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Abstract

Whole-cell simulations have been identified as the grand challenge of XXIst-century. Since
even in the exascale computing era, first-principle atomistic whole-cell simulations are compu-
tationally prohibitive, coarse-grained reaction-diffusion models appear as essential and feasible
alternatives. In such models, it is crucial to adequately describe the diffusion and reaction prop-
erties of all biologically-relevant molecules. However, as it has been known for decades, the
cell interior is crowded with macromolecules occupying 20 to 40% of the cell volume. Clearly,
diffusion and reactions under such crowding conditions are not the same as in test tubes. To
understand these differences, in this Thesis, we explore the generic effects of how crowding
affects macromolecular diffusion, chemical equilibria, and reaction kinetics.

In many simulation studies, hard spherical particles are used to model macromolecules com-
posing the crowded intracellular milieu. However, the macromolecules inside living cells have
various shapes and softness. We show with Brownian dynamics (BD) simulations that these
factors can considerably affect macromolecular diffusion. For instance, we find that elongated
crowders slow down diffusion more substantially than spherical ones, while soft crowders slow
down diffusion less effectively than hard ones, but not in the case of elongated diffusing parti-
cles.

To minimize computational costs, many studies consider hydrodynamic interactions using
the (generalized) Rotne-Prager-Yamakawa (RPY, or far-field) approximation, neglecting near-
field lubrication effects. Here, we provide an open-source computer program (pyBrown) that in-
cludes both near-field and far-field hydrodynamic interactions. Using this program, we demon-
strate that the popular RPY approximation visibly overestimates the diffusion coefficients of
macromolecules in crowded environments. We find that the RPY approximation may provide
even less accurate results than simulations without hydrodynamic interactions at all.

A living cell is a non-equilibrium system where many reactions continuously occur. Thus,
another critical aspect of cellular modeling is to account for the coupling of diffusion and reac-
tions. With BD simulations, we explore the effect of crowding on a catalysis-induced enhance-
ment of enzyme diffusion, reported recently for dilute systems (i.e., without crowders). We
consider a model enzyme that shrinks upon binding a substrate and find that such enzymes ex-
hibit enhanced diffusion also in crowded environments. The enhanced diffusion increases when
crowding is due to enzymes but decreases when it is due to passive particles. The catalytically-

active enzymes enhance the diffusion of passive crowders as well. One possibility to study such
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catalysis-induced diffusion enhancements experimentally is microfluidic H-cell measurement.
We perform the rational design of an H-cell experiment and investigate under which conditions
such experiments are feasible to study the enhanced enzyme diffusion.

Since the seminal work by Minton, it has been known that crowding affects chemical equi-
libria and reaction kinetics. However, our understanding of how reactions proceed under crowd-
ing is still limited. Herein, we study the kinetics of reactions catalyzed by conformation-
changing enzymes and how crowding affects them. Using scaled particle theory (SPT), we
derive an expression relating the crowding-dependent reaction rates and geometrical factors de-
scribing how an enzyme changes its shape during catalytic turnover. We test these results with
BD simulations of a model enzyme consisting of two beads changing their separation upon
binding a substrate.

Multivalent binding reactions play an essential role in many life-sustaining and life-threatening
processes, from antibody-antigen binding in the immune response to amyloid aggregation. Al-
though such reactions often occur under crowding conditions, the effect of crowding on their
equilibria is not fully understood. In this Thesis, we study the cooperativity of divalent binding
— an important measure describing how the binding of one site affects the binding affinity of
other sites — using SPT and combined Monte Carlo and BD simulations. We show that crowd-
ing can enhance or reduce cooperativity depending on how the conformation of a molecule
changes upon subsequent binding events. In particular, we find that non-cooperative reactions

can become cooperative under crowding and vice versa.
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Streszczenie

Holistyczne symulacje komputerowe komorek zywych zostaty uznane za jedno z wielkich wy-
zwan XXI-wiecznej nauki. Poniewaz nawet w epoce obliczern eksaskalowych atomistyczne
symulacje catych komérek sa z obliczeniowego punktu widzenia nieosiagalne, gruboziarniste
modele reakcji-dyfuzji wydaja si¢ by¢ niezbgdna i realng alternatywa. W takich modelach klu-
czowe jest poprawne opisanie dyfuzji i reakcji wszystkich biologicznie istotnych czasteczek.
Jednakze, jak wiadomo od dekad, wnetrze komérki jest zattoczone makroczasteczkami, ktére
zajmuja od 20 do 40% jej objetosci. Jasnym jest, ze dyfuzja i reakcje w warunkach takiego
zattoczenia nie sa takie same jak w probéwkach. Aby zrozumie¢ te réznice, w niniejszej roz-
prawie badamy jak zattoczenie wptywa na dyfuzj¢ makroczasteczek, rownowagi chemiczne
oraz kinetyke reakcji.

W wielu symulacjach komputerowych makroczasteczki tworzace zatloczone Srodowisko
wewnatrzkomorkowe reprezentowane sa przez twarde kule. Jednak makroczasteczki wewnatrz
zywych komorek cechujg si¢ r6znym ksztattem i migkkoScia. Za pomoca symulacji dynamiki
brownowskiej pokazujemy, ze czynniki te moga wyraznie wptywac na dyfuzje makroczaste-
czek. Na przyktad, jak wynika z naszych badan, wydtuzone czasteczki zattaczajace spowalniaja
dyfuzje bardziej niz kuliste, a twarde bardziej niz migkkie, ale nie w przypadku wydtuzonych
czastek dyfundujacych.

Aby zmniejszy¢ koszt obliczeniowy, wiele badan uwzglednia oddziatywania hydrodyna-
miczne uzywajac (uogdlnionego) przyblizenia Rotne-Pragera-Yamakawy (RPY, lub dalekiego
pola), zaniedbujac efekty lubrykacyjne bliskiego pola. W niniejszej rozprawie przedstawiamy
otwarty program komputerowy (pyBrown), ktéry uwzglednia zaréwno oddziatywania hydrody-
namiczne bliskiego, jak 1 dalekiego pola. Uzywajac tego programu pokazujemy, ze popularne
przyblizenie RPY wyraZnie zawyza wspéiczynniki dyfuzji makroczasteczek w zattoczonym
Srodowisku. Ponadto przyblizenie RPY moze dostarczy¢ nawet mniej doktadnych wynikéw
niz symulacje bez oddziatywan hydrodynamicznych w ogéle.

Zywa komérka jest uktadem nieréwnowagowym, w ktérym nieustannie zachodzi wiele re-
akcji chemicznych. Dlatego tez kolejnym istotnym aspektem komputerowego modelowania
komorek jest uwzglednienie sprzgzenia dyfuzji i reakcji. Za pomoca symulacji dynamiki brow-
nowskiej badamy wplyw zatloczenia na przyspieszenie dyfuzji enzyméw w wyniku katalizy,
ktére niedawno zaobserwowano w rozcienczonych uktadach (tj. bez zatloczenia). Rozwazamy

model enzymu, ktdry kurczy si¢ po zwigzaniu substratu i wykazujemy, ze takie enzymy przeja-
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wiaja przyspieszona dyfuzje rowniez w zattoczonym Srodowisku. Efekt przyspieszenia dyfuzji
ro$nie gdy zatloczenie jest spowodowane przez enzymy, ale maleje gdy jest spowodowane przez
nieaktywne czasteczki. Katalitycznie aktywne enzymy przyspieszaja réwniez dyfuzj¢ nieak-
tywnych czasteczek. Jedna z metod badania takiego przyspieszenia dyfuzji moze by¢ pomiar
w uktadach mikroprzeptywowych o geometrii w ksztalcie litery H. Przeprowadzamy projekt
takiego eksperymentu i badamy w jakich warunkach umozliwia on zbadanie przyspieszonej
dyfuzji enzymow.

Od czasu przetomowych prac Mintona wiadomo, ze zatloczenie wpltywa na réwnowagi che-
miczne 1 kinetyke reakcji. Jednak nasze zrozumienie tego, jak przebiegaja reakcje w warunkach
zattoczenia jest wciaz ograniczone. W niniejszej pracy badamy kinetyke reakcji katalizowanych
przez enzymy zmieniajace konformacje w cyklu katalitycznym oraz wplyw zatloczenia na te
reakcje. Korzystajac z teorii czastki skalowanej (scaled particle theory, SPT) wyprowadzamy
wyrazenie wiazace ze sobg zmiang szybkosci reakcji w zattoczeniu i czynniki geometryczne
opisujace jak enzym zmienia ksztalt podczas obrotu katalitycznego. Wyniki te testujemy za
pomoca symulacji dynamiki brownowskiej dla modelu enzymu sktadajacego si¢ z dwoch kulek
zmieniajacych swoja odlegto$¢ réwnowagowa po zwiazaniu substratu.

Reakcje multiwalentnego wiazania odgrywaja istotna rolg w wielu procesach podtrzymuja-
cych zycie i1 zagrazajacych mu, od wiazania przeciwciat z antygenami w odpowiedzi immuno-
logicznej po agregacje amyloidu. Chociaz takie reakcje czgsto zachodza w warunkach zatto-
czenia, jego wpltyw na ich rownowagi nie jest w petni zrozumiany. W tej rozprawie badamy
kooperatywnos$¢ wiazania diwalentnego — wazna miarg opisujaca jak wigzanie w jednym miej-
scu aktywnym wptywa na powinowactwo pozostatych miejsc aktywnych — uzywajac SPT oraz
podejscia taczacego catkowanie Monte Carlo i dynamike¢ brownowska. Pokazujemy, ze zatlo-
czenie moze zwigkszac lub zmniejszaé kooperatywno$¢ w zaleznosSci od tego jak konformacja
makroczasteczki zmienia si¢ w kolejnych etapach wigzania. W szczegdlnosci, stwierdzamy ze

reakcje niekooperatywne moga staé si¢ kooperatywne w warunkach zatloczenia i odwrotnie.
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Chapter 1
Introduction

The ultimate aim of the modern movement in biology is to explain all biology in

terms of physics and chemistry.

Francis Crick

A central theme of the work described in this Thesis is to study macromolecular diffusion
and chemical equilibria in diverse, crowded environments akin to biological cells, particularly
concerning the total concentration and other, more subtle features, e.g., shape, softness, and en-
zymatic activity of its constituents. In this introductory section, I first present the motivation for

this work (Section 1.1), and then provide an overview of the proceeding chapters (Section 1.2).

1.1 Motivation

Recent decades have brought huge advances in experimental techniques such as super-resolution
fluorescence microscopy (SRFM) [1], cryo-electron microscopy (cryo-EM), and cryo-electron
tomography (cryo-ET), which allow for obtaining high-resolution images of living cells and
observing their macromolecular constituents therein [2]. Results obtained using these cutting-
edge methods provide the scientific community with data concerning not only the structure of
the cells but also the dynamics of their building blocks. The number of examples grows quickly
and includes, among others, visualization of endoplasmic reticulum-associated degradation in
the unicellular alga [3] and cytoplasmic translational machinery in HeLa cells [4]. The major
advantage of these novel methods is that in contrast to X-ray crystallography, which demands
cumbersome and time-consuming protocols to isolate the macromolecules of interest and pre-
pare their crystal samples, cryo-EM and SRFM image them directly in their native environment,
with all of its extraordinary and fascinating features.

The most striking feature of biological cells is that they are overcrowded with diverse
biomacromolecules (Fig. 1.1) [5-8]. For instance, approximately 34-44% of Escherichia coli
cytoplasm volume is occupied by macromolecules [9], which makes it, paraphrasing Skolnick,

crowded to a similar extent to Times Square on New Year’s Eve [10]. Such crowding im-
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Figure 1.1: Image of crowded intracellular environment obtained using cryo-ET. It
presents cytosolic protein degradation machinery that removes the potentially harmful, mis-
folded proteins from the endoplasmic reticulum. It consists of proteasomes (red) and Cdc48
proteins ( ). Moreover, we can see cytosolic ( ) and membrane-bound (blue)
ribosomes. Figure reprinted from ref. [3].

pacts the physical chemistry of the intracellular milieu in a complex way [11-19]. Apart from
macromolecular crowding, there are also other interesting features of cellular compartments.
In particular, a cell is a non-equilibrium system, and changes in metabolic activity reportedly
glassificate its cytoplasm [20, 21].

The aforementioned quickly growing body of high-resolution cell images leads to the emer-
gence of a more precise picture of the biological cells at the nanoscale. In some sense, it is
analogous to the accurate and solicitous astronomical observations of XVIth-century Danish
astronomer Tycho Brahe, who authored the famous star catalog and noted the precise posi-
tions of planets over many years [22]. These experimental results then paved the way for his
more broadly recognized successors: Johannes Kepler (assistant of Tycho Brahe) and sir Isaac
Newton, who revolutionized science by finding general laws governing celestial mechanics
(Fig. 1.2).

Nowadays, one of the grand challenges of the XXIst-century science in general, and compu-
tational biophysics in particular, is the development of computer code simulating the biological
cell in a quantitative and predictive way [24-29], which we could name “CELLestial” me-

chanics. While the “stars” of cellular biophysics, i.e., protein structures, are to a large extent

2
http://rcin.org.pl



Figure 1.2: Celestial mechanics — wood engraving. The Flammarion engraving by unknown
artist. It was originally published by Flammarion [23]. Photographic reproduction source:
https://en.wikipedia.org/wiki/File:Flammarion. jpg.

cataloged, thanks to ambitious projects such as AlphaFold [30] and Protein Data Bank (PDB)
[31], the latter of which recently celebrated its 50th birthday [32], the tracks over which the
“CELLestial” bodies move are still missing. Such a piece of code, embodying our best knowl-
edge of the laws governing the intracellular mechanics, would be a great tool in many areas of
research and technology, including bioengineering, precision medicine, and the origin of life
research.

Cell inner workings stem from the microscopic dynamics of the macromolecules constitut-
ing it, such as proteins, ribosomes, and nucleic acids. However, although we are undoubtedly
at the dawn of the exascale computing era, the first-principle simulations of whole cells are
currently unattainable and will probably remain so in the coming years. Netz & Eaton [33]
estimated that it would take ca. 1 billion years to run such a simulation of one of the tiniest
unicellular organisms, Mycoplasma genitalium (~ 3 - 10° atoms), for the duration of its dou-
bling time, which is ca. 2 hours. Assuming that the exponential rise of computational power
will continue in line with Moore’s law (= 10-fold increase every 5 years), which is somewhat
unrealistic [34], these simulations would become feasible no earlier than 50 years from now.
Even the much more coarse-grained treatments, such as Brownian dynamics (BD) and Stoke-
sian dynamics (SD), are currently at the limit of our computational capabilities when applied to

small fragments of cytoplasm [35-38]. Because of that, Netz & Eaton [33] pointed out that, so

3
http://rcin.org.pl


https://en.wikipedia.org/wiki/File:Flammarion.jpg

far, it is much more feasible to employ reaction-diffusion equations to these types of problems,
which for equivalent systems could be solved in a month timescale.

In reaction-diffusion systems, the major bottleneck is not in computation per se but instead
in gathering all the relevant information about diffusion and reaction properties from indepen-
dent experiments and calculations. This information cannot be obtained by in vitro experiments
or small-scale simulations unless we understand in detail how they are affected when molecules
and reactions are transferred to the intracellular environment by, among other factors, macro-
molecular crowding. This fact motivates the research on generic effects of crowding on macro-

molecular diffusion, chemical equilibria, and reaction kinetics.

1.2 Outline

This Thesis is organized in the following way.

* In Chapter 2, I cover the concepts fundamental to the scope of this Thesis, which are:
Brownian motion, anomalous diffusion, macromolecular crowding, and chemical equi-

libria.

* In Chapter 3, I present the computational methods we used to carry out the research
presented in this Thesis, viz., Brownian dynamics, Stokesian dynamics, and Monte Carlo

integration.

 Chapter 4 is devoted to macromolecular diffusion in crowded environments. This chapter
provides an extensive literature review covering the experimental measurements of dif-
fusion in vivo, as well as experimental and theoretical studies aimed at elucidating the
physicochemical reasons for the observed diffusion slowdown. Previous studies focused
mainly on the dependence of the diffusion coefficient on the occupied volume. In this
Thesis, the diffusion slowdown is decomposed into contributions from two kinds of hy-
drodynamic interactions, showing that the popular approach to account for them substan-
tially overestimates the diffusion coefficients in crowded environments. Furthermore, the
chapter covers the research performed in collaboration with our experimental colleagues
from RWTH Aachen University. We single out the effect of crowder shape on diffusion
in crowded environments and hypothesize about the role of hitherto unknown attractive
interactions between the diffusing molecule and crowders in the experimentally observed
unexpectedly slow diffusion. Finally, I describe the effect of crowder softness on diffu-

sion, with particular emphasis on its dependence on the shape of diffusing molecule.

* In Chapter 5, we explore an enhanced enzyme diffusion, which is an increase in the dif-
fusion coefficient of an enzyme in the presence of substrates of the reaction it catalyzes.
Previous studies reported this phenomenon for various enzymes, but its existence is still

heavily debated, and overall, the research so far has generated more heat than light. Here,
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the effect of macromolecular crowding on this phenomenon is discussed, which has never
been done before. Moreover, I describe the rational design of H-cell measurement for
detecting enhanced enzyme diffusion, and discuss how feasible it is to realize it experi-

mentally.

* Chapter 6 deals with the change in reaction rates and shift of chemical equilibria due to
macromolecular crowding. Previous studies investigated these effects extensively with
scaled particle theory. Here, the scaled particle theory formalism and Brownian dynam-
ics are applied to conformation-changing enzymes, showing that macroscopic chemical
kinetics measurements may give insight into the microscopic features of enzyme confor-
mations. Furthermore, the influence of crowding on the cooperativity of divalent binding
reactions is explored. In some cases, crowding may even lead to the emergence of coop-

erativity in otherwise noncooperative systems.
* Chapter 7 summarizes the results presented in this Thesis.

Appendices A—E contain technical details regarding the implementation of computational meth-

ods, applied software, and the experimental setup.

5
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Chapter 2

Theoretical background

A scientist would rather use someone else’s toothbrush than another scientist’s

nomenclature.

Murray Gell-Mann

2.1 Brownian motion

Brownian motion phenomenon is named after Scottish botanist Robert Brown, who in 1827
observed random, leaping movement of plant pollen suspended on the surface of water [39]
(see example Brownian trajectories in Fig. 2.1). The phenomenon was rather mysterious at
that time, and the explanation was provided only in the next century, independently by three
scholars: Albert Einstein [40], William Sutherland [41], and Marian Smoluchowski [42].

For the sake of brevity, we will not discuss the original development of the Brownian mo-
tion theory in chronological order. Readers interested in the historical aspects are referred to
comprehensive review papers published in 2005 on the occasion of the 100th anniversary of
explaining the Brownian motion [43—45]. Instead, we will start from the equation proposed by
another famous scholar of that time, Paul Langevin, in 1908 [46]. It is especially handy here, as
it is an equation of motion, and thus adheres to the computational, mechanistic approach held
throughout this Thesis.

Langevin proposed a stochastic differential equation that describes the Brownian motion in
a framework of the Newtonian dynamics:

pe

m@r = _Fdrag + Franda (21)

where ¢ is time, m is mass of a Brownian particle, 7 is its position, F 4., is drag force expe-
rienced by it, and F'.,,q is fluctuating random force acting on it. For brevity, we assume that
the Brownian motion is performed in R?, although Eq. 2.1 may be used to describe Brownian

motion in R” for arbitrary n € N .
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Figure 2.1: Ten example trajectories of Brownian particles starting from the same point.

The idea behind Eq. 2.1 is a division of the degrees of freedom into two classes: fast —
degrees of freedom of solvent and slow — degrees of freedom of the Brownian particle. Knowing
the positions and momenta of all the particles and all the forces, it would be possible to simply
solve the coupled Newton equations explicitly for both types of particles without any need for
introducing randomness. However, the sheer number of fast degrees of freedom renders the
problem practically unsolvable. Instead, the Langevin equation accounts for the fast particles
implicitly, via drag and random forces exerted by them collectively. The formula for the drag

force acting on a sphere moving in a viscous fluid was derived by Stokes and reads [47]:

F 4,y = 6mnav = v, 2.2)

where 7) 1s a dynamic viscosity of the fluid, v = %r is the velocity of a sphere, and a is its

radius.

2.1.1 Mean squared displacement

The nature of Brownian motion is stochastic and the random force F',,q does not have a pre-
ferred direction ((F',.,q) = 0) and does not depend on the position of the particle ((r! Fanq) =
0, where superscript 7 denotes a transpose of a matrix). Because of that, we cannot use mean
displacement (r(¢) —r(0)) to describe the particle’s mobility, as it is 0 regardless of the dynam-
ics of the motion. Instead, we investigate the behavior of mean squared displacement (MSD),

le.:

MSD(#) = ((r(t) = (0))" (r(t) — 7(0))). (2.3)

7
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In the course of the derivation, we assume 7(0) = 0 for simplicity.

Interesting conclusions may be drawn after few ingenious transformations of the Langevin
equation proposed by Langevin himself. Firstly, Eq. 2.1 multiplied from the left by »*, with the
drag force expanded using Eq. 2.2, yields:

r d

d
mrloar = —£TT£T + 1T Fana. (2.4)

Using the following properties of derivatives:

d 1d
T% = 5% (rT'r> , (253)
d? 1 d? d d
T = — Ty — | =T | — 2.5b
Taet T oar <dtr )dtr’ (2.55)
we rewrite Eq. 2.4 as:

1 d? 1.d

57”@7”717' + §£ETTT’ = m'UT'U + 'r'TFrand. (26)

It is now difficult to progress without any further assumptions. However, we can use what
we know from thermodynamics, as we believe that the final microscopic description for ¢ — oo
should be consistent with the predictions for the equilibrium state. From the equipartition the-
orem, we know that (v”v) = 3kgT/m, where kg is Boltzmann constant and 7' is temperature.
We can then ensemble-average Eq. 2.6, knowing that (r7 F',,,q4) = 0 and using MSD = (rTr),
to obtain:
2

1 1. d
—m—MSD + —¢(—MSD = T 2.
2mdt2 SD + 2£dt S 3ksT, 2.7)

which after single integration gives:

4 \isp = cexp (—£t> + 6kBT, (2.8)
dt m 19

where c is an arbitrary constant.
For times well beyond the momentum relaxation time, i.e., t > m/¢, the solution of Eq. 2.7
is:
kgT
MSD(t) = 6%1& — 6Dt (2.9)
Thus, the Langevin equation at long times predicts a linear dependence of MSD on time. The
proportionality factor D is called a diffusion coefficient (compare to Eq. 2.2) and is related to

temperature 7', fluid viscosity 7, and sphere radius a through the Stokes-Sutherland-Einstein

8
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(SSE) relation:

kT
~ 6mna’

D (2.10)

We will use Eqgs. 2.9 and 2.10 frequently in this Thesis.

2.1.2 Fluctuation-dissipation theorem

Thermodynamics imposes yet another constraint on the equilibrium state (t — oco), which
makes F',,q dependent on & = kgT'/D. To show that, for simplicity, we assume that F',,,q has

no memory, meaning:
<Frand(t)TFrand(t,)> = 3026 (t - t,) s (211)

where o controls the strength of the random force, and 6(¢ — t') is the Dirac delta distribution.
The lack of memory stems from a huge number of collisions per second with much smaller
solvent molecules constituting the fluid (=~ 10'* at room temperature) [48]. Direct integration
of Eq. 2.1 leads to:

g 1 ! ! f / /
v = Vg exp <_Et) + E/o Fona(t') exp {—E (t—t )} dt’, (2.12)

where v is v(0). Using Eq. 2.12, we find an expression for squared velocity v’ v:

2
vy = vgvo exp <_—£t> +
m
e : 5
W/(; /(; Frand(t/) Frand(t//) exp [_E <2t_t/_t,,>:| dt/dt”+
2 o () o [ Frana(®yesn | ~E 0~ )] ar
— exp —— IUO/ Frand(t)eXp - (t_t) dr. (213)
m m 0 -

Ensemble averaging of v’ v (Eq. 2.13) using Eq. 2.11 and the following property of the
Dirac delta:

/ f(2)o(x — 2')dx' = f(z), (2.14)

where a < x < b, leads to:

2
<vTU> = <vgv0> exp (—%t) + 23;25 [1 — exp (—fn—ét)} : (2.15)

9
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Then, computing the ¢ — oo limit results in:

3 2
lim (vv) = 7.
t—o00 2777,5

(2.16)

To satisfy the equipartition theorem, Eq. 2.16 has to be equal to 3kg7'/m, which leads to an

expression for o:

o = /2kpTE, 2.17)

often referred to as the fluctuation-dissipation theorem. It constitutes the fundamental relation

between F'y,,, and F',,,q in the Langevin equation.

2.1.3 Concluding remarks

The essential conclusions from the derivation above are: (1) after some initial time, referred to
as momentum relaxation time, the increase in MSD of an isolated Brownian particle is linear
(Eq. 2.9), which is a characteristic feature of diffusion, as compared to ballistic motion for
which it is quadratic; (2) the diffusion coefficient D depends on temperature, viscosity, and size
of a Brownian particle, as dictated by the SSE relation (Eq. 2.10). Linear dependence means

that the time 77, needed, on average, to traverse distance L is:

L2

=D (2.18)

TL

In other words, in order for a Brownian particle to reach a distance 10 times larger, 100 times
longer time is needed, which renders the efficiency of diffusive transport smaller and smaller

when the system size increases.

2.2 Anomalous diffusion

The classical description of Brownian motion provided by Einstein, Sutherland, Smoluchowski,
and Langevin, and summarized in Section 2.1, explains the motion of dilute particles suspended
in simple, homogeneous fluids. However, there are physical systems driven by random forces, in
which the tracked particle’s MSD is not a linear function of time (compare to Eq. 2.9). Examples
of such behavior are numerous and include, e.g., diffusion of enzymes in lipid membranes [49]
and mRNA in Escherichia coli cytoplasm [50].

There are two assumptions guaranteeing the linear dependence of Brownian particle’s MSD
on time: (1) the lack of memory, i.e., consecutive steps are statistically independent (Eq. 2.11),
(2) the existence of MSD for a single step, i.e., the mean of the step length probability density
distribution exists. If an MSD deviates from linearity, then at least one of these two assumptions

does not hold. We refer to this phenomenon as anomalous diffusion.
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MSD(#)

Time t

Figure 2.2: Comparison of MSD for anomalous (o = 0.5, 1.5) and normal (o = 1) diffusion.

A detailed discussion of the mathematical formalism used to describe anomalous diffusion
is beyond the scope of this Thesis. An interested reader is referred to review papers elaborating
on that topic [45, 51-54]. Below, we focus only on the behavior of MSD.

Eq. 2.9 can be generalized to a power law to account for the anomalous behavior:

P\l
MSD(t) = 6I't <%) , (2.19)
where I is a generalized diffusion coefficient, ¢, is a characteristic timescale, and « is an anoma-
lous exponent. Sometimes Eq. 2.19 is expressed with I'/t3~! compressed into a single constant,
but then its dimension is c-dependent.

When o > 1, the process is superdiffusive because for ¢ > ¢, the diffusion coefficient
appears to increase with time; when o < 1, the process is subdiffusive because for ¢ > t, the
diffusion coefficient appears to decrease with time. For o = 1, Eq. 2.19 reduces to Eq. 2.9, i.e.,
normal diffusion (Brownian motion), with D = I'. All three cases are compared in Fig. 2.2.

There are various physical mechanisms responsible for the emergence of anomalous dif-
fusion, among others, active transport of particles by motor proteins [54], binding sites acting
as traps for the diffusing particles [55], macromolecular crowding (Section 2.3) [56, 57], and
viscoelastic properties of the medium [52, 58]. The overall behavior of MSD may be even more

complex and impossible to express by a single power law.

2.3 Macromolecular crowding

The primary observation made through various imaging techniques, as visualized in renowned
illustrations by Goodsell [6, 7], is that the cytoplasm is highly crowded by diverse macro-
molecules. The total macromolecular mass concentration is 17-35% of cell’s entire weight

[5]. In particular, the total macromolecular concentration in E. coli was estimated to be 300-
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400 mg mL~! [9]. The intracellular space is then approximately an order of magnitude more
concentrated than, e.g., typical seawater (in terms of mass concentration of salt). However,
a handful of compounds are concentrated therein, as the macromolecular content is divided
among thousands of different chemicals, which are often present in small copy numbers. For
instance, in E. coli, tRNA is ~ 500 uM (= 300000 copies), ribosome is ~ 50 uM (= 30000
copies), RNA polymerase is ~ 10 uM (= 6000 copies), and mRNA is ~ 4 uM (= 2400 copies)
[6]. That is why the term macromolecular crowding was coined to connect the realm of con-
centrated solutions to those in which no specie is necessarily concentrated per se, but by their

multitude, in total, the solution behaves as concentrated.

2.3.1 Occupied volume

A useful but simplistic approach to describe crowded systems is to approximate all these macro-
molecules by hard bodies of certain sizes, e.g., by hard spheres. For hard bodies, the potential
energy is infinite when the bodies overlap with each other and zero otherwise (Eq. A.6). The
concentration of such mixtures may be expressed by occupied volume fraction ¢,.., which is

the volume occupied by all hard spheres divided by the total volume of the system V:

dr 1 &
_ sl 3
boce = 535 > Niai, (2.20)
k=1
where k runs over all different molecule types, [V is the number of k-th molecules in the system,

and a;, is k-th molecule’s radius.

2.3.2 Excluded volume

Even if two systems are characterized by equal occupied volume fraction, it does not mean
that all that volume is equally accessible to the center of geometry of any particle. From the
perspective of an arbitrary particle ¢, the volume inaccessible to its center of geometry is called
excluded volume and its ratio to the total system volume V is excluded volume fraction ¢y ;.
Concepts of occupied and excluded volume are visually presented in Fig. 2.3.

The volume excluded by a sphere of radius a; to a sphere of radius a; (and vice versa) is:

4
Vexij = gw(ai + a;)3. (2.21)

In contrast to occupied volume, excluded volume is not additive because excluded volumes of
many hard particles may mutually overlap (Fig. 2.3c). Hence, computing ¢, in dense systems
is not as straightforward as ¢... (compare to Eq. 2.20). However, one can harness numerical
methods such as Monte Carlo integration for that purpose (Section 3.3).

For a given system in a given configuration, excluded volume ¢., depends on the size and
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occupied volume

Figure 2.3: Concepts of occupied and excluded volume. (a) Volume occupied by a sphere
(red, above) and an arbitrary configuration of these spheres (below). Spheres are hard and hence
cannot overlap. (b) Volume excluded by a sphere (red, above) and an arbitrary configuration of
these spheres to a small particle (black). (¢) The same as (b) but for a larger particle.

shape of a particle to which the volume is excluded. Moreover, it depends on the sizes and
shapes of the crowders. Note that the occupied volume is the volume excluded to a point
particle. In the context of crowding, the distinction between occupied and excluded volume is

of utmost importance, and leads to several interesting effects (Sections 4.3 and 4.5).

2.3.3 Occupied volume inside biological cells

The macromolecular content of biological cells is commonly estimated to reach 20-30 % of
their total volume [8]. For E. coli, Zimmerman & Trach [9] found ¢,.. = 34-44 % by perform-
ing composition measurements of cell extracts and then carefully accounting for differences
between the extracts and the parent cytoplasm. This ¢, is closer to a crystal than to a dilute
solution, as for equally sized spheres, the phase transition from a fluid to an FCC solid is at
Goce = 54% [59]. CyberCell Database [60] (currently down, but the data still available at BioN-
umbers [61]; BNID: 100045, 100046, 100050, 100051) provides fractions of E. coli cell volume
occupied by specific families of macromolecules (Fig. 2.4). Among these, proteins constitute
the majority (17 %), followed by ribosomes (8 %) and nucleic acids (7 %).

The occupied volume is roughly three times smaller in the eukaryotic cell cytoplasm, proba-
bly because they are much larger than prokaryotic ones and in part due to compartmentalization
[62]. It is worth mentioning that the analysis of electron micrographs by Gershon et al. [63]
indicated that 16-20% of PTK (cell line derived from male long-nosed potoroo epithelial kidney
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Figure 2.4: Estimated fraction of the E. coli’s cytoplasm volume occupied by various
families of macromolecules. Data accessible at BioNumbers database [61]; BNID: 100045,
100046, 100050, 100051.

cells) cell volume is occupied by various elements of the cytoskeleton, which seemingly con-
tradicts the claim about significantly smaller ¢,.. in eukaryotic cells. However, this estimate is
now considered incorrect as a significant fraction of the observed structures that were counted
into ¢, turned out to be merely artifacts of the preparative method [64].

One comment is worth adding here. Although it is a common practice to treat proteins and
polymers as spheres of some effective radii, there is some freedom in choosing these radii, es-
pecially for significantly nonspherical entities. Nonetheless, such a treatment works reasonably
well to describe the changes in thermodynamics and kinetics of proteins upon moving them to
a crowded environment. For example, it leads to the correct reproduction of the experimen-
tal dependence of osmotic pressure, sedimentation equilibriumm and light scattering data of
hemoglobin and serum albumin solutions over a broad range of concentrations [12]. The rea-
son is the averaging over all mutual orientations of interacting macromolecules, which leads to
canceling out subtle effects of local attractions and repulsions, leaving the steric volume exclu-
sion as the primary effect, possibly with slightly modified radii of the hard spheres. However,
this reasoning holds only if the long-range electrostatic interactions are absent or effectively
screened. Ando & Skolnick [36] confirmed the validity of the effective sphere approximation in
simulations of E. coli cytoplasm, where replacing rigid macromolecular models for the effective
spheres led to only minor differences in their diffusion coefficients. For these reasons, effec-
tive sphere models have been successfully employed in so many studies. The question remains,
however, whether this approximation holds for significantly nonspherical macromolecules, such
as dsDNA or mRNA. We will discuss this issue in Section 4.3.
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2.4 Chemical equilibria

A description of the macromolecular mobility alone is far from sufficient to understand how
living cells work. Their functioning is based on chemical reactions that take place in them. It
turns out that these reactions may proceed differently in the cellular environment than in a test
tube [17, 18]. Although biological systems are fundamentally non-equilibrium, a description in
the language of equilibrium constants, popularized by Allen Minton [12, 17, 18, 65], makes it
possible to understand and quantify these differences.

Let us consider a general chemical reaction:

Ko

|I/1 |X1 + |I/2 |X2 + ...+ |VNr XNr S VUN,.+1 XNr+1 + ...+ VNr+Np XNr—i—Np (222)

where v; is a stoichiometric coefficient of the reagent X; (negative for reactants, positive for
products), /V; is a number of reactants and /N, is a number of products. In the limit of infinite
dilution, the concentrations [i| of the reagents in chemical equilibrium are related via equilib-

rium constant /;:

Ne+Np

Ko (T.p)= ] 10", (2.23)

i=1

where 7" and p are temperature and pressure, respectively. In turn, the equilibrium constant K,

is related to the free energy change of reaction AF":
AF = —kgT In K, (2.24)

where kg is a Boltzmann constant. If the assumption of a very low concentration of the reagents
does not hold, Eq. 2.23 breaks down. There are two distinct approaches to correct for that.
One approach is to say that the equilibrium constant does not change, but instead of relating

concentrations, it relates activities {i} defined as follows:

{i} = v lil, (2.25)

where +; is an activity coefficient of ¢-th reagent in equilibrium that depends on the concentra-
tions of all species and tends to unity in infinite dilution. Then a thermodynamic equilibrium

constant is:

Ne+N,

Ko (T.p)= ] (i} (2.26)
=1

regardless of the concentrations of all species.

The alternative approach is to say that the free energy of a reaction AF' changes by a value
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AAF and, in consequence, following Eq. 2.24, the equilibrium constant of the reaction changes
as well. By virtue of that, the new composition-dependent equilibrium constant K (7', p, {[i|})
remains a relation connecting concentrations, not activities. K is called an apparent equilibrium

constant and reads:

Ne4+Np

K =K, H N (2.27)
=1

Both approaches are equivalent and related via:

Ni+Np N+ Ny
AAF = —kgThn [ 77" = Y wAF, (2.28)
=1 =1

where AF; = kgT In ~; are additive contributions to AAF' from each reagent.

2.4.1 Effect of macromolecular crowding

To study the effect of crowding, we assume that all reagents are in infinite dilution, but apart
from them, there is a high concentration of inert crowders, which indirectly affect the chemical
equilibrium through excluded volume. By virtue of that, in the activity-approach we can say
that ; depend only on the concentration of the inert crowders measured by the occupied vol-
ume fraction ¢,.. (Section 2.3.1). Similarly, we can say that the apparent equilibrium constant
depends, apart from 7" and p, also on @y.

To find the physical interpretation of AF; (Eq. 2.28) in such scenario, we consider a thermo-
dynamic cycle including the same reaction in a dilute solution and in a crowded environment
(Fig. 2.5). Since the free energy is a function of state, it is clear that AF; expresses the free
energy of inserting ¢-th reagent into the crowded system.

To find AF;, we turn to statistical mechanics, in which the apparent equilibrium constant

may be expressed using molecular partition functions g; [66]

Ne+N,

k=TI (%)V (2.29)

=1

where V is the volume of the system. We consider molecule i to consist of n; beads. Then,

molecular partition function g; in the classical limit reads:
gi = hm / .. ./exp (—06H;) Hdpjdrj, (2.30)
j=1
where h is Planck’s constant, 5 = 1/kgT is the inverse thermal energy, and j and r; are the
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Figure 2.5: Thermodynamic cycle of a reaction in a crowded system. For clarity, a chemical
reaction of the form A + B —— C is shown, but a similar cycle may be constructed for any
reaction. Horizontal arrows denote the reaction in dilution (upper half of the cycle) and upon
macromolecular crowding (lower half of the cycle). Vertical arrows denote “pseudoreactions”
of inserting each reagent into a crowded system.

momentum and position of bead j. H; is the molecular Hamiltonian of the molecule i:

H pr.
pa J £
Hi - E —2mj + Ui ({'I‘J}) y (231)

=1

with m; being a mass of j-th bead and U; being an intramolecular potential energy.
Upon introducing N immobile hard spheres of radii ac x at positions Ry, the Hamiltonian
changes to:

ng; N
Hi (Gocc) = Hi+ D_ > _V(r; — Ry), (2.32)

j=1 k=1

where V is the reagent-crowder interaction potential. The set of positions Ry represents a
particular configuration of crowders. Thus, the molecular partition function in a crowded system
is an ensemble average of g;(¢occ) over all crowder configurations:

0(fcc) = b < [+ [exol-prs @[] dpjdrj> . @33)
j=1

cr

For our purposes, the crucial quantity is a ratio of the apparent equilibrium constants with

w
TTrup B
i E}‘.A e

5
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and without crowders, the latter being equal to thermodynamic equilibrium constant K, i.e.:

Ne+Np Ne+Np

K oce — v ) qbocc v
S e ()

i=1 i=1
The ratio of partition functions with and without crowding amounts to:

Gi (Goce) _ (S fexp (=BH) exp =835, S, Viry — R)| T dpydr; )

¢ (0) S Jexp (=BH) [T}, dp;dr; 7
(2.35)

which, upon integrating out the momentum degrees of freedom, simplifies to:

G (o) (S TP 120U ()] exp [<B 3 X, Viry = RO| T dry ).
w0 J - Jexp [=BU; ({rs DT, dr

(2.36)

For hard-sphere interactions between reagents and crowders, V' = Vug (Eq. A.6), and
Eq. 2.36 has an intuitive physical interpretation. For a single-bead molecule (n; = 1), Eq. 2.36

reduces to

QzHS ((bocc) <fffv exXp |:_6 chvzl VHS<r1 - Rk)] dajldylel)
4qi (0) B fffv dxdydz =1- ¢ex,i: (2.37)

where ¢, ; is the excluded volume introduced in Section 2.3. Inserting Eq. 2.37 and Eq. 2.29
into Eq. 2.34, yields:

K(boee) 1T
(KO ) H1 (1= Gexs) (2.38)
with:
Vi = 1_;% (2.39)
Inserting Eq. 2.39 into the definition of activity (Eq. 2.25) results in:
i} =l = o = 2.40)

(1 - ¢ex,i) 1% B Vacc,i7

Thus, the thermodynamic activity of a molecule of species 7 is given by the number of molecules
N; divided by the volume V,..; accessible to them. It means that hard crowders merely reduce
the size of the system, but to a different extent depending on the molecule size and shape. For

molecules much smaller than the crowders, ¢ex; ~ @occ and the accessible volume approaches

18
http://rcin.org.pl



the unoccupied volume.

2.4.2 Scaled particle theory

One way to approach the integral in Eq. 2.36 is to use Monte Carlo (MC) integration (Sec-
tion 3.3). An alternative approach is to construct some approximations, which can be done for
hard-sphere reagent-crowder interactions [67-70].

Assuming that a reagent 7 and crowders are hard spheres of radii a; and a.,, respectively,
and ignoring overlaps between excluded volumes, to a first approximation, expressing Eq. 2.39

using Eq. 2.21 leads to:

4 N
Iy = =1 (1= gecs) & —In |1 — 2735 (a0 + a;)’] . (2.41)

Transforming Eq. 2.41 and expanding in MacLaurin series up to the second order in a; and g,

where
¢OCC
= 242
g - ¢0CC’ ( )
leads to the following expression:
3a; 3a? 9a?
Invy, =In(1+4+g9)+ ( + ;)g—l— ;92, (2.43)
Qcr cr 26Lcr

which is the basic result of scaled particle theory (SPT) [71]. SPT loses accuracy with increase
of ¢... and decrease of crowder size, as Eq. 2.21 breaks down when excluded volumes start to
mutually overlap.

A better approximation is offered by the generalized SPT [12, 70], which includes also the
third order terms and applies to crowders of various convex shapes. In the generalized SPT, the

activity coefficients are [12]:

Invy =In(1+g)+ (1+g) (H ((S)) + Si ((H)) + Vi ((1))) +

S0 (H2 () + 2V (D) () + 51+ 9V () ()" 2:44)

where V;, S;, and H; are the i-th particle’s volume, surface area, and Kihara parameter (half of
the orientation-averaged projection of the particle onto a single axis), respectively. For a generic

observable G,

M
1
(G) =35 > NG, (2.45)
k=1
where M is the number of different types of crowders, and Ny, is the number of crowders of type
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k. Note that ((H?)) = (1/V) 3oL, NyH? # ((H))? and that ((1)) = N/V is the concentration
of crowders.

When all the crowders are spheres, we can simplify Eq. 2.44 to:

3H; 35, V, 9H? 3V, 3V
+ +—> ( L+ >2—|——g. (2.46)

ny; = Inf +g)+<Hcr S Vi 22 Vi Vo

Additionally, when i-th molecule is a sphere as well, we can fuurther simplify Eq. 2.46 by
using the explicit expressions for the volumes, surface areas and Kihara parameters (for spheres
H = a) in the following way:

3

3a; 3a° 9a?  3a3 3a;
Invy; =1In(1 : Ly L . L) g® + =gt 2.47
nvy; = In( +g)+<acr+a§r+a§)g+(2a§r+a3)g +agg (2.47)

T

cr Cr

Equation 2.47 is an improved version of Eq. 2.43. We will use generalized SPT to compute
reaction rates of enzymatic reactions (Section 6.2) and the cooperativity parameters of divalent

binding reactions (Section 6.3).
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Chapter 3

Methods

The inside of a computer is as dumb as hell but it goes like mad!

Richard Feynman

3.1 Brownian dynamics simulations

Probably the most straightforward approach to simulations of biological systems is molecu-
lar dynamics (MD). In MD, one applies the Newtonian equations of motion to atoms and
molecules. Despite huge development in this field [72, 73], demonstrated, for instance, by its
role in understanding the workings of SARS-CoV-2 spike protein [74], it is still challenging to
reach with that method timescales characteristic to many important biological phenomena [33].

There are various approaches to decrease the computational cost of MD simulations. One
approach has been discussed in Section 2.1 and consists in implicit modeling of the solvent
molecules through stochastic and drag forces (Eq. 2.1). The second approach is to coarse-grain
a system, i.e., represent multiple atoms, polymeric subunits or even whole biomacromolecules
with single beads in order to reduce the number of degrees of freedom. The hierarchy of ap-
proximations in biomolecular modeling is shown in Fig. 3.1.

Brownian dynamics (BD) is a simulation method used specifically to study mesoscopic
systems, for which it would be computationally too costly to perform quantum mechanics/-
molecular mechanics (QM/MM) or MD simulations. It was devised and first used in 1978 by
Ermak & McCammon [75] and since has been applied to a number of problems, most notably
to simulate bacterial cytoplasm [36, 37] and cell adhesion [76]. The interested reader is referred
to review papers elaborating on BD applications [77-79].

BD stems from the Langevin dynamics (LD) governed by Eq. 2.1. The additional assump-
tion on top of the ones described in Section 2.1 is that the friction term is very large compared to
the particle mass, which leads to a quick relaxation of macromolecules’ momenta gained by the
action of the random force. In hydrodynamic terms, this corresponds to low Reynolds numbers

characteristic to small bodies (cellular and subcellular scale) in viscous fluids [80].
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Figure 3.1: Hierarchy of approaches used in biomolecular modeling. Brownian dynamics
(BD), Langevin dynamics (LD), molecular dynamics (MD), and quantum mechanics/molecular
mechanics (QM/MM) ordered according to their computational cost, accuracy, and level of
coarse-graining involved. In QM/MM and MD, particles are usually fine-grained and the water
molecules are included explicitly. In LD and BD, particles are usually coarse-grained and the
water molecules are included implicitly.

In such an overdamped limit, the Langevin equation reads:
d
—557' + F + \/2kgTEX (t) = 0, (3.1)

where F' is a deterministic force acting on Brownian particle (which we silently assumed 0
in Section 2.1), and X (¢) is a 3-dimensional standard white-noise stochastic process, i.e., J-
correlated process with zero mean and unit variance representing the direction of F'.,,,q. Equa-

tion 3.1 may be reformulated as:

i 1 kT D
S P 2 x = FyVaDX 32
A kT ! (3-2)

where we used Eq. 2.9 to introduce the diffusion coefficient.

For a system of N Brownian particles, with generally different diffusion coefficients, » and
F’ are block vectors, i.e., 3N-dimensional vectors, which may be understood as N-dimensional
vectors with 3-dimensional entries (sometimes called supervectors). Similarly, ) becomes a
block matrix D, with 3 x 3 blocks:

kgT

g 6mna;

D=6 I, (3.3)

where I is an identity matrix, a; is a hydrodynamic radius of i-th particle, and d;; is the Kro-

necker delta.
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The equation of motion in a matrix form reads:

1
—r=—DF +v2DX. 34
T G4
Here, D may be understood as a covariance matrix of the random force, up to a factor of 2,
and its square root, in case D is diagonal, is simply a matrix of square roots of the respective
elements. The BD with diagonal D is referred to as free-draining approximation [10]. Imple-
mentation of Eq. 3.4 is discussed in Appendix A.

3.2 Hydrodynamic interactions

To accurately describe systems consisting of many Brownian particles, it is necessary to take
into account hydrodynamic interactions between them [10]. Hydrodynamic interactions are in-
direct interactions between the particles mediated by the motion of a fluid. They arise due to
the fluid flows emerging as a result of particles’ motion. One may understand it as follows:
when two particles are close to each other, it is no longer true that their motions are statistically
independent. Note that the equilibrium properties of the system are not affected by hydrody-
namic interactions, as the steady-state solution of the corresponding Fokker-Planck equation is
the Boltzmann distribution [75].

Hydrodynamic interactions are included in BD by modifying diffusion matrix D with re-
spect to its free-draining form (Eq. 3.3). There are several methods to compute D accounting
for them. One often considers two distinct contributions: far-field (long-range) and near-field
(short-range). Originally, Ermak & McCammon [75] accounted only for the far-field hydrody-

namic interactions, and the progress in including near-field ones came later [81-84].

3.2.1 Far-field hydrodynamic interactions

Far-field hydrodynamic interactions do not affect the diagonal blocks of D but give rise to
off-diagonal blocks, which statistically correlate the random forces acting on particles in the
close proximity and make particles experience the deterministic forces felt by the particles in
their vicinity. The first approximation to off-diagonal blocks may be obtained by computing the
effect of the velocity field around a point particle on the velocity field in the arbitrary point of

the fluid using the Stokes equation [85]. This results in Oseen matrix or Oseen approximation

(L 7 J):

kT rijriT' ksT A AT
D, = I+ L] = I+7r), 3.5

T 8mnry; ( ry; 8mnrij ( ) (3-5)
where 7;; is a vector pointing from ¢-th particle to j-th particle. r;; is its length, ©;; = r;;/7;;,
T

and ’IA"U’IA"

;; 1s a projection matrix onto the axis connecting particle centers.
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This approximation can be iteratively corrected to account for nonzero volume of the hy-
drodynamically interacting particles. The consecutive corrections take form of powers of 1/r;;
[85]. The first iteration step applied to the hydrodynamic interactions between two spheres
yields the so-called Rotne-Prager- Yamakawa (RPY) matrix [86, 87]:

Di': 1 o I 1——Z Ai'A»' . 36
= | *3@) “( ) GO

The generalized RPY approximation [88, 89] additionally allows for different sphere radii

and their overlaps. The formula reads:

keT a? + a? a?+a?\ .
Dij(mj) = B {(1 + 37’2 ]> I+ <1 — 2 ]> 7'@'7"5-1 (373)

8N i

for r;; > a; + a; and

kT [1673(a; + a;) — [(a; — a;)® +3r2)? _ 3[(a; — a;)? — r2]?
DZ](TZ]) = B ]( J) [(3 ]) J] I [( ])3 J] ,'AQU,,A’.ZT
TN 32r; 7 32% j

(3.7b)

for a}f —a} <rij < a; + a;, where a} = max(a;,a;) and a]} = min(a,, a;). Finally:
kgT
Dy; = I, 3.7
7 6mnal (3.7¢)

ij
Note that D;; in Eqs. 3.5-3.7 decays as 1/7;;, which results in long-range character and slow

M
forry; <aj; —a

convergence of the hydrodynamic interactions. To account for that in simulations with periodic
boundary conditions, the Ewald summation method is used, as described in Appendix B.

Due to far-field hydrodynamic interactions, the distances between particles vary more slowly.
This means that two particles are repeled when approaching each other and attracted when mov-

ing apart.

3.2.2 Near-field hydrodynamic interactions

The Ewald-summated RPY diffusion matrix describes only the two-body far-field hydrody-
namic interactions. Stokesian dynamics (SD) [81-84] corrects the far-field diffusion matrix for
the two-body near-field and the many-body far-field effects. Here, we will focus only on the so-
called F-formulation of SD, i.e., we will ignore the degrees of freedom other than positions in
space (in particular, orientations). This approximation, although ignoring the coupling between
the rotational and translational mobilities, was demonstrated to correctly describe hard-sphere
suspensions [82].

A fundamental concept in SD is a resistance matrix &, which is related to the diffusion matrix
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by the generalization of the Stokes-Sutherland-Einstein (SSE) relation (compare to Eq. 2.10):
D = kgT€ ™. (3.8)

SD is based on the exact expression for the two-body resistance matrix £€°® obtained by Jeffrey
& Onishi [90] (Appendix C). The procedure is as follows: /N-particle Ewald-summated RPY
matrix is computed and then inverted to obtain the N-particle far-field many-body resistance
matrix £;°. While the RPY diffusion matrix involves only two-body interactions, inverting
it introduces many-body components in the resistance space [81]. Then, for particle pairs one
computes the 2-particle two-body Jeffrey-Onishi translation-translation resistance matrices &5,
which contain both far-field and near-field effects, and the 2-particle two-body far-field resis-
tance matrices £2°. All expressions needed to compute the former are gathered in Appendix C,
and the latter are computed by inverting 2-particle two-body generalized RPY diffusion matrix
(Eq. 3.7). The difference between these two gives a 2-particle (6 x 6) near-field lubrication

correction to the resistance matrix:

Ao =E" — €7 (3.9)

At the next stage, the lubrication term is itself corrected using a method suggested by Ci-
chocki et al. [91] to exclude the collective motion and avoid divergence of the diffusion matrix.

The procedure is sometimes called an improved lubrication correction [36] and reads:

A = qA& ¢ 0q"; (3.10a)
where:
LA (3.10D)
To5r 1| '

Then, the lubrication correction 6 x 6 matrices A&, are added to their corresponding blocks of
the 3N x 3N EgB. Finally, the resistance matrix is inverted to obtain the lubrication-corrected

diffusion matrix. The overall scheme may be summarized in the following expression:

D =keT (&% + 4" (&P - &7)d] (3.11)

3.3 Monte Carlo integration

3.3.1 General formulation

Many problems in statistical mechanics involve multidimensional integrals. The calculation of

these integrals poses a challenge, because hardly ever we can find analytical solutions. Further-

25
http://rcin.org.pl



more, the straightforward approach to solving them numerically, i.e., defining a grid of points
and using a method like Simpson’s rule, is not feasible, because the number of grid points grows
exponentially with the dimensionality of the problem.

Alternative approach is drawing points in which the function is evaluated at random — the
Monte Carlo (MC) approach [92]. In the simplest variant (crude MC), random numbers are
drawn from a uniform random distribution over the integration volume 2. Then the definite

integral of function f(x) over {2 may be approximated in a following way:

Nrot
/ f Ntot Zl

where N, is the total number of draws of «, and V5 = fQ dx is the volume.

f(®a), (3.12)

More general approach, called importance sampling, allows for drawing points from a

nonuniform random distribution. Then, the approximation of the integral reads:

N 1 Ntot f(wa)
/Qf(a:)da,-N Nmazlp(%), (3.13)

where p(x,,) is a probability distribution from which «,, is sampled.

3.3.2 Calculations of excluded volume

In Section 2.4, we showed that the excluded volume ¢, ; and activity coefficient -y; in crowded
systems can be calculated through multidimensional integration (Eq. 2.36). To compute these

integrals, we use Eq. 3.13 with p(x,,) being a Boltzmann distribution without crowders:

p({r;},) = [_ﬁZ(ij(){rj}a)] : (3.14)

where

:/.../exp [_6Ui({rj}>]ﬁ:drj7 (3.15)

is a configurational integral playing a role of the normalization factor. Inserting Eq. 3.14 into
Eq. 3.13 and using MC method to integrate Eq. 2.36, with

F{r;},) = exp [-BU; ({r;},)] exp [ 6 Z > V(rej— Ri)|, (3.16)

j=1 k=1

26
http://rcin.org.pl



no

ﬂ e
After Niot
insertions
# n
ex,i
Nt
Boltzmann overlap
distriution

exp (—pU;)/Z(0)

Figure 3.2: Schematics of MC algorithm for computing excluded volume fraction ¢y ;.
Initial configuration of crowders is loaded from a BD simulation snapshot. Then, reagent is
inserted to the crowded box randomly, in a conformation drawn from Boltzmann distribution.
Every insertion resulting in overlap of reagent and at least one of the crowders leads to incre-
mentation (n + +) of the counter variable n. After large number of trials Ny, ratio n/Ny
gives an estimate of the fraction of volume excluded to the selected reagent.

we obtain:
11 daew [~ BU; ({r3},)] exp [ =B 5, S0, Vires — Ry)
Y T Zi(0) Ny & exp [—0U; ({r;},)] /2 (0)
1 Niot n; N
= N Zexp —52 Z V(ra; — Ry) (3.17)
ot =1 j=1 k=1

For hard-sphere interactions between i-th particle and crowders (Eq. A.6), the exponential term

in Eq. 3.17 has only two possible values:

e (, if hard-sphere potential is infinite, i.e., i-th particle overlaps with at least one of the

crowders,

« 1, if hard-sphere potential is zero, i.e., i-th particle does not overlap with any crowder.
We used the following algorithm to compute the excluded volume fraction ¢ey ; (Fig. 3.2):

1. The positions of crowders are loaded from a BD trajectory of crowded box simulation.

2. Areagent is inserted into the system at a random position (and, for nonspherical particles,
with random orientation), and in conformation drawn from the Boltzmann distribution
(Eq. 3.14).

3. If the reagent overlaps with any of the crowders in the box, the counter variable n is

incremented.
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4. The reagent is removed from the system.

5. After Ny, repetitions of steps 2-4, the excluded volume fraction is approximated by
n/Ntot-

For that purpose, I developed ExVol software (Appendix D.4). Reagent’s conformations from
BD simulation are Boltzmann-distributed, so sampling from the BD trajectory fulfills Eq. 3.14.
The configurations of crowders can be sampled from BD simulation of the crowders as well.

The algorithm presented above is, in fact, the Widom insertion method applied to hard
particles [93]. Qin & Zhou [94] used this method to study the effects of crowding on protein
stability against denaturation and protein association equilibria. In a separate paper, the authors
reported a good agreement between the results of explicit MD simulations of protein in crowded
box and the MC insertion-based method [95].

The algorithm for calculating excluded volume fraction can be generalized to account for
interactions V' between the inserted particle and the crowders other than hard-core. To compute
what we call the effective excluded volume fraction for non-hard-sphere systems, we use the

modified algorithm:
1. The positions of crowders are loaded from a BD trajectory of crowded box simulation.

2. Areagent is inserted into the system at a random position (and, for nonspherical particles,
with random orientation), and in conformation drawn from the Boltzmann distribution
(Eq. 3.14).

3. The interaction energy V' between the reagent and the crowders is computed.
4. Counter variable z is incremented by 1 — exp(—gV).
5. The reagent is removed from the system.

6. After Vy, repetitions of steps 2-5, the effective excluded volume fraction is approximated
by /Niot-

Note that effective occupied volume fraction may be defined as an effective volume excluded to

a point particle.
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Chapter 4
Diffusion in crowded media

These motions were such as to satisfy me ... that they arose neither from currents

in the fluid, nor from its gradual evaporation, but belonged to the particle itself.

Robert Brown

In contrast to a physicist or chemist, a biologist usually thinks, talks about, or even sees the
macromolecules composing biological cells not so much in terms of their physical properties,
but rather their biological function, i.e., the reasons for their occurrence in systems subject to
natural selection. However, molecules, big or small, can perform their function only when they
approach or are delivered to a specific location in a cell or encounter their specific counterparts.
Thus, the mobility of macromolecules, although somewhat hidden deeper in the biological ma-
chinery, in fact, underlies the functioning of biological systems.

In living cells, two modes of motion exist: diffusion (thermal transport) and motor transport.
Although the latter is much more effective, it is dependent on chemical energy, whereas the for-
mer is not, so the two coexist. Furthermore, prokaryotic cells lack the permanent cytoskeleton
structure over which the motor proteins can transport cargo, hence they rely solely on diffusion
[96]. For specific examples of reaction-diffusion systems driving biological cells, the reader is
referred to a review by Soh et al. [97].

As noted by Netz & Eaton [33], in the near future first-principle simulations of biological
cells, even as small and simple as Mycoplasma genitalium, will remain computationally pro-
hibitive, hence the reaction-diffusion models for a long time will stay dominant in the field of
cellular modeling. Thus, understanding intracellular diffusion is of utmost importance to the
reliability of such modeling.

In this Chapter, we discuss research concerning macromolecular diffusion in crowded en-
vironments mimicking intracellular milieu. In Section 4.1, we overview an immense body of
experiments, theories, and simulations concerning diffusion in crowded environments, in vivo
as well as in vitro, focusing on both what is considered certain and, probably more interest-
ingly, where there are still gaps in our understanding and what is uncertain due to contradictory

results. Finally, in Sections 4.2—4.5, I present the results of our scientific inquiries into the in-
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fluence of hydrodynamic and attractive interactions, shape, and softness of macromolecules on

the diffusion in crowded environments.

4.1 Literature review

Macromolecular crowding (Section 2.3) is expected to visibly affect the diffusion of macro-
molecules in the cytoplasm, as well as nucleoplasm, membranes, and extracellular matrix. Here,
I review the experiments and simulations pointing out the deviations from the normal, dilute-
regime diffusion, which we discussed in section Section 2.1. Additionally, I describe theoretical
models aimed at explaining these deviations.

For the rest of this Thesis, I will commonly use the distinction between a tracer, i.e., the
molecule the motion of which is under study, and crowders, i.e., all the background molecules
affecting the motion of the tracer. The distinction origins from experiments, e.g., fluorescence
recovery after photobleaching (FRAP), where tracers are fluorescently tagged, hence only they
are visible to the experimentalist, the other macromolecules — crowders — merely creating a dark
background which affects tracer motion. In simulations, the division into tracer and crowders is

arbitrary.

4.1.1 Measurements in vivo

Studies of the macromolecular diffusion in the cytoplasm started over 40 years ago [98], and
since then, the research field has grown hugely. The majority of early results were obtained
with the FRAP method [99, 100]. The pioneering studies focused on diffusion in the eukaryotic
cytoplasm due to the larger size of eukaryotic cells compared to prokaryotic ones, which makes
them easier to investigate experimentally.

In 1981, Wojcieszyn et al. [98] measured translational diffusion of fluorescently labeled
immunoglobulin G (IgG) and bovine serum albumin (BSA) in human fibroblast cytoplasm and
reported approximately 70 times lower diffusion coefficients than in dilution. The following
studies in various eukaryotic cells reported more minor diffusion slowdowns, ranging from 2-
to 6-fold [101-106], apart from very large tracers [102, 103].

The differences between these results are probably not exclusively the features of various
organisms but, at least in part, hallmarks of some interactions between fluorescent tracers and
the cytoskeleton. For instance, tracers used by Wojcieszyn et al. [98] apparently interacted
with the fibroblast microtubule network, as the 70-fold slowdown was reduced upon adding
colchicine, the microtubule polymerization inhibiting agent.

Subsequently, technically more demanding FRAP measurements of the macromolecular
diffusion in prokaryotic cytoplasm started to appear. In 1999, Elowitz et al. [107] reported an
approximately 11 times slower diffusion of green fluorescent protein (GFP) in Escherichia coli

than in dilution and the following studies reported similar slowdowns [108—110]. Schavemaker
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et al. [96] in their review paper collected an extensive set of experimental results of diffusion
coefficient measurements in bacteria cells. It seems that, ignoring the pioneering results by
Woijcieszyn et al. [98], the diffusion in prokaryotic cells is visibly slower than in eukaryotes,
mainly due to the smaller macromolecular content in eukaryotes (Section 2.3) [62, 111].

The rise of single-molecule methods, mainly single-molecule tracking (SMT) [112] and
fluorescence correlation spectroscopy (FCS) (Appendix E), delivered new experimental data
regarding diffusion coefficients in vivo [113—115]. What is particularly exciting, the data differs
from the one obtained in earlier studies, predominately using FRAP method. A recent paper by
Bellotto et al. [115] reports translational diffusion coefficients of multiple proteins of various
sizes in E. coli using both FCS and FRAP. The FRAP measurements resulted in similar, albeit
systematically smaller (5 to 30%) diffusion coefficients, but did not lead to qualitatively different
conclusions. For small proteins, like GFP, the authors measured with FCS a 6-fold diffusion
slowdown, which is visibly smaller than the values reported in the aforementioned prokaryotic
FRAP studies [107, 116-118].

Apart from the bare values of diffusion coefficients, there are also some specific features of
diffusion in cells’ cytoplasm, which are worth noting here. In dilution, the dependence of dif-
fusion coefficient D on size a of the diffusing particle is determined by the Stokes-Sutherland-
Einstein (SSE) relation (D o 1/a, see Eq. 2.10). Some authors reported a faster decay of D
with size in vivo [102, 103, 105, 109, 110, 119], which is sometimes referred to as sieving
effect. However, there are also reports to the contrary, in which D(a) follows the SSE relation,
apart from very large tracers [104, 108, 114, 115].

Moreover, as the cytoplasm is a complex fluid, there are reports suggesting the appearance
of anomalous diffusion therein (Section 2.2) [50, 57, 113, 114, 120, 121]. For instance, Gold-
ing & Cox [50] showed that diffusion of mRNA in E. coli is anomalous even on a timescale
of minutes, with anomalous exponent o ~ (.7, close to the asymptotic value in dense poly-
mer solutions [122]. Interestingly, Bellotto et al. [115] used anomalous diffusion model to fit
FCS data and received o = 0.8-0.86 suggesting the anomalous diffusion. However, after cor-
rectly accounting for finite volume effects, anomalous diffusion disappeared. This shows how
small hidden assumptions in theoretical models used to analyze experimental data may lead to
artifacts interpreted as real physical phenomena.

Leaving aside detailed physical mechanisms of the macromolecular diffusion inside the
cytoplasm, the reported experimental values allow placing the macromolecules’ diffusivities in
the frame of cellular length scales. In order to do that, let us compare estimates of how much it
would take GFP to traverse a distance equal to the respective cell size, based on Eq. 2.18. We
assume that the intracellular diffusion coefficient of GFP is 14.8 nm? us~!, following Bellotto
et al. [115]. Three cells are worth mentioning here: the smallest prokaryote M. genitalium
of diameter ~ 400 nm, the model prokaryote E. coli of length ~ 2pum, and the eukaryotic
fibroblast cell of diameter ~ 14 um. It would take GFP ~ 1.8 ms, 45 ms, and 2.2 s, respectively,

to diffuse a distance equal to these cell sizes (Fig. 4.1).
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Figure 4.1: Diffusion timescale vs. cell size Average time 7;, needed by GFP to traverse the
distance L equal to cell size, calculated with Eq. 2.18 and plotted in the form of a log-log
plot. The value of GFP diffusion coefficient is taken from ref. [115]. Markers denote (in that
order) M. genitalium, E. coli, fibroblast, and sauropod head-to-tail nerve cell, reportedly the
most extended cell ever existing [123].

Probably the longest cells that ever existed were nerves connecting the tail and brain of
the largest sauropod (clade of dinosaurs), achieving even 50 m [123]. The diffusion timescale
for them is close to 1 million years (more precisely, 890000 years). This example is slightly
extreme, but demonstrates that due to a quick, quadratic increase in the diffusion timescales,
larger cells cannot depend solely on the diffusive transport. Precisely for that reason, eukaryotic
cells use motor proteins which actively transport cargo along the cytoskeleton architecture. On
the other hand, for the same reason the size of prokaryotic cells, which do not have a permanent
cytoskeleton, is limited by the diffusion timescale [124].

Ross [19] coined a term ‘““dark matter of biology” for a broad range of intracellular effects,
including diffusion slowdown. The simile is based on the fact that in cell biophysics, likewise
in astrophysics, there are deviations from fundamental theories, like, for instance, the theory of
Brownian motion (Section 2.1), but it is practically impossible to isolate what their sources are,
as a plethora of various effects not directly visible in experiments are all at once at play.

At least six different mechanisms may, to a different extent, account for the observed diffu-
sion slowdown [10, 116, 125]:

1. Increased water viscosity (Section 4.1.2),

2. Excluded volume interactions (Section 4.1.3),

98]

. Hydrodynamic interactions (Section 4.1.4),

N

. Electrostatic interactions (Section 4.1.5),
5. Nonelectrostatic attractive interactions (Section 4.1.6),

6. Confinement within polymer network (Section 4.1.7).
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Experimentally, it is challenging to study each of them separately. However, it is possible to
single out the mechanisms 1-3 by studying concentrated solutions of sufficiently inert polymeric
crowders of high ionic strengths, assuming that the water viscosity there changes similarly as
inside the cell. This approach became state-of-the-art when accounting for the effects of macro-
molecular crowding in vitro [125-127]. Then, lowering the ionic strength or adding noninert
crowders, e.g., proteins, may additionally introduce mechanisms 4 and 5 [128-130]. Simu-
lations [35-38, 131, 132] and theoretical considerations are, in that respect, more flexible, as
they enable isolation of each of these 6 mechanisms. Gauging the importance of each of these

mechanisms is one of the major goals of the intracellular diffusion research field.

4.1.2 Increased water viscosity

The effect of increased fluid phase viscosity is straightforward from the theoretical standpoint,
as it reduces to merely rescaling the value of viscosity 7 in the SSE relation (Eq. 2.10). How-
ever, the majority of measurements of diffusion of small molecules in vivo and in vitro show
that their diffusion is weakly affected, which would suggest that the fluid viscosity increase is
minor [125, 133, 134]. Furthermore, in a scenario in which the viscosity has a deciding role, the
rotational diffusion of spherical molecules should be slowed down similarly to translational dif-
fusion, which is not the case as shown by Swaminathan et al. [105] (only ~ 1.5-fold decrease).

Therefore, the change in the fluid viscosity is usually ignored.

4.1.3 Excluded volume interactions
4.1.3.1 Simulations: lattice models

Excluded volume effects were studied in isolation by Saxton [56, 135—-140] in his important se-
ries of papers concerning random walk on the two-dimensional triangular lattice with obstacles,
and later by Ellery et al. [141] on the two-dimensional and three-dimensional square lattice us-
ing nonstochastic method introduced by Mercier & Slater [142, 143]. Their main observation
is that the total occupied volume fraction ¢... (Section 2.3.1) is insufficient to predict tracer’s
diffusion coefficient. The diffusion coefficient depends in a complicated way on other features:
tracer’s size and crowders’ sizes, shapes, and mobilities [135-137, 140, 141].

For sphere-like (on the lattice) crowders and tracers, the diffusion coefficient decreases with
the tracer size and increases with the crowder size, assuming a fixed occupied volume fraction
Doce [135, 140, 141]. There are two interesting exceptions to the former. (1) When crowders
are allowed to move, the tracer-size dependence is weak, and overall, mobile crowders hinder
the diffusion less effectively than immobile ones [136, 137]. (2) There is no tracer size depen-
dence when crowders aggregate to form fractal-like structures [140]. These effects might be the
reasons for ambiguous experimental results, some of which report tracer size-dependence [102,
103, 105, 109, 110, 119], while the others do not, apart from very large tracers [104, 108, 114,
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Figure 4.2: Diffusion in crowded environments. (a) Mean squared displacement (MSD) of
a tracer in a crowded fluid. At short times, MSD changes nonlinearly (Eq. 2.19), following a
subdiffusive power law (o < 1). At long times, the linear normal regime is brought back. (b)
Time-dependent diffusion coefficient D(t) = MSD(¢)/6t. Due to collisions with crowders, the
diffusion coefficient gradually decreases and tends to the limit value for ¢ — oo. We refer to
lim;_,o D(t) as short-time diffusion coefficient Dy, and to lim,_,, D(¢) as long-time diffusion
coefficient D;. We neglect the initial balistic motion.

115].

Furthermore, the dependence on crowder shape is complex. For the same volume fraction,
short rod-like and L-shaped crowders hinder the diffusion of sphere-like tracers more effectively
than small spheres, but for longer, rod-like crowders, the difference disappears [141].

Moreover, Saxton [56] showed that in highly occupied lattices, the overall diffusive dynam-
ics is not normal, but in contrast to anomalous diffusion (Section 2.2), it cannot be expressed
by a general power law (Eq. 2.19) either. The observed motion of the tracer is subdiffusive at
short times, with short-time diffusion coefficient D, = lim;_,o D(t), but then returns to linear
normal regime with long-time diffusion coefficient D; = lim,_,,, D(t), as shown schematically
in Fig. 4.2.

The studies by Saxton [56] and Ellery et al. [141] are limited by the fact that the authors
considered the diffusion on a lattice. Nevertheless, their results successfully accounted for the
excluded volume effects and brought attention to the effects beyond the total occupied volume,

such as sizes and shapes of the crowders.

4.1.3.2 Theory: off-lattice models

Hanna et al. [144] solved the N-particle Smoluchowski equation for a system of hard spheres

performing Brownian motion. The obtained long-time self-diffusion coefficient D; up to the
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first order in @, reads:

D,
— =1—-20cc. 4.1
Dy ¢ 4.1)

The slope of diffusion coefficient decrease agrees well with the on-lattice results by Saxton
[136] observed for ¢oe. < 15%.

Muramatsu & Minton [145] introduced an approximate theory of excluded volume effect
on the diffusion coefficient slowdown, which is based on the scaled particle theory (SPT) (Sec-

tion 2.4.2). It relates the diffusion coefficient with the Gibbs displacement activation energy
AGt:

A
Dy = Aexp [— Gt] ,

T 4.2)

where A is the diffusion coefficient in the limit of infinite temperature 7'. In crowded envi-
ronments, the Gibbs energy change is modified by a factor which can be estimated with SPT
(Section 2.4.2). The relative diffusion coefficient reads:

D AAG,

In — =

Dy kgT

4.3)

where AAG, is the Gibbs energy needed to make a cavity in the crowded fluid that allows for
a movement of the particle.

In principle, it is nontrivial to calculate AAG;, for a cavity needed for a small translation of
a sphere. However, it may be roughly approximated with the difference between the insertion

Gibbs energies for spherical molecules of radius a and a+ da, and computed from the SPT [12]:
AAG, = AG (a+da) — AG (a) . (4.4)

Han & Herzfeld [146] improved that approach by approximationg AAG; more closely, with a
dfference between the insertion free energies of a spherocylinder and a sphere. For small ¢,
this approach leads to Eq. 4.1 if the spherocylinder length is set to 2a/3.

In contrast to the result by Hanna et al. [144] (Eq. 4.1), the approaches by Muramatsu &
Minton [145] and Han & Herzfeld [146] allow for pinpointing the dependence of diffusion coef-
ficient on various features of the tracer and crowders. For instance, it predicts a more substantial
diffusion coefficient decrease for larger tracers at a fixed occupied volume. Moreover, the pre-
dicted crowder-size dependence is opposite, namely the larger crowders hinder the diffusion of

tracers less strongly at fixed ¢occ.

35
http://rcin.org.pl



4.1.4 Hydrodynamic interactions

4.14.1 Theory

The next level of description includes hydrodynamic interactions — indirect interactions arising
because a particle moving through a fluid induces a fluid velocity field, which affects the motion
of other particles (Section 3.2) [10]. Cichocki & Felderhof [147] derived expressions for short-
time and long-time diffusion coefficients for a suspension of spherical Brownian particles to a

first-order in ¢,... The resulting expressions read [147]:
D
—2 =1 —1.8315¢c, 4.5
B ¢ 45)

for short-time diffusion coefficient, and:

D
L= 1~ 2.0972¢0cc, (4.6)
Do

for long-time diffusion coefficient. The long-time diffusion coefficient decreases slightly more
quickly than predicted in absence of hydrodynamic interactions by Hanna et al. [144] (Eq. 4.1).

Different approach was undertaken by Tokuyama & Oppenheim [148], who, starting from
the fluctuating Navier-Stokes equation, derived formulas for short-time D, and long-time D,
diffusion coefficients in suspensions of identical hard spheres in an incompressible fluid. The

short-time diffusion coefficient is:

= - (4.7a)

where:

2b2_ c be(2 + ¢)
1-b 142 (1+c¢)(1=b+c)

/9
b(¢0cc> = §¢OCC7 (470)

11
C(¢occ> = EQSOCC‘ 4.7d)

H(¢oce) = (4.7b)

For the long-time diffusion coefficient, Tokuyama & Oppenheim [148] obtained:

& _ 1- %(bocc
Do 14 H(goee) +

R (4.8a)
(1-9)2
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Figure 4.3: Comparison of theoretical expressions for (a) short-time and (b) long-time
diffusion coefficient in crowded environment. (a) Expression due to Cichocki & Felderhof
(Eq. 4.5) in red; expression due to Tokuyama & Oppenheim (Eq. 4.7a) in blue. (b) Expression
due to Cichocki & Felderhof (Eq. 4.6) in red; expression due to (Eq. 4.8a) in blue.

where:

(bOCC

j— Poce (4.8b)
i
1\? 1
S ~ 0.5718. 4.
b0 (3) T3 —smzrz 0TS (4.8¢)

We note that Eq. 4.8a predicts a lower D; than Eq. 4.6 derived by Cichocki & Felderhof [147]
(Fig. 4.3).

4.1.4.2 Simulations

Ando & Skolnick [36] showed using Stokesian dynamics (SD) simulations accounting for both
far-field and near-field hydrodynamic interactions (Section 3.2.2) that including excluded vol-
ume effects and hydrodynamic interactions only is enough to reproduce the GFP diffusion co-
efficient in E. coli without any fitting parameters. It may, however, be argued that it holds only
in one of three systems of various ¢,.. they analyze, 300 mg mL~!, whereas the experimental
estimates for @, in E. coli are closer to 340 mg mL ™' [9]. Furthermore, the authors compared
their results to the GFP diffusion coefficient in E. coli obtained by Elowitz et al. [107] using
FRAP, which may be underestimated according to Bellotto et al. [115].

37
http://rcin.org.pl



4.1.4.3 Experiments: artificial inert crowders

In principle, in solutions of inert, compact polymers, hydrodynamic interactions, fluid viscosity,
and excluded volume are the only diffusion slowdown mechanisms at play. Of course, in prac-
tice, it is not trivial to determine how much the real polymer crowders, such as Ficoll, Dextran,
poly(ethylene glycol) (PEG), poly(ethylene oxide) (PEO), etc., fulfill these criteria, and if yes,
up to what concentrations [149]. Nevertheless, these discrepancies are beyond the scope of this
Thesis.

The majority of diffusion measurements performed in artificially crowded solutions agree
that there is a tracer-size dependence in crowded systems [126, 150—154], although some au-
thors do not observe this effect [155, 156]. Based on extensive experimental studies [152, 153]
and previous phenomenological equations [155, 157], Kalwarczyk et al. [133] proposed a single
formula, called lengthscale-dependent viscosity model (LDVM), to capture the general depen-
dence of viscosity (and by simple inversion — the diffusion coefficient, see Eq. 2.10) on the

tracer size, which applies to crowded micellar and polymer solutions:

B
M exp <Reff) : (4.9a)
1o £
D Reg\"”
2wl (5]

where B is a constant close to 1, £ is a correlation length of the polymer network depending on

its concentration and gyration radius, and the effective hydrodynamic radius R.g is given by:
Ri=a*+R;> (4.10)

where a and Ry, are hydrodynamic radii of a tracer and polymeric or micellar crowder, respec-
tively.

Eq. 4.9 predicts that the smallest tracers experience viscosity close to the water viscosity, as
we discussed in Section 4.1.2, whereas large tracers experience macroscopic viscosity. Further-
more, Junker et al. [126] showed that polymer crowding agents exhibit positive deviation from
the SSE relation, i.e.:

kgT

D occ )
H(Poce) > 6mna

(4.11)

which means that the viscosity felt by tracer particles is smaller than the macroscopic viscosity
(compare to Eq. 2.10) and agrees with the LDVM [133].
Banks & Fradin [122] observed anomalous diffusion of streptavidin in crowded solutions

of Dextran persisting for a few seconds. The measured anomalous exponent o depended on
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the crowder size and concentration. Interestingly, its behavior was asymptotic, and approached

0.74 with increasing crowder concentration, irrespective of the crowder size.

4.1.5 Electrostatic interactions

The role of electrostatic interactions in the diffusion slowdown is still unclear. The Debye length
in cells is less than 1 nm [158], which leads to a rapid decay of electrostatic interactions with the
distance. However, some of the biomacromolecules bear huge electric charges, e.g., ribosomes
~ —4024e [36]. Schavemaker et al. [159] showed with FRAP that in E. coli a positively-
charged GFP diffuses two orders of magnitude slower than its negatively-charged analog. The
difference is probably due to the electrostatic attraction by ribosomes.

McGuffee & Elcock [37] compared the results of Brownian dynamics (BD) simulations of a
coarse-grained E. coli cytoplasm model with and without electrostatic interactions. Apart from
electrostatics, only excluded volume interactions were accounted for. The authors reported

~ 1.3 times slower diffusion of GFP in a model with electrostatics at play.

4.1.6 Nonelectrostatic attractive interactions
4.1.6.1 Simulations

The next level of description involves attractive interactions between the macromolecules. In
a random walk study on 2D lattices, Saxton [55] showed that attractive interactions between
the crowders and tracer lead to a significant decrease in diffusion coefficient compared to the
excluded-volume-only reference system. The magnitude of the decrease depends on the details
of the interactions and their strength.

We discuss here only so-called valley models, i.e., models in which the lattice points have
attributed various binding energies. The probability of escape from a given binding site was
computed by Saxton [55] using the Metropolis algorithm. When random walk simulations
were started from positions drawn from a uniform probability distribution, the diffusion was
strongly anomalous over a long timescale. However, if the starting positions were Boltzmann-
distributed, the magnitude and timescale of anomalous subdiffusion were comparable to those
observed in excluded-volume-only systems, however, with a smaller Dy value. In systems with
binding sites but without crowding, in the case of equilibrated initial configuration, there was
no anomalous diffusion.

Nawrocki et al. [160] argued, based on the results of all-atom molecular dynamics (MD)
simulations of proteins, that the translational and rotational diffusion slowdown could be ex-
plained solely by excluded volume and transient complex formation due to attractive interac-
tions. It is contrary to the stance held by Ando & Skolnick [36], who claim that the excluded
volume and hydrodynamic interactions could explain the translational diffusion slowdown with-

out invoking any attractive interactions. As described by Ando & Skolnick [36], precise mea-
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surements of tracer-size-dependence of diffusion slowdown may, in principle, tip the balance

between these two hypotheses.

4.1.6.2 Experiments: noninert crowders

As the systems with viscosity, hydrodynamic, and excluded volume interactions only are real-
ized by artificial crowder solutions with high ionic strength, the systems which, on top of these
interactions, have also electrostatic and nonelectrostatic attractive interactions are realized by
crowded protein solutions. The diffusion slowdown observed in crowded protein systems is
more substantial than observed in polymer crowder systems of comparable occupied volume
Doce [129, 130]. Proteins differ from inert crowders because they are nonuniformly charged and
can be engaged in a myriad of nonspecific interactions varying in strength [128].

Furthermore, in contrast to polymeric crowders, protein crowders lead to a negative devia-
tion from the SSE relation [129, 161], i.e.:

kgT
6mna’

Di(poce) < 4.12)

This means that diffusion slowdown in protein solutions is larger than what is expected based
on the macroscopic viscosity (compare to Eq. 2.10).

Etoc et al. [114] analyzed how the intracellular diffusion of a nanoparticle with a fixed size
changes upon varying its surface coating. With inert coating, the diffusion coefficient was only
2-4 times smaller than in water, whereas, with less inert, even 10-15 times. For the noninert
tracers, the authors also observed a long-time subdiffusion (Section 2.2).

Interestingly, the LDVM (Eq. 4.9) allowed Kalwarczyk et al. [162] to obtain diffusion coef-
ficients of the whole E. coli proteome based on the literature values for ca. 20 macromolecules
in its cytoplasm [62, 162]. The physical meaning of £ and R; (Eq. 4.9) in cells is not clear,
although in HeLa and Swiss 3T3, £ ~ 5-7nm and coincides with the hydrodynamic radius of
the actin filaments and water pores [62, 103, 133]. However, all papers we are aware of advocat-
ing for LDVM [133, 134, 152, 153, 162-167] reduce the mobility of macromolecules merely
to its size dependence, which, as discussed above, may not apply to systems with attractive

interactions [114, 129], in which the microscopic viscosity exceeds the macrocopic one.

4.1.7 Confinement within polymer network

In addition to the mobile biomacromolecules crowding the cytoplasm, the cell interior also
contains biopolymeric networks, such as cytoskeleton [168] and nucleoid [169], which affect
its physicochemical properties. In some sense, such cytoplasm is similar to a concentrated
polymer solutions such as hydrogels, in which thin channels bridge separate cages of various
sizes.

Such a porous environment is known to affect the diffusion of particles therein in a complex
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way. First and foremost, the effect depends strongly on the size of a tracer relative to the mesh
size £ of the polymeric network, which is determined by its total concentration and degree
of cross-linking. When tracers are significantly smaller than the mesh size, their diffusion is
only slightly affected by it, whereas when tracers are significantly larger, they become trapped
and virtually immobile [170, 171]. In the intermediate regime, when 2a ~ &, the diffusion
of tracers is transiently anomalous. It is because the molecules diffuse inside individual cages
of the network and relatively rarely hop between them. In the long-time regime, the normal
diffusion is recovered, and its rate is determined by the frequency of such hops.

Moreover, tracer diffusion in a polymeric network becomes coupled with the dynamics of
the network. It was observed that even the particles a few times larger than the mesh size are
not entirely trapped and are able to diffuse, albeit slowly [171]. As shown by BD simulations,
it is due to cooperative mesh fluctuations, which can dynamically change the local mesh size
and facilitate the release of a tracer from the cage [172, 173]. Interestingly, the effect is the
opposite for smaller tracers, which diffuse faster in nonfluctuating networks, owing to their
smaller effective size [172].

Finally, as with mobile crowders, the immobile ones may also interact with tracers through

interactions other than the excluded volume [174, 175].

4.1.8 Concluding remarks

Ellis [8] suggested editors to reject papers reporting in vitro experiments that have not con-
trolled macromolecular crowding, as they may be of little or no relevance to in vivo conditions.
However, the emerging picture seems to be very complex, as macromolecular crowding is not
characterized by a single, easy to control value, e.g., occupied volume fraction ¢,... Due to
conflicting results, there is currently no consensus on whether hydrodynamic or attractive in-
teractions or their combination account for the diffusion slowdown observed in vitro, and the
influence of the crowder shape has not been completely understood. We address these problems

in the following sections of this chapter.

4.2 Effect of hydrodynamic interactions

The works by Ando & Skolnick [36] and Roosen-Runge et al. [130] have attracted much at-
tention to the role of hydrodynamic interactions (Section 4.1.4) in the slowdown of diffusion
in vivo. Although it is widely accepted that accounting for far-field hydrodynamic interac-
tions only is not sufficient to correctly describe the diffusion in crowded environments [10, 77],
surprisingly, to our knowledge, there is no work comparing directly the effect of far-field and
near-field hydrodynamics for simple systems of various occupied volume fractions ¢..

Blanco et al. [176] compared BD simulations (1) without hydrodynamic interactions, (2) with

hydrodynamic interactions in the Rotne-Prager- Yamakawa (RPY) approximation (although with-
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Table 4.1: Compositions of systems studied with BD and SD simulations to assess the role
of hydrodynamic interactions in diffusion slowdown. ¢, is the occupied volume fraction
and Ny is a number of particles in the simulation box.

¢occ NF
5.5% 42
11.1% 84
22.1% 168

out accounting for their long-range character via Ewald summation), and (3) with a mean-field
method based on the Tokuyama & Oppenheim [148] formula for rescaling the short-time dif-
fusion coefficients (Eq. 4.7a). However, their trajectories (1 us) are likely too short to reach the
long-time diffusion, and the timestep (100 ps) was probably too large in this context.

The purpose of our study was to compare three different approaches to hydrodynamic inter-

actions for a simple system of identical, spherical crowders:
1. No hydrodynamic interactions (free draining).

2. Far-field hydrodynamic interactions with the Ewald-summated generalized RPY approx-

imation (Section 3.2.1).
3. Far-field and near-field hydrodynamic interactions with F-formulation of SD (Section 3.2.2).

We used the hydrodynamic radius ¢ = 5.1 nm, mimicking Ficoll70, frequently used artificial
polymer crowder [126]. However, the results do not depend on the size of particles. We studied

systems of occupied volume fraction ¢o.. = 5.5, 11.1, and 22.1% (Fig. 4.4a).

4.2.1 Simulation details

In our BD and SD simulations, we placed the model macromolecules in cubic boxes of 75 nm x
75 nmx 75 nm and applied periodic boundary conditions in all three directions. Precise numbers
of particles in each studied system are presented in Table 4.1. The time step At was 0.5 ps, and
simulations lasted for 20 us (10 ps for ¢o.c = 20%). BD was propagated with the Ermak-
McCammon scheme (Eq. A.3), and SD with the midpoint scheme with m = 100 (Eq. A.5).
The temperature 7" was 293.15 K, and dynamic viscosity 7 = 1.005 cP.

The particles interacted only via hard-sphere potential (Eq. A.6). We performed Ewald-
summation of the diffusion matrix with & = /T, Meutor = Neutor = 2 (Appendix B). We
followed Ando & Skolnick [36] and performed the Choleski decomposition every 100 steps (in-
stead of every step) for computational efficiency. In the SD, we used the generalized lubrication
correction approach (Eq. 3.11) with cutoff on near-field hydrodynamic interactions equal to 6a.
Since there was no open-source software, allowing for simulations using lubrication-corrected

RPY approximation, we developed and used our own pyBrown package (Appendix D.2).
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We computed time-averaged mean squared displacement (TAMSD) (Eq. A.14) with a win-
dow length equal to 5ns for each system under study. The long-time diffusion coefficients D,
were obtained by a linear fit to TAMSD with weights equal to \/W to account for
the fact that the i-th element of TAMSD vector is a time average of Ngeps — @ — 1 squared
displacements of a single particle. For fitting TAMSD with Eq. 2.9, we used only datapoints
fort > 10ps (t > 2.5ps for ¢ = 20%). Uncertainty of the D; due to sampling error was
estimated by dividing the simulations into five subsets and computing the standard deviation of
the mean while treating the subsets as independent “measurements”.

Short-time diffusion coefficients D, were obtained by computing the mean diagonal ele-

ments of the diffusion matrix at consecutive timesteps and averaging them:

1
D, = 5 (T (D)), (4.13)

where N is the number of particles and Tr [ D] denotes a trace of diffusion matrix D, i.e., a sum
of its diagonal elements. Nesting expression inside the angle brackets (()) represents averaging

over timesteps.

4.2.2 Short-time diffusion

Short-time diffusion coefficients obtained from SD simulations decrease with increasing occu-
pied volume fraction ¢, (Fig. 4.4b). Linear fit to D(¢oc.)/ Dy leads to an equation 1 —1.9¢scc,
close to the theoretical result obtained by Cichocki & Felderhof [147] (Eq. 4.5). and the F-
version SD results by Phillips et al. [82]. The far-field hydrodynamic interactions do not affect
the short-time diffusion coefficients, because they change only the off-diagonal blocks of diffu-

sion matrix D (Section 3.2.1).

4.2.3 Long-time diffusion

The long-time diffusion is established after a few microseconds, faster for higher ¢,... The
long-time diffusion coefficients computed with all three approaches decrease upon increasing
the occupied volume fraction ¢,.. (Fig. 4.4c). Results accounting for a full range of hydro-
dynamic interactions are in perfect agreement with the Cichocki & Felderhof [147] formula
(Eq. 4.6). Results not accounting for hydrodynamic interactions overestimate the long-time dif-
fusion coefficients, conforming to a 1 — 1.8¢,.. trend, which is close to the theoretical result by
Hanna et al. [144] (Eq. 4.1), albeit slightly higher. Diffusivities calculated accounting only for
far-field hydrodynamic interactions are significantly higher than those obtained without hydro-
dynamic interactions at all. The linear fit gives a slope of decay between 1.0 and 1.2, depending
on whether we include a point ¢,.. = 0.0 into the fitting, which indicates that, at least for small

®oce, the relation is nonlinear.
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Figure 4.4: Diffusion coefficient of Ficoll70 obtained with BD and SD on various levels
of description of hydrodynamic interactions. (a) Snapshots of simulated systems of hard
spheres with increasing ¢.... (b) Relative short-time diffusion coefficient D,/ D, of Ficoll70
from simulations with far-field and near-field hydrodynamic interactions (ff+nf hi, blue) as a
function of ¢,... Results are compared with the theoretical expression by Cichocki & Felderhof
(Eq. 4.5, blue line) [147] and simulation results by Phillips et al. [82] (gray symbols). Note
that D, = Dy when we do not account for near-field hydrodynamic interactions. (c¢) Relative
long-time diffusion coefficient D,/ Dy of Ficoll70 as a function of ¢, from simulations without
hydrodynamic interaction (w/o hi, black), with far-field hydrodynamic interactions (ff hi, red)
and with far-field and near-field hydrodynamic interactions. Results are compared with the
theoretical expressions by Hanna et al. [144] (Eq. 4.1, black line) and Cichocki & Felderhof
[147] (Eq. 4.6, blue line). Dy is computed from the SSE relation.

4.2.4 Discussion

The major difference between the BD simulations with far-field RPY hydrodynamic interac-
tions and SD simulations with far-field and near-field hydrodynamic interactions is the decrease
in short-time diffusion coefficient in the latter. For occupied volume fraction ¢.. = 22.1 %, ly-
ing in the lower end of the physiological range, the decrease in short-time diffusion coefficient
is 42%. For the same ¢, the long-time diffusion coefficient obtained with BD without hy-
drodynamic interactions overestimates the one obtained with full hydrodynamics only by 13%,
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while the RPY approximation overestimates it by 48%.

The interparticle correlations induced by the Ewald-summated RPY diffusion matrix lead
to a visible underestimation of the decrease in the diffusion coefficient for the whole range of
the studied occupied volume fractions, approximately by a factor of 2. Similarly, D;/D; in SD
is much higher than D,/ D, without hydrodynamic interactions. It is because correlations make
collisions less probable. The overall effect of the far-field hydrodynamic interactions is then an
increase, not decrease, of D).

In quantum chemistry, there is a notion of a “Pauling point”, brilliantly described in a quote
by Valadalen: “a characteristic feature of quantum chemistry was that even a fairly simple
theory could sometimes give excellent agreement with experimental experience, but that this
agreement may disappear whenever one tries to improve the theory” [177]. This seems to be
the case in the description of diffusion in crowded environments as well. Long-time diffusion
coefficients in dense hard-sphere systems obtained without accounting for hydrodynamic in-
teractions are closer to the exact values than those which account for it only on the far-field
level.

In principle, it is straightforward, although computationally rather cumbersome, to system-
atically improve the results of F-version SD. One should include the angular degrees of freedom
with their coupling to the translational ones on the level of resistance and diffusion matrices, and
possibly incorporate more terms in multipole expansion of far-field hydrodynamic interactions.
However, it is unclear whether this computationally demanding procedure will systematically
improve the reproduction of experimental diffusion coefficients of biologically relevant macro-
molecules. The equations describe the behavior of hard spheres, and the proteins, ribosomes,
etc., rarely have either of these features. It would be interesting to verify how more realistic
models of macromolecules affect the behavior of explicit water molecules in MD simulations,
and by these means, possibly validate the RPY and SD approaches to hydrodynamic interac-

tions.

4.3 Effect of macromolecule’s shape

4.3.1 Experimental results

In our joint work [127], the experimental group of Jorg Fitter performed FCS measurements
(Appendix E) of the diffusion coefficient of fluorescently-tagged streptavidin in buffer solutions
containing mixtures of Ficoll70 and 16-nm-long double-stranded DNA (dsDNA) of various
molar and occupied volume fraction, z4spna and ¢.cc, respectively (Fig. 4.5a). The results are
gathered in Tables E.1-E.4. In all experiments the concentration of streptavidin was orders of
magnitude lower than that of Ficoll70 and dsDNA. To our knowledge, dsSDNA has never been
used as a crowder before.

In systems containing only one crowder (Ficoll70 or dsDNA), the diffusion coefficient of
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Figure 4.5: Diffusion of streptavidin in solutions crowded with Ficoll70 and/or dsDNA
measured with FCS. (a) We studied diffusion of fluorescently-labeled streptavidin in buffer
solutions containing Ficoll70 — chemically inert polymeric crowder and 16-nm-long dsDNA
of various occupied volume fractions ¢,.. and dsDNA molar fractions zg4spna. (b) Diffusion
coefficient of streptavidin in one-crowder systems — either Ficoll70 (red) or dsDNA (blue).
Vertical lines denote the ¢,.. values for which mixtures of various x4spna are plotted in panel c.
(c) Diffusion coefficient of streptavidin in two-crowder systems of various xgspna and ¢oec = 5
( ), 10% ( ). Lines on the plot do not represent experimental data but serve only as a

guide to the eye. Figure adapted from ref. [127].

streptavidin relative to its value in dilution decreased with ¢, in both cases (Fig. 4.5b). How-
ever, the slope of the decrease differs considerably between the two cases. Namely, the solutions
of the elongated dsDNA crowders hinder the diffusion of streptavidin much more than the so-
lutions of the spherical Ficoll70 crowders. The linear fit to the results for Ficoll70 crowders
yields 1 — 1.81¢)ycc. The slope is & 14% smaller than what we obtained in our SD simulations
(Fig. 4.4). Note, however, that the streptavidin tracer is smaller than Ficoll70, so the slope might
be smaller than for Ficoll70-only system (Section 4.1.3).

The results obtained for mixtures reflect the trend observed in the one-component systems

(Fig. 4.5¢). Increasing x4spna While keeping ¢, fixed leads to a substantial decrease in the

46
http://rcin.org.pl



dsDNA

11.14nm
8.2.28nm = 18.24nm

5.1nm

Ficoll70

Figure 4.6: Models representing Ficoll70 and dsDNA used in BD simulations. Ficoll70
macromolecule is modeled using a sphere with hydrodynamic radius ¢ = 5.1nm. 16-
nanometer-long dsDNA macromolecule is modeled using an 8-bead-long chain, with all beads
of the same radius 1.14 nm.

streptavidin diffusion coefficient. Interestingly, the majority of the drop is observed already at
the lowest studied z4spna (25%). It seems that even small concentration of dsDNA affects the
mobility of streptavidin substantially, while further addition of dsDNA changes the diffusion
coefficient only slightly.

4.3.2 Ficoll70 and dsDNA models

To understand the origin of the observed effect, we performed BD simulations of systems simi-
lar to the experimental ones. However, for computational reasons, we have chosen not to include
streptavidin and focus on binary systems. In the experiments, the concentration of streptavidin
was a few orders of magnitude smaller than the concentration of Ficoll70 and dsDNA, as it is
needed for a good accuracy of FCS measurements. It means that we would have to perform a
huge number of simulations, in which we would place a single streptavidin tracer in a crowded
system, in order to gather satisfying statistics. We estimated that given the computational re-
sources attained for this project (Intel Xeon E5-2680 v3, 48 CPU/job, 480 CPU in total), it
would take approximately two years to obtain satisfactory results, which we found prohibitive.
The dsDNA and Ficoll70 models used in BD simulations are presented in Fig. 4.6.

4.3.2.1 Ficoll70 model

We modeled Ficoll70 macromolecule as an electrically neutral sphere with a hydrodynamic ra-
dius of 5.1 nm [126]. Ficoll70 interacted with other particles only through short-range repulsive,
integrated Weeks-Chandler-Andersen (WCA) interaction [178] (Eq. A.7). The diffusion coeffi-
cient of Ficoll70 in dilution at 7" = 293.15 K computed from the SSE relation is 41.89 nm? us~*,
which means that the model macromolecule, on average, needs approximately 0.1 ps to traverse
a distance equal to its radius.
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4.3.2.2 dsDNA model

We modeled the 16-nm-long dsDNA fragment used in the experiments with eight linearly con-
nected beads of radius 1.14 nm each. Thus, the dSDNA was slightly longer but the volume occu-
pied by eight beads was equal to the volume occupied by a cylinder with a diameter of 2 nm and
length of 16 nm, as previously assumed by experimentalists [126]. Here, every bead represented
six base pairs. We set the force constant for bonds (Eq. A.12) to k, = 9.866 kcal mol~! nm~—2,
which gives ~ 10% of thermal fluctuations in the bond length, according to a simple estimate
kgT/k,. Force constant for angles (Eq. A.13) was k, = 12.086 kcal mol~! rad —2, which gives
~ 12.6° of thermal fluctuations in the bond angle (kgT'/k,). As with Ficoll70, a dsDNA inter-
acted with other particles through the integrated repulsive WCA potential (Eq. A.7); in addition
every bead had an electric charge of —2.4e and interacted through the screened electrostatic po-
tential due to Derjaguin-Landau-Verwey-Overbeek (DLVO) theory (Eq. A.11). In reality, every
base pair has a charge of —2e and amounts to approximately 0.33 nm of length, so the charge
should be even higher (—12e per bead). However, we followed ref. [36] and renormalizad the
charges by a factor of 0.2, as suggested by Levin [179].

The hydrodynamic radius (Fig. 4.7a) and diffusion coefficient of the dsSDNA model were
calculated from 500 independent BD simulations of single dSDNA particle in a box. We fitted
the TAMSD (Eq. A.14) of its center of geometry with a linear function 6 Dt. It is worth noting
that on short timescales, the outmost beads diffuse the fastest due to the coupling of geometric
center translation and end-to-end vector rotation (Fig. 4.7b) [180].

We divided the trajectories into five subsets and estimated the uncertainty of the obtained
result by computing standard deviation of the mean (Fig. 4.7c). We obtained the diffusion coef-
ficient (at T = 293.15K ) D = 57.8 & 1.4nm? ps—!, which, using the SSE relation, translates
to a hydrodynamic radius a = 3.70 & 0.09 nm. This value is in a reasonable agreement with the
experimental result (¢ = 3.90 £ 0.14 nm) obtained with FCS, and with the value obtained using
PyGRPY software for computing diffusion coefficients of rigid bead structures (3.5 nm) [181,
182] (Appendix D.5). The difference between BD and PyGRPY results is probably due to the
fact that the rigid linear geometry does not represent the hydrodynamic properties of a dynamic
structure, which can bend and elongate.

We used the same simulations to compute the rotational diffusion coefficient D, by fitting
an exponentially decaying function of time to OA of the end-to-end vector (Egs. A.18 and A.19
and Fig. 4.7d). We obtained D, = 1.225 4= 0.006 rad? ps~*.

To quantify the relation between rotational and translational movement, we introduce a pa-
rameter:

2D,

k= . 4.14
3D, (4.14)

It describes how much the chain rotates after traversing a particular distance. In the case of our

dsDNA model, k ~ 6.8 ° nm™!, which means that a dSDNA rotates, on average, by 25° moving
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Figure 4.7: Properties of dsDNA model used in BD simulations. (a) Model of dsDNA used
in BD simulations compared to the sphere of the same hydrodynamic radius a = 3.7nm. (b)
TAMSD of separate dsDNA beads and of its center of geometry (CoG). (¢) TAMSD of the
total sample (500 trajectories) and of 5 subsamples of 100 trajectories each, visualizing the
uncertainty of the dsDNA diffusion coefficient. (d) Orientation autocorrelation (OA) of the
end-to-end vector of the dsDNA model.

a distance equal to its hydrodynamic radius and by 124.5° moving a distance equal to its length.

Since the SD was not available to us at the time of the project, we performed BD simulations
in the far-field (RPY) approximation. In Section 4.2, we show that far-field hydrodynamic inter-
actions underestimate the slowdown of the diffusion upon crowding. A natural question is if one
needs to include the far-field hydrodynamic interactions in our simulations. However, without
far-field hydrodynamic interactions, the description of translational (Fig. 4.8a) and rotational
(Fig. 4.8b) diffusion of bead chains is unreliable. Hydrodynamic radius of dsDNA without ac-
counting for hydrodynamic interactions amounts to 9.1 nm, which is approximately 2.5 times
larger than the value obtained with far-field hydrodynamic interactions (=~ 2.3 times larger than
the value obtained experimentally). Frembgen-Kesner & Elcock [183] previously reported a
similar effect in BD simulations of 11 different proteins. The rotational diffusion coefficient

without hydrodynamic interactions is underestimated as well (0.871 vs. 1.225rad? ps™1).
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Figure 4.8: Dependence of dsDNA model on hydrodynamic interactions in BD simulations.
Comparison of (a) TAMSD and (b) OA obtained with (red) and without (black) far-field hydro-
dynamic interactions.

4.3.3 Simulation details

We performed BD simulations with a customized version of the BD_BOX software (Appendix D.1).
The model macromolecules were placed in cubic boxes of 75 nm X 75 nm X 75 nm, and we ap-
plied periodic boundary conditions in all three directions. The time step At was 0.5 ps, and
simulations lasted for 20 us (5 for zgspna = 75%). We accounted for far-field hydrodynamic
interactions with the Ewald-summated generalized RPY approximation and, following Ando
& Skolnick [36], performed Choleski decomposition every 100 steps to speed up simulations.
We performed Ewald-summation of the diffusion matrix with o = /7, Meutot = Neutot = 2
(Appendix B). We used the Iniesta-Garcia de la Torre propagation scheme [184] (Eq. A.4). Sim-
ulations were performed at room temparature 7' = 293.15 K, using the Debye screening length
k~' = 2.3nm, dynamic viscosity n = 1.005cP, and relative dielectric constant ¢ = 80.36
(corresponding to the viscosity and dielectric constant of water at room temperature). Param-
eters for repulsive and attractive interactions (Egs. A.7 and A.8) were: 1,3 = 0.37 kcal mol™!,
o = 0.15nm. To avoid large forces causing numerical problems, for separations between the
macromolecules’ surfaces below r,;;, = 0.1nm, we kept the magnitude of force fixed and
equal to F'(rni). We also set the upper cutoff for the repulsive interactions to 15 nm and for
the DLVO electrostatic interactions to 25 nm. We accounted for macromolecules’ roughness
with the corresponding parameters (Eq. A.10) h equal to 0.8, 0.34, and 0.6, for Ficoll70, ds-
DNA and dsDNA-S, respectively. Since we did not have the data for the radii of gyration, we
have chosen % in such a way that h/a is the same as for macromolecules with the similar size
taken from ref. [36] (Ribonuclease for dsDNA, Phosphoglycerate dehydrogenase for Ficoll70
and dsDNA-S).
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Table 4.2: Compositions, occupied volume fractions ¢,.. and molar fractions x of simu-
lated Ficoll70-dsDNA (-S) mixtures. Ny, Ngspna, and Ngspna—s are the numbers of Ficoll70,
dsDNA, and dsDNA-S, respectively, in the simulation system.

Naspna Ne o ¢oce (%) xaspna (%)

0 42 5.1 0.0
14 41 5.0 25.4
39 39 5.0 50.0
104 35 5.0 74.8
Nasona-s  Ne - Poce (%) @aspna—s (%)
59 20 5.03 74.68

We obtained diffusion coefficients from TAMSD with a window length equal to 50 ns. The
long-time diffusion coefficients were obtained by evaluating D(¢) att = 5 us. Uncertainty of the
D) due to sampling error was estimated by dividing the simulations into 5 subsets and computing
standard deviation of the mean, while treating the subsets as independent “measurements”.

We used Ficoll70-dsDNA mixtures with volume fractions of 5% and molar fractions of 0,
25, 50, and 75% (Fig. 4.9a and Table 4.2). Since every dsDNA consists of eight beads, going
to a higher dsDNA molar fraction on that level of description is not feasible. Note that due
to the radius shift in the repulsive WCA potential (Eq. A.9), we computed occupied volumes
assuming that the bead hard-core radii are smaller by o than the hydrodynamic radii.

4.3.4 Diffusion in Ficoll-dsDNA mixtures

Motivated by the experimental results (Fig. 4.5), we considered Ficoll70-dsDNA mixtures of
various composition. BD simulations show that the decrease in the diffusion coefficient is more
substantial in systems with a higher molar fraction of dsDNA particles (Fig. 4.9b). This behav-
ior is in qualitative agreement with the experimental results and previous on-lattice simulations
[141, 185]. The drop in diffusivity in the system with xqs;pna = 75% is over three times larger
than in the Ficoll70-only system with the same ¢,... However, quantitatively the BD results
still differ from the FCS results. Judging by the orders of magnitude of hydrodynamic effects
(Section 4.2), the discrepancy is unlikely to arise from the absence of the near-field hydrody-
namic interactions. Moreover, the curvature of D;(¢,..) predicted by BD is different from the
observed experimentally. In FCS, the decrease in the diffusion coefficient with z4spna 1S 1ni-
tially strong, and then the slope becomes less steep. In BD, it is the other way round (compare
Fig. 4.5c vs. Fig. 4.9b). Despite these differences, our results prove the existence of the shape
effects by virtue of which dsDNA crowders hinder the diffusion more effectively than Ficoll70.

To better understand that shape effect, we calculated volumes excluded to Ficoll70 in the
systems under study (Fig. 4.9c). We estimated the total excluded volumes by summing the
volumes excluded by crowder to tracer (Eq. 2.21) over all crowders, assuming their additivity.

We also computed it more accurately with MC method (Section 3.3); the values are gathered in
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Figure 4.9: Diffusion of Ficoll70 in Ficoll70-dsDNA mixtures from BD simulations. (a)
Simulated systems of ¢ ~ 5% and xgspna = 0, 25, 50, and 75%. (b) Diffusion coefficient of
Ficoll70 in mixtures of Ficoll70 and dsDNA as a function of x4spna from BD simulations with
far-field hydrodynamic interactions. (¢) Volumes excluded to Ficoll70 (red) and Streptavidin
( ) as a function of molar fraction of z4spna. The solid line is a rough estimate assuming
that the total excluded volume fraction is a sum of individual crowder contributions (Eq. 2.21).
The values denoted by markers were computed using Monte Carlo (MC) method (Section 3.3)
and account for the mutual overlaps between the individual excluded volumes. Dashed lines on
the plot do not represent data but serve as a guide to the eye. Figure adapted from ref. [127].

Table 4.3: Volume fraction ¢., excluded to Ficoll70 tracer in mixtures of Ficoll70 and
dsDNA/dsDNA-S. z4spna and xgspna_s are molar fractions ot dsSDNA and dsDNA-S, respec-
tively. Uncertainties were computed as standard deviations of a mean.

L3dsDNA (%) gbex <%)

0 35.4+0.7
25 41.6 0.5
50 50.8 £0.9
75 70.7 £ 0.8
Taspna—s () dex (%)
75 45.24+0.6

Table 4.3. Here, unlike in other sections, we withdrawn one tracer particle from the simulation

box before each insertion, so that after the insertion the system had the same composition as in
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Table 4.4: Volume fraction excluded to dsDNA/dsDNA-S tracer in a mixture of Ficoll70
and dsDNA/dsDNA-S of z4;pna = 75%. zaspna and Tgspna—g are molar fractions ot dsSDNA
and dsDNA-S, respectively. Uncertainties were computed as standard deviations of a mean.

Pex ()
TdsDNA — 75 % 424+ 0.5
TasDNA-S = % 32.1£0.3

the simulations. Although this slightly shifts down the obtained values, it does not affect the
results qualitatively, so for simplicity we resigned from that procedure in other sections. We
found that for both streptavidin and Ficoll70, the excluded volume fraction increases upon an
increase of the dSDNA molar fraction while keeping the ¢,.. fixed. This increase is because
the long dsDNA chains exclude more volume relative to what they occupy compared with the

Ficoll70 crowders.

4.3.5 Spherical vs. elongated crowders

One may argue that a dsDNA differs from Ficoll70 not only in shape but also in size (hydro-
dynamic radius of 3.7 vs. 5.1 nm), which can also affect particle’s diffusion [186]. To single
out the shape effects, we performed additional simulations with dsDNA particles exchanged for
spheres with radius equal to the dsSDNA hydrodynamic radius, which we refer to as dsSDNA-S,
S stands for sphere (Fig. 4.10a,b). We assumed the total electric charge the same as dsDNA, but
we also performed the same simulations without electrostatic interactions and excluded their in-
fluence on the discussed effect. Note that since the volume of dsDNA is smaller than dsDNA-S,
keeping ¢,.. and x4spna fixed does not imply a one-to-one exchange of dsDNA for dsDNA-S
(Table 4.2).

The diffusion coefficient of Ficoll70 in the system with dsDNA was decreased three times
more strongly than in the system with dSDNA-S (12 vs. 4%, see Fig. 4.10c), both with and with-
out electrostatics. We also computed the volumes excluded to Ficoll70 in the studied systems
(Table 4.3). As expected, the fraction of volume excluded to Ficoll70 is substantially smaller in
systems with spherical dsDNA-S (45.2 vs. 70.7%). However, in Fig. 4.10d, we see that the dif-
ference in the diffusion coefficients is much smaller when we treat dSSDNA/dsDNA-S as tracers.
Without electrostatic interactions, both curves slightly shift up, but the difference between them
is even smaller. The diffusion coefficients of dSDNA and dsDNA-S in the corresponding sys-
tems are similar, although the difference in the excluded volumes is relatively high (Table 4.4),
similar to the one obtained for Ficoll70. It seems that excluded volume-based argument works
when we compare systems with the same tracer and different crowding media, but not in the
case of two different tracers.

Thus, we showed, using experiments (FCS) and simulations (BD), that specifying the occu-
pied volume fraction of binary mixtures of dsSDNA (elongated) and Ficoll70 (spherical) crow-

ders does not suffice to predict the diffusion coefficient of tracers therein. Elongated crowders
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Figure 4.10: Spherical vs. elongated crowders: results of BD simulations. (a) Comparison of
dsDNA polymer chain model and a sphere of equal hydrodynamic radius, which we refer to as
dsDNA-S. (b) Simulation snapshots of Ficoll70-dsDNA and Ficoll70-dsDNA-S mixtures. Note
that we keep the molar fraction of dSDNA x4spna and occupied volume fraction ¢, constant,
so the number of dsDNA is not equal to the number of dsDNA-S. (¢) Time-dependent diffusion
coefficient of Ficoll70 in a mixture with dsSDNA-S (dashed) and dsDNA (solid). (d) Time-
dependent diffusion coefficient of dSDNA/dsDNA-S in a mixture of Ficoll70 with dsDNA-S
(dashed) and dsDNA (solid). The shadowed areas denote the uncertainties due to the sampling
error. Figure reprinted from ref. [127].

hinder the diffusion more efficiently than spherical ones.

A similar effect was reported previously by Ellery et al. [141] (Section 4.1.3.1) and Balbo et
al. [185]. Using BD and FCS, Balbo et al. [185] observed that in mixtures of heart-shaped BSA
and Y-shaped IgG, the latter lead to a higher slowdown of tracer diffusion and that the crowder
shape has a more substantial influence on diffusion coefficient than the tracer shape. How-
ever, the authors used rigid protein models and accounted for hydrodynamic interactions using
the mean-field approach based on rescaling short-time diffusion coefficients [148] (Eq. 4.7a),
which, on the one hand, accounts better for the diffusion slowdown by directly rescaling diag-
onal elements of the diffusion matrix, but, on the other hand, does not introduce offdiagonal
elements, which are responsible for correlations between the motions. Furthermore, in our
study, the difference in shape is more prominent, and we pinpoint the very shape effect by ex-

changing nonspherical models for their spherical “equivalents” (i.e., the spherical particles with
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Figure 4.11: Translational and rotational diffusion of dsDNA in Ficoll70-dsDNA mixtures:
results of BD simulations. (a) Schematics presenting the motion of dsDNA as a combination
of Brownian motion of its center of geometry and rotational Brownian motion of its end-to-end
vector. The shaded area denotes the hydrodynamically equivalent sphere. (b) Long-time rota-
tional and translational diffusion coefficients of dSDNA in mixtures with Ficoll70 obtained from
BD simulations with far-field hydrodynamic interactions. Lines on the plot do not represent data
but serve only as a guide to the eye. Figure adapted from ref. [127].

the same hydrodynamic radius).

4.3.6 dsDNA rotational diffusion

Apart from translational diffusion of Ficoll70, we also analyzed translational and rotational
diffusion of dsDNA in the same systems (Fig. 4.11a). We computed rotational diffusion using
two approaches: fitting an exponential function to OA and fitting a linear function to a short-
time mean squared angular displacement (MSAD). The results presented in Fig. 4.11b were
obtained using the OA approach. The conclusion is that the translational diffusion is more
sensitive to macromolecular crowding than the rotational diffusion. This result is in line with

previous works [37, 105, 185], although the opposite was also reported [160]. Mean rotation per
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traversed distance (Eq. 4.14) decreases with crowding. Additionally, the shape effect reported

for translational diffusion is present in rotational motion as well.

4.4 Effect of attractive interactions

Although we observe the shape effects in our BD simulations with short-range repulsion (Fig. 4.9),
in qualitative agreement with FCS results (Fig. 4.5), the BD and FCS do not agree quantitatively.
The question remains what may be the reason for such a behavior. The most enigmatic feature
of the observed drop of streptavidin diffusion in dsDNA-Ficoll70 mixtures is that the majority
of the drop happens at the minimal dsDNA molar fraction x4spna used in the study (Fig. 4.5¢).
It seems that a relatively small concentration of dsSDNA changes something important in the
system, and then the further slowdown upon increasing z4spna is much slower. We hypoth-
esized that it might be due to an attractive interaction between dsDNA and streptavidin. In
experiments, streptavidin is added to the sample at nanomolar concentration, much lower than
dsDNA and Ficoll70. If there is some preferential attraction between a dsDNA and streptavidin,
even at small z4spna We may observe the majority of streptavidin tracers forming transient com-
plexes with dsDNA. The complexes would be less mobile than isolated streptavidin, which can
lead to a further decrease in the diffusion coefficient.

To quantify this possibility, we performed additional BD simulations with attractive Lennard-
Jones (LJ) interactions (Eq. A.8). Following Ando & Skolnick [36], we used the LJ energy
ery = 0.37kcal mol 1, as it allowed for reproducing the GFP translational diffusion coefficient
in the model E. coli cytoplasm. We focused on the system with z4spna = 25% and considered
two possibilities: attractive interactions between Ficoll70 and ds-DNA only and attractive in-
teractions between all particles (Fig. 4.12a). The differences are noticeable in Ficoll70-dsDNA
RDF (Fig. 4.12b). Without attractions, there are no signs of Ficoll70-dsDNA aggregation. With
attractions between dsDNA and Ficoll70 only, we see a single maximum — a signature of the
formation of dsDNA-Ficoll70 complexes. When Ficoll70-Ficoll70 and dsDNA-dsDNA attrac-
tions are turned on as well, we see an aggregation of bigger Ficoll70-dsDNA complexes resem-
bling a solid-like structure with consecutive maxima in the dsDNA-Ficoll70 RDF plot (see also
the snapshots in Fig. 4.12a). The diffusion coefficient of Ficoll70 predictably decreases when
attractions are at play (Fig. 4.12c). We note that the D(t) for attractions between all particles
is not based on TAMSD, but on MSD, as the system is out of equilibrium and moves to the
aggregated state (nonergodicity). However, the case with Ficoll70-dsDNA attractions only does
not show significant differences between MSD and TAMSD.

These BD results do not directly correspond to the experimental results because, in FCS,
streptavidin is present at a much lower concentration than dsDNA, whereas in BD simulations
there is more Ficoll70 than dsDNA. To relate the FCS and BD results, we proceed as follows.
In BD simulations in which Ficoll70 and dsDNA attract each other, we observe two different

populations of Ficoll70 particles — free and bound to dsDNA. Then, the apparent diffusion
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Figure 4.12: Effect of attractive interactions on macromolecular diffusion. (a) Comparison
of BD snapshots of systems with no attractive interactions, attractive interactions only between
dsDNA and Ficoll70, and attractive interactions between all macromolecules in systems of
Goce = 5% and xgspna = 25%. (b) Radial distribution function (RDF) between Ficoll70 and
dsDNA center of geometry in three cases introduced above. The vertical dotted line denotes the
sum of Ficoll70 and dsDNA bead radii. (¢) Time-dependent diffusion coefficient of Ficoll70
in three introduced cases. The curve for attraction among all macromolecules is obtained from
ensemble-averaged MSD (without time-averaging) as the system is not in equilibrium and Fi-
coll70 spheres aggregate. The shadowed areas denote the uncertainties due to the sampling
error. Figure adapted from ref. [127].

coefficient is an average of the bound Dy.unq and free Dy, diffusion coefficients weighted by

the fraction of bound Ficoll70, f, i.e.:

D = fDyound + (1 = f) Drce- (4.15)
Note that this equation neglects the higher order complexes between Ficoll70 and dsDNA.
We analyzed the time-dependent distance matrix to estimate the fraction of Ficoll70 macro-
molecules in close contact with dSDNA beads. We set a distance threshold at the position of
the first maximum at the RDF plot (Fig. 4.12b) and obtained f ~ 0.085 in the system with
attractive interactions between Ficoll70 and dsDNA, and f ~ 0.003 in the system without at-
tractions. After plugging it into Eq. 4.15, we obtained Dyoyna = 0.35 = 0.29. The resulting
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uncertainty is high due to sampling error, but it covers the experimental result, which supports
the hypothesis of streptavidin-dsDNA attraction. We note, however, that attractive interactions
between streptavidin and dsDNA have not been reported before, thus more work needs to be

done to fully rationalize the FCS results.

4.5 Effect of macromolecules’ softness

4.5.1 Previous studies

The majority of simulations assume that polymeric crowders closely resemble hard spheres,
either explicitly using hard-sphere potential, or using very steep, WCA potential. However, as
pointed out by Luby-Phelps e al. [102] and Junker et al. [126], this assumption is not always
justified. Some polymers, like Ficoll, exist in a compact form, which in dilute and semi-dilute
regimes is reasonably well approximated with a hard-sphere model. On the opposite side of the
spectrum, there are expanded and soft polymers, e.g., Dextran, PEG, and PEO, which behave
differently both as tracers [102, 103] and crowders [126, 187].

In 2018, Blanco er al. [187] proposed to account for the macromolecules’ softness via a

shoulder-shaped chain entanglement softened potential (CESP) in the following form:

U(r) = Us(r; €e) + % [1 — tanh (ﬁeafcgc (r— [l + fc]))} ; (4.16)
where U is a short-range potential (WCA, hard-sphere, ", etc.), {. is a hard-core distance
below which Uy steeply increases, /. is an entanglement distance setting the extension of CESP
shoulder, U is the energy cost of chain entanglement, and a is a lengthscale-setting parame-
ter (set to 1 nm by Blanco et al. [187]). CESP definition requires every marcomolecule to be
defined with two separate sizes: hard-core radius a. and entanglement radius a.. Then, param-
eters /. and /. are computed as sums of the corresponding radii a. and a.. The authors of ref.
[187] fitted Uy to reproduce the concentration-dependence of streptavidin diffusion coefficient
in Dextran50; the BD simulations with the CESP potential (Eq. 4.16) correctly predicted the
respective dependence in Dextran10, Dextran400, and Dextran700.

Junker et al. [126] investigated with FCS the translational diffusion of various biologically-
relevant tracers differing in size and shape, among others: 16-nm-long dsDNA, streptavidin,
GFP, and IgG, in artificially crowded media composed of Ficoll (hard) and PEG/PEO (soft)
crowders of various molecular masses. The authors reported a stronger diffusion slowdown in
PEG/PEO crowders at the same occupied volume fraction ¢,.. [126]. However, the volumes of
the crowders used to convert between the concentrations and occupied volume fractions were
different from the values resulting from the assumption that they are spheres of volume 47ra®/3,
where a is the hydrodynamic radius. The authors of ref. [126] used specific volumes of Ficoll

and PEG/PEO of 0.65mLg~! and 0.83mL g™, respectively. Instead, one can compute ¢q.
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Table 4.5: Specific volumes 1/p recalculated based on hydrodynamic radii « and molecular
masses m, assuming that polymeric crowders are spherical.

1/p (mLg=')[126] a (nm)[126] m (kDa) 1/p(a,m)(mLg™")

Ficoll70 0.65 5.1 70 4.78
Ficoll400 0.65 10 400 6.30
PEG35 0.83 5.7 35 13.34
PEO100 0.83 10.4 100 28.36
PEO200 0.83 154 200 46.05
PEO300 0.83 194 300 61.37
a dsDNA b streptavidin
1.0F i\\' - 7 4 10f % 'A' R
LA A ] i ]
0.8 1 0.8 ]
Y 0.6 1 1 06 A .
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Figure 4.13: Translational diffusion in crowders of different softness measured with FCS.
Values for two tracers are shown: (a) dsDNA and (b) streptavidin. The open symbols denote the
data originally reported by Junker ef al. [126]. The filled symbols denote the data recalculated
by assuming that the specific volumes of polymeric crowders are equal to specific volumes
of spheres having the same molecular mass and radius equal to the polymer’s hydrodynamic
radius. F in legend stands for Ficoll, P stands for PEG/PEO. Dashed line represents theoretical
result for identical spheres by Cichocki & Felderhof [147] (Eq. 4.6).

from the molecular masses and hydrodynamic radii, assuming that all crowders are spherical
(Table 4.5). The specific volumes computed this way are between one and two orders of mag-
nitude larger than those used by Junker ez al. [126]. As shown in Fig. 4.13, after recalculating,
the differences between the diffusion coefficient decrease in hard and soft crowders become
much smaller and do not lead to any definite conclusion. After the recalculation, the majority of
datapoints fall closer to the theoretical predictions of Cichocki & Felderhof [147] for identical
spheres (Eq. 4.6). However, both streptavidin and dsDNA are smaller than the crowders, so it
agrees that the slope of D(¢oc) is less steep than in Eq. 4.6. Note that the resulting volume
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Table 4.6: CESP parameters for models of hard and soft macromolecules.

a. (nm) a, (nm) (BUy a (nm)

hard 5.1 5.1 1.2 5.1
soft 3.35 6.85 1.2 5.1
hard 5.1 5.1 0.8 5.1
soft 2.5 7.7 0.8 5.1

fractions become high, suggesting that polymers might entangle and form a polymeric mesh-

work.

4.5.2 Model

As it emerges from the short survey above, the studies of the effect of crowder softness on tracer
diffusion appeared only recently and are rather scarce. The existing studies do not single out
the effect of softness systematically, either adding softness on top of hard particles to obtain
a better reproduction of experimental data like Blanco ef al. [187], or using crowders which
differ not only in softness but also in size, and in very high concentrations, like Junker et al.
[126]. The aim of our study was to isolate the effect of crowder softness on diffusion in crowded
environments, including answering the question of whether the result is dependent on the size
and shape of the tracer.

We approached the problem by comparing the crowding by electrically-neutral macro-
molecules, which differ in their softness but are otherwise equivalent. To this end, we used
the CESP (Eq. 4.16) and set a. = a. = a = 5.1 nm for hard particles (the same as for Ficoll70
in Sections 4.2 and 4.3) and (a. + a.)/2 = a for soft particles. Thus, we introduced the softness
by shrinking a. and expanding a. by the same amount (Fig. 4.14a). For the particles to be equiv-
alent, we introduced a constraint on the a. and a., such that they lead to the effective volume
Uoee OCcupied by soft and hard particles being equal. For a hard particle, v, 1s a volume of the

sphere with radius a. For a soft particle, we computed v,.. with the following integral:
Voce = 47r/ r2(1 — exp|—BU(r; ae, ae, Uy)])dr. (4.17)
0

We found a. and a, for a given entanglement energy U, by equating Eq. 4.17 to the hard-sphere
volume, using the bisection method with additional condition of (a. + a.)/2 = a. Results are
presented in Fig. 4.14b as a dependence of Uy on the relative splitting (a. — a.)/a.. The extent
of the entanglement decreases with the increase of the entanglement energy Uy. This kind of
soft-hard correspondence is equivalent to equating the second virial coefficients for hard and
soft particles [189]. For BD simulations, we picked two points from Fig. 4.14b (Table 4.6),
corresponding to 5Uy = 0.8 and 1.2 ( = 1/kgT). Note that the entanglement energy U
corresponds to the height of the respective potential shoulder (Fig. 4.14c¢).
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Figure 4.14: Models of hard and soft particles. (a) Juxtaposed models of two soft particles
(above) and one soft and one hard particle (below). The opaque, dark-grey sphere denotes the
volume restricted by a hard-core radius (impenetrable) a., whereas the partially transparent,
light-grey pictures the extension of the CESP shoulder — entanglement radius a. (Eq. 4.16). (b)
Relation between the extension of soft interactions (a.—a..)/a. and the entanglement energy U,
assuming constant effective occupied volume 555.6 nm? equal to the occupied volume of the
hard particle. The crossmarks denote the values of parameters used in simulations (Figs. 4.15,
4.17, and 4.18). (¢) CESP between two soft particles parametrized by the values indicated by
crossmarks in panel b (the same color code). For comparison, the hard-sphere potential is also
plotted. The vertical dotted lines mark the hard-core diameter 2a.. Figure reprinted from ref.
[188].

4.5.3 Simulation details

We performed BD simulations with a customized version of the BD_BOX software (Appendix D.1).
We placed the model macromolecules in cubic boxes of 85 nm x 85 nm x 85 nm, and applied
periodic boundary conditions in all three directions. The time step At was 0.5 ps, and sim-
ulations lasted for at least 10 us. We accounted for far-field hydrodynamic interactions with
the Ewald-summated generalized RPY approximation and, following Ando & Skolnick [36],
performed Choleski decomposition every 100 steps to speed up simulations. We performed
Ewald-summation of the diffusion matrix with & = /7, Mcutoft = Neutofr = 2 (Appendix B).
We propagated the BD with the Iniesta-Garcia de la Torre propagation scheme [184] (Eq. A.4).
The temparature 7" was 298.15 K, the Debye screening length £~! = 0.96 nm, dynamic viscos-
ity n = 1.02 cP, and relative dielectric constant € = 78.54. Parameters for repulsive potential

(Bq. A.7) were: ep; = 0.37kcalmol™!, o = 0.15 nm. To avoid large forces causing numerical
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Table 4.7: Compositions, occupied volume fractions ¢,.. and molar fractions z4pxa of
simulated mixtures of hard and soft macromolecules.

¢OCC (%) TH (%) xs (%) NH NS

10 100 0 111 0
10 72 28 81 30
10 28 72 31 80
10 0 100 0 111
30 100 0 333 0
30 0 100 0 333

Table 4.8: Volumes excluded by a single hard/soft particle to another hard/soft particle.

‘/ex(H_H> ‘/ex(H_S) ‘/GX(S_S)
BUy = 0.8 SVocc 6.14v0cc 5.85Ugcc
LUy = 1.2 8Vocc 7.20V0¢c 6.92V0cc

problems, for separations between the macromolecules’ surfaces below r;, = 0.08 nm, we
kept the magnitude of force fixed and equal to F'(r,,). We also set the upper cutoff for the
repulsive interactions to 15 nm and for electrostatic interactions to 25 nm. Compositions of the
simulated systems are shown in Table 4.7.

We obtained diffusion coefficients from TAMSD (Eq. A.14) with a window length equal
to 5ns. The long-time diffusion coefficients were obtained by averaging D(t) around ¢ =
5us. Uncertainty of the D; due to sampling error was estimated by dividing the simulations
into 5 subsets and computing the standard deviation of the mean, while treating the subsets as

independent “measurements”.

4.5.4 Diffusion in soft and hard crowders

We simulated mixtures of soft and hard particles (Fig. 4.15a) with effective occupied volume
fraction ¢o.. = 10% and molar fraction of hard particles xy; = 27% (Table 4.7) for two different
sets of CESP parameters (Table 4.6 and crossmarks in Fig. 4.14b). Diffusion coefficients of hard
and soft particles increase with increase of the crowder softness controlled by the entanglement
extension (a. — a.)/a. (Fig. 4.15b). The effect is similar, no matter whether we consider hard
or soft particles as tracers, but the diffusion coefficients of soft particles are higher.

We also computed effective volumes excluded by soft and hard crowders using MC simula-
tions (Section 3.3). Hard particle excludes 8v,c. (Vo being its volume) to another hard particle,
whereas a soft particle with SU, = 1.2 excludes only =~ 7.2v,.. to a hard particle and x Tv,
to another soft particle. Corresponding values for a soft particle with U, = (.8 are even lower
(Table 4.8). Thus, soft crowders hinder diffusion of other particles less strongly because they
exclude less volume to a tracer, either hard or soft.

Next, we studied diffusion in mixtures of hard and soft (U, = 1.2) particles. We consid-

ered occupied volume fraction ¢,.. = 10% and various molar fractions of hard particles xy
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Figure 4.15: Diffusion in systems of hard and soft macromolecules. (a) Snapshot of a mix-
ture composed of soft and hard particles used in BD simulations. (b) Dependence of diffu-
sion coefficient of soft and hard tracer in hard-soft mixtures of zx = 27% on the extent of
the soft interaction, keeping the effective occupied volume fraction ¢o.. = 10%. The value
(ae — a.)/a. = 0 corresponds to a hard particle. (¢) Dependence of diffusion coefficient of soft
(BUy = 1.2) and hard tracer in hard-soft mixtures on the molar fraction of hard particles, keep-
ing the effective occupied volume fraction ¢.. = 10%. (d) Snapshots of example 1-component
systems of hard/soft particles used in BD simulations. (e) Dependence of diffusion coefficient
of soft and hard tracer in 1-component systems on the occupied volume fraction ¢,... Figure
reprinted from ref. [188].

Table 4.9: Excluded volume fractions in simulated mixtures of occupied volume fraction

qbocc =10 %'

d)occ =10 %, BUO =12
Tracer xg = 100 % xs =T73% rs =27%
a.=0nm a,=0nm 9.90 £ 0.02% 9.95+0.03% 9.99 + 0.03%
a.=51nm a =51nm 56.2+05% 589+0.7% 61.1+0.7%
a. = 3.35nm a. =68>nm 54.4+04% 56.1+06% 57.3£0.5%

(Fig. 4.15c). The diffusion coefficient in these systems gradually decreases upon increasing the
number of hard particles, which reflects the trend in the volume exclusion (Table 4.8). However,
since the excluded volume is not an additive property, we computed effective excluded volume
fractions in the simulated systems using the MC method (Section 3.3). The MC results support

our reasoning (Table 4.9).
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Table 4.10: Excluded volume fractions in simulated mixtures of occupied volume fraction
Goce = 30 %.

¢occ =30 %, ﬁUo =1.2
Tracer xg = 100 % rs =0%
a. =0nm a, =0nm 276 £0.2%  30.10 £ 0.10%
a.=51nm a,=>51nm 95404+0.12% 99.1 +0.2%
a. = 3.35nm a. = 6.85nm 94.00 £ 0.14%  98.1 £ 0.3%

Figure 4.16: IgG bead model. (a) Crystal structure of human IgG [190] taken from Protein
Data Bank (PDB ID: 1HZH) [31] and visualized using Mol* Viewer [191]. (b) Bead model
of IgG correctly reproducing its hydrodynamic radius (5.8 nm) and angle distributions [192].
Figure reprinted from Supplementary Information of ref. [188].

Figure 4.15e shows the dependence of the long-time diffusion coefficient on the effective
occupied volume fraction for one-component systems of hard and soft macromolecules. The
slope of the line representing hard particle systems is substantially larger than for soft parti-
cles. For ¢,.. ~ 30%, the crowding by hard particles leads to approximately four times larger
diffusion slowdown than in the case of soft crowders. Again, we see the same trends in the
excluded volume data (Table 4.10), but the differences in excluded volume are relatively small,
as compared to the differences in the diffusion coefficients. This is because the values are close

to 100%, so the possible differences are somewhat limited in such a concentrated regime.

4.5.5 Tracer shape effect

We next studied how the crowder softness (5U, = 1.2) influences the diffusion of nonspherical
tracers. We chose an elongated 16-nm-long dsDNA, the same as in Section 4.3, and a Y-
shaped model of IgG (Fig. 4.16). The IgG model is characterized by a hydrodynamic radius
arec = 5.8 £ 0.2nm, close to the experimental value of 6.0nm [126]. Moreover, its angle
distrbutions are similar to the experimental ones [192]. The model consists of 6 beads of various
hydrodynamic radii (Table 4.11) with harmonic bond (Eq. A.12 and Table 4.12) and angle
interactions (Eq. A.13 and Table 4.13) between the beads.
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Table 4.11: Sizes of the subunits of IgG model.

Subunit a = a, = a, (nm)
4.5
1.0
242
242
242
242

mmoaQw

Table 4.12: Values of equilibrium bond lengths and force constants in IgG model.

Subunit Bond length (nm) Force constant (kcal mol~! nm~2)

A-B 6.0 1909.86595
B-C
B-E 3.9 1909.86595
C-D
E-F 3.0 1909.86595

Table 4.13: Values of equilibrium angles and force constants in IgG model.

Subunit  Angle value Force constant (kcal mol~! rad—2)

A-B-C .
N B.p 1250 0.05
B-C-D .

B.p.p 1800 10.00
C-B-E__ 110.0° 0.05

Table 4.14: Compositions, occupied volume fractions and molar fractions of simulated
mixtures of hard and soft macromolecules with IgG and dsDNA.

Tracer  ¢occ ()  Trga/Taspna (%) wu/zs (%)  Niga/Naspna  Nu/Ns
IgG 10 28 72 30 79
dsDNA 10 25 75 36 107

To understand whether the difference between the diffusion in hard and soft crowders pre-
sented in Fig. 4.15 remains similar irrespectively of the tracer size and shape, we simulated sys-
tems containing dsDNA and IgG tracers (Fig. 4.17a) with compositions shown in Table 4.14.
Consistently with the previous results (Fig. 4.15), we find that the diffusion of IgG is visibly less
hindered by soft crowders (Fig. 4.17b). However, for dsSDNA, the difference between the diffu-
sion coefficients in hard and soft crowders is much smaller than for larger tracers. We used the
MC method (Section 3.3) to compute the effective volumes excluded by soft and hard crowders
to dsDNA and IgG tracers (Fig. 4.17¢). Although the respective differences are relatively small,
they reflect the behavior of the diffusion coefficients, i.e., soft crowders exclude less volume to
hard and IgG tracers; conversely, soft crowders exclude more volume to dsDNA tracers. This

behavior suggests that, for some macromolecular shapes, the diffusion might be faster in hard
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Figure 4.17: Effect of the tracer shape on the diffusion in systems with soft and hard
crowders. (a) Models of nonspherical tracers, dsSDNA and IgG, used in BD simulations (top)
and snapshots of them mixed up with hard/soft crowders (bottom). (b) Diffusion coefficient
of tracers in hard and soft (U, = 1.2) crowder systems of ¢o.. =~ 10% as a function of
their hydrodynamic radius. Hydrodynamic radii of dsDNA and IgG were obtained in separate
BD simulations of isolated particles. (¢) Volume excluded by hard and soft crowder systems
of ¢oec = 10% to various tracers as a function of their hydrodynamic radius. (d) Heat map
presenting the difference between volume excluded by hard and soft crowders Age, = ¢hard —

sft to a dsDNA-like chain of various crowder size a/aj; and aspect ratio £/2ay,. Figure adapted

ex

from ref. [188].

crowders.

Because the difference of the diffusion coefficients and excluded volumes of the dsSDNA
were rather small, to investigate this relation more systematically, we computed volumes ex-
cluded to dsDNA-like chains as a function of the chain length ¢/2a; and crowder-to-bead radius
ratio a/a; (Fig. 4.17d). Depending on ¢/2a; and a/ay, Agex = ¢ — ¢ may be positive

(hard crowders exclude more volume to the chain) or negative (soft crowders exclude more vol-

ume to the chain). Thus, the volume excluded to a polymer chain by soft crowders exceeds the
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ap = 1.14 nm
(a/ap ~ 4.47)

Figure 4.18: Thin and long crowders diffuse faster in systems with hard crowders. (a)
Comparison of dsDNA model and its rescaled version with two times smaller bead radius ay.
(b) Diffusion coefficient of dsDNA models in hard and soft crowder systems of ¢o.. = 10% in

ap = 0.57 nm
(a/ap = 8.95)

a function of crowder size a/a,. Figure adapted from ref. [188].
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volume excluded by hard crowders for sufficiently long and thin chains.

To verify whether the behavior of the excluded volume entails a similar behavior of dif-
fusion coefficients, we prepared a rescaled dSDNA model with two times smaller bead radius
ap (Fig. 4.18a). BD simulations with such rescaled dsDNA particles indeed show that thinner
chains diffuse faster in hard crowders than in soft crowders, in agreement with the predictions

based on the excluded volumes (Fig. 4.18b). This behavior is in contrast to the behavior of more

spherical particles, like hard and soft macromolecules and IgG.
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Chapter 5

Enhanced enzyme diffusion

One can best appreciate, from a study of living things, how primitive physics still

is.

Albert Einstein

In Chapter 4, I covered self-diffusion of macromolecules in thermodynamic equilibrium.
However, biological cells are not in equilibrium, unless dead. In some sense, their existence is
a sheer resistance to equilibration, as energy and matter fluxes are essential features of life at
the cellular level [193, 194].

It is natural that diffusive properties of macromolecules in the cytoplasm affect the chemical
kinetics of reactions happening therein, therefore affecting the metabolic networks driving life
[96, 97]. However, a growing body of evidence shows that the opposite might also be the case,
i.e., that the metabolic activity affects the diffusion of macromolecules immersed in “active”
cytoplasm [20, 21, 115, 194, 195]. For instance, Parry et al. [20] reported that the cytoplasm
of Caulobacter crescentus becomes glassified when its metabolic activity is halted by glucose
starvation, rendering it more viscous for macromolecules. In another work, Li et al. [195]
showed that the diffusivity of macromolecules in cells undergoing necroptosis increases in its
initial stages. Understanding the coupling between the metabolic activity and macromolecular
mobility is essemtial for a reliable simulation of living cells.

A possible explanation for the coupling of activity and mobility in living cells is the phe-
nomenon of enzyme diffusion enhancement [196—-198], which is an enhancement of the enzyme
diffusion in systems containing substrates of the reaction it catalyzes. Moreover, Zhao et al.
[199] reported that active enzymes could affect the diffusion of passive particles. Although the
existence of enzyme diffusion enhancement is still debated [200, 201], and its studies are lim-
ited to dilute solutions, there are indications that it might be related to the observed cytoplasmic
glassification [194].

In this Chapter, we discuss enzyme diffusion enhancement, focusing on crowded systems.
After reviewing the literature in Section 5.1, in Section 5.2, I introduce a model enzyme that

exhibits a diffusion enhancement upon binding a substrate [202]. In Section 5.3, I describe
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its behavior in various crowded systems akin to intracellular environments. In Section 5.4, we
will see if and how microfluidic H-cell experiment, a versatile tool for, among others, diffusion

measurements, can be applied to measure enzyme diffusion enhancement.

5.1 Literature review

As already mentioned above, one of the reasons for metabolism-mobility coupling in cells may
be enhanced enzyme diffusion [196—198]. The effect was communicated by various authors for

a broad class of enzymes [203-214]. The experimental results are gathered in Table 5.1.
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The magnitude of the enzyme diffusion enhancement varies between studies and enzymes.
The enhancement ranges from just 5% for triose phosphatase reported by Riedel et al. [208] to
even 200% for urease claimed by Xu et al. [213], the majority falling somewhere between 10
and 40% [203, 205, 208-212]. However, some authors claim that the effect is merely an artifact
of the applied experimental methods [200, 201, 216] or a result of dissociation of oligomeric
enzymes [217, 218].

The two most probable mechanisms that may lead to the enzyme diffusion enhancement
are phoresis and conformational changes [194]. Phoresis is a movement driven by a gradient
of some material property, e.g., of the electric field in the case of electrophoresis, temperature
in the case of thermophoresis, and the concentration in the case of diffusiophoresis. Within
this mechanism, an enzymatic reaction is the source of such gradient itself, so one refers to
the effects as a self-electrophoresis [205], self-thermophoresis [219], and self-diffusiophoresis
[196, 220], respectively. In turn, conformational changes include size decrease [202, 203],
active swimming [216, 221], damping conformational fluctuations [209], and chemoacoustic
effects [208].

The most straightforward mechanism which may lead to an enhanced enzyme diffusion is
the change of the enzyme size upon binding a substrate. The size decrease, if lasting long
enough, would lead to an increase in the enzyme’s diffusion coefficient according to the Stokes-
Sutherland-Einstein (SSE) relation (Eq. 2.10). Such size changes are ubiquitous among en-
zymes. For instance, the radius of Escherichia coli H*-ATPase F subunit decreases by ca. 15%
in the presence of its substrate analog, AMP-PNP [222]. Indeed, Borsch et al. [203] observed
the enhancement of the H"-ATPase F'; subunit’s diffusion in the presence of AMP-PNP.

Oyama et al. [223] performed Brownian dynamics (BD) simulations of binary mixtures in
which small spheres modeled water, and large spheres, with fluctuating radii, modeled metabol-
ically active enzymes. They observed that even small radii fluctuations (=~ 4%) might lead to
glass-fluid transition, which could be a size-decrease mechanism for the metabolism-driven cy-
toplasm fluidization observed by Parry et al. [20] and Nishizawa et al. [21]. Clearly, the same
size changes could also lead to the enzyme diffusion enhancement, as described above.

All the aforementioned experiments were performed in vitro, in dilute solutions. As we ex-
tensively discussed in Chapter 4, such an approach does not give answers to the most intriguing
question: how the macromolecular transport behaves inside biological cells, which are crowded
by diverse macromolecules. To address this question, we study the dynamics of conformation-

changing enzymes (Section 5.2) in crowded environments with BD simulations (Section 5.3).

5.2 Fluctuating-dumbbell model

[llien et al. [224] introduced a dumbbell model of an enzyme that is composed of two subunits
fluctuating around an equilibrium separation. They showed that suppression of the separation

fluctuations upon binding a substrate might lead to an increase in enzyme diffusion coefficient,
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which they claimed to be consistent with the aldolase diffusion enhancement observed experi-
mentally [209], along with its Michaelis-Menten-like [225] substrate concentration dependence.

A similar model was analyzed with BD simulations by Kondrat & Popescu [202]. They
showed that, contrary to the results obtained by Illien et al. [209, 224], the suppression of
internal fluctuations leads only to a minor enhancement of the diffusion coefficient (< 5%).
Nevertheless, they showed that the bare size decrease upon binding a substrate, if sufficiently
large, could lead to a diffusion enhancement comparable to the one observed experimentally for
such enzymes.

Following ref. [202], we consider a fluctuating dumbbell composed of two spherical beads
of hydrodynamic radius ¢ = 1 nm each (Fig. 5.1a). This model enzyme can adopt two distinct
conformations: open and closed, characterized by different bead-bead separations: ¢, = 2.5 nm
and /. = 1.1 nm, respectively. To compute the enzyme diffusion enhancement, we performed
two sets of BD simulations, corresponding to two extreme substrate concentration values: when
an enzyme can be in an open or closed conformation ([S] = 0) and when it is only in the closed
state ([S] — o0).

[S] = 0 regime is modeled implicitly by setting a double-well potential U, which has two
minima with equal depth at ¢ = /. and ¢ = ¢, and a potential barrier between them (Fig. 5.1b,

solid line):

16k,

U(g) N (go - 60)4

(be = 0)%(C = 0)7, (5.1)
where the characteristic energy k, is the height of the energy barrier separating the two states,
which we set to 7k in all simulations below. The potential U allows for fluctuations between
the two states, which mimicks the enzyme’s behavior in the absence of substrates. The popula-
tions of open and closed enzymes follow the Boltzmann distribution, their imbalance being due
to the higher entropy of the open state (Fig. 5.1c, solid line). This aspect of fluctuating-dumbbell
enzymes 1s discussed more extensively in Section 6.2.

[S] — oo regime is modeled implicitly too by setting a single-well potential U, with a

minimum at ¢ = ¢, (Fig. 5.1b, dashed line):

16k
L (b — 0)29.(0), (5.2)

UC(K) N (go - gc)

where:

(€, — 0)?, if (<4,
gc(& gcago) = (53)
(0—20.+40,)2, if £>/,.

In this regime, all enzymes are in the closed state (Fig. 5.1c, dashed line).
The diffusion coefficients for [S] = 0 and [S] — oo were extracted by fitting the MSD(¢)
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Figure 5.1: Fluctuating-dumbbell enzyme model. (a) Two possible conformations of
fluctuating-dumbbell enzyme model, differing in equilibrium distance between the subunits
(¢, < L, for closed; ¢, for open). When there is no substrate ([S] = 0), there is a dynamic
equilibrium of enzymes in the open and closed conformations. When substrate is in abundance
([S] — o0), all enzymes are closed. (b) Enzyme bonded potentials: U (red) with two equiener-
getic minima for [S] = 0 case and U, (blue) with a single minimum for [S] — oo case. (c)
Equilibrium probability density of bead separation ¢ for potentials U and U,.. (d) The mean
squared displacement (MSD) obtained by 4000 independent BD simulations. Figure adapted
from ref. [226].

data from BD simulations with a linear function f(¢) = 6Dt (Fig. 5.1d). The resulting diffusion
coefficients (T = 298.15K, n = 1.02¢cP) are D([S] = 0) = 153nm?ps~! and D([S] —
0o) = 180nm? us~!, which translate to hydrodynamic radii 1.40 and 1.19 nm, respectively.
This amounts to ~ 17.6% of enzyme diffusion enhancement in infinite dilution (i.e., without
crowders, ¢o.. = 0), comparable to the experimental results for F; ATP-ase [203] (Table 5.1).
Hydrodynamic radii obtained from our BD simulations are also very close to the results of GRPY
algorithm (Appendix D.5) for computing the hydrodynamic radii of rigid bead structures: 1.44

for open and 1.20 nm for closed conformation.
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5.3 Effect of crowding

In this section, we discuss the interplay between the enzyme diffusion enhancement and the
diffusion slowdown due to macromolecular crowding. Moreover, we discuss the influence of
enzymatic activity on the diffusion of passive spheres mixed with the enzymes. To this end, we
performed BD simulations of systems composed of fluctuating-dumbbell enzymes (Section 5.2)

and passive spherical macromolecules.

5.3.1 Simulation details

We performed BD simulations with a customized version of the BD_BOX software (Appendix D.1).
We placed the fluctuating-dumbbell enzymes and passive spheres in cubic boxes of 25 nm x
25nm X 25 nm, and applied periodic boundary conditions in all three directions. The time step
At was 0.5 ps, and simulations lasted for 10 us or more. We accounted for far-field hydrody-
namic interactions with the Ewald-summated (o = /1, Meutoft = Neutoft = 2, se€ Appendix B)
generalized Rotne-Prager-Yamakawa (RPY) approximation. Following ref. [36], to decrease
the computational cost we performed Choleski decomposition every 100 steps instead of do-
ing so in every step. We propagated the BD with the Iniesta-Garcia de la Torre scheme [184]
(Eq. A.4). The temperature 7' = 298.15 K, and dynamic viscosity 7 = 1.02 cP. Parameters
for repulsive interactions (Eq. A.7) were: ery = 0.37kcalmol™!, ¢ = 0.15nm. To avoid
large forces causing numerical problems, for separations between the beads’ surfaces below
rmin = 0.1nm, we kept the magnitude of force fixed and equal to F(r,). We also set the
upper cutoff for the repulsive interactions to 15nm. We accounted for roughness of macro-
molecules (Eq. A.10) setting h = o for all beads.

We obtained diffusion coefficients from time-averaged mean squared displacement (TAMSD)
(Eq. A.14) with a window length equal to 5ns. The long-time diffusion coefficients were ob-
tained by averaging D(t) between 2.5 and 5 ps. Uncertainty of the D, due to sampling error
was estimated by dividing the simulations into 5 subsets and computing standard deviation of
the mean, while treating the subsets as independent “measurements”. We quantified diffusion

enhancement 0 D;"** in the following way:

Dy ([S] = 00) = Di ([S] = 0)

oD = D, (1S =0)

(5.4)

We prepared multiple mixtures of fluctuating-dumbbell enzymes and passive spheres (a =
1nm) of various occupied volume fraction ¢,.. and composition (Table 5.2), grouping them
into two categories. In enzyme crowding (Fig. 5.2a), we kept the number of passive spheres
constant (¢occ ~ 3%), and added enzymes to yield the total ¢o.. = 8, 13, and 18%. In sphere
crowding (Fig. 5.2b), we kept the number of enzymes constant (¢,.. ~ 5%), and added passive

spheres to reach the same ¢,.. as in the case of enzyme crowding.
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Table 5.2: Compositions and occupied volume fractions of simulated mixtures of enzymes
and passive spheres. N.,, and [V, are numbers of enzymes and passive spheres in a simulated
system, respectively.

¢occ (%) Nenz Npass
Enzyme crowding
8 100 100
13 200 100
18 300 100
Sphere crowding
3 0 100
8 100 100
13 100 296
18 100 492

a b

enzyme crowding sphere crowding

Figure 5.2: Sphere and enzyme crowding. The snapshots show an example of (a) enzyme and
(b) sphere crowding for the total occupied volume fraction ¢,.. = 18%. In enzyme crowding,
the number of passive spheres (blue) is kept fixed, while the number of enzymes increases (red).
In sphere crowding, the number of enzymes is kept fixed, while the number of passive spheres
increases.

5.3.2 Enhanced diffusion of enzymes

As already mentioned, in the absence of crowders the enzyme diffusion enhancement exhibitted
by our fluctuatng-dumbbell model amounts to &~ 17.6%, similar to the value reported for F;
ATP-ase by Borsch et al. [203]. We found that crowding decreases the diffusion coefficient
in the case of both [S] = 0 and [S] — oo (Fig. 5.3a). The decrease for enzyme and sphere
crowding is similar in the substrate abundance case ([S] — o). However, when there is no
substrate ([S] = 0), the decrease is more substantial when crowding is due to enzymes.

This behavior is due to the fact that when [S] — oo, the enzymes are exclusively in the
closed conformation, resembling spherical particles owing to the significant overlap of the beads
composing them. This means that enzyme crowding and sphere crowding become qualitatively

similar. In turn, when [S] = 0, most enzymes are elongated, so they hinder diffusion more than
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Figure 5.3: Diffusion enhancement of fluctuating-dumbbell enzyme model in BD simula-
tions. (a) Diffusion coefficient of enzyme in two substrate concentration regimes and in two
different crowding media: sphere-dominated and enzyme-dominated, plotted as a function of
total occupied volume fraction ¢,.. (b) Diffusion enhancement in two aforementioned crowd-
ing media, plotted as a function of ¢,... Lines on the plot do not represent neither experimental
data nor theory but serve only as a guide to the eye. Figure adapted from ref. [226].

the spheres with the same occupied volume (Section 4.3).

Irrespective of the occupied volume and type of crowding, we observed the diffusion en-
hancement, i.e., a higher diffusion coefficient for [S] — oco. However, perhaps surprisingly,
the enhancement increased for the enzyme crowding and decreased for the sphere crowding
(Fig. 5.3b). This means that subtle features of the macromolecules composing the crowded mi-
lieu, such as their shape, can affect the enzyme diffusion enhancement not only quantitatively,

but also qualitatively.

5.3.3 [Enhanced diffusion of passive tracers

Zhao et al. [199] showed with fluorescence correlation spectroscopy (FCS) and dynamic light
scattering (DLS) that inert tracers of various sizes, ranging from 0.57 nm (Rhodamine B) to
100 nm (Fluorescent Polymer Microspheres), experience the diffusion enhancement, when mixed
with urease or aldolase and their respective substrate. The authors interpreted it as a transfer of
diffusion enhancement between the active enzymes and passive tracers. To explore this possi-
bility, we analyzed the diffusion of passive spheres in mixtures with active enzymes modeled
by fluctuating dumbbells (Section 5.2).

Our results show that passive tracer diffusion enhancement is indeed present in concentrated
systems of conformation-changing enzymes (Fig. 5.4). Moreover, the diffusion enhancement

of passive spheres increases with increasing the enzyme concentration [E|. However, the mag-
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Figure 5.4: Enhanced diffusion of passive tracers in BD simulations. (a) Snapshots of BD
systems with increasing concentration of enzymes [E|, while keeping the number of passive
spheres fixed. (b) Diffusion coefficient of passive sphere as a function of concentration of
fluctuating-dumbbell enzymes [E| for two substrate concentrations: [S| = 0 and [S] — 0. (¢)
Passive sphere diffusion enhancement plotted as a function of enzyme concentration [E]. Lines
on the plot do not represent neither simulation data nor theory but serve only as a guide to the
eye. Figure adapted from ref. [226].

nitude of the enhancement is smaller than in the case of enzyme enhanced diffusion, e.g., for
Goce = 18%, we observe 10% enhancement for spheres vs. 30% for enzymes.

We converted the occupied volume fraction ¢, to enzyme molar concentrations [E] to com-
pare them with the experimental data [199]. The values for ¢,.. = 8, 13, and 18% correspond
to 11, 21, and 32 mM, respectively. While the passive sphere diffusion enhancement in BD
simulations is qualitatively consistent with the experimental results by Zhao et al. [199], in the
experiments the enzymes were present in nanomolar concentration, whereas in our simulations
—millimolar. Therefore, the size change of the enzymes alone cannot explain the experimentally
observed passive tracer diffusion.
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5.4 H-cell microfluidics and enhanced enzyme diffusion

As discussed in Section 5.1, FCS experiments indicate the existence of the enzyme diffusion
enhancement in systems containing substrate, while some other, nonfluorescent methods, such
as DLS and nuclear magnetic resonance (NMR), do not detect it. It is natural to ask whether
the existence of this phenomenon can be tested with alternative techniques that have not been
used for this purpose so far, e.g., H-cell microfluidics, which has recently been introduced as a
versatile and robust method to measure diffusion coefficients [227, 228]. The following section

attempts to answer this question.

5.4.1 Principles of H-cell diffusion measurement

H-cell microfluidics diffusion coefficient measurement is based on the mass transport between
two concurrent laminar fluid streams via the interface between them [227, 228] (Fig. 5.5). One
of the flows, called donor stream (DS), initially contains a higher concentration of an analyte.
As the two streams meet and travel in parallel for a finite length of the H-cell channel L, the
analyte diffuses from the DS to the receiver stream (RS). For a fixed L, the total amount of the
analyte transferred from the DS to the RS depends on its transport diffusion coefficient D.

Yu et al. [228] used this method to measure diffusion coefficients of proteins such as lysozyme
and bovine serum albumin (BSA), varying the initial concentration in DS and RS, as well as the
ionic strength, buffer type, and viscosity. The obtained results are in reasonable agreement (up
to ~ 20%) with the values obtained using alternative methods for protein diffusion measure-
ment. However, one has to realize that the measured transport diffusion coefficient, denoted
here by D to distinguish it from the self-diffusion coefficient D, is not the same property as
D elaborated on in Section 2.1 and defined using MSD. The transport diffusion coefficient is
defined by Fick’s diffusion law:

dc

5 DV, (5.5)

and describes the time evolution of the analyte concentration c in a system with a concentration
gradient. In general, these two diffusion coefficients are not the same [229, 230], and equal only

for low analyte concentrations.

5.4.2 Mathematical description of H-cell diffusion measurement

Haéusler et al. [227] showed that the problem of diffusion between DS and RS could be described
mathematically using a one-dimensional diffusion equation with position-dependent diffusion
coefficient D(y):

oc D 9% ~, 0%
— = ——— =D(y)— .
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RS DS

Figure 5.5: Schematic of an H-cell microfluidic device. Two laminar flows of fluid enter the
H-cell through the inlets (bottom of the scheme). The flow containing a higher concentration of
the analyte is referred to as a DS, and the other one is referred to as a RS. The two streams meet
on a finite length of the H-cell channel L, and the analyte diffuses from the DS to RS. Finally,
the DS and RS exit the H-cell through the outlets (top of the scheme), so their final composition
can be analyzed. The z-direction is perpendicular to the plane of the scheme, and the extension
of rectangular channels in that direction is denoted as 2.

where x coordinate, parallel to the fluid flow, acts as a time. The diffusion in the = direction can
be neglected due to a much higher advective transport rate (Peclet number Pe > 100). 0(y) is

a y-dependent flow velocity in the z-direction averaged over z coordinate [227]

a(y) = 1L, [1 - (9>m} , (5.7)

m a

where 2a is the channel width and 2b is the channel height, m = 1.7 + 0.5(%)_1'4, and v is
a macroscopic flow velocity. The position-dependent effective diffusion coefficient D is the
lowest at the center of the flow and goes to infinity when approaching the edges (when |y|
increases).

The concentration ¢(y) smoothes out with z and, assuming that two streams do not diverge
(L — 00), reaches an equal value at every point:

lim ¢y, x) = 02_0‘ (5.8)

T—r00
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Figure 5.6: Example of the evolution of the analyte concentration along the H-cell channel.

For a finite value of L, the total concentrations in the DS and RS outlets are given by:

cos(L) = [ cly. L)y (5.99)

0
ens(L) = / (y, L)dy, (5.9b)

—a

and encode the value of transport diffusion coefficient D.

5.4.3 Simulation of H-cell diffusion measurements
We denote the initial concentration of the analyte in DS with ¢y, and assume that initially there

is no analyte in RS, i.e.:

c=0, fory < 0;
¢ = ¢, fory > 0; . (5.10)
g—; =0, fory=—aandy =a

We use a simple Euler discretization of Eq. 5.6 that leads to the following propagation scheme:

- A
C?+1 = C? + Dz * 3
(Ay)

where the upper indices enumerate discrete points in time, and lower indices — discrete points

(fy — 26 +cy) (5.11)

in space along the y axis. Az and Ay denote the integration step in the = and y directions,
respectively. The values of c at the edges are not propagated with Eq. 5.11, and instead are
always kept equal to the values of their neighbors in order to satisfy no flux boundary conditions

(Eqg. 5.10). An example of the evolution of the concentration profile is shown in Fig. 5.6.
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Table 5.3: Michaelis-Menten parameters and diffusion coefficients of catalase, urease, and
aldolase used in calculations.

catalase urease aldolase
Ky (mM) 96 32 13
kear (571 6.1-10° 5.913 - 103 5
D([S] = 0) (nm? pus™) 60 31.8 42.6
D([S] — o0) (nm?ps™1) 87 40.7 55.4

5.4.4 Application for the diffusion enhancement measurement

Two separate H-cell diffusion measurements must be compared to obtain the diffusion enhance-
ment using H-cell microfluidics. In one, the measurement is executed exactly like in ref. [228]
and described above, with ¢ denoting the concentration of enzyme [E]. In the other one, sub-
strate excess has to be added to both DS and RS. Suppose an enzyme experiences the diffusion
enhancement due to the presence of substrate. In this case, the concentration of enzyme in the

RS outlet [E];4 shall differ between the two measurements, i.e.:
A [Elgs = [Elgs (8] = 00) — [Elgs ([S] = 0) > 0. (5.12)

To keep the enzymatic reaction rate constant throughout the experiment, the substrate con-
centration has to be much higher than the enzyme concentration. We assume that the evolution

of substrate concentration follows the Michaelis-Menten equation [225], which gives:

kcat [E}O [S]

FA A TR

(5.13)
where k., is the enzyme’s turnover number, K, is its Michaelis constant, [S] is the substrate
concentration, and [E], is the initial enzyme concentration.

According to Michaelis-Menten kinetics, the reaction rate V' relative to the initial (maximal)

value V{, is given by the following equation:

V. _ BB+ Ku
Voo [Slo [SI+ Enr

(5.14)

[S] / [S], may be computed by solving Eq. 5.13 numerically. From Eq. 5.14, we see that, ini-
tially, the reaction rate is kept virtually constant by the multiplicative factor counteracting the

linear decrease of concentration.

5.4.5 Example

We consider three enzymes for which the diffusion enhancement was reported, viz., catalase
[206], urease [205], and aldolase [209]. The Michaelis-Menten parameters k..; and K,; were
taken from the Brenda database [231] (Table 5.3).
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Table 5.4: H-cell parameters used in calculations.

a (mm) b (um) v (cmmin~1t)

0.5 5 0.1

catalase

urease —
aldolase —

0.00

Figure 5.7: Optimizing H-cell for diffusion enhancement measurement. Differences be-
tween the enzyme concentration in the RS with and without substrate A [E]g4 as a function of
the H-cell channel length L The optimal H-cell length corresponds to the maximum of A [E],.

To optimize the value of H-cell channel length L for each enzyme, we propagated the en-
zyme concentration using Eq. 5.11, with the H-cell parameters shown in Table 5.4 and with
step sizes Ax = 1pm and Ay = 10um for both values of diffusion coefficient — standard
D([S] = 0) and enhanced D([S] — oo). For each enzyme, we chose the H-cell channel length
L that provides the largest difference in the enzyme concentration in the outlets for systems
with and without substrate A [E]4 (Eq. 5.12). The values are 2.3 cm for catalase, 4.6 cm for
urease, and 3.4 cm for aldolase (Fig. 5.7).

Optimal H-cell channel length L and the flow velocity v determine the total time for which
we need to keep the reaction rate approximately constant — 23 min for catalase, 46 min for ure-
ase, and 34 min for aldolase. To gauge how to fulfill this condition, we compare the relative re-
action rates at these times (Eq. 5.14) for various enzyme and substrate concentrations (Fig. 5.8).
In each case, enzyme concentration has to be orders of magnitude smaller than the substrate
concentration to keep the reaction rate unchanged throughout the experiment. Assuming sub-
strate concentration to be 1 M, which is considered concentrated, the enzyme concentration
has to be in the nanomolar regime for catalase and urease, and in the micromolar regime for
aldolase.

Results presented in Fig. 5.7 and Fig. 5.8 can be combined to show what differences in
the concentrations between the two experiments are expected to confirm the reported enzyme
diffusion enhancement. The predicted absolute enzyme concentration changes in the RS are
plotted in Fig. 5.9. Results show that the changes in enzyme concentration needed to confirm the

diffusion enhancement are relatively small, nanomolar for catalase and urease, and micromolar
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Figure 5.8: Enzymatic reaction rate throughout the diffusion measurement in optimal H-
cell. Heat maps showing the reduction of the reaction rate at the end of the H-cell channel for
(a) catalase, (b) urease, and (c) aldolase. The plots are drawn in the space of the initial substrate
and enzyme concentrations ([S] and [E]). Contours indicate the concentrations at which the
reaction rate is equal to 90 and 80% of the initial value.
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Figure 5.9: Difference between the enzyme concentration in RS with and without substrate
for enzyme concentration ensuring constant reaction rate. Dependence of the (a) catalase,
(b) urease, and (c) aldolase concentration in the RS outlet on its concentration in the DS inlet
with and without substrate, assuming the enzyme diffusion enhancement. The substrate concen-
tration is 1 M. The H-cell channel length is optimized to maximize the concentration difference
A [E]Rq for a given enzyme. These differences are denotes by shadowed areas.

for aldolase. Thus, highly accurate concentration measurements are required to capture the

reported enhanced enzyme diffusion with H-cell measurements.
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Chapter 6

Reactions under crowding

The non-physicist finds it hard to believe that really the ordinary laws of physics,
which he regards as the prototype of inviolable precision, should be based on the

statistical tendency of matter to go over into disorder.

Erwin Schrédinger

6.1 Literature review

Much of the scientific knowledge on biochemical reactions taking place in living systems, e.g.,
in biological cells, comes from in vitro experiments. However, biologically-relevant reactions
studied in test tubes may proceed differently than in their natural environment, which is crowded
with various macromolecules [15, 17, 18] (Section 2.3). Although these issues are rarely cov-
ered in classical biochemistry textbooks, the attention given to them is gradually growing.

Important experiments in this field concerned the properties of hemoglobin. It was observed
that the solubility of deoxy sickle hemoglobin decreases in solutions with a high concentration
of other proteins [65, 232-234]. The reason for that was not a coprecipitation but rather an
indirect effect of other proteins on hemoglobin precipitation equilibrium. The conclusion is
then that even if some proteins do not participate in a particular reaction, they can still affect it
indirectly [233].

Similar effects have been found to be omnipresent in biochemistry by multiple experiments,
theories and simulations [12, 235-247] and accounting for them is now considered crucial in
attempts to describe the behavior of biological systems. In the limit of ideally inert crowders
acting as hard solids, the effects of macromolecular crowding on chemical reactions are solely
due to entropic in origin depletion forces [59]. Depletion forces can be accounted for using
statistical mechanics with scaled particle theory (SPT) [67-70] (Section 2.4); the reader is re-
ferred to classic reviews [11, 12, 14, 16-18, 248-250] for an exhaustive discussion. Below I
summarize the most important conclusions.

The main effects of macromolecular crowding on the reactions involving biomacromolecules
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may be summarized as follows [65]:

1. Compact, spherical conformations are favored over extended and anisotropic conforma-
tions [16, 238, 239, 242, 243, 245, 246],

2. Association processes are enhanced [12, 235-237, 240, 241, 244],

3. Reaction kinetics depends on the details of the reaction mechanism and can be enhanced
or slowed down [251-255].

As a result, macromolecular crowding affects biological processes like cellular senescence
[256], gene regulation [163], cell growth [257], and aggregation of synuclein into amyloid
fibers observed in Parkinson’s disease [244, 258, 259].

The predictions for reaction kinetics are less evident as compared to thermodynamic ones,
because they depend on the details of the underlying mechanism. Slow protein association reac-
tions, which are transition-state limited, are accelerated by macromolecular crowding, whereas
diffusion-limited reactions slow down. The effect on reactions with mixed character is expected
to be more complex, even involving maxima of activity with respect to the occupied volume. In
the case of enzymatic reactions, the additional complexity emerges from the effect of macro-
molecular crowding on the structure of enzyme, i.e., its conformation and oligomerization.

The crowding effects are also sensitive to the size and shape of macromolecular crowders.
Smaller crowders affect the activity coefficients more significantly than large ones [94, 260].
This is explained by the fact that to occupy the same volume, a smaller number of large crowders
is needed and thus the occupied volume elements are clustered together, leaving large regions of
the system unoccupied. In contrast, smaller crowders tend to be more dispersed and leave much
smaller cavities for macromolecules to enter. Qin ez al. [95] observed that the flap dynamics of
the HIV protease is affected more strongly by small crowders. Pastor et al. [254] analyzed the
effect of macromolecular crowding by Dextrans of two sizes on three enzymatic reactions. They
found that the reaction catalyzed by the largest enzyme considered depends not only on the total
occupied volume fraction, but also on the crowder size, which is not the case for the reactions
catalyzed by smaller enzymes. Gomez et al. [246] showed with simulations that elongated,
polymeric crowders enhance protein folding more substantially than spherical crowders.

A growing body of research suggests that restricting the macromolecular crowding effects
to purely entropic, excluded volume contributions is overly simplistic [149, 261, 262]. The
crowders present in biological cells, such as, proteins, RNA, efc. (Fig. 2.4), are not inert, and
thus engage in miscellaneous interactions ranging in energy from weak and transient quinary
interactions [263] to stronger electrostatic and specific attractions. Moreover, in reality even
the seemingly inert crowders like Ficoll, Dextran or poly(ethylene glycol) (PEG)/poly(ethylene
oxide) (PEO) are complex chemical entities with various chemical groups which may interact

specifically and nonspecifically (electrostatically, hydrophobically, via hydrogen bonding, efc.)
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with the biomacromolecules. Thus, SPT-like theories have to be then taken with caution, as
describing only the limiting behavior due to entropic interactions.

Additional complexity lies in the fact that in crowded multicomponent system such as cyto-
plasm, its ingredients may phase-separate and form droplets of diffrent composition and physic-
ochemical properties [264-268]. In each of such membraneless microcompartments, the effects
of macromolecular crowding may, in principle, differ.

Still, the strength of purely entropic approach exemplified by SPT lies in the fact that the
part of free energy change described by it is universal, i.e., independent of atomic details, and
the range of predicted effects is rich. For this reason, in the following chapters, we apply it to
gain new insights into the generic phenomena governing reactions upon crowding in the limit of
negligible interactions between crowders and reagents. In Section 6.2, we discuss the activity
change of model conformation-changing enzymes (introduced in Section 5.2) due to crowding.

In Section 6.3, we explore crowding-regulated allosteric cooperativity of divalent binding.

6.2 Conformation-changing enzyme Kkinetics

6.2.1 Crowding-controlled reaction rate

In Michaelis-Menten kinetic model of enzymatic reaction [225], the reaction rate is propor-
tional to the concentration of an enzyme. However, often only one particular conformation of
an enzyme is catalytically active. For instance, for some conformation-changing enzymes, only
enzyme in certain (open) conformations can bind a substrate and thus act as catalysts (Sec-
tion 5.2). Therefore, the maximum reaction rate is proportional to the concentration of active
enzymes, which in equilibrium is determined by the free energies of all possible conforma-
tions. As discussed in Section 2.4, these free energies depend, among other factors, on the
macromolecular crowding.

For instance, the HIV-1 protease has two mobile flaps that cover its active site. These
flaps need to open to let the substrate in and then close, and, as shown by molecular dynamics
(MD) simulations, the equilibrium of flap opening is affected by macromolecular crowding
[95, 269]. This effect was suggested to be responsible for the observed decrease of the HIV-1
protease activity in crowded solutions [255]. Similarly, glucose-6-phosphate dehydrogenase
exists in three forms: monomeric, dimeric, and tetrameric, but only dimers are catalytically
active. Macromolecular crowders affect its activity in a complex way, e.g., by changing the
populations of these forms [252].

We consider here enzymes with two conformations: open and closed, of which only the
open one is catalytically active. To quantify the changes in the populations of open and closed

states, we relate them to the values of the free energy of opening AF,, (Eq. 2.24):

Po  _ exp [-SAF,], (6.1)
1 — Do
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where 8 = 1/kgT, kg is Boltzmann constant, 7" is temperature, p, is fraction of open enzymes,
and 1 — p, is, correspondingly, the fraction of closed enzymes. The ratio of the fraction of open
enzymes in crowded environment p,(¢...) to the fraction of open enzymes in dilution p,(0)
gives an estimate of the change in enzyme activity due to crowding k(¢occ)/k(0). Assuming

that the only effect of crowding is the population shift, we get:

k(¢occ) _ po(¢occ) - exXp [_ﬁAAFo]

k(0) Po(0) 1= po(0) + po(0) exp [~ BAAF,) (6.2)

where AAF, = AF,(¢occ) — AF,(0). This equation is general and depends only on the pop-
ulation of the open enzymes in dilution p,(0) and the free energy change induced by crowding
AAF,, which needs to be calculated in each specific case. We now use SPT to calculate AAF,

in the case when crowding induces only entropic effects.

6.2.2 Scaled particle theory results

Assuming that all crowders are spherical and using Eq. 2.46 and Eq. 2.28, we express AAF,

as:

3
AAF, = kgT Y g, (6.3a)
k=1

where function g(doc.) is defined in Eq. 2.42, and coefficients h;, encode the geometric features

of an enzyme in the open and closed conformations (Section 2.4):

_3AH  3AS | 3AV

i aer  4ma?, * 47ra§r; (6.35)
9AH?  9AV
=5 e (6.3¢)
9IAV
3= dmad (6.3d)

Here, for a generic variable X, AX = X, — X_ is the difference between its value in the open
and closed state.

Combining Eqgs. 6.2 and 6.3 bridges the microscopic characteristics of enzymes with the
macroscopic chemical kinetics measurements. Fitting experimental data to Eq. 6.2 and extract-
ing parameters h, 2 3 and p,(0) allows for gaining insight into the changes of enzyme confor-
mations. To do so, at least four experimental datapoints are needed.

Equation 6.3 is general and can be simplified in some cases. For instance, for enzymes that

are spherocylinders of radius a and lengths ¢, and /. in the open and closed states, respectively,
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Eq. 6.3(b-d) simplify to [12]:

hy = (1 + =+ —) : (6.4)

+ 55 (6.4b)

2
hs = %, (6.4c)
where Al = (, — (. and A¢? = (2> — (2. In this case, the parameters to fit to experimental data
are: a/ac, Al/ae and AL?/a?.

Note that the activity reduction considered in our simple model is solely due to the enzyme
closing caused by macromolecular crowding with inert crowders. Other effects may be at play
as well, such as hindering of the enzyme’s active site in the open state or change in the reagent
and enzyme diffusion coefficients. We do not consider these effects in this Thesis.

6.2.3 Application to fluctuating-dumbbell model

In Section 5.2, we introduced a fluctuating-dumbbell model of size-changing enzymes, which
we used in Brownian dynamics (BD) simulations to quantify the diffusion of such enzymes
under various crowding conditions (Section 5.3). Here, we investigate how the activity of such
enzymes is affected by macromolecular crowding. Furthermore, to check the validity of the
SPT (Section 6.2.2), we compare its predictions with the results of BD simulations.

To divide enzymes into open and closed, we introduce the following criterion: an enzyme
is considered open if the bead-bead separation ¢ > (¢, + ¢.)/2, and it is closed otherwise.
In the dilute regime, i.e., for ¢,.. = 0, the fraction of open enzymes depends solely on the
intramolecular potential. In the case of our model, both minima of the potential have the same
depth, thus the difference in the open and closed populations stems purely from the differences
in the entropy of the closed and open states, i.e., AF, = —TAS,.

The entropy of enzyme opening may be estimated using simple geometric arguments. The
number of states corresponding to the open (closed) enzyme is proportional to the surface area

of a sphere of radius ¢, (¢.). Thus, the equilibrium constant of the opening process may be

o (LN’
1;_% (ﬁ_) . (6.5)

Integrating the separation probability density distribution P(¢), which is Boltzmann distri-

approximated as:

Such an estimate leads to p, ~ 0.84.

88
http://rcin.org.pl



bution with the potential U (Eq. 5.1), i.e.:

[ett)2 g2 oy [ BU (0)] dt

— J0
e s I pexp [—BU (O] dl (6.62)
f(CZ+£C)/2 (exp [-BU (0)] dt (6.6b)

Po = "1 2 exp = BU (0)] dt

gives p, = 0.83, which is close to our simple estimate given by Eq. 6.5.

We next compared the separation probability density distributions P(¢) in infinite dilution
and in crowded mixtures of enzymes and passive spheres (Table 5.2). The latter were obtained
by interpolating the histograms of bead separations from the BD trajectories. Results show that
macromolecular crowding decreases the fraction of open enzymes (Fig. 6.1b). For the largest
Goce Used in this study (= 18%), Eq. 6.6 yields p, = 0.7, which is 84% of the dilute regime
value.

Using Eq. 2.24, we computed the free energies of opening from our BD simulations (Fig. 6.1c¢).
We compare them with the predictions of SPT, assuming that enzymes are spherocylinders of
radius ¢ = 1 nm and length /. in the closed and ¢, in the open conformation. Thus, we used the
general formula Eq. 2.44 and applied it to the case of 3 crowder types: open enzymes, closed
enzymes, and passive spheres. The number of open and closed enzymes depends on AF,, and
vice versa, so we solved Eq. 2.24 iteratively. The SPT curve predicts that the free energy of
opening crosses 0 at ¢oc. ~ 25%, which is in the physiological range of concentrations [8].
This means that for ¢... ~ 25%, the enzyme population is divided evenly among open and
closed enzymes.

Using the values of AF,,, we computed the relative rate constants of the enzymatic reaction
(Eq. 6.2) from BD simulations and SPT (Fig. 6.1d). Both approaches give similar decrease in
the activity upon macromolecular crowding. The SPT curve gets steeper with increase in Q.
and for ¢, = 30% relative activity drops to ~ 0.4.

In summary, we observe a reasonable agreement between the SPT and BD results, but the
SPT slightly overestimates the change in the opening free energy AF,, and rate constant k /.
One reason is that in the SPT approach we approximated the dumbbells with spherocylinders,
which are slightly larger. Another reason is that the SPT assumes that the excluded volumes due
to individual crowders do not overlap (Eq. 2.21), which inevitably overestimates the crowding
effect.

More experimental studies are needed to verify whether the assumptions of our simple
model correspond to the biological reality of enzymes with their highly complex potential en-
ergy surfaces. The data available so far is insufficient to carry out the fitting to SPT [252, 255].
Apart from that, the paper on HIV-1 protease by Maximova et al. [255] for high ¢,.. reports

deviation from the Michaelis-Menten kinetics, which complicates matters even more.
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Figure 6.1: Fluctuating-dumbbell enzyme model under macromolecular crowding. (a)
Snapshots of a single conformation-changing enzyme model and BD systems with the increas-
ing concentration of passive spheres, while keeping the number of enzymes fixed. (b) Proba-
bility density distribution of the bead-bead separation in systems with various occupied volume
fraction ¢,... (¢) Free energy of model enzyme opening as a function of the occupied volume
fraction ¢,.. computed from BD simulations based on the fraction of open enzymes. BD results
(symbols) are compared with the SPT prediction (line). (d) Relative enzymatic reaction rate
k/kq as a function of the occupied volume fraction ¢, from BD simulations and SPT. The
rates were computed with Eq. 6.2 based on the fraction of open enzymes in BD simulations.
Figure adapted from ref. [226].

6.3 Binding of divalent molecules

Some biochemical reactions, such as binding oxygen by hemoglobin [270, 271], antigen-antibody
binding [272], and condensation of intrinsically disordered proteins [273, 274], consist of mul-
tiple binding steps and are referred to as multivalent binding [275-277]. There are also attempts
to artificially bind natively monovalent active sites by polymer linkers to turn them into multi-
valent macromolecules [66, 278, 279]. Because these reactions are multistep, the influence of
crowding on them can be more difficult to predict.

To study such reactions, we consider the minimal example: a divalent binding reaction in a
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form of binding of two identical monovalent molecules B to a divalent AA molecule:

AA + B == AA-B, (6.72)
AA-B+ B =2 AA-B,, (6.7b)

where K and K are the apparent equilibrium constants of the individual binding events. If the
above binding reaction happens in an environment filled with chemically inert crowders with
the volume fraction occupied by crowders ¢,.., and assuming very small concentrations of the

reagents. Using Eq. 2.27, we can write:

_[AA-B] VAAYB
_ [AA-By] YAA-BYB
K (¢oce) = m = K, (0) —’YAA-BQ , (6.8b)
. 2
K (6one) = AABel_ pe ) 7an77 (6.8¢)

[AA][B]* VAA-Bs

where ~; and [i] are the activity coefficient and the equilibrium concentration of i-th species,

respectively (Section 2.4).

6.3.1 Binding cooperativity

Some multivalent binding reactions proceed in such a way, that each consecutive binding step
is promoted by the previous ones. Such reactions are called cooperative [275, 276, 280].
Thermodynamically, it means that the equilibrium constants fulfill the following inequality:
Ky < Ky < ... As aresult, for a strongly cooperative system at equilibrium, the intermediate
complexes are scarce, and the population of macromolecules is either completely unbound or
completely bound. Transition between these two states due to changes in some external param-
eters, e.g., temperature, pressure, salt or ligand concentration, is sharp. Thus, the cooperative
systems exhibit “all-or-nothing” or “on-off” behavior.

One distinguishes two mechanisms of cooperativity [275, 276]:

1. Allosteric — binding of a monovalent ligand to one site enhances the affinity of a separate

ligand molecule for binding at another site.

2. Chelate — binding of a multivalent ligand to one site spatially constrains the ligand’s

remaining sites to the vicinity of their respective partner sites.
In contrast to allosteric cooperativity, chelate cooperativity depends on the ligand concentra-

tion, i.e., for very high concentrations of the ligands, the concentration of completely bound
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complexes drops, rendering the system “off-on-off” rather than “on-off” [276].

On the one hand, the mere presence of inert crowders may shift the equilibrium constants in
the direction of more compact entities. On the other hand, ligand binding may expand [281, 282]
or contract [222, 283-291] the multivalent macromolecule, depending on the specific reaction.
Thus, the change in the AA size upon consecutive binding events may affect and even cause the
binding cooperativity.

For the reaction defined in Eq. 6.7, the cooperativety may be quantified with the cooperativ-

ity parameter « defined as [275]:

Ky _ yaa-8’

= Qp, (6.9)
K1 vaavAA-B, ’

o =
where o is the cooperativity parameter with no crowders (¢... = 0). We speak of cooperative
binding when o > 1, anticooperative binding when o < 1, and noncooperative binding when

a = 1. Note that o can be viewed as the equilibrium constant of the following reaction:
2AA-B == AA-By + AA. (6.10)

Note also that the cooperativity parameter does not depend on the activity coefficient g of
species B, as this specie does not appear explicitly in Eq. 6.10.

Computing « is beyond the scope of this Thesis. Instead, we focus on the ratio «/ay,
which quantifies the change of cooperativity parameter induced by macromolecular crowding.
In Section 6.3.2, we discuss the results obtained with the SPT for simplistic, spherical mod-
els of macromolecules (Section 2.4). In Section 6.3.3, we explore the results for bead chains

investigated using BD simulations and Monte Carlo (MC) integration (Section 3.3).

6.3.2 Scaled particle theory

For simplicity, we assume that all crowders are spheres of the same radius a., and AA, AA - B,
AA - B, are spheres of radii ag, a; = ag + day, and as = ag + da; + das, respectively. In
crowded environments, using Eqgs. 2.47 and 6.9, we obtain the expression for the cooperativity

parameter:

(6%
In — =2Inyaa.B —In7yaa.B, —In7yaa

Qo
3Aa  3Aad*  Ad? g* (9Ad*>  6Ad? s Aa®
B _g< Qer 6L(2:r ag’r ) - E ( agr agr ) B 39 agr 7 (611a)
where:
AX:XAA-B2+XAA_2XAA-B (6.11b)
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with (X € {a, d?, a®}).

The ratio «v/cyy depends on four parameters: ag/ac, daq/ag, das/ag and Poc.. Figure 6.2
shows two-dimensional color maps of log,, «/ag obtained with Eq. 6.11 for ¢... = 10 and
40%. In Fig. 6.2a,b crowders are assumed to have radius a., = ag. Both maps are similar
and may be divided into three distinct regions. The diagonal region (da; =~ das) represents
a monotonic change in the size of the macromolecule, i.e., either contraction or expansion in
both steps of the binding. In this part of the plot, the cooperativity remains virtually unchanged.
The top-left region represents a contraction-expansion behavior — AA contracts upon binding a
first B and then expands after binding a second one. In this case, the cooperativity decreases.
Finally, the bottom-right region represents an expansion-contraction behavior — AA expands
upon binding first B and then contracts after binding a second one. Here, the model predicts
an increase in cooperativity. The magnitude of the predicted changes grows with the occupied
volume fraction ¢,... For physiologically-relevant ¢,.. = 40%. the SPT predicts cooperativity
change of up to a few orders of magnitude for size changes da; = —da, = £0.2a,.

Figure 6.2c,d and Fig. 6.2e,f show the results for crowders smaller and larger than the
reagents, respectively. The magnitude of the predicted changes increases drastically with the
increase in the reagent-to-crowder size ratio ag/a.,;. This means that o becomes more sensitive
to the macromolecular crowding when the reactive macromolecules are larger than inert crow-
ders. When the crowders are larger than the reagents, i.e., ag/ae. = 0.5, even for ¢, as high as
40%, the cooperativity changes less than two orders of magnitude for da; = —day = +0.2aq.

For ag/a. = 2, the change exceeds two orders of magnitude even for ¢o.. = 5%.

6.3.3 Polymer-based models

Polymer bead chains are simplistic models of macromolecules, in which end-to-end connections
may represent folding of protein or single-stranded DNA [292]. We used such simple models to
mimick the expansion-contraction behavior, which is predicted by SPT to yield large crowding-
induced increase in cooperativity (Section 6.3.2). We modeled AA, AA - B and AA - B; as linear
or cyclic polymer chains of n beads, with 1 < n < 32 (3 < n < 32 forrings). Cyclic chains are
more compact, and thus transformation from linear to cyclic structures mimicks the contraction

behavior, and vice versa: transformation from cyclic to linear mimicks expansion.

6.3.3.1 Details of calculations

To calculate the cooperativity parameters, we needed the activity coefficients -; of bead chains

and rings in various crowded environments. To obtain them, we combined three approaches:

1. BD simulations (Section 3.1), from which we obtain representative samples of bead chain

conformation distribution,

2. BD simulations, from which we obtain configurations of crowders,
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Figure 6.2: Cooperativity of divalent binding from SPT. Heat maps of decimal logarithm
of a/ay plotted in the plane of da;/ay and das/ag for: (a,b) crowders and reagents of equal
size (ag/ae = 1), (¢,d) crowders smaller than reagents (ag/ac.. = 2), (e,f) crowders larger than
reagents (ag/a., = 0.5), and occupied volume fraction (a,¢,€) docc = 10%; (bydyf) doce = 40%.

3. Integration of Eq. 2.36 which we perform with MC method (Eq. 3.17), from which we

obtain the activity coefficient of a given bead chain in a given crowded environment.

To gather a representative sample of the polymer chains’ Boltzmann distribution, we per-
formed BD simulations with a custom pyBrown software (Appendix D.2). We set the bead ra-
dius to apeaqg = 1 nm and connected the neighbouring beads with a harmonic potential of force
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Poce = 5.5%, Goce = 11.1%, Doce = 22.1%, Goce = 44.2%,  Pocec = 42.6%,
Avead/Ger = 0.2 Gpead/Ger X 0.2 Abead/Ger = 0.2 apeaa/aer = 0.2 E. coli cytoplasm

Figure 6.3: Crowded systems used in MC calculations of activity coefficients. The linear
chain for n = 32 is presented to show its size relative to the size of crowders and simulation
boxes.

constant &, = 1000 kcal mol ™' nm™2 and equilibrium distance 7eq = 2apeaq. Only bound beads
could overlap with each other; unbound beads interact via a hard-sphere potential (Eq. A.6). The
positions of beads were propagated using the forward Euler method (Eq. A.1). We neglected
hydrodynamic interactions between beads, as they do not affect the equilibrium distribution
[75]. Thus, the diffusion matrix D was diagonal, with entries given by the Stokes-Sutherland-
Einstein (SSE) relation (Eq. 2.10). The hard sphere potential was taken into account by repeat-
ing steps which lead to an overlap of unconnected beads.

We placed the bead chains in a cubic box of 75nm x 75nm X 75nm and applied periodic
boundary conditions in all three directions. Simulations lasted for 20 us. The temperature 7°
was set to 293.15 K, and dynamic viscosity to n = 1.005 cP.

In separate BD simulations, chemically inert crowders were modeled as hard spheres of
ae; = H.1nm, corresponding to Ficoll70, a typical artificial crowder. We consider systems
with occupied volume fraction ¢o.. = 5.5, 11.1, 22.1 and 44.2%. In addition, we considered
heterogeneous Escherichia coli cytoplasm model of ¢,.. = 42.6%, taken from ref. [36]. A few
snapshots from BD simulations of crowders are shown in Fig. 6.3. To gather configurations of
crowders, we used the results from Section 4.2, with additional results for system of ¢oc. =
42.6% and cytoplasm model obtained with the same BD setup.

We performed MC integration with a custom ExVol software (Appendix D.4). In MC in-
sertions, each complex ¢ was represented by 10000 Boltzmann-distributed conformations and
inserted into 10000 (10 for ¢o.. = 44.2%) different configurations of the crowded box. 5000
insertions were performed for each of 10000 chain-box pairs. Uncertainties in ;' and ¢y ;
were computed based on these 10000 independent values as the standard error of the mean, and

then propagated into uncertainties of the cooperativity parameters «/ay.

6.3.3.2 Gyration radii

To connect the polymer bead simulations with the SPT results, we first computed the gyration

radii R, of various bead chains. The gyration radii of the analyzed structures were obtained
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Figure 6.4: Gyration radii of linear and cyclic bead chains from BD simulations. Depen-
dence of the gyration radius on the numer of beads constituting a linear (blue) and cyclic (red)
chain. The shadowed areas denote the standard deviation. Empty symbols are the results for a
self-avoiding random walk [293, 294].

from BD trajectories using the following formula:

Ry=|=Y (rj— ()" (rj—(r)), (6.12)

j=1

where n is a number of beads that make up the chain, r; is a position of i-th bead, and (r) is an
average of ;. We see that the larger the chain length n, the larger the contraction of the cyclic
molecule as compared to the linear one of the similar size (Fig. 6.4). The gyration radii of the

linear chains are in reasonable agreement with the results of three-dimensional self-avoiding
random walk on a BCC lattice [293, 294]:

R, = \/0.186rgq(n —1)655, (6.13)
where 7, is a bond length.

6.3.3.3 Activity coefficients

The volumes excluded to the bead chains ¢.x; and corresponding activity coefficients 7; com-
puted with Eq. 3.17 are shown in Fig. 6.5. Both ¢, ; and ; increase with ¢, and chain length
n and are larger for the linear chain than for the ring chain of the same length, in accordance
with the behavior of gyration radii (Fig. 6.4). The slope of ¢.y; decreases, reflecting the fact
that the volumes excluded by individual crowders start to overlap. Activity coefficients ~; in-
crease exponentially with the chain length. Interestingly, we observe a crossing of ¢ey; and v;
curves as functions of the AA length for homegeneous system with ¢,.. = 44.2% and hetero-

geneous cytoplasm model with similar ¢,... Shorter chains are excluded more strongly from
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the homogeneous systems, whereas longer — from the heterogeneous systems.

6.3.3.4 Cooperativity

Chains and rings of various sizes n can be attributed to AA, AA-B and AA - B, reagents

(Eq. 6.7). We consider

1. Model 1: AA is an n-bead chain, AA - B is an n + 1-bead chain, and AA - B, is an n + 2-

bead ring, that is AA expands upon binding a first B and contracts upon binding a second

B.

2. Model 2: AA is an n-bead ring, AA - B is an n + 1-bead chain, and AA - B, is an n + 2-
bead ring, that is AA unfolds upon binding a first B and folds back into a ring when

two models:

binding a second B.

The resulting cooperativity parameters are shown in Figs. 6.6 and 6.7. We observe the increase
of a/ oy with the increase of the AA length, reflecting the trend of the gyration radius difference
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Figure 6.6: Cooperativity for n-chain:n + 1-chain:n + 2-ring model. (a) Bead-chain models
of macromolecules involved in the divalent binding reaction. Example AA (AA - B) consist of
6 (7) identical spherical beads of radius 1 nm. The final product AA - B, is an 8-bead ring. Gy-
ration radii 17, of the respective polymers are provided below their structures. (b) Dependence
of cooperativity parameter «/a on the number of beads n in the chain. (¢) Dependence of
cooperativity parameter «/a on occupied volume fraction doce.

between the linear and cyclic chains (Fig. 6.4). Yet, the increase of o/« for a given crowder
size is not as high as predicted by the SPT for spherical models (Fig. 6.2). For a given n,
the cooperativity increases with the occupied volume fraction ¢,... The increase in Model 2
(Fig. 6.7) is more substantial than in Model 1 (Fig. 6.6), owing to smaller, cyclic AA in Model
2.

With the values of 7; = 1/(1 — ¢ey,;) for linear and cyclic chains, one can construct other
models, in addition to the two discussed in this section. In Table 6.1, we present the excluded

volumes for all studied polymer chains.

98
http://rcin.org.pl



6-bead AA 7-bead AA-B 8-bead AA - B,
R, = 1.80nm R, = 2.61 nm R, = 2.18 nm
b C
S ol foe=55% 4 2% b | 6 n=6 1 b
§ 11.1% % cytoplasm ¢ 10 #
E 22.1% 1 s 4 30 % -
: .
. of . T R N
o ] A
o . * 2 o 1
(@] :“‘ . é PY ’
~ #A!::iij_i....i....!....l....l... s .. |. . 1 . 1 . 1 .
0 5 10 15 20 25 30 0 10 20 30 40 50
AA length n Occupied volume fraction ¢oc. (%)

Figure 6.7: Coperativity for n-ring:n + 1-chain:n + 2-ring model. (a) Bead-chain models of
macromolecules involved in the divalent binding reaction. Example AA (AA - B) ring (chain)
consist of 6 (7) identical spherical beads of radius 1 nm. The final product AA - B, is an 8-
bead ring. Gyration radii 7, of the respective polymers are provided below their structures.
(b) Dependence of cooperativity parameter o/« on the number of beads n in the chain. (c)
Dependence of cooperativity parameter v/« on occupied volume fraction ..
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Figure 6.8: Crowder-size effect on the crowding-regulated cooperativity from MC integra-
tion. (a) Bead-chain models of an example macromolecule involved in the divalent binding
reaction upscaled and downscaled two times. (b) Various symbols denote the cooperativity pa-
rameter « /oy for Model 1 (circle) and Model 2 (triangle) for n = 10. Lines on the plot serve
only as a guide to the eye.

6.3.3.5 Crowder-size effect

To study how the crowder-size affects the cooperativity, we used the conformations of bead
chains participating in the binding reaction for n = 10. We sampled them from exactly the
same BD trajectories as above, but we rescaled their sizes prior to each insertion. The results
for upscaling and downscaling 2 times are shown in Fig. 6.8. Similarly as predicted by the SPT
(Section 6.3.2), the cooperativity changes are higher in systems with small crowders in both
considered reaction models. Moreover, Model 2 is more sensitive to the change of crowder size

than model 1.

6.3.4 Concluding remarks

Our SPT and MC results show that the change in cooperativity of divalent binding reactions
depends on conformational changes at each binding step. If the size of the AA divalent molecule
increases upon binding a first B and decreases upon binding a second B, then the cooperativity

increases. Moreover, crowding can induce the cooperativity of originally noncooperative or
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Figure 6.9: Effect of the macromolecular crowding on the equilibrium of divalent binding
reactions. Dependence of (a) [AA - Bs] and (b) [AA - B] on the concentration of B at constant
[B]/[AA]; = 10 for occupied volume fraction ¢oc. = 0, 20, and 40%. da;/ag = —daz/ag =
0.1 and ag/ae = 1.18. The cooperativity parameter o/ was computed using SPT.

anticooperative reactions.

Although neither the SPT nor MC method used in this section accounts for the enthalpic
component of the crowder-reagent interactions, they can still capture noteworthy and generic
physical phenomena in biological systems. For instance, Grimaldo et al. [295] showed ex-
perimentally that the diffusion of small proteins is slowed down less in heterogeneously than
in homogeneously crowded systems, and, vice versa, the diffusion of large proteins is slowed
down more in systems with polydisperse crowders. We observe a similar behavior of the vol-
ume excluded to the bead chains ¢ ;. Shorter chains have larger ¢..; in homogeneous systems
and longer — in heterogeneous ones (Fig. 6.5 and Table 6.1). This behavior seems important in
the context of highly heterogeneous, intracellular environments.

The equilibria of the divalent binding reactions were extensively studied by Janssen et al.
[277]. The authors developed an analytical model describing their dependence on equilibrium
constants /{; and K, and the total concentrations [AA], = [AA] + [AA-B] + [AA-B,] and
[B]; = [B] + [AA-B] + 2[AA - B,]. Our results discussed in Sections 6.3.2 and 6.3.3 enable
one to include macromolecular crowding as an additional parameter in that model. To illustrate
its role, we calculated the equilibrium concentrations in the process of diluting AA and B at
constant [B],/[AA],, accounting for crowding effects via SPT (Eqs. 2.47 and 6.8), assuming
that crowders and reagents are spheres, da;/ag = —daz/ag = 0.1, and ag/a, = 1.18. The
curve denoting AA - B, concentration gets steeper with increasing the occupied volume fraction
®occ, Which is a hallmark of cooperativity (Fig. 6.9a). Furthermore, the bell-shaped maximum
of [AA - B] gradually vanishes with increasing ¢,.. (Fig. 6.9b).

In an influential review paper, Whitty [280] concluded that “cooperativity is a key organiz-
ing principle in chemistry and biology without which the complex molecular systems required
for life could not function”. Thus, understanding the processes that lead to gaining or losing that

feature in biological environments is vital to get physical insight into the “on-off”-behaving sys-
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tems in living organisms. The results presented in this Section are a small step in that direction,

which, we hope, motivate further theoretical and experimental work.
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Chapter 7
Conclusions

So [easy to understand] are all truths, once they are discovered; the point is in

being able to discover them.

Galileo Galilei

The goal of this Thesis was to investigate the generic effects of macromolecular crowding
on diffusion, chemical equilibria, and reaction rates. To do that, we applied relatively simple,
coarse-grained models and approaches such as Brownian dynamics (BD), Stokesian dynamics
(SD), and scaled particle theory (SPT).

On the one hand, as pointed out by Elcock [262], we are reaching the limit of what simple
theories can produce in the field of cell biophysics. These theories usually provide intuitions
that qualitatively agree with the experimental observations, but quantitative agreement is out
of their reach. Sometimes there is even no qualitative agreement. As we enter the exascale
computing era, we are tempted to focus on large-scale multimillion-atom simulations and leave
the “spherical cows” behind.

On the other hand, as shown in this Thesis, there are still many phenomena that can be
approached with simple models, keeping the number of particles and parameters involved rel-
atively small and focusing on generic effects. Below, I present a brief summary of the main
results of this Thesis.

Simulations with only far-field hydrodynamic interactions overestimate the diffusion
coefficients in crowded environments. Hydrodynamic interactions, which arise due to fluid
flow induced by moving particles, are considered one of the main factors determining diffusion
coefficients in crowded environments [36]. It was previously claimed that the standard approach
of considering only far-field (long-range) hydrodynamic interactions breaks down in crowded
environments, where the average distance between macromolecules becomes comparable to
their sizes [10, 77]. However, the quantitative description of that breakdown was missing. Using
coarse-grained BD and SD simulations, we showed that such an approximation significantly
overestimates the diffusion coefficients in crowded hard-sphere systems to such an extent that

not accounting for hydrodynamic interactions at all gives better results (Fig. 4.4). However, the
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far-field hydrodynamic interactions are essential to correctly describe the diffusion of structures
composed of many beads connected with harmonic bonds (Fig. 4.7). Although it is well known
how to systematically correct for near-field hydrodynamic interactions of hard spheres, it is
not clear whether this computationally demanding procedure will systematically improve the
description of biomacromolecules that, in fact, are neither entirely hard nor spherical.

Elongated crowders slow down diffusion more substantially than spherical ones. Al-
though the dependence of diffusion on the occupied volume in systems of spherical particles is
well understood (Sections 4.1.3 and 4.1.4), relatively little is known about this behavior in the
case of nonspherical crowding agents. Since the shapes of the macromolecules crowding living
cells are diverse, for instance, triangular (aspartate carbamoyltransferase), V-shaped (tRNA),
and elongated (tyrosyl-tRNA synthetase), the knowledge of how the crowder shape affects
diffusion is of great importance. Using BD simulations, we showed that elongated crowders
hinder the diffusion of spherical particles more effectively than spherical crowders at the same
occupied volume (Fig. 4.10), which qualitatively agrees with the fluorescence correlation spec-
troscopy (FCS) results (Fig. 4.5). However, the effect observed in the FCS experiment is much
stronger. Thus, we hypothesized that some hitherto unknown attractive interactions between
the tracer used experimentally (streptavidin) and dsDNA crowder might account for these dif-
ferences (Section 4.4). In contrast to artificial crowders, protein crowders engage in a multitude
of interactions and thus hinder diffusion to a larger extent (Section 4.1.6), and it may apply to
nucleic acid crowders as well. In the future, a more comprehensive analysis, e.g., varying radius
and aspect ratio of elongated crowders and the treatment of near-field hydrodynamic interac-
tions (here only far-field), may be crucial to develop a complete physical picture of the shape
effects in crowded systems.

Soft crowders generally slow down diffusion less effectively, but not for elongated trac-
ers. Not all macromolecules are well described by hard-sphere models. For instance, Dextran
particles can allegedly entangle their chains and partially overlap at a certain energy cost [187].
To investigate the consequences of this fact, we performed BD simulations of the mixtures com-
posed of macromolecules of various softness (Section 4.5). We modeled softness with a more
expanded and less steep potential and singled out its effect by deliberately constructing the soft
particles to effectively occupy the same volume as the hard crowders. In mixtures of hard and
soft spherical particles of various compositions, the latter diffuse faster and hinder diffusion to
a lesser extent (Fig. 4.15), which coincides with the soft crowders excluding less volume. Sur-
prisingly, however, we found an opposite relation for dsDNA-like elongated bead-chain tracers
in the same hard-soft mixtures, i.e., such tracers diffuse faster in hard crowders than in soft ones
(Fig. 4.17). We related this behavior to the volume excluded to them, as it is higher in soft
than in hard particle systems. Artificial crowders, frequently used in in vitro experiments, are
polymers that can interact more softly than biomacromolecules. In the future, understanding
these differences even better can help avoid prematurely translating the results of experiments

with artificial crowders into intracellular reality.
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Activity-induced enhancement of enzyme diffusion depends on the type of crowders.
Enzyme diffusion enhancement is an increase in the diffusion coefficient of an enzyme actively
engaged in a catalytic turnover. Although the very existence of this phenomenon is still debated
[200, 201, 216], understanding its potential origin and behavior is important as it may explain
glassification of the cytoplasm under the influence of halting metabolic activity [20, 21]. Advo-
cating for or against its existence was beyond the scope of this Thesis. Instead, we considered
enzymes that decrease their size upon binding a substrate, thus naturally showing enhanced
diffusion, which is consistent with experiments [203, 222]. The enhancement we observed
in crowded systems differed from the dilute regime and depended on the type of a crowder
(Fig. 5.3). It is larger in magnitude when crowding is due to enzymes and weaker if it is due
to passive crowders. Moreover, we also observed diffusion enhancement of passive spheres in
mixtures with active enzymes, albeit only for high enzyme concentrations (Fig. 5.4). To our
knowledge, this is the first study of this phenomenon taking into account crowding. Since the
biological environment in which enzymes operate is crowded, more research in that direction is
needed.

H-cell measurements can test the existence of enzyme diffusion enhancement, but only
if they are highly accurate. As mentioned above, a consensus is not yet reached on whether
enzyme diffusion enhancement exists, owing to various experimental methods producing in-
consistent results (Table 5.1). H-cell microfluidic experiments allow for accurate and robust
measurement of protein diffusion coefficient [228] and thus might help resolve these debates.
We performed the rational design of H-cell diffusion enhancement measurements for three en-
zymes (Fig. 5.7). In each case, we have found that very accurate enzyme concentration mea-
surements are needed to capture the change in diffusion coefficient (Fig. 5.9). Although this
accuracy requirement prevented us from performing such experiments, in the future improved
H-cell measurements can be used for that purpose based on our optimization results.

Chemical kinetics measurements can help obtain information on the conformation
changes of some enzymes during a reaction. For some enzymes, such as an HIV-1 pro-
tease, the reaction rate depends on the probability that they adopt a particular, catalytically
active conformation [95, 269]. This probability, and therefore the reaction rate, can vary sig-
nificantly between the in vitro and in vivo conditions, particularly but not exclusively due to
macromolecular crowding. We quantified the contribution from crowding for model enzymes
using BD simulations and SPT calculations based on how crowding affects the conformation
of an enzyme. Our results show that macroscopic chemical kinetics measurements in crowded
systems encode the information about the microscopic conformational states of such enzymes
(Section 6.2). This information may be decoded by fitting the theoretical SPT curve (Eq. 6.2) to
the experimental data. However, the literature data was insufficient to perform such an analysis
in this Thesis [255]. Thus, it remains to be seen how accurate this approach is and whether
reducing the crowding effects merely to changing the fraction of active enzymes can reliably

describe the enzyme kinetics under crowding. This is a special case of a broader question un-
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derlying “CELLestial mechanics” (Section 1.1), namely whether it is possible to predict in vivo
rate constants using only the results obtained in vitro.

Macromolecular crowding can cause multivalent binding reactions to become coop-
erative. Some biologically relevant chemical reactions, such as the binding of oxygen to
hemoglobin and antibody-antigen binding, involve molecules with more than one binding site,
which are called multivalent. These reactions may exhibit cooperativity, i.e., each subsequent
binding step may have a larger equilibrium constant [275]. Cooperativity is considered essen-
tial to the functioning of life [280], but little is known about its interplay with macromolecular
crowding. To bridge that gap, we investigated the equilibria of divalent binding reactions in
crowded systems using SPT calculations (Fig. 6.2). We demonstrated that crowding might
even induce cooperativity in otherwise noncooperative systems and vice versa. The direction
of the shift depends on the details of the changes in the macromolecule’s shape and size upon
consecutive binding events. In particular, expansion upon the first and contraction upon the
second binding step leads to an increased cooperativity. Moreover, we explored this effect in
reactions of linear and cyclic bead chains, which are simplistic models of unfolded and folded
macromolecular structures [292], obtaining similar results (Figs. 6.6 and 6.7). We hope these
theoretical results motivate experimentalists to investigate such crowding-regulated multivalent
binding both in vitro and in vivo.

Developed open-source software. In the course of this research, I developed pyBrown
software (Appendix D.2) for BD and SD (F-version) simulations. Unlike existing alternatives,
such as BD_BOX (Appendix D.1) and Brownmove [296], it accounts for near-field hydrodynamic
interactions via improved lubrication correction (Section 3.2.1). In addition, pyBrown includes
functionalities not covered in this Thesis, such as calculating reaction rate constants with the
Northrup-Allison-McCammon (NAM) algorithm algorithm [297] or user-defined chemical in-
teractions and reactions between particles. I also developed ExVol software (Appendix D.4)
for computing excluded volume by Monte Carlo (MC) integration (Section 3.3). This software
is released under GPL-3.0 license and is freely available at https://tskora.github.io/
pyBrown/ and https://tskora.github.io/ExVol/, respectively.
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Appendix A

Brownian dynamics implementation
details

A.1 Propagation schemes

A.1.1 Forward Euler scheme

Forward Euler method leads to the following propagation scheme for Eq. 3.4:

r(t+ At) = r(t) + kLTDFAt +V2AIBX, (A.1)
B

where r is vector of positions, ¢ is time, At is propagation step, kg is Boltzmann constant, 7" is
temperature, F' is force vector, X is standard white-noise vector, D is diffusion matrix, and B
is a Choleski factor of D, i.e.:

D = B'B. (A.2)

The factor of v/ At originates from the fact that the variance of the integral of white noise is
equal to the length of the integration range, here A¢. Similarly, a sum of N normally distributed

variables with unit variance has a variance equal to V.

A.1.2 Ermak-McCammon scheme

The propagation scheme for Eq. 3.4 accounting for hydrodynamic interactions (Section 3.2)
derived by Ermak & McCammon [75] reads:

1
r(t+ At) = r(t) + (VI D) At + T DFAL+ V2AtBX, (A.3)
B

where V denotes a vector of partial derivative operators over position . Ermak & McCam-

mon [75] also performed the first simulations using that scheme and coined the term Brownian
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dynamics (BD) for them.
The diffusion matrix in Oseen (Eq. 3.5) and Rotne-Prager-Yamakawa (RPY) (Egs. 3.6
and 3.7) approximations is sourceless, i.e., VTD = 07. Thus, in these approximations, the

Ermak-McCammon propagation scheme (Eq. A.3) simplifies to Eq. A.1.

A.1.3 Iniesta-Garcia de la Torre scheme

Iniesta & Garcia de la Torre [184] proposed a second order BD propagation scheme that divides

the propagation step into two substeps: predictor and corrector. The scheme reads:

r(t+ At) = r(t) + 1At {D(t)F(t) + D (t + %At) F (t + %At)] +

2 kgT
\/At [D (t)+ D (t + %At)}x, (A.4)

where D and F for ¢ + %At are computed using the Ermak-McCammon propagation scheme,

and square root of a matrix is defined by Choleski decomposition (Eq. A.2). The purpose of

such division is to better account for the changes in F' and D along a single propagation step.

A.1.4 Midpoint scheme

The lubrication-corrected diffusion matrix of Stokesian dynamics (SD) (Eq. 3.11) is no longer
sourceless, and the divergence term in Eq. A.3 cannot be neglected. A possible way to avoid
the explicit differentiation of the diffusion matrix, which would be computationally exhaustive,
is to use a midpoint propagation scheme [36]. In the midpoint algorithm, initially, beads are
translated only by a 1/m fraction of a precalculated translation vector. Then, the diffusion
matrix D(t + At/m) is calculated at that point, and the remaining part of the translation is
performed (with forces F'(¢) and diffusion tensor D(t)) but with an additional drift term. The

overall scheme reads:

At

r(t+ At) = r(t) + kB—TD(t)F(t) +V2AtB(H) X +
% Li—; (D (t + %) - D(t)) F(t) +V2At (D <t + %) (Bt)") ™' - B(t)) X} .

(A.S)

A.2 Interactions

Apart from the hydrodynamic interactions, BD simulations account for regular interactions as

well. Force F' appearing in the BD propagation schemes (Egs. A.1 and A.3-A.5) is defined
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as a gradient of interaction potential energy V(7). Below, the interactions that we used in the

research described in this Thesis are introduced.

A.2.1 Hard-sphere potential

The simplest interaction potential that we use in our studies is the hard-sphere potential:

VHS(Tij) _ O, for Tij > a; + aj; (A 6)
kT oo, else .

where 7;; is distance between ¢-th and j-th particle of hydrodynamic radii a; and a;, respectively.
Hard-sphere potential is included in BD and SD simulations simply by not allowing particle
overlaps; if two or more particles overlap, the simulation step is withdrawn and repeated by

drawing new random displacements.

A.2.2 Short-range repulsive potential

Sometimes repeating steps leading to overlaps can cause substantial computational overhead.
To avoid this, one uses short-range repulsive continuous potentials approximating the hard-
sphere potential. For two large spheres composed of small particles interacting with standard
Weeks-Chandler-Andersen (WCA) potential — repulsive component of the Lennard-Jones (LJ)
potential — with energy erj, the total potential is an integral of the WCA potential over the
volumes of the two spheres. The polynomial expression for it was derived by Henderson et al.

[178] and for small separations reads [36]:

v ( ) 64€LJ7T2 aiaj 0'6 (A 7)
rep \T'ij) = ) .
P 315 \ai+a;) [ry; — (ai + ;)]

where o is a radius of the small WCA-interacting particle.

A.2.3 Attractive potential

Similar integration for the attractive part of the LJ interaction was performed by Hamaker [300].

The resulting potential reads:

Vattr (’rij) - -

4€LJ7T2 aiafj + aiaj + l]_n (T% - (a/i + aj)?)

3 - (ara) 1h (0 - a)’ rh = (= ay)’

)

(A.8)

Note that to fit the small particles interactiong with WCA or LJ potential below the macro-

molecule’s surface at radius a;, the radii used in the Egs. A.7 and A.8 must be reduced by o,
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ie.:

a; — a; — o. (A.9)

A.2.4 Roughness correction

Egs. A.7 and A.8 are correct, provided the particles are perfect spheres with ideally smooth
surfaces. However, this is often not the case, and the roughness of their surfaces significantly
decreases the magnitude of interactions [301, 302]. It may be taken into account by introducing

a multiplicative roughness correction [36]:

rij — (ai + a;)

A pu—
Tij — (ai + CL]‘) + 0.5 (hz + hj)’

(A.10)

where h; and h; are the roughnesses of the macromolecules.

A.2.5 Electrostatic potential

The electrostatic interactions between macromolecules are described by Derjaguin-Landau-

Verwey-Overbeek (DLVO) theory of screened electrostatics in electrolytes:

B 0,0, exp [—k (1ij — a; — aj)]
N 47’(’806 (1 + :‘iai) (1 + Kaj) Tij

Vetee (7i7) : (A.11)

where ¢ is relative dielectric constant of a fluid, x is inverse of the Debye length, ¢, is the
vacuum permittivity, e is the proton charge, and ©; is molecular charge in elementary charge

units.

A.2.6 Harmonic bond potential

The bonded potentials act only between beads connected with bonds. Harmonic bond potential

is:
1 2
Vbond (ﬁ'j) = ékr (Tij - Tij,o) ) (A.12)

where £, is the Hooke constant describing the stiffness of the bond, and 75 is an equilibrium
bond length.

A.2.7 Harmonic angle potential

The harmonic angle potential is:
1 2
Vangle (az’jk) = éka (aijk - Oéijk,o) ) (A.13)
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where £k, is an angle force constant and o, o 18 the equilibrium angle value.

A.3 Trajectory analysis

A.3.1 Translational diffusion

The trajectories from BD and SD simulations encode translational diffusion coefficients that
may be obtained from time-averaged mean squared displacement (TAMSD), computed by av-
eraging squared displacements not only over the separate trajectories, but also by sliding an

observation window along the trajectories:

TAMSD(mAt) =
Ntraj Nsteps_m_l

1 1 > {ril(k + m)AL] — v [RAGY {r; [(k + m)At] — r; [EAL]},

Ntraj i—1 Nsteps —m

(A.14)

where At is a window length, Ni,,; is the number of trajectories, and Nyeps 1S the number
of steps in a trajectory. For nonergodic systems, the diffusion coefficient is obtained from

ensemble-averaged-only mean squared displacement (MSD):

i{” [mAL] — 7; [0} {r; [mAt] — v, [0]}. (A.15)

traj i—1

MSD(mAt) =

Then, the time-dependent apparent translational diffusion coefficient is:

D(t) = TAM6—§D@); (A.162)
D(#) = MS6[Z(t). (A.16b)

Throughout this Thesis, for both MSD and TAMSD, we used a custom analysis software
pyBrown-tools (Appendix D.3).

A.3.2 Rotational diffusion

The trajectories of nonspherical particles encode also rotational diffusion coefficients that may
be obtained from orientation autocorrelation (OA) [185, 303]:

OA = (£(t)"£(0)), (A.17)
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where £ is the orientation vector. OA is computed by averaging not only over the separate

trajectories, but also by sliding an observation window along the trajectories

Ntraj Nsteps_m_l

> &i((k+m)At)- £ (kAL). (A.18)

k=0

1 1

OA(mAt) =
(m ) Ntraj i—1 Nsteps —-—m

OA is an exponentially decaying function of time, with the rate constant related to the rotational
diffusion coefficient D, as follows [303]:

OA(t) = exp (—2D,t) . (A.19)

Throughout this Thesis, to compute OA we used a custom analysis software pyBrown-tools
(Appendix D.3).
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Appendix B

Ewald summation of

Rotne-Prager-Yamakawa diffusion matrix

In Brownian dynamics (BD) simulations, periodic boundary conditions are often used to elimi-
nate the problem of system boundaries. However, hydrodynamic interactions decay slowly with
distance (o< —) so the Ewald summation method is applied to attain their convergence. It is a
similar problem to the Ewald summation of electrostatic interactions.

The Ewald summation method divides the expressions for the diffusion matrix elements
into two contributions. The short-range contributions are calculated in the real space and the
long-range in the reciprocal space. The Ewald-summation scheme of the generalized Rotne-
Prager-Yamakawa (RPY) diffusion matrix described in this appendix was introduced by Smith
et al. [304].

We assume that the finite simulation cubic box is L x L x L. Then, periodic boundary con-
ditions mean that each particle with position 7; has an infinite number of replicas at coordinates
r; + Lm, where m is an arbitrary vector of integers. The periodic RPY matrix is expressed as

follows:

o /{BT 3a; i Tij
Dij = 6mna; {5”I+ {4L Orsc ( L ) 2L3QPEC ( )” B.1)

where, kg is a Boltzmann constant, 7" is temperature, 7 is dynamic viscosity of a fluid, a;
hydrodynamic radius of ¢-th particle, J;; is the Kronecker delta, and 7;; is vector pointing from
i-th to j-th particle.

Below we will use a distance relative to the box size o;; defined as follows:

i
=L B.2
oy=" (B.2)
and we will denote unit vectors with a hat, e.g
=2 (B.3)
v
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where:
v = Vovlv. (B.4)

For o;; ¢ {m}, i.e., interactions between different particles (off-diagonal blocks of diffu-

sion matrix D):

Orgc (03) = {erf0< \/m+0ij)T (m+Uij)) O(m+o;)+

2 i id T
_anp (_&2 (m+0'zJ)T <m+0'@])) (m+0j)7{m+0j)
VT (m+o;) (m+oy)
92 2T 2T
Z exp _rnn exp (2min"oy;) [T — (1+ TR anT ; (B.5a)
mTin o a2

2—a\/(m +0;)" (m+oy)exp <—a2 (m+oy)" (m+ aij))} Q(m+oy)—

(m+ o) (m+ aij)T

; NG exp <_a2 (m+0i;)" (m+ Jij)) (m+0y) (m+0oy)

47TZ exp ( n n) exp (27TZ7’LT0'2J) an’, (B.5b)
n#0

and for o;; € {m}, i.e., interactions with self-images (diagonal blocks of diffusion matrix D):

2a
(0] m') = {e fc mTm ) O(m) + == exp (—a*mTm mmT} —
ppc (m') mzﬂ) r (Oé > (m) Nz xp( o )

304@2 m™?nn nin\ . ;-
2\/_ Z\/_nTnexp <— 2 ) {I— (1+ 2 )nn }; (B.6a)

Qppc (M) = Z {erfc (oz\/m7> + %mexp (—azme)] Q(m)—

m
m#£0

403 1 A3 2,7
Z \;)% exp( a2me) mm’ — ﬁ <%> I+47TZeXp (—W Z2 n) an’.

m#0 n#0
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The auxiliary matrices O and @ are defined in the following way:

CXU)::%(I—kﬁﬁT); (B.7a)
Q(v) = % (I —309"). (B.7b)

Symbol erfc stands for the complementary error function, and « is an arbitrary constant gov-
erning the division of the summation among real and reciprocal space components.

In practice, number of m and n vectors included in sums in Egs. B.5 and B.6 has to be
limited. Cutoffs on these lattice vectors are defined by parameters muiof and Neytog. The m,

n vectors are included, if their entries fulfill following inequalities:

[ma| + [ma| + |ms| < meutosr; (B.8a)

|TL1| + ‘n2| + |n3’ < Neutoff - (B.8b)

As shown by Beenakker, [305] the same equations may be applied to spheres of different

sizes by the following substitution:

a® — %ai (af +a3). (B.9)

For overlapping beads the expressions are corrected simply by adding a difference of the re-

spective generalized RPY expressions as follows:
overla

where B;; is given by Eq. 3.7a and A,; is given either by Eq. 3.7b, or by Eq. 3.7c, depending
on 15, a;, and a; (see whole Eq. 3.7 for details).
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Appendix C

Resistance matrix scalar functions

Exact two-body resistance tensor £€°° is expressed using dimensionless center-to-center separa-

tion s and the ratio of hydrodynamic radii A:

2r
= X C.la
° ap + asg ( )
A= (C.1b)
a1

where r is distance between the particles of hydrodynamic radii a; and as. The formulas were
obtained by Jeffrey & Onishi [90]. The translational part reads:

&;; = 6mnay { X3 (s, \) P + Y (s,\) [0, — 777} (C.2)

where 7 is dynamic viscosity, 7 is a vector pointing from particle 1 to particle 2, and 7 = r/r.
Equation C.2 involves a set of scalar resistance functions: X}, Xi3, X351, X350, Vi1, Y5, Y5 and
Y. It is important to mention that the paper by Jeffrey & Onishi [90] contains few mistakes,
although not in expressions used here, which were spotted and corrected by Townsend [306],
so one should be careful when referring to it.

Pertinent scalar functions read:

X{i(s,N) =g () (1— 43_2)71 —gy (A\)-In(1-4s72) —
g (N - (1 — 43_2) In(1-— 45_2) + 5N =g (V) +

o0

DoRTTAENT ) =gt () —2m g (V)
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s+ 2
s—2

X4 (s,\) = — {251 g - (145 4 (V) I

2
S 4 () s

+g3 (A)- (1 —4s572)In

s—2
> [2"” T+A)T" XN =g () —2m gt (V) +
m=1
m odd

e (¥ 0] (2) =0 )

1
X5 (5,\) = AX{ (3, X) ; (C.3c)

Vi (s,AN)=—gs (A) - In(1—4s72) —g} (N)- (1 —4s?)In(1—4s?) +

o)+ D N ) —2m g (V) +

m=2
m even

s+ 2
5 —

2
Yé(s,)\):—{g;/()\)'lns+2+g§/()\)-(1—452)111
P

4ogy (V) -sT+ D> 27AFNT S (V) —2m7 g (V) +

modd
e (o)™ gf 0] (2) ]
Y (s, ) = AV, <s, %) : (C.4c)

The functions use auxiliary expressions for m; (Eq. C.5), f{* (Eq. C.6), f¥ (Eq. C.7), g
(Eq. C.8), and g} (Eq. C.9) polynomials, provided below:

o (V) =1, (C.6a)
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X (A\) =3, (C.6b)

> (A) =9\, (C.6¢)

f35(N) = —4X + 2707 — 4)%, (C.6d)

5 () = —24X + 81A% 4 36A°, (C.6e)

F25 () = T2 + 243)3 + 72)%, (C.6f)

F&5 () = 16X + 1082 + 28123 + 648\* + 144)7, (C.6g)

£ (N) = 288A% 4 1620A% + 1515)\* + 1620\° + 28875, (C.6h)

f35 (\) = 57677 + 4848)% + 5409A* + 4524\ 4 3888\° + 576\, (C.6i)

F35(\) = 115202 + 9072)% + 14752\* 4 26163)\° + 14752)\°+
9072\ + 1152X%, (C.6j)

Fi5 () = 2304A2 + 207367% 4 42804\ + 115849)\° + 76176 )\°+
392647 + 20736A% + 2304)%, (C.6k)

fiS (\) = 4608)2 + 46656 A% 4+ 108912X\* 4 269100A° + 3198996+
269100\ + 108912A% + 46656\ + 4608\™;  (C.61)

0 (A) =1, (C.7a)

; 3

T (N = M (C.7b)
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2
YN =21+ gv + 222,

1
Y\ =6X+ %v + 18)\%,

24
Yy =By 2 0

4
2 32 2>\’

1241
fE(N) =4X 4 5402 + 6—4A3 + 81A* + 727,

1053 19083 1053

Y (\) = 144\ 2\ M TN 14406
f7 (N + t g A T g AT :

4261 126369

256

11
fa (\) =279\ + A+ A — %xﬁ + 648)\° + 288\,

60443 766179 60443
P A+

/\6
32 512 32 *

fo (A) = 576)% + 1134)\° +

11347 + 57678,

7857 . OR487 , 2744505 . 67617,
6 "t MVt

351

flo () = 1152)\% + A+
10

22071, 2744505 . = 95203835
— )\ + -

2 128 * 2048
2744505 22071

128

() = 230407 + 7128)° + A4

g (N =2 (1A,
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TM 4 3888\% 4+ 115217,

(C.7¢)

(C.7d)

(C.7e)

(C.79)

(C.7g)

(C.7h)

(C. 1)

(C.75)

(C.7K)

PSS TAs + 7128\ + 2304A1°;  (C.7D)

(C.8a)



g (\) = %)\(1+7)\+>\2) (1+ N2, (C.8b)

1
X (\) = 3 (14 18X — 2002 + 18M3 + 2\) (1 + \) %5 (C.8¢)
4
g\ = =) (24 A+2)7) (1+0)77, (C.9a)
2
g () = e (16 — 45X + 58M2 — 45)% + 16A") (1 + \) . (C.9b)

Recurrence formulas allowing for inclusion of further terms are available in the literature [90,

306]. In this Thesis, we include only the listed terms, and neglect the remaining ones.
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Appendix D

Software

D.1 BD_BOX

We performed Brownian dynamics (BD) simulations reported in Sections 4.3—4.5, 5.2, and 5.3
using a custom version of the BD_BOX [307] package. Original BD_BOX was authored by Diu-
gosz [308]. Our customization included: (1) implementation of Henderson (Eq. A.7), Hamaker
(Eq. A.8), and chain entanglement softened potential (CESP) (Eq. 4.16), and potentials describ-
ing dumbbell enzymes (Egs. 5.1 and 5.2), (2) enabling performing Choleski decomposition
every NN steps, instead of every step, to reduce the computational cost, (3) allowing for overlaps
between bonded beads. Furthermore, in Section 4.4, we also used another customized version in
which attractive interactions only between Ficoll70 and dsDNA were calculated, and attractive
Ficoll70-Ficoll70 and dsDNA-dsDNA interactions were ignored.

The original BD_BOX is accessible athttps://www.fuw.edu.pl/ mdlugosz/downloads.
html.

D.2 pyBrown

I developed a new, versatile pyBrown [298] software for BD and (F-version) Stokesian dy-
namics (SD) simulations and used it in Sections 4.2 and 6.3. The macromolecules are repre-
sented by beads and “molecules” composed of beads connected by harmonic bonds. In con-
trast to BD_BOX and other available open-source packages, apart from standard far-field hydro-
dynamic interactions treatment in generalized Rotne-Prager-Yamakawa (RPY) approximation
(Section 3.2.1), pyBrown includes near-field hydrodynamic interactions via improved lubrica-
tion correction (Section 3.2.2) and allows for setting the frequency of Choleski decomposition
in input file.

The code is written mainly in python3, but the most computationally demanding frag-
ments, such as building Ewald-summated RPY diffusion matrix, are written in C programming

language. Apart from pure BD simulations, pyBrown can classify trajectories into reactive and
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1

nonreactive, which makes it possible to compute second-order reaction rate constants with the
Northrup-Allison-McCammon (NAM) algorithm [297]. pyBrown also allows for user-defined
potentials.

The pyBrown documentation and code are accessible at https://tskora.github.io/

pyBrown/.

D.3 pyBrown-tools

To perform BD and SD trajectory analysis, I developed various tools and bundled them together

into pyBrown-tools [309] package. These tools include:

1. MSD.py for computing time-averaged mean squared displacement (TAMSD) (Eq. A.14)
and mean squared displacement (MSD) (Eq. A.15),

2. RDF.py for computing radial distribution function (RDF),

3. RotDiff.py for computing orientation autocorrelation (OA) (Eq. A.18) and mean squared
angular displacement (MSAD),

4. Lengths.py for computing bead-bead separation histograms of dumbbell enzymes.

MSD.py and RDF.py use functions from freud [310] package for molecular dynamics (MD)
trajectory analysis by Ramasubramani [311].

The pyBrown-tools code is accessible at https://github. com/tskora/pyBrown -
tools, and the freud documentation and code are accessible athttps://freud.readthedocs.
io/en/latest/index.html.

D.4 ExVol

To compute excluded volume fraction ¢, and activity coefficients + using Monte Carlo (MC)
integration, I developed ExVol [299] software. It performs random insertions of bead models
into crowded boxes. The code is written in python3. Skeleton of the implementation of the

algorithm is presented below:

def estimate_excluded_volume (seed, tracer , crowders,
number_of_trials , box_size):
pseudorandom_number_generator =
initialize_pseudorandom_number_generation (seed)
count = 0
for i in range(number_of_trials):

put_tracer_at_center (tracer)
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10
11
12
13
14

rotation_matrix = Rotation.random(random_state =
pseudorandom_number_generator).as_matrix ()
translation_vector = pseudorandom_number_generator.rand
(dimension)
translation_vector = translation_vector % box_size —
box_size / 2
for t in tracer:
t.rotate(rotation_matrix)
t.translate (translation_vector)
if overlap_pbc( tracer, crowders, box_size ):
count += 1

return count / number_of_trials

The ExVol documentation and code is accessible at https : / / tskora . github . io/
ExVol/.

D.5 PyGRPY

To compute hydrodynamic radii of rigid bead models, we used stokesRadius function from
the PyGRPY [312] package authored by Waszkiewicz [313]. The PyGRPY is a python port of
the original Fortran GRPY code by Zuk [181]. The PyGRPY code is accessible at https :
//github . com/RadostW/PyGRPY, and the GRPY is accessile at https://github . com/
pjzuk/GRPY. [181]
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Appendix E

Fluorescence correlation spectroscopy

Fluorescence correlation spectroscopy (FCS) is a versatile experimental method for studying
the dynamics of macromolecules, e.g., proteins, both in vitro, in dilute solutions or complex
polymer mixtures, and in vivo, in biological cells or extracellular matrix [100, 315]. FCS al-
lows for measuring the diffusion coefficients in a non-invasive way and is extremely sensitive,
allowing for measurements of samples at nanomolar concentrations (1 nM in 1 fL. spot gives, on
average, 0.6 molecules).

In FCS, laser illumination is used to excite the fluorophores in a very small (close to the
diffraction limit, so femtoliter — um?®) focal volume, defined by a focused laser beam and a
confocal aperture. To be studied with FCS, the molecules of interest have to be fluorescent
or fluorescently tagged prior to the measurements. The fluorescence emission from the focal
volume is registered as a function of time. However, the final output is not the intensity function

I(t) but the autocorrelation of fluorescence fluctuations G(7):

IRt +T7)) _
In that notation:
1 /7
o) = [ 10 (E2)
T Jo
is the mean fluorescence intensity and
1 T—1
(I(OI(E+ 7)) = / [OI(t + 7)dt, E3)
T—1 /)

is the autocorrelation, i.e., a convolution of the signal with itself.
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Figure E.1: Scheme showing the illumination and focal volume in FCS measurement. The
focal volume is ellipsoidal, with axial half-length z; and planar half-length wy. The ratio kK = Z)—%
characterizes the axial elongation.

E.1 Mathematical model

Some additional assumptions are needed to extract the diffusion coefficients from the raw FCS
data. The assumptions are embodied in a specific model used to fit the autocorrelation function.

For simplicity, the brightness profile P(r) is assumed to be axial-elongated Gaussian:
P(r) = Iyexp [-2 (2* + y*) /w§] exp [—22%/25] (E.4)

where [ is the maximal value of the fluorescence intensity, wy is the half-length of the focal
plane, and 2z, > wj is the characteristic axial half-length (Fig. E.1). Position r is defined relative
to the center of the focal volume. The characteristic spatial parameters w, and 2, are defined in

such a way that the brightness profile on the surface of the ellipsoid spanned by them is equal
2

to e~ = 0.135. Instead of zy, it is common to use the ratio defined as follows:
—— (E.5)
Wo

Assuming that the only reason for intensity fluctuations is the Brownian motion of macro-

molecules, the autocorrelation function is expressed in the following way [315]:

~1 ~1/2
Gp(r) = Gp(0) (1 + 4DQT) (1 + 4DT) , (E.6)

242
wy K2wg

where D is diffusion coefficient, or equivalently:

Gp(r) = Gp(0) (1 + l>1 (1 + il) o , (E.7)

D
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Figure E.2: Schematic plot showing the behavior of intensity fluctuation autocorrelation
function with varying conditions. The autocorrelation is scaled down upon increasing the
concentration (c) of fluorescent macromolecules (dotted lines, concentration grows from

to red), and shifted right (in the direction of higher correlation time) with the decrease
of diffusion coefficient (blue lines). The decrease may be due to decreasing temperature (1),
increasing viscosity (77), or increasing hydrodynamic radius (a). Note that the x-axis is in a
logarithmic scale.

by introducing a diffusion time 7p:

2

wo
= —. E.8
D 4D (E.8)

The value of 7 is obtained by a least-square fit of Eq. E.7 to the experimental autocorrelation

function G(7). Furthermore, the concentration ¢ may be obtained from the relation [315]:

1 1 1

provided that the wgy and x are known. /N denotes the mean number of fluorescent tracers in the
focal spot of effective volume Voz = 73/2kwg.

Figure E.2 shows a summary of the behavior of autocorrelation function upon changes in
concentration, temperature, viscosity, and hydrodynamic radius of a diffusing macromolecule
(Egs. 2.10 and E.9). FCS measurements are calibrated using fluorophores of known diffusion
coefficients. Upon fitting the autocorrelation to the Eq. E.7, and using definition from Eq. E.8§,

the details of focal volume’s shape (wy, k) are obtained.
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E.2 Intersystem crossing

In principle, the fluctuations in intensity may originate not only from the Brownian motion
but also from the photophysical processes and reactions in an excited state. Among these, the
most prominent is the intersystem crossing: singlet-triplet transition, which makes the macro-
molecule fluorescently inactive due to the spin selection rule. It results in an apparent decrease
of fluorescence intensity, which may well be misinterpreted as an enhanced diffusivity [217].
If the intersystem crossing timescale is significantly shorter than the diffusive one, the overall

autocorrelation function may be written as a product [315]:
G(1) = Gp(1)Gr(T). (E.10)

The part associated with the intersystem crossing reads:

T
Gr(r)=1+ T OXP [—7/7r], (E.11)

where T is the fraction of macromolecules in the triplet state, and 7 is the singlet-triplet relax-

ation time. G p(7) is given by Eq. E.7.

E.3 Experimental details

The FCS results presented in Section 4.3 were obtained by our collaborators from RWTH
Aachen University and published along with our computational results [127]. Detailed techni-
cal description of the sample preparation and experimental setup are gathered in the Supporting
Information to ref. [127]. Here only the most important information is summarized.

In the diffusion measurements, fluorescently-tagged tetrameric Streptavidin labelled with
Alexa 647 was used as the tracer in nanomolar concentration regime. The protein was dissolved
in aqueous buffer at pH = 7.5 with various concentrations of crowders: Ficoll70 and 16 nm-
long (48 base pair) dsDNA. The calculated autocorrelation curves were fitted with Eq. E.10.
Diffusion coefficient values presented in Tables E.1-E.4 are averaged over five independent
measurements. When both numerator and denominator are burdened with uncertainties, op

and op, respectively, these propagate and result with the uncertainty of their ratio:

D Op 2 0Dy 2
= — — — ] . E.12
75 = Dy <D) +(D0) (E.12)
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Table E.1: Diffusion coefficients of Streptavidin within Ficoll70 solutions of different crow-
der occupied volume fractions ¢,.. measured with FCS.

boce %0 D (nm?us™!)  op (nm?ps) D% oD
0 63.8 12 1 0
5 57.8 0.8 0.91 0.02
10 52 1.3 0.82 0.02
20 41 3 0.65 0.05
35 23.0 1.1 0.360 0.018

Table E.2: Diffusion coefficients of Streptavidin within dsDNA solutions of different crow-
der occupied volume fractions ¢,.. measured with FCS.

Goce %o D (nm?ps™)  op (nm?ps™!) = ob

Do o
1.25 50.0 0.6 0.784 0.017
2.5 36.4 0.5 0.570 0.013
5 25.8 0.7 0.404 0.013
10 1 1 0.056 0.016
15 3.9 0.4 0.062 0.006

Table E.3: Diffusion coefficients of Streptavidin within dsDNA-Ficoll70 solutions of dif-
ferent molar fractions z4,pna and occupied volume fraction ¢,.. = 5% measured with
FCS.

zasona %o D (nmPps™h) op (nmPpsTt) 4 op
0 57.8 0.8 0.91 0.02
25 25.0 0.6 0.392 0.012

50 22.6 14 0.35 0.02

75 20.4 1.4 0.32  0.02
100 25.8 0.6 0.404 0.012

Table E.4: Diffusion coefficients of Streptavidin within dsDNA-Ficoll70 solutions of dif-
ferent molar fractions x4,pna and occupied volume fraction ¢,.. = 10 % measured with
FCS.

Taspna %0 D (nm?ps™!)  op (nm?ps) D% op
0 52.0 13 082 0.02

25 23.3 0.4 0.364 0.009

50 175 0.4 0.275  0.009

75 74 0.6 0.115 0.009
100 3.6 1.0 0.056 0.016
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