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*abstract

Motivation: 

1. Introduction 

During the last decade there has been increased interest in industry and academia to study and exploit microorganisms that grow under extreme conditions.  This has resulted in a critical examination of their potential for use as intact microorganisms or as individual enzymes in the food, detergent, and pulp and paper industries [Sowers].  This is especially true in the food industry, where there has been a greater movement toward colder processing.  Utilizing enzymes active at low temperatures could reduce spoilage from more common bacteria and avoid altering the taste of food through processes like Pasteurization[Kyle - Nakagawa].  Of specific interest are psychrophilic and thermophilic microorganisms, which are capable of thriving in low and high temperatures, respectively. Many studies have been conducted to elucidate the molecular basis of catalytic activity and enzyme stability in these organsims. Generally, thermophilic enzymes are catalytically active at higher temperatures, unlike psychrophilic proteins, which display optimum catalytic activity at low temperatures and are inactivated at moderate temperatures[].  Psychrophiles, of interest in this study, exist in a variety of low temperature environments.  Microcracks in ice sheets contain liquid water, creating a niche for these extremophiles.  In particular, it has been proposed by Price that psychrophiles living in Arctic ice travel through the ice via interconnected cracks[Kyle – Price].  These types of discoveries have far reaching implications for discovering life beyond our planet.  It has been shown that common bacteria like E. coli can exist in these types of cracks at pressures in excess of 1200 MPa.  At these pressures, ice-VI forms, a solid state of water that has not been observed on Earth, and has only been produced in a laboratory setting[Kyle – Sharma, Deming – microbial activity gigpascal pressures].  

A common hypothesis has emerged that indicates psychrophilic enzymes possess higher protein flexibility compared to their homologous mesophilic and thermophilic proteins [Beeumen].  However, thermostable proteins from thermophilic organisms are more frequently analyzed than those found in psychrophiles.  Further, the field comparing thermophiles to mesophiles is more exploited than the field studying differences between psychrophiles and mesophiles[]. However, some questions aimed to understand the differences between mesophilic and thermophilic proteins (amino acid type, hydrogen bonds, salt bridges, etc) have already been addressed to the differences between psychrophilic and mesophilic proteins.  Our research has indicated that there is no one trait that can be generalized to all psychrophiles which set them apart from mesophiles.  Psychrophiles can be separated into distinct “families” that have each evolved a unique adaptation that allow them to survive at low temperatures[].  Experiments suggest small molecular changes that vary within each protein family. 


The results of thermophilic enzyme studies have helped to correlate molecular features with thermostability. These same trends may help understand psychrophilic molecular properties.  For example, consider the compact hydrophobic packing found in the cores of thermophilic proteins; many researchers have demonstrated a strong correlation between high core packing and thermostability. Stronger hydrophobic packing in the core of a thermophilic protein increases the energy needed to unfold the protein, making it possible for thermophilic proteins to have an optimum activity at higher temperature. Experiments supporting this hypothesis have shown that protein thermostability diminishes when cavities are created in the protein[]. In the case of psychrophilic proteins, only a few studies have analyzed these cavities with a small set of proteins[]. The results indicate that there is no relationship between a weak hydrophobic core and cold-loving proteins, as might be expected from the opposite correlation in thermophiles. Recently, however, an increasing number of 3D structures of psychrophilic proteins have offered the opportunity to study them in more detail.


In this paper we present an analysis of a significant correlation between cavities in psychrophilic proteins and catalytic activity at low temperatures. The data was obtained using a set of 20 non-redundant psychrophilic proteins, each paired to a homologous mesophilic protein (sequence identity between 35-80%).  
In addition to the calculated void volumes, we obtained the following data: 1) amino acid frequency in residues neighboring cavities and 2) surface accessible solvent area of atoms surrounding cavities.  

2. Methods

2.1 Database construction
The proteins used in this study were collected from the Protein Data Bank (PDB). The first set all consisted of PDB structures, proposed in Ref 10 \cite{Sowers} from cold adapted enzymes. To be considered in the first set, each protein was required to have chains at least 150 amino acids long and a resolution < 2.5 A.  A second set of analogous mesophilic  proteins was also obtained for comparison to the first (see Figure 1): First, using DaliLite software (to compare structures in 3D) we obtained a set of psychrophilic proteins valid for comparison to their mesophilic homologs, using a requirement of 30-85\% sequence identity. Second, we discarded proteins that have more than 2.5 A resolution
, and used the PFAM database to determine whether or not they belong to the psychrophilic protein family. Third, by using the Prokaryotic Growth Temperature Database (PGTdb) we clustered all proteins by their growth temperature (psychrophiles 0-20,mesophiles 20-45 and thermophiles 45-100 °C). All eukaryotic organisms were assumed to be mesophiles, with few exceptions. 
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PDB code/Organism name/Resolution A PDB code/Organism name/Resolution A
1 1a0j/ Salmo salar/1.70 1sgt/ Streptomyces griseus/1.7
2 1am5/ Gadus morhua/2.16 1arp/ Homo sapiens/1.96
3 1agh/ Alteromonas haloplanctis/2.0 1pif/ Sus scrofa/2.3
4 1a59/ Antarctic bacterium ds2-3r/2.09 1k3p/ Escherichia coli/2.2
5 1b8p/ Aquaspirillum arcticum/1.9 5mdh/ Sus scrofa/2.4
6 1dxy/ Lactobacillus casei/1.9 1xdw/ Acidaminococcus fermentans/1.98
7 lelt/ Salmo salar/1.61 1eai/ Sus scrofa/2.4
8 199K/ Pseudomonas sp/1.96 1kap/ Pseudomonas aeruginosa/l.64
9 1gco/ Bacillus megaterium/1.7 2uvd/ Bacillus anthracis/2.4
10 1k7h/ Pandalus borealis/1.92 1zeb/ Homo sapiens/1.9
1 1kfw/ Arthrobacter sp/1.74 litx/ Bacillus circulans/1.1
12 1nxa/ Lactobacillus brevis/1.79 1nff/ Mycobacterium tuberculosis/1.8
13 1okb/ Gadus morhua/1.9 1akz/ Homo sapiens/1.57
14 1qjd/ Shewanella frigidimarina/1.8 1d4d/ Shewanella putrefaciens/2.5
15 1s3g/ Bacillus globisporus/2.25 2ori/ Bacillus subtilis/1.8
16 1sh7/ Vibrio sp. pa-44/1.84 1mee/ Bacillus pumilus/2.0
17 1tvn/ Pseudoalteromonas haloplanktis/1.4: 1egz/ Erwinia chrysanthemi/2.3
18 2b6n/ Serratia sp./1.8 Indu/ Bacillus lentus/1.6
19 2gko/ Antarctic bacilli/1.4 wsd/ Bacillus clausii ksm-k16/1.5
20 2v27/ Colwellia psychrerythraea 3ah/1.5 1ty Chromobacterium violaceum/1.74





Figure 1. Flowchart methodology of pipeline algorithm used to build the psychrophilic with homologous protein dataset
.

2.2 Void Volume
Cast program \cite{Dundas} uses Delaunay triangulation and the alpha complex to determine cavities and pockets. It outputs the amino acids involved in the cavity/pocket, the surface volume (using the solvent accessible surface and molecular surface), and the number of exits from the pocket (pocket mouth). A cavity is denoted by a pocket with zero exits.  CASTp was used to identify cavities within the subunit of the protein. In order to do so, the software essentially “probes” the subunit for cavities with a sphere size set by the user.  For this study, calculations were done at radii 0.6, 0.8, 1.0, 1.2, 1.3, 1.35,1.4 (water molecule size), 1.45, 1.5, 1.6 and 1.8 Å.  The results from the CASTp calculations were then used to obtain the following data from each protein: 1) Total number of cavities normalized by molecular weight (Cav\#). 2) Total volume inside the cavities (using accessible surface) normalized by molecular weight (Vol\#). 3) Total cativity volume per cavity (Vol\#/Cav\#).

2.3 Statistical analysis
We ran a paired two sample t-test to determine if all the psychrophilic proteins (paired to a corresponding mesophilic homologous protein), have different mean void volumes, cavity volumes, etc. A p-value less than 0.01 was considered statistically significant.

3 Results
3.1 Database construction.
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Psychro Meso p-Value
Hydrophobic 4220 £ 1946 46.65 = 17.93 0.08
Uncharged 28.80 £ 1579 29.65 + 14.20 0.29
Acidic 7.75 + 5.06 6.20 + 3.39 0.05
Basic 7.95+ 538 9.20 + 613 0.1





Applying the selection criteria described above yielded 20 pairs of psychrophile/mesophile homologs.  The protein pairs come from a range of organisms and shown in Table 1

Table 1.  List of enzymes used in the work

3.2 The average volume per cavity
To investigate the differences between void volume in psychrophiles and mesophiles, water-sized and smaller spheres were used to computationally probe the inside of protein molecules to identify protein cavities. Void volume in proteins can be divided in two main groups: pockets and cavities. Pockets are depths in the proteins with one or more exits, while cavities are void volumes inside the protein with no exits relative to the probe used.  In this case, probe-sizes of 0.3, 0.6, 0.8, 1.0, 1.2, 1.4, 1.6 and 1.8 Å were used. The use of different probe sizes was to observe if protein packing in psychrophiles is different at a very small scale (0.6 Å) from the size of a water-molecule (1.4 Å) and beyond. The void volume was calculated using an algorithm from CASTp[]. CASTp has been compared to many other algorithms, and shows great reliability at finding cavities and pockets. 
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Figure 2. Boxes demonstrate the average size of cavities in psychrophilic proteins subtracted from the average sizes of the mesophilic cavities.  Positive deviation from zero on the y-axis indicates higher average cavity size in psychrophilic proteins at the probe-sizes indicated on the x-axis. Red stars indicate statistically significant differences in average cavity size (p<0.05).


As given in Appendix A, the paired proteins were analyzed by total void volume (pockets and cavities), total pocket volume, total cavity volume, and the total number of voids, pockets and cavities. The data was not normalized by the molecular weight (MW) because each protein pair has similar MW.  


Instead, the average total void volume, the average pocket volume, and the average cavity volume were calculated.  In the latter, the paired t-test showed a significant difference in the psy-meso paired proteins (p<0.05) for average cavity-size volumes in the range of 1.4-1.5 Å (see Figure 2). On average, the difference in average cavity size between a psychrophilic and mesophilic protein is 3.5 Å3, which is comparable to the size of a water molecule: 3.6 
Å3.  The fact that the greatest differences in average cavity volume is at range 1.4-1.5 Å and vanish at 1.6 Å indicates an interesting morphology of the psychophilic cavities. This is observable in figure 3, the psychrophilic proteins in theory could hold much more water molecules at a probe size 1.5 Å than at 1.6 Å implying that cavities found at probe-size radii 1.4-1.5 Å  are very amorphous and irregular; a cartoon representation of this hypothesis is shown in figure 4. 
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Figure 3. Theorical number of waters that could fit in the total void volume of cavities in the psychrophilic (top) and mesophilic (bottom) proteins at probe–size radii of 1.5 and 1.6 Å
. 
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Figure 4. Cartoon representation of hypothesis in which amorphous cavities could in theory contain more than one water molecule (indicated by yellow circle) due to their high void volume. However, when a molecule bigger that 1.5 tries to be inserted in this cavity is not possible due to the cavity morphology
.
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Figure 5. Superposition of psychrophilic and mesophilic hydrolases. Zoom in in cavities, green (mesophilic
) purple (psychrophilic).  

Figure 5 shows two superimpose hydrolase proteins with cavities found in psychrophilic (colored purple) and mesophilic (colores green)  proteins; in here it is visible that psychrophilic cavities are bigger and more amorphous shaped compared to mesophilic cavities that are smaller and more spherical  

The assumption that protein cavities are not empty comes from experiments with NMR, which prove that cavities may contain water molecules without being present in the X-ray structures[]. These studies go even further to prove that hydrophobic cavities can contain water as well.  However, those water molecules have a very short resident time in the cavities[]. 

 
3.3 Amino acid frequency in psychrophilic cavities


To get a better understand cavity makeup, we characterized the types of amino acids that surround the cavities of the 20 paired psychrophilic and mesophilic proteins at probe-size radii 1.4 Å.  Four groups of amino acids were considered: hydrophobic (), acidic (), basic() and uncharged(). Based on the observed frequencies of each (see Table 3), on average there more acidic amino acid residues forming the psychrophilic cavities than in homologous mesophilic protein (p<0.05).  The cavities’ positions in psychrophilic proteins are more predominant in turns and coils, in contrast with mesophilic proteins (data not shown). These two characteristics in psychrophilic cavities have been described in studies where cavities contain structural water molecules[]. Park analyzed 6718 buried water molecules most of which formed hydrogen bonds with polar atoms, predominantly near residues that compose turn or coils.  There are many studies on the effect of these water molecules in cavities; for example, Fisher et al. theoretically calculated the vibration entropy of protein bovine pancreatic trypsin inhibitor with bound and unbound W122 (a buried water molecule).  The results indicate that bound water increases the vibrational entropy of the protein, which can also be thought of as an increase in flexibility[]. A similar result is obtained experimentally and computationally, where AUTHOR-NAME shows the stabilization of polar amino acid Glu-66 in staphylococcal nuclease by a water molecule. Water molecules in polar cavities make more stable hydrogen bonds and have a longer residence time than in hydrophobic cavities.


Table 3. Average type of residues surrounding the cavities.

Conclusion

A high percentage of Earth’s surface exists at low temperatures, which raises the question of how life in these environments has emerged. Before X-ray structures it was difficult to study the structural differences between cold-adapted enzymes and those that operate at higher temperatures. In this study, the internal packing of 20 psychrophiles were analyzed and statistically compared to 20 homologous mesophiles. This study reveals that: (1) the main differences in cavities occur at the water probe-size, (2) psychrophilic cavities contain a higher acidic amino acid content and (3) psychrophilic proteins have a bigger average cavity size compared to mesophilic proteins. The characteristics displayed by cavities  indicates there is a high probability to be filled with water. The reason, however, why psychrophilic enzymes may evolve to be more internally hydrated is controversial; some studies show that cavity hydration increases structural stability, while others show more flexibility. Regardless, internal hydration has been shown to be related to lower thermal stability[]. The structure-based differences found in this study may reveal themselves to be critical characteristics related to cold adaptation and might help to design enzymes capable of work at low temperatures.
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�Is this the minimum and maximum %ID?


�lower than. Lower resolution mean higher d-value.


�I think this figure is suitable for a talk, but not for  a paper.


�Add enzyme name to table. 


�by my calculation a water has 11.5 Å^3


�Should be calculated based on true water volume. It will be  a much smaller number.


Also, this would be easier to see if you plot just 1.5, psychro and meso, side-by-side. Ignore 1.6


Plot 1.4 or 1.5 , connet psychro to meso by a line.. If psychro has higher vol, the lines will slope up to the psychro side.  It will be more visually obvious.


�Interesting hypothesis.  Needs to be made more solid. 


�It is hard to see. Make simpler.


�This formatting doesn’t match the preceding 
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