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Abstract

In many bacteria, the reactions of proline catabolism are catalyzed by the bifunctional enzyme 

known as proline utilization A (PutA). PutA catalyzes the two-step oxidation of L-proline to 

L-glutamate using distinct proline dehydrogenase (PRODH) and L-glutamate-γ-semialdehyde 

dehydrogenase (GSALDH) active sites, which are separated by over 40 Å and connected by 

a complex tunnel system. The tunnel system consists of a main tunnel that connects the two 

active sites and functions in substrate channeling, plus six ancillary tunnels whose functions are 

unknown. Here we used tunnel-blocking mutagenesis to probe the role of a dynamic ancillary 

tunnel (tunnel 2a) whose shape is modulated by ligand binding to the proline dehydrogenase active 

site. The 1.90 Å resolution crystal structure of Geobacter sulfurreducens PutA variant A206W 

verified that the side chain of Trp206 cleanly blocks tunnel 2a without perturbing the surrounding 

structure. Steady-state kinetic measurements indicate the mutation impaired PRODH activity 
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without affecting the GSALDH activity. Single-turnover experiments corroborated a severe 

impairment of PRODH activity with flavin reduction decreased by nearly 600-fold in A206W 

relative to wild-type. Substrate channeling is also significantly impacted as A206W exhibited a 

3000-fold lower catalytic efficiency in coupled PRODH-GSALDH activity assays, which measure 

NADH formation as a function of proline. The structure suggests that Trp206 inhibits binding of 

the substrate L-proline by preventing the formation of a conserved glutamate-arginine ion pair 

and closure of the PRODH active site. Our data are consistent with tunnel 2a serving as an open 

space through which the glutamate of the ion pair travels during the opening and closing of the 

active site in response to binding L-proline. These results confirm the essentiality of the conserved 

ion pair in binding L-proline and support the hypothesis that the ion pair functions as a gate that 

controls access to the PRODH active site.

Graphical Abstract
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1. Introduction

Proline utilization A (PutA) is a bifunctional enzyme that catalyzes both steps of proline 

catabolism using spatially-separated active sites and a substrate-channeling mechanism 

(Fig. 1) [1]. The proline dehydrogenase (PRODH) active site catalyzes the FAD-dependent 

oxidation of proline to Δ1-pyrroline-5-carboxylate (P5C). P5C, or perhaps its hydrolysis 

product L-glutamate-γ-semialdehyde (GSAL), is channeled over 40 Å to the GSAL 

dehydrogenase (GSALDH, a.k.a. P5CDH) active site, which catalyzes the NAD+-dependent 

oxidation of GSAL to glutamate.

Substrate channeling is a defining feature of PutA. All PutAs studied to date exhibit kinetic 

hallmarks of substrate channeling, including the absence of a lag phase in the coupled 

PRODH-GSALDH reaction and protection of the intermediate P5C/GSAL [2–7]. Also, in 

one well-studied PutA, the channeling step of the coupled PRODH-GSALDH reaction was 
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shown to be both rate-limiting and hysteretic [4]. Hysteresis in this case refers to the novel 

dependence of the rate constant for the channeling step on the number of enzyme turnovers; 

the rate is slowest during the first turnover and increases 40-fold in subsequent turnovers. 

Hysteresis implies that the channeling step is activated, although the mechanistic details 

of activation are unknown. In summary, substrate channeling is a hallmark of the catalytic 

mechanism of PutA.

Crystal structures of PutAs have revealed a conserved tunnel system, which is thought to be 

the structural basis of substrate channeling (Fig. 2) [2, 5–7]. The system consists of a main 

tunnel that connects the two active sites, as well as six additional tunnels that connect the 

main tunnel to the protein surface. The function of the main tunnel is obvious – it is the 

conduit through which the intermediate P5C/GSAL diffuses from the PRODH site to the 

GSALDH site. This functional assignment is consistent with a mutagenesis study showing 

that blocking the main tunnel via site-directed mutagenesis to Trp impaired the coupled 

activity of PutA [8]. In contrast, the functions of the offshoots from the main tunnel have 

not been investigated; however, their conservation among PutAs with different oligomeric 

structures and low sequence identities implies functional importance.

Herein we probe the importance of ancillary tunnel 2a and its involvement in controlling 

access to the PRODH site of PutA. Tunnel 2a connects to the main tunnel near the PRODH 

active site, approximately 14 Å from the FAD and 34 Å from catalytic Cys793 in the 

GSALDH site (Fig. 2B). Tunnel 2a was chosen for this study because it appeared from 

previous structural studies be functionally important, yet its precise role in catalysis was 

unknown. In particular, tunnel 2a connects the PRODH active site to the bulk medium, 

suggesting it may be an entrance for the substrate proline. Furthermore, tunnel 2a is unique 

among the PutA tunnels in that changes shape in response to ligand binding to the PRODH 

site, suggesting that its dynamics may be functionally relevant [5]. The tunnel is present 

in the resting state of the enzyme, before the binding of the substrate L-proline (as in 

Fig. 2, PDB ID 4NM9); however, the tunnel collapses upon the binding of the proline 

analog, S-(−)-tetrahydro-2-furoic acid (THFA, PDB ID 4NMA). Collapse of tunnel 2a is 

accompanied by the closure of the active site and the formation of an ion pair between 

conserved glutamate and arginine residues, the latter stabilizing the carboxylate of the 

proline analog (Fig. 2C). These observations have led to the hypothesis that the ion pair 

functions as an active site gate, which opens to allow the binding of L-proline, closes during 

hydride transfer to the FAD, and reopens to release the product P5C into the main tunnel [2, 

5, 9].

To investigate the importance of tunnel 2a and the ion pair gate, we installed Trp at residue 

206 of PutA from Geobacter sulfurreducens PutA (GsPutA) in place of Ala with the goal 

of blocking tunnel 2a. Ala206 is located on the wall of tunnel 2a, near its connection 

to the main tunnel (Fig. 2B). The crystal structure of A206W shows that the mutation 

achieved the intended blockage without perturbing the surrounding structure. Steady-state 

and single-turnover kinetic measurements show that blockage of the tunnel severely impairs 

the PRODH activity of PutA, resulting in 3000-lower catalytic efficiency in the coupled 

PRODH-GSALDH reaction. These results suggest that tunnel 2a functions as a passageway 

through which the glutamate of the ion pair gate travels during the opening and closing of 
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the active site and demonstrate the essentiality of gating of the PRODH site for PRODH 

function.

2. Materials and Methods

2.1 Protein production

All experiments were performed on PutA from Geobacter sulfurreducens PCA (GsPutA, 

1004 residues, UniProt Q746X3). Mutagenesis was carried out on the wild-type GsPutA 

gene in the pNIC28-Bsa4 protein expression vector using the Quik-change II XL Site­

Directed Mutagenesis Kit (Agilent). The presence of the mutation was verified by Sanger 

sequencing prior to further analysis and subsequently confirmed with X-ray crystallography.

Wild-type and mutant protein expression constructs were transformed into BL21-AI 

expression cells (Thermo Fisher Scientific) for protein expression. A 10 mL starter culture 

grown overnight at 37°C from a single transformant was used to inoculate 1 L of terrific 

broth. Cultures were grown at 37°C and protein expression was induced at 18°C with 

0.5 mM IPTG. The following day, cells were pelleted, frozen, and stored at −80°C for 

downstream applications.

For purification, cell pellets were resuspended in 50 mM HEPES pH 7.5, 500 mM NaCl, 

20 mM imidazole, 10% (v/v) glycerol, and 1% (v/v) Tween-20 and lysed by sonication. 

Cell-debris and unbroken cells were pelleted at 16,000 rpm for 1 h. The supernatant was 

then loaded by gravity onto a Ni-NTA column and washed with 40 bed volumes of 50 mM 

HEPES pH 7.5, 500 mM NaCl, 20 mM imidazole, and 10% (v/v) glycerol. The His-tagged 

protein was eluted with six bed volumes of 50 mM HEPES pH 7.5, 500 mM NaCl, 250 mM 

imidazole, and 10% (v/v) glycerol. The His-tag was cleaved from the purified protein using 

Tobacco Etch Virus protease. The His-tag cleavage reaction was carried out by incubation 

for 2 h at 28°C, followed by an overnight dialysis step against 50 mM HEPES pH 7.5, 

50 mM NaCl, 0.5 mM Tris(carboxyethyl)phosphine, and 5% (v/v) glycerol. The cleaved 

His-tag was removed by passing the protein solution over Ni-NTA. The flow-through 

from this step was concentrated and further purified by size-exclusion chromatography 

on Superdex 200 10–30, in the presence of 50 mM HEPES pH 7.5, 50 mM NaCl, 0.5 

mM Tris(carboxyethyl)phosphine, and 5% (v/v) glycerol. Fractions containing the protein 

were pooled and concentrated. Concentrated protein was aliquoted in PCR strip tubes and 

flash-frozen in liquid nitrogen.

2.2. Crystal structure determination

Crystals of A206W were grown in sitting drops at 20 °C using an enzyme stock solution 

of ~6 mg/mL and the drops formed by mixing equal volumes of the enzyme and reservoir 

solutions. Although we had determined the structure of wild-type GsPutA previously [5], 

crystal screening trials were repeated to identify a more robust crystallization condition. 

These experiments revealed Hampton Index condition E9, which consists of 0.05 M 

ammonium sulfate, 0.05 M BIS-TRIS pH 6.5, and 30% (v/v) pentaerythritol ethoxylate 

(15/4 EO/OH). Crystals of the mutant variant were grown with slight variations of this 

condition as the reservoir solution, aided by microseeding. The crystals were prepared for 
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low temperature data collection by soaking them in the reservoir solution supplemented with 

15–20% (v/v) ethylene glycol and then flash-cooling in liquid nitrogen.

Diffraction data were collected in shutterless mode at the Advanced Light Source beamline 

4.2.2 using an RDI CMOS-8M detector. The data were indexed, integrated, and scaled with 

XDS [10]. Intensities were merged and converted to amplitudes with AIMLESS [11]. The 

space group is P212121, with a dimer in the asymmetric unit; the dimer has been confirmed 

by small-angle X-ray scattering as the oligomer formed in solution [5]. We note this is one 

of the crystal forms we reported previously despite a different crystallization condition.

Interactive model building and restrained refinement were performed with COOT [12, 13] 

and PHENIX [14], respectively. A deposited structure of GsPutA in the resting (open) 

state (PDB ID 4NM9) was used to initiate refinement. The structure was validated using 

MolProbity, the PDB validation server, and polder omit maps [15–17].

The tunnel system in GsPutA was analyzed with MOLEonline using the default parameters 

[18]. The main tunnel was calculated using a starting point in the PRODH active site near 

the si face of the FAD (defined by residues 308 and 385) and an end point in the GSALDH 

active site (defined by catalytic Cys793). The tributary tunnels were identified using the 

aforementioned starting point and no end point.

2.3. Steady-state kinetic measurements.

The coupled PRODH-GSALDH activities of wild-type GsPutA and A206W were measured 

by monitoring NADH production (340 nm) at 23 °C in 96-well plates using a BioTek 

microplate spectrophotometer. The assay included 0.5 μM enzyme, 0.1 mM menadione, 0.2 

mM NAD+ and varying concentration of L-proline (0 – 200 mM) in a buffer containing 50 

mM sodium phosphate pH 7.5, 50 mM NaCl, and 5% (v/v) glycerol. The PRODH activities 

of wild-type GsPutA and A206W were measured using a dye-coupled oxidoreductase assay, 

in which L-proline is the variable substrate (0 – 200 mM), 2,6-dichlorophenolindophenol 

is the terminal electron acceptor (monitored at 600 nm), and phenazine methosulfate is a 

secondary electron acceptor that mediates electron transfer from the flavoenzyme to the 

terminal electron acceptor [19]. The GSALDH activities of wild-type GsPutA and A206W 

were measured by monitoring NADH production at 340 nm with L-P5C as the variable 

substrate (0 – 3.5 mM) and NAD+ fixed at a saturating concentration as described previously 

[5]. D,L-P5C was synthesized from D,L-5-hydroxylysine-HCl according to the method of 

Williams and Frank [20].

2.4. Transient-state kinetic measurements

Stopped-flow kinetics experiments were carried out as previously described with slight 

modifications [21]. GsPutA wild-type and the A206W variant were purified as described 

above, except that the size exclusion chromatography step was omitted. Prior to initializing 

the experiments, enzyme, reaction buffer A (50 mM sodium phosphate pH 7.5, 50 mM 

NaCl, and 5% (v/v) glycerol), and reaction buffer B (50 mM sodium phosphate pH 7.5, 

50 mM NaCl, 5% (v/v) glycerol, 80 mM L-proline, and 0.4 mM NAD+) were degassed 

via 30 consecutive cycles of vacuum followed by flushing with oxygen-scrubbed nitrogen. 

To remove additional dissolved molecular oxygen, protocatechuate 3,4-dioxygenase and 
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protocatechuic acid were added to each solution to a final concentration of 0.05 U/mL 

and 100 μM, respectively, in an anaerobic chamber under a nitrogen atmosphere. Reaction 

materials were then transferred to anaerobic syringes in the chamber and capped until use.

All stopped-flow experiments were carried out using a Hi-Tech Scientific SF-61DX2 

stopped-flow instrument equipped with a photodiode array detector and KinetAsyst 

software. Prior to performing stopped-flow experiments, the stopped-flow mixing devices 

were washed with deoxygenated water, followed by incubation in deoxygenated buffer A or 

B for 30 minutes. All stopped-flow experiments were performed at 25°C.

3. Results

3.1 Crystal structure of A206W

X-ray crystallography was used to determine whether the mutation had the intended impact, 

as well as any other unexpected effects on the structure. The structure of A206W was 

determined at 1.90 Å resolution (Table 1). The electron density maps verified the mutation 

and clearly defined the conformation of Trp206 (Fig. 3A). As intended, the side chain 

of Trp206 has inserted into tunnel 2a, as shown by overlaying the tunnel system of the 

wild-type enzyme resting state onto the structure of A206W (Fig. 3B). Part of the indole ring 

also pierces the main tunnel. By occupying vacant space in the wild-type enzyme, the bulky 

side chain of Trp206 was accommodated without any significant conformational changes to 

the surrounding structure (Fig. 3C). The only perceptible difference is a slight deflection of 

Arg421. Thus, structure of A206W is essentially identical to the resting enzyme except that 

tunnel 2a is blocked.

3.2. Steady-state kinetic analysis

The coupled PRODH-GSALDH activity of A206W was measured using an assay that 

monitors NADH production as a function of L-proline concentration in the presence of 

an electron acceptor for the FAD (menadione). GsPutA shows hyperbolic dependence on 

L-proline concentration characterized by the kinetic parameters Km of 0.7 mM, kcat of 0.2 

s−1, and catalytic efficiency (kcat/Km) of 286 M−1s−1 (Fig. 4A). The mutation of Ala206 to 

Trp severely diminished the coupled activity. A206W could not be saturated with L-proline 

(Fig. 4B). The kinetic parameters estimated for A206W are Km of 190 mM and kcat of 0.016 

s−1. Thus, the mutation decreased the catalytic efficiently of the coupled reaction by a factor 

of 3000 to approximately 0.1 M−1s−1.

The individual PRODH and GSALDH activities of the A206W variant were measured to 

identify the source of the severely diminished coupled PRODH-GSALDH activity. A206W 

exhibited very low PRODH activity in a dye-coupled assay and we were not able to 

determine kinetic constants. In contrast, the GSALDH activity of A206W was robust and 

characterized by a Km for L-P5C of 65.0 ± 18.3 μM and kcat of 6.0 ± 0.2 s−1, which are 

within a factor of two of the wild-type values (30.0 ± 13.0 μM, 4.7 ± 0.2 s−1). The catalytic 

efficiency of the GSALDH activity of A206W is 92 ± 30 mM−1 s−1 compared to 156 ± 75 

mM−1 s−1 for GsPutA, indicating near-normal GSALDH activity. These results suggest that 

the low coupled PRODH-GSALDH activity of A206W is due to a defect in PRODH activity.
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3.3. Transient-state kinetic analysis

Rapid-reaction kinetic measurements employing single turnover conditions were also 

performed (anaerobic, no external electron acceptor for the reduced flavin). Enzyme, proline 

(40 mM after mixing), and NAD+ (0.2 mM after mixing) were rapidly mixed, and the 

absorbance spectra of the FAD cofactor and NADH product were recorded using a stopped­

flow instrument.

Analysis of the wild-type enzyme revealed rapid redution of the FAD by proline and 

the production of NADH, as expected (Fig. 5A). Flavin reduction was modeled using a 

double-exponential decay model. The rate of flavin reduction under these conditions is 3.6 

(± 0.2) s−1 for the major phase followed by a slower rate of 0.2 (± 0.014) s−1 for the minor 

phase (19% amplitude). NADH production was modeled with a single-exponential fit to the 

first phase yielding a rate of 0.38 (± 0.04) s−1 followed by a slow linear rate (0.02 ± 0.001 

μM s−1). Note the production of NADH occurs without a lag phase, consistent with substrate 

channeling.

Single-turnover analysis of A206W revealed a severe defect in PRODH function, consistent 

with the steady-state kinetic data (Fig. 5B). The estimated rate of flavin reduction using a 

double-exponential fit is 0.006 s−1 (87% amplitude for the major phase), which is a factor of 

~600 times slower than wild-type. The rate of NADH production for A206W is 0.0006 (± 

0.00003) s−1 (single-exponential fit), which is also ~600 times lower than wild-type. Thus, 

the single turnover experiments reveal flavin reduction as a major defect in the coupled 

activity of A206W thereby limiting delivery of P5C/GSAL into the main tunnel and NADH 

production at the GSALDH site.

4. Discussion

Voids are common features of protein structure and appear as tunnels, channels, buried 

cavities, and surface clefts [22]. Tunnels often connect the actives sites in bifunctional 

enzymes, providing a conduit for substrate channeling [23]. Tunnels provide access for 

substrates to buried active sites [24]. Channels in integral membrane transporters provide 

hydrophilic pathways for solutes through the hydrophobic lipid bilayer. Cavities, clefts, 

grooves, and pockets provide microenvironments for chemical reactions. The ubiquity of 

voids has motivated the computational analysis of the empty space in protein structures [22]. 

Still, the functions of many voids are not obvious.

Tunnels are ubiquitous in enzymes. Tunnels have been identified in numerous enzymes 

representing all six major enzyme classes (reviewed in [24, 25]). The functions of enzyme 

tunnels have been interrogated, leading to conceptual frameworks for describing the 

contributions of tunnels to enzyme catalysis. For example, tunnels between the active 

sites of bifunctional enzymes serve as conduits for substrate channeling, as discussed 

here. Functionally, channeling protects reactive intermediates and can enhance reaction 

kinetics by decreasing the transit time between the active sites [26]. Tunnels for channeling 

have been characterized structurally and biochemically in the classic example, tryptophan 

synthase [27–31], as well as carbamoyl phosphate synthase [32], PutA [2, 5–7], and many 

others (reviewed in [23, 33]). Tunnels are also found in many monofunctional enzymes, 
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especially those in which the active site is buried deep in the protein interior. Active site 

tunnels provide another layer of substrate specificity, in addition to the specificity afforded 

by the constellation of amino acids that directly contact the substrate in the Michaelis 

complex. Tunnels to deeply buried active sites have been referred to as the “keyholes” in an 

updated version of the classic lock-and-key model of substrate recognition [25]. The size, 

shape, physiochemical properties, and dynamics of the “keyhole” can contribute to substrate 

specificity and catalytic efficiency [24].

Here we used site directed mutagenesis to explore the function of a tunnel in PutA. Tunnel­

modifying mutagenesis has been used for many purposes, including studying substrate 

channeling [8, 27–29], identifying pathways for ligand diffusion [34], altering substrate 

specificity [35], endowing an enzyme with new functions [36], engineering improved 

enzymes [37], and probing the roles of tunnels in the mechanisms of enzymes [38–42].

The tunnel of interest here is part of a complex tunnel system in PutA (Fig. 2B). Tunnel 2a 

is one of six tunnels that connect the substrate-channeling tunnel to the outside. Its location 

on the PRODH half of the main tunnel implies a role in PRODH function. Indeed, blocking 

tunnel 2a by installing Trp at position 206 severely impaired PRODH activity and resulted 

in a 3000-fold decrease in the catalytic efficiency of the coupled reaction. The impact on 

catalytic function is especially notable considering that the site of mutation is 14 Å away 

from the PRODH active site and might be considered a remote mutation. Thus, tunnel 2a 

apparently has an essential function.

Comparison of the structure of A206W to the wild-type PRODH Michaelis complex 

suggests a function for tunnel 2a. The binding of THFA (and presumably L-proline) to 

the resting enzyme is accompanied by large conformational changes, including the tilting of 

α8 toward proline site and the remodeling of the Glu149 loop (Fig. 2C). The latter results 

in movement of Glu149 by 10 Å from the protein surface into the active site to ion pair 

with Arg421. This ion pair has been observed in all structures of PutAs and monofunctional 

PRODHs complexed with proline analogs, suggesting functional importance. The A206W 

structure shows that Trp206 occupies the space reserved for Glu149 when in the ion-pairing 

conformation (Fig. 6). The structure also suggests that the trajectory taken by Glu149 passes 

through the space occupied by Trp206, i.e., tunnel 2a. Thus, our data are consistent with 

tunnel 2a serving as open space needed for the movement of Glu149 during the opening and 

closing of the active site in response to binding L-proline.

Finally, tunnel-blocking mutagenesis provided a way to test the importance of a noncovalent 

interaction for enzyme function without mutating the residues involved in the interaction. 

By preventing the movement of Glu149, the A206W mutation indirectly demonstrated the 

essentiality of a conserved ion pair gate for enzyme function.

5. Databases

Coordinates and structure factor amplitudes has been deposited in the Protein Data Bank 

under accession code 7NA0.
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Highlights

• PutA is a bifunctional enzyme that catalyzes the oxidation of Pro to Glu

• PutA has a complex network of tunnels whose functions are poorly 

understood

• Trp mutagenesis is used to block one of the tunnels of PutA

• The tunnel is shown to be essential for proline dehydrogenase activity

• The tunnel contributes to catalysis by enabling the dynamics of an ion-pair 

gate
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Fig. 1. 
Reactions catalyzed by PutA.
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Fig. 2. 
Tunnel system of PutA and dynamics of the PRODH site. (A) Ribbon drawing of a dimer 

of the resting state of Geobacter sulfurreducens PutA (GsPutA, PDB ID 4NM9) with the 

tunnel system represented as surfaces. The two protomers are colored pink and cyan. (B) 

Close-up view of the tunnel system. The dashed curve shows the direction of channeling 

of P5C/GSAL through the main tunnel. The six tributary tunnels, which connect the main 

tunnel to the protein surface, are colored green (tunnel 1), silver (2a), yellow (2b), blue (3a, 

3b), and brown (4). (C) Conformational changes in the PRODH site associated with the 

binding of the proline analog THFA. Residues of the conserved ion pair are colored pink 

(Glu149) and blue (Arg421). Left: resting enzyme with no ligand in the PRODH site (PDB 

ID 4NM9). Right: complexed with the proline analog THFA (PDB ID 4NMA).
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Fig. 3. 
Structure of A206W. (A) Electron density for Trp206 (polder omit, 4σ). (B) Overlay 

of A206W onto the tunnel system of the open conformation of the wild-type GsPutA, 

emphasizing how Trp206 blocks tunnel 2a. (C) Comparison of A206W (sand) with the open 

conformation of wild-type GsPutA (gray, PDB ID 4NM9).
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Fig. 4. 
Coupled PRODH-GSALDH activities of (A) wild-type GsPutA and (B) A206W. Note the 

vertical scales of the two panels differ.
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Fig. 5. 
Rapid-reaction kinetic data acquired under single turnover conditions for (A) wild-type 

GsPutA and (B) A206W. The open circles show FAD reduction monitored at 450 nm. The 

red filled circles show NADH production monitored at 340 nm. Fits to the data are shown.
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Fig. 6. 
Comparison of A206W (sand) with the closed conformation of wild-type GsPutA 

complexed with THFA (gray, PDB ID 4NMA). Residues of the conserved ion pair in the 

closed state are colored pink (Glu149) and blue (Arg421).
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Table 1.

X-ray Diffraction Data Collection and Refinement Statistics

A206W

Space group P212121

Unit cell parameters (Å) a = 95.42, b = 151.38, c = 175.55

Wavelength (Å) 1.000

Resolution (Å)
a 58.52 – 1.90 (1.93 – 1.90)

Observations
a 1441588 (64876)

Unique reflections
a 199837 (9787)

Rmerge(I)
a 0.141 (1.002)

Rmeas(I)
a 0.152 (1.088)

Rpim(I)a 0.057 (0.421)

Mean I/σa 13.4 (2.0)

Mean CC1/2
a 0.997 (0.762)

Completeness (%)
a 100 (100)

Multiplicity
a 7.2 (6.6)

No. protein residues 1959

No. of atoms

 Protein 15361

 FAD 106

 Water 1462

R work 
a 0.1688 (0.2922)

R free 
a,b 0.1986 (0.3391)

RMSD bonds (Å) 0.006

RMSD angles (°) 0.795

Ramachandran plot
c

 Favored (%) 98.20

 Outliers (%) 0.00

Clashscore (PR)
c 1.6 (100)

MolProbity score (PR)
c 0.98 (100)

Average B-factor (Å2)

 Protein 20.8

 FAD 15.9

 Water 27.2

Coordinate error (Å)
d 0.21

PDB ID 7NA0
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a
Values for the outer resolution shell of data are given in parenthesis.

b
5% test set.

c
From MolProbity. The percentile ranks (PR) for Clashscore and MolProbity score are given in parentheses.

d
Maximum likelihood-based coordinate error estimate reported by phenix.refine.
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