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It is a theoretical study on the water-assisted mechanism of one-carbon unit transfer reaction, in which the en-
ergy barrier for each transition state lowered by about 80 100 kJ/mol when compared with the one in 
no-water-involved mechanism. The water-assisted path 4 is the favorite reaction way. Our results well explained the 
presumption from experiments. 
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Enzymatic one-carbon unit transfer is a very impor-
tant process in biosyntheses and metabolism.1,2 Glyci-
namide ribonucleotide transformylase (GAR Tfase, EC 
2.1.2.2) catalyzes the first of two formyl transfer reac-
tions in the de novo purine biosynthetic process (Figure 
1).3 This reaction has attracted considerable attention for 
the development of cancer chemotherapy inhibitors, 
which requires a large amount of purine to divide cells 
rapidly. The required chemical steps in this reaction are 
the transfer of a formyl group, the one-carbon unit, from 
N10-formyl-tetrahydro-folate (10f-THF) to the amino 
group of GAR, and a removal of one proton from the 
amino group of GAR to N10 atom of 10f-THF. Much 
effort has been made on the catalytic mechanism of 
GAR Tfase,4,5 but it is still unknown whether these steps 
occur concertedly or not,6,7 and a new mechanism needs 
to be invoked to explain the spectroscopic and crystal-
lographic findings. 

Because no other residues have been reported to be 
directly involved in the catalytic reaction, only the GAR 
molecule and the N10-formyl-THF are included in our 
calculations. Furthermore, to limit the computational 
time and test a number of different pathways, we also 
replaced the ribonucleotide part of GAR molecule and 
the glutamic acid part in 10f-THF (that are cycled by the 
dashed line rectangle in Figure 1) by hydrogen atoms, as 
they did not participate in the formyl group transfer 
process and the main function of them is to bind the 
substrates and the enzyme together to achieve the 
one-carbon unit transfer process. Therefore, the removal 
of them did not change the reaction mechanisms, i.e., 
the reaction channels. 

In this work, we examined the full catalytic mecha-
nism of GAR Tfase by means of a hybrid density func-
tional theory (DFT) B3LYP at 6-31G* basis level. The 
structures of all stationary points were fully optimized, 

 

Figure 1  Reaction catalyzed by GAR Tfase and the structure of 
N10-formyl-THF molecule. 

and the most stable conformations as well as their ener-
gies at every equilibration and transition states were 
figured out. Frequency calculations of all stationary 
points were performed, and all transition states were 
identified by analyzing their vibrational modes because 
each has only one imaginary frequency. The bulk sol-
vent effect of water was also calibrated for all stationary 
points by Onsager model at the same basis level. All the 
calculations were carried out by Gaussian 98 package.8 

There are four different paths for this reaction, which 
belongs to two different mechanisms (Figure 2). One is 
the no-water-involved mechanism (Mech. 1) and the 
other is water-assisted mechanism (Mech. 2). Our cal-
culations indicate that all the four paths are possible to 
complete the one-carbon unit transfer reaction. The 
main structure data of stationary points are listed in Ta-
ble 1. 
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The most obvious difference between Mech. 1 and 
Mech. 2 is the corresponding structures of transition 
states. In Mech. 1, there is a four-membered ring in c1, 
d1 and f1, which indicates that there are strong strains 
in the transition states. In such a structure, the proton 
migration goes through a direct transfer from the donor 
atom to the acceptor one. If a water molecule assists in 
the reaction as shown in Mech. 2, the four-membered 
ring changes to a six-membered ring which can relax 
the strong strain in the transition states and make them 
more stable. Now, the proton does not transfer directly 
to the target atom, but migrates in an indirect manner. It 
will migrate to the oxygen atom of the water molecule 
and the other hydrogen atom of the water molecule will 
transfer to the target atom at the same time. In this 
process, one of the O—H bonds of the water molecule 
will elongate while the other remains nearly unchanged, 
and this is a common character for all the three transi-
tion states of c2, d2 and f2 in Mech. 2. 

In Mech. 1, the energy barriers for all the three 
transition states are relatively high and their values 
change very little after the calibration of solvent effect 

very little after the calibration of solvent effect (the val-
ues in brackets in Figure 2). The relative energy of c1 is 
more than 200 kJ/mol, which means the reaction is very 
difficult to proceed through path 1 at room temperature 
whether in vacuum or in water. The case is slightly 
changed in path 2, because both the energy barriers for 
d1 and f1 are relatively lower than c1, which means that 
in Mech. 1, path 2 is much favored to path 1 both in 
vacuum and in water. The two intermediates e1 and e1' 
are local minimums in the potential energy surface and 
the main difference between them is the orientation 
change of H(15) atom. 

In the water-assisted mechanism (Mech. 2), the cases 
are quite different. In principle, each of the reactants can 
form a complex with the water molecule named a' and 
b', respectively. a' is located on the energy surface but 
we have not obtained b'. The main reason is that the 
steric hindrance around N(10) is larger than that of 
N(13). The energy barriers for all the three transition 
states, c2, d2 and f2, are greatly lowered in different 
degrees when compared to the ones in Mech. 1. The 

 
Figure 2  Mechanisms of one-carbon unit transfer reaction and the relative energies of all stationary points (the energy sum of the reac-
tants is taken as zero). 
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Table 1  Main bond lengths (nm) and bond angles (°) of stationary points 

Bond length  c1 d1 e1 e1´ f1 c2 d2 f2 

N(13)—H(15) 0.121 0.124    0.118 0.118  

H(15)—N(10) 0.140    0.153   0.168 

N(13)—C(11) 0.161 0.165 0.146 0.143 0.133 0.159 0.158  

N(10)—C(11) 0.188 0.145 0.148 0.149 0.220 0.167  0.234 

H(15)—O(12)  0.133 0.097 0.099 0.110    

C(11)—O(12)  0.134 0.142 0.140 0.132  0.135 0.130 

H(15)—O(16)      0.137 0.138 0.103 

O(16)—H(17)      0.136 0.126 0.144 

H(17)—N(10)[O(12)]      0.119 0.120 0.107 

Bond angle         

N(13)-H(15)-N(10)[O(12)] 127.2 117.7   131.8a    

N(13)[N(10)]-H(15)-O(16)      150.9 153.3 156.2 

N(10)[O(12)]-H(17)-O(16)      155.7 157.9 160.0 

H(15)-O(16)-H(17)      80.9 80.4 87.2 
a The bond angle of N(10)H(15)O(12). 

energy barrier for c2 is more than 100 kJ/mol lower than 
that for c1 in vacuum and 80 kJ/mol lower in water, and 
the cases are nearly the same as d2 and f2. We are sur-
prised to find that the relative energies for transition 
state d2 and f2 are so low that the one-carbon unit 
transfer reaction could be completed at room tempera-
ture via path 4. Similar to Mech. 1, the energy barriers 
change very little after the calibration of solvent effect. 
Klein et al.3 proposed a water-assisted mechanism for 
GAR Tfase, and considered that the site of this water 
molecule might be fixed by a hydrogen bond with resi-
due Asp 144. Our calculations confirmed their pre-
sumption, that is, this mechanism does exist and if a 
water molecule participates in the reaction but not only 
serves as environment, the one-carbon unit transfer re-
action will easily proceed due to the lower energy bar-
rier. 

In conclusion, there does exist a water-assisted 
mechanism for one-carbon unit transfer reaction, in 
which the active sites of the transition states change to a 
six-membered ring. The strong strain in the transition  
states can be relaxed in such a structure, and the transi-
tion states are more stable than the ones in 
no-water-involved mechanism, furthermore, the energy 
barriers of them lowers greatly in a range of 80—100 
kJ/mol. In both mechanisms, the stepwise channels 
(path 4 and path 2) are preferable to the concerted ones 
(path 3 and path 1). Among the four channels, path 4 is 
the most favored reaction path. But the energy calibra-
tion of solvent effect is very little to all paths. Our re-
sults confirmed the presumption from experiments and 
may be a valuable reference for further studies in this 
field. 
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