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Abstract

Adenosine triphosphate phosphoribosyltransferase (ATP-PRT) catalyzes the first step in histidine 

biosynthesis, a pathway essential to microorganisms and a validated target for antimicrobial drug 

design. The ATP-PRT enzyme catalyzes the reversible substitution reaction between 

phosphoribosyl pyrophosphate and ATP. The enzyme exists in two structurally distinct forms, a 

short- and a long-form enzyme. These forms share a catalytic core dimer but bear completely 

different allosteric domains and thus distinct quaternary assemblies. Understanding enzymatic 

transition states can provide essential information on the reaction mechanisms and insight into 

how differences in domain structure influence the reaction chemistry, as well as providing a 

template for inhibitor design. In this study, the transition state structures for ATP-PRT enzymes 

from Campylobacter jejuni and Mycobacterium tuberculosis (long-form enzymes) and from 

Lactococcus lactis (short-form) were determined and compared. Intrinsic kinetic isotope effects 

(KIEs) were obtained at reaction sensitive positions for the reverse reaction using phosphonoacetic 

acid, an alternative substrate to the natural substrate pyrophosphate. The experimental KIEs 

demonstrated mechanistic similarities between the three enzymes and provided experimental 

boundaries for quantum chemical calculations to characterize the transition states. Predicted 

transition state structures support a dissociative reaction mechanism with a DN*AN
‡ transition 

state. Weak interactions from the incoming nucleophile and a fully dissociated ATP adenine are 

predicted regardless of the difference in overall structure and quaternary assembly. These studies 

establish that despite significant differences in the quaternary assembly and regulatory machinery 

*Corresponding Author emily.parker@vuw.ac.nz. 

Supporting Information
The Supporting Information is available free of charge on the ACS Publications website at DOI: 10.1021/acschembio.7b00484.
Materials and methods, including, the synthesis of the isotopically labeled substrates, the coordinates of calculated structures (S7–
S10), the coupled enzymatic synthesis of PRATP from D-ribose (S1), the coupled enzymatic synthesis of PRATP from glucose (S2), 
and the synthesis of [1-15N]adenine (PDF)

The authors declare no competing financial interest.

HHS Public Access
Author manuscript
ACS Chem Biol. Author manuscript; available in PMC 2019 August 14.

Published in final edited form as:
ACS Chem Biol. 2017 October 20; 12(10): 2662–2670. doi:10.1021/acschembio.7b00484.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between ATP-PRT enzymes from different sources, the reaction chemistry and catalytic 

mechanism are conserved.

Graphical Abstract

The histidine biosynthetic pathway is essential in bacteria, fungi, and plants, whereas 

mammals lack this pathway and require histidine in their diet. This difference makes 

enzymes of the histidine biosynthesis pathway attractive antimicrobial targets. A histidine 

auxotroph, lacking a central 0.7-kbp fragment of the hisDC gene, of Mycobacterium 
tuberculosis (Mtu) did not survive single amino acid starvation experiments in an 

environment similar to that encountered in the intercellular compartment where the bacteria 

reside.1-3 In addition, inhibition of histidinol dehydrogenase (HisD), showed growth 

inhibition for Brucella suis in minimal media and in human macrophages.4 These results 

further validate the ATP-PRT enzyme as a suitable drug target.

Histidine biosynthesis comprises 10 enzymatic steps with the first step of the pathway 

catalyzed by adenosine triphosphate phosphoribosyltransferase (ATP-PRT).5 The enzyme 

catalyzes a substitution reaction between adenosine triphosphate (ATP) and phosphoribosyl 

pyrophosphate (PRPP) to give phosphoribosyl-ATP (PRATP; Figure 1A). Nine additional 

enzymatic steps yield the end product histidine. The ATP-PRT enzyme is allosterically 

inhibited by histidine, providing control for histidine biosynthesis in response to the cellular 

histidine concentration. ATP-PRT belongs to the phosphoribosyltransferase (PRT) enzyme 

family, which catalyzes the transfer of ribose 5-phosphate from PRPP to a nitrogenous, and 

commonly aromatic, base. The PRT family is divided into four protein types based on 

sequence and structure. Classification of type I PRT enzymes is based on a shared core 

domain responsible for PRPP binding. Additional loops, and in some cases an additional 

domain, are responsible for binding the nucleophile.6 The shared core domain contains a 

characteristic 13 amino acid sequence motif responsible for PRPP binding.6 Type II and III 

PRTs have novel folds compared to type I PRTs, and the classification of these enzymes as 

part of the PRT family is based on their reaction chemistry. ATP-PRT is a type IV PRT and 

exists in two structurally distinct forms, a long- and a short-form enzyme (Figure 1B and C). 

The two forms share a catalytic core, comprised of two mixed α/β domains. Two of these 
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catalytic cores come together to deliver a catalytic dimer in both the long- and short-form 

enzymes. The two enzyme forms differ in their allosteric machinery and quaternary 

assembly.7 The long-form enzyme is a homohexamer with each chain comprised of the 

catalytic core, and a covalent C-terminal regulatory domain containing the allosteric binding 

site for histidine (Figure 1B).8 The short-form is a hetero-octamer containing two catalytic 

dimers that associate with a second discrete domain (denoted HisZ) for allosteric regulation 

by the binding of histidine (Figure 1C).7

The active site is found in the cleft of the two domains (domain I and II) of the catalytic 

core, in both short- and long-form ATP-PRT proteins. Crystal structures of ATP-PRT long-

form with substrate ATP and natural inhibitors His, AMP, and a His/AMP combination, as 

well as for the short-form enzyme with PRPP bound at the active site, have helped identify 

key residues in the binding sites.8-11 Domain II shares parts of the signature amino acid 

sequence also found for type I PRT enzymes responsible for PRPP binding. ATP-PRT, 

however, lacks the flexible hood domain observed to sit over the PRPP binding site in type I 

enzymes. Domain I is predominantly responsible for ATP binding with the binding site only 

partially conserved across both enzyme forms.

ATP-PRT reversibly catalyzes the substitution reaction between PRPP and ATP.12 Like all 

known PRT enzymes, this reaction depends on magnesium. Overall, the ATP-PRT enzyme 

follows an ordered sequential reaction mechanism with ATP binding first followed by PRPP. 

Pyrophosphate (PPi) is the first product released, followed by PRATP.13,14 The reaction 

proceeds with overall inversion of the stereochemistry at the site of the substitution. 

Preliminary kinetic isotope effect (KIE) work was used by Goitein et al. in 1978 to identify 

the reaction mechanisms of a number of PRT enzymes, including the ATP-PRT (long-form) 

from yeast. The results for ATP-PRT gave inconclusive results.15 Since then, the transition 

state analysis has been accomplished for several type I PRTs (bacterial, protozoan, and 

human orotate PRTs) 16,17 and a type II PRT (nicotinamide phosphoribosyltransferase 

(NAMPT)),18 with transition states ranging from associative for NAMPT to early and late 

dissociative (type I PRTs). ATP-PRT differs from these examples in that purine N1 is a 

nucleophilic center. It shows two distinct allosteric regulatory mechanisms, and the effect of 

these on the catalytic mechanism has not been shown.

The use of experimental intrinsic KIEs at reaction sensitive positions in combination with 

computational chemistry to match the experimental and calculated data provides atomic 

level detail on bond angles, bond distances, and charge distribution of the transition state 

(TS) of the enzyme-catalyzed chemical reaction.19 The TS structure also provides a 

blueprint with vital information for the design of (stable) TS analogues shown to bind their 

target enzyme with high specificity and potency.20,21 Here, we present the first example of a 

full TS analysis on type IV PRT enzymes. Our studies probe the reaction mechanisms of 

ATP-PRT enzymes from Campylobacter jejuni (CjeATP-PRT) and Mycobacterium 
tuberculosis (MtuATP-PRT), representing the long form, and from Lactococcus lactis (Lla), 

providing a short-form enzyme. Our results reveal that these enzymes go through a 

dissociative DN*AN‡ TS with a fully dissociated ATP purine ring and little involvement of 

the incoming nucleophile.
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RESULTS AND DISCUSSION

Intrinsic KIEs and Commitment to Catalysis (Cf and Cr).

When measuring isotope effects by internal competition, the experimental KIEs include 

contributions from commitment to catalysis, which can lead to suppression or complete 

masking of experimental KIEs in some cases. The work by Goitein et al. on the primary 14C 

and α-secondary 3H KIEs on both the forward and reverse reaction of ATP-PRT from yeast 

was inconclusive, as a result of unrecognized commitment to catalysis problems.15 

Commitment to catalysis problems have been successfully reduced through different 

approaches, such as working away from physiological pH or by using substrates that exhibit 

a decreased reaction rate and an increased steady state Km value, allowing the expression of 

the KIEs on the reaction chemistry to be observed.18,22,23 Additionally, for substrate and 

product stability reasons, the reaction was studied in reverse. To this end, the ATP-PRT 

catalyzed reaction was studied using phosphonoacetic acid (PA) as an alternative to substrate 

pyrophosphate for the reverse reaction. PA has been successfully employed in similar studies 

on type I PRT enzymes by Tao et al.16 Transition state information has been used to design 

potent PRT inhibitors.24

The required isotopically labeled PRATP was generated using enzymatic transformations 

from D-ribose to give [1′-14C] and [1′-3H]. [5′-14C] and [5′-3H]PRATP, containing isotope 

labels distal to the reaction site, were prepared for use as remote labels. The [5′-14C] KIE is 

assumed to be at unity as it is three bonds away from the reaction center, within the ribosyl 

group, and does not directly participate in the reaction chemistry.18,25 [1-15N, 5′-14C] and 

[6-15N, 5′-14C]PRATP included a silent remote 5′-14C to enable tracking of 15N at the 

position of interest through scintillation counting.15,26 In a typical competitive KIE 

experiment, substrate labeled at a reaction sensitive position, for example [1′-14C]PRATP, 

was combined with an appropriate remote label to track the light isotope at the position of 

interest, in this case, [5′-3H]PRATP. The experimental KIE was determined from the change 

in 14C/3H ratio for D-β-5-phosphoribosyl-1-phosphonoacetic acid (PRPA), isolated from 

PRATP on a charcoal column, at both partial and full chemical conversions (eq S1). Where 

the 5′-3H remote label was used, the observed KIEs were corrected for a small [5′-3H] KIE 

(eq S2) to give the experimental values shown in Table 1. The remote 5′-3H position was not 

further included in the TS analysis.

The forward commitments to catalysis were measured for the three enzymes using the 

isotope trapping method developed by Rose.27 Isotopically labeled PRATP was incubated 

with enzyme followed by the addition of a large excess of unlabeled PRATP and PA, the 

second substrate. The amount of labeled PRPA formed was then used to calculate the 

commitment factor (eqs S3-S5).27 CjeATP-PRT gave a forward commitment factor of 0.029, 

and a forward commitment factor of 0.027 was found for the LlaATP-PRT enzyme. After 

correction of the experimental KIEs using eq S6 (SI), the values are within the experimental 

errors, confirming that the experimental KIE values are near intrinsic (Table 1). 

Commitment to catalysis experiments was not accomplished with MtuATP-PRT, as 

insufficient catalytic conversion was observed under the conditions used to measure the 

commitment factors. Given the large 1′-3H KIE of 1.25 and a 1-15N KIE near the theoretical 
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maximum, as well as the observation of low forward commitments for the other two 

enzymes, the experimental KIEs for MtuATP-PRT were assumed to be near or equal to 

intrinsic values. The large KIE values for all three enzymes also indicate that reverse 

commitments are negligible under our experimental conditions.

For all three enzymes, large 1′-3H KIEs (15–25%) and small to moderate 1′-14C KIEs 

(~3%) indicate a dissociative reaction mechanism with low bond order to the nucleophile 

(PA) and leaving group (ATP) at the TS. This is further supported by the large 1-15N KIE, 

which arises from the extent of C1′–N1 bond dissociation at the TS. MtuATP-PRT and 

LlaATP-PRT gave 1-15N KIEs within the range expected for a fully dissociated purine base.
28

Computation of Transition States.

A TS model for ATP-PRT consistent with the experimental KIE data was developed by 

systematically matching the experimental KIEs to those calculated from DFT calculations. 

Calculations were carried out in vacuo according to well-established methods which have 

been tested rigorously for small molecule KIEs.17,29-31 TS structures determined using this 

approach have led to useful representations of enzymatic TSs and are supported by tight 

binding of TS analogues designed based on these structures.17,24

The calculated KIEs are obtained from vibrational differences between a reactant state 

(ground state (GS)) model and the TS model using the ISOEFF98 program.32 The crystal 

structure of the CjeATP-PRT core mutant (PDB: 5UBG) with PRATP bound was used for 

the initial geometry of the GS model. The PRATP structure was truncated at the C1”—N9 

bond to reduce computational cost, which is a recognized approach to evaluate enzyme 

transition states.31 The optimized reactant structure that gave the lowest overall energy and 

that contained no imaginary frequencies was selected as the reactant geometry for the KIE 

calculations. To find the theoretical maximum magnitude of the 1-15N and 6-15N KIE, the 

adenine base was modeled as fully dissociated, at which the KIE is equivalent to the 

equilibrium isotope effects (EIE) and the effects of charge and tautomer state on the 1-15N 

and 6-15N EIE were investigated (Table 2 and Figure 2).

With the nitrogen isotope effects suggesting a dissociated nitrogenous base (discussed in 

more detail below), the TS is expected to resemble the PRPA species. Crystal structures can 

provide good starting coordinates for TS model generation. However, no high resolution 

crystal structure with PRPA, or a related molecule, bound to the active site of an ATP-PRT 

enzyme was available. Given the highly conserved binding mode of PRPP for type I PRTs 

and the high levels of structural conservation around the PRPP binding site for type IV 

(ATP-PRT) and type I PRTs, a similar binding mode for PRPP was assumed for the ATP-

PRT enzyme as indicated by an overlay of this conserved region (Figure 4C). A crystal 

structure of a type I PRT was considered a reasonable starting point for the TS model 

generation. Thus, the crystal structure of adenine PRT from Giardia lamblia (PDB: 1L1R) 

with PRPP bound was used as a starting model. The model included the catalytically 

essential Mg2+ ion and two coordinated water molecules to satisfy the octahedral 

coordination of magnesium. The pyrophosphate was replaced in silico by phosphonoacetic 

acid. Additionally, the 5′-phosphate group orientation was frozen in the TS models by 
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constraining the O4′–C4′–C5′–H5′ and the C4′–C5′–O5′–P′ dihedral angles to 172.7° 

and 108.5°, respectively, as observed in the input crystal structure (PDB: 1L1R). A series of 

TS models was generated by systematically altering the 1′C–OPA bond distance along the 

reaction coordinate from 1.60 to 3.00 Å in point calculations and the corresponding KIEs 

calculated for each model.

Bond distances with minimal bond order to the incoming PA nucleophile matched the 

intrinsic KIE values best (Figure 3). Low bond order is reflected by small imaginary 

frequencies which have no significant effect on the 1′-14C KIEs. This structure predicts that 

the calculated KIEs will be similar to EIEs and the TS structure is closely related to a fully 

dissociated stabilized ribooxocarbenium ion intermediate. The subsequent TS structures 

were modeled accordingly, with the models optimized as TS intermediates. Structures with a 

bond distance of 2.12, 2.14, and 2.15 Å for LlaATP-PRT, CjeATP-PRT, and MtuATP-PRT, 

respectively, gave the best match between calculated and experimental KIEs for 1′-14C 

(Table 3). The match between the model and experimental KIEs is further supported by 

predicted large 1′-3H KIEs, which were in close agreement for the CjeATP-PRT and 

MtuATP-PRT enzymes. The predicted 1′-3H KIE was slightly larger for LlaATP-PRT. This 

difference can arise from van der Waals interactions and/or base orientation with 

neighboring catalytic site groups, both of which are difficult to capture in the TS model. For 

example, steric crowding at the 1′-3H position at the transition state is known to decrease 

out-of-plane modes and thereby decrease the size of the KIE, as observed for LlaATP-PRT.
33

The 1-15N and 6-15N KIEs and Involvement of the Leaving Group at the Transition State.

Large 1-15N intrinsic KIEs were measured for MtuATP-PRT and LlaATP-PRT at 1.024 and 

1.028, respectively. These values suggest that there is a substantial increase in vibrational 

freedom following dissociation of the N-glycosidic bond. The 6-15N isotope effect near 

unity at 0.996 ± 0.003 for LlaATP-PRT suggests no significant change in vibrational 

freedom upon dissociation at this position, whereas the MtuATP-PRT enzyme gave a 

significant change with a 6-15N isotope effect of 1.012 ± 0.001.

The formation of an anionic adenine base was excluded based on pKa considerations and the 

lack of residues at the active site able to stabilize this negatively charged species (Figure 4). 

A positively charged leaving group was ruled out based on the calculated 1-15N KIEs of 

1.014 and 1.017 (Table 2, H3-amino and H7-amino, respectively), being nearly 1% lower 

than the experimental value. A neutral leaving group as the H3 tautomer is in good 

agreement with the experimental values, with the best match to the 1-15N and 6-15N KIEs 

being the H3–imino (Z) adenine ring for the MtuATP-PRT and LlaATP-PRT enzymes. The 

generation of a neutral adenine would require a proton donor. To validate the computation 

data, substrate bound crystal data were explored.

X-ray crystal data for the CjeATP-PRT enzyme with ATP bound at the active site has been 

reported previously.8 Furthermore, as part of this study, a structure with ATP bound to 

MtuATP-PRT (PDB: 5U99) was obtained, providing insight into the environment of the 

purine base. While the ATP binding sites for all three enzymes share overall shape and 

architecture, there are differences in the residues that contribute to binding (Figure 4). These 
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differences give rise to changes in binding mode, particularly for the triphosphate moiety of 

ATP. There are also differences in residues that interact directly with the adenine ring. The 

crystal structure of MtuATP-PRT revealed a water molecule near to the N3 of ATP held in 

place by Mg2+, and no further polar interactions from active site residues or resolved waters 

were observed in other parts of the adenine ring, supporting the H3–imino (Z) at the TS.

No crystal structure of LlaATP-PRT with ATP bound is available, so a comparison was made 

to the CjeATP-PRT and MtuATP-PRT, as these enzymes both share sequence similarity to 

the LlaATP-PRT enzyme. Like the CjeATP-PRT (and unlike MtuATP-PRT), an arginine 

(Arg10) sits over the adenine ring system to stabilize binding (Figure 4C). How the active 

site arginine affects the nitrogenous base during the TS is difficult to say, given the 

observation of a large 1-15N isotope effect for the LlaATP-PRT enzyme and a KIE at unity 

for CjeATP-PRT. Although it is noted that this additional interaction does not appear to alter 

the binding mode of ATP between CjeATP-PRT and MtuATP-PRT. The binding site for the 

triphosphate moiety (Lys50, Pro51) more closely aligns with features of MtuATP-PRT than 

CjeATP-PRT. This change places the Mg2+ and coordinated water molecule close to the 

adenine ring described above. These results also support a fully dissociated adenine at the 

TS for LlaATP-PRT.

CjeATP-PRT ase gave a 1-15N isotope effect near unity of 0.995 ± 0.003 (Table 1). An 

isotope effect near unity indicates no change in the sum of bond vibrational interactions 

between the GS and the TS through bond breaking and different forms of equilibrated 

adenine bases (Figure 2). Loss of the N1-ribosyl group at the TS is therefore replaced by 

adenine ring conjugation or polarization changes that compensate for N1 bond changes.18,34 

Given the similarities of the active sites of LlaATP-PRT and CjeATP-PRT around the 

adenine binding pocket in the crystal structures, the moderate 1′-14C KIE, and large α-

secondary 3H isotope effect suggesting a dissociated transition state, this result must be 

explained through compensation by several bonding changes distinct to CjeATP-PRT at the 

TS.

Transition State Structures and 1′-14C and 1′-3H KIEs.

Transition state models with calculated KIEs that closely matched the primary 1′-14C 

intrinsic KIE were selected, as this position directly reports on the reaction mechanism. 

Additionally, this position is insensitive to geometry changes resulting from binding and is 

not expected to be affected by hydrogen bonding interactions at the active site.35 In the case 

of N-ribosyltransferase enzymes, moderate 14C isotope effects in the range of 1.01–1.06 

suggest a dissociative reaction mechanism with small but significant interactions from either 

the nucleophile or leaving group at the TS. The 1′-14C KIEs are supported by α-secondary 

or 1′-3H KIEs, with larger isotope effects consistent with a dissociative reaction mechanism. 

All ATP-PRT enzymes gave a primary isotope effect in the range of 1.028–1.031, suggesting 

closely related TSs that are consistent with a dissociative reaction mechanism, which are 

again supported by large 1′-3H KIEs of 1.15–1.25 as well as large 1-15N KIEs.

A transition state with minimal bond order to the attacking phosphonoacetic acid with a 

C1′-OPA bond distance of 2.12 Å for LlaATP-PRT, 2.14 Å for CjeATP-PRT, and 2.15 Å for 

MtuATP-PRT gave the best match between experimental and calculated KIEs. This TS 
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corresponds to a dissociative reaction mechanism and a Dn*AN‡ TS for the three enzymes, 

following IUPAC conventions and based on the length of the C1′-OPA bond being less than 

≤2.2 Å and no participation by ATP.36,37 Going from the ground state to the TS, there is a 

positive charge build-up at the C1′ position as indicated by the change in Mulliken charge 

of −0.560 at the ground state and 0.253–0.290 at the TSs. The ribose ring oxygen stabilizes 

the positive charge, resulting in the generation of a double bond characteristic, as this center 

undergoes a hybridization change from sp3 toward sp2, characteristic for a carbocation 

species. The Mulliken charge again highlights this change with reduced negativity at the 

oxygen atom from −0.302 in the GS to −0.013 to 0.019 at the TS. The double bond 

characteristic is also reflected in the C1′-O4′ bond length, which is significantly shortened 

in all three TSs. The catalytically essential divalent magnesium cation plays a crucial role in 

stabilizing charge build up at the nucleophilic oxygen as well as anchoring the 

ribooxocarbenium ion through the 2,3-hydroxyls. Furthermore, the magnesium serves to 

anchor the correct position of the incoming nucleophile by coordinating the nucleophilic 

oxygen of the phosphonate and carboxylic acid functionality.

Analysis of the reaction mechanism and the prediction of the TS for ATP-PRT enables the 

design of inhibitors. Successful inhibitor design should at least capture two key features. 

First, the inhibitor should mimic the ribooxocarbenium ion charge distribution. Second, an 

inhibitor should include features of a neutral ATP base, with appropriate bond distances (≥3 

Å) to the ribooxocarbenium analogue. Including these features will help provide for 

selectivity for the ATP-PRT enzyme over other enzymes involving PRPP as a substrate.

Conclusions.

The results described here present the first detailed description of the reaction catalyzed by 

ATP-PRT and provide the first accurate representation of the transition state structure for 

type IV PRT enzymes. Experimental KIE analysis revealed that all three enzymes studied 

displayed highly dissociative reaction mechanisms with low bond order to the 

phophonoacetic acid nucleophile and no significant bond order to the ATP adenine leaving 

group, and the ribosyl moiety was found to have significant carbocation characteristics.

Variation among the TSs for enzymes catalyzing the same reaction is not uncommon. For 

example, significant differences between the TSs have been reported for human and bovine 

purine nucleoside phosphorylase (PNP).29,30,34 Although, significantly different in reaction 

mechanism, the enzymes share 87% sequence identity. Comparatively, P. falciparum and 

human OPRT share only 26% identity in amino acid sequence but display very similar TSs.
17 The ATP-PRT long and short form are different from the given examples in that they 

share a common catalytic core but have distinct regulatory mechanisms and quaternary 

assemblies. Overall, the three ATP-PRT enzymes share ~30% sequence identity, regardless 

of the difference in structure. On the basis of the experimental KIE results, the TSs for Mtu, 

Cje, and LlaATP-PRT were predicted to be very similar to C1′–OPA bond distances within 

0.03 Å across the three enzymes and all three enzymes going through a DN*AN‡‡ TS. The 

similarities of results and the close resemblance of the TS for the ATP-PRT long and short 

forms suggest that the reaction chemistry is independent of the regulatory domains, 

mechanism, and overall quaternary structure. These findings support the proposal that both 
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forms of ATP-PRT share a common ancestor consisting of a catalytic core and that the 

challenge of regulation for the control of this metabolically demanding pathway was 

overcome through divergent evolution.

METHODS

Protein Expression and Purification.

CjeATP-PRT and LlaATP-PRT were expressed and purified according to published 

procedures.7,8 MtuATP-PRT was expressed and purified following a modified procedure.9 A 

tobacco etch virus (TEV) cleavage site was included at the N-terminus, and the His 

purification tag was removed after the metal affinity chromatography step by incubating the 

enzyme at 37 °C for 2 h in the presence of TEV protease, followed by purification on a 

HiPrep 26/60 Sephacryl S-200 HR size exclusion chromatography column. Saccharomyces 
cerevisiae APRTase, EcoRK, and MtuPRPPase were expressed and purified according to 

previously reported procedures.38-40

Crystallization of MtuATP-PRT and Structure Determination.

Co-crystallization was achieved according to previously established conditions (1.6 M 

magnesium sulfate and 0.1 M MES, pH 6.5)9 with the addition of 10 mM ATP. Crystals 

were grown under vapor diffusion by the hanging drop method (drop size 2—4 μL and 1:1 

condition and 20 mg mL−1 protein). Crystals formed within 12–24 h and grew as uniform 

triangular prisms of various sizes. Crystals were cryo-protected with 20% glycerol, flash 

frozen, and stored in pucks for data collection at the MX beamlines at the Australian 

Synchrotron.41 Data processing was carried out using XDS42 followed by scaling using the 

program AIMLESS. Molecular replacement using the apo structure (PDB: 1NH7) as the 

search model was used to solve the initial phasing implemented in the MR_Phaser program 

part of the CCP4 program suite43 followed by further model building and refinement in 

COOT and Refmac5, PDB code: 5U99 (see Supporting Information (SI) for full crystal 

parameters).43,44

Isotopic Labeling of PRATP and Purification.

The [1′-3H]-PRATP, [1′-14C]PRATP, [5′-3H]PRATP, and [5′-14C]PRATP were synthesized 

by coupled enzymatic synthesis from [1-3H]ribose, [1-14C]ribose, [6-3H]glucose, 

or[6-14C]glucose, respectively (American Radiolabeled Chemicals Inc.). [1-15N]Adenine 

was synthesized from 15N-formamide according to a modified procedure.45 [6-15N]-Adenine 

was synthesized in three steps from 6-chloropurine and 15NH4Cl according to a procedure 

by Milecki et al.46 (15N labels were purchased from Cambridge Isotope Laboratories Inc.). 

Labeled ATP was obtained from PRPP and the appropriate isotopically labeled adenine 

through coupled enzymatic synthesis.34 [1-14N, 5′-3H]PRATP and [6-14N, 5′-14C]PRATP 

were then obtained following the general procedure described for single isotopically labeled 

PRATP but replacing ATP for the appropriately labeled substrate (see Supporting 

Information for full details, S1–S3).
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Measurement of Kinetic Isotope Effects.

The KIEs were measured under competitive conditions using dual channel liquid 

scintillation counting.18 A detailed description of the experimental procedure can be found 

in the Supporting Information, S4. In short, a typical experiment included four reactions that 

were quenched at partial conversion (20–40%), two 100% conversion reactions, and a 

negative control containing all components except for the enzyme to account for 

nonenzymatic degradation. KIEs for each position were determined from at least two 

independent experiments with a minimum of eight replicates in total. Reliability of the 

results is reported as standard error of the mean (SEM).

Forward Commitment to Catalysis by Isotope Trapping.

The forward commitment to catalysis, or the partitioning of the Michaelis complex to the 

product relative to substrate release (kcat/koff), was measured by isotope trapping.27 A 

detailed experimental section can be found in the Supporting Information (S5).

Computational Modeling of the Transition State Structure.

The crystal structure of PRPP bound to adenine phosphoribosyltransferase from Giardia 
lamblia (PDB: 1L1R) including Mg2+ and two water molecules, to complete the octahedral 

coordination of magnesium, was used to generate the starting point for the TS calculation. 

The pyrophosphate was replaced in silico with phosphonoacetic acid. All hybrid density 

functional theory calculations were carried out in vacuo using the B3LYP density functional 

with the 6-31*G(d,p) basis set.17,29-31 Bond frequencies were calculated at the same level of 

theory. A structure was considered optimized if only one imaginary frequency corresponding 

to the reaction coordinate was observed and the standard convergence criteria within 

Gaussian 09 were reached.47 The ISOEFF98 program was used to generate the calculated 

KIEs for these TS structures.32 The ESPSs were calculated using the Cube program part of 

the Gaussian 09 program suite and visualized using GaussView 3.0.47

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
(A) The reaction catalyzed by the ATP-PRT enzyme between PRPP and ATP. (B) ATP-PRT 

long form with the catalytic core in blue and the covalently linked regulatory domain in 

yellow (PDB: 4YB6). (C) ATP-PRT short form with the catalytic core in blue and the 

regulatory unit in red (PDB: 1Z7N).
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Figure 2. 
Investigated adenine base structures.
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Figure 3. 
TS structures for LlaATP-PRT, CjeATP-PRT, and MtuATP-PRT in stick and electrostatic 

potential surface (ESPS) representation. TSs were determined in vacuo using the B3LYP 

functional and the 6-31*G(d,p) basis set implemented in Gaussian 09. The ESPSs were 

generated using the Cube program part of the Gaussian program package. Coloring indicates 

electron rich (red) to electron deficient (blue) through a color gradient.
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Figure 4. 
(A) ATP bound to the active site of CjeATP-PRT (PDB: 4YB7) with the main chain in 

yellow and H-bonds as yellow dashed lines. (B) ATP bound to the active site of MtuATP-

PRT (PDB: 5U99) with the main chain in green and second chain in purple, H-bonds as 

yellow dashed lines. (C) Overlay of the conserved phosphate binding loop between PRPP 

bound Giardia lamblia adenine PRT (PDB: 1L1R), ATP bound CjeATP-PRT (PDB: 4YB7), 

and ATP bound MtuATP-PRT (PDB: 5U99). (D) A partial sequence alignment with pink 

highlighted regions showing low levels of conservation between the three enzymes leading 

to changes in the binding mode of ATP. Cyan highlighted residues show high levels of 

conservation.
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Table 2.

Calculated EIEs for a Fully Dissociated Adenine

base structure 1-15N 6-15N

H9–amino 1.016 0.989

H3–imino (E) 1.019 1.000

H3–imino (Z) 1.022 0.999

H3–amino 1.014 0.988

H7–amino 1.017 0.996

ACS Chem Biol. Author manuscript; available in PMC 2019 August 14.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Moggré et al. Page 20

Ta
b

le
 3

.

B
on

d 
D

is
ta

nc
es

 T
ha

t G
av

e 
th

e 
C

lo
se

st
 M

at
ch

 b
et

w
ee

n 
C

al
cu

la
te

d 
an

d 
E

xp
er

im
en

ta
l K

IE
s

1′
C

–O
PA

 b
on

d 
di

st
an

ce
1′

-14
C

 K
IE

 c
al

cu
la

te
d

1′
-14

C
 K

IE
 e

xp
er

im
en

ta
l

1′
-3 H

 K
IE

 c
al

cu
la

te
d

1′
-3 H

 K
IE

 e
xp

er
im

en
ta

l

L
la

A
T

P-
PR

T
2.

12
 Å

1.
03

1
1.

03
1 

±
 0

.0
01

1.
22

7
1.

14
7 

±
 0

.0
08

C
je

A
T

P-
PR

T
2.

14
 Å

1.
02

9
1.

02
9 

±
 0

.0
01

1.
23

6
1.

21
2 

±
 0

.0
02

M
tu

A
T

P-
PR

T
2.

15
 Å

1.
02

8
1.

02
8 

±
 0

.0
02

1.
24

0
1.

25
0 

±
 0

.0
08

ACS Chem Biol. Author manuscript; available in PMC 2019 August 14.


	Abstract
	Graphical Abstract
	RESULTS AND DISCUSSION
	Intrinsic KIEs and Commitment to Catalysis (Cf and Cr).
	Computation of Transition States.
	The 1-15N and 6-15N KIEs and Involvement of the Leaving Group at the Transition State.
	Transition State Structures and 1′-14C and 1′-3H KIEs.

	Conclusions.
	METHODS
	Protein Expression and Purification.
	Crystallization of MtuATP-PRT and Structure Determination.
	Isotopic Labeling of PRATP and Purification.
	Measurement of Kinetic Isotope Effects.
	Forward Commitment to Catalysis by Isotope Trapping.
	Computational Modeling of the Transition State Structure.

	References
	Figure 1.
	Figure 2.
	Figure 3.
	Figure 4.
	Table 1.
	Table 2.
	Table 3.

