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Abstract:



The β1α1 loop in the tryptophan biosynthetic enzyme indole-3-glycerol phosphate synthase (IGPS) is important for substrate binding, product release and chemical catalysis. IGPS catalyzes the ring closure of the substrate 1-(o-carboxyphenylamine)-1-dexoyribulose 5-phosphate to form indole-3-glycerol phosphate, involving distinct decarboxylation and dehydration steps. The ring closure step is rate-determining in the thermophilic Sulfolobus sulfataricus enzyme (ssIGPS) at high temperatures. The β1α1 loop is especially important in the dehydration step as it houses the general acid Lys53. We propose that loop dynamics are governed by competing interactions on the N- and C-terminal sides of the loop. We had previously shown that disrupting interactions with the N-terminal side of the loop through the N90A substitution decreases catalytic efficiency, slows down the dehydration step and quenches loop dynamics on the picosecond to millisecond timescales. Here, we show that disrupting interactions on the C-terminal side of the loop through the R64A/D65A substitutions likewise decreases catalytic efficiency, slows down the dehydration step and quenches loop dynamics. Interestingly, the triple substitution R64A/D65A/N90A leads to new μs–ms timescale loop dynamics and makes the ring-closure step rate-determining once again. These results are consistent with a model in which the β1α1 loop is maintained in a structurally dynamic state by these competing interactions, which is important for the dehydration step of catalysis. Competing interactions in other enzymes may likewise keep their loops and other structural elements appropriately mobile.
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1. Introduction


Enzymes often undergo conformational changes as they bind substrate, perform chemical catalysis and release product. These conformational changes can often be classified as ‘domain motion’, where two rigid domains, joined by a flexible hinge, move relative to each other, or ‘loop motion’, where flexible surface loops fluctuate between different structures [1,2]. These conformational changes may be important for binding/release of substrate/products, reorientation of catalytic amino acid residues, removal of water from the active site and/or trapping of reactive intermediates [1,3]. The (β/α)8 barrel enzymes [4], including triose phosphate isomerase (TIM) [5,6] and indole-3-glycerol phosphate synthase (IGPS) [7], offer great examples where loop motions play important roles in enzyme catalysis. In TIM, loop closure excludes water from the active site [8,9,10,11,12], which is proposed to decrease the dielectric constant of the active site [13,14], such that the basicity of the active site glutamate [8,9,15,16] and other electrostatic interactions between polar side chains and the transition state are enhanced [13,14]. Similar effects are also likely important for IGPS catalysis. The motions of active site loops are often rate-determining [17,18,19,20,21]. For example, in the thermophilic Sulfolobus sulfataricus IGPS (ssIGPS) enzyme, product release is rate-determining at lower [22,23] but not at higher [24,25] temperatures likely because of the increased flexibility of the active site loops at elevated temperatures. Delineating the structural features that govern the motions of active site loops is thus important for understanding enzyme catalysis and kinetics. This knowledge may be leveraged towards improving and/or engineering new enzyme activities [26].



The (β/α)8 barrel is the most common protein fold in nature, comprising ~10% of enzymes with known structure [4]. Typical (β/α)8 proteins are 200 residues in length and consist of eight β-strand/α-helix units [4]. The β-strands form a parallel ring in the center of the enzyme, while the α-helices are arranged in a wheel on the outside [4] (Figure 1a). Loops that join β-strands to α-helices (i.e., βxαx loops, where x indicates the numbering of the β-strand/α-helix that are connected by the loop) often house catalytically important residues [4]. In ssIGPS, the most flexible loop is the β1α1 loop [22,27], which contains the general acid Lys53 [25] (Figure 1b).


Figure 1. Competing β1α1 loop interactions are important for ssIGPS function. (a) Structure of the ssIGPS enzyme (PDB 1A53 [28]), showing the β1α1 loop in purple, catalytic residues Glu51 (blue), Lys53 (red) and Lys110 (orange), and residues modified in this manuscript to change the structure/dynamics of the β1α1 loop, including Arg64, Asp65 (both magenta) and Asn90 (green); (b) schematic highlighting the hydrogen bonding interactions of the β1α1 loop. On the C-terminal side of the loop, Arg64 and Asp65 engage in a hydrogen bonding network including residues on the α1 and α8’ helices. On the N-terminal side, Asn90 from the β2α2 loop can hydrogen bond with residues on the β1α1 loop, including Arg54. We propose that the β1α1 loop fluctuates between conformations favoring interactions on each side of the loop; (c) chemical mechanism of ssIGPS [25]. Lys110 initiates ring closure and decarboxylation by protonating the carbonyl oxygen. Glu51 and Lys53 act as the general base and acid, respectively, in the dehydration step. Importantly, Lys53 is on the β1α1 loop and Glu51 is on the β1 strand preceding the loop. Changes to the structural dynamics of the β1α1 loop would likely affect the chemical environments and positioning of these residues.
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We have proposed a revised chemical mechanism for IGPS [28], which overall catalyzes the ring closure of 1-(o-carboxyphenylamine)-1-dexoyribulose 5-phosphate (CdRP) into indole-3-glycerol phosphate (IGP) in the fifth step of the tryptophan biosynthetic pathway. In this revised mechanism (Figure 1c), Lys110 (numbering according to ssIGPS) acts a general acid to protonate the C2′ carbonyl of CdRP, facilitating ring closure and decarboxylation. Subsequently, Glu51 and Lys53 act as the general base and acid, respectively, in the dehydration step to produce IGP [25]. We have noted that following decarboxylation the intermediate must undergo a rearrangement in order to be properly positioned for dehydration [25]. Although X-ray crystal structures of ssIGPS [25,28] indicate that there is ample room within the active site to accommodate such a rearrangement, motions of ssIGPS, including those of the β1α1 loop, may facilitate this process. The β1α1 loop is thus involved in most stages of ssIGPS catalysis, from substrate binding to chemical catalysis, and finally to product release.



We have also previously shown that interactions with the nearby β2α2 loop help to govern β1α1 loop dynamics and ssIGPS function [29]. Combined statistical coupling analysis (SCA) and molecular dynamics (MD) simulations had suggested that interactions between the two loops might be important for the function and structure of IGPS [27]. In particular, our experimental studies indicated that the interactions between Arg54 on the β1α1 loop and Asn90 on the β2α2 loop are important for β1α1 loop dynamics and ssIGPS catalysis [29]. For instance, the N90A substitution resulted in a modest decrease in the steady-state kinetic parameters, a different rate-determining step than wild-type (WT) enzyme, and a decrease in the μs-ms timescale motions of the β1α1 loop according to nuclear magnetic resonance (NMR) relaxation studies [29]. Surprisingly, severing this interaction between the β1α1 and β2α2 loops also led to an increase in protein stability, as measured by a two-fold decrease in the thermal inactivation rate of the N90A variant compared to the WT enzyme [29].



The results with the N90A variant appeared to be counterintuitive, considering that breaking interactions with the β1α1 loop decreased loop flexibility and increased protein stability. We suggested that there are other interactions that may influence the conformational dynamics of the β1α1 loop [29]. In particular, we noted that there is a hydrogen bond network involving Arg64 and Asp65 on the β1α1 loop, Ile67, Glu68 and Tyr69 on the α1 helix, and Met237 and Arg238 on the α8’ helix. The α8’ helix is an additional helix compared to the canonical (β/α)8 barrel fold. We proposed that competing interactions on the N-terminal (e.g., the interaction between Arg54-Asn90) and C-terminal (e.g., interactions between Arg64/Asp65 and residues on the α1 and α8’ helices) sides of the β1α1 loop help to govern its structural dynamics (Figure 1b), affecting its many roles in ssIGPS catalysis. In other words, the β1α1 loop may be unable to interact simultaneously with the β2α2 loop and the α1/α8’ helices, but instead fluctuates or toggles between favoring interactions on either side of the loop. Disruption of one set of interactions would lead to continuous interactions with the remaining set of interactions and an overall loss of loop motion.



In this manuscript, we demonstrate that indeed severing the interactions with the α1/α8’ helices through the R64A/D65A double substitution decreases β1α1 loop motions and changes the identity of the rate-determining step of ssIGPS catalysis, similar to the N90A substitution. Severing both sets of interactions through the R54A/D65A/N90A triple substitution leads to new μs–ms timescale motions to the β1α1 loop and results in the same rate-determining step as WT enzyme. The structural dynamics of catalytically important active site loops in other enzymes may likewise be governed by competing interactions to keep these loops in conformationally “frustrated” states [30].




2. Results


2.1. Severing Interactions with the C-Terminal Side of the β1α1 Loop Results in Modest Decreases in Steady-State Kinetics


To probe the effects of disrupting the interactions on the C-terminal side of the β1α1 loop, we tested the R64A/D65A double variant. This double variant should disrupt the hydrogen bonding network formed between the β1α1 loop and the α1 and α8′ helices (Figure 1b). Since both positions are changed to Ala, the overall charge on the variant enzyme should be very similar to WT enzyme, and so changes to the electrostatic interactions of the enzyme should be of less concern.



The R64A/D65A double substitution led to a modest two-fold decrease in the catalytic turnover rate constant (kcat) and a four-fold decrease in the second-order rate constant (kcat/KM) at 37 °C compared to WT enzyme (Table 1), similar to the kinetic changes previously reported for the N90A variant [29]. We also performed assays at 75 °C, which is closer to the physiological temperature of S. sulfataricus [31]. At the higher temperature, there was only a minor change in kcat, but a much larger eight-fold decrease in kcat/KM, owing to an elevated KM (Table 1). The elevated KM for the R64A/D65A variant may reflect a change in substrate binding, due to changes in the structural dynamics of the β1α1 loop. Solvent viscosity effects (SVE; slope of a plot of relative rate vs. relative viscosity) also report indirectly on ligand binding on/off rates. For instance, WT enzyme has a substantial SVE at 37 °C, which is likely due to IGP release being partly rate limiting [24]. For the R64A/D65A variant, the SVE approaches zero at both temperatures, indicating that IGP release is no longer rate limiting, perhaps due to an increased product off-rate.



Table 1. Steady-state kinetic parameters for β1α1 loop variants.







	
Enzyme Variant

	
Temp. (°C)

	
kcat 1 (s−1)

	
KM 1 (nM)

	
kcat/KM (M−1·s−1 × 106)

	
kcat,WT/kcat,var.

	
(kcat/KM)WT/(kcat/KM)var.

	
SVE

	
SDKIE

	
2kinact. (h−1)






	
WT

	
37

	
1.02

	
173

	
5.80

	
-

	
-

	
0.6 3

	
5.8 3

	
4.86




	
75

	
1.77

	
89

	
19.9

	
-

	
-

	
~0 3

	
3.6 3




	
N90A 4

	
37

	
0.17

	
74

	
2.3

	
6.0

	
2.5

	
0.1

	
5.2

	
2.49




	
75

	
0.55

	
79

	
7.0

	
3.2

	
2.8

	
~0

	
1.6




	
R64A/D65A

	
37

	
0.535

	
384

	
1.39

	
1.91

	
4.17

	
~0

	
2.0

	
24.9




	
75

	
1.65

	
770

	
2.14

	
1.07

	
9.30

	
0.1

	
1.0




	
R64A/D65A/N90A

	
37

	
0.375

	
477

	
0.786

	
2.72

	
7.37

	
~0

	
1.0

	
25.5




	
75

	
0.965

	
598

	
1.61

	
1.83

	
12.4

	
~0

	
4.3








1 Standard errors in kcat and KM values are typically 5%–10% and 20%–40%, respectively; 2kinact. were found by linearly fitting the relative rate of reaction versus the time of incubation at 90 °C, and had R2 values of at least 0.95; 3 SVE and SDKIE values for WT ssIGPS taken from reference [24]; 4 values for N90A ssIGPS taken from reference [29].









2.2. Severing Interactions with the C-Terminal Side of the β1α1 Loop Changes the Identity of the Rate-Determining Step


We have previously noted that the identity of the rate-determining step for ssIGPS can change depending on temperature [24] and amino acid substitutions [25,29]. Such a change in the identity of the rate-determining step implies that the steady-state kinetic parameters underreport changes to the underlying microscopic rate constants. We have previously described the use of SVEs and solvent deuterium kinetic isotope effects (SDKIE = kcat,H2O/kcat,D2O) to gain insight into the identity of the rate-determining step of ssIGPS catalysis [24,25]. Such studies are important considering that pre-steady state kinetics was unable to resolve individual microscopic rate constants for the chemical steps [22]. If the rate-determining step is either binding of CdRP or release of IGP, then we expect kcat to be dependent on solvent viscosity, whereas chemical steps should be independent of solvent viscosity (Figure 2). The step involving the protonation of CdRP by Lys110 is solvent isotope sensitive, but the remaining steps will be insensitive [25]. For WT ssIGPS at 25 °C, the rate-determining step is the release of IGP product [22], and so, the SVE approaches a theoretical maximum of 1, and there is no SDKIE (SDKIE = 1) [24]. At 75 °C, WT ssIGPS has SVE ~0 and SDKIE ~4, suggesting that the rate-determining step is ring closure/decarboxylation [24,25].


Figure 2. Perturbing interactions of the β1α1 loop changes the identity of the rate-determining step of ssIGPS catalysis. (a) Solvent viscosity and isotope effects provide insight into the identity of the rate-determining step. Binding/release of substrate/product is dependent on solvent viscosity, but chemical steps are independent of solvent viscosity. Ring closure and decarboxylation are sensitive to D2O, owing to the protonation step involving Lys110; all other steps are largely insensitive to the presence of D2O; (b) The presence of solvent viscosity and isotope effects for variant and WT ssIGPS enzymes at 75 °C. Data for the WT enzyme and the N90A variant were taken from References [24] and [29], respectively.
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For the R64A/D65A variant, the SVE approached zero and there was no SDKIE (~1) at 75 °C. These results are similar to those for the N90A variant [29]. These results suggest that the rate-determining step is dehydration for these variants. The dehydration step involves acid-base catalysis by Lys53 in the β1α1 loop and Glu51 in the adjacent β1 strand. The R64A/D65A and N90A substitutions likely perturb the structure and/or motions of the β1α1 loop and β1 strand, such that the dehydration step is sufficiently slowed to become at least partially rate-determining.




2.3. The R64A/D65A and N90A Substitutions Perturb the Structure of the β1α1 Loop in Different Ways


To gain insight into how the R64A/D65A substitutions may affect ssIGPS structure and stability, we performed thermal inactivation studies. In these assays, enzyme was incubated at 90 °C and aliquots were removed at various time points and assayed at 50 °C. The thermal inactivation rate was determined from a linear fit of the activity of each aliquot as a function of incubation time. The R64A/D65A substitutions induced a five-fold increase in the thermal inactivation rate compared to WT enzyme (Table 1). This result is strikingly different from results previously reported for the N90A variant, which indicated that the N90A variant was more thermostable than WT enzyme [29]. Part of the difference may be because the N90A substitution disrupts interactions between two flexible loops, but the R64A/D65A substitutions disrupt interactions between the β1α1 loop and the α1/α8’ helices. This hydrogen-bonding network between the loop and helices may be important for thermal stability.



To gain more insight into how the R64A/D65A substitutions may affect the structure and/or internal motions of ssIGPS, we compared circular dichroism (CD) and NMR spectra between the R64A/D65A variant and WT ssIGPS. The CD spectrum of the R64A/D65A variant was very similar to that of WT ssIGPS (Figure 3a), where the ratios of α-helix to β-strand structure were nearly identical. The 1H-15N HSQC (heteronuclear single quantum coherence) spectrum of the R64A/D65A variant was also very similar to that of the WT enzyme (Figure 3b). Nonetheless, there were some major chemical shift perturbations as a result of the R64A/D65A substitutions, including to the 1H-15N backbone amide resonances of β1α1 loop residues Lys53, Arg54, Lys55 and Ser56 (Figure 3b). It should be noted that these chemical shift perturbations were generally in different directions and of different magnitudes than those perturbations induced by the N90A substitution (Figure 3b). These results imply that the N90A and R64A/D65A substitutions perturbed the structure of the β1α1 loop in different ways.


Figure 3. There are local, but not global, conformational changes induced by changing β1α1 loop interactions. (a) CD spectra for WT (black), R64A/D65A (magenta) and R64A/D65A/N90A (blue) ssIGPS enzymes; (b) 1H-15N HSQC comparing WT (black), N90A (green), R64A/D65A (magenta) and R64A/D65A/N90A (blue) variants. Resonances highlighted include those of the β1 strand (Ala47, Ile48, Ile49, Ala50, Glu51), the β1α1 loop (Lys53, Arg54, Lys55, Ser56, Ser58, Gly59) and the β2α2 loop (Phe89, Gly91 and Ser92). NMR data were collected at 310 K on samples containing ~1 mM protein in 25 mM potassium phosphate pH 7.0, 75 mM KCl, 1 mM EDTA, 1 mM DTT, 0.02% NaN3 and 10% (v/v) 2H2O.
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2.4. Severing Interactions with the C-Terminal Side of the β1α1 Loop Quenches μs–ms Timescale Loop Motions


NMR experiments can also provide insight into the structural dynamics of proteins over a wide-range of timescales [17,18,21]. We determined Rex values (Figure 4a), the contribution of conformational exchange on the μs-ms timescale to the R2 transverse relaxation rates. We note that most of the residues colored blue in Figure 4a had Rex values approaching zero, and none had Rex values greater than 1.8 s−1. We only viewed Rex values greater than 3 s−1 to be associated with substantial μs–ms timescale motions. We also note that Rex is not simply the rate constant for motion, but is also dependent on other factors (e.g., populations of the exchanging conformations [32]). There were only 2–3 residues that were associated with Rex values above 3 s−1, however this is not unusual as loops in other enzymes (e.g., dihydrofolate reductase [33]) thought to have significant μs–ms timescale motions may also only have a few residues that are associated with significant Rex values. Finally, it should be kept in mind, that the presence of substrates, intermediates or products can substantially change loop motions.


Figure 4. Disrupting β1α1 loop interactions changes loop structural dynamics across multiple timescales. (a) Backbone positions on the β1α1 loop are color coded according to the Rex value, which reports on the contribution of conformational exchange to the NMR R2 relaxation rate. Blue, magenta and red colors report on Rex values of less than 3 s−1, between 3 and 5 s−1 and greater than 5 s−1, respectively. Positions in black indicate that there is no data for these residues; (b) backbone positions on the β1α1 loop are color coded according to the 1H-15N heteronuclear Overhauser effects (hetNOEs); smaller hetNOE values generally correspond to less backbone structural ordering on the ps-ns timescale. Blue, purple, magenta and red colors report on hetNOE values greater than 0.9, between 0.8 and 0.9, between 0.7 and 0.8 and less than 0.7, respectively. Positions in black indicate that there is no data for these residues. NMR data were collected at 310 K on samples containing ~1 mM protein in 25 mM potassium phosphate pH 7.0, 75 mM KCl, 1 mM EDTA, 1 mM DTT, 0.02% NaN3 and 10% (v/v) 2H2O.
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We also measured 1H-15N heteronuclear Overhauser effects (hetNOEs) (Figure 4b), which provide a qualitative estimate of motions on the ps–ns timescale, as they roughly correlate with the backbone S2 order parameter. HetNOEs ranged from 0.6 to ~1, where lower (higher) values correlate to higher (lower) amplitude ps-ns timescale dynamics.



We had previously shown that the N90A substitution leads to a loss of conformational exchange events on the μs–ms timescale (i.e., Rex ~ 0), and less ps-ns timescale motions (i.e., hetNOEs for N90A ssIGPS were generally higher than hetNOEs for WT ssIGPS; also see Figure 4) [29]. Similar results were observed for the R64A/D65A variant (Figure 4). These results indicate that severing interactions on either the N-terminal or C-terminal side of the β1α1 loop led to a quenching of the ps–ns and μs–ms timescale loop motions.




2.5. Severing Interactions with Both the N-Terminal and C-Terminal Sides of the β1α1 Loop Results in a Rate-Determining Step Similar to Wild-Type Enzyme


We proposed that the β1α1 loop fluctuates between making stronger interactions with the β2α2 loop and making stronger interactions with the α1/α8’ helices; these competing interactions contribute to the structural dynamics of the β1α1 loop. Consistent with this proposal, we have now shown that disrupting either set of interactions results in structural and dynamic changes to the β1α1 loop (Figure 3 and Figure 4), such that the dehydration step becomes rate-determining in both cases (Figure 2). To better understand the role(s) of these competing interactions to the structure, dynamics and function of ssIGPS, we also analyzed the R64A/D65A/N90A triple variant, where these substitutions should disrupt the β1α1 loop interactions with both the β2α2 loop and the α1/α8’ helices.



The R64A/D65A/N90A substitutions decreased both kcat and kcat/KM steady-state kinetic parameters (Table 1). The changes in kcat were of similar magnitude to those previously determined for the N90A variant [29], and the changes in KM were of similar magnitude to those determined for the R64A/D65A variant (Table 1). To better understand the effects of combining the N90A and R64A/D65A substitutions, we also determined the free energy changes induced on the catalytic efficiency of the enzyme (i.e., ΔΔG = −RT ln ((kcat/KM)variant/(kcat/KM)WT) (Figure 5). The thermodynamic effects are predicted to be additive (i.e., ΔΔG (R64A/D65A/N90A) = ΔΔG (R64A/D65A) + ΔΔG (N90A)) if changes on the N-terminal and C-terminal sides of the β1α1 loop are independent [34,35]. Our calculations indicated that the R64A/D65A/N90A triple variant had a free energy change (1.77 kcal/mol) that was less than the addition of the free energies for the N90A single variant (0.71 kcal/mol) and R64A/D65A double variant (1.54 kcal/mol) at 75 °C; similar results were also determined at 37 °C (Figure 5). These results suggest that the H-bonding networks on the N-terminal and C-terminal sides of the β1α1 loop are weakly dependent in regards to catalysis. The thermal inactivation rate constant for the R64A/D65A/N90A triple variant was also similar to that of the R64A/D65A double variant, indicating that the N90A substitution had no additional effect on protein thermal stability within the context of the R64A/D65A substitutions (Table 1).


Figure 5. Catalytic efficiency free energy changes induced by disrupting β1α1 loop interactions at 37 °C (blue) and 75 °C (red). ΔΔG values were calculated according to: ΔΔG = −RT ((kcat/KM)variant/(kcat/KM)WT.
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We also determined the SVE and SDKIE for the R64A/D65A/N90A triple variant to gain insight into the identity of the rate-determining step. With this variant, there was no SVE, but there was a substantial SDKIE (Table 1), suggesting that the rate-determining step was ring closure/decarboxylation (Figure 2), similar to results with the WT enzyme but different from results with either the N90A single variant or the R64A/D65A double variant.




2.6 Severing Interactions with Both the N-Terminal and C-Terminal Sides of the β1α1 Loop Results in New μs–ms Timescale Loop Dynamics


Our results with the N90A and R64A/D65A variants indicated that disrupting interactions with the N- or C-terminal sides of the β1α1 loop diminished both μs–ms and ps–ns timescale dynamics (Figure 4). In contrast, disrupting both sets of interactions through the R64A/D65A/N90A triple substitution led to new μs–ms timescale dynamics in the β1α1 loop (Figure 4a), although there was additional ordering on the ps–ns timescale (Figure 4b). In WT enzyme, Lys55 and Ser56 have Rex values between 7 and 8 s−1, whereas these residues were associated with Rex values less than 1 s−1 in the R64A/D65A/N90A triple variant. In contrast, Gly59 was associated with an Rex value slightly less than 5 s−1 and Leu60 was associated with an Rex value ~3 s−1 for the R64A/D65A/N90A triple variant, but there were not substantial Rex values for these residues in the WT enzyme.





3. Discussion


The motion of active-site loops is important for the function of a large variety of enzymes, including classic examples, such as TIM [5], HIV protease [36], fructose-1,6-bisphosphate aldolase [37], lipase [38], enolase [39,40], protein kinases [41] and dihydrofolate reductase (DHFR) [42]. These motions may be important in gating the entry and exit of substrate and products, and creating microenvironments conducive to chemical catalysis. Importantly, many of these loop motions are rate-determining [17,18,21]. Considering their functional importance, understanding and controlling active-site loop motions may be necessary in the design and engineering of next generation enzyme catalysts [26].



We have shown in this manuscript that the structural dynamics of the β1α1 active-site loop in ssIGPS is controlled in part by interactions on the N- and C-terminal sides of the loop (Figure 1). Our previous experiments indicated that Asn90 on the β2α2 loop helps to modulate the structural dynamics of the β1α1 loop and ssIGPS function [29]. These results are reminiscent of previous MD simulations of β1,4-galactosyltransferase, enolase and lipase enzymes that suggested interactions with smaller loops help to gate the structural dynamics of larger active-site loops [43,44]. In TIM, there are catalytically essential hydrogen bond interactions between the β6α6 active-site loop and the nearby β7α7 loop [45,46]. Disrupting these interactions also led to motional changes to the active-site loop and decreased catalytic activity [47,48].



It was initially surprising that the N90A substitution led to decreased β1α1 loop flexibility and a more thermally stable enzyme, although we had noted that interactions with the α1/α8’ helices may also modulate β1α1 loop dynamics [29]. We have shown in this manuscript that the R64A/D65A substitutions that disrupt the hydrogen-bonding network between the β1α1 loop and α1/α8’ helices also lead to decreased catalytic efficiency (Table 1), a change in the identity of the rate-determining step (Figure 2), and a quenching of the ps–ns and μs–ms timescale dynamics of the β1α1 loop (Figure 4), similar to the N90A variant [29]. One potential weakness of this study was that substitutions on the β1α1 loop itself may affect loop motions, regardless of the disruption of interactions with the α1/α8’ helices. To disentangle these effects, future work may address studies of α1/α8’ variants.



In the R64A/D65A/N90A triple variant, the rate-determining step was returned to that of the WT enzyme (Figure 2) and new μs–ms timescale dynamics were induced (Figure 4). Functional changes must be primarily due to local changes to the β1α1 loop, considering that any major chemical shift changes were localized to this loop (Figure 3). It should be kept in mind that the R64A/D65A/N90A triple variant was still more catalytically impaired than either the N90A single variant or R64A/D65A double variant (Figure 5). These results also establish a connection between the catalytic efficiency of the dehydration step and the structural dynamics of the β1α1 loop. The structure/dynamics of the β1α1 loop may modulate the positioning and/or chemical environment of the Lys53 general acid and Glu51 general base, or even be involved in the rearrangement of the intermediate we had suggested previously [25] (Figure 1).



We propose that there is a “tug-of-war” between the β1α1/β2α2 loop interactions and the β1α1/α1/α8’ interactions such that the β1α1 loop fluctuates between conformations favoring each of these sets of interactions. Disrupting either set of interactions quenches the μs–ms timescale dynamics and slows the dehydration step sufficiently such that it becomes rate-determining. In the R64A/D65A/N90A variant, the β1α1 loop is no longer restricted by either set of interactions and is free to fluctuate into alternative conformations, as shown by the new Rex values (Figure 4). These alternative conformations may more appropriately arrange Glu51 and Lys53, such that the dehydration step is not rate-determining. This idea of competing interactions is also known as “protein frustration” [30] and may be generally important for maintaining functional dynamics of active-site loops. A similar example is found in the E. coli DHFR enzyme, in which the FG and GH loops compete for interactions with the active-site Met20 loop [49]. Amino acid substitutions in either the FG and GH loops that disrupt these interactions lead to decreases in catalytic efficiency [50,51,52] and changes to the μs–ms timescale Met20 loop dynamics [53,54,55].



Loop dynamics may also be altered by changing loop residues not directly involved with interactions with other protein structural elements (e.g., [56]), or through whole loop swaps (e.g., [48]). These various strategies offer ways of controlling loop dynamics to provide insights into the relationships between protein structural dynamics and enzyme catalysis. This understanding of loop dynamics can be leveraged towards the development of enzyme catalysts with different catalytic rates, substrate specificities and even new chemistries.




4. Materials and Methods


4.1. Site-Directed Mutagenesis, Overexpression, and Purification of ssIGPS Variants


The R64A/D65A and R64A/D65A/N90A ssIGPS variants were generated using the QuikChange Lightning site-directed mutagenesis kit (Agilent Technologies, Santa Clara, CA, USA) with primers from the Nucleic Acid Facility at the Pennsylvania State University. All variants and wild type plasmids were confirmed through DNA sequencing performed at the same Nucleic Acid Facility (State College, PA, USA). All variants were overexpressed using Escherichia coli BL21(DE3)* cells and purified with Ni NTA agarose resin, as described previously [7,24]. Samples used for kinetic and CD studies were grown in Luria-Bertani media and samples used for NMR studies were grown in M9 minimal media using 15N-labeled ammonium chloride.




4.2. Steady-State Kinetic Enzyme Assays


Steady-state kinetic assays for ssIGPS were performed by measuring IGP accumulation through fluorescence [24,57]. The excitation and emission wavelengths were 278 and 340 nm, respectively. Initial rates were fit to the Michaelis-Menten equation (Equation (1)) to yield kcat and KM values:


[image: there is no content]



(1)




where v is the initial reaction velocity, ET is the total enzyme concentration and [S] is the substrate concentration.



In order to interrogate the solvent viscosity effect (SVE), reactions at saturating CdRP concentrations were performed in assay buffer (50 mM HEPPS, 4 mM EDTA, pH 7.5) containing 0%–30% (w/v) of microviscogen (glycerol or sucrose). The relative viscosity of each solution was determined using an Ostwald viscometer. The SVE were determined by plotting the relative rate (vi/vviscogen) against the relative viscosity.



The solvent deuterium kinetic isotope effect (SDKIE) was determined at saturating CdRP concentrations (i.e., [CdRP] > 5 × KM) in assay buffer made with D2O. pD values were determined through measurement of the pH (pD = pH + 0.4). The SDKIE was defined as kobs,H2O/kobs,D2O.




4.3. Thermal Inactivation and Circular Dichroism Spectroscopy


ssIGPS variants were incubated at 90 °C for varying amounts of time, up to 20 min. Rates were measured under saturating CdRP conditions (i.e., [CdRP] > 5 × KM) at 50 °C. Inactivation rates were found by fitting the relative rate of reaction versus the time of incubation.



The overall folds of the ssIGPS variants were checked using a CD spectrometer (State College, PA, USA). All samples were diluted to 1.5 M and measured in 10 mM potassium phosphate buffer (pH 7.0) from 280–190 nm at 25 °C.




4.4. NMR Experiments


All NMR data was collected using a Brüker (Billerica, MA, USA) Avance III 600 MHz spectrometer at 310 K, using 1 mM protein in 25 mM potassium phosphate pH 7.0, 75 mM KCl, 1 mM EDTA, 1 mM DTT, 0.02% NaN3, and 10% (v/v) 2H2O. 1H-15N hetNOE values were calculated by collecting two pairs of spectra with and without proton saturation in an interleaved manner. R2 relaxation was measured using previously described constant-time relaxation-compensated CPMG (Carr-Purcell-Meiboom-Gill) pulse sequences [58,59]. The effective R2 relaxation was calculated from the equation R2eff = (−ln(I(υCPMG)/I(0))/T with T being the total relaxation period (40 ms) during CPMG pulsing, I(0) being the reference intensity without CPMG pulsing, and υCPMG being 1/τ, the inverse of the duration between 180° pulses. Rex, the contribution of conformational change to R2, was estimated by the difference between R2effwith slow pulsing (υCPMG = 100 s−1) and fast pulsing (υCPMG = 2000 s−1).
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