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CONSPECTUS

MR crystallography—the synergistic combination of X-ray

diffraction, solid-state NMR spectroscopy, and computa-
tional chemistry—offers unprecedented insight into three-
dimensional, chemically detailed structure. Initially, researchers
used NMR crystallography to refine diffraction data from organic
and inorganic solids. Now we are applying this technique to
explore active sites in biomolecules, where it reveals chemically
rich detail concerning the interactions between enzyme site -
residues and the reacting substrate. .

Researchers cannot achieve this level of detail from X-ray, NMR, -~
or computational methodologies in isolation. For example, typical
X-ray crystal structures (1.5—2.5 A resolution) of enzyme-bound
intermediates identify possible hydrogen-bonding interactions between site residues and substrate but do not directly identify the
protonation states. Solid-state NMR can provide chemical shifts for selected atoms of enzyme—substrate complexes, but without a
larger structural framework in which to interpret them only empirical correlations with local chemical structure are possible. Ab
initio calculations and molecular mechanics can build models for enzymatic processes, but they rely on researcher-specified
chemical details. Together, however, X-ray diffraction, solid-state NMR spectroscopy, and computational chemistry can provide
consistent and testable models for structure and function of enzyme active sites: X-ray crystallography provides a coarse
framework upon which scientists can develop models of the active site using computational chemistry; they can then distinguish
these models by comparing calculated NMR chemical shifts with the results of solid-state NMR spectroscopy experiments.
Conceptually, each technique is a puzzle piece offering a generous view of the big picture. Only when correctly pieced together,
however, can they reveal the big picture at the highest possible resolution.
In this Account, we detail our first steps in the development of NMR crystallography applied to enzyme catalysis. We begin with

a brief introduction to NMR crystallography and then define the process that we have employed to probe the active site in the
-subunit of tryptophan synthase with unprecedented atomic-level resolution. This approach has resulted in a novel structural
hypothesis for the protonation state of the quinonoid intermediate in tryptophan synthase and its surprising role in directing the
next step in the catalysis of L-Trp formation.
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Introduction

In the context of NMR spectroscopy, the term “crystallography”
is used in a broad sense to mean the study of crystalline
solids and the arrangement of atoms in crystals. Clearly,
NMR has been engaged in crystallography since the earliest
days of solid-state NMR. Still, the term “NMR crystallography”
has only recently been adopted and is typically reserved for
studies that are performed in conjunction with diffraction
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methods or where lattice parameters or crystal symmetry
are explicitly determined.' ~'° Several recent reviews pro-
vide excellent introductions to this subject and highlight the
ways in which NMR spectroscopy and X-ray diffraction
methods are complementary.'" In particular, X-ray diffrac-
tion methods are unmatched in their ability to determine
framework structures for systems that have long-range
crystalline order, while NMR spectroscopy is unmatched in
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its ability to determine local chemical structure. Together, the
two can provide chemically detailed, three-dimensional
structures. The sophistication with which NMR and diffraction
methods have been combined took a remarkable leap
forward when they were paired with ab initio computational
chemistry. In one of the first examples of this, Facelli and
Grant' demonstrated that structural models based upon the
X-ray crystal structure framework could be distinguished by
the comparison of experimental chemical shift tensor com-
ponents with those predicted for competing structural mod-
els developed using ab initio computational chemistry. This
work laid the foundation for the development of NMR
crystallography in organic and inorganic molecular crystals,
and it was suggested this approach might also be attractive
for the study of active sites in biomolecules.! Indeed, the
atomic resolution of NMR crystallography allows changes in
protonation and hybridization states during enzymatic trans-
formations to be directly observed, and in this Account we
detail our recent work on the development and application
of NMR crystallography to a functioning enzyme active site.>

The field of enzymology has long held as its primary
scientific objective the explanation of enzyme catalysis at
a chemical and structural level. Over the past 40—50 years,
great advances in the understanding of the relationship
between protein structure and biological function have been
achieved by a combination of bioorganic mechanistic stud-
ies, the determination of protein structures at near atomic
resolution, and the modification of protein structure using
the tools of molecular biology. What has become clear is
that much of the chemistry of enzyme catalysis is based on
simple organic chemical interactions consisting, for exam-
ple, of Bransted acid—base catalysis, Lewis acid catalysis,
and nucleophilic and electrophilic catalysis. Yet it remains
unclear how the enormous rate accelerations achieved by
enzyme active sites occur within the context of transition-
state Kinetic theory.

To move our understanding to the next level, a more
detailed knowledge of the chemical microenvironment of
the catalytic site is needed. High-resolution X-ray crystal
structures provide part of the answer by identifying the
protein residues and cofactors that interact with the
reacting substrate. However, the resolution of most protein
structures (1.5—2.5 A) generally is insufficient to determine
the protonation states of the acid—base functional groups.
Thus, investigators usually infer protonation states from
hydrogen-bonding patterns and intuition based on the
aqueous solution pK; values of small molecule models.
NMR spectroscopy can provide another part of the answer,
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as the interactions of chemical shift (both isotropic and
anisotropid), dipolar coupling, and quadrupolar coupling are
extremely sensitive probes of the chemical microenviron-
ment and can distinguish, for example, direct protonation of
anionizable group or the change in hybridization of a reacting
substrate.'? Yet, interpretations of NMR properties such as
chemical shifts are often limited to the chemical state of the
reporter atom, even though the shift is sensitive in the next
significant figure to the surrounding chemical microenviron-
ment. This makes enzyme active sites a compelling target for
NMR crystallography; computational chemistry provides the
high-resolution link between specific models of the chemical
structure, built upon the coarse X-ray framework, and obser-
vable spectroscopic parameters.

In this Account, we highlight our first steps in the devel-
opment of NMR crystallography for the determination
of chemically rich crystal structures in the active sites
of enzymes. By chemically rich, we mean that the three-
dimensional location of all atoms, including protons, are
specified. We develop a protocol for the interrogation of the
active sites of enzymes by NMR crystallography, following
as an example our recent determination of the chemically
rich crystal structure for the indoline quinonoid intermediate
in the $-site reaction of S. typhimurium tryptophan synthase.?
We start by placing the X-ray crystal structure of the indoline
quinonoid intermediate within the larger structural and
mechanistic context of catalysis in tryptophan synthase.
We discuss the strategy for obtaining '*C and >N chemical
shifts of key sites within the enzyme-bound intermediate
under conditions of active catalysis and their implications
for the chemical structure of the intermediate. Finally, we
detail the strategy to determine the atomic-resolution, three-
dimensional structure of the active site using computational
models that are consistent with both the X-ray and NMR
data and the novel structural and mechanistic hypothesis
that results.

Framework Structure: X-ray Crystallography

NMR crystallography requires a structural framework as a
starting point for building, refining, and testing three-dimen-
sional chemical models of the enzyme active site. Here we
review the progression of crystal structures in tryptophan
synthase and the pivotal role these advances have played in
understanding mechanism and allostery, and how these
advances motivate the use of even higher-resolution, me-
chanistic probes.

Tryptophan synthase catalyzes the last two steps in the
biosynthesis of L-tryptophan (-Trp) (Scheme 1). Early work
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SCHEME 1. Mechanistic Pathway for the Biosynthesis of L-Trp in Tryptophan Synthase®
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“In the a-site, 3-indole-p-glycerol-3’-phosphate (IGP) is cleaved to p-glyceraldehyde-3-phosphate (G3P) and indole. In stage | of the B-reaction, -Ser reacts with the
internal aldimine, E(Ain), giving in sequence gem-diamine, E(GD-), L-Ser external aldimine, E(Aex,), quinonoid, E(Q;), and aminoacrylate Schiff base, E(A-A), species,

and a water molecule. In stage II, indole, channeled from the o-site, makes a nucleophilic attack on E(A-A) giving E(Qs),

product, L-Trp.

established that the substrates for the bienzyme complex
are 3-indole-o-glycerol-3’-phosphate (IGP) and L-serine (.-Ser),
the bienzyme complex has the subunit composition o,(5,
the B-subunits require pyridoxal 5'-phosphate (PLP) for
catalytic activity, and indole is a channeled intermediate.'>
Many details important to the catalytic mechanism of the
o- and fg-subunits were revealed by the first two X-ray
structures.'® Prior to the determination of these structures,
there was no agreed upon mechanism for the channeling of
the intermediate, indole, between the o- and g-sites, many
protein residues were suspect candidates for involvement
in catalysis,'” the protein folds and the o8 linear arrange-
ment of the subunits were not known, and there was no
clear explanation for the dependence of the activities of
the subunits on the state of aggregation. Many of these and
other details were revealed by subsequent X-ray structures
determined over the next 20 years.

However, all of the 30+ X-ray structures published be-
tween 1988 and 2007 for the wild-type enzyme showed the
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E(Aex,), E(GD,) intermediates and finally the

same global conformation of the g-subunit, designated
the open conformation. As it turns out, the open S-subunit
conformation has either very low, or no, catalytic activity.
Nevertheless, during this time period, catalytic mechanism
studies provided indirect evidence that the switching of
the g-subunit between open and closed conformational
states is essential to the catalysis and allosteric regulation
of channeling.'®~2'

When the structure of the wild-type enzyme with the
S-subunits in the closed conformation was solved in 2007,%2
it became obvious which residues play key chemical roles in
the catalytic activity of the g-site and how the conforma-
tional transition between open and closed states both pre-
vents the escape of indole and couples the activities of
the a- and g-sites so that the reactions catalyzed by the
two subunits become synchronized during the overall o5-
catalytic cycle.?®?2-2* The closed subunit structures also
provided a structural context for the o- and g-site transfor-
mations shown in Scheme 1. The formation of the closed
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FIGURE 1. Three views of the indoline-quinonoid intermediate in tryptophan synthase: (a) Line drawing highlighting the components of the
intermediate derived from the PLP coenzyme (black), and the substrates indoline (red) and serine (bold, red). Also indicated are the catalytically
important g-lysine-87 side chain (blue) and the Schiff base nitrogen. (b) The X-ray framework structure. (c) The chemically rich crystal structure from

NMR crystallography.

conformation of the o-subunit brings catalytic residues
aGlu49 and aAsp60 into the correct bonding positions to
catalyze the cleavage of IGP to indole. It is postulated that
aAsp60 provides Coulombic charge—charge interactions at
the indolyl ring N-1 that stabilize development of partial
positive charge on the ring as bond scission at the ring C-3
position occurs, and that aGlu49 plays an acid—base cata-
Iytic role in facilitating the C—C bond scission step. The
switch from the open to the closed conformation in the
p-subunit rearranges the interactions within the g-site so
that the hydrogen bonding between the g-hydroxyl of the
reacting substrate L-serine and the carboxylate of SAsp305,
which stabilizes the external aldimine, E(Aex;), is replaced by
interactions that facilitate the conversion of E(Aex;) to E(Q;)
and then E(Q,) to E(A-A) and release of a water molecule
(Stage I of the S-reaction, Scheme 1). The rearrangement
of the SAsp305 side chain carboxylate allows formation
of a salt bridge between $Arg141 and SAsp305 which locks
the g-subunit into the closed conformation and blocks
access from solution into the §-site by providing a steric/
electrostatic cap over the opening. Within this closed con-
formation, the active site acid—base catalytic groups, fLys87
and pAGIu109, are correctly positioned to facilitate the
chemical transformations of the reacting substrate.

Despite these successes, significant questions regarding
the chemical mechanism for the substrates' transformation
remain because the resolution of the X-ray structures does
not allow for protonation states to be established on the
reacting substrate, PLP coenzyme, or catalytic residues. The
chemical transformations at the a- and g-catalytic sites
involve Brensted acid—base catalyzed proton transfers
between catalytic side-chain sites (Glu49 and Asp60 at the
o-site; Lys87 and Glu109 at the §-site) and the reacting

substrates. The catalytic activity of the PLP-requiring g-site
is also dependent upon the protonation states of the ioniz-
able groups on the PLP moiety (the PLP phenolic hydroxyl,
pyridine ring nitrogen, and phosphoryl group) and on the
reacting substrate (the Schiff base nitrogen linked to the PLP
C4' carbon, and the carboxylate of the reacting substrate),
which are highlighted in Figure 1a. Therefore, to fully under-
stand the mechanism requires chemically detailed structural
models of the intermediates in the enzyme active site.

The challenge to NMR crystallography is to provide this
atomic-resolution structural characterization. In the remain-
der of this Account, we detail how this goal can be accom-
plished, taking as an example our determination of the
chemically rich crystal structure for the quinonoid intermedi-
ate formed by the reaction of the indole analogue, indoline,
with E(A-A) in the j-site of tryptophan synthase (Scheme 2).2
Quinonoid intermediates are ubiquitous to almost all
PLP-requiring enzymes and thus play central roles in the
catalytic mechanisms of this class of enzymes.?> The rapid
formation of E(Q)ingonne and its slow conversion to dihydro-
iso-.-tryptophan (DIT) make this species an ideal subject
for NMR crystallography. The kinetic behavior of indoline
as a substrate has been well-characterized,*® and two X-ray
structures of E(Q)ingoiine have been determined.>?* Figure 1b
shows the starting point: the framework structure of the
enzyme—intermediate complex from X-ray crystallography.

Chemical Structure: NMR Spectroscopy

Our work has focused on the use of isotropic chemical
shifts for NMR crystallography in tryptophan synthase. We
note that, when available, anisotropic NMR interactions?®
can provide significant additional restraints for refining
models."#~ 27 NMR crystallography uses isotropic chemical
shifts in two specific ways. First, the chemical shift is used in
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SCHEME 2. The Indole Analogue, Indoline, Reacts Rapidly with E(A-A) to Give the Indoline Quinonoid Species, E(Q)indoiine, Which Slowly Converts to

Dihydroiso--tryptophan (DIT)
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its analytical role to directly report on the chemical state of a
probe atom, often answering chemical questions regarding
the direct protonation or hybridization state at that site.
For example, McDowell et al. showed that when labeled
1-[3-"3CJSer was supplied as a substrate to tryptophan
synthase, solid-state '>C NMR spectroscopy could identify
the change in hybridization at the beta carbon as water is
lost to form the E(A-A) intermediate.?® Second, the chemical
shift is used in NMR crystallography to report on the chemi-
cal and structural environment surrounding a probe nucleus.
This is the manner in which chemical shifts are used in the
structural refinement of organic and inorganic molecular
crystals using NMR crystallography;*3>7~9 the chemical
state of the probe atom is known, but its shift depends not
only on its chemical structure, but also its three-dimensional
molecular conformation and the precise location and chem-
ical state of nearby atoms in the surrounding crystal lattice.
Interpreting the chemical shift of a probe nudleus in terms of the
immediate chemical and structural environment is challeng-
ing, but, as illustrated below, when chemical shifts for
multiple probe nuclei are measured and analyzed collec-
tively within the context of NMR crystallography, atomic-
resolution structural models can be uniquely determined.
Solid-state NMR spectra can be acquired on microcrystal-
line protein samples under essentially the same conditions
used to determine X-ray crystal structures, making solid-
state NMR the method of choice for NMR crystallography.
Acquisition of NMR spectra in the solid-state does not
necessarily decrease sensitivity relative to solution-state
NMR; it is our experience that in larger systems, such as
tryptophan synthase, '>C and '°N sensitivities are better
under cross-polarization magic-angle-spinning (CP MAS)
conditions in solid-state NMR (using 20 mg of microcrystal-
line protein in an 80 L, 4 mm MAS rotor) than in solution-
state NMR (the same 20 mg of protein in a 350 uL, 5 mm
restricted-volume tube). Acquisition in the solid-state also
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FIGURE 2. '3C- CPMAS solid-state NMR spectra of the indoline quino-
noid intermediate in tryptophan synthase formed with -[2,3-'3C]Ser
(red spectrum) or unlabeled L-Ser (blue spectrum). (Inset) Time courses
for the disappearance and appearance of the enriched '3C signalsin the
(a) bound (solid) state and (b) mother liquor. The resonances at 103.6 ppm
(red triangles) and 54.1 ppm (inverted red triangles) are assigned to the
sp>-hybridized 2-'3C (C%) and sp>-hybridized 3-'>C (C*) of E(Q)indoline,
respectively, while the peaksat 61.3 ppm and 57.4 ppm (black and open
circles) are assigned to -[2,3-"3C]-Ser nonspecifically bound to the
microcrystals. The time courses on the right show the consumption of
the labeled serine as the reactions progresses, while the quinonoid
species persists until all substrate is consumed. Reprinted with permis-
sion from ref 2. Copyright 2011 American Chemical Society.

does not decrease biological relevance; microcrystalline
samples of tryptophan synthase,?® as well as other enzymes,°
are able to retain catalytic activity.

While every system will present unique challenges to the
acquisition and assignment of solid-state NMR spectra,'>C
and >N chemical shifts for the E(Q)ingoiine intermediate in
tryptophan synthase can be obtained by supplying iso-
topically labeled L-serine and indoline substrates to micro-
crystals of the tryptophan synthase bienzyme complex



TABLE 1. Experimental and Theoretical (ab initio) Chemical Shifts for
Two forms of the E(Q)indoline INtermediate and Their Fast-Exchange
Equilibrium?

calculated psb calculated acid two-site
exp/ppm Form/ppm form/ppm equilib/ppm

c 103.6 106.0 101.3 102.9
c 54.1 54.0 496 51.1
C 173.0 1723 169.3 1703
N 296.5 215.1 337.2 2957
2 50.5 50.1 515 51.1
c3 285 319 325 323
N1 835 85.0 91.1 89.0

9Site labels are shown in Figures 1 and 2.

(Figure 2). The crystal lattice is greater than 50% by mass
water, and the substrates diffuse freely within lattice chan-
nels to establish steady-state concentrations of the inter-
mediates in the catalytically active enzyme. As the reaction
progresses, it is possible to follow with NMR the depletion of
the labeled substrate in the mother liquor (as well as the
formation of the product, DIT) by using direct '3C excitation
with low-power 'H decoupling. Bound substrates are se-
lected using CP MAS with high-power 'H decoupling, allow-
ing the assignment of the '3C and >N resonances for the
fragment of the intermediate derived from serine and indo-
line (Table 1). The serine-derived C* and C* chemical shifts
and the serine- and indoline-derived nitrogen chemical
shifts of the bound intermediate can be resolved in 1D
CP-MAS experiments. The carboxylate carbon and the indo-
line carbon resonances overlap those for nonspecifically
bound (and/or solubility-limited) substrate, but can be re-
solved via double difference experiments.?

An immediate goal of NMR crystallography is to deter-
mine the protonation states of ionizable groups in the active
site. Figure 3b shows possible sites of protonation on or near
the intermediate complex, including the phosphoryl group,
pyridoxal phenolic oxygen, Schiff base nitrogen, both car-
boxylate oxygens (derived from -Ser), and the neighboring
N? of fLys87. The Schiff base nitrogen is the only ionizable
group with a directly measured chemical shift. Previous
measurement of PLP-Schiff base complexes in model
compounds®'? and within the inhibited PLP-dependent
alanine racemase®® place protonated Schiff bases near
190 ppm, while neutral Schiff base linkages fall above
315 ppm (referenced to lig-NHs). At 296.5 ppm, the experi-
mental chemical shift of this intermediate's Schiff base
nitrogen is outside (and in between) the range expected
for either a fully protonated or deprotonated Schiff base,
suggesting that the observed shift is due to a fast exchange
equilibrium between the two forms. The partner structures,
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including the protonation states of the other ionizable
groups, cannot readily be established from the empirical
correlation of shift with structure. But in the following section
we show that when combined with ab initio computational
chemistry and X-ray crystallography, the chemical shifts can
be identified with high certainty to an equilibrium between
two specific tautomeric forms.

Chemically Rich Structure: Adding Ab Initio
Computational Chemistry
Computational chemistry plays two important roles in NMR
crystallography. First, it allows chemically detailed, three-
dimensional models to be built upon the coarse X-ray
framework. Second, it provides first-principles predictions
of spectroscopic properties, such as NMR chemical shifts,
that allow competing structural models to be judged and
ranked based on their agreement with experiment. Enabling
the latter has been the development of highly accurate, ab
initio (first-principles) methods for the calculation of NMR
parameters in chemical and biomolecular systems.3*~3¢

In NMR crystallography, the X-ray crystal structure pro-
vides the scaffolding upon which chemically rich structures
are constructed. In building models of enzyme active sites,
we have adopted a strategy in which we fix the (non-
hydrogen) backbone and side chain atoms of the enzyme
at their crystallographically determined coordinates and use
computational chemistry to geometry optimize the nonpep-
tide components such as the coenzyme and substrates.
The motivation to refine the latter derives from the larger
relative uncertainty expected in their structural coordinates:
in solving X-ray crystal structures, the backbone and side
chain geometries are refined using restraints derived from
residue-specific distributions of bond lengths, angles, and
torsions found within protein databases of high-resolution
structures;” substrates and coenzymes are modeled di-
rectly to the experimentally determined electron density,
making their structural coordinates potentially less accurate.
Still, only relatively minor changes to bond lengths (<0.2 A) and
angles (~5°) for the intermediates are expected during geome-
try optimization, and weaker constraints can be implemented to
maintain gross structural features, such as the relative orienta-
tion of ring planes that are defined by multiple atoms, to
compensate for physical interactions (e.g, dispersion forces)
that are potentially poorly modeled computationally.

Protein systems are currently too large to be treated fully
using ab initio computational methods, but combined classi-
cal, semiempirical, and first-principles quantum-mechanical
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FIGURE 3. (a) Model of the tryptophan synthase g-subunit enzyme active site showing (wireframe) the side chains and (ball and stick) the PLP-ligand
complex. (b) Substructure used for calculating NMR chemical shifts. Green ovals indicate possible sites of protonation. Reprinted with permission from

ref 2. Copyright 2011 American Chemical Society.

techniques have been developed that enable computational
modeling of enzyme active sites and entire protein systems.
Mixed techniques, such as ONIOM,>2 treat selected regions of
the system at higher levels of theory, allowing the substrates,
coenzyme, and catalytic residues in the active site to be
modeled at a quantum-mechanical level, while the surround-
ing active site residues are treated at a less computationally
costly, semiempirical or classical (molecular mechanics) level.
ONIOM methods calculate the total energy as the sum of the
full system energy calculated at the low level of theory plus the
difference in the energy of the isolated high-layer region
calculated at high and low levels of theory. In order to use
molecular mechanics for the low layer, both the peptide and
nonpeptide components must be accurately parametrized.
In our application of NMR crystallography to the indoline
quinonoid intermediate in tryptophan synthase, we first
constructed a truncated model of the active site consisting
of residues located within 7 A of the intermediate (PLP +
reacting substrates) (Figure 3a). Peptide chains at the bound-
ary of this region were terminated by replacing backbone
N-terminal nitrogens with hydrogens and C-terminal carbo-
nyls with carboxamides. This provided a framework for
computationally optimizing the structure of the intermedi-
ate in the presence of local charges, hydrogen bonding,
and steric interactions with the active site side chains. We
adopted an ONIOM>® method (implemented in Gaussian03) in
which the atoms of the PLP-ligand complex defined the high
layer (treated at the density-functional level of theory,
B3LYP/6-31G(d,p)), while the amino acid residues making
up the catalytic pocket were included in the low layer
(treated at the semiempirical, PM3 level of theory). Second,
2014 = ACCOUNTS OF CHEMICAL RESEARCH
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candidate structures for the intermediate in the active site
were systematically generated with varying protonation
states for the six ionizable sites on or near the PLP-ligand
complex shown in Figure 3b. Models with more than a single
proton placed at either the pyridoxal oxygen, the Schiff
base nitrogen, or the closest carboxylate oxygen were not
considered, nor were structures with a doubly protonated
carboxylate. This gave 28 model structures that were
each fully geometry optimized. Third, chemical shieldings
were calculated (B3LYP/6-311+-+G(d,p)) for each refined
intermediate model complex using substructures such as
the one shown in Figure 3b, which included fragments of
residues that were potentially charged or hydrogen bonded
to the intermediate. Calculated chemical shieldings were
converted to chemical shifts referenced to TMS for '>C using
implicitly (polarizable continuum model)*® solvated ben-
zene as a secondary shift reference and liquid ammonia
for >N using explicitly hydrated urea as a secondary shift
reference.? Finally, the agreement between the calculated
chemical shifts for the model structures and the experimen-
tal shifts was quantified and ranked using the reduced
x? statistic (the weighted deviation of the model and
experimental shifts) with weightings corresponding to
root-mean-square deviations of 2 ppm for '>C and 4 ppm
for 15N.40'41

For the indoline quinonoid intermediate, no single static
structural model was found to reproduce all of the experi-
mental chemical shift values (lowest reduced Xz of 4.9) due,
in part, to a large discrepancy at the Schiff base nitrogen.
To account for the chemical shift at this site, it was necessary
to invoke a fast-exchange equilibrium model, in which



SCHEME 3. Canonical Protonated Schiff Base Form of the Indoline
Quinonoid Intermediate and a Resonance Structure That Builds up
Negative Charge at C*
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SCHEME 4. Acid Form of the Indoline Quinonoid Intermediate and
a Resonance Structure That Builds up Negative Charge at C*

EnZj Enz
NH3+? (EL/ NH3+O
N N—~c
e o e O
S R S
™o P o7
| |
N N*
.'4 i

exchange partners that differed by the position of a single
proton were systematically paired and the relative popula-
tions of the tautomers optimized for best agreement with
the experimental chemical shifts. These models were
ranked and the best-fit equilibrium, with a reduced »? of
1.39, was found to be a 34:66 ratio between the canonical
protonated Schiff-base (PSB) form (Scheme 3) and the car-
boxylic acid form in which the proton moves from the Schiff
base nitrogen to the nearest carboxylate oxygen (Scheme 4).
In both partners, the side chain of SK87 is positively charged
and the phosphoryl is dianionic; the latter is in agreement
with the interpretation of the phosphoryl 3'P chemical
shift in solution.*? The solution-state 3'P chemical shift for
this intermediate can be used to rule out many of the
competing equilibrium models including the second-best
population-optimized model (reduced xz of 1.48), which was
found to be a similar PSB-acid equilibrium, but with the phos-
phoryl groups of both structures protonated (monoanionic). All
other population-optimized equilibrium models with dianio-
nic phosphoryl groups were found to have reduced > > 3,
making them unlikely candidates. The calculated chemical
shifts for the PSB and acid structures, in addition to their fast-
exchange average, are summarized in Table 1.

Figure 1c shows the refined, chemically rich crystal struc-
ture of the acid form of the indoline quinonoid intermediate.
This form is hinted at in the X-ray crystal structure, which
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shows a distance of 2.57 A from the Schiff base nitrogen
to the nearest carboxylate oxygen, and in the >N NMR
spectrum, which reports a mostly deprotonated Schiff base
nitrogen. But it is only when multiple chemical shifts for the
intermediate are analyzed within the context of NMR crystal-
lography that this tautomer can be confidently identified.
The acid tautomer had not previously been proposed to play
arole in PLP catalysis, but its identification has fundamental
implications for the mechanism in tryptophan synthase
catalysis, which at the next step involves protonation at
the C® site. Structures that build up negative charge at C*
are anticipated to promote this transformation by helping to
direct the proton to the target site and by charge stabilizing
the transition state. Schemes 3 and 4 each show an addi-
tional resonance structure that builds up electron density at
the C” site. Repulsion between negative charges causes this
resonance structure to be less important for the PSB (and
all other carboxylate-based structures) than for the acid
form of the intermediate, making it a smaller contribution
to the ground-state electronic structure. Natural bond orbital
analysis*? calculations of atomic charges are consistent with
this model: C* is essentially neutral (—0.014 atomic units) for
the PSB form and is —0.097 atomic units for the acid form.
In addition to the buildup of negative charge at C°, there is
a concomitant buildup of positive charge at C4’ of the PLP,
biasing the catalysis away from a competing transamination
pathway.

Conclusion

Enzymes have evolved to achieve remarkably efficient and
specific chemical transformations. Yet atomic-level details of
enzyme mechanisms remain elusive: the intermediates are
transient, and the chemistry that drives the transformation,
such as changes in hybridization and protonation states, is
difficult to characterize in functioning enzyme systems. NMR
crystallography is poised to make a significant contribution
to this understanding by the synergistic combination of
solid-state NMR spectroscopy, X-ray crystallography, and
computational chemistry. This fusion allows specific models
of the chemical structure to be built upon the coarse X-ray
framework and then tested by comparison of predicted and
experimental chemical shifts. The result is a unique and chemi-
cally rich view into functioning enzyme catalysis, which
for the case of tryptophan synthase leads to a new acid-
form hypothesis for the indoline quinonoid intermediate.
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