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研究成果の概要（和文）：地球上で最も古い生命の記録は化学的なものである。生物は原子を固有の比率で使用
するからである。生物学的な同位体比を示す元素の一つが硫黄である。本研究では、太古の地球上にどのような
生物が存在し、硫黄同位体比に痕跡を残したのかに注目した。その結果、古代の硫黄同位体比の大部分をAPSレ
ダクターゼと呼ばれる1つの酵素（化学反応を非生物的な反応よりも迅速に起こす生物学的な触媒）が担ってい
ることが明らかになった。さらに、酵素反応の前進速度と後退速度が利用可能なエネルギー量に依存することか
ら、古代生物の栄養状態を理解できることもわかった。本研究は、生化学や生命と古代地球を統合するものであ
る。

研究成果の概要（英文）：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
 amount of energy available. Our work integrates biochemistry and life with knowledge of the ancient
 Earth. 

研究分野： Geobiology

キーワード： enzyme mechanism　enzyme evolution　kinetic isotope effect　sulfate reduction　geobiology　mi
crobial evolution　Earth-Life Science　geochemistry
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令和

研究成果の学術的意義や社会的意義
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.

※科研費による研究は、研究者の自覚と責任において実施するものです。そのため、研究の実施や研究成果の公表等に
ついては、国の要請等に基づくものではなく、その研究成果に関する見解や責任は、研究者個人に帰属します。
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１．研究開始当初の背景 (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.  
 
２．研究の目的 (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.  
 
３．研究の方法 (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 Miyazaki. 
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. 
 
４．研究成果 (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.   



 
 

 
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 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. 

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). 



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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