New insights into active site conformation dynamics of E. coli PNP revealed by combined H/D exchange approach and molecular dynamics simulations
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Abstract
The biologically active form of purine nucleoside phosphorylase (PNP) from Escherichia coli (EC 2.4.2.1) is a homohexamer unit, assembled as a trimer of dimers. Upon binding of phosphate, neighboring monomers adopt different active site conformations, described as open and closed. To get insight into the functions of the two distinctive active site conformations, virtually inactive Arg24Ala mutant is complexed with phosphate; all active sites are found to be in the open conformation. To understand how the sites of neighboring monomers communicate with each other, we have combined H/D exchange (H/DX) experiments with molecular dynamics (MD) simulations. Both methods point to the mobility of the enzyme, associated with a few flexible regions situated at the surface and within the dimer interface. Although H/DX provides an average extent of deuterium uptake for all six hexamer active sites, it was able to indicate the dynamic mechanism of cross-talk between monomers, allostery. Namely, using this technique, it was found that phosphate binding to the wild type (WT) causes arrest of the molecular motion in backbone fragments that are flexible in a ligand-free state. This was not the case for the Arg24Ala mutant. Upon nucleoside substrate/inhibitor binding, some release of the phosphate-induced arrest is observed for the WT, while the opposite effects occur for the Arg24Ala mutant. MD simulations confirmed that phosphate is bound tightly in the closed active sites of the WT, on the contrary, in the open conformation of the active site of the WT phosphate is bound loosely moving towards the exit of the active site. In Arg24Ala mutant binary complex Pi is bound loosely, too.

Introduction
[bookmark: OLE_LINK14]The allosteric regulation of the protein function is a fundamental phenomenon important for numerous cellular processes including among others, metabolic control, receptor and channels functions, ligand transport, and mobility [1-3]. Allostery is a manifestation of residue communication between remote parts in a protein that mediates molecular controls. Chemically and physically induced motions for functions and molecular interactions range from residue side chain flipping, domain rearrangement, to global motions of monomers that are committed to form complexes. The time and spatial scales of these complicated motions range from picoseconds to seconds and from nanometers to micrometers requiring a variety of a variety of experimental, e.g. spectroscopic and simulation approaches to get insight into relations between protein dynamics and biological functions [4].The thoroughly studied example is hemoglobin allostery with positive cooperativity between subunits [5, 6]. The versatile approaches used for these studies involve time-resolved protein crystallography based on recently introduced X-ray free electron laser method (XFEL) suitable to resolve dynamics, particularly related to proton transfer through H-bonds, at ultrafast time (femtosecond) scale [7]. It is a challenging problem of molecular biophysics to elucidate how the allosteric signal is transmitted along the protein. Furthermore, it is important to know whether the communication between distinct sites within a protein molecule is the result of displacement of some structural elements of protein or changes in the dynamics and the flexibility of the protein [8-10]. One of the intriguing aspects of this problem seems to be the allosteric regulation in homooligomeric proteins that result in a very strong negative cooperativity accomplished by ligand-induced conformational changes taking place in some but not in all subunits [11-14]. Binding of a ligand to one subunit results with weaker binding of a next ligand molecule to the neighboring subunit(s). A well-known example of such an enzyme is thymidylate synthase (TS), an obligate homodimer, which catalyzes the reductive methylation of deoxyuridine monophosphate (dUMP, substrate) by 5,10-methylenetetrahydrofolate (cofactor) to generate thymidylate (dTMP) and dihydrofolate [15]. The simultaneous occupancy of the cofactor and substrate at one monomer triggers a transition between a free TS open form to a bound TS closed form with C-terminus closing the active-site pocket. This leads to the formation of a covalent bond between the catalytic cysteine and dUMP, but also initiates a cascade of conformational changes that prevent covalent bond formation and cofactor binding at the neighboring monomer which remains in the open conformation. The crystal structure of TS from Pneumocystis carinii ternary complex, with substrate dUMP and a cofactor mimic, identified a direct route of the communication between TS subunits [16]. Several residues, specifically 173-176 and 196-199 at the dimer interface that form a direct connection between the two neighboring active sites, undergo (upon binding of ligands) a strong coordinated movement within a rather rigid dimer interface resulting in marked structural differences between the two subunits. Hence, in the case of TS, the communication pathway between the two active sites is evident in the static picture obtained from X-ray studies.
Similarly, the communication path was identified for some other negatively cooperating homooligomeric enzymes. An example is the bovine prostaglandin endoperoxide H synthase-1 (also known as cyclooxygenase). Cross-talk between monomers within the dimer involves interaction of two mobile loops located at the dimer interface which change orientation relative to one another upon ligand binding [17]. The mechanism of subunit interactions is also evident from the crystal structure of tryptophanyl-tRNA synthetase II from Deinococcus radiodurans; upon binding of tryptophan, the dimer interface region of both subunits shifts towards the occupied site, while the resulting side chain movements and switching H-bonding partners propagate structural changes to the neighboring active site [18].
By contrast, such a path could not be identified from the X-ray structure of E. coli homohexameric purine nucleoside phosphorylase (PNP; EC 2.4.2.1). This remarkable enzyme has been the subject of our scientific interest for many years [19-24]. PNPs are versatile catalysts of the reversible phosphorolysis of purine (2'-deoxy)-ribonucleosides [25, 26]:
purine (2'-deoxy)-ribonucleoside + orthophosphate ↔ purine base + (2'-deoxy)-ribose 1-phosphate
Due to their catalytic function and much broader specificity compared to  their trimeric human counterpart [26], hexameric PNPs (e.g. from E. coli) have been investigated for the efficient synthesis of nucleoside analogues [27] as well as for the activation of pro-drugs in anti-cancer gene therapies [28]. The key role of PNPs in the purine salvage pathways made them also attractive targets for drug design against several pathogens [29-32].
Hexameric E. coli PNP, in fact structurally a trimer of dimmers, in the ligand-free form is a symmetrical molecule with open active sites [17, 3] (Figure 1b). The monomers within a dimer mutually donate each other the two side-chains necessary to complete the active site, His4 and Arg43. Upon binding of the phosphate (as in TS upon binding of the cofactor) and its interaction with Arg24, conformational change takes place but only in one monomer within a dimer. Segmentation of the C-terminal helix H8 occurs resulting in a partial closing of the entrance to the active site pocket (closed form). This moves Arg217 close to the catalytic Asp204. These changes in one monomer render its neighbor within a dimer incapable of closing the active site pocket; therefore the enzyme molecule becomes a trimer of unsymmetrical dimers. This implies that a mechanism must exist for information transfer from the active site of one monomer to the other. However, no such mechanism could be derived from the E. coli PNP crystal structures [20, 21]. The two active sites within a dimer are about 20 Å apart, and the flexible -helices H8, one of which undergoes a conformational change, point in opposite directions. The interface of subunits forming a dimer buries 32 water molecules that are not connected with the bulk water [20]. An intriguing question is how the information on the conformational changes of one active site is transferred to the neighboring subunit within the dimer. One possible reason is that ligand binding induces only changes in protein dynamics that are not visible in the static, time-averaged picture delivered by X-ray crystal structure. To check this hypothesis, in the project reported here, H/D exchange mass spectrometry (H/DX MS) approach [33] combined with molecular dynamics (MD) simulations [34] have been performed. Typically, protein 3D structures obtained by X-ray or NMR are a starting point for computational analysis aimed to obtain structure parameters important for H/DX data interpretation. Different calculation strategies are employed to link protein dynamics with amide H/DX reaction rates by analyzing ensemble representation of the protein structure [35-39]. All-atom molecular dynamics (MD) simulations can be used to probe protein structure flexibility caused by frequent atomic movements [40, 41] but other fluctuations relevant for H/DX occur on a time scale longer than it is currently possible to simulate with average computation resources. Recently McAllister et al. carried out detailed structure-exchange rate relationship analysis by combining MD simulations and H/DX data and showed that significant fraction of amide hydrogens exist with H/DX protection different than it can be predicted by any of the current models proposed to explain particular H/DX pathway [42]. Skinner et al. analyzed a large residue resolved H/DX dataset obtained for protein with known biophysical properties to examine interplay of static and dynamic structural factors and provided detailed view on how they determine measured amide H/DX rates [43, 44]. In the present work MD simulations were carried out to provide a dynamic view of the protein ground state within a solvent environment for all experimentally investigated protein forms. These structures represent a better comparison basis for the interpretation of the H/DX data than it is a single static X-ray structure of the ternary complex published earlier [20].
Experiments were done for the wild type E. coli PNP and its Arg24Ala mutant, in the ligand-free form, as well as in binary and ternary complexes with the substrate (orthophosphate) and with the noncleavable nucleoside substrate analogue, formycin A (an inhibitor) [45] see Scheme 1.


Scheme 1 
The structure of formycin A, shown in a preferred tautomeric form (present in 85% in solution) [46].

Materials and methods
E. coli PNP sample preparation
Overexpression of recombinant E. coli PNP WT and Arg24Ala mutant was done in E. coli strain BL21 (DE3). Enzymes were purified in a two-step procedure using Q-Sepharose FF anion exchange chromatography and gel filtration on Sephacryl S-200 column as previously described [21]. After purification, samples in 20 mM Tris-HCl, pH 7.4 were concentrated to 2.8 mM by ultrafiltration at 4000 g using Vivaspin 2 (10000 MWCO) centrifugal concentrators (Sartorius Stedim Biotech). For a complete differential H/D exchange study six protein samples were prepared: ligand free WT and mutant Arg24Ala protein (2 mM), their complexes with a phosphate ion (Pi, 50 mM ) and their complexes with a Pi (50 mM) and formycin A (FA, 5 mM). For each of the six samples, 150 L of protein stock solution was produced by stock sample dilution with 20 mM Tris-HCl, pH 7.4, to a 75 M PNP concentration. Making a dilution buffer for ligand free samples, particular care was dedicated to avoid contamination with Pi.

1.1.1. Hydrogen/Deuterium exchange mass spectrometry experiment
Experiments were conducted at room temperature. For each of six stock solutions, data were collected for 5 different H/D exchange periods (10 s, 1 min, 20 min, 60 min, 240 min) and for 3 controls (undeuterated sample, in-exchange control and out-exchange control). Each set of conditions was repeated in triplicate, for a total of 24 individual trials per one stock solution. The experimental steps for one individual trial included the start with 1/10 sample dilution into a deuterated buffer to initiate exchange. 5 µL of 75 µM stock solution was added to 45 µL of reaction buffer for each exchange time period. The reaction progress was terminated by transferring 50 µL of reaction solution into a 10 µL of a quench buffer, incubated on ice, causing a rapid decrease of pH to 2.4, and lowering the temperature to ~0 °C. 
The resulting 60 L of cold protein solution were further analyzed on a Waters H/DX technology platform [33] as described in Tarnowski et al. [47]. A reproducible peptide list was assembled by using an in-house produced program for HD/X data analysis [48] and the Waters ProteinLynx Global Server (Waters, Milford, MA). Hydrogen/deuterium exchange data were analyzed by the Waters DynamX 2.0 software package permitting accurate assignment of the deuterium incorporation as described elsewhere [47].
To present a sample flexibility map determined in the H/DX experiment, fractions exchanged were calculated for each peptide at each time period, with the normalization of the observed deuterium uptake to the maximum number of exchangeable amides within a peptide. Five differential comparisons of the H/DX data collected for six samples were carried out according to procedure described elsewhere [49].

Molecular dynamics simulations
Analogously to six samples that were studied experimentally, six systems of E. coli PNP were built in silico and prepared for MD simulations. Ligand-free systems were produced from 1ECP (PDB code) PNP crystal structure [50], in the apo form with all six sites in the open conformation; all WT and Arg24Ala mutant complexes were built from 1K9S (PDB code) WT PNP crystal structure [20] which has three active sites in open and three in closed conformations. Sulphate ions that are present in this structure were replaced by Pi. Arg24Ala mutant structures were prepared by introducing mutations into these 3D structures. Crystal water molecules found within 3 Å from the protein heavy atoms were retained for simulations. WHAT IF software [51] was used for adding polar hydrogen atoms, while non-polar hydrogen atoms were added with the t-leap module of the AMBER program package [52]. Parameterization of protein atoms was accomplished with the amber ff03 force field [53]. Purine nucleoside and Pi were parameterized using the antechamber module of the AMBER program package [52]. The protein was centred in a rectangular parallelepiped box filled with TIP3P water molecules [54]. The systems were neutralized by adding sodium ions [55].
These six systems were energy-minimized and geometry-optimized in five cycles. Each cycle consisted of 1000 steps of a steepest descent algorithm followed by 4000 steps of a conjugated gradient algorithm. In the first three cycles, protein and substrate atoms, protein heavy atoms and substrate atoms, and protein backbone atoms and substrate atoms, respectively, were constrained using a 100 kcal/(mol·Å2) force constant. In the fourth cycle, the force constant on the protein backbone atoms and substrate atoms was decreased to 50 kcal/(mol·Å2). Finally, in the fifth cycle, no constraints were applied.
After geometry optimization, the systems were subjected to 5.5 ns of MD simulations (only the E. coli WT PNP ternary complex was simulated for 4.5 ns). The temperature was linearly increased from 0 to 300 K during the first 250 ps and kept constant (300 K) during the rest of the simulation using the Berendsen thermostat [56]. During the first 300 ps, protein and substrate atoms were constrained (25 kcal/(mol·Å2)) and the volume was kept constant. The rest of the simulation was conducted without any constrains on atoms, and the pressure was kept constant (101 325 Pa). The time step was 1 fs. Periodic boundary conditions (PBC) were applied. Particle Mesh Ewald (PME) was used for calculation of electrostatic interactions. The cut-off value for non-bonded interactions was set to 10 Å. The geometry optimisation and the first 500 ps of MD simulations were conducted using AMBER software [52], while the rest of simulations were conducted with Gromacs [57] using the same parameters as described above. All trajectories were analysed using the VMD program [58] and Gromacs analysing tools [57].
[bookmark: OLE_LINK1]Results and discussion
Mobility of the wild type and the Arg24Ala E. coli PNP hexamer 
Dynamics of the E. coli PNP hexamer was investigated using H/DX mass spectrometry and molecular dynamics (MD) simulations.
Differences in the protein’s mobility with respect to the presence of substrate and introduced Arg24Ala mutation were explored by H/D exchange experiments. In these experiments a ligand-free WT PNP and Arg24Ala mutant, their binary complexes with phosphate ion (Pi), and their ternary complexes with Pi and nucleoside substrate analogue formycin A, an inhibitor (FA) were studied.
On-line pepsin digestion carried out in this study produced 109 E. coli PNP peptides common to all studied complexes of the WT and Arg24Ala mutant. The sequence coverage was 94 % with one gap of 18 amino acids from 148-166. The collected H/D exchange data were mapped to the protein primary sequence covering the 25 smallest peptides with minimal overlap, thereby preserving the initially obtained 94 % sequence coverage (Figure 1a).
Protection against H/D exchange of peptides determined at a longest time period of 4 hours are mapped onto E. coli PNP WT hexamer tertiary structure (Figure 1b, PDB code 1K9S). It can be noticed that the deuterium incorporation is very low at the interface between dimers (helices H5 and H7) and in the middle of the barrel (helices H4 and H6). After the longest exchange period the averaged deuterium uptake reaches only 32 % of all exchangeable hydrogen atoms within 25 peptides; this points out to a high rigidity of enzyme inner core such as an interface between dimers (Figure 1b, Figures S1 and S2 in Supplementary Information). The regions with a higher H/D exchange reaction rate are localized either on the protein surface, or at the interface between monomers within dimers (Figure 1b). Peptides containing His4 (loop, N-terminal peptide 1 (2-10)), Arg24 (H1, peptides 3 (16-26) and 4 (23-28)) and Arg43 (loop, peptides 7 (37-47) and 8 (40-47)), show high deuterium uptake.
Comparing the flexibility map of a ligand-free state between WT (Figure 1a) and Arg24Ala mutant (not shown) demonstrate no significant differences. This indicate that the backbone dynamic behavior of ligand-free E. coli PNP is unaffected by this mutation. The same conclusion is supported by MD simulations (Figures S1 C, and S2, A and B in Supplementary Information).
On the other hand, significant differences in backbone fluctuations between WT and Arg24Ala were noticed during the MD simulations of their binary and ternary complexes (Figure S1, G-I in Supplementary Information). The largest difference is found in the fluctuation of the segment consisting of residues 212 to 222. This is the part of the H8 helix that is segmented, partly blocking the entrance to the closed active site (Figure S2, C-F in Supplementary Information). However, in the open active site conformations the helix H8 remains straight. 
Phosphate binding is affected by Arg24Ala mutation and active site conformation
H/DX MS experiments and MD simulations clearly show differences in Pi binding between the WT and Arg24Ala mutant. Furthermore, simulations also point to the importance of active site conformation for productive Pi binding.
	In the closed active site of the E. coli  WT PNP binary complex, Pi is firmly bound during the whole simulation, making preserved H-bonds with side chains of Arg24, Arg87, Ser90, and Arg43 from the neighboring monomer, and backbone amides of Gly20 and Ser90 (Figure 2c, d, Figure 4, Figure S3 in the Supplementary Information). Occasionally, it makes also H-bonds with backbone amide hydrogen of Asp21 and electrostatic interactions with the sodium ion that enters the active site from the solute during the simulation. Measurements of the radius of gyration of the active site during the MD simulations, confirm stability of the closed active site (Figure S7 in the Supplementary Information).
	By contrast, in the open active sites, the Pi is not stably bound changing its initial position, getting closer to the exit of the active site in the ns-time scale of simulations (Figure 2c, d, Figure 4); H-bonds with the side chains of Arg24, Ser90 and Arg217, and occasionally with the Arg43 side chain from the neighboring monomer were observed (Figure 2c, d, Figure S4 in the Supplementary Information). In contrast to closed, more compact active site with Arg87 anchors Pi by H-bond, but in the open active site this very interaction disappears. The movement of the Pi during the MD simulations is followed by the increase of the radius of gyration of the active site pointing out to the more spatial active site (Figure S7 in the Supplementary Information).
In the case of the Arg24Ala PNP binary complex, the Pi is loosely bound in both, open and closed active sites during the simulations. During simulations closed active sites become more open (as supported by the increasing value of the radii of gyration, Figure S7 in the Supplementary Information). In all six active sites, phosphate anions are somewhat disordered; however, their good proton acceptor properties make them accessible for H-bond interactions with side chains of Arg43 (from the neighboring monomer), Ser90 and Arg217 (Figure 2c, e, Figure 4, Figure S5 in the Supplementary Information). The lack of positively charged Arg24, due to mutation, cancels a strong H-bond to Pi. Thus, the presence of Arg24 is crucial for productive Pi binding in closed active sites, which stabilizes the closed active site conformation. This is in agreement with H/DX experiments (see Figure 2b).
H/DX comparative analysis for 25 selected peptides produced a set of differences between deuterium uptake values of ligand-free and binary complex for WT PNP and its Arg24Ala mutant presented in Figure 2a and 2b, respectively. In this analysis, differences in protection are identified by subtracting normalized triplicate-averaged deuterium uptakes measured for the binary complex from those measured for the ligand-free form. A positive difference indicates slower H/D exchange for the binary complex [49].
The H/DX method cannot distinguish conformational changes induced by Pi binding to a single active site of the PNP hexamer because measurements provide values averaged over all PNP conformation states present in solution. Nevertheless, in average, significant differences can be noted comparing deuterium uptake values for 25 peptides in the ligand-free WT PNP and binary WT PNP/Pi complex. The arrest of the molecular motion is observed in almost all peptides identified as backbone flexible in the ligand-free state. The most pronounced decrease in backbone H/D exchange was observed for peptides 3 (16-26) and 4 (23-28), both containing Arg24, and peptides 7 (37-47) and 8 (40-47) both containing Arg43 from a neighboring monomer subunit (Figure 2a, c). Other regions located close to the active site (peptides 10 (50-72), 13 (95-103) and 19 (178-182)), and peptides 1 (2-10) and 10 (50-72) from adjacent subunit are under the influence of the Pi. This suggests that information of phosphate binding at the active site of one monomer is transmitted to the neighboring active site (separated by about 20 Å) by decreasing molecular motion of the protein. The communication between monomers within the catalytic dimer can be understood as allostery. However, fine tuning of the communication between the two active sites can be established by time resolved X-ray free electron laser crystallography [59].
For the two peptides, 22 (203-217) and 23 (218-225), which are part of H8 helix becoming segmented in a closed active site conformation, the presence of the bound Pi in WT influences just the fast exchanging unprotected amide hydrogens (Figure 2a).
[bookmark: OLE_LINK15]In contrast to the WT PNP, almost inactive Arg24Ala mutant does not show any of the slow-down effects when complexed with phosphate (compare Figure 2b and 2a). This finding is in agreement with the observation that all active sites in the Arg24Ala mutant complexed with Pi are open with loosely bound phosphate anion. These remarkable difference even made us suspicious about the binding of the Pi by the Arg24Ala mutant, although it was previously shown by measuring effects of the ligand on the thermal stability of the enzyme [21]. Moreover, binding must take place since the mutant exhibits activity, albeit small (0.2-0.6 % that of the WT) vs. natural substrates, and good activity vs. 7-methylguanosine (30 % that of the WT) [21]. Therefore, we decided to confirm the binding using other approaches, namely near UV-CD spectroscopy and thermophoresis. Both methods confirmed that Pi interacts with the Arg24Ala mutant (A. Bzowska, M. Narczyk and A. Oksiejuk, unpublished data).
Absence of any conformational change upon Pi binding to Arg24Ala mutant emphasizes the role of the Arg24 as a crucial residue for Pi ligation in a stable, long-existing form (in the time scale of catalytic events). The absence of Arg24 disables productive binding of Pi. Thus, the interaction of Pi with this particular residue regulates the overall backbone motion within hexamer, important in transmission of the information about binding from one active site to the neighboring one within the dimer and can be seen as allostery process.
Forming a binary complex with Pi is only the first step in the catalysis; the next one is nucleoside binding. The WT binary complex becomes slightly relaxed upon binding of formycin A and forming a ternary complex; it occurs in all structure regions where Pi binding causes significant dynamic arrest (Figure 3a). By contrast, ternary complex of the Arg24Ala mutant exhibits slower deuterium exchange kinetics in structure regions covered by peptides 13, 19 and 22 containing amino acids that are known from crystallographic structure that make H-bonds with the ribose part of the ligand (Figure 3b). Opposite deuterium uptake differences, positive for the Arg24Ala mutant (Figure 3b), exchange decreased upon FA binding) and negative for WT (Figure 3a), exchange increased upon FA binding) indicate important differences in dynamics and flexibility of active site within binary complex of these two enzyme forms.
MD simulations of E. coli PNP ternary complexes show that Arg24Ala mutation affects only Pi binding, while it does not affect nucleoside binding (Figure 3e).
During these simulations, nucleoside remains bound in similar position as in the starting structure in all active sites of WT PNP and its Arg24Ala mutant (Figure 3c), Figure S6 in the Supplementary Information). On the other hand, the stability of Pi binding in ternary complexes is the same as previously described for the binary complexes: strongly affected by the conformation of the active site (open or closed) and the Arg24Ala mutation (Figure 3d, e). Stable Pi binding in ternary complexes is retained, similarly as in binary complexes, only in the closed active sites of the WT PNP (Figure 3d).
[bookmark: OLE_LINK16]Phosphate movement during the simulation induces conformational change of the closed active site into the open active site (Figure 3d, e, Figure 5). This conformational change causes the observed increase of fluctuations of the segmented part of H8 helices (residues 212 to 222) during the simulations of Arg24Ala binary and ternary complexes. Such the conformational change did not occur during the simulation of WT binary and ternary complexes, in which initially closed active sites retain in the closed conformation during the whole simulation.
Concluding remarks
E. coli PNP is a homohexamer assembled as a trimer of dimers. Neighboring monomers within a dimer, upon binding of phosphate, adopt different, open and closed, active site conformations accompanied by switching H-bonds between phosphate anions and charged amino acid residues Arg24, Arg43, and Arg87 indicating allosteric communication between active sites. However, the static, time-averaged X-ray crystal structure cannot reveal steps in communication between neighboring active sites. Thus, in this study H/DX mass spectrometry assisted by molecular dynamics simulations is employed. H/DX exchange clearly recognizes the mobile peptides within the enzyme whereas the differential H/DX data reveal changes in their mobility under the influence of Pi binding being related to allostery phenomenon. The impact of Pi binding on the closed and open active sites in the enzyme cannot be seen directly from mass spectrometry measurements but can be visualized in particular enzyme segments by molecular dynamics simulations (Figure 2d, e, Figure 3d, e). Both approaches revealed E. coli PNP enzyme to be a protein of moderate mobility with a few flexible regions located either at the protein surface or at the interface between monomers within a dimer. However, the interface between the dimers is recognized as the rigid sections of the protein.
Furthermore, both methods indicated an importance of Arg24 residue for productive Pi binding, which stabilizes the active sites in the closed conformations, necessary for efficient catalysis. Although Pi is surrounded by several positively charged amino acid residues from the active site, a single mutation of Arg24 to Ala changes significantly Pi binding as revealed by experiments and MD simulations. Negative, doubly charged phosphate anion rearranges, upon binding, H-bonds and attracts positively charged residues affecting dynamics of protein backbone. In this context the use of Arg24Ala mutant in this work confirmed previous knowledge [19-24] on the key role of Arg24 in the PNP catalysis. Arg24Ala mutant Pi complex does not show any of the slowdown effects noticed within WT/Pi binary complex. Therefore, H/DX experiments suggest that in the case of Arg24Ala mutant Pi binds in a non-productive manner and cannot stabilize the closed active site conformation. This result is supported by MD simulations. Computational results also showed that Pi is productively bound only in the closed active sites of the WT PNP enzyme.
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Figure Legends

Figure 1
Results of the H/DX MS experiment collected for ligand-free state of the E. coli WT PNP protein at pH 7.4 in 20 mM Tris-HCl buffer. Raw data measured for 25 peptides at five-time periods (10 s and 1, 20, 60, 240 min) are normalized to its maximum uptake value obtained in full-exchange control experiment, and peptides deuterium uptake percentage, are calculated. For H/DX data visualization every deuterium uptake percentage value is associated with corresponding color from stacked color bar. All 3D structures have mapped deuterium uptake percentages which are measured in ligand free state after 4 hours of exchange time. (a) Flexibility map obtained by mapping color coded deuterium uptake values for 25 digested peptides at all five time periods to E. coli PNP WT protein sequence. Each peptide number is shown below the sequence. Color coded percentages are presented as stacked horizontal lines. (b) Three dimers composing the hexamer (top view, PDB 1K9S) are marked by blue, violet and red circles, respectively. Highly protected helices, H4, H6 and H7, located at contact interface between dimers are labeled.

Figure 2
Differential H/DX data for the ligand free vs. binary complex with phosphate and their MD structures after 5 ns simulations.
H/D data differences are presented by orange, red, black, light-blue and blue traces which correspond to the exchange difference between protein states observed for each peptide at 10 sec, 1, 20, 60, and 240 minute deuterium incubation time points; red dotted lines represent significance threshold limit of ± 0.3 Da for each time period value. Cumulative value is a sum of all deuterium uptake differences observed at each time period of a particular peptide and is plotted as a vertical bar, dashed blue lines denote significance threshold limit of ± 0.9 Da for those values. Positive sign of the difference value denote less deuterium uptake for binary complex than for the ligand free protein and vice versa. H/D data difference plot comparing ligand free vs. binary complex for: (a) E. coli PNP WT (b) Arg24Ala mutant E. coli PNP. 3D structures are obtained after 5 ns of MD simulation. (c) Catalytic dimer of E. coli PNP WT/Pi representing interface between monomers with the open (straight H8 helix) and closed (segmented H8 helix) active site. Peptides with largest change in deuterium uptake upon Pi binding are mapped to 3D structure and are labeled by their number. Phosphate ion (orange and red) is placed in active site of both monomers, and its H-bonds are shown. (d) Changes of H-bonds in the open and close active sites are shown (preserved ones are in magenta). Within active site in open conformation, Pi forms H-bonds with Ser90, Arg24 (fragments 3 and 4) and Arg217 making this residue catalytically inactive. Hydrogen bond to Arg43 (fragments 7 and 8) occurs occasionally while bond to Arg87 is entirely lost. Within active site in closed conformation, Pi establishes H-bonds with Ser90, Arg24 (fragments 3 and 4), Arg87 and Arg43 (fragments 7 and 8) from neighboring monomer. Arg217, which is the important residue for catalytic activity, is H-bonded (black line) with Asp204 and Arg24 making helix H8 segmented. (e) E. coli PNP Arg24Ala mutant with open active sites conformation having disordered Pi with switching H-bond among amino acid residues.

Figure 3
Differential H/DX data for the Binary complex with phosphate vs. ternary complex with phosphate and formycin A and their MD structures after 5 ns simulations.
[bookmark: _GoBack]H/D data difference plot comparing binary vs. ternary complex for: (a) E. coli PNP WT (b) Arg24Ala mutant E. coli PNP. Legend for H/DX data corresponds to one given in Figure 2. (c) Catalytic dimer of E. coli PNP ternary complex representing interface between monomers with the open (straight H8 helix) and closed (segmented H8 helix) active site. Peptides with largest change in deuterium uptake upon Pi binding are mapped to 3D structure and are labeled by their number. Phosphate ion (orange and red) and formycin A (brown and blue) are in the active sites. (d) In the open conformation of the E. coli PNP ternary complex active site Pi forms preserved H-bonds with Arg217, Arg24 and Ser90, whereas interaction to Arg43 from neighboring monomer occurs occasionally; H-bond to Arg87 is lost. In the closed active site conformation all ligands are positioned properly for the catalytic activity (protonation of the purine base N7 position). (e) Ternary complex of the E. coli PNP Arg24Ala mutant like in binary complex reveals only open active sites with disordered Pi switching H-bond among amino acid residues as illustrated in two panels.

Figure 4
Superimposed structures of E. coli PNP binary complexes with Pi. Starting structure (grey), structures obtained after 5 ns of simulation of: E. coli PNP WT binary complex (yellow) and Arg24Ala mutant binary complex (green). H8 helix is posted in all three structures. Phosphate ion is shown in stick representation and colored: orange – starting structure, blue – E. coli PNP WT binary complex, red – Arg24Ala mutant binary complex. Phosphate binding site for E. coli PNP WT binary complex (upper right square) and Arg24Ala mutant binary complex (lower right square) for one monomer with closed active site conformation in the starting structure are enlarged.

Figure 5
Superimposed structures of Arg24Ala mutant binary complexes with phosphate from two angles. Starting structure (grey) and structure obtained after 5 ns of simulation (green). H8 helix is posted in both structures. Phosphate ion is shown in stick representation and colored: orange – starting structure, red – obtained after 5 ns of simulation.
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