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ABSTRACT

STRUCTURAL ENZYMOLOGY
INVESTIGATING THE MECHANISM OF RICE BRANCHING ENZYME I,
RICE GRANULE BOUND STARCH SYNTHASE,
AND
CG10062, A MEMBER OF THE TAUTOMERASE SUPERFAMILY
By
Hadi Nayebi Gavgani

Enzymes are the factories of biological cells that drive most of the biochemical transformations
necessary for living. These macromolecules evolved over billions of years to optimize their
function to perform a vast range of chemical transformations. They represent some of the fastest
and most selective catalysts known to us. In order to engineer enzymes and utilize their potential
for new reactions, first we need to understand their native functions. Structural enzymology uses
primarily x-ray crystallographic methods to observe enzymes at atomic scale.

Rice granule-bound starch synthase I (GBSSI) and rice branching enzyme I (BEI) are two key
components of starch biosynthesis. Using structural enzymology and kinetic studies, an enhanced
model of their biochemical function is generated. In the case of GBSSI, new structures with its
native substrate were obtained and also for the first time its open conformer structure was solved.
Developing kinetic experiments for rice BEI and investigating the structure of rBEI-
maltododecaose complex revealed the binding site for the donor and acceptor chains.

Cgl10062, a member of the tautomerase superfamily, transforms propiolate by hydration and
decarboxylation. Intermediate-bound structures of various Cgl0062 variants, identified many

intermediates in the reaction. A mechanistic model is developed, and behavior of its mutants is

clarified.
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CHAPTER ONE

Cg10062, a member of the tautomerase superfamily



This chapter aims to comprehend the mechanism of the Cg10062 enzyme, a member of the
tautomerase superfamily, using protein x-ray crystallographic methods. The first section provides
a brief introduction to the tautomerase family and several well-studied proteins in this family to
address the current understanding of the reaction mechanism controlled by these enzymes. Also,
in this section, the Cgl0062 enzyme will be introduced. The second section presents the
experimental results obtained in this study. In this section, we try to address the questions related
to the mechanism of Cg10062 by using the experimental results. Finally, the last section explains
experimental methods and procedures for crystallization, data collection, and solving protein

structures.

1.1. Introduction

Structural enzymology' utilizes the information gained from a protein crystal structure to
elaborate on the catalytic activity of the enzyme. Generally, the topology of the active site,
considering the chemistry of the reaction, allows for the construction of a model explaining the
mechanism of the reaction. If the model could not explain the other experimental data such as
activity and specificity, then it will be modified. Besides, by soaking the crystals of an enzyme in
the solution of the substrate(s) or inhibitor(s) before x-ray data collection, intermediate steps are
more likely to be observed as a result of the limited protein breathing. Studies show that protein
breathing, a low-frequency conformational motion, is influential in the catalytic activity of the
enzymes.? Since proteins packed in a crystal lattice have limited space and limited breathing
activity, the intermediate steps of an enzymatic cycle might slow down, allowing the formation of
intermediate species. Including the structure of mutants of an enzyme, preferably with a known

biochemical outcome, is a powerful way to generate model-based predictions, test, and refine the



proposed mechanism.!*¢ Cg10062 enzyme is a member of tautomerase superfamily and studies
show that it catalyzes the hydration and decarboxylation of propiolate.” This enzyme does not need
any metal or cofactors to complete its catalytic cycle. Propiolate is the product of
dehydrodimerization of CH4 followed by carboxylation of the acetylene. Therefore, propiolate
might be an intermediate for the production of small organic molecules from methane and carbon
dioxide. Cgl0062 enzyme -catalyzes the hydration of the propiolate to form malonate
semialdehyde. But the decarboxylation step removes a carbon and two oxygen atoms, which makes
Cg10062 less useful. Understanding the mechanism of hydration and decarboxylation of Cg10062
will help us to engineer a variant of the enzyme that decarboxylation is prevented. Such an enzyme
could be used in the process of producing small organic molecule with methane and carbon dioxide

as the initial source (Figure 1.1).
2 CH4 —_— C2H2 + 3 Hz
Cco, + C,H, ———>» HCC-CO,H

HCC-CO,H <2y HCO-CH,-CO,H

Figure 1. 1 Using Cgl0062 to produce small organic molecules from methane and carbon
dioxide.



1.1.1. The tautomerase superfamily

The tautomerase superfamily (TSF) is a group of structurally homologous proteins that share
a B-a-p fold and a catalytic N-terminal proline residue. This superfamily has more than 11,000
non-redundant sequences from different domains of life,® and they carry out a diverse range of
enzymatic reactions. The complete range of these functions remains undiscovered. The B-o-3
building block starts with a proline (Pro-1) and forms a (3-strand followed by an a-helix and a 310
helix, which continues with a second parallel B-strand’. There is a B-hairpin at the C-terminus of
the protein. The [B-hairpin is involved in the formation of the hexamer (or trimer).

From a primary sequence point of view (Figure 1.2), these enzymes are present in two sizes,
proteins composed of one B-a-p fold and another group composed of two -a-3 folds. The proteins
with one -a-f unit, are active in the form of a hexamer (homohexamer or heterohexamer). And
the proteins with two B-o-f3 building blocks form a trimer to catalyze the reaction. The N-terminus
of one monomer combines with the C-terminus an adjacent monomer to form the active site. For
example, in a hexamer or a trimer, a conserved tyrosine residue from the C-terminus of an enzyme
completes the active site of an adjacent monomer. This arrangement creates six active sites in the
case of a hexamer and three active sites for a trimer form.’

Pro-1 in the tautomerase enzyme superfamily, can function as a general base or general acid
catalyst. The catalytic role of Pro-1 depends on the pK. value of the proline in the active site of the
protein.!® Functionally, the tautomerase superfamily divides into five families. The families
catalyze a similar reaction type and share the substrate. (see Table 1.1). A group of enzymes acts
as a 4-Oxalocrotonate tautomerase (4-OT). 4-OT processes an enol-keto tautomerization of a
pyruvoyl group, and an acidic Pro-1 residue catalyzes it. Generally, Pro-1 of these enzymes have

low pKa. values.!! The second family is 5-(carboxymethyl)-2-hydroxymuconate isomerase



(CHMI).!? Macrophage migration inhibitory factor (MIF)!*'* has phenylpyruvate tautomerase
activity.® cis- and trans-3-Chloroacrylic acid dehalogenase (cis-and trans-CaaD)'® and malonate
semialdehyde decarboxylase (MASD)!'® perform mechanistically different reactions using their

Pro-1. The pKa value of Pro-1 is higher in these families.

Figure 1. 2 Sequence similarity network of the TSF superfamily1.® The 11395 sequences of
the TSF superfamily are used to generate the network. These sequences are binned into 1323 nodes
with > 50% pairwise sequence identity. Diamond-shaped nodes have one or more experimentally
characterized proteins with a SwissProt annotation. square-shaped nodes have one or more
structurally characterized nodes; triangular nodes have one or more proteins that are functionally
and structurally characterized. Nodes containing the sequence of a founder protein are shown in
bright yellow triangles.



Table 1. 1 Major reaction types catalyzed by the members of the tautomerase superfamily.

) Typical monomer . . .
Family Enzyme length Oligomeric state Reaction
: (oee i s
4-0T 62 hexamer NN o OMO-
. ol OH | 0
4-0T Mmoo ‘
a-subunit 75 H 0O O
CaaD ) Heteroh +H,O/-HCI
aa B-subunit 70 CIETORERAmEr (‘1/\)]\0“ HMO—
CHMI * CHMI 125 trimer
0 HH O
MIF * MIF 114 trimer X 0"
OH
cis-CaaD cis-CaaD 149 Trimer G o HHaO-HC /OU\/IOL
A H 0
SA SA 129 il i
MSAD MSAD trimer e —_ .
yAs A

* The pyruvoyl moiety (in the red box), the common functional group for 4-OT, CHMI, and MIF.



From an evolutionary point of view, studies!®!”

show that a gene duplication event gave rise
to the generation of an isoform of the native enzyme, and subsequently, the formation of active
enzymes in the form of heterohexamers. Over time one of the isoforms loses the Pro-1, the reactive

residue, and results in losing half of the active sites in the heterohexamers. Later, a gene fusion

event starts a new enzyme that is twice the size of the ancestor protein.®

Figure 1. 3 Three types of oligomers for members of the TSF. Side view (top row), top view
(bottom row), monomer (yellow), isoform (blue) Pro-1 in the active site (green), (A) a
homohexamer (PDB ID: 4X19) with 6 active sites. (B) a heterohexamer (PDB ID: 3MB2) with 3
active sites. (C) a trimer (PDB ID: 4LHP) with 3 active sites.

Gene duplication, followed by a gene fusion event, resulted in four types of protein oligomers.®
A homohexamer has six active sites, while heterohexamers might have six or three active sites.

The number of active sites for a heterohexamer depends on the extent of the evolution of the

isoform. And, Trimers have three active sites. There are solved structures of homohexamer,



heterohexamers, and trimers, for more than fifty species. These structures are deposited in the
Protein Data Bank.'® (see Figure 1.3)

Generally, a protein of this superfamily forms homo/hetero-hexamers if it contains only one
B-a-B fold (4-OT).!"” Homotrimers, on the other hand, consist of two B-a-B folds (CHMI, MIF,
cis-CaaD, MSAD).!%12l TSF subfamilies are involved in the degradation of aromatic
hydrocarbons (4-OT)?? and the degradation of aromatic amino acids (CHMI).!??3 MIF family
processes phenylpyruvate tautomerization (MIF).!%2* The classification focuses on the primary
reaction type catalyzed by the enzyme; however, the members of one family show relatively lower

activities on the substrates of other families.?’

1.1.1.1. 4-Oxalocrotonate Tautomerase

4-Oxalocrotonate tautomerase (4-OT) is a member of the tautomerase superfamily that is made
up of one B-a-f building block and is active in the form of a hexamer. 4-OT enzymes are involved
in the degradation of aromatic hydrocarbons and enable the organism to use aromatic hydrocarbon
as a source of carbon and energy.?¢ Investigation of the active site for 4-OT enzymes reveals a
hydrophobic characteristic, and as a result, the 1-Pro residue in 4-OT has a lower pKa (~6.4). Pro-
1 in 4-OT is unprotonated at cellular pH and functions as a general base.

Studies show?? that 2-hydroxymuconate 1 is the substrate for the 4-OT enzyme (from
Pseudomonas sp.), and while the substrate is stable in crystalline form but it quickly tautomerase
to 2-ox0-3-hexenedionate 2 in solution.?® There exists another molecule, 2-0x0-4-hexenedionate
3, that is in equilibrium with 2-hydroxymuconate (Figure 1.4). Based on NMR and
crystallographic observation, done by the. Whitman research group, a catalytic mechanism is

proposed for the action of 4-OT.2¢
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Figure 1. 4 Catalytic action of 4-OT. (A) 4-OT substrate in equilibrium with its two tautomers.
(B) Proposed mechanism for 4-OT.

They identified Arg-39 as a possible candidate for general acid function and at the same time
interacting with the C-1 carboxylate for binding. Arg-11 was another residue responsible for
binding via the C-6 carboxylate group. The existence of two positively charged amino acids in
proximity of Pro-1 and general hydrophobic characteristic of the active site pocket could explain
the low pK, value for the proline.?® Later a ligand-bound structure of a 4-OT isozyme (P. putida
mt-2) that shares a 73% sequence identity with the Pseudomonas sp. enzyme, was obtained. 2-
oxo0-3-pentynoate is an active site irreversible inhibitor for this enzyme and Pro-1 forms a covalent
bond to C4 of 2-ox0-3-pentynoate.?’ (Figure 1.5)

Including new information and mutational studies, they proposed a modified mechanism. Arg-
61 mutation to alanine did not affect the pKa of Pro-1suggesting that its role is not significant for

the mechanism of the enzyme. Arg-11 was shown to be essential for binding and catalysis, while



the alanine mutation did not suggest a significant role in lowering the pKa. value of the Pro-1. Arg-

39 has a significant role in catalysis and structural stability of the enzyme.?® (Figure 1.6)

2.5

(g? ..\\Pl'O-l v
e

Figure 1. 5 Inactivated 4-OT by 2-oxo-3-pentynoate. Colors represent different chains in the
hexamer.
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Figure 1. 6 Modified mechanism for 4-OT from Pseudomonas sp.



1.1.1.2. trans-3-Chloroacrylic acid dehalogenase

trans-3-Chloroacrylic acid dehalogenase (CaaD) and cis-3-Chloroacrylic acid dehalogenase
(cis-CaaD) are both members of the tautomerase superfamily. CaaD has one -a-3 building block
and is more homologous to the 4-OT family.?®?° However, CaaD forms a heterohexamer and only
has three active sites suggesting that the CaaD family evolved from an ancestor 4-OT. After the
gene duplication event, an isoform was evolved, and losing Pro-1 residue became possible. The
benefit of this event is that the newly formed isoform is free to evolve, which helps the 4-OT to be
able to expand its reaction scope. cis-CaaD, on the other hand, does not belong to the 4-OT family.
They have two B-a-p building blocks and form a trimer. Both enzymes are involved in bacterial
degradation of 1,3-dichloropropene.® 1,3-dichloropropene is not a naturally occurring chemical,
and it is the active ingredient of the pesticides used to kill nematodes. CaaD and cis-CaaD are
involved in the catabolic pathway of 1,3-dichloropropene. These enzymes remove an HCl from
cis/trans-3-chloroacrylic acid to produce melanic semialdehyde. Interestingly, the structural
properties of TSF members allow them to evolve and start metabolizing unnatural substances such
as 3-chloroacrylic acid. CaaD consists of two o and 3 subunits, arranged as a heterohexamer and
BPro-1, aArg-8, aArg-11, and aGlu-52 residues are the active site residues (Figure 1.8). cis-CaaD,
however, has 149 amino acids and two -a- building blocks. cis-CaaD uses Pro-1, His-28, Arg-

70, Arg-73, Tyr-109, and Glu-114 for its catalytic activity.*°

(OH o)
h /H )\/U\ A Ha
H-0 o a o \
(_) aArg-8 OH . aArg-8 / ‘J
aGlu-52—< 0) aGlu—52—< OH O o o]
< la)
o /\)J\ ~ aAre- —_ 0 f\)\/k - JJ\/U\ -
al o aArg-ll a = 0 [aArg 1 H o
) -HCl
H H
Hol Rt ol Rl \ OH O /
1 7 M
O A

Figure 1. 7 Catalytic mechanism of CaaD with trans-chloroacrylic acid as the substrate.
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Two arginine residues from CaaD are involved in binding and polarizing the substrate while
aGlu-52 activates a water molecule for addition to C-3 of 3-chloroacrylic acid. The pK, value of
BPro-1 is estimated to be 9.2, which is much higher than Pro-1 from 4-OT enzymes. At cellular
pH, Pro-1 is protonated, and it transfers the proton to C-2, leading to the formation of chlorohydrin.
Chlorohydrin is an unstable chemical, and it can break down chemically or by the enzyme (see
Figure 1.7). In cis-CaaD, Tyr-103 is suggested to be involved in the water activation along with

Glu-114, and His-28 might play a similar role as Arg-70 and Arg-73.3°

Arg-8
Glu-52 )
2.7
3.0 N
4.1
B o 4 Arg-11
“ 42
N

Figure 1. 8 Inactivated CaaD by 3-bromo-propiolate.

1.1.1.3. cis-3-Chloroacrylic acid dehalogenase

As mentioned in the previous section, cis-CaaD is one of the major families in the TSF with
two B-a-f building blocks and active as a trimer. cis-CaaD catalyzes the hydrolytic dehalogenation
of cis-3-chloroacrylic acid to produce malonate semialdehyde. Glu-114 and Tyr-103 are proposed
to activate water for the attack on C-3 while Arg-70, Arg-73, and His-28 help the substrate to bind

to the active site and polarize the a,B-conjugated carboxylate group.®
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The Pro-1 residue is proposed to act as a general acid catalyst by providing a proton at C-2.
An inactivated cis-CaaD crystal structure with (R)-oxirane-2-carboxylate shows that C-3 is in the
perfect location for a prolyl nitrogen attack. Interactions of Arg-73 and His-28 with the carboxylate
group of the ring-opened epoxide are suggesting their involvement in the binding. Arg-70 interacts

directly or via a water network, with epoxide oxygen to facilitate the ring-opening.’!
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Figure 1. 9 Proposed mechanism for cis-CaaD.

Experiments show that Pro-1, Arg-70, and Arg-73 are all required for the inactivation. Glu-
114 is not essential for the inactivation with (R)-oxirane-2-carboxylate. The hydroxyl group of the
covalent adduct is interacting with new residues not observed before, such as hydrogen bonding
with the backbone carbonyl group of Leu-38.32 The pK, value of Pro-1 in cis-CaaD is estimated
to be 9.3, similar to CaaD.

The mechanisms proposed for CaaD and cis-CaaD are similar (Figure 1.9), but mutational
studies revealed differences between the two enzymes. aE52Q (involved in water activation
similar to E114 from cis-CaaD) mutants completely lose their activity while the E114Q mutant
from cis-CaaD is still active. Water activation in cis-CaaD is more complexed than CaaD,
considering the importance of Y103F and more resilient to mutation of E114. The inhibition

studies of CaaD and cis-CaaD identified the importance of Tyr-103 and His-28 in cis-CaaD. As a
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result of these studies, water activation is more critical in CaaD, and substrate activation is more
important in cis-CaaD catalysis. Both enantiomers of oxirane-2-carboxylate do not inactivate
CaaD. aArg-8 and alArg-11 are both required for proton donation and facilitating the ring-opening.
Since CaaD lacks the His-28, the carboxylate group might interact with alArg-8 and atArg-11 for
binding. Interaction of aArg-8 and aArg-11 with the carboxylate group prevents them from

protonating the epoxy oxygen.’ (Figure 1.10)

gp ™ ' T

Glu-114

Figure 1. 10 The active site of CaaD (green) and cis-CaaD (magenta)

1.1.1.4. Malonate semialdehyde decarboxylase

Malonate semialdehyde decarboxylases, a subfamily of TSF, have two -o-3 building blocks
and they are active in trimer form!®2!33-35 Pro-1 and Arg-75 are identified as the active site
residues. The pKa value of Pro-1 in MSAD is measured by titration using '’N NMR spectroscopy

and determined to be ~9.2, suggesting a general acid catalysis role for Pro-1 in MSAD. A high pK,
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value suggests an electrostatic interaction, via hydrogen bonding, that polarizes the carbonyl
oxygen of malonate semialdehyde.

Inhibition studies on MSAD generate inactivated enzyme with Pro-1 being covalently
modified. Pro-1 can act as a nucleophile and form the covalent adduct, only if it is deprotonated
by the initial hydration of the inhibitor. Structural studies of inactivated MSAD added Asp-37 and
Arg-73 to the list of catalytic residues (Figure 1.11). The decarboxylation mechanism of MSAD
is conducted by a water network between Pro-1 and Asp-37 to activate the carbonyl oxygen.
Activated carbonyl oxygen creates an electron sink that facilitates decarboxylation.?

The pK. value for Pro-1 in the D37A mutant drops to ~6.4, suggesting that Pro-1 interaction
with Asp-37 via the water network turns Pro-1 to a general acid catalyst.” Other than
decarboxylation activity, MSAD has shown hydration activity on 2-oxo-3-pentynoate. The

hydration mechanism of MSAD parallels that of CaaD. Asp-37 and aGlu-52 are equivalent and

Arg-73/Arg-75 replaces aArg-8/aArg-11.16

/ Arg-73

Arg-75

Figure 1. 11 Active site of MSAD, inactivated by 3-bromo-propiolate.
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1.1.2. Engineering tautomerase enzymes

The B-a-f building block is the basic structural unit of TSF enzymes. The gene duplication
event created an isoform, which then evolved independently, and the gene fusion event combined
the evolved isoforms with the ancestor unit to make use of the positive changes they accumulated
for expanding their reaction scope. The small size of the B-o-f domain and the fact that they

function without metals and cofactors, make them an excellent target for directed evolution

36-38 39,40

studies and protein engineering.
Poelarends and coworkers*! screened 1040 single mutants of the 4-OT from Pseudomonas

putida mt-2 for self-condensation of linear aliphatic aldehydes such as propanal via an aldolase

reaction. (Figure 1.12)

o
Rl
0 H
H 2 R,
R, :H,Et
Rz: Ph, p-Cl-C6H4, p-F-C6H4

Figure 1. 12 Aldolase reaction target for 4-OT directed evolution.

Later they constructed a double-site (800 transformants) and a triple-site (3500 transformants)
library. They were able to identify hot spots for mutations and discovered M45Y/F50V variant
with significant aldolase activity in the self-condensation of propanal. The new variant has ~30-
fold improvement over wild-type.’®*4? Using the native substrate to examine the mutability space
of 4-OT could be beneficial for understanding the mechanism. However, the high activity of the
enzyme makes the comparison unreliable. Phenylenolpyruvate is not the native substrate for 4-
OT, but it is ketonized by 4-OT slowly (keat = 73 s!) to phenylpyruvate. Two regions in the

mutability landscape for 4-OT, tautomerizing phenylenolpyruvate, show no or little effect on
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activity. These regions are Ser-12 to Arg-29 and Gly-54 to Arg-62. The first region is between
Arg-11 and Arg-39, the two amino acids that were identified by Whitman and colleagues to be
required for tautomerization in 4-OT. Also, Gly-10 is found to be essential for the activity of the
enzyme; however, the proximity of the residue to active site residue Arg-11 suggesting a structural
tuning role.’® Screening the mutability landscape led to the identification of hot spots that improves
tautomerase activity (> 5-fold). Mutation sites enhancing the tautomerase activity are Ile-2, Gln-
4, Leu-8, Ser-37, and Phe-50. Among these mutations, Gln-4 is ~1 1A away from Pro-1, suggesting
that distant mutation can improve the activity as well.3

Recently Wiltschi and colleagues*® engineered a 4-OT enzyme by substituting the Pro-1 with
non-canonical analogs (Figure 1.13) such as (2S,4R)-4-fluoroproline 1, (2S,4S)-4-fluoroproline 2,

(2S)-3,4-dehydroproline 3, and (4R)-1,3-thiazolidine-4-carboxylic acid 4.

] F
" h / A / “u l\/N\H
Pro-1 Pro-1 Pro-1 Pro-1
1 2 3 4

Figure 1. 13 non-Canonical analogs of proline. (2S,4R)-4-fluoroproline, (2S,4S)-4-
fluoroproline, (25)-3,4-dehydroproline, and (4R)-1,3-thiazolidine-4-carboxylic acid.
(0]

|
X NO; o )
o —

Figure 1. 14 Target reaction for 4-OT enzymes with non-canonical proline.

The target reaction for the modified enzyme is the Michael addition of acetaldehyde to
nitrostyrene (Figure 1.14). Evaluating the activity of these analogues in the reaction showed a

significant reduction of activity compared to the native enzyme. There exists another proline
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residue in the native enzyme, Pro-34, which is replaced by the non-canonical analogs of proline as
well. In order to eliminate the effect of Pro-34 substitution in the study, a mutant library at position
34 was constructed to identify the mutations with similar activity for Michael-type reaction as the
native enzyme. P34E maintained similar activity and expression levels and is used for the
incorporation of non-canonical analogs. However, the variants of 4-OT P34E were also inactive
toward the Michael-type reaction. The crystal structure of 3,4-dehydroproline variant of 4-OT was
obtained, and it has identical tertiary structure, and the active site residues show no deviation from
the native enzyme. To investigate the reason for the loss of activity, theoretical pKa of these
analogs (9.7 for 4-fluoroproline, 10.7 for 3,4-dehydroproline, and 7.7 for 1,3-thiazolidine-4-
carboxylic acid) are compared to that of free proline at 10.6. Since the pK. of proline is lowered
by approximately four units (~6.4) in the active site compared to the free amino acid, estimated
pKa values for 4-fluoroproline and 3,4-dehydroproline will be ~5.7 and ~6.7, respectively. pKa
value for thiazolidine-4-carboxylic acid in the active site is estimated to be ~3.7. Measuring the
activity at different pH values did not improve the activity, showing that variability in pKa values
of analogs vs. proline is not responsible for the loss of activity.** Even though the study was not
able to generate a successful variant for the Michael-type addition, it did demonstrate that the

critical role played by Pro-1 in the activity of 4-OT makes it irreplaceable.

1.1.3. Cg10062, a member of the TSF

Since the first discovery of TSF the in 1996, significant progress has been made in identifying
and understanding its members. Protein Data Bank contains 178 structures from 49 members of
the TSF in native or mutated forms and bound to the substrate or an inhibitor. Kinetic studies of

mutated enzymes from different families of TSF combined with structural information enhanced
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our understanding of the substrate variability and mechanistic diversity in the superfamily.
Besides, the creation of sequence databases and improved bioinformatic tools vastly expands our
ability to connect acquired knowledge from different members of the family. Bioinformatic will
be able to identify previously uncharacterized members of the family and define the evolutionary

connection between them.

CaaD-Arg-8  ¢is-CaaD-Arg-70
Cgl0062-Arg-70 MSAD-Arg-73
MSAD-Arg-75
., CaaD-Arg-11
Pcis-CaaD-Arg-73

Cgl10062-Arg-73

cis-CaaD-Tyr-103
Cgl10062-Tyr-103

cis-CaaD-Glu-114
Cg10062-Glu-114
CaaD-Glu-52

Uh cis-CaaD-His-28

MSAD-Asp-37 Cgl10062-His-28

Figure 1. 15 Cg10062 and cis-CaaD have identical active site residues. Cg10062 (yellow), cis-
CaaD (magenta), CaaD (green), MSAD (purple)

Cgl10062 is identified as a 149-amino acid homolog of cis-CaaD. It shares 24% sequence
identity, and 53% sequence similarity with cis-CaaD and all the residues critical for cis-CaaD
activity are present in the protein (Figure 1.15).7 Cgl0062 converts 2-oxo-3-pentynoate to
acetopyruvate and is inactivated by an acyl halide or a ketene, similar to cis-CaaD. However, it
has much lower activity and lacks the stereospecificity.** Cg10062 acts on both isomers of 3-
chloroacrylate slowly and with a preference for the cis-isomer. Cg10062 differs from cis-CaaD at

position 69, where the His-69 from cis-CaaD is replaced by isoleucine in Cg10062. His-69 in cis-
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CaaD is in the active site, and both His-28 and His-96 are interacting with the hydroxyl group of
Tyr-3. Another significant difference is a nine-residue loop connecting the a-helix of the B-o-3
unit to the second B-strand. RGLTGTQHEF is the nine-residue loop from cis-CaaD, while Cg10062
has HELAHAPKY residues in the loop.® This loop has residues facing the active site such as two
threonines from the cis-CaaD loop, which are replaced by two alanine in the Cg10062. The cis-
CaaD loop might be more flexible than the Cgl0062 loop since it has two glycine residues
compared to the Cg10062 loop that contains a proline residue.**4

The Cgl0062 processes cis-3-bromoacrylate ~1000-fold slower than cis-CaaD and even
dehalogenases trans-3-bromoacrylate unlike cis-CaaD, albeit slower than cis-isomer. This
observation shows that the active site of the Cgl10062 is not optimized for the dehalogenation

reaction. The active site of Cgl0062 is observed to be more spacious than the cis-CaaD active

site.®

(0] 6 (0] o O
- {_ Cg10062 UJ\_ + k i 0
0O (6]
1 2 3

Figure 1. 16 Hydration and decarboxylation of propiolate by Cg10062.

Exploring the reactivity of CaaD, cis-CaaD, and Cg10062 toward various substrates helps us
to understand the difference between these enzymes. Kinetic studies from Dr. Darths laboratory is
summarized in table 1.2. In order to measure the ration of hydration and decarboxylation, an
enzyme coupled assay is used to detect acetaldehyde. In the absence of MSAD, only acetaldehyde
produced by decarboxylation is detected, but in the presence of MSAD, malonate semialdehyde is
decarboxylated to produce more acetaldehyde. The difference between the acetaldehyde in the

presence and the absence of MSAD gives the hydration product.
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Table 1. 2 Kinetic data for native and mutants of Cg10062 (data from Ms. Amaya Sirinimal in
Dr. Karen Draths laboratory)

: Specific Activity (umol min 'mg™) Product ratio (%)
Cgl10062 variant T MSAD MSAD 3 3
native 8.3 6.9 19 81
E114N 2.9 0 100 0
E114Q 1.3 0 100 0
E114D 1.3 0 100 0
Y103A 0.14 0.08 43 57
Y103F 2.2 1.4 36 64
H28A 0.046 0.018 60 40
E114A 0.013 0.007 44 56
E114D-Y103F 0.74 0 100 0
R70A 1nactive
R70K 1nactive
R73A 1nactive
R73K 1nactive
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Figure 1. 17 Hydration and decarboxylation substrates for Cg10062

O
o

One of the first evidence of covalent intermediate in the mechanism of Cg10062 came from

Whitman and coworkers. Incubating Cg10062-Y 103F (and Cg10062-E114D) with 2-butynoate in
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the presence of NaCNBH3. Analysis of ESI-MS spectra show an added mass that corresponds to
the covalently modified imine intermediate. Three mechanisms are proposed by Whitman and

coworkers for the hydration/decarboxylation activity of Cg10062.3° (Figures 1.18, 1.19, 1.20)
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Figure 1. 18 Proposed mechanism for Cg10062 hydration/decarboxylation reaction via Pro-1
as general acid catalyst.

Evidence for the formation of iminium species in the reaction indicates the possibility of
covalent intermediate. The steady-state kinetic parameters for Cg10062 are reported by Whitman*?
and collogues, using acetylene compounds, cis-3-chloroacrylate, trans-3-chloroacrylate,
propiolate, 2-butynoate, and 2,3-dibutadienoate as the substrate (see Table 1.3). They examined
the products of the Cgl10062 reactions with these substrates and the results are summarized in

Table 1.4.
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Figure 1. 19 Proposed mechanism for Cgl0062 decarboxylation reaction via Schiff base
intermediate.
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Table 1. 3 Steady-state kinetic parameters for the native Cg10062 and mutants.”

Enzyme substrate K (UM) Keat (s Keat/ Kn M s7)

Native cis-3-chloroacrylate 72000 £ 8500 1+0.1 1442
trans-3-chloroacrylate 78000 £36000 0.06+0.01 0.8%04
Propiolate 33+£5 6+£0.2 (1.8+0.2) x 10°
2,3-dibutadienoate 780 £ 120 4+03 (5.1£0.8) x 10°
2-butynoate - - 30£2

E114Q cis-3-chloroacrylate 4000 = 800 0.4£0.05 100 £ 25
Propiolate 3+£0.25 0.8 £0.02 (2.7+0.2) x 10
2,3-dibutadienoate 660 + 75 16£1 (2.4+0.3) x 10*

E114D cis-3-chloroacrylate 40100 £ 10000 0.1 £0.02 254108
Propiolate 90+ 13 1£0.05 (1.1+£0.2) x 104
2,3-dibutadienoate 480 + 86 32404 (6.6 £1.5)x10°
2-butynoate 1365+ 170 0.5+0.03 (4.1+0.5) x 10°

Y103F cis-3-chloroacrylate 4700 £+ 320 0.3+£0.04 60+ 10
Propiolate 5+1.8 0.5£0.01 (1.0 +£0.3) x 10°
2,3-dibutadienoate 1150 £ 175 13£25 (1.1 £0.3) x 10*
2-butynoate 650 + 140 2.1£0.2 (3.2+0.8) x 10°

Table 1. 4 Reaction products ratio for native Cg10062 and mutants.*

Hydration Decarboxylation Reactlog .
Enzyme substrate completion  time
product (%)  product (%) (min)
Native cis-3-chloroacrylate 7 33 48
trans-3-chloroacrylate 2.9 1.5 48
Propiolate 25 75 <3
2,3-dibutadienoate ~ 100 <15 <3
2-butynoate ~ 100 2.5 39
Malonate semialdehyde <15
Malonate semialdehyde * ~1.5
E114Q cis-3-chloroacrylate 19 1 18
trans-3-chloroacrylate 0 0 90
Propiolate 8.5 0.5 18
2,3-dibutadienoate 83 17 12
2-butynoate 0.8 2.2 90
E114D Propiolate 22 1 3
2,3-dibutadienoate 97.2 2.8 3
2-butynoate 91.5 2.5 3
Y103F cis-3-chloroacrylate 1 8 18
trans-3-chloroacrylate ~0 0 18
Propiolate 0.7 2.1 27
2,3-dibutadienoate 99.5 0.5 3
2-butynoate 84 16 6

2 non-enzymatic decarboxylation
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In our investigation of the mechanism of Cgl0062, crystal structures of substrate-bound
mutants are obtained. In the next section, these results are presented and elaborated to enhance our

understanding of the Cg10062 reaction mechanism.

1.2. Investigating Cg10062 hydratase/decarboxylase activity

X-ray crystal structures of Cg10062 (native, E114D, YO13F, H28A, R73A) in the form of apo
or ligand-bound is obtained. Details of the crystallization procedure and soaking conditions are

described in the next section (material and methods).

1.2.1. X-ray crystal structures of native Cg10062

The x-ray crystal structure of native Cg10062 (Figure 1.21) was solved to 1.37A resolution by
molecular replacement methods and refined to R and Rgee values of 0.18 and 0.20, respectively
(Table 1.5). The asymmetric unit contains one protein chain. All residues from Pro-1 to position
119 are fit into the electron density, but there was not any electron density for residues from 120
to the C-terminus.

The two a-helices in the C-terminus of the native Cgl0062 were not built due to lack of
electron density. This region was resolved in previously published structures of Cg10062 (PDB
ID: 3N4G)*. After examining the crystal packing and overlaying of the Cg10062 structure with
folded C-terminus, we observed that in this crystal packing, a properly folded C-terminus region
will clash into neighboring units. However, it is not clear that the crystal packing prevents the
proper folding of the C-terminus, or a flexible C-terminus will lead to the observed crystal form.

In the tertiary structure of the Cgl0062 a pair of two-stranded P-sheets interacting in an anti-

parallel form to create a four-stranded B-sheet. Also, two anti-parallel a-helices are interacting
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with the four-stranded [B-sheet. Three monomers are forming a barrel-like structure with
hydrophobic residues located in the center of the trimer. There are many identical residues between
Cg10062 and cis-CaaD, and the majority of them are the hydrophobic residues located in the center

of the trimer.

' § v

. A
“ -
>

Figure 1. 21 Crystals of native Cg10062

A complete active site is formed by residues from N-terminus of a monomer and C-terminus
of an adjacent monomer. The secondary structure of one monomer (Figure 1.22) consists of a -
strand starting from the 1-Pro residue ($1). B1 (residue 1 to 8) continues with a loop (residue 9 to
13) and an a-helix. al (residue 14 to 32) is followed by a loop (residue 33 to 35) and a 31 helix
(residue 36 to 38). a2 is then followed by a -sheet parallel to 1. B2 (residue 39 to 46) is followed
by a loop (residue 47 to 50), a -strand (residue 51 to 53), and another loop (residue 54 to 62). The
3 is a small B-sheet and is forming an anti-parallel interaction with B2 of an adjacent monomer.
Next, a B-strand (residue 63 to 70) forms an anti-parallel interaction with 1, and then B4 continues
to form an o-helix after a loop (residue 71 to 74). a3 (residue 75 to 93) is connected to a 319 helix
(residue 97 to 99) with a short loop (residue 94 to 96). Finally, B5 (residue 100 to 108) forms a
parallel interaction with 34 and ends with a 319 helix (residue 109 to 111) and an extended loop

(residue 112 to 119).
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Figure 1. 22 Structure of Cg10062 apo. (A) top view and (B) side view of the Cg10062 apo
structure, single chain in the ASU (yellow), symmetry mates to complete the trimer (pink), active
site Pro-1 (green). (C) A snapshot of Pro-1 fitted in the electron density. (contoured at rmsd 1A)
Tyr-103, His-28, and Glu-114 are present in this view. (D) overlay of 3N4G structure (green) to
our native apo Cg10062 (pink).
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Table 1. 5 Data collection and refinement statistics for Cg10062 Apo.

Data statistics (last shell in parenthesis)

Space group P321
No. of chains/ASU 1
Unit cell dimensions (A, ©) a=49.577,b=49.577, ¢ = 80.067

a=90,=90,y=120

Resolution range (A) (outer shell) 4293 -1.37(1.419-1.37)
Unique reflections (outer shell) 24563 (2401)
Completeness (%) overall (outer shell) 99.93 (99.42)

Mean I/sigma(l)

R-merge/R-meas/ R-pim

Refinement
Reflections used in refinement 24559 (2399)
Reflections used for R-free 2001 (193)
R-work 0.1808 (0.2401)
R-free 0.2037 (0.2621)
Number of non-hydrogen atoms/ solvent 1134/99
Protein residues 119
RMS (bonds) (A) 0.007
RMS (angles) (A) 1.21

Ramachandran plot (%) favored/allowed/outliers  99.15/0.00/0.85
Rotamer outliers (%) 0.00

Average B-factor/macromolecules/solvent 21.47/20.42/32.43
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Glu-114

Figure 1. 23 Amino acid residues in the active site of the Cg10062 and their interactions. (A)
Important amino acids in the active site, Tyr-103 from adjacent monomer (pink), (B) hydrogen
bonding network between Pro-1 (green), Glu-114, Thr-2, and GIn-40 (yellow), Tyr-103 of adjacent
monomer (pink), and a water molecule (red). (C) hydrogen bonding network between Pro-1
(green), Tyr-3, His-28, Arg-70, and Arg-73 (yellow), and two water molecule (red)

All functionally important residues from cis-CaaD are present in the active site of Cg10062.
Figure 1.23-A shows the important residues within 6 A of the Pro-1. Among these residues, Tyr-
103, and Trp-101, are present from a neighboring monomer. There exist four water molecules in

the proximity of the Pro-1 and are involved in hydrogen-bond networks.
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Figure 1. 24 Comparison of active sit fesidues between Cg10062, cis-CaaD. Cgl10062 (pink),
cis-CaaD (green)

Two hydrogen-bond networks are present in the active site (Figure 1.23 B and C). In the first
hydrogen-bond network, a water molecule is forming hydrogen bonds with Pro-1 and Glu-114.
Glu-114 continues by forming a hydrogen bond with the hydroxyl group from Tyr-103. The
backbone carbonyl from Pro-1 is also forming a hydrogen bond to the backbone amide of GIn-40.
This bond is a typical hydrogen bond between 3-strands. However, there is a hydrogen bond from
GIn-40 to one of the conformers of Thr-2, which in turn forms a hydrogen bind to Tyr-103. Among
these residues, only Glu-114 and Tyr-103 are known to be involved in the catalytic action of a cis-
CaaD. Comparing the active site of Cg10062, CaaD, and cis-CaaD shows that the active site of
Cg10062 is much more similar to cis-CaaD than that of CaaD. Tyr-103 is present in cis-CaaD as
well, while Thr-2 is replaced by a valine residue. As a result, the hydrogen bonding between Thr-

2 and Tyr-103 is not present in cis-CaaD.
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A second hydrogen-bond network is present in the active site of the Cgl0062 where the
backbone amide of Arg-70 and guanidine moiety of Arg-73 are connected via two water
molecules. The connection extends to His-28 via one of the water molecules. Pro-1 is also
connected to these amino acids via the water molecule from the first hydrogen bonding network.
His-28 also forms a hydrogen bond to Tyr-3. In cis-CaaD, His-69 is interacting with His-28;

however, in the Cg10062 active site, an isoleucine residue is placed at position 69.

(073
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Arg-70 — Tyrs-103 N HN Pro-1
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Figure 1. 25 Plausible mechanism for the reaction of propiolate and Cg10062 via covalent
intermediates.

Overall, the active site of Cgl0062 is quite similar to cis-CaaD (Figure 1.24) with a few
differences, such as Thr-2 and Ile-69. These enzymes have different activities with identical
substrates, and we will try to explain these differences. Soaking of native Cg10062 crystals in the
propiolate solution was attempted, but the experiments were unsuccessful, and the crystals
dissolved in the process. Therefore, we continued our investigation with the mutants of Cg10062.
E114D, Y103F, H28A, and R73A mutants of Cg10062 were successfully crystallized and soaked
in propiolate solutions to obtain substrate intermediate-bound structures. These structures show

significant electron density connected to proline, and it is extended into the cavity of the active
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site. As a result of this observation, we proposed a mechanism for the hydration/decarboxylation
that involves the formation of a covalent intermediate.

In this mechanism (Figure 1.25), His-28, Arg-70, and Arg-73 are proposed to be involved in
the binding of the substrate via electrostatic interactions. On the other side, Glu-114 and Tyr*-103
(the active site tyrosine belongs to the neighboring unit in the trimer) are involved in the water
activation. The role of all these active site residues is similar to previous studies (discussed in the
introduction section) on similar enzymes such as cis-CaaD. However, the Pro-1 plays an active
role in forming a covalent intermediate, unlike other proposed mechanisms where it only acts as a
general acid/base catalyst, or it is involved in the polarization of the n-bond. We propose that the
decarboxylation step only occurs after the formation of iminium intermediate. The iminium acts
as an electron sink to facilitate the decarboxylation process. However, in the absence of iminium
after the hydration step, the substrate is immune to decarboxylation.

Based on this mechanism, the plausible intermediates and products for the reaction of
propiolate with Cg10062 are propiolate, cis/trans-3-prolylacrylate, 1-prolylethylene, 3-hydroxy-3-

prolylpropionate, 1-hydroxy-1-prolyl-ethylene, malonate semialdehyde, and acetaldehyde.

1.2.2. X-ray crystal structures of Cg10062-H28A soaked in propiolate

The x-ray crystal structure of Cgl10062-H28A soaked in propiolate (Figure 1.27) was solved
to 2.95 A resolution by molecular replacement methods and refined to R and Rie values of 0.30
and 0.24, respectively (Table 1.6). The crystal packing for this mutation is different than that of
native Cg10062. The crystal of Cgl0062-H28A soaked in propiolate has P4;32 symmetry. First,
the structure was solved by molecular replacement by searching for one copy of the protein in the

asymmetric unit. Examining the crystal packing and relative distance between the protein chains
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revealed a large space in the unit cell of the crystal. The crystal is formed by the trimer units (Figure
1.26). Further investigation showed a much weaker electron density in the empty regions of the
unit cell. These electron densities are indicating that more than one protein chain is present in the
asymmetric unit of the crystal, and the new chain is positioned in the hollow space of the crystal.
However, the low intensity of the electron density is suggesting that the occupancy of the second
chain is not 100%.

We decided to solve the crystal structure by searching for two chains in the asymmetric unit

and lowering the occupancy of chain B in the refinement step.

Figure 1. 26 Crystal packing of Cg10062-H28A soaked in propiolate. (left) a one protein chain,
b trimer, protein crystal is formed by the helical assembly of the trimer units in three dimensions.
c overview of the protein crystal packing when only one chain is being searched during the
molecular replacement. (right) a two protein chains, b a hexamer, protein crystal is formed by the
assembly of the hexamer units in three dimensions. ¢ overview of the protein crystal packing when
two chains are being searched during the molecular replacement.

The benefit of the crystal packing with big interspace is that soaking experiments are more
likely to succeed. Another benefit of this packing is that the C-terminus of the protein is ordered.
Residues from Pro-1 to G-145 are present in the structure of Cg10062-H28A.

The tertiary structure of Cg10062-H28A is similar to the native Cg10062 structure, except in
the C-terminus region. In addition to the description of the structure from the native Cgl10062

section, the extended loop continues to 125, and then there are two a-helices (a4 from

residuem125 to 131 and a5 from residue 134 to 146) that are connected by two amino acids.
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Table 1. 6 Data collection and refinement statistics for Cg10062-H28A soaked in propiolate.

Data statistics

Space group
No. of chains/ASU

Unit cell dimensions (A, °)

Resolution range (A) (outer shell)
Unique reflections (outer shell)
Completeness (%) overall (outer shell)
Mean I/sigma(l)

R-merge/R-meas/ R-pim

Refinement

Reflections used in refinement

Reflections used for R-free

R-work

R-free

Number of non-hydrogen atoms/solvent/ligands
Protein residues

RMS (bonds) (A)

RMS (angles) (A)

Ramachandran plot (%) favored/allowed/outliers
Rotamer outliers (%)

Average B-factor/macromolecules/solvent

P4,32
2

a=146.04, b = 146.04, c = 146.04
o =90, B =90,y =90

35.42 - 2.953 (3.059 - 2.953)
11335 (1112)

96.45 (95.33)

11297 (1083)
1127 (104)
0.2122 (0.2846)
0.3009 (0.4036)
2302/10/6

286

0.011

1.47
90.07/8.87/1.06
0.00

73.55/73.55/74.48
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Figure 1. 27 X-ray crystal structure of Cgl0062-H28A soaked in propiolate. Six chains of
Cgl10062-H28A, asymmetric unit (yellow), symmetry mates (pink), active site Pro-1 (green). (A)
top view, (B) side view, (C) Pro-1 fitted in the electron density, the negative (red) density for H28,
and positive (green) density for a ligand, (contoured at rmsd 1.5 A) (D) active site of the H28A
mutant highlighted by important residues.

After the molecular replacement step, the difference electron density map (Fops—Fcaic) presents
a negative electron density for His-28 confirming the success of the mutation, and a positive
electron density above Pro-1 is indicating that there exists an intermediate in the active site. Also,
the difference electron density map (2Fobs—Fcalc) extends from proline to the positive electron

density, so it is more likely that intermediate is covalently bound to proline.
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Since the resolution of the electron density map is ~3 A, it is challenging to decide what
molecule or intermediate is present in the active site. Later, the positive densities from all the
successful soaking experiments are analyzed together to propose ligands or intermediates that are
more likely to occupy the positive electron densities. Kinetic studies done in Dr. Draths laboratory

show that the H28 A mutation has residual activity. (Table 1.2)

1.2.3. X-ray crystal structures of Cg10062-R73A soaked in propiolate

The x-ray crystal structure of Cg10062-R73A (Figure 1.28) was solved to 3 A resolution by
molecular replacement methods and refined to R and Rgee values of 0.24 and 0.20, respectively

(Table 1.7). The crystal packing for this mutation is different than that of native Cg10062.

Figure 1. 28 X-ray crystal structure of Cgl0062-R73A soaked in propiolate.(A) Trimer of
Cgl10062-R73A, single chain (yellow) is present in the ASU, symmetry mates (pink). (B) a positive
electron density (green) connected to the electron density of Pro-1 (blue). (contoured at rmsd 1.5

A)

Similar to H28A, the crystal of Cg10062-R73A has P4:32 symmetry. However, searching for a
single chain was correct in the molecular replacement. There is no residual electron density for a

second molecule. The crystal packing is similar to the one shown in Figure 1.26 (left).
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Table 1. 7 Data collection and refinement statistics for Cg10062-R73 A soaked in propiolate.

Data statistics

Space group
No. of chains/ASU

Unit cell dimensions (A, °)

Resolution range (A) (outer shell)
Unique reflections (outer shell)
Completeness (%) overall (outer shell)
Mean I/sigma(l)

R-merge/R-meas/ R-pim

Refinement

Reflections used in refinement

Reflections used for R-free

R-work

R-free

Number of non-hydrogen atoms/solvent/ligands
Protein residues

RMS (bonds) (A)

RMS (angles) (A)

Ramachandran plot (%) favored/allowed/outliers
Rotamer outliers (%)

Average B-factor/macromolecules/solvent

P4,32
1

a=146.55,b=146.55, c = 146.55
=90, B =90,y =90

35.54 - 2.998 (3.105 - 2.998)
11178 (1086)

98.69 (99.91)

11174 (1085)
1117 (107)
0.2035 (0.3566)
0.2558 (0.4129)
1181/10/6

144

0.009

1.29
95.77/2.82/1.41
0.00

78.39/78.18/120.30
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Similar to H28 A mutants, after the molecular replacement step, the difference electron density
map (Fobs—Fcalc) shows a positive electron density above Pro-1 indicating that there exists an
intermediate in the active site. In both, H28 A and R73A, the shape of the difference electron
density maps (Fobs—Fcalc) are similar. Cgl0062-R73A mutant crystal structure is solved with all

146 residues and a complete C-terminus with two helices.

1.2.4. X-ray crystal structures of Cg10062-Y 103F soaked in propiolate

The x-ray crystal structure of Cg10062-Y103F was solved to 2.5 A resolution by molecular
replacement methods and refined to R and Rgee values of 0.22 and 0.21, respectively (Table 1.8).
The crystal packing for this mutation is different than that of native Cg10062, but it is similar to
the crystal packing of R73A mutant. Similar to H28A and R73A, the crystals of Cg10062-Y103F
have P4132 symmetry. Y103F crystal structure has one protein chain in the asymmetric unit and
shows a positive electron density connected to Pro-1. The shape of the positive electron density
suggesting the presence of a covalent intermediate. Similar to H28 A and R73 A, structure of Y103F

mutant is complete with all 146 residues.

1.2.5. X-ray crystal structures of Cg10062-E114D soaked in propiolate

Kinetic studies done in Dr. Draths laboratory and previously published studies* showed that
the E114D mutation would significantly decrease the amount of decarboxylation product. Crystals
of Cg10062-E114D mutant were soaked in propiolate solutions, and a ligand-bound structure was
obtained. The x-ray crystal structure of Cgl0062-E114D (Figure 1.29) is solved to 2.20 A
resolution by molecular replacement methods and refined to R and Ryee values of 0.18 and 0.22,

respectively
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Table 1. 8 Data collection and refinement statistics for Cg10062-Y 103F soaked in propiolate.

Data statistics

Space group
No. of chains/ASU

Unit cell dimensions (A, °)

Resolution range (A) (outer shell)
Unique reflections (outer shell)
Completeness (%) overall (outer shell)
Mean I/sigma(l)

R-merge/R-meas/ R-pim

Refinement

Reflections used in refinement

Reflections used for R-free

R-work

R-free

Number of non-hydrogen atoms/solvent/ligands
Protein residues

RMS (bonds) (A)

RMS (angles) (A)

Ramachandran plot (%) favored/allowed/outliers
Rotamer outliers (%)

Average B-factor/macromolecules/solvent

P4,32
1

a=146.68, b= 146.68, c = 146.68
=90, B =90,y =90

33.65 - 2.497 (2.587 - 2.497)
19303 (1895)

99.84 (100.00)

19301 (1895)
1931 (190)
0.1974 (0.2819)
0.2313 (0.3255)
1272/20/5

146

0.007

1.20
96.53/2.78/0.69
2.96

60.40/60.18/91.22
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(Table 1.9). The asymmetric unit contains twelve protein chains and the monomers in the
asymmetric unit superimpose with rmsd values of ~0.134 A on average. All residues from Pro-1
to position 121 are fit into the electron density but there was not any electron density for residues
from 122 to the C-terminus. The two a-helices in the C-terminus of the protein are not included
due to lack of electron density. The tertiary structure of the trimer of Cg10062-E114D is similar

to the native Cg10062 and the average rmsd of (four trimers against native trimer) is 0.26 A.

ﬁ

Ny - "
© Sﬁ |

Figure 1. 29 Asymmetric unit of Cgl10062-E114D mutant crystal with twelve chains in four
trimers.
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Table 1. 9 Data collection and refinement statistics for Cg10062-E114D soaked in propiolate.

Data statistics

Space group
No. of chains/ASU

Unit cell dimensions (A, °)

Resolution range (A) (outer shell)
Unique reflections (outer shell)
Completeness (%) overall (outer shell)
Mean I/sigma(l)

R-merge/R-meas/ R-pim

Refinement

Reflections used in refinement

Reflections used for R-free

R-work

R-free

Number of non-hydrogen atoms/solvent/ligands
Protein residues

RMS (bonds) (A)

RMS (angles) (A)

Ramachandran plot (%) favored/allowed/outliers
Rotamer outliers (%)

Average B-factor/macromolecules/solvent

P 212121
12

a=107.319,b=146.299, c = 146.41
=90, B =90,y =90

35.04 — 2.20 (2.28 — 2.20)

116532 (11226)

99.47 (96.15)

116462 (11167)
2004 (193)
0.1705 (0.2755)
0.2204 (0.2981)
12538/259/106
1452

0.010

1.06
96.01/2.87/1.12
1.22

49.12/49.03/53.75
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All twelve chains in the ASU show a significant positive electron density (Fops—Fcalc) above the
Pro-1 (Figure 1.30). The electron density is connected to the electron density of Pro-1, suggesting
the presence of a covalent intermediate. This positive electron density is extended toward the space
between E114D and Pro-1 and its shape suggesting the presence of an ordered water molecule
between the two amino acids. In structures of the native Cg10062 and all other mutants, Glul14
occupies this space. However, mutating Glu-114 to aspartic acid creates the space for a water

molecule to occupy.
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Figure 1. 30 fferent shape of electron density for twelve chains in E114D ASU. (A) — (L)
are twelve chains of Cgl0062-E114D that make up the ASU. 2FoFc (blue), FoFc (green).
(contoured at rmsd 1.5 A)

1.2.6. Disordered C-terminus and the arginine residues in the active site

As mentioned earlier, the structures of native Cg10062 and E114D mutants lack the electron
densities for the c-terminal residues (from 122 to 148). However, previously published structures
of Cg10062 (PDBID: 3n4g, 3n4h, 3n4d), H28A, R73A, and Y 103F structures show an ordered C-

terminus. Overlaying structures of native, E114D, H28A, R73A, and Y103F reveals a new salt
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bridge formation between E114D and Arg-117. In all structures of Cgl10062 with an ordered C-
terminus, and in one native structure with a disordered C-terminus, Arg-117 is facing the solvent,
rotated away from residue 114. Mutating Glu-114 to aspartic acid allows for the formation of a
salt bridge between Arg-117 and Asp-114 and as a result the amino acids following Asp-114 adapt

a different trajectory (see Figure 1.31)

+*

R117-H28A

N . *
, ‘,\' *
RI17-YI03F  \\ J -t Q* B
RI17-R73A : ' N Y ﬁ
74

Figure 1. 31 Difference in C-termini of native and mutants. (A) Native (green), E114D
(yellow), H28A, Y103F, R73A (shades of red). The C-terminus of native Cg10062 follows the
trajectory of H28A, Y103F, and R73A. E114D deviates from the native structure. (B) Arg-117 has
two conformations in all E114D structures.

Biochemically, the E114D mutant is kinetically slower than wildtype, but it does not give the
decarboxylation product. The formation of the salt bridge allows Arg-117 to enter the active site
but the extent of its effect on the catalytic process is unknown.

The active site of Cgl0062 contains two arginine residues. The presence of these positively
charged residues is critical for the binding of the negatively charged substrate molecules. In the
case of the native Cg10062, Arg-73 is refined with two conformations, one facing the active site
Pro-1, located adjacent to His-28, and the other one facing away from the active site. However,

Arg-73 has only one conformation for H28 A and Y 103F mutants, and it is facing away from the

active site. In the structure of the E114D mutant, Arg-73 is only facing the active site. The
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trajectory of Arg-70 is similar for the structures of native Cgl10062, H28A, and R73A mutants,
and it has a unique trajectory for E114D mutants. Figure 1.32 shows the difference in the trajectory

of various arginine residues in the active site of all these variants.

Figure 1. 32 Arginine residues in the active site. native Cg10062 (yellow), E114D (red), R73A
(green), H28A (light blue), Y103F (purple).

1.2.7. Comparison of ligand electron densities

Resolutions of diffraction data for the ligand-bound mutants of E114D, Y103F, H28A, and
R73A are 2.2,2.5,2.95, and 3.0 A respectively. Careful observation of the shapes of these positive
electron densities in the difference electron density map (Fobs—Fcac) suggests that similar
intermediates might occupy them in H28A and R73A since in both cases it extends in both
directions (assuming the nitrogen of the Pro-1 in the center, Figure 1.33). However, in the cases
of E114D and Y 103F, the majority of the density resides in only one side of the Pro-1 (ignoring

the density for ordered water in E114D).
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Matching the electron densities to the shape of possible intermediates (based on the proposed
model for the mechanism), 3-hydroxy-prolylpropionate 3 is selected to complete the structures of
H28A and R73A mutants (3-hydroxy-prolylpropionate is the intermediate after the hydration step,
Figure 1.34). On the other hand, since E114D and Y103F structures do not show a significant
electron density for a hydroxyl group, trans-3-prolylacrylate 1 was first built into the positive
density of these mutants. Though the positive electron densities for all the ASU chains of E114D
match the shape of trans-3-prolylacrylate, the positive electron density of the Y103F mutant the
iminium tautomer 2, because the torsion angles of this intermediate, where the double bond is

between the prolyl nitrogen and C-1, is more consistent with the density observed.

Figure 1. 33 Comparing the shape of the difference electron density map (Fobs—Fcalc). (A)
Y103F, (B) E114D, (C) H28A, and (D) R73A. (contoured at rmsd 1.5 A)

Refining the structure of H28A with 3-hydroxy-3-prolylpropionate removes the positive

electron density from the difference electron density map (Fobs—Fcalc) (Figure 1.35). The resulting
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carbon-nitrogen bond length is 1.41A. Similarly, building 3-hydroxy-3-prolylpropionate (carbon-
nitrogen bond length is 1.39A) in the active site of the R73A removes the positive electron density
from the difference electron density map (Fobs—Fcalc) (Figure 1.36). Biochemical characterization
of these mutants shows nearly 1000-fold reduced activity for H28A and no activity for R73A (data
from Ms Amaya Sirinimal in Dr. Karen Draths laboratory). His-28 and Arg-73 are conserved
residues that are expected to play significant roles in the binding of the substrate in the cis-CaaD
family. The high concentration of the substrate in the substrate-soaking procedure (2mM) could
lead to the formation of these intermediates. Also, though turnover may be super slow, that does
not mean intermediates do not form reasonable fast, they just do not go to product very rapidly.
The x-ray crystal structure of Y 103F mutants is refined by building both trans-3-prolylacrylate
and its iminium tautomer. Refining the structure with the iminium form adds an ordered water

molecule to the active site as well (Figure 1.37).

R

Pro 1 (NJ’P“) 1 (jPro 1

1

Figure 1. 34 Covalent intermediates. 3-prolylacrylate 1, iminium tautomer of 3-prolylacrylate
2, 3-hydroxy-3-prolylpropionate 3.

The enamine form contains a carbon-nitrogen single bond of length 1.39A, and the carbon-
nitrogen double bond in the iminium form is 1.31A. Building trans-3-prolylacrylate for all twelve
chains in the ASU of the E114D structure leaves a significant positive electron density in the
difference electron density map (Fobs—Fcalc) (Figure 1.38). The new positive electron density seems

to indicate the presence of another ligand in the active site.
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Figure 1. 35 Building 3-hydroxy-3-prolylpropionate in the active site of H28A mutants.
(contoured at rmsd 1.5 A)

Before

After

Figure 1. 36 Building 3hydroxy-3-p0ylpr0pi0nate in th ctive site of R73A mutants.
(contoured at rmsd 1.5 A)
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Before

trans-3-prolylacrylate

iminium

Overlay
enamine and iminium

Figure 1. 37 trans-3-Prolylacrylate in the active site of Y103F mutants in the form of enamine
and iminium. (contoured at rmsd 1.5 A), 2F sps—Falc (blue, pink, purple). Fops—Feale (green)

48



Figure 1. 38 tans-3-prolylacry1ate inthe active site of E1 lD mutants and the appearance of
new positive electron density. (contoured at rmsd 1.5 A), 2Fobs—Fcaic (blue). Fops—Fealc (green)

The shape of the new electron density is ambiguous for individual chains, but when it is
averaged over all chains, its shape suggested the presence of malonate semialdehyde. In order to
confirm the presence of malonate semialdehyde in the active site, structures were refined with the
two conformers of malonate semialdehyde. The positive electron density appeared after the
refinement resembles the shape of the covalently bound 3-prolylacrylate intermediate (Figure 1.39
bottom row) (on average). All the chains in the ASU of the E114 crystal structure contain a

different ratio of 3-prolylacrylate (enamine form) and malonate semialdehyde.
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Front Side top

trans-3-prolylacrylate

Malonate semialdehyde
conformer 1

Malonate semialdehyde
conformer 2

Refinement with MSA

Figure 1. 39 3-prolylacrylate and malonate semialdehyde are both present in the active site of
E114D mutants. (contoured at rmsd 1.5 A), 2Fobs—Fatc (blue). Fobs—Fealc (green)
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1.2.8. Structures of native Cg10062 and its ligand-bound mutants

In summary, the structures of H28A and R73A mutants are more likely to contain the 3-
hydroxy-3-prolylpropionate as an intermediate while the active site of Y103F and E114D mutants
contain the 3-prolylacrylate, with the shape of the positive electron density in the Y103F most
consistent with the iminium tautomer. Electron density for malonate semialdehyde, the final

product of the reaction, is indicated in the active site of E114D.
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Figure 1. 40 Ordered water molecules in the active site of native Cg10062.

Investigating the active site of native Cg10062 shows four ordered water molecules (W1, W2,
W3, and W4 in Figure 1.40). In cis-CaaD, Glu-114 and Tyr*-103 are identified as active site
residues involved in water activation. The W1 water in the active site of native Cg10062 forms a

hydrogen bond with Glu-114 and is also interacting with Tyr*-103 via Glu-114. It is possible that

51



W1 could be the water molecule that is activated for the hydration step. Arg-73 adopts two
conformations wherein one form forms hydrogen bonds with W3 and W4 while in another form,

it is facing away from the active site.

W

Glu-114

T N

Figure 1. 41 Overlay the active site residues for H28A and native Cg10062. The hydroxyl
group of 3-hydroxy-3-prolylpropionate in the structure of H28 A and W-1 in native Cg10062 are
nearly overlapping. Native Cg10062 (yellow), H28 A mutant (pink).

e

Overlaying the active site residues of H28A (Figure 1.41) and R73A (Figure 1.42) to the native
Cg10062 structure shows that the hydroxyl group from 3-hydroxy-3-prolylpropionate and wat-1
nearly overlap. Arg-73 in H28A is facing away from the active site and do not interact with the
substrate. As mentioned before, His-28 and Arg-73 are proposed to be involved in substrate
binding. Upon mutating His-28 to alanine, Arg-73 adopts a conformation where it is not interacting

with the 3-hydroxy-3-prolylpropionate. Similarly, overlaying the active site residues from R73A
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on the structure of the native Cg10062 shows similar interactions. The His-28 in the active site is
more than 3.5 A away from the carboxylic group of 3-hydroxy-3-prolylpropionate.

Arg-73 in the active site of H28 A mutants and His-28 in the active site of R73A mutants do
not interact with the carboxylic group of the 3-hydroxy-3-prolylpropionate. Therefore, either their
substrate-binding role is critical before the hydration step, or it is a collaborative role. i.e., mutating
one results in the loss of their interactions with the carboxylic group of the 3-hydroxy-3-
prolylpropionate. Figure 1.43 shows the difference between the active site structures of H28A and

R73A.

Arg-70

\

Figure 1. 42 Overlay of active site residues for R73A and native Cg10062. The hydroxyl grdup
of 3-hydroxy-3-prolylpropionate in the structure of R73A and W1 water molecule in native
Cg10062 structure nearly overlap. Native Cg10062 (yellow), R73A mutant (pink).

The shape of the electron density in the active site of Y103F is modeled with both enamine

and iminium forms of 3-prolylacrylate. The Tyr*-103 is proposed to be involved in the water
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activation for the hydration step. Therefore, in the absence of Tyr*-103, the hydration process
would be slower, and the chance of observing 3-prolylacrylate in the active site will increase. The
active site of the Y103F mutant is the only case where 3-prolylacrylate in the form of iminium
could fit into the electron density, satisfying the planer geometry of the carbon-nitrogen double
bond (Figure 1.44). Fitting an iminium form instead of the enamine form introduces an ordered
water molecule in the active site, 2.2 A away from the carboxylic group of 3-prolylacrylate. The

role or the importance of this water molecule is unknown.

Glu-114

Figure 1. 43 The difference between the active sites of native Cgl0062, H28A and R73A
mutants.

In order to evaluate the likelihood of enamine vs. iminium forms, other active site residues
were compared between Y103F and E114D. As discussed previously, in the crystal structure of

E114D, the active site contains the enamine form and malonate semialdehyde at different ratios.
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In E114D structures, Arg-73 is facing toward the active site. However, the Arg-73 trajectory in the
Y 103F active site is similar to H28A, facing away from the substrate. Because of the difference in
trajectories of Arg-73 residues between Y103F and E114D, the iminium form is more likely to be

the intermediate in the active site of the Y103F mutant.

—_—

1195} 119.0

Figure 1. 44 3-Prolylacrylate in the active site of Y103F mutants. (A) enamine form overlaid
on the native Cg10062, ordered water molecules in the native Cg10062 active site (red spheres),
(B) iminium form overlaid on the native Cg10062, ordered water molecule in the Y103F active
site (red sphere), ordered water molecules in the native Cgl0062 active site (red crosses) (C)
geometry of enamine form, (D) geometry of iminium form (dihedral angle is 2.6°), (E) enamine
and iminium form of 3-prolylacrylate.
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Figure 1. 45 The active site of E114D mutants overlaid on the structure of native Cg10062.
The ordered water molecule in E114D active site (red sphere), ordered water molecules in native
Cgl10062 active site (red crosses)

Comparing the active site of the E114D mutants and native Cg10062 results in the following
observations (Figure 1.45). (1) Arg-73 only has one trajectory; it is facing the substrate and
forming hydrogen bonds (electrostatic interaction) with the carboxylate group of 3-prolylacrylate.
(2) Arg-70 has a different trajectory when the native Cg10062 and other mutants are compared.
(3) Arg-117, unlike any other mutants, has two conformations, it is facing toward the active site
and forms a salt bridge with Asp-114 (E114D). (4) Aspartate is one carbon shorter than glutamate,
and in the E114D active site, one ordered water molecule (Figure 1.46) is localized between the
Pro-1 nitrogen and Asp-114. The biochemical characterization of E114D mutants does not show

any decarboxylation product (see Table 1.2). The smaller size of aspartate vs. glutamate creates

56



space for the ordered water molecule. This water molecule acts as a hydrogen donor to form
hydrogen bonds with aspartate and the backbone carbonyl group of Leu-38. However, it is a
hydrogen bond acceptor with the Pro-1 nitrogen and Tyr*-103 hydroxyl group. The nitrogen of
Pro-1, because of the presence of the ordered water molecule, stays protonated, and fails to form

the iminium tautomer.
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Figure 1. 46 The ordered water molecule in E114D active site. Ordered water molecule (W4)
from native Cg10062 (red cross). E114D (magenta), Native Cg10062 (yellow).

As discussed earlier, decarboxylation is thought to be driven by the formation of the iminium
species, recapitulating a mechanism common in other decarboxylases. In these enzymes, the
cofactor pyridoxal phosphate (PLP) forms a Schiff base with an amino acid, creating the electron
withdrawing group required to catalyze the decarboxylation.*’*8 In E114D mutants where the Pro-
1 nitrogen stays protonated and fails to form the iminium tautomer, decarboxylation is prevented.
Although it is not clear whether this water molecule is the one to be activated for the hydration

step or not, it is clear that this water molecule is preventing the formation of the iminium tautomer
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and stopping the decarboxylation reaction. Notably, this water is by far the closest to the C-1
carbon of the intermediate in the structure, suggesting that it may be the water operant in the

hydration reaction.
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Figure 1. 47 Malonate semialdehyde in the active site of the E114D mutant.

Another molecule that is observed in the active site of the E114D mutant is the product
malonate semialdehyde (Figure 1.47). This molecule is refined in two conformations. Malonate
semialdehyde has a negative charge, and as shown previously, the presence of Arg-117 to the
active site of E114D mutants might have an adverse effect on releasing the product and turnover
of the enzyme. However, this effect has to be evaluated separately, for example, by biochemical

characterization of the double mutant variants of E114D-R117A.

1.2.9. Catalytic cycle of Cg10062, hydration and decarboxylation

In summary, Cg10062 catalyzes both its hydration and decarboxylation reactions by forming

covalent intermediates (Figure 1.48). Soaking crystals of various mutants of Cg10062 with the
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substrate yielded different x-ray crystal structures where the active sites are occupied with an
intermediate in its catalytic cycle.

Generally, the intermediates before the rate-limiting step are more likely to be observed in this
technique. 3-Prolylacrylate (enamine) and malonate semialdehyde are the two dominant species
observed in the active site of E114D mutants. This variant of Cg10062 stops the decarboxylation
step by preventing the formation of iminium species (reactive toward hydration), and probably the
native water activation pathway is also disturbed by the mutation, consistent with its decreased
overall turnover. The E114D mutant generates a new pathway for hydration, without the formation
of iminium. Although the E114D variants process only the hydration of propiolate, the rate of the
reaction is more than 5-fold slower than the native enzyme. Generally, iminium species are a better
substrate for the hydration, and in the absence of them, activated water has to go through a Michael

addition of the o,3-unsaturated carboxylate intermediate. The Michael addition of activated water

to a,B-unsaturated carboxylates could be the rate-limiting step for the modified catalytic cycle.
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Figure 1. 48 The proposed catalytic cycle of Cgl0062. (1) substrate binding, (2)
tautomerization of enamine/iminium, (3) hydration via activated water, (4) prolyl dissociation and
product release (MSA), (5) decarboxylation of iminium intermediate, (6) hydration of
decarboxylated intermediate, (7) prolyl dissociation and product release (acetaldehyde), (8)
Variation of hydration in E114D mutants.
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The Y103F variants have intermediate electron density similar to that of E114D, and based on
the shape of the electron density, 3-prolylacrylate in enamine or iminium form is identified to be
located in the active site. However, the arrangement of other active site residues, particularly Arg-
73, suggests that the iminium form is more likely to be the dominant form in the active site of
Y 103F. Similarly, the addition of activated water could be considered to be the rate-limiting step
for this variant since the enzyme is trapped in a pre-hydration state. On the other hand, in the active
site of H28A and R73A mutants, all the residues responsible for water activation are intact, and
the shape of the electron density matches the hydration product, 3-hydroxy-3-prolylpropionate. In
both of these mutants, the addition of the activated water is no longer the rate-limiting step.
However, the dissociation of the hydration product and release of malonate semialdehyde is more
likely to be the rate-limiting step. Therefore, His-28 and Arg-73, other than playing a role in the
binding of the substrate, might be involved in the dissociation of the final product and release of
malonate semialdehyde. Among all these mutations, only E114D has evidence for the presence of
malonate semialdehyde in the active site. Mutating Glu-114 to aspartate introduces another
positively charged residue (Arg-117) into the active site, which increases the total positive charge
of the active site cavity. The presence of malonate semialdehyde in the active site of E114D could

be the result of the lower rate of product release due to the new trajectory of Arg-117.
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1.3. Materials and methods

DNA cloning, expression, purification, and concentration of the native and mutant Cg10062

were performed by Ms. Amaya Sirinimal in Dr. Draths laboratory.

1.3.1 Protein Crystallization

All protein samples used in the crystallization process were concentrated to 18 mg/mL.
Previously published crystallization conditions!® were attempted, and only flat multi-lattice

crystals were grown (Figure 1.49) .

Figure 1. 49 Flat and multi-lattice crystals grown in 3% PEG 6000, 10mM Tris-SO4, pH 4.0.

Native Cgl10062 samples were screened using the hanging drop vapor diffusion method. The
reservoir contained 50 pL of commercially available crystallization screens (Peglon and Crystal
Screen from Hampton Research). These screens are used after diluting with Millipore water. (i.e.

PEG25 is a 25% (v/v) commercially available Peglon screen). The hanging drop consisted of 1 pL
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protein (18 mg/mL) and 1puL of reservoir solution. After 3 days (up to a week), several conditions
yielded protein crystals bigger than 50 um (Table 1.10 lists the crystallization conditions for native
Cgl10062, and its mutations used to solve the x-ray crystal structures).

Table 1. 10 Crystallization condition for native Cgl0062 and mutants with successful data
collection.

Protein Reservoir (well)

50 mM Magnesium chloride hexahydrate, 25 mM HEPES sodium (pH =
Native Cg10062
7.5), 7.5% (v/v) Polyethylene glycol 400

Cgl0062-E114D 100 mM Potassium sulfate, 10% (w/v) Polyethylene glycol 3350

100 mM Magnesium acetate tetrahydrate, 10% (w/v) Polyethylene glycol
Cgl0062-Y103F
3350

50 mM Ammonium acetate, 25 mM Sodium citrate tribasic dihydrate, (pH
Cgl10062-H28A
=5.6), 7.5% (w/v), Polyethylene glycol 4000

All the conditions that yielded flat or three-dimensional crystals for various mutants of

Cgl10062 are reported in Table 1.11.
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Table 1. 11 Screening crystallization conditions for Cg10062 mutants.

Protein Reservoir (well) Flat/3D
E114D 200 mM Ammonium sulfate Flat
1 mM Cobalt (IT) chloride hexahydrate, 10 mM MES monohydrate pH 6.5,
E114D Flat
180 mM Ammonium sulfate
10 mM Sodium chloride, 10 mM HEPES pH 7.5, 160 mM Ammonium
E114D Flat
sulfate
E114D 150 mM Ammonium sulfate, 10 mM Tris pH 8.5, 1.2% v/v Glycerol Flat
25 mM Sodium citrate tribasic dihydrate pH 5.6, 250 mM Ammonium
E114D Flat
phosphate monobasic
E114D 25 mM Sodium acetate trihydrate pH 4.6, 50 mM Sodium formate Flat
E114D 25 mM Sodium acetate trihydrate pH 4.6, 50 mM Sodium chloride Flat
50 mM Sodium chloride, 25 mM Sodium acetate trihydrate pH 4.6, 7.5% v/v
E114D Flat
(+/-)-2-Methyl-2,4-pentanedio
2.5 mM Cobalt (II) chloride hexahydrate, 25 mM Sodium acetate trihydrate
E114D Flat
pH 4.6, 250 mM 1,6-Hexanedio
E114D 100 mM Potassium sulfate pH 6.8, 10% w/v Polyethylene glycol 3,350 3D
E114D 100 mM Ammonium sulfate pH 6.0, 10% w/v Polyethylene glycol 3,350 Flat
E114D 50 mM Sodium malonate pH 4.0, 6% w/v Polyethylene glycol 3,350 Flat
E114D 2% v/v TacsimateTM pH 4.0, 6% w/v Polyethylene glycol 3,350 Flat
E114D 2% v/v TacsimateTM pH 5.0, 6% w/v Polyethylene glycol 3,350 Flat
E114D 4% v/v TacsimateTM pH 5.0, 10% w/v Polyethylene glycol 3,350 Flat
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Table 1.11 (cont’d)

E114D

E114D

R73K

R73K

R73K

R73K

R73K

R73K

R73K

Y103F

Y103F

Y103F

Y103F

Y103F

0.5% w/v Tryptone, 0,5 mM Sodium azide, 25 mM HEPES sodium pH 7.0,
10% w/v Polyethylene glycol 3,350

0.2 M Magnesium chloride hexahydrate, 0.1 M HEPES sodium pH 7.5, 30%
v/v Polyethylene glycol 400

100 mM Ammonium chloride, 10% w/v Polyethylene glycol 3,350

25 mM Citric acid, 25 mM BIS-TRIS propane, pH 5.0, 8% w/v Polyethylene
glycol 3,350

20 mM Citric acid, 30 mM BIS-TRIS propane, pH 6.4, 10% w/v
Polyethylene glycol 3,350

100 mM Ammonium sulfate, 10% w/v Polyethylene glycol 3,350

25 mM Sodium citrate tribasic dihydrate pH 5.6, 250 mM Ammonium
phosphate monobasic

25 mM HEPES sodium pH 7.5, 200 mM Sodium phosphate monobasic
monohydrate, 200 mM Potassium phosphate monobasic

50 mM Sodium chloride, 2.5% w/v Polyethylene glycol 6,000

100 mM Magnesium chloride hexahydrate, 10% w/v Polyethylene glycol
3,350

100 mM Calcium chloride dihydrate,10% w/v Polyethylene glycol 3,350
100 mM Ammonium chloride, 10% w/v Polyethylene glycol 3,350

100 mM Magnesium sulfate heptahydrate, 10% w/v Polyethylene glycol
3,350

100 mM Lithium acetate dihydrate, 10% w/v Polyethylene glycol 3,350

3D

3D

3D

3D

3D

Flat

Flat

Flat

Flat

Flat

Flat

Flat

Flat

3D
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Table 1.11 (cont’d)

Y103F

Y103F

Y103F

R70K

Y103A

Y103A

Y103A

Y103A

Y103A

Y103A

H28A

H28A

H28A

100 mM Magnesium acetate tetrahydrate, 10% w/v Polyethylene glycol
3,350

100 mM Magnesium acetate tetrahydrate, 10% w/v Polyethylene glycol
3,350

50 mM Sodium chloride, 2.5% w/v Polyethylene glycol 6,000

100 mM Potassium iodide,10% w/v Polyethylene glycol 3,350

100 mM Potassium citrate tribasic monohydrate, 10% w/v Polyethylene
glycol 3,350

100 mM Ammonium citrate dibasic, 10% w/v Polyethylene glycol 3,350
25 mM HEPES sodium pH 7.5, 200 mM Sodium phosphate monobasic
monohydrate, 200 mM Potassium phosphate monobasic

50 mM Potassium sodium tartrate tetrahydrate, 25 mM Sodium citrate
tribasic dihydrate pH 5.6, 50 mM Ammonium sulfate

8.2 % v/v 1,4-Dioxane

25 mM Sodium chloride, 25 mM HEPES pH 7.5, 400 M Ammonium sulfate
25 mM Sodium citrate tribasic dihydrate pH 5.6, 250 mM Ammonium
phosphate monobasic

50 mM Magnesium acetate tetrahydrate, 25 mM Sodium cacodylate
trihydrate pH 6.5, 5% w/v Polyethylene glycol 8,000

50 mM Sodium acetate trihydrate, 25 mM Sodium cacodylate trihydrate pH

6.5, 7.5% w/v Polyethylene glycol 8,000

3D

3D

Flat

Flat

Flat

Flat

Flat

3D

3D

3D

Flat

3D

3D
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Table 1.11 (cont’d)

25 mM HEPES pH 7.5, 2.5% w/v Polyethylene glycol 8,000, 2% v/v

H28A 3D
Ethylene glycol

H28A 4% v/v TacsimateTM pH 6.0, 10% w/v Polyethylene glycol 3,350 3D
100 mM Magnesium nitrate hexahydrate, 10% w/v Polyethylene glycol

H28A 3D
3,350

H28A 100 mM Ammonium acetate, 10% w/v Polyethylene glycol 3,350 3D

H28A 100 mM Ammonium nitrate, 10% w/v Polyethylene glycol 3,350 3D

H28A 100 mM Calcium chloride dihydrate, 10% w/v Polyethylene glycol 3,350 3D
H28A 100 mM Ammonium iodide, 10% w/v Polyethylene glycol 3,350 3D
H28A 4% v/v TacsimateTM pH 7.0, 10% w/v Polyethylene glycol 3,350 3D

1% v/v TacsimateTM pH 5.0, 50 mM Sodium citrate tribasic dihydrate pH
H28A 3D
5.6, 8% w/v Polyethylene glycol 3,350

50 mM Ammonium sulfate, 25 mM MES monohydrate pH 6.5, 7.5% w/v
H28A 3D
Polyethylene glycol monomethyl ether 5,000

50 mM Ammonium sulfate, 25 mM Sodium cacodylate trihydrate pH 6.5,
H28A 3D
7.5% w/v Polyethylene glycol 8,000

100 mM Ammonium citrate tribasic pH 7.0, 10% w/v Polyethylene glycol
H28A 3D
3,350

25 mM Sodium citrate tribasic dihydrate pH 5.6, 250 mM Ammonium
E114A Flat

phosphate monobasic

2.5 mM Iron (III) chloride hexahydrate, 25 mM Sodium citrate tribasic
E114A Flat
dihydrate pH 5.6, 2.5% v/v Jeffamine ® M-600 ®
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Table 1.11 (cont’d)

E114A

E114A

E114A

E114A

E114A

E114A

E114A

R73A

R73A

R73A

R73A

R73A

50 mM Magnesium chloride hexahydrate, 25 mM TRIS hydrochloride pH
8.5, 7.5% w/v Polyethylene glycol 4,000

50 mM Magnesium acetate tetrahydrate, 25 mM Sodium cacodylate
trihydrate pH 6.5, 5% w/v Polyethylene glycol 8,000

100 mM Ammonium iodide, 10% w/v Polyethylene glycol 3,350

100 mM Ammonium chloride, 10% w/v Polyethylene glycol 3,350

100 mM Ammonium nitrate, 10% w/v Polyethylene glycol 3,350

100 mM Sodium acetate trihydrate pH 7.0, 10% w/v Polyethylene glycol
3,350

50 mM Ammonium sulfate, 25 mM MES monohydrate pH 6.5, 7.5% w/v
Polyethylene glycol monomethyl ether 5,000

100 mM Ammonium fluoride, 10% w/v Polyethylene glycol 3,350

100 mM Ammonium chloride, 10% w/v Polyethylene glycol 3,350

100 mM Ammonium nitrate, 10% w/v Polyethylene glycol 3,350

100 mM Sodium malonate pH 7.0, 10% w/v Polyethylene glycol 3,350

4% v/v TacsimateTM pH 6.0, 10% w/v Polyethylene glycol 3,350

3D

3D

3D

3D

3D

3D

3D

3D

3D

Majority of the 3D crystals reported in Table 1.11 were used in the soaking experiments.
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1.3.2 Ligand soaking experiments and solving the structures

After obtaining crystals of Cg10062 and its mutations, several crystals were transferred to a
cryoprotectant solution containing 20% to 40% glycerol in the reservoir solution in which the
crystals were grown. These samples were used to determine an apo structure of the enzyme.

To obtain ligand bound structures of the Cg10062, apo crystals of the Cg10062 mutants were
soaked in different ligand solutions. Stock solutions of the ligand molecules were prepared at 10
mM concentration in Millipore water. Later, 20% dilution of the stock solutions were made in the
corresponding reservoir solution for every crystal. The final concentration of the ligand molecules
in the soaking solution is 2 mM. Other than propiolate, acetylenedicarboxylic acid is also used in
the soaking experiments. However, in this study we only focus on the result of soaking experiments
with propiolate.

The crystals were mounted in nylon cryo-loops and flash frozen by immersion in liquid
nitrogen. The diffraction data sets were collected at the Advanced Photon Source (APS) at the
Argonne National Laboratories (Argonne, IL). The diffraction datasets with resolutions higher
than 3 A were indexed, refined and scaled using HKL2000. The resulting scaled maps then are
used for molecular replacement using the PHENIX suite. Initially, the available structure of
Cgl10062 (PDBID:3n4g) is used to perform the molecular replacement for the native Cg10062.
The output of molecular replacement is refined using the PHENIX suite and model manipulation
and solvent addition is done using COOT. Structure of native Cgl10062 is then used for the
molecular replacement of remaining datasets. Using eLBOW (from PHENIX suite), the .cif files
for all the ligands are generated. In the case of ligand-bound structures, after the convergence of
refinements for the naked protein, first the ligand was refined in the active site and then solvent

molecules were added to complete the structure.
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The chemical bond parameters of prolyl species were estimated from the crystal structure of
proline-derived enamines®. The restraints files for each ligand were generated to define the bond
length, bond angles, and dihedral torsion angle. In the final round of the refinement, the

occupancies were refined for all the atoms.
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CHAPTER TWO

Investigating the Mechanism of Rice Branching Enzyme I

and Structures of Rice Granule-Bound Starch Synthase I
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This chapter aims to investigate the function of the rice branching enzyme I, using protein x-
ray crystallographic methods and kinetic studies. New structures of granule-bound starch synthase
I are presented as well. Rice branching enzyme is one of the enzymes involved in the biosynthesis
of starch. The first section provides an introduction to the biosynthesis of starch/glycogen, and the
role branching enzymes play in it. The second section provides new structures of granule-bound
starch synthase I. The third section presents the results obtained for the investigation of rice
branching enzyme and provides a discussion regarding the function of the rice branching enzyme.
Finally, in the last section, experimental techniques and methods employed in this research are

provided.

2.1. Introduction

Starch is a glucose polymer, and plants produce it as a primary energy storage molecule. Starch
consists of glucose units connected via 1,4- and 1,6-glycosidic bonds.! Glucose molecules at high
concentrations create osmotic pressure, which can harm the plant cells. However, plants store their
glucose in the form of starch to prevent the damage.? Primarily, chloroplasts produce a specific
type of starch called, transitory starch whose levels vary. The chloroplasts in leaves are responsible
for the production of transitory starch. The other type of starch, called storage starch, mainly
accumulates in roots, seeds, tubers, and fruits. Storage starch is essential for the survival of the
plants during extreme conditions.** The fine structure of starch varies by tissue and environmental
conditions to accommodate the needs of the plant. Therefore, plants grown in a different
environment produce unique starch molecules.’

On the other hand, glycogen is a carbohydrate storage molecule in bacteria and animals that

also consists of alpha-1,4-linked glucose units with alpha-1,6 branch points. (Cyanobacteria
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produce a different type of carbohydrate storage molecule which is more similar to starch).®
Bacteria synthesize their glycogen during the growth and stationary phases and use them when
facing extreme conditions.” In humans and animals, the liver is the primary organ for the
production and storage of glycogen, but muscle cells also store glycogen for immediate energy
demands.® Based on the biochemical classification, glycogen and starch are carbon and energy
storage molecules since they fulfill the following criteria. First, cells accumulate these compounds
during times of energy excess; Second, cells use them when exogenous energy sources are not
capable of providing maintenance energy levels for critical cell activities such as growth, division,
and viability. Third, these compounds, upon decomposition, produce energy forms employable by
the cell.’

In the past, since access to carbohydrate sources were limited, those species that adapted to
store carbohydrates quickly had higher chances of survival. However, the abundance of

carbohydrates in today's diet, has led to an obesity crisis.!? Studies!!~!3

show that abundantly stored
glycogen in the liver decreases fat metabolism and, hence increasing stored fat. New dietary

regimes like the keto diet focus on lowering the level of stored glycogen in the liver to enhance fat

burning.

2.1.1. The structure of starch

Starch is one of the biggest biomolecules that exist, ranging from 0.1 to 50 mm in diameter.’
The particular organization of glucose molecules in starch allows it to form large molecules.
Initially, glucose units are linked together by 1,4-glycosidic bonds. The unbranched, long
stretching chains of glucose are sections of a starch granule that is called amylose. In starch,

glucose units linked in a-anomeric form, unlike cellulose, another polymer of glucose with p-1,4-
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glycosidic bonds.!* These glucose chains, in cellulose, are linear while they have helical
conformation in starch. At specific intervals, these long glucose chains contain branches connected
via a 1,6-glycosidic bond. The branches form left-handed double helices and are arranged in
orderly patterns to create amylopectin regions. Alternating amylose (amorphous) and amylopectin
(crystalline) regions are what make a starch granule semi-crystalline (Figure 2.1). Generally, starch
granules consist of 18-28% amylose and 72-82% amylopectin.® The difference in the fine structure
of starch is because of different amylose/amylopectin composition, chain size in the branched
region, the distance between the branches, arrangement of double helices formed by neighboring

branches.!?
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Figure 2. 1 Schematic diagram of starch granule structure.!®!7 (A) Whole granule of starch,
consisting of alternating semi-crystalline and amorphous growth rings, (B) a stack of large and
small blocklets, (C) crystalline and amorphous lamellae in a blocklet, (D) ordered double helices
within crystalline lamellae and amylopectin branch points within an amorphous lamella.
(modified, see references)
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Helical conformation (Figure 2.1, C) of a single glucose chain in amylose has a different
geometry compared to the double helix formed by neighboring branches in amylopectin.'® The
difference in the structure is one of the factors to determine which enzyme is interacting with
amylose or amylopectin regions. A single-stranded glucose helix (Figure 2.2 C) has seven glucose
per turn with a 0.805 nm pitch. On the other hand, double-helical structures (Figure 2.2 D) formed
in amylopectin have six glucose per turn with a 2.13 nm pitch.® Also, the cavity formed inside the
helical structure has a bigger space in single-stranded helix compared to the double-stranded helix.
The topological difference between single- and double-stranded helices of glucose chains have

analytical importance besides their biological significance.
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Figure 2. 2 Chemical structures of linear and branched glucose chains. (A) Chain of glucoses
connected via a-1,4-glycosidic bond, (B) Branched glucose chain via a-1,6-glycosidic bond, (C)
Helical conformation of single glucose chain, (D) Double helix formed by two adjacent glucose
chains.

One of the well-known methods to study starch (amylose and amylopectin) is the iodine assay.

In the iodine assay, triiodide ions form by the reaction of potassium iodide and iodine. Triiodide
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ion absorbs at 287 and 350 nm, but in the presence of starch, it enters into the cavity of a single-
stranded glucan helix. Triiodide-amylose complex has a strong absorption near 600nm.!'*-2!
Glycogen, on the other hand, is formed by branching and extending the branches to form a

natural dendrimer and does not have an ordered structure. Therefore, glycogen has a size limit,

which is defined by the steric hindrance and accessibility of glucose chains for further branching.??

2.1.2. Biosynthesis of starch

Biosynthesis of starch (or glycogen) consists of three steps.? In the first step (Figure 2.3), ADP-
glucose pyrophosphorylase (ADPGPPase) forms ADP-glucose from glucose-1-phosphate. ADP-
glucose, the monomer for glucose polymerization, is the starting material for the second enzyme.’
The formation of ADP-glucose is the rate-limiting step for the biosynthesis of starch or glycogen,
where the catalytic activity of the ADPGPPase is under allosteric regulation. For plants and
bacteria, intermediates of the major carbon assimilatory pathway in the respective organism are
the allosteric ligands for ADPGPPase.?>>° These intermediates can act as an activator or an
inhibitor. The structure of ADPGPPase for different plants and bacteria is available, and its
allosteric regulation has been studied in detail.?*3! Besides, the crystal structure of ADPGPPase
from potato was obtained in our lab.3

In the second step (Figure 2.3), starch or glycogen synthase (SS or GS) extends the
oligosaccharide chains. A Starch or glycogen synthase transfers a glucose unit from an ADP-
glucose to the non-reducing end of an acceptor glucan chain and releases ADP.?* Starch synthase
belongs to the glycosyltransferase 5 (GTS5) family and transfers the glycosyl units by retention of
stereochemistry. i.e., ADP-a-1-glucose is used to form an a-1,4-glycosidic bond.>*3> Bacterial and

archaeal synthase are also members of the GT5 family and share high sequence similarity and
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structural resemblance to starch synthase. The common characteristic of GS and SS is that they all

have a twin-Rossmann fold where the active site is located between the two Rossmann folds.?*33
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Figure 2. 3 Biosynthesis of starch (or glycogen).

The starch synthases in plant species, unlike glycogen synthases, have several isoforms.
Soluble Starch Synthases (SSS), purified from the soluble portion of cell extracts, is divided into
many subfamilies. Commonly studied SSS isoforms are annotated as SSI, SSIIa, SSIIb, SSllc,
SSIIIa, SSIIIb, SSIVa, and SSIVb.?¢ These isoforms are classified based on the sequence similarity
and their functions. Although all SSS catalyze the same enzymatic reaction, they have different
preferences for the size of the substrate (chain length), and they extend their substrate up to a
specific size. For example, SSI prefers shorter oligosaccharides and can only extend them to DP
(degree of polymerization) of 8 to 12. SSII enzymes are known to extend their substrate up to DP
of 13-25. SSII and SSIV are involved in the initiation of starch biosynthesis and control the

number of starch granules.>
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There exists another isoform of starch synthase, purified from the insoluble portion of the cell
extract. These isoforms are granule-bound starch synthases, GBSSI, and GBSSII. The fundamental
difference between SSS and GBSS is that SSS extends shorter oligosaccharides up to a limited
size and is responsible for the formation of amylopectin.’® However, GBSS stays bound to the
granule of starch and extends oligosaccharides much longer to form amylose. Studies show that
the elongation of oligosaccharides happens concurrently in the case of GBSS.3” While GBSS’s act
processively, sequentially adding glucose units to a single growing chain, SSS’s appear not to be
processive, dissociating from the glucan chain upon each addition of a glucose unit.

The third step (Figure 2.3) in starch or glycogen biosynthesis is the branching of glucan chains.
Branching enzymes (BE) are responsible for the formation of branches which forms the
amylopectin region of the starch.” First, the enzyme hydrolyzes the 1,4-glycosidic bond of the
substrate (donor chain) and forms a covalent bond with the hydrolyzed oligosaccharide. Then the
branching enzyme transfers the donor chain to a second oligosaccharide chain (acceptor) by
forming a 1,6-glycosidic bond'. CAZY (Carbohydrate Active enZYmes) database classifies the
branching enzyme as a Glycoside Hydrolases (GH), similar to amylases.?*3> The starch branching
enzymes also have isoforms with different preferences toward the size of the transferred chain
(donor chain) and the substrate for branching (amylose or amylopectin).!

Besides ADPGPPase, SS, and SBE, plants have debranching enzymes that are involved in the
biosynthesis of starch by removing incorrectly placed branches in order to maintain the structure
of the starch.’® Plants optimize the structure of the starch they produce by fine-tuning the
expression level of all the enzymes involved in the biosynthesis of starch (ADPGPPase, isoforms
of SSS, isoforms of GBSS, isoforms of BE, and DBE).*¢ Figure 2.4 shows the variety of these

enzymes from different species. There are also the starch kinases and phosphorylases which are
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involved in the biosynthesis of starch.*’ Plants utilize the vast diversity of these enzymes to

produce starch molecules that are structurally optimized for the tissue and environmental

condition. Understanding the function of all these enzymes individually and when working

together will enhance our understanding of starch biosynthesis.
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Figure 2. 4 Organization of ADPGPPase, SS, SBE, and DBE enzymes in plants. Stars represent
all polyploidy events. Whole genome duplication, WGD (red), Whole genome triplication, WGT
(green), Whole genome sextuplication, WGS (yellow). Total number of isoforms of the four-core

enzyme families®.
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2.1.3. Application and relevance

Understanding the biosynthesis of starch has many benefits, from industry to health. For
decades, starch has been used in food, textile, and paper industries. In food industries, starch is
used as a thickener and a binder.*!"*? In the cooking process, amylopectin helices melt, and by
absorbing water, starch granules swell. Then, complete disintegration leads to dissolving in water.
Later as it cools down, linear chains start aggregating and forming a gel.***** This process makes
starch tolerant of the freeze-thawing processes. Controlling the gelatinization of starch is one of
the essential goals in food industries. Various forms of modified starch, waxy, and resistant starch
have related properties favored by the food industries. Waxy starch is amylose-deficient and
synthesized by removing GBSS genes, which are necessary for the production of amylose. This
type of starch gelatinizes readily.*>*¢ On the other hand, resistant starch is 50 - 90% amylose
(compared to native starch with 20 - 30% amylose), which makes it useful in the production of
sweets. Besides, resistant starch has applications in adhesives, paper, and textile industries.
Resistant starch, unlike the native form of starch, is digested in the small intestine and transformed
into short-chain fatty acids that are useful for colon health.*’*° Researchers try to manipulate the
enzymes that are involved in the production of essential precursors for starch biosynthesis, such
as adenylate kinase.’® Also, there have been studies on post-harvest chemical modification of

starch.>!->* Recently, modified starch molecules are being studied for developing drug delivery

54,58-61 62-65

systems,>*7 biodegradable materials, and the production of biofuels.

2.1.4. Starch Synthases and GBSS

GBSS belongs to the GTS (glycosyltransferase 5) family and, similar to starch synthases,

processes the elongation of oligosaccharide chains.®> GBSS is responsible for the biosynthesis of
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long glucose chains of the amylose, whereas other starch synthases only extend short chains in the
amylopectin region. This enzyme catalyzes the formation of alpha-1,4-glycosidic bonds
continuously.’

There are 17 structures of starch/glycogen synthases available in the Protein Data Bank®
(PDB) from eight species (Oryza sativa, Hordeum vulgare, Arabidopsis thaliana, Pyrococcus
abyssi, Rhizobium radiobacter, Escherichia coli, Cyanobacterium sp., C. Cyanophora paradoxa
and yeast). All these enzymes share a similar structure, a twin Rossmann-fold, where the active
site is located between two Rossmann folds. The C-terminal Rossmann fold is quite similar among
all these enzymes as demonstrated in figure 2.5. However, the N-terminal Rossmann fold varies
significantly by the presence of different loops. An amino acid sequence (KXGGL), located in the

active site, is conserved among these enzymes.®’ (Figure 2.5 C)
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Figure 2. 5 Structural features in SS, GS, and GBSS. (A) Overlay of OsGBSSI, EcGS, RrGS,
PaGS, HvSSI, CyGBSS, CpGBSSI, and AtSSIV. (B) rice GBSSI, two Rossmann folds (C-
terminus in pink and N-terminus in green), C-terminus a-helix. (C) Conserved KXGGL active site
sequence, UniProt classification: GLG and GYS for glycogen synthases, SSY for soluble starch
synthases, and SSG for granule bound starch synthases.
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A Study®® from our research group showed that the two domains form open and closed
conformations. E. coli glycogen synthase crystallizes in the open conformation in the absence of
its substrates. However, in the presence of its substrates or substrate mimics it crystallizes in the
closed form. Two Rossmann folds in E. coli glycogen synthase (N-terminus and C-terminus) are
rotated 15.2° (Figure 2.5 D) in the closed form relative to its open conformer.®

Considering the crystal structures of Escherichia coli glycogen synthase, several essential
amino acids are identified. In Escherichia coli glycogen synthase, Lys-305, Arg-300, and the
backbone amide from Gly-18 and Thr-382 form hydrogen bonds with the phosphate group of ADP.
Tyr-355 forms a m-n stacking interaction with the purine ring. All these interactions, including the
hydrogen bonds between the ribose sugar and Lys-15 and Asp-21, hold the ADP portion of ADP-
I-glucose in the active site. As a result, the glucose unit is positioned at the bottom of the active

site. The glucose unit forms hydrogen bonds with Glu-377, Asn-162, and His-161.%

€ -
) N
4 —
—
K: — - e
S PR
Sl
J
N
§ A Glucose rf \/\
4 9 ) &z Nt
o~ 4 \ !
\ ol P 2l -

Figure 2. 6 Relative location of KXGGL motif in the active site of EcGS open and closed
conformers (left) and surface oligosaccharide binding sites (right)

As mentioned earlier, GT5%° enzymes transfer the glucose unit by retention of chirality. The
location of glucose at the bottom of the active site leaves only one face of the C1 carbon available

for a nucleophilic attack. A proposed mechanism includes a double-displacement Sx? reaction
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where a nucleophile provided by the enzyme replaces the ADP group. Then, the hydroxyl group
from the non-reducing end of an oligosaccharide replaces the enzyme to complete the reaction. A
second mechanism postulates the formation of a carbocation by the dissociation of the phosphate
group of the ADP unit.%® Besides the active site, the E. coli glycogen synthase structure shows
several surface binding sites for oligosaccharides (Figure 2.6). These sites are generally in the N-
terminal half, whereas ADP-1-glucose interacts with the C-terminal half.

The GBSS enzyme is less studied than glycogen synthases and two structures of rice GBSSI
were available in the form of apo and also complexed with ADP.% In recent years, two more GBSS
structure were added to protein data bank from Cyanobacterium sp. and Cyanophora paradoxa.®’

Rice GBSSI contains a disulfide bond which connects the two halves of the enzyme. Fujimoto
and colleagues investigated the importance of the disulfide bond in rice GBSSI. C337V mutant of
rice GBSSI do not have the disulfide bond and the resulting protein is insoluble. Generally, plants
that belong to the grass family, such as rice, wheat, rye, barley, sorghum, and corn, have the
disulfide bond.® Starch synthases and glycogen synthases have also been studied biochemically.
Since the byproduct of the reaction is ADP, it can be coupled to pyruvate kinase and lactate

dehydrogenase to oxidize NADH.”’ (Figure 2.7)

G, + ADP-1-glucose M» G, + ADP
ADP + PEP — PK  »  ATP+pyruvate

pyruvate + NADH — LDH L-lactate + NAD™

Figure 2. 7 An enzyme coupled assay for biochemical study.

There are many studies using the enzyme coupled assay for biochemical characterization of
SS and GS.77* Recombinant proteins of GS and SS can be used for these assays. However, in all
cases where GBSS is biochemically studied, GBSS was harvested from the plant bound to the

starch granule.””””7 Zeeman and colleagues identified a small protein from Arabidopsis thaliana
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which is involved in starch biosynthesis, particularly the production of amylose. PTST (Protein
Targeting to STarch) is conserved in plant species. Knockout mutations of PTST in Arabidopsis
thaliana produce of an amylose-free starch. Besides, these mutants had less starch bound GBSS
protein. Initial sequence analysis of this specific protein showed that it contains a CBM48
(carbohydrate binding module 48) domain and a coiled-coil domain. Further mutational studies
identified an a-helix on the GBSS from Arabidopsis thaliana that is likely to interact with the
coiled-coil domain of PTST. They proposed that PTST is an anchoring protein which upon
interacting with GBSS provides a CBM domain for the enzyme and the resulting complex binds
to starch. However, PTST dissociates after GBSS is bound to starch (amylose).”® CBM binding
domains are common among enzymes interacting with carbohydrates. All starch and glycogen

branching enzymes and debranching enzyme are equipped with a CBM domain.

2.1.5. The Branching Enzymes

Most branching enzymes belong to the GH-13 (glycosylhydrolase-13) family, similar to o-
amylase enzymes,' though a few branching enzymes are GH-57 enzymes. These enzymes process
the oligosaccharides, synthesized by the starch synthase isoforms, to form branched
oligosaccharides. They form a glycoprotein intermediate by hydrolysis of an a-1,4-glycosidic
bond. The reducing end of the glycan (donor chain) is covalently attached to an aspartate residue
in the active site. Branching enzymes transfer the donor chain to an acceptor glycan by forming an
a-1,6-glycosidic bond. The outcome of this process is a branched glycan, which is the basic unit
of the amylopectin region.”

Branching enzymes consist of a central (B/a)s-TIM barrel catalytic domain (Figure 2.8)

annotated as an amylase domain. Generally, branching enzymes have a CBM48 (carbohydrate-
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binding module 48) in the N-terminus and a 3-sandwich fold (amylose C-terminal domain) in the
C-terminus. Bacterial glycogen branching enzyme might have several CBM or B-sandwich
domains proceeding with the CBM48 domain.®® The general CBM48-amylose catalytic domain-
amylose C-terminus architecture is common among the GH13 family, where rice branching

enzymes belong. A completely different fold also exists for branching enzymes that belong to the

GHS57 family.8!

Figure 2. 8 Architecture of branching enzymes in GH13 family. (A) central (/a)s-barrel
catalytic domain, (B) four structural motifs of branching enzymes, N-terminus -sandwich domain
common to bacterial glycogen branching enzymes I, CBM48 II, amylase catalytic domain III, C-
terminus B-sandwich domain IV. (PDBID: 5gqy, 4lpc, Sclw, 3vu2 for cyanobacteria, E. coli,
human, and rice respectively)

All available branching enzyme structures show a diverse range of surface binding sites. Since
the substrate of branching enzymes is long oligosaccharides (amylose and amylopectin), many
surface binding sites are available. Figure 2.9 shows the distribution of surface binding sites in
branching enzymes.?? 85 The characteristic of these surface bond oligosaccharides is not entirely
understood, and it is unknown whether they are part of an acceptor chain or the donor chain. The
active site residue for the branching enzymes is an aspartate located in one of the B-strands of the
TIM barrel fold. Many of the surface-bound oligosaccharides are more than 10 A away from the

active site. There are even oligosaccharides on the opposite side of the enzymes. Another feature
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on the surface of the branching enzymes is the diversity of the loop structures that commonly
interact with the surface-bound oligosaccharides. All branching enzymes have four distinct
conserved regions®® (Figure 2.12) I, II, III, IV. Region II contains the active site aspartate residue.

When a branching enzyme binds to the first oligosaccharide (donor chain) and hydrolyzes it to
form the covalent-bound intermediate, the exact size of the hydrolysis product varies. The
biochemical characterization of the branched products shows a different distribution (chain length
distribution or CLD). Nevertheless, there are several limits (Figure 2.10) to the size of the donor
chain in branching enzymes. Generally, branching enzymes do not transfer chains smaller than
maltohexaose. Besides, if the donor chain has been already branched, the second hydrolysis does
not happen less than six glucose units away from the branching point. Finally, if the acceptor chain
has already been branched, the second branching does not happen less than six glucose units away

from the previous branch point.’’
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Figure 2. 9 Surface binding sites in branching enzymes. Three different views of a branching
enzyme and distribution of surface binding sites. ECBE (green surface), oligosaccharides (EcBE:
yellow, CyBE: magenta, HsBE: blue)
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Figure 2. 10 Limitations of branching enzymes. (A) less than six glucose units to non-reducing
end of donor chain, no hydrolysis, (B) at least six glucose units to non-reducing end of donor chain,
successful hydrolysis, (C) less than six glucose units to the branch point on a branched donor chain.
No hydrolysis. (D) at least six glucose units to the branch point on a branched donor chain,
successful hydrolysis. (E) at least six glucose units to the branching point of an acceptor chain,
successful transfer, (F) less than six glucose units to the branch point of an acceptor chain.

Similar to starch synthases, branching enzyme has many isoforms in plant species where they
differ only in the chain length distribution. Only 22 branching enzymes from different species and
isoforms have been biochemically studied, and their CLD profiles are known. Figure 2.11 shows

a classification of them based on the similarities of their CLD.

93



Figure 2. 11 A hierarchical classification of chain length distribution for 22 branching
enzymes. Bacterial (aae®®, bacl®’, dge®’, dra®, rmg®/, smu®’, syc?, vwm?, ehl®’, gse?, cytl®,
cyt2?, cyt3%3, ebd®”), Plants (0sal®’, pvul?®, pvu2®, zmal®’, zma2?’, zma3?’, 0sa2%°, dosa®’). Left:
Similarity of the chain length distribution for 22 branching enzyme CLD profiles (0, least similar.
1, identical). Right: five distinct clusters of CLD profiles obtained by hierarchical clustering
method.

Some enzymes transfer chains of six or seven glucose units, whereas other branching enzymes
transfer a wider range of chain lengths. Plants optimize the structure of starch they make by fine-
tuning the expression of different branching enzyme isoforms.!%

Rice has four branching enzyme isoforms, RBE1, RBEIla, RBEIIb and RBEIIIl. The RBE1
chain length distribution shows that it transfers more hexamers and then chains of size eleven,
while RBEII and RBEIII transfer maltohexaose and maltoheptaose units dominantly.%¢

Sequence analysis of these isoforms reveals two insertions at the 147 and 541 regions (Figure

2.12, light blue). The first insertion (541 region) is eleven amino acids long and is present on
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RBEIIa and RBEIIb. The second difference is in the loop starting at residue number 147. This loop
is two amino acids longer for RBEI but the whole loop is 10 amino acid long.®¢ There is a big
difference between RBEIla and IIb versus RBEI. RBEI transfers longer chains, IIb is almost

exclusive for M6, while Ila is kind of in the middle.
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rBEIIb - ~GSSPIPHGSRVKVRMETPSG-IKDSIPAWIKYSVQAAG--EIPYNGIYYDPPEEEKYIFKHPQPKRPKSLRIYETHVGMSSTEPKINTYANFRDEVLPRIKKLGYNAVQI 288
I 11
rBEIII IGIVEHKDYSSVGYKVTNYFSVSSRFGSPDDFKKLVDEAHGLGLVVLLDIVHSYASADELVGLSLFDG—-—SNDCYFHSGKRGHHKYWGTRMFKYDDIDVLHFLLSNLNWWVTEYRVDGF 561
rBEI MAIMEHSYYASFGYHVTNFFAVSSRSGTPEDLKYLVDKAHSLGLRVLMDVVHSHASNNVTDGLNGYDVGQNTHESYFHTGDRGYHKLWDSRLFNYANWEVLRFLLSNLRYWMDEFMFDGF 341
rBEIIa MAIQEHSYYASFGYHVTNFFAPSSRFGTPEDLKSLIDKAHELGLLVLMDIVHSHASNNTLDGLNGFDG——-TDTHYFHGGPRGHHWMWDSRLFNYGSWEVLRYLLSNARWWLEEYKFDGF 432
rBEIIb MAIQEHAYYGSFGYHVTNFFAPSSRFGTPEDLKSLIDKAHELGLVVLMDVVHSHASNNTLDGLNGFDG———TDTHYFHSGSRGHHWMWDSRLFNYGNWEVLRFLLSNARWWLEEYKFDGF 405
rBEIII QFHSLPSM| LYTHNGFS—TFTGATEEYYNQYVDEDALIYLIIANEMLHELHPDII% EDATFYPGLCEPTTQGGLGFDYWVNLSIPEMWLWHLENVPEQEWSMNKIMRVLVNNN--SNML 678
rBEI RFDGVTSMLYHHHGINKGFTGNYKEYFSLDTDVDAIVYMMLANHLMHKLLPEATIVAEDVSGMPVLCRPVDEGGVGFDFRLAMAIPDRWIDYLKNKEDRKWSMSEIVQTLTNRRYTEKCI 461
rBEIIa RFDGVTSMMYTHHGLQVAFTGNYGEYFGFATDVDAVVYLMLVNDLIHGLYPEAVAIGEDVSGMPTFCIPVQDGGVGFDYRLHMAVPDKWIELLKQ-SDEYWKMGDIVHTLTNRRWSEKCV 551
rBEIIb RFDGVTSMMYTHHGLQVAFTGNYSEYFGFATDADAVVYLMLVNDLIHGLYPEAITIGEDVSGMPTFALPVQDGGVGFDYRLHMAVPDKWIELLKQ-SDESWKMGDIVHTLTNRRWSEKCV 524
v Loop 541
rBEIII S[YVENHNQSISGRKSFAEIILYEGKCSNSS——-VDNDLIFRASSLLNIIKLITFTTSGGAYLNFIGNEFAHPKRIEFPMS—————————— SNDYSFCLANRQWELLDKGVH--KHIFNF 782
rBEI AYAESHDQSIVGDKTIAFLLMDKEMYTGMSDLQPASPTINRGIALQKMIHFITMALGGDGYLNFMGNEFGHPEWIDFPRE——————————— GNNWSYPKCRRQWSLVDTDHLRYKYMNAF 570
rBEIIa T|YAESHDQALVGDKTIAFWLMDKDMYDFMALDRPSTPRIDRGIALHKMIRLVTMGLGGEGYLNFMGNEFGHPEWIDFPRGPQSLPNGSVLPGNNYSFDKCRRRFDLGDADYLRYHGMQEF 671
rBEIIb TIYAESHDQALVGDKTIAFWLMDKDMYDFMALDRPATPSIDRGIALHKMIRLITMGLGGEGYLNFMGNEFGHPEWIDFPRAPQVLPNGKFIPGNNNSYDKCRRRFDLGDADYLRYRGMLEF 644
rBEIII DKDIMSLDGKERLISGGSPIVHHCDDTSMIIYFTRGPFLFVFNFNPDASYQLYSVGVDEAGEYQLILNTDETKYGGRGELTSNQYMKRTS——————-| DNRVGGCRNSLELTLPSRSAQVF 895
rBEI DQAMNALEEEFSFLSSSKQIVSDMNEKDKVIVFERGDLVFVFNFHPNKTYKGYKVGCDLPGKYRVALDSDALVFGGHGRVGHDVDHFTSPEGMPGVPETNFNNRPNSFKVLSPPRTCVAY 690
rBEIIa DQAMQHLEEKYGFMTSEHQYISRKHEEDKVIIFERGDLVFVFNFHWSNSYFDYRVGCLKPGKYKIVLDSDDGLFGGFSRLDHDAEYFTAD——— —-WPHDNRPCSFSVYTPSRTAVVY 783
rBEIIb DRAMQSLEEKYGFMTSDHQYISRKHEEDKMIIFEKGDLVFVFNFHWSNSYFDYRVGCLKPGKYKVVLDSDAGLFGGFGRIHHTAEHFTAD———————~ -CSHDNRPYSFSVYSPSRTCVVY 756
rBEIII KLVRILRI: 903
rBEI YRVDEDREELRRGGAVASGKIVTEYIDVEATSGETISGGWKGSEKDDCGKKGMKFVFRSSDEDCK 755
rBEIIa LTED 788
rBEIIb APAE: 760

Figure 2. 12 Sequence analysis of four rice branching enzyme isoforms. Conserved regions of
L, 1L, IIT, IV common to all branching enzymes. CBM48 domain (blue),

2.2. Structure of rice GBSSI enzyme

Several new structures of rice GBSSI have been obtained. ADP-1-glucose-bound GBSSI in
the closed conformation, GBSSI (reduced form) in its open conformation, open conformer of rice
GBSSI and ADP complex, open conformer of rice GBSSI and UDP complex. The soaking of open
conformer with ADP-1-glucose resulted in the GBSSI-ADP complex, where ADP is found in two

different conformations in the interdomain space.
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2.2.1. Structure of ADP-glucose bound Rice GBSSI (closed

conformer)

The x-ray crystal structure of native rice GBSSI with ADP-glucose (Figure 2.13) was solved
to 2.49A resolution by molecular replacement methods and refined to R and Ryree values of 0.21
and 0.27, respectively. The asymmetric unit contains one protein chain.

The tertiary structure is similar to previously published structures. Both N-terminal and C-
terminal domains have a Rossmann fold with six parallel -strands forming a continuous [3-sheet.
Six a-helices surround the (-sheets. After obtaining the apo crystals, soaking them with ADP-1-
glucose resulted in a ligand-bound structure.

Figure 2.13 shows the hydrogen bonds interacting with ADP-1-glucose. In the structure of the
closed conformer, there is a disordered loop that includes residue 91 to 110. The equivalent of this
loop from e. coli glycogen synthase is interacting with an oligosaccharide, and it is involved in
guiding the non-reducing end of the substrate into the active site.

As mentioned earlier, starch synthases have open and closed conformers where the two
Rossmann folds move toward and away from each other. Table x shows the interdomain gap for
all the starch/glycogen synthase structures that are available.

Table 2.1 shows the interdomain gap for all the available starch/glycogen synthase structures

(the rice GBSSI ADP-1-glucose complex (closed conformer) is used as reference)
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Table 2. 1 Summary of available starch/glycogen synthase structures.

Enzyme Species Active site ligands Interdomain Gap?® PDBID

GBSSI Oryza sativa - 1.8 3vue

GS Rhizobium radiobacter - 6.3,6.5 lrzv

GS - C7S:C408S  Escherichia coli - 3.9 3dl1j

GS Pyrococcus abyssi - 42,49,6.0,4.7,5.0,59 2bis, 3101, 3fro
SSI Hordeum vulgare - 5.1 4hiln

GS Rhizobium radiobacter ADP® 7.1,7.3 Irzu

GBSSI Oryza sativa ADP 1.5 3vuf

GBSS Cyanobacterium sp. Acarbose®, ADP 1.7,2.2,2.6 6gnf

GBSSI Cyanophora paradoxa acarbose, ADP 3.2,3.0 6gng

GS Escherichia coli ADP, Glucose 1.0,1.1,1.0 2qzs, 2r4t, 2rdu
GS - E377A Escherichia coli ADP, HEPPSO 0.8 3cop

GS - E377A Escherichia coli ADP, oligosaccharides 1.2 3cx4

GS Escherichia coli ADP and DGM¢ 0.8 3guh

GS Pyrococcus abyssi 2-dehydroxyGlucose 1.9 3fro

SSIV Arabidopsis thaliana acarbose, ADP 0.7, 0.8 6gne

2 the distance between the alpha carbons of X residue in the conserved sequence of KXGGL. Rice GBSSI-ADP-glucose complex
structure is used as reference.

® Adenosine diphosphate

¢ Anti-diabetic drug

d Carbocation species of glucose after the dissociation of ADP
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The glycogen synthase from E. coli was crystallized in the closed form only in the presence of
both of the substrates. The disulfide bond in rice GBSSI locks the enzyme in the closed form, and
as a result, crystallization of the apo protein in the closed form is possible. Crystallizing the apo
form is essential for a soaking experiment. The ADP-1-glucose bound GBSSI is obtained by

soaking the apo crystals in the substrate solution.

Asn-183

T

His-182

y <TR . e s-15
Arg-326 24 3 ’ \/L{‘A/

Figure 2. 13 ADP-glucose bound Rice GBSSI, (A) ADP-glucose electron density. (B)
hydrogen bond interactions between the enzyme and glucose unit. (C) hydrogen bond interactions
between the enzyme and diphosphate. (D) hydrogen bond interactions between the enzyme and

adenine unit.
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Table 2. 2 Data collection and refinement statistics for GBSSI-ADP-1-glucose complex.

Data statistics
Space group P432
No. of chains/ASU 1

Unit cell dimensions (A, °©) a=153.771,b=153.771, ¢ = 153.771

o =90, B =90,y =90

Resolution range (A) (outer shell) 48.63 - 2.494 (2.583 - 2.494)

Unique reflections (outer shell)
Completeness (%) overall (outer shell)
Mean I/sigma(l)

R-merge/R-meas/ R-pim

Average B-factor/macromolecules/solvent

22292 (2172)

99.87 (100.00)

Refinement
Reflections used in refinement 22274 (2172)
Reflections used for R-free 2000 (195)
R-work 0.2126 (0.2686)
R-free 0.2719 (0.3261)
Number of non-hydrogen atoms/ solvent 3882/49
Protein residues 486
RMS (bonds) (A) 0.005
RMS (angles) (A) 1.15
Ramachandran plot (%) favored/allowed/outliers  94.61/4.98/0.41
Rotamer outliers (%) 0.00

59.09/59.16/55.94
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Figure 2. 14 Overlay of open and closed conformers of rice GBSSI.

2.2.2. Structure of Rice GBSSI (open conformer)

The x-ray crystal structure of open conformer of rice GBSSI, the reduced form (Figure 2.14)
was solved to 1.59 A resolution by molecular replacement methods and refined to R and Ryree
values of 0.18 and 0.20, respectively. The asymmetric unit contains one protein chain. Tertiary
structure is similar to previously published structures except for the interdomain gap. The N-
terminus has moved away from the C-terminus by 3.5 A. The disordered loop from the closed

conformer is ordered and forms a (3-hairpin fold.
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Table 2. 3 Data collection and refinement statistics for GBSSI-ADP-1-glucose complex.

Data statistics
Space group P3121
No. of chains/ASU 1

Unit cell dimensions (A, °©) a=85.598, b =85.598, c = 140.585

a=90,=90,y=120

Resolution range (A) (outer shell) 31.76 - 1.594 (1.651 - 1.594)

Unique reflections (outer shell)
Completeness (%) overall (outer shell)
Mean I/sigma(l)

R-merge/R-meas/ R-pim

Refinement

Reflections used in refinement

Reflections used for R-free

R-work

R-free

Number of non-hydrogen atoms/ solvent

Protein residues

RMS (bonds) (A)

RMS (angles) (A)

Ramachandran plot (%) favored/allowed/outliers
Rotamer outliers (%)

Average B-factor/macromolecules/solvent

79761 (7610)

99.52 (95.64)

79698 (7552)
2002 (193)
0.1805 (0.3303)
0.2089 (0.3332)
4520/ 468

513

0.010

1.32
97.05/2.75/0.20
0.23

28.68/26.74/ 45.41
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2.2.3. Structure of Rice GBSSI (open conformer) and ADP complex 1

The x-ray crystal structure of the open conformer of rice GBSSI with ADP (Figure 2.15) was
solved to 1.6 A resolution by molecular replacement methods and refined to R and Ry values of
0.18 and 0.22, respectively. The asymmetric unit contains one protein chain. Tertiary structure is
similar to the apo open conformer. The soaking experiment with ADP-1-glucose resulted in an
ADP bound structure. Either the glucose unit of the ADP-1-glucose is disordered, or it is
hydrolyzed. The binding site of ADP is similar to the binding site of ADP-1-glucose in the closed

conformer.

Figure 2. 15 ADP and GBSSI (open conformer) complex overlaid on closed form GBSSI and
ADP-1-glucose complex. Closed form (green), open form (magenta)
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Table 2. 4 Data collection and refinement statistics for GBSSI-ADP-1-glucose complex.

Data statistics
Space group P3121
No. of chains/ASU 1

Unit cell dimensions (A, °©) a=286.511,b=86.511,c=140.918

a=90,=90,y=120

Resolution range (A) (outer shell) 29.29 - 1.601 (1.659 - 1.601)

Unique reflections (outer shell) 80556 (7921)
Completeness (%) overall (outer shell) 99.64 (99.36)
Mean I/sigma(l)
R-merge/R-meas/ R-pim

Refinement
Reflections used in refinement 80542 (7919)
Reflections used for R-free 2009 (195)

R-work 0.1852 (0.3003)
R-free 0.2207 (0.3096)
Number of non-hydrogen atoms/ solvent 4595/ 539
Protein residues 507

RMS (bonds) (A) 0.007

RMS (angles) (A) 1.28

Ramachandran plot (%) favored/allowed/outliers
Rotamer outliers (%)

Average B-factor/macromolecules/solvent

97.60/ 1.80/ 0.60

0.00

28.94/26.64/ 44.95
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2.2.4. Structure of Rice GBSSI (open conformer) and ADP complex 2

The x-ray crystal structure of the open conformer of rice GBSSI with ADP (Figure 2.16) was
solved to 1.7 A resolution by molecular replacement methods and refined to R and Ry values of
0.18 and 0.21, respectively. The asymmetric unit contains one protein chain. The ADP molecule
has different conformation in the binding site. Similarly, the glucose unit of ADP-1-glucose is not
observed in this structure. The absence of the glucose unit is either because of disordered glucose

or the hydrolysis of the ADP — glucose bond.

Figure 2. 16 Different binding mode for the ADP in the active site of GBSSI (open conformer).
New binding mode (green)
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Table 2. 5 Data collection and refinement statistics for GBSSI-ADP-1-glucose complex.

Data statistics
Space group P3121
No. of chains/ASU 1

Unit cell dimensions (A, °©) a=86.508,b=286.508, c = 141.498

a=90,=90,y=120

Resolution range (A) (outer shell) 31.99-1.7 (1.761 - 1.7)

Unique reflections (outer shell)
Completeness (%) overall (outer shell)
Mean I/sigma(l)

R-merge/R-meas/ R-pim

Refinement

Reflections used in refinement

Reflections used for R-free

R-work

R-free

Number of non-hydrogen atoms/ solvent

Protein residues

RMS (bonds) (A)

RMS (angles) (A)

Ramachandran plot (%) favored/allowed/outliers
Rotamer outliers (%)

Average B-factor/macromolecules/solvent

67521 (6623)

99.24 (98.25)

67498 (6613)
2006 (201)
0.1816 (0.2812)
0.2121 (0.2979)
4545/ 552

504

0.007

1.24
97.79/2.01/ 0.20
0.48

31.92/29.44/ 47.41
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2.2.5. Structure of Rice GBSSI (open conformer) and UDP complex

The x-ray crystal structure of open conformer of rice GBSSI with UDP (Figure 2.17) was
solved to 1.7 A resolution by molecular replacement methods and refined to R and Ry values of
0.18 and 0.21, respectively. The asymmetric unit contains one protein chain. The binding mode

for UDP is similar to the new ADP binding mode.

Figure 2. 17 Binding mode for ADP and UDP are similar. ADP (green) UDP (purple).
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Table 2. 6 Data collection and refinement statistics for GBSSI-UDP complex.

Data statistics

Space group P3121
No. of chains/ASU 1
Unit cell dimensions (A, °©) a=86.508,b=86.508, c = 141.498

a=90,=90,y=120

Resolution range (A) (outer shell) 31.99-1.7(1.761 - 1.7)
Unique reflections (outer shell) 67521 (6623)
Completeness (%) overall (outer shell) 99.24 (98.25)

Mean I/sigma(l)

R-merge/R-meas/ R-pim

Refinement
Reflections used in refinement 67498 (6613)
Reflections used for R-free 2006 (201)
R-work 0.1810 (0.2827)
R-free 0.2129 (0.2853)
Number of non-hydrogen atoms/ solvent 4543/ 542
Protein residues 504
RMS (bonds) (A) 0.007
RMS (angles) (A) 1.23

Ramachandran plot (%) favored/allowed/outliers  97.78/1.61/ 0.60
Rotamer outliers (%) 0.72

Average B-factor/macromolecules/solvent 31.70/ 29.27/ 48.36
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2.3. Rice Branching Enzyme
2.3.1. Structure of rice branching enzyme and maltododecaose

complex

The crystal structure of the rice branching enzyme maltododecaose complex was obtained by
a former student (Remie Fawez). Of the three M12 molecules bound to rBE1 (Figure 2.18), two
occupy sites identified in the M5-bound rBE1 structure previously described®? (labeled sites 1 and

3)

Figure 2. 18 Surface binding sites in rice branching enzyme. (A) Cartoon representation of
rBEI and three bound glucans. N-terminal domain (Gray), CBM48 domain (Slate Blue), Catalytic
Core domain (Green), C-terminal domain (Yellow) and Glucans (Red and Magenta) depicted as
space filling models. (B) Surface representation of rBEI (green) with bound glucans depicted as
space filling models (C atoms, yellow, O atoms, red). Top, oriented as in A, bottom, rotated
approximately 90° along the horizontal axis.

Six glucose units are ordered in site 1, and only two glucose units are ordered in site 3, but in
both cases, the interactions between glucan and protein are similar to those seen in the previous

structures (Figure 2.19). The Third molecule occupies a binding site heretofore not identified in
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Branching Enzyme (site 4) and has all 12 glucose units ordered. It begins at the edge of the catalytic
domain, advances toward the active site traversing the width of the catalytic domain. The glucan
adopts a helical conformation (Figure 2.20), with six glucose units per turn. The majority of this
glucan has a helical conformation similar to one chain of a glycogen double helix, but it deviates

from this conformation as it approaches the active site.'%!
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Figure 2. 19 Residues of rBEI interacting in site 1. (A) and site 3 (B). Glucans (Yellow),
Residues (Green)

The surface of rBE1 is predisposed toward binding the helical conformation, with aromatic
stacking interactions (Tyr487 and Trp535) that serve to project the glucan away from the surface,

and hydrogen-bonding interactions with the glucans that directly contact the surface (Figure 2.21).
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Figure 2. 20 Helical features of bound glucans to rBEI., rBEI bound glucans (Yellow),
Reference glucans (Green) (A) Top, M12 from site 4 overlaid on one strand of a glycogen or
amylopectin-like double helix. Bottom, the original double helix. (B) Top, M6 from site 1 overlaid
on a model of an amylose single helix. Bottom, the amylose single helix model

Figure 2. 21 Detailed interactions between rBEI and M 12 occupying site 4.
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The residues that directly interact with M 12 in this binding site are highly conserved in plant
and animal BE’s, with 11 of the 19 residues that directly interact with M 12 identical in virtually

all plant and animal BE’s (Figure 2.22, sequence alignment showing, plant BE1s, BEII’s, human,

drosophila, yeast, cyanobacteria).

Oryza ativa BEI
Zea mays BEI
Solanum tuberosum BEI
Aegilops tauschii BEI
Oryza ativa BEIIb
Zea mays BEIIb
Solanum tuberosum BEIIb
Aegilops tauschii BEIIb
Arabidopsis thaliana BE2.2

Plant BEI

Plant BEII

Human BE
Animal and Yeast Drosophila BE
Yeast BE
cyanothece BE1
Prokaryotes cyanothece BE2

Escherichia coli

Residues 496 - 501
QSIVGDKTIAFLLMDKEMYTGMSDLQPASPTIN
QSIVGDKTIAFLLMDKEMYTGMSDLQPASPTID
QSIVGDKTIAFLLMDKEMYSGMSCLTDASPVVD
QSIVGDKTMAFLLMDKEMYTGMSDLQPASPTID
QALVGDKTIAFWLMDKDMYDFMALDRPATPSID
QALVGDKTIAFWLMDKDMYDFMALDRPSTPTID
QALVGDKTIAFWLMDKDMYDFMALDRPSTSLID
QALVGDKTIAFWLMDKDMYDFMALDRPSTPRID
QALVGDKTIAFWLMDKDMYDFMAVDRQATPRVD
QALVGDKSLAFWLMDAEMYTNMSVLTPFTPVID
QALVGDKTIAFWLMDKEMYTHMSTLSDSSVIID
QALVGDKTLAFWLMDAAMYTDMTVLKEPSIVID
sk——sfofokok——fok—fofok——ok——k———

EIVHGKSNMLGKM—————————————— PG-DEW
EVVHLKGHLVNKM——————————————| PG-DEW
EVVHGKKSILDRM——————————————| PG-DAW

Residues 528 - 566

NEFGHPEWIDFPRE———————————— GNNWSYDKCRRQWSLVDTDHL-RYKY
NEFGHPEWIDFPRE——————-————-GNNWSYDKCRRQWSLVDTDHL-RYKY
NEFGHPEWIDFPRE——————-————-GNNWSYDKCRRQWNLADSEHL-RYKF
NEFGHPEWIDFPRE——————-————-GNNWSYDKCRRQWSLADIDHL-RYKY

NEFGHPEWIDFPRAPQV-LPNGKFIPGNNNSYDKCRRRFDLGDADYL-RYRG
NEFGHPEWIDFPRGPQR-LPSGKFIPGNNNSYDKCRRRFDLGDADYL-RYHG
NEFGHPEWIDFPRAEQH-LSDGSVIPRNQFSYDKCRRRFDLGDAEYL-RYRG
NEFGHPEWIDFPRGPQT-LPTGKVLPGNNNSYDKCRRRFDLGDADFL-RYRG
NEFGHPEWIDFPRTDQH-LPDGRVIAGNNGSYDKCRRRFDLGDAEYL-RYHG

NEFGHPEWLDFPRK———————————— GNNESYHYARRQFHLTDDDLL-RYKF
NEFGHPEWLDFPRV———————————— GNNDSYHYARRQWNLVDDDLL-KYKY
NEFGHPEWLDFPNV——————————— —NNGDSYKYARRQFNLADDPLL-RYQN
MEFGQWSEW- NVW-—-GDLEWHLLQ-—-YEPHQQ
MEFGQTSEW——————————————————QEF——-LDIDWYLLQ-—-YEPHKG
NEFAQGREW——————————————————NHD——-ASLDWHL L E-GGDNWHHG

Figure 2. 22 Sequence alignment for some plant BE1s, BEII’s, human, drosophila, yeast,
cyanobacteria and Escherichia coli in site 4.

However, little conservation is seen in bacterial BE’s for this surface, indicating this binding
site to be common to the eukaryotic BE’s and distinct from the bacterial enzymes, including the
starch-making cyanobacterial enzymes with bacteria-like BE’s such as Cyanothece (GH13_9).!%2

Besides, when the structures of M12-bound BE1 are compared to the apo and M5-bound BE1
structures, little structural change is observed, with the exception of the flexible loop between
residues 468 and 474 (This loop is either disordered or found in two distinct conformations in the
other BEI structures). M12 binding causes this loop to adopt a conformation not seen previously.

Numerous residues in the loop make interactions with M 12, necessitating the loop to adopt the
orientation seen in the M12-bound structure. This loop (Figure 2.23) interacts with the glucose
moiety found closest to the active site and may act as a “door” into the active site. No other large

conformational changes are seen in the M12 binding site when all three rBEI structures are

compared.
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Active Site

Figure 2. 23 Disordered loop (residues 468 and 474) adopts a new conformation upon site 4
M12 binding. Apo rBEI-chain A and B-3AMK (Magenta), M5 bound rBEI-chain A and B-3VU2
(Slate Blue) and M12 bound rBEI (Green)

2.3.2. Mutagenesis of rice branching enzyme

Iodine-assay is used for kinetic studies and evaluating the activities. Wildtype rice branching
enzyme I branches more than 80% of the linear amylose substrate in less than 10 min. Mutating
the active site aspartate, D344A and D344M, leads to an inactive enzyme. Also, residues in the
CBM domain were mutated. Residues from region 1 and region 2 (highlighted in Figure 2.24) are
mutated as well. Besides, different regions of the enzyme were mutated to find mutations that
change the CLD profile. (Figure 2.25, 2.26, 2.27, 2.28) Region 1 mutants have lower activity than
the wildtype, and they follow an opening toward the CBM domain (figure 2.24). For a glucan to
enter the active site while it is bound to the CBM domain, it has to go through the opening between
two loops (blue color in Figure 2.29). Interestingly, one of these loops is the same insertion that

was mentioned before (the difference between the isoforms of rice branching enzyme).
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Figure 2. 24 Mutation map. Active site (red), region 1 (blue), CBM domain (green), region 2
(magenta)

Wild type vs active site residues
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Figure 2. 25 Relative activity of the wildtype enzyme and active site mutants.
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Mutations of region 1
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Figure 2. 26 Relative activity of the wildtype enzyme and region 1 mutants.
Mutation of CBM48 domain
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Figure 2. 27 Relative activity of the wildtype enzyme and CBM domain mutants.
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Mutations of region 2
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Figure 2. 28 Relative activity of the wildtype enzyme and region 2 mutants.

Figure 2. 29 Connecting the active site to the CBM48 domain.
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Chain length distribution of wildtype rBEI over time

0.9 mimin  ®2h
0.8
0.7

0.6

0.5
0.4
0.3
0.2
0.1

0

Normalized aboundance

“ hﬁﬁ%iiittttii__‘___
PP

NN ORVR R AR VR QRS SRRSO SRS
Branch size

Figure 2. 30 Chain length distribution changes over time.

Mutations of region 2 generated inactive enzymes. These mutations are at least 10A away from
the active site. The strong conservation of the interacting residues and the relative proximity to the
active site suggest that the M 12 binding site may play a key role in the activity of the enzyme. This
possibility was evaluated by site-directed mutagenesis, activity, and transfer chain specificity
assays. Unlike the activity assays, transfer chain specificity for this enzyme is rather a complicated
experiment, and it needs to be carefully designed. The duration of the transfer chain specificity
assay is a critical parameter since the observed specificity is affected by the time that the enzyme
is branching a substrate. As shown in Figure 2.30, longer reaction times invariably produce more
short branched chains and fewer longer chains.

The reason for this observation is that the long chains produced by rice BEI are also substrates
for secondary transfers. A Secondary transfer is the process in which an already branched substrate

is hydrolyzed again. For example, if the enzyme transfers a chain of size 18 and later the enzyme
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hydrolyzes this branched product to fragments of 12 and 6 glucose units, the initial product does
not contribute in the chain length distribution profile. The initial chain of size 18 will be recognized
as 6 or 12. The secondary transfers are limited to the branches that are still long enough to be
substrates of the enzyme (size 12, considering the limitations of branching enzymes)

The side effect of these secondary transfers is a statistical equilibrium. If the reaction continues
up to saturation, the majority of the long branches will be used again as donor chains and become
shorter. However, since there is a size limit for the transfer (six glucose units), chains smaller than
12 glucose will not be subjected to the secondary transfers. Therefore, upon saturation, longer
chains ratio will drop, and the ratio of shorter chains (shorter than M12) will increase where M 11
is the pivot point. Single point mutations might affect the CLD profile, but under this statistical
equilibrium, the effect of the mutations will be covered.

Mutated enzymes with lower activity must, therefore, be calibrated with enzymes that have
higher activity by varying the reaction time in the assay. This calibration was accomplished by
terminating the transfer chain specificity assay for each mutant only when the iodine assay
absorption reached 50% of the initial absorption at 660 nm.

Table 2.7 summarizes the activities of rBEI mutations. Though several point mutants (W535A,
Y487A, and D483A) showed significant loss of activity, none of the mutants significantly
impacted the branch chain specificity (Figure 2.32, middle panel). We also identified a large
insertion of eleven residues in the 525-553 loop found in all BEII enzymes.?®

This loop is relatively close to the M12 binding site, and five conserved residues in this loop
make interactions with M 12, suggesting that it plays an important role in M12 binding. In an effort
to study differences between BEI and BEII isoforms, an eleven-residue insertion found in rBEIIb

was introduced to the 525-553 loop in BEI (Figure 2.31). Though a significant loss of activity was
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observed, no change in branch chain specificity was identified, though one of the most significant
differences in BEI versus BEII activity is the preference of BEII enzymes for the transfer of shorter
(6-7 units) chains relative to BEI enzymes.5¢

Table 2. 7 Activities of rice branching enzyme and its mutants.

Mutation Relative Activity
Wild type 100% +2.59
Control (No Enzyme) 0.07% £ 0.00

D344A — Active Site
H467A — Active Site
W535A — M11Binding Site
Y487A — M11Binding Site
D483A — M11Binding Site
G152W — Donor Chain Site
Y229W — Donor Chain Site

Y229A — Donor Chain Site

SNN277AAA — Donor Chain Site

A148W — Donor Chain Site
Loop 143

Loop 541

Loop 143 and Loop 541
D156A — CBM Domain
DI135A — CBM Domain

D147A — CBM Domain

0.11% + 0.01

0.68% + 0.03

0.11% + 0.01

0.61% + 0.05

21.97% + 1.47

5.81% + 1.01

16.61% £+ 5.76

20.81% + 2.28

27.51% + 1.01

83.06% + 3.22

31.26% + 1.43

25.10% + 1.61

2.13% £ 0.26

83.06% £ 3.53

81.72% + 3.40

51.80% + 6.32
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A Loop 541 Loop 143

Oryza ativa BEI NEFGHPEWIDFPRE——————————— GNNWSYDKCRR  IPAWIRYATFDASKFGAPY

Plant BEI Zea mays BEI NEFGHPEWIDFPRE——————————— GNNWSYDKCRR ~ IPALIRYATVDASKFGAPY
Solanum tuberosum BEI NEFGHPEWIDFPRE——————————— GNNWSYDKCRR ~ IPAWIKYATADATKFAAPY

Aegilops tauschii BEI NEFGHPEWIDFPRE——————————— GNNWSYDKCRR  VPAWIRYATFDASKFGAPY

Oryza ativa BEIIb NEFGHPEWIDFPRAPQVLPNGKFIPGNNNSYDKCRR ~ IPAWIKYSVQAAG--EIPY

Zea mays BEIIb NEFGHPEWIDFPRGPQRLPSGKFIPGNNNSYDKCRR  IPAWIKYSVQAPG--EIPY

Plant BEII  Solanum tuberosum BEIlb ~ NEFGHPEWIDFPRAEQHLSDGSVIPRNQFSYDKCRR  IPAWINYSLQLPD--EIPY
Aegilops tauschii BEIIb NEFGHPEWIDFPRGPQTLPTGKVLPGNNNSYDKCRR ISAWIKFSVQAPG--EIPF
Arabidopsis thaliana BE2.2 ~ NEFGHPEWIDFPRTDQHLPDGRVIAGNNGSYDKCRR IPAWIKYSVQPPG——-EIPY

™ Loop 541
B Loop 143P P> .
\ fl )
\ ‘(\,’ o/ ‘) P
I l\“\z\% X %{

Figure 2. 31 Isoform defining loops of BEIs and BEIIs. (A) Sequence Alignment of the two
loops that distinguish BEIs and BEIls. (B) Location of the loops on M12-bound rBEI. rBEI
(Green), Loop 143 and 541 (Magenta), M12 (stick model, C, yellow, all other atoms colored as
above).

A second loop (encompassing residues 146-156), found proximal to the 525-553 loop, also had
significant sequence deviation between BEI and BEII enzymes (Figure 2.12). Dramatic differences
were seen in the activity when both of the loops in BEI are replaced with the loops found in rBEIIb.
First, the overall activity was significantly decreased when amylose was used as a substrate (Table
2.7). Second, the branch chain specificity of BEI was converted from a preference for longer (11-
12 glucose units) chains to an almost exclusive preference for chains of six-seven glucose units
(Figure 2.32, bottom panel), similar to that seen for rBEIIb. We, therefore, conclude that these two
loops work together to control the branch chain specificity in rice, and likely other plant, branching

enzymes.
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The unique function and specificity of branching enzymes; their role in synthesizing and
modifying growing polymeric substrates and their relatively imprecise, though widely divergent
transfer chain specificities, depending on species or even isoform, make them relatively unusual
enzymes, given the relatively high specificity for substrate and product of most enzymes. Though

several branching enzyme structures are known,32-859%.103-105

many of which are bound to malto-
oligosaccharides, the structural details that give rise to the unique characteristics of BE’s remained
mysterious.

M12 is the largest oligosaccharide to be observed at atomic resolution bound to a BE and
elaborates a binding surface stretching from the far edge of the enzyme and almost entering the
active site. Numerous mutations confirm the importance of the binding surface for the catalytic
activity of the enzyme, and the residues interacting with M12 are highly conserved in eukaryotic
(GH13 sub-family 8) BE’s. Together this leads to the hypothesis that the M12 binding surface
defines a part of either the donor or acceptor chain binding site. The Y487A mutation is quite far
from the active site and displays very low activity (0.61% = 0.05 of wild type rBEI).

If we suppose that M12 represents the donor chain binding site, the tyrosine can be involved
in interactions between the donor chain and the enzyme only if rBEI is transferring chains longer
than 10 glucose units. The fact that the fraction of transferred chains smaller than 11 glucose still
accounts for almost 15% of all transferred chains is inconsistent with only 0.61% = 0.05 activity.
In addition, the fact that none of the mutations to this binding surface resulted in any noticeable
change in transfer chain length also argues against its involvement in donor chain binding®-104.106),
Further, a recent crystal structure of Maltoheptaose (M7)-bound Cyanothece BE (sp. ATCC

51142)35 shows for the first time, a donor chain bound in the active site of a BE. Many of the

residues that define the donor chain binding in the M7-bound Cyanothece BE structure are
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conserved in bacterial and eukaryotic BE’s, including rBEI, suggesting that all BE’s use a similar
donor chain binding surface. The M7 binding surface follows a trajectory distinct from that of the

rBEI M12 surface (Figure 2.33).
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Figure 2. 32 Transfer Chain Specificity Assay. Fraction differences of transferred chains by
wild type rBEI in 2 hrs. vs 1 min. (top panel), Fraction differences of transferred chains by wild
type rBEI vs Y487A and D483 A (middle panel), Fraction differences of transferred chains by wild
type rBEI vs rBEII loop replacements (bottom panel).
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This leads naturally to the conclusion that the M12 binding surface represents part of the
acceptor chain binding site. Using the M7-bound Cyanothece BE structure as a guide, an M7 was
modeled into the putative donor chain binding surface of M12-bound rBEI (Figure 2.33). As
shown, though there is no overlap between the putative donor and M12 binding sites, they are
proximal. Interestingly, the flexible 525-553 loop is located between the putative donor and
acceptor chain binding sites. This is the same loop that is substantially extended in BEIIb isoforms.
As previously discussed, replacement of the rBEI loop sequence with that of rBEIIb reduced the

activity of the enzyme, but this change alone had no perceptible effect on branch chain specificity.

Figure 2. 33 Overlay of M7 bound in Cyanothece BE and M12-bound rBEI, rBEI (Green),
glucans bound to rBEI (C, yellow, all other atoms as above), M7 bound to Cyanothece BE (C,
Pink), active site (Blue), Loop 143 (Orange), Loop 541 (Magenta)

However, simultaneously exchanging both this loop and the 146-156 loop substantially altered

branch chain specificity, essentially converting rBEI into an rBEIIb in its product specificity. This
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second loop lies on the opposite side of the donor chain binding site (Figure 2.33) such that the
two loops surround the non-reducing end of the donor chain, exactly where they would be expected
to be to play a role in branch chain specificity. This serves to confirm that the donor chain trajectory
is very similar in rBE’s to that of Cyanothece BE, making it likely that all eukaryotic BE’s share
a common donor chain binding surface. Further, it seems that loops on both sides of the donor
chain are required for controlling donor chain length. We hypothesize that the longer 525 loop
found in BEII enzymes reaches over the donor chain binding surface, interacts with the 146-156
loop and the end of an M6 or M7 donor chain to select for shorter donor chains. It is interesting to
note that a different loop in Cyanothece occupies the space of the 525 loop, interacts with the non-
reducing end glucose unit, and likely provides some of the specificity for shorter glucan chains
seen in the Cyanothece enzyme. This loop is not conserved in other bacterial enzymes, many of
which have branch chain specificities distinct from that of Cyanothece. The proximity of the 525
loop to both donor and acceptor chains, and the fact that residues in this loop make direct
interactions with the putative M12 acceptor chain in the M12-bound rBEI structure suggest the
possibility that there is allosteric communication between donor and acceptor binding sites such
that binding of one does not inhibit the binding of the other in the active site. Their proximity also
suggests that there may be interaction between donor and acceptor chains when both are bound, as
suggested for pullulanases.

In conclusion, with the insights gained from the recent donor-chain bound Cyanothece
structure, and the acceptor-chain bound rBEI structure described here, combined with the
mutagenesis results that define the structures responsible for controlling donor chain specificity in
plant isoforms, an atomic resolution picture of this critical component in the dynamic biosynthesis

of the starch granule finally begins to emerge.
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2.4. Materials and methods

DNA of rice branching enzyme was purchased from Riken institute (accession number
AK65121). Q5 mutagenesis (New England Biolab) kit was used in all mutagenesis. Primers for all
the mutagenesis were purchased from IDT (integrated DNA technologies) and the sequence of the
primers are listed in table 2.9. All PCR cycles follow the following setup.

Table 2. 8 General PCR cycle for mutagenesis

Step Temperature Time
Initial Denaturation 98°C 30 seconds
25 Cycles 98°C 10 seconds

50-72°C* 10-30 seconds

72°C 20-30 seconds/kb
Final Extension 72°C 2 minutes
Hold 4-10°C

124



Table 2. 9 PCR primers for mutagenesis (Q5 style)

Annealing
Mutation Forward primer Reverese primer temperature
°C
G152W CTCTAAATTTTGGGCTCCATATGATG GCATCAAAAGTTGCATAACGAATCC 55
S228R CATGGAACATCGCTACTATGCTTC ATTGCCATTAACTGAACTGAACTG 54
Y229W GGAACATTCCTGGTATGCTTCTTTTGG ATGATTGCCATTAACTGAACTGTGTTG 57
W535A CCATCCAGAAGCGATTGACTTTCCAAGAG CCAAACTCATTGCCCATAAAATTTAAGTAGCC 59
D147A GCAACTTTTGCTGCCTCTAAATTTG ATAACGAATCCATGCGGGAATACG 56
DI156A GCTCCATATGCTGGTGTACAC TCCAAATTTAGAGGCATCAAAAGTTGC 57
M40L CCAAAAATGCCTGATTGAAAAACATG TCGAGGTATCTTTTTATCC 52
M280V GAGTAATAATGTGACCGATGGTC GCATGGCTATGGACAACA 53
W133A GGGTGGAGCAGCGGTTGATCGTATTC CCATGCCTAAAGCGAAATTTAAC 57
Al48W AACTTTTGATTGGTCTAAATTTGGAGCTCCATATG GCATAACGAATCCATGCG 55
D344A TTCCGATTTGCGGGGGTTACATC GCCATCAAACATGAATTC 54
D344M CTTCCGATTTATGGGGGTTACATCAATGC CCATCAAACATGAATTCG 54
P4438S CCGCAAATGGTCTATGAGTGAAATAG TCCTCTTTGTTCTTCAGG 54
A669T AGTACCAGAAACCAATTTCAACAACCGCC CCTGGCATTCCCTCGGGA 60
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Table 2.9 (cont’d)

W8BA

DI35A

Y229A

SNN277AAA

LOOP143

LOOP541-1

LOOP541-2

D344N

H467A

W8SI

KI127A

KI150A

WI133A

E399A

GTTCAATAACGCGAATGGTGCAAAACATAAGATG

AGCATGGGTTGCTCGTATTCCCG

GGAACATTCCGCCTATGCTTCTTTTG

TGCTGTGACCGATGGTCTAAATG

GCGGGCGAAATTCCATATGATGGTGTACACTG

CGGCAGCGTGCTGCCGGGCAACAACTGGAGCTATG

AACGGCAAATTTATCCCGGGC

CTTCCGATTTAACGGGGTTACATC

TGCCGAGAGCGCGGATCAGTCCATTG

GTTCAATAACATCAATGGTGCAAAACATAAGATG

TTCCAAGGTTGCGTTTCGCTTTAGGCATGGGG

TGATGCCTCTGCCTTTGGAGCTCC

GGGTGGAGCAGCGGTTGATCGTATTCC

TATTGTTGCTGCAGATGTTTCGGG

TCACCAATGAGCTGTGCT

CCACCCCCATGCCTAAAG

ATGATTGCCATTAACTGAAC

GCAGCCGCATGGCTATGGACAAC

CGCCTGCACAGAATAACGAATCCATGCGGG

TTCGGCAGAGACTGCGGTTCTCTTGGAAAGT

CAATCCATTC

CGGCAGCACCTGCGGTTC

CCATCAAACATGAATTCG

TAGGCAATGCATTTTTCTG

TCACCAATGAGCTGTGCT

TTGTGAGGGATGGCAGGC

AAAGTTGCATAACGAATCC

CCATGCCTAAAGCGAAATTTAACC

GTTGCTTCCGGCAAGAGT

57

58

54

60

64

69

60

51

55

56

63

57

60

57
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2.4.1. Protein expression and purification

All proteins were expressed using BL21 bacterial strains. First, BL21 cells made competent
using CaCl; solutions and later transformed by heat shock process. Manufacturer protocols were
employed for these procedures. Transformed cells were grown to early log phase before IPTG
induction. Temperature, time and optical density were optimized for each protein. The composition
of LB (Luria broth) is NaCl (5 g), tryptone (10 g), and yeast extract (5 g).

GBSSI protein was expressed at 20°C from optical density of 0.5-0.7. Expression was
continued overnight, and the following day cells were collected by centrifuge (5000 rpm). Cells
were resuspended in PBS (25 mL for 1L LB) and sonicated for 6 min (15 sec on, 45 sec off) at
40% power. Lysed cells were centrifuged for 30 min at 10000 rpm to separate the supernatant from
insoluble fraction. Supernatant were diluted with equal volume of buffer (500 mM NaCl, 40mM
disodium phosphate pH 8.0, and 40 mM imidazole) and then it was loaded to a nickel column for

affinity purification via His-tag. Figure x shows the SDS-page gel image for the wildtype GBSSI.

1 2 3 4 5 6 7 8 9 10 11 12 13

Figure 2. 34 SDS-page gel image for nickel column His-tag affinity purification of GBSSI (59
kDa). Lanes 1 through 13 are: insoluble fraction, run through, wash 1-3 (all washes are 20 mM
imidazole in PBS), elution 1-8 (200 mM imidazole in PBS)
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GBSSI was further purified using size-exclusion chromatography prior to crystallization. The
buffer used to elute run the size exclusion chromatography has 200 mM NaCl, 20 mM HEPPSO

pH 8.0. Purified protein is then concentrated for crystallization.

Size exclusion chromatograph for GBSSI
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Figure 2. 35 Size exclusion chromatograph for GBSSI

2.4.2. Crystallization of rice GBSSI

Six commercially available screening conditions (Crystal Screen, PEGION, Index, Salt Rx
from Hampton research and Wizard I, II, III, IV) were used to find the crystallization condition
for rice GBSSI.

Rice GBSSI (6.5 mg/mL) was crystallized by vaper diffusion hanging drop technique.
Crystallization drop consists of 1 uL protein solution and 1 pL reservoir solution. The open
conformer was crystallized without the purification by size exclusion chromatography. Samples
eluted from Ni-column affinity purification were directly screened for crystallization. (0.01 M

MgCl,, 0.1 M HEPES sodium pH 7.0, 15% polyethylene glycol 3350, and 5 mM NiCly)
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Figure 2. 36 Crystals of GBSSI. (A) before optimization, (B) after optimization

Table 2. 10 Crystallization conditions for GBSSI

Buffer (0.1M) Precipitant Additive
1 BisTrisPropane, pH=6.0-7.5 Ammonium Sulfate 1.2-1.7M -
2 Tris, pH=7.5-9.0 Ammonium Sulfate 1.2-1.7M -
3 HEPES Sodium pH=6.5-8.0 Ammonium Sulfate 1.4-2.4M 2% PEG400
4 Tris HCI pH=7.5-9.0 10%-35% w/v PEG 4000 Lithium Sulfate 0.2M
5 MES pH=6.0-7.5 Ammonium Sulfate 1.3-1.8M 10% v/v Dioxane
6 MES pH=6.0-7.5 18%-33% PEGME 5000 Ammonium Sulfate 0.2M

2.4.3. Protein expression and purification of rice branching enzyme

Expression and purification of rice branching enzyme: rice branching enzyme was expressed
from BL21 bacterial strain. Expression temperature was optimized at 16°C. Similar to GBSSI, rice
branching enzyme was purified using his-tag affinity column. No further purification was needed

for the activity and chain length distribution assay.
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2.4.4. Chain length distribution assay for rice branching enzyme

Activity and CLD profile: Amylose (substrate) stock solution was made by dissolving 50 mg
amylose in 2 mL water and 0.5 mL 10% NaOH. The working solution of amylose was made by
mixing l-part amylose stock solution, 1-part 10x ammonium citrate buffer pH 8.0 (20 mM), and
8-part Millipore water. pH was adjusted to 8.0 by adding an appropriate amount of concentrated
HCI. Samples were centrifuged for 5 min at 10000 rpm and aliquoted in 900 pL portions. 50 pg
of the enzyme was added to the mixture. Every 30 sec, 15 pL of the reaction was added to 985uL
iodine solution (2.6 g KI, 0.26 g I, in 10 mL water as a stock solution. The working solution is
25-fold diluted). The UV absorbance for triiodide-oligosaccharide complex was measured using
UV-spectrometer at a wavelength of 660 nm.

For the branching (CLD profile) assay, the branching reactions were stopped at 50% of initial
absorption by boiling for 2 minutes and changing pH to 4. Then IsoAmylase (debranching enzyme)
was added to cleave a-1,6-glycosidic bonds. Debranched products were desalted and they were
analyzed by liquid chromatography (BH-Amide as a stationary phase and ammonium
acetate/acetonitrile as mobile phase) and Quadrupole Time-of-Flight Mass spectroscopy (QToF-

MS) to identify the abundance of various branches based on their chain length.
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