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Structural and Organisational Conditions for Beinga Machine
Guglielmo Militello - Alvaro Moreno

Abstract

Although the analogy between macroscopic machindsb@logical molecular devices

plays an important role in the conceptual framewafrboth neo-mechanistic accounts
and nanotechnology, it has recently been claimed tertain complex molecular

devices (consisting of biological or synthetic nwewolecular aggregates) cannot be
considered machines since they are subject to ggtsemical forces that are different
from those of macroscopic machines. However, thecttral and physicochemical

conditions that allow both macroscopic machines mgtoscopic devices to work and

perform new functions, through a combination ofmedatal functional parts, have not
yet been examined. In order to fill this void, tipaper has a threefold aim: first, to
clarify the structural and organisational condifonf macroscopic machines and
microscopic devices; second, to determine whether machine-like analogy fits

nanoscale devices; and third, to assess whethenalehine-like analogy is appropriate
for describing the behaviour of some biological mawmwlecules. Finally, the paper

gives an account of ‘machine’ which, while acknaigmg the physicochemical and

organisational differences between man-made mashamel biological microscopic

devices, nevertheless identifies a common conckptua that allows us to consider the
latter ‘machines’.

Keywords Machine-like systems - Macroscopic machines - Mdé&cmachines -
Mechanistic explanations - Nanotechnology - Biowwdblr machines

1. Introduction

Over the last 25 years, the concept of ‘machine-Blystem’ has been extensively
employed in the neo-mechanistic framework to dbschiological mechanisms, since
said mechanisms have been regarded as the furictiomgonents of a system which
behaves like a machine. Moreover, the analogy letweachines and certain biological
macromolecular structures plays a key role in restotology, with some kinds of

macromolecules being artificially reproduced by sidering them machine-like

systems.

Neo-mechanistic accounts have so far focused onefiistemological aspect of
mechanistic explanations in the life sciences, wittough analogy often being drawn
between (biological) mechanisms and machines. Nesless, as pointed out by Moore
(2012), Skillings (2015) and Nicholson (2013), theare some relevant differences
(mainly due to different size scales) in the phgsiemical behaviour of macroscopic
machines, on the one hand, and microscopic devmeshe other, that make this
analogy rather dangerous. As a result, these authave argued that the analogy
between macroscopic machines and microscopic devisech as synthetic nano-
machines or certain biological macromolecules) &hba taken with a grain of salt and,
in most cases, completely dismissed. Yet the igsuér from simple, since the
conceptual framework of contemporary nanotechnolsdyased on the idea that some
biological macromolecules are indeed machines, ead therefore be artificially
reproduced using a bottom-up approach, accordinghioh a supramolecular structure
may be built by assembling smaller molecular conepts



No comprehensive ontological analysis of the conoépnachine and, particularly,
the status of machine of certain kinds of microscagevices (synthetic as well as
biological) has yet been carried out by either meschanistic accounts or the
philosophy of (nano)technology. In an attempt tb this void, this paper aims to
establish the conceptual boundaries of the corioggthine’ and to understand to what
extent some molecular devices may be defined ds. $ucs worth stressing that this
paper isnot aimed at claiming that organisms are machines, rahier at evaluating
whether or not molecular synthetic devices and sdnmtogical macromolecular
structures share common properties that make athef ‘machines In order to
understand whether or some molecular devices amhimes, it will be necessary to
analyse the structural and physicochemical conastiof not only nanoscale devices,
but also macroscopic machines, since the term ‘mativas originally coined to refer
to macroscopic man-made devices (e.g. Archimedeaples machines), and only later,
during the 20th century, was it applied to the dioned biological macromolecules.

In light of the above, the research questions tahvthis paper seeks to respond can
be summarised as follows:

1. What are the structural and organisational featwfesrtificial macroscopic
machines, synthetic molecular machines and biokdbgnolecular machines?

2. To what degree does the ‘machine-like’ analogwfitlass of molecular devices
operating at the nanoscale?

3. Is the ‘machine-like’ analogy appropriate for désiclg the operation of certain
kinds of macromolecules in living cells?

An understanding of the ontological status of (nNerachines has two important
explanatory consequences for the neo-mechanidtatee@nd nanotechnology. First, the
clarification of the termtmachiné may shed some light on the biological mechanisms
that are based on thém Second, since the cornerstone of nanotechnolsgihe
possibility of artificially reproducing certain damical macromolecules, the differences
between biological and artificial molecular macksinbighlight the limits of its
theoretical framework.

The structure of the paper is as follows. Sectiopr@sents and discusses neo-
mechanistic accounts of ‘machine-likeness’. Theegti®n 3 analyses the features of
artificial macroscopic machines. Section 4 offersritical exploration of the structure
and functioning of synthetic and biological molenuiachines, and Section 5 focuses
on the specific case of biological molecular desjdaking into account the criticisms
and arguments put forward by Moore (2012), Skikir{@015), and Nicholson (2013)
against the machine-likeness of nanoscale devieeslly, Section 6 offers some
concluding remarks.

2. The concepts of machine and mechanism in neo-nhanistic accounts in biology.
A critical review.

' The term ‘mechanism is currently used in neo-mechanistic literature ftesignating both the
(epistemological) problem of the explanatory powkmechanistic explanations (among others, Bechtel
and Richardson (1993) 2010; Glennan 1996; Bechtdl Abrahamsen 2005) and the (ontological)
organisation of —namely biological- mechanisms (aghothers, Machamer, Darden and Craver 2000;
Craver 2001). When we state that we focus on thehamdsms “based on” (or performed by) machines,
we merely claim that we describe, from an ontolabperspective, the configuration of the mechanisms
that are performed by the component parts of aifip&ind of system (i.e. a machine). Hence, wendd
address the issue of the explanatory power of nmésti@explanations.
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The idea that organisms can be explained througinalogy with machines is rooted in
Descartes' thinking, as laid out iscourse on the Method (1637 (1999)) andreatise

on Man (1664 (1972)). Since the publication of these samivorks, it has been widely
assumetthat each anatomical part performs a distinct spetific biological function
in the same (or at least, similar) way as the dbfié parts of a machine make up a
mechanism. The concepts of ‘machine’ and ‘mechanam at the core of many
biological descriptions (from genetics to evoluaoyn biology), and play a pivotal role
in the neo-mechanistic view.

However, until recently, no precise definition dfetterm ‘mechanism’ had been
developed. The firsbasic mechanistic account was clearly provided by Machamer,
Darden and Crav&(2000), and has significantly influenced subse¢uaeates on not
only the nature of biological mechanisms, but dls® nature of machines. The MDC
account defines biochemical mechanisms (e.g. nemsmission and the mechanisms
of DNA and RNA replication, transcription and tr&i®n) in terms of entities
performing regular activities from start to finisbnditions. Implicitly, this concept of
mechanism is based on the way man-made machinés swoce mechanisms have long
been considered the functional parts of a machkeedystem (Glennan 1996, pp. 51-
52; Bechtel and Richardson 2010, p. 17). Thus, iakdison points out (2012), one of
the meanings sometimes carried by the concept ethanism’ is that of ‘machine’.

Although these authors have developed a set ofsgreefinitions for the concept of
mechanism, they have not convincingly justified né¢ationship with the concept of
machine. There are two main reasons for this. ,Fing development of a theory of
machines has been essentially ignored by the athsad mechanistic accounts in
biology, who use the concept of mechanism in asstepiological-explanatory sense
rather than an ontological ch&€onsequently, the use of the machine analogyitain
biological systems has generally been supportechthyer intuitive ideas about what a
machine actually is. Second, some neo-mechanistouats have provided a very
broad definition of ‘mechanism’ that encompasses Ineechanisms which are based on
machines and mechanisms which are not. Thus, tagoreship between mechanisms
and machines appears vague and unclear. We shmdlirethese two claims in more
detail below.

In relation to the first aspect, the definitionsméchanisms offered by Bechtel and
Richardson (2010) and Glennan (1996), while emghagithe fact that mechanisms
behavdike the functional components of a machine, fail tovite a detailed analysis
and description of the ontological status of a nmrashor indeed the machine-like
behaviour of some biological macromolecules. Rath#tey focus on the
epistemological nature of mechanistic explanations and, colldierat least, the
epistemological aspect ahachine-likeness (i.e. the fact that a machine may be
explained through mechanistic accounts). In theesa®in, Levy (2014) links the
concept of ‘machine-likeness’ to decompositionahtsigies, since a machine can be
decomposed by virtue of two features: first, thigedentiation of parts (Levy 2014, p.
5); and second, the local relations among the commptoparts (Levy 2014, pp. 5-6). In
other words, modularity and internal interactionsoag the local functions of a system

% This is not to say that this view has not met \gittong opposition (i.e. vitalism and, later, origim).

% Hereinafter, we shall refer to Machamer, Dardemh @raver's account as the MDC definition.

* Although lllari (2013) stresses that Bechtel'swiis epistemic whereas Craver’s account is onte, w
will not address this issue here. Instead, we ®ilhmine why a number of (mainly epistemological)
accounts of (biological) mechanisms have not séofeused on the ontology of (nano)machines.

> By decompositional strategies we mean an epistagizabaccount of the behaviour of a system in
terms of the local behaviour of its subsystems fmoment parts) and their causal interrelations (@eap
Bechtel and Richardson, 1993 (2010).



provide it with a certain degree of order, as vl decomposability, which in turn
allow it to be defined as a ‘machine’. In spite tbkir importance, however, these
aspects do not shed any light on the ontologyrofahine.

As regards the second claim, the MDEfinition of mechanism in terms ognhtities
and activities organised such that they are prodeictf regular changes from start to
termination conditions’ (MDC 2000, p. 8 much broader and encompassing than the
conceptual core of the operation of a machine. gain there are two main reasons
for this. First, because the component parts ofaghime (the ‘entities’) are not only
organised, but also held together in a (meta)stsiolecture, nearly in thermodynamic
equilibriun?. Second, because ‘the activities’ of the componeh&gmachine take place
only when an input of energy occurs and are aimefisalacing a force, doing work or
performing a function. Accordingly, the mechanisni a machine needs a
thermodynamically-stable structure, and this regjugnt is not included in the MDC
definition. An MDC mechanism could be either theule of the activities of parts
organised in a thermodynamically-stable structawed(would therefore coincide with
our concept of the mechanism of a machine), orrélselt of a far-from-equilibrium
organised set of coupled processes. Many biochémathways indeed produce a
functional activity (that which the MDC account ohefs as ‘mechanism’), which may
be explained as resulting from clearly distingudsh@arts’ (i.e. the chain of reactions
catalysed by specific enzymes), understood as psese However, as shown in the
following sections, this kind of mechanism is nompatible with our concept of the
mechanism of a machine, because a biochemical pgthHails to exhibit some
important features of machines, such as a thernadioally-stable structure or an
energy input to do work. For these reasons, the lmaschanistic account provided by
MDC does not clarify the difference between thosschanisms which are based on
machines and those which are not.

Usually neo-mechanistic accounts (notably Bechted &ichardson (1993) 2010;
MDC 2000; Craver 2001; Bechtel and Abrahamsen 2088)the termorganisationto
refer to the specific way the different parts ahachine are arranged so as to perform a
given function. The use of this term is howeveitaambiguous. For, on the one hand,
strictly speaking, the component parts and theatmers of a machine may be said to
be (structurally, spatially, and temporally)dered. Yet, on the other hand, in order to
perform a function, they should contribute to th@mtenance of a system to which they
belong (i.e., they are generated in this systerd,thay contribute to its maintenance).
More precisely, we say that a machine performsation insofar as it is embedded in a
context (for example a specific social organisgtiere certain material structures
(i.e. machines) are produced. If machines are lyiglgsigned and fabricated, they can
also contribute to the maintenance of the contsgtfi(for example the life of society to
some extent depends on the existence of machiAas).in a similar vein, certain
macromolecular devices in the cell perform a fumttiecause they are embedded in the
cellular ‘organisation, which they contribute to maintain and where they produced.

It is a humarforganisation that produces an artificial machine and providhesit with

a specific function; and it is a biologicabrganisation that produces a molecular
machine and provides them with a specific function. both cases the term
‘organisationis what justifies that a given composite matestalicture, constraining a

® By this we mean that the structure of a machire (he specific assemblage of its component parts)
would be preserved even if the exchange of mattéremergy with its surroundings were almost zem (i
thermodynamic equilibrium). Thaability of a structure is different from tHanctionality of a machine,
because functionality requires an exchange of mated energy between the machine and its
surroundings.



flow of energy, achieves a function (see for detMlossio et al 2009 and Moreno and
Mossio 2015). Derivatively, it would be sensiblestny that therdered structure of the
functional parts constituting a machine is alsoganised” in order to fulfil the global
function performed by the machine as a whole.

In sum, the (neo)mechanistic use of the term ‘meisiia explanation’ is much more
liberal than ours, as we focasly on the mechanisms performed by machines. Since
the purpose of this paper is to conductoatological examination of the concept of
‘machine’, we will not enter here into current (amdportant) debates about the
explanatory validity or limits of the (neo)mechanistic accasinparticularly in light of
the challenges raised by the success of netwoekdkplanations, which are usually
incompatible with the idea of functional decompiosit(Zednik 2011; Kaplan 2015;
Bechtel 2017).

Although the neo-mechanistic debate has so fartddvmost of its attention to the
epistemology of biological mechanisms, there i ationg tradition of studies on the
structure and functioning of man-made machinesio8grattempts to define what a
machine actually is can be traced back to the skbaif of the 19st century, when the
German engineer Franz Reuleaux developed a thdughwosited that a machine is a
kinematic chain of elementary links called ‘kinematic pairsh his book ‘The
Kinematics of Machinery’, the term ‘machine’ refete a system that converts an
energy input into an energy output by exploiting thechanism(s) of its component
parts that displace an applied force and, therefdoework (Reuleaux 1876) The
functional components of a machine exhibit a spediesign that allows them to
harness the physicochemical processes underlymddhaviour of said machine. In
other words, a machine is a set of functional cands that are interlocked so as to
harness the action of physical laws in order toeaeha new (composite-integrated)
function, as pointed out by Polanyi (1968). To @ & functional hierarchy must be
established, and a spatial and temporal order rhasimposed on the functional
constraints. As Wimsatt (1986) highlighted, the diimnal components of many
machines can bpartially intersubstituted within a certain range of confgjions and
without changing systemic properties. As a regh#, nature of a composite-integrated
function of a machine is determined by the struectaind functions of its constituents
(principle of compositionality). A crucial featud machines is that they consist of a
number of modular parts that are assembled acaprdira specific design so as to
assume a distinctive shape. Accordingly, the pie¢esmachine can be isolated due to
modularity, and are gathered in a very specific vimyorder to perform a certain
function. Another essential feature of a machineitss compactness, namely the
structural co-dependence of its component part&shwis a result of the design of the
machine. Compactness allows a machine to exhik#@rcboundaries that distinctly
distinguish it from its surroundings.

In the light of the above, we recognise that thera tension between the concepts of
‘machiné and ‘mechanisrmin the current neo-mechanistic framework. We psapto
resolve this ambiguity as follows: we definenachine as a meta-stable structure, which
can persist in thermodynamic equilibrium, consgstiof a number of functional
interdependent parts that constrain an energy flodo work and perform a systemic
function. We characterise mechanism performed by a machine as the set of all
functions carried out by the component parts ofrtfahine that allow it to harness a
flow of energy and matter and to do work. In otlesrds, ‘machiné designates a

’ This author defined a machine as ‘a combinatioresistant bodies so arranged that by their means th
mechanical forces of nature can be compelled tevaldkk accompanied by certain determinate motion.’
(Reuleaux 1876).



certain kind of astructure, whereas @mechanism based on a machimefers to its
systemic functionality. The mechanism of a machine is the result not ohthe specific
structure of a machine, but also of a human orogiokl context that provides a
machine with a specific (structural) order of itsmgponent parts and a particular
mechanism. Indeed, to a certain degree, one cdraabthe functioning of a machine
from its material and organisational embodimentt, d&hough features such as design,
structural stability, shape, compactness, modylanid compositionality pertain to the
structure (i.e. to machine), but not its functigtya(i.e. its mechanism), they should
indirectly inform our understanding of a mechaniaiso. As a matter of fact, the
mechanisms of each machine constrain a flow ofggniey virtue of the specific shape
of the component parts of a machine and the wayhich they are ordered.

For these reasons, in this paper we will focushemniature of machines (what they are
and what aspects define their operations) and saaly what extent the machine-
analogy can be applied to the core of all livingasisations, i.e. the cell. It is true that
biological machines are microscopic and their pdgahemical properties are very
different from those of macroscopic machines. Bafble analysing the implications of
the nanoscale, we shall first clarify what a maehis by analysing the example of
artificial macroscopic machines.

3. Artificial macroscopic machine$

The oldest and simplest macroscopic machines catralsed back to Archimedean
simple machines (e.g. levers, screws and pulleygs), evhich are devices that modify
the direction or magnitude of a force in order towlork against a single load force.
Simple machines are often considered the buildlagks of more complex ‘compound
machines’. Power sources are exploited to tranpmiter or transform motion and,
therefore, perform a mechani¥mBoth simple and compound machines do work by
harnessing a flow of energy into an ordered prosesas to achieve a pre-specified
function’. This is made possible by a set of specific makstiuctures, which act as
constraints, functionally harnessing the flow of energy so asptoduce a forward
motion. When a macroscopic machine is at work,stnamation of all external forces
and torque isot zero (the machine ifar from mechanical equilibrium). Since the
movement and the work of a macroscopic machinettaeoutcome of the relative
internal motion of its component parts, they mustdssembled in an ordered way
(following specific design rules) in order to acleea functionally-integrated operation.
This is commonly referred to as the ‘structureaaghachine.

The design of a macroscopic machine is closelyelinto its functionality, insofar as
shape, form, and size scale determine certain kinds of mechanisms and notrsthe
According to Reuleaux (1876), a machine consissnodssemblage of resistant bodies
(links), which are connected together (the so-calledetkiatic pairs’) by movable joints

8 In this section we mainly refer tmechanical machines such as steam machines, cars, pumps, etc. Of
course, there are many other kinds of non-mechbnieehines (e.g. computers) which we have not
described here, because all of them share the basie features of what we have called ‘machine’.
Hence, for the sake of simplicity, we focus on nmadbal machines as paradigmatic examples of aatific
macroscopic machines.

° Power is the transmission of energy from the plabere it is generated to another place, so as to
perform useful work.

% In machine theory, when one link is chosen asréméwork of reference for the movement of all other
links, it is called the ‘frame link’. Once a franfiek is set out in a kinetic chain, and it is pddsito
generate an output motion in response to an inptiom the kinetic chain is called a ‘mechanism’.

1 Needless to say, the function of an artificial neacopic machine is specified by its designer.
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so as to form &inematic chain with one link fixed and having the purpose of
transforming motion. Reuleaux’s characterizationn@chines primarily encompasses
mechanical devices and, therefore, considers coemtoparts as rigid structures.
However, many contemporary machines exhibit camestits which are not rigid, but
rather flexible, such as magnetic parts (e.g. in edctromagnetic coil), fluidic
components (e.g. in a refrigerator), and so forthe links of a machine are structures
that move in the air or in a vacuum by exhibitietative motion that is constrained by
the number of links, the type of joint used to cectrthem and the shape of the mating
surfaces. Each link is connected to the other lthksugh joints that transmit movement
from the input link (‘driver’) to the output linkfbllower’). Since each link is aimed at
maintaining constant spatial relationships betw&erelements of its pairs (Dicker et al.
2003, p. 6), the way in which the pieces of a maelire assembled together is crucial
to defining the mechanism, the work, and the kihflioction performed. As a matter of
fact, the overall function of a machine hinges be ¢ompositionality of the local
functions performed by its parts. A good exampl@a oehacroscopic machine design is a
gear pump, which exploits the rotation of geardigplace fluids. A gear pump consists
of two gears (links) that are connected througlomtact zone (movable joint) which
allows two gears to pivot with respect to each oihesuch a way that they form a
kinematic chain. In order to work properly, eaclargemust maintain a specific angle
with respect to the other one (constant spatialticeiship). It is important to underline
that a key requirement for macroscopic machineg$as the parts be structurally co-
dependent, so that the overall organisaticstaisle and, at the same timegmpact, with
clear spatial boundaries.

The structure of a macroscopic machine (i.e. thectiral interdependence among its
parts) may be saitstablé, because it is maintained regardless of whetherobrthe
device is actually doing work (and performing adtion). For example, the structure of
a refrigerator or a car is stable, since it is rraaired regardless of whether or not these
machines are switched on or off (i.e. if they altyuaork or not). Then, macroscopic
machines may be defined @®mpact, because they exhibit a specific design and their
component parts are assembled in such a way tdoselg and firmly united in a
distinct pattern . For example, the component paires refrigerator or a car are closely
interlocked in such a way that they have a comasgect. Finally, the component parts
of a macroscopic machine show clear spatial bouesldbecause their different pieces
are assembled in a specific way so as to build erasaopic device. For instance, a
refrigerator is composed of clear distinct assethipiarts such as a thermally insulated
compartment and a heat pump that transfers thefiwatthe inside to the outside of
the refrigerator.

Thus, the component parts of an artificial macrpgcaachine perform a mechanism
because of the ordered structuoé their constraints. This ordered structure of
constraints is evident in the way in which the finkre assembledldsign) so as to
channel the motion of each part in a certain dimaectThe structure of constraints is
designed so as to minimise the inertial and frictiorces acting on the parts (i.e. the
links) of the machineFriction forces, which act on the mating surfaces between two
links, affect the motion of the parts of a macrgscanachine, because friction forces
(i.e. dry friction) determine the tractive forcetWween a body and a tangential force.
Much the same occurs withertial forces, which oppose any change in the velocity of
motion or the torque of a rigid body. Since frictiand inertia influence the sliding
velocity of the mating surfaces of the links andy athanges in their velocity
(respectively), the overall movement, and thus thechanism, of a macroscopic
machine is inevitably affected by these physicatés.



All in all, to constitute a mechanism in a macrgeacomachine, each link of a
kinematic chain must exhibit a specific shape amdedsion, as well as a distinct
connection with the other links in such a way agneure a certain degree of freedom
(DOF)* and, therefore, perform a relative motion. Sinesigh is crucial to enabling
the component parts to work and to perform a aeffianction, the links of a machine
(e.g. wheels, gears, cams and pistons, etc.) neuass$embled in a particular way so as
to perform a certain kind of mechanism and a speftihction. For example, a four-bar
linkage (see Fig 1 A four-bar linkage; @\, B, and Q are the joints that allow links (2,
3, 4) to move with a specific anglp &ndy). The link 2 is the input link and the link 4
the output link. (Simon 2016, p. 35% a mechanism that can perform a wide variety of
movements depending dw the four links are assembled and connected together
can be employed in a pumpjack to draw oil from thésoil by using a planar
guadrilateral linkage; or alternatively, it canumed in a train suspension mechanism to
allow the wheel to rotate through a slider-cranikdige. In short, the concepts
‘mechanism’, ‘function’ and ‘work’ in a macroscopncachine should be understood in
terms of howthe component parts are assembled so as to achiduactionally-
integrated action.

[Insert hereFig 1]
4. Molecular machines

Having clarified the core concept of ‘machine’, wdl now turn to what are often
referred to as ‘molecular machines’. Here we fivdo tvery different systems:
‘molecular machines’ and biological ‘molecular mexgs’, which while sharing many
features, also diverge in many other important wags this reason, we shall divide our
analysis into two parts. Firstly, we shall argueywtespite the specific differences
generated by the nanoscale, it is still correctatk about machines at the molecular
scale. And secondly, and perhaps more importawigyshall explore why it also makes
sense to classify certain macromolecular structopesating in cells as machines.

Let us begin by considering, from a generic perspecthe current view regarding
what a ‘molecular machine’ (MM) actually is. First all, an MM is defined as any
discrete number of molecular components that predueasi-mechanical movements
(output) in response to specific stimuli (input)a{BRrdini et al. 2001). Unlike
macroscopic machines, the configuration space ofsM&not defined by their six
degrees of freedom, but rather by their free-energy landscdfdse. Gibbs free
energy” of interacting molecules) (Astumian and Hanggi 208stumian et al. 2016).

More specifically, MMs are characterised by thma@artant elements: firstly, thermal
noise; secondly, structural anisotropy; and, thirdin energy input (Astumian 2002).
Thermal nois& acts as‘thermal activatdr of MMs, since it provides them with an

 The degree of freedom (DOF) of a mechanical systerdefined as ‘the number of independent
parameters that unambiguously define its positiospiace at every instant’ (Simén et al. 2016, p. 2)

" The six degrees of freedom of a macroscopic rigidytare defined by three rotatory movements (roll,
pitch, yaw) and three translational movements (sungave, sway).

“ The energy landscape is the mapping of all possipéial conformations of a molecule. The energy
landscape is a continuous function that associatesh physical state of the molecule with the
corresponding energy.

' Gibbs free energy is a thermodynamic potential usgda thermodynamic system to do work at a
constant temperature and pressure. The simpleiequat Gibbs free energy i&G = AH-TAS, where
AH is the enthalpy change an® is the change in entropy of the process.

'® Thermal noise is the electronic noise determinethbythermal agitation of the charge carriers.
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amount of energy to overcome energy bartiet§the noise intensity is low, molecules
are pinned at a potential minimum and they canifoisd; on the contrary, if the noise
intensity is high, molecules overcome the potenbalrier and begin to diffuse
(Astumian 2002; Astumian and Hanggi 2002). Thermaise randomlypushes an
MM back and forth without a specific direction. Netheless, MMs exhibit a
directional movement by combining structural amgpy with an energy input
(Astumian and Hanggi 2002). Structural anisotropythe asymmetric distribution of
reaction products around an MM and it acts as gmaeetric kinetic barrier. When an
energy input (chemical, photochemical, etc.) isvjgted, structural anisotropy generates
a concentration gradient of chemical potential tta@istrains Brownian motion and
generates a directed motion of an MM. Thus, as a result led tnterplay between
thermal noise, structural anisotropy, and an enemgyt, an MM is able to functionally
harness an energy source, constrain Brownian matidperform a (biological) ta%k

It is crucial to emphasise that MMs usually opefataqueous solutions where they
are subject not only to important thermal fluctaasi, but also to viscous forces that
render inertial ones negligible. Since the roleypth by viscous forces is completely
different at the macroscopic and microscopic levét® Reynolds numbét (i.e. a
dimensionless parameter comparing the effect afial@nd viscous forces) is different
for macroscopic and microscopic devices. Macroscomchines have a high Reynolds
number, and inertial forces are important where&cous ones are negligible.
Microscopic machines, on the other hand, have aReynolds number, meaning that
viscous forces are fundamental and inertial foreggigible within the system.

Unlike macroscopic machines, MMs operate very rteamechanical equilibrium
because the viscous drag fdfts equal and opposite the net mechanical force. Th
‘mechanical equilibrium’ of a molecular system iglymamic condition in which every
forward motion of a particle is cancelled by itscroscopic reverse (i.e. a backward
motion) (Astumian 2012), and it is therefore diffiet from the concept of
thermodynamic equilibrium. Accordingly, the preseraf a ratchet mechanism in an
MM allows it not only to direct movement but alsolkeep the system very near to, but
not at, mechanical equilibrium. Although MMs a®se to mechanical equilibrium,
they arefar from thermodynamic equilibrium, since they dissipate energy to their
environment.

Unlike macroscopic machines, which exploit manyfelddént energy sources
(mechanical, thermal, chemical, electrical, etchMs consume chemical,
photochemical, and electrochemical energy. Chelgidaiven MMs are subjected not
only to thermal noise but also to the principlena€roscopic reversibility, according to
which at equilibrium the forward and backward paths of a reversibletiea are
equally likely to occur. In order to overcome mmeopic reversibility, chemically-
driven MMs cyclically switch between different mectical states, a process known as
‘chemical gating’, during which the selective bingiunbinding of a catalyst allows the
device to increase its chemical potential and nyoithé reaction rate constant in such a

Y Energy barrier (or activation energy) is the leastount of energy required to trigger a chemical
reaction.

¥ Feynman (1963) pointed out that it is impossibldvave a molecular device (the so-caliBdownian
ratchet) that is able to extract work from thermal noigeduse of the inviolability of the second law of
thermodynamics. However, a molecular machine doesbine thermal noise with structural anisotropy
and energy (chemical, photochemical, and electroatad) sources to do work. For this reason, MMs are
also called Brownian ratchets(Astumian 2002).

¥ Reynolds number is expressed by the ratio betwgeands, (R = avp/i); wherea is the acceleration,

v the velocityp the density of the fluid, anglthe fluid's viscosity (Astumian and Hanggi 20023B).

% viscous drag force is the force exerted by a ftuican obstacle around which it flows.
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way that the reaction can follow only one pathfard or backward). As a result, the
mechanochemical cycle of binding/unbinding a cataly the way in which chemically-

driven MMs constrain a chemical energy input in esrdo carry out directional

movement, do work, and bypass microscopic revditgijhstumian 2012; Astumian et

al. 2016).

Unlike chemically-driven MMs, light-driven ones dgp the allosteric
conformational change generated by exergonic @atiknown as ‘power stroke’) to
allow light energy to maintain a non-equilibriumeatly state, thereby permitting
molecules to move between two separate energycasfgAstumian et al. 2016).
Another significant difference between chemicallpdalight-driven machines is
microscopic reversibility, since the former are jsgb to microscopic reversibility
whereas the latter are not (Astumian et al. 2016).

In light of all these factors, it is sensible tooal/a hasty analogy between MMs and
all types of macroscopic machines. A careful ansligstherefore required to assess the
guestion. In the following two subsections we wahalyse the structural and
physicochemical organisation of both artificial ¢8en 4.1) and biological (Section
4.2) MMs.

4.1 Artificial MMs

Since the beginning of the 21st century, a hostmmiecular devices have been
artificially developed for technological use infdifent domains (nano-medicine, green
nanotechnology, etc.) and with very different pwgm Nanotechnology can be
considered an extension of supramolecular chemiatnew avenue opened up during
the 1970s (Lehn 1995). Artificial MMs (also callélpramolecular structures’) are
built by assembling a discrete number of molecdamponents with the aim of
performing a function through the mechanical moveinoé their parts. Energy sources
are provided by photochemical and electrocheminatgy inputs that cause exergonic
reaction$’, which in turn power these artificial nano-devic&hotochemical and
electrochemical energy is transformed into meclanmork through a ‘motor-like’
part.

Unlike macroscopic machines, MMs are built by hasmeg the intrinsic self-
assembly capacities of certain molecular componeatsording to which these
components bind together through non-covalentacterns in such a way that the final
assembled structure is able to perform mechanicalements (linear, rotatory,
oscillatory, etc.), thus enabling a specific fuantito be carried out. This method for
building an MM is called bottom-up assemflyArtificial nano-machines are based on
rotaxanes, catenanes and other related struct@a@svdge and Dietrich-Buchecker
1999; Balzani et al. 2005) which are assemblednyyl@ying non-covalent interactions
such as hydrogen bonding, coulombic forces andIrgéad bonding, among others.
Rotaxanes are dumbbell-shaped molecules surroundadnacrocyclic compound with
a ball at each end; catenanes consist of two adleed rings (macrocycles) (Balzani et
al. 2005) (se€ig 2 Interactions between a rotaxane and a macrocycltengshuttling,

b) ring rotation, ¢) threading/dethreading equilibr between a macrocycle and the
axle of a pseudorotaxane (Credi et al. 2014, p. 6))

[Insert hereFig 2]

*! Endergonic reactions can also occur, but they havge thermodynamically coupled with exergonic
reactions in such a way that exergonic reactioivedrr power endergonic ones.

22 By a ‘bottom-up’ approach to molecular machines,mean the construction of nanoscale devices and
machines using a molecule-by-molecule method (Bakial. 2005).
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Like macroscopic machines, synthetic nano-devi@sycout work and perform a
function by virtue of the way certain molecularfgdrave been shaped and located so as
to affect the relative motion of other componenttpand, all together, harness the
energy flow in a specific way. It is thaterlocked architecture of the components (i.e.
their design and structural co-dependence) thaipethe overall system toansform
an energy input into work, in order to perform a desirddnction. Like the links of a
macroscopic machine, rotaxanes and catenanes teneetive motion> as the result
of an energy input. Both mechanical movements awvarigty of different functions of
the molecular components of rotaxanes and catenanesinduced by external
stimulation. For example, acid-base chemical inputsy strengthen or weaken the
hydrogen bonding interactions that are responsifiie assembly and spatial
organisation. Another important physical constraintthe behaviour of rotaxanes and
catenanes is represented by non-covalent interagtisince these interactions allow
them to bind to one another reversibly. Since novatent interactions easily bind (and
unbind) the component parts of a synthetic nanaegegupramolecular stability hinges
on the control of these weak interactions. Thus, Itlasic principle underlying the
construction of artificial MMs is control of the naovalent interactions that govern the
relative mechanical movement of the building blosksas to create fanctionally-
integrated structure that is able to perform work, transport cargoesignal molecules
through molecular shuttles, etc. (Valero et al. 201

One example of artificial MMs is DNA nanotechnolo@geFig 3 Representation of a
DNA architecture a) double strand DNA rotaxane veitinerical stoppers; b) controlled
release of the rings; c) a gold (Au) nanopartigleridizes two DNA rotaxanes; d) DNA
origami rotaxane (Valero et al. 2017, p. D6Which combines rotaxanes, catenanes and
related structures to create interlocked DNA streg that can be generated from both
double-stranded and single-stranded DNA (Ackernedral. 2010; Valero et al. 2017).

[Insert hereFig 3]

4.2 Biological MMs

Biological MMs are asubgroup of macromolecules (mainly proteins) that are
commonly found in both prokaryotic and eukaryotiell& Noteworthy examples
include molecular motors (such as dynein, myosohkinesin), molecular pumps (such
as transmembrane ATPases), molecular tweezers (asacldNA) and molecular
switches (like rhodopsifj. In the cellular environment, proteins are the enolar
structures best suited to acting like ‘machineg¢aduse their structure allows them to
perform a wide variety of biochemical functionsofr catalysis to cell signalling and
signal transduction, and from cellular motilityligand binding).

Here, we will analyse onlpiomolecular motors and pumps, since they are the best
candidates to be considered MMs. There are twoialrdeatures of biomolecular
motors and pumps to take into consideration. Filige synthetic nano-devices,
biomolecular motors and pumps emerge from selfraBeprocesses by harnessing the
entropic effect generated by the translationalldsgment of the water molecules in the
cytoplasm. Self-assembly occurs spontaneously ibb&ifree energy is negative

% Rotaxanes and catenanes usually perform relativéom through the movements of rings, such as
shuttling along the axle of the rotaxane dumbbetitation around another ring in a catenane sirect

24 \Whereas molecular motors are able to displaceiresiibnally when powered by an external energy
input, molecular tweezers hold items between thew arms. A molecular switch reversibly shifts
between two or more stable states.
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(O'Mahoni et al. 2011). Since an increase in th#opy of the water molecules
decreases their Gibbs free energy, the self-asgepibtess is stimulated within the
cytoplasmic environment (Kinoshita 2016). And, setosince modularity lies in the
fact that biomolecular motors and pumps are preteand proteins consist of modular
parts (Trifonov and Frenkel 2009; Rorick and Wag?@t1), another important feature
of most of MMs is modularity. As a matter of fatttey consist of a number of subunits,
each with a specific size and form, which are irdegf in order to keep the global
structure stable and transform chemical energy meézhanical work by means of a
mechanochemical cycle. Three examples of biomadeauotors are myosin, kinesin
and dynein, on the one hand, and an example of geithe F,ATPase, on the other.

Kinesin, myosin and dyneihare polymers generated by the self-assembly df the
respective monomers. The movement of these biomlalemotors is due to a series of
mechanochemical cycles during which a phosphoryugy removed by ATP
hydrolysis, causes a rearrangement of the elem@intee ATP-binding site in the
globular head, which in turn triggers structurahiepes in the track binding site. Next,
the electrochemical energy generated by the matoradh is transduced by the neck
domain into mechanical work by producing movem&khen a phosphoryl group is
released, a conformational change occurs in theutgo head and the mechanochemical
cycle ends.

FoF1ATPase (se&ig 4 Regions, subunits, and rotatory movement gfiATPase:
region (subunits a and c); Fegion (the other subunits) (Wilkens 2000, p.)338 a
protein located in the inner mitochondrial membraméich is synthesised by
assembling a number of monomers into eight subamtstwo functional regions ¢F
and k). Since the function of regiong Bnd R is likened to that of thetator androtor
(respectively) of an electric motorgFtATPase is considered a vivid illustration of a
biomolecular motor. The ¢Fsubunits channel a proton flux, determined by an
electrochemical gradient, which is exploited toowall F, to rotate. The rotatory
movement is not random (but rather directed by sitba and c of § and determines
the conformational change of subufiitof F; thus enabling the synthesis of ATP
molecules (sed-ig 5 Conformational changes of the subufitof F1 in order to
synthesize ATP molecules (Feniouk and Yoshida 2p0883)).

[Insert hergFigg 4 and5]

A biological MM exists and performs work not onlgdause of self-assembly and
modularity, but also due to three structural ppies. First, reactions occurring in the
different subunits aresequentially ordered so as to form a clear-cut biochemical
pathway. Second, macromolecular conformational gbarnwhich is allosterically
regulated, igemporally coordinated with the reactions occurring in the other subunits
of the protein complex. And finally, and this isetimost important point, the overall
function of a biomolecular machine depends orrétationship with other biological
molecules that are present in the biochemical network of ¢lkedl. These structural
principles underlie the behaviour of all biomolerumachines. By way of example, let
us again considergFiATPase. The rotation of thesubunit of the Fregion may occur
only if the subunits of thegfregion have previously constrained the proton thwards
the R region Gequential order). In order to produce three ATP molecules, thatary
movement of F must be coupled with the conformational changeegéhstates) of

% Dynein is a protein that transports cargoes alomgotubules in a cell by exploiting retrograde
transport. Myosin is a protein that allows musctcaction by interacting with actin. Kinesin is a
protein that transports cargoes by sliding dowrratidule filaments (anterograde transport).
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subunitP, in such a way that the phosphorylation of ADPegates an ATP molecule
(temporal coordination). It is important to stress that the rotation @ifust be coupled
with ATP hydrolysis, otherwise, a futile cycle ocswithout ATP production. Finally,
since the electrochemical gradient proton flux tigtothe ATP synthase depends on the
electron flux produced by the electron transportich the overall function of
FoF1ATPase hinges on the biochemical pathways estaoligh the protein complexes
of the electron transport chairelationship with other biological molecules).

The interdependence between a biological MM andctienetwork is a key aspect
that distinguishes MMs from artificial nano-devicdhe functional integration of a
biomolecular machine into the cellular network isracial organisational feature that
makes it difficult to separate a biomolecular maehfrom its biochemical network,
while at the same time explaining why artificial lexular machines are still a long way
from being similar to biological ones. BiologicalM4 are embedded in a biochemical
network in such a way that they appear functionaitggrated into other biomolecular
machines or biological macromolecules. This thihdracteristic is a key difference
between artificial nano-devices and biomolecularcmizes, because synthetic nano-
machines have not so far been incorporated inticat biochemical networks.
Consequently, whereas the energy input of biomédecuotors is constantly provided
by the biochemical network in such a way that latal machines regenerate, synthetic
nano-machines cannot do this, and therefore neegjmosite input to reset (Balzani et
al. 2005; Credi et al. 2014).

5. Machine-likeness at the nanoscale

In the previous sections, our analysis of the stina¢ and physicochemical conditions
required by macroscopic and molecular machinesrénasaled that both types share a
fundamental similarity in their organisation, sinbeth are meta-stable structures
consisting of functional parts that constrain aergg input so as to perform work and,
therefore, fulfil a systemic function. This similgris the main reason why a machine-
based terminology is so widely used in the spestidiierature to characterise these
types of artificial and biological molecular syst&em

Admittedly, this is not a sufficient reason to dissnthe importance of the differences
which exist between classic macroscopic machindglagir molecular analogues. As a
matter of fact, several critical voices have relgergised fundamental objections to the
consideration of molecular devices as machinesb& dair, however, these criticisms
are directed mainly at biological molecular mackjrend fail to address (explicitly, at
least) the case of their artificial counterpartst,Xsince many of these criticisms discuss
aspects linked purely to scale differences, weelelthey implicitly include a rejection
of the adequacy of a machine-based terminologeszribe artificial molecular devices
also. In this section we will discuss the criticsshevelled by three authors: Moore,
Skillings and Nicholson, before presenting our ovgw of the question. Whereas the
arguments espoused by the first two authors fogalgively on scale differences (and
therefore, even though they only explicitly disctiss case of biological MMs, their
arguments encompass artificial MMs also), Nicholsaniticism raises questions which
pertain only to biological MMs. Thus, in our own adysis, we shall attempt to
distinguish which part of the discussion specificabncerns only the biological case.

In a paper published in 2012, Peter Moore arguas rtimcromolecules cannot be
considered molecular machines because they arecsubjphysicochemical forces that
are different from those of macroscopic machinesjreumstance which makes the
analogy between macroscopic machines and macromesemappropriate. Moreover,
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he adds that ‘the use of the word “machine” is [pgons because of its implication that
the functional properties of macromolecules carekglained mechanically, which is
simply not true’ (Moore 2012, pp. 7-8). Moore isteely right in claiming that the
physicochemical laws underlying macroscopic machiaee different from those of
microscopic macromolecules, because a differerd stale entails a great difference
both in the structure and in the functions perfairbg these two kinds of device. As
seen in Section 4, the behaviour of both biologiaal synthetic macromolecular
devices is influenced by viscous forces, thermasenand potential energy differences
in the free-energy landscape of macromolecules,Tetgether, these factors make the
behaviour of these macromolecular structymesbabilistic, not deterministic, because
the laws of quantum mechanics replace Newton's lkafmnechanics. In this sense,
Moore is right in saying that the expression ‘Braamratchet’ should not be read in the
deterministic sense of Newtonian mechanics (Mod&22 p. 10), but rather as a
linguistic label to simplify the interplay betweetructural anisotropy and an energy
input to harness thermal noise. The criticism leeklby Moore (2012, p. 7) at
‘structure-based moviel of macromolecules is also fair, insofar as theyiadeed an
oversimplification of how real macromolecules (emposomes, myosin, dynein,
FoF1ATPase and so forth) generate motion and carryvout. In other words, Moore is
right in claiming that the directional movementro&cromolecules is not the same as
that of a macroscopic machine (a car, for instgnoegause motion at the nanoscale is
stochastic, not deterministic.

However, we do not agree with Moore’s argument thase differences preclude the
possibility of talking about (certain types of) mamolecular systems in terms of
machines. Although they are indeed different fromcroscopic machines due to the
action of diverse physicochemical forces, they mnéndess share a common
organisation. As we have seen, both macroscopichimeg and the microscopic
(biological as well as synthetic) devices studiedas are characterised by a number of
functionally-ordered component parts that act agonstraints on an energy input in order
to do (useful\work. Moore (2012, p. 9) maintains that the operatibthe component
parts of a macromolecular ‘machine’ (e.g. the twbuwits of a ribosome) are not
directly related to their function because therfhadtuations ‘separate one functionally
significant event from the next’ (Moore 2012, p. Bhermal noise indeed distinguishes
between macroscopic and microscopic causal sequernteh isdeterministic in the
former andprobabilistic in the latter), but this does not prevent the glaksult of the
device from being explained in terms of a spedkcuence of functional operations.
Hence, the specific way in which a macromolecukrice behaves (e.g. the ribosome
function of synthesising peptides) is due to thgusatial organisation of a number of
functions that are locally performed by the compunegarts of that same
macromolecular device (e.g. the two subunits ofiepsome). Like macroscopic
machines, microscopic ones carry sygtemic functions by virtue of theorganisation of
the local functions fulfilled by their component parts.

The aim of Skillings’ (2015) paper is to show thmits of the basic mechanistic
account in explaining molecular processes and topgse a larger mechanistic
framework in terms of multidimensional gradient. ét@es not openly criticise the idea
of machine-likeness at nano-scale. However, he makecomparison between
macroscopic mechanical machines (such as a watth)r@cromolecules (such as a
ribosome) and he claims, in line with Moore (201®jat “the movements and the
interactions of the parts of the watch explain hitve watch works. The parts of a

%6 By this term Moore means all those pictures thgpict the motion of macromolecules as a linear
movement produced solely from their component parts
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protein, like a ribosome, do not stand in the sashtions as the parts of a mechanical
clock” (Skillings 2015, p. 1145). Although this isidoubtedly correct, we find that it
may lead to a misleading idea @hachiné which is based on a (macroscopic)
mechanical machine (like a watch). As we have difeamphasised in section 2, a
machine is a meta-stable structure consisting tefdependent parts which constrain a
flow of energy and matter in order to do work anerfprm a systemic function.
Accordingly, a machine is a kind of structure tleicompasses different types of
macroscopic and microscopic systems and, therefoamnot be reduced to a
(macroscopic) mechanical machine. In other word#) Moore’s (2012) and Skillings’
(2015) papers correctly criticise a rough analogyween (macroscopic) mechanical
machines and MMs. However, these papers give tpesssion (Moore more explicitly,
whereas Skillings implicitly) that it isvrong to consider artificial nano-devices,
biomolecular motors and pumps, and ribosomes adinex at all. We argue that a
broader, but at the same time more precise, dieindf ‘machiné does not prevent us
to regard this subset of macromolecules as machines

In addition to Moore’s and Skillings’ arguments,cNolson (2013) also maintains
that, if biological macromolecules were machinégytshould have an organisation
created by an intelligent designer, since “confednivith a machine, one is justified in
inferring the existence of an external creator oesyble for producing it in accordance
with a preconceived plan design” (Nicholson 2013, p. 671). Nicholson's claim can b
dismissed by arguing that the existence of an ligegit designer is a necessary
condition for achieving functional organisationnian-made machines (and for defining
what is a useful task), but neither the existerfdeiractional tasks nor the origin of the
order of the (sub)functions involved in such tas&quire an intelligent designer in
biological systems. These two aspects may be explained by bearinghimd that
biological systems are a very special formsef-sustaining organisation, capable of
harbouring functional differentiation and undergpan evolutionary history.

In a recent paper, Nicholson (2018) criticises #malogy between machines and
organisms by offering some arguments taken fromntbdynamics. Even though the
paper focuses on organisms as wholes, it is pessibbpply some criticisms of the
machine-likeness of living beings to biological manolecules. Nicholson argues that
there are three important differences between mashand biological organisations.
First, “organisms have to constantly exchange eneagd matter with their
surroundings in order to maintain themsel¥as from thermodynamic equilibrium.
Machines, on the other hand, exist in equilibriumnear-equilibrium conditions, and
consequently do not have to constantly exchangeggnand matter with their
surroundings” (Nicholson 2018, p. 144). Second, hmrees are characterised by static
stability (i.e. they do not need an energy inputpteserve their structure), whereas
biological organisations “exhibit dynamical stability, which is based on their capacity
to actively maintained a low-entropisteady-staté (Nicholson 2018, p. 144). And
third, the activity of a machine is temporary bessof its switching on/off, while “the
actively-maintained steady-state of an organisrfixexl and irreversible” (Nicholson
2018, p. 144). Despite being correct, these rem@okisot preclude the fact that, within
a biological system as a whole, there are partsiwixhibit a certain degree of stability
in near-to-equilibrium conditions (i.e. self-assdimdp complex structures) and that, in
particular, some biological macromolecules —notdddynolecular motors and pumps-
have features (i.e. being near thermodynamic dyjiuiin, exhibiting static stability and
temporary activity, eté’) that allow them to be talked about in terms ofchiaes.

7 One good example of this is howFrATPase behaves ibrown adipose tissue. The presence of an
uncoupling protein (UCP) within the inner mitochondrial membrane iliates the proton gradient
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Thus, we believe that, despite all the aforemesetiodifferences, these features (being
near thermodynamic equilibrium, exhibiting stati@kslity and temporary activity)
allow us to subsume both macroscopic and microscofn-made machines and a
subset of macromolecules into the conceptrachiné.

Nicholson is right to point out that biomachinessewithin and hinge on a dissipative
and autonomous organisation. If biological MMs e&xiisis because they contribute to
creating and maintaining a network of dependencresnely a true ‘closure of
(macromolecular) machines’, and this global netwasx the cell) exists in far-from-
equilibrium conditions (Winning and Bechtel 201&s a result, in spite of being
precarious dynamical macromolecular structuresmbihines are relatively stable,
since they are produced, regenerated and repaitbthva network that they in turn
create and support. Furthermore, as we acknowlgd@ection 4.2, biomachines also
perform their functions in so far as they coordendteir operations with many other
biological processes.

6. Concluding Remarks

We have argued that, despite important differertms/ed from the change of scale,
large molecular structures (sometimes, in the fofnrmodules (Raanan et al. 2018))
may be either artificially or naturally assemblatbian ordered whole, so as to perform
a potentially useful activity. At the microscopicate, the building blocks that need to
be assembled to form the global functional deviee the machine’) are not inert parts,
but intrinsically-active entities, which either human engineers or cellular maclyiner
harness so as to achieve a suitable arrangemesynthetic bio-engineering, different
intrinsically-active macromolecular structures dnmarnessed to (once assembled)
produce certain desired patterns of activity. Meegpmany of these patterns of activity
are similar to those of biomolecular motors (myp&imesin and dynein) and pumps
(ATPases), such as myosin, kinesin and dyneinafdhese reasons, we conclude that
scale-related differences do not justify dismissihg status of these devices as
machines, and that both synthetic and some natuo#cular devices can rightly be
characterised as such since, ultimately, they ametionally-ordered sets of functional
parts that, together, constrain a flow of energyasdo produce a new, more complex
and integrated function. Moreover, as in macroscopachines, in both synthetic and
biological macromolecular devices, the combinatbfunctional parts to produce new
ordered wholes results in an open domain of funstio

However, here is where the specificities of biobadi macromolecular machines
emerge. As we have stressed, whereas syntheticataieanachinegxhibit a pattern of
activity that is defined by an external intelligegent, natural ones define their patterns
of activity as a result of the organisation of ‘seliochemical network. Since biological
MMs perform a function by cooperating with many etlsimilar devices within the
biochemical network of the cell, they either suppibre maintenance of the global
cellular organisation or, sooner or later, disappla has been pointed out by Arnellos
and Moreno (2012), the functionality of cellular eramolecules is maintained by a set
of mutually-dependent functional structures. Momagvsince biological MMs are
highly vulnerable and constantly need to be sudphath energy, they can be
maintained only through operations of repair angraduction (Collier and Hooker

generated by the complexes of the electron trabhg@in. When the UCP channel is open, no proton
flux goes through the JF;ATPase and, therefore, there is no production oP Afiolecules, but rather
heat production. In this case, the structure oRfigATPase biomolecular machine is maintained, even if
the machine does not work and performs no fundfienthe production of ATP molecules).

16



1999). The activity generated by macromoleculaucstires must be harnessed to
produce and continuously repair the system in wthely are in turn built (Winning and
Bechtel 2018). Recently, Bechtel (personal comnatimn) has pointed out that one
crucial difference betweesynthetic and biological molecular machines is that the
former display a pattern of activity which beconf@sctionalonly through the external
action of human beings who put them into a socially-defined system, whereas biological
machines, which are intrinsically autopoietic, heeofunctional by virtue of being
produced by (and contributing to the maintenange ahetabolic organisation.

The reason for this co-dependence between natucdécoiar machines and the
cellular metabolic organisation is that, in a natwontext, their respective origins can
only be explained in terms afo-evolution. On the one hand, the functionality of
biological molecular machines evolved because tlveye incorporated into a self-
maintaining (SM) system; and on the other, the @uamh of the overall dynamics of a
SM system is intrinsically linked to the increasestructural and functional complexity
of its biological molecular machines. Although gemtal or other types of abiotic
processes played a pivotal role, biological molacwlevices only began to perform
functional activities within SM systems. Moreovan SM organisation of mutually-
dependent constraints ensured the self-mainteraraelogical molecular machines.

Biological machines are highly precarious and theaintenance depends on the
maintenance of other cellular mechanisms (i.e. dbgradation and replacement of
proteins). On the one hand, the cell’s biochemmeddvork is maintained by the specific
contributions of each machine; and on the othesh édological MM is maintained by
its participation in a largely distributed, far-ineequilibrium network (the set of
processes and machine activities that constitute ceidlular metabolism). The core
organisation of biological systems (the living ¢&dl constituted by a host of molecular
machines that participate reciprocally in their pexgive processes of fabrication,
maintenance and operation. We will call this orgahon afunctional integration of
macromol ecular machines.

The fact that, as pointed out in section 2, aréifiand biological machines are
embedded, respectively, in a social and in a bicddgontext is at the root of their
functional complexity: even though each component part of a machines @actional
role in constraining a flow of energy and matter, shgiemic function (or mechanism)
of a machine is somethinmgew andnot reducible to the singular operations of the parts
of the machine. The interesting role of machineth& they allow an increase of the
functional complexity of the organisation whereytlae produced and to which they
contribute to maintain. The organized dispositidrthe components in a meta-stable
structure producea new systemic function that is different from the underlying sub-
functional actions of these components.

Mossio and Moreno (2010) and Moreno and Mossio %20hve developed the idea
that the specific causal regime of living systema iclosure of constraints. Ultimately,
this is an extremely difficult task, since the atioation of a complex set of constraints
requires regulatory control of the biochemical natwof the cell which is established
by different molecular mechanisms and biological M@8ich et al. 2016, Winning and
Bechtel 2018). Here we have argued that a mackimecomplex, functionally-ordered
set of constraints that together act as a wholegrgéing a new functional activity.

In sum, the appearance of machines was of paramoytrtance in prebiotic and
biological evolution, because it opened up a nemalo of functional diversification:
new forms of mechanistically-complex functions abble achieved through different
combinations of parts. Without the concept of maehwe could not understand how
primitive self-sustaining chemical networks progiesly achieved higher degrees of
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complexity, generating new domains of integrataacfions on the basis of an ordered
combination of functional molecular modules.
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