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The Antarctic haloarchaeon, Halorubrum lacusprofundi, contains a 

polyextremophilic family 42 β-galactosidase, which we are using as a model for 

polyextremophilic enzymes. Divergent amino acid residues in this 78 kDa protein were 

identified through comparative genomics and hypothesized to be important for cold 

activity. Six amino acid residues were previously mutated and five were shown by 

steady-state kinetic analysis to have altered temperature-dependent catalytic activity 

profiles via effects on Km and/or kcat compared to the wild-type enzyme. Double-mutated 

enzymes were constructed and tested for temperature effects from 0-50 ºC, including two 

new tandem residue pairs, two potential loop insertions, and pairwise combination of the 

single residue mutations. The observed temperature and salinity dependent kinetic effects 

were compared to root-mean-square fluctuations to determine structural mechanisms of 

polyextremophilic activity. 



 
 

All the mutated enzymes were found to be more catalytically active at higher 

and/or less active at colder temperatures compared to the wild-type, with both Km and kcat 

effects observed for the two tandem mutations. For pairwise combinations, a Km effect 

was seen when the surface-exposed F387L mutation located in a domain A TIM barrel α 

helix 19 Å from the active site was combined with two internal residues, N251D or 

V482L. When another surface-exposed residue, I476V, was paired with N251D or 

V482L, primarily a kcat effect was observed. The temperature dependent kinetic effects 

were continued to 25-50 ºC with a dominant Km effect observed in all mutated enzymes. 

By deleting the identified insertions/loops, we are able to determine the kinetic effects of 

these insertions. The domain B deletion resulted in a less active enzyme overall 

converging with the wild-type at higher temperatures while the domain C deletion 

resulted in reduced cold-activity and improved activity at higher temperatures. Domain B 

may confer cold-activity without changing the thermal stability while domain C confers 

cold activity, at least in part, at the expense of activity at higher temperatures. With 

molecular dynamics simulations, increased flexibility was observed with higher 

temperature and salinity and in the mutations, indicating that the enzyme’s function is 

related to its flexibility and there is a balance required for optimal polyextremophilic 

activity.  
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Chapter 1: Introduction 

Extremophilic microorganisms can survive and even thrive in the extreme 

environments on Earth like deep sea thermal vents, hypersaline Antarctic lakes, and solar 

salterns. These environments generally have conditions considered inhibitory to life, such 

as anoxic conditions, salinity approaching saturation, or temperatures over 100 °C or 

below 0 °C. The microorganisms discovered near the deep-sea thermal vents are termed 

hyperthermophiles as they are capable of growing at temperatures up to and above 100 

°C (1, 2). Cold adapted or psychrophilic microorganisms found in Antarctic lakes are 

capable of growing at temperatures as low as -1 °C (3–5). Anaerobic methanogens make 

up 50 % of the microbial mats found at the cold methane seeps in the ocean and require 

anoxic conditions to survive (6). Those frequently dominating lakes with high to near 

saturating salinities are termed halophiles. Extreme halophiles grow above 2 M NaCl to 

saturation (about 5 M NaCl) and they use a variety of methods to maintain osmotic 

stability (7–9). On a phylogenetic level, many extremophiles are in the Domain Archaea. 

Archaea 

Archaea are a diverse Domain of prokaryotic microbes with a few defining 

characteristics such as membranes made up of L-glycerol ethers with branched (phytanyl) 

chain lipids and a distinctive envelope structure using pseudomurein, or in some cases no 

cell wall but instead a S-layer of protein (10). Archaea were discovered as a separate 

Domain from Eukaryotes and Bacteria from the pioneering phylogenetic studies of 

Woese et al. (11).  While they resemble Bacteria cytologically, they are no more similar 

to Bacteria than Eukaryotes on a molecular level. For example, Archaea have unique 16S 
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rRNA structure (11). The RNA polymerases of Archaea and Eukaryotes are also more 

similar in terms of subunit composition and sequence than those of Bacteria. It has even 

been suggested that Archaea are a good starting point to understanding more complex 

Eukaryotic cellular processes (8). Their distinct 16S rRNA allows for selective probing of 

environmental samples and has helped confirm the abundance of Archaea in most 

environments on Earth (6, 12). Earth’s oceans have even been shown to sustain about 

1028 archaeal cells (4). While Archaea can be found in most environments, those found in 

extreme environments are the most well-characterized as they are often dominant in these 

environments whereas their slow growing nature inhibits them from dominating more 

diverse niches (6). 

Haloarchaea form a phylogenetically and physiologically coherent group within 

the Archaeal Domain. These microorganisms, while generally being aerobic 

organotrophs, can also grow phototrophically, anaerobically, and are reported to even 

survive within the brine inclusions of salt crystals (6). Haloarchaea require high salt 

concentrations for viability, and most will lyse if the salt concentration falls below 1-2 M 

NaCl (6). Moderate halophiles use a “salt-out” strategy to avoid lysis in high salt 

environments where they maintain a low internal salt concentration and produce organic 

molecules like glycerol to maintain osmotic pressure. Extreme halophiles, like 

Haloarchaea, maintain osmotic stability using a “salt-in” method where the cells have a 

high internal salt concentration. These cells take up potassium ions using a potassium ion 

uniporter and expel sodium using an electrogenic sodium ion/proton antiporter in order to 

maintain a potassium gradient in the cells (9). This also means that their proteins have to 

be adapted to the high salt concentration of the cells. Genome sequencing has shown that 
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their proteomes exhibit a unimodal isoelectric point (pI) distribution with an average of 5 

and a mode of 4.2, indicating a majority of negatively supercharged proteins (13). The 

high saline environments (up to NaCl saturation) in which Haloarchaea are found also 

exposes them to other potential stressors such as desiccation, UV and ionizing radiation, 

low pressure, and freeze-thaw (14). Haloarchaea have a DNA repair system homologous 

to the nucleotide excision repair system found in Bacteria that allows them to repair UV-

damage. Halobacterium sp. NRC-1 has a highly efficient light-dependent direct repair 

system using photolyase (up to 100 J/m2) as well as a UvrABC-type excision repair 

system which allows 100 % survival after 70 J/m2 in the dark (15). Haloarchaea also 

survive stratospheric conditions, which includes a combination of stressors including 

freeze-thaw, especially the cold-adapted Antarctic Halorubrum lacusprofundi (9, 16). 

Halobacterium sp. NRC-1 

One Haloarchaeon, Halobacterium sp. NRC-1, has been well studied as a model 

Haloarchaeon (14). Halobacterium sp. NRC-1 was isolated from the solar salterns of San 

Francisco Bay and the genome of Halobacterium sp. NRC-1 was the first Haloarchaeal 

genome to be sequenced, with a 2 Mbp chromosome and two large plasmids (17). The 

chromosome is GC-rich at 68 % GC, while the plasmids are comparatively AT-rich with 

58 % and 59 % GC (18). The optimal growth condition for NRC-1 is at 42 °C in 4.2 M 

NaCl-containing media (17). Halobacterium sp. NRC-1 cells also produce gas vesicle 

nanoparticles which allow the cells to float. These genes have been extensively studied to 

determine which are necessary to produce the gas vesicles, through gene disruption 

techniques and studying the phenotypic changes (19, 20). These gas vesicle nanoparticles 

have been shown to work as adjuvants and can display epitopes on the gas vesicle 
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surfaces suggesting their application as vaccine components. They were able to create a 

long-lived response with immunological memory (21). Halobacterium sp. NRC-1 has 

also been studied through transcriptomics to understand the basis of its extremophilic 

character and has been developed as an expression system for Haloarchaeal proteins (22). 

This expression system includes plasmid pRK42 which contains a cold-inducible 

promoter (PcspD2), a cloning site for the gene of interest and a mevinolin selection marker. 

Haloarchaeal proteins expressed using this system fold into their native structure due to 

the high salt cytoplasmic milieu.  

Studies conducted on the Halobacterium sp. NRC-1 transcriptome revealed 

transcript level responses to changes in salinity and temperature (23). Coker et al. 

investigated the transcriptomic effects of higher and lower than standard salt content and 

lower than standard temperature. When comparing transcriptomics at 2.9 M NaCl and the 

standard 4.2 M NaCl, several sodium ion transporters were down-regulated and several 

potassium ion transporters were upregulated. Transcriptomic differences between high 

salt (5 M NaCl) and standard salt concentrations were fewer reflecting the slight 

difference in salt concentration. A component of the phosphate/phosphonate transport 

system was downregulated in high salt, suggesting that uptake of these species is 

decreased when under osmotic stress. When comparing the lowest temperature at which 

growth was observed (15 °C) to the standard optimal temperature (42 °C), there was a 

down-regulation in the first step of synthesis of polar lipids suggesting a change in polar 

lipid synthesis at low temperatures. There were also a number of cold-shock proteins that 

were upregulated, including cspD2, the promoter of which is used in the expression 

vector, pRK42 (22, 23).  
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Transcriptome analysis was also used to study responses to high levels of 

radiation and revealed an operon that assists in DNA repair (24). At both one and three 

hours after exposure to a 30 J/m2 dose of UV, the radA1 gene was significantly 

upregulated but there was no evidence of the SOS system found in most bacteria (25). In 

a different study aimed at ionizing radiation, radiation-resistant mutants were isolated by 

multiple rounds of killing doses, with upregulation of the rfa operon, which is a single 

stranded DNA-binding protein complex, in mutants (24).  Halobacterium sp. NRC-1 is a 

well-characterized model Haloarchaeon that serves as an ideal host for the study of 

Haloarchaeal proteins and their adaptations to various extremes. The expression system 

works well in conjunction with other polyextremophilic Haloarchaea to study adaptations 

to many extremes and to further our understanding of extremophilic organisms in 

general. 

Halorubrum lacusprofundi 

Halorubrum lacusprofundi was isolated from the perennially cold hypersaline 

Deep Lake located in the Vestfold Hills of east Antarctica (Figure 1) (26). It fits the 

broad definition of psychrophiles proposed by Feller and Gerday as microorganisms that 

are cold adapted and permanently thriving at temperatures close to the freezing point of 

water devoid of temperature regulation (27). In order to function in low temperature 

 
Figure 1. Image of Deep Lake, Antarctica and Halorubrum lacusprofundi in 
a biofilm and in liquid culture. 
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environments, many adaptations are necessary as these environments can be nutrient 

depleted in addition to having cold temperatures. The high salinity results in low water 

activity and density differences result in stratification and preclude mixing (28). Such 

cold environments have a low diversity of microbial life with extremely slow growth 

rates and long generation times, resulting in slow evolution compared to microbial life at 

higher temperatures (29).  

 

H. lacusprofundi was isolated in Antarctica and has a fully sequenced genome as 

a part of a Joint Genome Institute Community Sequencing Program project, the goal of 

which is to obtain the genomes of diverse Archaea (30). It consists of two chromosomes 

and one plasmid with GC content comparable to that seen in Halobacterium sp. NRC-1 

(67 % in the large chromosome and 57 % and 55 % seen in the smaller chromosome and 

plasmid respectively) (30, 31). It is capable of growing as low as -1 °C with an optimum 

of 31 °C in 3.7 M NaCl (5). Its natural habitat, Deep Lake in the Vestfold Hills of east 

Antarctica, is notable for cold temperatures (+11.5 to −18 °C) and high (28 % wt/vol) 

thalassic salinity, with a dominance of NaCl. Remarkably, Deep Lake never freezes even 

at the lowest temperatures encountered in its environment, due to salinity-dependent 

freezing point depression. This allows for an environment dominated by Haloarchaea 

with the halophilic alga Dunaliella sp. as the putative primary producer. Of the four 

Haloarchaea thought to populate Deep Lake, H. lacusprofundi was the first isolated (26, 

29). The psychrophilic nature of H. lacusprofundi is exemplified by its growth down to 

−1 °C and its survival demonstrated after trips to Earth’s cold stratosphere with freezing-

thawing (9, 16). It is capable of living on various carbon sources including glucose, 
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galactose, acetate, and ethanol, further exemplifying the adaptable nature of this 

Haloarchaeon (26). Another survival mechanism is the ability of H. lacusprofundi to 

form biofilms when in potentially adverse conditions. The cells are non-motile suggesting 

biofilm formation as a possible survival mechanism as the cells aggregate and maintain a 

network of fibrils that keep the cells connected (5). This aggregation is seen both at 

temperatures far below and above optimal growth conditions (5). 

After sequencing of the H. lacusprofundi genome, the amino acid composition of 

the predicted proteins was analyzed bioinformatically (32). The protein sequences were 

compared to 12 mesophilic Haloarchaea in order to determine common substitutions that 

may confer cold-tolerance to H. lacusprofundi. H. lacusprofundi proteins belonging to 

fully conserved haloarchaeal orthologous groups (cHOGs), a total of 604, were aligned 

with homologous proteins from the 12 other haloarchaea. Amino acid substitutions were 

observed in < 8 % (5,541 residues diverged out of a total 70,589) of the H. lacusprofundi 

cHOG protein positions invariant in homologous proteins from the mesophilic halophiles 

(32).  The most common substitutions observed in H. lacusprofundi were glutamic acid 

(13.34 %), alanine (10.40 %), valine (9.37 %), leucine (8.46 %), and threonine (8.36 %). 

These were generally substituted for amino acids with subtle differences in size, charge, 

or hydrophobicity. In fact, 48.8 % of substitutions occurred between highly similar amino 

acid residues suggesting that the changes necessary for cold-adaptation are subtle (32). H. 

lacusprofundi does not have homologs to antifreeze proteins but instead appears to rely 

on small adaptations of its proteins, including limiting the number of negative charges on 

the protein surface while maintaining enough so as to not affect the halophilicity of the 

enzyme (32). This predicted adaptive mechanism for survival under multiple extremes is 
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what makes H. lacusprofundi interesting both as a model for polyextremophilic life on 

Earth and the limits to habitability on other planets. A larger number of cold shock 

proteins have also been reported in H. lacusprofundi (33). 

β-galactosidase 

The genome sequence of H. lacusprofundi includes a carbohydrate utilization 

gene cluster important for survival in its extreme oligotrophic environment, including a 

bga gene (Hlac_2868) which encodes a family 42 β-galactosidase (22). Family 42 β-

galactosidases are usually found in extremophiles and catalyze hydrolysis of terminal 

nonreducing β-D-galactosides (EC 3.2.1.23). The β-galactosidase of H. lacusprofundi 

most likely functions to break down even trace levels of carbohydrates that may be 

present in the Antarctic environment (26). The bga gene for the known cold-active β-

galactosidase in H. lacusprofundi is in a cluster of genes that includes a sugar binding 

protein and a sugar kinase (22). The genes in this cluster and their products may be 

important for the breakdown of plant polymers and galactose created as byproducts by 

other organisms native to Deep Lake, Antarctica using the De Ley-Doudoroff pathway 

(31). This cluster of 17 genes are all represented in COGs, and 10 are represented in 

HOGs or Haloarchaeal orthologous groups associated with metabolism, cell signaling, 

and information transfer (34).  

The β-galactosidase enzyme has optimal activity in the 2-4 M NaCl range, 

retaining measurable activity at temperatures as low as 0 °C (22). This enzyme was 

determined to be active in H. lacusprofundi through blue-white screening using the 

chromogenic substrate, X-gal (5-bromo-4-chloro-3-indoyl-β-D-galacto-pyranoside) (22). 

In order to characterize the isolated enzyme, it was overexpressed in Halobacterium sp. 
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NRC-1, which does not contain an endogenous β-galactosidase. The Halobacterium sp. 

NRC-1 host system was developed for characterization of extremely halophilic proteins 

in a correctly folded conformation. Classical overexpression systems use Escherichia 

coli, which does not have the high internal ionic concentration that is seen in 

Haloarchaea, may lead to misfolding of halophilic proteins. The overexpression system in 

Halobacterium sp. NRC-1 produced 20-fold overexpression of β-galactosidase using the 

cold-shock promoter, PcspD2, identified through previous transcriptomic work when 

compared to that produced natively in H. lacusprofundi (22, 23). The activity of the 

column-purified β-galactosidase was tested in various salinities, temperatures, and 

organic solvents. β-galactosidase was tested in 0-4.5 M KCl and NaCl and had an activity 

maximum at 4 M KCl or NaCl with comparable activity in both salts which was reduced 

as the salt concentration decreased (22). It was found to have optimal activity at 50 °C 

but retained 13 % activity at 10 °C and 10 % activity at 4 °C (22). When tested in 5 or 10 

% v/v solutions of ethanol, n-butanol, and isoamyl alcohol in water with 2 M KCl, the 

enzyme only lost 30-35 % activity, while it only lost about 5 % activity in a comparable 

solution of methanol. 
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To explore the H. lacusprofundi β-galactosidase structure and function, a 

homology model of the enzyme was constructed using the closely related thermophilic 

homolog found in the thermophilic Bacterium Thermus thermophilus (Figure 2) (22, 35). 

The H. 

lacusprofundi 

β-galactosidase 

was initially 

modeled using 

the published 

structure of the 

closely related 

T. thermophilus 

family 42 β-

galactosidase 

(pdb: 1kwg) 

and 

subsequently 

validated by a 

newly reported 

X-ray crystal 

structure for the haloarchaeal enzyme (pdb: 6lvw) (35, 36). The T. thermophilus β-

galactosidase contains a trios-phosphate isomerase (TIM) barrel with eight repeats of βα 

units, and E141 (β-strand 5) and E312 (β-strand 8) serving as the catalytic residues (35). 

Figure 2. H. lacusprofundi β-galactosidase homology model. Ribbon 
diagram of H. lacusprofundi β-galactosidase family 42 monomer 
homology model. Domains A (light blue, with β sheets of the TIM 
barrel highlighted in dark blue), B (yellow), and C (red) are 
differentiated by color. The two active site residues (E142 and 
E312) within the TIM barrel loops are shown in stick form and 
labeled in black. Residues targeted for mutation (A180, N181, 
N251, A263, I299, F387, T383, S384, I476, and V482) are 
highlighted in green, labeled in red, and indicated by an arrowhead. 
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Based on the similarity between the halophilic and thermophilic protein sequences, the 

TIM barrel active residues in the H. lacusprofundi protein have been identified as E142 

and E312 (32). There are also 11 direct hydrogen bond interactions between the protein 

and the galactose -OH groups that are conserved across the T. thermophilus and H. 

lacusprofundi enzymes suggesting the binding mechanisms are the same (35, 36). The 

crystal structure suggests the enzyme oligomerizes into a trimer with extensive hydrogen 

bonding with contact points with the TIM barrel of domain A and an α/β fold in domain 

B with no direct bonding with domain C (36). Zymographic analysis of the wildtype H. 

lacusprofundi β-galactosidase on native gels also showed activity as a monomer 

(37). The Haloarchaeal enzyme is distinguished by the highly acidic character typical of 

halophilic proteins, with significantly greater predicted surface charge (net −65) 

compared with the nearly neutral T. thermophilus enzyme (net −4) (13, 34). 

The H. lacusprofundi β-galactosidase sequence was analyzed bioinformatically, 

as was done for the full genome, to determine residues with a potential connection to the 

cold-tolerance of the enzyme through comparison to homologs in mesophilic halophiles 

as well as to gain a more structural understanding of the substitutions observed from the 

full genome (32). The H. lacusprofundi protein was aligned with four mesophilic 

homologs from Haloferax lucentense SB1, Haloferax volcanii, Haloterrigena 

turkmenica, and Halopiger xanaduensis and these proteins had at least 60 % sequence 

identity. Based on the alignment, there were 321 residues converged in the four 

mesophilic Haloarchaea and of those, 27 were diverged in H. lacusprofundi (Table 1). Of 

these 27 divergent residues, 17 were buried or less than 5 % solvent exposed and 10 were 

surface exposed or greater than 10 % solvent exposed. Five of the surface exposed 
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residues were acidic in the mesophiles and either polar proteins or proline in H. 

lacusprofundi resulting in a less negative, more hydrophobic surface. Four other surface 

residue substitutions resulted in a more hydrophobic surface (32). 

 
Table 1. Original Alignment Results of H. lacusprofundi β-galactosidase to 4 Mesophilic 
Homologs. 
Cold-Adapted AA Mesophilic AA AA Number Surface accessibility 

R T 19 45% 
A Q 23   
N T 180   
A T 181 45% 
S D 189 15% 
P D 235 25% 
N D 251 10% 
A S 263   
Q E 284   
I L 299   
C S 324 15% 
G A 328   
L V 348   
T A 383   
S A 384 40% 
F L 387 30% 
F H 404   
Q L 427   
V L 434   
V I 443   
S E 451 25% 
A T 460   
I V 476 25% 
V L 482   
F L 484   
A V 604   
T L 635   

 

Expression and Mutagenesis 

After further analysis using an expanded set of nine Haloarchaea, eight 

mesophiles and H. lacusprofundi (37, 38), only six single amino acid changes and two 
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sets of tandem amino acids were identified in the cold-adapted H. lacusprofundi β-

galactosidase. The six single amino acids were targeted for substitution with conserved 

residues found in the mesophilic enzymes (Table 2 and Figure 2). These six residues 

were mutated by site-directed mutagenesis and cloned into the expression plasmid 

pRK42 (37).  In a second series of mutagenesis, the two tandem amino acids and a series 

of double mutations combining each of the single amino acid changes were mutated by 

site-directed mutagenesis and cloned into the expression plasmid pVL (Table 2 and 

Figure 3) (38).  

Table 2: Mutated Amino Acid Residues in H. lacusprofundi β-galactosidase.  

AA 
Number 

Cold-
Adapted 

AA 

Mesophilic 
AA 

Domain 
(region) 

Secondary 
Structure 

Surface 
accessibility 

(%) 

Mutation 
Name 

180 N T A 
(Subdomain 

H) 

β-7 ~5 N180T 

181 A T A 
(Subdomain 

H) 

β -7 ~45 A181T 

251 N D A (TIM) α-9 ~15 N251D 
299 I L A (TIM) α -10 <5 I299L 
383 T A A (TIM) a-14 <5 T383A 
384 S A A (TIM) a-14 ~10 S384A 
387 F L A (TIM) a-14 ~35 F387L 
476 I V B Coil ~30 I476V 
482 V L B β -18 ~10 V482L 

 

The wild-type H. lacusprofundi bga gene was placed under control of and 

amplified by the cold-inducible cspD2 promoter in Halobacterium sp. NRC-1 to 

construct pMC2 (22). Next, a His-tag was inserted in the bga gene immediately 

downstream of its start codon using the NdeI cloning site to construct plasmid pRK42, a 

derivative of the previously described Halobacterium expression plasmid pMC2 (22) and 

facilitated purification of the expressed proteins.   
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Figure 3. Alignment of β-galactosidases from 8 mesophiles and H. lacusprofundi. 
CLUSTAL 2.1 multiple sequence alignment of β-galactosidase amino acid sequences 
from H. lacusprofundi (Hlabga, in red), H. lucentense (Hlubga), H. volcanii (Hvobga), 
H. sinaiiensis (Hsibga), H. tiamatea (Htibga), H. xanaduensis (Hxabga), N. occultus 
(Nocbga), H. larsenii (Hlrbga), and H. turkmenica (Htubga). Residues divergent in H. 
lacusprofundi but conserved in mesophilic haloarchaeal sequences are highlighted in 

ll  
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Restriction fragments harboring N251D, A263S, I299L, F387L, I476V, and 

V482L substitutions were designed, synthesized, and used to replace the corresponding 

regions in plasmid pRK42. The wild-type and mutated bga genes on pRK42 derivatives 

were then transformed into the Halobacterium sp. NRC-1 expression host (22, 37). Four 

restriction sites—AgeI, PvuII, BstXI, and RsrII—were identified in the bga gene for use 

in partial gene synthesis and replacement of the wild-type gene in pRK42. 

The H. lacusprofundi bga gene restriction fragments containing mutations were 

synthesized by GeneArt (www.lifetechnologies.com) and cloned into pMA vectors, 

followed by digestion, and cloning in pRK42. AgeI-PvuII restriction fragments of 355 bp 

were synthesized for bga mutant derivatives N251D (AAC → GAC) and A263S (GCC 

→ TCG), and PvuII-BstXI restriction fragments of 333 bp were synthesized 

for bga mutant derivatives I299L (ATC → CTC) and F387L (TTC → CTG) and cloned 

to replace the corresponding fragments in pRK42 (Table 3). For I476V (ATC → GTC) 

and V482L (GTT → CTC), due to the presence of an additional RsrII site in 

the bga gene, a three-way ligation was used for construction, by digestion of pRK42 with 

AgeI (which overlaps one RsrII site) and RsrII purification of two backbone fragments, 

AgeI-RsrII (6.9 kb) and AgeI-BstXI (688 bp), and ligation with the synthetic BstXI-RsrII 

restriction fragment of 288 bp. 

The different pRK42 constructs were transformed into E. coli DH5α and verified 

by restriction digestion analysis, PCR amplification, and sequencing using the primers 

listed in Table 4. The pRK42 constructs were transformed into Halobacterium sp. NRC-1 

using a standard PEG/EDTA method (39). Transformants were selected on CM+ agar 

http://www.lifetechnologies.com/
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plates supplemented with 20 µg/mL mevinolin and 40 µg/mL X-Gal and verified by 

blue-white 

screening and PCR (22).  

Steady-State Kinetics 

In order to study the effects of mutations on H. lacusprofundi β-galactosidase, a 

classical biochemical method for steady-state kinetics analysis was employed, which uses 

the following reaction: 

𝐸𝐸 + 𝑆𝑆 ⇄ 𝐸𝐸𝑆𝑆
𝑘𝑘2→ 𝐸𝐸 + 𝑃𝑃   

E is enzyme, S is substrate, and P is product. k -1 (first set of arrows) the rate of 

dissociation and k +1 (first set of arrows) is the rate of association of the substrate to the 

enzyme and k2 is the rate of breakdown of the ES complex into the enzyme and product. 

The Michaelis-Menten equation describes the reaction: 

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚 =
𝑘𝑘𝑐𝑐𝑚𝑚𝑐𝑐[𝐸𝐸][𝑆𝑆]
(𝐾𝐾𝑚𝑚 + [𝑆𝑆])

 

where Vmax is the maximal rate of the reaction, kcat is equal to k2 and represents the 

turnover number or the amount of substrate converted to product per unit time, Km is the 

concentration of substrate at which the reaction is at half Vmax, [E] is the concentration of 

the enzyme, and [S] is the concentration of substrate (40).  

Using a chromogenic substrate, the overall reaction rate kcat can be measured. 

Under steady-state conditions, with excess substrate, the dissociation constant (Kd) can be 

approximately defined as: 

𝐾𝐾𝑑𝑑 ≈
(𝑘𝑘−1 + 𝑘𝑘2)

𝑘𝑘+1
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and is roughly equivalent to the Michaelis constant, Km, under conditions of substrate 

excess. Under these specific conditions the Km represents a measure of the affinity of the 

enzyme for its substrate. In a simple reaction mechanism, this parameter reflects the 

enzyme affinity for the substrate (if the association/dissociation of the enzyme-substrate 

complex is fast in respect to product formation). A lower Km is indicative of a more 

effective enzyme catalysis as it suggests less dissociation and a stronger affinity (41). Km 

can also be defined as the substrate concentration that is required to produce 50 % of the 

maximal activity. kcat represents the rate of reaction under steady-state conditions and can 

be defined as the maximal enzyme reaction rate at a given temperature, which is 

expressed as the number of substrate molecules that are transformed by one molecule of 

enzyme per unit time. It is also known as the turnover number and describes the limiting 

rate of any enzyme-catalyzed reaction at saturation. The third constant, kcat/Km, is the 

ratio of the two and represents the efficiency of the enzyme. The higher the kcat/Km, the 

more efficient the enzyme is as a catalyst (42). These constants can be calculated from a 

Michaelis-Menten equation using a Lineweaver-Burk also known as a double reciprocal 

plot. 

The steady-state assumption allows for the assumption that the initial velocity 

reflects a steady state where [ES] is constant and the rate of formation of ES is equal to 

the rate of its breakdown (43). The Lineweaver-Burk plot is a double reciprocal plot 

using the following version of the Michaelis-Menten equation: 

1
𝑉𝑉0

=
𝐾𝐾𝑚𝑚

𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚[𝑆𝑆]
+

1
𝑉𝑉𝑚𝑚𝑚𝑚𝑚𝑚

 

where the y-axis is 1/V0 and the x-axis is 1/[S] (Figure 4). Both the Vmax and Km can be 

determined from this plot where the y-intercept is 1/Vmax and the x-intercept is -1/Km. The 
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kcat can be calculated from the Vmax by multiplying it by the enzyme concentration (44). 

In this way the kinetic effects of various conditions can be compared and evaluated for 

multiple proteins. 

Five of 

the six single 

residues had 

discernible 

effects on the 

cold function of 

the enzyme, 

while the sixth 

showed reduced 

activity at all 

temperatures. 

Specifically, five showed a decrease in catalytic efficiency at temperatures down to 0 ºC 

when compared to the wild-type (37) indicating that these residues are important for 

cold-activity in the enzyme. The decreased enzyme efficiency could be accounted for by 

changes in either the substrate binding property or the catalytic rate constant. Two 

mutations, F387L and V482L had a strong effect on Km and two, I299L and I476V, 

strong effects on kcat, with N251D resulting in an effect on both Km and kcat, indicating 

these wild-type residues are important for optimizing the cold-activity of the H. 

lacusprofundi β-galactosidase enzyme (Figure 5). Only A263S showed decreases in 

catalytic efficiency over the entire temperature range, resulting from increased Km and 

Figure 4. Example Lineweaver-Burk Plot. This Lineweaver-Burk 
plot shows the double reciprocal plot generated from the steady-
state kinetics performed with wild-type H. lacusprofundi β-
galactosidase at 20 ºC and 2 M KCl. 
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decreased kcat. The targeted residues also represented a variety of structural changes with 

more surface-exposed residues like I476V and F387L as well as an instance of a new 

hydrogen bond in the case of A263S. Together, mutation of five of the six diverged 

residues in β-galactosidase clearly showed the expected decreases in catalytic efficiency 

at low temperatures. Three of these resulted from changes in both Km and kcat, while the 

other two resulted from changes in either Km or kcat alone. Therefore, depending on the 

substitution, either or both substrate binding and the rate of catalysis may be improved in 

the cold-active enzyme.  

 

Temperature Dependence of Proteins 

In order to function at extreme temperatures, the proteins of extremophiles have 

both structural and catalytic adaptations. The adaptations for cold temperature protein 

Figure 5. Steady-state kinetics of wild-type and mutated β-galactosidases. Plots of the 
Michaelis constant (Km, mM ONPG; Top, y-axis), catalytic rate constant (k cat, s−1; 
Middle, y-axis), and catalytic efficiency (k cat/Km, s−1 × mM ONPG−1; Bottom, y-axis) 
for the wild-type (blue) and each mutated enzyme (red) are shown over the 
temperature range of 0–25 °C on the x-axis, with SEs shown as error bars. The 
mutation is indicated in the header of each graph. 
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function are among the least well understood. Some common strategies are an increased 

flexibility of the proteins, specialized antifreeze proteins, and nucleic-acid-binding 

proteins (27). Increased flexibility can be conferred through more flexible loop regions 

and fewer hydrogen bonds and salt bridges, by comparison to thermophilic proteins as 

well as decreased core hydrophobicity and increased surface hydrophobicity (45). In a 

study on the lactate dehydrogenase A4 homologs found in Antarctic fishes, it was found 

that there were only minor differences in the primary structure between cold-active 

proteins to more mesophilic homologs. These differences were outside the active site but 

still resulted in kinetic differences between the proteins (46). In many cases the active 

sites of psychrophilic proteins are identical to those in mesophilic homologues at least as 

far as can be determined from X-ray crystallography (47). This suggests that the changes 

necessary for cold-adaptation occur across the whole protein rather than being focused in 

areas close to or within the active site. 

Bioinformatic analysis of the amino acid composition of the proteins of H. 

lacusprofundi identified specific amino acid substitutions present in the proteins of the 

cold-adapted Haloarchaeon when compared to mesophilic Haloarchaea. About half of the 

substitutions resulted in small changes in polarity or molecular weight (32). Glutamic 

acid was most often substituted (13 in the H. lacusprofundi proteome) and was most 

commonly substituted with aspartic acid or alanine. Halophilic proteins have a 

characteristically negative surface but psychrophilic proteins seem to favor a less 

negative surface, resulting in an interesting balancing act for proteins from 

polyextremophiles that are both psychro- and halophilic. When looking specifically at β-

galactosidase, about a third of the substitutions occurred on the surface of the enzyme 
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(32). These changes resulted in a more hydrophobic surface and the amino acid 

substitutions observed were consistent with a more flexible protein. The observed 

changes were also skewed toward smaller residue sidechains, which is consistent with 

other studies comparing psychrophilic proteins to those of mesophiles (48, 49). 

Proteomic studies suggest that psychrophilic proteins have larger coil regions and 

increased numbers of amino acids with short sidechains (such as alanine, cysteine, 

glycine, serine, and threonine) in β-sheet regions. There is also a significant preference 

for alanine, aspartic acid, serine, and threonine as well as an avoidance of glutamic acid 

and leucine in nonhalophilic psychrophilic proteins (48). 

Loops are also thought to contribute to the cold-activity as they can result in 

increased flexibility, increasing the accessible surface area and potentially disrupting the 

hydration shell (50). The loops can allow for more potential conformations at low 

temperatures (51). Other studies have deleted loops and observed changes in the rigidity 

of the enzyme through molecular dynamics. Trimming loops has been shown to increase 

protein rigidity and is a common technique of improving protein stability (52). That 

rigidity is predicted to translate to improved thermostability and improved catalysis at 

higher temperatures as the protein would have increased compactness as is seen with 

more thermophilic proteins.  

Understanding psychrophilic enzymes requires both kinetic and thermodynamic 

analysis. In general, as temperatures increase, catalytic rates increase even for 

psychrophilic proteins (47). Psychrophilic proteins therefore do not usually reflect the 

optimal growth temperature of the host psychrophilic organism, but rather have a slightly 

shifted temperature optimum, allowing them to continue to function at low temperatures 
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where nonpsychrophilic proteins would not. The H. lacusprofundi β-galactosidase has an 

extended range with an optimum of 50 °C as well as retaining measurable activity down 

to 0 °C. Comparative studies of psychrophilic proteins to mesophilic homologs show a 

shifting of the optimum by about five degrees allowing for continued activity at 

temperatures lower than the limit of mesophilic proteins (53). In order to function at low 

temperatures, enzymes must overcome the enthalpic penalty which can be defined using 

the transition-state theory (45). Transition-state theory uses activated complexes near the 

potential energy peak of a reaction to determine the approximate enthalpy and entropy in 

said reaction. The Arrhenius equation is used to determine the temperature dependence of 

the reaction rate: 

𝑘𝑘𝑟𝑟𝑚𝑚𝑟𝑟 = 𝐴𝐴𝐴𝐴
−𝐸𝐸𝑎𝑎
𝑅𝑅𝑅𝑅  

where krxn is the reaction rate, A is frequency factor, Ea is the activation energy, R is the 

gas constant, and T is the temperature in Kelvin. This equation shows that the enthalpy of 

activation gives rise to an exponential decrease in the reaction rate when the temperature 

is lowered (54, 55). This is counteracted with a smaller enthalpy and more negative 

entropy of activation. When looking at the difference in Arrhenius plot slopes between 

mesophilic and psychrophilic enzymes, the protein surface is integral in the observed 

reduction in enthalpy and entropy in psychrophiles (56). The active site mobility is 

generally conserved while the protein surface shows increased backbone mobility (57).  

In the case of psychrophilic proteins where the optimum averages around 30-50 

°C, generally close to the melting point of the protein, there is an implication that the rate 

versus temperature curve is not shifted to include the lower temperatures. Alternatively, 

the temperature tail is lifted through different enthalpy-entropy partitioning (58).  The H. 
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lacusprofundi β-galactosidase is also thermostable and has a maximum temperature of 60 

°C (22). There may be a structural origin for the observed enthalpy-entropy effects with 

surface-bound water creating an extensive hydrogen bonding network with the surface 

exposed residues that can also stabilize the conformation of the surface loops (57). 

Mutations on the surface can have a destabilizing effect disrupting the temperature 

dependent activity of the protein. 

Biotechnology Implications 

Enzymes are used in a wide variety of biotechnological applications throughout 

industry ranging from food preservation to detergents and cleaning supplies to textiles. 

Enzymes often replace chemicals in “green chemistry” processes reducing potential 

pollutants caused by traditional processes. Food preservation utilizes enzymes like lipase, 

amylases, and proteases for preservation and fermentation (59).  Esterases are used in the 

paper industry for the removal of ester bonds that can clog machinery, disrupting the 

paper-making process. Lipases are also used in detergents and reduce the number of 

chemicals required for household cleaning processes (60). In order to function, these 

enzymes do require an amount of energy to be added to the system, usually through heat. 

When working with food or the cleaning of large objects, adding heat can be difficult or 

require additional steps. 

Many biotechnology applications would benefit from the development of 

improved cold-active enzymes as they can be used to reduce the energy required to 

facilitate the same reaction, resulting in a greener process (61, 62). Development of a 

more cold-active β-galactosidase, specifically, may improve the production of lactose 

free milk, a process currently performed by a mesophilic enzyme at 20 ºC (63). Cold-
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active enzymes may also be useful for many other catalytic processes which may be 

carried out at low temperatures or room temperature such as cold-water laundry cycles 

and cleaning large surfaces (64).  

Astrobiological Implications 

Over the past 10 years, the chemical composition on the surface of Mars has been 

increasingly probed, both remotely and by rovers on site. In addition to being cold 

(average temperature -63 ºC), with a very thin atmosphere (and therefore high levels of 

radiation), the surface has been found to contain toxic chemicals (chlorates/perchlorates) 

(65). The presence of oxidizers was first suspected during the NASA Viking Lander 

missions of the 1970s (66). This was later confirmed by the Phoenix Lander mission 

where perchlorate concentrations of 0.4–0.6 wt % (3.3 mM magnesium, 2.4 mM ClO4 -) 

were detected by the onboard Wet Chemistry Lab (65) and confirmed by the Sample 

Analysis at Mars instrument on the Mars Curiosity rover (67). Remote spectral analysis 

of Palikir Crater and Hale Crater showed the potential for existence of hydrated salts 

rather than pure water in recurring slope lineae, consistent with magnesium perchlorate. 

The Horowitz Crater had larger recurring slope lineae indicative of the potential for 

liquid water and spectra consistent with Martian soil mixed with sodium perchlorate (68). 

These recurring slope lineae also have the potential to be granular flows (69) but this 

does not preclude the existence of liquid water on Mars. The ice caps are suspected to 

have perennial water and there is evidence to suggest that the southern pole has 

experienced melting and refreezing periods in the past through the analysis of ridges and 

lateral flows in the valleys surrounding the pole where the melt water would have flowed 

(70, 71).   
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Haloarchaea have long been proposed as candidates for survival on Mars since 

they have evolved to grow in multiple extreme conditions on Earth, including low water 

activity, high radiation, and cold temperatures (14, 72). This possibility has been explored 

through the launch of Haloarcula strain G into deep space and various Haloarchaea into 

the stratosphere (9, 14). They may be able to survive in halite deposits like those found in 

some meteorites as Haloarchaea have been shown to survive within brine inclusions and 

can tolerate exposure to high levels of radiation (73). The cold-adapted H. lacusprofundi 

can also tolerate temperature fluctuations resulting in freeze-thaw conditions and grow at 

temperatures far below those at which other Haloarchaea would be dormant and under 

adverse conditions resulting from hypersaline environments (74). 

Experimental Objectives 

The focus of my thesis is to expand our understanding of the mechanisms of cold-

activity using Haloarchaea as a model, specifically β-galactosidase from H. 

lacusprofundi. This allows us to expand our definition of the limits of life in order to 

better understand how life may arise elsewhere in the universe through an in-depth study 

of Haloarchaeal proteins and adaptations of Haloarchaeal communities. It also expands 

our understanding of cold-activity for use in biotechnology where more cold-active 

enzymes facilitate greener reactions as less energy is required. Using residue mutations 

informed by comparative genomics, we are able to explore three types of variants, single, 

tandem, and loops. Using steady-state kinetics, we can quantify the potential effects of 

cold temperatures on the proteins of Haloarchaea giving us a better understanding of their 

effect on life. Kinetic analysis was used to establish distinct combinatorial effects related 

to structural changes in the model enzyme. Molecular dynamics simulations were used to 
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determine RMSF differences with various temperature and salinity conditions to 

characterize the wild-type and compare across the single mutated enzymes and select 

combinatorial double mutated enzymes to build on the kinetic data and propose potential 

mechanisms that result in the observed kinetic effects. 

Thesis Organization 

Chapter 1 is a review of the field of Haloarchaea and astrobiology and protein 

kinetics as they relate to Haloarchaea. Chapter 2 summarizes the methods used in this 

study. Chapter 3 presents the results of the analysis of the effects of the double and 

tandem mutations on the cold-activity of β-galactosidase from H. lacusprofundi. Chapter 

4 presents the results of the analysis of the effects of the double and tandem mutations on 

the warm temperature activity of β-galactosidase from H. lacusprofundi. Chapter 5 

presents the results of the analysis of the effects of the deletion of insertions on the cold-

activity of β-galactosidase from H. lacusprofundi. Chapter 6 presents the results of the 

characterization of the salinity kinetics for the wild-type and analysis of molecular 

dynamics simulations and comparisons of the RMSF values between the wild-type and 

mutated β-galactosidases. Chapter 7 is a discussion of the results and includes 

suggestions for future experiments. 
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Chapter 2: Methods 

Mutagenesis and Expression of H. lacusprofundi β-Galactosidase 

For mutagenesis and expression of H. lacusprofundi β-galactosidase, we used the 

expression plasmid pRK42, a derivative of the previously described Halobacterium 

expression plasmid pMC2 (22) and 

the derivatives created and described 

in Laye et al. 2017 (37). Four 

restriction sites—AgeI, PvuII, 

BstXI, and RsrII—were identified in 

the bga gene. Fragments synthesized 

by GeneArt were used for partial 

gene synthesis and replacement of 

the wild-type gene with the single 

amino acid mutations. The H. 

lacusprofundi bga gene restriction 

fragments containing mutations were 

synthesized by GeneArt 

(www.lifetechnologies.com) and 

cloned into pMA vectors, followed 

by digestion using the restriction 

enzymes identified before, and 

cloning in pRK42 (22) which were 

recombined to make the pVL series (Figure 6).  

Figure 6: pVL overexpression plasmid map. 
Expression of wild-type and mutated β-
galactosidases in Halobacterium sp. NRC-1. 
Expression vector showing the location and 
transcriptional orientation of bla (β-lactamase 
for ampicillin resistance, red), mevr (HMG-
CoA reductase for mevinolin resistance, 
orange), bga [β-galactosidase(blue), His-tag 
(dark orange arrow)], and rep (the 
Halobacterium pGRB replicase gene, green). 
The cspD2 promoter (PcspD2) is indicated by a 
dark blue arrow, and the regions targeted for 
mutagenesis are indicated by light purple 
arrows for the single and tandem mutations 
and dark purple for the deletions.  

http://www.lifetechnologies.com/
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AgeI-PvuII restriction fragments of 355 bp were synthesized for bga mutant 

derivative N251D (AAC → GAC) and the tandem mutation derivative N180T/A181T 

(AACGCG → ACGACC), and PvuII-BstXI restriction fragments of 333 bp were 

synthesized for bga mutant derivatives I299L (ATC → CTC), F387L (TTC → CTG), and 

the tandem mutation derivative T383A/S384A (ACGTCC → GCGGCC) and cloned to 

replace the corresponding fragments in pRK42. For I476V (ATC → GTC), V482L (GTT 

→ CTC) and the fragment was synthesized with both the I476V (ATC → GTC) and 

V482L (GTT → CTC) mutations, due to the presence of an additional RsrII site in the 

bga gene, a three-way ligation was used for construction, by digestion of pRK42 with 

AgeI (which overlaps one RsrII site) and RsrII purification of two backbone fragments, 

AgeI-RsrII (6.9 kb) and AgeI-BstXI (688 bp), and ligation with the synthetic BstXI-RsrII 

restriction fragment of 288 bp. These plasmids were then used in the construction of the 

double mutations. The N251D fragment was cloned into the I299L, F387L, and I476V 

plasmid backbones cut with AgeI-PvuII. The V482L fragment was cloned into the F387L 

plasmid backbone cut with BstXI -BamHI. The I476V fragment was cloned into the 

I299L plasmid backbone cut with BstXI -BamHI (Table 3).  

Table 3: Plasmids Used in Mutagenesis Study 
 Plasmid Characteristics Reference 

pMC2 Halobacterium expression vector with cspD2 promoter 
and Halorubrum lacusprofundi β-galactosidase gene (22) 

pRK42 
Halobacterium expression vector with cspD2 promoter, 
His6-tag and Halorubrum lacusprofundi β-galactosidase 
gene 

(37) 

pRK-N251D pRK42 derivative with mutation from asparagine to 
aspartic acid at 251  (37) 

pRK-A263S pRK42 derivative with mutation from alanine to serine 
at 263 (37) 

pRK-I299L pRK42 derivative with mutation from isoleucine to 
leucine at 299  (37) 
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Table 3 continued  

pRK-F387L pRK42 derivative with mutation from phenylalanine to 
leucine at 387  (37) 

pJK-I476V pRK42 derivative with mutation from isoleucine to 
valine at 476  (37) 

pJK-V482L pRK42 derivative with mutation from valine to leucine 
at 482  (37) 

pVL-
N180TA181T 

β-galactosidase expression plasmid with mutation of 
asparagine and alanine to threonine at 180 and 181 

This 
work 

pVL-
T383AS384A 

 β-galactosidase expression plasmid with mutation of 
threonine and serine to alanine at 383 and 384 

This 
work 

pVL-
N251DF387L 

β-galactosidase expression plasmid with mutation of 
asparagine to aspartic acid at 251 and phenylalanine to 
leucine at 387 

This 
work 

pVL-
F387LV482L 

 β-galactosidase expression plasmid with mutation of 
phenylalanine to leucine at 387 and valine to leucine at 
482 

This 
work 

pVL-
I476VV482L 

β-galactosidase expression plasmid with mutation of 
isoleucine to valine at 476 and valine to leucine at 482 

This 
work 

pVL-
N251DI476V 

β-galactosidase expression plasmid with mutation of 
asparagine to aspartic acid at 251 and isoleucine to 
valine at 476 

This 
work 

pVL-
I299LI476V 

β-galactosidase expression plasmid with mutation of 
isoleucine to leucine at 299 and isoleucine to valine at 
476 

This 
work 

pVL-
N251DV482L 

β-galactosidase expression plasmid with mutation of 
asparagine to aspartic acid at 251 and valine to leucine 
at 482 

This 
work 

pVL-
I299LF387L 

β-galactosidase expression plasmid with mutation of 
isoleucine to leucine at 299 and phenylalanine to 
leucine at 387  

This 
work 

pVL-
F387LI476V 

β-galactosidase expression plasmid with mutation of 
phenylalanine to leucine at 387 and isoleucine to valine 
at 476 

This 
work 

pVL-Δ532-542 β-galactosidase expression plasmid with deletion 
of residues 532 through 542 

This 
work 

pVL-Δ657-668 β-galactosidase expression plasmid with deletion of 
residues 657 through 668 

This 
work 

For the deletions, restriction fragments with residues 532-542 and residues 657-

668 removed were designed, synthesized, and used to replace the corresponding regions 

in plasmid pRK42. RsrII- BamHI restriction fragments of 617 and 614 bp respectively 

were synthesized for the deletion mutations. Due to the presence of an 



 

30 
 

 

additional RsrII site in the bga gene, a three-way ligation was used for construction, by 

digestion of pRK42 with AgeI (which overlaps one RsrII site) and RsrII purification of 

two backbone fragments, AgeI-BamHI (6.3 kb) and AgeI-RsrII (962 bp), and ligation 

with the synthetic RsrII-BamHI restriction fragment of 617 and 614 bp respectively 

(Table 3). 

The different pRK42 constructs were transformed into E. coli DH5α and verified 

by restriction digestion analysis, PCR amplification, and sequencing using the primers 

listed in Table 4. The pRK42 constructs were transformed into Halobacterium sp. NRC-1 

using a standard PEG/EDTA method (39). Transformants were selected on CM+ agar 

plates supplemented with 20 µg/mL mevinolin and verified by PCR (22). 

Table 4: Oligonucleotides used to Confirm Mutations 
 Primer 5′-3′ sequence Use 
NdeI-6HisF ATGATGCATATGCACCACCACCACCACCACCATATGATGATG His6-Tag 

insertion 
NdeI-6HisR CATCATCATATGGTGGTGGTGGTGGTGGTGCATATGCATCAT  

β-gal 05R TCGAAGGAGCCGTACTGCTG Sequencing 
bga gene 
mutation 
regions 

β-gal 15 F CCGTCGATCAGCACGAGTCG 
βGalIntF GATTGTGCCGACGCGTTCCG 
β-gal 16R TCCAGCCACTCCGCCCAGGT 
β-gal 11R TCCTCGGACGTGTGTGCGGC 
β-gal l10F GCACCACGCCGCCGCCCACG 
βGalIntR ACCTGGGCGGAGTGGCTGGA 
pKJprmhtrF TTATTCCGTTTCCGCGGAAA Sequencing 

cspD2 
promoter 
region 

pKJprmhtrR GTCGTCCTCGTTGTCCCCGA  

Purification of Wild-Type and Mutated β-Galactosidase 

To purify β-galactosidase, cultures of Halobacterium sp. NRC-1 transformants 

(pRK42 and pVL plasmids) were grown to late-log phase (OD600 ∼ 1.0), harvested, 

resuspended in binding buffer [20 mM phosphate buffer, 2.0 M NaCl, 10% (vol/vol) 
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glycerol, and 30 mM imidazole, pH 7.4], and then sonicated for 15 s at an amplitude of 

∼54 μm (Model 50 Sonic Dismembrator; Thermo Fisher Scientific). Cell debris was 

removed by centrifugation (25,000 × g, 4 ºC, 10 min) in an Eppendorf 5417C centrifuge, 

and the resultant crude extracts were filtered through a 0.2-µm polyethersulfone filter 

(Thermo Fisher Scientific). The proteins were purified using 1-mL Nickel HisTrap HP 

columns (GE Healthcare). Each column was equilibrated with binding buffer, and the 

lysate was loaded onto the column at a flow rate of 1 mL/min. The column was then 

washed with binding buffer until the absorbance reading was steady. Bound proteins 

were eluted sequentially with 2 M NaCl and 100 mM phosphate buffer (pH 7.4) 

supplemented with 40 mM, 60 mM, 80 mM, 100 mM, 200 mM, and 500 mM imidazole. 

The elutants were collected in five 1-mL fractions for each imidazole concentration. 

All column fractions were tested for activity using ONPG, ortho-nitrophenol-β-

galactoside (Thermo Fisher Scientific). The three most active fractions were combined 

for all subsequent work, and protein concentration was estimated by absorption at 280 nm 

using a Shimadzu UV-VIS 1601 spectrophotometer. To confirm purity, 2-μL aliquots 

were run on a 10% SDS/PAGE, followed by staining with Coomassie blue (Millipore 

Sigma). 

Thermal Stability Testing 

 Thermal stability tests were performed using crude lysate of Halobacterium sp. 

NRC-1 transformed with the wild-type or mutated plasmids. Crude lysate was prepared 

in the same way as for purification and was separated into 300 µl aliquots for incubation 

and testing. Sets of three aliquots were used for each treatment. The remaining activity 
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was tested by adding 33 µl of 20 mM ONPG after each treatment and the reaction was 

stopped with 600 µl 2 M Na2CO3 after 10 minutes at 30 ºC. Sets of aliquots were treated 

with overnight incubation at 27 ºC or incubation for 15, 30, 45, or 60 minutes at 60 ºC. 

The activity was measured immediately after the lysate was created to serve as the 

starting activity. 

Steady-State Kinetic Analysis of Mutated β-Galactosidase 

Kinetic experiments were performed at temperatures from 0 to 25 ºC in 5 ºC 

increments, using a Shimadzu UV-VIS 1601 spectrophotometer with a customized 

temperature control system designed to prevent condensation at lower temperatures using 

the same method described in Laye et al. (37). A solution of 10 µg/mL of enzyme in 2 M 

KCl and 100 mM PO4 buffer at pH 6.5 was used for all kinetic reactions. The assay 

solution was preincubated at the desired temperature for 2 min before the addition of 

ONPG. Changes in absorption at 420 nm over 2 min and 30 s were recorded. Three 

different concentrations of ONPG were used: 1, 2.5, and 5 mM. All experiments were run 

in triplicate and values were averaged. V0, the Michaelis constant (Km), and Vmax values 

were determined using Lineweaver–Burk plots with UV Probe ver. 4.23 software 

(Shimadzu). kcat values were calculated from Vmax and enzyme concentrations. The RSQ 

function in Microsoft Excel was used to determine R2 values of linear regression. The 

LINEST function in Excel was used to determine SEs for Km, Vmax, and kcat. 

Characterization of Salinity Effects on β-galactosidase Steady-State Kinetic Constants 

Kinetic experiments were performed at temperatures from 10 to 50 ºC in 10 ºC 

increments, using a Shimadzu UV-VIS 1601 spectrophotometer with a customized 
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temperature control system designed to prevent condensation at lower temperatures using 

the same method described in Laye et al. (37). A solution of 10 µg/mL of enzyme in 1-4 

M KCl and 100 mM PO4 buffer at pH 6.5 was used for all kinetic reactions. The assay 

solution was preincubated at the desired temperature for 2 min before the addition of 

ONPG. Changes in absorption at 420 nm over 2 min and 30 s were recorded. Three 

different concentrations of ONPG were used: 1, 2.5, and 5 mM. All experiments were run 

in triplicate and values were averaged. Kinetic constants were calculated the same way as 

in the temperature kinetic experiments described above. 

Statistical Analysis 

 
Statistical analysis was performed using Microsoft Excel 2007.  Linear 

regressions were calculated from early to mid-log phase of the growth curves in order to 

determine the growth rate which was then normalized to the growth rate of each 

Haloarchaeon under optimal conditions in order to calculate percent growth rate. 

Standard errors for the temperature kinetics were calculated using the Linest function in 

Excel to calculate the error in the slope and intercept of each Lineweaver-Burk plot. The 

error was then propagated to the calculated kinetic parameters. 

Structural Analysis 

A structural model of the H. lacusprofundi β-galactosidase 6lvw (36) was 

visualized using Swiss-PDBViewer version 4.1.0 (75). The H. lacusprofundi β-

galactosidase model (36) was modified using the “Mutate” tool to generate variants. The 

probability and s-value for each rotamer were recorded and compared to determine the 

most likely conformation. Neighbors within 4 Å of the residue side chains were selected 
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and displayed with CPK coloring and rendered in solid 3D. The backbone, side chain, 

and label were displayed for each residue. The “Move”, “Zoom”, and “Rotate” tools were 

used to frame the selected residues so that all labels were visible, and any steric clashes 

or hydrogen bonds were clear. Using the “Mutate” tool, the targeted residue was selected 

and each rotamer for both the cold-adapted and the noncold-adapted residue was 

visualized and saved as a stereoscopic image. The probability and s-value for each 

rotamer were recorded and compared to determine the most likely conformation. The 

most likely conformation was used for comparison to the wild-type in order to determine 

any potential changes in the structure. 

Molecular Dynamics 

We collaborated with the Voelz lab at Temple University to construct a homology 

model of the enzyme and to perform molecular simulations at 1 M, 2 M, 3 M and 4 M 

KCl and 10-50 °C in 10-degree increments.  The MODELLER software package (76) in 

UCSF Chimera (77) was used to construct a homology model of Halorubrum 

lacusprofundi β-galactosidase from the closely-related thermophilic Thermus 

thermophilus β-galactosidase structure (PDB ID: 1KWK) as a structural template, 

following previous similar efforts (37). This homology model was used in all of our 

simulation studies. The recent publication of the X-ray crystallographic structure of β-

galactosidase from H. lacusprofundi (36) confirms the high quality of the homology 

model, which achieves a root-mean-squared deviation (RMSD) of 0.437 nm for all 

backbone alpha-carbons and 0.119 nm for the backbone alpha-carbons in Domain A. 
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Parallel simulations were performed on the Folding@home distributed computing 

platform by the Voelz Lab at Temple University. The protonation states of ionizable 

residues were determined using PROPKA (78, 79), resulting in a total net charge of -68e. 

Molecular simulation topologies were constructed by solvating the homologous model 

with TIP3P waters in a (10.98 nm)3 periodic box, and adding neutralizing K+ and Cl- 

counterions at concentrations of 1 M, 2 M, 3 M, and 4 M. The Amber14sb force field 

(80) was used for protein and ions. Simulations were performed using the GROMACS 

5.1.4 software package (81).  The systems were minimized and equilibrated on Temple 

University’s High-Performance and Scientific Computing Cluster, Owl’s Nest. The 

simulations were performed on the massively parallel distributed computing platform, 

Folding@Home (82), with trajectory snapshots of protein and ONPG coordinates saved 

every 100 ps. 

I then analyzed the RMSF data to determine trends in flexibility across the 

enzyme regions and how that relates to the salinity and temperature dependent kinetic 

effects in the wild-type. Through the help of our collaborators, we were able 

to collect root mean square fluctuations (RMSF) for the wild-type, single mutants, and a 

selection of double mutants at 2 M KCl at 0 and 30 ˚C for comparison to the kinetics 

data. (RMSF) were calculated using MDTraj and Pyemma. A nonparametric test was 

then conducted to determine the statistical significance of the RMSF data.  
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Chapter 3: Double mutations affecting cold-activity in an Antarctic 

β-galactosidase enzyme 

Previously, six widely distributed amino acids relevant to enzyme activity at cold 

temperatures were identified through alignment of closely related haloarchaeal family 42 

glycoside hydrolases available in the CAZy database website (www.CAZy.org) (83, 84). 

The cold-active H. lacusprofundi enzyme sequence was compared with homologs from 

the following mesophilic haloarchaea: Haloferax lucentense, Haloferax volcanii, 

Haloarcula sinaiiensis, Halorhabdus tiamatea, Halopiger xanaduensis, Halostagnicola 

larsenii, Natronococcus occultus, and Haloterrigena turkmenica (Figure 3). By 

broadening our search to include more than just instances of single residues diverged in 

the cold-active protein but conserved in the other proteins, we identified two pairs of 

tandem amino acids, N180T/A181T and T383A/S384A.  

We sought to determine the role of the two new tandem double mutations in cold-

activity as well as the previously identified and characterized single amino acid residues 

(37) divergent in H. lacusprofundi β-galactosidase through the construction of double 

mutations. Restriction fragments harboring substitutions of the newly identified residues, 

N180T/A181T and T383A/S384A, were designed using optimized haloarchaeal codons 

and synthesized commercially. In addition, the five diverged amino acid residues in H. 

lacusprofundi β-galactosidase showing temperature-dependent kinetic effects were 

combined by ligating pairs of restriction fragments containing single mutations (N251D, 

I299L, F387L, I476V, and V482L) previously constructed synthetically (37). A new 

http://www.cazy.org/
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synthetic restriction fragment was also designed and used for generating the 

I476V/V482L double mutation.   

The kinetic effects of pairs of single residue mutations, N251D, I299L, F387L, 

I476V, and V482L, were determined through a series of double-mutated enzymes. The 

combinatorial double mutations were chosen in order to cover a diverse number of 

structural aspects and kinetic effects. F387L and I476V are more surface exposed and are 

each paired with buried 

residues N251D and V482L. 

F387L/V482L, 

N251D/I476V, and 

I299L/I476V each combine 

residues spanning domains 

while N251D/F387L and 

I476V/V482L combine 

residues in the same domain 

(Figure 2 and 7). 

I476V/V482L combines 

residues with distinct kinetic 

effects while F387L/V482L 

and I299L/I476V combine 

residues with similar kinetic 

effects. The two double-mutated enzymes with N251D include both a residue with a Km 

effect (N251D/F387L) and a kcat effect (N251D/I476V). The distances between these 

Figure 7. Ribbon diagram of H. lacusprofundi β-
galactosidase family 42 monomeric subunit. Domains 
A (light blue, with β sheets of the TIM barrel 
highlighted in dark blue), B (yellow), and C (red) are 
differentiated by color. The two active site residues 
(E142 and E312) within the TIM barrel loops are 
shown in stick form. Mutated residues are labeled in 
black and the distance between combined mutations 
measured in angstroms. 
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residues range from relatively close (14 Å) to almost halfway across the protein (37 Å) 

and from 16 Å to 48 Å from the active site (Figure 7).  

To determine the overall trends for both tandem and five combinatorial double 

mutations, we initially plotted the kinetic rate constants at the temperature extremes 

tested, 0 and 25 ºC (Figure 8), which show the double-mutated enzymes to be more active 

at the warmer 

temperature and/or less 

cold active at the colder 

temperature. The 

catalytic efficiency of 

the double-mutated 

enzymes is lower than 

or equal to the wild-

type at the lowest 

temperature, with 

improvement over the 

wild-type at the highest 

temperature tested 

(Figure 8). Five double 

mutations, 

T383A/S384A, 

N251D/F387L, 

F387L/V482L, 

Figure 8: Catalytic constants at 0 and 25 ºC. Enzyme 
catalytic efficiency, kcat/Km (A), kcat (B), and Km (C) values 
for the wild-type and double mutation enzymes at 0 ºC 
(blue, left axis) and 25 ºC (red, right axis) for wild-type and 
mutated enzymes with standard error shown with error bars. 
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I476V/V482L, and I299L/I476V, have a significantly lower catalytic efficiency than the 

wild-type at 0 ºC, with N180T/A181T and N251D/I476V with slightly lower values but 

within the standard error of the wild-type. The double mutations are also equal to or more 

active than the wild-type at 25 ºC indicating a more warm-adapted enzyme than the wild-

type (Figure 8).   

The double-mutated enzymes generally exhibit increased catalytic rate constants 

(kcat) at the highest temperatures and increased Michaelis constant (Km) at the coldest 

temperatures. The kcat values at 25 ºC for five of the double-mutated enzymes are equal to 

or higher than the wild-type (up to 84 % higher), with only F387L/V482L and 

I299L/I476V having similar values (Figure 8). The kcat value of one of the tandem 

mutations, T383A/S384A, also decreased at 0 ºC (Figure 8). The Km values at 0 ºC are 

significantly increased for all double-mutated enzymes, up to 105 % higher than wild-

type, consistent with significantly weaker binding at the low temperature, while the Km 

values at 25 ºC are similar (within 20 %) to the wild-type (Figure 8). These are expected 

properties of less cold-active enzymes. 

N180T/A181T 

The N180T/A181T double mutation results in an enzyme that is less cold-active 

and more active at warmer temperatures compared to the wild-type (Figure 9A-C). 

Catalytic efficiency is reduced 21 % at 0 ºC and increased 61 % at 25 ºC, with activity 

curves intersecting between 5-10 ºC (Figure 9A). The kcat is 54 % higher than the wild-

type at 0 ºC and increases to 66 % higher at 25 ºC (Figure 9B). A greater effect is 

observed for Km, with a 94 % and 90 % increase at 0 and 5 ºC, respectively. This effect 
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decreases with increasing temperature until 20 to 25 ºC where the value is nearly the 

same as the wild-type (Figure 9C).  

Figure 9. N180T/A181T Characterization. Steady-state kinetics of wild-type and 
combinatorial double β-galactosidases (left). Plots of the catalytic efficiency (kcat/Km, 
s−1 × mM ONPG−1; A), catalytic rate constant (kcat, s−1; B), and Michaelis constant 
(Km, mM ONPG; C) for the wild-type (blue) and the mutated enzyme (red) are shown 
over the temperature range of 0–25 °C on the x-axis, with SEs shown as error bars. 
Models of wild-type and mutated β-galactosidases (right). The most likely rotamers of 
N180T and A181T are shown with wild-type residues (D) and mutated residues (E). 
Surrounding amino acid residues within 4 Å are included, with each residue labeled 
with its single-letter amino acid code and residue number, with substituted residues in 
pink. Blue represents nitrogen; red, oxygen; and gray, carbon. Hydrogen bonds are 
shown in green. 
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  In the enzyme structure, the N180T/A181T mutations are both located in Domain 

A. The change from asparagine to threonine results in a smaller side chain, though both 

are polar and neutral, while the change from alanine to threonine results in a larger, polar 

side chain (Figure 9D-E). The residues are located in a beta-sheet (β-7) exposed at the top 

of domain A in the structure about 40-48 Å from the active site (Figure 2 and Table 2). 

N180T has an additional hydrogen bond not present in the wild-type from the hydroxyl 

group of the threonine to the carboxyl group of N175, likely contributing to reduced 

flexibility and activity (Figure 9C and D). Residue 180 is largely buried (only 5 % 

surface exposed) consistent with an impact on enzyme kinetics through alterations in 

internal packing of the protein (cf. Figure 2 and 9D/E). By contrast, surface exposure of 

residue 181 is 45 %, indicating an effect on the hydration shell, where the change to a 

larger more polar group in the mutated enzyme may contribute to its H-bonding with the 

solvent (cf. Figure 9D vs E).   

T383A/S384A 

The T383A/S384A double mutation is a less cold-active enzyme than the wild-

type and more active at warmer temperatures (Figure 10A-C). The catalytic efficiency 

shows a reduction of 52 % at 0 ºC with intersection at 15 ºC and an increase of 14 % at 

25 ºC (Figure 10A). For kcat, 15-18 % reduction at 0 and 5 ºC and 14 % increase is 

observed over the wild-type at 25 ºC with intersection at 10 ºC (Figure 10B). The greater 

effect on the catalytic efficiency is from the Km with 76 % increase over the wild-type at 

0 ºC and decreasing values with increasing temperature until it is equal to the wild-type at 

25 ºC (Figure 10C).  
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Figure 10: T383A/S384A Characterization. Steady-state kinetics of wild-type and 
combinatorial double β-galactosidases (left). Plots of the catalytic efficiency (kcat/Km, 
s−1 × mM ONPG−1; A), catalytic rate constant (kcat, s−1; B), and Michaelis constant 
(Km, mM ONPG; C) for the wild-type (blue) and the mutated enzyme (red) are shown 
over the temperature range of 0–25 °C on the x-axis, with SEs shown as error bars. 
Models of wild-type and mutated β-galactosidases (right). The most likely rotamers of 
A383S and T384S are shown with wild-type residues (D) and mutated residues (E). 
Surrounding amino acid residues within 4 Å are included, with each residue labeled 
with its single-letter amino acid code and residue number, with substituted residues in 
pink. Blue represents nitrogen; red, oxygen; yellow, sulfur; and gray, carbon. 
Hydrogen bonds are shown in green. 
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.........Structurally, the T383A/S384A mutations are both located in domain A and 

represent two subtle changes, from threonine and serine to alanine result in a smaller side 

chain lacking hydroxyl groups (Figure 10D-E). T383A/S384A are located 19-25 Å from 

the active site in helix α-14, the same TIM barrel alpha helix as the single mutant F387L, 

which exhibited a similarly strong Km and subtle kcat effects (Table 2) (37). The 

consistency of the kinetic effects between these residues located in the same alpha helix 

suggests a direct correlation between location within the protein and the kinetic effects, 

although these two residues are more buried, < 5 % and 10 % surface exposed, 

respectively, than residue 387 (35 %). There are no apparent changes in hydrogen bonds 

or obvious steric clashes in T383A/S384A but the change to the smaller, nonpolar side 

chain likely alters internal packing in the enzyme (Figure 10D and E).  

N251D/F387L 

The N251D/F387L double mutation results in an enzyme that has reduced activity 

at colder temperatures (Figure 11A). The catalytic efficiency is decreased by 39 % at 0 

and 5 ºC and increases to nearly equal to the wild-type from 15-25 ºC (Figure 11A 

upper). The kcat of the double-mutated enzyme follows a similar trend to F387L with a 9 

% increase at 0 and 5 ºC and a gradual increase to 16 % higher than the wild-type at 25 

ºC (Figures 11A middle). The Km accounts for the greater effect on the catalytic 

efficiency at reduced temperature, with a significant 105 % increase over the wild-type at 

0 ºC (Figure 11A lower).  

In the enzyme structure, N251D and F387L are both located in domain A, in TIM 

barrel helices α-9 and α-14 respectively, 33 Å apart and 18-20 Å from the active site 

residues (Figure 7, Table 2). N251D results in a change from neutral, polar asparagine to 
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the negatively charged aspartic acid, with 15 % surface exposure (Figure 12A and B). 

F387L is a change from phenylalanine, an aromatic ring, to leucine, both of which are 

nonpolar, making aromatic ring 

and size the main difference, with 35 % surface exposure (Figure 12E and F). These 

findings indicate that changes in the internal packing through N251D and the hydration 

shell through F387L account for the observed dramatic increase in Km and reduction in 

cold-activity. 

F387L/V482L 

The F387L/V482L double mutation results in an enzyme that is less cold-active 

than the wild-type and more active at warmer temperatures (Figure 11B). The catalytic 

efficiency is 29 % lower than the wild-type at 0 ºC and 22 % higher at 25 ºC with 

Figure 11: Steady-state kinetics of wild-type and combinatorial double β-
galactosidases. Plots of the catalytic efficiency (kcat/Km, s−1 × mM ONPG−1; top), 
catalytic rate constant (kcat, s−1; middle), and Michaelis constant (Km, mM ONPG; 
bottom) for the wild-type (blue) and the combinatorial mutated enzyme (red, 
N251D/F387L:A, F387L/V482L:B, N251D/I476V:C, I476V/V482L:D, 
I299L/I476V:E) are shown over the temperature range of 0–25 °C on the x-axis, with 
SEs shown as error bars.  
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intersection between 10 and 15 ºC (Figure 11B upper). The kcat values are within 10 % of 

the wild-type at all temperatures (Figure 11B middle), similar to the effects observed for 

both F387L and V482L single mutations (37). By contrast, the Km of the double-mutated 

enzyme has the opposite slope compared to the wild-type with 43 % higher values at 0 ºC 

and 20 % lower value at 25 ºC (Figure 11B lower) reflecting the effects on the Km 

observed for single mutations.   

Figure 12: Comparison of wild-type and mutated β-galactosidase structural features. 
The most likely rotamers of N251D (A and B), I299L (C and D) F387L (E and F), 
I476V (G and H), and V482L (I and J) and are shown with wild-type (A, C, E, G, I) 
and mutated residues (B, D, F, H, J). Surrounding amino acid residues within 4 Å are 
included, with each residue labeled with its single-letter amino acid code and residue 
number, with substituted residues in pink. The arrow indicates surface exposure. Blue 
represents nitrogen; red, oxygen; yellow, sulfur; and gray, carbon. Hydrogen bonds 
are shown in green. 
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In the enzyme structure, the double mutation combines F387L located in one of 

the domain A alpha helices (α-14) surrounding the TIM barrel with V482L in a beta sheet 

(β-18) of domain B further (33 Å) from the active site (Table 2). F387L changes a 

surface-exposed aromatic ring to a nonpolar aliphatic residue (Figure 12E and F) while 

V482L substitutes a 10 % surface exposed nonpolar side chain for another slightly larger 

nonpolar residue (Figure 12I and J). The two residues are separated by 37 Å. The 

combination of perturbed internal packing in V482L and altered hydration shell for 

F387L account for the observed decreased cold-activity and improved activity at the 

warmer temperatures. 

N251D/I476V 

The N251D/I476V double mutation results in an enzyme with improved activity 

at warmer temperatures compared to the wild-type (Figure 11C). The catalytic efficiency 

is similar to the wild-type at 0 and 5 ºC and is 84 % higher than the wild-type at 25 ºC 

(Figure 11C upper). At 0 ºC, the kcat is similar to the wild-type but increases from 28 % 

higher than the wild-type at 5 ºC to 69 % higher at 25 ºC (Figure 11C middle).  The Km is 

34 % higher than the wild-type at 0 ºC and 8 % lower at 25 ºC (Figure 11C lower).  

Within the enzyme structure, the N251D/I476V mutations are located 

approximately 26 Å apart and in two different domains, A and B, respectively. The 

N251D mutation, as before, results in the replacement of a domain A asparagine for 

aspartic acid residue (Figure 12A and B). Additionally, the I476V mutation results in a 

subtle change between two non-polar residues, from isoleucine to valine in domain B, 

with about 30 % surface exposure, 25 Å from the active site (Figure 12G and H).  The 
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combination of perturbation of both internal packing in N251D and hydration shell for 

I476V accounts for the observed improved activity at the warmer temperatures. 

I476V/V482L 

The I476V/V482L double mutation results in an enzyme that is less cold-active 

and more active at warmer temperatures compared to the wild-type (Figure 11D).  The 

catalytic efficiency is 34 % lower than the wild-type at 0 ºC with the curves intersecting 

at 10 ºC and increasing 45 % above the wild-type at 25 ºC (Figure 11D upper). The kcat 

effect is observed at and above 10 ºC where there is a 42-51 % increase over the wildtype 

and equal at 0 and 5 ºC (Figure 11D middle). Above 10 ºC, the kcat increases to a value 45 

% higher than the wild-type at 25 ºC (Figure 11D middle). At 0 ºC, the Km of the mutated 

enzyme is 61 % higher than the wild-type and equal to the wild-type at 25 ºC (Figure 11D 

lower). In the double-mutated enzyme, I476V has the dominant effect on the kcat 

compared to V482L, while V482L has a stronger Km effect. 

In the enzyme structure, the I476V/V482L mutations are both located in domain 

B far (25 and 33 Å respectively) from the active site and have substitution of very similar 

nonpolar side chains, with I476V 30 % surface exposed (Figure 12G and H) and V482L 

only 10 % surface exposed (Figure 12I and J). The residues are only 14 Å apart in 

domain B making them the closest set of combinatorial double mutations tested (Figure 

7). The combination of perturbation to the internal packing through V482L and hydration 

shell through I476V account for the observed decrease in cold-activity and improved 

activity at the warmer temperatures. 



 

48 
 

 

I299L/I476V 

The I299L/I476V double mutation results in an enzyme that is less cold active 

than the wild-type (Figure 11E). The catalytic efficiency is 42 % lower at 5 ºC, rising to 

near equality to the wild-type at 25 ºC (Figure 11E upper).  The kcat of I299L/I476V 

follows closely with the wild-type but is reduced by 5 % below 15 ºC with improvement 

to about equality at 25 ºC (Figure 11E middle). In contrast, the Km values are 54 % higher 

than the wild-type at 0 ºC and decrease to be almost equal (4 % higher) at 25 ºC (Figure 

11E lower).  

In the enzyme structure, the I299L/I476V mutations are located in different 

domains, A and B, respectively, with substitution of nonpolar residues (Figure 12C, D, G 

and H). The two positions are 23 Å apart with I299L located near the TIM barrel α-10 in 

domain A 16 Å from the active site and I476V in a coil between α-17 and β-18 domain B 

(Figure 7, Table 2). Unlike mutation I476V which is surface exposed, I299L is buried 

with less than 5 % surface exposure (Figure 12C D, G, and H). I299L likely has an effect 

on internal packing while I476V affects the hydration shell, resulting in a less cold-active 

enzyme. 

Conclusions 

Our mutagenesis and kinetic studies of the cold-adapted H. lacusprofundi β-

galactosidase enzyme have provided considerable evidence for the importance of specific 

residues located far (16-48 Å) from the active site in cold-activity. Previously five 

residues were identified and characterized through single residue mutations and were 

shown to result in less cold-active and/or more warm-active enzymes (37). Here, the five 

residues were combined to make double mutations and two newly identified tandem 
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diverged residues were also double-mutated. All the double-mutated enzymes 

characterized in this study showed similar temperature effects on the kcat and/or Km, 

resulting in improved catalytic efficiency at warmer temperatures and/or decreased 

catalytic efficiency at colder temperatures when compared to the wild-type (Figure 8), 

confirming that the targeted residues are indeed important for optimal function in cold 

temperature. By studying combinations of specific residues with differing kinetic effects, 

located in different domains as well as both buried and surface exposed, we were able 

gain insights into the complex and subtle interactions responsible for optimizing cold-

activity in this family 42 β-galactosidase enzyme from a polyextremophilic 

microorganism. 
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Chapter 4: Effects of Point Mutations on Temperature-Dependent 

Activity: Moderate and Warm Temperatures 

The H. lacusprofundi family 42 β-galactosidase, while cold-active, is also a 

thermotolerant enzyme with an activity optimum of 50 °C. Divergent amino acid residues 

in this 78 kDa enzyme were identified through comparative genomics with mesophilic 

homologs and hypothesized to be important for cold-activity. Five single and two sets of 

tandem amino acid residues previously mutated both individually and in pairs were 

shown through steady-state kinetic analysis to have altered temperature-dependent 

catalytic activity profiles via effects on Km and/or kcat compared to the wild-type enzyme 

at temperatures below 25 °C, with either or both lower activity at low temperatures and 

higher activity at moderate temperatures. In this follow up study, I investigated the 

temperature dependent effect at higher temperatures up to 50 °C in order to determine 

whether or not the trends in the lower temperature range extended to higher temperatures. 

Previous analysis focused primarily on the activity of the enzyme at the lower end 

of the temperature range (0-25 °C), but the wild-type is able to function up to 60 °C with 

an optimum of 50 °C. Reduction of thermal stability with a shift to a lower optimum 

temperature compared to meso- and thermophilic homologs is a common property of 

cold-active enzymes, but family 42 β-galactosidase enzymes are moderately 

thermostable. I confirmed through assays of the crude lysate for both the wild-type and 

the mutated enzymes that there is no difference in thermal stability and the mutated 

enzymes retain function to the same degree as the wild-type both with incubation at room 

temperature and at 60 °C.  There is about a maximum of 20 % reduction in activity in the 

wild-type and the mutated enzymes with overnight incubation at 27 °C. At 60 °C, there is 
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an 80 % reduction in activity after 45 minutes of incubation for both the wild-type and 

the mutated enzymes. This thermostability and relatively high optimum makes β-

galactosidase an ideal candidate for studies over an expanded temperature range.  

Further kinetic data were analyzed for both the previously studied single mutants 

and the new double, tandem, and deletions mutants to determine the effects at the higher 

end of the functional range of the enzyme. Through this expanded temperature range, we 

are able to examine how the trends observed below 25 °C extend to the higher 

temperatures and affect the 

thermostability and activity of 

the enzyme. This study includes 

additional double mutations, 

N251D/V482L, I299L/F387L, 

and F387L/I476V, that did not 

show a temperature dependent 

effect at the lower temperatures 

but did show improvement 

compared to the wild-type at the 

higher temperatures. The 

studied combinations represent 

a variety of different kinetic 

effects and locations within the 

enzyme (Figure 13).  

Figure 13. Ribbon diagram of H. lacusprofundi β-
galactosidase family 42 monomeric subunit. 
Domains A (light blue, with β sheets of the TIM 
barrel highlighted in dark blue), B (yellow), and C 
(red) are differentiated by color. The two active site 
residues (E142 and E312) within the TIM barrel 
loops are shown in stick form. Mutated residues are 
labeled in black and the distance between combined 
mutations measured in angstroms. 
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Steady-State Kinetic Analysis of Wild-Type and Mutated β-galactosidases 

 The effects of the double and tandem mutations on the activity of the β-

galactosidase enzyme suggest that in most cases the mutations do result in a more warm 

active enzyme. This also suggests that the cold activity seen in the wild-type is related to 

a loss in activity at higher temperatures. The shift in the optimum is seen in all three 

kinetic constants investigated and is indicative of improved function at higher 

temperatures. The improved function is most clearly demonstrated by the Km as all the 

double and single mutations are improved compared to the wild-type at the highest 

temperature. The kcat effect is clearer at 25 °C suggesting all but one of the double 

mutations have an improved catalytic rate at moderate temperatures but do not have an 

overall higher temperature optimum compared to the wild-type (Figure 14). 

The Km shows the expected trend of improved activity at warmer temperatures 

with the largest differences of the three kinetic constants investigated. At 25 °C, all the 

double mutations result in lower than or equal Km values compared to the wild-type 

suggesting the potential for the warm temperature binding of the enzymes be improved 

upon the wild-type (Figure 14C). The largest difference is seen in the combination of two 

residues with predominant Km effects, F387L/V482L. At 50 °C, all the mutations result in 

lower Km than the wild-type suggesting that all the double mutations have improved 

binding at the highest temperature and contribute significantly to the temperature 

dependent effects observed in the catalytic efficiency. In the case of the single residue 

mutations, the Km of mutant F387L is roughly equal to the wild-type at 25 °C and only 

the V482L Km is higher than the wild-type at 25 °C (Figure 14C). At 50 °C, all Km values  
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Figure 14: Kinetic Constants at 25 and 50 ºC. Enzyme catalytic efficiency, kcat/Km 
(A), kcat (B), and Km (C) values for the wild-type and mutated enzymes at 25 ºC (blue, 
left axis) and 50 ºC (red right axis) for wild-type and mutated enzymes with standard 
error shown with error bars. The blue line represents the wild-type value at 25 ºC and 
the red line represents the wild-type value at 50 ºC 
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but F387L, which is equal to the wild-type, are lower, indicating improved binding 

(Figure 14C). 

The effects of the kcat or the catalytic rate constant indicate a shifted optimum for 

the mutated enzymes as there are more enzymes improved over the wild-type at 25 °C 

than at 50 °C (Figure 14B). At 25 °C, all but F387L/I476V are improved upon or equal to 

the wild-type, with N251D/I476V and N180T/A181T showing the largest improvements 

(Figure 14B). At 50 °C, the kcat of only N251D/I476V is higher than the wild-type while 

most of the other double mutations have kcat values that are equal to the wild-type (Figure 

14B). N251D/V482L and F387L/I476V have lower kcat values than the wild-type at 50 

°C (Figure 14B). This indicates that there is a smaller optimum temperature range with a 

slightly lower optimum temperature with the mutations that then reconverges with the 

wild-type at 50 °C. This is also seen in V482L and to a lesser extent, F387L. The single 

residue mutations are improved over the wild-type at 25 °C with the largest kcat 

differences for I299L and I476V, which were shown previously to mainly affect the kcat 

(Figure 14B). At 50 °C, N251D kcat is slightly improved over the wild-type and these 

constants in I299L and I476V are both significantly improved over the wild-type (Figure 

14B).  

The catalytic efficiency of the double and tandem mutations shows in most cases 

the double mutation results in an enzyme that is more warm active. At the lower end of 

the temperature range, 25 °C, all but F387L/I476V are equal to or improved over the 

wild-type (Figure 14A). With increased temperature, all but N251D/V482L are improved 

over the wild-type by at least 25 %.  F387L/I476V is overall a less effective enzyme at 50 

°C as well (Figure 14A). When comparing the wild-type to the single residue mutations 
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combined for the double mutations, all the single mutations are improved over the wild-

type at 25 °C (Figure 14A). F387L and V482L are only slightly higher than the wild-

type. At 50 °C, F387L and V482L are roughly equal to or slightly lower than the wild-

type while N251D, I299L, and I476V are improved over the wild-type (Figure 14A). This 

follows the trend seen previously with F387L and V482L having more of an effect on the 

Km with little to no effect on the kcat, while I299L, I476V, and N251D had a larger effect 

on the kcat which does translate to a larger effect on the kcat/Km. 

Both tandem mutations resulted in more warm active enzymes than the wild-type 

though to different degrees. With N180T/A181T, there was a large effect on the Km with 

a continuation of the opposite slope seen at the lower temperature that contributes to the 

improved kcat/Km at all temperatures. The kcat of N180T/A181T is the same as the wild-

type at 50 °C (Figure 14B). This may indicate a reduced range of activity that results in a 

slightly lower peak for the catalytic rate. With T383A/S384A, the trend is very similar to 

N180T/A181T to a lower degree with a less extreme decrease in the Km meaning the 

kcat/Km increases compared to the wild-type in smaller increments but the overall trend is 

one of a more warm active enzyme (Figure 14). There is very little effect on the kcat but 

there is potential for a similar trend to the one seen with N180T/A181T as the value at 50 

°C is lower than the wild-type while still within the margin of error (Figure 14B). 

N251D/F387L 

The double mutation N251D/F387L results in a more warm active enzyme 

compared to the wild-type. The catalytic efficiency is improved over the wild-type across 

the whole temperature range from the same as the wild-type 2 % increase at 25 °C up to 

31 % improvement at 45 °C and 25 % improvement at 50 °C (Figure 15A top). Overall, 
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the catalytic efficiency increases with increasing temperature than the wild-type and has a 

higher activity at the optimum temperature for the wild-type. The improved catalytic 

efficiency can be attributed to the Km which crosses over between 30 and 35 °C 

decreasing to 18 % lower than the wild-type by 50 °C (Figure 15A bottom). The Km 

values decrease from 25-40 °C and then appear to plateau above 40 °C suggesting the 

double mutations have a threshold for maximal bonding at 40 °C (Figure 15A bottom). 

The kcat is very similar to the wild-type across the temperature range with the largest 

difference an 18 % increase over the wild-type at 30 °C (Figure 15A middle). 

In the enzyme structure, N251D and F387L are both located in domain A, in TIM 

barrel helices α-9 and α-14 respectively, 33 Å apart and 18-20 Å from the active site 

residues (Figure 13, Table 2). N251D results in a change from neutral, polar asparagine 

to the negatively charged aspartic acid, with 15 % surface exposure (Figure 12A and B). 

F387L is a change from phenylalanine, an aromatic ring, to leucine, both of which are 

nonpolar, making aromatic ring and size the main difference, with 35 % surface exposure 

(Figure 12E and F). These findings indicate the potential for changes in the internal 

packing through N251D and the hydration shell through F387L to account for the 

improvement in warm activity. 
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N251D/I476V 

The double mutation N251D/I476V results in a more warm active enzyme 

compared to the wild-type. The catalytic efficiency is improved over the wild-type across 

the whole temperature range with an 84 % increase at 25 °C that is maintained up to an 

86 % increase at 45 °C and a 60 % increase at 50 °C (Figure 15B top). The upward trend 

of the catalytic efficiency is a continuation of the improvement at warm temperatures and 

reduction in cold-activity seen in the lower temperature range. The Km shows a decrease 

compared to the wild-type from 8% lower at 25 °C to 28% lower at 45 °C (Figure 15B 

bottom).  The overall trend of the double mutation Km values shows a minimal value 

around 45 °C with the Km then increasing again at 50 °C indicating the optimal Km for 

N251D/I476V is around 45 °C (Figure 15B bottom). The kcat is also improved over the 

wild-type at all temperatures with the largest difference at 30 °C with a 72 % increase 

decreasing to a 30 % improvement at 50 °C which is consistent with the values observed 

at the lower temperatures and the strong kcat effect observed in the single residue 

mutations (Figure 15B middle). 

Within the enzyme structure, the N251D/I476V mutations are located 

approximately 26 Å apart and in two different domains, A and B, respectively (Figure 13, 

Table 2). The N251D mutation, as before, results in the replacement of a domain A 

asparagine with an aspartic acid residue (Figure 12A and B). Additionally, the I476V 

mutation results in a subtle change between two non-polar residues, from isoleucine to 

valine in domain B, with about 30 % surface exposure, 25 Å from the active site (Figure 

12G and H).  The combination of perturbation of both internal packing in N251D and 
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hydration shell for I476V accounts for the observed improved activity at the warmer 

temperatures. 

N251D/V482L 

The double mutation N251D/V482L results in a more warm active enzyme 

compared to the wild-type. The catalytic efficiency shows a slight improvement over the 

wild-type at 45 and 50 °C, 16 % and 8 % respectively (Figure 15C top). The Km crosses 

over the wild-type between 30 and 35 °C resulting in improved values at the higher 

temperatures with a 31 % reduction in Km at 50 °C (Figure 15C bottom). There is a 

plateau in the Km values at 40 °C indicating a maximum improvement in the binding with 

the double mutation (Figure 15C bottom). The kcat is reduced when compared to the wild-

type suggesting that while there is improvement in the catalytic efficiency, it is in spite of 

a reduced catalytic rate (Figure 15C middle). 

In the enzyme structure, the N251D/V482L mutations are located in different 

domains, A and B, respectively. They are 24 Å apart with N251D in an alpha helix of 

domain A and V482L in a β-sheet of domain B (Figure 13). Both residues are buried with 

15 and 10 % surface exposure respectively (Table 2). As N251D and V482L are both 

more buried, they may have an effect on the internal packing which could also be 

translated to changes in the hydration shell, resulting in a more warm active enzyme. 

I299L/F387L 

 The double mutation I299L/F387L results in a more warm active enzyme 

compared to the wild-type. The catalytic efficiency of the double mutation crosses over 

the wild-type between 40 and 45 °C and is improved over the wild-type by 14 % at 45 °C 
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and 5% at 50 °C (Figure 15D top). The Km crosses over with the wild-type between 35 

and 40 °C and there is a reduction of 35 % at 50 °C (Figure 15D bottom). The Km values 

plateau at 45 °C indicating that is the maximum improvement at higher temperatures as a 

result of the double mutation (Figure 14D bottom). The kcat is lower than the wild-type 

across the entire temperature range and is closest to the wild-type at 30 °C with a 

reduction of 3 % and the largest difference is at 50 °C with a reduction of 32 % (Figure 

15D middle).  

In the enzyme structure, I299L/F387L mutations are both located in domain A in 

TIM-barrel α-helices. Both residues are changed to leucine, with I299L representing a 

subtle change while F387L is a change from an aromatic ring representing a larger 

difference in structure (Figure 12C, D, E, and F). I299L is 16 Å from the active site in α-

10 and F387L is 20 Å from the active site in α-14. I299L is buried with less than 5 % 

surface exposure while F387L is 35 % surface exposed. I299L likely has an effect on 

internal packing while F387L likely affects the hydration shell due to its high surface 

exposure, resulting in a more warm-active enzyme. 

I299L/I476V 

 The double mutation I299L/I476V results in a more warm active enzyme 

compared to the wild-type. The catalytic efficiency is improved over the wild-type above 

30 °C with the largest difference at 45 °C with a 28 % improvement (Figure 15E top). 

The Km crosses over with the wild-type between 30 and 35 °C with a reduction of 22 % at 

45 °C and 19 % at 50 °C (Figure 15E bottom). The kcat values for the double mutant are 

within 10 % of the wild-type over the entire temperature range (Figure 15E middle). 
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In the enzyme structure, the I299L/I476V mutations are located in different 

domains, A and B, respectively, with substitution of nonpolar residues (Figure 12C, D, G 

and H). The two positions are 23 Å apart with I299L located near the TIM barrel α-10 in 

domain A 16 Å from the active site and I476V in a coil between α-17 and β-18 domain B 

(Figure 13, Table 2). Unlike mutation I476V which is surface exposed, I299L is buried 

with less than 5 % surface exposure (Figure 12C D, G, and H). I299L likely has an effect 

on internal packing while I476V likely affects the hydration shell due to its high surface 

exposure, resulting in a more warm-active enzyme. 

F387L/I476V 

The double mutation F387L/I476V results in an overall less effective enzyme 

compared to the wild-type. The catalytic efficiency is between 14 % to 20 % lower than 

the wild-type from 30 to 50 °C suggesting a less effective enzyme (Figure 15F top). The 

Km, however, is improved over the wild-type at all temperatures improving from a 6 % 

reduction at 25 and 30 °C to a 22 % reduction at 50 °C (Figure 15F bottom). The kcat 

follows a similar trend to the catalytic efficiency with an overall reduction compared to 

the wild-type with values ranging from 34 % to 23 % lower across the temperature range 

(Figure 15F middle). 

In the enzyme structure, the F387L/I476V mutations are located in different 

domains. F387L is in an α-helix of domain A while I476V is in a coil region of domain B 

(Figure 13). Both are more surface exposed at 35 % and 30 % respectively. As both 

residues are more surface exposed, they may affect the hydration shell resulting in an 

overall less effective enzyme. 
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F387L/V482L 

 The double mutation F387L/V482L results in a more warm active enzyme 

compared to the wild-type. The catalytic efficiency is increased over the wild-type for the 

whole temperature range with the difference increasing with temperature until it is 40 % 

higher than the wild-type at 50 °C (Figure 15G top). The trend of the catalytic efficiency 

indicates a continued improvement at higher temperatures and the potential for an 

increased optimum temperature as a result of a shifted overall temperature range. The 

main effect can be attributed to the Km which is improved compared to the wild-type 

across the entire temperature range with the largest difference at 50 °C where 

F387L/V482L is 35 % lower (Figure 15G bottom). The kcat of F387L/V482L is within 10 

% of the wild-type across the temperature range (Figure 15G middle). 

In the enzyme structure, the double mutation combines F387L located in one of 

the domain A alpha helices (α-14) surrounding the TIM barrel with V482L in a beta sheet 

(β-18) of domain B further (33 Å) from the active site (Table 2). F387L changes a surface 

exposed aromatic ring to a nonpolar aliphatic residue (Figure 12E and F) while V482L 

substitutes a 10 % surface exposed nonpolar side chain for another slightly larger 

nonpolar residue (Figure 12I and J). The two residues are separated by 37 Å (Figure 13). 

The combination of potential perturbed internal packing in V482L and potential altered 

hydration shell for F387L account for the observed decreased cold-activity and improved 

activity at the warmer temperatures. 

I476V/V482L 

The double mutation I476V/V482L results in a more warm active enzyme 

compared to the wild-type. The catalytic efficiency is improved over the entire 
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temperature range with the highest difference at 30 °C with a 65 % increase over the 

wild-type (Figure 15H top). The Km is improved over the wild-type across the whole 

temperature range. The Km values intersect at 25 °C with the difference increasing to 26 

% lower at 50 °C (Figure 15H bottom). The kcat values are improved over the wild-type 

across the entire temperature range with the largest difference at 25 °C with 45 % 

increase down to 9 % higher at 50 °C (Figure 15H middle). 

In the enzyme structure, the I476V/V482L mutations are both located in domain 

B far (25 and 33 Å respectively) from the active site and have substitution of very similar 

nonpolar side chains, with I476V 30 % surface exposed (Figure 12G and H) and V482L 

only 10 % surface exposed (Figure 12I and J). The residues are only 14 Å apart in 

domain B making them the closest set of combinatorial double mutations tested (Figure 

13). The combination of potential perturbation to the internal packing through V482L and 

hydration shell through I476V account for the observed decrease in cold-activity and 

improved activity at the warmer temperatures. 

N180T/A181T 

The double mutation of N180T/A181T results in a more warm-active enzyme 

compared to the wild-type. The catalytic efficiency of the double mutation is consistently 

improved over the wild-type, ranging from 55-74 % higher than the wild-type over the 

25-50 °C temperature range (Figure 16A top). This improvement in the catalytic 

efficiency can be mainly attributed to the Km as the values intersect at 30 °C with 

N180T/A181T improving as the temperature increases (Figure 16A bottom). The kcat 

however shows some improvement over the wild-type at the lower temperature with the 

difference between the wild-type and the double mutation reducing as the temperature 
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increases until they are about equal at 50 °C (Figure 16A middle). This indicates that 

there may be a shift in the optimal temperature for the catalytic rate. 

As stated 

previously, the 

N180T/A181T 

mutations are 

located in 

Domain A. The 

change from 

asparagine to 

threonine results 

in a smaller 

more neutral 

side chain, while 

the change from 

alanine to 

threonine 

results in a 

larger, polar 

side chain 

(Figure 9D-E). 

The residues are located in a β-sheet (β-7) exposed at the top of domain A in the structure 

about 40-48 Å from the active site (Figure 2, Table 2). N180T has an additional hydrogen 

Figure 16. Steady-state kinetics of wild-type and tandem double β-
galactosidases. Plots of the catalytic efficiency (kcat/Km, s−1 × mM 
ONPG−1; top), catalytic rate constant (kcat, s−1; middle), and 
Michaelis constant (Km, mM ONPG; bottom) for the wild-type (blue) 
and the mutated enzyme (red, N180T/A181T: A, T383A/S384: B) 
are shown over the temperature range of 25-50 °C on the x-axis, 
with SEs shown as error bars.  
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bond not present in the wild-type from the hydroxyl group of the threonine to the 

carboxyl group of N175, likely contributing to reduced flexibility and activity (Figure 

9D-E). Residue 180 is largely buried with 5 % surface exposure indicating the potential 

to change the internal packing. By contrast, surface exposure of residue 181 is 45 %, 

indicating an effect on the hydration shell, where the change to a larger more polar group 

in the mutated enzyme may contribute to its H-bonding with the solvent (cf. Figure 9D vs 

E).   

T383A/S384A 

The double mutation T383A/S384A results in a more warm active enzyme 

compared to the wild-type. The catalytic efficiency is improved over the wild-type across 

the whole temperature range with the difference increasing from 14 % higher at 25 °C up 

to 38% higher at 50 °C (Figure 16B top). The overall trend shows an increased optimal 

temperature consistent with a more warm active enzyme as the catalytic efficiency is very 

similar to the wild-type but increases significantly compared to the wild-type at 45 °C 

and above (Figure 16B bottom). The improved catalytic efficiency can be attributed 

primarily to the Km which crosses over the wild-type at 40 °C and is very similar to the 

wild-type at temperatures below 40 °C (Figure 16B bottom). The Km then improves to 32 

% lower than the wild-type at 50 °C indicative of the potential for even further improved 

binding at higher temperatures (Figure 16B bottom). The kcat however is within 20 % of 

the wild-type at all temperatures (Figure 16B middle). 

Structurally, the T383A/S384A mutations are both located in domain A and 

represent two subtle changes, from threonine and serine to alanine result in a smaller side 

chain lacking hydroxyl groups (Figure 10D-E). T383A/S384A are located 19-25 Å from 
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the active site in helix α-14. The consistency of the kinetic effects between these residues 

located in the same alpha helix suggests a direct correlation between location within the 

protein and the kinetic effects, although these two residues are more buried, < 5 % and 10 

% surface exposed, respectively, than residue 387 (35 %). The change to the smaller, 

nonpolar side chain likely alters internal packing in the enzyme (Figure 10D and E). 

Conclusions 

Our previous analysis focused primarily on the activity of the enzyme at the lower 

end of the temperature range (0-25 °C), but the wild-type enzyme is able to function up to 

60 °C. Reduction of thermal stability with a shift to a lower optimum temperature 

compared to meso- and thermophilic homologs is a common property of cold-active 

enzymes, but family 42 β-galactosidase enzymes are moderately thermostable. This 

thermostability and relatively high optimum makes β-galactosidase an ideal candidate for 

an expanded temperature range.  Further kinetic data was analyzed for both the 

previously studied single mutants and the new double, tandem, and deletions mutants to 

determine the effects at the higher end of the functional range of the enzyme. Through 

this expanded temperature range, we are able to examine how the trends observed below 

25 °C extend to the higher temperatures and affect the thermostability and activity of the 

enzyme.  

In general, the single residue mutations showed a continuation of the trends 

observed at the lower temperature range. The residues with a primary Km effect however 

showed a less extreme effect at the higher temperature range compared to the lower 

temperature range to the point of F387L being roughly equivalent to the wild-type from 

25-50 °C. This suggests that F387L and V482L have more of an effect on the function of 
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the enzyme at lower temperatures. When these two residues are combined, there is also a 

general improvement in the Km, more so than that seen with the single residues, 

suggesting there is an additive effect on the Km at the higher temperatures.  All of the 

double and tandem mutations showed improved Km values at the higher temperatures 

even if there was not a significant Km effect in the single residue mutation but it is more 

pronounced in I299L/F387L and N251D/V482L. These two combinations did not have a 

clear temperature effect at the lower temperature range and the kcat values are reduced 

compared to the wild-type, similar to F387L/V482L, suggesting that the improvement 

seen in catalytic efficiency and Km is at the expense of the catalytic rate.  

The single residues with a primary kcat effect at lower temperatures, I299L and 

I476V, continue with that trend at the higher temperature range with little to no effect on 

the Km and a significant improvement in the kcat that translates to the kcat/Km. In the 

double mutations, this effect is only seen with N251D/I476V which is significantly 

improved across all temperatures and to a lesser degree with I476V/V482L with a slight 

improvement at all but the highest temperature where the double mutant is very similar to 

the wild-type. In these cases, there is also an improvement in the Km compared to the 

wild-type suggesting that improvements in the kcat does not come at the expense of the 

Km, unlike the tradeoff seen in the mutations with a primary Km effect.  
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Chapter 5: Effects of Insertions/Loops on Temperature 

Dependence 

The long, unstructured regions connecting two regular secondary structures in a 

protein are known as loops. Loops are thought to contribute to cold-activity as they 

increase the surface area of the enzyme, making it more flexible and disrupting the 

hydration shell allowing more disorder (50). The increased flexibility may increase the 

entropy in the system, decreasing the activation energy (50). The loops also allow for 

more potential conformations at lower temperatures (51). Alternatively, they can lead to 

instability in the enzyme as the flexibility can result in water molecules reaching the 

hydrophobic core resulting in unfolding. Loops thought to contribute to active site 

binding can create a more compact enzyme with structures like lids once the substrate has 

been bound. Loops further from the active site like the ones targeted in this investigation, 

however, are not as well-studied (85). 

In the β-galactosidase enzyme, the insertions were identified through the multiple 

sequence alignment with seven other mesophilic haloarchaeal β-galactosidase and 

compared to the homology model where they were seen as insertions. The insertions, 

based on the homology model, are most likely to be unstructured loops, one in domain B 

and the other in the less conserved domain C region (Figure 17 and 16A). The two 

inserted loops are highly acidic and surface exposed. This is characteristic of the surface 

of halophilic archaeal proteins and the acidic character is thought to aid in the 

polyextremophilic nature of the enzyme (32). These two loops with their high acidity and 

distance from the active site are of particular interest for how they affect the 

polyextremophilic nature of the enzyme. They are also thought to affect the cold-activity 
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of the enzyme based on previous work on the cold-temperature effects of the diverged 

residues in the same multiple sequence alignment and the general hypothesis that loops 

play a role in cold-activity (50, 51). 

 

 
 

 

Figure 17. C-terminal end of multiple sequence alignment. CLUSTAL 2.1 multiple 
sequence alignment of the c-terminal end of β-galactosidase amino acid sequences 
from H. lacusprofundi (Hlabga, in red), H. lucentense (Hlubga), H. volcanii 
(Hvobga), H. sinaiiensis (Hsibga), H. tiamatea (Htibga), H. xanaduensis (Hxabga), H. 
larsenii (Hlrbga), N. occultus (Nocbga), and H. turkmenica (Htubga). Insertion region 
residues targeted for deletion are highlighted in yellow. 
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Figure 18. H. lacusprofundi β-galactosidase ribbon model highlighting deleted 
regions. Ribbon diagram of H. lacusprofundi β-galactosidase family 42 monomer 
homology model shown from the back (A). Domains A (light blue, with β sheets 
of the TIM barrel highlighted in dark blue), B (yellow), and C (red) are 
differentiated by color. Stick models of the deletion regions (532-542: B, 657-
668:C) with each residue labeled with its single-letter amino acid code and 
residue number. Blue represents nitrogen; red, oxygen; yellow, sulfur; and gray, 
carbon.  
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Steady-State Kinetic 

Analysis of Wild-Type 

and Mutated β-

galactosidases 

The domain B 

mutation, Δ532-542, and 

the domain C mutation, 

Δ657-668, both show a 

temperature dependent 

effect on the function of 

the enzyme compared to 

the wild-type resulting in 

a less cold-active, more 

warm active enzyme in 

both cases (Figure 19). 

Δ657-668 results in an 

overall less effective 

enzyme in terms of the 

catalytic rate, kcat, and 

catalytic 

efficiency, 

kcat/Km, as the 

mutated enzyme 

Figure 19: Kinetic constants at 0, 25, and 50 ºC. Enzyme catalytic 
efficiency, kcat/Km (A), kcat (B), and Km (C) values for the wild-type 
and mutated enzymes Δ532-542 and Δ657-668 at 0 ºC (blue), 25 
ºC (yellow) and 50 ºC (red) for wild-type and mutated enzymes 
with standard error shown with error bars. Bars indicate the 
maximum value for the wild-type at each temperature. 
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is lower than the wild-type at all temperatures (Figure 19A and B). There is a temperature 

dependent effect on the Km suggesting there is a decrease in the cold activity and the 

potential for improved activity at higher temperatures, but the improved binding is not 

enough to overcome the reduction in the catalytic rate (Figure 19). Δ657-668, does 

indicate an overall less cold-active, more warm-active enzyme with improvement in the 

kcat and Km at higher temperatures with the main effect is on the Km (Figure 19B and C). 

The kcat is very similar to the wild-type suggesting there is a reduction in the peak 

catalytic rate of the mutated enzyme (Figure 19B). 

The catalytic efficiency shows that both mutations are less cold-active than the 

wild-type and Δ657-668 is also more active at warmer temperatures (Figure 19A). Both 

mutations are reduced compared to the wild-type at 0 °C suggesting that they are less 

cold-active than the wild-type. Δ532-542 had the larger reduction of the two. At 25 

°C, the difference between the two deletion mutations and the wild-type is smaller with 

the Δ532-542 still reduced compared to the wild-type (Figure 19A). Δ657-668 however is 

slightly improved over the wild-type indicating a more warm active enzyme (Figure 

19A). The improvement seen with Δ657-668 continues to 50 °C with a 102 % 

improvement over the wild-type further showing Δ657-668 is more warm active than the 

wild-type (Figure 19A). Δ532-542 is roughly equivalent to the wild-type at 50 °C 

suggesting that while the mutation does result in a less cold-active enzyme, it does not 

affect the catalytic efficiency at warmer temperatures (Figure 19A). 

 The effects on the kcat or catalytic rate by the mutations show a less active enzyme 

overall in the case of Δ532-542 and a more active enzyme at cold and moderate 

temperatures in the case of Δ657-668 (Figure 19B). At 0 °C Δ532-542 activity is reduced 
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compared to that of the wild-type while the Δ657-668 activity is improved compared to 

that of the wild-type (Figure 19B). The higher kcat value suggests that the deletion results 

in an improved catalytic rate as a result of Δ657-668 (Figure 19B). The improved 

catalytic rate seen for Δ657-668 extends to 25 °C (Figure 19B). The catalytic rate of 

Δ532-542, however, is still reduced compared to the wild-type at 25 °C (Figure 19B). 

Both mutations have a reduced catalytic rate compared to wild-type at 50 °C suggesting 

that Δ532-542 has a lower catalytic rate at all temperatures while the temperature for the 

optimized catalytic rate of Δ657-668 is between 50 and 25 °C, lower than the wild-type 

(Figure 19B). 

 The Km values for both mutations are indicative of enzymes that are less cold-

active and more active at warmer temperatures when compared to the wild-type (Figure 

19C). Both mutations have a higher Km value than the wild-type at 0 °C (Figure 19C). 

There is a larger difference between Δ657-668 and the wild-type than Δ532-542 and the 

wild-type suggesting Δ657-668 has a more extreme effect on the Km at low temperatures 

(Figure 19C). Both mutations are similar to the wild-type at 25 °C (Figure 19C). At 50 

°C, both mutations have a lower Km value than the wild-type (Figure 19C). The larger 

difference is again in Δ657-668 suggesting this loop has more of an effect on the 

temperature dependence of the enzyme than the loop in domain B (Figure 19C). 

 Δ532-542 

The deletion of residues 532-542 results in a less cold-active enzyme. The 

catalytic efficiency is 52 % lower than the wild-type at 0 °C and increases with 

temperature until it is only 9 % lower than the wild-type at 50 °C (Figure 20A top). 

While the catalytic efficiency of Δ532-542 is lower than the wild-type at all temperatures, 
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there is potential for crossing over at temperatures higher than the tested range. The main 

effect of the catalytic efficiency comes from the Km which is 34 % higher than the wild-

type at 0 °C and crosses over between 10-15 °C decreasing until the mutated enzyme is 

33 % lower than the wild-type at 50 °C (Figure 20A bottom). The slope of the Km is in 

the inverse of the slope of the wild-type. The kcat is reduced compared to the wild-type 

over all temperatures ranging from 40-29 % lower than the wild-type (Figure 20A 

Figure 20. Steady-state kinetics of wild-type and mutated β-galactosidases. Plots of 
the catalytic efficiency (kcat/Km, s−1 × mM ONPG−1; top), catalytic rate constant (kcat, 
s−1; middle), and Michaelis constant (Km, mM ONPG; bottom) for the wild-type 
(blue) and the mutated enzyme (red) are shown over the temperature range of 0-50 °C 
on the x-axis, with SEs shown as error bars. 
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middle). The consistent reduction compared to the wild-type suggests there is an overall 

reduction in the catalytic rate as a result of this deletion. 

Δ657-668 

The deletion of residues 657-668 results in a less cold-active and more warm-

active enzyme (Figure 20B). The catalytic efficiency is 14 % lower than the wild-type at 

0 °C and intersects between 5 and 10 °C (Figure 20B top). At 50 °C the catalytic 

efficiency increases to 102 % higher than the wild-type, showing the deletion results in a 

more warm active enzyme (Figure 20B top). The main effect comes from the Km values 

with an 85 % increase over the wild-type at 0 °C and an intersection between 15 and 20 

°C that decreases until the values are 61 % lower than the wild-type at 50 °C (Figure 20B 

bottom). After the intersections with the wild-type, the Km values plateau from 20-35 °C 

before decreasing further indicating that there is further improvement at higher 

temperatures as a result of the deletion (Figure 20B bottom).  The kcat values of the 

enzyme follow a different trend with 59 % increase at 0 °C that then decreases with 

increased temperature until they intersect at 40 °C (Figure 20B middle). This opposite 

trend than expected suggests that while the overall kinetic effect is that of a less cold-

active enzyme, the catalytic rate is improved at the lower temperatures by the deletion of 

the domain C loop. 

Modeling of Structure and Flexibility of Loops 

The general characteristics of these two loops are high acidity and surface 

exposure (Table 5). The domain B mutation, Δ532-542, is 30.5 % surface exposed on 

average with a length of 11 amino acids and the domain C mutation, Δ657-668, is 22.5 % 
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surface exposed on average with a length of 12 amino acids. The estimated pIs of these 

peptides are 2.8 for the Δ532-542 and 3.3 for the Δ657-668 which, in both cases, is lower 

than the average for the whole enzyme. When comparing the targeted regions to the 

average RMSF of the whole enzyme, the entire domain B region is more flexible than the 

wild-type average across the entire temperature range which tends to be characteristic of 

loops. The domain C region is more flexible than the wild-type average in some residues 

but less so in others. The residues are in the middle of the targeted region (664-665) and 

are similar to the wildtype average with a maximum reduction of about 0.1 Å seen at 0, 

10, and 40 °C (Figure 21). All the other residues targeted in domain C are more flexible 

than the wild-type average across the whole temperature range. The increased flexibility 

and surface exposure of these regions may allow for them to affect the hydration shell or 

interact with other flexible regions of the protein resulting in changes in the internal 

packing and temperature profile of the enzyme. 

Table 5. Average surface exposure, pI, and RMSF for deletion regions and respective 
domains. 
 Region of 
interest 

Average Surface 
Exposure 

Calculated 
pI RMSF (Å) Number of Amino 

Acids 
532-542 30.5 % 2.8 2-2.3 11 

657-668 22.5% 3.3 0.11-0.15 12 
Wild-type 
(Whole) 15.9% 4.2 0.7-0.9 700 

Domain B 16.1% 3.9 0.8-1 222 

Domain C 19.5% 4.0 1.2-1.6 89 

 
This β-galactosidase enzyme crystallizes as a trimer, though it has also been 

shown to be an active monomer in solution (36, 37). Domain B is involved in 

oligomerization and deletion in this region may affect crystallization (37). Domain B as a 



 

77 
 

 

whole has an average surface exposure of 16.1 % which is slightly higher than the overall 

average exposure of about 15.9% for the whole enzyme (Table 5). The domain B loop is, 

on average, 30.5 % surface exposed with a maximum surface exposure of 60 % seen in 

D536 showing it is significantly more solvent accessible than the rest of the domain, as 

expected from loop regions and has the potential to affect the hydration shell (Table 5). 

The overall flexibility of the domain B loop deletion is 2-2.3 Å compared to the overall 

average for the enzyme of 0.7-0.9 Å and an average of 0.8-1 Å for domain B specifically, 

suggesting it is a very flexible region (Table 5 and Figure 21). The increased flexibility is 

also noted in the documentation of the crystal structure as this region is not precisely 

visualized and its location is instead estimated (36). The composition of this region is 

highly acidic with a high percentage of aspartic and glutamic acid which accounts for the 

lower pI (2.8) compared to the pI of 4.2 for the whole enzyme and 3.9 for domain B 

(Table 5).  

 

Figure 21. RMSF values for the targeted regions. RMSF values from 0-50 °C for 
residues 532-542 (yellow) and residue 657-668 (red) with the average RMSF of the 
whole enzyme shown as a blue line. 
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The function of domain C is currently not well described but based on the kinetic 

results, appears to play a role in improved cold-function, specifically shifting the 

optimum temperature range to encompass lower temperatures. The region is, on average, 

22.5 % surface exposed with a maximum surface exposure of 50 % seen in D660 which 

is slightly higher than the average surface exposure of 19.5 % for domain C as a whole 

(Table 5). The overall flexibility of the deletion is 1.1-1.5 Å compared to the overall 

average for the enzyme of 0.7-0.9 Å suggesting it is a very flexible region compared to 

the enzyme as a whole but is comparable to the average flexibility for domain C at 1.2-

1.6 Å (Table 5 and Figure 21). The composition of this region is highly acidic, indicated 

by the pI (3.3) which is lower than that of the enzyme as a whole (4.2) and the average 

for domain C (4.0) (Table 5). Domain C as a whole is generally unstructured with some 

short β-sheets as it is at the c-terminal end of the protein. 

 
Conclusions 

 Based on the observed kinetic effects, the loops targeted in this study have a 

measurable effect on the temperature dependent activity of the enzyme. These loops are 

characteristic of loops observed in other cold-active proteins as they are highly surface 

exposed and have more acidic amino acids than the average for the protein and their 

respective domains (56) .When comparing across the entire temperature range, it is clear 

that enzymes with either of the two deletions have distinct kinetic effects that may relate 

to the roles of their respective domains within the enzyme. 

 As a result of the domain B deletion, there is a deleterious effect on the catalytic 

rate of the enzyme which is indicative of a direct effect of the loop on the temperature 
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dependent catalysis of the enzyme. The high flexibility of the domain B loop means there 

is potential for it to be involved with or interact with another part of the protein in order 

to improve the catalytic rate of the enzyme, resulting in the observed effect on enzyme 

function at lower temperatures and in general across the entire temperature range. The 

high flexibility and surface exposure of the region results in potential interactions with 

other flexible regions in domain C. The domain B loop does not include residues 

proposed to be directly involved in oligomerization, but the deletion may have an effect 

on the overall folding of the structure as the wild-type has been shown to function as a 

monomer through native gel analysis (37). 

 The deletion of the domain C loop results in improved catalytic efficiency at 

higher temperatures and is consistent with the loop conferring a temperature dependent 

effect, shifting the optimal temperature range toward lower temperatures. As there is 

currently no accepted role of domain C on the mechanism of the enzyme, the effect on 

the Km with little effect on the catalytic rate suggests that the loop plays a novel role in 

substrate binding, especially at lower temperatures. The reduction in the catalytic rate at 

the highest temperature also suggests that the loop may have a stabilizing role at the 

higher temperatures, possibly through interactions with other parts of the enzyme due to 

the high surface exposure and flexibility for the majority of the targeted region. 

The overall kinetic trends show the potential for a prioritization of binding over 

the catalytic rate, as the Km is improved more significantly than the kcat. The optimization 

is shown in the reduced catalytic rate seen at the highest and lowest temperatures for both 

mutated enzymes that is compensated for at the higher temperatures, with lower Km at the 

higher temperatures driving improved catalytic efficiency with increased temperatures. 
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The reduction in catalytic rate that is not clearly temperature dependent with these two 

deletions suggests that the loops not only contribute to cold activity but also to the 

potential for the observed effect on the catalytic rate of the enzyme at all temperatures. 

Among possible mechanisms of action, the loops may play a role in disruption of the 

surrounding hydration shell or an interaction with another region of the enzyme. 
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Chapter 6:  Effect of Salinity and Temperature on an Antarctic β-

galactosidase Enzyme: Steady-State Kinetic and Protein Flexibility 

The mechanism of polyextremophilic protein function is of significant interest for 

the design of catalysts for biotechnology. Of particular interest are haloarchaeal proteins 

that typically function optimally in salt concentrations of 4 M or higher, reflecting the 

internal milieu of cells. This reflects a common strategy for balancing osmotic stress by 

“salting-in”, with a high concentration of salts, KCl, accumulating internally and 

balancing the high salt concentrations in the external environment (9). Genomic and 

biochemical studies have shown that haloarchaeal proteins have evolved to function by 

increasing the number of acidic or negatively charged side chains on the surface (17, 18, 

86). Molecular dynamics refers to the study of how an enzyme moves and flexes over 

time and can be used to determine the mechanism through which catalysis occurs and 

how changing conditions may cause unfolding or improved activity. The root mean 

square fluctuation (RMSF) refers to the change in the individual residues of an enzyme 

and how their position changes over time. These changes can be related to the conditions 

the enzyme is under by comparing the average movement under different conditions. 

Comparing the wild-type enzyme to mutated enzymes can show how these individual 

changes affect the overall structure and flexibility of the enzyme, allowing us to 

determine a mechanism through which the targeted residues confer polyextremophilic 

activity. 

The H. lacusprofundi β-galactosidase was characterized with regard to salinity 

and temperature dependence using steady-state kinetics with ONPG to calculate kinetic 

constants. Molecular dynamics simulations were run under the same salinity and 
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temperature conditions as steady-state kinetics to determine the root mean square 

fluctuation (RMSF) and estimate the effect of salinity and temperature on the flexibility 

of the enzyme. Molecular dynamics simulations were run for all the single mutants and a 

selection of the double mutants. These were compared to the wild-type to better elucidate 

a possible mechanism of action that results in the cold-activity observed in the wild-type. 

In order to determine the effect of the mutations on the flexibility and determine a 

potential mechanism, I used the RMSF values for every residue of the mutated enzymes 

and the wild-type in 2 M KCl at 0 and 30 ˚C of the single mutated enzymes and the 

double mutated enzymes with the most extreme kinetic effects compared to the wild-

type. I compared across the enzymes looking for specific regions with differences that 

have the potential to correlate with the observed kinetic effects. I am using averages at 0 

and 30 ˚C to determine regions with changes in flexibility that may contribute to the 

changes in temperature kinetics. By comparing to the wild-type, I will be able to identify 

the structural changes caused by the mutations and suggest a mechanism through which 

the residues confer cold-activity. This work was done using the monomer as the enzyme 

has been shown to function as a monomer using native gel analysis (37). 

Salinity and Temperature Dependent Effect on the Steady-State Kinetics of H. 
lacusprofundi β-galactosidase 

To determine the effect of high salt concentrations at varied temperatures on the 

activity of polyextremophilic proteins, we used the H. lacusprofundi β-galactosidase as a 

model enzyme. We performed steady-state kinetics at 1–4 M KCl in one molar 

increments and temperatures of 10-50 °C in ten-degree increments and determined the 

catalytic rate (k cat) and Michaelis constant (Km) and calculated the catalytic efficiency (k 
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cat/Km) in order to characterize the specific temperature and salinity dependent kinetic 

effects. In general, the kinetic constants showed a trend of reduced activity at the lowest 

salinity, 1 M KCl, and temperature (10 °C) and improved activity with increasing salinity 

and temperature, as expected 

based on the known optima of the 

protein.  The largest differences in 

salinity effects were observed at 

the lower temperatures, indicating 

increased salinity is important for 

low temperature activity (Figure 

22).  

The catalytic efficiency 

plot shows temperature and 

salinity dependence with 

increasing temperature and 

salinity resulting in improved 

catalytic efficiency. The catalytic 

efficiency (k 

cat/Km) is higher 

at greater 

salinity and 

temperature, 

with the highest 

Figure 22. Calculated kinetic constants of wild-type β-galactosidase 
enzyme from H. lacusprofundi for 1-4 M KCl and 10-50 °C. A. 
Plot of the catalytic efficiency (kcat/Km, s−1 × mM ONPG−1) for the 
wild-type at 1 M KCl (blue), 2 M KCl (green), 3 M KCl (yellow), 
and 4 M KCl (red). B. Plot of the catalytic rate constant (kcat, s−1), 
for the wild-type at 1 M KCl (blue), 2 M KCl (green), 3 M 
KCl (yellow), and 4 M KCl (red) C. Plot of the Michaelis constant 
(Km, mM ONPG), for the wild-type at 1 M KCl (blue), 2 M KCl 
(green), 3 M KCl (yellow), and 4 M KCl (red) are shown over the 
temperature range of 10-50 °C on the x-axis, with SEs shown as 
error bars (n=3). 
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values observed for 4 M KCl at 50 °C (Figure 22A).  This corresponds with the 

documented optima of 4.5 M KCl or NaCl and 50 °C (22). The lowest values are at 1 M 

KCl and 10 °C with increasing salinity and temperature improving the catalytic 

efficiency.  At 10 °C, increasing the salinity from 1 M KCl to 2 M KCl results in a 5-fold 

increase in the catalytic efficiency (Figure 22A). Increasing the salinity from 2 M to 3 M 

at 10 °C results in a 47 % increase and 3 M to 4 M results in a 17 % increase (Figure 

22A). At 50 °C, increasing the salinity from 1 M to 2 M results in a 153 % increase, 2 M 

to 3 M results in a 23 % increase, and 3 M to 4 M results in a 15 % increase (Figure 

22A). The catalytic efficiency increases for all salinities as temperature increases but the 

magnitude of difference decreases with higher salinities.  

The catalytic rate, kcat, improves with increasing temperature and the effects of 

salinity are indicative of a minimum molarity required or threshold of activity. The 

lowest catalytic rate is seen at 1 M KCl where increasing the salinity results in an 

increase of 5 to 4-fold at 10 °C and at 50 °C corresponding to an 88-76 % improvement 

with increasing salinity (Figure 22B). The increased salinity, similar to the catalytic 

efficiency, results in the largest improvement at 10 °C. At 10 °C, the catalytic rates at 2 

M and 3 M are similar with a 5 % increase in the catalytic rate from 2 M to 3 M.  The 

catalytic rate is highest at 3 M KCl with a 17 % increase compared to 4 M KCl (Figure 

22B). The largest difference between 4 M KCl and 2-3 M KCl is at 20 °C with a 32-41 % 

improvement at 2 M and 3 M respectively (Figure 22B). The difference then decreases to 

a 21 % improvement over 4 M for 3 M KCl at 40-50 °C following the same trend 

observed in the kcat/Km of increasing salinity resulting in more improvement at lower 
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temperatures.  (Figure 22B). This indicates there is a maximum salinity required for 

optimal catalytic rate, after which there is little to no further improvement. 

The Km best exemplifies the polyextremophilic nature of the enzyme with 

improved values with increasing salinity and decreasing temperature.  The Km shows 

more separation between the higher salinities and the lower salinities with 1 M and 2 M 

trending very closely to one another (3-5 % increase from 2 M to 1 M) at all but the 

highest temperature. At 50 °C, there is a 35 % increase from 2 M to 1 M (Figure 22C). 

The largest difference between two subsequent salinities is from 2 M to 3 M at 10 °C 

with a 55 % increase with the decrease in salinity. The difference decreases at 50 °C 

(with an 8 % increase from 3 M to 2 M) as the Km values for 2 M KCl do not increase as 

much with temperature as the Km values for 3 M KCl (Figure 22C). The difference in 

slope between 2 M and the two higher salinities suggests less of a temperature effect on 

the Km of the enzyme at the lower salinities. The Km is lowest in 4 M KCl with a parallel 

trend to 3 M KCl where the Km increases by 15-29 % at 3 M KCl compared to 4 M KCl 

across all temperatures (Figure 22C). The difference in trend suggests that improvements 

in binding require a higher salinity than the improvements seen with the catalytic rate.    

Effect of Salinity and Temperature on the RMSF of H. lacusprofundi β-galactosidase 

To better understand the dynamics of H. lacusprofundi β-galactosidase and its 

role in halophilic and temperature adaptation, we collaborated with the Voelz lab at 

Temple University to construct a homology model of the enzyme and to perform 

molecular simulations at 1 M, 2 M, 3 M and 4 M KCl and 10-50 °C in 10-degree 

increments.  Parallel simulations were performed on the Folding@home distributed 
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computing platform by the Voelz Lab at Temple University. I then analyzed the RMSF 

data to determine trends in flexibility across the enzyme regions and how that relates to 

the salinity and temperature dependent kinetic effects in the wild-type.  

  

 

As the KCl concentration increases, there is a clear increase in flexibility across 

all domains, with the largest contribution to the average RMSF coming from domain C 

(Figure 23). While the average RMSF of catalytic domain A increases from ~0.65 to 0.75 

Å at 10 C as salt concentration increases from 1 M to 4 M, key active site residues in the 

catalytic core remain relatively unperturbed. Of eight residues surveyed in the active site 

(R103, N141, E142, Y267, E312, W320, E360 and H363), four had significantly below-

average RMSF (~0.40 Å at 10 ºC), including the E142 and E312, the likely acid/base 

catalyst and nucleophile, respectively (Figure 23). The other four residues had average or 

above-average RMSF values, including R103 and E360, which have the potential to 

reach across the TIM barrel from separate loops to coordinate the substrate (Figure 23).   

Figure 23. RMSF values for the active site residues of wild-type β-galactosidase 
enzyme from H. lacusprofundi at different salinities. Bar graphs showing the RMSF 
values of the eight active site residues and the average RMSF for each domain at 10 
°C (A) and 50 °C (B) and the average RMSF values per molarity for domain A 
(horizontal lines). 
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RMSF comparison of Wild-Type and Mutated β-galactosidases 

 In order to determine the potential structural mechanisms behind the observed 

kinetic effects of the point mutations, I collaborated with the Voelz group at Temple 

University to run molecular dynamics simulations at 2 M KCl from 0-30 °C on the wild-

type, the single residue mutations, and a selection of the combinatorial mutation. I then 

used the calculated RMSF values to compare across the temperatures and mutations to 

determine specific changes in flexibility that may relate to the observed temperature 

dependent effects. When comparing across the temperatures, there was increased 

flexibility in the residues within 4 Å of the targeted residues. The differences in 

flexibility were more pronounced at the lower temperature (0 °C). There was also a larger 

increase in flexibility overall for the double mutations compared to the single mutations 

and the wild-type. 
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N251D 

 Overall, the N251D enzyme is more flexible than the wildtype. This increase in 

flexibility is largest in the residues within 4 Å of the mutated residue 251 though these 

Figure 24. RMSF values for the active site and residues near the mutation of β-
galactosidase enzyme from H. lacusprofundi at different temperatures. Bar graphs 
show the wildtype values at 0 ˚C (dark blue) and 30 ˚C (light blue) and the mutated 
enzyme at 0 ˚C (red) and 30 ˚C (pink) for the active site residues (left of the black bar) 
and residues within 4 Å of the mutated residue (right of the black bar).  
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residues are overall less flexible than the average for domain A (Figure 24A). When 

comparing to the active site residues, there is a larger change in the already more flexible 

residues while there is little increase in the residues that are already less flexible in the 

wild-type. 

I299L 

 The I299L enzyme is more flexible than the wildtype. This increased flexibility is 

mainly around the active site residues with the largest differences between the residues 

with higher flexibility overall in the wild-type. There is also an increase in the residues 

within 4 Å of 299 though the residues slightly further away show a larger increase in 

flexibility with the targeted residue, 299, and 296 are similar to the wild-type (Figure 

24B). 

F387L 

 The F387L enzyme is similar to the wild-type in regard to flexibility. The main 

differences in flexibility are in the mutated residue, 387, and a nearby 383 (Figure 24C). 

There is little to no change in flexibility in the active site residues compared to the wild-

type. The largest changes in flexibility are at 0 °C suggesting there is a temperature 

dependent effect on the flexibility. 

I476V 

 The I476V enzyme is similar to the wild-type in regard to flexibility. The 

flexibility of the active site residues is conserved with the I299L mutation. The residues 

within 4 Å of 476 are highly flexible in the wild-type and the mutated enzyme (Figure 
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24D). There is an increase in flexibility in 476 and the proximal 475 which are both more 

surface exposed residues. The largest increases in flexibility are at 0 °C.  

V482L 

 The V482L is generally more flexible than the wild-type enzyme. This increased 

flexibility is mainly in the active site residues. At the residues within 4 Å of 482, there is 

little to no change in flexibility compared to the wild-type (Figure 24E). This may be due 

to the buried nature of 482 and the surrounding residues resulting in the packing keeping 

the residues constrained and any changes are translated to other regions of the enzyme. 

N251D/F387L 

 The combination of N251D and F387L results in a more flexible enzyme than the 

wild-type. The combination is also more flexible than the individual mutation models 

(Figure 25A). This increased flexibility is most apparent in the active site residues. This 

difference in flexibility is larger at 0 °C than at 30 °C despite both the mutated enzyme 

and the wild-type increasing in flexibility with increasing temperature. 

N251D/I476V 

The combination of N251D and I476V results in an enzyme that is more flexible 

than the wild-type and the individual mutations (Figure 25B). The difference in flexibility 

is larger at 0 °C and decreases with the increased temperature. There are similar trends as 

those seen in the individual mutations around the targeted residues, specifically the 

largest increase in flexibility is in the residues within 4 Å of I476V. 
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I299L/I476V 

 The combination of I299L and I476V results in an enzyme that is more flexible 

than the wild-type and the individual mutations. There is more of an increase in 

flexibility at 0 °C with the difference decreasing as temperature increases (Figure 25C). 

Again, there is a similar trend in the residues near the targeted residues as seen with the 

single mutations with the largest increase in flexibility with 476 and the nearby residues. 

F387L/V482L 

 The combination of F387L and V482L results in a more flexible enzyme than the 

wild-type and the single mutations. There is less of a temperature effect on the flexibility 

Figure 25. RMSF values for the active site and residues near the mutation of β-
galactosidase enzyme from H. lacusprofundi at different temperatures. Bar graphs 
show the wild-type values at 0 ˚C (dark blue) and 30 ˚C (light blue) and the mutated 
enzyme at 0 ˚C (red) and 30 ˚C (pink) for the active site residues (left of black bar) 
and residues within 4 Å of each of the mutated residues (right of black bar).  
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compared to the other combinations. The largest increase in flexibility is in the residues 

around 387 as seen with the single mutation (Figure 25D). While there is an increase in 

flexibility around 482, it is not as extreme as with 387 suggesting the more surface 

exposed residue has a larger effect on the proximal residues. 

Conclusions 

 We investigated the β-galactosidase enzyme from H. lacusprofundi to determine 

the effects of different salt concentrations and temperatures on a polyextremophilic 

enzyme. Through steady-state kinetics and molecular dynamics simulations, we were 

able to connect the possible structural adaptations to the observed effects of extreme 

conditions. The kinetic effects observed with increasing salinity show the enzyme not 

only can tolerate high salinity but requires it to function as shown with the decrease at 1 

M KCl. The dramatic increase in activity from 1 M to 2 M KCl decreasing in magnitude 

as temperature increases shows that the positive effects of salinity, while observable at all 

temperatures, are most prominent at low temperatures. There is a trend towards increased 

flexibility with higher salt concentrations and higher temperatures which corresponds 

with improved catalytic efficiency. The correspondence of these two trends suggests that 

increased flexibility corresponds to improved enzyme activity in high salt. 

When looking at the changes in the active site residues, there were only small 

changes in flexibility with the higher salinities showing higher flexibility. There is a 

similar trend to the Km values, often thought to be comparable to the binding constant 

under steady-state conditions, as Km values at 1 and 2 M concentrations were very similar 

but showed a larger salinity dependent effect at 3 and 4 M concentrations. There was also 

a temperature dependent effect in both the RMSF values and the Km values suggesting 
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the effects caused by the change in salinity become more prominent with increased 

temperature. In a comparison of cold-adapted enzymes, meso- and thermophiles, there is 

a similar effect with the cold-adapted enzymes having increased flexibility with the active 

site remaining stable (56). The differences in ΔH observed are instead associated with 

areas outside the active site. This is also seen in other proteins as the active site is 

generally conserved across homologous proteins. In a comparison between chitobiase 

from psychrophilic Anthrobacter sp. TAD20 and mesophilic E. coli, there was very little 

difference in the catalytic domain (87). 

There is a general increase in flexibility with the mutations with a temperature 

dependent effect showing more flexibility at the lower temperatures. In conjunction with 

the observed kinetic effects, there may be an optimal flexibility that allows for optimal 

function at low temperatures. While there is an increase in flexibility overall when 

comparing psychrophilic enzymes to meso- and thermophilic homologous enzymes, 

changing individual residues disrupts the optimal flexibility resulting in a reduction in the 

cold-activity of the enzyme. 
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Chapter 7: Discussion of the Balance of Flexibility Required for 

Polyextremophilic Activity 

 Haloarchaea and their proteins are ideal extremophilic models for understanding 

protein structure-function. They are often polyextremophilic and form a tight clade 

facilitating the use of multiple sequence alignments to establish the bases of phenotypic 

differences (22, 37). These approaches extend our general understanding of haloarchaeal 

proteins established from their genome sequences which revealed a higher prevalence of 

acidic glutamic acid and aspartic acid residues and a dearth of basic amino acids (17, 88, 

89). These seminal studies showed that fundamental adaptation to high salinity enables 

haloarchaeal enzymes to function despite low water activity. This is achieved through 

superior water binding capability and enzyme characteristics that facilitate competition 

for water molecules with salt ions, enhancing the surrounding hydration shell and 

allowing them to withstand extreme conditions and occupy even extreme niche 

environments (18, 90).  

Many other studies have addressed the remarkable ability of haloarchaeal proteins 

in general to function in their environment. The adaptive effect of a highly negative 

surface has been observed in high-resolution X-ray structures where a multi-layered 

hydration shell and increased flexibility through electrostatic repulsion were observed 

(90, 91). Other subtle alterations have also been reported, e.g., the trend toward fewer 

hydrophobic side chains on the surface (86). Haloarchaeal proteins have also evolved 

increased flexibility and reduced surface hydrophobicity (91). The negatively charged 

acidic side chains also enhance binding of hydrated cations (92). These adaptations for 



 

95 
 

 

halophilicity overlap with changes thought to be beneficial for cold-activity making them 

ideal for studying polyextremophilic activity. 

High salt content is necessary for the study of growth and enzyme function at low 

temperatures as the presence of salt allows for water to remain liquid at much lower 

temperatures. Both high salt content and cold temperature activity require the ability to 

function under low water activity. While these two extremes do overlap in regards to the 

adaptations required, they are not often studied in conjunction with one another as is 

required with the H. lacusprofundi β-galactosidase. Through comparison with other 

halophilic enzymes, we are able to differentiate between adaptations for cold-activity and 

those for high salt activity. By identifying specific adaptations for cold-activity and 

characterizing the relationship between high salt, low temperatures, and kinetic activity, 

we are able to apply those adaptations to other enzymes and improve their function under 

various extreme conditions for use in biotechnological processes. 

Through my analysis of double mutations, I expanded upon kinetic 

characterization of single residues which had been found to confer cold-activity to the 

polyextremophilic model β-galactosidase. I showed how double mutations and loops 

affect not only the low temperature activity but the entire temperature range and how that 

relates to changes in the structural flexibility of the enzyme. By creating β-galactosidase 

enzymes with combinatorial double mutations, I was able to investigate complex 

interactions between the individual residues and include two sets of tandem residues that 

when mutated also result in a less cold-active enzyme.  The steady-state kinetic 

experiments showed that there appears to be dominance of one residue in each 

combination rather than an overall additive effect and the tandem residues also have 
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distinct kinetic effects. By expanding the study to include high temperatures and two 

loops not present in the warm-adapted homologs, I demonstrated the effect of loops on 

cold-activity and how localized regions of high flexibility change the temperature 

dependence of the enzyme. This kinetic characterization paired with the molecular 

dynamics have allowed me to address structural effects and suggest a mechanism for how 

these residues and structures are able to confer cold-activity to the enzyme through 

localized increases in flexibility.   

Another property of cold active enzymes, largely unstructured loops, was 

addressed by deletions in this study (56, 93). The loop deletions expand upon the double 

and tandem mutants by showing the effects of larger changes and determining what 

different variations are observed when compared to more thermo/mesophilic homologs. 

While the single and double residue mutations represent subtle differences, the deletion 

of loops represent larger structural differences in the enzyme. Loops are thought to be 

important for cold-activity as they increase flexibility but can also affect the 

thermostability of the enzyme as they can allow for the water molecules to reach the 

hydrophobic core and cause unfolding (85). Improvement in thermostability can be seen 

in thermophilic enzymes where loops are trimmed compared to more cold-active 

homologs (52). The comparison of the effects of the loops or the double mutated 

enzymes to the wild-type, especially at higher temperatures allows for better 

understanding of how the changes to adapt for cold-activity can still result in a potentially 

thermostable enzyme as is seen with β-galactosidase.  

The high temperature data allow us to see if there is continuation of the changes 

observed at lower temperatures determining if the residues are shifting the optimal 
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temperature range to be more mesophilic or if they confer cold-activity in a more direct 

way resulting in improvement at low temperatures without affecting the higher 

temperature activity. By looking at the effects at higher temperatures (25-50 °C) and 

comparing that to the colder-temperature data (0-25 °C), we gain a better understanding 

of the kinetic effects of these mutations over a wider temperature range. As β-

galactosidase is able to function at higher temperatures and has increased thermostability, 

the effects of the mutations including the loops extend to those higher temperatures with 

a continuation of the observed trends. When compared to the observed flexibility changes 

seen in the RMSF values, there are correlations between the location of the mutations and 

the observed kinetic effects. Molecular dynamics provides a way to address and 

understand the mechanism of action by elucidating the structural dynamics resulting from 

the mutations that may be the cause of the observed kinetic effects especially in systems 

such as this where there are complex interactions that allow for both improved activity at 

cold temperatures and with high salt.  

Specific Amino Acids and Flexible Regions Confer Improved Binding at Low 

Temperatures at the Expense of Binding at Higher Temperatures 

Steady-state kinetic analysis showed that in the combinatorial double mutations, 

the kinetic effects were usually similar to those observed in one of the two single residue 

mutations across the entire temperature range. The results showed kinetic dominance of 

one mutation over the other rather than an additive effect. This was clearer at the lower 

temperature range. One example is F387L, which was dominant when paired with 

N251D and V482L, both buried residues, with the primary effect on Km. The dominant 

effect seen with F387L double mutations was consistent with an optimized Km at 0 ºC in 
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the wild-type enzyme and modified substrate binding representing a major factor 

facilitating catalysis in cold-active enzymes (87). A similar example was reported for 

chitobiase from the Antarctic strain Arthrobacter sp. TAD20 with low Km at low 

temperatures. The improved Km in the cold-active Arthrobacter enzyme at low 

temperatures was thought to result from a series of weak interactions with the substrate in 

the active site (87). In the case of F387L, the effect on the Km likely results indirectly 

from the loss of the surface exposed aromatic ring. The potential interaction of F387 with 

water molecules may impact substrate binding, possibly mediated through long-range 

effects on the hydration shell (94). In another case, surface exposed phenylalanine 

residues were also found to have a functional role in the CspB cold shock protein from 

Bacillus subtilus, however in thermostability rather than a kinetic effect, (95).  

Above 25 ºC, there is an almost universal improvement in the Km in the double 

mutated enzymes compared to the wild-type. The improvement is larger in double 

mutated enzymes that showed little to no effect on the Km at lower temperatures. The 

residues with a primary Km effect however showed a less extreme effect at the higher 

temperature range compared to the lower temperature range. This trend of either 

decreased Km at higher temperatures or increased Km at lower temperatures suggests that 

some of these residues confer increased binding at cold temperatures at the expense of 

binding at higher temperatures while others have little to no effect on the cold activity but 

also result in reduced activity at the higher temperatures. The opposite trend of the Km 

seen in the mutated enzymes compared to the wild-type is also present in other enzymes 

such as the cold-active Arthrobacter sp. TAD20 chitobiase in which there was a negative 
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trend of Km to temperature compared to the positive trend of Km to temperature from 

mesophilic chitobiase from Serratia marcescens (87). 

In nearly all cases examined, H. lacusprofundi β-galactosidase enzyme residues 

with stronger Km effects were located in regions with alpha/beta secondary structure and 

all but one were buried with surface exposure of 15 % or less (Table 2). The single 

mutations (I299L, N251D, F387L, V482L) were located in alpha helices (α-9, α-10, and 

α-14) or antiparallel beta sheets (β-18). It has been hypothesized that changes to the 

internal packing, resulting in a less compact hydrophobic core, allow cold-active proteins 

to form internal cavities that aid in ligand binding which could be reflected in an 

improvement in the Km (96–98). In the tandem double mutation, T383A/S384A, the 

change from larger side chains to the smaller alanine residues in the enzyme likely 

perturbed internal packing in a TIM barrel alpha helix (α-14). Among double mutations 

with buried residues, I476V/V482L had a dominant effect originating from the buried 

V482L residue, specifically on the Km, though in F387L/V482L the dominant effect on 

the Km was from F387L, the more surface exposed residue in an alpha helix.  

Alternatively, the more flexible regions of the deleted loops also showed a 

temperature dependent Km effect with little kcat effect. The loops may result in a 

conformational change that allows for improved binding at lower temperatures at the 

expense of binding at higher temperatures. As there is little change in flexibility in the 

active site directly, these loops may be resulting in larger changes in the enzyme as a 

whole that allow for improved binding at lower temperatures as seen in a conformational 

selection model of evolution where there are two potential stable conformations of an 

enzyme with different ability to bind ligands (85). Deleting the loops results in the loss of 
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that improved Km at lower temperatures and improvement at the higher temperatures 

indicating the loops are a component of temperature dependent activity. They may affect 

the overall enthalpy and entropy of the system as areas of localized flexibility can result 

in a trade-off that results in lower enthalpy at the expense of the entropy allowing for 

improved cold-activity which can be seen in simulations comparing catalyzed and 

uncatalyzed reaction rates at different temperatures (50). 

Specific Amino Acids and Flexible Regions Confer Cold-Activity Through Changes to the 

Catalytic Rate 

In several mutations with substitutions between nonpolar amino acid residues, 

there was evidence of kinetic dominance from the more surface exposed residue. For 

example, I476V was dominant over N251D, not unlike the other surface exposed residue 

F387L, but in this case with a substantial kcat effect observed for the I476V single 

mutation dominant over the relatively minor effect for N251D in the double mutation. 

For I476V/V482L, the combination of the two domain B residues also resulted in a 

significant kcat effect, with the catalytic rate again trending more closely to I476V. 

Additionally, when I476V was combined with another nonpolar substitution, I299L, 

dominance was observed with kcat effects similar to the I476V single mutation. These 

findings are consistent with an optimized kcat in the wild-type H. lacusprofundi β-

galactosidase enzyme at low temperatures, resulting from placement of nonpolar residues 

in key positions in the structure (50). A similar optimization of kcat was also observed in a 

study comparing mesophilic bovine trypsin and psychrophilic salmon trypsin where the 

psychrophile had up to fourfold higher kcat over the mesophile at temperatures below 25 

ºC (57). In these cases, kcat optimization may operate by increasing entropy and 
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flexibility, resulting in decreased reaction activation energy and enhanced catalytic 

activity at reduced temperature (50).   

Double mutations with a primary kcat effect were correlated with residues in 

potentially flexible regions of the protein. For example, I476V was located in a coiled 

region of domain B between α-17 and β-18 with considerable surface exposure and is 

highly flexible based on the RMSF data. All three double mutations with I476V 

(N251D/I476V, I299L/I476V, and I476V/V482L) exhibited a measurable kcat effect at 

lower temperatures. The tandem mutation, N180T/A181T, which also had a strong kcat 

effect, was located in a less structured region of domain A (subdomain H residues 150-

200), identified in the homologous T. thermophilus β-galactosidase (35). The 

N180T/A181T mutant has an additional hydrogen bond, consistent with a less flexible 

and less cold-active enzyme than the wild-type. For some cold-active enzymes, such as 

an α-amylase of Pseudoalteromonas haloplanktis, molecular dynamics studies have 

shown that the side chains of cold-active enzymes are on average more flexible compared 

to a mesophilic homolog (96).  In addition, in a study comparing salmon and porcine 

elastases, a correlation between increased flexibility and improved catalytic rate was 

observed at colder temperatures (99).   

The kcat effect seen at the low temperature was continued in two of the double 

mutations with I476V (N251D/I476V and I476V/V482L) to the higher temperatures but 

the majority of the remaining double mutations showed kcat values lower or equal to the 

wild-type suggesting there is an overall deleterious effect on the catalytic rate constant. 

There was also a deleterious effect on the kcat by the deletion mutations, specifically at 50 

°C. Adaptations with an effect on the catalytic rate of an enzyme are thought to aid cold-
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activity through specific improvement at low temperatures rather than an overall shift of 

the temperature optima which would suggest that in most cases, mutating those regions 

would result in a loss of the improved cold-activity with little to no effect on the higher 

temperature range of the enzyme (93).  

Surface Exposure Results More Extreme Temperature Dependent Effects 

It is remarkable that there were no diverged residues with an observed 

temperature effect identified near the active site, closer than 16 Å (37). The double 

mutation N180T/A181T was the farthest from the active site (40-48 Å) and yet had a 

strong temperature effect resulting in increased activity at warmer temperatures, 

underscoring the remarkable distal effects observed in this investigation. In a study of a 

thermophilic dehydrogenase from T. thermophilus, mutation of amino acid residues 

divergent in a mesophilic E. coli homolog was examined and mutated residues 9-11 Å 

from the active site resulted in improved kcat at 25 ºC compared to the wild-type, with no 

improvement observed for residues closer to the active site (100). These findings and our 

previous finding of the deleterious effects of A263S (37) located 9-10 Å from the active 

site are consistent with changes to active site proximal residues being generally 

deleterious to all enzyme activity independent of temperature (100). 

Regardless of kinetic effect, the more surface exposed residues, F387L and 

I476V, had a dominant effect across the entire temperature range. This suggests there is a 

connection between surface exposure and stronger temperature dependent kinetic effects. 

The effect of the surface flexibility on the temperature dependence has been shown in a 

comparison of salmon and bovine trypsin where there was a stabilizing network of 
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surface-bond water molecules where there were local increases in flexibility in the cold-

active salmon trypsin compared to the bovine counterpart (57). These localized changes 

in flexibility show that there is not a benefit to increased surface flexibility overall but 

rather adaptations resulting in increased flexibility in specific regions do have a 

temperature dependent effect and can cause improvement in cold-activity but changes in 

those same regions resulting in either a reduction or increase inflexibility can disrupt that 

delicate balance and result in the loss of the improved cold-activity as seen in the 

mutations with F387L and I476V. 

The loops are also regions of high surface exposure and high flexibility, but they 

do not have a consistent temperature dependent kinetic effect. This suggests the location 

of high flexibility regions can affect the kinetic changes as the domain B loop has a 

predominant Km effect and a deleterious effect on the kcat while the domain C loop also 

has an effect on the kcat at the lower and mid-range temperatures. The I476V mutations 

also have higher flexibility compared to the wild-type, specifically in the residues 475 

and 476, suggesting there is a correlation between high flexibility regions and the 

catalytic rate constant. The increase in flexibility around residue 476 and increases in 

surface mobility in general may play a role in the catalytic rate of the enzyme as it has 

been shown that at there is a delicate balance in rigidity and flexibility as restraining 

atoms within an enzyme can result in a change in the entropy and enthalpy, changing the 

temperature dependence of the enzyme (93).  

The observed increase in flexibility potentially reducing cold-activity suggests a 

complex relationship between flexibility and kinetic effects. There is a similar pattern in 

the increased flexibility on the surface as there is in the kcat with a drastic change for 1 to 
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2 M followed by a plateau for the higher salinities with the highest values at 3 M 

KCl.  The catalytic rate observed suggests that there is a minimum salinity required for 

optimal activity with little to no improvement with increased salt. The observed 

flexibility of the solvent accessible surface area is lowest for 1 M KCl and highest for 3 

M KCl while 2 and 4 M KCl are very similar. This suggests the salinity effect on the 

catalytic rate is influenced by the “softness” of the surface of the protein (45), which 

aligns with the knowledge that residues distant from the active site can have an effect on 

the catalytic rate of said protein as seen in previous mutagenic studies (37). This is 

similar to the effect seen with temperature as cold-adapted proteins have more surface 

flexibility, a trend also demonstrated in this study as there are more surface exposed 

residues at the lower temperatures.  

Internal Flexibility is Conserved with Changing Conditions  

Overall, buried residues had more of an effect at the higher temperatures than at 

the lower temperatures but are more subtle overall than surface exposed residues, 

specifically seen in I299L. There was little temperature dependent kinetic effect from 

double mutations with I299L at the lower temperature but with the expanded temperature 

range, there was an observable Km effect in both I299L/F387L and I299L/I476V. This 

same trend was also seen in N251D/V482L, with a combination of two more buried 

residues. Cold-active enzymes are also thought to have increased flexibility due to 

weakening of intramolecular bonds (97, 98).  Reduction in hydrogen bonds may increase 

flexibility and is often cited as evidence of cold adaptation (47, 101–103).  For H. 

lacusprofundi β-galactosidase, N180T is buried with a potential additional hydrogen 

bond in the mutated enzyme based on the homology model, which may have increased 
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the overall rigidity compared to the wild-type. In our study of the single residue 

mutations, there was also a potential additional hydrogen bond in A263S based on the 

homology model which resulted in an overall less effective enzyme but with no specific 

temperature-dependent effect (37). The observed deleterious effect on catalytic activity 

may relate to its proximity to the active site (37).  

When looking at the flexibility in the active site residues across the salinities, 

there were only small changes in flexibility with the higher salinities showing higher 

flexibility. There is a similar trend to the Km values, often thought to be comparable to the 

binding constant under steady-state conditions, as 1 and 2 M were very similar but 3 and 

4 M showed a larger salinity dependent effect. When comparing the mutated enzymes to 

the wild-type, there is little effect on the flexibility of the internal residues, or the active 

site and any differences are subtle, similar to that seen with the changing salinities. The 

largest increases in flexibility of the active site residues were with I299L and V482L, two 

buried residues that showed little change in flexibility within 4 Å of the targeted residues 

suggesting the potential perturbations in the internal packing resulting from these two 

mutations may be translated across the enzyme. The double mutations also showed a 

large increase in flexibility of the active site which may account for the observed 

deleterious effect on the kcat suggesting there overall increased flexibility is not indicative 

of an improved enzyme. Rather, there is a delicate balance of increased localized 

flexibility that allows for improved cold-activity while not reducing the thermostability 

and overall functional range of the enzyme (45). 
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Future Work and Implications 

Continued characterization of temperature-dependence in polyextremophilic 

enzymes results in enhanced understanding of a complex system allowing for the 

possibility of engineered enzymes for use in biotechnology. The work presented here is 

consistent with residues distal from the active site resulting in a mechanism affecting the 

flexibility of the β-galactosidase enzyme, either through potential perturbations to the 

internal packing or by impacting the structure or fluidity of the hydration shell that allows 

for polyextremophilic activity or a combination of the two structural effects. Further 

investigations should include the deletion of portions of the C-terminal end of the protein 

to better determine the role of domain C and that highly flexible region of the enzyme in 

regards to the cold-activity. Continued analysis of the molecular dynamics with 

comparison to thermophilic homologs will allow for improved understanding of how 

cold-activity could be conferred. The higher prevalence of glutamic acid and aspartic acid 

in halophilic proteins enables them to function despite low water activity through 

superior water binding capability and facilitate competition with salt ions for water 

molecules and enhance the surrounding hydration shell (18, 90). A trend toward fewer 

hydrophobic side chains on the surface has also been reported (86). Additionally, the 

mutation of all the acidic surface residues in conjunction with further molecular dynamics 

simulations would allow for better understanding of the salt dependent activity as well as 

interaction with the hydration shell.  

The creation of more cold-active enzymes from known meso- or thermophilic 

enzymes requires an understanding of the complex interactions both within the enzyme 

structure and between the enzyme surface and surrounding water structure. This work has 
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shown that there are a number of factors and even individual residue mutations can cause 

changes in the kinetics, structural interactions, and overall flexibility of the enzyme. 

Cold-active enzymes have evolved to function at low temperatures while retaining 

function and thermostability at higher temperatures. The H. lacusprofundi enzyme has a 

relatively high optimum temperature of 50 ºC (22), while those from Marinomonas sp. 

BSi20414 (104) and Cryobacterium sp. LW097 (105) also exhibit improved thermal 

stability compared to many other cold-active enzymes. For the family 42 β-galactosidase 

from P. haloplanktis, a temperature optimum of about 45 ºC was reported, similar to the 

H. lacusprofundi enzyme (106). This highly desirable combination of expanded 

temperature range and thermostability could be achieved with known enzymes through 

slight, localized increases in flexibility on the surface of the enzyme. The addition of 

loops in regions far from the active site may also allow for improved cold-activity. These 

small adjustments could push the functional range of an enzyme’s activity, such as a 

lipase in laundry detergent, to work more effectively in a cold-water cycle of a laundry 

machine (60). These are hypothetical examples but the evidence presented in this study 

suggests that while the systems are complex and any changes would have to be subtle, it 

is possible to make more cold-active enzymes. 

Concluding Statements 

By using a combination of comparative genomics, mutagenesis, and steady-state 

kinetics, we were able to expand our understanding of H. lacusprofundi β-galactosidase 

(37, 38) and confirm the role of a small number of amino acid pairs in cold-activity. The 

location of these amino acid residues was distant from the active site of the enzyme and 

resulted in significant temperature-dependent kinetic effects on catalysis. Surface 
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exposed residues showed dominant Km or kcat effects when paired with buried residues. 

Residues located in the same helix showed similar Km effects. Residues in less structured 

regions with higher potential flexibility showed primarily kcat effects. Since all the 

double-mutated enzymes had temperature effects from the distal locations, our findings 

are consistent with mechanism affecting the flexibility of the β-galactosidase enzyme, 

either through potential perturbations to the internal packing, or by impacting the 

structure or fluidity of the hydration shell, or both.  
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