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ABSTRACT

This thesis describes an effort to expand current knowledge of catalysis in
biological systems. The focus is on understanding how enzymes activate covalent bonds
and specifically to study C-H bond activation via enzymes. The work presented here
examined the role of protein dynamics and hydrogen tunneling in enzyme catalysis.
Dihydrofolate reductase from Escherichia coli (ecDHFR), which catalyzes a single
hydride transfer reaction, was selected as the model system for these studies. Intrinsic
kinetic isotope effects (KIEs) have been shown to be highly sensitive probes in
examining the chemical steps of enzymatic reactions, especially since they can indirectly
infer the role of certain dynamic fluctuations in the ecDHFR-catalyzed reaction. This
study provides evidence in support of the phenomenological Marcus-like model presently
well accepted amongst both experimental enzymologists and some members of the
computational community—this model suggests that certain molecular fluctuations
prevail during the enzyme- catalyzed hydrogen transfer reaction and assist the chemical
step. Previous studies of the temperature-dependence of KIEs focused on examining the
network of residues that are dynamically linked to the hydride-transfer step and are
localized far from the active site; a network initially proposed by computational studies.
This thesis, on the other hand, focuses on the effect of the active site environment on the
C-H—C transfer. While no spectroscopy experiments were performed to measure the
dynamics in the active site, sensitive kinetic experiments were used to examine the
physical features of the C-H—C transfer via rigorous perturbation of the donor-acceptor-
distance (DAD). KIE measurements on a series of carefully designed active site mutants
have been interpreted using a Marcus-like model and complemented by results obtained
via molecular dynamic simulations and x-ray crystallography. Active site mutants were

designed to alter the DAD and its dynamics in a controlled manner with a minimal effect



on the active-site electrostatics. The results suggest that the mutations have affected the
reorganization energy necessary for the system to reach the transition state and have
modulated the average DAD as well as its distribution at the transition state. The study on
the active-site mutants was extended on N23PP—a dynamically altered mutant that was
the source of an extensive debate in the field due to opposing views regarding the altered
dynamics and its role in assisting the hydride transfer step. Findings presented in this
thesis indicate that temperature dependent kinetic complexity masked the intrinsic KIEs
in the earlier studies, and that our methodology revealed the significant differences
between the natures of the hydride transfer catalyzed by the WT and by the dynamically
impaired mutant. Collectively these results further our understanding of the role of
enzyme dynamics and quantum tunneling in enhancing enzymatic reactions. In the future
these results will be correlated to findings from vibrational spectroscopy, high-level
calculations and NMR studies (as they become available) in order to establish the

structure-dynamic-function-relationship both in ecDHFR and in enzymes in general.
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CHAPTER 1.
INTRODUCTION

1.1 Scope of Research

The broad scope of research presented here is to find a better understanding of C-
H bond activation in enzymes. Our investigation focused on several important topics: (i)
exploration of the role of enzyme dynamics in enhancing the chemical reaction, (ii)
examination of the physical features of a C-H-C transfer and lastly (iii) the assessment of
the role of the specific active site residues in assisting chemical transformations in
enzymes. In order to investigate these issues, the nature and the molecular mechanism of
the specific chemical transformation were assessed experimentally, through kinetic
studies and X-ray crystallography, and computationally by classical mechanics molecular
dynamic (MD) simulations. We decided to focus on the C-H bond cleavage and hydride
transfer in a well-studied C-H—C system of biological and medical importance —
dihydrofolate reductase from Escherichia coli (ecDHFR).

EcDHEFR is a small, flexible enzyme that catalyzes a single C-H—C transfer. Its
structure and kinetic mechanism have been vastly studied throughout the years, making it
a paradigm in numerous experimental studies as well as in theoretical investigation.
Based on the large scope of knowledge available for this enzyme and the fact that it is
easy to control, manipulate, simulate, and determine its structure, make it an excellent
model for the investigations in hand. The main focus of our study was to examine the
possible role of several active site residues in assisting the hydride transfer. The nature of
the hydride transfer was studied via perturbation of the potential surface through active
site mutations. Specifically, we focused on two hydrophobic active-site residues, 114 and

F31, situated behind the cofactor and substrate, respectively. Systematic reduction of



these residues, to smaller hydrophobic ones, enabled us to make a control change in the
active site with minimal alteration of the active-site electrostatics. Such controlled change
is a holy grail and an extremely difficult task to achieve in most relevant studies of
enzymes and solution reactions. Additionally, we extended the study on the active site
mutants to a distal ecDHFR mutant (N23PP) that was designed to dynamically resemble
human DHFR and was shown to have impaired active-site dynamics on micro-
millisecond timescale.' All mutants were studied via temperature dependence of kinetic
isotope effects (KIEs); the dynamics of their respective donor-acceptor distances through
MD simulations, and the ground state structures were assessed through X-ray structures
of relevant ternary complexes. This experimental approach was aimed at developing a
framework for the examination of the structure-function-dynamics relationship in

enzymatic C-H-C transfer in particular, and solution in general.

1.2 Thesis overview

The work presented in this thesis focused on several different aspects of DHFR
studies. In chapter II, we present novel chemoenzymatic syntheses of radiolabeled
nicotinamide adenine compounds that can be used in kinetic studies as well as for the
determination of isotope effects in NAD(P) /NAD(P)H-dependent enzymes. The
microscale synthesis of these sterospecifically labeled nicotinamides allowed for an
alternative and cheaper way to produce radiolabeled NAD(P) /NAD(P)H. Chapter ITI
focuses on implementing radiolabeled cofactors in measuring the temperature
dependence of kinetic isotope effects (KIEs), as well as MD simulation studies on a
series of mutants of residue 14 in order to determine the role of this residue in assisting
hydride transfer. This work was extended in chapter IV, which includes a detailed
structural study on the same series of active site mutants. Chapter V extends the work

presented in chapters III and IV and is comprised of the structural/kinetic/computational



studies on another active site residue, F31. Chapter VI is somewhat different from the
other chapters in that it is concerned with probing the effect of the distal mutation N23PP

on the nature of the hydride transfer.

1.3 Background

1.3.1 Dihydrofolate reductase (DHFR)

EcDHEFR (E.C. 1.5.1.3) is a small, monomeric enzyme (18 kDa) that plays a
central role in maintenance of the cellular pools of tetrahydrofolate, which is essential for
the synthesis of purines and therefore is crucial for cell growth and proliferation. Due to
its pivotal role in nucleotide biosynthesis in many organisms, DHFR has been the target
for many antibiotic and chemotherapeutic agents® and an excellent platform for genetic
and evolutionary analysis.” Consequently, DHFR has been studied by different
experimental methods in order to gain understanding of its structure,” dynamics,” and
kinetics.’

This NADPH-dependent oxidoreductase catalyzes the reduction of 7,8-
dihydrofolate (H,F) to 5,6,7,8-tetrahydrofolate (H4F) by stereospecific transfer of a
hydride from the pro-R C4 position of NADPH to the re face of C6 atom of the pterin
ring (Figure 1.1.a). It was initially suggested that the hydride transfer occurs concomitant
to protonation at N5 position on the pterin ring of H,F,” however, certain experimental
and computational work showed that hydride transfer is subsequent to protonation at the

N5 position (Figure 1.1).5%1°

The only ionizable group within the active site that could
act as a Lewis acid and donate hydrogen to the N5 is Asp 27. This has been supported by
kinetic studies that showed that the rate of the hydride transfer is pH dependent, with a
pKa of 6.5 — that has been attributed to Asp 27.° However, some computational work''

coupled with experimental evidence'” suggested that protonation occurs through a solvent

molecule. Extensive kinetic studies on the ecDHFR have shown that its kinetic cascade is



quite complex, where the rate limiting step at pH 7 is release of the product H4F from the
abortive complex with NADPH (Figure 1.1.b). At this pH and 25°C, kg is 12 s™ and the

hydride transfer rate, under pre-steady state conditions is measured to be 220 s™.° At pH

values higher than 8 hydride transfer becomes more rate-determining.

The biological importance of ecDHFR has prompted numerous structural
investigations over the years. Currently, there are more than 40 structures of ecDHFR
available in various ligated states. This enzyme has an a/f structure consisting of a
central eight-stranded f3-sheet and four a-helices connected with several loop regions
(Figure 1.2). The active site region divides the protein into two subdomain regions:
adenosine binding subdomain and major subdomain. The major subdomain is dominated
by three loops on the ligand binding face that surround the active site. The loops are
termed: M20 (residues 9-24), F-G (residues 116-132), and G-H (residues 142-150).
Extensive X-ray studies showed that M20 loop can adopt four characteristic
conformations and its movement is coordinated with different stages of the catalytic
cycle. NMR relaxation experiments confirmed the ground state conformational
heterogeneity to be a common feature of DHFRs from different sources. It also suggested
that the movement of the M20 loop might modulate the turnover rate by limiting the rate
of product dissociation, as the flexibility of the M20 loop occurs on a relevant timescale
(~2-40 s™)." Subsequent NMR relaxation experiments suggested that binding of different
ligands resulted in dynamic changes in the regions both proximal and far removed from
the active-site, including the portions of the three flexible loops. Moreover, it was
suggested that the M20 loop may also contribute to catalysis through active site
compression and stabilization of the transition state.'* NMR studies of the ternary
enzyme-NADP -folate complex (mimic of Michaelis complex; Figure 1.2) have revealed
dynamic rotamer averaging about the x1 dihedral angle for several threonine, isoleucine
and valine residues that are in the interface between the M20 and F-G loops."” One of

such residues is residue 114, which populates both gauche and trans rotameric states in



solution, and is situated just behind the nicotinamide ring of the cofactor. Since the
optimal geometry for hydride transfer involves sub-van der Waals contacts between the
hydride donor and acceptor it was proposed that dynamic sampling of the trans rotamer
of 114 could play a role in transition state stabilization, thereby facilitating the hydride
transfer."

A number of theoretical studies over the years on ecDHFR provided a way to
identify motional correlations between different parts of the protein, and to examine the
dynamics of transient complexes. For example, molecular dynamic (MD) simulations
identify motions of the several residues in the F-G loop to be coupled to motions of a
number of active site residues, including 114 (part of the M20 loop) and F31."° Both of
these residues are in direct contact with cofactor and substrate, respectively. The
aforementioned NMR relaxation experiments suggested rotamer averaging of residue 114
in solution, a phenomenon which was not observed in the X-ray crystal structures, but
which was confirmed by the MD simulations.'” Quantum/classical molecular dynamics
approach allowed for the identification of the network of coupled motions extending
throughout the protein and ranging from the femtosecond to millisecond timescale.'®"
“Promoting motions” refers to the thermally averaged structural changes that occur as the
system proceeds from the ground state Michaelis complex to transition state to product.
The simulation indicated that several active site residues, including the already mentioned
114 and F31, participate in the network of promoting motions. More specifically, the side
chains of these residues were suggested to aid in directing cofactor or substrate towards
each other, as was previously suggested through experimental studies. The experimental
approach that was used to indirectly infer the role of the fast-timescale dynamics in
assisting catalyzed reaction is temperature dependence of KIEs (presented in detail in

Chapter 3, for mutants of 114, and Chapter 5 for the F31V mutant).



1.3.2 Kinetic isotope effect (KIE)

An isotope effect is the ratio of any property between two compounds that differ
only in their isotopic composition (isotopologues). Isotope effects are among the most
powerful tools available to both physical organic chemists as well as mechanistic
enzymologists due to the amount and different types of information one can obtain.
Isotope effects are very useful for studying the reaction coordinate of the enzymatic
reaction because they are isosteric and isoelectronic and therefore nonperturbing.
However, isotope effects do reflect changes in vibrational frequencies of reactants as they
are converted to products in the rate-determining transition states. Application of isotope
effects is vast, as they can probe kinetic mechanisms, yielding both quantitative and
qualitative information, as well as give information about regulatory kinetic mechanisms
such as chemical interconversions, reactant release, etc.”

The KIE is the ratio of reaction rates of two isotopologues. Two types of KIEs can
be defined: primary (17) KIEs that refer to an isotopic substitution of an atom that is
being transferred during the reaction, and secondary (2°) KIEs, where the labeled atom is
proximal to the atom being transferred. 2° KIEs have been used extensively in studies of
H-tunneling,”'** however, in work presented here, only 1° KIEs have been employed. 1°
hydrogen KIEs proved to be particularly interesting because: (i) the mass ratio of its
isotopes is larger than for any other element, leading to large KIE values, and (ii) the
mass of hydrogen is small enough so that the quantum effects are more likely to be

significant.” "

If non-classical behavior, such as quantum mechanical (QM) tunneling,
does not contribute to the reaction rate, the rate of the transfer as well as activation
energies between different isotopes will mostly differ based on their zero point energies
(ZPE) between the ground state vs. transitions state (Figure 1.3). A detailed treatment of
transition-state theory (TST) leads to the Bigeleisen equation, in which the KIE is simply

a ratio of the TST rate constant for the light and the heavy isotopes:
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KIE = ST
ky, K,MMI,EXC,ZPE,
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where k, MMI, EXC, and ZPE refer to the transmission coefficient, mass moment of
inertia (rotational and translational partition functions), contributions from excited state
populations, and zero point energies, respectively, and the subscripts indicate the light (L)
and heavy (H) isotopes. In general, computing the complete partition function for a
system is infeasible, therefore, certain approximations are deemed useful. For example,
the MMI term, in the most enzymatic systems, is negligible due to the overall large mass
of the system. Moreover, since most enzymes are active only over a small temperature
range, the excited states do not contribute significantly to the overall rate. Therefore,
equation (1) reduces to the isotopic difference in the ZPE in the ground state vs. transition

state:

k—Lz&eprG” -AG,
ky Ky RT
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where AG” represents the activation energy. The transmission coefficient is often
assumed to be equal to unity, however, quantum mechanical tunneling and dynamic
effects such as barrier recrossing can lead to large isotopic differences in «.

This model predicts the a primary ku/kp KIE of 6.9 for C-H cleavage at 298 K, if
we assume a stretching frequency of ~3000 cm™ for a C-H bond and 2200 cm™ for a C-D
bond®. A similar frequency of 1800 cm™ for C-T gives primary ky/kr=18 at the same

temperature.

1.3.3 Swain-Schaad exponent
In the instances where quantum mechanical tunneling does not contribute to the
reaction rate, and where the difference in the reaction rates between different isotopes
depends on the difference in ZPE, the H/D/T KIEs follow a semiclassical pattern denoted

as the Swain-Schaad relationship. These relationships are derived from the semi-classical



description of the rate (vide infra), and are determined from the reduced masses of the
participating molecules. For the simple single-barrier hydride transfer reaction, the

Swain-Schaad relationship can be described by the following equation:

k k

SHL L (ZILyEXP (3)

k T kD

where k; is the rate-constant for particular isotope (in the above equation, the reference
isotope is hydrogen) and EXP is the Swain-Schaad exponent (SSE) and is calculated

from the reduced masses of the reactants. For equation (3), where hydrogen is used as a

reference isotope, the SSE will be presented by the equation (4):
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On the other hand, when tritium is used as an isotope of reference, then we obtain the

following value:

ky
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where |; is the reduced mass of isotope i and £; is the rate for the same isotope. Semi-
classically, the SSE is a constant for all reactions. For many reactions, the measured KIEs
fall well within the semi-classical range (Table 1.1), however, the deviation of the SSE
from its semi-classical value has served as a benchmark for tunneling.*

A very sensitive probe for studying tunneling and coupled motion is the mixed
labeled SSE (mSSE).***"** In mSSE experiments, one measures the 2° H/T KIE, with
hydrogen at the primary position, and 2° D/T KIE, with deuterium at the primary
position. Semi-classically, there are no isotope effects on isotope effects (the rule of the

geometric mean),” so the mSSE is:



mSSE = (6)

where k}indicates the rate with isotope 7 at the 1° position and j at the 2° position.
Deviation from this value has been used as an indication of existence of tunneling and

. . . 23
coupled motions in reactions.

1.3.4 Kinetic complexity

Interpretation of data from KIE experiments proves to be quite challenging due to
kinetic complexity, a feature common to enzymatic systems where the slower isotopically
insensitive kinetic steps (e.g., substrate binding, conformational changes of intermediates,
product release, etc.) mask the intrinsic KIE.*** As a result, under steady state
conditions, for both k., and k../K,, the observed KIE (KIEs) is often smaller than the
intrinsic KIE (KIEiy). In situations where only one step in an enzymatic reaction is
isotopically sensitive, and KIEs are measured by a competitive method (see Chapter 2 for

details), the equation for the KIE on k../K,, can be defined by the following equation:

KIE, +C, +C -EIE
KIE , = ‘

1+C, +C,

(7)

where Crand C; are forward and reverse commitments, respectively.*® Several methods
have been used to unmask KIE;, from KIE,s and to provide direct information about the
chemical step in the context of a kinetic cascade that involves other steps.**>*” Three of
these methods, which have been designed according to the specific system under study
and the instrumentation available, are: pre-steady state measurements, the Northrop
method, and the multiple KIEs method. The first and last methods are described
elsewhere,*®, however we have shown (as presented in Chapter 6) that the former one has

some disadvantages since even under the single-turnover conditions, the rates measured
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for some enzymatic systems are not commitment-free. The Northrop method, developed
for hydrogen isotopes, requires measurements of KIEs for all three isotopes of hydrogen.
This method can be used only when the equilibrium isotope effect (EIE) is close to unity
or when the reaction is irreversible. Under these assumptions, equation (7) can be

rewritten to contain single commitment C. Moreover, if one measures the deuterium and

trittum KIEs on k../K,,, KIEiy will be related by equation (8):

Ky Ky 1
k k nt k k nt
Ly —l=—2 and Ay —l=—T so that
k, 1+C k, 1+C
k k
(i)obs - 1 (i int — 1
k, _ k, ()
(ki) -1 (ki -
obs int
kT kT

Assuming the Swain-Schaad relationship between the isotopes as presented in equations

(4) and (5), one can obtain equation (9).
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One can extract the intrinsic values from equation (9) by finding the numerical solution
from reference tables™® or by computer programs, such as one available free of charge

here: http://cricket.chem.uiowa.edu/~wang1 1/temp/intrin.html

1.3.5 Temperature dependence of KIEs as a probe for
enzymatic quantum mechanical tunneling: semi-classical
models with tunneling correction
One of the first models that addressed the phenomenon of hydrogen QM

tunneling, observed initially in organic solutions, was the Bell model. In general terms,
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QM tunneling occurs when the probability of finding the particle in the reactant well
overlaps with the probability of finding the particle in the product well (Figure 1.4). A
more precise description would be that the wave function for the particle at the reactant
well (W,) interacts with the wave function in the product state (¥,). In a ground state, the
two new wave functions (W +W¥, and W,-¥,) would lead to two new energy levels, a
phenomenon termed as tunneling splitting. At the non-stable state (e.g. TS), this
phenomenon will lower the effective barrier (AE,) and affect the transmission coefficient.

According to the Bell model, H-transfer can be described by the semi-classical
TST with the addition of a multiplier term (Q;) that indicates the probability that the

particle will move through an inverse parabolic barrier (equation (10)):

kobs = Qt * kSC

E

(10)

w
T

|
=——c¢ GW)e &
0= e [G0m)

where W represents the energy of the particle, and &g is a Boltzman constant. Barrier
penetration occurs just below the classical transition state, and its effect is predicted to be
most significant for the lightest isotope. This results in both a primary H/D KIE
exceeding the semiclassically predicted value of 7 for C-H bond cleavage, and in isotopic
differences in activation energy (AE,) and Ar/Ag to be smaller than limits predicted by
the semi-classical model (Table 1.1).

Recently, temperature dependence of KIEs has become another way to probe
enzymatic reactions in establishing contribution from tunneling.” Analysis of the
Arrhenius parameters can yield a large amount of information regarding the nature of the
tunneling. According to the Arrhenius equation, the rate of the reaction is exponentially
proportional to £,, and the reaction’s absolute temperature, and since the KIE is, as

mentioned, a ratio of the rates, its temperature dependency will follow:

= exp—- (11)




12

where 4 is the Arrhenius pre-exponential factor and AE, is the isotopic difference in
activation energy. As evident from Figure 1.5, Arrhenius plots of a reaction in different
temperature regimes can yield vastly different results for both A;/Ay and AFE,. For
majority of the enzymatic systems, only a narrow experimental temperature range is
available (0-80°C), thus the plot of In(k) vs. 1/T often appears linear. At the high
temperature end, the slope of the Arrhenius plot is exponentially proportional to AE,
(region I). At very low temperatures, only tunneling contributes significantly to rates due
to the lack of thermal energy (region III). Consequently, the rates are temperature
independent, and KIEs are very large and temperature independent. As a result, Ar/Ap,
which are intercept values of the tangent to the plot in Figure 1.5, are expected to be
inflated in comparison to the high temperature limit. In region II, which includes the
experimental temperature for the majority of enzymatic systems, Arrhenius plots of the
KIEs will be curved as the lighter isotope has the higher probability to tunnel at the
higher temperature than the heavier one. As a result, the plot will appear very steep and

Ar/Ay is expected to be smaller than unity.‘m'42

The value of using isotope effects on
Arrhenius preexponential factor as means to determine the extent of tunneling in
enzymatic systems has been reviewed extensively, and the semi-classical limits for these
values are presented in Table 1.1.%

TST-like models with or without tunneling correction, could, in several instances
rationalize temperature-dependent KIEs,” assuming a rigid 1D potential surface, and
large temperature independent KIEs for systems which showed no £, for the isotopically
sensitive step. However, these models fall short in explaining temperature independent
small KIEs, with significant £, for the isotopically sensitive step. One of the
shortcomings of the Bell tunneling correction and similar TST-like models is that they
exclusively focus on the hydrogen reaction coordinate and ignore the contributory

motions of the heavy-atom environment. It is important to note that theoreticians have

tried, somewhat successfully, to explain and predict KIEs using models that are in
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essence based on the tunneling corrections to TST.** The few such examples include
high-level hybrid QM/MM simulations of well-characterized model enzymes such
50,51

alcohol dehydrogenase,”*® dihydrofolate reductase,” and thymidylate synthase,

among others.

1.3.6 Temperature dependence of KIEs as a probe for
dynamics: Marcus-like models (full tunneling model)

During the past two decades, the simple Bell correction model proved to be
insufficient in rationalizing data for several enzymatic systems (few such examples are
presented in Table 1.2, however, this list is not meant to be exhaustive). As mentioned
above, instances where KIEs greatly exceeded the semi-classical limit and where A;/Apn
surpassed unity (e.g. methylamine dehydrogenase and soybean lipooxygenase), or cases
where systems exhibited non zero E, for the H-transfer process with small temperature
independent KIEs (e.g. DHFR, thymidylate synthase, alcohol dehydrogenase, etc.)
required a new theoretical model to be developed. Such a model appeared under various
names such as “vibrationally enhanced tunneling” model,” “environmentally coupled

1, « protein promoting vibration” model,”* and others. All of these

tunneling” mode
models are based on Marcus’ theory for the electron transfer, and therefore are commonly
referred as Marcus-like models, as is the case in the following chapters,(e.g., Borgis and

3336 K uznetzov and Ulstrup,57 Scrutton,”* Warshel,”® Schwartz,”* Klinman”) A

Hynes,
common graphical representation of this model is given in Figure 1.6. This approach
involves a Born-Oppernheim-like approximation which considers H-vibration to occur on
a much faster timescale than the heavy atom motion in the solvent or in the protein.

These motions are separately presented in Figure 1.6 as heavy-atom coordinate and

hydrogen coordinate, which together constitute the reaction coordinate of the system. In

these models, as the reaction proceeds, the heavy atom motions will bring the system to a
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point, called tunneling ready state (TRS), where the potential surfaces for the reactant and
product are degenerate, allowing the wavefunction of the transferred particle to spread
from a donor well to an acceptor well without surmounting the intervening barrier. A
general form of these models is given by the following equation:

(A’ +1)°

k=C(T)e 4T [P0 FmdA EOADIT gy Ay (12)

DAD,

where C is an isotope-independent term, representing the fraction of reactive conformers
in solution. The first exponential term is taken directly from Marcus’s theory and is
therefore referred as the “Marcus term”, which is dependent on the reorganization energy
(1) and the driving force of the reaction (AG®). The first integrated exponential, the
“Franck-Condon” term is a nuclear overlap integral between the donor and acceptor
states at a given donor acceptor distance (DAD). Therefore, it is an isotopically sensitive
term. The second integrated term is a Boltzmann factor giving the probability of being at
any particular DAD. These two exponents are integrated over all possible DADs to give
the total tunneling probability. As evident from equation (12), at different temperatures
heavy atom motions can affect the DAD distribution at TRS resulting in temperature
dependent KIEs. The advantage of this model is that it was possible to explain
temperature dependent rates and small temperature independent KIEs. Most mature wild
type enzymes, like (WT ecDHFR), exhibit temperature independent KIEs, which indicate
that heavy atom motions bring the system to an optimal TRS where DAD distribution
does not change significantly over the experimental temperature range. Deviations from
the physiological temperature and pressure, as well as certain site-specific mutations, can
lead to temperature dependent KIEs (as it was studied in Chapters 3, 5 and 6).

In recent years, there have been modest attempts to model the temperature
dependence of KIEs in enzymes using a form of Marcus-like model.” High-level

QM/MM calculations have given some explanations of KIEs for soybean

59,60 63,64

lipoxygenase,””* alcohol dehydrogenase,”"** dihydrofolate reductase,”** and
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thymidylate synthase.”® However, even lower level modeling has helped experimentalists
to quantitatively link the experimental data to the potential energy surface describing the
hydrogen coordinate (since the model represented in Equation (12) is a phenomological

48,66-68
model).™

However, due to the complexity of the DAD’s potential surface, and the
fact that the DAD’s fluctuations do not constitute a normal mode, there are certain

limitations, e.g. in determining a precise DAD and its fluctuations.” In addition, even
though lower level modeling has helped experimentalists in understanding the KIEs in

0,71 2.
771 and alcohol dehydrogenase,” in some cases these models

soybean lipoxygenase
required heavy parameterization in order to replicate experimental data. KIE data
obtained for the mutants of residue 14, presented in Chapter 3, has been recently fitted to
a form of Equation (12),” using a program available free of charge at
http://chemmath.chem.uiowa.edu/webMathematica/kohen/marcuslikemodel.html. KIE

data for both 114 mutants and F31V DHFR have been fitted using that program and

presented in reference " and Chapter 5, respectively.
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Figure 1.1 (a) Dihydrofolate reductase catalyzed reaction; R= para-aminobenzoyl
polyglutamate moiety, R’= 2’-monophosphoadenosine-5’-diphosphoribose.
(b) The catalytic cycle of ecDHFR. The five prlmary intermediates and the
pH-independent rate constants at 25°C are shown’; E = ecDHFR, H,F = 7,8-
dihydrofolate, H4F = 5,6,7,8-tetrahydrofolate , NADPH — reduced
nicotinamide adenine dinucleotide phosphate, NADP" = oxidized
nicotinamide adenine dinucleotide phosphate.
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adenosine
> binding
subdomain

loop
subdomain

G-H loop

Figure 1.2 Structure of ecDHFR in a ternary complex with Folate and NADP"
crystallized in P2,2,2;space group (PDB ID 1RX2). The active cleft divides
the protein into two subdomains: adenosine binding subdomain (residues 38-
88) and the loop subdomain (major subdomain). Three flexible loops
mentioned in the main text are: M20 (shown in red), F-G (shown in blue) and
G-H loop (shown in mangenta). In this particular crystal structure, which is
considered to represent the active Michaelis complex, the M20 loop is in the
closed conformation.
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Figure 1.3 Graphical representation of the semi-classical model indicating that the
difference in the energy of activation (AE,) for H, D, and T, result from their
different zero-point energies (ZPE) in the ground state (GS) and transition
state (TS). The GS-ZPE is constituted by all degrees of freedom but mostly by
the C-H stretching frequency and the TS-ZPE is constituted by all deérees of
freedom orthogonal to the reaction coordinate. Reproduced from re

Ey

ANV
isotope
A OO

heavy
. . isotope

» R.C.

Figure 1.4 An example of the ground state tunneling along the reaction coordinate. The
picture depicts the probability of a particle to tunnel, where the blue and red
lines represent the probability functions for lighter and heavier isotopes,
respectively. As noticeable from the figure, lighter isotope has a hig7her
probability of tunneling than the heavier one. Reproduced from ref "*
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Figure 1.5 An Arrhenius plot of a H-transfer applicable for semi-classical models with
tunneling correction. Top panel represents the Arrhenius plot of the reaction
rates for two isotopes. Bottom panel represents the Arrhenius plot for their
KIEs. The KIE on the Arrhenius preexponential factor is an intercept of the
tangent to curve at different experimental temperatures. Highlighted regions
indicate three distinct possibilities: I) No tunneling contribution; where Ar/Agn
is close to unity and falls in the semi-classical limit; IT) moderate tunneling
contribution; results in AL /Ay below the lower semi-classical limit; IIT)
extensive tunneling contribution; where Ar/Ay is above the semi-classical
limit; system exhibits very large intrinsic KIEs which are temperature
. 74
independent. Reproduced from ref ™.
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- Donor-Acceptor Distance
at the Tunneling Ready State

Heavy Atoms Position H - Position

Figure 1.6 Graphical representation of a Marcus-like model. The heavy-atoms position
coordinate represents the heavy-atom motions that modulate the average
energies of reactant and product shown here as a double-well potential (in
blue and red respectively). The heavy atom motions will eventually bring the
system to a degenerate state, TRS(*), where tunneling is plausible. The H-
position coordinate represents the double-well potential for the H-tunneling
which is modulated by the heavy-atoms throughout the reaction. Tunneling
probability of each isotope, at the TRS, is proportional to the overlap of the
probability functions in the reactant and product states, which is dependable
on the DAD. The range of the possible DADs at the TRS is determined by the
heavy-atom motions, which depends on the Boltzmann distribution (as
presented by the donor-acceptor distance coordinate). The thermal
fluctuations of the DADs determine the temperature dependence of the KIEs
for the H-transfer. This figure has been reproduced from ref ’



Table 1.1 Semiclassical limits for the isotope effect on Arrhenius preexponential
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factors™*®.
AH/ AT AH/ A]) AD/ AT
Upper limit 1.7 1.4 1.2
Lower limit 0.3 0.5 0.7




Table 1.2 Enzymatic systems with properties outside the limits predicted by the
“tunneling correction” models.

Type of

Temperature

Enzyme transfer dependence ku/kp | An/Ap Ref.
AADH Proton No 55 NR 7
MADH Proton No 16.8 13.3 7

TMADH Proton No 4.6 7.8 7

SRO Proton No 7.3 5.8 »
PTR Hydride No ~4.1 4.1 80
EAAL H radical ND 4.4-4.7 ND 81
GLM H radical ND 2.4 ND 82
SBL-1 H radical Yes 81 18 0
SBL-1 mutants H radical Yes 93-112 | 4-0.12 0
DHFR Hydride No 6.1 7.4 53
G12]1)\I/{-11:\/I[:1 2w Hydride Yes 5.9 0.1 8
114G DHFR Hydride Yes 6.1 0.024 5
R67 DHFR Hydride Yes 7.4 1.36 86
FDH Hydride No 5.9 6.1 87
TSase Hydride No 723? 6.8 8
TSase Proton Yes 6.2 8.3*%10° 89
bSA[;é{ %bove Hydride No ggét 4.3 %0




Table 1.2 Continued

bsADH below
30 °C

Hydride

yes

5.6 at
30°C

0.26

90

Note: For the enzymatic systems which exhibit temperature dependent KIEs, the values
reported for the H/D or H/T KIEs, and their respective isotope effects on Arrhenius
preexponential factors, were measured at 298K. (ND = not determined; NR= not reported in the

publications) Abbreviations for the enzymes are: AADH: Aromatic amine dehydrogenase;
MADH: Methylamine dehydrogenase; TMADH: Trimethylamine dehydrogenase; SRO:

Sarcosine oxidase; PTR: Pentaerythritol tetranitrate reductase; EAAL: Ethanolamine ammonia
lyase; GLM: Glutamate mutase; SBL-1: Soybean lipooxygenase; DHFR: Dihydrofolate
reductase; FDH: Formate dehydrogenase; TSase: Thymidylate synthase; bsADH: Alcohol

dehydrogenase from Bacillus stearothermophilus.
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CHAPTER 2.
SYNTHESIS OF RADIOLABELED NICOTINAMIDE COFACTORS
FROM LABELED PYRIDINES: VERSATILE PROBES FOR ENZYME
KINETICS!

2.1 Introduction

An enormous number of metabolic enzymes depend on the nicotinamide
cofactors, viz. NAD", NADP", or their reduced forms, NADH and NADPH ! Chemical
and isotopic modification of nicotinamide cofactors have enabled enzymological studies
for several decades now (see refs.”?, . ** and ** for selected examples, and % fora
comprehensive review of these cofactors). The development of new biophysical
techniques drives the continued quest for novel nicotinamide derivatives prepared by
rapid, cost-effective means.”” When investigating enzymes that utilize one of these
molecules as a redox cofactor, the fate of the labeled or modified cofactor may be
followed to determine the mechanistic or kinetic course of the enzyme in question. While
this can be achieved by a number of methods (e.g., following the change in 340 nm
absorbance of the reduced forms through out the reaction), radiolabeling offers higher
sensitivity than most other techniques ** and also facilitates the measurement of isotope
effects.

Among the many uses of isotopically labeled nicotinamide cofactors is the

measurement of kinetic isotope effects (KIEs)il for H-transfer enzymatic reactions. This

I This chapter was published in the journal of Analytical Biochemistry [Sen, A.,
Stojkovi¢, V. and Kohen (2012), Synthesis of radiolabeled nicotinamide cofactors from labeled
pyridines: versatile probes for enzyme kinetics, 430, pp123-129] (Sen and Stojkovi¢ contributed
equally to this work) Copyright 2012, Elsevier.

i gpbreviations used: KIE, kinetic isotope effect; EcDHFR, Escherichia coli
dihydrofolate reductase; H,F, dihydrofolate; H4F, tetrahydrofolate; T(V/K)H,ObS and H/T s,
observed tritium KIE; D(V/K)H,obS and H/Dys, observed deuterium KIE; H/T;,, intrinsic tritium
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is exemplified below by KIE experiments with the Escherichia coli dihydrofolate
reductase (EcDHFR) enzyme. EcDHFR is an extensively studied system and thus an
excellent benchmark with which to test new nicotinamide labeling patterns. EcDHFR
uses NADPH as a hydride source in the reduction of 7,8-dihydrofolate (H,F) to S-5,6,7,8-
tetrahydrofolate (H4F), transferring the pro-R hydrogen from C4 on the nicotinamide ring
of NADPH to the si-face of C6 of the pteridine ring of HyF (Figure 2.1). Several previous
works have used NADPH labeled with deuterium (*H) or tritium ("H) at C4 to determine
the KIE on the hydride transfer step for EcDHFR and its mutants.>*>**"'*! When such
KIEs are measured competitively, both isotopologues are allowed to compete
simultaneously for the enzyme. In these experiments the ratio of the reaction rates
between the isotopologues is measured by following the fractionation of the isotopes at
the product or the reactant, instead of determining the absolute rates.” For example, in
competitive H/T and D/T KIE measurements [denoted also by "(V/K)p.ops and
T(V/K)p obs, respectively] it is imperative that the non-radioactive isotopologues (‘H- or
*H-labeled) are tracked by a radioactive labeling other than *H at a position on the
NADPH molecule remote from the transferred hydrogen. This remote tracer (commonly
'C) in the product thus represents the H (or “H) that has been transferred and so permits
analytical examination of the *H depletion relative to H (or *H) in the product by
following the *H/'*C ratio at different fractional conversions (as explained in detail in
Materials and Methods). The same remote tracer can also be used to measure competitive
H/D KIEs [denoted also by "(V/K)i.obs], where a remote *H label tracks one isotope (e.g.,
*H) and a remote '*C label identifies the other (e.g., H). Consequently, in such

experiments it is important that the remote tracer has no measurable effect on the reaction

KIE; H/Djy, intrinsic deuterium KIE; BIE, binding isotope effect; NADase, DPN
nucleosidase/NAD" glycohydrolase; PMSF, phenylmethylsulfonate; bmGDH, Bacillus
megaterium glucose dehydrogenase; thADH, Thermoanaerobium brockii alcohol dehydrogenase;
DPM, disintegrations per minute.
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rate, and no effect on the KIEs under study. If the labeling is too close to the reactive
center, isotope effects due to the tracer isotope may lead to inflation or deflation of the
KIEs being measured. As an extreme example, the use of [4-'*C]-NADPH as a labeled
cofactor in the EcDHFR reaction would add a primary (1°, see below) '*C KIE to the
measured hydrogen KIE. While such an unwanted isotope effect would have a minor
effect on 1° hydrogen KIEs (due to their large size), it could have a more detrimental
impact on the much smaller secondary (2°, see below) KIEs, or on KIEs of heavy
isotopes.

Using such a remote-labeling dual-isotope method lends itself very well to a
sequential HPLC/liquid scintillation counting (LSC) analysis, as demonstrated by a

wealth of studies over the years.””'"

For example, in the case of EcDHFR, we previously
performed competitive measurements of H/T KIEs using [Ad-'*C]-NADPH in
competition with 4R-[4-"H]-NADPH (see Figure 2.3 for radiolabeling details): here, the
'C label on the adenine ring is far from the point of hydride transfer and cannot affect
the rate of this step. The H/T KIEs are measured by simultaneously following the
conversion of [Ad-'*C]-NADPH to [Ad-"*C]-NADP", and of 4R-[4-’H]-NADPH to

tritiated H4F and its oxidized derivatives.'®

The measured values can be used together
with D/T KIEs (measured in a similar fashion) to extract the intrinsic KIEs for the
reaction, thus providing direct insight into the nature of the chemical step in the
enzymatic reaction under consideration.”>'%*

The isotopic labeling pattern must be modified according to the type of KIE being
measured — i.e., either a 1° KIE, which results when the isotopic difference is in an atom
directly involved in making or breaking bonds during the reaction, or a 2° KIE, which
arises when the nature of the bonding to a labeled atom changes without formation or
cleavage of bonds to that atom. Moreover, the labeling pattern should take into

consideration whether H/T, D/T or H/D KIEs are being measured, as well as the

interaction of the labeled nicotinamide cofactor with the enzyme. Indeed, the degree of
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interaction between the remotely-labeled cofactor and the enzyme can be determined by
the measurement of binding isotope effects (BIEs), which arise due to a difference in the
binding constants of isotopologic reactants.'”® An inverse (<1) or normal (>1) BIE is
indicative of differential binding constants for the labeled versus unlabeled cofactor.
While binding effects are commonly determined by direct comparison of binding
parameters (e.g. Kq), BIEs for enzymatic reactions can be sensitively measured by
competitive KIE measurements of the labeled vs. the unlabeled cofactors as substrates
(assuming that here KIEs represent the fractionation of the isotopes between the bound

and the free state).'”’

In other words, location of the isotopic labeling is such that
measured V/K KIEs only represent the fractionation of the bound substrate since the
labeling is on the adenine ring i.e., remote from the reaction site.

The [Ad-'*C]-NADPH cofactors used in the aforementioned studies were
synthesized using the expensive (~$2,380/50 pCi) and periodically unavailable [Ad-"*C]-
NAD" as the starting material, which significantly limits their use.”” Here, we present the
synthesis of [carbonyl-'"*C]-NADPH, 4R-[carbonyl-'*C, 4-*H]-NADPH and [carbonyl-
14C, 4-H,]-NADPH from the less expensive (~$750/250 uCi) and readily available
[carbonyl-'*C]-nicotinamide starting material. The synthesized cofactors have been
examined as cost-effective alternatives to [Ad-'*C]-NADPH and its derivatives as
reagents in KIE studies of enzymatic systems, with special emphasis on possible artifacts
arising from the '*C labeling at the amide position that might affect hydrogen KIEs of
interest.

The remote location of the '*C-label on the adenine ring in [Ad-'*C]-NADPH and
other [Ad-"*C]-NAD" cofactors used previously is not likely to have any measurable
effect on either binding or the chemistry of the aforementioned cofactors. The remoteness
of the heavy-atom label from the reactive C4 hydrogen of the nicotinamide cofactor

ensures no isotope effect due to the '*C label on the rate of the H- or D- transfer being

considered. However, in the case of the [carbonyl-'*C]-NADPH described here, the '*C-
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label is located at the amide carbonyl, vy to the reactive C4 hydrogen. This proximity to
the reactive center gives rise to the question: does labeling the amide carbonyl (rather
than the adenine ring) with '*C lead to a significant isotope effect on H-transfer reactions
occurring at the C4 position? In other words, is there a measurable isotope effect when
[carbonyl-'*C]-NADPH is used instead of [Ad-'*C]-NADPH?

Since direct measurement of the isotope effect between [carbonyl-'*C]-NADPH
and [Ad-""C]-NADPH is not practical, we first measured the BIE at the adenine ring on
the EcDHER reaction, using [Ad->’H]-NADPH and [Ad-'*C]-NADPH, and then the KIE
between [Ad-"H]-NADPH and [carbonyl-'*C]-NADPH. Since [Ad-"H]-NADPH is a
common reference between the BIE and KIE experiments, the ratio between the
measured BIE to the KIE allowed us to establish the y-2° '*C KIE of interest. In other
words, since it is not possible to directly compare the reaction rate of the [carbonyl '*C]-
NADPH to that using unlabeled NADPH or [Ad-'*C]-NADPH, we have instead used
multiple KIE and BIE measurements to compare the rates of [Ad-'"*C]-NADPH to that of
[carbonyl-'*C]-NADPH using [Ad*H]-NADPH as a common reference. The measured
value after standard error propagation is 1.003 + 0.004 for the y-2° '*C KIE, which
suggests that [carbonyl-'*C]-NADPH and its derivatives are viable substitutes for [Ad-

'“C]-NADPH and other labeled cofactors synthesized in the past from [Ad-'*C]-NAD",

2.2 Materials and Methods

2.2.1 Materials
All reagents were purchased from Sigma-Aldrich, unless otherwise noted.
NADP'- dependent glucose dehydrogenase from Bacillus megaterium (bmGDH, 218
units/mg solid) was purchased from USB-Affymetrix, while NAD'/NADP -dependent
nucleosidase (NADase) from porcine brain (= 0.007 un/mg solid) was purchased from

Sigma-Aldrich. EcDHFR was expressed and purified according to the procedure of
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Cameron et al.'” [carbonyl-'*C]-nicotinamide (55 mCi/mmol, 100 uCi/ml) was obtained
from Moravek, [Ad-'"*C]-NAD" (>220 mCi/mmol, 25 pCi/ml) and nicotinamide-[2,5’,8-
H]-adenine nucleotide ([Ad-"H]-NAD", 24 Ci/mmol, 0.1 mCi/ml) were from Amersham
(now available from Perkin-Elmer). H,F was synthesized from folic acid by the method
of Blakley '*". [1-*H]-glucose was synthesized with > 99.9% deuteration (as
characterized by 'H-NMR) by reduction of 8-gluconolactone with sodium amalgam in

99.96% D,0.'%

2.2.2 Analytical methods

All analytical separations were made by HPLC on a Beckman-Coulter System
Gold instrument (model 126), using a Supelco Discovery C-18 column (250 x 4.6 mm
i.d., 5 um particle size) and the gradient elution method described in Table 2.1, but with
an altered flow-rate of 0.8 ml/min suited for use with the analytical HPLC column. Eluted
peaks were analyzed using an online Beckman UV-Vis detector (model 168) and a
Packard 500TR Series flow scintillation detector. NADP" synthesized in the first step
(Figure 2.2) was isolated in a single broad peak at ~ 12 min using a Supelco Discovery
semipreparative C-18 column (250 x 10 mm i.d., 5 wm particle size) following the elution
gradient shown in Table 2.1; a representative elution profile is depicted in Figure 2.4A.
The semipreparative HPLC method described previously '* was used to purify the final
NADPH product, and radioactive product yields were quantified using a Packard TriCarb

2900 TR liquid scintillation counter.

2.2.3 Preparation of porcine brain NADase
Prior to the synthesis of the radiolabeled cofactor, NADase solutions were
prepared in 0.1 M KH,PO, buffer (pH 7.5) using a modified version of the procedure

described by Hixson e al.’” In short, 1 g of lyophilized NADase (~7 units) was dissolved
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in 0.1 M KH,PO, buffer (pH 7.5) to a final concentration of 0.5 units/ml. The buffered
solution was sonicated for 45 min at 4 °C in the dark, then 6 mg of trypsin

(>10,000 units/mg) was added and the reaction mixture was incubated at 37 °C for 40
min. 3.6 mmol of phenylmethylsulfonate (PMSF) was then added, and incubation
continued for an additional 5 min at 37 °C. The reaction mixture was centrifuged at 4 °C
and 4000 to 5000 x g to remove insoluble debris. The supernatant was removed and
stored at 4 °C in the dark until used. Under these conditions, NADase solution was found
to be stable for at least 2 months. Prior to every synthesis, an aliquot of NADase solution
corresponding to 0.175 units was spun down at 10,000 x g to remove any denatured or

precipitated protein that may have accumulated during storage.

2.2.4 Synthesis of [carbonyl-'*C]-NADPH
Figure 2.2 illustrates the general synthetic strategy employed for the preparation
of [carbonyl-"*C]-NADPH in two steps: first, the exchange reaction of NADP" and
[carbonyl-'*C]-nicotinamide to yield [carbonyl-'*C]-NADP", and the subsequent

reduction with bmGDH and glucose to yield [carbony-'*C]-NADPH.

Synthesis of [carbonyl-"*C]-NADP" (Figure 2.2, first step): 125 uL of the
ethanolic solution of [carbonyl-14C]-nicotinamide (12.5 uCi, 227 nmol) was blown to
dryness with N, or Ar gas, and combined with 0.175 units NADase, 2.3 pmol NADP"
and 0.1 M KH,PO, (pH 7.5) buffer to a final volume of 400 uL. The reaction was
allowed to proceed at 35 °C in the dark for 60 min. Reaction progress was periodically
monitored by HPLC/flow scintillation detector analysis. It is important to note that, since
NADase catalyzes the reversible hydrolysis of NADP" to nicotinamide and 2’-
monophosphoadenosine-5’-diphosphoribose, the reaction mixture for the first step should

contain a 10:1 excess of NADP" over [carbonyl-'*C]-nicotinamide. Different ratios lead
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to lower yields or lower specific radioactivities of the radiolabeled NADP" (see
discussion). It is also noteworthy that in the synthesis of radiolabeled material, the yield
is measured in terms of the radiolabeled starting material ([carbonyl-'*C]-nicotinamide in
this case), which is the limiting-reagent in the synthesis.

After completion of the exchange reaction (generally after 30 min), NADase was
removed from the reaction mixture by filtration through an Amicon Ultra Ultracel-10K
(10,000 MWCO) regenerated cellulose centrifugal filter. LSC analysis of the filtrate
indicated minimal loss of radioactivity due to filtration. [carbonyl-'*C]-NADP" was then
isolated from the filtrate by semipreparative HPLC purification as described in the
Methods section, and lyophilized overnight to remove all traces of solvent. The
lyophilized NADP" was stable at -80 °C for at least a year. Before continuing with further
synthetic steps, it was critical that the large amounts of salt (the result of lyophilization)
be removed, as high salt concentrations can inhibit certain enzymatic reactions.
Therefore, lyophilized [carbonyl-'*C]-NADP" was dissolved in 1 ml of doubly de-ionized
(DDI) H,0 and loaded onto a 3 ml Sephadex C-18 desalting column. The loaded column
was washed through with 3 ml DDI H,O, and [carbonyl-'*C] NADP" was then eluted
using 3 ml of 15% MeOH/2.5 mM KH,PO, buffer. This solution was lyophilized

overnight.

Synthesis of [carbonyl-"*C]-NADPH (Figure 2.2, second step): The lyophilized
[carbonyl-'*C]-NADP" was re-suspended in 450 ul 0.1 M KH,PO, (pH 7.5) buffer
immediately before its reduction to [carbonyl-'*C]-NADPH. 1.25 umol D-glucose and 1
mg (~218 units) bmGDH were added to the [carbonyl-'*C]-NADP" solution and the pH
was adjusted to 8.0 at 37 °C, with a final volume of 500 ul. The reaction was allowed to
proceed at 37 °C for 1 hour, when HPLC/flow scintillation analysis showed >99%
conversion of [carbonyl-'*C]-NADP" to [carbonyl-'*C]-NADPH (Figure 2.5). Upon

completion of the reaction, the reaction mixture was centrifuged at room temperature and
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13,000 x g for 5 min, and the products were purified by semipreparative HPLC as
described in the Methods section. The purified [carbonyl-'*C]-NADPH was quantified by
LSC analysis, and divided into 3 million DPM aliquots. These aliquots were immediately
lyophilized and stored in the dark at -80 °C. Previously published data indicates that
NADPH stored under these conditions remains viable for more than 24 months '*. After
purification and lyophilization, the NADPH product was found to be more than 99.5%

pure by HPLC/radiographic flow-scintillation analysis (Figure 2.5).

2.2.5 Synthesis of 4R-[carbonyl-'*C,4-°H]-NADPH from
[carbonyl-'*C]-NADP"
4R-[carbonyl-'*C, 4-*H]-NADPH was synthesized from [carbonyl-'*C]-NADP"
using the one-step reaction catalyzed by Thermoanaerobium brockii alcohol
dehydrogenase (thbADH).''’ The final product was purified, characterized and stored in

the same manner as [carbonyl-'*C]-NADPH described in the previous section.

2.2.6 Synthesis of [carbonyl-'*C,4-"H,]-NADPH from
[carbonyl-'*C]-NADP"
[carbonyl-'*C, 4-H,]-NADPH was synthesized from [carbonyl-'*C]-NADP"
following the 3-step procedure involving bmGDH, thADH and 1-°H-glucose as described

in refs. ''" and '”. Purification, characterization and storage were the same as for

[carbonyl-'*C]-NADPH.
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2.2.7 Determination of 1° H/T and D/T KIEs for EcDHFR
using synthesized [carbonyl-'*C] derivatives
For the measurement of H/T KIEs, 4R-[4-"H]-NADPH was prepared according to
previously published procedure,''? and co-purified in a 6:1 ratio with [carbonyl-'*C]-

19 For the

NADPH to compensate for the lower efficiency in LSC counting of tritium.
measurement of D/T KIEs, 4R-[4-’H]-NADPH was co-purified in a 6:1 ratio with 4R-
[carbonyl-'*C, 4->H]-NADPH. The co-purified materials in both cases were divided into
300,000 DPM aliquots (of '*C) and frozen at -80 °C for short-term storage (up to 15
days). KIE experiments were performed according to the procedure used by Wang et
al.'® in 1X MTEN buffer (100 mM NaCl, 50 mM MES, 25 mM Tris and 25 mM
ethanolamine, pH 9.0 at 25 °C). As per the previous procedure, EcDHFR was allowed to
react with co-purified NADPH and H,F (final concentration of 0.85 mM) at 25 °C in 1X
MTEN (pH 9.0), and aliquots were removed from the reaction mixture and quenched
with methotrexate to yield samples with fractional conversions ( f ; determined from the

ratio of '*C in the product to the total amount of *C in products and reactants) rangin
p p ging

from 20-80%. Observed KIEs were calculated using the following equation:*

In(1-f)
ln(l—f*II:t) o

0

KIE ;) =

where R, and R, are ratios of °H to '*C in the products at various fractional conversions
and at 100% conversion, respectively. Intrinsic H/T KIEs were calculated using the
Northrop method, as elaborated upon in previous publications ' and *. All KIE results

are displayed in Table 2.2.
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2.2.8 Measurement of y - 2° '*CKIE due to “C isotopic
labeling at the amide carbonyl of NADPH

[Ad-’H]-NADPH and [carbonyl-'*C]-NADPH for KIE measurement, and [Ad-
*H]-NADPH and [Ad-'*C]-NADPH for the BIE measurement, were combined and co-
purified in a DPM ratio of 5:1 (H/'*C). These two mixtures were used in the kinetic
measurements following the same procedure as described for 1° KIEs above. As
mentioned in the introduction, while the experimental procedure is the same for BIE and
KIE experiments, the value calculated in the BIE measurement using equation 1
corresponds to a BIE, while KIE obtained by [Ad-"H]-NADPH and [carbonyl-'*C]-
NADPH reflects the product of the BIE and the y - 2° '*C KIE of interest. Dividing the

second by the first yields a value indicative of the carbonyl y - 2° '*C KIE.

2.3 Results and Discussion

2.3.1 Synthesis of [carbonyl-'*C]-NADPH, 4R- [carbonyl-
'C, 4-H]-NADPH and [carbonyl-'*C, 4-°H,]-NADPH
NADase catalyzes the conversion of NAD(P)" to nicotinamide and 2’-
monophosphoadenosine-5’-diphosphoribose. The hydrolysis is reversible in both cases,
and the reaction equilibrium is governed by the ratio of NAD(P") to free nicotinamide,
and the amount of ADP-ribose or 2’-monophosphoadenosine-5’-diphosphoribose in
solution. It was found that the reaction could be optimized for minimal reaction times (<
1 hour) and maximal yields of radioactive cofactor by using a 10:1 ratio of NADP" to
[carbonyl-14C]-nicotinamide in the initial reaction mixture. Deviations from this ratio
produced deleterious effects on the time required for maximal yield, and the yield itself.
Moreover, dissimilar ratios resulted in different specific radioactivities in the product,
and in some cases led to the formation of large amounts of unidentified by-products (as

determined by HPLC analysis). For example, a lower ratio (3:1) of NADP" to labeled
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nicotinamide required longer reaction times and resulted in maximum yields of 37% after
1 hour, while ratios higher than 10:1 led to final products with low specific radioactivity,
thus limiting their use in KIE experiments. When a ratio of 10:1 was used, yields reached
a maximum value of 70-75% (measured as the percentage of total radioactivity in the
desired product) after ~30 minutes (Figure 2.4B). It is important to establish a point at
which the amount of formed product is at its maximum, as a slow steady decline occurs
at longer reaction times. This decline could be result of several different processes, and
not simply a reverse reaction catalyzed by NADase (as this is an equilibrium reaction).
Moreover, we observed a small amount of unidentified by-product (max ~1.6% of total
radioactivity; Figure 2.4B) that was easily separated from the NADP", and therefore did
not present a major obstacle in either total yield or purity of the product. Since a 10:1
ratio produced satisfactory yields of [carbonyl-'*C]-NADP", the reaction was not further
optimized. However, if lower specific radioactivities are acceptable in the product, it is
possible to obtain up to 90% yields in 1 hr using higher ratios of NADP /nicotinamide.
The relatively low price of the radioactive [carbonyl-'*C]-nicotinamide starting material
was also a factor in the experimental design described above. Since the cost of this
starting material is the major contributor to the overall cost of each synthesis, the price
difference makes the [carbonyl-'*C]-nicotinamide more appealing as a reagent.

The [carbonyl-"*C]-NADP" produced must be separated from the reaction mixture
that also contains [carbonyl-'*C]-nicotinamide and 2’-monophosphoadenosine-5’-
diphosphoribose. Otherwise, it is possible that subsequent kinetic experiments with the
final [carbonyl-'*C]-NADPH product will show artifacts due to nicotinamide
contamination. In addition, 2’-monophosphoadenosine-5’-diphosphoribose has been
shown to inhibit certain NADP'-dependent dehydrogenases, including GDH.'" This
makes isolating the [carbonyl-'*C]-NADP" from the exchange reaction mixture crucial
for successful downstream steps. A previously published method for the purification of

NADPH *° was found to be inefficient in separating NADP" from nicotinamide.
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Therefore, that method was modified by reducing the percentage of methanol from 15 to
7.5% during the isocratic elution that starts at 11 min, consequently increasing separation
between NADP" and nicotinamide peaks to 8 min. Thus, in the modified method, NADP"
elutes at 12.5 min, and nicotinamide at 20.5 min. The [carbonyl-'*C] NADP" elutes in a
broad peak over 5 min, as depicted in Figure 2.4, and is collected in at least 6 ml of 7.5%
MeOH /0.1 M KH,POj solution. Further reduction in the methanol percentage caused
significant peak broadening that rendered greater separation in retention times
meaningless.

The lyophilized product from the first exchange step contains [carbonyl-'*C]-
NADP" as well as significant amounts of KH,PO4. When this solid was simply
resuspended in 500 ul water (to a final concentration of ~ 1.2 M KH,PO,) and used for
the subsequent GDH reaction, a dramatic decrease in the rate of the reduction to NADPH
was observed (80% of the NADP" still remained unreacted at 1 hour, in contrast to the
99% conversion to NADPH usually seen at 37 °C and pH 7.0 for the same reaction in the
presence of 0.1 M KH,POy4). We hypothesized that this was due to the high salt
concentration in the resuspension solution, which was either causing active GDH to
precipitate out of the solution (a ‘salting out’ effect) or directly inhibiting the GDH
reaction. To test this hypothesis, we used a Sephadex 1 ml C-18 column to remove the
excess salt from the lyophilized product, and [carbonyl-'*C]-NADP" was eluted from the
column using a 15% MeOH/2.5 mM KH,PO, (pH 6.0) solution. The losses in yield due
to the addition of this step were minor (<2%). Addition of this step restored the reaction
rate of subsequent GDH-catalyzed reductions, providing support to the above hypothesis.

Our procedure describes the reduction of [carbonyl-'*C]-NADP" to [carbonyl-
“C]-NADPH, 4R-[carbonyl-'*C, 4-*H]-NADPH, or [carbonyl-'*C, 4-’H,]-NADPH. If
desired, 4S-[carbonyl-'*C-4->H] NADPH could be produced by simply truncating the
procedure and reducing [carbonyl-'*C]-NADP" with [1-*H]-glucose and GDH. Also,

since NADase can accept both NAD" and NADP" as substrates, experimental procedures
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similar to the ones described here can be envisioned for the preparation of [carbonyl-
“C]-NAD/NADH and their deuterated derivatives for kinetic and mechanistic studies of

NAD(H) specific enzymes.

2.3.2 '*C-labeling at the nicotinamide carbonyl carbon of
NADPH does not result in a significant y -2° '*C KIE

Due to the location of the new label near the reaction center, more specifically at
the amide carbonyl of NADPH, the possible issue of a y-2° KIE artifact on hydride
transfer KIEs to be measured using this compound had to be addressed. To examine the
extent of that effect on cofactor oxidation, we designed experiments using [Ad-"H]-
NADPH in competition with either [Ad-"*C]-NADPH or [carbonyl-'*C]-NADPH as
substrates of the EcDHFR catalyzed reaction. The first combination ([Ad-"*C]-
NADPH/[Ad-’H]-NADPH) resulted in a BIE on the adenine ring of 1.002 = 0.002 and
the second ([carbonyl-'*C]-NADPH/[Ad-"H]-NADPH) in a mixed KIE of 1.005 = 0.002.
The ratio of these values yield a y-2° “CKIE ([carbonyl-HC]-NADPH/ [Ad-'*C]-
NADPH) of 1.003 £ 0.004. This value is practically unity (no KIE) as the errors usually
obtained on either 1° and even 2° hydrogen KIEs are larger than 0.01. When measuring
small KIEs (e.g. 2° KIEs) with other enzymes than EcDHFR, or when using other
carbonyl-labeled nicotinamide cofactors, we recommend that researchers test for such

possible artifacts for their specific system.

2.3.3 Testing the viability of synthesized materials using
KIEs: Comparison of intrinsic KIEs measured using
[carbonyl-'*C]-NADPH vs. [Ad-'*C]-NADPH
To validate the use of the new [carbonyl-'*C]-NADPH and its deuterated

derivatives in kinetic experiments, we have compared the outcome of KIE experiments
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that used the new synthesized materials, to previous KIE measurements that utilized
adenine labeled cofactors as substrates of EcDHFR. We conducted 1° H/T experiments
using [carbonyl-'*C]-NADPH and 4R-"H-NADPH as substrates, and 1° D/T KIEs using
4R-[carbonyl-'*C, 4-*H]-NADPH and 4R-’H-NADPH as substrates, for the EcDHFR
reaction. All experiments were performed at 25 °C and pH 9.0. The results, along with
the calculated intrinsic KIEs, are compared to previously published values in Table 2.2.
All previous measurements were done using [Ad-'*C]-NADPH and its deuterated analogs
as substrates. The close agreement between our measured and intrinsic values and all
prior results indicates that with this enzyme the [carbonyl-'*C]-NADPH materials are

excellent substitutes for the [Ad-'*C]-NADPH materials in KIE experiments.

2.3.4 Comparison of cost, effort, and yield of [Ad-'*C]-
NADPH *° vs. [carbonyl-'*C]-NADPH syntheses.

The new synthesis of [carbonyl-'*C]-NADPH presented here is advantageous
because: (i) the [carbonyl-"*C]-nicotinamide precursor is substantially cheaper starting
material than the commercially available [Ad-'*C]-NAD" precursor used to make [Ad-
'“C]-NADPH (by a factor of >12 based on $/Ci and synthetic yields); (ii) the new
synthesis is much faster (e.g., 30 min glycosidic exchange vs. 3 hours 2’-
phosphorilation); (iii) it requires fewer enzymes and reagents (e.g., ~ U.S. $1 NADase vs.
~ U.S. $70 NAD-kinase and phosphocreatine kinase); and (iv) has better yield than that
of [Ad-"*C]-NADPH (i.e., 60-75% vs. 40-60%). In summary, the new synthetic

procedure is a cost- and effort-effective alternative to previously published procedures”.

2.4 Conclusion

The development of a new labeling pattern for '*C-labled nicotinamide cofactors

is presented along with some applications and the examination of possible experimental
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artifacts. We have shown that [carbonyl-'*C]-NADP", [carbonyl-'*C]-NADPH, 4R-
[carbonyl-'*C, 4-*H]-NADPH and [carbonyl-'*C, 4-"H,]-NADPH can be synthesized
quickly, in reasonable yields, and at relatively low costs, using a simple chemoenzymatic
procedure. We have utilized [carbonyl-'*C]-NADPH to demonstrate that NADPH labeled
with '*C at the nicotinamide carbonyl has no significant effects on the hydrogen KIEs
measured using those isotopologues as substrates in the EcDHFR reaction. 1° H/T and
D/T KIEs measured using the newly synthesized materials are in complete agreement
with KIEs previously measured with NADPH labeled at the adenine ring, and confirm the
utility of this material. Finally, the synthesized material can easily be adapted for use in
kinetic experiments with other NADP'/NADPH/NAD /NADH-dependent enzymes, and
as these are ubiquitous in nature the synthetic methods described herein could potentially

be of broad utility.
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Figure 2.1 The reaction catalyzed by DHFR. R = adenine dinucleotide 2’ phosphate and
R’ = (p-aminobenzoyl) glutamate.

Figure 2.2 Synthesis of [carbonyl-'*C]-NADPH from [carbonyl-'*C]-nicotinamide. R =
2'- monophosphoadenosine-5'-diphosphate ribose, where the asterisks denote
the position of the '*C-label.



Figure 2.3 Labeled NADPH derlvatlves Asterlxes indicate the posmon of isotopic
labehng with "*C (red), *H (blue) or °H (green). HR— H for NADPH [Ad-
“C]-NADPH and [carbonyl- C]-NADPH He="H for 4R-[Ad-! C 4 *H]-
NADPH and 4R-[carbonyi-'*C, 4 *H]-NADPH; Hg=" H for 4R-[4- H]
NADPH. For the sake of clarlty, *H-labeling on [Ad-"’H]-NADPH and its

derivatives is not shown.

41
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Figure 2.4 Summary of the results for the first synthetic step - synthesis of [carbonyl-
“C]-NADP". A) Reverse- phase HPLC-flow radiogram of the reactlon mrxture

at different time points. The main peaks correspond to [carbonyl-'*C]-NADP",
~12.5 min, and [carbonyl-'*C] nicotinamide, ~20.5 min. The middle peak
represents an unidentified by-product, which accounts for <1.6% of total
radioactivity, and was easily separated from the NADP". B) Percent of each
compound gfrom panel A) during the course of 60 min reaction, where
[carbonyl-'*C]-NADP" is presented by closed circles, [carbonyl- *C)-
nicotinamide by squares, and the '*C-labeled by- product by diamonds.
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Figure 2.5 Reverse- phase HPLC- ﬂow radiogram of the reaction mixture after the
[carbonyl-' C]-NADP reduction. Radiogram indicates a complete conversion
(>99.5%) of NADP" to NADPH.
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Table 2.1 Semi-preparative HPLC method using reverse-phase C-18 column and gradient

elution.
Time (min) % solvent A % solvent B Flow rate (ml/min)
0 100 0 3.2
11 100 0 3.2
11.10 92.5 7.5 3.2
21 92.5 7.5 3.2
21.10 50 50 3.2
23 50 50 3.2
23.10 0 100 3.2
30 0 100 3.2
Note: Solvent A is 0.2 M NaCl/l mM Tris-HCI (pH 8.2) and solvent B is MeOH.
Table 2.2 Observed and intrinsic 1° KIEs measured using [carbonyl- 4C]I4NADPH and
4R-[4-’H]-NADPH (for H/T experiments) and 4R-[carbonyl-'*C, 4-"H]-
NADPH with 4R-[4-"H]-NADPH (for D/T experiments).
“C-labeling H/Tops D/Tops H/Ting D/Tint H/Din
pattern
[carbonyl-'*C] | 4.86+0.06 | 1.66=0.01 | 6.13+0.18 [ 1.72 = 0.02 | 3.56 = 0.07
[Ad-"C]* 4.85+0.09 | 1.66+0.03 | 6.10 = 0.42 | .72+ 0.04 | 3.55 = 0.17
“Ref. ¥.

Note: The results are compared to prev10usly published values obtamed using [Ad-"*C] NADPH
and [Ad-"*C, 4-"H,] NADPH (with 4R-[4-"H]-NADPH and 4S-[4,4-’H,”"H]-NADPH,

respectively).
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CHAPTER 3.
EFFECTS OF THE DONOR ACCEPTOR DISTANCE AND
DYNAMICS ON HYDRIDE TUNNELING IN THE DIHYDROFOLATE
REDUCTASE CATALYZED REACTIONii

3.1 Introduction

Despite intense studies during the past century, many questions regarding enzyme
catalysis still remain unanswered. Specifically, the physical features of enzyme catalyzed
reactions continue to be part of a vigorous debate. The transition state (TS) approach
introduced by Pauling,'"* which suggested that enzymes work by preferentially binding
the activated form of the substrate(s) at the TS, still remains the generally accepted
description. This static view of enzyme catalysis is likely to be correct; however it fails to
address the mechanism by which physical features that contribute to that TS stabilization
(e.g., electrostatics and steric effects) arise along the reaction coordinate. An approach
that provides a more dynamic view of the catalytic process suggests that the thermal
motions of both enzyme and substrates are essential for the chemical transformations
catalyzed by an enzyme. A large amount of experimental and theoretical evidence
supports such a view for certain enzymes, however the relationship between enzyme
dynamics'"” and bond activation needs further description. Analogous issues are of equal
importance in solution reactions, and here we take advantage of the ability to control the
reactants’ relative orientation in an enzyme’s active site to examine the nature of C-H—C

transfer reactions in general. Several experimental and theoretical approaches provide an

I This chapter was published in the Journal of American Chemical Society [Stojkovié,
V., Perissinoti, L.L., Willmer, D., Benkovic, S.J. and Kohen, A. (2012), Effects of the donor
acceptor distance and dynamics on hydride tunneling in the dihydrofolate reductase catalyzed
reaction, 134, pp1738-1745]. Copyright 2012, American Chemical Society.
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39,58,66,74,116-123

examination of hydrogen tunneling and its environmental coupling. Here,

we focus on the temperature dependence of the intrinsic kinetic isotope effect (KIE), and
on single turnover rates, as a means to probe the nature of the hydride transfer.’*’*!**!2*
Experimental data collected by this approach led to the development of several
phenomenological working models, which are extensions of the Marcus theory for
electron transfer.''®'**!'*” They are referred to as Marcus-like models (also addressed in
literature as environmentally coupled tunneling,'*® rate-promoting vibrations,'*’
vibrationally enhanced tunneling,’* and more. In these models, illustrated in Figure 3.1,
heavy-atom motions along the reorganization coordinate bring the system to a point
where donor and acceptor wells are degenerate and where tunneling of the hydride is
possible (i.e., a tunneling ready state, TRS). Thus, environmental reorganization occurs

39,58,62,72,74,116,118,127,130 At that point, the tunneling

before hydride transfer takes place.
probability will depend on the overlap between the donor and acceptor wavefunctions
(the first exponential inside the integral of eq. 1, referred to as the Franck-Condon term),
which is sensitive to the mass of the tunneling particle, donor-acceptor distance
(DAD,)"" and its fluctuation along the DHA coordinate (Figure 3.1). Eq. 1 summarizes,

in general terms, the form of the rate equation of various Marcus-like models,

DADe,
_ —~(AG’+2)? I(4ART) F(m,DAD,) _~Eg(m papey ! kpT
k=Ce [e e dDAD, (D)

DADe,

where C(r) represents the fraction of reactive complexes. The first exponential term is
referred to as the Marcus-term and gives the probability of reaching a TRS. This term is a
function of A, the work associated with reorganization of the heavy-atoms, the reaction’s
exoergicity (AG”), and the absolute temperature T. Importantly, while C and the Marcus-
term are mostly isotopically insensitive they generate much of the temperature
dependence in the reaction’s rate. The second exponent represents the Franck-Condon

term (FC), an overlap integral that determines the tunneling probability for each isotope
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as a function of donor-acceptor distance. The last exponent has been referred to as the
“gating” term, and represents the Boltzman distribution of DAD,s at a given temperature.
This term is temperature sensitive, and together with the FC term is the source of the
temperature dependency of the KIEs. The last two exponents are integrated over all the
DAD.s sampled by the system.

Several researchers employed these models to rationalize their experimental

39,66,72,84,120,125,132
results,

where temperature-independent KIEs indicate a system wherein
the reactants’ relative orientation and electronic states are optimized for H-tunneling and
thermally-activated fluctuations of the DAD,. do not affect the KIE. On the other hand,
temperature-dependent KIEs indicate a system wherein the reactants’ orientation and
relative dynamics are not optimal and thermally activated gating motions have a different
effect on the transfer of H than that of D or T. These models have been instrumental in
qualitatively rationalizing trends in both the temperature and pressure dependence of
kinetic data. In recent years, there have been modest attempts to quantitatively link the
experimental data to the potential energy surface describing the gating coordinate (to link

it to Equation 1.).*0¢8

However, due to the complexity of the DAD.’s potential surface,
and the fact that the DAD’s fluctuations do not constitute a normal mode, there are
certain limitations in e.g. determining a precise DAD, and its fluctuations.”” MD
simulations may be necessary to visualize the atomic level structural changes that affect
the DAD. in these reactions.

Here, we assess the modulation of the DAD. by examining the relationship
between the H-transfer rates and temperature dependence of KIEs, and the distribution

and fluctuations of the DAD,!*!

via MD simulations, through the targeted mutagenesis of
an active site residue. Several other recent studies examined the effects of active site
mutations, especially residues that are in direct contact with the substrates, on H-transfer

reactions. In the study of a ketoglutarate-dependent dioxygenase, residue F159, which is

in a position where the size of its side chain might affect the DAD., was systematically



48

mutated to L, V and A, leading to reduced rates for substrate binding and C-H bond
cleavage.'” For this system where a hydrogen radical is transferred to Fe(IV)=0
(probably through a proton coupled electron transfer), elevated KIEs were measured at
two different temperatures for the F159L and the F159V mutants which was in
accordance with a longer DAD, as analyzed in terms of a Marcus-like model. However,
fluctuations in the DAD, were not directly examined. In another relevant study on horse
liver alcohol dehydrogenase, V203 (a residue analogous to 114 in DHFR) was mutated to
alanine, to lead to a longer DAD,.."**'** The 2° KIEs suggested reduced tunneling effects
in the mutant, and the crystal structures of mutants implied an increase in the ground-
state DAD,s, but no temperature effects or fluctuations/distributions of the DAD were
examined. Most recently, a study on a thermophilic alcohol dehydrogenase employed a
series of active site mutants which led to enormously elevated Arrhenius prefactors below
the physiological temperature range.'* In this case, no clear trend was observed between
the size of the active site residue and the size of the Arrhenius prefactors. Moreover,
mutations had little effect on activation parameters at physiologically optimal
temperatures. Recent studies on morphinone reductase allowed for the examination of
DAD modulation by pressure and temperature dependence through the two active-site
residues that are in direct contact with the NADH cofactor, N189 and W106.5¢1%¢ For
both residues only the alanine mutant was examined.

In the present work, we build upon these previous studies through examination of
intrinsic KIEs, and we also expand the study executed by Scrutton and co-workers®® by
systematically examining the correlation between changes in kinetics and the population
distribution along the DAD coordinate through the gradual reduction of the size of a
residue that directly modulates DAD.. Careful selection of the residue of interest allowed
us to minimize any electrostatic changes in the active site and focus on changes to the
DAD. In addition to measuring KIEs, we used MD simulations to assess the fraction of

reactive complexes and distribution of DAD.s. The model system in this work is
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dihydrofolate reductase (DHFR) from E. coli, an enzyme that has been the subject of
extensive experimental and theoretical studies over the years, and is well suited for the
study reported here.*"*” DHFR is a small, flexible, monomeric protein (18 kDa), that
catalyzes the conversion of 7,8-dihydrofolate (H,F) to 5,6,7,8-tetrahydrofolate (H4F) with
the stereospecific transfer of a hydride from the pro-R C4 position of the nicotinamide
ring to the si face of C6 of the dihydropterin ring. The complex kinetic mechanism of
DHFR has been determined from equilibrium binding, steady-state, and presteady-state
kinetic studies.*"*’

Previous measurements of intrinsic KIEs and their temperature dependence
implied quantum mechanical tunneling of the hydride in the wild-type DHFR (WT
DHFR) catalyzed reaction.”” Kinetic studies of several distal mutants of DHFR indicated

an important role of remote residues in modulating the H-tunneling process.**'*>!** Th

e
latter studies supported the hypothesis that a set of equilibrated conformational changes
are coupled to the chemical transformation (C-H—C transfer), as predicted by hybrid

%13 Nonetheless, the long distance and complex

quantum/classical MD simulations.
relations between these remote residues and the active site prohibited a microscopic
explanation of the effect of the mutants on KIEs and on the DAD. Reproducing similar
observations via active site mutations, which have more straightforward effects on DAD,
and DAD,, is critical in rationalizing analogous effects caused by remote mutants or
altered conditions.

The focus of the present study is an active site residue, Ile 14, a hydrophobic
residue situated behind the nicotinamide ring of the cofactor (NADPH) that keeps the
nicotinamide ring, i.e., the H-donor, in close proximity to the pterin ring of the substrate,
i.e., the H-acceptor (Figure 3.2). Importantly, this hydrophobic side-chain is typical to
many nicotinamide dependent enzymes, which further broadens the application of the

current study. Two-dimensional heteronuclear ('H-'"N) magnetic relaxation studies of

DHFR demonstrated that this residue exists as two rotamers, about the y; dihedral angle
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(1 :N-Ca-CB-Cyl), in solution; the more populated +gauche rotamer and smaller but
significantly populated ¢rans rotamer."> However, in both open and occluded crystal
structures of WT DHFR, 114 residue is observed as only the +gauche rotamer. Modeling
suggested that if this residue occupied the trans rotameric state, it would clash with the
nicotinamide ring. In order for residue 14 to exist as a trans rotamer, the nicotinamide
ring would be displaced towards the pterin ring. Brook and co-workers'’ computed the
free energy surfaces corresponding to the ; dihedral angle of residue 14, along the
reaction coordinate, as part of the conformational change of the Met20 loop. They found
that the trans rotamer population is observed only in the open state and in high-energy
conformations leading to the occluded state of that loop. Only the +gauche and small
amount of —gauche populations are present in the closed state; the state in which
chemistry takes place. Moreover, they observed that the free energy barriers separating
the functional important conformational states of the Met20 loop of DHFR are small and
can be populated via thermal fluctuations.'” These two rotameric populations are of
importance in analyzing our MD simulation (see Results and Discussion).

In earlier kinetic studies of residue 14 we found an order of magnitude reduction
in the rate of the hydride transfer for 114A relative to the WT DHFR.'* In a more recent
communication we reported the temperature dependence of the intrinsic KIEs of this

"I Here, we extend these studies to a rigorous and systematic reduction of the

mutant.
side chain volume of 114 without changing its electrostatic properties. We found that the
mutation leads to an increase in the magnitude of the KIEs as well as in their temperature
dependence, and is also associated with reduction in hydride-transfer rate. In addition,
classical MD simulations suggest new populations of DAD.s, with larger average DAD,
and broader distributions, as well as a smaller population of the active conformers with
the similar DAD.s to WT DHFR. The analysis of all findings establishes a benchmark for

the interpretation of KIEs and rates at the molecular level, and has significant

applications to DHFRs and other enzymes.
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3.2 Materials and Methods

[Ad-"*C]-NAD" (specific radioactivity of >220mCi/mmol) was purchased from
Amersham Pharmacia. 7,8-Dihydrofolate (H,F) was prepared by dithionate reduction of
folic acid as described elsewhere.'”” Glucose dehydrogenase from Bacillus megaterium
(GluDH) was purchased from Affymetrix / USB. All other materials were purchased

from Sigma unless otherwise noted.

3.2.1 Synthesis of labeled cofactors for 1°KIEs

(R)-[4-’H]NADPH (680 mCi/mmol) was synthesized by reduction of NADP"
with 2-Deoxy-D-Glucose-"H using glucose dehydrogenase from Bacillus megaterium
(GluDH), followed by oxidation of the resulting NADPH with acetone using alcohol
dehydrogenase from Thermoanaerobium brockii (tbADH), and final reduction using
GluDH and unlabeled glucose, as described previously.''' [Ad-'*C]-NADPH
(50mCi/mmol) was prepared by phosphorylation of [Ad-'*C]-NAD" using NAD" kinase
from chicken liver to produce [Ad-"*C]-NADP", followed by reduction with glucose
using GluDH as described elsewhere.” (R)-[Ad-'*C,4-"H]-NADPH (50 mCi/mmol) was
prepared from [Ad-'*C]-NADP", which was synthesized as described above, and
subsequent reduction with deuterated glucose and GluDH.'** All synthesized cofactors
have been purified by semipreparative reverse-phase HPLC on a Supelco column and

stored at -80 °C prior to use as discussed elsewhere.'”’

3.2.2 Construction of expression vectors
The sequence of the mutagenic, forward primer (I114V-for) is 5’-GCG-GTA-
GAT-CGC-GTT-GTC-GGC-ATG-GAA-AAC-GCC-3’, and the sequence of the
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mutagenic, reverse primer (I114V-rev) is 5’-GGC-GTT-TTC-CAT-GCC-GAC-AAC-
GCG-ATC-TAC-CGC-3’, where the site of the mutation is underlined. The sequence of
the mutagenic, forward primer (I114G-for) is 5’-GCG-GTA-GAT-CGG-GTT-GGC-
GGC-ATG-GAA-AAC-GCC-3’, and the sequence of the mutagenic, reverse primer
(I14G-rev) is 5'- GGC-GTT-TTC-CAT-GCC-GCC-AAC-GCG-ATC-TAC-CGC-3,
where the site of the mutation is underlined. PCR reaction was completed using pET22b-
DHEFR as a template. The original template was digested with the Dpnl restriction
enzyme, and the PCR product was transformed into DH5a- cells. Plasmid was extracted
from the overnight culture and the sequence was verified by automated DNA sequencing
by the University of lowa DNA facility. Primers were purchased from Integrated DNA

Technologies.

3.2.3 Expression and purification of 14V DHFR, 114A
DHEFR and 114G DHFR
The mutants were expressed, purified and stored as reported for other DHFR

mutants. 106

3.2.4 Competitive and intrinsic primary kinetic isotope
effect

For H/T 1°KIE, (R)-/4-"HINADPH and [Ad-"*C]-NADPH, and for D/T 1°KIE,
(R)-[4-’HINADPH and (R)-[Ad-"*C,4-*H]-NADPH were combined in a radioactivity
ratio close to 5:1. Each mixture was co-purified on an analytical reverse-phase HPLC
column, divided into aliquots containing 300,000 dpm of '*C, and frozen in liquid
nitrogen for short-term storage at -80 °C.

All experiments were performed in MTEN buffer (50 mM MES, 25 mM Tris, 25

mM EtOH-NH; and 100 mM NaCl) at pH=8.0, over the temperature range of 5-45 °C.
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H,F was added to a final concentration of 0.85 mM, which is around a 200-fold excess
over NADPH (final concentration of 4 uM). The pH was adjusted to 8.0 at each
experimental temperature following the calibration of the pH electrode in appropriate
buffers at that temperature. The reaction was quenched by adding an excess of
methotrexate (K4=1 nM), and samples were stored on dry ice prior to HPLC analysis.
Before the HPLC-LSC analysis, samples were thawed and bubbled with oxygen to ensure
complete oxidation of the product tetrahydrofolate (H4F). The samples were then
separated by reverse-phase HPLC using a method described elsewhere.'” The observed

KIEs were calculated according to ref ** using the following equation:

g =1

Infl - £( j: )

where the fractional conversion (f) was determined from the ratio of '*C in the product
and reactant, and R, and R., are the ratio *H/"*C at each time point and at infinite time,
respectively.

The intrinsic KIEs were calculated using the modified Northrop equation®’*

T V -1
(E)HO,” -1 (ke M) -1
v = ko /k -1334 _q
T(E)Dlw -1 ( H T)

where "(V/K)tobs and "(V/K)pobs are the observed H/T and D/T KIEs, respectively, and
kn/kr represents the intrinsic H/T KIE. The intrinsic KIEs were calculated numerically
from all possible combinations of observed H/T and D/T values. All intrinsic values were
used to fit to the Arrhenius equation in order to determine the isotope effect on the
Arrhenius preexponential factors as well as temperature dependence of the KIEs, as

described in the main text.
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3.2.5 MD simulation

System Setup — The simulations were performed starting from the crystal structure
of wild type DHFR, determined at 1.8 A resolution (PDB entry 1RX2). The crystal
structure contains a total of 159 amino acid residues, 153 crystallographic water
molecules, and folate and NADP+ as ligands. Missing hydrogens were added to the PDB
structure using the leap module of the Amber package.'*'** The folate and NADP"
ligands were replaced by N5 protonated H,F and NADPH respectively. The protonation
state for all ionizable residues was set for a pH of 7. Thus, histidine residues were
modeled as neutral residues with the proton on Ne or No as determined on the basis of
possible hydrogen bond interactions deduced from X-ray crystallographic structure. Only
His-45 was modeled as charged, based on both NMR'* and crystallographic'*® studies
which indicate a salt bridge between His-45 and the nicotinamide 5'-phosphate of
NADP". Crystallographic studies have also established the existence of a salt bridge
between Arg-44 and Adenine 2'-phosphate.'*” The estimated pKa for His-45 determined
by PropPKa'*® was 8.83 in accordance with experimental observation. The resulting
system has a net charge of -15¢ including N5-protonated- H,folate (-1) and NADPH(-
4)."*° The final protein structure was solvated with a previously equilibrated truncated
octahedral box of TIP3P water molecules. The size of the box ensured that all protein
atoms were at least 9 A away from the edges of the box. Overlapping solvent molecules
were removed leaving 5879 water molecules. Mutations were performed in silico by
changing the corresponding amino acid in the original structure.

Simulation Parameters — All simulations were done at 300 K and 1 bar, regulated
with the Berendsen barostat and thermostat,'** using periodic boundary conditions and
Ewald sums for treating long range electrostatic interactions."”""'** The SHAKE
algorithm'> was used to keep bonds involving hydrogen atoms at their equilibrium
length. A 2 fs time step for the integration of Newton's equations was used. Nonbonded

interactions had a cutoff radius of 12 A. The AMBERY9 force field"** parameters were
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used for all residues. The NADP" and NADPH parameters were taken from the Amber
parameter database.'> Gaff force field'*® parameters together with RESP"’ charges
calculated at the HF/6-31G* level were used to generate the parameter files for H,F.

MD runs — All simulations were run with the PMEMD module of the AMBER9
package.'*'** An equilibration protocol was applied that consists of performing an
energy minimization by optimizing the initial structure, followed by a slow heating to the
desired temperature using a linear temperature ramp from 100 to 300 K during 80 ps at
constant volume and a subsequent 100 ps pressure stabilization run at 300 K and 1 bar .
Position frames, which were used for analyzing trajectories, were collected at 2 ps
intervals. Production MD simulations consisted of 15 ns simulations: (i) wtDHFR-H,F-
NADPH; (ii) 114V DHFR-H,F-NADPH, (iii) [14A DHFR-H,F-NADPH. In the case of
(iv) 114G DHFR-H,F-NADPH, more effective sampling of the conformational space was
obtained from multiple short trajectories rather than a single long trajectory. The same
sampling methodology was also applied to the (ii) and (iii) mutants in order to compare
with the long simulation and between each mutant. A set of ten independent 3 ns
simulations for (ii), (iii) and (iv) that differ only in the initial velocities were run. To
combine data from different trajectories we have given equal weight to trajectories of
equal length. For the (iv) mutant, each trajectory was extended to 6 ns without observing
significant changes in the final result. For (ii) and (iii) the distribution of DADs
calculated by both methodologies (i.e. long run versus several short runs), was similar,
whereas for (iv) it was significantly different, as discussed in the main text. Due to the
significant difference of the residue volume in the case of 114G DHFR, the nicotinamide
ring is able to sample more space, and in this case the choice of an effective way of
sampling is crucial.

MD data analysis — The ptraj module of Amber9 together with a homemade
program used to calculate the Phi angle between the planes that fit to the NADPH

nicotine amide moiety (C4N, C3N, C2N, N1N, C6N, C5N) and H,F pterin moiety (C4A,
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N5, C6, C4, N3, C2, N1, C8A, N8, C7) were used to analyze the data extracted from the
MD simulations. Trajectories were visualized with Visual Molecular Dynamics
(VMD)."”® Xmgrace and QtiPlot were used to build the graphics and figures."””"'® POV-

11 DAD distributions were fitted with a combination

Ray was used for image rendering.
of Gaussian and split Gaussian functions using the open source software for non linear
curve fitting, Fityk.'®

Gaussian:

2

y(x,a,,a,,a,) =a, exp[— 1n(2)( Al )

a,

where ap=height, a;=center, a,=hwhm (half width at half maximum), and
2% hwhm = FWHM =2~/21n20 , where FWHM is Full Width at Half Maximum.

SplitGaussian:

Yoty )_{Gausszan(x;ao,al,az),xsal}
sUgs U s Uy U3 ] =

Gaussian(x,a,,a,,a,),x > a,
where ap=height, a;=center, a,=hwhml, a;=hwhm?2
In all the cases the splitGaussians used were only slightly asymmetric, where hwhml is a
little smaller than hwhm?2, so we consider valid the following approximation:

Center=a;~ mean value

hwmhl + hwhm2 = FWHM = 2~/21n20; hwhm stands for half width at half
maximum, and FWHM stands for Full Width at Half Maximum

3.2 Presteady-state kinetics

The concentration of the NADPH and H,F were determined
spectrophotometrically by using the extinction coefficients of 6200 M~ cm™ at 340 nm,
and 28000 M'ecm™" at 282 nm respectively. Concentration of enzyme was determined

spectrophotometrically by using the extinction coefficient of 74600 M cm™ at 280 nm,
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and by Bradford assay. All the measurements were obtained on a stopped-flow apparatus
(Applied Photophysics Ltd., Leatherhead, U.K.), with dead time of 1.6 ms, a 2-mm path
length, and a thermally regulated sample cell. The enzyme reaction was monitored by
taking advantage of fluorescent resonance energy transfer (FRET) between DHFR and
NADPH.® Enzyme tryptophans were excited at 290 nm, and FRET results in the strong
fluorescence by the reduced cofactor at 450 nm, which is observed through a 390 nm
output filter. Since NADP" is not fluorescent, the chemical step can be monitored by the
loss of fluorescence. In the experiment, 20 uM enzyme (either wtDHFR or the relevant
mutant) was preincubated with NADPH (10 uM) in MTEN buffer at 25°C. The reaction
was initiated by rapid mixing with 300 uM H,F. We used the average of five runs for
data analysis. All data were analyzed by non-linear least squares fits to single exponential

functions using KaleidaGraph 3.5.

3.3 Results and Discussion

3.3.1 Competitive KIEs and Their Temperature
Dependence

We determined the temperature dependence of the intrinsic KIEs and hydride
transfer rates for a series of DHFR isoforms for which the side-chain that holds the
hydride donor (nicotinamide) close to the acceptor (dihydropterin) are systematically
reduced from isoleucine to glycine. Figure 3.3 shows Arrhenius plots of the intrinsic H/T
1° KIEs for all four enzymes. The same trend was observed for H/D and D/T KIEs as
presented in the S7 Text. Table 3.1 summarizes the volume of these side chains, their
hydride transfer rates, the isotope effect on the Arrhenius preexponential factors (Ay/Ap,
where 1 denotes light and h heavy isotope), and the difference in the activation energy

between light and heavy isotope (AEan=Ean-Ea).
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The isotope effects on the preexponential Arrhenius factors (An/Ar, Ay/Ap, and
Ap/Ar) for the WT DHFR, 114V DHFR and [14A DHFR are larger than unity, and above
the semiclassical limit, whereas the values for the 114G DHFR are smaller than unity and
below the semiclassical limit. The traditional, semi-classical approach with the Bell
correction” would suggest that hydride transfer for the first three isozymes involves
“extensive tunneling” for both heavy and light isotopes, whereas the hydride transfer for
114G DHFR would be characterized as a case with “moderate tunneling”.*”** According
to the Marcus-like model, An/Ar is affected by both the average DAD. and its
distribution, and reveals the difference in the nature of the hydride transfer between these
mutants. A longer average DAD, leads to an increase in the Ay/Ay, whereas a broader
distribution of DAD.-s increases the temperature dependence of the KIEs resulting in a
decrease in the A)/Ay. Because of this ambiguity, a better indicator for the nature of the
hydride-transfer is the slope of the Arrhenius plot, (Figure 3.3, i.e., the AE, n.;, where h
and | are the heavy and light isotopes, respectively) that increases as the distribution of
DAD.s broadens. AE, . close to zero indicates that the KIEs of WT DHFR exhibits no
temperature dependence (within the experimental error), and the larger AE, 1. for the
mutants indicates that temperature dependence of the KIEs increases as the size of the
hydrophobic residue behind the nicotinamide ring decreases. In terms of the Marcus-like
model this means that in the case of the WT DHFR the average DAD, is optimal for the
hydride transfer and has a narrow distribution around the average. The 114V mutant is
similar to WT DHFR, but has a slight (but statistically significant) temperature
dependence on the intrinsic KIEs. The 114A mutant has the largest intrinsic KIE at 25°C,
but its KIEs’ temperature dependence (AE, 1.1) falls between the 114V and 114G DHFR.
This interesting observation supports the earlier examination of distal mutants of DHFR,
which concluded that in order to assess the nature of the hydride transfer it is necessary
not only to measure the KIE at a single temperature but for the whole temperature

84
range.
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According to the Marcus-like model, the inflated temperature dependence of the
KIEs in the mutants reflects a broader distribution of DAD, sampling that is not present
in the WT. The average DAD. in the mutants is too long for efficient tunneling at low
temperatures, but at higher temperatures more conformations with a shorter DAD, are
sampled. This affects the rate of transfer by heavy isotopes more than that of protium-
transfer because these can only tunnel from the shorter distances, thus leading to
temperature dependent KIEs. These observations are in accordance with some of the
earlier studies, e.g. a study on the soybean lipoxygenase-1 (SBL-1), which showed that a
decrease in the bulk of the active site residue (residue 553, not analogous to [14, not in
direct contact with the substrate) was correlated with an increase in the temperature
dependence of the 1° KIE.* Numerical modeling using a form of equation 1 provided
more evidence that these remote mutations led to longer DAD.s. However, in other
studies, in particular the one on morphinone reductase, Pudney et al.®® found an increase
in temperature dependence of KIEs with an increase in the size of the active-site residue.
In that particular study, the residue of interest was V108, which is not in direct contact
with the cofactor NADH; thus the effect of the size of the residue on the DAD, was hard
to assess. The other residue of interest in the same study was W106, which is in direct
contact with the cofactor; however, only the alanine mutant was examined and therefore
no trends were available. In the pressure-dependence studies on the same enzyme the
authors suggested that an increase in the force constant of the compressive mode can lead
to an increase in the magnitude of the 1° KIE even as the DAD decreases,’”'®® which
became a source of the extensive debate.'®* Our findings are in accordance with the
majority of cases where numerical modeling of the temperature dependence of the 1°
KIEs using equation 1 results in decreasing temperature dependence with decreasing
average DAD.. From these independent studies it is evident that the relationship between
the size of the side chain and the DAD, might be quite complex, and might go beyond the

notion that the smaller size of the residue leads to longer average DAD.. These results
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were the driving force in the experimental approach presented here, where we determined
the effect of the DADs’ distribution on the nature of the catalyzed H-transfer.

In order to asses the effect of the mutations on the hydride transfer, we measured
the single turnover rates at 25 °C, pH=7.0, for all mutants and for WT DHFR.°
Fluorescence Energy Transfer (FRET) decay traces were fitted to single exponential
functions with slope. These rates indicate that hydride transfer for the 114V, [14A, and
114G mutants are about 7, 40, and 1000 times slower than WT DHFR, respectively
(Table 3.1). There is a clear correlation between the decrease in size of the hydrophobic
residue, the rate and the nature of the hydride transfer. We would like to point out that the
reduction of the size of this residue is likely to affect the mobility of the M20 loop and
consequently affect the fraction of reactive complexes, the pKa of H,F,'® the fraction of
different M20 loop conformations, and other factors that affect the multisteps reaction’s
rate, but not the hydride transfer step under study. All these effects are included in the
prefactor C(T) in rate eq 1, but do not affect the terms in the integral, including the DAD,
its dynamics and distribution. The intrinsic KIEs, on the other hand, probe the hydride
transfer step per sé, and not the steps preceding it (such as protonation of N5 position of

H,F, and other isotopically insensitive factors).

3.3.2 MD Simulations on mutants of DHFR
In order to provide a detailed microscopic description of the active site structural
change upon mutation of residue 14, we performed MD simulations. One 15 ns
simulation was performed for WT DHFR and each mutant, as was previously done for
WT DHFR and I14A DHFR.'*' In order to better sample the conformational space for
each mutant, we also performed ten independent runs of 3 ns, differing only in initial

velocities for each one of them.
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A comparison of the conformations is presented in Figure 3.4, which also
describes two parameters of interest, DAD, and ®. DAD, is defined as the distance
between C4 of NADPH and C6 of HyF (see Figure 3.4 inset). The relative donor acceptor
orientation was measured as the angle (®) between the planes that fit the nicotinamide
moiety of NADPH and the pterin ring of H,F (see Figure 3.4 inset). The distribution of
DAD.s and the orientation of donor and acceptor (@ angle) are displayed in Figure 3.5.
The DAD.s’ and ®@s’ distributions (Figure 3.5, 1D plots on y and x-axis) were fitted to
one split Gaussian function or a combination of Gaussian functions and split Gaussian
functions (Table 3.2). The correlation is presented as a 2-D plot in Figure 3.5.

The results indicate that reduction in the size of the hydrophobic residue behind
the nicotinamide ring leads to an increase in the flexibility of the nicotinamide ring. As a
result, the nicotinamide ring can not only explore more orientations at the same DAD.s,
but also this increase in the flexibility leads to an increase in the average DAD, a broader
DAD, distributions, as well as new DAD, populations (Table 3.2 and Figures 3.4-3.5).
The different populations are labeled I, II, III, IV and V; the structures that represent
these different populations are presented in Figure 3.4 for each mutant, and are overlaid
with the average wt-DHFR structure.

The DAD: distribution for WT DHFR was fitted to one split Gaussian function
and the residue 114 was only observed as the +gauche rotamer during the time scale of
the simulation. This result agrees well with Brooks’s work,'” where this rotamer
represents the major population observed for the closed conformation of WT DHFR. The
DAD, distribution for the 114V mutant was fitted to a combination of one split and one
normal Gaussian functions suggesting that there are two populations present during the
simulation time. The average structure for the major population is very similar to the WT
DHEFR (structure I in Figure 3.4), displaying similar DAD, and @ distributions, but with a
slight increase in the average DAD, as well as a deviation of the average ® value found

in the WT DHFR. The smaller population (structure III in Figures 3.4 and 3.5) has a
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larger average DAD, with wider distribution, where new ® values are explored,
manifesting themselves as a partial twisting of the nicotinamide ring. In the case of the
[14A mutant, the correlation plot (Figure 3.4) shows that the conformational space
explored is bigger compared to the 114V mutant. The simulations in this case suggest
three populations: (i) the wt-like population; (ii) a new population with similar DAD, to I,
but a different @ distribution (Structure II); and (iii) the Structure III, equivalent to the
one found for the 114V mutant, but with a slightly larger average DAD, and ®, which
also exhibits broader distributions, indicating more flexibility in the location of the
nicotinamide ring (see Figure 3.4 and 3.5). Population III is not expected to contribute to
a reactive conformation (average DAD too large), therefore leading to a smaller constant
C(m), from the equation 1, which is in accordance with a reduction in rate of the hydride
transfer (Table 3.1). On the other hand the new population (II) exhibits the same average
DAD:. as the population I, however it is expected to be by far less reactive due to the
substantial deviation of the ® angle from 30°. As visible in Figure 3.4, the nicotinamide
ring of NADPH is almost perpendicular to the pterin ring of H,F, making the HOMO-
LUMO orbital overlap very poor, which has a deleterious effect on the rate.'®
Consequently, population II is not likely to be reactive, but its exact reactivity (if any) is
hard to determine without high-level QM/MM calculations that are beyond the scope of
this work. Lastly, the hydrogen-bonds (two to residue A7 and one to the backbone of 114)
that hold the NADPH amide moiety (see Figure 3.2), show a broader distribution, that is
in accord with the elevated flexibility of nicotinamide ring in the [14A mutant relative to
114V and WT DHFR.

MD simulations for the mutant with the smallest side chain, 114G DHFR,
suggested all five significant populations. In this case, the three H-bond interactions
mentioned before, ((a), (b) and (c) in Figure 3.2) are longer and weaker than in the wt and
114V/ 114A mutants. The last population, V, has one of the H-bonds (c), completely

broken, while the other two (a) and (b), are only weakly established (see Figures 3.6-3.7
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in the S7 Text). Once this H-bond is broken the structure remains in conformation V and
doesn’t return to wt-like or other conformations during the time scale of the simulation
(the simulation was extended to 30 ns). The breakage of the H-bonds, particularly the (c)
H-bond, results from the diminishment in the side chain of the residue 14, and contributes
to the increase in the flexibility over other mutants and the ability to explore a broader
conformational space that leads to a non-reactive population (DAD.s > 6 A). Finally,
Table 3.2 lists the fraction of each population found, which appear to correlate well with
the reduced rate of H-transfer. In all the cases, the wt-like population is the predominant
one, although its relative contribution decreases in proportion to the size of the side chain,
leading to decrease in the Cr term in Eq. 1. A similar effect on rates was obtained in a
recent study where modeling of the conformational sampling that lead to elevated
Arrhenius prefactors (below the physiologically optimal temperatures) for the
thermophilic alcohol dehydrogenase showed an increase in the fractional occupation of
catalytically inactive regions of conformational space.'>> More importantly in this work, a
correlation was observed between the temperature dependence of the intrinsic KIEs
(AEar.n, Table 3.1) and the DAD,, its o values, and the ® angle (Table 3.2) for the
reactive population (I). As the AE,r. increases (Table 3.1), the average DAD, of
population I increases and its distribution widens, while the average ® angle decreases
(Table 3.2). This important correlation is also visualized in Figure 3.5, where the reactive
population (short DAD, and 0° < ® < 60°) is larger for the WT (red), smaller and with
broader distribution toward longer DADs for 114V (green), and more so for [14A (blue).
The population I for 114G is too small to be clearly observed in Figure 3.5, but has the
largest DAD,s distribution (o) and smallest @ (Table 3.2).

The MD simulations provide molecular insight and support to the interpretation of
the kinetic findings via the Marcus-like model: the smaller side chain acts to broaden the
sampling of configurations within the reactive ternary complex along the reaction

coordinate. This leads to a steeper temperature dependence of intrinsic KIEs and reduced



64

hydride transfer rates. The MD simulations also revealed the importance of the donor-

acceptor orientation (DAD, and @), and its relative distribution, which affects the overlap

between the HOMO and LUMO. !

3.4 Conclusions

The relationship between the DAD and its distribution and dynamics to the rate of
hydride-transfer and the temperature dependence of intrinsic KIEs has been examined.
The model system was DHFR, which like many nicotinamide dependent enzymes has a
hydrophobic amino acid behind this cofactor that positions the nicotinamide ring close to
its counter substrate. Here we examined the effect of systematic active site mutations that
decrease the size of the side chain of this amino acid (114 to V, A, and G) on the enzyme
catalyzed hydride transfer step. The hydride-transfer rates and the temperature
dependence of intrinsic KIEs were measured, and the ensemble of ternary complex
structures was assessed through MD simulations. These findings suggested that residue
114 participates in the restrictive active-site motions that modulate the DAD. The findings
confirm the relations predicted by the Marcus —like model, where longer DADs and
broader distributions of DADs lead to a steeper temperature dependence of intrinsic KIEs
(AE, h.1, determined mostly by the integral in Eq. 1) and the smaller fraction of reactive
conformations (C(r) in Eq. 1) contributes to the reduction of the hydride transfer rate. The
correlation that was found between DAD distributions and the temperature dependence of
the intrinsic KIEs provides a valuable benchmark for understanding the active site
dynamics and H-tunneling in DHFR catalyzed reactions, including remote mutations or
altered protein scaffolds, for which it has not been trivial to rationalize the kinetic
findings at a molecular level. It is also likely to be relevant to C-H—C reactions in other

enzymes, as well as non-enzymatic reactions in general, as the correlation found here is
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likely to hold whether the DAD.s are imposed by proteins’ scaffold or by solvent
molecules.

The current findings suggest that this series of DHFR mutants is suitable for more
in-depth examination by a broad variety of researchers applying a variety of methods.
Future studies of this system may include high-level hybrid classical-quantum

62,16 - o
197 structural studies,” examination of the systems

mechanical MD simulations,
dynamics at millisecond to nanosecond time scales using NMR relaxation experiments,''
and femtosecond to picosecond time-scale motions using two-dimensional infrared
spectroscopy.'* Those experiments will allow more in depth examination of possible

correlations between structure, dynamics, and the nature of H-transfer in a well-defined

environment imposed by the enzyme, and should reflect on C-H—C reactions in general.
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Figure 3.1 Illustration of a Marcus-like model. The reorganization coordmate represents

the heavy-atom motions that carry the system to the TRS(*). The blue and
green correspond to the reactant and product states, respectively. The DHA
coordinate (donor-hydrogen-acceptor) represents the fluctuations of the
DAD.. The red curve represents the wave functions of the hydrogen nucleus.

Figure 3.2 The active-site of DHFR from E. coli (PDB ID 1RX2) emphasizing the role of

lle14 (metallic blue) as a support of the nicotinamide ring of NADP". The
nicotinamide ring is highlighted in light blue and the folate in magenta.

Several other residues that form hydrogen bonding with the amide of NADPH
are highlighted as well as 114 and A7. Three distinct hydrogen bonds, labeled
in red, are: (a): NADPH(O-amide)-Ala-7(H); (b): NADPH(H7,)- Ala—7(O) and
(c): NADPH(H71)-1le-14(0O). The pterin ring is also immobilized in the active
site via tight van der Waals interactions with F31, and strong hydrogen bonds
to D27 and I5.
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114V DHFR mutant (green), 114A DHFR (blue)'*' and 114G DHFR (purple).

The lines represent the nonlinear regression to an exponential equation.
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Figure 3.4 Structures comparing WT (red) to the different conformations found for the
three mutants (see color code of each mutant on the left) together with the
corresponding DAD, and F average values (DAD in the figure refers to
DAD,). (I) A wt-like conformation; (IT) A conformation with almost the same
DAD, average distance as the conformation I, but with the nicotinamide
almost perpendicular to the HyF pterin ring; (IIT) A conformation where the
nicotinamide is partially twisted to the right towards residue 14; (IV) A
conformation similar to III but with a broader distribution of distances; and
(V) A conformation where the nicotinamide is completely twisted towards
residue 14. Inset: definition for DAD, distance, F angle, and average values
found for WT DHFR. Structures I and II display positive values for

F, whereas structures III, IV and V (nicotinamide twisted to the right, towards
residue 14) display negative values.
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Figure 3.5 Correlation plot between the DAD, (angstroms) and the relative orientation of
donor and acceptor (®, degrees) for WT DHFR (red), 114V (green), [14A
(blue), 114G (magenta). I, 11, I1I, IV and V indicate the different populations
identified for each DAD, and @ values. Overlaid wt and mutants DAD, and ®
distributions are shown on the y and x axis respectively.



Table 3.1 Comparative kinetic parameters of the DHFR 114 mutants.

Parameters WT 114V 114A 114G

Residue 124 105 67 48

volume® (A%)

ki [s7] 228 +8¢ 33.3+43.1" | 5.7+03" | 0.22+0.04'
Au/Ar© 7.0 £1.5° 42 +0.4" 4.7+0.5% | 0.024 +£0.003"
AE 118, -0.1+0.2° 0.27 +0.05° | 0.39 +0.06% | 3.31 +0.07"
[kcal/mol]

a. Side chain volume.'®®

b. Presteady state rates of H transfer at 25°C and pH 7.

c. Similar trends were observed for H/D and D/T (data not shown).

d. Ref. '®.
e. Ref. *°.
f. This work.

g. Ref. '
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Table 3.2 Gaussian fitted distributions of DAD, for the different conformations found
along MD simulation (see text).

DHFR Active site <DAD> (A) | o (A) <p>4 Fraction R
conformation (degrees)
wt I’ 3.58 0.16 29.0 1 0.9979
nav 3.61 0.17 23.6 0.86
1 4.02 0.31 -10.8 0.14 0.9984
4A I 3.61 0.17 21.7 0.68
I 3.61 0.17 75.5 0.13 0.9980
mr® 4.18 0.49 -20.5 0.19
I 3.60 0.19 20.4 0.33
114G 1P 3.60 0.19 80.8 0.26 0.9943
r° 5.27 0.82 -26.2 0.09
v° 6.05 0.67 372 0.22
VP 8.10 0.36 -39.9 0.1

a. Fitted to a split-Gaussian
b. Fitted to a Gaussian.
c. For split-Gaussian ¢ is the average of both parts.

d. @ separately from the DAD,. See SI for the procedure and parameters (Table S3).
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Table 3.3 Intrinsic KIEs and their standard errors for 114V DHFR.
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Temp. °C H/T KIE H/D KIE D/T KIE

45 6.40 +0.57 3.67 +0.23 1.74 +0.05
35 6.49 +0.46 3.71 +0.19 1.75 +0.04
25 6.92 +0.22 3.88 +0.08 1.78 +0.02
15 6.73 +0.22 3.80 +0.09 1.77 +0.02
5 6.80 +0.50 3.83 +0.19 1.78 +0.04

Note: These values are calculated from the observed H/T and D/T KIE data using Northrop’s
method as described in the Materials and methods. The errors indicate the 95% confidence level.

Table 3.4 Intrinsic KIEs and their standard errors for 114G DHFR.

Temp. °C H/T KIE H/D KIE D/T KIE

45 439 =+0.30 2.82 +0.13 1.56 +0.03
35 5.10 +0.70 3.13 +0.30 1.63 +0.07
25 6.13 +0.32 3.56 +0.16 1.72  +0.03
15 8.17 +0.27 436 +0.17 1.88 +0.03
5 9.15 +0.96 4.72 +0.34 1.94 +0.06

Note: These values are calculated from the observed H/T and D/T KIE data using Northrop’s
method as described in the Materials and methods. The errors indicate the 95% confidence level.



Table 3.5 Fitted ®° angle distribution for wtDHFR and DHFR mutants.

Center | Area | Height | FWHM | Int. Width R
wtDHFR
29.05 | 0.995 | 0.042 22.33 23.77 0.9912
114V
I | 23.62 | 0930 | 0.045 19.52 20.78 0.9948
I | -10.84 | 0.063 | 0.004 15.01 15.97
1144
I | 21.66 | 0.768 | 0.034 | 21.03 22.39 0.9893
Ir| 75.51 | 0.164 | 0.003 33.40 36.84
ar | -20.50 | 0.071 | 0.003 20.76 22.10
114G
I | 2036 | 0305 | 0.013 22.74 24.20 0.9924
II | 80.80 | 0.234 | 0.007 30.27 32.22
I | -26.16 | 0.143 | 0.006 22.11 23.54
IV | -37.20 | 0.189 | 0.011 16.54 17.60
V| -3987 | 0.13 | 0.005 21.60 22.99
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Figure 3.6 Time evolution for several hydrogen bonds between the nicotinamide ring and
surrounding residues, for wt DHFR. Average values with the standard
deviations presented in the parentheses are: Ala7-NH---O-amide(NADPH):
2.02(0.21); Ala7-O---NH1-amide(NADPH): 2.53(0.62); lle14-O---NH2-
amide(NADPH): 2.17(0.27).
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Run 5: wt-like | Run 2: Run 6: wt-like and | Run 8: mainly
structure II structure III structure V
Ala7-NH---O- 2.00(0.18) 2.10(0.19) 1.99(0.17) 4.45(1.33)
amide(NADPH)
Ala7-O---NH1- 2.33(0.57) 1.98(0.44) 2.68(0.79) 2.46(0.60)
amide(NADPH):
Ile14-O---NH2- 2.11(0.25) 2.38(0.56) 2.27(0.47) 2.90(0.62)
amide(NADPH)

Figure 3.7 Time evolution for several hydrogen bonds between the nicotinamide ring and
surrounding residues, for a couple of 114G runs. Average values are presented

together with the standard deviations in the following table.
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CHAPTER 4.
STRUCTURAL STUDY ON A SERIES OF DIHYDROFOLATE
REDUCTASE MUTANTSIV

4.1 Introduction

One of the most highly studied enzymes from the structural/dynamic/functional
viewpoint is dihydrofolate reductase from Escherichia coli (ecDHFR; EC 1.5.1.3), an
ubiquitous enzyme crucial for biosynthesis of purines, pyrimidines and certain amino
acids. This NADPH-dependent oxidoreductase catalyzes a single stereospecific hydride
transfer from the pro-R C4 position of NADPH to the re face of C6 position of 7,8-
dihydrofolate (H,F) producing 5,6,7,8-tetrahydrofolate (H4F) and NADP". Both kinetics

6,140,170
d,%"%17% 3nd numerous structural

and catalytic mechanism have been extensively studie
studies of different enzymatic complexes exposed important conformations, thus
providing crucial information regarding the functionality of this enzyme.*'**'""'"* Study
of the temperature dependence of the kinetic isotope effects (KIEs) indicated that the
hydride is being transferred through quantum-mechanical tunneling.*> A

], PA0MSTOOTISIBRTITTT 3 ddressed here as Marcus-like model,

phenomenological mode
used for the analysis of the temperature dependence of the KIEs suggests that protein
motions contribute to the reorganization of the protein, solvent and ligand atoms that
assist the structural changes in the active-site as the reaction proceeds from the reactant
state to the tunneling ready state (TRS). At the TRS faster motions (femto- to picosecond

timescale) control the fluctuations in the donor-acceptor distance (DAD) that affect the

H-tunneling probability. Various simulation and computational studies, based on the x-

IV This chapter is in preparation to be submitted to the journal PLOS ONE.
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ray crystal structures, have examined the nature of the hydride transfer in ecDHFR and
addressed the role of protein motions in catalysis.'"'*>!"®

Relating X-ray crystal structures at atomic-resolution to enzyme functionality is
not a trivial task. From the structural viewpoint it would be ideal to experimentally
observe and follow the whole hydrogen transfer event to atomic detail. However, for
most of the H-transfer enzymatic reactions that is unattainable. Nonetheless, high-
resolution crystal structures of either mimics of transition state or Michaelis complex can
provide information regarding the donor and acceptor groups relevant to the H-transfer
reaction. X-ray crystal structures are still static pictures of the enzyme, and present an
ensemble and a time-averaged picture of the protein. However, together with temperature
factors, kinetic, and computational results can give us important information for
establishing the structure-function-dynamic relationship in enzymes.

EcDHEFR is a small monomeric protein that consists of central eight-stranded
beta-sheets and four alpha helices. The active site cleft divides the enzyme into two
structural subdomains: the adenosine binding subdomain and the major subdomain
(Figure 4.1a). The adenosine subdomain provides the binding cleft for the adenosine
moiety of the cofactor. The major subdomain is much larger and is dominated by the
three loops on ligand binding face that surround the active site. Those three loops are:
M20 (residues 9-24), F-G (residues 116-132) and G-H (residues 142-150) loops. M20
loop is also referred to as an active-site loop since it lays directly over the active site and
protects it from the solvent. Previous X-ray crystallization studies showed that in the
crystalline state M20 loop can be observed in the four distinct conformations: open,
closed, occluded and disordered.* The existence of the occluded and the closed
conformations in the solution has been supported by the NMR experiments,'”” and the
loop movement between these two conformations was shown to coordinate with different
stages of the catalytic cycle.**'®® On the other hand, the open conformation is thought to

be an intermediate state between the closed and occluded conformations and has been
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observed only in certain crystalline forms where this conformation is stabilized by the

certain crystalline lattice contacts.*'*®

In the solution, M20 loop of the apoenzyme exists
in the occluded conformation where it protrudes into the active site, blocking it from the
solvent and nicotinamide-ribose moiety of the NADP'. Binding of the substrate induces a
transformation to a closed form of the enzyme. Closed conformation allows for the
positioning of the cofactor and substrate reactive centers in the close proximity within the
active site. Large amount of available experimental evidence suggest that flexibility of
the M20 loop on a millisecond timescale is relevant to substrate/cofactor binding and
product release. However while loop fluctuations prove to be important in the catalytic
cycle of DHFR, the M20 loop might also contribute to catalysis through active site
compression and stabilization of the transition state.>'*
Quantum-mechanical/classical-molecular dynamics (QM/MM) calculations
identified a network of coupled motions, spread throughout the protein that may

participate in the promoting motions,'"'%!%1%!

Promoting motions of the reactive complex
were calculated as thermally averaged structural changes that occur as system evolves
along the reaction coordinate. This particular simulation identified several residues to be
part of the network of promoting motions, including hydrophobic residue 114 located
behind the nicotinamide ring of NADPH (Figure 4.1b and 4.1c). Two-dimensional
heteronuclear ("H-""N) magnetic relaxation studies of DHFR demonstrated that this
residue exists as two rotamers, about the y; dihedral angle (y; :N-Ca-CB-Cyl), in
solution; the more populated +gauche rotamer and smaller but significantly populated
trans rotamer."” MD simulations confirmed these results and showed that if the residue
occupied the frans rotameric state it would clash with nicotinamide ring.'” This clash
could be alleviated only if nicotinamide ring is displaced towards the pterin ring.
Previous QM/MM calculations also suggested that motions of certain active-site residues,

including 114 (Figure 4.1c), modulated the hydrogen tunneling and dynamic barrier re-

crossing.”* Recently, we tested this hypothesis by measuring the temperature dependence
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of KIEs on the series of mutants of residue 114.*""* Temperature dependence of the KIEs
showed that decrease in the size of this hydrophobic residue leads to an increase in the
average DAD and its distribution at the TRS. MD simulations on the ternary E-NADPH-
H,F complex for the series of 114 mutants indicated that decrease in the size of this
residue leads to an appearance of the new DAD populations with longer average DAD
and broader DAD’s distribution. Moreover, mutations also distorted donor-acceptor
orientation (orientation between the pterin and nicotinamide rings).*

In order to relate the mutations’ effect on H-transfer to the mutants’ structure we
examined the ternary complexes of the ecDHFR active site mutants 114V, [14A and 114G
using X-ray crystallography. We choose to study the complex with folate and NADP"
since this is a proposed mimic of Michaelis complex, and thus has been previously used
as starting point for most published QM/MM and MD simulations. The goal of the study
presented here was to determine the structures of the mutants within single crystal
packing so that distortions due to crystal-packing effects remain constant for the series of
structures. Since crystal packing effects cause small local, and sometimes global,
deformations, we also attempted to examine the same complexes in different crystal
packings and space groups in order to get a better view of the dynamic behavior of these
mutants, as it was previously done for WT ecDHFR.* Lastly we wanted to see if under
different crystallization conditions we would be able to trap different populations of

ground state structures that have been suggested by the MD simulations.™

4.2 Materials and methods

4.2.1 Preparation of 114V, I114A and 114G DHFR ternary
complexes for crystallization
EcDHFR mutants were expressed and purified as described before.'*” Briefly, E.

coli ER2566 AthyA AfolA cells containing the DHFR genes in the pET22b vector were
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grown in LB medium in the presence of 50 mg/l thymidine and 100 mg/ml ampicillin at
37 °C to an ODggonm 0f 0.6-0.8. DHFR expression was induced by the addition of the
IPTG to a final concentration of 0.4 mM, and incubation continued at 18 °C overnight.
Cells were harvested by centrifugation at 4 °C for 30 min. The cell pellet was re-
suspended in the lysis buffer (25 mM NaH,;PO4, pH 7.0, 5 mM EDTA pH 8.0, and 10%
v/v glycerol), and lysed as described previously.'® The supernatant was purified using

182 Bluted fractions

methotrexate-agarose affinity column, followed by DE52 column.
were tested for protein via UV and Bradford assay, and the purity was assessed using
SDS-PAGE gel. Only fractions containing pure protein were pooled, concentrated and
dialyzed against storage buffer. Protein was either stored at -80 °C until further use, or
loaded onto a Superdex-75 (GE) gel filtration column pre-equilibrated with the buffer
containing 20 mM Tris-HCI, pH 7.5. DHFR eluted in a single peak, which was tested for
the monodispersity using dynamic light scattering on the NanoStar (Wyatt Technology).
Concentration of the pooled fractions was measured using UV absorbance
(€230=74.6 mM'cm™) and Bradford assay. Due to low solubility of folate, folate was
added to a dilute protein solution at three-fold molar excess relative to the concentration
of specific DHFR mutant. The sample was incubated on ice for 30 min, and then filtered
using Milipore 0.22 pm filter. The binary complex was concentrated to a final
concentration of 12-18 mg/ml (as determined by Bradford assay). NADP" was added as a

solid to the concentrated binary DHFR-Folate complex at a five-fold molar excess to

DHFR.

4.2.2 Crystallization conditions
All enzyme-Folate-NADP" ternary complexes were crystallized via the hanging
drop vapor diffusion method by mixing 400 nl well solution and 400 nl of prepared

ternary complex using TTP LabTech Mosquito. The only exception is [14G DHFR
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ternary complex whose crystals were obtained through macroseeding into 4 ul wells (2 pl
well solution and 2 pl of protein complex).

In more detail: 114G-NADP"-Folate crystallized in the P2,2,2 space group after
macroseeding under the following conditions: 16 mg/ml 114G DHFR, 0.1 M Tris, pH 8.5,
0.9 M LiCl, and 36% w/v PEG 6,000; at 18 °C. Crystals appeared within 7 days after
macroseeding.

114V-NADP -Folate ternary complex crystallized in the P2, space group under
the following conditions: 16 mg/ml 114V DHFR, 0.1 M Tris, pH 8.5, 0.1 M LiCl, and
34.2% w/v PEG 6,000; at 18 °C, within 2 weeks.

114A-NADP -Folate ternary complex was crystallized in P2, space group under
the following conditions: 15 mg/ml 114A DHFR, 0.2 M Lithium acetate, and 20% w/v

PEG 3,350; at 18 °C, within 7 days.

4.2.3 Data collection and structure determination

Crystals were flashed-cooled in liquid nitrogen, and data were collected at 100 K
at the 4.2.2 synchotron beamline at the Advance Light Source of the Lawrence Berkley
National Laboratory. The data were either processed using d*Trek'® (for I14G) or
XDS'® (for 14V and I14A mutants). All structures were determined by molecular
replacement in CCP4'** (with PHASER'*), using the coordinates for the refined WT
ecDHFR structure (PDB 1RX2) with the ligands removed to generate the initial model.
Refinement and model building for all structures were done using REFMAC'" and
COOT"™®. Model bias was avoided during the initial refinement by removing the
substrate and cofactor from the model. Iterative composite OMIT maps were generated
and used where structural features were in doubt. During the early stages of the
refinement, hydrogens were included in riding positions, and isotropic temperature

factors were refined. In the final stages of the refinement, for the I114A-Folate-
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NADP complex, anisotropic temperature factors for all protein atoms (the ligand atoms
were excluded) were refined. All structures were refined with good geometry (rms
deviations in bond lengths of 0.015-0.03 A, rms deviation in bond angles of 1.74-2.54°),
with the possible exception of the [14A structure, which showed higher overall
temperature factor for molecule B (Figure 4.2). These problems are probably a result of

the static disorder. Data and final refinement statistics are given in Table 4.1.

4.2.4 Calculation of the normalized B-factors
Temperature factors for the C, atoms were either taken from PDB (for WT) or
were a result from our refinement procedures. For each protein the B-value of each C,

was normalized by the following equation:

where B’ is the normalized B-factor and By, is the average value for a chosen structure.

4.3 Results and Discussion

4.3.1 Crystal structures of the I14A and 114V ecDHFR.

Ternary complexes with 114V and 114A mutants crystallized in the P2, space
group, in an open conformation similar to that observed for the WT (PDB ID 1RB2).
Difference in crystal growth conditions produced two isomorphous crystals that have
very similar though nonisomorphous unit cell parameters to WT, however crystal packing
seems to be the same for both the WT and the mutants. There are two crystallographically
independent monomers in the asymmetric unit. It has been previously shown that
ecDHFR always crystallizes as two molecules per asymmetric unit in P2; space group.

The rmsd fit between backbone atoms of the molecule A for single mutants and the
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molecule A for the wild type enzyme in its open conformation is 0.29 A for 114V and
0.33 A for [14A. Table 4.1 summarizes the X-ray data collection and refinement. The
difference in the number of fitted atoms between the two structures is a result of the
alternative conformations of few surface residues. The difference in the number of fitted
ligand atoms is a result of the disorder observed for the nicotinamide-ribose moiety for

NADP" in the molecule B of [14A mutant.

4.3.1.1 NADP  cofactor binding and the architecture of the

active site

Both substrate mimic and the co-factor are present in each molecule. Kinetic and
structural studies have shown that during the kinetic cycle NADPH molecule binds to
occluded conformation of the protein, in which M20 loop protrudes into the
nicotinamide-ribose binding pocket. The initial binding of the NADPH molecule occurs
through 2’-phosphate-ADP moiety. The consequent opening of the M20 loop allows for
the nicotinamide-ribose moiety to bind in the active site. When this occurs the
nicotinamide-ribose moiety forms stabilizing van der Waals contacts and H-bonds with
residues that are part of the M20 loop. These interactions favor the closed form of the
M20 loop forming a potentially reactive conformation. It has been observed previously
that binding of the nicotinamide-ribose moiety is strongly influenced by the presence of
pterin ring. When M20 loop is in the open conformation the p-aminobenzoylglutamate
binding cleft is widened significantly creating a 8 A opening to the nicotinamide binding
site. This opening allows for the nicotinamide-ribose moiety to be bound in the active-
site, as observed in the molecule A, however rotation about the PN-O3 bond can place
the nicotinamide-ribose moiety out into the solvent, as in molecule B. Comparison to
other ternary structures of WT ecDHFR, which crystallized in various crystalline forms

but in the open conformation, reveals the same observation.
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Figure 4.3a shows the binding of the NADP" and folate in the active site of 114A
ecDHFR. Several important active-site residues in direct contact with either the
nicotinamide ring of NADP", or pterin ring of folate are also presented. As indicated by
the electron density maps the positions of all the atoms are well-defined. The overlap
with WT structure indicates no significant changes in the position of the active-site
residues or folate, however it indicates a slight displacement of the nicotinamide ring
towards the pterin ring in mutants from the original position in WT structure (Figure
4.3b). This is also evident from an increase in the hydrogen bond between the
nicotinamide O7N and I5(N) (Figure 4.4). This displacement in the nicotinamide ring
results in the slight difference in donor-acceptor distance (distance between the C4 of
nicotinamide ring to C6 of pterin ring) between the WT (3.6 A) and 114V/I114A (3.2 A)

enzymes.

4.3.1.2 M20 loop conformation

The open conformation is the most frequently occurring conformation
crystallographically and is the only conformation that was observed for the [14A and
114V mutants. However, even though it has been shown that closing of the M20 loop is
an important step in the catalysis of ecDHFR, as the residues in the loop position
nicotinamide ring in the close proximity to the pterin ring, replacement of the part of the
M20 loop (residues 16-19) with a single glycine residue yields a slow, but nonetheless an
active enzyme. The hydride transfer rate is reduced by more than 500-fold, however
neither K., for H,F or NADPH are significantly affected.'® This could suggest that even
the transient population of the open conformational state may play a role in the catalytic
cycle. We attempted to crystallize these mutants in different space groups by varying
experimental conditions of crystal growth (temperature, pH, salt content, additives, etc.).
Moreover, since 114G mutant crystallized in P2,2,2 space group, in which ternary

complexes of WT ecDHFR crystallize in closed conformation, we attempted both macro
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and microseeding of [14A with [14G crystals. Even though we obtained crystals with
different cell dimensions and crystal morphologies, all of these crystals crystallized in the
P2, space group. These results could indicate that these mutants do not readily adopt the
closed conformational ensemble, as it was recently suggested for G121V mutant.'”® This
could provide some explanation for the reduction in the hydride transfer rate constant for
these mutants.

Reduction in the DAD observed for the mutants in comparison to WT is
contradictory to the predictions based on our kinetic and MD results. There we observed
that the reduction in the size of this hydrophobic residue results in the formation of the
“steric” hole that allows for the nicotinamide ring to relax towards the residue 14, leading
to longer DADs for the mutants. However, MD simulations also indicated that
nicotinamide ring samples larger conformational space in the mutant structures, which
reflected itself in an increase in the H-bond distance between the nicotinamide O7N and
I5(N), which is consistent with the x-ray crystal structures (Figure 4.4). However, the
decrease in the DAD that we observe for the mutant structures could be a result of the
nicotinamide ring being able to sample larger conformational space, as it is not as tightly

constrained in the active site.

4.3.1.3 Analysis of the normalized B-factors

One way to extract dynamic information from static picture of an X-ray structure
is to calculate the temperature factor (B-factor) details that contain specifics regarding the
electron density distribution around a particular atom and is associated with thermal
motions present in the crystal before and after flash - freeze. However, B-factor
distribution needs to be analyzed with care, as errors in the model could also lead to high
B-factors. Rapid cooling of the crystals in the liquid nitrogen can trap different
conformational states of the protein that exist at physiological temperature. Since data

collection for the WT enzyme was performed at room temperature, WT structure shows
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overall higher B-factors than mutant structures. WT structural model was subjected to
isotropic B-factor refinement, while high-resolution for [14A mutant allowed for the
anisotropic refinement of all non-hydrogen atoms of protein, while ligand atoms and
solvent were subjected to isotropic B-factor refinement. 114V model was subjected to
isotropic B factor refinement, however in order to generate the best structural model
(lowest R factors), TLS parameters were used to model anisotropic displacements in the
final rounds of the refinement.

We normalized the B-factors for the different enzymes because the data collection
was performed at different temperatures, and since B-factors for each enzyme may be on
different scales owing to the application of different refinement procedures. Comparison
of the temperature factors of C, atoms between the [14A and WT ternary structures
indicates that same areas exhibit similar amount of disorder in both structures (flexible
loops — M20, F-G, G-H; Figure 4.5), despite the collection at different temperature. In
order to examine any possible differences in the flexibility of the NADP" molecule,
especially in its nicotinamide-ribose moiety, we calculated normalized B-factors for
every atom belonging to the molecule (Figure 4.5). The details regarding the
normalization procedure are presented in Materials and Methods section.

Normalized B-factors of the NADP" molecule for I14A and 114V were compared
only to open WT conformation (1RB2; Figure 4.5). No correlation between the size of
the residue 14 and an increase in the normalized B-factors of the nicotinamide-ribose
moiety is observed. Comparison of the normalized B-factors for all the protein atoms of
molecule A between these three structures indicate that F-G loop exhibits higher

flexibility in the mutants than in the WT (Figure 4.2 and Figure 4.7-4.8).
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4.3.2 Crystal structure of the [14G ecDHFR.

Ternary complex with 114G ecDHFR crystallized in the P2,2,2 space group with
a single monomer in the asymmetric unit. Comparable WT crystal structure (PDB ID
1RX2) crystallized in the same space group, P2,2,2;, with the nonisomorphous unit cell
parameters to 114G. In P2,2,2, space group WT crystallizes in the closed conformation,
which has been proposed to be the representation of the reactive conformation. The rmsd
fit between backbone atoms of 114G mutant and the wild type enzyme in its closed
conformation is 0.28 A. Table 4.1 summarizes the X-ray data collection and refinement.
The difference in the number of fitted atoms between the two structures is a result of the
alternative conformations observed for few surface residues. Moreover, parts of the F-G
loop for 114G mutant were not modeled in due to sporadic electron density in those

regions. OMIT maps were used when such structural features were in doubt.

4.3.2.1 NADP' cofactor binding, the architecture of the

active site and the M20 loop conformation

Analysis of the F,-F. maps of the cofactor-binding region for the 114G mutant,
after molecular replacement (with ligands removed), indicated that NADP" is bound.
However, poor electron density for the nicotinamide-ribose moiety could not indicate if it
is disordered in the active site, or if it is bound out of the active site and disordered in the
solvent, or both (we modeled NADP" molecule in the active site; Figure 4.9). We
generated iterative composite OMIT map in order to resolve this structure feature. The
map suggests that there is no electron density either in the active site or outside of it that
could be assigned to the nicotinamide ribose moiety (Figure 4.10). We also observed
poor electron density for the M20 and F-G loops, two loops that are in direct contact with
each other. Parts of the loops have been modeled in as suggested by iterative composite
OMIT map (Figure 4.10). Previous structural studies on WT ecDHFR showed that the

mobility of the M20 loop depends on the freedom of movement of the F-G loop. Detail
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analysis of the isotropic temperature factors for different X-ray crystal structures of WT
ecDHFR suggest changes in the protein flexibility during the catalytic cycle. More
specifically, a variation between these structures is mostly in the M20 and F-G loops,
which exhibit low B-factors when M20 loop is in the closed conformations, and higher
B-factors in the occluded complexes. In the apo-enzyme crystal structure, poor electron
density is observed for the M20 loop implying high motion of the loop. The disordered
conformation of M20 loop has been observed only in the binary complex of the ecDHFR
with MTX in P2,2,2, space group, and observed disorder probably results from time-
averaged fluctuations between the occluded and closed conformations.* However, in

neither structure F-G loop is disordered, as is the case for 114G ternary complex.

4.3.2.2 Analysis of the normalized B-factors

Analysis of the normalized B-factors for C, atoms of the cofactor between the
114G and WT ternary structures indicates the high flexibility of the nicotinamide ring of
NADP' (Figure 4.6). Recent kinetic and MD simulation results suggested that the
decrease in the size of the residue 14 leads to new DAD populations with longer average
DADs and wider distributions. This was most prominently observed for 114G mutant.
Analysis of the normalized B-factors for three active site residues (D27, F31, I5) that are
in direct contact with pterin ring indicates that mutations bared no effect on the
environment around the pterin ring (Figure 4.11). This supports our initial hypothesis that
the reduction in the size of the residue 14 will bear minimal effect on the environment
around pterin ring. Analysis of the normalized B-factors for the three residues in direct
contact with the nicotinamide ring (Y100, residue 14, A7) shows a correlation between
the size of the normalized B-factors, for residue 14 and A7, and the size of the “steric
hole” behind the nicotinamide ring (Figure 4.11). This is in accord with the MD
simulation results that showed that the hydrogen bond between nicotinamide(O7N) and

A7(N) increases with a decrease in the size of the residue 14, and in one of the
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populations observed for 114G mutant it is completely broken. This loss in rigidity is

reflected in higher normalized B-factors for A7.

4.4 Conclusion

The kinetic analysis on the series of active site mutants of residue 14 (i.e., [14V,
A, G) shows a change in the DAD population distribution at TRS for mutants.* MD
simulation data indicated that mutations affect the enzyme’s ability to organize the active
site for hydride transfer. High-resolution structures for series of active-site mutants
suggest some perturbations in ground state geometry and motions of certain active-site
residues as well as two flexible loops. Moreover, the removal of steric bulk at position
14 could also lead to an increase in the flexibility of the nicotinamide ring. This has been
previously observed for mutants of analogous residue in horse-liver alcohol
dehydrogenase.””' Inability to obtain closed conformation of the mutants could be a direct
result of the mutations, which led to a shift in the relative populations of open and closed
forms. This shift in the relative populations of open and closed forms may contribute to
the reduced activity seen for the mutants. The high-resolution ecDHFR structures
obtained for these mutants could be used for future simulation of hydride tunneling in

ecDHFR by QM/MM computational methods.



90

A \Gly15

"< Tyr100

Figure 4.1 Structural details of ecDHFR. a) Structure of ecDHFR in complex with
NADP" and folate crystallized in P2,2,2; space group (PDB ID 1RX2). Two
subdomains are labeled together with three flexible loops. b) A graphlc
representation of the active site for WT ecDHFR with bound NADP" and
folate (PDB ID 1RX2). The hydrophobic residue of interest is presented as
sticks. ¢) Active site of DHFR with bound NADP" and folate. Several residues
that have been identified as being part of the network of coupled promoting
motions in ecDHFR are presented as sticks. The yellow arc and arrows
indicate the coupled promoting motions. The figure is from ref '
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Normalized B-factors

Residue number Residue number

Figure 4.2 Comparison of the normalized B-factors for all the non-hydrogen atoms
belonging to residues of the open 114A ecDHFR conformation. Residues of
molecule A are presented on the left, and residues of molecule B are presented
on the right.

Figure 4.3 Structure of the active site for [14A ecDHFR. a) The 2F,-F. maps of the
substrate and cofactor binding regions of the [14A ecDHFR. The density
corresponding to the bound folate, NADP" and several active-site residues is
shown in dark blue and light blue, respectively. The maps are contoured at
1.50 levels. b) Comparison of the active site structures of WT (PDB ID 1RB2;
red) and 114 A (blue) enzymes.
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Figure 4.4 Interactions of NADP" with active site residues in [14A mutant (left) and WT
(PDB ID 1RB2, right). Hydrogen bonds with their respective values are
shown as dotted lines. The overlapping residues are highlighted. The figure
was generated using LigPlus.

Figure 4.5 Putty cartoon of B-factor variation on the [14A (left) and WT (right) ternary
structures, colored from low to high (blue to red).
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Normalized B-factors
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Figure 4.6 Comparlson of the normalized B-factors for all the non-hydrogen atoms in the
NADP" molecule starting from the adenine ring to the nicotinamide ring.
Details about the normalization of the B-factors are presented in the materials
and methods. Different colors are representation of normalized B-factors for
different crystal structures in the following order: 1RX2 (WT ecDHFR,
P2,2,2y; red), IRB2 (WT ecDHFR, P2;; molecule A — green; molecule B —
blue), [14A (molecule A - light blue; molecule B - yellow), 14V (molecule A
— black; molecule B — grey), and 114G (purple). Since 114V and [14A
crystalhze as two molecules per asymmetric unit, we present the normahzed
B-factors for molecule A in which the nicotinamide ring of NADP" is bound
in the active site.
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Normalized B-factors

Residue number Residue number

Figure 4.7 Comparison of the normalized B-factors for all the non-hydrogen atoms
belonging to residues of the open 114V ecDHFR conformation. Residues of
molecule A are presented on the left, and residues of molecule B are presented
on the right.



Normalized B-factors

Residue number Residue number

Figure 4.8 Comparison of the normalized B-factors for all the non-hydrogen atoms
belonging to residues of the open WT ecDHFR conformation (PDB ID
1RB2). Residues of molecule A are presented on the left, and residues of
molecule B are presented on the right.
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Figure 4.9 The 2F,-F. maps of the substrate and cofactor binding regions of the 114G
ecDHFR complexed with NADP" and folate. Maps are contoured in blue at
1.50 levels. Difference maps are contoured in green and red at 30 levels.
Ligand models and protein backbone are shown in pink.
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Figure 4.10 2F,-F. OMIT Fourier map for the [14G-F olate-NADP" ternary complex. The
map is contoured at 1o within 1.6 A from the ligands and residues of M20 and
F-G loop. No electron density is observed for either the side chains or
backbone of residues A9-P20.



98

15

Y100
F31

114
D27 A
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Figure 4.11 Comparison of normalized B-factors for several active-site residues in direct
contact with either pterin ring of folate or nicotinamide ring of NADP". The
inserted figure of the active site indicates the residues of interest. Their
respective normalized B-factors are presented in the clockwise manner
starting with D27. Correlation between an increase in the normalized B-
factors and the reduction in the size of the residue 14 is clearly observed for
A7, and is implied for Y 100.



Table 4.1 Data collection and refinement statistics for 114V, 114A and 114G ecDHFR

mutants.

114V DHFR 114A DHFR 114G DHFR
PDB ID XXX XXX XXX
Data collection
Source ALS (LBNL) BeamLine 4.2.2
Temperature (K) 100 100 100
Wavelenght (A) 1.000 0.855 1.000
Space group P2, P2, P2,2,2
Cell Dimensions
a,b,c(A) 35.08 60.25 35.12 59.51 33.49 34.44
74.18 74.23 134.25
a,b,g() 90.00 95.97 90.00 95.53 90.00 90.00
90.00 90.00 90.00
Resolution (A) 1.5 1.35 1.45
Rinerge 0.040 (0.166) 0.031 (0.565) 0.048 (0.372)
<I/s(I)> 17.3 (3.6) 21.2 (2.3) 21.8 (3.6)
Completeness (%) 95.6 (89.7) 99.7 (100) 97.3 (84.3)
Multiplicity 3.86 (3.75) 3.7(3.7) 6.5 (4.0)
Mosaicity (°) 0.57 0.178 0.191
B factor from Wilson 17.9 13.8 12.2
plot (A%
Refinement
Resolution Range (A) 73.78-1.50 73.88-1.35 67.13-1.45
No. reflections 44649 63230 26211
No. unique reflections
Ryork/Rree 17.41/23.11 16.42/19.88 16.67/21.91
No. atoms
Protein 2601 2630 1221
Ligand/ion 160 143 80
Water 496 352 162
B-factors
Protein 22.50 20.6 18.5
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Table 4.1 Continued

Ligand/ion 27.6 20.3 28.9

Water 19.8 30.6 30.6
R.m.s. deviations

Bond lengths (A) 0.029 0.015 0.025

Bond angles () 2.537 1.738 2.196
Ramachandran plot

Favored (%) 98.76 100.00 98.03

Allowed (%) 1.24 0.00 1.97

Disallowed (%) 0.00 0.00 0.00
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CHAPTER 5.
LOOKING ON THE OTHER SIDE: ROLE OF THE RESIDUE F31 IN
THE DHFR CATALYZED HYDRIDE-TRANSFERY

5.1 Introduction

The role of the dynamical effects in assisting enzymatic reactions is quite
complex and therefore still widely debated. It is now generally accepted that enzyme
motions can play a significant role in different parts of reaction cycle such as substrate
binding, product release, and large conformational changes necessary for the stabilization
of the intermediates. These dynamical changes occur over different timescales ranging
from the domain motions (seconds) to bond vibrations (femtoseconds). Due to
complexity of enzyme dynamics, it is quite challenging to examine the dynamic
contributions to the enzyme catalyzed reaction. Subpicosecond vibrational modes that
may cause transient compression along the reaction coordinate in H-transfer reactions

. . : . 66,163,192
have been studied on different enzymatic systems such as: morphinone reductase,” ™

2,194 :
18485193 yeast alcohol dehydrogenase, '™ horse-liver alcohol

dihydrofolate reductase,
dehydrogenase,”'*” formate dehydrogenase,”” and more. Such motions are believed to
compress the reaction barrier and lead to degeneration of the donor and acceptor’s energy
levels, therefore enhancing both quantum mechanical (QM) tunneling probability of the
transferred hydrogen, and over-the-barrier transfer. Due to experimental limitations in
probing such motions, their role has been usually inferred indirectly through
measurement of pressure/temperature dependence of kinetic isotope effects (KIEs), by

molecular dynamic (MD) simulations, or by quantum-mechanical/molecular mechanics

(QM/MM) calculations. However, recent advances in the two-dimensional infrared

V This chapter is in preparation to be submitted to the journal of Biochemistry
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spectroscopy (2D-IR) allowed for an experimental way to measure the femto- to

125 1 15
H-

picosecond timescale motions; N heteronuclear NOE can also provide some

information about these fast timescale motions.">'”

The analysis of the temperature dependence motivated the development of various
phenomenological models denoted here as Marcus-like models. For more in-depth
discussion on these models please refer to following publications; *#*376366.738389.125.127.173-
'771% Tn short, according to this model, after the formation of the reactive complex (a
process sometimes referred to as preorganization), heavy-atom motions are necessary to
bring the system to a point where donor and acceptor wells are degenerate and hydrogen
tunneling is plausible (i.e. tunneling ready state, TRS),>*>%0%72 71618 120.I27.173
process is often referred to as reorganization, as it assists the structural changes in the
substrate that occur as the reaction proceeds from ground state to TRS. At the TRS,
fluctuations in the donor-acceptor distance (DAD,) Vi affect the tunneling probability, and
therefore will be a determinant factor of the magnitude and the temperature dependence
of the KIEs. Certain QM/MM calculations support this view and suggest that temperature
dependence/independence of the intrinsic KIEs mainly reflects the temperature
dependence of DAD.””* "% According to Marcus-like models, temperature
independent KIEs observed for majority of the wild-type (WT) enzymes®®®>#7-120-123.199-
% indicate systems wherein the active-site at the TRS is optimal for H-tunneling with a
short average DAD, and narrow DAD distribution. These models suggest that shorter
DAD:. decreases the KIE, and broader DAD, distribution (lower DAD,-fluctuations

frequency) leads to elevated AE, (more temperature dependent KIEs). However, certain

experimental and computational studies have also shown that compression of DAD,

VI DAD, here refers to the distance from the H-reactant state to the H-product state, rather
than to the distance between two carbons - donor and acceptor distance (DAD,.). The first directly
reflects the kinetic and energetic effects of the H-transfer, while the second reflects the heavy
atoms conformation as observed in the x-ray crystal structures and MD simulations. For example,
for a linear C-H-C transfer DAD. = DAD, + 2 x C-H distance.
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alone might not increase the hydride transfer rate and/or decrease the barrier height, or
that a decrease in the DAD, needs to necessarily lead to a decrease in tunneling.>***>2*
Here, we report kinetic, structural and MD simulation studies on the impact of the
active-site mutation on the hydride transfer reaction in dihydrofolate reductase from
Escherichia coli (ecDHFR). EcDHFR is a small, monomeric enzyme that catalyzes the
transfer of the pro-R-hydride from the C4 position of NADPH to the re-face of C6
position on 7,8-dihydrofolate (H,F) to produce S-5,6,7,8-tertrahydrofolate (H4F). The
hydride transfer in ecDHFR has been well characterized, with both experimental and
computational studies suggesting that thermally activated fluctuations of the DAD are

63,83-85,198,205 . . .
275 The study on a series of active site

important in assisting hydride transfer.
mutants of residue 14, situated behind the nicotinamide ring, showed an increase in the
temperature dependence of the KIEs (AE,) with a decrease in the size of this active site
residue.®” One of roles of this highly conserved residue was suggested to be in assisting
the hydride transfer by keeping the nicotinamide ring in the close proximity to the pterin
ring, i.e., restricting the DAD to short and narrow conformational space in the WT
enzyme. Another residue of similar interest is F31, a strictly conserved hydrophobic
residue,”* located behind the pterin ring of HoF (H-acceptor), opposite from residue 14
(Figure 5.1). It interacts with the pteroyl moiety of H,F through van der Waals contacts
with the edge of the phenyl ring toward faces of both the pterin ring and p-aminobenzoyl
group.””’ As evident from the Figure 1, in contrast to I14, which only interacts with the
nicotinamide ring of NADP", folate is “wrapped around” F31, which seems to anchor all
three moieties of the substrate (pteryl, p-aminobenzoyl, and glutamyl). Residue F31 has
been shown to be very important for both the binding of the H,F as well as catalyzed
reaction.””® The importance of hydrophobic interactions in binding of drugs, such as

methotrexate (MTX) and 2,4-diamino-6,7-dimethylpteridine (DAM), has been shown

previously, where F31V mutation lead to 140-fold decrease in the binding constant for
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MTX,*"” as well as 30-fold decrease in the binding constant of the H,F (Table 5.1 and
refs 207299),

QM/MM calculations suggested that residue F31 belongs to a network of coupled

. : 18,181
promoting motions.

More specifically, it was shown that as reaction evolves from the
reactant to the transition state, residue 31 moves closer to the substrate, while the angle
between the acceptor carbon and the methylene amino linkage in H,F increases and the
DAD, decreases. Based on these experimental and computational studies on ecDHFR, as

66,123,134,210 .
e we decided to

well as relevant studies of active site mutants in other enzymes,
extend our initial study on the residue 114 to F31V mutant. We examined the effect of
this mutation on the nature of the hydride transfer by measuring the temperature

dependence of the intrinsic KIEs, by obtaining X-ray crystal structures of the relevant

ternary complex, and by performing MD simulations.

5.2 Materials and methods

5.2.1 Construction of expression vector.

The sequence of the mutagenic, forward primer (F31V-Fwrd) is 5°- GCC-GAT-
CTC-GCC-TGG-GTT-AAA-CGC-AAC-ACC-3’, and the sequence of the mutagenic,
reverse primer (F31V-Rev) is 5’- GGT-GTT-GCG-TTT-AAC-CCA-GGC-GAG-ATC-
GGC-3’, where the site of the mutation is underlined. Site-directed mutagenesis was
completed using pET22b-WTecDHEFR as a template and following the protocol provided
in the Stratagene instruction manual. The sequence of the final plasmid, containing the
desired mutation, was verified with automated DNA sequencing through the DNA
facility-University of lowa. Primers were purchased from Integrated DNA Technologies.

Expression and Purification of F31V DHFR. The mutant was expressed in the
E.coli strain ER2566, which contains a deletion of the DHFR gene (folA) and

thymidylate synthase (thyA), and was a generous gift from S. J. Benkovic at the Penn
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State University (University Park, PA). The enzyme was purified and stored as reported

for other DHFR mutants.'*

5.2.2 Preparation of F31V DHEFR ternary complexes for
crystallization.

Purified protein was either stored at -80°C until further use, or loaded onto a
Superdex-75 (GE) gel filtration column pre-equilibrated with the buffer containing 20
mM Tris-HCL, pH 7.5. DHFR eluted in a single peak, which was tested for the
monodispersity using dynamic light scattering on the NanoStar (Wyatt Technology).

Concentration of the pooled fractions was measured using UV absorbance
(€230=74.6 mM'cm™) and Bradford assay. Due to the low solubility of folate and ~20-
fold higher Ky(folate) for F31V DHFR than for the WT ecDHFR, folate was added to a
dilute protein solution at ~10 fold molar excess relative to F31V DHFR mutant. The
sample was then incubated on ice for at least 1 hour, and afterwards filtered using
Milipore 0.22um filter. Lastly, the binary complex was concentrated to a final
concentration of ~15 mg/ml (as determined by Bradford assay). NADP" was added as a
solid to the concentrated binary DHFR-Folate complex at a five-fold molar excess to
enzyme. Preparation of ternary complex with MTX and NADP" was performed in the
same manner as for the enzyme-Folate-NADP" complex, however no filtering was done

prior to concentrating the enzyme-MTX binary complex.

5.2.3 Crystallization conditions.
Both enzyme-Folate-NADP" and enzyme-MTX-NADP" ternary complexes were
crystallized via the hanging drop vapor diffusion method by mixing 400 nl well solution

and 400 nl of prepared ternary complex using TTP LabTech Mosquito. In more detail:
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F31V-NADP"-Folate ternary complex crystallized in the P2; space group with
two molecules in the asymmetric unit, under the following conditions: 15 mg/ml F31V
DHFR, 0.1M Tris pH 8.5, 0.5M LiCl and 30.5% w/v PEG 6,000; at 18°C.

F31V-NADP" binary complex crystallized in the P2; space group with two
molecules in the asymmetric unit, under the following conditions: 13.5 mg/ml F31V
DHFR, 0.1 M HEPES pH 7.5, 25% w/v PEG 6,000, at 18°C. This crystal was a result of
the failed attempt to obtain the ternary F31V-NADP-Folate complex.

F31V-NADP'-MTX ternary complex crystallized in the P2,2,2, space group with
two molecules in the asymmetric unit, under the following conditions: 16 mg/ml F31V
DHFR, 0.1 M Bis-Tris propane pH 6.5, 20% w/v PEG 3,350, 0.2 M sodium acetate
anhydrous; at 18°C. Crystal initially appeared after 10 days, but was harvested after 3

weeks.

5.2.4 Data collection and structure determination.

Crystals were flashed-cooled in liquid nitrogen, and data were collected at 100 K
at the 4.2.2 synchotron beamline at the Advance Light Source of the Lawrence Berkley
National Laboratory. The data were either processed using d*Trek (for F31V-MTX-
NADP"),"®* mosflm (for F31V-NADP"),*!! or XDS (for F31V-Folate-NADP")."** We
faced initial difficulties in processing the data for the F31V-MTX-NADP" complex due
to multiple lattices being present in the crystal (partially reflected in the mosaicity; Table
5.3), and the twinning of the crystal. Initial refinement indicated P432,2 space group, with
single molecule present in the asymmetric unit; however, further rounds of refinement
did not yield a model with desirable statistics for a structure of this resolution. Analysis
of the data with Xtriage indicated significant twinning and Zanuda suggested P2,2,2,
space group, whose unit cell parameters are very similar and close to be considered as

P452,2 space group.
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The structures were determined by molecular replacement in CCP4'® (with
PHASER'*%), using the coordinates for the refined WT ecDHFR structure (PDB 1RX2)
with ligands removed to generate the initial model. Refinement and model building were
done using REFMAC' and COOT'®. Model bias was avoided during the initial
refinement by removing the substrate and cofactor from the model. Moreover, iterative
composite OMIT maps were used for the F31V-MTX-NADP" complex where structure
features were in doubt. In all structures hydrogens were included in riding positions, and
isotopic temperature factors were refined. Alternative conformations of amino acids and
cofactor were assigned on the basis of the visual evidence such as divergent electron
densities at the +1c level above the average in 2|F,|-|F| maps, and from either simple
composite OMIT maps or iterative composite OMIT maps. The final models were well
described by the electron density maps. However, side chains of the certain residues
situated on the surface of the protein (in most cases lysine, arginine and glutamic acid
residues) were not well described by density. These side chains were not deleted, but
were left with their occupancies equal to one, with temperature factors reflecting their
disorder. Final structures were checked with MolProbity.*'* All residues have favored or
allowed backbone conformational angles. Several residues occupy unusual rotameric
states, however, clear and strong electron densities are in support of such positions. Data

and final refinement statistics are given in Table 5.3.

5.2.5 Synthesis of Labeled Cofactors for 1°KIEs.
[Ad-'*C]-NAD" (specific radioactivity of >220mCi/mmol) was purchased from
Amersham Pharmacia, glucose dehydrogenase from Bacillus megaterium (GluDH) was
obtained from Affymetrix/USB, while all the other compounds were purchased from

Sigma. Synthesis, purification and storage of the labeled cofactors have been presented in

detail before.”>'"" Briefly: (R)-[4-"HINADPH (680 mCi/mmol) was synthesized by
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reduction of NADP" with 2-Deoxy-D-Glucose-H using glucose dehydrogenase from
Bacillus megaterium (GluDH), followed by oxidation of the resulting NADPH with
acetone using alcohol dehydrogenase from Thermoanaerobium brockii (tbADH), and
final reduction using GluDH and unlabeled glucose, as described previously.''' [Ad-"*C]-
NADPH (50mCi/mmol) was prepared by phosphorylation of [Ad-'*C]-NAD" using
NAD" kinase from chicken liver to produce [Ad-"*C]-NADP", followed by reduction
with glucose using GluDH as described elsewhere.” (R)-[Ad-'*C,4-*H]-NADPH (50
mCi/mmol) was prepared from [Ad-'*C]-NADP", which was synthesized as described
above, and subsequent reduction with deuterated glucose and GluDH.'** All synthesized
cofactors have been purified by semipreparative reverse-phase HPLC on a Supelco

column and stored at -80 °C prior to use as discussed elsewhere.'”

5.2.6 Kinetic isotope effect measurements and
determination of the intrinsic KIEs.

(R)-[4-’HINADPH and [Ad-"*C]-NADPH, and, (R)-[4-’H]NADPH and (R)-[Ad-
'4C,4-"H]-NADPH were combined in the 5:1 radioactivity ratio in order to measure H/T
and D/T 1°KIEs, respectively. Each mixture was co-purified on an analytical reverse-
phase HPLC column, divided into aliquots containing 300,000 dpm of '*C, and frozen in
liquid nitrogen for short-term storage at -80 “C. All experiments were performed in
MTEN buffer (50 mM MES, 25 mM Tris, 25 mM ethanolamine and 100 mM NacCl) at
pH=9.0 over the 5-45 °C temperature range. All reaction mixtures contained around 400-
fold excess of HyoF (1.7 mM) over NADPH (4 uM). The reactions were quenched by
adding an excess of methotrexate (K4=1 nM), and samples were stored on dry ice prior to
HPLC analysis'”. Before the HPLC-LSC analysis, samples were thawed and bubbled

with oxygen to ensure complete oxidation of the product H4F. The samples were then
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separated by reverse-phase HPLC using a method described elsewhere.'” The observed

KIEs were calculated according to ref. > using the following equation:

g =1

Infl - £( j: )

where the fractional conversion (f) was determined from the ratio of '*C in the product
and reactant, and R, and R., are the ratio >H/"*C at each time point and at infinite time,
respectively. The intrinsic KIEs were calculated using the modified Northrop

. 35,74
equation 7

T V -1
(E)HO,” -1 (ke M) -1
v = ko /k -1334 _q
T(E)Dlw -1 ( H T)

where "(V/K)uopbs and "(V/K)pobs are the observed H/T and D/T KIEs, respectively, and
kn/kr represents the intrinsic H/T KIE. The intrinsic KIEs were calculated numerically
from all possible combinations of observed H/T and D/T values. The isotope effects on
the activation parameters for the intrinsic KIEs were calculated by a nonlinear fit of all
intrinsic values to the Arrhenius equation for KIEs:

/RT

ki [k, =A 1A, ®e"
where & and k;, are the rate constants for light and heavy isotopes, respectively, Ai/Ay is
the isotope effect on the Arrhenius preexponential factor, AE, . is the difference in
energy of activation between the two isotopic reactions, R is the gas constant and T is the

absolute temperature.

5.2.7 Presteady-state kinetics.
All kinetic measurements were obtained on a stopped-flow apparatus (Applied

Photophysics Ltd., Leatherhead, U.K.), with dead time of 1.6 ms, a 2-mm path length,
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and a thermally regulated sample cell. The enzyme reaction was monitored by taking
advantage of fluorescent resonance energy transfer (FRET) between DHFR and
NADPH.® Enzyme tryptophans were excited at 290 nm, and FRET results in the strong
fluorescence by the reduced cofactor at 450 nm, which is observed through a 390 nm
output filter. All experiments were carried out at 25°C and pH=7 in a 1x MTEN buffer.
The concentrations of substrates were determined spectrophotometrically by using the
extinction coefficients of 6200 M™' cm™ at 340 nm (for NADPH), and 28000 M'cm™ at
282 nm (for HyF). In the experiment, 20 uM enzyme (either wtDHFR or the F31V
mutant) was preincubated with NADPH (10 uM) in MTEN buffer at 25°C. The reaction
was initiated by rapid mixing with 300 uM H,F. We used the average of at least five runs
from three independent experiments for data analysis. All data were analyzed by non-

linear least squares fits to single exponential function using KaleidaGraph 3.5.

5.2.8 Determination of temperature stability using dynamic
light scattering (DLS)

Melting temperatures (Ty,) were determined for each of the enzyme-folate
complexes. WT and F31V ecDHFRs were purified using previously published
protocol,”” concentrated to ~ 10-15 mg/ml and stored either as an apoenzyme at -80 °C
or as a binary complex with folate at -20 °C. Prior to T, measurements, ~2ml of either
sample was thawed on ice. Sample was purified on the Superdex-75 (GE) gel filtration
column pre-equilibrated with the buffer containing 20 mM Tris-HCI, pH 7.5. Fractions
containing pure enzyme were pooled together, concentrated to ~1-10 mg/ml, spun down
for 10 min at 10,000 rpm and 4 °C, and filtered using 0.02 pm Whatman filter. The final
concentration was determined spectrophotometrically (€230nm = 74.6 mM'cm™) and was
at least 1.0 mg/ml, equivalent to 55 uM as a monomer. The measurements were

performed at temperatures from 35 to 80°C at a scan rate of 1.0 “C/min. Size distributions
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were measured with a Dynapro Nanostar (Wyatt Technology Malvern Instruments,
USA), based on DLS. The particle distribution from DLS measurements was derived by
deconvolution of the measured intensity autocorrelation function of the sample.
Generally, deconvolution was accomplished using a non-negatively constrained least
squares (NNLS) fitting algorithm included in the Dynamics software. The z-average
molecular “size” in terms of the hydrodynamic diameter (dy) in solution was determined.
The viscosity of the buffer used was calculated using a solvent builder interface and takes
the effects of buffer salts into account. For both F31V mutant and the WT ecDHFR the
hydrodynamic radii exhibited a sigmoid relationship as a function of temperature. We
used Dynamics program for fitting in order to obtain temperature and radius at the

inflection point of the sigmoidal curve.

5.2.9 Numerical modeling
The numerical modeling was based on the Kuznetsov and Ulstrup model for
adiabatic H-transfer reactions,”’ but with significant modifications relative to other
attempts to implement this type of model. The model and its implementation have been
described previously,” and a simple program that can fit and explain any level of
temperature dependence of KIE is available free of charge at

http://chemmath.chem.uiowa.edu/webMathematica/kohen/marcuslikemodel.html

5.2.10 MD simulations.

MD simulations on F31V DHFR were performed using the Amber9 package®"’,
as it was previously done for active site mutants of residue 114.*° Details regarding the
system setup, ligand parameterization, MD runs, data fitting and analysis are presented in
ref . Briefly, all ten 6 ns simulations were run starting from the crystal structure of

wtDHFR in complex with folate and NADP" (PDB entry 1RX2)."***"* The folate and
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NADP" ligands were replaced by N5 protonated 7,8-dihydrofolate (H,F) and NADPH
respectively. The protonation state for all ionizable residues was set corresponding to pH
7, and the final protein structure was solvated with a previously equilibrated truncated
octahedron box of TIP3P water molecules. The size of the box ensures that all protein
atoms are at least 9 A away from the edges of the box. Subsequent mutations were
performed in silico by changing the corresponding amino acid in the original structure.
During the simulations AMBER99 force field'>* parameters were used for all residues.
The NADP" and NADPH parameters were taken from the Amber parameter database.'”
Gaff force field'*® parameters together with RESP'’ charges calculated at the HF/6-31G*
level were used to generate the parameter files for HoF. All simulations were run with the
PMEMD module of the AMBERY package.'***"> An equilibration protocol was applied
that consists of performing an initial energy minimization, followed by a slow heating to
the desired temperature using a linear temperature ramp from 100 to 300 K during 80 ps
at constant volume and a subsequent pressure stabilization run at 300 K and 1 bar over
100 ps. Position frames, which were used for analyzing trajectories, were collected at 2
ps intervals. The ptraj module of Amber9 was used to analyze the data extracted from the
MD simulations. Data from the DAD, distribution were fitted with a combination of
Gaussian and Split Gaussian functions using the open source software for non linear
curve fitting, Fityk.'®® For the equations and procedures used for the fitting please refer to

the Chapter 3.
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5.3 Results and Discussion

5.3.1 Temperature dependence of intrinsic KIEs for F31V
DHFR; isotope effects on activation Arrhenius parameters
and thermal stability of F31V vs. WT
We measured 1° H/T and D/T KIEs on the second order rate constant, k¢./Kw,
with F31V ecDHFR in 5-45 °C temperature range as previously described for WT** and

85,103,141

other ecDHFR’s mutants. The intrinsic values were calculated using modified

Northrop equation,**'**

and fitted to the Arrhenius equation in order to obtain the isotope
effect on the activation energy and the Arrhenius pre-exponential factors (Figure 5.2A).
Table 5.1 summarizes kinetic and binding parameters for the WT ecDHFR and relevant
active site mutants, i.e., [14 and F31.

The KIE on the hydride transfer of F31V shows a biphasic behavior, which
suggests an intrinsic phase transition at 35 °C or a change in mechanism. A break in the
temperature dependence of the intrinsic KIEs has not been previously observed for
mutants of ecDHFR, however it has been observed for several thermophilic

enzymes, *'? as well as for certain mutants of mesophilic enzymes such as thymidylate

synthase.*"'

Due to this break in the temperature dependence of intrinsic KIEs for F31V,
the data were fitted in temperature ranges 45-35 °C and 35-5 °C independently. Above
the 35 °C, KIEs are temperature-independent with a larger magnitude in comparison to
WT enzyme, resulting in also a larger isotope effect on the Arrhenius pre-exponential
parameter, suggesting that F31V-catalyzed hydride transfer occurs predominately via
quantum mechanical tunneling, as it is the case for WT (Figure 5.2A).* According to
Marcus-like models, this trend would suggest that the average DAD (DAD,y.) at the
TRS, above 35°C, is longer than for the WT, reflecting itself in the size of the intrinsic

KIEs. However, reorganization of the active site still allows the system to reach a well-
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defined TRS, which is characterized by a short and narrow DAD distribution, as evident
from the temperature independent KIEs.

In contrast, below 35 °C, intrinsic KIEs were temperature-dependent, and as a
consequence the isotope effect on the Arrhenius pre-exponential factor was inverse and
below the semi-classical limit.* Such a steep temperature dependence of KIEs resemble
that of 114G ecDHFR,® suggesting that the structural and dynamic properties of F31V
(i.e., the DAD distribution at the TRS) reflect those of [14G. In other words, the heavy
atom reorganization does not bring the system to an optimal TRS, and therefore thermally
activated fluctuations allow the system to sample shorter DADs at higher temperatures,
resulting in temperature dependent KIEs.

In order to quantitatively link the size and temperature dependence of the KIEs to
the population distribution along the DAD coordinate, we fitted the data to a simple
phenomenological model with two adjustable parameters, which is equivalent to number
of parameters one obtains from fitting to Arrhenius equation.”” These parameters are, in
our minds, more physically meaningful than Arrhenius parameters, since the data are
described in the terms of the distribution of the DADs. This simple fitting model has been
recently used to explain the temperature-dependence of KIEs for various enzymatic
systems, including DHFR.” It is important to note that similar procedures for fitting
experimental data to Marcus-like models have been developed by others,*®**'** however
those models were more complex, system specific and required larger number of
parameters and thus fitted data with lower statistical confidence. The model used here for
comparison of various ecDHFRs assumes adiabatic hydrogen tunneling.”® In this model,

1° KIEs are presented by the following ratio of integrals:

k, [ v(m,.DAD )" dDAD, 0

=_L
KIE = k f’” E(DAD,)/kgT
u [, v(m,,DAD,)e dDAD,
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where the first factor in the integral represents the probability of tunneling as a function
of the DAD, and the mass of the particle (mr, and my represent the mass of the light and
heavy isotope respectively). The second integrated term represents a Boltzmann
distribution of DAD.. The whole expression is integrated over all possible DADs. For
more details please refer to ref °. For systems that exhibit either little or moderate
temperature dependence of the KIEs, the data are fitted to a model with a single DAD
population, where the DAD,,. and force constant of the corresponding harmonic DAD
potential are adjustable fitting parameters. For F31V, this type of distribution is suitable
to describe KIE data above 35 °C (Table 5.2). This simple distribution fails in the case of
the steep temperature dependence of KIEs, i.e. below 35 °C for F31V, as it was the case
for the [14G ecDHFR. Therefore, in the situation where donor and acceptor are not well
constrained at the TRS, a model with two distinct populations, describing a broader
DAD’s distribution, is implemented to fit the experimental data. For that model, the first
population is not isotopically sensitive since it is centered at some arbitrary short DAD
where the zero point energies for all the isotopes are above the barrier. Due to the short
distance, below van der Walls radius, that ensemble of conformations is of high energy
and quite small. A second, lower-energy population, centered at the longer DAD, (first
fitting parameter), is more stable and populated and where H-tunneling depends on the
mass of the isotope. These two populations are in thermal equilibrium (Boltzmann
distribution), and the difference in free energy between the two populations is the second
parameter of the regression, AG. This model provides a good fit to the KIE data below
the 35 °C. Table 5.2 summarizes all the fitting parameters for F31V mutant as well as for
active site mutants of 114 and the WT. The results of the single population above the 35
°C suggest that even though DAD,,. for the F31V mutant is just slightly larger than for
the WT, the force constant for the DAD potential is smaller suggesting a larger DAD
distribution at TRS. However, the mutation from the large phenylalanine to valine could

create a “steric hole” opening behind the dihydropterin ring of the H,F allowing for the



116

substrate to adopt different conformations. The large temperature dependence of the KIEs
below 35 °C suggest that at lower temperatures F31V is trapped in the conformational
space where most of the DAD, conformations are much longer that above 35 °C. The
fitting to the two-population model suggests that the average DAD; is significantly longer
for the F31V in comparison to WT. For temperatures below 35 °C, a comparison between
F31V and 114G reveals smaller AG and shorter average DAD, for F31V mutant, which is
in accordance with its smaller AE, (as reflected in its lower temperature dependence of
KIEs).

Similar biphasic behavior of the intrinsic KIEs has been previously reported for
several enzymatic systems, which also exhibited faster rate constants at higher

90201 1y contrast, for F31V we observed an estimated 4 fold reduction in

temperatures.
enzyme activity above 35 °C. It is quite possible that the rate of the hydride transfer
might be faster at 40 °C than at 35 °C, however temperature instability of the mutant
protein could result in smaller fraction of reactive enzyme. However, despite the
reduction in the total amount of the reactive enzyme that population appears to be well
oriented for H-tunneling. In order to test this hypothesis we measured the melting
temperature (T,,) using dynamic light scattering (DLS) technique.”'* The T, determined
for the enzyme-Folate binary complex was slightly lower for F31V than for the WT
(52.0+0.2 and 55.8+0.3, respectively). The Dynamics program was used for data fitting in
order to obtain temperature at the inflection point of the sigmoidal curve. These data are

in accordance with the hypothesis that the F31V mutation has destabilizing effect on the

enzyme, which may explain its behavior above 35 °C.
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5.3.2 Commitment on the second order rate constant,
Keat/Km
In most organic and enzymatic reactions, observed KIEs are smaller than their
respective intrinsic values, since chemical step (bond cleavage) is not rate-limiting. As a
consequence the chemical step is masked by other isotopically insensitive steps (i.e.
substrates binding, product release, conformation changes, protonation changes, etc.), a
term noted as kinetic complexity. This kinetic complexity for the KIEs obtained by
competitive method, can be described by the following equation'®”

KIE, +C, +C, *EIE

KIE , =
oy 1+C, +C,

(2)

where KIE; is the observed KIE, KIE;y is the intrinsic KIE, EIE is the
equilibrium isotope effect, and Cr and C; are the forward and reverse commitments,
respectively. Under the experimental conditions of the DHFR reaction in the KIE
experiment, C;=0 and EIE is close to unity so the equation 2 can be simplified to
following equation:

KIE,, +C,

KIE , = 1o C
S

3)

where Cr represent the sum of the ratios between the rate of the forward isotopically
sensitive hydride-transfer step and each of the rate constants of the preceding backward
isotopically insensitive steps.'” We calculated the C; values from all the possible
combinations between the intrinsic and observed KIE values, and present their averages
and standard deviations in the Figure 5.2B. Interestingly, in contrast to the WT, the
forward commitment for F31V exhibits similar trend to that of its intrinsic KIEs, which
explains why the observed KIEs presented the same breaking point but opposite
temperature dependence under 35 °C (Table 5.4). Below the 35 °C, forward commitments

follow a linear trend suggesting that in contrast to the WT, a single kinetic step might be
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responsible for much of the forward commitment. Since F31V mutation has a significant
effect on the binding of the H,F (Table 5.1), it is plausible to suggest that binding of H,F
(which binds after the labeled NADPH)® is contributing significantly to the forward

commitment under k../Kym conditions.

5.3.3 Structural effects of the F31V mutation.

In order to resolve the effect of the mutation on the protein structure we
determined the x-ray crystal structure of the F31V in a ternary complex with folate and
NADP', as was previously done for WT ecDHFR.* We chose that particular ternary
complex since it is considered to represent the Michaelis complex, as both compounds
mimic the substrate and cofactor, respectively. Another ternary complex of interest was
enzyme-MTX-NADP" complex. It was suggested on several different occasions that
although MTX, the tightest inhibitor of ecDHFR, does not resemble the transition state
itself, its binding geometry in the E:MTX:NADP" complex allows for the stabilization of
the sub van der Waals contacts between the hydride donor and acceptor, by allowing the
nicotinamide ring of the NADP" to further protrude in the active site towards the acceptor
carbon. '

Extensive crystallographic and NMR studies showed that WT ecDHFR displays
significant conformational flexibility in different stages of the kinetic cycle. One of the
most prominent components of this flexibility is loop movements (of M20, F-G and G-H
loops) and subdomain rotation. M20 loop is also referred to as the active site loop, since
it forms direct contact with the nicotinamide ring of the NADP". Extensive X-ray studies
on the WT ecDHFR showed that M20 loop assumes several different conformations in
the crystalline state, denoted as open, closed and occluded.” The closed and the occluded
conformations have been also observed in solution NMR experiments,'” which

suggested that M20 loop exists in the closed conformation prior to hydride transfer.
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However, transient population of the open conformational state may play a role in
catalytic cycle since: (i) the open conformation facilitates both substrate binding and
product release; and (ii) replacement of the part of the M20 loop (residues 16-19) with
glycine still yields an enzyme that exhibits some catalytic activity.'® The open M20 loop
conformation has been observed only in certain crystalline forms and it seems to be
stabilized by crystal lattice contacts, i.e. when ecDHFR:Fol:NADP" ternary complex
crystallizes in P2, space group M20 loop is always in the open conformational state.* Our
goal was to determine two ternary complexes’ structures within the same crystalline form
as for the WT. This way any possible structural changes could be attributed to the
mutation rather than to differences in crystal-packing forces. We also attempted to obtain
these ternary structures in what is considered a representation of the reactive complex
(where the M20 loop is in the closed conformation).

We were able to obtain and solve three x-ray crystal structures of F31V DHFR:
F31V:Fol:NADP", F31V:MTX:NADP", and F31V:NADP" binary complex. All
structures were solved using molecular replacement (MR) modeling with
ecDHFR:NADP":Fol as the MR model (PDB ID 1RX2). Table 5.3 summarizes all the
statistics pertaining the processing of the data and refinement. F31V:Fol:NADP" and
F31V:NADP" binary complex were solved in the P2, space group, while
F31V:MTX:NADP" ternary complex was obtained in the P2,2,2; space group. In all
three X-ray crystal structures M20 loop is in the open conformation. It has been shown
that regardless of the ligated state, when ecDHFR crystallized in P2, space group, M20
loop is always in the open conformation as this conformation seems to be stabilized by
the crystal lattice contacts. Therefore, F31V:Fol:NADP" has been compared to equivalent
WT crystal structure with same ligands (PDB ID 1RB2). Another characteristic of the P2,
crystalline form is that ecDHFR seems to always crystallize as two crystallographically
independent monomers in the asymmetric unit. For the WT* and series of 114 mutants,*"

we observed that in the molecule A both folate and NADP" are bound, and the
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nicotinamide-ribose moiety of NADP" is rotated into the active site. On the other hand, in
the molecule B, even though both substrate and cofactor are bound, the nicotinamide-
ribose moiety is rotated out of the binding pocket and in most cases disordered in the
solvent. These two positions of the nicotinamide ring could represent the two significant
ecDHFR populations in the solution, since it is has been shown that the NADPH
molecule initially binds through the 2’-phosphate-ADP moiety, before nicotinamide-
ribose moiety “flips” into the active site, which is associated with closing of the M20
loop.

Comparison between the F31V:Fol:NADP" complex and the WT shows that the
secondary structure of the F31V is the same as for the WT indicating that mutation bears
no effect on the overall structure of the mutant. In the molecule A of the F31V complex
both substrate and NADP" are bound, however nicotinamide ring is rotated out of the
active site. On the other hand, in the molecule B only NADP" is bound and lack of any
other unassigned electron density in the active site indicates that no folate is bound. Even
though folate was added in the excess of the enzyme, and left to equilibrate with enzyme
for long period of time, no folate bound in the molecule B is probably the result of an
increase in the K4 for folate by ~20 fold due to the mutation (Table 5.1). In the molecule
A, we noticed a slight rotation of the p-amino-benzoyl and pterin moieties since the size
of the residue 31 is significantly reduced and allows for such motion (Figure 5.3B).

We attempted to obtain F31V:Fol:NADP" complex in a different space group (i.e.
P2,2,2,) where M20 loop is in a closed conformation by varying temperature of the
crystal growth, pH of the mother liquid, type of salt and participate. We observed new
crystals under completely different experimental conditions and pH (analysis of the all
available ecDHFR crystal structures in PDB showed that P2,2,2; space group usually
occurs near physiological conditions). The pH of the mother liquid in which these
crystals appeared is 7.5 and the crystals contained only NADP" bound to the enzyme.

This binary complex crystallized in the P2, space group, again with two molecules per
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asymmetric unit. Due to lower folate solubility at lower pH together with poor binding
constant it is not fully unexpected that we observed no folate bound. In both molecules
the nicotinamide ring is rotated out into the solvent, as expected for the apo-enzyme
ecDHFR complex.’

Finally, we crystallized and solved the structure of F31V:MTX:NADP" complex
and compared it to the equivalent WT crystal structure (PDB ID 1RX3, and 1RB3). In
this space group (P2,2,2;), WT crystallizes as a single molecule per asymmetric unit
(PDB ID 1RX3), however, F31V crystallized with two molecules per asymmetric unit.
Significant electron density indicates that both MTX and NADP" are bound in both
molecules, M20 loop is in the open conformation and nicotinamide-adenosyl moiety of
NADP" occupies two populations in both molecules. It is both rotated in and out of the
binding pocket, as confirmed by the iterative composite OMIT maps (Figure 5.4). The
WT crystal structure used for comparison crystallized in different space group, with two
molecules per asymmetric unit, but with M20 loop also in the open conformation (B-
factor putty (PyMol) comparison shows no significant difference in the thermal flexibility
between structures; Figure 5.5. The small difference in binding of the MTX between the
mutant and the WT is presented in Figure 5.3D and Figure 5.6. MTX is well resolved in
the crystal structure (Figure 5.3C), and in comparison to MTX bound in the WT we see a
slight rotation of the pterin ring of MTX towards the residue 31 that is more obvious from
analysis of specific H-bonds between the pterin ring and the active-site residues that are
shorter in the mutant (Figure 5.6).

The lack of significant change in the orientation of the pterin ring of folate/MTX
between F31V and the WT, may suggest that the altered nature of H-transfer is mainly a
change in the dynamic behavior (i.e. DAD distribution) of the F31V mutant. In other
words, F31V mutation could affect the enzyme’s ability to form both the reactive
complex (as observed from the reduction in ky), as well as optimal TRS (as evident from

temperature dependence of the intrinsic KIEs).
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5.3.4 Molecular dynamic simulations

In order to obtain the molecular description of the active site caused by the
mutation of the residue F31, since we could not obtain the X-ray crystal structure in the
closed “reactive” conformation, we performed MD simulations at 25 °C (298 K) as
previously done for the WT and a series of 114 mutants.*> We started from the structure
of the WT ecDHFR (PDB ID 1RX?2), and performed mutation in silico. Moreover, we
performed ten independent 6 ns runs, differing only in the initial velocities, in order to
adequately sample the conformational landscape. The comparison of resulting
conformation is presented in Figure 5.7, where two parameters of interest are described,
DAD, and ®. The relative donor acceptor orientation was measured as the angle (®)
between the planes that fit the nicotinamide moiety of NADPH and the pterin ring of
H,F. The DAD.s’ and ®s’ distributions for F31V (Figure 5.7, 1D plots on y and x-axis)
were fitted as described in ref.** (Table 5.5). The correlation is presented as a 2-D plot in
Figure 5.7.

As evident from the Table 5.5, and Figure 5.7, the average DAD, is slightly larger
for the F31V mutant with wider distribution, however the relative orientation between the
nicotinamide and pterin rings deviate significantly from the values observed for WT-like
population (Table 5.5, population I). For this mutant we observe two distinct populations
for the @ angle, where both populations (VI and VII) deviate significantly from the
optimal 30 degrees observed for WT. What is more interesting is that both pterin ring and
the p-amino benzoyl group of H,F rotate towards the residue 31 (Figure 5.7), which is in
accord with the X-ray crystal structures discussed above. What was initially surprising is
that nicotinamide ring moves towards the pterin ring, probably due to strong van der
Waals interactions between two rings, which results in the same average DAD, that is
found in the WT ecDHFR, however with the slightly larger distribution. Even though
average DAD,s for F31V and the WT are similar, the angle ® is greatly affected and

deviates significantly from the optimal value found in the WT ecDHFR structure, as
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noticeable in the Figure 5.7. The average DAD, for both populations, VI and VII,
remains the same due to rotation of the nicotinamide ring towards the pterin ring. This
has not been observed for 114 mutants, where the mutations only affected the motion of
the nicotinamide ring with which residue 14 forms a direct contact. On the other hand, it
seems that the effects of F31V mutation are more comprehensive. Rotation of the pterin
ring of H,F away from the nicotinamide ring of NADPH affects the HOMO-LUMO
orbital overlap, a phenomenon that has been observed previously for the population II
(Chapter 3).*° This deviation of ® from the optimal value has a detrimental effect on the
DAD, at the TRS and the rate.'®® Consequently, we can asses that population VII
contributes little to reactivity. A more quantitative assessment of the reactivity of either
populations would require high-level QM/MM calculations, which are beyond the scope
of this work. In the Figure 5.7 we framed the probable reactive conformation with a
“black box”. This approach is similar to the near-attack-conformation presented
previously,”'® but is only presented as a simple visual tool to emphasize the decrease in
the F31V population that would have a favorable DAD, and ® angle.

Lastly, we have also monitored several hydrogen bonds formed between
pterin/nicotinamide rings and few active site residues. The one that showed significant
deviation from the values observed for the WT is the H-bond between the backbone of
Ala 7 and the amide of the nicotinamide ring. It seems that one of the bonds becomes
significantly shorter for the mutant locking nicotinamide ring in the unfavorable
orientation in comparison to pterin ring. Another interesting observation was the higher
atomic rmsd values for the residues belonging to M20 loop (residues 15-35) and residues
40-60 (Figure 5.8) of F31V mutant in comparison to WT.

The MD simulation provides molecular insight and therefore an assessment of the
effect of the mutation on the DAD, (average distance, distribution of populations, and
their dynamics) and provides insight on effects on DAD,. (donor-acceptor orbitals overlap

deducted from the angel ®). The MD simulation results obtain here support the
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interpretation of the kinetic findings via the Marcus-like model. Like the previous study

on the residue 14, it seems that the smaller side chain “relaxes” the active-site leading to

broadening of configurational sampling within the reactive ternary complex.

5.4 Conclusion

The current study extends our understanding of the structure-dynamics-activity
relations in enzyme-catalyzed reactions. Since active site residues are in the direct contact
with either the substrate or the cofactor, studies of the active site mutants aid in
rationalizing the relationship between the active site structure, motions, and the catalyzed
chemical reaction. Temperature dependence of the intrinsic KIEs has been used to assess
the extent of the specific mutation on the chemical step (bond formation/dissociation).

Here, we extended our initial study on active-site residue 1143141

to the opposite side of
the active site, applying similar tools. The break in the temperature dependence of the
intrinsic KIEs for F31V is associated with the reduced protein stability, providing
possible rational to the phase transition or change in mechanism observed at 35 C. Both
fitting of the KIE data to the Marcus-like model and MD simulation data suggest that
longer DADs with broader distributions contribute to the steep temperature dependence
of KIEs observed below 35 C for F31V. Moreover, MD simulation data as well as X-ray
crystal structures indicate that mutation worsens the protein’s ability to organize the
active site for efficient hydride transfer. Even though these structures and simulations are
representation of the ground-state structure, it seems that deviations in the position of the
substrate and the cofactor in F31V affect the ability of the heavy atoms to reorganize and
bring the system to an “optimal” TRS. Together these findings suggest that in the WT
ecDHFR residue F31 participates in the restrictive active-site motions that modulate the

DAD by “pushing” the donor and acceptor closer to each other. We hope that these

results will entice further investigations such as high-level QM/MM calculations and
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examination of the systems dynamics at millisecond to picosecond timescale motions

. . . . . . 125
using NMR relaxation experiments'*' and two-dimensional infrared spectroscopy.
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Figure 5.1 The active-site of ecDHFR emphasizing the role of F31 as a support of the
pterin ring of HyF. The nicotinamide ring is highlighted in light blue, and the
folate in magenta. Several other residues that form important hydrogen bonds
with either nicotinamide ring or pterin ring are highlighted.
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Figure 5.2 Temperature dependence of intrinsic KIEs and commitments. Panel A presents
Arrhenius plot of intrinsic H/T KIEs on the hydride transfer catalyzed by WT
ecDHFR (red),” series of 114 mutants,*” and F31V ecDHFR (grey). The KIEs
are presented as average values and standard deviations, and the lines are the
nonlinear fittings of all intrinsic-KIEs to the Arrhenius equation. Panel B
presents Arrhenius plot of the forward commitment (Cy) to catalysis on kea/Km
for WT and F31V DHFR. The figure presents the data as average values with
standard deviations.
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Figure 5.3 F31V mutant in comEarison to WT ecDHFR. A) Active site structure of
F31V-Folate-NADP" ternary complex illustrating the binding of the folate in
the relation to D27, 194, and T113. The folate is presented with electron
density 2F,-F. map contoured at 1.5 ¢ within 1.6 A of the ligand, and shown
in blue. For better visibility of the folate we omitted showing residue I5 that
also forms an important H-bond with pterin ring, and residue 31. B) Structural
comparison of the active site of F31V-Folate-NADP" (grey) and WT-Folate-
NADP" (pink; IRB2). Several active site residues are shown as sticks together
with both folate and NADP". Structures have been aligned in PyMol (residues
exhibiting low B-factors: 1-45, 90-100, 109-116; this alignment gave lowest
RMS value). Slight rotation of the p-amino-benzoyl moiety towards the
residue 31 is observed. C) Active site structure of F31V-MTX-NADP" ternary
complex illustrating the binding of the MTX and NADP" in the relation to
D27, 194, and T113. MTX and NADP" are presented with electron density
2F,-F. map contoured at 1.2 o within 1.6 A of the ligand with several active
site residues. NADP" is bound in a dual conformation. D) Structural
comparison of the active site of F31V-MTX-NADP" (grey) and WT-MTX-
NADP" (pink-1RB3; purple-1RX3). Several active site residues are shown as
sticks together with MTX and NADP". Structures have been aligned in PyMol
as described in panel B.
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Figure 5.4 2F,-F. OMIT Fourier map for the F31V-MTX-NADP" ternary complex
contoured at 1o within 1.6 A from the ligands for the molecule A (left) and
molecule B (right).

Figure 5.5 B-factor putty (PyMol) comparison between the molecule A of F31V-MTX-
NADP" (left panel), WT (PDB ID 1RX3; middle panel), and molecule A of
WT (PDB ID 1RB3; right panel).
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Figure 5.6 A 2D representatlon of the MTX bound in the active site of molecule A of
F31V-NADP" (left panel), and WT-NADP (PDB ID 1RB3; right panel)
generated from the LigPlot+ analysis.”'” Most interactions are preserved
between the mutant and the WT; the major difference is an increase in the two
H-bonds between MTX and residues 194 and 15 in F31V complex, due to
rotation of the pterin ring. Several H-bonds are conserved such as between the
pterin ring of MTX and residues Asp27, and glutamyl moiety and Arg57.
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Figure 5.7 MD studies of the relative orientation of the H-donor and acceptor. Correlation
plot between DAD, and the relative orientation of donor and acceptor (¢) for
WT (red) and F31V (black). Overlaid WT and F31V DAD, and ¢
distributions are shown on the y and x-axis respectively. Inset represents the
comparison of the average structures for the WT and F31V. For F31V mutant
we observe two distinct populations that both have slightly longer DAD, and
where pterin ring is twisted towards the residue 31 (for detail definition of
populations I-V and DAD, and ¢ please refer to Figure 3.4). The black box (¢-
value between 15°-45° and DAD, below 3.5 A) encapsulates the estimated
90% of the reactive conformers. That box is analogues to the “Near Attack
Conformation” concept,”'® and while it does not represent a meaningful
energetic or kinetic space of states, it illustrates the geometrical bottleneck
through which reactive conformation have to pass on their way to the TRS.
Larger population of ground states in that box indicates larger fraction of
reactive states.
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Figure 5.8 RMS fluctuation for all residues of wtDHFR, presented in black, and average
of ten 6 ns runs for F31V shown in red.
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Table 5.1 Reaction rates, binding constants and isotope effects on Arrhenius activation

parameters for several active site mutants of ecDHFR.

WT 114V 114A 114G F31V
IDHFR
Parameters
keat [$'] 123+0.7°| ND | 15+1.78 ND 26 +10¢
ki[s-1] 228 +8° 33.3 +3.17[ 5.7 £0.3" | 0.22 +0.04" 17.7 +0.1!
Kaor [uM]° | 0.21 ND 0.22 ND 6.6 +0.5
+0.03¢ +0.078
Kanapp [UM]°[0.38£0.041  ND | 1.4+0.15] ND 0.22 +0.02¢
AH/AT 7.0 £1.5° | 42 +0.4" [ 4.7 £0.5" [0.024+0.003] 6.42  0.165+0.012]
+1.28'
AEa(T-H), [-0.1+0.2°| 0.27 0.39 |3.310.07"| 0.08 [2.30+0.04'
[kcal/mol] +0.05" | +0.06" +0.10'

a. Pre-steady state rate constants of hydride transfer at 25°C and pH 7.0

b. Thermodynamic dissociation constants determined at 25°C and pH 7.0.

c. Ref. ©
d. Ref. *”7
e. Ref. ¥
f. Ref.
g. Ref. '*
h. Ref. '*!

1. This work.

ND = not determined
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Table 5.2 Experimental AE, (from Table 1) and regression parameters for WT ecDHFR
and the active site mutants studied to date.

Enzyme | AE, Fitting Parameters
(kcal/mol) Reference
1 Population 2 Populations
DAD, f DAD. AG
WT -0.1+02 |3.06 >250) 3.06 >2.5 73,83
114V 0.27 +0.05 | 3.08 200 3.06 2.3 73,85
114A 0.39 +0.06 | 3.09 190 3.07 2.4 73,85
114G 3.31 £0.07 | NA NA 3.31 3.8 73,85
F31V 0.08 +0.10 | 3.07 144 3.06 3.5
(>35°)
F31V 2.3040.04 | NA NA 3.23 2.61
(<35°)




Table 5.3 Data-collection and refinement statistics.

Identification

Feb 1 3

Sep 4 3 -#38

Sep 5 6-#37

Ternary complex

F31V:Folate:NADP"

F31V:NADP"

F31V:MTX:NADP"

Data collection

Source

ALS (LBNL) BeamLine 4.2.2

Temperature (K) 100 100 100
Wavelength (A) 0.976 1.000 1.000
Space group P2, P2, P2,2,2,
Unit cell parameters

a(A) 41.13 38.46 64.84

b (A) 74.13 59.126 64.86

c(A) 58.64 71.090 139.90

b (°) 98.76 102.563 90
Resolution range 32.35-2.07 37.54-1.55 32.64-2.20
(A)
No. total reflections 20969 84182 216110
Rinerge 0.039 (0.145) 0.056 (0.557) | 0.110 (0.648)
<U/s(1)> 18.6 (7.3) 13.4 (2.4) 8.7 (2.0)
Completeness (%) | 98.6 (99.6) 97.6 (95.4) 100 (100)
Multiplicity 3.6 (3.7) 3.7 (3.6) 7.02 (8.86)
Mosaicity (°) 0.401 0.25 0.90
Refinement
Ryork/Rree 18.67/25.07 19.56/22.71 23.05/25.50
No. atoms

Protein 2539 2598 2528

Ligand/ion 128 96 258

Water 256 278 14
B-factors

Protein 18.7 16.7 45.0

Ligand/ion 20.8 18.7 47.5

Water 22.1 24.3 33.1
R.m.s. deviations

Bond lengths (A) | 0.015 0.015 0.015
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Table 5.3 Continued

Bond angles (%) 1.547 2.011 1.888
Ramachandran plot, residues in

Most favored 97.78 99.69 94.90
regions (%)

Allowed regions | 2.22 0.31 5.10
(%)

Disallowed (%) | 0.00 0.00 0.00

Note: Values in parentheses are for the highest resolution shell
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Table 5.4 Observed KIEs and their standard deviations for F31V DHFR.

Temp. °C H/T KIE D/T KIE

45 4.985+0.042 1.706 £ 0.012
40 4.990 + 0.025 1.721 £0.019
35 5.008 £0.017 1.707 £ 0.007
25 4.306 £0.011 1.687 +0.009
15 3.657+0.023 1.650+0.010
5 3.011+0.019 1.599 +£0.010
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Table 5.5 DAD, distributions for the different conformations found along MD simulation
obtained from Gaussian analysis (see text).

DHFR Active site <DAD> o (A <F>¢ Fraction |R
conformation (A) (degrees)
wt I 3.58 0.16 29.0 1 0.9979
114V I 3.61 0.17 23.6 0.86
g 4.02 0.31 -10.8 0.14 0.9984
114A I 3.61 0.17 21.7 0.68
I 3.61 0.17 75.5 0.13 0.9980
1r° 4.18 0.49 -20.5 0.19
I 3.60 0.19 20.4 0.33
114G I 3.60 0.19 80.8 0.26 0.9943
1r° 5.27 0.82 -26.2 0.09
VP 6.05 0.67 372 0.22
\& 8.10 0.36 39.9 0.1
F31V VI 3.60 0.21 40.0 0.22 0.9975
VII? 3.60 0.21 70.3 0.78

a. Fitted to a split-Gaussian,
b. Fitted to a Gaussian.

c. For split-Gaussian ¢ is the average of both parts. ¢ is the standard deviation of
the DAD..

d. @ separately from the DAD..
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CHAPTER 6.
EVIDENCE THAT A ‘DYNAMIC KNOCKOUT’ IN ESCHERICHIA
COLI DIHYDROFOLATE REDUCTASE DOES AFFECT THE
CHEMICAL STEP OF CATALYSISVii

6.1 Introduction

One of the contemporary questions in enzymology is the link between protein
dynamics and function. Significant advancements have been achieved toward
characterizing protein motions across wide-ranging timescales from seconds to
femtoseconds and investigating their functional relevance. For instance, the importance
of protein motions on the milli- to microsecond timescale has been recognized to be
crucial to both substrate binding and product release, often contributing to the rate-
limiting step in the catalytic turnover. However, the precise role of the protein motions in
assisting chemical transformation has remained unclear and is still source of a heated
debate. Elucidating the role of the protein motions is crucial to understanding enzyme
mechanisms, as this knowledge will greatly assist in widening their applicability in
industrial and medicinal settings. Previous kinetic and computational studies on the
model enzyme in question, dihydrofolate reductase from Escherichia coli (ecDHFR),
suggest that protein fluctuations responsible for the reorganization of the heavy atoms in
the active site and the conformational sampling of the donor - acceptor distance (DAD)
are crucial to facilitating H-transfer,*'®58>13%-197.198218221 ywhile none of the

experimental data indicated involvement of non-statistical dynamicsViil in catalysis, and

Vil Thig chapter has been submitted to the journal of Nature Chemistry.

VI Non-statistical dynamics: molecular motions that are not in thermal equilibrium with
their environment. Their role in enzymology has been matter of on-going debate(Hay, S. &
Scrutton, N.S. Good vibrations in enzyme-catalyzed reactions. Nat. Chem. 4, 161-168 (2012);
Glowacki, D.R., Harvey, J.N. & Mulholland, A.J. Taking Ockham’s razor to enzyme dynamics
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none of the calculations (besides one exception**) required non-statistical dynamics,
researchers presented different opinions regarding the role of dynamics in catalyzing the
chemical step.

The effect of protein dynamics on the chemical coordinate of the reaction has
been indirectly investigated through the examination of the temperature dependence of
KIEs and by computational methods. The advantage of this experimental method is that
the temperature dependence of KIEs is highly sensitive to the changes in DAD, which
can modulate the degree of the wavefunction overlap between the donor and acceptor
states. As suggested by several phenomenological models, denoted here as Marcus-like
models (presented later in more detail), if the conformational fluctuations assist the
chemical transfer through modulation of the DAD and the wave-function overlap, then
that will manifest in an increase in the temperature dependence of the KIEs.”>****!* In
such analysis, however, extraction of the intrinsic KIEs is challenging, as the chemical
step in most enzymatic systems is not rate-limiting and is therefore masked by other,
isotopically insensitive steps when the reactive C-H bond is isotopically labeled. This
kinetic complexity masks the intrinsic KIEs and leads to the observed KIEs that are
smaller than their intrinsic value. In single-turnover experiments, as conducted in refs
193 " the kinetic complexity is commonly associated with conformational changes and
changes in protonation that occur prior to the formation of the reactive ternary complex.

One of the most widely used enzymatic models for the structure/function/dynamic
relationship is ecDHFR. EcDHFR is a small, flexible protein that catalyzes the reduction
of 7,8-dihydrofolate (H,F) to 5,6,7,8-tetrahydrofolate (H4F), with the stereospecific

transfer of a pro-R hydride from the C4 position of the reduced nicotinamide adenine

dinucleotide phosphate (NADPH) to the C6 of the dihydropterin ring of H,F, which is

and catalysis. Nature Chem. 141, 169-176 (2012); Editorial. Of polemics and progress. Nature
Chem. 4, 141 (2012))
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already protonated at its N5 position prior to hydride transfer occurring (Figure
6.1).71%>*3 EcDHFR has an o/ structure consisting of a central eight-stranded p sheet
and four a-helices connected with several loop regions. One of the loops is a flexible
active-site loop, the M20 loop (residues 9-24), which undergoes large conformational

+224 Extensive X-ray

changes between the Michaelis complex and the product complex.
studies showed that the M20 loop can adopt four characteristic conformations and its
movement is coordinated with different stages of the catalytic cycle.* In the solution it
exists in two dominant conformations: closed, where the loop packs closely against the
nicotinamide ring, and the occluded, where the loop protrudes into the active site,
sterically blocking the nicotinamide binding pocket.” Alignment of human DHFR and
ecDHFR sequences suggested that the occluded conformation in the human DHFR is
destabilized due to a biproline sequence at the end of the M20 loop, leading to an
increase in the rigidity of the loop in comparison to the one in ecDHFR.'

In 2011, Bhaba et al’ studied the possible correlation between millisecond M20-
loop motions (examined via NMR relaxation experiments) and the apparent hydride-
transfer rate (examined via single-turnover measurement) using three mutants of
ecDHFR: N23PP, S148A and N23PP-S148A. The double mutant N23PP-S148A,,1X and
N23PP (S148A mutation seems to have little or no effect) were named “dynamic
knockout” mutants, as their respective flexible M20 loops rigidified, resembling the
rigidity of the M20 loop in human DHFR. NMR results suggested that millisecond-

timescale fluctuations in the active site of WT ecDHFR are equally abrogated in the

IX Bhaba et al.(Bhabha, G. et al. A dynamic knockout reveals that conformational
fluctuations influence the chemical step of enzyme catalysis. Science 332, 234-238 (2011))
showed that addition of the bi-proline sequence in N23PP and N23PP-S148 A mutants is
responsible for the suppression of the mili- to microsecond timescale motions of the M20 loop in
the Michaelis complex having also a significant effect on khyd measured by FRET-stopped-flow.
On the other hand, while S148 A mutation affects the mili- to microsecond timescale motions of
M20 loop, it has no significant effect on khyd. Therefore, the kinetic study here is performed on
the N23PP ecDHFR instead on the double mutant.
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N23PP as in the double mutant, while the x-ray structure of the relevant ternary complex
of the double mutant suggested that mutation barred no effect on the structure of the
active site. Moreover, the addition of the bi-proline sequence significantly reduced the
single-turnover rate (knyq) relative to the WT. Although the observed H/D KIEs at 25 °C
were the same as for the WT, the authors suggested that the altered millisecond-timescale
motions modified the chemical step (as evident from reduced apparent kuyq) and thus
might be directly coupled to the H-transfer. This dramatic conclusion was followed by
theoretical** and experimental'”* studies that challenged this interpretation. Importantly,
EVB calculations®* implied that the depressed catalytic effects in the mutants are due to
changes in reorganization energy. It is vital to note that while motions along the slow
conformational coordinate, which were examined by the NMR relaxation experiments,
have a substantial effect on the rate of the turnover and the rate constant for the apparent
hydride transfer, they might not be coupled to the much faster chemical step (dissociation

219

of the C-H bond at femto- picosecond time scale” ). Experimental studies of the

temperature dependence of KIEs in a variety of enzymatic systems® " »'>>!7022% indirectly
indicate the existence of the fast motions, proposed to occur at the femto- to picosecond
timescale, and their possible coupling to the reaction coordinate. Therefore, Allemann
and coworkers, '° using the same experimental method as ref ' for examining the rate of
H-transfer and its KIEs, assessed the temperature dependence of KIEs for the N23PP-
S148A ecDHFR. Their observed single-turnover KIEs were the same as for the WT
ecDHFR throughout the temperature range, and the authors concluded that there is no
detectable dynamic coupling of protein motions to the hydride transfer.'*?

In the current paper, we report the temperature dependence of the intrinsic KIEs
and hence allow for new assessment of the effect of the N23PP mutation on the chemical
step in ecDHFR. Our findings indicate that the temperature dependence of the kinetic

1,193

complexity in the stopped-flow measurements >~ masked the differences between the

WT and mutant, as the intrinsic KIEs and their temperature dependence are actually quite
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different (vide infra). These findings invert the conclusions of ref '*?

, and indirectly imply
that motions faster than the millisecond motions examined by NMR' are also altered and

affect the chemical step in question (C-H—C).

6.2 Materials and methods

Chemicals. [Ad-"*C]-NAD" (specific radioactivity of >220mCi/mmol) was
purchased from Perkin Elmer. H,F was prepared by dithionate reduction of folic acid as
described previously.'®” Glucose dehydrogenase from Bacillus megaterium (bmGluDH)
was purchased from Affymetrix/USB. All other materials were purchased from Sigma.
(R)-[4-’H]-NADPH was synthesized through a 3-step synthesis as described before. '
[Ad-"*C]-NADPH was prepared from [Ad-'*C]-NAD" using NAD" kinase from chicken
liver, followed by reduction with glucose using bmGluDH.” (R)-[Ad-'*C,4-’H]-NADPH
was synthesized through the reduction of [Ad-'*C]-NADP" with deuterated glucose and
bmGluDH.'** All synthesized materials were purified and stored as described
previously.'” N23PP ecDHFR was expressed and purified as described before.'

Kinetic isotope effect measurements. KIEs with N23PP ecDHFR were measured

84,85,104
27 In short, we

as described before for the WT and numerous DHFR mutants.
combined (R)-[4-’H]-NADPH and [Ad-'*C]-NADPH, and, (R)-[4-"H]-NADPH and (R)-
[Ad-'*C,4-"H]-NADPH in the 5:1 radioactivity ratio in order to measure H/T and D/T
1°KIEs, respectively. Each mixture was co-purified on an analytical reverse-phase HPLC
column, divided into aliquots containing 300,000 dpm of '*C, and frozen in liquid
nitrogen for short-term storage at -80 “C. All experiments were performed in MTEN
buffer (50 mM MES, 25 mM Tris, 25 mM EtOH-NH,; and 100 mM NaCl) at pH=9.0 over
the 5-45 °C temperature range. All reaction mixtures contained around 200-fold excess of

H,F (0.85 mM) over NADPH (4 uM). The reactions were quenched by adding an excess

of methotrexate (Kq=1 nM), and samples were stored on dry ice prior to HPLC
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analysis.**'** Before the HPLC-LSC analysis, samples were thawed and bubbled with
oxygen to ensure complete oxidation of the product H4F. The samples were then
separated by reverse-phase HPLC using a method described elsewhere.'” The observed
KIEs were calculated using the following equation™:

__ -/

In[l- f#(R,/R,)] 3)

where the ratio of '*C in the product and reactant determined the fractional conversion (f),

and R, and R., are the ratio of *H/'*C at each time point and at infinite time, respectively.

Determination of the intrinsic KIEs. The intrinsic KIEs were calculated as

84,85,104

described in details elsewhere, using a numerical solution of the Northrop equation

modified for tritium as the reference isotope’*'*

"V/IK)y,, =1 (k, k)" -1
"(VIK),, —1 (ky k)™ =1

4)
where "(V/K)tobs and "(V/K)pobs are the observed H/T and D/T KIEs, respectively, and

ku/kr represents the intrinsic H/T KIE. The intrinsic KIEs were calculated numerically

from all possible combinations of observed H/T and D/T values. The isotope effects on
the activation parameters for the intrinsic KIEs were calculated by a nonlinear fit of all
intrinsic values to the Arrhenius/Eyring equation for KIEs:

k,lk, =414, - )

where & and k;, are the rates for light and heavy isotopes, respectively, Ai/Ay is the
isotope effect on the Arrhenius pre-exponential factor, AE, 1 is the difference in energy
of activation between the two isotopes, R is the gas constant and T is the absolute

temperature.
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6.3 Results and Discussion

6.3.1 Temperature dependence of the KIEs
Pre-steady-state kinetic measurements (under single-turnover conditions)
indicated that both dynamically altered mutations (N23PP and N23PP/S148A) reduced
single-turnover rate to the same extent (~15 fold), ' while the observed H/D KIEs and
their temperature dependence for the double mutant coincided with the values obtained
for WT ecDHFR (Table 1 in ref '**). However, under single-turnover conditions the
chemistry in ecDHFR is not rate-limiting,”** resulting in smaller observed KIEs. More

L193 the rate measured

specifically, under the pre-steady-state conditions used in refs,
includes at least three kinetic steps: the isotopically insensitive flip of the nicotinamide
ring in and out of the active site, the closing of the M20 loop, the protonation of H,F, and
the hydride transfer itself.®*** This raised concern that both studies of N23PP DHFR

1,193
mutants

might have captured not only the effects on the chemical step (C-H—C
transfer) but also a more complex process that involves the preparation of the system
prior to the tunneling-ready state (TRS; see below) at which chemistry (H-transfer)
occurs.

The current work measures H/T and D/T KIEs on the second-order rate constant
(keat/ Kyt o1 V/K) under competitive conditions. The combination of these two observed

KIEs affords assessment of their intrinsic values as described before.!*

In short, we
measured competitive H/T and D/T KIEs with WT*’ and N23PP ecDHFR under the same
conditions using mixtures of [4R-’H]-NADPH with [Ad-'"*C]-NADPH and mixtures of
[Ad-"*C, 4R-’H]-NADPH and [4R-’H]-NADPH for H/T and D/T KIE measurements,
respectively. Intrinsic KIEs were extracted from the observed values using the modified
Northrop equation.'** and were fitted to the Arrhenius equation (Figure 6.2; also see

84,104
d.™

Table 6.1 and Table 6.2) as previously describe Table 1 compares the isotope

effects on the Arrhenius activation parameters for the WT and N23PP ecDHFRs. Using
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the same logic as Loweridge ef al in a recently published paper in this journal,'*?

we see
that the addition of the biproline at the end of the M20 loop results in the alteration of the
nature of the hydride-transfer step as indicated by larger and more temperature-dependent
intrinsic KIEs (see Figure 6.2 and Table 6.3). These findings reveal that other isotopically
insensitive steps, besides the chemical step, affect the KIE data presented in refs ' and '*°;
however, this does not mean that the millisecond dynamics measured in ref ' are coupled
to the chemistry. As indicated in refs *** and *'°, it is more likely that dynamics on the
faster timescale are also altered by mutation and affect the H-transfer step.

f 1> and most other studies of the temperature dependence

In accordance with re
of KIEs, the KIE data serve as an indicator of the nature of the H-transfer. The Marcus-
like model (also addressed as environmentally coupled tunneling, rate-promoting

39,58,62,72,74,116,1 18,120,127,174) is often used

vibrations, vibrationally enhanced tunneling, etc.
to correlate the KIE data with protein dynamics for enzyme-catalyzed H-transfer
reactions. According to this model, after the formation of the reactive complex (a process
sometimes referred to as pre-organization), heavy-atom motions are necessary to bring
the system to a point where donor and acceptor wells are degenerate and hydrogen

39,58,62,72,74,116,118,127,174

tunneling is plausible (i.e. tunneling ready state, TRS). Based on the

86463 it appears that “promoting modes”

theoretical studies of various enzymatic systems,
of the enzyme affect the search through the conformational space to efficiently find those
modes that decrease both barrier height and width, and as a result, increase the
probability of reaching an “optimal” TRS. Furthermore, QM/MM calculations on
ecDHFR have suggested that temperature dependence/independence of the intrinsic KIEs
mainly reflects the temperature dependence of DAD.**"” Therefore, according to
Marcus-like models, the findings in ref '** would have suggested no effect of the N23PP
mutation on the chemistry. On the other hand, the new observation of larger and

temperature-dependent KIEs for the mutant in comparison to temperature-independent

KIEs for the WT ecDHFR indicates a longer average DAD with broader fluctuations for
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the mutant. Similar effects of mutations on the intrinsic KIEs have been analyzed by
QM/MM calculations,"” which indicated that the mutations perturbed the orientation and
relative dynamics of the DAD. These altered fluctuations probably occur at a faster
timescales (fs-ns) than the ones examined in ref ' (on the ms timescale), suggesting that
the N23PP mutation probably alters a broad range of dynamics, from ms to fs timescales.

Overall, the x-ray crystal structure obtained for N23PP/S148A was very similar to
the WT ecDHFR structure (for the same ternary complex). One of the only differences
was a decrease in the average distance between the donor and acceptor carbons from the
3.31t02.9 A (note that the DAD used in the Marcus-like models is not that of the carbons
but rather from H-reactant state to H-product state). Some studies deemed this change
insignificant;' however, it could be quite significant if relevant to the reactive
conformation.**” It is important to note that crystal structures are representations of the
ground-state structures, and DAD at the TRS might differ significantly from the
population most likely to crystallize. While the ground state in the crystal structures'
indicated shorter distance for the mutant, its average DAD and its distribution at the TRS
are probably longer, as the difference in the temperature dependence of the KIEs

suggests.

6.3.2 Kinetic complexity.

The main goal of this paper is the same as that of refs ""'*: to examine possible
dynamic coupling of protein motions to the hydride transfer step in ecDHFR. However,
examinations of observed and intrinsic KIEs ultimately led to opposing conclusions.
Therefore, it is important to comprehend the difference in nature of the KIE experiment

1,193

performed here and done formerly * ™ in order to understand why no significant

differences in KIEs between WT and N23PP mutants of ecDHFR were previously
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observed. The explanation lies in the kinetic complexity still masking the intrinsic KIEs
when measuring pre-steady state rates.

In most enzymatic and organic reactions, observed KIEs on bond cleavage are
generally smaller than their intrinsic values, due to kinetic complexity (i.e. substrates
binding, product release, conformation changes, protonation changes, etc.) that masks the
intrinsic KIE values. The following equation presents this kinetic complexity:

KIE, +C, +C, *EIE

1
C,+C +1 )

KIEobs =

where KIE is the observed KIE, KIE;y is the intrinsic KIE, EIE is the equilibrium
isotope effect, and Cr and C, are the forward and reverse commitments to catalysis,
respectively. For the hydride transfer reaction catalyzed by ecDHFR, the C=0 and the
EIE is close to unity because the reaction is very exothermic and the H-isotope is bound
to sp> carbon in both reactant and product states. Therefore, we can simplify equation (1)
to equation (2):

KIE, +C

KIE , = Lo C

)

where the commitment C is the sum of the ratios between the rate of the forward
isotopically sensitive hydride-transfer step and each of the rates of the preceding
backward isotopically insensitive steps.'” Consequently, we can calculate C from the
observed and intrinsic KIEs at each temperature. Figure 6.3 presents the commitment
plotted on a logarithmic scale against the inverse absolute temperature. The C on either
V/K or single-turnover KIEs was calculated from their respective observed values and the
intrinsic values (obtained here) using equation (2).

The observed KIE on V/K involves microscopic rate constants for all the kinetic
steps from binding of the labeled substrate (NADPH) to the first irreversible step. The
observed KIEs measured under single-turnover conditions include steps from the binding

of HyF to the enzyme-NADPH complex to the hydride-transfer step (i.e. the flip of the
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nicotinamide ring in and out of the active site, the closing of the M20 loop, the
protonation of H,F, and the hydride transfer itself). Therefore, the C for V/K
measurements is always larger than that for single-turnover measurements under the
same conditions. As reported before,’ the chemical step is less rate-limiting at pH 7, thus
C is always larger at the pH 7 than at pH 9 (note in Figure 6.3A). We observe similar
correlations for the N23PP mutant (Figure 6.3B). Another indication that the KIEs
measured by single turnover are not commitment-free is the significant pH dependence of
both observed KIEs as well as their commitments (Figure 6.3 in ref '* and Figure 6.3A).
Allemann and co-workers'” calculated”” and demonstrated experimentally for WT
ecDHFR that the protonation of N5 position on H,F precedes the hydride transfer.
Consequently, protonation constitutes one of the microscopic rate constants that are
included in the pH-dependent C for the single-turnover measurement.

Interestingly, comparison of the C determined for the WT and the mutant, under
the same experimental conditions, provides us with some information regarding the effect
of the mutation on the function. Unlike for WT ecDHFR, where C has two phases at high
and low temperatures, we observe a linear trend (see the blue data in Figure 6.3A vs.6.
3B) in the case of N23PP, which could indicate a single step as responsible for most of
the commitment. Since the addition of the biproline sequence at the end of the M20 loop
restricts the motion of that loop,' the opening of the M20 loop and flipping-out of the
nicotinamide ring of NADPH from the active site are now possibly slower at the lower
temperature (a consequence of the higher £, for these ms conformational fluctuations),
contributing significantly to this commitment. Also, C under either V/K or single-
turnover conditions is always larger for the mutant, as evidenced by Figure 6.3. This
supports the idea that altered dynamics on a slower timescale affect the pre- and
reorganization processes, which occur prior to the catalyzed chemical transformation (C-
H—C), for both sets of microscopic rate constants (i.e., those involved with /K and the

smaller set involved in single-turnover measurement).
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Most importantly, the difference in the temperature dependences of the C for the
single-turnover measurements for the WT vs. the mutant explains the similarity in the
observed KIEs for these enzymes as reported in ref '*>. The C values for the mutant are
larger across the temperature range and are more temperature dependent than for the WT.
Similar correlation in the temperature dependence of the intrinsic KIEs between the
mutant and the WT is observed (Figure 6.2) leading to compensation of the mutation

effect on C and on the intrinsic KIE.

6.4 Conclusions

Here we have shown that in contrast to previous reports in Science and this
journal,"'*? restriction in the flexibility of the M20 loop in the N23PP ecDHFR led in fact
to a change in the nature of the hydride-transfer step, as indicated by the change in the
temperature dependence of the intrinsic KIEs. Moreover, the new findings indicate that
the mutation altered a broad range of motions (from ms to fs timescales). These include
ms-p1s motions examined in ref ', which impaired the ability of the enzyme to achieve
optimal TRS, resulting in larger kinetic complexity. Additionally, alteration of much
faster dynamics affected the isotopically sensitive chemical step (C-H—C), resulting in
temperature-dependent intrinsic KIEs. To gain more insight into which motions
contribute to chemistry of ecDHFR, attempts to probe femto-picosecond dynamics of the
wild type and mutant are underway using vibrational spectroscopy (e.g., 2D-IR'>).
Lastly, the dynamic-knockout mutant was created in order to resemble the dynamic of the

M20 loop in human DHFR. It would be of interest to undergo similar analysis presented

here in order to probe the nature of the hydride transfer in human DHFR.
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Figure 6.1 The reaction catalyzed by DHFR. R = adenine dinucleotide 2’ phosphate and
R’ = (p-aminobenzoyl) glutamate. It was shown previously that the
protonation of the N5 position occurs prior to hydride transfer.”*'****
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Figure 6.2 Arrhenius plot of intrinsic H/T KIEs on the hydride transfer catalyzed by WT
ecDHFR (red)® and N23PP DHFR (blue). The figure shows the KIEs as
average values and standard deviations, and the lines are the nonlinear fittings
of all calculated intrinsic KIEs to the Arrhenius equation.
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Figure 6.3 Comparison of the Arrhenius plot of C. a) C for WT ecDHFR determined for
the observed V7K KIEs at pH 9 (blue circles),*’ and observed KIEs obtained
under si 9%le turnover conditions at pH 7 (red circles) and at pH 9 (purple
circles).'” b) C for N23PP determined for the observed V7K KIEs at pH 9
(blue squares), and observed KIEs obtained under s1ngle turnover conditions
at pH 7 (red squares) and at pH 9 (purple squares).'”> The figure presents the
data as average values with standard deviations. The lines are an interpolation
of the data and do not represent any fitting.



Table 6.1 Observed KIEs and their standard deviations for N23PP DHFR.

Temp. °C H/T KIE D/T KIE

45 4.402 +£0.048 1.694 + 0.007
35 3.995 +0.046 1.668 £ 0.016
25 2.984 +£0.031 1.554 +£0.012
15 2.181 £0.012 1.420 £ 0.005
5 1.765 +£0.019 1.312+0.008

Table 6.2 Intrinsic KIEs and their standard deviations for N23PP DHFR.

Temp. °C H/T KIE H/D KIE D/T KIE

45 8.025 £0.266 4.302 £0.099 1.865+0.019
35 8.360 +0.602 4.427 +£0.223 1.888 +0.041
25 8.479 +0.608 4.471 £0.223 1.896 + 0.041
15 9.313 +£0.426 4.775 £0.152 1.950 +0.027
5 9.571 £0.880 4.867 £ 0.337 1.966 + 0.058

Note: These values are calculated from the observed H/T and D/T KIE data using
Northrop’s method as described in the Materials and methods. The errors indicate the 95%

confidence level.
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Table 6.3 Comparative kinetic parameters of the WT and N23PP ecDHFRs.

Parameters WT N23PP
Keat [s7'] 12° 25+1°
ku [s] 220+ 10° 142+1°
An/Ar 7.0+ 1.5° 2.31+0.16°

AE,1-u, [keal/mol] -0.1+0.2° 0.78 + 0.04¢

Note: The two rates k., and ky are the observed values determined at pH 7 and 25 °C. The

two isotopic activation parameters Ay/Ar and AE, r.g are obtained from the fitting of the intrinsic
KIEs to the Arrhenius equation.

 Ref. ©.
b Ref. ¥,
°Ref. L.

4 This work.
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CHAPTER 7.
SUMMARY, IMPACT AND FUTURE DIRECTIONS

The central motivation for the research in this thesis is to better understand the
role of dynamics and the extent of hydrogen tunneling in enzymatic system.
Contemporary theories such as Marcus-like models propose that enzymes with
temperature independent KIEs (i.e., most wild type enzymes, like WT ecDHFR), have
optimally organized active-site structure. Perturbations—such as deviations from the
physiological temperature/pressure or certain mutations—can lead to temperature
dependent KIEs. According to Marcus-like models, temperature dependence of KIEs
mostly reflects the deviation of the donor-acceptor distance (DAD) from the optimal
value, which is modulated by certain motions in the active site. To further investigate this
hypothesis we studied the physical features of a C-H—C transfer by vigorously
perturbing the DAD. Experiments completed and discussed in Chapters 3 and 5 were
designed to alter the DAD and its dynamics via systematic reduction in the size of the
two hydrophobic active site residues. The major goal of the study was to examine some
basic assumptions in physical chemistry and enzymology and provide a benchmark for
the C-H—C transfer reactions, not just enzymatic reactions, but also give some
implications for solution reactions in general. The role of the dynamics in the enzymatic
reaction was examined indirectly via temperature dependence of KIEs, and not by
actually characterizing the active site fluctuations (i.e., spectroscopically or otherwise)
that might be on the same timescale as the reaction and therefore relevant to the
chemistry.

Prior to conducting the KIEs, it was necessary to obtain pure isotopically labeled
reagents. As those are not commercially available we had to develop appropriate

synthetic methodologies. Certain synthetic and analytical procedures were already
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available, however, due to the commercial unavailability of the required starting material
we developed new, faster and cheaper synthetic methods for the isotopically labeled
nicotinamides (Chapter 2). These compounds can be used for kinetic and KIE
measurements of all nicotinamide cofactor dependent enzymes and are of great general
importance in the field of mechanistic enzymology.

Subsequently, the KIE experiments were measured under competitive conditions
as it was previously done for WT ecDHFR and other distal mutants. Initial work focused
on examining the nature of the hydride transfer in the WT ecDHFR—one of the first
enzymes in which it was shown that the hydride transfer occurs through quantum
mechanical tunneling. This work was followed by the study on distal mutants which
tackled the question of the existence of the global network of residues in ecDHFR whose
motions collectively contribute to the hydride transfer reaction in the active site.
Mutations of those residues led to temperature dependent KIEs which in the view of
Marcus-like models suggested deviation of the average DAD from the optimal value and
alteration of its dynamics. In order to further test that hypothesis we completed
experiments where the DAD and its dynamics were altered in a more controlled manner,
by reducing the size of the two hydrophobic residues, [14 and F31, which are situated
behind the cofactor and substrate respectively. Since both residues are hydrophobic and
were systematically reduced to smaller hydrophobic amino acids, this experimental
design allowed for a controlled change with minimal alteration of the active-site
electrostatics, enabling us to establish a correlation between the size of the residue and
observed kinetics. Such a controlled structure-function-dynamics study is an extremely
difficult task to achieve. Molecular dynamic (MD) simulations were performed on these
mutants in order to provide detailed microscopic description of the active site structural
changes upon mutation. Since MD simulations suggested that distribution of the DADs at
the ground state changes for different mutants, we decided to obtain the X-ray crystal

structures of the proposed Michaelis complex for each of the mutants as presented in
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Chapter 4. The initial goal was to determine crystal structures for all mutants in the
ternary complex with NADP" and folate within single crystal packing so that distortions
due to crystal-packing effects remained constant for the series of structures. Yet, that
proved to be quite challenging and currently unattainable for [14A and 114V mutants
(whose crystal structures were obtained in the “inactive” form of the ternary Michaelis
complex). However, it was attainable for the “most extreme” mutant, 114G, whose X-ray
crystal structure indicated that the mutation led to a significant disorder of one of the
crucial flexible loops as well as of the nicotinamide ring of the NADP". Efforts are
currently underway to improve both the quality of the crystals as well as to obtain
crystals of different crystal morphologies. The long-term goal is to collect X-ray
diffraction data on high-quality crystals (<1.3A) at 100 and 273 K in order to determine
the temperature dependence of the anisotropic B-factors for each of the mutants.

The last project focused on N23PP mutant, which was coined in the field as a
dynamic knockout mutant since certain mili-microsecond timescale motions in the active
site were abrogated due to mutation. This enzyme was examined by measuring the
temperature dependence of KIEs in order to determine if the mutation affects also the
nature of the hydride transfer. By showing that N23PP mutant exhibits temperature
dependent KIEs unlike WT ecDHFR, we were able to abate the controversy in the field
regarding the effect of this mutation on the chemical step (breaking and forming of the
chemical bond). According to the Marcus-like model, these results indirectly suggest that
mutation affects the dynamics occurring on the same timescale as the chemical step,
similarly as it was observed for the series of 114 mutants, but to a different extent.

Several independent studies examined the nature of the H-transfers in the
enzymatic systems and implemented Marcus-like models to rationalize the experimental
results, however the enzyme motions that were suggested to be coupled to H-transfer
were not measured. Future studies therefore will focus on measurements of relevant

dynamics to identify whether the dynamics predicted by the Marcus-like models, or MD
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and QM/MM/MD simulations correlate with kinetic findings. A broad timescale (femto —
millisecond) of dynamics will be examined for all the mutants using both vibrational and
NMR spectroscopies, as well as QM/MM calculations. More specifically, fast dynamics
at the active site will be measured by two-dimensional infrared spectroscopy (2D-IR), as
it was previously done for the formate dehydrogenase.'>> As these experiments require
development of necessary IR probes, current efforts are focused in that direction, with
two IR probes under testing.

On the other hand, NMR relaxation experiments will be implemented to obtain
detailed site-specific information about protein dynamics at timescales ranging from
nanoseconds to milliseconds (ns-ms), through examination of relaxation parameters such
as the general order parameter (%), effective correlation time for internal motion (),
contribution to spin-spin relaxation through '°N exchange broadening (Rex), and other
methods which have been previously applied to ecDHFR. In addition to the more
common a-"C and '°N-amide labeling NMR relaxation studies will also use labeled side
chains, which could be even more relevant in elucidating dynamic effects that are
coupled to the chemical step. Different NMR studies will focus on DAD using NOEs
between ligands and spin relaxation of sites within the ligands. Such studies will yield
information regarding the average DAD and ns-ms dynamics of the donor and acceptor
environment. The MD studies of DHFR (Chapter 3), suggest that the differences in
average DADs for I, A, and G in position 14 should be well within NOE detection and
resolution limits. Lastly, we will also extend our efforts to other active site residues, such
as 194, that is in contact with pterin ring of H,F and was recently suggested to also
contribute in keeping the donor and acceptor in close proximity.'” Initially the I94A
mutant will be examined followed by the double mutant 114A/I94A using the same
methodologies. We believe that the dynamic picture that will emerge from these

combined computational, kinetic and spectroscopic experiments will indicate which
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dynamics correlate to effects on the hydride transfer and, ultimately, will yield a more

comprehensive picture of enzyme reactivity.
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