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Abstract

This research project builds on research previodslge on the subtilisin-like serine
proteinase VPR, from a psychrotrophibrio species and its structural homologue
aqualysin | (AQUI) from the thermophil&@hermus aquaticusWe set out to design a
mutant of VPR using site directed mutagenesiswimaild be both more stable against heat
denaturation and retain the high activity of thddwiype enzyme. Starting with two
different templates, one being a C-terminal truedaform of the enzyme (VRB),
containing two proline mutations, N3P/I5P, closéhe N-terminus of the protein, which
had shown increased stability but loss of catalgtivity. TheAC truncated form was
produced by introducing a mutation as a stop caao@277 to imitate the structure of
AQUI in more detail. The other template contained AC mutation and additional six
mutations on a loop that may act as a hinge foremmnts that are postulated to be
important for catalysis. The A116T/Q117R/A119H/SRAB121R/S123A (6x) mutant had
shown an increase in activity without losing stiépito any degree. On top of these
templates two mutations were added; N15D and Q142t€. N15D mutation had been
shown to introduce a salt bridge yielding highabgity but with no detrimental effects on
activity. The Q142K exchange on the other handeased significantly the catalytic
activity of the enzyme. Thus, we attempted to impratability of the two mutants by
introducing the N15D mutation, while the Q142K ntigias was added with the purpose of
increasing catalytic activity. The VREN3P/I5SP/N15D/Q142K mutant was a success,
giving an 8°C rise in then, a 10°C rise to thesgsw and the catalytic activity was slightly
higher than that of the wild type enzyme. The XBBx/N15D/Q142K led to a 3°C rise in
both Tm and Tso% TO examine the effects of the N3P/I5P mutatiorttenflexibility of the
structure, fluorescence quenching with acrylamidas wreformed comparing AQUI,
VPRaxc and VPRCc/N3P/I5P. The results indicated that the environmeh Trp6 in
VPRac/N3P/I5P is not as accessible as in X\PRrobably due to tighter packing of the N-

terminus.






Utdrattur

Med pvi ad byggja a fyrri rannsdknum sem gerdaa kafido a samstofna ensimunum VPR
ar kuldakeerriVibrio 6rveru og aqualysin | (AQUI) ar dérverunhermus aquaticusar
akvedid ad reyna ad hanna ensimhvata sem hefdi stidugleika gagnvart hitaafmyndun
og sem jafnframt hefdi meiri virkni en villigerdaf VPR. Byrjad var med tvd mismunandi
stokkbrigdi sem upphafsensim, annars vegar vardineeda C-enda stytt afbrigdi af VPR
(VPRac) sem innihélt tveer prélin innsetningar naleegt Meeensimsins, N3P/I5P, sem
synt hafdi verid ad leiddi til mikillar aukningastédugleika, en jafnframt umtalsverdu tapi
i virkni. C-enda styttan hafdi verid framleidd mpdi ad setja inn stop takna i set sem
svarar til stodu C277, med pad ad markmidi ad ldga frekar eftir byggingu AQUI. Hitt
upphafsensimid sem notad var i rannsékninni inhihéexfoldu breytinguna
Al116T/Q117R/A119H/S120R/G121R/S123A (6x) a lykkjeei sem tilgatur eru um ad
virki sem hjorulidur sem talinn er mikilveegur fyrimeyfingar vid hvarfstdd ensimsins.
petta stokkbrigdi hafdi verid hannad med pad adkmgi ad likja sem mest eftir mjog
frAbrugdinni samsetningu AQUI & pessu sveaedi. Offrssi grunnensim var svo valid ad
baeta vid tveimur breytingum; N15D og Q142K. N15@yingin hafdi &dur synt fram a
ad saltbri myndadist sem jok a stodugleika an péss hafa neikvaed ahrif a virkni. Hins
vegar hefur verid synt fram a ad Q142K stokkbreytinhefur i for med sér mikla
virkniaukningu an pess p6 ad hafa ahrif & stodkgldiugsanlega med pvi ad trufla naleega
saltbru og lidka pannig fyrir hreyfingumoghelix sem tengist inni hvarfstodina. Hannada
stokkbrigdid VPRc/N3P/I5P/N15D/Q142K heppnadist vel, par sem um&adhaekkun a
Tm atti sér stad, eda um 8°C. Einnig var haekkuns@, $em meeldist um 10°C og var
hvotunargetan adeins heaerri en hja villigerdinni. R¥E#6x/N15D/Q142K leiddi til
haekkunar a baedimlog Tso% uppa 3°C, en virknin var ekki eins goéd og buistwia. Til ad
skoda betur ahrif N5P/I5P a sveigjanleika byggingBR og par helst i kringum Trp6 var
notast vid flurljdmunarbaelingu med akrilamidi ogwdeelingarferlar fyrir AQUI, VPR

0g VPR\¢/N3P/ISP bornir saman. Kom i ljos ad hugsanlegpdékun meiri i kringum N-
enda VPRc/N3P/I5P. Hugsanleg &steeda er su adgengi ad Wp&Rier minna en i proélin
stokkbrigdinu sem bendir til péttari pokkunar pedsi@darhops i stokkbrigdinu i

samanburdi vido C-enda styttu ensimsins.
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1 Introduction

Stability of proteins plays a crucial role for theitilization as industrial, analytical or
therapeutic tools [1]. Protein stability can referthe stability of the native state against
heat, pressure, pH, solvent, chemical modificatmmgroteolysis [2,3]. The stability of the
native state can be viewed as twofold, thermodyoathat is governed by the equilibrium
constants and free-energy barriers between unfpltidded and various intermediate
states [4,5], or kinetic, i.e. how rapidly a proteinfolds under a set of conditions. Kinetic
stability is particularly important for proteinsathunfold irreversibly, as is often the case

for proteins that work under harsh conditions [6,7]

The primary tool in the effort of increasing thetstity of a protein for utilization, is
mutagenesis with either directed evolution methdmsed on generating diversity and
selecting the more stable variants [8,9], or bygsite-directed mutagenesis building on
rational design based on attempts to interfere wittenhance certain physicochemical
attributes of the three dimensional structure @f pinotein [10,11]. Over the years many
different strategies have been developed to stabgroteins, such as charge optimization
and salt bridge incorporation [12,13], proline suitb8ons [14],a-helical stabilization [15],
disulfide bond incorporation [16,17], cavity filgn[18], replacing buried polar residues
and/or replacing external hydrophobic residues ZQp, decreasing the entropy of the
denatured state [21] and by replacing specific bgen bonds [22]. Apparently, however,
every protein has its own way in increasing stabdind the approaches mentioned above
can have the very opposite effect in some systémshe next section | will discuss
temperature adaptation and the stability of thévadbld focusing on different strategies

Nature has come up with to make biologically acpweteins at various temperatures.

1.1 Temperature adaptation

Life as we know it on Earth undoubtedly arose iragneous medium, as everywhere we
find life, water is always present. As a resulg tourse of evolution has been shaped by
the chemical and physical properties of water [2Bjder normal conditions the melting



point of water is 0°C and the boiling point 1001t can vary depending on factors such
as pressure and salinity [23]. As a consequendhigflife has too adapt to the different
attributes of water at different temperatures. $@tvare the limits of life here on Earth?
To answer that question we can look at single @ganism and the extremes the cells
themselves need to handle. Studies suggest thiiviee temperature limit may be around
-20°C as below that temperature no known organamm&nown to reproduce [24]. For the
upper temperature limiMiethanopyrus kandlericurrently holds the record and can
proliferate at temperatures up to 122°C [25]. Ftemperature limits of growth single cell
organisms can roughly be divided into four categgripsychrophilic (0 < opt < 20°C),
mesophilic (20 < §t < 50°C), thermophilic (50 <qpt < 80°C) and hyperthermophilic (80
< Topt < 120°C) [26]. The fact that a cell’s life relies their proteins to fold correctly and
stay in an active native state, ultimately leadh&oevolution highly diverse populations of
protein species in different organisms in termghefmostability [27]. So what governs the
stability of proteins in general?

1.1.1 Stability of globular proteins

Proteins exist in many shapes and sizes, but theyganerally composed of twenty
different L-a-amino acids, covalently linked in a linear sequenaad range in size from
small single domain proteins to large assembliesisting of multiple polypeptide chains
[2]. Their functionalities differ greatly, they cdie found as connective tissue, membrane
receptors and transporters, to water soluble pretacting as transporters, hormones or
enzymes [2,23]. The structure of water soluble glabproteins is largely dependent on
their primary structure i.e. properties of the padgtond and different side-chains which
restrain movements around thecarbon only allowing certain secondary structufes.

1) [23].
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Figure 1. A schematic representation of a peptitkit, the C-N bond is not free to rotate,
while the N-@ (¢) and G —C () can rotate to a certain degree varying with diffet R-
groups [23].

The most common secondary structures arising flwae constraints are thehelix and

the pB-strand and these structures are often connectggttbsns and loops. In globular
proteins where relatively compact tertiary and guadry structures are needed, turns and
loops account for almost one third of their amic@aesidues [23]. As a result the native
globular state is highly ordered, but also needsetdynamic. In terms of thermodynamics

this structure derives its stability from two cortipg factors; enthalpyAH) and entropy
(AS) (Eq. D).

AG = AH —TAS 0)

Contributing factors to the enthalpy are intramalac non-covalent forces with the
exception of energy from covalent disulfide bondstween two cysteine residues.
Contributing factors to the non-covalent forces asglrogen-bonding, ion-ion interactions
(such as salt bridges), van der Waals interactimmd also factors like hydrophobic
interactions between the aqueous phase and hydsiwpparts of the peptide chain and
these forces are maximized in the native statendipy difference between the native and
denatured state can differ by several hundred rkcdlf2]. The other factor, entropy,
derives from the second law of thermodynamics whitdtes that energy is needed to
create order and as mentioned above, native prateirctures are highly ordered, so
without the forces attributing to enthalpy, the aemed state is much more entropically
favorable. The entropy difference between the eativd the unfolded states can also differ

by several hundred kcal/mol, thus resulting in agimal stability in the native fold that is



only around 5-15 kcal/mol in terms of free enefgy many proteins known from
mesophilic organisms, which is of the same ordemafnitude as hydrogen bonds (2-5
kcal/mol) [2].

1.1.2 Adaptation to high temperatures

Proteins from thermophilic and hyperthermophiligamisms (hyper- and thermophilic
proteins) have to maintain their native and actoren at these extreme temperatures, and
do so by lowering the native conformational freergy (thermodynamic), by increasing
the free energy barrier between the denatured atigenstates (kinetic) (Fig. 2) or a
combination of both [28,29].

! \ AG }

Denatured
ensemble AGH
\ Native
conformation
t1/2(black) = short
tll,z(blue) =long ‘ v
tm{red) =long Notive
conformation

Figure 2. A schematic representation of thermodyngbiue) and kinetic (red)
stabilization of the native conformation, compavégth a marginally stable protein (black)
[28].

Thermodynamic stabilization of proteins is defirngdthe Gibbs free-energy change upon
unfolding AGu) (Fig. 3) quantified as (Eq. I1),

AGy = —RTIn(Ky)  (Il)



.where K is the equilibrium constant between the native dedatured state. When
viewed as a simple two-step transition the conoacis defined by the rate constants of

folding (k) and unfolding (K involved in kinetic stabilization (Eq. Ill and )Mwhere F is

the native state and U is the denatured one) [29].

Ky =ke/ky ()

Ky
FeoU (V)

AGH,

Free Energy

Reaction Coordinate

Figure 3. A scheme linking the free energy of utihgl to the activation energy of folding
(4G%) and activation energy of unfolding@*u). WhereAG*y - AG* = AGy [29].

Three models have been proposed for thermodynamaigilization of thermophilic
proteins (Fig. 4). The first model states that ertiostable protein would haveAfy
profile that is shifted upwards compared to a mb#imphomologue i.e. higheAGy at
every temperature and is therefore more stable.s€bend model proposes that &y
profile is displaced horizontally towards highemigeratures, leading to higher stability at
higher temperatures, but lower stability at lonemperatures compared to a mesophilic
counterpart. The third mechanism implicates a beoady of theAGy profile, leading to
more stability at lower and higher temperatureg, With the AGy maxima at the same



temperature as the mesophilic proteins of the samdy [29]. As a result the protein’s
AGu has a more shallow temperature dependence refijeatliower specific heat capacity

change ACy) (Eq. V) [29,30].
AGy = AH, (1 - Tl) + AC,(T = Tp) = TAC,InGo) (V)

Using the Gibbs-Helmholtz equation (Eq. V) the temapure dependence of the
conformational stability can be evaluated and diesdrin terms of stability curves. In
equation VAHuy is the enthalpy change at Tmelting point of the native conformation)

and AC, is the difference in the specific heat capacityc@ntstant pressure between the

native and the unfolded state of the protein [30].

"*. Model 1

Model 2

Free Energy

Temperature

Figure 4. Hypothetical stability curves for the ¢élermodels proposed for thermodynamic
stabilization, compared with a stability curve fomesophilic protein (black solid line)
[29].

Kinetic stabilization has been shown to be an irtgydraspect of protein stabilization, in

models where the Anfinsen’s thermodynamic two stabelel does not apply (Eq. IV)



[31]. Two scenarios have been postulated for kinstability [7]. The first one can be
described by Lumry-Eyring model (Eq. V1).[32].

FSuSp ()
It states that the folded (F) and a partially udéal state (U) are in equilibrium that is
governed by the equilibrium constang Kut the folded state is thermodynamically stable
with respect to the partially unfolded state. Tlaatiplly unfolded state can then unfold
completely and irreversibly to a final unfoldedtstéD) determined by the rate constant k
[7]. In the other scenario the native state is th@rmodynamically stable but is only
stabilized by a high energy barrier between the states and the life time is determined

by the rate constant of unfolding,YKEq. VII) [7].

FS%u v

To gain insight into which structural aspects cimitie to this increased thermodynamic
stability we need to look at comparative researdh homologous proteins from
psychrotrophic, mesophilic and thermophilic orgarss This approach has revealed some
possible trends. In one such study [33] a companati analysis was carried out on
structures from 25 protein families consisting @f fesophilic and 29 thermophilic
proteins. While these proteins are structural hogués they often share only about 20-
30% amino acid sequence identity with their coypsdes [34]. Among the different
characteristics observed in the sequence of thdrilpproteins compared to their
mesophilic counterparts were that they containegefeserine, methionine and asparagine
residues, they had higher proline content at thpeesge of glycines in loops and a higher
number of arginine residues at the cost of lysemdues. A net increase of all charged
residues in hyperthermostable proteins was alsereéd [33]. For both hyperthermostable
and thermostable proteins the strongest correlateems to be with the number of ion
pairs (salt bridges) and evidence for the relevarafe these interactions for
thermostabilizations are piling up [12,26,35,36pn%& research on salt bridges has
indicated that they may have destabilizing, ndjtte effects on protein stability [37-40].
These observations might be explained by pointurngtloat these experiments were mostly
carried out at room temperatures, meaning thaasiseciation of the charges has a high

desolvation penalty but at higher temperaturesdtemlvation penalty is much lower [41]



which may explain the higher abundance of saltgasdand even networks of salt bridges
found in thermostable proteins [33]. Another catiein with thermostabilization was
observed for the lower number of cavities in thet@n structure, although the correlation
was mostly found in hyperthermophilic proteins [3Sfecondary structure comparisons
have shown a negative correlation of irregularibex areas (loops) with
thermostabilization. Which lead to a higlfesheet content in hyperthermophilic proteins
and a highen-helical content in thermophilic proteins, possibffecting flexibility of the
native structure [33]. A correlation has also béamd with a higher number of polar
residues exposed to the solvent, but the correlatias strongest with thermophilic
proteins. Hydrophobic interactions probably conttédo somewhat to the stability of
thermophilic proteins as calculations suggest thleguld be maximized at 75°C. These
calculations indicated that the free energy assediavith these interactions should be
entropic at room temperature but enthalpic at higheperatures, with a maximum at
75°C [33,41,42]. These calculations come from a ehtitht has many assumptions so the
value for the enthalpic maxima is debatable andnhingyen differ between proteins, the
magnitude of these effects are marginal in compari® electrostatic interactions that
stabilize the native state [33,41,43]. Also acaogdo the model of Elcock [41], breaking a
salt bridge has a significant energy barrier thateases with temperature. Similar barriers
are not observed for hydrophobic interactions iating the importance of electrostatic
interactions in thermophilic proteins [33]. Inteirgly there did not seem to be a
correlation between thermostability and the numdfehydrogen bonds and the role of
hydrogen bonds in thermostabilization of thermdphgroteins has been controversial
[33,44,45]. In some cases an increase in the totmhber of hydrogen bonds in
thermostable proteins has been reported, howevg}. [Ffhe number of unsatisfied
hydrogen bonding acceptors and donors seems tligh#éyslower in thermophiles than in
their mesophilic counterparts [33]. All in all, @lese factors lead to a higher number of
intramolecular interactions that lead to a highegrde of rigidity of the native state
compared to mesophilic counterparts if measureébdeasame temperatures, but it has been
proposed that their flexibility is almost identicat their respective optimum temperatures
[46], as a certain degree of flexibility is ofteequired to carry out their biological

function.



Now having covered some aspects of thermodynanaiuilizgiation, the next question is
how do protein acquire kinetic stability? Probalthe best known proteins that are
kinetically stabilized are some proteases suclhas-tytic protease, were the native state
has a {42 unfolding) Of 1.2 years andit (folding) 1800-2000 years corresponding to a 26-30
kcal/mol free energy barrier with an unfolded stht& is more stable than the native state
(Fig. 5) [6,47] and subtilisin [48].

'
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years years
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Figure 5. Thex-lytic protease gains its kinetic stabilizationdluigh an intramolecular
chaperone mediated folding process, then the proaio is cleaved off it traps the native
state in a kinetic trap [7].

The way by which these proteins gain this stabifitgy either be by post translational
modification, or as is the case for some highlyekically stabilized proteases, by cleaving
of a pro-sequence (i.e. intramolecular chaperonkiclwassists in the folding of the
protein, but which then cleaved off. The conforratof the protease is trapped in a local
energy minimum that has high enough barriers fergtotein to stay folded long enough
to complete its task [7,48]. In relation to evoduj kinetically stable proteins might be the
answer for proteins that have to manage at extseh@bkh conditions such as extracellular
proteases, or as some have speculated that theoragtants of unfolding might have a role
as a biological clock in systems where a certaspoase is needed for a certain amount of
time [7].



1.1.3 Adaptation to low temperatures

The conditions that psychrophilic proteins havadgust to give rise to a whole new set of
problems, such as overcoming the reduction in cba&nveaction rates, reduction in
membrane fluidity, increase in viscosity of biologji fluids and other effects connected to
lower temperatures [49]. For proteins that are tethpgo high temperatures the main
evolutionary pressure is on maintaining the nafold. While for cold adapted proteins
they have to maintain biological function at thése temperatures (down to -20°C in
some cases), therefore evolutionary pressure sdentse on maintaining molecular
flexibility of the native structure [30,50]. As tHargest part of the biomass on Earth is
generated at cold temperatures (under 5°C) masiig microorganisms in the oceans, it is
safe to say that in terms of evolution adapting td low temperature has been a success
[30]. But how do they cope?

v

AG (kJ mol)

0 Temperature ("C)

Figure 6. Hypothetical stability curves for threéferent strategies to adapt to lower
temperatures (green, Blue and yellow) compareth¢cstability curve of a thermostable
homologue [30].

The postulated thermodynamic ways to cope at thes@eratures might be to shift the
total stability curve to lower temperatures (Fig.béue curve), or to lower themTwhile
maintaining the samenkkandAG (Fig. 6; yellow curve) and the final model dentoaies
overall lowering of the curve leading to lowes, TTmax andAG (Fig. 6; green curve) [30].
At subzero temperatures and temperatures undeFqthe cold-denaturation is a possible
factor affecting the stability of these protein® @], cold denaturation has not been
extensively studied, but values for cold denatorasuch as -5°C for theamylase form

Pseudoalteromonas haloplanktigve been reported [30,51]. Reported data forhtgke

10



levels of ubiquitin-conjugated proteins in Antacdiish, have also provided some evidence
for the prevalence of cold denaturation of proteimsvivo [49], implying that cold-
denaturation is a factor that needs to be congiderethe evolution of cold adapted

proteins.

When comparing the structures and amino acid coitioof cold-adapted enzymes to
their counterparts from warmer environments, sévezads have been observed. Surface
loops in cold-adapted enzymes contain fewer prslintbat do have restrained
conformations, imposing rigidity on the structuréhey are also often longer and
sometimes contain more charged residues that naycénflexibility through repulsive
forces. This also causes that a larger proportioth@ native structure is in the form of
loops or is disordered [30,52-54]. An overall irage in surface charge, particularly
negative charge, has also been reported for cagtad proteins [30,55-57]. The increase
in surface charge may reflect structural adaptaiothe change of the dielectric constant
of water which occurs with temperature, e.g. insesafrom 55.5 Debye at 100°C to 88 at
0°C [30,58]. Furthermore, at temperatures as lovd°&s the high viscosity and surface
tension make the energetic cost of disrupting Heboetworks of water very costly [58].
Such energetic cost may therefore be offset byngawharged or polar amino acids
interacting with the water phase [55,59], resultingoetter solvation of the protein and
maintaining flexibility [30,58]. This might also ftect on why some cold-adapted proteins
have lower Arg/Lys ratio than their homologs, altgb the opposite has been observed in
some cases [30]. Also observed in some cold-adaptezymes are rather large
hydrophobic surface areas that destabilize thectstrei by lowering the entropy of the
water molecules and decreasing hydrophobic packprgbably leading to higher
flexibility [30]. The cores of cold adapted proteimalso often contain fewer or smaller
hydrophobic residues, affecting the hydrophobi@rattion as well as van der Waals
interactions that are highly distance sensitive].[3ome psychrophilic enzymes lack
aromatic-aromatic and aromatic-amino interactiomsngared to their thermophilic
counterparts [30,55]. Others lack disulfide bridge8], although that is not always the
case [57]. Higher methionine content has been wbddor several cold-adapted enzymes.
These residues may confer flexibility upon the ctite due to their high degree of
freedom and lack of dipole interactions [61]. Love@rding constants for metal ligand ions
such as C4 that often stabilize the structure have been olesef30]. Salt bridges in

11



psychrophilic proteins are less common, but evendh the desolvation penalty is higher
at low temperatures they are not unheard of [3688 Thus in general the cold-adapted
proteins seem to be destabilized to gain highedldfiity. This may be reflected in a

folding funnel that is both shallower and has mpossible conformations for the native

state than for thermophilic proteins (Fig. 7) [51].

psychrophile thermophile

U

Conformational coordinates

Figure 7. Hypothetical models for the folding tulsnef psychrophilic and thermophilic
proteins. Here E (the free energy) is shown asatfan of conformational coordinates,
where the width of the funnel represents conforomati diversity [51].

For enzymes found in psychrophilic organisms ipasticularly important to counter the
slower reaction rates as well as maintaining timaitive state and probably the most
selective pressure on enzymes is exerted towardtamdng high reaction rates, even at
low temperatures (Fig. 8) [50]. Enzymatic reactitimst follow simple Michaelis-Menten

mechanisms have their rates given as the firstrgate constantd; a parameter for the

conversion of the enzyme-substrate complex to eezamd product. This reaction is
temperature dependent as described by the Arrheqguation (modified according to the

collision theory of reaction kinetics) (Eq. VII3(,63]:

kear = Zpe Ea/RT (V1)
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Figure 8. Comparison ofcl over a certain temperature range for the cold-aeap
cellulase (EGG) and its mesophilic homologue (Ef58).

where T is the absolute temperature in Kelvin degjr& is the universal gas constantisE
the activation energy, Z is the collision frequeracy p is a steric factor. According to this
at very low temperatures, there is insufficientetio energy in the system to overcome the
reaction barrier [30]. To consider in what way eneg can overcome that problem we
need to look at a modified version of equation HY. IX).

beae = (20 (5D g
Here kg is the Boltzmann constant, h is the Planck constt’ is the activation enthalpy
of the reaction andS” is the activation entropy. From this equatiorsigpparent thatck
can either be increased by increask®f or by decreasingH”. In cold-adapted enzymes
the mechanism chosen seems to be to decrsidéeThis decrease is accomplished by
increasing the flexibility of the active site arftetefore reducing the number of enthalpy
related interactions that need to be broken in rémction [30]. But as every known
mesophilic enzyme has a higher activation entrof$-g6] than their cold-adapted
counterpart, this leads to the assumption thaetisea trade off in a way that whak* is
decreased\S” is also decreased, resulting in up to a tenfotdeiase in k: compared with
a thermophilic homologue [30]. If this trade off wd not occur, a clear decreaseAH*
by 20 kJ/mol would increaseck by 50,000-fold [30,63]. Another important factar f
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enzyme catalysis is the parameter \which describes the stability of the enzyme-substr
(ES) complex reflecting the affinity of the enzytoethe substrate (Eq. X).

AGgs = —RTIn(-)  (X)

As a result enzymes with lowrKvalues have a more negatix€&es [67] i.e. the energy
valley that has to be passed before reaching tramstate is deeper. As mentioned before
cold-adapted enzymes often achieve highar by decreasing\H* (i.e. lowering AG)
which can be achieved by stabilizing the activasedstrate transition state or by
destabilizing the ES-complex [30,42]. As a reslltttos several cold-adapted enzymes
have both higherd: and Ky than their thermophilic homologues, but there leoeever

well known cold-adapted enzymes that have lower&ues [30].
1.1.4 Comments on activity and stability relationships

As discussed above many different ways exist fotgans to gain stability or to decrease
their stability to gain higher activity as is thase for many enzymes. Also there seems to
be a clear trade off in terms of activity and digbiFig. 9) [34]. But can we use the
lessons from nature to engineer enzymes that arerbore active and more stable? The
short answer to this question is yes. In the pasts different groups have managed to
develop mutants that tend to be more active anolestasing either rational design or
directed evolution [1,12,34,68]. There are stillWeyer many unanswered questions, for
instance; how far can we manipulate a protein leefobecomes completely inactive and
there is a need to define better the different waysghich the different families of proteins
can achieve the structural stability and activityeded to carry out their biological

functions.
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Mesophilic

Thermostability

Psychrophilic

Activity at low temperature

Figure 9. When looking at homologous proteins inukathat are adapted to different
temperatures they show a trade-off between actity/stability. Naturally occurring
proteins lie in the dark shaded blue area. The pirda is un-accessible as it defines the
minimum stability needed for biological functiomellight blue area represents enzymes
that are both thermostable and highly active at temperatures but they are usually not
found in Nature. However with rational design anickdted evolution this light blue area
seems to be accessible but has no biological ralev§34].

1.2 Proteases

Proteases (peptidases) are enzymes that faciltateleavage of peptide bonds of proteins
into peptides and/or amino acids via hydrolysis ematlude both endo- and exopeptidases.
According to the MEROPS peptidase database (meapger.ac.uk) proteases can be
divided into aspartic, cysteine, glutamic, metaleparagine, mixed, serine, threonine and
unknown proteases. Each type can be divided irtoscthat contain all families, a family
is a set of homologous proteolytic enzymes thattiae same evolutionary origin. Typical
genomes of mammalian cells have more than 2% af gemes encoding for proteolytic
enzymes or their inhibitors [69]. In the next sews the focus will be on serine proteases.
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1.2.1 Serine proteases

Over one third of known proteases are serine pseteand as a result they are the most
abundant and functionally diverse of all the pretsaand are found in all kingdoms of life
as well as in some viral genomes [70]. Serine ps#s are divided into 13 clans and 40
families [70], the name of the this group stemsfithie serine residue in the active site that
acts as a nucleophile which attacks the carbonyktymf the peptide chain substrate

forming the acyl-enzyme intermediate [70-72].

Table 1. Classification of serine proteases intnslwith number of known families in each clan,
their representative member, catalytic residues ted primary specificity [70].

CLAN NR. OF REPRESENTATIVE CATALYTIC PRIMARY
FAMILIES MEMBER RESIDUES SPECIFICITY
PA 12 Trypsin His-Asp-Ser A, E, F, G, K,
QR WY
SB 2 Subtilisin Asp-His-Ser F, W, Y
SC 2 Prolyl oligopeptidase  Ser-Asp-His G,P
SE 6 D-A, D-A Ser-Lys D-A
carboxypeptidase
SF 3 LexA peptidase Ser-Lys/His A
SH 2 Cytomegalovirus His-Ser-His A
assembling
SJ 1 Lon peptidase Ser-Lys K,LLM,R, S
SK 2 Clp peptidase Ser-His-Asp A
SP 3 Nucleoporin His-Ser F
SQ 1 Aminopeptidase Ser A G KR
DmpA
SR 1 Lactoferrin Lys-Ser K, R
SS 1 L,D-carboxypeptidase  Ser-Glu-His K
ST 5 Rhomboid His-Ser D, E

Serine proteases were among the first enzymeswthate studied extensively [73,74].
Sparking the interest in these proteases was itfiieinsive involvement in physiological
processes. The reaction mechanism of serine pestéasvell studied and serine proteases
perform their task very efficiently, with rates catalyzed hydrolysis of a peptide bond
almost 16° —fold greater than that of the uncatalyzed readif®]. Three main obstacles
stand in the way of the reaction, one is that arbideds are extremely stable due to the
electron donation from the amide nitrogen to thibaayl (compared to alkyl esters that
are 3000 times more reactive, and p-nitrophenyredhat are 300000x more reactive).
Proteases solve that via interactions of the cafbmaygen with a general acid that distorts
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the resonance stabilization [72]. A second obst&lthat water is a poor nucleophile,
which is solved via activation of water with a gealdase [72]. A third obstacle is the fact
that that amines are poor leaving groups and shéoived in the mechanism of the serine

proteases by protonation of the amine prior toréhease [72].

tetrahedral
intermediate acylenzyme tetrahedral
Ser195 Gly193 intermediate
i SN, TN
N N N N N
R H H ‘ "'H ,[‘4' H/‘\ﬁ/
) B \ P '
R- C—NHR' R-(—NHR' } G, ]
— (E_\. R —\rfon —
195 | o DE— N k e |
H O—H (Y
3 @53 7 H H
N
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H & B H
H o) : 4
102 go
o]

Figure 10. The generally accepted reaction meclmarite the catalysis of serine-
proteases (numbering of residues refers to the muimdp in chymotrypsin) [72].

In the mechanism of serine proteases the seringuesf the catalytic triad attacks the
carbonyl of the peptide substrate. This is achidwedhe activation of the serine by the
side chain of a histidine that acts as a generse laaad pulls the proton from the serine
residue making it a better nucleophile. The Hisi#istabilized by hydrogen bonds to the
aspartate of the catalytic triad. The tetrahedn&rmediate formed in reaction has an
oxyanion which is stabilized by the NH-groups df thain-chain in the so called oxyanion
hole. The next step is the collapse of the tetrediadtermediate with the release of the
peptide leaving group, assisted by the Hisddting as a general acid. This then yields the
acyl-enzyme. Deacylation is achieved by a waterecue that is assisted by His of the
active site and attacks the acyl-enzyme forming@osd tetrahedral intermediate. This
intermediate is cleaved releasing a carboxylic groduct and freeing the active site

serine [72].

As shown in table 1, serine proteases differ gyaatitheir specificity. This specificity is

gained through different binding pockets aroundatigve site that recognize different side
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chains of the substrate [72]. PN and SN are oratiytenzyme side and PN” and SN” are

on the leaving group side.

Figure 11. A schematic representation of the acite of a serine protease describing the
interactions between certain side chains in thestnalbe (PN and PN") and their
corresponding binding areas (SN and SN”). Residmebering corresponds to that of
substilisin BPN". The cleavage point is represeigghgged lines. The catalytic triad is
D32, H64 and S221, and the oxyanion hole residugbNite indicated [75].

Even though serine proteases are known in all kingg their distribution is highly
diverse. In eukaryotes the PA clan is highly repnésd and they mediate blood
coagulation, immune response, digestion, fibrinslyslevelopment, fertilization and
apoptosis [70,71]. Their specificities vary, grgatrypsin-like proteases cleave at the C-
terminal side of the positively charged residueg And/or Lys, chymotrypsin-like cleave
at the C-terminal of the aromatic (large hydropbdlithe, Trp and Tyr and elastase-like
proteases cleave at the C-terminal of small hydsbphresidues such as Ala, Gly and Val
[71,72].

The PA clan contains the His, Asp, Ser (in thateoraatalytic triad that is oriented in a
specific manner, another clan the SB clan has thp, Alis, Ser (in that order) but
remarkably the orientation of the catalytic triatk s the same, this is not due to some
distant relation but rather an example of a corsetrgvolution as the structure itself bears

no other similarities [71]. The SB clan has onlytfamilies. The S8 family contains the
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subtilisins and the S53 family contains the sedddisthese families are vital for protein
processing in all metazoa, single cell organisntsssome viruses [75,76]. The function of
these peptidases tends to be nutrition orientedfadprefer hydrolyzing at the C-end of
large hydrophobic residues (aromatic) [71]. Mosthise enzymes are secreted out of the
cell, with the exception of the tripeptidyl-pepts#athat mediates the intracellular protein
turnover [71,77]. These proteases have relatively fepresentatives in the animal
kingdom but are prevalent in plants, bacterial anchaeal genomes [71]. The human
genome contains at least ten proteases from thea&Bnine subtilisins and one seldolisin
(tripeptidyl-peptidase I, TPP-1) which are known kave roles in protein secretion.
Furhtermorea pro-protein convertase PCKS9 (subtilisin-like ikexype 9) has been
demonstrated to participate in regulation of lomsley lipoproteins (LDL) receptors in the

liver and in turn effect LDL levels in plasma [78]7
1.2.2 Subtilisin-like serine proteases

The S8 family of the subtilisin-like serine proteass the second largest family of serine
proteases both in terms of known sequences andatbared enzymes according to the
MEROPS database and are divided into two subfasn8®A (type example subtilisin) and
S8B (type example kexin). The family is distingwdhby a high homology of their native
structure that sets them apart from chymotrypsie-Berine proteases, which havé/g
structure for chymotrypsin, whereas the the suntiliike serine proteases are
characterized by aw'f-structure [75]. The subtilisin fold is composedintaof parallelp-
sheets that are arranged ap motifs, characterized by a three-lay&ba-sandwich
[71,79]. This “sandwich” has sev@rsheets aligned in the order 2314567, with a rgite |
hand crossover connecting sheets 2 and 3.p¥$teeets are then surrounded dsfpelices
that are connected to the sheets with loops thairlithe surface of the protein, the active
site is then located in a cleft that is positiohetiveen two adjacent helices on the protein
surface [79]. Almost all of the prokaryotic sulsifis are produced as preproproteins,
consisting of a signal peptide needed for secretod an intramolecular chaperone
required for correct folding that is then auto-gled, leaving the processed native structure
in a kinetic trap, therefore kinetically stabiliginhem [79]. The only known exception to
this is a subtilisin fromeromonas sorbianstead of an intramolecular chaperone a protein
coded just downstream of that protease seems &séential for folding [80]. Another

aspect of subtilases is their calcium dependemryexample subtilisins BPN™ and E have
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two binding sites [81,82]. Tk-subtiliisin from thenyperthermophilic archaeon
Thermococcus kodakaraeriss seven calcium binding sites, six of which @am&ue to
that enzyme [83,84]. Subtilisin Tk-SP froifthermococcus kodakaraenontains no
calcium binding sites within its subtilase domauit lhas two of them in &-jelly roll
domain [85] and subtilase 3 (SBT3) from tomato tha¢s not bind calcium ions [86]. All
in all sixteen different calcium binding sites haween identified, but the true subtilisins
usually contain two of them [79]. The calcium ligignare important for both stability and

activity and possibly assist in folding [79]

Even though these proteases have such a high wsabdiomology their sequence
homology can be used to divide them into six graafg'sequence families” named after a
well-studied enzyme of each group [75]. The sudtilifamily mainly includes enzymes
from Bacilli, and can be sub-grouped into true subtilisinsh-aiffaline proteases and
intracellular proteases. The thermitase family am# proteases form thermophiles and
halophiles. The proteinase K family, is a large ifgraf secreted endopeptidases found in
fungi, yeast and gram-negative bacteria, some gontaminor insertions or deletions and
a varying number of Cabinding loops. The lantibiotic peptidase familyaismall family
but highly specialized, they cleave leader peptidiesn lantibiotics (a group of
antimicrobial peptides) and are found in gram-pesibacteria. The kexin family is a large
group of proprotein convertases and are widelyridigied in the kingdoms of Life and
also found in viruses. The sixth family is the dysin family, a heterogeneous group of
subtilases with low sequence homology but are chenaed by large insertions and/or

long C-terminal extensions [75].
1.2.3 The proteinase K-like serine proteases VPR and AQUI

The proteinase K family as mentioned before aretijnsscreted endopeptidases found in
fungi, yeast and gram-negative bacteria. The mesnfvem this group share a relatively
high sequence identity, or over 37% [75]. As of nbere have been four different calcium
binding sites identified from members of this grd8i]. The type example representative
enzyme of this family is proteinase K (PRK), seedetby the mesophilic fungus
Engyodontium albungformerly Tritirachium albun). The mature form of the protease
contains 279 amino acids (28.9 kDa), contains twgaolfide bridges and two of the four
calcium binding sites, the strong Cal and the w@ak (according to numbering in VPR)
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(Fig. 12) [79,88-90]. PRK is a highly active pradeaand has a pH optimum at pH 8.0 and
is stable in a pH range of 4.0 — 12.5 [91] and&3sy value of 69°C [92].

Two other subtilisin-like serine proteases that @essified as proteinase K-like are the
cold-adapted VPR and the thermophilic aqualysiAQUI). These proteases have been
extensively studied with regard to thermostabili@atof proteins, as they provide an
excellent comparison model sharing around 60% semuiglentity [12,14,35,57,79,92-95].
VPR is secreted by a psychrotropitbrio PA-44 species, though it retains considerable
stability in the presence of calcium having &d of 54°C [92]. AQUI is a highly
thermostable alkaline subtilisin-like serine pregeaecreted by the gram-negative extreme
thermophileThermus aquaticu¥T-1 and has an optimum pH and temperature in the
presence of calcium of pH 10.0 and 80°C, but isradh the pH range of 6-11 [96] and
has a Foy of 95°C [92].

Table 2. Amino acid composition of the mature @sés VPR and AQUI [94].
A R N D CQ EG HI L KMF P S T W Y V

VPR‘ZS9232161054049185371238204824
AQUI‘4O 15 19 13 45 337 59 19 2 2 3 11 29 25 3 12 25

Both proteases are secreted with a rather largelgmain. As AQUI has to cross both the
cytoplasmic and outer membrane of the Gram neghtieéerium it is produced with an N-
pre 1l4-residue signalling peptide, an N-prodomaumich acts as an intramolecular
chaperone, consisting of 113 residues and a C-quesee promoting extracellular
secretion (Fig. 12). Via autolysis the mature pasteconsists of 281 residues (28.5 kDa)
[96,97]. VPR is produced as a 530 residue peptiing thereof the C-prodomain is
around 100 residues and the N-prodomain is 13%@uesj thus yielding a 291 residue
mature protease (29.7 kDa). This cleavage of VRIddd0 a 2 residue shorter N-end and

15 residue longer C-terminus [94,95].
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transport out through inner membrane l N-pre signal peptide cleaved off
48 kDa i S

folding with help of N-pro chaperone sequence I N-pro sequence cleaved off with autocatalysis
38 kDa |
C-terminal pro sequence is Iaumcalalytically cleaved off

28 kDa

AQul
VPRwt

Figure 12. Processing of the precursor protein&@UI and VPR. Signal peptide shown
in red, N-pro sequence in yellow and the C-pro sege in green [79].
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C163-C194

/

Figure 13. Three-dimensional structure of the catthpted VPR, colored as light blue
with green calcium ions (PDB code: 1SH7) and thegrtiostable AQUI, colored as light
orange with grey calcium ions (PDB code: 4DZT). Menng of residues follows the
structure of VPR. The catalytic triad shown askstidsp37-His70-Ser220 and the disulfide
bridges C64-C99, C163-C194 and C277-C281.Calsiumbaring according to VPR.
Atomic coloring code of the sticks is as followed s O, blue is N and yellow is S.
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As mentioned before calcium binding is important thee stability of these proteases but
interestingly there is not a correlation betweer thumber of calcium sites and
thermostability. Case in point there is that VPRitams three different calcium binding
sites, whereas AQUI has only two (correspondingCal and Ca3) (Fig. 13), and
proteinase K also has just two such sites (Cal @Ga2). However, in the absence of
calcium the drop in oy has been measured and is around 26°C for AQUE 1@° PRK
and 27°C for VPR (Fig. 14) [79,92].

;§\ \
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1000/ T °K)

Figure 14. Calcium dependency in regard of thermacttivation of VPR (circle), PRK
(square) and AQUII (triangle). Here blackened ounhbyls represents the presence of
calcium and open symbols the absence of calciufn [92

Other structural factors may contribute to the ifitglof the native form such as disulfide
bridges. VPR and AQUI share two of them, but VPR &dhird that is unique to VPR and
is located on the C-terminus of the enzyme, annsxb@ that is nonexistent in the mature
enzyme structure of AQUI [57]. One of the commosutfide bridges is located near the
Cal binding site, bridging the loop of the calcisite as well as the region harboring the
residues of the S1 binding pocket (VPR: C163-C19%). Another disulfide bridge lies
near the Ca2 binding site in VPR (VPR: C67-C99 tiridge seems to be connected to
the formation of the S4 binding pocket [57]. Thés&lges are somewhat conserved as

they are both found in the proteinase K-like enzyimend in Serratia species (SPRK)
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[87]. Proteinase K has two disulfide bridges butenof those correspond to those present
in VPR, however [98]. Complicating matters even enavith regard to the contribution of
disulfide bridges to the thermostability of theseymes, is the fact that the thermophilic

subtilase, thermitase (THM) has none [57].

Another aspect of possible stabilizing factorshe structure of these proteases are salt-
bridges [99]. Even though not all of them are altd the stability one in particular has
been shown to have drastic effects. The salt britkpel 7-Arg259 in AQUI corresponds to
an area in VPR that has none (Asnl5-Lys257) and study where the bridge was
removed in AQUI by mutagenesis it resulted in adang of 8-9°C in Fow%[35]. While in
VPR when Asnl5 was replaced by Aspl5 teesValue improved by 3°C [12], indicating
that this salt-bridge is very important for thenatmslization of their native structure. Also
observed in the structures and amino acid compaositi VPR and AQUI is that AQUI has
a higher aliphatic index and also that certain Bsidues in AQUI have been exchanged
for Ser in VPR, in fact Ser-to-Ala exchanges wasiost frequently observed amino acid
exchange between the two enzymes [94]. As mentidrefdre that is in agreement to
known ways of gaining higher stability through ketpacking or gaining higher activity

through a more flexible native state.

The relationship between catalytic activity andaiiy/flexibility is an extremely complex
one and poorly understood, with regard to timeescalf certain fluctuations within the
structure that are important for these factors.ofdoday cold-adapted proteins can be
envisioned as having higher global flexibility coanged to their thermophilic counterparts.
Still both structures need high local flexibilitie§ certain areas that are important for their
function, as well as there are areas that needve hs low flexibility as possible for the
native state to stay folded [93]. VPR and AQUI argood example for this theory (Fig.
15).
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Figure 15. Flexibility profiles of AQUI (left) andPR (right) from molecular dynamics
simulations on different time scales. The X-axisksithe residue number in the
polypeptide chain and the Y-axis represents thé frost mean square fluctuation) value

of each residue as determined from molecular dyosisimulations [93].
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1.3 VPR mutations

Several mutations have been carried out on VPRrderoto decipher which structural
factors contribute to the stability of this prot@incontribute to the temperature adaptations
of these enzymes. Properties investigated invdleae¢moval of the C-terminal of VPR to
imitate the structure of AQUI in more detail (VRRR [12]. Ser/Ala mutations [14].
Increasing the rigidity of loops with insertions Bfo residues [14,95,100]. Insertions of
multiple positively charged residues imitating ayspecial amino acid composition of a
loop area in AQUI into VPR, which might be importdar movements of the active site
[101,102]. Reduction of aliphatic surface residy&62]. Mutations interfering with
calcium binding sites [101,103]. Mutation affectitige hydrophobic packing of the native
state [102]. Mutations have also been carried oued at incorporating salt-bridges into
the structure of VPR [12,102,103]. Table. 3 listsne of the mutations done and the
position of these mutations are shown in Fig. h6the next section notable mutations

done on VPR will be discussed.
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Table 3. A list of mutations done on VPR by Krisggon M. M. and coworkers.

kcat/Km
Km [MmM] Keat [S1] [sTmM-1]  Tsow% [°C]
VPRwt 0.166 78.4 472 56.0
VPRAac 0.184 68.2 371 56.4
Ser/Ala exchange
S51A 0.203 50.3 249 57.0
S64A 0.223 50.7 228 56.5
S110A 0.205 16.2 79 57.1
S51A/S64A 0.199 58.8 295 545
S51A/S64A/S110A 0.197 46.1 234 55.5
Prolinein loops
N238P 0.191 21.4 112 58.0
T265P 0.191 10.9 57 57.6
N238P/T265P 0.228 25.5 116 57.0
I5P 0.261 58.4 224 58.7
N3P/I5P 0.224 8.8 40 61.9
Salt-bridges
S172kc 0.190 103.7 535 56.4
Q142Kac 0.157 147.0 945 56.3
Q142K/S172Rc 0.170 54.7 320 55.6
N15D 0.173 137.3 803 58.8
N15Dac 0.179 64.9 365 59.6
N15D/K257R 0.159 105.8 677 56.2
Flexibility of a hinge
area
A119H/S120R/G121R 0.154 22.9 149 53.5
(3X)
(3X) + S123A 0.175 47.6 263 54.2
(4X)
(3X)+A116T/Q117R 0.151 61.1 405 545
(5X)
(56X) + S123A 0.148 98.9 728 55.1
(6X)
Reduced aliphatic
surface
F29R 0.176 29.0 175 53.8
L243A 0.162 15.1 94 53.8
Hydrophobic packing
A33V 0.199 14.7 72.3 55.9

Tm [°C]
63.6
65.2

63.9
65.1

65.2
63.1

63.3

64.2
65.8

65.2
67.6

69.3

64.4
64.6

61.2
66.3

68.2

65.1

61.5
63.1
64.3

63.7

65.6
63.5

64.2
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Figure 16. The structure of VPR (PDB code: 1SH@)rihative residues that have been
mutated are shown as ball and sticks (see tabte Btitations).Calcium ions are colored
green and the atomic coloring code of the balls siicks is as follows: red is O, blue is N

and yellow is S.
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Figure 17. A topology diagram of the structure &R/ The red cylinders represent the

helixes and are in alphabetical order in regardio¢ir position in the peptide chain (with

the exception of a three residue helical part ia @al binding loop, named. The blue

arrows represent thg-sheets and are numbered. The dark lines repreéleribops in the
structure [57].

1.3.1 Mutations of VPR involved in the project

The VPRc mutant (C277_) (Table. 3) was made both to imitagestructure of AQUI in
more detail, as this C-terminal tail found in VPRabout 15 residues longer than the C-
terminus of AQUI (Fig. 18). But another aspecth C-terminus in VPR is that it contains
a disulfide bridge, has a very negative charac&ud78 and Asp280) and it has a very
high beta-factor according to the crystal structurdicative of high flexibility [12] as well

as MS simulations indicating the same (Fig. 15).[93
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Figure 18. Side view (90° horizontal turn compartogd-ig. 13) of VPR light blue with
green calcium ions (PDB code: 1SH7) and AQUI liglenge with grey calcium ions
(PDB code: 4DZT). This picture shows clearly thigedence between the C-ends of VPR
and AQUI. Calcium numbering according to VPR arelatomic coloring code of the
sticks is as follows: red is O, blue is N and yslis S.

Removing the extension of the VPR C-terminus ditl aftect the properties drastically,

but this mutant was a little more thermostable .t Tso% and almost 2°C ind). A loss
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of activity was also observed (lowering akdand increasing K) leading to a 1/5 loss in
catalytic efficiency [12]. When introducing a neigaty charged residue at position 15
(N15D) that is located on the loop of the Ca3 bugdsite, cooperative effects were
observed. The VPR/N15D mutant was more stable but less active thenviPR/N15D
mutant (Table. 3). The mutation N15D was meanntmduce a salt bridge between D15
and K257 and strong evidence is for the existerfcthie salt bridge [12]. When this
mutation was carried out the wild type VPR it résdlalso in a significant increase in the
kcat Of the enzyme, an effect not observed for thedated form (VPRc/N15D). Thus with
the C-terminal tail in the proximity it may be inéeting via long range ion-ion interactions
or by inducing globular movements of the structieeding to increased activity and also
destabilizing the new ion pair formed in VPR/N13iit not in the VPR/N15D mutant,
where these interactions are non-existent. Thisiplysexplains the difference between

these mutants and the effects of the C-terminug (F and 19) [12].

N-Terminus

Figure 19. View of the orientation of the N15D nmitaf VPR (PDB code: 1SH7). The
distance between the charged groups of Lys257 apd%\is 2.6A. Calcium numbering
according to VPR and are colored green. The ataruloring code of the sticks is as
follows: red is O, blue is N and yellow is S.

In an effort to explore other salt bridges that lmigave stabilizing effects on the structure
another set of mutations have been performed. timgtathe structure of AQUI the
mutations Q142K located on helix D (Fig. 17 and a0y S172E on the Cal loop, were

carried out as corresponding residues in AQUI aeglipted to form a salt bridge [99].
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Both of the single mutations significantly incredgbe activity of the enzyme, but Q142K
mutant showed remarkable results, almost doubhegcatalytic efficiency of the mutant
(923 s'MY) over the wild-type enzyme (472, while not affecting the stability of the
protein to any extent. When combined negative cadpe effects were observed yielding
a mutant which was less stable and also had lowvitg [101,103]. This is hard to
explain, but if there has been some interruptiothefcalcium binding site that might yield
a less stable protein. If the putative salt-bridgetween K142 and E172 reduces
movements of the-helix containing the Q142K mutation, movementdha active site

important for catalysis might be affected, possityplaining lower activity.

Q142K is an interesting mutation having these $icamt effects on the activity and almost
none on stability. A turn away from K142 on theikés an aspartic acid residue (D138)
which forms a salt-bridge to R169, which is locatedthe Cal binding loop and according
to MD simulations this salt bridge has a 100% esice in the homologous enzyme
AQUI. In AQUI, K142 also slightly interacts with 38 and has a prevalence of 5.5%.
[99]. The introduction of the positively chargediaotgroup of K142 only one turn apart
on the helix from D138 (Fig. 20), may lead to iféeence by the side group of K142 with
the already existing salt-bridge between D138 aB89R possibly causing movements of
the helix which may be transmitted to the activee siegions of the enzymes, thus

potentially increasing the activity of the mutant.

If the amino acid composition of thehelix (helix-D (Fig. 17)) containing the mutatids
compared to the corresponding helices in the stracof AQUI, PRK and SPRK it is
revealed that a lysine in position 142 (numberingoading to VPR) is not found in the
other structures except in AQUI, where it is invadvin a salt-bridge. The same
observation can be made if VPR/Q142K is BLASTedirsgaonline databases, as a
positively charged groups in position 142 are aiigerved if there is a negatively charged
group at position 172 as is found as a part oftebsage in AQUI (Appendix 2). One may
point out that there is an arginine in position IM®RK, but the orientation of that residue
is towards the Gx-helix and seem to be involved in a salt-bridgeréheith Aspl12 of
PRK. BLAST search for this mutation revealed not@rosequences containing a positive
charge in position 142, making these beneficiakaf of the mutation even more

surprising.
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Table 4. Amino acid composition of théhelix D of the homologous enzymes VPR, AQUI, PRK
and SPRK. Revealing that K142 is not conservedl atxcept it is found in AQUI but there it is
part of a salt-bridge with E172.

Position

Enzyme 134 135 136 137 138 139 140 141 142 143 144 145 146 147

WVWR S T A L D S A V Q G A I Q S
Q42K S T A L D S A V K G A | Q s
AQU S T A L D N A V K N S 1 A A

PRK S S S V N S A A A R L Q s s
SPRK S Q A T D D A V N A A V A A

Figure 20. Zoomed in view of helix D in the struetaf VPR, showing the location of
Lys142 mutation and its orientation according téccdations by the program UCSF
Chimera. Also shown are residues Asp138 and Arg#66éh are believed to form a salt-
bridge. Calcium numbering is according to VPR amel atomic coloring code of the sticks
is as follows: red is O, blue is N and yellow is S.

Proline insertions into loops seem to play an irtgodrrole when it comes to flexibility of
the structure, as all of the tested mutations lthastic effects on the catalytic efficiency,
yielding much lower values as compared to the wijfze enzyme, varying from 224

to 40 s'M (Table. 3). All of these mutations seem to contigbto some extent to the

stability of the enzyme. The mutations that affdcséability the most are those on the N-
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end of the protein as two proline insertions in 2PN5P mutant raised thenTvalue to
69.3°C and %oy to 61.9°C, which is a 4.1°C increase in &nd 5.5°C increase insdb
compared to VPR, . Very detrimental effects were observed on thaviagiof the protein,
however, as theck value dropped to 8.8'swhich is almost nine fold lower than the value
for the wild type enzyme [95]. The N-terminal regiof VPR seems to be highly flexible
compared to the rest of the structure asptvalue for the end is almost two fold higher
than for the rest of the structure [57]. With thisuble proline insertion the autocatalytic
cleavage site of the N-terminus was shifted by tesidues (Fig. 12), resembling the 2
residue longer N-terminus in AQUI, PRK and SPRKJ(R1 and Table. 5) [95,100].

N/

N A

£\
A

v‘

N-Termini of VPR and AQUI

Figure 21. Comparison of the N-termini of VPR (tiglue with green calcium ions (PDB
code: 1SH7) and AQUI (light orange with grey catnitons) (PDB code: 4DZT). The N-
end extension in the structure of AQUI leads fbsieet formation resulting in more
hydrogen-bonds (red lines) than in VPR (blue linB%) and P7 are corresponding to
positions 3 and 5 in VPR. Calcium numbering acaugydo VPR and the atomic coloring
code of the sticks is as follows: red is O, blul iand yellow is S.
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The fact that this two residue extension occurthenN3P/I5P mutant of VPR is a good
indicator of possiblg-sheet formation at the N-end allowing for more toggen-bonds to
be formed and therefore locking this flexible aoéd&/PR, reducing flexibility and activity

and increasing stability [95].

Table 5. Residues at the N-terminus of VPR andnitant N3P/I5SP compared to homologous
mesophilic and thermophilic enzymes. Numberingé®raling to VPR [95].

Position
Enzyme -2 -1 1 2 3 4 5
VPR - - Q S N A |
N3P/I5P AV Q S P A P
AQUI A T Q S P A P
PRK A A QTN AP
SPRK A D - S P A P

The A116T/Q117R/A119H/S120R/G121R/S123A (6x) mutanthe product of series of
mutations that were designed to imitate a very igpeenino acid composition of a loop
region connectingi-helix C andp-sheet 4 (corresponding to the nomenclature in VPR)
(Fig. 17 and 22). According to previous normal madlculations on VPR that area in is

one of the more flexible areas in the structur&®R [102].

In the structure of AQUI this region is highly pwsely charged and Arg rich, but as
mentioned before higher Arg content has been linkethermostability (Table. 6). The
first mutant produced in this series was A119H/RUZBIL21R (3x). That mutant resulted
in a decreased stability and had much lower agtiMi02]. Then more mutations where
made, 4x, 5x and 6x, with more additions both agtiend stability got higher comparing
to the 3x mutant (Table. 3). Effects on activity esds both higher & and lower Kk,
resulting in almost twice as high catalytic effiody, whereas the stability was almost on

pair with the wild-type VPR.
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Table 6. Amino acid composition of loop area cotingchelix C and sheet 4 in the structures of
VPR, 6x mutant, AQUI, PRK and SPRK. Residues itoteitself are in italics and underlined.

Position
Enzyme 115 116 117 118 119 120 121 122 123 124
VPR vV A Q N A S G P - S VvV
6X VvV T R N H R R P - AV
AQUI vV T R N H R R P - AV
PRK vV K N N R N C P K G V
SPRK V K N N A S G P - AV

Figure 22. AlImost 180° horizontal turn of Fig. #8nino acids involved in the 6x mutation
are marked in along with Asp37 and His70 of thevacsite. VPR is light blue with green
calcium ions (PDB code: 1SH7) and AQUI is light mga with grey calcium ions (PDB
code: 4DZT). Calcium numbering according to VPRvadl as residue numbering. The
atomic coloring code of the sticks is as folloned is O, blue is N and yellow is S.

1.4 The aim of the project

This project is a part of a larger investigation tefnperature adaptation of proteins
conducted under Professor Magnus Mar Kristjans3te. project was meant to utilize

work previously done on the subtilisin-like serjp®teases to rationally design a multiple
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mutant VPR that was both more stable and more eackor that purpose two different
starting mutants were chosen as templates for ¢isearch the VPR/N3P/I5P and
VPRAc/AL116T/Q117R/A119H/S120R/G121R/S123A (6x). The amadlization for these
particular mutants is that VREIN3P/I5P had shown a big increase in stabilitylboking
activity and VPR/6x has been shown to have incbasealytic efficiency with only a
little lower Tso and Tm values. TheAC incorporation in all mutations was made to
simplify the comparison model of VPR and AQUI anméyenting complications of data
analysis as shown in the case for some mutatioets &1 N15D. On top of these templates
two mutations were chosen for their effects on VRR5D was chosen for its stability
effects on VPRc and Q142K was chosen for its remarkable effectadativity of VPRic.
These additions where added stepwise by site dotatiutagenesis and all products were
measured with regard to stability and activity. Thetants measured in this project were
firstly VPRAc/N3P/I5SP/N15D, VPRc/N3P/I5P/Q142K and
VPRAc/N3P/I5P/N15D/Q142K, and secondly  VRIBX, VPRu\c/6x/N15D,
VPRAc/6x/Q142K and VPR:/6X/N15D/Q142K.

Another part of this project was to investigate flexibility change of N-terminus of
VPRAc/N3P/ISP and compare it with VRR AQUI and AQUI/Y191W. This was done via
fluorescence quenching with acrylamide of the rafwms of the enzymes at 25°C and
45°C and utilizing a tryptophan residue locategdaaition 6 in VPR (corresponding to 8 in
AQUI and VPRc /N3P/I5P) to gain insight into changes and/or |audeflexibility of the
N-terminal region of VPR/N3P/I5P.
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2 Materials and methods

2.1 Bacterial strains and plasmids

The bacterial strain used for production and exgoesof VPR and its mutants was the

E.coli strain TOP10 from Invitrogen, which has the gepety

F- mcrA A(mmr-hsdRMS-mcrBCP80lacZAM15 AlacX74 recAlaraD13N(ara-leu)7697
gal/U gal/K rpsL (Stf) endAl nupG.

The gene encoding for VPR originates frafibrio PA44 [14,92]. The gene had earlier
been cloned into a pBAD plasmid with a TOPO TA QR kit from Invitrogen, the
plasmid also contains an antibiotic resistance dgenampicillin (Amg) [94]. The TOP10
strain which is ampicillin sensitive was also u$edtransformation, and grown Orudhp
agar plates to select for cells containing themlds In this system L-(+)-arabinose from

Sigma-Aldrich was used to induce expression.

2.2 Site-directed mutagenesis (PCR)

Site-directed mutagenesis was performed on the §é#te following instructions form the
Quick Chang® Site-Directed Mutagenesis Kit form Stratagene. Each mutation a
specific primer was used (See. 2.2.1) and amplifireda typical PCR using &fu
polymerase from Thermo Scientific. The reaction wagied out in an automatic block
heater (Veritt Thermal Cycler form Life Technologies) with a giveamber of cycles

and temperatures (Table. 7). The preparation ofghetion mixture was a follows:
1.5u DNA template containing the appropriate VPR teatgl(ca. 50-100 ng of DNA).
1 ul of forward and reverse (fw/rv) primers (10 pnm)/ from Eurofins MWG Operon.
1 ul dNTP (10 mM, final conc. 0.2 mM), from Fermentas.

1 ul PfuDNA polymerase (2.5 W), From Thermo Scientific.
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Then the solution was diluted to hDwith ddHO.

Table 7.

Conditions in the PCR.

Temperature  Time Number
(°C) (min) of cycles
Initilization 95 1
Denaturation 95 1
, . 30x
Annealing X 1 cycles
Elongation 72 11
Extension 72 11 1x cycle
o0 End
Cooling 10

*X stands for the annealing temperature.

The original methylated DNA of the PCR mixture w#sen digested withDpnl
endonulease from Thermo Scientific at 37°C, ovdrhnig

2.2.1 Primers

The mutagenic PCR primers were designed with thé-beésed program PrimerX
(http://www.bioinformatics.org/primerx/), that calates the melting point () and GC

content. The primers that were used in this proyeste synthesized by Eurofins MGW

Operon.

Table 8. Forward (fw) and reverse (rv) primers uded site directed mutagenesis for the VPR
mutants. The table lists the base composition ®@fptimers as well as their GC content (GC%),

melting point (F,), annealing temperatures (An). The codon contgiriire mutation is underlined
and the mutating bases are in bold.

Primer Base sequence GC Tm An

% | (°C) | (°C)
N15D fw | 5-GAATAGATCAGAGAGACCTTCCTTTGGATC-3’ 43.3| 73.6| 60.4%
N15D rv 5"-GATCCAAAGGAAGGTCTCTCTGATCTATTC-3’ 43.3| 73.6| 60.4%
Q142K fw | 5"-CATTAGATAGCGCGGTAAAGGCGCGATTCAATCTG-3 50.0| 80.2| 66.7%
Q142K rv | 5-CAGATTGAATCGCGCCTTCACCGCGCTATCTAATG-3 50.0| 80.2| 66.7%
C277_fw | 5 GCAGACAGTGGTIARAGAGCCGGATTGCGG 3 58.6| 75.4| 65.9%
C277_rv | 5" CCGCAATCCGGCTLIAACCACTGTCTGC 3 58.6| 75.4| 65.9%

*Difficulties caused experimentation regarding aalimey temperatures and the values seen in thig tatd

the ones that provided the best results.
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2.3 Medium

Media used were both LB medium (Luria-Bertani) @xdf T medium (2xYeast extract and
Tryptone (Table. 9). LB broth was used for transfation, starter cultures and agar plates.
2xYT broth was used for expression cultures. Mad@e sterilized immediately after
preparation. When needed ampicillin was addeddanrthdia to a final conc. of 0.1 mg/mL
prior to use to hinder the growth of non-transfodnoells and unwanted bacteria. For the
preparation of L agar plates, 7 g of agar (FlukeeBemika) were added to 1 L of LB
medium and sterilized. Fordp agar plates, ampicillin was added to a molten aghution
(added when the temperature had cooled down tmappately 60°C) to a final conc. of
0.1 mg/mL.

Table 9. Contents of LB and 2xYT media. Recip# for

Medium Tryptone (Bacto ™)  Yeast Extract (Bacto ™) NCI (Sigma)
LB 10 g 59 10g
2xYT 169 109 59

2.4 Transformation

E. coli Topl0 cells had previously been made chemically peient [104] by other
members of the research group. For transformatitim tve PCR product, 20-2d of the
PCR solution was added to 2Q0of competent cells that had been thawed on itee T
solution was then mixed thoroughly and kept onfazelO min and after that heat shocked
for 1 min at 42°C. After that treatment 1 mL of I(®ithout ampicillin) was added to the
solution, mixed thoroughly and incubated at 37°Q0Q 3om for 1 hour. After incubation
the samples where centrifuged at 13,000 rpm foiirl, supernatant thrown away and the
precipitate suspended in 2(Dof dH2O, spread on dxp agar plates and incubated at 37°C
overnight. For transformation with purified plasmi@-5 ul of plasmid solution (40-80
ng/iul) were used instead and after incubation sampés wot centrifuged, but 50 - 1Q0
spread on the agar plate. Along with this negadive positive controls were also prepared,
the negative control had only Top10 cells while plositive control was transformed with

a purified pBAD plasmid.
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2.5 Plasmid purification

After the transformed cells had been incubated 7&C3overnight a single colony was
transferred into a tube containing 3-4 mL ofakBbroth and incubated overnight at 37°C
(no longer than 16 hours). The purification itseés carried out using GeneJET™ Plasmid
Miniprep Kit from Thermo Scientific, following theinstruction.

Concentration of plasmid and their purity was meaguwith a NanoDrop 1000
Spectrophotometer by measuring absorbance at 2302660 nm and 280 nm. The
concentration of the samples was evaluated fromabs®rbance at 260 nm according to
the Beer-Lambert law (Eq. XI) (Were A is the absorte,¢ is the molar attenuation

coefficient, c is the concentration and b is thénpangth).
A=¢excxDb (XD

Estimation of purity of the sample was determingdh® Aosd/Azgo ratio and the Asd/A23o
ratio. Apsd/A2go ratio of 1.7 — 2.0 means a good quality samplee fof RNA and other
contaminants absorbing at 280 nm. Th&of230 ratio is indicative of the presence of
organic compounds or chaotropic salts, a ratio.bfat greater is therefore preferred. For
size determination and further proof of a pure dampgarose electrophoresis was
conducted. Samples were prepared by mixing 8f plasmid solution and 2l of 10x
loading buffer from Invitrogen™ (65% (w/v) sucrosd) mM Tris-HCI (pH 7.5), 10mM
EDTA and 0,3% Bromophenol Blue). Samples were |daole 1% (w/v) agarose gel in
1XTAE buffer system (40mM Tris, 20mM acetic acit§ B.0 containing 1 mM EDTA).
Running with the samples was also a positive cbrataining pBAD purified plasmid
(containing the VPR gene). The electrophoresis egased out at 90V for a minimum of
15 min. The resulting gel was then viewed usingW light transilluminator. The

plasmids were stored at -20°C between use.

2.6 Sequence analysis

Mutations done on VPR were all confirmed by SarigBiA analysis done by Beckman
Coulter Genomics (http://www.beckmangenomics.cddmited Kingdom. Primers for the

sequence analysis were universal pBAD primers gea/by Beckman Coulter Genomics.
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Both forward and reverse primers were used depgnainthe location of the mutation

within the gene.

2.7 Cultivation and expression of VPR

For cultivation of expression batches of VPR 2xY®dth was used. A single colony from a
petri dish that had been confirmed to contain #eegfor VPR and the right mutations was
placed in 20 mL of 2xYT containing 0.1 mg/mL of aigin (2xYT amp). This starter was
then cultivated overnight at 37°C, 180 rpm in a NBwmnswick™ scientific Innova® 44
incubator shaker. The sample was then diluted toof 2xYTamp and cultivated at 37°C
and 180 rpm until Ao was between 0.8-1.8. At that time the cultivatbvoth was made
10 mM CacCit (Sigma) and 0.02% L-(+)-Arabinose to induce exgigs of the protein. The
culture was then incubated at 18°C and 180 rpn2@or 24 hours. The 1 L cultures were
then centrifuged in a Beckman Coulter Avanti® J-Peeéentrifuge at 4009 and 10°C for
15 minutes (JLA-8.1000 rotor). Following that, teapernatant was removed and the
pellets resuspended and washed in 500 mL efOd&hd centrifuged at 65@Pat 10°C for
15 minutes. Pellets were then transferred into &0fatcon tubes and dissolved in 50 mL
dH>O and centrifuged at 5500xg and 10°C for 25 min(#&s5.3 rotor). Supernatants were
discarded and pellets dried as much as possiblehamdtransferred to -25°C freezer prior

to usage.
2.8 Purification

2.8.1 The purification of VPR

The purification of VPR was carried out mostly asvously described [92]. Cell pellets
containing the VPR mutants were dissolved in 50ahhk buffer containing 25 mM Tris-
Cl (Sigma), 10 mM CaG[(Sigma) and calibrated to pH 8.0 at 25°C with 6 KaIKBuffer
A, see appendix 1). The sample was then made 1mip'tysozyme (Sigma) anddg/mL
DNAase (Sigma) and the mixture shaken gently fdeast 2 hours prior to freezing with
liquid nitrogen and thereafter allowed to thaw &€ #vernight while being shaken.

The mixture was then frozen again and thawed anrtamperature while being shaken,
and this freeze/thaw cycle was repeated two timks. sample was then transferred to a

40°C water bath for 1 hour to obtain the fully aetand mature protease.
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The sample was then centrifuged at 20,6Q0d 4°C for 45 minutes (JLA-16.250 rotor).
The supernatant was collected and made to 80%asiatuin ammonium sulfate (Sigma)
((NH4)2SQy) and centrifuged again under the same conditidie supernatant was

discarded and the precipitate dissolved in 50 mBudfer A and kept at 4°C overnight.

The sample was then loaded onto a Z-D-Phe-TETA gidabenzoxy-D-phenylalanyl-
triethylenetetramine-Sepharose) column equilibratéd Buffer A. After the sample had
been loaded onto the column it was eluted with &uf containing 0.5 M NaCl (Sigma)
to elute proteins that had bound to the column moa-specific way. The absorbance at
280 nm was observed and when no observable chamggdhad been observed for some
time (generally around Ao < 0.05) the column was washed with approximaterg t
column volume equivalents. For the elution of thet@n, 2 M GdmCI (Sigma) in Buffer
A was used and collected in 2.5 mL aliquots thatewdiluted with 2 mL of 3 M

ammonium sulfate.

The collected protease sample from the Z-D-Phe-TE®AmMn was then loaded onto a
phenyl Sepharose column previously equilibratedhwBuffer A, containing 1 M
ammonium sulfate. The column was then eluted wighsame buffer as it was equilibrated
and then the ammonium conc. lowered to 0.1 M ajudirsharp peak of contaminants and
then the protease was eluted with 50% ethyleneobiycBuffer A. Prior to storage the
samples were diluted to 25% ethylene glycol witlifdstuA and stored in a freezer at -
25°C.

2.8.2 Purification of AQUI and AQUI/Y191W

Purification of AQUI and AQUI/Y191W had previouslyeen carried out in the lab as
described in [92,94,95].

2.8.3 Zaman-Verwilghen protein quantitation

To determine the protein concentrations in samplake protein purification process, a
Coomassie Brilliant Blue G250 protein staining gssas performed (Zaman-Verwilghen
variation) [105]. The samples were prepared by aomg 2.75 mL of the Coomassie Blue
solution with 0.25 mL of a protein solution (or glBifor the blank) and mixed thoroughly

and incubated at room temperature for 15 minutes for measurements at 620 nm.
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2.8.4 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

Gel electrophoresis was conducted on pre-cast NiEFB\Govex® 4-12% gradient Bis-
Tris 15 well gel. The samples were prepared by mgixi2 uL of protein sample, L
PMSF (25 mM) (Sigma) and 20L of a solution containing 0.5 M Tris/HCI, 10% w/v
SDS, 50% wi/v sucrose, 0.25 M dithiothreitol and28®w/v bromophenol blue, pH 6.8.
These samples were then boiled for 5 minutes poidoading to the gel. 1QL of each
sample was loaded to the wells andL8of the ladder (Spectra™ Multicolor Broad Range
Protein Ladder). Following electrophoresis, thesgeére stained with Coomassie Brillian
Blue R-250 (0.25% (w/v) in 45% methanol, 7% acati) overnightand destained (45%
(v/v) methanol and 7% (v/v) acetic acid).

2.9 Enzymatic activity assays

Activity of VPR and its mutants was assayed by gdime synthetic substrate, succinyl-
AlaAlaProPhe-p-nitroanilide (SAAPF-pNA) (Bachemhd substrate was kept dissolved in
DMSO at concentration of 25 mM at 4°C prior to udesays were carried out at room
temperature (25°C for Michaelis-Menten measuremargsg 0.5 mM substrate that had
been diluted in 100 mM Tris-Cl, 10 mM CaCind pH 8.6 at 25°C. The increase in
absorbance at 410 nm, over a 30 second time ihtangi using the molar attenuation
coefficient €) of 8480 Mcm! to determine the reaction rate (V) (Eq. XII).

AA/sec " 1000 mM _ mMm —V (X”)

8480 M~1¢m~1 M sec

2.10 Michaelis-Menten kinetics

Prior to measurements, proteins samples were @dlggainst a 100 mM Tris-Cl, 10 mM
CaCb, pH 8.6 (at 25°C), overnight at 4°C. Seven différsubstrate solutions were
prepared by diluting a stock substrate solutioa fmal concentration of 0.075 mM, 0.10
mM, 0.15 mM, 0.25 mM, 0.50 mM, 0.75 mM and 1.00 nritb the same type of buffer as
the protein was dialyzed in. The concentrationhaf protein solution was determined by
measuring the absorbance at 280 nm and calculatedding to equation XI. The molar
attenuation coefficients for VPR, VPR mutants, AQnd AQUI/Y191W were calculated
using the web-based program ProtParam (http://wphsy.org/protparam) (34,170°M
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emt for VPR and all its mutants used in this projgt)6]. Protein conc. was determined
by at least three independent measurements ofrtiteip stock on a Cary 50 Bio UV-

Visible spectrometer (Varian).

The protein stock solutions were then diluted toehactivity of ~1 U/mL (950uL
substrate against 5@ of protein solution) at 0.5 mM substrate for eaet. One set of
measurements was triplicate measurements at eddtratie concentration and usually
nine sets for each mutant spread over three dayseach stock prepared the day before.
Measurements were carried out at 25°C using ddder UV-Visible spectrometer from
Thermo Electron Corporation equipped with a Therpex®onic Single Cell Peltier
system.

For the determination of the constanig &nd Kn the data points for each set were plotted
using the program KaleidaGraph and Michaelis-Menten-linear regression performed
according to equation XIII.

_ Vmax*[S]
v=hests (il

Where [S] stands for substrate angayVfor the maximum reaction rate andakwvas
calculated according to:

Vmax
kear = E (XIV)

Where [E} stands for the enzyme concentration in the reachoxture. For each dataset,
the catalytic efficiency was calculated with thécaf keaKm. These constants were then
expressed as the mean value of all the sets melaandestandard deviation of the mean

calculated to estimate the precision of the measeints.

2.11 Melting point determination (Tm)

To determine the melting point ¢Tthe temperature where half of all protein molesuh
the solution have been denatured), of the VPR ntsitacircular dichroism (CD)
measurements were performed [94]. Preparationropkess was as follows: Samples were
inhibited to a final PMSF concentration of 1 mM asa@mples were concentrated with

Amicon® Ultra -0.5 mL Centrifugal Filters with 10Dk molecular weight cutoff
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membrane up to a minimum concentration correspgntbnAego of 1.2. Samples were

then dialyzed against a buffer containing 25 mMcilg (Sigma), 100 mM NacCl, 15 mM

CaCb, pH 8.6 (at 25°C), overnight at 4°C. Measuremeavese carried out on a JASCO-
810 Circular Dichroism spectropolarimeter equippath PTC-423S Peltier type single

cell holder and temperature control system, usifgbacm cuvette. The change in circular
dichroism (mdeg) was monitored at 222 nm whileingigshe temperature from 20°C to
90°C with a heat gradient of 1°C/min.

To interpret the data, we assume a two-state unfpldrocess so the solution contains
folded (F) and unfolded (U) states. This lead$h#orelationship:

frtfu=1 (XV)

Wherefr andfy are the fractions of folded and unfolded stateshm solution. When
absorbance (mdeg) is plotted against temperatwes @ sigmoidal curve (Eq. XVI). To
normalize that cure, linear regression was madtheriolded-state part and the unfolded-

state part and extrapolated over the data set.

Y =Yrfr + Yufu (XVI)

Here y and Yy stand for the values obtained by the extrapolatidre curve was then

normalized according to:

_0r—=y)
fu = ! /(YF - Yu) (xvi)

The normalized curve was then fitted by a sigmoilalve with KaleidaGraph and the
melting point (T,) determined (% = 0.5fy). Each mutant was measured at least in
triplicate and expressed as the mean value withsthedard deviation of the mean to

determine the precision of the experiment.

2.12 Rate of thermal inactivation (Tso%)

Tso% Was determined by monitoring the thermal inacioratt selected temperatures (+4-
5°C around ¥ow%). Prior to measurements samples were dialyzechayrgrat 4°C against a
buffer containing 25 mM Tris-Cl, 15 mM CaCL00 mM NaCl, 1 mM EDTA (Sigma) and
pH calibrated to 8.95.
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Samples with activity adjusted to ~1 U/mL were ipated in a water bath at a constant
temperature and activity measured at regular iatsrever time (5-6 measurements for
each temperature in every set) at room temperaisneg a Cary50 Bio UV-Visible

spectrometer (Varian). To calculate the rate offrttad inactivation at each temperature the

data was fitted by:
V="V,*ekt (XVIIN

Where V is the activity (enzyme velocity) at a giiime, b is the initial activity, k is the
first order rate constantfsand t is the time. The natural logarithms of thte constants
at each temperature were then plotted versus 1000A€ands for temperature in Kelvin)
yielding linear data and the data were then fittéth a modified version of the Arrhenius

equation:

In(k) = 1000 * — (Ea/(R . T)) + In(A) (XIX)

Where A is the pre-exponential factor, i the activation energy, R is the universal gas

constant (8.314 J/mol*K) and T is the temperatarEelvin.

Tsow is defined as the temperature where 50% of thlirgctivity has been lost over 30

minutes. To calculate the rate needed for 50% iactivst over 30 minutes £ko) yields:

In(100)—-In(50)

-1y —
ks00,(s™7) = 30min<60/, (XX)

Therefore FowiS:

Ts09, = 11’1(](50%) - (ln(A)/(Ea * R—l)) (XXD

Each set of measurements contained 5-8 data gom&s Arrhenius plot. The final values
contained at least three independent sets, expresséhe mean value with the standard

deviation of the mean to determine the precisiothefexperiment.

2.13 Fluorescence experiments

Prior to fluorescence measurements protein sanyées inhibited with PMSF to a final

concentration of 1 mM and dialyzed overnight at 4t§ainst a buffer containing 50 mM
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Tris-Cl, 10 mM CaCl and pH calibrated to 8.0 at either 25°C or 45°@eteling on the

experiment at hand.

Fluorescence spectra were measured on Horiba Mzord spectrofluormeter equipped
with a Thermo Scientific Haake A25 water bath dator. All samples were exited at 285
nm with a slit width of 3 nm and the emission speetere measured between 300 nm and
400 nm, collecting data points with 0.5 nm intesvalAs measurements on this
spectrofluormeter should not exceed two millionrasyper second (CPS) the exit slit had
to be varied (in the range of 4 nm to 8 nm). Torextr for the varying exit slit widths,
relative CPS was calculated according to:

Measured CPS
(ex. slit (nm))2

Relative CPS = (XXII)

Blanks were measured for all exit slits used anbtragted from the corresponding

measurements of protein samples.

2.13.1 Emission spectra

Emission spectra of VPR, VPRixc /IN3P/I5P, AQUI at varying concentrations and exit
slits were measured for both native and denatuadss For denaturing protein samples,
VPRac and VPRc/N3P/I5P, were incubated at 70°C for 30 minutes &@Ul and
AQUI/Y191W at 95°C for 30 minutes. All samples waneasured at 25°C and relative
CPS/mol plotted to compare the emission spectrathef enzymes. Each set of
measurements was done in quadruplicate, three wete done for VPR and
VPRAc/N3P/ISP but one set for AQUI and AQUI/Y191W. Therwes were then fitted

with a 3¢ degree polynomial to calculate theax of the enzymes.
2.13.2 Fluorescence quenching

Prior to dialysis, samples of VRR VPRxc /N3P/I5P, AQUI and AQUI/Y191W were
either concentrated or diluted to asé\value of approximately 0.1 (to calculate the
concentration of AQUI and AQUI/T191W the molar attation coefficients used were
34,630 M's! and 38,640 Msrespectively). Acrylamide (Sigma) was used as agjoer

in these experiments, and was dissolved to a caracem of 2.5 M in the same buffer as
the samples were dialyzed against. For each expetiBOOuL of protein were used and
by adding 4uL aliquots (11 in total for each sample) of theytamide stock added and the
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emission spectra measured after each additionthfteough mixing and at least 45 second

waiting time between measurements.

To translate the data into an estimate of flextyilThe Stern-Volmer equation was used
(Eqg. XXIII) [107].

F?O =1+ kqro[Q] = 1+ Ksy[Q] (XXII1)

Where P is the fluorescence of an unquenched sample,tReiluorescence after each
addition and [Q] is the quencher concentratiory Ks the Stern-Volmer quenching
constant which is equal to the multiple gfdndto. 10 is the unquenched lifetime anglik
the bimolecular quenching constant. A larges ikepresents higher accessibility of Trp
residues within the structure, indicating highexibility of the structure in the vicinity of
fluorophores in the protein. For calculations dduat of the protein sample after each
addition of acrylamide was accounted for, as waell ldanks with corresponding
concentrations of acrylamide were measuregy Hetermination for each enzyme was

done in one to three sets, each set containingdige measurements.
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3 Results

3.1 Purification

Expression and purification of VRR and all its mutants produced in this project were
successful. Notably it was confirmed that for VRRsi crucial to add Caglo a final
concentration of 10 mM to the expression culturasrpo inducing expression of the
protein. For purification 70-90% yields should bepected, everything under 60% is

unnecessary loss of protein and probably due tdaading the TETA column.

Table 10. An example purification table for VR

Volume Conc. (C) Activity Total Total Specific  Yields  Purification
Step [mL] [mg/mL]  (JU/mL] activity protein activity (%) (x)
units (AU) (Img] ([U/mg]
(V]
Cell lysate 45 6.17 14.0 200 277.5 0.7 100 1
Lysate spin 40 2.49 15.6 200 99.5 2.0 100 3
(NH4)2S0O2 53 2.04 20.2 233 108.0 2.2 117 3
precipitate
TETA 113 0.05 3.9 196 6.1 32.0 98 44
column
Phenyl
sepharose 36 0.22 7.9 177 0.8 220.6 89 306
column

3.2 The N3P/I5P additions

3.2.1 Addition of the N15D mutation to the VPRac/N3P/I5P
template

The first mutation on the VRPR/N3P/I5P template was N15D and was meant to intedu
a salt bridge into the structure. The resultingantihad a % of 70.4°C and 3o+ of 65.5°C
that is 5.2°C higher ffthan for VPRc and 1.1°C higher than VRBR/N3P/I5P (Table 11).
Even larger effects were observed when lookinghat Tso0 values, as the mutation
resulted in a 9.1°C higher value than for \AeBnd 3.6°C higher than for VREIN3P/I5P.

These results strongly support previous resulteatishg that this salt bridge is crucial for
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thermal stability as it increases the stabilityvéfR and every mutant of VPR tested so far
(Table 11).

Table 11. Thermal stability of VRR VPR/N15D, VPR, VPRic /N15D, VPRc: /N3P/I5P and
VPRic /IN3P/I5P/N15D (n = 3, for #o% and n = 4, for T,). Expressed as mean values * standard

deviation of the mean.

Tm (°C) Ts0% (°C)
VPRuwt 63.6 £0.3 56.0+0.2
VPR/N15D 66.3+0.1 58.8+0.5
VPRac 65.2+0.2 56.4+0.1
VPRac/N15D 68.2+0.2 59.6 £0.2
VPRac/N3P/I5P 69.3+0.2 61.9+0.2
VPRac/N3P/I5P/N15D 70.4+0.1 65.5+0.1

A most interesting observation for this mutanths fact that the activity was measured to
be almost five times higher than that of VRRI3P/ISP in terms of d& This is
particularly interesting as the N15D mutation hatydeen shown to increase the activity
of the wild-type VPR and was related to the preseoicthe C-terminus, as when it was
removed as in VPR, the N15D mutation did not seem to have any neta&flects on

activity. Effects on k were also observed, resulting in higher affindy the substrate.

Table 12. Kinetic parameters of VRRVPR/N15D, VPR, VPRic /IN15D, VPRc: /N3P/I5P and
VPRyc IN3P/ISP/N15D (n = 8). Expressed as mean valusttidard deviation of the mean.

Kcat (Sl) Km (MmM) KcalKm (SlmM'l)
VPRwt 746 £5.0 0.166 +0.017 449 + 30
VPR/N15D 137 £ 17 0.173 +0.015 803 + 135
VPRac 68.2+9.9 0.184 +0.017 371 + 26
VPRac/N15D 64.9+4.0 0.179 = 0.009 3657
VPRac/N3P/ISP 8.8+1.3 0.224 +0.010 407
VPRac/N3P/ISP/N15D 51.2+43 0.207+0.019 245+ 19

3.2.2 The Q142K mutation to the N3P/I5P template

The second mutation on the VRRN3P/I5P template was the mutation Q142K located on
a-helix D. This mutation is theorized to interactthwia salt bridge in the vicinity and
inducing flexibility as the mutant has shown toregase the activity almost twofold
compared to VPR and also resulted in lowering of thenKralue leading to threefold

increase in catalytic efficiency (Table. 14). Thieets of this mutation on thermal stability
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were almost negligible, although a little lowerimgTm of VPR:c/Q142K as compared to
VPRac was observed (Table 13). In combination with MBIR3P/I5P, Q142K does not

seem to affect the thermal stability of the natweyme to any extent (Table 13).

Table 13. Thermal stability of VRRVPRic/Q142K, VPR/N3P/I5P and VPR/N3P/I5P/Q142K
(n =3, for Trsossand n = 4, for ). Expressed as mean values + standard deviatidgheomean.

Tm (°C) Ts0% (°C)
VPRac 65.2+0.2 56.4+0.1
VPRac/Q142K 64.6 + 0.2 56.3+0.3
VPRac/N3P/I5P 69.3+0.2 61.9+0.2

VPRac/N3P/I5P/Q142K  68.9 + 0.3 61.8+0.1

The Q142K mutation in VPR /N3P/I5P/Q142K had a remarkable effect on thg k
however, increasing it more than tenfold compared/PRsc /N3P/ISP (Table. 14), but
with no observable effects onnK These results give further evidence for activity

promoting effect of this mutation.

Table 14. Kinetic parameters of VRR VPR/Q142K, VPRI/N3P/I5P and
VPRic/N3P/I5P/Q142K (n = 4). Expressed as mean valusstdard deviation of the mean.

Kcat (Sl) Km (mM) Kca/Km (SlmM'l)
VPRac 68.2+9.9 0.184 £ 0.017 371+ 26
VPRac/Q142K 147.0+7.7 0.157 £0.014 945 £ 51
VPRac/N3P/I5P 8.8+1.3 0.224 +0.010 407
VPRac/N3P/I5SP/Q142K  94.1 +6.6 0.223 +0.014 422 + 24

3.2.3 Combination of N15D and Q142K into VPRac/N3P/I5P

The third and last mutation done on the MPR3P/ISP template was Q142K
accompanied by N15D. The thermal stability of thsitant was almost on par with
VPRAc/N3P/I5P/N15D, or somewhat higher (Fig. 23 and Bd &able. 15). This result
further establishes the importance of the saltderidetween the side chains of D15 and
K257 formed with the N15D mutation for the stalilibf the native structure of
VPR/N15D, as well as the thermophilic AQUI.
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Figure 23. Arrhenius plots the thermal inactivatiohVPR.c (purple circles),
VPRic/N3P/I5P (red squares), VREN3P/ISP/N15D (green half solid squares),
VPRic/N3P/I15P/Q142K (blue diamonds) and VRR3P/I5SP/N15D/Q142K (black
triangles). The rate of thermal inactivation detémad by withdrawing aliquots at selected
time intervals and measuring the remaining actiaig@inst the substrate SAAPF-pNA. The
X-axis shows 1000/T (in Kelvin) and the Y-axis shthe natural logarithmic value of the
rate constant k (s-1). PAP is a short for the N3P/mutation.
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Figure 24. Normalized melting curves of \ieRpurple), VPRc/N3P/I5P (red),
VPRic/N3P/I5P/N15D (green), VRR/N3P/I5P/Q142K (blue) and
VPRic/N3P/I5P/N15D/Q142K (black, as measured by chamgescular dichroism at
222 nm (CD)). The X-axis shows the temperatureeisi@s degrees and the Y-axis shows
the fraction of unfolded protein at each temperat(on the scale 0 to 1). PAP is a short
for the N3P/I5P mutation.

The double proline substitution on the N-termiregion of VPRc leads to a significant
stabilization, which also is further stabilized thg addition of N15D (Fig. 23 and Fig. 24).
The Q142K does not seem to affect the thermal Igtabif the protein, although some
indications cannot be fully ignored (see conclusjorEven though the stability of
VPRAc/N3P/I5SP/N15D/Q142K is just a little bit higher th&PRyc/N3P/I5P/N15D there
are interesting effects observed in the kinetiapwaters of that mutant (Table. 16). With
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the N15D mutation some lowering inmkvas observed, but none in the case of the mutant
containing Q142K only. In the double mutant a lawgrto 0.188 mM was observed as
compared to that of 0.223 mM in the mutant contgjronly the Q142K added mutation.
There is also an apparent decrease iy Whereas the increase iRakcompared with
VPRAc/N3P/ISP/N15D was slightly less than twofold.

Table 15. Thermal stability of VREN3P/ISP, VPR/N3P/ISP/N15D, VPR/N3P/I5P/Q142K
and VPRc/N3P/ISP/N15D/Q142K (n = 3, fortéow,and n = 3, for ). Expressed as mean values
* standard deviation of the mean.

Tm (°C) Ts0% (°C)
VPRac/N3P/I5P 69.3+0.2 61.9+0.2
VPRAc/N3P/I5P/N15D 70.4+£0.1 65.5+0.1
VPRac/N3P/I15P/Q142K 68.9+0.3 61.8+0.1

VPRac/N3P/ISP/N15D/Q142K  71.1+0.2 65.6 £0.2

Table 16. Kinetic parameters of VRIRN3P/I5P, VPR/N3P/I5SP/N15D, VPR/N3P/I5P/Q142K
and VPRc/N3P/I5SP/N15D/Q142K (n =6). Expressed as mean &atistandard deviation of the
mean.

Kcat (Sl) Km (MmM) KcalKm (SlmM'l)
VPRac/N3P/ISP 8.8+1.3 0.224 +0.010 407
VPRac/N3P/ISP/N15D 51.2+43 0.207+0.019 245+ 19
VPRac/N3P/I5P/Q142K 94.1+6.6 0.223 +0.014 422 + 24
VPRAc/N3P/ISP/N15D/Q142K  86.3 £6.4 0.188 +0.015 461 + 20

3.3 The A116T/Q117R/A119H/G121R/S123A
(6x) additions

The 6x template was made by introducing the C2°AC) (nutation to VPR/6x. VPR/6x

is the final product of a series of mutations donea proposed hinge area, proposed to be
important for movements related to activity of #rezyme. Mutants containing three, four
and five residue exchanges had all negative eff@ctthe enzyme, both with respect to
catalytic efficiency and stability (Table. 3). TB& mutant was the first in that series that
had shown considerable increase in activity withaffecting the stability drastically,

although a little lowering was observed. The cdialgfficiency of the mutant was almost
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twofold to that of the wild-type enzyme, which wasused by both an increase ba;Kout
also as a result of lowering inK

Interesting results were obtained however after sm@&ag VPRc/6X. The oy value
seems to be compatible with what was measured RIR\Y. Interestingly though, the
melting point () of the mutant has decreased and is closer todh#te wild type
enzyme rather than that of the ©f VPRxc. This is hard to explain and more research is

needed to answer this question.

Table 17. Thermal stability of VPR, VPR/6x, V@BNdVPR:c/6x (n = 3, for Tsosand n = 4, for
Tm). Expressed as mean values + standard deviatidheomean.

Tm (°C) Ts0% (°C)
VPRwt 63.6 £0.3 56.0 £ 0.2
VPR/6x 63.7 £ 0.1 55.1+0.6
VPRac 65.2+0.2 56.4+0.1
VPRac/6x 62.8 +0.3 56.2+0.2

The reason for using VPR/6x as a starting point ties interesting change in kinetic
constants towards higher catalytic efficiency, butremoving the C-terminal arm drastic
changes were observed mostly with regard:tg with a twofold lowering compared to
VPR/6X. It can be pointed out however that the lomgein Ky that is observed is similar
to the effects observed between VPR and VPR/6x.

Table 18. Kinetic parameters of VPR, VPR/6X, ¥PadVPRic/6x (n = 8). Expressed as mean
values + standard deviation of the mean.

Kcat (Sl) Km (mM) Kca/Km (SlmM'l)
VPRwt 74.6 £5.0 0.166 = 0.017 449 + 30
VPR/6x 98.9+13.4 0.148 £ 0.010 728 + 64
VPRac 68.2+9.9 0.184 + 0.017 371+ 26
VPRAac/6X 50.3+1.3 0.171 £ 0.009 293 +10

Despite these results it was decided to contindle this mutant and gain more insight into
the effects of N15D and Q142K mutations on vari@usplates.
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3.3.1 The N15D mutation in the 6x template

The first mutation on VPR/6x was N15D, in order to introduce a salt bridgethe
structure of the enzyme. Results from stability sueaments strongly suggested that a salt
bridge is introduced into the protein as in theecakprevious mutants. The difference in
values for Fow and Tn between VPR: and VPRc/N15D and between VPR/6x and
VPRAc/6X/N15D are very similar or around 3°C im, Bind around 2-3°C insgy (Table
19). These results seem to indicate that the moseof this mutation leads to the forming
of the salt bridge just as readily as in VieRnd that it has a similar effect on the stability

of the enzyme.

Table 19. Thermal stability of VBR VPRic/N15D, VPR/6Xx and VPR/6Xx/N15D (n = 3, for
Trsowand n = 3, for ). Expressed as mean values + standard deviatidheomean.

Tm (°C) Tso0% (°C)
VPRac 65.2+£0.2 56.4+0.1
VPRac/N15D 68.2 +0.2 59.6 £0.2
VPRac/6x 62.8+0.3 56.2+0.2
VPRac/6x/N15D 65.2+0.4 58.2+0.1

Activity measurements of the mutant showed an asmen the k: value of around 50%
than for the template (Table 20). These resultsetha question, as N15D had only been
shown to increase activity in the wild type VPR,emh the C-terminus was still present,
but in the present experiments the N15D exchangee@sed both activity in the 6x
template and the N3P/I5P template, indicating aenommplex set of interactions caused
by this mutation in terms of activity. Changes te Were insignificant but suggested a

slight lowering as earlier observed.

Table 20. Kinetic parameters VRR VPRic/N15D, VPR:/6x and VPRIJ6Xx/N15D (n = 9).
Expressed as mean values * standard deviationeoifrtban.

Kcat (Sl) Km (MmM) KcalKm (SlmM'l)
VPRac 68.2+9.9 0.184 +0.017 371 + 26
VPRac/N15D 64.9+4.0 0.179 = 0.009 3657
VPRAac/6x 50.3+1.3 0.171 + 0.009 293 +10
VPRac/6x/N15D 79.6 £1.7 0.164 + 0.005 485+ 9
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3.3.2 The Q142K mutation on the 6x template

The second mutation done on this template was &web€142K. This mutation had
previously not been reported to affect thermositgtnlf VPR to any extent, but in this case
of the VPRc/6x/Q142K mutant it apparently had some impact los $tability with an
increase of 1°C being observed forseed and 0.5°C for Tm, in case of the
VPRAc/6X/Q142K mutant as compared to VRFSX (Table 21).

Table 21. Thermal stability of VRR VPRi«c/Q142K, VPR:/6x and VPR/6x/Q142K (n = 3, for
Tmsowand n = 3, for ). Expressed as mean values *standard deviatidheomean.

Tm (°C) Ts0% (°C)
VPRac 65.2+£0.2 56.4+0.1
VPRAc/Q142K 64.6 +0.2 56.3£0.3
VPRAac/6X 62.8£0.3 56.2 +0.2
VPRac/6x/Q142K 63.9+0.2 56.8 + 0.3

Even though these changes are not relatively tifggre is definitely a change as these
mutants were measured side by side and the mutamtining Q142K was always
measured to be more stable. A possible explanafidhis stabilizing effect of Q142K in
the 6x template might be related to the locatiothese mutations. The hinge area where
the 6x mutations are located connects helix g-stheet 4 an-sheet 4 is connected &o
helix D where Q142K is located. These helices st close proximity of each other so
presumably mutations effecting movements in thea anay well affect each other, leading
to complex dynamic changes around one of the niegbfe areas in the enzyme (Fig. 15).
As observed before in every mutant containing Q1l##Kactivity increased greatly, with
more than twofold increase inskobserved as well as a little lowering im Keading to

more than 2.5 times increase a/km for the mutant (Table 22).

Table 22. Kinetic parameters VRRVPRic/Q142K, VPR:/6x and VPRI/6x/Q142K (n = 9).
Expressed as mean values * standard deviationeoifrtban.

Kcat (Sl) Km (mM) Kca/Km (SlmM'l)
VPRac 68.2+9.9 0.184 + 0.017 371+ 26
VPRac/Q142K 147.0+7.7 0.157 £0.014 945 £ 51
VPRAac/6x 50.3+1.3 0.171 £ 0.009 293 +10
VPRac/6x/Q142K 123.3+11.5 0.161 + 0.006 767 £55

59



3.3.3 Combination of N15D and Q142K into VPRac/6Xx

The final product of this part of the project wahet combined mutant
VPRAc/6X/N15D/Q142K. The resulting data obtained fromabdity measurements
revealed the same trend as observed before, thmithismutations seem to increase the
stability of the native structure as this mutantiSC more stable than VRE6x/N15D

further establishing some role of Q142K in termstability of this mutant.
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Figure 25. Arrhenius plots the thermal inactivatiohVPRc (purple circles), VPR/6x
(red squares), VPR/6x/N15D (green half solid squares), VRRc/Q142K (blue
diamonds) and VPR/6x/N15D/Q142K (black triangles). The rate of thatimactivation
determined by withdrawing aliquots at selected timtervals and measuring the
remaining activity against the substrate SAAPF-pMiAe X-axis shows 1000/T (in Kelvin)
and the Y-axis shows the natural logarithmic valtithe rate constant k (s-1).6x is a short
for the A116T/Q117R/A119H/S120R/G121R/S123A matatio
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Figure 26. Normalized melting curves of iRRourple), VPRc/6x (red), VPRc/6X/N15D
(green), VPR/6x/Q142K (blue) and VRRB/6X/N15D/Q142K (black as measured by
changes in circular dichroism at 222 nm (CD)). Phaxis shows the temperature in

Celsius degrees and the Y-axis shows the fracfionfolded protein at each temperature
(on the scale 0 to 1). 6x is a short for the AYTETN 7R/A119H/S120R/G121R/S123A

mutation.

The kinetic measurements did not however reveadebep trends, as theakvalue for this

double mutant was similar to that of VRJBxX, but did not retain the high activity due to
the Q142K mutation. In the light of these resuliese mutations seem to have non-
additive effects when combined. What lies behinthoé be explained as of now and more

research is needed. One cannot overlook certaidgraowever, i.e. that when N15D and
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Q142K were combined on the VREN3P/I5P template the value fogkis slightly lower,

but the Kk, value has also lowered, which is similar to thaew N15D and Q142K were
combined on the VPR/6x template, although there theakvalue was lowered more
drastically. This may indicate possible changestha active site region when these

mutations are combined also leading to lower valoe&m.

Table 23. Thermal stability of VR&6x, VPRdJ6x/N15D, VPRJ/6x/Q142K and
VPRic/6x/N15D/Q142K (n = 3, fortkossand n = 3, for ). Expressed as mean values *standard
deviation of the mean.

Tm (°C) Ts0% (°C)
VPRac/6x 62.8+0.3 56.2 +0.2
VPRac/6x/N15D 65.2+0.4 58.2+0.1
VPRac/6x/Q142K 63.9+0.2 56.8 £0.3
VPRac/6x/N15D/Q142K 66.3+0.2 59.3+0.3

Table 24. Kinetic parameters of VRIEX, VPRd6Xx/N15D, VPR/6x/Q142K and
VPRic/6X/N15D/Q142K (n = 12). Expressed as mean vatistandard deviation of the mean.

Kcat (Sl) Km (MmM) KcalKm (SlmM'l)
VPRac/6x 50.3+1.3 0.171 + 0.009 293 +10
VPRac/6x/N15D 79.6 £1.7 0.164 + 0.005 485+ 9
VPRAac/6x/Q142K 123.3+11.5 0.161 £ 0.006 767 £ 55
VPRac/6x/N15D/Q142K 55.1+24 0.151 +0.008 363 +13

3.4 Fluorescence

3.4.1 Fluorescence quenching of VPRac, VPRac/N3P/I5P and
AQUI

It has been proposed that the molecular mechanidntemperature adaptation involve
adjustments of the molecular flexibility of proteinThe mutant VPR/N3P/ISP is of
interest in this respect as its activity is mualdo than that of the wild type enzyme, but it
is also considerably more stable. To test the hg=is that the changes in stability and
activity of VPR\c/N3P/I5P compared to VBR are due to increased rigidity of the native
structure, fluorescence quenching measurements vareed out. For comparison the

homologous enzyme AQUI was also used.
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VPR contains four tryptophan residues: Trp6, TrpIl4191 and Trp208. AQUI on the

other hand contains three Trp residues at threeotorresponding sites (Trp8, Trpl1l4
and Trp208), but the residue at position 191 in A@a tyrosine. For a better comparison
a mutant of AQUI where Tyr191 was mutated to Tr@QA/Y191W) was also used in

these experiments. At the excitation wavelengthd usethe study (285 nm) tryptophan
absorbs most of the incoming light and as VPR amdwptains eight tyrosine residues
(twelve for AQUI) Tyr emission should be miniscudempared to emission of the Trp
residues in the spectra. Tyrosine is also oftemcfued in native proteins, which may be

due to interactions with the peptide chain or epéransfer to tryptophan [107].

In quenching studies of these enzyme species ereiifte in the Stern-Volmer constants
observed would therefore mostly reflect the actdtyito the Trp residues of the native
structures, probably reflecting on the flexibildfthe structure as well. Tryptophan residue
at position 6 in VPR (Fig. 27) is most likely to b#ected by the N3P/I5P mutation and
any structural change in that area that might lsedable via quenching. Trp6/Trp8 also
show the most difference in solvent accessibilityp6 in VPR is highly solvent accessible
whereas the corresponding tryptophan (Trp8) in A@Wery poorly solvent accessible
according to MD calculations [93]. Previous studaso showed that the quenching
spectra of VPR and AQUI differs significantly ovre temperature range 10-55°C thus

indicating that AQUI has a more rigid structure iotlet temperature range [93].

Acrylamide is a well-known collisional quencher ioidoles which is probably due to
electron transfer from the indole to acrylamidejohhdoes not occur in the ground state
[107]. Quenching with acrylamide should thereforeovide information on the

accessibility changes of Trp residues in VPR.
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Figure 27. The structure of VPR (PDB code: 1SHOwshg the location of the tryptophan
residues within the structure of VPR expressedails And sticks (Trp 6, 114, 191 and
208), Residues of the active site are shown alsssfiesp 37, His 70 and Ser220). Calcium
ions are colored green and the atomic coloring cofithe sticks and balls is as follows:
red is O, blue is N and yellow is S.

Results of the fluorescence studies indicated analtia change in quenching of
VPRAc/N3P/I5P as compared to VRR leading to a Kv constant that is much more
similar to that of AQUI at both 25°C and 45°C (wharserved at 345 nm).
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Figure 28. Stern-Volmer plots of VRRblue circles), VPR/N3P/I5P (red squares),
AQUIwt (green triangles) and AQUI/Y191W (black diamorats345 nm and 25°C. Open
symbols represent data points not included énddiculations.

As can be seen in figure 28, accessibility of therbphores in VPR/N3P/I5P resembles
much more that observed for AQUI when measuredtatrdn. Another notable fact is the
upward curving character for VR which can only be explained by static quenching
taking place. Static quenching arises from a compdemation between the fluorophore
and the quencher, this complex being non-fluoraqd€Y]. This observation is not easy to
interpret, but in the case of VREN3P/I5P and VPR we can rule out that the effects
observed may be attributable to quencher/protéiio difference between the different

samples, for that the difference is too great. @y speculate that this difference might
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be due to much better accessibility of the quenbthdirp6 in VPRc, so that acrylamide
molecules can more easily get in such close prayithiat a non-fluorescent complex is
formed. In the case of AQUI/Y191W, little staticemch seems to be taking place. Those
results are however more likely to be due to queriphotein ratio difference as there

seems also to be a little upward character in #ta goints of AQUI.

The relationship between static quench and dynapmench to the measured fluorescence

is as stated in equation XXIII.

FFO =1+ Kp[QD( + Ks[QD (XXI1I)

Here Ko is the dynamic quenching constanb(K Ksv in complete dynamic quenching as
Ksis 0 in such a case) and I§ the static quenching constant. The best waljsiinguish
between the two constants in data that shows upelacdhcter would be to take life time
measurements while quenching, as dynamic quenekbtafthe life time but static quench
does not. But in this project a rough estimatiors waed, based on the fact that at low
quencher concentrations the effects af approaches 0. Thus a linear fit through data
points at low quencher concentrations was usedstilmate the Stern-Volmer constants
(Table 25).

Table 25. Stern-Volmer constants at 345 nm for ¥RR = 6 at 25°C and n = 5 at 45°C),
VPRic/N3P/ISP (n = 4 at 25°C and n = 4 at 45°C), AQIAn = 3 at 25°C and n = 3 at 45°C) and
AQUI/Y191W (n =7 at 25°C and n = 3 at 45°C) Exmexs as mean values + standard deviation of
the mean.

Ksv (M)
25°C 45°C
VPRac 11.3+06 176 1.1
VPRac/N3P/I5P 8.6+0.2 104 x0.8
AQUI wt 8.3+x1.0 10.1+04
AQUI/Y191W 9.3+0.1 105+0.3

The difference in quenching at 45°C was even gretiten for 25°C. This can be
interpreted as at 45°C the structure of \P® much more sensitive to temperature than
VPRAc/N3P/ISP and AQUI leading to the assumption thatholine mutations on the N-

terminus make the structure more rigid or less sgibée around the fluorophores.
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Figure 29. Stern-Volmer plots of VRRblue circles), VPR/N3P/I5P (red squares),
AQUIwt (green triangles) and AQUI/Y191W (black dimonds34b nm and 45°C. Open
symbols represent data points not included jndédlculations.

The data for 45°C establishes more evidence faicsgaench as at this temperature the
static contribution to the overall quenching is imuess than for 25°C. This is in good
agreement with the theory of static quenching. Adicy to that theory static quenching
should decrease with temperature, as at higherdamnpes the complexes causing the
static quench are much less stable, whereas dyrgraitching increases with temperature
as collisions between quencher and fluorophorerame frequent.
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Figure 30. Quenching-resolved emission spectraRR¥ (blue), VPRc/N3P/I5P (red),
AQUIwt (green) and AQUI/Y191W (Black) at 25°C. RepreskateStern-Volmer constants
against wavelength.

Emission spectra of proteins that contain more tbae fluorophore often shift in the
presence of quenchers, this is because the varigosresidues in the structure are
differently exposed to the aqueous phase and ars tlifferently accessible to the
qguenchers. This leads to different Stern-Volmerstamts at different wavelengths whereas
a single fluorophore would have the same Stern-¥oloonstant over the whole emission
spectra. As seen in Figure 30 the change betwe@hR3P/I5P and VPR is observed
over all wavelengths and the curvature is alsoeqdifferent as quenching at lower

wavelengths has decreased more possibly indicatingrying of a fluorophore that leads
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to lower quenching at lower wavelengths. For AQuUd aAQUI/Y191W the difference in

Ksv over the emission spectra is much more subtle rgotophan residue 191 in
AQUI/Y191W does not seem to affect the emission imidso notable in the figure 30 is
that the resolved spectrum of AQUI is much simpfepossible reason is that the emitting
fluorophores in AQUI all share similar environments. they all have similar Stern-
Volmer constants in contrast to VPR where emittihgprophores have vastly varying
Stern-Volmer constants, probably due to more sahemtessibility to some of the

tryptophan residues.
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Figure 31. Quenching-resolved emission spectraRR¥ (blue), VPRc/N3P/I5P (red),
AQUIwt (green) and AQUI/Y191W (Black) at 45°C. RepreskagStern-Volmer constants
against wavelength.
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From figure 31 it is apparent that VRRiIS much more sensitive to quenching than the
other enzymes, which strengthens the argument tih@t proline mutations affect
movements in VPR making the structure more rigid and less accesdiblquenchers.
VPRAc/N3P/ISP clearly has a fluorophore that is moredilgaquenched at higher
wavelengths meaning that the structure containsiadphore(s) that is more accessible
than that in AQUI.

3.4.2 Fluorescence emission spectra of VPRac, VPRac/N3P/I5P
and AQUI

Fluorescence spectra of proteins give informatidooua the environment that the
fluorophores are in within the protein structurd&isThas been demonstrated for example
for free tryptophan in polar and apolar solventpolar environment causes a blue shift in

the emission spectra whereas polar solvents sualates red shifts them [107].

Table 25. Amax values for the emission spectra of VBERVPR«/N3P/I5P, AQUI: and
AQUI/Y191W. Calculated from the emission spectth®fenzymes.

Native kmax (nm) Unfolded Amax (nm)
VPRac 340 356
VPRac/N3P/I5P 338 357
AQUI wt 330 341
AQUI/Y191W 332 355

The values in table 25 AQUI has much lower value f@ax suggesting that the
environment of the fluorophores is much more aptilan in VPR possibly due to better
water accessibility to Trp residues in VPR, or thatghboring residues are more polar
than in AQUI. The difference immax for VPRic and VPRc/N3P/I5P is barely
measureable, but still is indicative of buryingaofluorophore in VPR/N3P/I5P.

A most interesting aspect of the unquenched femaece spectra of VPR and AQUI is the
fact that VPR is much less fluorescent than AQUlfdct the difference is so large that it
cannot be explained by the differences in the gglaf the environment, nor the number
of Tyr residues. Thus measurements were also taktdre denatured proteins to see if the
native state of VPR has its Trp residues highlynghed by neighboring residues. These
measurements revealed little difference betweenutiielded states of AQUI/Y191W and
VPR confirming intrinsic quenching in VPR (Fig. 33, 34).
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Figure 32. Fluorescence emission spectra of YHBue sold line for the native state and
dotted line for the unfolded state) and VIBRI3P/I5P (red sold line for the native state
and dotted line for the unfolded state).

No statistical difference was observed between veatspectra for VPR and
VPRAc/N3P/I5P and the small difference seen betweerspleetra for the unfolded states
these enzymes is probably just due to error in @omation measurements (Fig.32).
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Figure 33. Fluorescence emission spectra of A@WIlue sold line for the native state and
dotted line for the unfolded state) and AQUI/Y191¥d sold line for the native state and
dotted line for the unfolded state).

Differences in the emission spectra for the nasitetes of AQUA: and AQUI/Y191W are
seemingly very small if any indicating that Trp 1®lthe AQUI mutant is intrinsically
guenched to a high degree. The spectrum for thelded state of AQUI/Y191W shows a
rather extensive red shift and in fact becomes il with the spectrum for VPR, as
might be expected (Fig. 32).
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Figure 34. Fluorescence emission spectra of YJAR3P/I5P(blue sold line for the native
state and dotted line for the unfolded state) aQUUAY191W (red sold line for the native
state and dotted line for the unfolded state).

It is quite clear from figure 34 that the emissigpectra for AQUI/Y191W and
VPRAc/N3P/I5P are very different for their native statbé®th in terms ofimax and
intensity. The difference between the spectrateirtunfolded states is much more subtle,
e.g. having similaiimax values. The reason for the intensity differencghnhibe due to
extra tyrosine residues present in AQUI, whichupmorted by the fact that the difference

is greater at lower wavelengths as tyrosine enisvweer wavelengths than tryptophan.

The fact that fluorescent emission of VPR is muighér for the unfolded state, which is

rather rare for proteins but not unheard of, cdy orean that fluorophores within VPR are

73



to a large extent quenched in the native state dighboring residues. Besides being
subjected to quenching by acrylamide and iodiggttphan fluorescence is also quenched
by nearby disulfide groups as well as electronaietfit groups like —Nkf, also —CGH
and protonated histidine residues, are known quessdi07].

L Y

\

Ser220

N

Figure 35. Neighboring residues of tryptophan 208he crystal structure of VPR (PDB
code: 1SH7) residue numbering according to VPR.athmic coloring code of the sticks
is as follows: red is O, blue is N and yellow is S.

If the crystal structure of VPR is examined closélyan be observed that most of the Trp
residues in the structure are surrounded by grthgtsare known intrinsic quenchers. In
close vicinity to Trp208 (Fig. 35) are residuelikys214 and Asp210 (4 A), both which
could readily quench fluorescence of that Trp nesidn AQUI neither of these residues
are present but GIn 216 (according to numberindA@UI) is found in aprox 4.5 A
distance from the corresponding Trp residue in AQUhis suggest that Trp208 is
probably much more quenched in VPR than AQUI.
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Figure 36. Neighboring residues of tryptophan 1891he crystal structure of VPR (PDB
code: 1SH7) Calcium numbering according to VPR ek &s residue numbering. The
atomic coloring code of the sticks is as followed 1s O, blue is N and yellow is S.

Tryptophan 191 is most likely highly quenched ie 8tructure of VPR, being surrounded
by residues that are candidates for quenching. @2ding 3.5 A away from Trp191, but
Asp161 located 4 A away and Asn159 within 4.5 — SdiBtance. In AQUI/Y191W
Aspl161, Asnl59 and Argl85 are present and as dvidem the emission spectra of
AQUI and AQUI/Y191W, Trp191 seems to almost fullyespched (Figure 33).
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Figure 37. Neighboring residues of tryptophan li4he crystal structure of VPR (PDB
code: 1SH7) Calcium numbering according to VPR e &s residue numbering. The
atomic coloring code of the sticks is as followed is O, blue is N and yellow is S.

The fluorescence of Trp114 in VPR might be quendhethe side group of Asn118 which
is located at a distance of 4 A away. But as isasmpt from the quenching-resolved
emission spectra of VPR (Figs. 30 and 31) theremayee than one emitting fluorophore
and compared to Trp208 and Trp191, Trpl14 is muohenhikely to contribute to the
fluorescence of VPR. The neighboring residues q@lTI#4 in AQUI are quite similar

except that AQUI contains Arg in position 117, ius over 5 A away.
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Figure 38. Neighboring residues of tryptophan @ha crystal structure of VPR (PDB
code: 1SH7) Calcium numbering according to VPR ek &s residue numbering. The
atomic coloring code of the sticks is as followed 1s O, blue is N and yellow is S.

Trp6 in VPR is probably the best candidate for anitteng fluorophore in the native state
of VPR. The only residue in the vicinity that migla#use some partial quenching is GIn203
but the distance between side groups of Trp6 am®@ is around 6 A in the crystal
structure so if there is any quenching is occurfi@gween these groups it is probably
minimal, compared to that of Trp208 and Trp191AQUI the corresponding tryptophan
residue is Trp8. In the vicinity there are no g@atdidates to quench the fluorescence of
that residue so Trp8 is probably highly fluoresc&u the crystal structure of VPR gives
strong evidence to intrinsic quenching effects tbam explain this difference between
AQUI and VPR. These results suggest then, thatjtleeching data is mostly reflecting on
the flexibility of the N-termini in the enzymes.
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4 Conclusions

4.1 Mutational studies

In the case of VPR/N3P/I5P the project can be deemed as a succefisasutant
VPRAc/N3P/I5P/N15D/Q142K is both more stable and activen the wild type VPR.
Q142K has extensive effects on that template anteases the activity almost tenfold,
probably due to interactions to a nearby salt l&idg helix D (D138-R169). The mutation
most likely induces flexibility at this site whiaghay be transmitted at least to areas around
the active site as this mutation affects the stglib a very low extent. Introducing a salt
bridge via the mutation N15D appears to be sucokssfevery case as stability always
increased with this mutation. However N15D doeso alffect the activity of
VPRAc/N3P/ISP increasing it almost fivefold. This is entsting as N15D mutation on
VPRac does not affect the activity at all, but had, hegre been shown to affect activity in
wild type VPR, which was attributed to interactidnsthe C-terminus [12]. These results
suggest therefore that there are some other ini@nacat work, although these interactions
remain unknown. Further supporting this are thea#f observed when the mutations
N15D and Q142K are combined, they have cumulatifects on Ky, i.e. lowering it as
well as probably lowering the:d value compared with VPR/N3P/I5P/Q142K. Although
the difference in d: is barely observable, results from mutational expents with
VPRaAc/6x as a template suggest the same. Also accontpanib this slight change in
activity are effects that may contribute to stapiliAlthough the effects are almost
negligible, similar effects are observed when thesetations are incorporated into
VPRac/6x, but how these mutations are interacting whith gtructure of VPR is completely

unknown.

Stability and catalytic properties of VRE6x is different from VPR/6x, being less active
and less thermostable. Why this is so, is uncledrcdearly more experiments are required
to determine what reasons lie behind that. But M shows lowering of kK compared
with VPRac which is the same as has been observed betweenaW®R/PR/6x. As in
VPRAc/N3P/I5P/N15D, VPR/6X/N15D seems to increaseaikgiving another example
where N15D increases activity without the C-termsitoging present. Comparing thermal
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stability of VPR\c/6x and VPRc/6x/N15D it is safe to say that the salt bridgéoisned in
this case as well. VPR/6x/Q142K increases the catalytic efficiency of thmutant
compared with VPR:/6x and this is in good agreement with results thavte been
obtained for VPRc and VPRc/Q142K. However Q142K mutation also increases the
stability of the VPRc/6x template. There is no clear reason for thisease in stability of
VPRAc/6Xx/Q142K as compared to VRE6X, but the hinge area where the 6x mutations
are located connects helix C ftesheet 4 an@-sheet 4 is connected tehelix D where
Q142K is located. These helices also lie in closximity to each other so presumably
mutations affecting movements in that area mighll wluence each other, leading to
complex dynamic changes in the enzyme. The stalmfitVPR\c/6X/N15D/Q142K also
shows this trend, whereas that mutant is more estétthn VPRc/6x/N15D. But the
difference in thermal stability of VPR/6x/N15D and VPRc/6x/N15D/Q142K seems to
be a little greater than between VRXx and VPRc/6xX/N15D, this is interestingly similar
to measured values of VREN3P/I5SP/N15D/Q142K. Another aspect of
VPRAc/6X/N15D/Q124K are effects observed o land Ky i.e. lowering of K, and kat
which is similar to what was observed for VRRN3P/I5P/N15D/Q142K but with regards
to keat the effects are much more drastic and loweringkfagvalue to that similar of
VPRAac/6X.

Table 26. An overview of kinetic constants and ltesiitom thermal stability measurements of
mutants measured and produced in this study andhtitants the project is based on.

Tm (°C) Tsow (°C) Keat (1) Km (mM) KcaKm (STmM-1)

VPRwt 63.6+0.3 56.0x0.2 74.6+5.0 0.166 +0.017 449 + 30
VPRac 65.2+0.2 56.4+0.1 68.2+9.9 0.184 £0.017 37b
VPR/6x 63.7+0.1 55.1+0.6 98.9+134 0.148+0.010 728 + 64
VPRac/Q142K 64.6 +0.2 56.3+0.3 1470+ 7.7 0.157 £0.014 24
VPRAac/N15D 68.2+0.2 59.6+0.2 64.9+40 0.179 + 0.009 3657
VPRac/N3P/I5P 69.3+0.2 61.9 +0.2 88+1.3 0.224 +£0.010 40 =7
VPRac/N3P/I5P/Q142K* 68.9+0.3 61.8+0.2 94.1+6.6 0.223+0.014 422 +24
VPRac/N3P/I5P/N15D* 70.4+0.1 65.5+0.1 51.2+4.3 0.207+0.019 248+
VPRAc/N3P/I5P/N15D/Q142K* 71.1+0.2 656+0.2 86.3+64 0.188 £ 0.015 461 = 20
VPRAac/6x* 62.8+0.3 56.2+0.2 50.3+1.3 0.171 £0.009 293
VPRc/6x/Q142K* 63.9+0.2 56.8+0.3 123.3+11.5 0.161+0.006 767 £55
VPRAac/6x/N15D* 65.2+04 58.2+0.1 79.6+1.7 0.164 £ 0.005 48b
VPRac/6X/N15D/Q142K* 66.3+0.2 59.3+0.3 551+24 0.151 +0.008 363 +13

*Mutants measured and produced in this project.
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A lot of speculations can be made from these redult any definite answers are far away
as effects on flexibility of the enzyme are not erslood nor is the role of global and local
flexibility fully understood. But MD simulations @rongoing for the VPR/Q142K

mutant that hopefully will shed some light on thereased activity of mutants containing

that mutation.

Also changes in K cannot be explained fully as it is not known ié tinutations that are
causing changes innKare affecting enthalpy or entropy of the substoateling. This calls
for the design of ITC (isothermal titration caloster) experiment where VPR and
interesting mutants are measured against a substnatiog inhibitor, this would provide
extra information on changes in the binding sitd passibly determine if the change is in

enthalpy or entropy.

4.2 Fluorescence studies

The results from fluorescence studies stronglycai@ extensive changes in flexibility of
VPRAc/N3P/I5P, probably mostly around the N-terminust the data could also be
indicating that the accessibility of all emittinlgidrophores within the structure are not as
readily quenched as in VRR as without mutagenesis studies it is hard to which
fluorophores are emitting. The fluorescence quergiproperties of VPR/N3P/I5P are
also much less affected by higher temperatures\##c and behaves more similarly to

AQUI in this respect, indicating that its structiseanuch more rigid than for VRR.

The fact that the fluorescence of VPR is highlyringically quenched raises some
guestions, such as exactly what residues are gaednelven though the crystal structure
can give good estimations of this, mutational stsdare needed to confirm those
speculations. Also as amino-groups are in the Mcof so many of the Trp residues and
probably quenching the fluorescence, one wondersanifino-aromatic/amino-cation

interactions play an important role in stabilizatief VPR. This work also provides a good
basis for further work for the examination of malkes movements in VPR and the

interpretation of data acquired from further expentation.
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6 Appendix 1
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Figure 39. Typical purification of VPR and its mata on a Z-D-Phe-TETA column
absorption shown in red (left Y-axis) and condutstishown in blue (right Y-axis). See
chapter 2.8.1 for details. Activity only in thetipgak.
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Figure 40. Typical purification of VPR and its mats on a phenyl Sepharose column
absorption shown in red (left Y-axis) and conduttishown in blue (right Y-axis). See
chapter 2.8.1 for details. Considerable activityyoim the last peak.
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Table 27. Composition of buffers used in the pitojec

Buffer A

Tsow Buffer

Tm Buffer

Michaelis-Menten Buffer

Fluorescence Buffer

94

25 mM Tris-Cl
10 mM CaCt
pH 8.0 at 25°C
25 mM Tris-Cl
100 mM NacCl
15 mM CaCi

1 mMEDTA
pH 8.95 at 25°C
25 mM glycine
100 mM NacCl
15 mM CaCt
pH 8.6 at 25°C
100 mM Tris-Cl
10 mM CaC#
pH 8.6 at 25°C
50 mM Tris-Cl
10 mM CaCt

pH calibrated to 8.0 for the experimental
temperature at hand
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Figure 41. Typical results from a reverse sequemaiha pBAD plasmid containing the

VPR gene

95



COULTER Sequence: 1X4_PBADF_4 Machine: ZB-1402-008
GENOMICS Order: COL14-0664 Signal: A (594), C (543), G (721), T (678)

T CGC ,4#404004 CCCGTTTTTTTGGGCT 44440444 CTTT
10

GCTCGCCCTTATGTT G GTATT GTTGTTGTACTGCAGCC n TTTGGTATTTATTCCGCATC G TC TGGC TC GTTCTGTTAT TTCTACTG CTCAC [~
200

TG 000000,_.00 TTAC On GTTC O,_.O

c CGGTAGGCCTC 40000 TTCGTTTTC TC CAGACGATGTTTTTGAT 0‘_.400 TT 4400044404000 TCTAGACGCACTTC TT GC CTCAGACGTGAT

410 h-. 450

TCTCGGGTGG TACATTG [~ GACC TACTC 04 TCG 400404404440 TG GCCGTTC GC CGCG 4440000004 G 000 TAGATCAG

TTGGATCG CTAT TGCT CTTTG 4000444000040 CAGCATACGTGATTGATACGGGAGTT T Cc CCATGAGG 4400000000004000#44040004 TGATTTC
610 620 630 : 650 650 670 680 700 710 720

GTAGAT TGATGCTGATTCGAGTG 0404 TGGGCATGGTACCCACGT TGCAGG CGATTGGCGGCAGCCAGTATGGTGTGGCT CGTT CATTGTTGGGGT GAGTACTT
7% Nso 760 70 780 79 800 810 820 830 840

GCTGTTCGGGTTCAGGAACCACATCCGGCGTGATTTCTGGTGTGGATTGGGTAACCCG TEATEG6 C6GECTGEGETCGEC NCATENGTTTAGGTGG GETCANTCCACTGEATT
850 860 an 880 890 200 910 a30 940 950 260

GATAGCGCGGTG GGCGCGATTC TCTGGAGTGAGTTTTATGTTGGCGGC AGGT cCTC TGCCGATGCGTGT TACATCACCAGCTCGTGTACC GTGGTGTGACGGT AGGC
970 80 990 1000 1010 1020 1030 1040 1050 1060 1070 1080

TC CGACCAGCTCTGATTCGCGTTC GTTTCTCG CTGGGGCAGTTGTGTTGACCTATTCGCACCTGGGTCTC TT GTCAGCTTGGTATGATGGCGGCTAT CGATT C
_oB __oﬁ ___.D :E __uﬁ __A.D :w.o _Sm_ :2.._ :B __oo _No.o
'

GGAACCTCCATGGCGAAGCE C ATG TTGCCGGCGTTGCAGCCTTGGACTTACAAG CAACGGCTTAMC AC GG T TC AGTT TA G GGGTTACTGAAC
1210 1220 1230 1240 1250 1260 1270 1280 1290 1300

R

H

H
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Figure 42. Typical results from a forward sequegoni a pBAD plasmid containing the

VPR gene.
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7 Appendix 2
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VER SVANMSLGGGQSTALDSAVAGA N5

VER/Ql42K SVANMS RSTALDSAVE NS
Vibrio—crassostreae SVLNMSL RSTRLDSAVE 5 NS
Vibrio-splendidus= SVANMSL, RSTALDSAVE & W5
Vibrio-campbellii SVANMSL RSTALDSAVRSAIQSGVS 5
Vibrio-campbellii-ATCC-BAA-1116 SVANMSL RSTALDSAVRSATIQSEVSFLLARGNS
Vibrio-tasmaniensis SVANMSL RESTALDSAVRAGATIQSGVSFMLAAGNS
Vibrio-vulnificus SVANMSL RSTALDSAVRSAIQSGVSFLLAAGNS
Vibrio-alginolyticus SVANMSL QSVALDSAVRSAVOSGVEFMLAAGNS
Vibrio-midae SVANMSL RSVARLDSAVQSEVOSGVSFMLARAGNS

Vibrio-owensii SVANMSL REVALDSAVRSAVOSGVSFMLAAGNS
Vibrionales-bacterium-SWAT-3 SVANMSL RSTALDSAVRGAIQSGVEFMLAAGNS
Vibrio-brasiliensis SVANMSLGGGOSVALDSAVRNAVOSGVSFMLARAGNS
Vibrio-harveyi SVANMSL RSVALDSAVRSATIQSEVSFLLARGNS

Vibrio—sp. -HENC-02 SVANMSL RSVALDSAVRASAVQSEGVSFMLARGNS

AQUT | FAVANMSL VSTALDNAVENSIAAGVVYAVARGHND
Streptomyces—ochraceiscleroticus SVANMSLGGEVSTALDNAVENSIASGVITATAAGNS
Streptomyces—sclercotialus SVANMSL, ASTALDNAVRENSIASCGVIYAVARGHNS
Spongiibacter-marinus | [FAVANMSL NSIALDEAVRGAINTGVIEVVARGHND
Marinobacter-similis | |FAVANMSL NSTALDNAVRGAIEEGVIFVVARAGHD
Actinokineospora-sp. -EG48 SVANMSLGGGVDEALDSAVRGATSSGVVEFAVAAGNS

Figure 43. Sequence alignment of the area arousdiue 142 (according to numbering in
VPR, highlighted in grey). As seen in the alignnmamte of the most related proteases (see
figure 45) have a negatively charged residue ingbsition corresponding to Q142 in
VPR. Only proteases more related to AQUI have atneg)y charged residue. An *
(asterisk) indicates positions which have a sinfylty conserved residue. A : (colon)
indicates conservation between groups of stronighfia properties. A . (period) indicates
conservation between groups of weakly similar prigge Organism of origin shown for
all except VPR and AQUI.
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YER | MADACNTSERRYV VTVGSTTSSDE

VER/Q142E | NADACNTSFARVESGVTVESTTSSDS

Vibrio-crassostreae | NADACNTSEARV VTVGSTTSSDS
Vibric—splendidus | NADACNTSEARVESCVTVGSTTSSDS
Vibric-campbellii | NADACNYSFARVESGVTVGSTTSSDE
Vibrio—campbellii-ATCC-BAA-1116 | NADACNYSPARVESGVTVGSTTSEDS
Vibrio-tasmaniensis | NADACNTSEARY VTVGSTTSSDS
Vibrio-vulnificus | NADACNYSERARV VTVGSTTSSDS
Vibric-alginclyticus | NADACNYSERRVASGVTVGESTTSTDA
Vibrio-midae | NADACHNY SPARVASGVTVGSTTSTDV
Vibrio—owensii | NADACNYSFARVATGVTVGSTTSTDA
Vibrionales-bacterium—SWAT-3 | NADACNSSFARVASCVTVGSTTSSDL
Yibrio-brasiliensis | NADACNYSERARVATGVTVGETTSTDA
Vibrio-harveyi | NADACSYSPARVASGVTVGSTTSSDS
Vibrio-=sp.-HENC-02 | NADACNY SEARVESGVTVGETTSSDA
AQUT | WANACNYSEFARVAEALTVGATTSSDA
Streptomyces—-ochraceisclercoticus | NADANTSSEARVEEATTVGATTSTDA
Streptomyces—-sclercotialus | NLDAGTSSEARVEERTTVGATTSTDA
Spongiibacter-marinus | NTDACSGSPNRVAEAVTVGSTTSSDS
Marinobacter—-similis=s | DADACSGSFNRVAEATTVCSTTGNDE
Actinokineospora-sp.-EG49% | CDDARSYSFARVCEAITVAASDIDDA

nwmwmwminii\wWw

Figure 44. Sequence alignment of the area arousdiue 172 (According to numbering in
AQUI, highlighted in grey). As seen in the aligntrehthe proteases that have a
negatively charged residue in position 142 (VPR lmemmg) have a positively charged
residue in position 172, that is likely formingaltdridge as in AQUI. An * (asterisk)
indicates positions which have a single, fully @wmed residue. A : (colon) indicates
conservation between groups of strongly similampamies. A . (period) indicates
conservation between groups of weakly similar prige Organism of origin shown for
all except VPR and AQUI.
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Actinokincospora-sp.-EG49

Marinobacter-similis

Spongiibacter-marinus

AQUI

|: Streptomyces-sclerotialus

Streptomyces-ochraceiscleroticus
F Vibrio-sp.-HENC-02

Vibrio-brasiliensis

Vibrnio-owensii

Vibrio-midae

Vibrio-alginolyticus

" Vibrio-harveyi

Vibrio-vulnificus

Vibrio-campbelli-ATCC-BAA-1116

Vibrio-campbellii

Vibrionales-bactenum-SWAT-3

Vibrio-tasmaniensis

Vibrio-splendidus

VPR

Vibrio-crassostreae

Figure 45. Phylogenic tree for subtilisin-like segiproteases from the S8 family build on
their amino acid identity. The tree was made usihgstalX2, using UPGMA clustering
algorithm. Organism of origin shown for all exc&RR and AQUI.
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