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We found that the evolutionary history of sulfate respiration is complex, but probably not among the
most ancient metabolisms on Earth. We determined that a single enzyme in the respiratory pathway
appears to control the whole cell rate under certain conditions.

The oldest record of life on Earth is in the form of non-equilibrium isotope
ratios, because biology uses isotopes in unique compared to equilibrium (abiotic) chemistry. One
element which shows biological like isotope ratios deep in time is sulfur. In this research, we
focused on which type of organisms may have been on the ancient Earth and left signals in sulfur
isotope ratios. We found that the enzyme APS reductase (a biological catalyst which allows chemistry
to occur more quickly than non-biological reactions) may be responsible for a substantial portion
of the ancient sulfur ratios. Furthermore, we found that we could understand the nutritional state
of ancient organisms, because the forward and reverse rates of the enzymatic reaction depends on the

amouRt of energy available. Our work integrates biochemistry and life with knowledge of the ancient
Earth.
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(Background at the beginning of the research)
(1) Geochemists have documented extensive variations mass dependent sulfur
isotope fractionation. In certain cases, these variations suggest biological
sulfate reduction, which leaves sulfide as a product preserved in the
sedimentary record containing an isotope ratio distinct from the equilibrium
value. Which organisms, and the type of physiology responsible for this record,
remains unclear.

(2) A Bio-isotopic model accounting for sulfur isotope fractionation during
biological sulfate reduction was published in 2014 by Wing and Halevy. This
wasa major advance, since it related the kinetics and thermodynamics of
metabolism, to the kinetic and equilibrium isotope fractionation factors of
different reactions. However, Kinetic isotope fractionation factors for the
individual enzymes was unknown. Furthermore, it was unknown if the
fractionation factors might change during evolution.

(Purpose of the research)
The purpose of the research was to discover the kinetic isotope fractionation
for enzymes involved in respiratory sulfate reduction, and if it changes
evolutionarily.
The objectives were:
Objective 1) To conduct evolutionary analyses of the protein families involved
in MSR.
Objective 2) Purification of individual enzymes involved in sulfate reduction.
Objective 3) To determine fractionation values for sulfate reducing enzymes by
conducting compound specific sulfur isotope measurements of enzyme substrates
and products.

(Research methods)
(1) We used the genome taxonomy database for sequence collection, and current
alignment and tree building protocols for our evolutionary analyses. In
addition to assessing similarity with blast score cutoffs, we also consulted
the COG data base
(2) We took two approaches for obtaining the enzymes.
-First, we obtained them from a host organism: Desulfovibrio vulgaris MiyazakKi .
These enzymes form the foundation for which to assess the validity of
heterologous expression.
- Second, we expressed enzymes in E.coli, and also in a cell free expression
system (PURE-Frex). We evaluated the expression of these different proteins
from these preparations.
Isotopes were measured with a Neptune instrument in our collaborator’ s lab at
Caltech.

(Research results)

Objective 1) To conduct evolutionary analyses of the protein families involved
in MSR.

We constructed phylogenetic trees for the enzymes involved in sulfate reduction
as shown below. In addition, we constructed phylogenetic trees for all enzymes
available in the Conserved Orthologous Groups (COGS) database (Berkemer and
McGlynn 2020 MBE; Figure 1). We analyzed two components of the protein phylogeny
to assess antiquity: first, the separation of archaeal and bacterial domains.
Second, we analyzed the branch length distances between the domains in the
tree. The second part is motivated by the idea that long branch lengths between
the domains may indicate presence in the last common ancestor (LUCA), followed
by evolution into the archaeal and bacterial domains. We found in the case of
enzymes involved in sulfate reduction, they all display evidence of interdomain
lateral gene transfer. Second, we found that the branch lengths between the
domains is not long relative to intra-domain branch lengths. These two lines
of evidence suggest that these proteins were not in the LUCA.




Figure 1. Protein phylogenies for the three enzymes involved in dissimilatory sulfate
reduction. Sequences found in archaea are red, and blue corresponds to bacteria. The results
were published in Berkemer and McGlynn, MBE, 2020.
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Objective 2) Purification of individual enzymes involved in sulfate reduction.
We obtained the APS reductase (APS-R) and dissimilatory sulfite reductase (DSR)
proteins from Desulfovibrio vulgaris Miyazaki, and we assayed the APS-R,
determining the apparent kinetic isotope fractionation factor of the enzyme
for the first time.

We also extensively tested heterologous expression of APS-R constructs in
E.coli. Our basic result, and across conditions tested, was that the protein
was not suitable for heterologous expression in our laboratory. Therefore, we
turned to a cell-free expression system. We found that the constructs could be
expressed in this way, however we observed currently unexplained cleavage of
the protein during purification, and we have not been able to solve this very
unique problem.

Objective 3) To determine fractionation values for sulfate reducing enzymes by
conducting compound specific sulfur isotope measurements of enzyme substrates
and products.

We assayed the APS-R, determining the apparent kinetic isotope fractionation
effect (KIE) of the enzyme for the first time. We found a correspondence between

Figure 2 Showing the change in sulfur isotopes between pyrite and sulfate through
time on the left, and the apparent kinetic isotope fractionation factor of the APS
reductase enzyme on the right. The ancient sulfur isotope fractionation value
matches the enzyme value, implying that the cells which left this signal behind were
operating under thermodynamically driven conditions, which would allow the
expression of the kinetic isotope value. The results were published in Nature
Communications (Sim et al 2019).

N
o
1

40 .

5*S (permil)
L.
® ¢
&
¢‘°~
’Co '3
% g’,:,_
o
I3
1000xIn(1+5%#S/1000)
3
1

OW\/N J eg
-
40 - 1 7
: o®
I o Ues €, = 20.1+0.8%o0

)
)
-

l Ll l L] l L]
1 2 3 4 -1 0 1 2

Time (Ga) -In(f) or In(f)-f/(1-f)



the apparent enzyme KIE, and the earliest sulfur isotope fractionation values
on Earth (both are about 20 per mil; Figure 2). Furthermore, we integrated this
result into the bio-isotopic metabolic model developed by Wing and Halevy. Our
results were consistent with the most ancient cells having been
thermodynamically strongly driven, whereas our results were consistent with
sulfate reducers becoming more metabolically non-competitive (and therefore
less thermodynamically driven) after the great oxygenation event of Earth. The
work integrated biochemistry, the sedimentary isotope record, and knowledge of
microbial physiology through time.

Future work: Although we were able to measure the KIE value of the APS-R enzyme,
and more fully understand the evolution of the 3 enzymes involved in microbial
sulfate respiration, more work is needed to address the question of KIE values
varying over evolutionary time. We hope to pursue this research more in the
future.
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