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Metalloproteins Molecular Mechanisms
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Israel

1. Introduction

1.1 Metalloproteins as mediators of life processes

Revealing detailed molecular mechanisms associated with metalloproteins is highly desired
for the advancement of both basic and clinical research. Metalloproteins represent one of the
most diverse classes of proteins, containing intrinsic metal ions which provide catalytic,
regulatory, or structural roles critical to protein function. The metal ion is usually
coordinated by nitrogen, oxygen, or sulfur atoms belonging to amino acids in a polypeptide
chain and/or in a macrocyclic ligand incorporated into the protein. The presence of a metal
ion rich in electrons allows metalloproteins to perform functions such as redox reactions,
phosphorylation, electron transfer, and acid-base catalytic reactions that cannot easily be
performed by the limited set of functional groups found in amino acids. Approximately one-
third of all proteins possess a bound metal!, and almost half of all enzymes require the
presence of a metal atom to function2. The most abundant metal ions in vivo are Mg and Zn,
while Fe, Ca, Co, Mn, and Ni are also frequently observed. Metalloproteins play important
roles in key biological processes such as photosynthesis, signaling, metabolism,
proliferation, and immune response 3. For instance, the principal oxygen carrier protein in
human, hemoglobin, uses iron (II) ions coordinated to porphyrin rings to bind the dioxygen
molecules; calmodulin is a calcium-binding protein mediating a large variety of signal
transduction processes in response to calcium binding; cytochromes mediate electron
transport and facilitate a variety of redox reactions using iron, which interconverts between
Fe2* (reduced) and Fe®* (oxidized) states; and many proteolytic enzymes contain zinc ions in
their active sites that is highly crucial for peptide bond hydrolysis reaction.

1.2 Metalloenzymes architecture and function

Among metalloproteins there are many families of enzymes that utilize metal ions for
catalytic activity (Figure 1). The metal ion is usually located at the active site of the enzyme,
creating a highly reactive microenvironment, which is often hard to mimic by in-vitro
synthesis. Zinc, for instance, was found to be an integral component of more than 300
biological catalysts, and it is functionally essential for enzymes belonging to the main
biochemical categories: oxireductase, transferase, hydrolases, lyases, isomerases and ligases*.
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Fig. 1. Metalloenzymes play key roles in biology. A) Crystal structure of alcohol
dehydrogenase (ADH) from Thermoanaerobacter brockii (PDB ID: 1YKF)!. ADH catalyzes the
reversible oxidation of secondary alcohols to their corresponding ketones using NADP+*. The
catalytic zinc ion is tetrahedrally coordinated by cysteine, histidine, aspartate, and
glutamate residues. B) Crystal structure of nitrite reductase from alcaligenes xylosoxidans
(PDB ID: 10E1)2. Nitrite reductase is a key enzyme in denitrification catalyzing the
reduction of nitrite (NO»") to nitric oxide (NO). Two copper centers are involved in the
electron transfer. C) Crystal structure of TNFa-converting enzyme (TACE) (PDB ID: 2010)13.
TACE is the main shedding catalysis in the release of tumor necrosis factor-a (TNFa) from
its pro domain. D) Crystal structure of thiocyanate hydrolase from Thiobacillus thioparus
(PDB ID: 2DD5)!4. Thiocyanate hydrolase is a cobalt (III)-containing enzyme that catalyzes
the degradation of thiocyanate to carbonyl sulfide and ammonia. E) Crystal structure of
manganese catalase from Lactobacillus plantarum (PDB ID: 1JKU)5. Manganese catalase is an
important antioxidant metalloenzyme that catalyzes disproportionation of hydrogen
peroxide, forming dioxygen and water. F) Cytochrome P450 from Sulfolobus solfataricus (PDB
ID: 1107)1¢ belongs to a family of heme containing enzymes that catalyze the oxidation of
organic compounds using dioxygen.

www.intechopen.com



Application of Stopped-Flow and Time-Resolved
X-Ray Absorption Spectroscopy to the Study of Metalloproteins Molecular Mechanisms 247

For example, the large family of zinc-dependent matrix metalloproteinases (MMPs) is
produced as cell-secreted and membrane-tethered enzymes that degrade extracellular
matrix (ECM) proteins. These proteases play key roles in diverse physiological and
pathological processes, including embryonic development, wound healing, inflammatory
diseases, and cancer 6. Zinc is also found in other important families of enzymes such as
carbonic anhydrase, alcohol dehydrogenase and carboxypeptidase. This metal ion is special
among first-raw transition metals due to its filled orbital configuration (d10), providing its
unique electronic characteristics, such as the ability to shuffle between four, five and six
coordination geometries!0. This flexible coordination chemistry is utilized by
metalloenzymes to alter the reactivity of the metal ion, which appears to be important in the
mediation of enzyme catalysis. For example, a substrate can bind to the metal ion during
catalysis by substituting a bound ligand, or by binding to an empty coordination site.
Alternatively, an inhibitor can bind to metal ion by the same mechanism, preventing the
coordination of the substrate and thus interfering with catalysis. Therefore, there is a
fundamental as well as a practical interest in quantifying the chemical and structural factors
that govern mechanisms of action and contribute to catalytic efficiency in such
metalloenzyme systems.

1.3 Enzymatic mechanisms

The reactions executed by metalloenzymes often involve a cycle of events that take place at the
metal-protein’s nearest environment during which several intermediate states, varied in their
structure, reactivity and energetics, are formed. Therefore, structural and functional
characterization of the active site’s geometry and elucidation of the catalytic mechanism
underlying this fascinating class of enzymes are of critical importance for assigning molecular
mechanisms and for rationalizing the design of drugs. However, the identification and
characterization of the short-lived metal-ligand/protein intermediates that evolve during
catalysis is highly challenging. This is mainly due to the difficulty in directly investigating the
detailed dynamic structural and electronic changes occurring in the active site during catalysis.
In addition, several metal ions, such as the zinc ion that resides in the active site of MMPs, are
spectroscopically silent and hence cannot be studied using conventional spectroscopic
techniques. The majority of protein structures presently solved by X-ray crystallography
actually correspond to a static state (or a state average) that poorly represents the ensemble of
conformations adopted by a protein in action. Although protein structures provide
information about protein folds and local structural arrangements, a single static structure is
generally insufficient to enable the elucidation of enzymatic catalytic reaction mechanisms at
an atomic level of detail. Typically, the catalytic cycle involves a series of intermediates and
transition states that cannot be trapped by static or steady-state structural methods.
Furthermore, determining the energies of the various stationary points in the cycle is not
trivial from a theoretical or experimental point of view. Remarkably, time-resolved protein
crystallography has been used to characterize the structure of intermediates that evolve in the
course of enzymatic reactions (reviewed in 17 18). However, not all important functional
intermediates and structural transitions can be captured in a crystalline form.

X-ray absorption spectroscopy (XAS) is one of the most sensitive method to probe the local
environment of a metal ion with high spatial resolution (0.1A). XAS was developed in the
early 1970s as a method to structurally characterize the atomic environment of metal
elements found in mineral, noncrystalline solid or adsorbed phases!®. Nowadays, XAS is
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widely used in various fields including mineralogy, geochemistry, materials science and
biology. High-quality XAS spectra can be collected on heterogeneous mixtures of gases,
liquids, and/or solids with little or no sample pretreatments, making it ideally suited for
many chemical and biological systems. In the field of biology, XAS is widely used in
structure-function analysis of metalloproteins, as well as in the study of whole tissue or
culture. In spite of the increase use of XAS, it is generally utilized as a technique for
studying stable or equilibrium states, and not of intermediates. In recent years, with the
advances in X-ray light sources and data analysis procedures, the time dimension was
introduced into the field of XAS providing insights into the changes in the local structure of
metal sites dictating metalloproteins molecular mechanisms. Here, we will describe the
theoreticxal aspects of XAS as well as the development of stopped-flow and time-resolved
XAS and discuss recent studies in which these techniques deciphered important molecular
mechanisms driving the function of metalloproteins.

2. X-ray absorption spectroscopy (XAS)

2.1 Theoretical aspects

XAS measures the absorption of X-rays as a function of their energy. Specifically, the X-ray
absorption coefficient is determined from the decay of the X-ray beam as it passes through
the sample. The number of X-rays transmitted (I;) through a sample is given by the intensity
of X-rays impinging on the sample (Ip) decreased exponentially by the thickness of the
sample (x) and the absorption coefficient of the sample (j):

I; = Tpe™ @

In a typical experimental setup for XAS shown in Figure 2, the X-rays go through an ionization
chamber to measure the number of incident X-rays (lp), then through the sample, and then
through another ionization chamber to measure the number of transmitted X-rays (I).

s (TP
E; IU L It

Sample

Fig. 2. Schematic drawing of an EXAFS experimental setup.

The X-ray absorption coefficient is determined by rearranging Eq. (1):

ux=1In U_—‘:j ()

The X-ray absorption coefficient, p1, decreases as the energy increases except for a sudden
sharp rise at certain energies called edges. Each such absorption edge is related to a specific
atom present in the sample, and it occurs when an incident X-ray photon has just enough
energy to cause a transition that excites a particular atomic core-orbital electron to the free or
unoccupied continuum level. K-edges, for example, refer to transitions that excite the
innermost 1s electron. The spectral region closer to the edge, conventionally within 50 eV
of the absorption edge, is called XANES (X-ray absorption near edge structure). This
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region is often dominated by strong scattering processes as well as local atomic resonances
in the X-ray absorption and is therefore more difficult for quantitative analysis. However,
even a qualitative comparison of this region is useful in providing information about the
redox state of the metal center and details about the local site symmetry, bond length and
orbital occupancy.

Above the edges, there is a series of wiggles or an oscillatory structure that modulates the
absorption. In these energies, the created photoelectron also possesses a kinetic energy (KE)
which equals to the difference between the incident X-ray energy (E) and the electron
binding energy of the photoelectron (Ep):

KE=E-E, 3)

The photoelectrons can be described as spherical waves propagating outward from the
absorber atoms. These photoelectron waves are scattered from the atoms surrounding the
absorber. The relative phase of the outgoing photoelectron wave and the scattered wave at
the absorbing atom affects the probability for X-ray absorption by the absorber atom. The
relative phase is determined by the photoelectron wavelength and the interatomic distances
between the absorber and scattering atoms. The outgoing and backscattered photoelectron
waves interfere either constructively or destructively, giving rise to the modulations in the
X-ray absorption coefficient spectra. Those oscillatory wiggles beyond ~30eV above the
absorption edge contain important high-resolution information about the local atomic
structure around the atom that absorbed the X-ray. This region is called extended X-ray
absorption fine structure (EXAFS).
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Fig. 3. The X-ray absorption spectrum of ZnCl,. The XANES and EXAFS regions are
highlighted.

The EXAFS function x (E) is defined as:
) (B~ (Ey)
Aty (E)

where y(E) is the measured absorption coefficient, po(E) is a smooth background function
representing the absorption of an isolated atom, and Ap(E) is the measured edge step at the

X(E (4)
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excitation energy, Eo. Since we can refer to the excited electron as a photoelectron, y(E) is
best understood in terms of wave behavior. Therefore, it is common to convert the X-ray
absorption to k, the wave number of the photoelectron, which is defines as:

2m(E - E,)

k= 7

()
where Ej is the absorption edge energy, m is the electron mass and h is the Planck constant.
The EXAFS region of the spectra provides more detailed structural information and can be
quantitatively analyzed to obtain highly accurate near-neighbor distances, coordination
numbers and disorder parameters. Each atom at the same radial distance from the absorber
contributes to the same component of the EXAFS signal. This group of atoms is called a
shell. The number of atoms in the shell is called the coordination number. The oscillations
corresponding to the different near-neighbor coordination shells can be described and
modeled according to the EXAFS equation which is summed over all EXAFS absorber
backscatterer pairs j:

26~

(k)= Zfo sin[2kR; + &, (k)] (6)
]

where N is the number of neighboring atoms, f(k) and 0(k) are the scattering properties of the
atoms neighboring the excited atom (the amplitude and phase shift, respectively), R is the
distance to the neighboring atom, and o2 is the thermal disorder in the metal-neighbor
distance (Debye-Waller factor). Analysis of the EXAFS equation for a given experimental
spectra enables determining N, R and 02 with high accuracy providing high resolution
structural information regarding the local environment around the excited metal ion.

2.2 Application of XAS in biology

Applying XAS to the study of biological systems has become widely used in the last three
decades20-24. Since XAS accurately reports the structure of metal-protein centers, early
workers focused on providing additional high resolution structural and electronic
information on crystallographically characterized samples. For instance, XAS enabled
detailed structural investigation of metal active sites in imidazolonepropionase?,
cytochrome P4502¢. 27, CO dehydrogenase/acetyl-CoA synthase?s-30, manganese catalases3!
32, and lipoxygenase3? by providing key insights into their electronic states and atomic
structures. Moreover, insights into the enzymatic reaction mechanisms could be derived
from XAS analysis, as was shown for tyrosine hydroxylase3, molybdenum(Mo)-
nitogenase3>37, and farnesyltransferase3s. Importantly, XAS is also a suitable method for
characterizing metallodrug/protein interactions® and it was shown to be useful for
resolving some of the apparent discrepancies among different spectroscopic and
crystallographic studies of metalloproteins30. Also, XAS can provide structural information
into metalloproteins that cannot be easily crystallized like membrane proteins.

2.3 Time-resolved XAS as a tool to investigate protein reaction mechanisms
One of the main advantages of XAS is that experiments can be carried in any state of the
matter (e.g. solution and within membranes). This present XAS as important tools to depict
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structural transient changes during protein function. The first time-resolved X-ray
absorption measurement was conducted at 1984 by smith and coworkers following the
reaction of recombination of carbon monoxide with myoglobin after laser photolysis with
300psec time resolution®. In laser photolysis (also known as "pump-probe'), a particular
bond of the reagent is cleaved by a pulse of light so that reactive intermediates are formed.
EXAFS flash photolysis studies are performed by exciting the sample with a laser pulse and
then exposing it to the X-ray beam for a rapid scan in order to characterize the evolving states
upon excitation. Here, changes in the pre-edge structure and in the position of the iron edge of
this protein as a function of time revealed several intermediates during binding of carbon
monoxide to the iron metal center in myoglobin. Later experiments were used to characterize
the photoproducts of Cob(II)alamin#!, the nickel site of chromatium vinosum hydrogenase* and
photosystem II#3. However, the repertoire of biological reactions to which this approach can be
applied is limited because a suitable target for the flash is rarely available.

Rapid freeze quenching# is a different strategy to capture transient reaction intermediates to
be probed by a variety of spectroscopic methods such as time-resolved electron
paramagnetic resonance (EPR) and solid-state nuclear magnetic resonance (NMR)#-4°. The
freeze-quench method is based on the coupling of rapid mixing of the reactants to a freezing
device that quenches the reaction mixture in a given state and creates a stable sample. By
repeating this process while allowing the reactants to react for various time periods before
freezing, a series of different time-points along the reaction path are produced. The first
application of the rapid freezing procedure to EXAFS studies was described by George et al.
in their study of the molybdenum centre of xanthine oxidase. This preliminary study
provided the distances of the first shell coordinating atoms of a reaction intermediate
formed after 600msec, while it was known from other kinetic studies that at this time point
the intermediate composed most of the reaction mixture. In later experiments, the feasibility
of trapping single intermediate states during metalloenzyme catalysis by rapid freeze-
quench was demonstrated for binuclear metalloenzyme systems 5 52, However, data
analysis of multiple time-dependent samples requiring deconvolution of the data was not
developed to this point.

Probing metalloenzyme reactions by time-dependent XAS procedures was suggested as a
promising procedure to elucidate changes occurring in critical metal centers during the course
of enzymatic reactions> 5. Most challenging, however, is the correlation of structural and
electronic changes in the metal ion’s microenvironment with enzyme kinetics and protein
structural dynamics. The principal difficulty in studying these critical questions is the inability
to continuously follow the chemical and structural changes occurring at catalytic metal sites in
real time. Inspired by this problem, we set out to advance the experimental approach of
dynamic XAS on metalloenzymes during catalysis. Specifically, we introduced the use of
quantitative structural-kinetic analyses of metalloenzymes in solution during their interactions
with substrates and ligand. This experimental strategy employs stopped-flow freeze-quench
XAS in conjunction with transient kinetic studies. By implementing the use of spectral
convolution and non-linear curve fitting data analysis procedures, we could directly correlate
structural and electronic changes as a function of distinct kinetic phases at atomic resolution
5. Owing to technical difficulties and the requirement of ample amounts of protein samples,
the time-resolved XAS data collection remained challenging.

The following sections provide an overview on data collection and analyses using stopped-
flow freeze-quench XAS and discuss the impact of this experimental strategy in revealing
novel reaction mechanisms.
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2.4 Stopped-flow XAS sample preparation and analysis procedures

2.4.1 Sample preparation

The experimental strategy utilizes stopped-flow freeze-quench XAS, which is conducted in
conjunction with transient kinetic studies (Figure 4). To trap catalytic intermediates at the
absorber metal ion during metalloenzyme catalysis, it is necessary to follow the off-
equilibrium enzymatic rates. This allows following the formation of enzyme-substrate
complexes prior to the steady-state reaction stage and improves the ability to trap and
isolate evolving accumulated intermediate states resulting from their relatively high
concentrations within this time frame. Transient reaction kinetics can be monitored by
measuring the change in solution optical parameters, such as absorption or fluorescence,
upon the formation of the reaction products, during the first catalytic cycles. Importantly,
the reaction conditions of the transient kinetic experiments (concentration, buffer) should be
equivalent to the conditions that will be later used during freeze-quench. Once the kinetic
phases and time frame of the catalytic cycle are established, time points along the kinetic
trace are selected for freeze-quench, usually 10-15 points along the different kinetic phases.
In order to obtain a good XAS signal, the concentration of the metalloenzyme should be of at
least hundreds of micromolars, to enable measuring the metal absorption spectra in
fluorescence mode. Much higher concentrations should be used to measure the absorption
in transmission mode. The samples for XAS are prepared in a stopped-flow instrument
equipped with a freeze-quench device. Enzyme and substrate are mixed in the stopped-flow
and freeze-quenched at selected time points into XAS sample holder by rapid freezing in a
liquid nitrogen bath containing a freezing solution. These samples are kept frozen in special
Dewars until taken to the synchrotron.

Enzyme
- Substrate

[BLvs
lﬂ!ﬂl-"'.I
R
Sarmple
holder =
B W ™
Fmezina
solution

Fig. 4. Schematic representation of a stopped-flow XAS experimental setup to monitor
kinetic phases involved in the proteolytic cycle of a metalloenzyme. This method allows
one to establish a correlation between the pre-steady-state kinetic behavior of an enzyme
and the structure of the evolving transient metal-protein intermediates as well as local
charge transitions of the metal ion. The enzyme is rapidly mixed with substrate in a
stopped-flow apparatus (mixing time = 2-5 ms). The instrument is equipped with a freeze-
quench device. The pre-steady-state kinetic trace is monitored via an in-line fluorescence
detector and analyzed. Enzyme/substrate mixtures are freeze-quenched at selected time
point and mounted on an X-ray absorption sample holder.
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2.4.2 Data analysis

EXAFS spectra of time-dependent measurements are particularly difficult to analyze since
the spectra are composed of a disordered heterogeneous mixture of species, of which the
mixing fractions change with time. Each species that contains the absorbing element may
have a quite different local coordination around its nearest environment. This greatly
complicates the non-linear curve fitting analysis used to extract the structural information,
because the number of relevant structural parameters may be comparable to or may even
exceed the number of independent data points in the experimental spectra. To account for
this problem, we developed two complementary approaches for the EXAFS data analysis of
mixtures, namely, principal component analysis (PCA) and residual phase analysis
(RPA)>. Our data analysis strategy is shown in Figure 5.

PCA is initially used to estimate the number of minimal components required to convolute
the EXAFS spectra. This procedure is sensitive to spectral changes that may be resolved by
XAS. Using PCA, it is often possible to reveal (model-independently) the number of
different species represented in the sample without a priori knowledge of their identity.
However, these may not include all the reaction intermediates but instead only those that
can be resolved by XAS. Each spectrum in the collection of EXAFS spectra measured at
different time points may be represented by a linear combination of minimal components,
which simplifies the data analysis procedure. The unique advantage of this method lies in
its robustness and its model-independent determination of the number of unique species in
the samples. If good experimental standards exist for representing each species, this method
can also be reliably used to obtain both the identities and the mixing fractions of all the
species in the sample38.

In order to obtain a crude assessment of structural intermediates with spectral signatures
above the noise level, PCA is followed by multiple data set fitting analysis. This step
provides general trends in the dynamic changes in coordination number and metal-ligand
bond distances, while employing several chemically and physically reasonable constraints
between the fitting parameters. Representative time points that exhibited the most
pronounced spectral changes are simultaneously fit to a theoretical model. In this analysis,
the variable fitting parameters corresponding to the atomic neighbors that are not estimated
to undergo dramatic changes during turnover are constrained to be the same for all time
points, while fitting parameters corresponding to atomic neighbors that undergo dynamic
changes in the distance or coordination number remain varied. This way, the number of fit
variables is reduced, enabling crude characterization of reaction intermediates without the
need to fit the entire data.

The RPA approach utilizes one of the known components as a '"starting phase". The
"starting phase" is then fractionated and iteratively subtracted from the total XAS signal to
produce the corresponding residual spectra. In a time-dependent experiment, the reaction
zero point is usually selected to be the "starting phase" since the identity of this species is
known in advance. This state is usually the free enzyme state (without substrate or
ligand). Thus, the known phase EXAFS data are subtracted from the experimental data at
each time step. The residual phase is analyzed with the fewer number of adjustable
variables providing the best fit values. It also increases the confidence that relative
differences in coordination numbers of the intermediates are real. The combination of
PCA and RPA in time-resolved XAS analysis of metalloenzymes has been shown to
simplify the data analysis procedure5556.
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Fig. 5. Time-resolved XAS data analysis strategy. The processed data processing is
analyzed by model-independent evaluation of the number of intermediate states by
Principal Component Analysis (PCA), followed by a theoretical Multiple Data-Set (MDS) fit
of the time-dependent data in order to identify possible models and, finally, the Residual
Phase Analysis (RPA) study of the intermediate state, to obtain quantitative results.
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Overall, these spectral analyses provide structural-kinetic models of XAS resolved reaction
intermediates at a given reaction center. Importantly, the structure of the evolving
intermediates and the total effective charge of the absorber ions may be directly correlated
with the enzymatic kinetic trace. Thus, this experimental procedure provides the means to
characterize metalloenzyme reaction pathways and hence to directly elucidate their
molecular mechanisms under physiologically relevant solution conditions. Using stopped-
flow XAS, we analyzed numerous bacterial and human zinc-dependent enzymes during the
course of their enzymatic interactions5 56.5% 60, Remarkably, some of the derived mechanistic
information was in striking contrast to the textbook mechanism in which the metal ion was
proposed to remain attached to a fixed set of protein ligands. Probing the structural-kinetic
reaction modes during metalloenzyme turnover indicated that there are dramatic
differences in the nature of the metal ligation and the total effective charge of the catalytic
metal ion. This further emphasizes the importance of dynamic fluctuations at the metal
center in changing the electrostatic potential in the active site during the enzymatic reaction.

3. Mechanistic insights derived from stopped-flow/time-resolved XAS

3.1 Stopped-Flow XAS provides novel insights into enzymatic mechanisms

A functional study of zinc in enzymology is in the focus of many fields owing to the
important roles that this ion plays in biological systems¢l 62, The flexibility in coordination
geometry facilitates ligand exchange processes more than for other ions and enhances the
ability of zinc to promote catalysis®3. XAS is an excellent structural tool to probe the d10 zinc
ion, which is generally spectroscopically silent. We therefore chose to begin our structural-
kinetic studies on a bacterial member of the well-studied alcohol dehydrogenase (ADH)
family, the zinc-dependent Thermoanaerobacter brockii alcohol dehydrogenase (TbADH).

This enzyme catalyzes the reversible oxidation of secondary alcohols to their corresponding
ketones using NADP+ as the coenzyme®t. Crystallographic studies of various alcohol
dehydrogenases and their complexes indicate that this enzyme is a tetramer comprising four
identical subunits. Each subunit contains a single catalytic zinc ion tetrahedrally coordinated
by a single cysteine, histidine, aspartate, and glutamate residue!!l. The reaction mechanism
has been investigated by spectroscopic and kinetic tools®5; however the details of the ADH
reaction mechanism remain controversial. Specifically, the intermediate states that evolve at
the zinc ion during catalysis and the nature of its coordination chemistry have been the
subject of debate for many years®-68. Two main types of structural mechanisms have been
proposed for horse liver ADH (HLADH); they differ specifically in the hypothesized
coordination of the zinc ion during catalysis. Dworschack and Plapp% proposed that the
alcohol molecule is added to the tetrahedral zinc ion to form penta-coordinated zinc during
catalysis. In contrast, Dunn et al.®® proposed a mechanism whereby the substrate displaces
the zinc-bound water without undergoing a penta-coordinated intermediate.

Applying stopped-flow freeze-quench XAS coupled with pre-steady-state kinetics to
TbADH, it was possible to quantify the structure, electronics, and lifetimes of the evolving
reaction intermediates at the catalytic zinc ion35. Specifically, pre-steady-state kinetic
analysis revealed that the reaction consists of a lag period of 25 msec followed by a kinetic
burst of 35 msec. Stopped-flow freeze-quenched raw X-ray fluorescence data detected a
series of alternations in the coordination number and structure of the catalytic zinc ion with
concomitant changes in metal-ligand bond distances. Even though stopped-flow XAS
analysis cannot determine unambiguously the metal ion coordination numbers due to the
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error associated with this measurement (which could be around 1), its advantage lies in the
fact that each spectrum is compared relatively to the others. Non-linear curve fitting analysis
of the Fourier transform (FT) of the EXAFS signal together with principal component
analysis and residual phase analysis detected relative changes in the number of first shell
neighbors along the reaction coordinates. Therefore, we were able to conclude that the zinc
ion does not remain stationary during the reaction, but is undergoing changes in its
coordination chemistry, as proposed by Dworschack et al®®¢ and Makinen et al.”0 This study
emphasizes the advantage of stopped-flow XAS in elucidating in real time the chemical
nature of reaction intermediates that cannot be identified by any other means. Importantly,
these results were recently supported by a series of high-resolution crystal structures of a
relative enzyme, glucose dehydrogenase from Haloferax mediterranei, crystallized in the
presence of substrates and products, in which dramatic differences in the nature of the zinc
ligation were observed. Analysis of these structures revealed the direct consequence of
linked movements of the zinc ion, a zinc-bound water molecule, and the substrate during
progression through the reaction. In addition, it provided a structural explanation for
multiple penta-coordinated zinc ion intermediates??.

The high-resolution structural-kinetic analyses of ADH raised the possibility that the
dynamic nature of the catalytic zinc in this metalloenzyme is directly related to its function
and thus it may be shared by other analogous systems. Accordingly, by applying stopped-
flow XAS on human MMPs, we could directly correlate structural and electronics dynamics
with function.

3.2 The functional effect of active site electronics and structural-kinetic transitions
evolving during metalloproteinase action

TNFa-converting enzyme (TACE) is the main shedding catalysis in the release of tumor
necrosis factor-a (TNFa) from its pro domain?2. TACE is also critical for the release of a large
number of cell surface proteins from the plasma membrane, including multiple cytokines
and receptors”’>75. TACE is a member of the a disintegrin and metalloproteinase (ADAM)
family7e. The ADAMs are highly homologous to the MMP family and are also characterized
by the presence of a zinc metalloproteinase domain. The striking homology in 3D structures
of the catalytic site of both families is the main obstacle in developing selective MMP and
ADAM inhibitors.

Peptide hydrolysis by the MMP and the ADAM family members is facilitated via a
nucleophilic attack of the zinc-bound water hydroxyl on the peptide scissile bond carbonyl.
The structural and chemical knowledge underlying the enzymatic activity of these proteases
is very limited. Most structural and biochemical studies, as well as medicinal chemistry
efforts carried out so far, were limited to non-dynamic structure/function characterization.
Substantial efforts have been aimed at better understanding the molecular basis by which
the catalytic zinc machineries of metalloproteinases execute their enzymatic reactions.
Protein crystallography, proteomic, and theoretical studies have been instrumental in
proposing reaction mechanisms?”-79. Structural snapshots of protein complexes with
substrate analogues and inhibitors have suggested inconsistent and controversial reaction
mechanisms. Applying stopped-flow XAS methodology to TACE provided the first
structural-kinetic reaction model of a metalloproteinase in real time3. This allows one to
visualize changes in a catalytic center that researchers have, until now, been unable to
investigate. Remarkably, during the kinetic lag phase, dynamic charge transitions at the
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active site zinc ion of TACE prior to substrate engagement with the ion were detected by
time-dependent quantification of the change in edge energy at the zinc K-edge during
peptide hydrolysis. This result implied communication between distal sites of the molecule
and the catalytic core. The kinetic lag phase was followed by the binding of the peptide
substrate to the zinc ion, forming a penta-coordinated transient complex, followed by
product release and restoration of the tetrahedral zinc-protein complex. Thus, this work
underscores the importance of local charge transitions critical for proteolysis as well as long-
sought evidence for the proposed reaction model of peptide hydrolysis®. Furthermore,
these results reveal novel communication pathways (yet unresolved) taking place between
distal protein sites and the enzyme catalytic core (such as substrate-binding protein
surfaces) and the catalytic machinery.

Interestingly, we have recently provided evidence that different MMPs and ADAMs possess
variations in the polarity of the active site residues, which may be mediated by the specific
enzyme/substrate surface interactions; these are reflected in typical electrostatic dynamics
at the enzyme active site. Therefore, we hypothesize that these differences in active site
electrostatics may be utilized in the rational design of selective inhibitors for this class of
enzymes if their structural bases are also revealeds!.

3.3 Probing active site structural-dynamics during catalytic protein-protein
interactions

The advantage of having XAS measurement in solution during physiological interactions of
macromolecules was extended to the analysis of structural-kinetic behavior of the catalytic
zinc ion in MMPs during zymogen activation. Here we challenged the stopped flow freeze
quench technology by exploring the feasibility of rapidly mixing two proteins, namely, pro-
MMP-9 and the activator serine protease enzyme while we used dynamic XAS to directly
probe the nearest environment of the catalytic zinc ion in pro-MMP-9 during the
physiological activation process>.

The MMP family, as mentioned previously, comprises a large group of zinc-dependent
endopeptidases involved in a variety of biological processest2. The MMPs are secreted or
membrane tethered as zymogens as a control mechanism of MMP activity. The pro-peptide
domain contains a "cysteine switch" PRCXXPD consensus sequence in which the cysteine
coordinates to the zinc ion of the zymogen®. In this state, the catalytic zinc ion is
tetrahedrally coordinated to three histidine residues and the conserved cysteine residue.
Sequential proteolytic cleavages of the pro-domain by physiological proteases near the zinc-
coordinated cysteine lead to replacement of the cysteine coordination shell by a water
molecule and to the formation of an active enzyme. Activation of MMP zymogen is a vital
homeostatic process; therefore, the structural and the kinetic bases of its molecular
mechanism are of great interests.

The kinetic time frame for full enzyme activation was determined using gel-based analysis®
revealing that the MMP-9 pro-domain is cleaved at two points in two sequential proteolytic
points mediated by tissue kallikrein. The initial cleavage (at 1 second) resulted in a relatively
inactive intermediate in which the pro-domain remained bound to the enzyme shielding the
catalytic zinc site from solution. Stopped-flow X-ray spectroscopy of the active site zinc ion
was used to determine the temporal sequence of pro-MMP-9 zymogen activation catalyzed
by tissue kallikrein protease. The identity of three intermediates seen by X-ray spectroscopy
was corroborated by molecular dynamics simulations and QM/MM calculations.
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Remarkably, the cysteine-zinc interaction that maintains enzyme latency is disrupted upon
MMP-9-tissue kallikrein interactions at 400 milliseconds and the fourth ligand is replaced by
a water molecule. QM /MM calculations indicated active site proton transfers that mediate
three transient metal-protein coordination events prior to the binding of water. It was
demonstrated that these events ensue as a direct result of complex formation between pro-
MMP-9 and kallikrein, and occur prior to the pro-domain proteolysis and the eventual
dissociation of the pro-peptide from the catalytic site. This work revealed that synergism
exists among long-range protein conformational transitions, as well as local structural
rearrangements, and that fine atomic events take place during the process of zymogen
activation®. In addition, the proposed mechanisms provide the molecular basis for
physiological non-proteolytic or allosteric activation mechanisms of MMPs by free radicals
and macromolecular substrates.

4. Integration of time-resolved XAS with structural-dynamic advanced
experimental tools to probe functional protein conformational dynamics:
Future prospects

Proteins are flexible entities exhibiting backbone and side chain dynamics at various
timescales that seems to play a crucial role in protein stability, function, and reactivityse.
These protein motions were found to be critical for many biological events including
enzyme catalysis, signal transduction, and protein-protein interactions®7-8%. Even though
the three-dimensional structures of manifold functional proteins and enzymes are
available, revealing molecular dynamic details that determine protein action and
enzymatic functionality still represents a scientific challenge. Moreover, following these
reactions in real time represents a major challenge in structural biology. Here, we have
demonstrated the advantage of time-resolved XAS in characterizing the dynamic changes
in the local atomic environment of metal active sites found in metalloenzymes during
turnover with atomic resolution. However, this technique cannot provide broad
molecular insights into functional structural-dynamic events taking place at other regions
of the protein which are essential to its function. Moreover, stopped-flow XAS can only
provide information on event taking place at the slow timescales (microseconds-
milliseconds) due to the stopped-flow mixing times, neglecting information on events
taking place at faster timescales. Thus, combining time-resolved XAS with complimentary
hard core structural-dynamic experimental tools should provide a more comprehensive
description of metalloenzymes during catalysis®.

A wealth of time-resolved structural-kinetic and spectroscopic techniques, including X-
ray based techniques, have been developed in the last few decades to cope with these
challenges, revealing the molecular structures of transient low-populated intermediate
states?. Using time-resolved X-ray crystallography, it is possible to observe structural
changes in crystals positioned in the X-ray beam by recording a time series of diffraction
patterns using short X-ray pulses before and after the onset of a reaction!. By using
sudden trigger events (e.g. laser-flash excitation) for initiating the reaction and by varying
the delay time between the trigger and X-ray pulse, one can determine individual
structures separated by time intervals of picoseconds?2-%. Time-resolved wide-angle X-ray
scattering (TR-WAXS) accurately probes tertiary and quaternary structural changes in
proteins in solution with nanosecond time resolution?. In a TR-WAXS experiment, a laser
pulse is used to trigger the protein’s structural change, and transient structures are then
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followed by delayed X-ray pulses from an undulator in a straight section of the
synchrotron. Structural changes occurring in the sample leave their ‘fingerprints’
represented by the differences between the signals measured before and after the laser
initiates the reaction; these differences can be monitored as a function of time%. Attempts
to probe large conformational transitions of protein side chains by small angle X-ray
scattering (SAXS) in real time currently are being developed by combining stopped-flow
techniques and computational analysis. Similarly, introducing time-resolved Fourier
transform infrared (FT-IR) spectroscopy to biochemistry enables one to investigate
structural and functional properties of soluble and membrane proteins along their
reaction pathways“7-100, Here we outline only a few methods that provide a true means to
follow protein conformational dynamics in real time as well as in equilibrium. Other
methods such as mass spectroscopy (MS), NMR, and circular dichroism (CD) can also
provide structural information during protein/nucleic acid functional dynamic events.
Each of the described methods has the potential to yield key important mechanistic
information. However, combining a few experimental tools that may probe different
biophysical aspects of a given biological system can be more effective in deriving
structure-based mechanistic information.

This concept is illustrated in our recent work in which we have developed an integrated
experimental approach combining stopped-flow XAS together with kinetic terahertz
absorption spectroscopy (KITA)101. KITA experiments were recently introduced for
investigating solvation dynamics during biological reactions such as protein folding02.
Our newly developed approach was used to study the correlation between structural-
kinetic events taking place at an enzyme's active site with protein-water coupled motions
during peptide hydrolysis by a MMP. Stopped-flow XAS in conjugation with transient
kinetic analysis provided the structure and life time of evolving metal-protein reaction
intermediates at the metalloenzyme active site. Integration of the KITA experiment under
identical reaction conditions allowed quantification of collective protein-water motion
during the various kinetic phases and in correlation to the evolved structural
intermediates at the enzyme catalytic site. This highly integrated experimental approach
provided novel insights into the proposed role of water motions in mediating enzyme
catalysis. Specifically, it was demonstrated that a “slow to fast” gradient of water motions
at the enzyme surface is gradually modified upon substrate binding at the enzyme active
site. This study suggest that conformational fluctuations contributed by protein
conformational transitions of both enzyme and substrates effect water motion kinetics.
Such synergistic effect may assist enzyme-substrate interactions via remote water
retardation effects and thus impact the enzymatic function.

5. Conclusions

Here we have described advancements in wusing time-dependent XAS to probe
metalloenzymes during their physiological activities. Time-resolved XAS provides atomic
resolution insights into the changes in the local structure and electronics of catalytic centers
found in metalloenzymes during action. This information is often critical to reveal reaction
mechanisms and structure-function relationships dictating the activity of this fascinating
class of enzymes. This review also highlights the need to probe functional macromolecule
conformational dynamics in order to obtain critical mechanistic information at atomic level
detail. Better understanding of the dynamic characteristics of these metal centers may also
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be crucial to drug design in structurally homologous enzymatic families. Future
advancements may focus on overcoming the technical barriers encountered when
combining real-time structural and spectroscopic experimental with X-ray absorption
spectroscopy.
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