UC Davis
UC Davis Previously Published Works

Title
Common Enzymological Experiments Allow Free Energy Profile Determination

Permalink
https://escholarship.org/uc/item/4vx6k7bg

Journal
Biochemistry, 52(34)

ISSN
0006-2960

Author
Toney, Michael D

Publication Date
2013-08-27

DOI
10.1021/bi400696j

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4vx6k7bs
https://escholarship.org
http://www.cdlib.org/

1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny Yd-HIN

o NATIG,

R HE

N WS)))\

D)

NS

NIH Public Access

Author Manuscript

Published in final edited form as:
Biochemistry. 2013 August 27; 52(34): 5952-5965. d0i:10.1021/bi400696j.

Common Enzymological Experiments Allow Free Energy Profile
Determination

Michael D. Toney
Department of Chemistry, University of California, Davis, Davis, CA 95616, U.S.A., Tel:
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Michael D. Toney: mdtoney@ucdavis.edu

Abstract

The determination of a complete set of rate constants (free energy profiles; FEPS) for a complex
kinetic mechanism is challenging. Enzymologists have devised a variety of informative steady-
state kinetic experiments (e.g., Michaelis-Menten kinetics, viscosity dependence of kinetic
parameters, KIEs, etc.) that each provide distinct information regarding a particular kinetic
system. A simple method for combining steady-state experiments in a single analysis is presented
here, which allows microscopic rate constants and intrinsic kinetic isotope effects to be
determined. It is first shown that Michaelis-Menten Kinetic parameters (Kot and Ky, values),
kinetic isotope efffets, solvent viscosity effects, and intermediate partitioning measurements are
sufficient to define the rate constants for a reversible uni-uni mechanism with an intermediate, EZ,
between the ES and EP complexes. Global optimization provides the framework to combine the
independent experimental measurements, and the search for rate constants is performed using
algorithms implemented in the biochemical software COPASI. This method is applied to the
determination of FEPs for both alanine racemase and triosephosphate isomerase. The FEPs
obtained from global optimization agree with those in the literature, with important exceptions.
The method opens the door to routine and large-scale determination of FEPs for enzymes.

Introduction

Enzymatic free energy profiles (FEPs; i.e., energies for all ground and transition states)
provide profound insight into the nature of biological catalysis and its evolution. (1) The
kinetic complexity of enzyme mechanisms has traditionally made the determination of FEPs
a complex task requiring enzyme-specific experimental designs. Albery and Knowles
presented a method for determining FEPs by using isotopic kinetic measurements for
triosephosphate isomerase (TIM) (2), and later, proline racemase (3). Unfortunately, the
mathematical framework they used is difficult for enzymological audiences, and is not fully
general. Representative examples in the literature employ diverse kinetic information and no
common framework. (4-18) A straightforward and general method for determining
enzymatic FEPs would greatly aid efforts to understand the origins of biological catalysis.
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Historically, attempts to define FEPs using steady-state experiments have had variable
success (2, 16, 19, 20). For example, Knowles and coworkers were not able to define the
energies of one transition state (DHAP binding) and two ground states (enediol and E-GAP
intermediates) for TIM in a four step mechanism that includes a carbanionic intermediate
(Scheme 1). Maurice and Bearne successfully employed k¢4, Ky, and viscosity effects to
define a simplified three-step mechanism for mandelate racemase (21). To our knowledge,
no work systematically examining the extent to which common steady-state Kinetic
experiments can define enzymatic FEPs has appeared.

Alanine racemase (AR; EC 5.1.1.1) is a pyridoxal-5’-phosphate dependent amino acid
racemase that catalyzes the reversible interconversion of alanine stereoisomers and provides
bacteria with D-alanine for peptidoglycan biosynthesis. Trisoephosphate isomerase (TIM;
EC 5.3.1.1) catalyzes the reversible interconversion of D-glyceraldehyde 3-phosphate
(GAP) and dihydroxyacetone phosphate (DHAP) in glycolysis. Both enzymes employ a
reversible uni-uni kinetic mechanism that is applicable to a wide variety of enzyme
catalyzed reactions (Scheme 1). It encompasses five ground states coupled through four
reversible steps, with two Michaelis complexes (ES and EP) and an intermediate (EZ) as
enzyme-bound species.

Using this general mechanism as an example, we apply results from common steady-state
Kinetic experiments (e.g., kegt and Ky, Viscosity dependence of Keai/Kp, KIES, and
intermediate partitioning) to determine FEPs. Global optimization is used to search for rate
constant values that agree with experimental measurements. The procedure is illustrated
here by application to AR and TIM, for which FEPs were determined previously (22, 23).

Experimental Section

Materials

AR from B. stearothermophilus was expressed and purified as previously described (24).

Kcat and K, determination

keat and Ky, values for AR were determined by global nonlinear regression fitting of a
reversible Michaelis-Menten model to progress curves from previous work (22), using the
parameter estimation task in COPASI (25, 26) with k.5t and K., values as adjustable
parameters (Figure 1A).

Quinonoid intermediate equilibrium constant

Absorbance spectra of 3.5 mM AR in 50 mM CHES pH 8.9 at 25 °C in the absence and
presence of saturating D, L-alanine (250 mM) were recorded between 450 and 600 nm
(Figure 1B). Quantification of the quinonoid intermediate concentration used a molar
absorption coefficient of 40,000 (M-cm)~1 (27). Kgz was calculated based on the total
enzyme concentration.
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A. Michaelis-Menten parameters—Expressions for kg and Ky, in terms of microscope
rate constants for the mechanism presented in Scheme 1 were obtained using the net rate
constant method of Cleland (28).
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B. Viscosity dependence of kq4i/Km—The dependence of enzyme reaction rate on
solvent viscosity allows one to determine the extent to which transition states for
bimolecular steps are rate-limiting. In typical viscosity experiments, Keat/Km and/or ket is
measured at different concentrations of a viscosogen (e.g., glycerol, sucrose). Brouwer and
Kirsch (29) showed that the dependence of relative keat/Km values [i.e., (Keat/ Km) 1/
(keat/Km) ] On relative viscosity (7/1p) is linear, with kp/k-; as the value of the slope for a
minimal mechanism in which substrate binding is the only viscosity dependent step. This
presentation is now common in the literature. The mechanism of Scheme 1 leads to Eq. (5)
as an expression for the slope of a plot of relative kea/Kiy vs. relative viscosity.

KOk ok _s+koksk!)
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Slope= (5)

Here, superscript 0 indicates the value of a viscosity dependent rate constant in the absence
of viscosogen (i.e., at a relative viscosity of 1). Identical equations are obtained for both
directions of reaction, and this is borne out experimentally in the literature (21, 30, 31).
Although the present work does not make use of viscosity effects on ke, such
measurements contain additional information that can be exploited (21). The absolute
instead of relative values of kqq/Kp provide additional information in the slope and
intercept terms that can be used (21).
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C. Intermediate partitioning—The EZ partition ratio (k-o/k3) is contained in, but not
uniquely determined by, the ratio of the net rate constants for formation of either substrate or
product from the intermediate. The ratio of these net rate constants can be obtained from
experiments that quantify the relative rates of EZ reverting to substrate vs. proceeding to
product. Traditionally, two types of experiments have been employed: 1) measuring the rate
of isotope exchange from substrate to solvent relative to the rate of product formation, and
2) measuring the partitioning of an exogenously supplied, stable reaction intermediate to
substrate vs. product. From Scheme 1, one can derive the partition ratio, 6, for EZ going to
substrate vs. product.

k_o
f=——=
= ©

()
)

T

D. KIEs—Both AR and TIM rapidly exchange a hydron from a substrate C-H bond for a
solvent derived one at the EZ intermediate (32, 33). Isotope washout into the solvent pool
leads to a single isotopically sensitive step (ko or k-3, depending on the direction of the
reaction) to be considered since the reverse of the isotopically sensitive step occurs with a
solvent-derived hydron (protium) being transferred (2, 34). Following Northrop (35),
expressions for the forward and reverse deuterium KIEs on Kzt and Keat/Kn, are defined as
follows.
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These expressions can be combined in ratios to give Egs. (11) and (12), where no value for
the intrinsic KIE is required for application (36).
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E. On-enzyme equilibria—For many enzymes, concentrations of reaction intermediates
can be quantified with the system at equilibrium. Quantification can take the form of
spectroscopic detection (such as the EZ intermediate in AR) or chemical analysis of
quenched reactions. The equilibrium constant for the EZ intermediate with respect to the
total enzyme concentration in the presence of saturating substrate and product is given in Eq.
(13).

o _1BZ)_ [EZ] B 1
#2"[EB]_ [ES|+[EP|+[EZ] k_s/kstks/kst1 @9

Numerical methods

Global optimization methods have broad application, including electrical circuit design,
route planning for delivery services, protein structure prediction, pharmacokinetics, and
chemical kinetics to name a few (37-43). Recently, advances in defining rate constants for
complex chemical systems using a generalized Fisher equation and global optimization have
been made. (44, 45)

The optimization process used here does not involve numerical integration of differential
rate equations to obtain the time dependence of concentrations as is required for global
nonlinear regression of progress curves. In global optimization, the adjustable parameters
(rate constants) are altered by the algorithm of choice, and the new parameters are simply
used to calculated a new value for the target function. This is less computationally
demanding than fitting to primary kinetic data via numerical integration, allowing much
greater exploration of parameter space for a given set of computational facilities. For
example, the genetic algorithm (GA) in COPASI on a single core of a 2.8 GHz AMD
Phenoml| 830 achieves ~108 evaluations/hr in global optimization, yet only ~10°
evaluations/hr when fitting to 8 progress curves (500 data points each) via numerical
integration. This ~1000-fold difference is significant in the search for rate constants.

Global optimization algorithms fall into four main categories: random, deterministic,
stochastic (e.g., simulated annealing), and heuristic (e.g., genetic algorithms, swarm
algorithms) (46). The freely available biochemical simulation and analysis software
COPASI (25) implements examples of all these categories, and was used here.
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One key to defining enzymatic FEPs by global optimization is the definition of the target
function (also known as the “merit” or “loss” function). A sum of squared absolute values of
residuals between calculated and experimental values divided by the experimental value
(“mean normalized” least squares target function) was chosen (Eq. 14).
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Here, k|_is keat for the L—D direction, K is Ky for the L—D direction, “Visc” is the effect
of viscosity on relative kqqt/Kp values, etc. Random initial values for all parameters were set
automatically by COPASI at the beginning of each optimization run. The use of the mean
normalized difference between calculated and observed values weights the different
measurements equally. This is essentially a sum of chi squared statistics for each
experimental measurement. (47) It is analogous to the commonly used relative weighting
scheme in nonlinear regression. (48)

The usual chi squared used in nonlinear regression replaces the mean of the experimental
measurement by the standard deviation of the experimental measurement in the
denominator, weighting measurements based on their uncertainties. This “error normalized”
target function was explored, as was a least absolute deviations target function that is less
sensitive to outlier observations. (49)

Microscopic rate constants and intrinsic KIEs (where applicable) were adjustable
parameters. For bimolecular constants, the lower bound was keq/Ky, for the respective
direction, and the upper bound was 10° M~1s~1 (diffusion limit). For unimolecular
constants, the lower bound was k. for the respective direction, and the upper bound was
1012 s71 (vibrational limit). The values of intrinsic deuterium KIEs were limited to the semi-
classical range of 1 — 6. The use of these limits is important for restricting the parameter
space searched to a productive one.

The search of parameter space was performed in two phases. First, a broad search over the
rate constant limits given above was performed using the “genetic algorithm” in COPASI.
Second, a focused search was performed to define well the sum of squared residuals (SSR)
surface: narrower limits on each parameter that corresponded to a 50-fold increase in SSR
from the lowest values obtained in the first search were set. The latter employed the
“particle swarm” algorithm in COPASI. The searches employed here were comprised of
10°-106 independent calculations. Each calculation started with randomized initial values
for the parameters, within the specified limits. This was automated using the “parameter
scan” task in COPASI.

The errors on the fitted parameter values were estimated using a Monte Carlo procedure as
described by Motulsky. (48) An alternative is to use an F statistic to determine confidence

intervals, but this is considerably more complicated for the present application because of

the large number of parameters and the need to account for covariation. (48)
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Results

A. Reproduction of Synthetic FEPs

First, it is important to ask and answer the question of whether or not the experimental
measurements available inherently contain enough information to define the rate constants
for the mechanism in Scheme 1. To this end, a set of rate constants for the mechanism was
assumed, hypothetical values of experimental measurements (see Tables 1 and 2 for the
measurements at issue) were calculated based on the assumed rate constant values, and these
calculated values were employed in global analysis to find rate constants that are concordant
with them. This theoretical exercise determines whether or not the proposed experimental
measurements (Tables 1 and 2) retain enough information to reproduce the rate constants
that generated them, under the applied constraints.

Figure 2A presents three dissimilar, hypothetical FEPs from which rate constants for the
mechanism shown in Scheme 1 were calculated. These rate constants were used to calculate
hypothetical values of kgt and Ky, for both directions, the slope of relative Kgq/Kp Vs.
relative viscosity, 0, Kgz, and KIEs on both kg and keqi/ Ky for both directions (assuming
intrinsic KIEs of 2). The hypothetical values were used in global optimization to find sets of
rate constants that are consistent with them. Figures 2B-D show the results of global
optimization. The only sets of rate constants that give low SSR values (the lower the SSR
value, the better the fit) are the original rate constants derived from the hypothetical FEPs,
and only intrinsic KIEs of 2 were returned (not shown). This computational exercise shows
that the measurements employed here contain in principle (in practice, depending on the
errors in the measurements) sufficient information to define the rate constants for the
mechanism of Scheme 1 as well as the intrinsic KIEs on the steps leading to the EZ
intermediate for three dissimilar FEPs.

The contributions of different types of experiments to the definition of the red FEP in Figure
2A (all rate constants equal 10,000 s~1 at a standard state of 1 mM) was explored by
removing them one at a time from the target function. Removing the KIEs prevents
definition of the rate constants for this FEP (Figure S1A). On the other hand, removing Kgz
does not affect the definition of either the rate constants or the intrinsic KIEs (Figure S1B).
Removing either 0 or viscosity prevents definition of the rate constants and intrinsic KIEs
(Figure S1C-D). Removal of the Michaelis-Menten constants was not explored since they
are the most straight-forward measurements to make and are generally available.

B. Alanine Racemase

The FEP for AR was determined using published data (22, 24, 34). COPASI was used to
reanalyze pH 8.9 racemization progress curves by globally fitting them to the reversible
Michaelis-Menten mechanism to get forward and reverse ke and Ky, values (Figure 1A).
The viscosity dependence of Ke5t/Kry, and the KIEs were from Spies et al. (22) and Sun et al.
(24), respectively. The value of Gwas taken from Faraci & Walsh (34). The equilibrium
constant for quinonoid intermediate formation (Kgz) was determined in the present work to
have a value of (1.6 + 0.4) x 107 (Figure 1B; Table 1). The experimental measurements
used for AR are summarized in Table 1.

Biochemistry. Author manuscript; available in PMC 2015 January 07.
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The results presented in Figure 3A show that the measurements presented in Table 1 are
sufficient to define well four of the eight rate constants for AR using the “mean normalized”
least squares target function (Eq. 14). The values of k; and k_1 (L-alanine association and
dissociation) show no minima in their distributions, while the minima for k4 and k_4 are
shallow. Figure 3B presents the correlation between the association and dissociation rate
constants for both L- and D-alanine over a wide range of values for the best 5% of solutions
found. These linear correlations have slopes equal to the Ky values for the corresponding
substrate (Tables 1 and 3), illustrating that the binding of both L- and D-alanine is a rapid
equilibrium process under the present experimental conditions. Importantly, Figure 3C
shows that the values of the intrinsic KIEs (Table 4) are well determined by the
experimental measurements presented in Table 1. Thus, for AR the values of eight
parameters are determined from global optimization: four rate constants, two equilibrium
constants, and two intrinsic KIEs.

When the observed KIEs are removed from the target function, the results in Figure 3D are
obtained. The values of ky — k_3 are well determined and identical to those obtained when
KIEs are included. The ratios of the association and dissociation rate constants are also well
determined and have slopes equal to the Ky, values for the respective substrates (not shown).

Figures 3E—H present the results of calculations in which Kgz (the equilibrium constant for
formation of the carbanionic quinonoid intermediate on substrate-saturated enzyme) was not
included in the target function. The values of k, and k_3 are well determined but those of
k-5 and k3 (the rate constants for decomposition of the quinonoid). That is, the energy of the
quinonoid intermediate is not defined. The ratios of the association and dissociation rate
constants are well determined and have slopes equal to the Ky, values for the respective
substrates (Figure 3F). The ratio of the barriers facing the quinonoid intermediate is also
well defined as shown by the linear relationship between k_, and k3 in Figure 3G. The slope
of the linear correlation (2.06) is the same as the ratio of k_, and k3 presented in Table 1 for
calculations that include Kgz. Lastly, the intrinsic KIEs are well defined without Kgz in the
target function (Figure 3H) and have values identical to those obtained when Kgyz is
included (Figure 3C). Calculations without 6 or without viscosity in the target function were
not successful at defining either the rate constants (Figures S2A and B) or the intrinsic KIES
(not shown).

The FEP for TIM from baker’s yeast was calculated for pH 7.5 and 30 °C. The experimental
measurements for TIM were taken from the literature. (23, 30, 50) This included values for
kcat, Knms KIES, 6, and the slope of the viscosity dependence of relative keq/Kiy values. The
fractional on-enzyme equilibrium values are from C-13 NMR experiments with saturated
enzyme. (51) These values are in agreement with those from FTIR, P-31 NMR, and high
resolution crystallographic studies. (52-57)

It was not possible, despite an intensive effort, to find good solutions using the reported
values and estimated errors. It was concluded that one or more of the experimental values is
either inaccurate or its error underestimated. Viscosity dependence measurements are
notoriously difficult to perform with high precision. The viscosity dependence of relative

Biochemistry. Author manuscript; available in PMC 2015 January 07.
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keat/Km values was reanalyzed based on the tabular data presented. (30) Point-by-point
correction of the wild type values using those of the mutant enzyme (the authors corrected
by subtracting slopes of fitted lines) led to a weighted average relative viscosity dependence
of 0.8 with an estimated error of 0.1, which were used here. It seemed reasonable that the
NMR experiments, in which a limit of detection of ~1% for either E-GAP or E-enediol was
reported, could be quantitatively imprecise. Therefore, the limits of detection for E-GAP or
E-enediol were increased to 5%. The reported values of 0 for yeast TIM were variable,
leading to a value of 3 + 1 for this observation. (23) A summary of the measurements used
for calculating the TIM FEP is presented in Table 2.

The corrected experimental measurements define all rate constants except those for enediol
decomposition (i.e., the energy of the enediol intermediate in not defined) as shown in
Figure 4A, although the distribution for k_3 has a shallow minimum. The values of the rate
constants for TIM taken from Figure 4A are given in Table 3. QM/MM calculations on TIM
show that ~6 kcal/mol is a reasonable estimate for the energy of the enediol intermediate.
(58, 59) The present results suggesting k_, has a value >108 s~1 and ks has a value >109 s71
are in accord with this estimate. The intrinsic KIEs are also defined as shown in Figure 4B,
and are reported in Table 4.

D. Estimation of Errors in the Fitted Parameters

The experimental measurements employed in the target function each have an error
associated with them. These experimental errors should be propagated into the fitted
parameters obtained from global optimization. The propagation of experimental errors was
achieved numerically by a Monte Carlo approach in which many independent calculations
were run with values for the experimental measurements in the target function being
randomly sampled from Gaussian distributions. (48)

With the “parameter scan” task, COPASI has the capability of sampling a “global quantity”
from a normal distribution with an associated standard deviation. This facility was used to
propagate errors from the experimental measurements into the parameters obtained from
global optimization. The experimental observations used in the target function were each
assigned to a global quantity. The corresponding global quantities replaced the values of the
observations in the target function. Large-scale global optimizations were then performed to
assess the effect of normally distributed experimental errors on the calculated parameter
distributions.

The results of the error propagation calculations for AR are shown in Figures 5A-C, while
those for TIM are presented in Figures 5D and E. As expected, the distributions are
significantly broader than those presented in Figures 3A—C and 4A and B. The errors on the
rate constants and intrinsic KIEs reported in Tables 3 and 4 are derived from these results.
Since the experimental values in the target function are sampled from a Gaussian
distribution, the resulting fitted parameter distributions follow a Gaussian distribution. The
standard deviation of the distribution of each fitted parameter is a valid estimate of the true
uncertainty in that parameter, and was used here. (48)

Biochemistry. Author manuscript; available in PMC 2015 January 07.
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E. Alternative Target Functions

The least absolute deviation target function (i.e. Eq. 14 with absolute values raised to the
first power, not the second) was applied to both AR and TIM. The results for AR are shown
in Figure S3 while those for TIM are in Figure S5. The least absolute deviation results give
essentially identical best values for all rate constants and intrinsic KIEs. The major
difference is in the shapes of the distributions.

The “error normalized” chi squared target function also gives results similar to those with
Eqg. 14 for both AR and TIM (Figures S4 and S6). The largest differences are found in the
results with TIM where the distributions for k, and k_3 are significantly broader. Overall, it
appears that all three common types of target functions yield valid estimates of the rate
constants and intrinsic KIEs for both enzymes. The broader distributions for TIM using the
“error normalized” chi squared target function point to significant experimental errors in the
TIM values used (Table 2). This is not surprising given the difficulties encountered with the
TIM values taken directly from the literature, as described above.

Discussion

AR FEP

Attempts to define FEPs for enzyme catalyzed reactions from mainly steady-state Kinetic
measurements have had variable success. A well known example is that of Knowles et al.
where the FEP for TIM was partially defined using various isotopic measurements (1, 2, 33,
60-62). Other notable examples include work by Knowles et al. on proline racemase,
Pollack et al. on ketosteroid isomerase, Laidler et al. on lactate dehydrogenase, and Bearne
et al. on mandelate racemase, although this is by no means an exhaustive list (14, 20, 21,
63-70). This work extends these previous efforts, leading to a general method for FEP
determination based mainly on steady-state measurements.

The kinetic model for AR includes a carbanionic quinonoid intermediate that was
demonstrated to exist using multiple KIEs. (32) In that work, the decrease in the primary
substrate KIE when H,0 was changed to DO showed that the two isotopes are transferred
in separate transition states (i.e., stepwise interconversion of L and D external aldimines
with a carbanionic intermediate between them). The asymmetry in the reductions of the
primary KIEs by D,0 indicated that the barrier for the quinonoid intermediate going to the L
external aldimine is higher than that for going to the D external aldimine. This conclusion is
supported by the observation that equilibrium overshoots in racemization progress curves for
protiated substrates conducted in DO only occur in the L—D direction. (22)

The FEP for AR (Figure 6A) is very similar to that obtained previously using different
methods, and reproduces the asymmetry in the rate constants for quinonoid decomposition
described above. (22, 71) A major difference is that the energy of the quinonoid
intermediate is well defined here. Earlier, only a lower limit on the energy of this
intermediate (=4 kcal/mol higher than the aldimine intermediates) was defined. The
calculations in which Kgz was not included in the target function (Figure 3E) similarly
allow one to define a limit on the energy of the quinonoid intermediate of >4.5 kcal/mol
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higher than the aldimine intermediates. Incorporation of the spectroscopic results presented
in Figure 1B into the target function allow its energy to be defined as 4.6 kcal/mole higher
than the L-alanine external aldimine intermediate. This is in reasonable agreement with the
value of 6.6 kcal/mole from QM/MM calculations by Major and Gao. (72, 73)

The high energy of the quinonoid intermediate was previously interpreted in terms of
enhancing reaction specificity, since it is from this intermediate that competing pathways
such as transamination branch. (22) This is illustrated in Figure 6. If the activation energy
for the undesired reaction (transamination via protonation of the quinonoid at C4’) is
invariant, raising the energy of the intermediate while maintaining the transition state energy
for racemization increases the flux through the desired reaction. For AR, the rate-limiting
process for transamination from the quinonoid intermediate is likely the movement of Lys39
or Tyr265 away from Ca toward C4’, which is not expected to be influenced by the
quinonoid energy.

An important finding from the large-scale sampling employed here is that the rate constants
for external aldimine formation are not precisely defined as was previously reported, (22,
71) but their ratio is. That is, external aldimine formation is a rapid equilibrium process.
This agrees with the lack of solvent viscosity dependence at this pH, and pH profiles with
alanine and the slow substrate serine in which intrinsic substrate pKgs are observed. (22, 32)
The ratios of dissociation and association constants reproduce well the Ky, values
determined experimentally and used in the target function (Figure 3B, Tables 1 and 3).

Using information that was available to Knowles et al., the method described here defines
all of the energies they were able to define, as well as two additional ones: the transition
state energy for DHAP binding, and the ground state energy for the E-GAP intermediate. (2,
23) Knowles et al. stated that they could not define well the energy of the enediol
intermediate for either the chicken or yeast isozymes. In the present work, it was also not
possible to precisely define the energy of this intermediate but the results in Figure 4A allow
one to set a limit of >6 kcal/mol higher than that of the E-DHAP complex. This value is in
general agreement with QM/MM calculations from several laboratories. (58, 59, 74-76) It
runs contrary to the proposal of Albery and Knowles that this intermediate is well stabilized
as a result of evolutionary perfection. (1)

Work by Richard et al. has characterized the TIM catalyzed phosphate elimination reaction
that leads from the enediol intermediate to the undesired methylglyoxal side-product. (77,
78) We propose that the high energy of the enediol intermediate in TIM serves the purpose
of increasing reaction specificity, as proposed above for AR. This is again illustrated in
Figure 6. For TIM, we assume that the barrier to phosphate elimination is independent of the
energy of the enediol intermediate, being determined, for example, by the rate of opening
the loop that covers the active site. (79) Therefore, if the energy of the enediol intermediate
is increased, the separation between the transition states for the productive and
nonproductive pathways increases, thereby increasing isomerization reaction specificity.
Thus, there may be additional evolutionary pressure to increase the energy of the enediol
intermediate while maintaining diffusion controlled kinetics for isomerization since high
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reaction specificity is presumably also selected for in the process of evolutionary perfection
of enzymes.

Additional comments

The inability to define well the energy of the quinonoid intermediate in AR and the enediol
intermediate in TIM entirely from kinetic data is a practical not a theoretical one. This is
illustrated by calculations (Figure S7) in which the rate constants and intrinsic KIEs reported
in Tables 3 an 4 were used to calculate values for the experimental observations. The latter
were then used in the target function for global optimization (as was done for the
calculations presented in Figure 2). For AR, the value of Kgz was not included in the target
function.

The results presented in Figure S7 show that for both AR and TIM, the energies of the
quinonoid and enediol intermediates can indeed be defined by the steady-state kinetic
measurements employed, even though they are high with respect to the other intermediates.
The calculations presented in Figures 2 and S7 used six significant figures throughout, and
this level of precision is not generally achievable experimentally. The degree of precision
required in the experimental measurements is determined by the extent to which the fastest
rate constants contribute to rate limitation in the measurements employed in the target
function (if no precise equilibrium measurements on the intermediate are used). In AR and
TIM, the rate constants for quinonoid and enediol decomposition are so high that they
contribute very little to rate limitation, thus requiring unattainably high precision kinetic
measurements to define them.

An important finding presented here is that one can directly and precisely define the values
of KIEs on individual isotopically sensitive steps (i.e, the intrinsic KIES) in enzymatic
reactions using global optimization. Measurements of KIES on K¢qt and Keqi/Kp do not
generally give intrinsic KIEs since they are commonly masked by kinetic complexity. (35)
Enzymologists often go to pH extremes, or use slow substrates to extract intrinsic KIEs,
which are the only values that can be interpreted in terms of transition state structure. The
accuracy of intrinsic KIEs determined by global optimization will obviously depend on the
overall accuracy and precision of the experimental measurements employed. Thus, a
carefully conducted, uniform set of measurements that includes KIEs should allow precise
definition of intrinsic KIEs along with the values of all microscopic rate constants.

Neither AR nor TIM are amenable to common rapid kinetic experiments (i.e., stopped-flow
or chemical-quench flow). Either the individual steps are too fast (i.e. >2000 s71), or the
intermediates have no spectroscopic signal, or they are unstable to chemical-quench, or they
are not appreciably populated. Temperature-jump methods, which are less common and
more difficult, are the only rapid kinetic alternative. The present method is the most straight-
forward choice for defining the FEPs of these and similar enzymes.

The broad, large-scale searches at the heart of the present method are enabled by powerful
heuristic search algorithms (e.g., genetic algorithm, particle swarm algorithm). These are
very effective at broadly searching parameter space. Importantly, they do not follow
gradients like commonly used descent methods such as the Levenberg-Marquardt algorithm,
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which lead only to the nearest minimum. (80, 81) Large-scale searches over all of parameter
space also free the experimentalist from the hazard of providing subjective initial estimates
for parameters as required by gradient methods. Instead, all of the reasonable parameter
space can be successfully searched using large-scale global optimization based on
randomized parameter estimates. This is facilitated by virtue of global optimization being
~1000-fold faster than fitting time dependent data by numerical integration-based global
nonlinear regression.

The use of COPASI for global optimization has the advantages of familiarity and simplicity
for chemists and biochemists since this is the target audience of the software, and it is free.
(25, 26) It is straightforward to set up complex reaction schemes and the equations
corresponding to the measurements employed, and running global optimization (or nonlinear
regression on time-course data) is uncomplicated. Nevertheless, this type of problem is
suited to commercial software (MATLAB, Mathematica, LIONsolver, Excel Solver addin)
that perform global optimization, as well as many noncommercial ones.

The experimental observations used here are by no means exhaustive. Others that could be
employed include additional isotopic experiments (e.g., heavy atom KIEs, solvent KIEs,
equilibrium perturbations, etc.), viscosity dependence of K, Viscosity dependence of
absolute rather than relative values of k.,/Kps, and pre-steady-state kinetics in which the
observed signal can be unambiguously described in terms of the microscopic rate constants
of a substantiated mechanism. The creativity of the experimentalist and the availability of a
measurable signal are the only limits.

It will be important to explore in future studies the applicability of this method to other
common enzymatic mechanisms. For example, is it possible to determine rate constants for
mechanisms in which a chemical step is irreversible? Extension to other kinetic mechanisms
such as ping-pong or sequential multi-substrate ones is also important.

The general, straight-forward nature of the method outlined here and the common
experiments required open the door to routine determination of enzymatic free energy
profiles without need for resorting to traditional time- and material-intensive methods (at
least for the general mechanism of Scheme 1). One can also envision application to large-
scale enzyme characterization efforts, which could provide an important foundation for
understanding the detailed basis of catalytic strategies used by different enzyme families.
(82)
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Figure 1.
Global fitting to AR progress curves, and UV-vis detection of the quinonoid intermediate.

(A) Global nonlinear regression fitting of the reversible Michaelis-Menten mechanism to
progress curves at pH 8.9 and 25 °C. Experimental data are in black and fitted curves are in
red. The Michaelis-Menten parameters in Table 1 were derived from this fit. (B) Difference
spectrum of AR at pH 8.9 and 25 °C: 3.5 mM AR in the presence of saturating D, L-alanine,
minus AR without alanine. A positive peak near 500 nm is indicative of the quinonoid
intermediate.
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Figure 2.

Definition of synthetic FEPs by global optimization using Michaelis-Menten constants,
intermediate partitioning, solvent viscosity effects, intermediate equilibrium constant, and
KIEs. Rate constants were calculated from the free energy profiles in part A. These rate
constants were used to calculate theoretical values for the measurements, which were used
in global optimization to find sets of rate constants compatible with them. Only the original
rate constants used to calculate the theoretical measurements are returned as good solutions
from global optimization. (A) Three synthetic FEPs used to calculate rate constants.
Standard state is 1 mM. (B) Rate constants vs. SSR from global optimization for
calculations based on the red FEP in part A. (C) Rate constants vs. SSR from global
optimization for calculations based on the blue FEP in part A. (D) Rate constants vs. SSR
from global optimization for calculations based on the green FEP in part A.
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Figure 3.

Analysis of AR rate constants and intrinsic KIEs by global optimization. (A) Rate constants
vs. SSR. The inset shows an expanded view of the best solutions obtained. (B) Plot of the
substrate association vs. dissociation rate constants, showing the linear correlation between
them for the best 5% of solutions found. The values of the dissociation rate constants are
much greater than the competing deprotonation steps, indicating rapid equilibrium binding
of both D- and L-alanine. The slope of the correlations are identical within error to the Ky

values of the corresponding substrates. (C) Intrinsic KIEs vs. SSR obtained in global

analysis. (D) Rate constants vs. SSR from calculations in which the KIEs were not included

in the target function. The correlation between association and dissociation rate constants is

essentially identical to that presented in part B. (E) Rate constants vs. SSR from calculations
in which Kg, was not included in the target function. (F) Plot of the substrate association vs.
dissociation rate constants, showing the linear correlation between them for the best 5% of

solutions found, for calculations in part E. (G) Plot of k_, vs. k3 (i.e., quinonoid

decomposition rate constants) for calculations in part E for the best 5% of solutions found.

(H) Intrinsic KIEs vs. SSR for calculations in part E.
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Analysis of yeast TIM rate constants and intrinsic KIEs by global optimization. (A) Rate
constants vs. SSR. Six rate constants are defined. The inset shows an expanded view of the
best solutions obtained. (B) Intrinsic KIEs vs. SSR.
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Propagation of experimental errors in the observations into the calculated rate constants and
KIEs. Values of observations used in the target function were sampled from a normal
distribution based on the reported values and errors in Tables 1 and 2. Points in the figures
represent separate calculations in which each observation value in the target function was
randomly sampled from its distribution. (A) AR rate constant vs. SSR. (B) Plot of the
substrate association vs. dissociation rate constants for AR, showing the linear correlation
between them for the best 5% of solutions found. (C) Intrinsic KIEs vs. SSR for AR. (D)
Rate constants vs. SSR for TIM. (E) Intrinsic KIEs vs. SSR for TIM.
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Figure 6.

Free energy profiles determined from global optimization. (A) Alanine Racemase. (B)
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Triosephosphate isomerase. Values are for unhydrated glyceraldehyde. The standard state

for both enzymes was taken as 1 mM.
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Reactant

Figure 7.
Illustration of how increasing the energy of an intermediate susceptible to side reactions can

reduce the flux through the side reaction. If the barrier to the undesired side reaction is
unaltered, raising the energy of the intermediate decreases the flux through it by increasing
the separation between the desired (blue) and undesired (red) transition states.
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k ko K3 ky4

1
E+S‘k_1 ES-..k_2 EZ< ks EP< X E+P

Scheme 1.
Kinetic mechanism for AR and TIM. ES and EP correspond to the enzyme/substrate (AR/L-

Ala, TIM/DHAP) and enzyme/product (AR/D-Ala, TIM/GAP) complexes, respectively,
while EZ corresponds to the intermediate (AR/quinonoid, TIM/enediol).
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Chemical mechanisms for AR and TIM.
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Table 1

Values of experimental measurements used in the FEP calculations for AR. EZ corresponds to the quinonoid
intermediate. Errors are given in parentheses.

L—D D—L
ke (1) 1740 (10) 1280 (12)

Km(MM)  54(01) 4.0(0.1)

Dkcar 15(0.1) 1.4(0.03)
D(KeaKim) 16(0.1) 1.3(0.1)
Rel visc slope 0.015 (0.015)

0 0.5(0.1)

Kez 1.6:107* (0.4-107%)
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Table 2

Values of experimental measurements used in the FEP calculations for TIM. EZ corresponds to the enediol
intermediate. Errors are given in parentheses.

DHAP—GAP GAP—DHAP

Keat (573 750 (50) 8350 (350)
Km (MM) 1.35 (0.15) 0.05 (0.01)
DK ot 3.4(0.1) 1.6 (0.1)
D(Kea!Kim) 3.4(0.1) 1.6 (0.1)
Rel visc slope 0.8(0.1)
0 3(1)
Konap 0.95
Koap <0.05
Kez <0.05
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Table 4

Intrinsic KIEs for AR and TIM from Global Optimization.2

Dk2 Dk_3
AR  155(0.11) 1.35(0.09)
TIM 356 (0.08) 3.3(0.5)

%alues are taken from Figure 3A for AR and Figure 4A for TIM. Estimated errors, in parentheses, are derived from Monte Carlo simulations
presented in Figure 5.
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