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Abstract
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Conformational flexibility of the enzyme architecture is essential for biological function. These structural transitions often encompass significant portions of the enzyme molecule. Here, we present a detailed study of functionally relevant RNase A dynamics in the wild type and a D121A mutant form by NMR spin-relaxation techniques. In the wild-type enzyme, the dynamic properties are largely conserved in the (apo), enzyme−substrate, and enzyme−product complexes. In comparison, mutation of aspartic acid 121 to alanine disrupts the timing of active-site dynamics, the product-release step, and global conformational changes, indicating that D121 plays a significant role in coordinating the dynamic events in RNase A. In addition, this mutation results in 90% loss of catalytic activity despite the absence of direct participation of D121 in the chemical reaction or in interactions with the substrate. These data suggest that one role of this conserved residue is to facilitate important millisecond protein dynamics. 
During the performance of their biological functions, proteins necessarily change conformation. The time scales and amplitudes of these motions vary widely, yet these dynamics parameters are accessible by solution NMR spin-relaxation experiments, which generally encompass two time windows, the pico−nanosecond and micro−millisecond regimes. Changes in protein dynamics on the pico−nanosecond time scale can make measurable contributions to protein configurational entropy1−3, which in turn can play an important energetic role in ligand binding4−8. These changes in protein dynamics often occur at multiple amino acid sites throughout the protein structure. The pathway linking these flexible protein regions is believed to be selected by evolutionary forces, which optimize energetic coupling between functionally important residues9−11. The network of these coupled residues provides for cooperativity between local processes occurring at the ligand-binding site and important global protein dynamics12. 
In addition to the fast protein dynamics described above, protein motions on a much slower time scale (micro−millisecond) can participate directly in many processes such as enzyme catalysis13−15, rate-limiting conformational transitions16−20, disulfide bond isomerization21, protein folding22−24, allosterism25, 26, and ligand−protein and protein−protein recognition27−30. In many cases of ligand binding or catalysis, the micro−millisecond motions that occur are not limited to the active site or ligand-recognition site but are global in nature, similar to the aforementioned pico−nanosecond processes. Given the prime importance of these slow motions to protein function, it is also likely that the amino acid residues participating in these processes are conserved and subject to evolutionary pressures28, 30, 31. However, little information is available regarding what changes in dynamics occur during function, how these conserved residues act in a global manner, or what effects the alteration of a particular amino acid has on dynamics and function. 
The question of how a global dynamic process is coordinated and controlled throughout the protein structure is an essential one in biophysics. These conformational fluctuations of the enzyme structure are essential for catalytic function and in some cases are rate-limiting to the overall catalyzed reaction20. We have previously demonstrated, using ribonuclease A (RNase A) as a model system, that it possesses an intrinsic global dynamic, which enables it to exist in equilibrium between the major, open (apo) conformation and a minor, closed (substrate-bound) conformation in the absence of the substrate17. Similarly, when bound to the substrate, RNase A exists predominantly in the closed conformation yet still conformationally samples the open configuration to some extent, indicating that the enzyme has a built-in propensity to access the catalytically important configurations, regardless of the presence of the substrate17. These conformational changes occur at a time scale identical to the rate-limiting enzymatic step16, which is product-release. Thus, the rate-limiting step is controlled by the conformational change in this enzyme32, 33. This phenomenon of pre-existing equilibrium is the basis of the MWC model of cooperativity34 and was suggested as operational in antibody-binding specificity35. This notion was subsequently demonstrated in an enzyme system using pre-steady-state kinetics studies that revealed the existence of a conformational equilibrium between active and inactive states36. Solution and solid-state NMR experiments have shown that this phenomenon, the innate ability of an enzyme to access catalytically important conformations, may be widespread37, 38. Particularly suited for NMR dynamics studies is RNase A, an enzyme in which protein-wide millisecond dynamics are known to be important for function16, 17, 32, 33, 39, 40. Here, we address the issue of the motional mechanism for millisecond time-scale events, their coordination, and their implications for function. These issues are investigated by solution NMR studies on RNase A at discrete steps along the enzyme reaction coordinate using three catalytically relevant complexes:  the (apo) enzyme, the enzyme−substrate (ES), and the enzyme−product (EP) forms of the wild type (WT) and a site-directed mutant (D121A). 
The conserved, acidic residue, D121, provides the main link between the active-site pocket ( sheet 6), where the phosphoester cleavage occurs, and loop 4, which contains the amino acid functional groups that endow RNase A with binding specificity for purine nucleotides located on the 5‘ side of bond cleavage (Figure 1a). In the WT enzyme, this acidic residue is located near the active site but does not directly participate in catalysis41. The principal, structural role of the carboxylate moiety of D121 is participation in a hydrogen bond that bridges the active site and the purine-binding site by linking the catalytically essential general acid, H119, a conserved water molecule, and K66/N67, which are located in the purine-binding loop (loop 4) (Figure 1a)42. Aspartic acid 121 is absolutely invariant along with histidine 119 in known mammalian pancreatic, seminal, and brain ribonucleases, in eosinophil associated ribonucleases, and in angiogenin43 . The strict conservation of the D121/H119 pair has earned the name “catalytic dyad” based on the analogy of this pair within the serine protease family. 
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Figure 1 Structural environment of the D121−H119 catalytic dyad in RNase A. (a) Important active-site residues of RNase A are shown as a ball-and-stick model on a cartoon representation of RNase A (PDB entry 7RSA)42. K66 and N67 are located in loop 4, and H119 and D121 are located in β sheet 6. A conserved water molecule hydrogen-bonded to D121 and N67 is shown as a ball-and-stick representation. (b and c) Two known conformations of the catalytic acid H119 are shown as observed in the crystal structure47. D121 and H119 are represented by space-filling models. H119 assumes position A in b and position B in c.

RNase A catalyzes the scission of a single-stranded RNA molecule and has a strong preference for cleavage between purines and pyrimidines44, 45. The substrate binds in a groove located between two halves of the enzyme, straddling the active site, with the purine portion binding on one side making contacts with loop 4 and the pyrimidine binding on the other. Catalysis occurs via a general acid/base process, in which the conserved residue, H12, increases the nucleophilicity of the 2‘-ribose hydroxyl facilitating the attack of this 2‘ oxygen on the adjacent 3‘-phosphorus atom. The other catalytically essential histidine, H119, which protonates the leaving group 5‘ ‘ oxygen, completes the reaction. The rate-limiting step occurs after chemistry and involves a global conformational change in the enzyme; the resulting catalytic rate occurs at ∼1600 s-1 at 298 K. In the WT RNase A enzyme the rate-determining product release step is linked to a conformational change that results in opening/closing of the cleft around the active site46. These conformational changes are relatively modest but encompass distant elements of the RNase A structure (Figure 2). The largest of these changes are localized to loop regions. In particular, loop 4 at the active site (Figure 2b) moves closer to the substrate, as do loops 2 and 5. In addition, loop 1 at the base of the active-site cleft undergoes a conformational change in response to ligand binding (Figure 2.) 
[image: ]
Figure 2 Three-dimensional structure of RNase A. (a) Overlay of three crystal structures of RNase A in the apoblue, E−pTppAp (red), and E−3‘CMP (green) complexes. Loop regions with the largest rmsd between the structures are labeled. (b) Close-up view of the active site for the ES and EP mimics, E−pTppAp (red), and E−3‘CMP (green), respectively. The substrate analogue, pTppAp, is shown in magenta, and the product pyrimidine, 3‘-CMP, is shown in blue. The side chains of D121 and H119 are shown with distances indicated by dashed lines to provide perspective. The crystal structures used are apo [7RSA42], pTppAp [1U1B17], and 3‘-CMP [4RSD47].

[bookmark: bi004500802638]Consistent with the observed structural changes, NMR dynamics experiments demonstrated that global conformational motion occurs at the same rate as  and implicated this motion as being part of the rate-determining step16, 17, suggesting a link between protein dynamics and the slow step in the catalytic cycle of this enzyme. The mechanism whereby these conformational changes at the active site are coupled to the global conformational motion that facilitates product release is investigated here by the mutation of the conserved residue D121 to alanine. Importantly, D121 makes no direct interactions with the substrate or product. In the ES complex, the carboxyl side chain of D121 is >7 Å from the site of bond cleavage and 6.8 Å from the C2 ribose on the pyrimidine17 (Figure 2b). Similarly, this side chain is 10 Å from O2 of the pyrimidine ribose and 6.8 Å from the nearest phosphoryl oxygen in the 3‘-CMP product complex (EP)47. This mutation, in addition has no significant effect on the enzyme structure based on X-ray crystallographic comparison of D121A and WT enzymes41. Furthermore, detailed biochemical and biophysical studies have shown that the  versus pH profiles for WT and D121A are indistinguishable41 and the microscopic  values of the two active-site histidines in D121A differ by ∼0.1 pH unit from the WT value48. Thus, this mutation does not affect the chemical properties of the essential active-site acids/bases or the tertiary structure of the enzyme, yet the D121A mutant is 90% less active than the WT enzyme. We assessed whether severing the link between β sheet 6 and loop 4, by substitution of alanine at position 121, disrupts the global or local protein dynamics in RNase A or alters the rate-limiting product release  value. The kinetics of three important motional processes were characterized by solution NMR: 1 the product release rate,2 the protein backbone conformational exchange rate, and3 the dynamics of the side chain of the active-site residue, H119. Here, it is demonstrated that the mutation of D121 has a significant impact on all of these processes. 
Materials and Methods
Protein Expression and Purification. The D121A mutation in the RNase A gene was performed using the QuikChange Mutagenesis Kit (Stratagene). Preparation of 15N- and 15N-13C-labeled samples of RNase A was performed according to published protocols16. The purity of the final protein samples was determined to be >95% using sodium dodecyl sulfate−polyacrylamide gel electrophoresis and MALDI−TOF mass spectrometry. The concentration of RNase A was assayed spectrophotometrically using an extinction coefficient, ε278 = 9800 M-1 cm-1. 3‘-CMP was purchased from Sigma Chemical (St. Louis, MO) and used without further purification. The substrate analogue pTppAp was prepared and characterized as described17, 49. This substrate analogue binds to RNase A in the low nanomolar range, and its binding was determined by titration calorimetry as described previously6. 
NMR Experiments. All protein NMR experiments were performed on 450−700 μM samples of 15N- and 15N-13C-labeled RNase A at 25 °C. The solutions were unbuffered and contained 10 mM NaCl and 1.5 mM NaN3. The sample pH was adjusted to 6.35 with HCl and was checked prior to every experiment. NMR data was acquired on Varian Inova 500, 600, and 800 MHz instruments equipped with HCN probes. The NMR sample temperature was calibrated for each experiment with 100% methanol. Relaxation-compensated CPMG (rcCPMG) experiments were performed to measure spin-relaxation rates of 15N of amide groups on 15N-labeled protein and 13Cε1 nuclei of histidine side chains using 15N-13C-labeled RNase A. All rcCPMG experiments were acquired in a single interleaved pseudo-four-dimensional experiment. Relaxation rate dispersion analysis was performed as previously described17. To quantitate the contribution of micro−millisecond chemical-exchange motion, was measured using the rcCPMG experiment performed as a function of interpulse delay, 50. At all chemical-exchange time scales, the value of  is related to the microscopic exchange parameters by51−53

(1)

(2)

(3)

(4)

(5)
in which  and  are the equilibrium populations of the two sites, Δω is the difference in chemical shifts between the two sites,  and  are the intrinsic transverse relaxation rates in the absence of chemical exchange, and kex is the microscopic exchange rate constant of the motional process. The exchange rate constant  for nuclei in equilibrium between two magnetically inequivalent sites (A ↔ B) is the sum of the rate constants for the forward and reverse processes. Determination of the microscopic rate constant by measuring  as a function of the interpulse delay  is known as dispersion analysis. 
[bookmark: bi004500802639]Transverse spin-relaxation data using the rcCPMG experiment50 for the (apo), pTppAp, and 3‘-CMP saturated enzyme samples were acquired at 800, 600, and 500 MHz at 298 K. At each static magnetic field,  relaxation rates were measured by acquiring two-dimensional experiments with interpulse delays,  during the nitrogen relaxation period of 0.625, 0.714, 1.0, 1.25, 1.67, 2.0, 2.50, 3.33, 5.0, and 10.0 ms. Relaxation rates were determined from a reference experiment with a total relaxation time equal to 0.0 ms and one with the total relaxation time equal to 40.0 ms19. The proton carrier frequency was set coincident with the water resonance. The 15N carrier was set to 119 ppm. Dispersion data for each amino acid residue were analyzed using in-house fitting algorithms written in Mathematica code (Wolfram, Inc.), which utilizes the Levenberg−Marquardt algorithm54. Determination of the sign of the chemical-shift difference between the exchanging conformations was performed as described by Kay and co-workers55. 
The kinetics of the 3‘-CMP interaction with WT and D121A RNase A were measured by titration of 3‘-CMP into a solution of 15N-13C-labeled enzyme. The 15N-HSQC spectra were recorded at each titration point. Line-shape analysis was performed in MATLAB as described17. 
J-Coupling Constant Measurements. Measurements of 3J-coupling constants between C‘ and Cγ and between HN and Cγ of histidine residues were performed using 2D-triple resonance J-quantitative experiments56 and analyzed to obtain χ1 angles using a parametrized Karplus equation57, 58. The dependencies of the 3J-coupling constants in a histidine side chain were calculated using the Fourier-series form equations and the amino-acid-specific Karplus coefficients57, 58

(6)
in which the coefficients θ = χ1degrees, C0 = 1.30 Hz, C1 = −0.49 Hz, and C2 = 0.65 Hz for 3JNCγ and θ = χ1 − 120°, C0 = 2.14 Hz, C1 = −0.87 Hz, and C2 = 1.15 Hz for 3JC‘Cγ. The delays allowing the evolution of the scalar coupling interactions ranged from 50 to 130 ms. 
Dispersion Curve Simulations. A total of 1000 synthetic  data sets were generated for a two-site exchange process using exchange parameters, kex = 1000 s-1, Δω11.7 T = 950 s-1 (Δω18.8 T = 1500 s-1), pa = 0.95, and = 15 s-1. Each set was modified by incorporating random errors in the  values; errors were selected from a Gaussian distribution with full width at half-maximum at 5%. Each of the 1000 data sets included 12 error-incorporated  values, where  ranged between 714 μs and 65.0 ms (νcpmg = (1/τcp)∼ [1400 s-1 − 15 s-1]) to reflect experimentally practical values for 15N relaxation experiments on modern NMR spectrometers. To assess the quality of exchange parameters that can be expected from experimental data, we fit eq 1 to each of the 1000 synthetic  data sets. Nonlinear least-squares fits were executed using Prism 4.0GraphPad Software, Inc. and were constrained so that (1) 0.8 ≤ pa ≤ 1.0i.e., pa ≫ pb, (2)  > 10 s-1, (3) kex > 100 s-1, and (4) Δω > 50 s-1 for two-site exchange. The  constraint is reasonable for 15N nuclei in a macromolecule the size of RNase A, while restrictions on pa, kex, and Δω limits these parameters to values observed previously for this enzyme. 
Results
Interactions of RNase A with Ligand. Steady-state NMR line-shape analysis17 was performed on the WT enzyme during a titration with the product analogue, 3‘-CMP, to quantitate the kinetics of the rate-limiting product release step. The chemical-shift changes for protein 1H and 15N resonances were quantitated from a series of 2D HSQC experiments with progressive increases in the 3‘-CMP concentration (Figure 3a). A total of 26 residues shifted significantly in the WT enzyme upon binding to 3‘-CMP; 15 of these were quantifiable (sufficiently resolved in all spectra). The dissociation constant for 3‘-CMP is in the micromolar range and therefore could be quantitated from the changes in these NMR chemical-shift values. The resulting dissociation constant (Kd) for WT RNase A is 210 ± 30 μM (Figure 3a), black curve. There is very little variation in the dissociation constants determined by independent fits of the individual residue-specific changes in chemical shifts, indicating that all residues report on the same binding event; the values reported henceforth are those from a simultaneous fit for all residues to a single Kd value. For WT RNase A, NMR line-shape analysis of the 3‘-CMP titration series yields a ligand-binding rate (kon) = 8.1 ± 0.7 × 106 M-1 s-1 and dissociation rate constant  = 1700 ± 150 s-1 (Figure 3b). 
[image: ]
Figure 3 Binding kinetics of 3‘-CMP to the WT and D121A RNase A. Results of a titration series and NMR line-shape analysis. (a and the inset) Titration of the product, 3‘-CMP, is followed by monitoring the changes in backbone chemical shifts observed in 1H-15N HSQC spectra for WT (black) and D121A (red) RNase A. The analysis was performed on a set of residues assigned and resolved in spectra of both D121A and WT enzymes, His12, Met13, Gln28, Lys31, and Thr36. Circles correspond to normalized, experimentally measured changes in chemical shifts for this group of residues and were used for global fitting, with solid lines representing the fitted curve. The inset to a shows, as an example, the changes in chemical shifts for Lys31 in WT (top) and D121A (bottom) RNase A upon an increase in the 3‘-CMP concentration. The contour plots, going from left to right, correspond to the number of equivalents of 3‘-CMP/WT RNase A, 0, 0.174, 0.393, 0.691, 1.31, 2.71, and 12; and 3‘-CMP/D121A RNase A, 0, 0.159, 0.354, 0.602, 1.03, 2.01, and 8.27. The fits yield Kd = 210 ± 30 μM for WT RNase A and Kd = 78 ± 13 μM for D121A RNase A. (b) Results of NMR line-shape fitting for Gln28 for WT and D121A RNase A. Blue symbols and connecting lines correspond to experimental NMR data, and red solid curves represent the global, multiresidue line-shape fitting curves. For WT RNase A, nonlinear fitting gives  = 1700 ± 150 s-1, and for D121A RNase A, nonlinear fitting gives  = 2700 ± 150 s-1.  

As in the WT enzyme, several residues in the D121A variant experience chemical-shift changes in response to the interaction with 3‘-CMP (of a total of 36, 13 were quantifiable). The residues experiencing chemical-shift perturbations by titration with 3‘-CMP are the same in WT and D121A. The resulting dissociation constant for 3‘-CMP from these titration experiments, determined by global fitting, is 78 ± 13 μM (Figure 3a, red curve), indicating that the product analogue binds with higher affinity to D121A than it does to the WT enzyme. However, the line-shape analysis (Figure 3b) of the 3‘-CMP titration reveals that the increased affinity results from increases in both the kon and  values. For D121A, kon = 3.5 ± 0.2 × 107 M-1 s-1 and  = 2700 ± 150 s-1. 
15N Backbone Dynamics. The millisecond backbone amide dynamics of the WT enzyme were quantitated by measuring the rate of decay of 15N transverse coherence, , as a function of 15N-180° pulse-repetition time,  (Figure 4a)50. In total, 29, 23, and 33 amino acid residues in the (apo), ES, and EP complexes experience conformational exchange motion (Figure 5a). Statistical analysis17 of the NMR data indicate that these regions of RNase A possess the same global conformational exchange rate, kex = 1750 ± 130 s-1 in the (apo) form, in the ES complex, kex = 1900 ± 250 s-1, and in the EP form, kex = 1730 ± 75 s-1parts c and d of Figure 5. 
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Figure 4 Differences in millisecond dynamics observed in WT and D121A RNase A.a, b, and c Dispersion curvesat 800 MHz obtained for WT (a) and D121A (b) RNase A characterizing amide 15N conformational exchange for residues S16 (black), S80 (red), N71 (green) and H119 (blue). (c) Dispersion profile for C65 in D121A RNase A. The data shown was obtained at 800 MHz, but the curves represent the global fit utilizing spin-relaxation data at both 800 and 600 MHz.
[image: ]
Figure 5 Spatial location of conformationally mobile residues in RNase A. Residues that show an increase in  with increasing  values are mapped onto the ribbon structure of RNase A for (a) WT and (b) D121A for the E, ES, and EP complexes going from left to right, respectively, and shown diagrammatically with the reaction coordinate located at the top of the graph. (c) Individually fit kex values (·) for residues in WT (left) and D121A (right) in the RNase A/pTppAp complex. The solid, colored lines indicate the 95% confidence interval for the global fitted kex value for all residues in WT and for residues in D121A with kex > 1500 s-1 (blue) and kex < 1500 s-1 (green). (d and e) Subset of quantifiable kex values for all enzyme complexes are mapped onto the ribbon structure of RNase A using the same color scheme as in c. The location of the D121 mutation is indicated with a gold asterisk in e, and loop 4 is circled in b.

[bookmark: bi004500802640]Typical relaxation dispersion curves for D121A are shown in parts b and c of Figure 4. Identical analysis of the backbone motion in D121A indicates that 34, 23, and 27 residues experience conformational exchange, respectively, in the (apo), ES, and EP forms (Figure 5b). The identity of these flexible residues in D121A is essentially the same as those found for WT, except for residues in and near loop 4 (Figure 5b, cyan circle). In the (apo) and 3‘-CMP forms of D121A, the global exchange rate is elevated relative to the WT enzyme with kex values of 2400 ± 70 and 2000 ± 80 s-1, respectively. In addition, unlike the dynamics observed in WT RNase A, the purine-binding loop 4 shows no evidence of millisecond dynamics (compare Asn71, in parts a and b of Figure 4) except for C65. Thus, many of the residues (K66, N71, and C72) in the vicinity of loop 4 lose WT-like flexibility, whereas the remainder of the enzyme experiences a slightly increased exchange rate in the mutant. Removal of the interaction between β sheet 6 and loop 4 by mutation of D121 disrupts the WT-like motion in the enzyme. Furthermore, in the ES complex, the relaxation dispersion data are no longer best described by a single, global rate constant (parts c and e of Figure 5). The relaxation dispersion data for the ES complex were best modeled with two separate dynamics processes in which residues were partitioned into a fast- and a slow-exchanging group as indicated in Figure 5c (right graph). Residues in the fast group were S15, S16, T17, A19, S22, S80, and Q101, whereas residues in the slow group consisted of T3, A5, Q11, N27, M29, M30, S32, N34, L35, C40, A64, C65, R85, G112, H119, and A121. Fitting of each group of residues with eq 1 gave kex values and populations (pa) of 2380 ± 300 s-1, 94 ± 2% and 730 ± 70 s-1, 85 ± 8% for the fast and slow groups, respectively. Statistical F tests59 and AIC60 analysis demonstrates that the “two-kex model” is a much better descriptor of the relaxation data in the D121A ES complex than a model with a single, global kex value. In comparison to the two models, the F ratio is 155, giving a p value < 0.0001. Likewise, the difference in AIC values for the two models is 250. The spatial location and partitioning of the fast- and slow-exchanging residues is depicted in Figure 5e. In the case of the WT and D121A enzymes, fractional populations for the major conformer range between 85 and 94%, but 5% uncertainties in these values preclude interpretation. 
To make meaningful interpretations of the exchange rate constants, kex, obtained from relaxation dispersion experiments, an accurate assessment of the exchange parameters (kex, pa, Δω, and, given a set of experimental data, is needed61. To estimate the faithfulness of the experimentally determined exchange parameters, 1000 synthetic data sets were generated for a two-site exchange model with relaxation data at two static magnetic fields using exchange conditions similar to those expected for RNase A. The distribution of fit parameters is shown in Figure 6. These results show that, assuming 5% uncertainty in the data, simultaneous fitting to the relaxation data at two magnetic fields accurately reproduces the input parameters. Thus, the experimental data in this study can be reliably interpreted. 
[image: ]
Figure 6 Parameter distributiontwo magnetic fields. Histogram of the parameter estimates for (a) kex, (b) Δω,c pa, and  from fitting eq 1 to 1000 synthetic data sets simultaneously at 11.7 and 18.8 T magnetic fields. Input parameters were kex = 1000 s-1, Δω11.7 Τ = 950 s-1 (Δω18.8 T = 1500 s-1), pa = 0.95,  = 15 s-1. The resulting distributions are modeled with a single Gaussians.

[bookmark: bi004500802641]Histidine Side-Chain Conformations. To more fully characterize the aspects of the mutation of D121 on the active site, two sets of 3J couplings were measured for histidine side chains. The active-site acid, H119, in the WT enzyme is known to undergo a rotation about its Cα−Cβ bond to interconvert between the trans and gauche+ (χ1 = 159°/χ1 = −60°) conformers; the resulting conformations are called A and B, respectively (parts b and c of Figure 1). For the apo-WT enzyme, the measured 3JC‘Cγ ≤ 2.3 Hz3 (JNCγ was not measurable because of spectral overlap), and for apo-D121A, the upper limit of 3JC‘Cγ = 2.5 Hz and the value of 3JNCγ = 1.6 ± 0.1 Hz (Figure 7). These three-bond coupling constants report on the χ1 angle and are consistent with allowed values for H119 that are a time average between trans and gauche+ conformations. Gauche- conformations are rarely seen in proteins62 and would additionally require major backbone conformational changes to occur in RNase A. Therefore, the D121A variant enzyme retains the WT- like character in which H119 interconverts between conformations A and B. For H12, χ1 for both the mutant and WT are also the same (not shown). 
[image: ]
Figure 7 Parametric plot of 3J-coupling constants. The parametric form of the dependence of the 3J-coupling constants on the torsion angle χ1 allows for easier identification of the torsion-angle ranges, satisfying experimentally measured values of both3JC‘Cγ- and 3JNCγ-coupling constants. The plot corresponds to the values of the histidine torsion angle χ1 ranging from −180° to +180°. Major rotameric states are labeled and shown as red dots. The gray line corresponds to the eclipsed conformations (±30°). The red line corresponds to the experimental upper limit of 3JC‘Cγ in WT H119. The blue-shaded area is defined by experimentally measured values of both 3JNCγ and 3JC‘Cγ in H119 for D121A.  
Histidine Side-Chain Dynamics. Because the conformation of H119 has important implications on the function of RNase A, its motion was investigated by NMR relaxation studies. To achieve this, we have developed an NMR experiment to probe relaxation at the Cε1 position of histidine residues to allow for characterization of the dynamics of the imidazole ringsee the Supporting Information. Simultaneous fitting of Cε1 spin-relaxation data at two magnetic fields (11.7 and 18.8 T) indicates that the side chain of H119 in apo-WT RNase A moves at a rate, kex = 1670 ± 130 s-1 (Figure 8a), which is the same as the backbone dynamics rate and the ligand dissociation rate (vide supra). In contrast, for the D121A apo enzyme, the Cε1 NMR relaxation experiments show that the H119 imidazole ring experiences conformational motion on a time scale ∼ 3000−5000 s-1 (Figure 8b). For motional dynamics of this rate, nonlinear fitting to relaxation-compensated CPMG data is not reliable, and therefore, we are able to determine a limited range for H119 side-chain motion. These spin-relaxation data indicate that the conformational exchange rate constant for the side chain of H119 is also at least 2-fold greater than that seen in the WT enzyme. 
[image: ]
Figure 8 Histidine side-chain dynamics. Histidine Cε1 dispersion curves for (a) WT and (b) D121A enzymes. Relaxation rates for the Cε1 position of H119 at 500 (▴) and 800 (▪) MHz as a function of the 180° 13C pulse repetition rate. Curves are a simultaneous fit to the data at both static magnetic field strengths.

In studies of conformationally mobile systems such as this, typically, one observes a single population-weighted chemical shift, which is positioned intermediate between the chemical shifts of the invisible, interchanging conformations. The difference between these invisible resonances is given by Δω and is obtained from fits of the rcCPMG spin-relaxation data. The value of Δω obtained from this analysis can be augmented with information of its sign (±), which provides the locations of chemical shifts for the major and minor conformations involved in the exchange process. The sign and magnitude of Δω for residues in loop 1 in the mutant and WT complexes of RNase A are provided in Figure 9. For these residues, which are distant from the active site, the signs of Δω for the bound forms are opposite that for the (apo) enzymes. This is the case for both the WT and D121A enzymes. In addition, the magnitude of Δω is similar when comparing the same ligated forms of WT and D121A, suggesting similar conformations for loop 1 in both mutant and WT enzymes at each position on the reaction coordinate. 
[image: ]
Figure 9 Magnitude and sign of chemical-shift differences. The magnitude of the chemical-shift difference was determined by fitting eq 1 to the NMR spin-relaxation data for residues in loop 1 for the WT (black) and D121A (red) forms of RNase A. The magnitude is plotted for the apo-E (hatched), E−pTppAp (solid), and E−CMP (stippled) forms of the enzyme. The sign of Δω was determined from a pair of HSQC/HMQC 1H-15N spectra as described previously55. For enzyme complexes in which no error bars are shown on the data bar, only the sign of Δω could be determined; the magnitude is given an arbitrary value of 25 s-1 for graphical purposes only.
Discussion
The mechanism of how global protein dynamics are coordinated and perhaps impact on enzyme catalytic rates is an important one if a thorough understanding of the protein function is to be obtained. It has been suggested that important dynamics are subject to evolutionary pressures in much the same way as a protein fold or function evolves63. Computational and experimental work has provided support for this notion in dihydrofolate reductase in which pico−nanosecond motions of conserved residues were demonstrated to have a substantial impact on hydride transfer64, 65. Here, we investigated the role of a conserved residue in millisecond dynamics by a comparison of mutant and WT enzymes at discrete stages along the enzymatic reaction coordinate. This mutation of a conserved residue, by all measures, does not affect the structure of RNase A or the chemical properties of the active site yet is disruptive to the catalytic turnover rate. In addition, the pico−nanosecond (see the Supporting Information) and microsecond dynamics (not shown) of the RNase A backbone are unaffected by this mutation. However, this mutation causes significant effects on the millisecond dynamics of this enzyme. 
Given the role of conformational changes in gating the rate-limiting product release step32, the interaction of the product, 3‘-CMP, with D121A and WT was determined by NMR line-shape analysis. For the WT enzyme, the measured dissociation rate constant for 3‘-CMP is identical to the  value, as expected for an enzyme in which this step is rate-limiting. For D121A, the  value is elevated by 1000 s-1 relative to the WT value (Table 1). The on rate for 3‘-CMP binding to D121A is also elevated in comparison to the WT, resulting in a higher affinity of 3‘-CMP for D121A. Although D121 does not interact directly with the ligand, it nevertheless plays a role in defining the kinetics of ligand/protein interactions. Because protein dynamics in RNase A are important for the rate-determining step32, we further investigated the millisecond motions in the E, ES, and EP complexes of RNase A via 15N-amide backbone relaxation dispersion experiments. 
Table 1:  Summary of Rate Constants for WT and D121A RNase A
	type of motion
	WT (s-1)
	D121A (s-1)

	backbone dynamics (apo RNase A)
	1750 ± 130 
	2400 ± 70a

	backbone dynamics (RNase A/pTppAp) 
	1900 ± 250 
	2400 ± 300b 730 ± 70c

	backbone dynamics (RNase/CMP) 
	1730 ± 75 
	2000 ± 80a

	product release rate 
	1700 ± 150 
	2700 ± 150 

	H119 Cε1 dynamics 
	1670 ± 130 
	3000−5000 

	
	1600 
	60


a Experiences global motion with the exception of residues in loop 4 in which the motion was not detectable.b Motional rate for loop 1 only.c Motional rate for active-site region and loop 4.

[bookmark: bi004500802643][bookmark: bi004500802644]Parts a and b of Figure 5 show the location of the flexible sites in RNase A in the E, ES, and EP complexes. The location of the flexible residue is very similar in all three enzyme forms17. In the WT, these sites all move with the same global rate constant (Table 1), and this rate constant is the same in each enzyme complex and as noted previously the same as the catalytic rate16. These and additional data discussed below suggest that the backbone conformation of the WT enzyme exists in two conformations and that binding of ligand, whether the substrate or product, affects the relative populations of these conformations but not the kinetics of the conformational interconversion. In the mutant enzyme, the flexible sites are essentially the same as in the WT enzyme with the exception of loop 4. In contrast to the WT enzyme, there are differences in the kinetics of the backbone dynamics of D121A in the E and EP complexes. With the exception of C65, the dynamics in loop 4 are no longer detectable (Figure 5b), left and right panels, cyan circle. This suggests that removing the D121 interaction uncouples the global dynamic process. It is possible that the apparent loss of dynamics in this loop could be due to Δω ≅ 0, caused by the removal of the carboxylate group in residue 121. However, we have also investigated the dynamics of the D121N mutant and observe similar results as in D121A, suggesting that the effect is not simply due to the changes in the chemical environment in this region (not shown). 
The dynamics of WT loop 4 did not simply shift to another time scale in D121A because both the WT and mutant display identical order parameters (see the Supporting Information) and identical microsecond motions obtained from off-resonance R1ρ experiments (not shown). In addition to the absence of a detectable motion in loop 4, the exchange rate kex for the conformational motion, for residues outside of this loop, in each of these mutant enzyme complexes is elevated relative to the WT. These differences are not large (1700−1900 s-1 for the WT versus 2000−2400 s-1 for D121A), but they are real and reproducible. Interestingly, the backbone dynamics in the mutant and WT are similar to their respective product release rates as determined by line-shape analysis. Thus, even in the mutant, protein dynamics appear to modulate ligand release, although the impaired catalytic turnover rate in D121A indicates that this step is not rate-limiting as it is in the WT enzyme. 
In the D121A ES complex, the changes in dynamics are striking. Unlike the WT enzyme, in which the ES complex experiences a global dynamics process, the dynamics of D121A−pTppAp could not be adequately described by a single rate constant (parts c and e of Figure 5). The residues in loop 1 move with an exchange rate of 2400 ± 300s-1, whereas the remainder of the flexible residues, which comprise the active site and loop 4, move at a much slower rate of 730 ± 70 s-1. This conformational change is the result of intramolecular motion and is not due to pTppAp binding/dissociation because the excess amount of ligand ensures an insignificant population of free enzyme17. In this mutant enzyme, the kinetics of the active-site motion in the ES complex are damped relative to the WT enzyme. In addition, loop 4 in the D121A−pTppAp complex shows evidence of conformational motion unlike the (apo) and 3‘-CMP-bound forms of this mutant enzyme. Thus, it appears that the ligand, which bridges the active site and loop 4, aids in transmitting the global motion from the enzyme to this loop yet not with the same efficiency of D121. 3‘-CMP, which does not bridge the purine and pyrimidine sites, is unable to elicit motion in loop 4 like that of the substrate analogue pTppAp. Unlike in the WT enzyme, ligand binding in D121A alters the kinetics of the conformational exchange process with the additional separation of motion into two time scales in the ES complex. 
The effects of mutation on the dynamics of the active site, in particular that of the side chain of H119, were investigated with a new solution NMR experiment designed to measure millisecond dynamics in histidine side chains. Using this experiment, the motion of H119 in the WT was determined to be identical to all other dynamic processes in the enzyme, whereas in D121A, the imidazole ring of H119 moves at a significantly elevated rate. Here, we assume that the motion detected by NMR Cε1 dispersion experiments is the trans/gauche+ (A/B) interconversion observed in X-ray crystal66 and solution NMR67 studies of RNase A. Our 3J-coupling measurements confirmed that conformational averaging similar to the one seen in the WT is present in D121A RNase A (Figure 7). In conformation A, Nδ1 of H119 is properly positioned to protonate the leaving group of 5‘ oxygen of the substrate. After protonation, H119 must be reprotonated prior to a subsequent catalytic cycle. In conformer B, Nδ1 is not correctly positioned to perform its acidic function but rather is hydrogen-bonded to a water molecule41, from which it is able to be reprotonated. Thus, the motion of H119 bears on the RNA cleavage reaction because it must be in position A for catalysis to occur. These NMR spin-relaxation data indicate that this dynamic process is altered upon the mutation of the conserved residue D121. 
[bookmark: bi004500802645]In protein dynamics studies, it is important to not only address the kinetics of the conformational motion but also the magnitude of this motion. Insight into enzyme motion can be obtained from consideration of Δω21 and its direction55. We have previously used this type of analysis to provide evidence that conformational changes in (apo) and substrate-mimicked WT RNase A represent an example of a ligand-stabilized conformational change17 in a manner analogous to the MWC model of allosterism34. Here, we extend this analysis to the EP complex and to the D121A mutant enzyme. The results are depicted in Figure 9. These residues shown in Figure 9 are located in loop 1, approximately 25 Å from the active-site histidine residues. Loop 1 alters its conformation depending upon the ligation state of RNase A (Figure 2a). Motion of this loop is part of a structural change involving α helix 2 and β sheets 1 and 4. These changes allow active-site residues in RNase A to make intimate contact with the substrate or product. Conversion between these two conformations in the WT enzyme is part of the global conformational change, which determines the rate of product release. As such, the dynamics of this loop as well the active-site and substrate-binding loop 4 occur at a rate matched to the catalytic turnover value. The position of loop 1 correlates well with the conformation of the purine-binding loop (loop 4). This correlation is also observed in normal-mode analysis of RNase A not shown. These data indicate that the conformation of loop 1 is a particularly useful gauge of the conformational state of RNase A. Importantly, the residues in loop 1 are distant from the active site, and therefore, differences in chemical shifts observed for these residues should report only on conformational changes and should not be complicated by additional electrostatic effects because of the proximity to the charged ligand in the bound enzyme. For WT RNase A, the data in Figure 9 show that the values of Δω for the liganded (ES and EP) forms of RNase A are of similar magnitude to each other and to the (apo) enzyme but of opposite sign to the (apo) enzyme. This observation supports, as we described previously for the WT-pTppAp form, the notion that RNase A is in equilibrium between open/closed conformations, in which ligand binding shifts the relative populations to the bound (closed) form in this pre-existing dynamic process17. 
An identical analysis of the sign and magnitude of Δω for D121A indicates that a similar equilibrium is at play in this mutant form, further supporting a likely two-state equilibrium between bound and free enzyme conformations. The similarity of the magnitude of Δω values for each residue in loop 1 and the identical sign of Δω for these residues in D121A and WT in the (apo), ES, and EP complexes further suggest that the conformational changes in D121A and WT are similar if not the same; the result of this mutation disrupts the kinetics of the exchange process but not its magnitude. 
These experiments demonstrate that D121 provides a link that allows for the coupling of motion involved in global protein dynamics. In the WT, H119 motion, the protein backbone dynamics, and the release of ligand all occur with the same rate constant (Table 1); in D121A, these rates are elevated and span a range of values from 2000 to 5000 s-1 with the additional complexity that loop 4 loses much of the conformational exchange behavior that it experiences in the WT enzyme. Moreover, the global dynamics observed in the WT ES complex do not exist in the substrate-bound form of D121A. This suggests that a principal role of the conserved residue, D121, is to help transmit and coordinate the dynamics of the active site with other important regions in the enzyme. The identical time scale of all of these dynamic processes (Table 1) underscores the global, coordinated dynamic that exists in WT RNase A. 
For WT RNase A, the identity of all of the measured rate constants (Table 1) demonstrates the exquisite synchrony of dynamics in this enzyme. The mutation of D121 to alanine clearly disrupts the timing of these motions. In this mutant,  decreases from the WT value of 1600 to 60 s-1. Although it seems unlikely that this mutation would have introduced a slower dynamic process that is responsible for the decreased catalytic rate, we nonetheless have performed 15N zz-exchange experiments68−70 to look for such a process occurring at ∼60 s-1. These experiments have not detected evidence for such slow motion. The question remains, if and how disruption of WT dynamics influences the catalytic rate. One possible scenario would be that disruption of dynamics from concertedWT to a more stepwise 1 process (D121A) could lead to a decrease in the overall rate for catalytic turnover. Thus, disruption of concerted dynamics could possibly account for some of the rate deceleration observed in the mutant enzyme. Furthermore, the disruption of the H119 side-chain motion could alter the population41 of its catalytically important conformation, resulting in additional detrimental effects on catalysis, although more work is needed to fully identify the mechanism. Nonetheless, this study exemplifies the importance of protein dynamics in enzyme function and suggests that the inconcinnity in dynamics imparted by the mutation of D121 is likely a reason for its strict conservation. 
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