was created in 
order to introduce an additional hydrogen bond 
between the hydroxyl group of the tyrosine and 
the 4’ hydroxyl group of the glucose and xylose 
substrates which is in the down position. The P 
mutation caused a decrease in activity from wild 
type of between 40%-50% on ONPG and PNPG 
(Figure 1), and 50%-70% on o-nitrophenyl-β-d-
fucopyranoside and p-nitrophenyl-β-d-
fucopyranoside (Figure 2). This decrease in ac-
tivity could be explained by the fact that chang-
ing the phenylalanine to a tyrosine does remove 
a reported hydrophobic interaction [31] which 
could cause the shifting of some residues im-
portant to hydrogen bonding. No activity was 

observed on any of the substrates containing a 
4’ hydroxyl group in the down position. The only 
increase in activity was on p-nitrophenyl-β-d-
galacturonide where we saw approximately 3 
times the activity of wild type (Figure 3). One 
possible explanation for this is the creation of a 
weak interaction between the hydroxyl group of 
the tyrosine and the oxygen of the carbonyl in 
the 5’ carboxyl group. Because the hydroxyl 
group of the tyrosine in relation to the substrate 
is underneath the plane of the sugar, and the 
carboxyl group of p-nitrophenyl-β-d-
galacturonide is above the plane, the carboxyl 
group would presumably have to swivel around 
to get close enough to interact. It is unknown 
whether any swiveling would position the car-
bonyl oxygen on the carboxyl group close 
enough for this to happen. Another possibility is 
that the mutation shifted other residues around 
enough that another weak interaction with the 
carboxyl group was created with an unknown 
residue. This also is extremely difficult to know 

Figure 1. Specific activity of wild type and P mutant 
on ONPG (o-nitrophenyl-β-d-galactopyranoside) and 
PNPG (p-nitrophenyl-β-d-galactopyranoside). 

Figure 2. Specific activity of wild type and P mutant 
on ONPF (o-nitrophenyl-β-d-fucopyranoside) and 
PNPF (p-nitrophenyl-β-d-fucopyranoside). 

Figure 3. Specific activity of wild type and P mutant 
on PNPgalacturonide(p-nitrophenyl-β-d-galactu-
ronide). 
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without seeing the crystal structure of the mu-
tant enzyme. However, we see no activity on p-
nitrophenyl-β-D-glucuronide, which has the 
same carboxyl group, as well as the 4’ hydroxyl 
group in the down position. This mutation was 
designed to interact with these groups, so nei-
ther of these explanations is fully satisfactory. 
 
The A mutant changes Asn150 to Gly to make 
room for an amide group at the 2’ carbon of 
some substrates. The A mutation resulted in a 
60%-80% loss of activity on ONPG and PNPG 
(Figure 4), and an 80%-100% loss of activity on 
o-nitrophenyl-β-d-fucopyranoside and p-
nitrophenyl-β-d-fucopyranoside (Figure 5). This 
could be explained as resulting from the loss of 
one direct hydrogen bond between the hydroxyl 
group of Asn150 and the hydroxyl group at the 
2’ carbon of the substrate. Another indirect hy-
drogen bond between the hydroxyl group of 
Asn150, a water molecule, and the 3’ hydroxyl 
group of the substrate is also lost. There was no 
activity on any substrates with a 2’ amide group, 
which was the purpose of this mutation. Activity 
on p-nitrophenyl-β-d-galacturonide also de-
creased to approximately 25% of the wild type 
(Figure 6), again presumably due to the loss of 
hydrogen bonds. 
 
The G mutation changes Glu357 to Gly to make 
room for a carboxylic acid group at the 5’ car-
bon of some substrates. The G mutation com-
pletely eliminated activity on all substrates. It 
was originally hypothesized that this mutation 
would allow room for the substrates with a 5’ 

carboxyl group. However, this mutation pre-
sumably eliminated 3 hydrogen bonds, one be-
tween the carbonyl oxygen of Glu357 and the 4’ 
hydroxyl of the substrate, and two between the 
hydroxyl group of Glu357 and the 3’ hydroxyl 
group of the substrate. Whether or not the extra 
room for the 5’ carboxyl group was critical in 
order to see activity is unknown, as the most 
likely reason for the loss of activity is the loss of 
the hydrogen bonds. 
 
With the PA double mutant, activity on ONPG 
and PNPG was reduced to approximately 0.5% 
of what is seen on wild type (Figure 7). No activ-
ity was seen on p-nitrophenyl-2-acetamido-2-
deoxy-β-d-glucopyranoside. This substrate con-
tains both the 4’ hydroxyl in the down position, 
as well as the 2’ amide group, which are the two 
substrate features that these mutations (P and 
A) were designed to address. The loss of activity 
here seems to be the synergistic effect of the 
loss of activity seen in both of the single muta-
tions that are here combined. No activity was 
seen on any other substrate except p-
nitrophenyl-α-d-glucopyranoside, which origi-

Figure 4. Specific activity of wild type and A mutant 
on ONPG (o-nitrophenyl-β-d-galactopyranoside) and 
PNPG (p-nitrophenyl-β-d-galactopyranoside). 

Figure 5. Specific activity of wild type and A mutant 
on ONPF (o-nitrophenyl-β-d-fucopyranoside) and 
PNPF (p-nitrophenyl-β-d-fucopyranoside). 

Figure 6. Specific activity of wild type and A mutant 
on PNPgalacturonide (p-nitrophenyl-β-d-galacturo-
nide). 
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nally had no activity on the wild type enzyme. 
This activity was measured to be .011 μmol min-

1 mg-1 (Figure 8).  
 
The only activity reported for the PG double mu-
tant was on p-nitrophenyl-α-d-glucopyranoside 
and was measured to be 0.02 μmol min-1 mg-1 
(Figure 8). This mutant was designed to show 
activity on the substrate p-Nitrophenyl β-D-
glucuronide, which contains the 4’ hydroxyl 
group in the down position, as well as a carboxyl 
group at the 5’ position. Despite the P mutant 
by itself still exhibiting 40-70% activity on the 
two standard substrates (ONPG and PNPG), the 
PG double mutant loses all activity on those 
substrates. The addition of the G mutation and 
its removal of some key hydrogen bonds pre-
sumably caused the complete lack of activity in 
PG. 
 
None of the proposed changes resulted in any 
activity on substrates they were designed for, 
which highlights the difficulty of predicting 
changes to activity based solely on analysis of 
the three dimensional structure of the protein. 
As has been shown however, we did observe 
novel activity on p-nitrophenyl-α -d-
glucopyranoside, which was unexpected. Both 
alpha and beta galactosidases utilize a retain-
ing catalytic mechanism which requires an acid/
base catalyst and a nucleophile, roles generally 
fulfilled by glutamic acid residues. In the SOS 
beta-galactosidase, it is thought that Glu309 
and Glu151 are these residues, based on se-
quence alignment with the beta-galactosidase 

from Thermus thermophilus [31]. The only dif-
ferences between the catalytic mechanisms of 
alpha or beta galactosidases lie simply in which 
direction the nucleophile is able to begin its 
attack on the anomeric center at the 1’ carbon. 
For an alpha-galactosidase, the nucleophile 
resides above the plane of the sugar, allowing it 
to attack the 1’ carbon of substrates which have 
an alpha linkage. In a beta-galactosidase, the 
nucleophile must be below the plane of the 
sugar in order to attack the 1’ carbon of sub-
strates which contain a beta linkage. Because 
the glutamic acid can only act as a nucleophile 
if it is the correct distance from the anomeric 
center, there are a number of different hypothe-
ses that could partially explain this new activity. 
First, it is possible that our two double mutants 
have experienced a shift in the location of the 
two catalytic glutamic acid residues, such that 
their relative distances to the anomeric center 
have essentially swapped. The residue under 
the plane of the sugar may have moved further 
away, with the residue above the plane of the 
sugar shifting closer. Secondly, it is possible 
that due to changes in hydrogen bonding, the 
substrate itself as it sits bound to the active site 
has shifted upward slightly, resulting in the 
same distance changes between the 1’ carbon 
and the catalytic residues. It is important to re-
member however that there is no measured 
activity on either of the other two alpha linked 
substrates, p-nitrophenyl-α-d-galactopyranoside 
and o-Nitrophenyl N-acetyl-α-D-galactosaminide, 
so this explanation is not complete. 
 
Looking at each of the three mutations individu-

Figure 7. Specific activity of PA mutant on ONPG (o-
nitrophenyl-β-d-galactopyranoside) and PNPG (p-
nitrophenyl-β-d-galactopyranoside). Wild type activity 
on these two substrates is 16.8157 µmol min-1 mg-1 
for ONPG and 14.774 µmol min-1 mg-1 for PNPG. 

Figure 8. Specific activity of wild type and all mutants 
on p-nitrophenyl-α-d-glucopyranoside. 
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ally may shed some light what is happening re-
garding the novel α-bond hydrolyzing activity. 
Both the PG and PA mutants contain the P mu-
tation, designed to accommodate a hydroxyl at 
the 4’ carbon being in the down position. Our 
glucose substrates all contain this feature, in-
cluding p-nitrophenyl-α-d-glucopyranoside. How-
ever, if this mutation is part of the reason we 
have activity on this substrate, we might expect 
to see some activity with our P mutant on other 
substrates with the same feature, yet the oppo-
site is true. In fact there is no activity whatso-
ever on all glucose and xylose substrates with 
the P mutant, despite all of them having this 
feature. It seems clear that while the P mutation 
obviously plays some part in the activity we see 
in the PA and PG mutants on this substrate, it is 
apparently not having the effect we had pre-
dicted.  
 
Examining the G mutation we see a slightly dif-
ferent situation. The G mutation was designed 
to accommodate a carboxyl group at the 5’ car-
bon. The substrate p-nitrophenyl-α-d-
glucopyranoside however has no such feature, 
which means that extra room at the 5’ carbon 
was not an issue. This most likely means that 
the only effect of the G mutation here was in 
eliminating some hydrogen bonds. Considering 
that we saw no activity with G on any of the sub-
strates that did in fact contain a carboxyl group 
at the 5’ carbon, it’s likely that a loss of hydro-
gen bonds was the only effect of this mutation. 
So once again with G we have a mutation that 
isn’t doing what it was designed to do.  
 
Because p-nitrophenyl-α-d-glucopyranoside 
shows activity with PA as well as PG (although 
only 50%), the A mutation also must be exam-
ined with regards to this activity. The A mutation 
was designed to make room for an amide group 
at the 2’ carbon of the appropriate substrate. As 
with the G mutation, this feature is missing in p-
nitrophenyl-α-d-glucopyranoside. The same con-
clusion can be arrived at here as was seen with 
G, that the A mutation’s only effect was in get-
ting rid of some hydrogen bonds, since making 
extra room for an amide group here was not 
needed. 
 
The only thing that seems clear is that none of 
the mutations had the expected effect on p-
nitrophenyl-α-d-glucopyranoside (or any of the 
other substrates for that matter). While it does 
seem likely that the appearance of activity on 

this substrate is the result of some synergistic 
reshuffling of catalytic residues, as discussed 
above, there remains one last important ques-
tion. How is the substrate binding to the active 
site in the first place? If we did, in fact, get rid of 
a number of hydrogen bonds that directly re-
sulted in other substrates not being able to 
bind, how is this substrate binding? Did we pos-
sibly shift things enough that we introduced 
some hydrogen bonds from residues not previ-
ously reported as taking part in binding of the 
substrate? If so, why did we not see any activity 
on other alpha linked substrates? In order to 
answer these questions and to get a clearer 
view on what is happening, the crystal structure 
of both our wild type enzyme as well as each 
mutant will be needed. 
 
This study highlights some of the difficulties 
encountered in attempting to do a rational de-
sign experiment. Making predictions of specific 
changes in protein function based on residue 
modifications is very difficult in the best of cir-
cumstances. In the absence of a crystal struc-
ture, and modeling our dimeric, cold active pro-
tein on a trimeric, heat active protein from a 
thermophile [31], we assumed that making ac-
curate predictions would be difficult, and we 
were not incorrect.  
 
Conversely, the fact that we did end up with 
over 300% activity on p-nitrophenyl-β-d-
galacturonide, in addition to novel activity on p-
nitrophenyl-α-d-glucopyranoside shows how 
important studies like these are, and why they 
are also so fascinating. Neither of these two 
phenotypes was predicted in the initial analysis, 
and could be considered as arising ‘purely by 
chance’. The implication then is that if these 
two new phenotypes arose by chance with only 
a few modifications to the active site of this pro-
tein, how many other interesting phenotypes 
must there be among the countless possibili-
ties? 
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