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Paleomolecular biochemistry is a new field of science that seeks to understand
how life emerged and developed in interaction with its geophysical surroundings.
It is an experimental science, involving reconstruction of extinct biomolecules in
the laboratory, studying their properties in the laboratory, and inferring details of
their behavior and function in the context of geclogical data. An outline is pro-
vided of some toois of this field, together with its application to the study of two
specific systems, ribonuclease and alcohol dehydrogenase.

An important goal in contemporary bioorganic chemistry
is to invent new molecules that catalyze specific chemical
transformations. The invention of such molecules has, of
course, occurred often on earth over the past 4 biliion
vears. An understanding of how living systems developed
new biclogical catalysts is useful to understand the cata-
lysts themselves.

It has now been more than a decade since we began to
explore in depth the processes by which living systems
create new catalysts. This work has yielded investigations
of many aspects of living systems, and new ideas in many
areas. A few of these are listed below: {a) predicting the
structure of proteins from sequence data;! (b) organizing
the genome sequence database;” (c) understanding ste-
reospecificity, kinetics, and other details of enzymatic re-
actions;? (d) redesigning nucleic acids.*

This paper concerns a topic that is more general, in
fact, which extends over all of these specific research
proiects. It goes under what we have come to call in Zu-
rich paleomolecular biochemistry.

In its broadest sense, paleomolecular biochemistry
seeks to unravel the biological, chemical and geological
events that have shaped the history of life on earth. How-
ever, the interaction is reciprocal. Planet earth and life on
earth have evolved together. While geological and
geochemical processes create and define the conditions
necessary for life, living systems in torn shape the geo-
physical environment. An experimental approach to-
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wards understanding these two systems together not only
has scientific value, but is central to our survival as a
species. Further, we cannot hope to understand fully life
in its various forms, its metabelism, how it regulates this
metabolism, and how it expresses itself in multicellular
forms, without understanding how it emerged.

How can understanding the history of life on the planet
help us understand biological macromolecules? To ask
this question requires that we first be able to reconstroct
this history at a molecular level. Here, we gain little help
from fossils, although we might hope that the first efforts
to extract functioning biomolecules from geological sedi-
ments might lead to a more extensive means of obtaining
information about ancient biomacromolecules, Instead,
we draw on an analogy from historical linguistics, where
extinet languages are reconstructed from the structare of
their descendent languages. Figure 1 illustrates this pro-
cess, showing how the Proto-Indosuropean word ‘snow’
can be reconstructed from the homologous words for
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Fig. 1. Reconstructing the extinct word for “snow’.
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‘snow’ in its descendent languages, such as German,
Latin, Greek, Slavic and Sanskrit.

This reconstruction is interesting because it tells us {ap-
proximately) what the Proto-Indoeuropean would say to
refer to snow. This is at one level only an item of trivia.
However, the reconstruction says something about Proto-
Indoeuropean civilization. In particular, because the
Proto-Indoeuropean langnage had a word that means
‘snow’, the Proto-Indoeuropean civilization must have
been located in a place where it snowed.

Indeed, a rather complete picture can be built describ-
ing the Proto-Indoeuropean society from its language. It
was less complex than modern society (no gold or silver).
But the society was not ‘primitive’. It had dogs (*kwon-),
horses (*ékwo-), sheep (*H;éwi-), pigs (*suB-} and cows
{(*a™6w-), and which ate grain (*yewo-) from vehicles
(*wogho-) with wheels (*k¥ek™o-) pulled by animals
wearing yokes (*yugo-). Proto-Indoeuropeans fermented
honey (*melit-) to make mead (*medhu). They could
count to 100 (*kmtom).

Thirty years ago, Pauling and Zuckerkandl pointed out
that the structures of ancient biomolecules (in particular
proteins) found in organisms that are now extinect, might
be deduced by an analogous evolutionary analysis.” The
simplest approach is a rule of ‘parsimony’, where the an-
cient sequence is reconstructed so that the derived se-
quences can be obtained with the smallest number of in-
dependent evolutionary events.

The key element of an evolutionary analysis is the se-
guence alignment,5’ which attempts to represent the evo-
lutionary relationship between two protein sequences by
placing them side by side so that their similarities are as
perspicuous as possible (Fig. 2). With an appropriate
definition of ‘similarity’, this maximizes the probability
that amino acids paired in the alignment are descendants
of single codons in a single ancestral gene.

As when reconstructing ancient languages, it helps if
rules of transformation are systematized. With languages,
sounds in words tend to evolve with patterns, not ran-
domly. Likewise, amino acid substitutions are not ran-
dom. By tradition, the non-randomness is described by
giving each matched pair of amino acids a score.® These
pairwise scores are extracted from an empirical scoring
matrix, a table that represents the relative probabilities of
each of the 210 pairings between the 20 natural amino
acids. Gaps in the alignment are penalized, the terms
summed, and the resulting score reported. The evolution-
ary distance between the two sequences is then measured
in PAM units, the number of point accepted mutations
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human VGTCGTDDHVVSGTMVTPLPV
LLL LT T

horse TGICRSDDHVVSGTLVTPLEV

Fig. 2. A segment of an alignment of alcohol dehydrogenase
(Adh) sequences,
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that the two protein sequences have suffered (per 100
amino acids) since they diverged an unspecified number
of acons ago. The most advanced scoring tools for me-
dium-range sequence divergence, based on an empirical
analysis of the entire sequence database, are now avail-
able.®

The fact that amino acid substitutions are not, in gen-
eral, random reflects the fact most proteins have a func-
tion that contributes to the ability of their host organism
to survive, select a mate, and reproduce. To perform this
function, proteins adopt a fold, or tertiary structure, a
structure that is conserved much more highly than the
sequence itself.!° Function therefore constrains divergent
evolution.!! This implies that intermixed with substitu-
tions that represent neutral drift in the structure,'>'? an
alignment carries information about the protein’s confor-
mation. This is the reason why a detailed analysis of pat-
terns of conservation and variation in protein sequences
can be used to predict the three-dimensional structure of
proteins from sequence data.’

Given sequences of two descendents and transforma-
tion rules, we can now attempt to reconstruct the most
probable sequence for the most recent common ancestor
of the two proteins. For example, a parsimony analysis
allows us to deduce much {but not all) of the sequence of
the alcohol dehydrogenase in the ancestor of man and
horse (Fig. 3). Where the two descendents have the same
amino acid, the ancestral amino acid is most probably
constructed to be the same as in the descendents. Where
the two descendents differ, one cannot say what the an-
cestral amino acid was; the reconstruction is ambiguous.

It is helpful to illustrate this with two positions drawn
from the alignment in Fig. 3 (Fig. 4). The reconstruction
at position 53 is casy to make. Any assignment other than
Thr at position 53 in the ancestor would require that the
tree embody at least two point mutations. This is less
probable than a tree that embodies no point mutations.

At position 54, the reconstruction is not so clear. Place-
ment of a Met at position 54 in the ancestral sequence
yields a tree with one point mutation. So does placement
of a Leu in the ancestral sequence. Thus, one reconstruc-
tion cannot be preferred over another. The ancestral se-
quence is ambiguous at this point.

To resolve ambiguities in the reconstructed ancient
proteins, one needs more sequence information from ho-
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Fig. 3. Reconstruction of the sequence of alcohol dehydro-
genase in the most recent commen ancestor of horse and
mar.
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Fig. 4. Reconstruction of residues 53 and 54 in alcohol de-
hydrogenase in the most recent common ancestor of man
and horse.

mologous proteins from other sources. For example, ad-
dition of the alignable segment of the alcohol dehydro-
genase from quail permits a reconstruction of the
sequence of the alcohol dehydrogenase in the most recent
common ancestor of horse and man that is unambiguous
at all positions (Fig. 5). For example, at position 54, the
most parsimonious reconstruction of the ancestral Adh is
Leu (Fig. 6). The reconstruction on the left (with one
mutation), where position 34 is a Leu, is more probable
than the reconstruction on the right (with two mutations),
where position 54 accommodates a Met.

Given a reconstruction of an ancient sequence, we can
begin experimental work. Through the magic of site-di-
rected mutagenesis, we can now make the ancient protein
from the extinct organism in the laboratory and study it.
As with Proto-Indoeuropean, we are often able to deduce
from the protein’s properties something about the ancient
environment and function as well.

Let us go back in time by exploring ancient ribonu-
cleases (RNases) from artiodactyls, an order of mammals
with a cloven hoof that includes the pig and hippopota-
mus, camel, giraffe, deer and moose, goat, antelope, buf-
falo and ox. Thanks to extensive work by Beintema e? af.,
RNase is a paradigm of molecular evolution.™

Qur first step takes us back only a few million years,
to the most recent common ancestor of ox, river buffalo,
and swamp buffalo (Fig. 7). The organism containing this
ancient RNase corresponds approximately to the fossil
bovid Pachyportax, although the standard caveat, that no
fossit remnant is likely to correspond precisely to any
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Fig. 5. \With the sequence of the alcohol dehydrogenase from
quail, the reconstruction of the sequence of alcohol de-
hydrogenase in the most recent cormmon ancestor of horse
and man becomes upambiguous.
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Fig. 6. Reconstruction of residue 54 in alcohol dehydrogen-
ase in the most recent common ancestor of man and horse
with information from quail alcohol dehydrogenase.
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Fig. 7. Reconstruction of a segment of the sequence of ri-
bonuclease (RNase) in the most recent common ancestor of
ox, river buffalo and swamp buffalo.

particular branch point in an evolutionary tree, must be
stated.'*'%

Pachyportax RNase is stable to proteolysis and active
against low molecular weight, single stranded RNA sub-
strates (Table 1). These features are expected for an
RNase found in the digestive tract, and are similar to
those seen with RNase A. Thus, it suggests that the an-
cient RNase was found in the digestive tract of this ex-
tinct artiodactyl.

Going back further in time, RNases from the more an-
cient artiodactyls Pachyportax and Eotragus also behave
as digestive enzymes. They are stable to trypsin, act on
small RNA substrates (UpA), and have low catalytic ac-
tivity against double stranded RNA (Table 2).

This is not so, however, for RNases for the more an-
cient artiodactyls Archaeomeryx and Diacodexis. RNases
from Archaeomeryx and Diacodexis are react more slowly
with small substrates and faster with double stranded
RNA, and are less stable to proteolysis (Table 3). This is
not the behavior of a digestive enzyme. This suggests that

Table 1. Kinetics of RNase from Pachyportax (UpA).

RNase k. /s Ky / UM

Bos taurus 1459450 211+20
A198 2055+495 260+20
A19S 1906+ 301 229+38
L35M 2003+107 208+18
L35M 1602+ 102 169+18
Pachyportax 1944+ 136 203+27
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Table 2. Kinetics of RNases with UpA as the substrate.

Enzyme Kpa/M Ko/ (K oo/ K /M
Bos taurus 165 1900 11.5x 10°
Pachyportax 190 1944 10.2%x 10°
Archaeomeryx 420 468 1.1x10°
Diacodexis 177 253 2.2%x10°

Table 3. Relative rate of hydrolysis of polyA-polylU by an-
cient RNases (Bos taurus=1).

Bos taurus 1.0
Pachyportax 1.2
Achaeomeryx 5.2
Diacodexis 4.6

the digestive function of the RNase arose sometime be-
tween Diacodexis and Eotragus.

Is this possible? We must now return to the geological
sciences, and ask not only about the fossil record de-
scribing the evolution of artiodactyls, but also the geo-
logical environment in which these animals arose. In
Fig. 8, we compare the tree describing the evolution of the
RNase molecule with the emergence of new biological
function, deduced from the fossil record.

The fossil record shows that ruminant artiodactyls,
which digest cellulose in a forestomach, arose from non-
ruminant artiodactyls 40 million years ago. Interestingly,
this corresponds to the time when digestive behavior first
appears in this lineage of RNases. It thus appears that
ruminants invented a digestive RNase at the same time
that rumination itself was invented, implying that the mo-
lecuiar evolution paratlels physiological evolution.

This is consistent with a physiological hypothesis ad-
vanced 25 years ago by Barnard.!” Ruminants feed grass
to bacteria in the first stomach, and then eat fresh bac-
teria. Ca. 20% of the nitrogen intake of the ruminant
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: . pronghorn antelope
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non-ruminant camel, acidic
camel, basic

artiodactyls

hippopotamus
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Fig. 8. The evolutionary tree for the RNase A family (adapted
from Beintema et al.).
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comes as RNA. Digestive RNases are needed to break
this RNA down. Non-ruminants do not ferment in a fore-
stomach. Rather, fermentation takes place in a cecum
following the main stomach. While a digestive RNase 13
possibly required in cecat fermenters as well, it would
most likely evolve under different functional constraints.

Ruminant artiodactyls have been enormously success-
ful in competition with non-ruminant herbivores. Some
170 species of ruminant herbivore have now displaced
some 250 species of non-ruminant herbivore (perissodac-
tyls) from the Miocene, reducing these to just three spe-
cies groups (horse, rhino and tapir). This, incidentally, is
a mass extinction event (99%, of the dominant mamma-
lian order of non-ruminant herbivores disappeared), far
more dramatic than (for example) the extinction of the
dinosaurs.

This observation is important. It appears as if inno-
vation in a competing mammalian order caused a mas-
sive extinction, not a cosmogenic event (for example, the
falling of a meteorite). We suspect that such extinction
events have happened frequently. For those of you who
are interested in dinosaurs (and who is not?), it is not
likely that similar events explain the extinction of dino-
saurs. When mass extinctions occur through innovation
in a species, the primary surviving lineages are descen-
dents of the species that made the innovation. The other
surviving species are generally those that have adapted to
fill ecological niches created by the imnovator and his/her
descendents. With the dinosaurs, most of the mammalian
lineages that became dominant in the Tertiary period had
diverged before the mass extinction of the dinosauor. It is
unlikely that all of these mammalian lineages made the
same innovation in parallel.

Returning to our travels back in time, we might ask
what the RNase did before becoming a digestive RNase?
It is not clear, but an RNase in the brain has been se-
quenced, which diverged at approximately the same time
as ruminant digestion emerged (Fig. 9). The digestive
RNase may have evolved from a brain RNase.

This example shows how the paleomolecular biochem-
ist can learn something about the origin of new physi-
ological function through changes in protein sequence.
We now must return now to the theme of this conference.
Can we use evolutionary analysis to design new cata-
lysts? For example, alcohol dehydrogenases from horse
and yeast differ in rates of turnover. The activity of the
Adh from horse is 100 times lower with ethanol as a
substrate than the Adh from yeast.'® Horse Adh accepts
many substrates, including secondary alcohols and pri-
mary alcohols with branching at the 2, 3 and 4 positions.
Yeast Adh essentially accepts ethanol alone." The ideal
catalyst for a synthetic organic chemist, of course, would
be a fast, non-specific alcohol dehydrogenase.

Again, we return to an evolutionary analysis (Fig. 10).
A tree suggests that a slow, non-specific alcohol dehy-
drogenase evolved from a fast, non specific enzyme. Can
we use evolutionary reconstructions to understand better
how, and then to design a fast, less specific alcohol de-
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a hypothetical point of divergence of brain RNase.

400 million years

yeast alcehol
dehydrogenase L
(fermentive)

yeast aleohol
dehydrogenase I
{oxidative)
mitechondrial

yeast alcchol
dehydrogenase IT

fast and specific

plant alcohol
dehydrogenases

fast and
specific

evolution of
broader specificity

horse alcohol
dehydrogenase

non-specific

slow and

Fig. 10. The evolution of alcohol dehydrogenases.
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yeast SGVCHTDLHAWHGDWPLPTKLPL

Fig. 11. Part of an alignment of alcohol dehydrogenase se-
quences.

hydrogenase? We include the sequence of the alcohol de-
hydrogenase from yeast in the alignment (Fig. 11), and
consider again residue 54.

Residue 54 is near an insertion in the protein.*' In
yeast, position 54 holds a large Trp {W). Replacement by

EVOLVING NEW SYNTHETIC CATALYSTS

Table 4. Native, Trp54Leu and Trp54Met variants of yeast
Adh. k_, /K., relative to ethanol for primary alcoholics.

Ethanol Propanol Butanol Pentanol Hexanol
Adh 12 100 22.0 4.7 3.9 8.5
Adh 1* 100 11.9 2.9 1.3 2.8
WEAM® 100 5.2 6.8 9.0 1.4
W54L® 100 8.6 14.5 20.4 48.0

® Green ef al.: 83 mM potassium phosphate buffer, pH 7.3,
40 mM KCI, 0.256 mM EDTA, and 10 mM NADY at 30°C.
Z\weinhold et al.: 32 mM sodium pyrophosphate buffer,
pH 8.2, 100 mM Na,S0,, and 10 mM NAD™Y at 25°C.

- Leu, the amino acid found in the alcohol dehydrogenase

from horse, together with the insertion, should open up
the active site to allow veast Adh to accept longer pri-
mary alcohols, and primary alcohols with 4-position
branching. This is in fact the case, both with long-chain
primary alcohols (Table 4) and branched-chain primary
alcohols (Table 5).2'

We hope that we have presented a case for paleo-
molecular biochemistry as an experimental field for study
that has both scientific interest and technological uses.
What we want you to take home with you is the fact that
to understand biological catalysts, it is helpful to under-
stand how they emerged.

We should mention that this work was greatly influ-
enced by five scientists, each of whom broke new ground.
First, of course, is Linus Pauling and Emil Zuckerkandl.
Without the penetrating analysis of Hans Jornvall and his
coworkers, we would not have penetrated so far in the
alcohol dehydrogenase field as we have done. Jaap
Beintema and his group have, of course, done a remark-
able job developing the RNase system as a paradigm in
molecular evolution; it was their work that got us started
in 1980 in this area. Finally, we must acknowiedge Allan
Wilson, who with us was the first to prepare in the labo-
ratory an anclent protein whose sequence was recon-
structed by parsimony methods.>

Table 5. Impact of the Trpb4Leu mutation on the V., and
K_, values of alcohol dehydrogenase (ratios relative to native
Adh).?

AICOhOI Vmut (Krn)mut (V/K)mut
substrate V., .- (V/K),,
Ethanol 0.33 3.35 0.10
1-Propanol 0.23 3.23 0.07
1-Butanol 0.28 0.55 0.50
1-Pentanol 0.33 0.21 1.58
1-Hexanol 0.81 0.47 1.72
4-Methyl- 1-pentanol 2.78 0.12 24.3
Cinnamy! alcohol 0.74 0.33 2.3
?v_ . = maximal volocity of mutant; V,,, = maximal velocity
of wild type; {K_}.. = Michaelis constant of mutant;

(K,).. = Michaelis constant of wild type.
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