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1. SUMMARY

A study on the enzyme kinetictaofate dehydrogenase, wtatdlysethe reduction
of pyruvate to lactateliaitig NADH, is preseritéis reaction occurs when a lack of oxyge
is present and is related to muscular fabgueone of the mostportant hicarkes of
injuries and disease, because it is released during tissue breakdown.

General concepts of enzyme kinetics have been reviewed and some models to e
kinetics of the enzyme have been proplestatel dehydrogenase is arietia protein, an
enzyme formed by four subunits, and the presence of a possible cooperativity, i.e.
affinity in each actisentre must be considered. Besides, macromolecular crowding
alteration of théehaviourof molecules with the presence of highly concentra
macromolecules, and its possible effects on enzyme kinetics have been presented.

A series of experiments, measuring the initial velocity of the reaction by spectropt
means and using a stodfmed methodology, have been performed. The experiments
been carried out varying the pyruvate and the enzyme concentration and working i
conditions. A series of experiments in crowded media, at high macromolecules con
have been germed. The crowded media experiments have been carried out using ¢
obstacle sizes, using dextran polymer to simulate the cellular crowding, and with
enzyme concentrations.

A surface plot of initial velocity as a function of substragen@ntbncentrations, for the
solution media data, has been obtained. The data has been fitted to the proposed n
the results have suggested arbieleaViour without cooperatirigrowded media, a higher
decrease in the reaction veloaitden found when using the bigger dextran and the hi
enzyme concentration. An-aoteding hypothesis, the enzyme acts itself as a crow
agent, is presented to possibly explain the results.

KeywordsEnzyme kinetics, Mamolecular crowding, Cooperatiaityate dehydrogenase.
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2. RESum

Séha real i tlaantticaenzingitica qualpresesiactatideshidrogenasa
qguan catalitza |l a reducci - de trambdfor
Aquesta reacci - es d-na quan hi ha ui

musculat.a LDHes un dels biomarcadors més importantpgangeidentificar malalties i
|l esions perqu sbdéallibera durant el tr

S 6 hrevimakls principals conceptes de cinética enZzimatc@ han pr op o
per explicar | comport ament dactat deshidiogenashes un eamaer,iu
enzim for mat per quatre subunitats,
comportament cooperatiu, i . e.., d idditeslr e r
concepte derowdingnacromolecular: la alteracié del comportament de les molécul
preséncia de macromoléecules altament concentrades; i els seus possibles efectes en
enzimatica.

SO hdaamtermain seguit doe s p eobtihgai@ velbcgat de neaceid s
mitjangcant mesures espectrofotométdquesun sistema de Stopgfled Aquests
experiments sb6han realitzat vari ant I
di ssoluci - . Tamb® s 6 krawdinganebauhaialicane@entrace xigp e
macromolécules; utilitzant mides diferents dextrans, que séncle apeulzrael
crowding el L1 ul ar, i amb concentracions dif

Séha obtingut un gr " fic de superibndci
déenzim i de substrat, per |l es dades
proposats. Els resultats supgerein comportamieletal sense cooperativitat. Pel que fa al
experiments en mediwding s 6 ha obt i ngu ttat derreacti@ més grans
amb el dextr” de maj or Srihcha pamlpokbaeéena
explicar els resultatadtecrowdingen el qual propénzim actua concrawer.

Paraules clauCinética enzind, Crowdingmacromolecular, Cooperativitictdt
deshidrogenasa.
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3. INTRODUCTION

The enzyme that we are going to studyadwtd dehydrogenafieDH) A
dehydrogenase is an enzyme that transfers hyldidthte. dehydrogenase catalyses the
reaction to convert pyruvdtelastate by oxidizing NADH into, N\dDwe can see at
Scheme IWhen a tissue is injured, LDH is released into the bl6adsttbésféect can
be used abianarker of tissue breakddl converts pyruvtatdactate whehere isa
lack of oxygeandcatalyses the reverse reaction during the Cori cycle i tHachstsr
dehydrogenase has been related to musculll; fatigheis caused by the accumulation ¢
lactic acid during intense exqreigsds.

The reaction can lellowedy spectrophotometric measurethent® a change in its
absorbance when NADH, which absorbs at 340 nm, is convertehichN¥wDonger
absorbs at 340 ri#h.

0 o O O
XN NADH  NAD' X
(|:—o \ / - HO—C|)—H
(|“,H3 L-lactate dehydrogenase CHj
Pyruvate L-lactate

Scheme Trhe reaction of pyruvate with Nafakised bylactate dehydrogenase.

L-lactate dehydrogenase is known to be olfjatrisfdiormed by more than one subuni
of proteindligoproteins afermed by different subunits connecteddnvalent bonds:
monomers, rders, tetramersLDH can be a homo or hetero tetramer compealed by
possible combinationMdmusclepr H(heartsubunits. The L¥eenzymthathas been
used in our experiments is formed by four M subunits and this kind of LDH is found
and in the mussl 4]

It is usually considered thahethtalyticentresn oligomeric proteires/e the same
activity and that they follow the Midhheeten model. But some of them preser



8 Vilaplanaopera, Nuria

cooperativityhey have different enzymatic activity dependinguonbérec$ubstrates
unitedCooperativity influences the effect of these proteins in cell metabolism.

Enzyme kinetics data have been usually obtained working in dilute ssidgatie but, i
living cell, we fihdyh concentrations of nmateculesf different sizes and shapggo
40% of the volubhef cytosolThismeans that almost all the biochemical data do not reflec
thein vivaconditionertainly, performing the experiméantsvianedia wuld be thbest
solution butbtaining reptucible data without interferences of other species would be diffic
and even more if the reaction is fasttrespresent cagkesidesn our casé&yADH is a
coenzyme that is used in a lot of biochemical reactionsrad #difhectuatiorttie cell
depends on a high number of variables and different reaciiives nikavly impossible to
follow the change in the absorbance caused by NADH of thig naaatiedis

To facilitate the understanding of enzyme kinetics and to obtain plausible values |
kinetic parameters, studies that simulate the macromolecular crowding in the cell
proposédéfsl Macromolecular crowding studies the modification of diffesses, pr
reactions and interactions inside the cell, due to high concenmitibbsudhg
macromolecules present in the intracellularifhédigmmportant to study biochemical
processes in natlike environments, trying to recreatffebef such concentratidns
obtain accurate rates for enzymatic reactions.

The aim of performing experiments in crowded media is to find a middle ground be
performing experimentiniwivoor in vitromedia. This is supposed to renew the kinetic
databases because as said previously: until edicérglgnzyme kinetics experiments were
performed idilutedsolution media. It calsobe useful, for example, to drug design or
systems biology.

As an introduction, we are going to briefly susumarirelated enzyme kinetics theories
and equations and some important aspects of macromolecularesTpyvdnkinetics.

Theaim of this work tise study of thendtics ol-lactate dehydrogenasgatying
systematicaltileenzyme concentratibarthermore, variationthénkinetic parameters as
experimental conditichangewhen a crowding agent is addikde interpretdfe are
going to compare the variation of these parameters when we work in dilute solution an
we add increasing@unts of excluded volupnevided by dextran polyriéeswill try to
findoutif there is some type of cooperativity in our, eveymiktry to fit the experimental
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data to a novel model based on the Midieadin theory and the stetatg assuption
and we will oypare the value of some kipataometers when working in solution and whe
working under crowding conditions.

3.1 ENZYME KINETICS

Enzymes are proteins taalysebiologicaleactions; they increase the ratesd
reactions bgnaking the kineticallfavourableEnzymatic catalysis is essential for livin
systems: metabolic processes need enzymes and it is indispensable to know its ope
how they affect the kinetics of the reactiaasalysg

In the present sectioa are going to review a general kinetic model that willdoe use
explain theehaviowf our enzymeldctate dehydrogenase.

3.1.1 TheMichaeligMenten equation

Leonor Michaelis and Maud Menten i 1%iti3tulated model to explain thetics
of most of the enzyoaalysedeactionsThe MichaelMenten equation relates the initial
velocity with the substrate concentration and it is usually expressed like:

J— (Eq. 1)

The model is basedhin scheme:

k; k,
E+Sk‘——‘ESHE+P
-1

Scheme Representation of a Michiidigten enzymatic reaction. The enzyme (E) reacts with th
substrate (S) to form a reversible complex (ES) that decomposes into thikecpmyanet().t

The enzym(&)is first combined with the sub§8diteming a reversible com(E&)in
a fast step. The complex is decomposed in a slower second step to for(R)tedprodu
liberate the enzyribe constakiis also callezhtalytic constaks;or turnover number.

To deducthe Michaelldenterexpressio(Eq. 1we must make several assumptions.
First, we are measuring initial rates, our system is under initial conditions and it can b
that the reaction of tezomposition of the complex to form the product is irreversib
equilibrium is establisinettie decomposition reaction
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Another benefit of measuring initial ratespiotded that thebstrate concentration is
much higher than enzygomcenitionwe can consider that the enzyme is satusateity
initial substrate concentration is five or six orders of magnitude greater than en
concentration so if we only measure initial rates the variation in substrate concentration
neglected and we can considetréragtins constant.

Now w need tadefinethe rate equatiomhich will bexpressed aberateof product
formation, described as:

b — QO (Eq. 2)

The problem that appears istthatifficult to know twenplexed enzyme concentration,
as well as knowing the free enzyme concextteagimen time of the reactimmve need to
find a newspeciesf which we know its exact concerttretioghout the reaction.

The enzyme exists in its free form amdamplex form all over the reaction. In lower
substrate concentrations, enzyme will be in its free form majorly and it will be forced to f
complex. However, in higher substrate concentrations, a significant part of the enzyme w
its compleform and an increase in substrate concentration will have no effect on rate: w
be on thplateawf the reaction.

If wewritethe mass balanfgthe enzyme:
(0] 0o 0% (Eq. 3)

We camowrelate the complex concentration to the enzyme total conEgniraitbbn ([
is the enzyme concentration on the reacting fmitially, and therefore its exact
concentration kow. Mw we need to express the rate equation in t&jmaraf [
substrate concentratj§hwhich will be the magnitude with a measurable variation.

Next, we need to make the assumption that the complex interceadiiat®n reaches
a stationaryegimeits concentration remains constant. Othegquédiord, which is the
kinetic rate law considering Scheme Xoetdddnalytically resoluble.

n — QO QOoY Q 0V (Eq. 4)
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Equallingequation 4 to zero, which is known as theststeEadpproximati@nd
rearrangingrmsve obtain:

QoY Q T 0V (Eq. 5)
This leads us to the next expression, which is known as the Michaelis constant.

— — k0 (Eq. 6)

This costant is equivalent to the equilibrium constant of the decompositionof the |
in substrate and free enzyme.

If we isolate the free enzyme concentration and substitute it in the enzyme mass
we will have an expression for the complex tamcienteams &:jand §].

0O — 0'Y oY — (Eq. 7)

As stated befoieconcentration is known only initiallyalvtiem enzyme is in its free
form,and Sconcentration, by means of substrate depletion or product formation,
monitored during the course of the reaction by a wide range of experimental techniqu

Finally, if we substitute the equatigf] fiorthe rate equatioa get

o —— (Eq. 8)

Now,the only difference between Equation 1 and Bqgisatian To introduce the
maximum velocity tevia), we need to think that theofafge reaction at a given instant
will be given by the expressioriQ O "Y Thereforehé maximusrelocityhat theeaction
could hypothetically achieve wouldndwmlEq value reaches its maximum, edmcht
be higher thgig). Thiscannot be achieved experimentally in dusidnsbut rather
representan asymptotic valuegapproacheminfini¢é value

0 I Elb 0 QO (Eq. 9)
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Now the rate equation can be expressed as:
v — (Eq. 1)

This is the most usual form of the Mibleeks equatiohhis expression can be
represented as:

Vmax

Kn [substrate]

Figure IThe variation of initial rate with substrate concentration followindylebahaeks
(hyperbola).

In Figurel we can see how initial rate varies with substrate concentration in a typ

enzyme reaction. Indosubstrate concentrations, initial rate increases linearly with substrz

concentration. In higher substrate concenindimnste inreases more and more slowly
until it reaches a plateau; this plateau is the maximwn Theshape of tloisrve is a
hyperbola with an asymptbieh hathe value ohax

In the experimental data analysis we will represent the initiabtratebstoatie
concentration arifcthe curve is of a Michdddiaten type ewvill fiit tothis equation. Once
is fitted, we will fimghxandKn andthis valuese wiluseal to be comparg with the ones
obtained withifferent enzyme concentrations.
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32. MACROMOLECULAR CRQVEDI

As defined previoushe tmacromolecular crowding phenomenon is based on s
alteratiomof thephysicochemigaloperties ohacromolecules due to the existehigh of
concentrations ofirelatednacromoleculés thesolution. This effect usually appears ir
cellular environments wihaspolymers present in the cell cgttdsad crowders reducing
the volume of solvent avajlaliieeh increases the effective concentratidgheofpecies
involved in a reactiomcpss(t4

We say that the media is crowded rather than concentratedn beebuise
environmentkere is not a high concentrat@rsiafjle macromoledué a lot of different
macromolecules that taken together occupy between 5Bcrttiei@®®d volume in the
cell. If we compare the macromolecular concentration in crowded4®dediaml50
against in vitro conditiors) IngnL, we will see that performing enzymatic experiment:
vitro is not representing real cellular conditien$faislall processes that take place in th
cell are quite afar from ideality.

In vitro In vivo
Figure ZThe difference betweewnivandin vitreystems.
(Extracted image frilis & HartASEBJ199610: 226)

100 nm

The number of published studies of macromolecular interactions has increased ir
years. However, most of them are aimed at the characterization of attractive intera
result in the formation of protein complexes or protein and otilecutescammplexes.
Repulsive interactions may not be observed directly because they do not form comp
presence and significance of these interactions in crowded media may be observec
through their effects on a variety of macromeksstidas.

Most of the effects produced by repulsive interactions may be predicted qualitati
sometimes quantitatively, using simple sthgstimadynamic models and observec
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experimentally. To this end we can measure the dependencdyoérttiersatution
properties and reaction kinetics and equilibria on the concentration and composition
crowders, macromolecular cosolutes that are nominally inert with respect to the reac
interesti?]

The excludedlume of a molecule isvtiieme that is inaccessible to other molecules in
the system as a result of the presence of the firsti#hdlecalen see how the excluded
volume of macromolecular crowders can affect our fegctied The excludedblume
interactions are wn@ant because they are universal and nonspecific and they have t
potential to significantly modulate the kinetics and equilibria of a large numbe
macromolecular reactions that take place in physiological fluid media.

Unrelated macromolecule Unrelated
or supramolecular structure Macromolecule

Unrelated
Macromolecule

Unrelated
Macromolecule

Unrelated macromolecule
or supramolecular structure

Figure 3An schematic representation of the excluded volume phenomenon inTdg geaetion.
round is our enzyme, the blue rounds are unrelated macromolecules or supramolecular structures
rounds are unrelated macromolecules, yellow and purplesutasicteseand the indicatdigis is
the excluded volume, the paths were the enzyme cannot pass.
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Another volume exclusion phenomenon present in the cell and related to macrol
crowding is macromolecular confinement. It is defined as thé eftejtsxalf @xcluded
volume on the free energy and reactivity of a macromolecule situated in a cavity bc
impenetrable walls having a smallest interior dimension only slightly larger than tt
dimension of the macromolé€lle.

The differee between macromolecular crowding and confinement is that macrom
crowding is referred to the vauohgioneffect of one soluble macromolecule to another &
macromolecular confinement is attributed to thexebdiomeffect of a fixeduralary to a
soluble macromolecule.

32.1.General aspects of macromolecular crowding

Macromolecular crowding can affect in a unigue manner on some variables cont
the enzymatic rate such as: diffusion, binding, thermodynamic activity and enzyme ste

Under the effect of excluded vollaommmolecules tenddarrange theelves tther
most compact dormation, so as to minimize steric repuldiensif we consider an
enzyme with multiple conformations, excluded volume will shift the equilibnmostowar
compactonformatiorin this regard, macromolecular ingpwedhances the stability of
enzymes biavouringhey folded conformatitgually, if an enzypresentsraequilibrium
between individual monerred a more compact dimer, crowdfagovithe dimef7 19

Crowding can change the valMcb&elis constakit)(as well as the valueThek.
value, as well as thaxvalue, is expected to decrease in crowded media because cro
usually hinders diffusiondifitulenzyme and substrates encodht®rd heKn change
cannot be edicted.

The nature of the macromolecule used to simulate the crowdingaffffetsttadten
results. A protein crowding ageiriacaase the activity of some enzyme whereas a syntt
crowding polymer, such as dextran, can decrease the erizigynatithackame enzyme.
Crowding by synthetic polymers promotes protein feidisgciatatin and binding by
stabilizing the enzyfze

Macromolecular crowding is expecteffe¢bdiffusion and transport phenomena,
decreasing the diffusionficteit and hindering tran8pGrowding also enhances protein
stability anfdvourdolded conformatidis
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3.2.2. Effects of macromolecular crowding on some prototypical reactions

We are going to summarize some experimental effects of nacovavalieglon
some prototypical macromolecular reactions such as bimolecular association, associati
soluble macromolecule ligand with a specific surface binding-sié¢eapiebteio folding.

3.2.2.1. Bimolecular association

Bimoleculassociation reaction can be described as:

otz
Schem@. Representation of the bimolecular association of A and B to form the complex AB.

About equilibria, crowding can substantially enhance the dimerization of A and B whel
compact but it can afdbit th tendency of A and B to dienghien the dimer obtained is
sospherical that it excludes more volume to crowder than the two monomers.

The effect of crowding on the equilibrium constant for the association of some mon
increases dramatigals the number of monomers that takes part ii¢reases.

In the reaction or transition state control, the rate constant is determined by the e
barrier resulting from the conformational changes that are necessary to form the product
transibn state for association is generally nearly as compact as the product complex, crc
is expected to lower this energy barrier and increase the association rate. A small effect
dissociation constant is expé¢ted.

Because fast associatioestypically under diffusion control and slow associations ar
under reaction control, crowding is expected to decelerate fast associations and accelere
associations.

3.2.2.2. Sieinding
The association of a soluble macromolecular ligaspkuifth surface binding site can

be described as:

, 3z, 3
Schemd. Representation of thelsiteling of a ligand, L, to a site, S.

Crowding affects only the free ligand because the bounded ligand is buried and inacc
to crowders.



Effect of macromolecular crowdingkonetiesf enzymatic reactions. The LDHtdinaener case. 17

Theoretical calatibng”ldemonstrate that the enhancement of association by crow
can be much more significant fbirgiiag than for bimolecular associations.

3.2.2.3. Twatate protein folding

The twetate folding of a protein can be represented as:

5z .

Schemé. Representation of the folding of a protein: U is the unfolded form and N is the nativ
(folded).

The presence of crowder influences this equilibrium between conformational ¢
favourinthe conformations that exclude less volume to the crowder.

In this case, with proteins, the unfolded conformations exclude more volume to th
because they are more expanded than the folded ones. Therefore, crowding is ex
enhance the prese of the native stéfé.

When the transition state is less compact than the reactant state, crowding is ex
decrease the rate constant.

3.2.3. Previous enzyme kinetics in macromolecular crowding media experiments

3.23.1. Hactate dehydrogeea

A study on the effect of macromolecular crowding on the oxidation of NADH by
catalysedly Llactatadehydrogena8ethe same enzyme that we are studying, found that
reaction rate of the reaction is determined by both the occupied thalalatve size of
the obstacles

The reaction rate decreased as dextran size increase wakehigthwascentrations
(100 mgnLl). It means that the reaction depends not only on the occupied volume but
the dimension of the obstaclesmiren the reaction media.bEfiavioutan be related to
the effect of the relative size of the enzyme respect to the size of the crowder. (
concentrations of large dextrans affrstaddKm whie smaller sizes of dextransahad
lower decreasing effect.

The reductionyraxcan be explained by a decredse @) as a result of changes in
the conformation of the cateditedue to the crowded media. But in this case, the catal
centrds protected from the bulltisol. The other reasonable explaining is that the encot
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between enzymes and substrates is reduced by large dextrans because they have simi
to LDH. And for small dextrans, the decneasis iimferior because the crowding effect is
partiaf compensated by an enhancing of the enzymatic activity by a cage effect that
defined previously, macromolecular confinement.

The effective diffusion coefficient is lower in crowded media than in dilute solution,
decrease in this coefficieay decrease Knvalue should increase because of the decrease
inky, but it remains constant until high concentration of large dextrans. THéaatlrease in
high concentrations of large dextrans can be attributed to a modification orctiéychemical
of the substrate due tonthi@idealkonditions in crowded media and also by an increase of th
activity coefficients relation between the free enzyme and thBesateptbr. water
activity can also affect because the substrate ane thite attinst be dehydrated for the
process of binding, tkemust be affected.

3.2.3.2. Other enzymes

A study about the crowding effect on the reaction initial velocity of the Rydrolysis
succinyl-phenyAlap-nitroanilideatalysethy alph&hymaipsifil showed that the volume
occupied by the dextran (equivalent to its concentration) but not its size had a great ef
the initial rate of this reactigs.decreased ank increased with increasing dextran
concentrations. The ridéninould be explained by a slower diffusion of the enzyme becaus
of the crowding presence. The decrease dould be attributed to the effect of mixed
inhibition by the product, which is enhanced in crowded media.

Another studied enzyme: horseradisidpe€l (HRP), whidatalysethe oxidation of
2 ,-azibabis(3ethylbenzothiazolhsulfonate) by hydrogen peroxide, showed an influence
by the crowding agent concentratadndéek volume) but not its $kze.enzyme kinetics
parametengaxandKm both decreased with an increasing obstacle concentration. It sugges
an activation control of the enzymatic reaction, which means that the catddgtic consta
(equivalent ta), is affected by the crowding environment and has a sigritficgon aontr
Km. The contribution could be explained by an increase in the ratio of activity coefficients
nature enzyme and the complex due to the presence of crowders, an increase in ch
activity of water because of crowding, a conformaigmah the active site of the enzyme
induced by crowding or a combination of some of these factors.
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A study on malate dehydrogBfasehich catalyses the oxidation of malate t
oxaloacetate reducing N&CNADH, was performed. One the many exp#ranardse
carried out in that study, showed that the kinetics parameters depend on the size and
dextran. In general, any size of dextran decreased thenydlue ddxtrans with similar
size to MDH size. Hagvalues also decredseith an size of dextran but thiegwed no
clear tendency with the dextran sizes.

The hydrolysispiitrophenyl phosphedgalysetly alkalinphosphata88(ALKP) was
studiedandit preserdgd similarbehaviouto the reported study of LDH. The reaction ra
dependd on the excluded volume and the crowder size. The reaction rate sho
pronounced decrease with an increase of excluded volume with larger dextrans. F
dextrans threduction on the ihitete wesmoderate. This is in concordance with the repor
LDH results: larger dextrans reduce the frequency of thalesta@mencounters.

It is necessary to note that ALKP and MDH are dictiged@% alphachymotrypsin
and HRP are moresdi9land LDH is a tetranffér.

HRP
a-Chymotrypsin

8§ )
7 A
% &
«"g&{ \3‘ d Ny
B = L)
\ I?/ZO DIISO/ D275 D410 M,
Molecular

enzymes a

0 50 10(;\ 150 200 250 300 350 400 450 500
ALKP
o &
MDH ,%‘\,&g“y“
e lﬁ;&ﬂ@f

Figure 4A size schenmecludinthesize of thenzymes reviewed and the dextrans sizes.
(Extracted image frBastor. et aBiophysical Chemis2314185 8 13

Considering the size of the enzymes, which can be seen in Figure 4, it has been
small enzymes, like HRP and-altgiaotrypsin, depend only on the excluded volume of
solution, in other words: of the dextran concentration but notges esizgmies present
dependence on the excluded volume and the dextrarbsizavidtian be interpreted as
follows: the smaller enzymes are affected only by the excluded volume because



20 Vilaplanaopera, Nuria

smaller than the crowders usethaysee them as celblls; larger enzymes, in contrast,
have similar sizes to the crowder sizes and see them as obstacles that diminish its dif
reducing the encounb@sveen enzymes and substtates

In addition to this interpretation, with small obstextdsdibeé volume effect is partially
offset by a caging effect (related to macromolecular confinement) that enhances the e
activity, resulting in a minor decrease of the initial velocity of the reaction.

Other effect that has been appearing isrtlzagefwligomeric enzymes, the effect of
dextrans with similar size is higher than with the other dextran sizes. This effect has bee
on MDMlor ALK However, the origin of the difference between the effect of obstacle <
on this two enzysrend on LDH is not cjedr

3.2.3.3. Alternative methods

Crowding effects on enzyme kinetics can also be studied by computational simule
Diffusioontrolled and mixed activdiffusion reactions in crowded media can be studied
performingiher Monte Carlo simulations in a three dimensioffal 2latbceBrownian
Dynamics simulation for the diffusion process coupled to Monte Carlo simulation for the |
process, in an&#Hftice schem&?

For example, a study on the effémt ehtymebstacle relative size revealed that the
rate coefficient depends on time for ddfugrofied bimolecular reactions in crowded media
which is known as a fractal kikketidad that, in mixed activdiffision reactions, the
fractalitpf the reaction decreases as the activation control #creases.

Another technique is fluorescence recovery after photobleaching (FRAP) which
common technique to study diffusion processes of macromolecules. A study on the difft
alphachymaypsif®! in crowded media was performed usingdoealkdaser scanning
microscopeTheir results showed that the enzyme present anomalous diffusion dependir
the size and concentration of dextrans, until a high concentration of large degtrans is re
When large dextrans are in high concentrations other phenomena such as microvis
hydrodynamics interactions or interplay between branches of dextran should be consider

Both of these techniques were used in parallel to study diffusiug rimedravectid
agreed in their results. They both found that enzyme diffusionymaditppsin and in
Monte Carlo simulation experiments, presented an anomalous diffusion in &wded medi
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4. OBJECTIVES

The aim of this work is to study the enzyme kinetics of the oxidation of NADH by
catalysedy Llactate dehydrogenase (LDH). We want to characterize the kinetics
reaction and find if the enzyme, LDH, presents any type of coopéegativityhashnmodel
follows. The initial hypothesis of cooperativity arises frorbaitwolk%¥Firstly, different
models of cooperativity have been developed, taking into account the possibility of
tetramer equilibridivie also want torfoem some experiments in crowded media, in orde
analysehe effect of crowdingnandkn.

All the experiments will consist on measuring the variation of initial rate of the re
different concentrations of subbtraigectrophotometreasures of tiéADHabsorbance
during thérst seonds Then we wilestimate the best model that fitdatiseop the initial
rates againsubstrate concentration in orddudmatéhe best mechanismrexplain the
experimental results.

First, we will measurminitraonditions, all solutions will be diluted in pH=7.5 buffer
adjusted ionic strength, and changing systematically enzyme and substrate concentr
want to obtain a 3D surface graph with initial rate, substratation and enzyme
concentration on the axis. From the surface and other plots related we can fit our ¢
models that we have proposed and see which one of them fits the data betigira Once
model that fits our data properly, wetwithtplain tihehaviouwf our enzyme.

Finally, we will measure in crowded conditions, in comparable conditions to dilute
We will prepare our solutions with two different enzyme concentrations, the same
concentrations that in dilute solution experiments and adding a certain concentration ¢
of two determined sizes, one similar to the enzyme and one significantly larger than tl
We will compare the data obtained with the data fronoubesypeviment to have a
comparative plot of solution against dextrans and see how the dextrakingffiects tt
parameters
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5. EXPERIMENTAL SECTION
5.1 MATERIALS AND METHODS

5.1.1. Reaction

The reaction that we are going to study is the oxidation of NADHdayabysatste,
L-lactate dehydrogenase (LDH). This reaction was chosen by some reasons:-first, it is
known reaction; second, there is an absorbance change in thieecraasgoof $0 it can
be followed by dpectroscopy; third, there is no significant variation in the excluded volt
because substrates and products are small; fourth, the enzyme and the type of macrome
crowder that we are using, dextrans, dienaat;i and fifth, the enzyme size is intermediate
between the available dextrans.

Due to these many reasons, we can interpret the kinetic parameters to study coope
and the effect of macromolecular crowding on this reaction only in tewdsgfagentr
presence.

5.1.2. Macromolecular Crowder

In this study we need to simulate cellular conditions and it is reasonable to think of us|
extracts. Nevertheless, obtaining reproducible data without interferences of other specie:
be venydifficult because of the complex media, heterogeneity in geometrical and phy
properties of the cell environment. In our case, using a spectrophotometer, it would be
impossible to measure only NADH absorbance because a lot of other lsewdes absol
interfere. And besides, NADH depletion could not be accounted only to LDH activity us
extracts, but also to a great number of other dehydrogenases present in the media.

Instead of that, we are going to use dextrans as crowding agengs.offieere a
substances that can be used on our purpose such as polyethylene glycol, polyvinyl a
Ficolls, ovalbumin, serum albunhasmdoglohinVe have chosen dextrans due to their
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optimal properties and their widespread use in similar studieslashicls '@ compare our
results.
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Figure 5The chemical structure of dextran polymer.

Dextrans are purified macromolecules with no reactivity and highly soluble in \
flexibility and random coil shape in solution makes them suitadbléndganany
macromolecules present in the natural state of the cell. They are also available in ma
sizes and in large quantities.

5.1.3. StoppeHlow

The Stoppddow method is the most widely used method for studying fast reactiol
es®entially composed by: two drive syringes that contain the reacting species, a mixit
an observation cell, a stopping syringe and a detecting and recording system that «
changes in a measurable magnitude in a &ast imaymall increnseoit timd?26]

The reaction starts when we push the plungers of the two drive syringes simult:
The reactants mix, and the mixture is forced through the observation cell. When we |
the mixture that is in the observation cell is forced into therstgpphglsyrt movement
of the plunger of the stopping syringe brings it to a mechanical stop, which prever
mixing.

The time between the first mixing of reactants and the arrival of the mixture
observation cell is of the order of 1dhitss aalled dead time.

In its usual form, the stofleed method requires a spectrophotometer for following
course of reaction. This makes it useful for reactions that have large changes of abs
a convenient wavelength, such as our case: the oxidation of el biopever, the
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method is not restricted to such cases. It can include and pH indicator, a fluorescence d
etc.
Filling
!
Waste

Mixing chamber

Enzyme syringe
Stop

/I

Spectrophotometer Switch

Drive

Substrate syringe Stopping syringe

|
Filling

Figure 6A scheme from the stogfmd system used.

Figure 7The stoppeftbw system used.

In our case we will place ai@olutth twice the final concentration on cuvette of pyruvat
and another solution with twice the concentration of the enzyme plus NADH. The 1
chamber and the measuring cell are théethas28°C.

All the system is cleaned with water and ethanol. The samples are injected from
concentrated to the most concentrated in order to minimize error.
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5.1.4. Chemicals

Rabbit muscleldctate dehydrogenase (E.C.; 140)Jwag received as a puréied
lyophilized powder. The enzyme, imidazole (for buffer solution) sodium fyruvate
nicotinamide adenine dinucleotide, reduced dipotassium salt (NeQHiyedefmm
SigmaAldrich Chemical (Milwaukee, WI, USA). Dextran 150 kDa and dextwaere500 k
acquired from Pharmacosmos (Hoelbrak, Denmark) and used without any further puri

All of the chemicals were of analytical or spectroscopic reagent grade.

5.1.5. Oxidation of NADH

The reaction was performed at 25 °C in iraickmoleciduffer. The buffer contained
30 mM of imidazole, 60 mM g2@BK and 30 mM of Mgad was adjusted to pH=7.5.
Each sample contains the same concentration of NADHM1.ardl@ifferent LDH
concentrations in a range between 7.86d16.36- 7M.

MichaeliMenten plots were obtained by measuring the initial velocity of the rea
different pyruvate concentrations, in a range betweéraitd30.30- ¥OM. This process
was first done without the addition of a crowding agent.

Samples witkextrans content 10001150 or 500 kDa dextran. The pyruvate solutio
were prepared by weighing the required amount of dextran and dissolving it
corresponding solution. For the enzyme solutions, they were prepared as the dilute sc
diluting them to the mark with a buffer solution containihgfIEDrL500 kDa dextran.

The experiment was performed with a dtoppesive system; it introduces 100 pL o
the solution with enzyme and NADH and 100 pL of the pyruyatarseéditmem in a
mixing chamber and, after that, it leads them to the measure semi micro cuvette, w
reaction volume of 200 puL. We observe the change of absorbance that occurs as NA
absorbs at 340 Binis oxidized to NAhich nlmnger absorbs at 340 nm.

The initial reaction raig,was obtained by linear fitting the initial data points in
absorbanetime plot. A blank solution containing only buffer or buffer with dextran solu
measured in each case.

For each concentration of enzyme we have measured at least two times (three tir
performing on solution conditions) the initial velocity in different days and with differe
and pyruvate solutions. Every day the initial velocity for ormorerentradon was
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measured at least three times under the same conditions, and same enzyme with |
solutions and same pyruvate solution in different concentrations.

The NADH solution was prepared daily since it is photosensitive and is degraded
The enzyme with NADH solution was prepared for each data set (that-Memthtichaelis
curve). For each data set, three replicas of each data point were acquired. We have col
the enzyme activity by measuring frequently a fixed enzyme ceitbehizataone NADH
and pyruvate concentration and comparing the obtained enzyme activity with previous d:
used different batches of enzyme and NADH.

5.2 DATA TREATMENT

The reaction was followed bgpbetrophotometnieanausing a U¥603 Shimadzu
spectrophotometer.

0.7488
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4\

o 04000f |

|
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Figure 8An example of the obtained absorbance curves foradi2dnzme concentration.

Pyruvate concentrations: 62841@reen), 2-4M (orange), 3.2 (purple), 5-4M (red) and
7.5:16 M (blue).

First, we plot the curves in the spectrophotometer data program (UV Probe ver. 2.50)
allow us to see if the curvaligd an example is presented in Figliha8is, the initial linear
slope can be clearly seen and there is nauwise lack of homogeneity (only seen
unfrequently in dextran media 100 g/L). Then, if the curves are validnvadrapdata
treatment progra@riginver. 7.0)We plot them again, select the linear, sebtaimis
equivalent to the initia¢ &td isusually between 0.2 and 2 secandsperform laear
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fitting of data pointhe slope of that line is the initial rate for that pyruvate and er
concentrations.

Once we have all the initial rates from different pyruvate solutiongyare one
concentration for triplicate, we plot them and obtaineavadwerfag each data point. We
plot the average value of the initial velocities with/ite alnays have obtained Michaelis
Menten curveso we fit the curve® a hyperboliegresion anddetermine thkinetic
parameters. There is an example of a Midbatdis fit in Figure 9, Appendix 1 and the |i
of MichaeHlglenten fits used in Appendix 2.

0,20
0,18 *
0,16
0,14 i
0,12 +
T Data: Data3_B
0,10 4 Model: Hyperbl
":_\ 1 * Equation:
L 0,084 y = P1"x/(P2 + x)
o ' i Weighting:
z 0,06 ¥ No weighting
T Chi*2/DoF =0.00003
0,04 4 E RA2 = 0.99471
0.02 ] / v, 026152 +0,01946
T / K, 0.00037 +0,00006
0,00 4 u
-0,02

20,0001 0,0000 0,0001 0,002 0,0003 0,0004 0,0005 0,0006 0,0007 0,0008
[Pyruvate] (M)
Figure 9. Aexample of a Michablenterfitting. Enzyme concentraia@z0* mM.
Now we plot the average values of the initial velocities, the substrate contleatratior
enzyme concentratismgGnuplotver. 4.6pbtaining 3D surface plot. We will try to fit our
data t@kineic model in order to obtain the vallresafrtstants that influence our reaction.

As can be seen, the infg#dcities are presentderivatives in the absorbameg,
units To convert them into™N\rsts, we need to divide them amamgltreabsorptivity,
which has a 6228dvh! value for the NABHand multiply them by the optical path, which
our caseis 1 cm.
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6. THEORETICAL BACKGROUND: OLIGOMERIC
ENZYME KINETICS

There are many enzymes that are formed by a certain nhumber of subunits or monc
The subunits are often identical, and each subunit has itect®lytevery site is
identical and independent of the rest of sites, the union of a substrate ineoteaiitalytic
have no effect on the binding properties of the other sites; neither if they are vacant or oc
This means that asite enzymeshaves equaltanolecules of a esite enzymé&?]

Although there is no obvious interaction between the sites of an enzyme, the isc
monomers are usually found completely inactive. The association to a tetramer may
changes in the tertiarycitre of each monomer, causing changes in the substrate bindir
Oligomerization can also contribute to the stability of enzymes in vivo.

If the presence of substrate on one site modifies the substrate binding to the vacant s
the rate of produaniation of the other occupied sites, we have the substrate acting itself ¢
modifier. These modifications can be substrate activation or substrate inhibition, and are
known as cooperativity.

Cooperativity is a phenomenon displayed by systémslvbaitdentical o similar
molecules that actindependently of each other. Some enzymes or receptors with multi
binding sites present cooperativity: the affinities for their binding sites vary with the bind
ligand to a binding site. Thdwoc ooper ati vity arises fron
sites of polymeric enzyi@s.

In the enzyme case, we have positive cooperativity when the binding of a sub:
molecule helps the binding of another molecule by increasing thénaffesties$ loihding
sites. When the binding of a substrate molecule difficult the binding of another molec
decreasing the affinities of the rest of binding sites we say that the enzyme presents n
cooperativityf!

Now we are going to stuadyescases that are relevant to our reaction and enzyme.
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6.1. General case

First, we need to define our en&gns,is the number of sites of the enzphe:
monomers=2 dimers=4 t et r §imthe rumberaohodcupied sites independently
their distribution.

Defining the kinetics const@ltsior the formation of the substretgme complex,
Q" for the dissociation of the complex into the substrate and é@?)}fmermmbrmation
of the product. The general Mickbegiten scheme will be:

kISJ k)S,)
S+ Es1-1 = Esl - P+ Es1-1
o !

Schemé. Representation of a Michitgdisten enzymatic reaction. The enzyhenEs sites and
j-1 occupied sites, reacts with the substrate (S) to form a nengesiltts),awiths sites ang
occupied sites, that decomposes into the enzyme and the product (P).

Michaelis constants, which are in fact dissociatiecopstants of the complexes, will
be:

0 ; (Eq. 10)

We need to define the intrinsic and the macroscopic or stoichiometric constants. A
constant is a constant for the site without regard to its association with other sites or
mdecule. It describes the equilibrium between the free substrate, the free site and
substrate complex. However, a macroscopic dissociation constant describes the €
between the free substrate, the available enzyme and thebstratewmplex2’]

When an enzyme contains more than two sites, writing the equilibrium, in t
macroscopic constants showing each site separately, becomes too difficult. But is
easy to write the equilibrium between the various complexgsthesptaacroscopic
constants by intrinsic constants.

To convert macroscopic constants into intrinsic constants we must consider an ent
term that includes the different distribution ways of the substrate in the free sites. To t:
account the distution of theccupied sites in gtetal sites, is necessary to define the
intrinsic constants, which do not depend on the distribution of the occupied sites. To ©
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intrinsic constants we need to introduce an entropic term in thecrrptditiridims term
takes into account the relation of distributions betweeriheattipldd sites andjthe
sites, when a site will be filled by a substrate.

We can calculate the entropic term as logarithm of the different comdsoatehs of
sitesjf1, j) ovestotal sites:

(Eq. 11)

From the relationship between equilibrium constant and Gibbsh energy (
A@DYOj'YY A@DY0Oj'Y"Y ¥ Yj'Y and to tfact that in the Michaelis
Menten schemx’a,ﬁ is a dissociation pseuadostant, we are going to use reciprocal
constants:

o — o f (Eq. 12)

AndQ" that is a dissociation pfaduct, out of thgoccupied sites, and there wjill be
possibilities that the dissociation happens:

o' gq" (Eq. 13)
The velocity equation will be:
0 — B o' o (Eq. 14)

Applying the stationary state on every intermediate we can obtain a general ve
equation:

0 © (Eq. 15)
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We consider an ideal case when the intrinsic constants are equal:

" kano" ko

0 i Qo (Eq. 16)

— (Eq. 17)

6.2. DimeFetramer without equilibrium case

Now we are going to study three different cases that are related to(bDHEnzym

monomer, dimer and tetramer.

The monomes=(l) is always ideal; Its velocity equation is a Miehtalitype of
equation and we can define it with one Michaelis(constadtone dissociation constant,

Q:
_ (Eqg. 18)
where:
0 Q0 (Eqg. 19)

For the ideal dimer case), we have also a Michi#disten type velocity equation.
With one Michaad@nstant) , and one dissociation cons@nt,

— (Eq. 20)

where:

0 ¢ Q ©O (Eg. 21)
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And if it is not ideal, we haille two Michaelis constants; as a decomposition
constant of tHeS complex angd , for the ESomplex; and two dissociation constants:
Q , for th&S complex dissociation &Rd, for th&S dissociation.

(Eq. 22)
where:
- %
Q o (Eq. 23)
0 ¢Q © (Eq. 24)

For the tetramer casedy, if it is ideal we will have also a Migledéa equation with
0 andQ, as a Michaelis constant and dissociation constant, respectively:

D (Eq. 25)
where:
0 TQ Y (Eq. 26)

And if it is not ideal, we will have four Michaelis constants for the decomposition of tt
complexesr ,0 ,0 ,0 ;and four dissociation consintsQ ,Q ,Q :

_ f A f
(Eq. 27)
where:
o f L € 6
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0 T Y (Eq29)

We can conclude that whether the enzyme is ideabkgs abtays lineal with the total
enzyme concentration.
6.3. DimeFetramer equilibrium case

It has been suggested that the LDH enzyme presentsteadieregquilibrigiinWe
are gointp include this condition on the velocity equation deduction and study some c:

First, we need to define the détnamer equilibrium:

K
D+D =T

Schemé@. Representation of the equilibrium between the dimer and the tetramer form of the el

The first case is the most general and considers an ideal dimer and an ideal tetr:
different values kK and k. Applying the hypothesis of stationary state and writing
equations in terms of intrinsic constants, we arrive at this expression:

t —%Yp — 0O —%Yp — © (Eg. 30)

0 ——p p WO ¢cQ o (Eq. 31)

Which gives a nlimear variation emxwith total enzyme concentration.

From bala@ masgquation for the enzyme

0 (Eq. 32)

Now we are going to consider a particular cegeigittand differeikt. The velocity
equation follows a Michaddistercurve with a maximum apparent velpgity,which is
nonlinear with the total enzyme concentration:

b —— (Eq. 33)
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0 P WO 0 (Eq. 34)

Finally, iKiP=KaT andkP=kz" thenvmagPr= vmald, and the velocity equation follows a n
ideal Michaelidenten curve:

o —— (Eq. 35)
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/. ENZYME KINETICS IN DILUTED SOLUTION
RESULTS

First, we are going to examine {f@ruvate], [enzyme]) function as a surface in a th
dimensional plot, in dilatddtion conditions. This surface was obtained by plotting all th
points in diluted solutisimg Guplotver. 4.6)

vo (M-s)
BN
(5]
L]
(=]
Oononononnanonun
*

56007 - ) ~
~— 0.0008
3e.007-. a0

[LDH] (M) 2e-0U§-- - """""65603 %00005 00005
e- a0
00002 ruvate] (M
0y 0.0001

Figure 1(Burface aob ([pyruvate], [enzyme]) of the data obtained wditkiiegsdlution conditions
Note that datadsplayed in lipeints but no fitting of the data has been performed on this figur

We have enforced that at [LDH] = 0 and/or [Pyruvate] = 0, the initial velocity is 0.

Now, we are going to examine the surface by plotting the substrate conesntratio
the initial velocity and the enzyme concentration also against the initial velocity.

First, if we plot the pyruvate concentration against the initial velocity:
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Figure 11. Plot of [Pyruvate] agadfthe data obtained working in solution coftidali§erent
curves are for increasing enzyme concentrations. Note that data is dippiayetumn fiaditting of
the data has been performed on this figure.

In Figure 11 we can seeMhesponse against pyruvate concentration is of hyperbolic
type for all the enzyme concentrations studied.

The pyruvate concentration in half of the slope (Michaelis constant) of the [Pyruvate]
Vo curves is practically the same for all the enzgmieations. If we examindithalues
obtained by fitting the curves for different enzyme concentrations in table 1 (all the fittin
be found in Appendix 2), we can see that they are of the same order.

[LDHKmM) K (MM)
1.06-18 0.47+0.08
2.12.10 0.37+0.06
2.54.19 0.45+0.03
3.18.10 0.39+0.05
42419 0.50+0.06
6.36-10 0.44+0.06

Table 1. Valueskafat different enzyme concentratioersgk value: 0=0406mM.

The Kn values obtained are very similar and they do not present any tendency
increasing values of enzyirhe.average valueKeiis 0.44+0.06 mWMhese results are in
agreement with other experimentatpatseand with the BREN®BAatabase
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Now if we examine the dependengexofith the enzyme concentration:
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Figure 2 Plot of [LDH] agawskof the data obtained working in solution cofti¢imagues for
vmaxwere obtained from the MicHdelisen fittings.eTlnear fitting was made ugingIGt:
Vma=a+b-[LDH] afd-0.98717.

In figure Zwe can see thafaxincreases with linear tendency with increasing enzy
concentration&ccording t8.1.2.1a linear dependence suggests that it is not necessar
take into account the equilibrium between its dimer and tetramer forms. Therefore, v
fit our data to the cases withouttéimaener equilibrium.

First, from the cases without equilibrium, we started with the ideal cases for the 1
dimer aetramer. All of them follow a MidWaalisn velocity equation; the expression that
needed for the fitting can be easily deduced from the eguafighs in

o —— (Eq. 36)

Naw, fitting all the data represented in Figure 10 toeHtp\B6phtained:

Constants Error(%)

L. (mM) 0.44+0.06| 13.7

D) 20914 6.8
Table 2. Constarts, () values obtained by fitting the datiaiion media usinu@aiver. 4.6).
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As we can see iable 2, the Michaelis constant valuagsegment with the value
obtained averaging Kaevaluesobtained by fitting individual curves, Tahke vialue is
also in agreement to the gem@rahlues reported a recent reviglvand with the
BREND&ldatabase.

The value & is in agreement to the general \aflgagalytic constants repéttaad
to the BRENDB#database.

Second, we fitted the-iteal cases, starting with thédeah dimer. The expression
used can also be deduced from the equations presented fori2ase in

0 (Eq. 37)

The data does nmtoperlyit thisequationvith assumable err@nsd that suggests that
our enzymgoesnot behave like a fideal dimer.

Finally, we fitted our data to the expression {ideal teamer, which can be deduced
from the equations describgd if.2

0 (Eq. 38)

In this case also, ttea does notgitoperly thexquatiomith assumable errarsjthat
suggest thaur enzyme does not behave likeideabtetramer.

These results reveal that our enzgems taot present cooperativity, because the
enzyme concentration has a lineal dependengeaod our data can be fitteah tideal
modelln conclusion, the results obtained suggest émtyme behavee B ideal nen
cooperative tetramer.
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8. ENZYME KINETICS IN CROWDED MEDIA RESULTS

We have studied the kinetics in crowded media with two different enzyme conce
and two sizes of dextran polymer. The aim of thasstndge how crowding can affect ou
enzyme kinetics. We have chosen two enzyme concentration and performed ex
adding 100 g-dextran concentration using two dextran sizes: 150 kDa and 500 kDa.

We plotted the against pyruvate concentratioves obtained working in solution anc
with the two dextran sizes in order to compare the effect of the presence and si
crowders. The crowding effect will be compared using the variation of the kir&tics co
andvmax We are also compgrour results with the one psyiobtainétin a similar study

First, for 2.12-1@mMenzyme concentration we have obtained:

0,20
-
_—a
_— L4
0,15 /;/
0,10 -
i)
>° 0,05+
0,00 o = Diluted solution
e 150 kDa dextran
500 kDa dextran
-0,05

—71r r 1 r r 1 r 1 r T ' T 7 R
-0,0001 0,0000 0,0001 0,0002 0,0003 0,0004 0,0005 0,0006 0,0007 0,0008
[Pyruvate] (M)

Figure 3 Plot of [pyruvate] against the data obtained for a 2-1talM&nzyme concentration
working in solution conditions (black squares), with a 150 kDa dextran (red circles) and 500 ki
triangles)he dextran concentration for all sizes weré. I0®&dperbolic fitihg Michaelis
Menten equatioeremade using Origihey can also fmeind in Appen@ix
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For &4.24-18mM enzyme concentration:
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-0,0001 0,0000 0,0001 0,0002 0,0003 0,0004 0,0005 0,0006 0,0007 0,0008

[Pyruvate] (M)

Figure 4 Plot of [pyruvate] against the data obtained for a 4.2&a\M&nzyme concentration
working in solution conditions (black squares), with a 150 kDa dextran (red circles) and 500 kDa |
triangles)he dextran concentration for all sizes werd. T0Gdyperbolic fittings to Michaelis
Menten equation were mesileg Origin, thean also be found in App@ndix

For both enzyme concentrations, 150 kDa dextran does not seem to have an appre
effect the initial velocity. However, 500 kDa dextran does have a significant effect.

Conditions [LDH)mMmM)  Vmax(M-sh) Km (MM) ko (M-S
Solution 2.12:108 (4.2£0.3)-16 0.37+0.06 198414
150 kDa dextra 2.12:18 (4.20.5)-16 0.4+0.1 198424

500 kDa dextra 2.12-18 (3.203)-10° 0.52+0.07 174+14

Solution 4.24-19 (9.505)-10° 0.50+0.06 22412
150 kDaextran  4.24-19 (8.806)-10° 0.46+0.05 207+14

500 kDa dextra 4.24-18 (7.€05)-105 0.49+0.07 179+12
Table3. Values afnax Kmandkzat different enzyme concentrations and in different conditions.
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From Table 8ve see th#t, did not significantly change with the presence of any siz
dextran and, in average, its value remains practically the same as in the diluted exper

Dextran sizékDa) [LDHJ(mM) Relative decrease Wax
150 2.12-19 0.0+0.2
500 2.12-19 11.9+0.2
150 4.24-10 7.4+0.4
500 4.24-10 20.0£0.3

Tabled. Values of the decreasadnin respect to the soluwtivalues, for different dextran sizes
and enzyme concentrations.

As we can see in Table 3, 150 kDa dextran has not an appreci@ble €fatvin
LDH concentration. However, fename concentration of 4.24v\ it has a slightly
appreciable diminish effect.

We have obtained similar results with 500 kDa dextran, it has an appreciable effe
of the enzyme concentrations but it ligkea éffect on the most concentrated enzyn
concentration, 4.24* hiM.

A hypothesis that coetglain thisehaviowvould be the presence of ancantaling
effect. Considering a reaction carried out with crowding, with the same substmate cor
and the same crowder concentration: if we increase the enzyme concentration, the
the reaction decreases. It happens because the enzyme itself excludes volume and t
diffusion.

Crowder
Enzyme

Substrate 1
Substrate 2

Figure 8. A schme of the autmowding effect. Tdreyme concentration increases from left to right
images.
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If the enzyme concentration increases, the excluded volume increases and the diffu
hindered, this induces a decrease in the initial velocity. The decrease in the initial v
causes a dezase iNmax

This hypothesis cannot be guaranteed with only two different enzyme concentratior
two different dextran siZescorroborate this effect we would need to repeat our experimer
usinghigher and different enzyme concentrationsrand difktran sizes.

Our results are in contrast with the ones reported fir@vieysiptained that the initial
velocity (an@max in consequence) decrease with all the dextran sizes they used, a
specifically with the ones that we have used.

Thisdisagreemerbuldbe explained by thes @ another experimental method. The
reported resuftsvere obtained by measuring the change in absorbance withoflbw stopped
systemby adding the enzyme solution into the measuring cuvette full of pyruvate soll
mixing it manually and measuring. This procedure is not comparable tdldhe stoppe
method because the mixing of the two solutions is not complete and the diffiygre has to
through the solution. In the stdjmyednethod, the enzyme and the substrate solutions mi
perfectly in the mixing chamber and the dead time in the mixings pratbeéal uree
millisecond scale.
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9. CONCLUSIONS

A review on the general enzyme kinetics concepts has been presented and enzyn
models relevant to our case have been discussed. The macromolecular crowding eff
usual effects on enzyme kinetics have been presented.e&somlatetdidd macromolecular
crowding and enzyme kinetics have been reviewed.

A series of experiments spectrophotometrically measuring initial velocity ha
conducted varying pyruvate and enzyme concentration. Some experiments have be
out m solution media and some other experiments have been performed using dext
different sizes as a crowding agent.

A surface plot has been obtained for the data working in solution. All the pyruvat
initial velocity curves obtained folloehaeldenten equation with a similar value for th
Michaelis constant. The enzyme concentrationviagaiostreveals a linear tendency,
suggestig that it is not necessary tantekaccount dirtetramer equilibrium. The data has
been fitted to the diutedramer negquilibrium models proposed and amodeabperative
behaviouras been suggested.

The experiments carried out in crowding media show a highen deereaaction
velocity when the bigger dextran and higher enzyme concentration are used. The dis
with previous experiments has been explained by the change in the methodologies
autecrowding hypothesis is presented but corrobprpgidoriming more experiments is
needed
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11. ACRONYMS

LDH: Hactate dehydrogenase

NADHNicotinamide adenilireucleotide (reduced form)
NAD: Nicotinamide adenine dinucleotide (oxidized form)
ALKPAlkaline phosphatase

MDHMalate dehydrogenase

HRPHorseradish peroxidase

FRAP: Fluorescence Recovery After Photobleaching
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APPENDIX 1. EXAMPLE OF THE OBTAINING OF A
MICHAELIS-MENTEN FITTING

First, with the initial velocity values obtained from the absorbance curves, fol
4.24-10 mM in solution:

Day [Pyruvate{M) Vo (S9)
0 0 0 0
680E05 005132 005148 005803
16/04/2015 200E04 015418 016029 016158
320E04 021193 021762 0221
500E04 027132 027789 -
750E04 03442 03432 033974
0 0 0 0
680E05 005483 005927 006433
17/04/2015! 200E04 017215 01919 018216
320E04 025703 025323 024045
500E04 029873 031022 02966
750E04 035142 034865 034988
0 0 0 0
680E05 005943 005875 006284
14/05/2015 200E04 016871 017755 018299
320E04 02569 025366 024129
500E04 029813 031018 031583
750E04 03647 036707 037808

Tables. Values of the initial velocity for different pyruvate conaadtrafidrBD enzyme
concentrationeasured in different gaysin solution media

We neetb average the initial velocities:

[Pyruvate] (M) Averager(s?)
0 0
680E05 0.058+0.005
200E04 0.17+0.01
320E04 0.24+0.02
500E04 0.30+0.02
750E04 0.35+0.01

Tables. Values of the average initial velocities for different pyruvate concentrations and its corre
error.
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Now, we are going to plot the average initial velocities with its error against the py
concentration and fit them to a hyperbola. The fittini.ginelsnas

Figure 8. A Michaelidenten fitting and plot of the initial velocity agaitstooyreentration for
4.24-18mM enzyme concentratiem0.59+0.04 mMya=0.50+0.062.

A crowded media example is also presented.

Day [Pyruvate[M) Vo (S9)
0 0 0 0
680E05 004053 004533 005466
200E04 013067 01243 014823
19/05/2013 320E04 019307 019578 021258
500E04 024829 024177 02554
750E04 027492 027742 029035
0 0 0 0
680E05 003425 00456 -
20/05/2015 200E04 011681 014119 01338
320E04 018478 017226 019144
500E04 022372 024044 02474
750E04 026826 029607 027476

Tabler. Values of the initial velocity for different pyruvate concentrationglantyin2d-10
concentration measured in different days and in crowded media: 500 kDa dextran, 100 g/L.



