AR The Bulletin of the Istanbul Tednical Univ ersity
Communicated by A. Nihat Berker

VOLUME 54, NUMBER 2

A Thermodynamic Model for Prebiotic Protein Function

AyseErzan
Department of Physics, Faculty of Scienes and Letters
Istanbul Technical University, 34469 Maslak, Istanbul, Turkey
Gursey Institute, P.O.B. 6, 34680 Cengelloy, Istanbul, Turkey
Erkan Tezel
Department of Physics, Faculty of Scienes and Letters
Istanbul Technical University, 34469 Maslak, Istanbul, Turkey
(Received 11 Septenber 2003)

We propose a scenario for the prebiotic co-ewlution of RNA and of fast folding proteins with large entropy
gaps as obsened today. We show from very general principles that the folding and unfolding of the proteins
synthesized by RNA can function as a heat pump. Rock surfacescan facilitate the folding of amino acid chains
having polar and hydrophobic residues, with an accomparying heat loss to the surrounding rock. These chains
then absorb heat from the soup as they unfold. This opens the way to the enhancemen of RNA replication
rates, by the enzymatic action of folded proteins presert in greater numbers at reduced temperatures. This gives
an evolutionary advantage to those RNA coding amino acid sequenceswith non-degenerate folded states which

would provide the most e cien t refrigeration.
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1. Intro duction

In order to understand the processof selec-
tion that could have lead to the obsened prop-
erties of biological proteins, it is natural to look
for medanisms whereby proteins, which cannot
duplicate themseles, ewolved together with self-
replicating molecules,\pre-living"concen trations
of RNA, which provide the code for protein syn-
thesis [1-7]. The enzymatic action of proteins
on the self-replication of RNA constitutes a hy-
percyle, which may be consideredthe elemenary
unit of evolution [1, 2].

The conditions under which the very early co-
ewlution of RNA moleculesand proteins might
have taken place must give important clues as
to the possible selectionrules. Recerily Martin
and Russel [8, 9] have proposedthat life ewvolved
in porous iron monosulphide precipitates form-
ing around hydrothermal vents on the ocean oor,
and that the chemistry of an \RNA world"could
have beensustainedin suc an ervironment. Re-
portedly [8] the temperature of the hydrothermal
fulid is 330K at someverts, but in others may
go up to 450 or even 650 K; the conditions are
alkaline, with pH  10.
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In this paper we would like to suggesta pre-
cise connection between the rather hot environ-
ment in which life is suggestedto have origi-
nated, and a universal feature of today's pro-
teins. Biological proteins fulll their functions
in unique folded states, which they are able to
reach in a very short time after being synthesized
[10]. Small single domain proteins fold into their
secondarystructures within milliseconds [11], or
even faster [12]. These\nativ e"states correspond
to minimum (free) energycon gurations [13]. A
random sequenceof amino acids, however, will
typically have a degenerateground state [14, 15].
We would like to proposea possible pathway in
which those amino-acid sequenceswith unique
ground states were selectedin the courseof evo-
lution, without beggingthe question by referring
to highly ewolved biological functions. We will
assumethat this selectionmust have occurred in
the prebiotic soup, where local temperature dif-
ferencescould have a large e ect on the e ciency
of RNA replication.

As a chain folds (unfolds) at constart ambient
temperature, heat will be giveno (absorbed) by
an amount proportional to the di erence in en-
tropy betweenthe unfolded and folded states. For
an amino acid chain of a givenlength, this di er-
encewill be the largestif the folded state corre-
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sponds to a non-degenerateground state, or sev-
eral possible low-energy con gurations that are
well isolated from ead other by very high free
energy barriers. We will argue that amino acid
chains which essetially behave astwo-state sys-
tems [3, 16] with large entropy gaps prove to be
the most e ectiv e refrigerants, if they were to
be employed in a refrigeration cycle. Selection
of amino-acid chains with folded states in deep
free-energywells could then be succeededdy the
the ewolution of more speci ¢ functions, leading
to the pruning of those low-lying states so that
only one, serving a highly specialized enzymatic
activity, would survive. For cornvenience,we will
henceforthusethe term \proteins"to meanamino
acid chains, regardlessof their degree of ewolu-
tion.

In the next section, Section|l, we will describe
how proteins could act as a refrigerant in an ad-
sorption refrigerator. In Section |11, we discuss
a toy Hamiltonian for the guided and unguided
folding of chains, and describe the refrigeration
cycle in the entropy-temperature plane. A dis-
cussionand pointers for further researd are pro-
vided in the last section.

2. Proteins
cycle

in an adsorption refrigeration

For simplicity, let us concerrate on a se-
ries of compartments that contain RNA, protein
molecules,amino acidsand water. The surround-
ing rock is bathed by water at some medium
temperature. The temperature range we have in
mind is such that the RNA and proteins are sta-
ble, and will vary, say, between 300-360K, (the
denaturation temperatures of most proteins are
in this range [11]).

The hydrophobic interactions which drive the
folding of proteins into their native states [17-
19] may also make it favorable for non-polar
residues on the chain to adsorb on nearby hy-
drophobic surfaces[20] lowering the free energy
of the whole system by reducing the number of
water moleculesin interaction with the non-polar
residues. If we assumethat a certain fraction
of the non-polar residueshave adsorbed on the
surface,in a relatively stretched conformation(as
shown in Fig.1), then it can slightly increasethe
ertropy with the di usion and aggregationof the
non-polar residues on the surface, allowing the
intervening sectionsof the chain greater freedom.
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Figure 1. Cartoon showing the crossectionof a pore,
with the di eren t stepsin an adsorption{refrigeration
cycle involving denatured and folded proteins.

The residuesin the \lo ops"are then free to fold
into \b eads"or \droplets"that are the incipient
building blocks of the secondarystructure. Since
we are interestedin relatively high temperatures,
and our proteins do not fold into their tertiary
structures, we will ignore their hydrational en-
tropy changes. If this partially folded state is
on the \correct pathway"[21-23] to a low energy
folded conformation of the chain, stabilized by
the speci ¢ intra-chain interactions for the given
sequenceof amino-acids, the rock surfacecan be
said to act as a guide for the folding process.

We would like to proposethat the relatively
large heat of adsorption and denaturation which
can be achieved by proteins may make them
amenableto functioning as refrigerants in an ad-
sorption refrigerator.

Unlike work-driv en refrigerators, the conven-
tional adsorption refrigerator [24-28]relieson the
availability of a cheap heat source and has no
moving parts. The refrigerant absorbesheat from
the cold resenoir at T, asit ash evaporates,and
then isled to an adsorber bed (rather than a com-
pressor),whereit adsorbeson a substrate at some
medium temperature Tr,, whereit giveso aheat
of adsorption Qaq4s to the ervironment. To regen-
eratethe refrigerant, the \lo w quality"heat source
is usedto heat the adsorber bedto a high temper-
ature, Ty. The refrigerant that is releasedin this
way is led to a condenser(which may be again at
Tm), liqui ed, led through a nozzleto lower the
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boiling temperature, and then piped once more
to the evaporation chamber. A \batc h operat-
ing"system usestwo \b eds"(asadsorber and des-
orber), the cycle switching betweenthem in turn
[29).

The \gas"and \liquid"phases correspond, in
our case, to the unfolded and folded states of
the protein chains. The physical environment we
have in mind is a seriesof interconnected cham-
bers in porous rock bathed on the outside with
ambient water. Part of the systemis periodically
exposedto intense heat. This may, for example
be due to the heat releasedfrom a vert in the
ocean o or [8] or due to insolation, if the system
is on the surfaceof the earth.

The refrigeration cycle consistsof the following
steps.

i) The unfolded protein adsorbson to a pore
surface,where it folds.

We assumethe folding to take place isother-
mally, at the temperature of the rock surface,
which we taketo be Tr,. An amount of heat Qags
will be given o in this process.

i) The regenerative step involves the heating
of the surfaceto dislodgethe folded proteins from
the wall. This, we propose, may be supplied by
somehydrothermal source. During the regenera-
tiv e step, a quantit y of heat Qqes Will be absorbed.

The chain can now detach from the rock, and
completeits folding around its hydrophobic core,
with the polar residues predominantly on the
\outside " [30, 31]. We have shown [20], using
a lattice model for the hydrophobic interactions,
that above the temperature interval where the
hydrophobic interactions make it favorable for a
hydrophobic chain to adsorb onto a hydrophobic
boundary, there is a temperature interval where
the chain prefersto detach from the wall and go
into a folded state. Raising the temperature fur-
ther results in the unfolding of the chains.

iii) These proteins (denatured or otherwise)
shall now be convected away from the hot wall.
More temperate regions of the porous network,
cooled by the ambient water, will act asthe \con-
denser"in this system, and as they cool to the
ambient temperature T, oncemore, the proteins
will equilibrate to the native, folded states. A
quantity of heat Q¢ is given o in the process.

iv) In order for the denaturation temperature
to be lowered asthe proteins enter the cool com-
partment at T, (analogously to passing them
through a nozzle and lowering the pressure,in a
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convertional refrigerator), hereuseis made of the
fact that the denaturation temperature depends
very sensitively on the total ionization strength.
The gradient of ionization strength can, in fact,
be easily achieved; we have already mertioned
that in the iron sul de chimneys the hydrother-
mal solution has a high pH [8].

v) As the proteins unfold in the cool cham-
ber dueto the lowereddenaturation temperature,
they will absorb Q.,. This phase of the cycle
correspondsto the \evaporator'of the adsorption
refrigerator.

Clearly, for our adsorption refrigerator to work,
the adsorber \b eds"must be swept cleannot just
of proteins, but other unreacted amino acids, or
other hydrophobes. The periodic nature of the
heating servesthis purposeas well.

This refrigeration cycle is similar to magnetic
cooling, if onethinks of the the action of the rock
surface, facilitating the folding, as the magnetic
eld. Note that for the chain to fold, and to
give 0 heat to the medium temperature reser-
voir, work has beendone on it by the combined
action of the rock surface (entropy mediated hy-
drophobic interactions) and intra-chain interac-
tions. The ambient water bathing the outer sur-
face of the rock acts as the thermal contact and
moreover prevents the heating of the \cooling
chamber"by the hot heating uid.

3. A Hierarc hical Two-state Mo del For

Protein Folding

To investigate the refrigeration cycle in the
entropy-temperature plane [29], we used an ex-
actly solvable toy system [22] to model the tem-
perature dependenceof the entropy of the badk-
bone of the protein chain as it folds or unfolds
with or without guidance. Clearly this is very
schematic picture, but we believe it conveys the
essetial physics.

We assumethat there is only onefolding path-
way leading to a single low-free energy folded
state, to simplify the discussion. In this respect,
then, the amino-acid chains under consideration
are similar to modern day proteins.

The existenceof a unique pathway meansthat
an ordered sequenceof binding events occur be-
tween dierent parts of the protein [23]; and if
this particular sequenceis not followed, the pro-
tein can not fold.

Slightly modifying the hierarchical zipper-like
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model proposedby Bakk et al [22], let us assign
a variable ; = 1;:::q to the dierent choices
that can be made at ead node, with only say
leading to a correct folding move. Then, the state
variable at the ith node on the folding pathway
of N nodes [22] may be written in terms of a
Kro eneder delta as,

i= 4, 1= LiunN 1)
The Hamiltonian is
X
H = i @)~ )
i=1
where
Y
i = kK (3
1
For 6 0 we seethat intermediate partially

folded states also lower the energy as would be
the caseunder the guidanceof chaperons[11], by
an amount  while the energy gap of the native
state is givenby . For = 0, this Hamiltonian
allowsthe protein to bein two distinct statesonly,
native and unfolded. No unfolding can occur in-
side an already folded part of the protein. Notice
that (2) di ers from the Bakk et al. model in the
last term, which in our caseis not multiplied by
N ; this allows the folding transition to shift to
higher temperatures under guidence,as is exper-
imentally obsened [33].

The partition function for this model can be
evaluated exactly. For a protein having a folding
pathway of N nodes, with = 1=kg T, kg the
Boltzmann constart, and T the temperature,

N

+el (N D

Z=(q 1" * (4)

1
where we have de ned Ing. (Note
that L'Hopital's rule must be usedin the rst
term in casethe denominator vanishes). From
the Helmholtz freeenergyF = KT In Z onemay
compute the entropy S = @ =@ )y and heat
capacity C = T@=@ )v. (In this model the free
energyis independen of the volume, thereforethe
partial derivatives above can be treated as ordi-
nary derivatives.) The entropy is plotted in Fig.
2 for dierent valuesof , = 0 corresponding

to the unguided and 6 O to the guided cases.

The system exhibits a sharp transition (becom-
ing rst-order in the thermodynamic limit, i.e.
imN ! 1) for the unguided case,as expected
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from this two- state model. The e ect of guiding
is to lower the entropy, smooth the transition and
to shift it to higher temperatures, and is similar
to the e ect of turning on a eld, in the caseof
magnetic phasetransitions.

The refrigeration cycle for the refrigerant is
shown in Fig.2 in the entropy-temperature plane.
The sharp unfolding transition (1! 19 analo-
gous to the ash-evaporation in a conventional
adsorption refrigerator, takes place in the cool-
ing chamber, at T.. The high pH conditions we
taketo correspondto the = 0O curve. The dena-
tured proteins are cornvected towards the adsorb-
ing walls (the walls could be coatedby somelipids
to make them more hydrophobic [8]), warming up
in the process(?! 2), andadsorb(2! 3). Upon
adsorption is set to unity, and the entropy of
the chain drops. This happensat the (xed) in-
termediate temperature T, of the adsorbingwall,
and the heat of adsorption is carried away by the
water bathing the outer wall of the compartmernt.
When the heat is turned on, asit periodically is,
the wall will heatup to Ty, alongthe curve3! 4.
In the process,Qqes is absorbed by the proteins.
At point 4 in the cycle, they becomefree of the
wall; and are now corvectedalong 4! 4°! 1,
back to the starting point. This happensalong a
curve with a nonzerovalue of , here chosento
be = 0:13, because,as explained in item (ii)
of the previous section, we assumethese proteins
remain near the hydrophobic wall asthey give o
excessheat to the rock boundary washedby cool-
ing water on the outside, and are corvected badk
towards the cool chamber.

The various heats of evaporation, adsorption,
desorption and condensationmay, in principle, be
computed from the entropy as a function of the
temperature for the various valuesof . It is clear
from the geometry of the curvesin Fig. 2 that
the areato the left of the curve betweenany two
points (ij ) onthe curve may be obtained by doing
the integral over T instead, viz.,

Z+

Q =Ts? Ts® s ()T 5)

Ti
The \coe cien t of performance"ofthe refriger-
ator is given by [24]
Qev _
Qdes + Wg ,
where Wy is a small amournt of work normally
neededto operate a pump. In our case,this is

COP = (6)
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Figure 2. The refrigeration cycle in the entropy-
temperature plane. The curveshave beendrawn for

= 0; 0:13 and 1. For this plot g= 8 and N = 10.
The temperature axis is in units of =kg.

provided by the gravitational force driving the
cornvection current. To maximize Qey, One must
have essetially two-state unfolding at T, with
a maximal erntropy gap. On the other hand,
one must clearly have the folding-unfolding rates,
Qcon  Qev < Qges Qads to respect the rst law
of thermodynamics. For this, one needsthe ad-
sorption to take place at Tr, valuesthat are as
low as possible, while Q¢ should also be mini-
mized. We have chosenappropriate values of
in Fig. 2 to make this plausable.

In order to have a crude estimate of the ac-
tual pumping rates possible,one should note that
the entropy of denaturation of a typical protein is
about S 17J/mol-K perresidue [34, 35]. The
folding-unfolding rates range betweenk  10%/s
to 10°/s [12, 36] whereastypical protein concen-
trations, namely , are of the order 10 M [12]. If
onetakesa cooling chamber of linear dimensions
re 1cm, one nds that the heat pumped away,
Jev = dQey=dt is
Jev= krilT, S 5 10 YJ=s; (7)
for typical proteins, wherelL, the length of a pro-
tein chain, is taken to be 100, T, = 300 K and
k=10 ?/s.

On the other hand typical heat conductivities
for rock arearound K+ = 2 6 J/m-K-s [37, 3§].
With atemperature di erence betweenthe ambi-
ent water and the inside of the cooling chamber
being, sy T, T 30K, and a surface area

r2, the heat conducted into the cooling cham-
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ber from the surroundings, Ji, = dQj, =dt will be

Tm T
Jin = Ky =18

8
where " is the thicknessof the wall seperating the
chamber from the ambient water. With r. 1
cm, and taking K1 = 4 J/m-K-s, one nds Ji,

(1:20=")J=s, if * is expressedin cm. . The break
even point whereJiy ' Jey isaround ™~ 2:5 cm.

The power neededfor this systemcan be found
from Jges = dQges=dt. The verts are powerful
sourcesof energy relasing water at temperatures
which may soar into the 650 K range, while the
surrounding ocean is only a few degreesaway
from freezing. It is only dueto the very high pres-
sures, that the water being releasedat the vens
does not boil. The e ects of the hydrothermal
vernts are felt up to tens of hundreds of kilome-
ters away from the source. While certain vents
maintain a pro le of temperatures and chemical
properties that are slowly varying over time (dif-
fusive verts) othersare closelyconnectedwith the
sporadic volcanic activity at their respective ge-
ological faults [39]. Thus the conditions for sup-
plying just the necessg power could very well be
found amongthe great variety of conditions avail-
able.

It should be noted that insolation is another
possible power source. This scenariocould very
well be moved to a di erent setting where again
ambient running water provides a heat sink, and
where periodical exposureto sunlight asin atum-
bling piece of porous rock, provides the power
that desorbsthe proteins adsorbed on the cham-
ber boundary. The insolation at the earth surface
is of the order of Wg = 200 J/m ?-s. Requiring

Jev

COP ©)
where ry, is the radius of the adsorption bed re-
ceiving the solar power and inserting numbers,
one nds ry, should be of the order of a few tens
of cm, for COP aslow as0.1.

Our estimates here are based on typical pro-
teins that exist in organisms with an optimal
temperature near 300 K, i.e., mesophiles. Sim-
ilar refrigeration cyclesare possible for proteins
at higher ambient temperatures such asthe ones
presert in thermophiles and hyperthermophiles.
It is possibleto conjecture that as RNA and pro-
teins migrated from the relatively hot ernviron-
merts in which they were rst formed, their \op-
erating temperatures” adjusted to the more tem-

2 —
Js  Wsalp > Jdes =
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perate regions in which they found themseles.
Note that our argumerts regarding the selection
of proteins with large entropy gaps are indepen-
dent of the particular topology of the folded (na-
tive) state, asare the denaturation temperatures.

4. Discussion

We have shown above that a protein soup
within a porous rock could function as a self-
regulatory refrigeration cycle and lower the tem-
perature of the soupwithin the pore, for realistic
rangesof the physical and chemical parameters.
The e ciency of the cycle strongly depends on
the size of the entropy gaps.

It is well known that the presenceof protein
moleculesacting as enzymesmay e ect the RNA
replication rates (which we have not considered)
by factors of up to 10* [1, 40]. Catalytic activity
is a function of the spatial structure [1] and there-
fore requiresthe proteins to be in a unique folded
state, whosestabilit y alsodependson the temper-
ature and is optimized only for a de nite tempera-
ture interval [11, 36]. Moreover, RNA replication
rates depend non-monotonically on the tempera-
ture [40] and drop o outside a de nite temper-
atre range. We have shown that proteins with
large ertropy gaps are able to achive tempera-
tures in a small compartment that are lowered
relative to the ambient temperature. This vin-
dicates our initial assumption that this criterion
could conciewably have played a role in their se-
lection, in a ervironments that are too warm for
the optimal self-replication of RNA.

There is experimental evidencethat the fold-
ing transition is like a two-state systemfor many
single-domainproteins [11, 16, 32]. Although the
proteins fold via a two-state folding pathway, es-
pecially at higher temperatures, the presenceof
someintermediate states might be necessaryfor
the folding processto nd the native state. It has
been experimentally obsened [33] that the con-
certration of chaperonsin E. coli risesasthe tem-
perature increases,indicating that at high tem-
peratures E. coli needshelp in order to fold its
proteins.

The eciency of protein folding can be ad-
versely a ected if partially folded proteins ag-
gregate in order to reduce exposed hydrophobic
residues. Molecular chaperonsbind reversibly to
these partially folded chains preverting their ag-
gregation and promoting their passagedown the
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folding pathway. Therefore, one might speculate
that these chaperonshave taken the role of rock
surfacesin the courseof higher evolution.

It isinteresting to note that there exist socalled
heat-shack proteins which are synthesizedin large
numbers when the temperature of the environ-
ment is suddenly raised above (or dropped be-
low) those temperature above and below which
proteins in the cells would normally denature,
and chaperone the correct folding of other pro-
teins in the cell [41]. These proteins obsened
today under extremely hot conditions, in hyper-
thermophiles (archeabacteria) [42], are relatively
small and have very fast folding rates [2, 11, 12].
Theseexamplesseemto point alsoin the direction
of a direct correlation betweenthermal properties
of the ervironment and protein functions, which
may have ewolved from the rudimentary function
proposedhere.

Other studiesalsohave demonstratedthat rock
surfacesmay have played a selectionrole in prebi-
otic conditions, c.f., the selectionof right handed
amino acids binding to optically active surfaces
of calcite crystals with samecchiralit y [43].

A very recert demonstration by Braun and
Lib chaber [44, 45] that large DNA moleculescan
be driven, by a combination of convective cur-
rents and thermophoresis, to achieve relatively
high concerrations near cold spots, lends further
interest to the scenario preseried here. Besides
solving the problem of simple compatrtition, the
iron sul de heat vent ervironments could, given
the refrigeration cycle outlined in this paper, also
provide a mecanism for attaining meaningful lo-
cal concerrations of RNA.

Clearly we are making no claims that the
present proteins are identical to the end prod-
ucts of one particular selectionmecanism. Once
the temperature was su cien tly lowered, other,
more complex evolutionary pressureswvould come
into play. However, our calculations show that
the proposedrefrigeration cycle could very well
have played an important role in the co-ewlution
of fast folding proteins with large entropy gaps
and the RNA moleculeswhich code them.
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