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The substrate specificity of enzymes has been studied with keen interest
for many years. An understanding of the structural basis of specificity may help to
explain how enzymes have evolved such enormous rates of catalysis above
uncatalyzed reactions. By understanding how enzymes coordinate residues within
and outside of the active site, enzyme engineering efforts may be aided. Finally,
in the case of enzymes as drug targets, the structural basis of enzyme-substrate
interactions may facilitate medicinal chemistry efforts to modulate the activity of
a targeted enzyme.

The investigations presented here focus on a homolog of ornithine
decarboxylase, a proven drug target in the treatment of parasitic infections. The
Paramecium bursaria Chlorella virus arginine decarboxylase is a member of the

Group IV pyridoxal-5’-phosphate-dependent decarboxylase family. The enzyme

Vi



is a close homolog of eukaryotic ornithine decarboxylases and is only distantly
related to bacterial arginine decarboxylases. The goals of my dissertation project
were: 1) to determine the substrate preference of the Paramecium bursaria
Chlorella virus arginine decarboxylase, 2) to determine the structural basis of
specificity of this enzyme, 3) to attempt to define the amino acid determinants of
specificity for both ornithine and arginine decarboxylases, 4) to provide a more
thorough understanding of the catalytic cycle of theses decarboxylases. To
accomplish these goals of my thesis | employed biochemical and biophysical
techniques ranging from HPLC-based analysis of reaction products to x-ray
crystallography to fluorescence spectroscopy.

The results of these efforts have produced a number of unique and
intriguing observations. First, 1 have demonstrated that the Chlorella virus
arginine decarboxylases prefers arginine by over 600-fold compared ornithine or
lysine, and, therefore, represents a new activity within the ODC clade of Group
IV decarboxylases. Second, | have shown that the structural basis of specificity of
Group 1V decarboxylases is a short helix which functions as a molecular ruler that
selects substrates based on chain-length. Mutants of both arginine and ornithine
decarboxylase that | created demonstrate the importance of the sequence identity
and precise positioning of this helical ruler in determining substrate specificity.
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CHAPTER ONE
INTRODUCTION

Polyamine Biosynthesis

Polyamines are small, cationic molecules found in all species of life. The
most prominent polyamines, putrescine, spermidine and spermine (Figure 1-1),
have demonstrated roles in cell survival, replication and differentiation (5). The
metabolic pathway common to most, but not all, eukaryotic cells is shown in
Figure 1-2. Because of the role polyamines play in the survival and growth of
cells, enzymes in the polyamine metabolic pathway are attractive targets for anti-
parasitic and anti-neoplastic therapies. A number of polyamine biosynthetic
enzymes have been targeted for various diseases, some with clinical success (6,
7). The first committed step in the biosynthesis of polyamines is the formation of
putrescine from ornithine, a reaction catalyzed by ornithine decarboxylase (ODC).
Spermidine synthase then links a molecule of putrescine to the aminopropyl group
of decarboxylated S-adenosylmethionine to form spermidine. A subsequent
reaction, similar to that carried out by spermidine synthase, is catalyzed by
spermine synthase to form spermine. Spermidine and spermine support cell
survival and growth through a number of mechanisms including association with
nucleic acids (8), gene regulation (9), ion-channel regulation (10) and the
formation of eukaryotic translation initiation factor 5A (elF5A) (11).

Variations of the polyamine metabolism depicted in Figure 1-2 are
observed in the various uni- and multi-cellular species. In mammals, ornithine is
produced by the catabolism of arginine by the enzyme arginase (12).
Alternatively, putrescine can be formed from arginine, commencing with the
decarboxylation of arginine to form agmatine (1-(4-aminobutyl)guanidine).

Putrescine can be formed from agmatine by the enzyme agmatinase ((13) Figure



1-3). This enzyme has been characterized in plants (14) and mammals (15).
Alternatively, putrescine production can proceed through formation of carbamoyl
putrescine (CP) by agmatine iminohydrolase (AIH) and subsequent removal of
the carbamoyl moiety of CP by carbamoyl putrescine amidohydrolase (CPA)
((16), Figure 1-3). Thus far the ADC-based pathway for putrescine production has
not been found in mammals (16); however, this pathway has been identified both
in plants and some prokaryotes (17, 18). Enzymes for the ADC-based pathway for
putrescine production have also been characterized from the Paramecium
bursaria Chlorella Virus ((2), Figure 1-4). The Chlorella Virus arginine
decarboxylase (cvADC) is the focus of my dissertation. In the following chapters
I will discuss efforts | have undertaken to determine the enzymatic activity and
three-dimensional structure of cvADC. Results of those studies will be discussed
with respect to the larger family of homologs to which cvADC belongs.
Furthermore, | will present attempts to isolate the determinants of substrate
specificity and the role of loop dynamics in the catalytic cycle of cvADC and its

homologs.

Discovery of the Paramecium bursaria Chlorella Virus “ODC”

The Paramecium bursaria Chlorella virus is a large, icosahedral, double-
stranded DNA virus that is distantly related to the Herpes simplex virus type 2
(HSV-2) (19). The virus infects certain green algae, which exhibit a symbiotic
relationship with the Paramecium bursaria. In Figure 1-5, the Chlorella virus is
shown infecting and lysing a chlorella algae. VVan Etten and colleagues, with the
assistance of the Institute for Genomic Research, sequenced the genome of the
Chlorella virus. It has an unusually large genome, of 330 kilo-bases, that contains
genes coding for proteins involved in the biosynthesis of such molecules as
fucose, hyaluronic acid and polyamines (19). Examples of polyamine biosynthetic

enzymes coded by the Chlorella virus genome are agmatine iminohydrolase, N-



carbamoylputrescine  amidohydrolase  and  homospermidine  synthase.
Additionally, an open reading frame, a207r, which codes for a 372 amino acid
protein with approximately 40% amino acid sequence identity to eukaryotic
ornithine decarboxylase (ODC) was discovered (20), which displayed a low level
of ornithine decarboxylase activity. The recombinant protein was found to
catalyze the decarboxylation of L-ornithine; however, the catalytic efficiency was
significantly lower than that observed for the enzymes from mouse and T. brucei
(21). The authors noted their investigation comprised the first observation of a
virally-encoded polyamine biosynthetic pathway and classified the gene product
of a207r as an ODC-like protein.

Evolution of PLP decarboxylases

Ornithine decarboxylase belongs to a large group of enzymes that utilize
the cofactor vitamin Bg or pyridoxal-5’-phosphate. In the role as an enzyme
cofactor, the aldehyde species of vitamin Bg is converted to an imine by the
formation of a Schiff’s base with the e-amino group of one of the enzyme’s lysine
residues (Figure 1-6). PLP is one of the most versatile cofactors because of its
ability to catalyze reactions such as racemization, transamination and o or
decarboxylation. More than 140 distinct enzymatic activities, mainly with amino
acid substrates, have been attributed to PLP-dependent enzymes by the Enzyme
Commission (EC) (22). These enzymes have been categorized based on their
evolutionary relationships. Sandmeier et al. classified PLP-dependent enzymes
based on profile analysis of multiple amino-acid-sequence alignments (23). This
study placed PLP enzymes into four groups. Group Il and IV contained the
decarboxylases of basic amino acids. Group Il is related to PLP-dependent
aminotransferases and, Group IV is homologous to alanine racemase (AR). Soon
after, Grishin et al classified PLP enzymes based on their three-dimensional

structures (24). The authors of this study placed enzymes catalyzing



aminotransferase reactions, such as aspartate aminotransferase (AATase), and
prokaryotic decarboxylases into Fold-type I. On the other hand, Fold-type IlI
contained eukaryotic decarboxylases, alanine racemase and some prokaryotic
diaminopimelate and arginine decarboxylases.

PLP enzymes involved in the biosynthesis of polyamines have been found
to belong to both Group Il and IV. For example, PLP-dependent ODCs of both
Group Il (bacterial) or Group IV (eukaryotic) families have been described
(Figure 1-7). The structure of the Group 111 ODC from Lactobacillus 30a consists
of five domains. The N-terminal domain folds into a five-stranded B-sheet and is
followed by a linker domain consisting of a-helices. The third domain folds into
o/B domain that is similar to the PLP-binding domain of the aspartate
aminotransferase. The fourth domain also shares similarities with the small
domain of aspartate aminotransferase. The fifth domain contains both anti-parallel
loops and seven a-helices (25). The group 1V eukaryotic ODCs are composed of
an N-terminal (B/a)s-barrel and a C-terminal B-barrel (26-32). The biologically
active oligomer of eukaryotic ODC is a dimer and two active sites are formed at
the subunit interface. The suicide inhibitor a-difluoromethyl-ornithine (DFMO)
targets only the Group IV ODC (33). In Figure 1-8 the structure of T. brucei ODC
complexed with DFMO is shown. The inhibitor is bound to PLP through a
Schiff’s base and to the catalytically relevant Cys-360 (28).

Mechanism of PLP-dependent decarboxylation

The minimal reaction mechanism of ODC-catalyzed decarboxylation of L-
ornithine was characterized by multi-wavelength stopped-flow absorbance
spectroscopy (34). The reaction proceeds from an internal aldimine (with Lys-69)
to an external aldimine with substrate via a gem-diamine intermediate (Figure 1-

9). Subsequent decarboxylation was followed by a structurally rigid quinoid



intermediate which decomposed to a Schiff’s base with product. Product release
entailed the exchanging of the external aldimine with product to one with Lys-69
via gem-diamine intermediate.

The investigation suggested that the formation of a Schiff base
intermediate formed rapidly (i.e. during the dead time of the stopped-flow
instrument) and was followed by formation of a quinoid intermediate with a rate
constant of 21 s (34). Protonation at Co, as opposed to the Cdo. of PLP, is
thought to be promoted by the favoring of a quinoid tautomer with a characteristic
absorbance maxima at 350 nm. The quinoid intermediate is thought to decay in
two steps to a Schiff base with putrescine. Finally, the authors concluded that the

rate of product release is the rate-limiting step.

Group 1V decarboxylases as drug targets

T. brucei ODC is the most successful example of a Group IV
decarboxylase as a drug target. Di-fluoromethylornithine (DFMO) is a clinically
relevant therapy for the treatment of African sleeping sickness (Figure 1-8). Other
Group IV enzymes have been targeted or are suggested to be targets for the
treatment of various human diseases. Human ODC has been targeted by DFMO in
the context of some cancers (6). Alanine racemase (AR) is the target of
cycloserine, which is used in the treatment of bacterial infections (35). Similar to
DFMO cycloserine acts as an irreversible inhibitor of AR. Inhibition of AR limits
the available pool of D-alanine, a component of bacterial cell walls, and
ultimately kills the targeted bacterium (36). Diaminopimelate decarboxylase,
which decarboxylates meso-diaminopimelate (Figure 1-10) to form lysine, is
considered to be a potential target for various microbial infections. Currently,
only low affinity inhibitors of DAPDC have been synthesized. However, the
potential for DAPDC as a drug target is significant because lysine synthesis is
necessary for both protein production and formation of the bacterial



peptidoglycan cell wall (37). It is conceivable, then, that a potent inhibitor of
DAPDC could also have potent anti-bacterial properties. Arginine decarboxylase
(ADC) from various human pathogens, including the causative agent of bubonic
plaque, Yersinia pestis, has also been contemplated as a drug target (38). The
product of arginine decarboxylation, agmatine, is an inhibitor of nitric oxide
synthase and a suppressor of apoptosis, so its production would be advantageous
for an intracellular bacterial parasite (39).

In light of past and current drug development efforts, the Group IV PLP-
dependent decarboxylases represent a class of drug targets with proven, and
potentially greater, clinical relevance (40).

Substrate specificity in Group IV enzymes

The elucidation of the determinants of substrate specificity in Group IV
decarboxylases will yield a better understanding of the evolution of this family
and aid in further development of therapies targeting these enzymes. Phylogenetic
analysis suggests that Group 1V decarboxylases have undergone a considerable
amount of evolution in order to develop activity towards a specific substrate. That
is, Group IV decarboxylases with different substrate specificities share low amino
acid sequence identity (< 20%). Decarboxylases with the same substrate
preference share considerably higher sequence identity (> 40%) (Figure 1-10).
Previous data on activity of ODC with a range of substrates suggests that these
enzymes evolved to minimize activity on non-cognate substrates (21). Substrate
discrimination may, therefore, be an integral part of the evolutionary history of
these enzymes, a feature which would be reflected in the structure of these
enzymes.

A comparison of the monomeric structures of T. brucei ODC and
Mycobacterium tuberculosis DAPDC reveals that the large sequence divergence

(i.e. ~ 20% sequence identity) translates into multiple structural changes,



especially around the PLP binding site (Figure 1-11). Although the overall RMSD
between the two structures is not exceedingly high (2.5 A), there are numerous
structural changes in the active site. Multiple loops and secondary elements that
comprise the PLP and substrate binding pocket have shifted in M. tuberculosis
DAPDC relative to T. brucei ODC. Hence, determining which of the many
structural differences are relevant to discriminating between substrates is
problematic.

The discovery of a novel ODC-like protein from the Chlorella virus
presents a unique opportunity to isolate the determinants of substrate specificity in
Group 1V decarboxylases. An analysis of the amino acid content of Chlorella
algae, the Chlorella virus host, revealed that arginine was the most abundant while
ornithine was amongst the least abundant amino acid (41). Coupling this
knowledge to the discovery of genes coding for agmatine imidohydrolase and N-
carbamoylputrescine amidohydrolase in the Chlorella virus genome leads to the
hypothesis that the Chlorella virus utilizes the ADC-based pathway for polyamine
production. As mentioned before, the putative ODC from the Chlorella virus
genome shares about 40% sequence identity with eukaryotic ODC. This is the
minimal level of identity shared amongst the various eukaryotic ODCs. For
example, yeast ODC and mouse ODC share approximately 44% identity. Despite
this level of sequence conservation, there is at least one active site change
(D332E) that suggests the binding pocket of this ODC-like protein is altered with
respect to eukaryotic ODC (see Chapter I1). Thus, the distinct possibility exists for
a scenario in which the Chlorella virus evolved the specificity of an ODC gene
from a host to establish its own ADC-based pathway for polyamine synthesis. |
will show in the next chapter that the Chlorella virus ODC-like protein’s
specificity differs significantly from bona fide ODCs. In chapter I 1 will
demonstrate that its structure elucidates the basis of specificity in the larger family

of Group IV PLP-dependent decarboxylases. Finally, in chapter 1V | used



structural insights to guide the design of mutagenesis experiments which
attempted to switch specificities of the ODC-like protein and eukaryotic ODC.
Finally, I discuss the initial attempts to understand the role of loop dynamics in
the catalytic cycle of Group IV decarboxylases in chapter V.
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FIGURE 1-5

The Chlorella virus approaches the membrane of its host (A), fuses to the membrane
(B), lyses the membrane (C), inserts its dSDNA genome (D, E) and subsequently lyses
the algal host. These images were obtained from
HTTP://PLANTPATH.UNL.EDU/FACILITIES/VIROLOGY/.
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FIGURE 1-6

Vitamin B6, pyridoxal-5’-phosphate (PLP), is converted from an aldehyde to an imine
by forming a Schiff’s base with a lysine residue with which PLP functions as a

cofactor.
TONGA.USIP.EDU/GMOYNA/BIOCHEM341/LECTURE27.HTML
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FIGURE 1-7

A. The Group Il PLP-dependent ODC contains multiple domains which are
structurally similar to the domains observed in aspartate aminotransferase. B. The
Group IV PLP-dependent ODC is composed of an N-terminal TIM (B/a.)s barrel and
an N-terminal B-barrel.
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FIGURE 1-8

The structure of T. brucei ODC bound to DFMO, an approved therapy for African
sleeping sickness. DFMO (yellow) is covalently bound to PLP (yellow) and Cys-360
in the active site of ODC. The active site is formed at the dimer interface and is
composed of residues from both chains A (purple) and B (cyan). Atoms other than
carbon are colored as follows: Nitrogen atoms are blue, oxygen atoms are red, sulfur
atoms are yellow, and phosphate atoms are orange.
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Minimal mechanism of ODC-catalyzed decarboxylation of L-ornithine. The internal
aldimine (A) with PLP and Lys proceeds through a gem-diamine intermediate (B)
with ornithine to a Schiff’s base with substrate (C). Upon decarboxylation a Schiff’s
base with product (D) returns, through a gem-diamine intermediate (E), to the internal

aldimine.
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Evolutionary relationships of Group IV PLP-dependent enzymes. Chlorella virus
ODC-like protein (labeled PBCV-1 DC) as well as the equivalent gene from two other
Chlorella virus isolates (CV-NY2A and CV-MT325) are shown in read and referred to
as Viral ODC homologs. Decarboxylases with the same substrate preference share
high sequence identity with one another but low identity with enzymes with different

preferences.
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FIGURE 1-11

A structural comparison of T. brucei ODC and M. tuberculosis DAPDC. The overall
RMSD between the two structures is 2.5 A. Nonetheless, the deviations of loops and
secondary elements in and around the active site are plentiful. This fact precludes a
definitive determination of the structural basis of specificity in Group IV
decarboxylases. The structures were aligned by Ca atoms using the DALI structural
alignment server.
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CHAPTER TWO
SUBSTRATE SPECIFICITY DETERMINATION OF A PBCV-1
ODC HOMOLOG

Introduction

The 372 codon open-reading frame (a207r) in the Paramecium bursaria
Chlorella virus genome encodes a homolog of eukaryotic ODC that shares 40%
sequence identity with eukaryotic ODC (20). This ODC homolog is expected to
fold similarly to other Group IV PLP-dependent decarboxylases. That is, the N-
terminal is characterized by a (B/a)s barrel and the C-terminal as a B-barrel
structure. In the structures of such enzymes, the active sites are formed at the
dimer interface between the N-terminal domain of one monomer and the C-
terminal domain of the other (Figure 2-1). While all enzymes in this family share
a number of essential active site residues, eukaryotic ODCs are very distantly
related to bacterial ADCs and DAPDCs (Figure 2-2 (3, 4, 21, 28, 42)). In general,
eukaryotic ODCs share about 20% overall sequence identity, based on pair-wise
comparisons, with the bacterial ADCs and DAPDCs. In contrast, a bacterial
enzyme from this fold type has been described that has activity on both lysine and
ornithine (Lys/OrnDC) and shares extensive sequence similarity (~35%) with
eukaryotic ODCs (43).

Phylogenetic analysis indicates that the ODC-like protein from the
Chlorella virus branches with the eukaryotic ODCs and with the bacterial
Lys/OrnDC enzymes (Figure 1-9). Alignment of the primary amino acid sequence
of this enzyme with the X-ray structures for mammalian and trypanosome ODCs
reveals a key amino acid substitution in the substrate-binding pocket that is
predicted to alter the substrate specificity (Figure 2-3 A & B). The structures of T.

brucei ODC in complex with several substrate and product analogs demonstrate
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that the &-nitrogen of L-ornithine forms salt-bridge interactions with Asp-361
from the C-terminal domain of the opposite monomer, and with Asp-332 from the
C-terminal domain across the subunit boundary (28, 30, 32). These two residues
are conserved in most functional ODCs that have been described. In the Chlorella
virus ODC-like protein, Asp-332 has been substituted with a glutamic acid (Glu-
296) (Figure 2-3 B). Though it is relatively conservative, this substitution occurs
within the confines of an active site of limited volume. Thus, the magnitude and
nature of the interaction between the &-nitrogen of putrescine and the carboxylate
moiety of Glu-296 in the Chlorella virus ODC-like protein must be altered with
respect to that observed in T. brucei ODC. Taken together with the presence of
agmatine processing enzymes in the Chlorella virus, these data suggested the
possibility that the substrate specificity of the Chlorella virus ODC-like protein
differs from that of the eukaryotic enzyme.

To investigate the substrate preference of Chlorella virus ODC-like
protein, | determined the decarboxylation activity of the enzyme on a range of
basic amino acids. | will show in this chapter that, while this enzyme contains
detectable activity with L-ornithine, its activity with L-arginine is significantly
higher. The fact that it is more strongly related to the enzymes with specificity for
L-ornithine and L-lysine, than to the ADCs from bacteria and plants, suggests that
the Chlorella virus ODC-like protein represents a new activity within the clad of
the ornithine specific enzymes. This observation raises the possibility that a
minimal number of substitutions in the Chlorella virus ODC-like protein, relative
to ODC, have occurred to confer L-arginine specificity. Thus, the basis of
specificity, both in this enzyme and in Group IV decarboxylases, may be clarified

by the analysis of the primary and tertiary structure of this enzyme.
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Materials

Amino acids, polyamines, and the carbon dioxide kit were purchased from
Sigma (St. Loius, MO). The AccQ-Fluor Reagent Kit for labeling amino acids
was purchased from Waters (Milford, MA). L-[1-**C] and L-[2, 3, *H]ornithine
(47.7 mCi/ mmol) were obtained from New England Nuclear (Boston, MA) and
American Radiochemicals, Inc. (St. Louis, MO), and L-[U-'*C] arginine (310
mCi/mmol) was purchased from Amersham Pharmacia Biotech (Piscataway, NJ).
Sequencing grade modified trypsin was from Promega (Madison, MI) and
endopeptidase Glu-C was from Roche Applied Science (Indianapolis, IN). DFMO
was obtained from ILEX Oncology (San Antonio, TX) and DFMA, originally
obtained from Dr. A. Bitonti (Merrell Dow Research Institute, Cincinnati, OH),
was kindly provided by Dr. Patrick M. Woster (Wayne State University, Detroit ,
MI)
Experimental Methods
Modeling and sequence analysis- The program PyMol (Delano Scientific, South
San Francisco, CA) was used to display the active site of T. brucei ODC for the
wild-type enzyme in complex with putrescine [PDB ID 1f3t; (32)]. The distance
tree was built using the Treeview (44) package from the alignment of the
displayed sequences constructed with the program EXPRESSO (45). Sequence
analysis of polymorphisms in the ODC family was performed using Gen Bank
version 2.2.8. Blast analysis was done to identify eukaryotic ODC homologs and
to generate an alignment. In total 53 eukaryotic sequences that had published
sequence data were included, hypothetical proteins were excluded from the
analysis.
Protein Expression and Purification- the Chlorella virus ODC-like protein was
produced in E. coli from the expression plasmid for PBCV-1 DC, termed
pODCTM9 which was described in (20). This vector directs the expression of an
N-terminal Hiss-tagged PBCV-1 DC from a pET-15b plasmid that contains the
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cDNA corresponding to the open reading frame a207r present in the PBCV-1
genome. Two sources of PBCV-1 ODC were used in the studies, 1) a protein with
the wild-type sequence was used in the **CO, release assay (Table 1) and for
DFMO and DFMA inactivation studies (Fig. 2-6 A and 4B), 2) Protein used for
the coupled-enzyme assays contained the substitution of Ala for Thr at position
142 (Figure 2-4). This change was generated during cloning but has no effect on
the activity or substrate specificity of the enzyme. Recombinant Chlorella virus
ODC-like protein was expressed and purified as described previously for T.
brucei ODC (46). After induction of protein production via the IPTG-inducible
lacZ promoter on the plasmid, the E. coli cells were harvested by centrifugation at
4° C, 1500 rpm for 30 minutes. The harvested cells were frozen in liquid nitrogen.
Cells were lysed by stirring in buffer (200 mM NaCl, 50 mM Tris, pH 8.0, 5%
glycerol, 7.1 mM B-ME, 200 uM PLP, 2 mM PMSF and 500 to 1000 mgs of
leupeptin, antipain, benzamidine, pepstatin and chymostatin) with approximately
0.1 g/L lysozyme at 4°C for 1.5 hours. The lysate was sonicated and DNase from
bovine pancrease was added to the lysate and mixed thoroughly. The sonicated
lysate was centrifuged at 100,000 X g at 4° C for one hour. The supernatant was
loaded onto a Ni**-agarose column and washed with a low-salt (100 mM NaCl, 50
mM Tris, pH 8, 0.03% Brij-35, 2.2 mM B-ME) and high-salt buffer (1.1 M NaCl,
50 mM Tris, pH 8, 0.03% Brij-35, 2.2 mM B-ME). The protein was eluted with
buffer containing imidazole (100 mM NaCl, 50 mM HEPES, pH 7, 2.2 mM -
ME, 0.15 % Brij-35, 200 mM imidazole, pH 7.1) using a step gradient. The
majority of protein bound to the nickel-resin eluted with 100 mM imidazole.
Fractions were resolved via SDS-PAGE and those containing the desired protein
product (~ 42 kDa) were concentrated and purified further via gel filtration

techniques. Purified protein was concentrated via ultracentrifugation using a
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Centriprep (10 kDa molecular weight cut-off) ultrafiltration column (Millipore,
Bedford, MA).

Radiolabel Release-based Enzymatic Assays- ODC and ADC activities were
determined by measuring the release of '*CO, from the enzymatic
decarboxylation of L-[1-**C] ornithine or L-[U-**C] arginine as previously
described (47). The CO, released was trapped in a center well containing
hyamine hydroxide and counted by liquid scintillation spectrometry as described
previously. Kinetic constants were measured under two conditions using either 25
mM Tris HCI buffer pH 8.2 at 37°C or 50 mM CAPSO buffer pH 9 at 42 °C. All
reaction mixes contained 0.04 mM pyridoxal 5- phosphate and 2.5 mM
dithiothreitol. The concentration of L-ornithine was varied from 5 -250 mM and
L-arginine from 0.05 - 5 mM. Protein was determined by the Bradford assay
using bovine serum albumin as a standard.

The molar ratios of CO, formed from the labeled substrate were confirmed
to be equivalent to the product by analyzing the products by reverse phase HPLC
using a standard system for separation of polyamines (48) coupled to a Canberra
Packard A140 radiomatic detector as previously described(16). L-[2, 3,-°H]
ornithine was used to detect the formation of putrescine and L-[U-**C] arginine
was used for the formation of agmatine. Authentic U-[**Clagmatine and [2, 3.-
*H]putrescine were used as markers.

Coupled Enzymatic Assays- Steady-state kinetics of the decarboxylation of L-
ornithine (1 to 25 mM), L-arginine (0.5 to 16 mM), or L-lysine (1-50 mM) by the
Chlorella virus ODC-like protein was measured spectrophotometrically at 37° C
using Sigma Diagnostics carbon dioxide detection kit. Assays were conducted
with 100 uM PLP. The Sigma kit couples decarboxylation of substrate to the
oxidation of NADH (Amax = 340nm) using phosphoenolpyruvate carboxylase and

malate dehydrogenase (49).

24



HPLC Analysis of Reaction Products- The products of an enzymatic reaction with
L-arginine and the Chlorella virus ODC-like protein were analyzed by high-
performance liquid chromatography (HPLC) using the AccQ_TAG kit (Waters,
Milford, MA) in buffer (5% sodium tetraborate) and fluorescent labeling reagent
(6-aminoquinolyl-n-hydrozysuccinimidyl in acetonitrile) (28). The Chlorella virus
ODC-like protein was incubated with L-arginine (20 mM) in buffer (15 mM
KPO4, 1 mM DTT, 0.15 mM PLP) at 37°C for 2.5, 5.0, and 10.0 minutes.
Enzyme concentrations of 475 and 950 nM were used in the reactions. Enzymatic
reactions were terminated by the addition of trichloroacetic acid (TCA) to a final
concentration of 6%. Labeled samples (5 uL) were injected onto an AccQ_TAG
column using previously published buffers and gradient (28). The column was
calibrated with known amounts of the following derivatized reagents: Agmatine
(RT = 27.8 min), cadaverine (RT = 40.1 min), L-ornithine (RT = 34.8 min),
putrescine (RT = 44.5 min), L-arginine (RT = 21.1 min).

Inactivation of PBCV-1 DC with DFMO or DFMA- The His-tagged Chlorella
virus ODC-like protein in 50 mM NaH,PO, pH 8, 300 mM NaCl, 250 mM
imidazole, 0.04 mM PLP, 2.5 mM DTT, 0.5 mg/ml BSA (20) was dialyzed to
remove DTT and imidazole before passing over a Talon® metal affinity column
(Clontech, Palo Alto, CA) to remove BSA. After elution and further dialysis an
aliquot of protein [104 pg in 50 mM NaH,PO4 pH 8, 0.04 mM PLP, 0.5 mM
DTT] was incubated in the absence or presence of 10 mM DFMO or 1 mM
DFMA for 2 h at 37°C in a total volume of 250 ul. Aliquots (5 pl) of each
reaction were removed at the times indicated and diluted accordingly to monitor
inactivation of the protein.

Preparation of samples of PBCV-1 DC protein for MALDI-TOF analysis-
Reactions containing 4.2 pg (~100 nmol) of untreated, DFMO or DFMA
inactivated PBCV-1 DC protein in a total volume of 100 pl were subjected to
tryptic or endoprotease Glu-C digestion using a protease:protein ratio over the
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range 1:84 to 1:21 (w/w) as indicated. Samples were digested with modified
trypsin in 50 mM NH4HCO; buffer pH 8 containing 10 % v/v acetonitrile for 16 h
, stopped by the addition of 4 ul of glacial acetic acid and stored frozen until
analyzed by MALDI-TOF. Samples were digested with Glu-C in 25 mM
NH4HCO; buffer pH 7.8 containing 10 % v/v acetonitrile for 2-16 h at 25°C,
stopped with glacial acetic acid and stored frozen until analysis by MALDI-TOF
using an Applied Biosystems 4700 Proteomics analyzer. Digested samples were
evaporated and resuspended in 200 pl of deionized water three times to remove
volatile digestion buffers (NHsHCO3) which can interfere with subsequent
binding to strong cation exchange resins. The final resuspension was evaporated
to ~10 pl, then 1/9th volume of 1.0% TFA was added to bring the final TFA
concentration to 0.1%. Using a BioHit Multipipettor, ZipTip SCX tips were
equilibrated with three times 10 pl of 0.1 % TFA, then the sample aliquots were
pipetted up and down across the resin 15 times to bind and concentrate peptides.
The bound peptides were washed with 5 X 10 ul of 0.1% TFA to remove salts,
followed by elution of the bound peptides by carefully pipeting 2 ul of freshly
prepared 5% NH;OH/30% MeOH up and down 4-5 times. The droplet containing
the eluted peptides was deposited onto a polished stainless steel MALDI target
plate (Applied Biosystems) and allowed to dry. After drying, each spot was
overlaid with 0.6 pl of freshly prepared CHCA matrix (5 mg per ml recrystallized
a-cyano-hydroxycinnamic acid/ 2 mg/ml NH4H,PO,/50% acetonitrile/0.1%
TFA).

Results
Analysis of PBCV-1 ODC-like Protein Substrate Preference and Activity

The decarboxylation of L-ornithine or L-arginine by cvADC was
measured by following '*CO, release from L-[1-**Clornithine or L-[U-
YClarginine (Table 1). These studies were carried out in the laboratory of A.E.
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Pegg (Department of Cellular and Molecular Physiology, Pennsylvania State
University College of Medicine, Hershey, PA). In studies carried out in Tris-HCI
buffer, pH 8.2 at 37°C, the protein was highly active on L-arginine with a Ky, of
0.45 mM and a ke of 15 s It also had detectable activity on L-ornithine;
however, while the ke was only slightly lower, the K, was about 400 times
higher (K, of 180 mM; Table I), giving an overall difference in substrate
preference of 550-fold as measured by K./Km. These results contrast with a
previous report of a Ky, of 0.78 mM for L-ornithine (20). The previously reported
assays were conducted in CAPSO buffer pH 9 at 42°C. The assays were therefore
repeated using these conditions and the ability to decarboxylate L-ornithine was
slightly improved (K, of 46 mM; Table I). However, even under these conditions,
the protein still preferred L-arginine as a substrate with a Ky two orders of
magnitude lower than that for L-ornithine. The products of the reaction were
identified by HPLC (16, 48) after the protein had acted upon either L-[U-
YClarginine or L-[2, 3-*H]ornithine. As expected, [**C] agmatine was found in
stoichiometric amounts with **CO, when L-[U-'*C]L-arginine was
decarboxylated, and [*H]putrescine was formed in equivalent amounts when L-
[2, 3-*H]ornithine was the substrate.

I measured the substrate preference of the Chlorella virus ODC-like
protein using a NADH-oxidation coupled assay which allows for continuous
determination of decarboxylation via the decrease in absorbance at 340 nm.
Steady-state decarboxylation was measured for L-arginine, L-ornithine and L-
lysine over a wide range of concentrations (Figure 2-4). The relative substrate
preferences for L-arginine over L-ornithine were similar to those observed by the
14CO,-release assay, however the ke /Km on both substrates was 8-fold lower
under the conditions of the spectrophotometric assay (Table I). L-Lysine was
also a substrate for the reaction and was decarboxylated with similar efficiency to

L-ornithine (Figure 2-4). This result is in contrast to the ODCs from both mouse
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and T. brucei for which the ke/Km for L-lysine is 300-fold lower than for L-
ornithine (21, 47). The similar catalytic efficiency of the Chlorella virus ODC-like
protein on L-ornithine and L-lysine, however is reminiscent of the bacterial
Lys/OrnDC from Selenomonas ruminantium (43).

A further study of the activity of the Chlorella virus ODC-like protein with
L-arginine was conducted by measuring the rate of product (agmatine) formation
via HPLC. For this method, substrate and products were labeled with a
fluorophore that forms covalent bonds with primary and secondary amines (See
experimental procedures). Based on the rate of agmatine formation, the k¢, of the
Chlorella virus ODC-like protein with L-arginine was calculated to be 15 s™, a
value that agrees well with the previously determined rate constants (Figure 2-5
A). | also determined the substrate dependence of the Chlorella virus ODC-like
protein with L-arginine via this HPLC method. The calculated K, based on the
HPLC data was 1.5 mM (Figure 2-5 B). It has been previously observed for
amino-acid decarboxylases, that decarboxylation-dependent transamination
occurs as a rare side reaction (less than 1 in 1074 events) for physiological
substrates while it occurs more frequently for non-physiological substrates due to
improper protonation at the C4’ of PLP (50). Transamination is an exceedingly
rare event, as is the case with ODC and its cognate substrate, L-ornithine (32), as
the turnover rate agrees with the rate determined by other methods. Furthermore,
it has been shown that commercially available L-arginine has up to 1%
contamination with L-ornithine (3). Thus, the turnover rate of the Chlorella virus
ODC-like protein with L-arginine observed with the coupled-enzyme assay could
reflect the formation of putrescine from L-ornithine. The HPLC profile of the
reaction products of L-arginine with the Chlorella virus ODC-like protein
demonstrates that the observed rate constant is, indeed, that for the
decarboxylation of L-arginine, as the formation of putrescine is undetectable.
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Inhibition of Chlorella virus ODC-like protein with DFMO and DFMA
Morehead et al. previously reported that DFMA was a more potent inhibitor of
CVADC than was DFMO (20). To confirm this finding, members of the Pegg
laboratory undertook similar inhibition experiments with DFMA and DFMO
(Figure 2-6 A). The Chlorella virus ODC-like protein was irreversibly inactivated
by incubation with either DFMO or DFMA. Consistent with previous reports,
DFMA inactivated the enzyme more rapidly than DFMO; after a two hour
incubation with 1 mM DFMA only 0.34% of the activity remained, while it
required 10 mM DFMO to reduce the enzyme activity to 4.4% over the same
incubation time.

Mouse ODC is inactivated by DFMO with the formation of a covalent S-
[(2-(1-pyrroline)Jmethyl adduct at Cys-324 (major product. 90%) and a minor
product ( c. 10%) at Lys-48 (51, 52). Although previous studies have shown that
DFMA is an irreversible inhibitor of bacterial and plant ADCs (53), the adduct
formation site has not been identified. However, based on the inactivation of
mouse ODC, the likely sites of interaction in the native Chlorella virus ODC-like
protein are residues Cys-347 and Lys-71, which correspond to Cys-360 and Lys-
69 in mouse ODC.

Endoproteinase Glu-C digestions of untreated Chlorella virus ODC-like
protein or of protein inactivated by DFMO or DFMA were analyzed by linear
MALDI-TOF MS in positive ion mode, using Chlorella virus ODC-like protein
and Glu-C self-digested peaks for internal calibration of the spectra. The spectra
of the inactivated enzyme had new peptide fragments with masses corresponding
to adducts on the Lys**-Glu®? peptide
KSVPTPQLLRDVPDDEEYVPSVLYGCTCDGVDVINHNVALPE) containing
Cys347 (Figure 2-6 B). The presence of this peptide in the Glu-C digest and the
absence of shorter fragments cleaved at the internal DDEEY sequence is probably

due to the digestions being carried out in NH4,CO3 buffer which increases the
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specificity of Glu-C but restricts activity and the known inactivity of Glu-C to cut
at clusters of acidic residues (54). As seen in Figure 2-5B, these masses (m/z
4681.0 and 4740.8) were not observed in the control digests, while all three
digests contained a peak slightly smaller that the theoretical value (4599.2 average
mass) of the equivalent unmodified fragment. (It should be noted that within the
limited resolution of these linear spectra, the potential contributions of the
unmodified peptide and either of two similar mass Glu-C self-digest peptides to
the observed peak cannot be separated definitively).

The new peptide which appears after DFMO inactivation (m/z 4681.0) is

81.8 Da heavier than the unmodified peptide Lys***-Glu®*

, which within
experimental error agrees with the theoretical 81.1 Da difference previously
observed for the S-[(2-(1-pyrroline)Jmethyl-cysteine adduct formed by DFMO at
Cys360 of mouse ODC (52). In the digest of the protein inactivated by DFMA,
the new peptide observed at m/z 4740.8 is 141.6 Da larger than the unmodified
peptide Lys***-Glu®. This value is within experimental error of the theoretical
adduct mass of 140.2 Da which would occur with the analogous linear DFMA
adduct to a Cys in the peptide. This result is consistent with DFMA inactivation
occurring similarly to DFMO inactivation of ODC, with decarboxylation of the
DFMA-PLP Schiff base leading to the loss of a fluoride ion to generate a reactive
electrophilic conjugated imine that binds covalently to Cys-347. Subsequent
elimination of the second fluoride anion followed by an internal transaldimination
reaction with Lys-71 would generate the adduct. This adduct cannot cyclize in the
same way as the adduct derived from DFMO because of the replacement of the

terminal amino group with a guanidino group. The Lys***-Glu®*

peptide does
contain another Cys residue at position 345. Since we were unable to produce
interpretable ms/ms spectra of the modified peptides, addition to this site cannot

be ruled out but, based on the existing data on the structure and inactivation of
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mammalian and trypanosomal ODC by DFMO (26, 28, 30, 52), Cys-347 is the
likely site of attachment.

Assuming that the peaks in the DFMO- and DFMA-inactivated protein
spectra at m/z 4597.9 and 4598.6 respectively do represent unmodified peptide,
then not all of the Chlorella virus ODC-like protein was modified at this site.
Although MALDI analysis is not quantitative, the relative sizes of the modified
and parent peaks are similar, which suggests that only about half the protein was
altered at Cys-347, in contrast to the almost total observed loss of enzyme
activity, with >99% inhibition (with DFMA) and >90% (with DFMO). One
explanation for this discrepancy is that interaction with another site such as Lys71
occurs to a larger extent than with the inactivation of mouse ODC with DFMO.
However, we were unable by MS to identify a putative DFMO or DFMA adduct
to peptides containing Lys71 after digestion by Glu-C or by trypsin (where an
adduct at Lys71 would prevent tryptic cleavage at that site). Alternative
explanations could be that: (a) only one of the two protein subunits making up the
homodimer need to be modified to cause loss of catalytic activity; (b) that
analytical workup resulted in the preferential loss of some of the modified
peptide; (c) that, although we did not find any other peptides that were
significantly different between control and DFMO- or DFMA-inactivated
Chlorella virus ODC-like protein in the analysis of either Glu-C or trypsin digests,
modification of an additional residue at the active site occurs. The sequence
coverage was about 50% in the Glu-C digests, so modifications of the
unrepresented proteolytic fragments would not have been observed; (d) that some
proportion of the recombinant protein extract may be enzymatically inactive prior
to the start of the reaction, and thus unable to react with DFMO or DFMA. It is
also possible that a significant portion of the “unmodified” peak represents Glu-C
self-digestion fragments.
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Discussion

The PLP-dependent decarboxylases that belong to the p/a-barrel fold are
from both bacterial and eukaryotic origin, and they include enzymes capable of
decarboxylating a range of basic amino acid substrates (24). The eukaryotic
ODCs, and a group of bacterial enzymes with dual specificity on L-ornithine and
L-lysine [e.g. S. ruminantium Lys/OrnDC ] (Figure 1-9) (43), share high
sequence similarity, while the enzymes with specificity for L-arginine and other
basic amino acids share very low sequence similarity with the ornithine specific
enzymes (Fig. 2). Thus, the Chlorella virus ODC-like protein is an anomaly
because it shares greater sequence identity with the ODCs, while it strongly
prefers L-arginine as a substrate. Subsequent to the publication of my
characterization of this enzyme’s specificity profile, it has appropriately been
reclassified as the Chlorella virus arginine decarboxylase (cvADC). The
preference for L-arginine over L-ornithine and L-lysine is reflected in the 550-
fold higher k../Ky, observed for L-arginine. DFMA is a more potent inhibitor of
the cvADC than DFMO, although both compounds form adducts at the same site.
Thus, the data clearly indicate that cvADC is a legitimate ADC and not an ODC,
as a previous study claimed (20).

The PBCV-1 genome is the first viral genome known to encode polyamine
biosynthetic enzymes (19). In addition to encoding cvADC, the virus contains the
enzymes necessary to produce putrescine from agmatine (agmatine
iminohydrolase and N-carbamoylputrescine amidohydrolase) (Figure 1-4), and it
also contains homospermidine synthase, but not spermidine synthase, suggesting
that the end product of the pathway in the virus is homospermidine (55). It is
interesting to speculate on the evolutionary driving force for the substrate
specificity of cvADC for L-arginine. In algae, including chlorella isolates, amino
acid analyses demonstrated that L-arginine is one of the most abundant amino
acids, while L-ornithine is one of the least abundant (41). Thus the lack of L-
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ornithine in these cells suggests that the switch in substrate specificity of PBCV-1
DC to L-arginine was required for efficient production of putrescine.

The high amino acid sequence identity (40%) between cvADC and
eukaryotic ODC suggests that the cvADC is more closely related to enzymes with
ornithine specificity than to bacterial ADCs, despite their common substrate
preference. A potentially important link in this evolution is the observation that a
group of bacterial enzymes which also share strong sequence similarity to the
eukaryotic ODCs, have dual specificity on L-lysine and L-ornithine (43). cvADC
groups most closely to these bacterial enzymes in a phylogenetic analysis, and
these sequences form a bridge between the eukaryotic ODCs and the more
distantly related ADCs from bacteria and plants (Fig. 2). Interestingly, cvADC,
like the bacterial enzymes, has equal activity on both L-lysine and L-ornithine,
though it is distinct in preferring L-arginine. These observations suggest that
cvADC may have been acquired from a bacterial source that contained a dual
specificity Lys/OrnDC, and that it has evolved a minimum set of amino acid
substitutions to switch specificity without adversely affecting activity.
Interestingly, the cvADC homospermidine synthase is also more closely related to
bacterial enzymes than to plant enzymes (55), suggesting the entire polyamine
biosynthetic pathway in the virus may have been acquired from bacteria, or from
a common ancestor.

The role of putrescine and homospermidine in viral pathogenesis remains
unclear, since the host cell also makes both polyamines. However, the virus is
known to inhibit protein translation in the host (19, 56), and altered levels of
polyamines could play a role in this inhibition. Eukaryotic translation initiation
factor 5A (elF-5A) plays an essential role in translation of selective messages
required for cell division and proliferation (57). This factor is synthesized as an
inactive precursor that is modified to its active form by the covalent attachment of

hypusine via two enzymatic steps. The first step is catalyzed by deoxyhypusine
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synthase and utilizes spermidine as the donor substrate. Recently it was reported
that this same enzyme can catalyze the reverse reaction using putrescine as an
acceptor producing homospermidine and unmodified elF-5A (58). Putrescine
levels increase significantly in chlorella cells after infection with PBCV-1 (55),
and this increase could potentially alter the levels of hypusine modified elF-5A
thereby affecting host cell translation.

Regardless of the purpose of cvADC in the life cycle of the Chlorella
virus, the conclusion that cvADC is a legitimate ADC with relatively high
sequence identity to eukaryotic ODC presents an opportunity to isolate the
specificity determinants of the Group IV decarboxylases. As mentioned in
Chapter I, the previously known structures of Group 1V decarboxylases, ODC and
DAPDC, demonstrated that large sequence divergence is correlated with
numerous structural differences in the active sites between these enzymes of
differing specificity (Figure 1-10). Having established cvADC’s preference, the
high sequence identity between ODC and cvADC can now be harnessed to
understand at the primary and tertiary sequence level what positions and residues
are necessary for determining substrate specificity. In the next chapter, | present
my efforts to determine the three-dimensional structure of cvADC and offer
insights into the structural basis of specificity of Group IV decarboxylases.
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FIGURE 2-1

The two active sites of eukaryotic ODC (in red boxes) are formed at the dimer
interface and include residues from the N-terminal of monomer A (cyan) and the C-
terminal of monomer B (gray). The PLP-putrescine complex is shown as yellow

sticks.
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FIGURE 2-2

An alignment of 10 Group 1V decarboxylase sequences. The sequences in the
alignment are Chlorella virus ODC-like protein (cvDC), human ODC (hODC), T.
brucei ODC (tbODC), S. ruminantium L/ODC (srLODC), S. cervisiaea ODC
(scODC), M. tuberculosis DAPDC (mtDAPDC), E. coli DAPDC (ecDAPDC), M.
jannaschii DAPDC (mjDAPDC), E. coli ADC (ecADC), and Y. pestis ADC (ypADC).
The sequence identity shared between these sequences and mouse ODC is shown to
the right of the sequences. Residue numbering is based on the mouse ODC sequence.
Residues within 5 A of PLP are highlighted in red.
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332 361
MODC GSFNCILYDHAHVKA LLQKRPKPDE----- --------------- KYYSSSIWGPTCDGLDRIVERCNLP-EMHV
tbODC GSFNCILYDHAVVRP LPQREPIPNE----- ---------—------ KLYPSSVWGPTCDGLDQIVERYYLP-EMQV
ChODC GSFNCILYDGQNPGY KVVRSPLMADSTDS- --------------- RTFLSTLWGPTCDSADCVYKDVTLP-VLRN
cvDC GGFSNVIFEKSVPTP QLLRDVPDDE----- --------------- EYVPSVLYGCTCDGVDVINHNVALP-ELHT
ntODC GSMNCVLYDHATVNA TPLAVLSNRSNVTCG ------------- GS KTFPTTVFGPTCDALDTVLRDYQLP-ELQV

scODC GNMNCILFDHQEPHP RTLYHNLEFHYDDFE STTAVLDSINKTRSE YPYKVSIWGPTCDGLDCIAKEYYMKHDVIV

FIGURE 2-3.

A. Structure of the active-site of T. brucei ODC complexed with putrescine (PDB ID 1F3T).
Residues from the N-terminal domain of monomer A (purple) and the C-terminal domain of
monomer B (gray) that are within 4.5 A of putrescine are displayed.

377
375
343
341
395
429

B. Partial sequence alignment for a representative set of eukaryotic ODCs and cvDC. Sequences

accession numbers are as follows: cvDC, NP_048554; Chlamydomonas reinhardtii ODC,
CAE46409; tbODC, Trypanosoma brucei ODC, 1NJJ_A; Mouse ODC, P00860; Nicotiana
tabacum ODC, AAQ14852; Saccharomyces cerevisiae, NP_012737.
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Substrate | K (mMM) | keat (™) Kea! Km (s*M™) | Buffer | pH/°C
L-Orn 180 10 60 Tris 8.2/37
L-Orn 46 14 3.0 x 10? CAPSO | 9.0/42
L-Arg 0.45 15 3.3x10* Tris 8.2/37
L-Arg 0.48 24 5.0 x 10* CAPSO | 9.0/42
TABLE I.

The steady-state kinetic parameters of the Chlorella virus ODC-like protein on L-

ornithine and L-arginine were obtained in at different pHs and temperatures. Assays
were performed using the **CO,-traping method by members of the Pegg laboratory
(Pennsylvania State University College of Medicine, Hershey, PA).
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FIGURE 2-4

The Chlorella virus ODC-like protein prefers L-arginine (A) over L-ornithine
(B) or L-lysine (C). Decarboxylation was coupled to NADH oxidation (see
Experimental Procedures). Data points (filled squares) are the average of at
least two experiments and error bars represent standard error of the mean. Data
was fit by non-linear regression to the Michaelis-Menten equation and the
fitted parameters are: L-arginine (Kn = 3.5+ 0.2 mM, ket = 15 + 0.3, L-
ornithine (Ky = 136 + 44 mM, Key; = 1.0 + 0.2 s%) and L-lysine (K= 115 + 27
mM, Kexe = 0.45 + 0.08 s ). Data was analyzed with GraphPad Prism version 4
using the Michaelis-Menten equation.
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FIGURE 2-5

HPLC analysis of the reaction products of Chlorella virus ODC-like protein
with L-arginine. A. L-arginine (peak A) was incubated with enzyme for 2.5
(red profile), 5.0 (green) and 10 minutes (blue). The rate formation of agmatine
(peak B) was calculated to be 15 s™. B. The substrate dependence curve for
enzyme with L-arginine demonstrates that the Ky, is 1.5 mM.
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FIGURE 2-6

Inactivation of Chlorella virus ODC-like protein by DMFA and DFMO. A.
The loss of decarboxylase activity of enzyme after incubation with 1 mM
DFMA or 10 mM DFMO as indicated. B. Part of the linear MALDI-TOF MS
in positive ion mode of Glu-C digested Chlorella virus ODC-like protein
(upper plot), protein inactivated with 10 mM DFMO (middle plot) and protein
inactivated with 1 mM DFMA (lower plot).
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CHAPTER THREE
X-RAY STRUCTURE DETERMINATION OF THE
CHLORELLA VIRUS ARGININE DECARBOXYLASE

Introduction

The observation that cvADC is closely related to eukaryotic ODC while
preferring L-arginine over 600-fold over ornithine provides a unique opportunity
to study the structural basis of substrate specificity in Group 1V decarboxylases.
As discussed in Chapter I, a comparison of T. brucei ODC (PDB ID: 1F3T) and
M. jannaschii DAPDC (PDB ID: 1TWI) reveals that low sequence conservation
(~ 20% sequence identity) yields a relatively large divergence in the structure
(Figure 1-10). The RMSD of Ca atoms (for 350 aligned residues) between ODC
and DAPDC is 2.5 A. Despite the difference in structure, these enzymes share
many structural features that are characteristic of this fold. All Group IV PLP-
dependent decarboxylases are obligate homodimers with two active sites forming
at the subunit interface between the N-terminal /o barrel domain, which houses
PLP, and the two C-terminal pB-barrel domains (Figure 2-1) (23, 59). One of the
most structurally well-characterized Group IV enzymes is the Trypanosoma
brucei ODC. Ligand-bound structures of tbODC have been solved with
putrescine, DFMO and D-ornithine (28, 30, 32). The ligand is in an extended
conformation at the subunit interface and each ligand makes similar contacts
(Figure 1-8). The a—amino group forms a Schiff base with PLP and the 5-amino
group interacts with two aspartic acid residues, D332 from the C-terminal 3-barrel
domain of one monomer and D361 tbODC from the C-terminal B-barrel domain
of the opposite monomer. The DAPDC active site is arranged similarly. Based on
the Methanococcus jannaschii DAPDC structure, E373 mjDAPDC is thought to
play a similar role as D361 tbODC and the carboxylate of the bound lysine
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product makes contacts with R307 DAPDC (R277 tbODC) from the o/ barrel
domain (Figure 3-1). However, overlays of the mjDAPDC structure onto the
tbODC structure show numerous changes both within and distant from the active
site (Figure 1-10). A plot of RMSD values of 350 aligned Co atoms residues
reveals that nearly 100 residues deviate by more than 2.5 A between tbODC and
mjDAPDC (Figure 3-2). Thus, isolating the determinants of substrate specificity
in the Group IV PLP-dependent decarboxylase fold is difficult.

cvVADC presents a unique opportunity to determine the residues and
positions in Group IV decarboxylases that play a dominant role in substrate
specificity. In the previous chapter, | established that this enzyme preferred L-
arginine over L-ornithine as a substrate. Coupled to the fact that cvADC shares
high sequence identity with eukaryotic ODC, it seems that cvADC had undergone
rapid evolution to change function from an ODC to and ADC. Comparison of the
active site residues of cvADC and ODC, based on the primary sequences,
suggested that a relatively limited number of substitutions might account for the
specificity difference (Figure 2-2 and 2-3). In order to study the structural basis
of specificity and to gain a better understanding of the catalytic mechanism of the
Group 1V decarboxylases, | solved the X-ray structures of cvADC in both free and
product-bound states at 1.95 and 1.8 A resolution, respectively. The overall
monomeric structure of cvADC is similar to T. brucei and human ODC (RMSD of
1.2 and 1.4 A, respectively). However, the origin of the arginine specificity of
cvADC is apparent. It arises from different positioning of a 3i0-helix (cvADC
residues S291-E296) in the C-terminal domain that includes the substrate-binding
residue E296 (D332 in TbODC). Furthermore, a conserved loop near the active
site, residues D138-V143 (K148 cvADC-loop) and analogous to D159-C164 in
ODC (K169 ODC loop), is observed in a closed conformation for the first time. In
comparison with human ODC, where the homologous loop adopts an open
conformation (26), it appears that the loop serves the function of a mobile lid
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allowing substrate access, and sequestering substrates from solvent.

Materials

Methyl-pentanediol (MPD) was purchased from Hampton Research, and
all other chemicals were purchased from Sigma. Crystallization screens were
purchased from Emerald Biostrucutures.

Experimental Methods

cvADC Expression and Purification The expression and purification of
Hise-tagged cvADC from pODCTM9 and pODCTM9 T142A were described in
Chapter Il. Protein was produced heterologously in E. coli (BL21 DE3 strain)
under an IPTG-inducible promoter. Once the E. coli cells had reached an O.D.600
of 0.5-0.7, IPTG (200 uM) was added to each liter of media. Cells were harvested
after 12 hours of induction by centrifugation at 1500 rpm, 4° C for 30 minutes.
The cells were then lysed, sonicated and centrifuged at 100,000 x g for 1 hr. The
supernatant was loaded onto a column containing Ni’*-agarose resin. After
washing protein was eluted with the addition of imidazole. The T142A mutation
arose during prior cloning of the gene, however the both wild-type and cvADC
T142A display equivalent activity, and they have both been used in these studies.
Protein derived from pODCTM9 T142A was used for the crystallization of
Seleno-methionine  labeled c¢vADC protein.  Site-directed mutagenesis
(Quickchange™, Stratagene, La Jolla, CA) was employed to regenerate the wild-
type pODCTM9 plasmid. The protein was used to crystallize cvADC bound to
agmatine.

A selenomethionine derivative of cvADC was produced in E. coli. An
overnight culture of E. coli transfected with the pODCTM9 T142A was used to
inoculate 1 L of M9 minimal media with ampicillin. At log-phase growth (ODggo
= 0.7), IPTG (0.5 mM), 60 mg Seleno-methionine, 100 mg each of threonine,

lysine and phenylalanine, and 50 mg each of leucine, isoleucine and valine were
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added. After 13 hours of induction, cells were harvested by centrifugation and
lysed. Purification of the Se-Met derivative was performed as described in
Chapter Il. Mass spectrometry analysis (Protein Chemistry Technology Center,
UTSW) revealed that there were 5 Se-Met residues per monomer of cvADC
produced from the minimal media (Figure 3-3).

Crystallization of cvADC Approximate crystallization conditions were
found with the Wizard | screen (Emerald Biostructures, BainBridge Island, WA)
(Figure 3-4A). Free (Se - labeled) and agmatine-bound cvADC crystallized in
similar conditions. The optimized crystallization conditions are as follows: 5 pnl
of 20 mg/ml protein in buffer (10 mM HEPES pH 7.2, 50 mM NaCl, 1 mM DTT,
0.5 mM EDTA pH 8.0, 0.03% (v/v) Brij-35) is mixed with an equal volume of the
crystallization solution (6% PEG-8000, 100 mM imidazole (pH 7.5), 200 mM
calcium acetate) and set up in sitting drops at 16° C (Figure 3-4B). Agmatine-
bound cvADC crystals were produced by incubating 20 mg/ml protein in buffer
with 5 mM agmatine at 4° C for one hour prior to setup of the crystallization drop.
Crystals generally grew within 24 hours. The final diffraction quality crystals
were produced by streak-seeding procedures. Cryo-loops (Hampton Research)
were used to store crystals, which were cryo-protected with a solution containing
the mother liquor and 25-30% 2-methyl-2,4-pentanediol (MPD) and subsequently
frozen in liquid propane.

After the initial crystallization conditions were found, | attempted to re-
crystallize cvADC in another condition. | undertook this task because the
diffraction data for the original crystals revealed that the unit cell parameters (a =
116.1 A, b =116.9A, ¢ = 269.4 A, a=p=»= 90°) were large and that the space
group was P2:2:2;. Assuming a crystal solvent content of 50%, the Matthew’s
coefficient (V) serves as an empirically-derived guide to the probability that the
asymmetric unit contains X number of monomers (where Vy = volume of unit

cell/ (MW of protein*number of asymmetric units*X) (60). The orthorhombic
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crystal | produced is predicted to contain eight molecules of the cvADC monomer
in each asymmetric unit. Another crystal form with smaller cell dimensions and/or
higher symmetry might allow for facile structure determination. | re-conducted
crystallization trials with reagents from the Wizard screens (series | and Il) and
the Hampton Crystal Screens (series | and II). Despite this re-crystallization
attempt, no new conditions were found. Curiously, |1 found another crystal
morphology by simply increasing the pH of the original crystallization condition
from pH 7.5 to pH 8.3 (Figure 3-4C). This new crystal’s unit cell parameters
(a=58 A, b=153 A, c=174 A, a=y= 90°, p=99°) and space group (P2) suggests
that there are 12 molecules in the asymmetric unit. In addition to containing 4
more molecules per asymmetric unit than the original crystal form | found, the
new monoclinic crystals diffracted x-rays no farther than 3.0 A, displayed higher
mosaicity and proved to be too fragile for cryo-protection techniques. It became
clear that the orthorhombic crystals | had originally discovered were the superior
choice for structure determination of cvADC.

Data Collection and Processing

I collected a diffraction dataset for a ligand-free, orthorhombic crystal of
cvADC at a home-source x-ray beam (A = 1.5418 A) and R-AXIS IV detector
(Rigaku, The Woodlands, TX). | indexed, integrated and scaled the data with
HKL2000 (61). Data processing statistics are summarized in Table II.

Diffraction data with anomalous dispersion for a Se-Met-labeled cvADC
crystal were collected at the Se absorption edge wavelength (A= 0.98066) at
beamline 19-BM (SBC-CAT) at the Advanced Photon Source (Argonne National
Laboratory, Argonne, IL). This data was kindly collected by Mischa Machius
(UTSW Structural Biology Laboratory). | collected data for an agmatine-bound
cvADC crystals at the 19-1D beamline at the same facility. The data from the Se-
Met-labeled and agmatine-bound crystals were indexed, integrated and scaled
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using HKL2000 (61). Data processing statistics for both the Se-Met labeled and
agmatine-bound datasets are summarized in Table I1I.
Structure Determination and Refinement

Both the ligand-free (Se-Met labeled) and agmatine-bound cvADC
structures crystallized in the P2,2,2; space group and similar unit cell parameters
were observed for the free (a = 116.1 A, b =116.9A, ¢ = 269.4 A, a=p=7= 90°)
and agmatine-bound (a = 116.2 A, b = 117.3 A, ¢ = 268.7 A, a=/=y= 90°)
structures. | attempted to solve the structure of ligand-free cvADC using the
molecular replacement method. For this method | believed that the structure of T.
brucei ODC would be an appropriate phasing model. | used a number of programs
to try to find an initial model of cvADC. Despite using programs such as CNS
(62), MolRep (63), AMoRe (64), EPMR (65) and Phaser (66), | was unable to
generate a solution for the cvADC structure using the T. brucei ODC model and
the data | collected at the home-source detector. The failure to find a solution is
most likely due to the large unit cell of the crystal. The Matthew’s coefficient for
the orthorhombic crystal indicates that each asymmetric unit should contain 8
molecules of the cvADC monomer. Thus, the numerous molecular replacement
trials | attempted were not successful because the programs were not capable of
determining the proper rotation and translation function to account for the large
number of scattering factors in the asymmetric unit, absent any constraints such as
non-crystallographic symmetry operators. As a result of these unproductive trials,
I produced, purified and crystallized a Seleno-methionine derivative of cvADC in
order obtain experimental phases.

The data set collected at the Se absorption edge was used for phasing by
the Single-wavelength Anomalous Dispersion method (SAD) (67). The Selenium
substructure was determined by direct methods in ShelX (68). The top solution
included all 40 Se sites expected in the asymmetric unit (5 Se-Met

residues/monomer X 8 monomers/ a.s.u.) with correlation coefficients higher than
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0.48. Based on the Se substructure Non-Crystallographic Symmetry (NCS)
operators were obtained with the program RESOLVE (69). Phases were calculated
in MLPHARE (70) and an overall figure-of-merit of 0.29. An inherent problem
with the SAD phasing method is the ambiguity between the two hands of a phase
solution. Density modification has been used to break this ambiguity. For my
structure | used the program DM (71) to determine the hand of the correct
solution. With the NCS operators and phases, a density-modified map was
calculated. This map was inputted into the automated model-building program
ARP/WARP (72) and an initial model, containing 2300 of 2900 expected residues
in the asymmetric unit, was built. The agmatine-bound cvADC structure was
determined by using the free structure as the initial phasing model for molecular
replacement with the CNS package (62). Both structures were rebuilt with the
graphics program Coot (73) and the refinement package REFMACS (74). For the
agmatine-bound structure, the Fourier difference map (F, — Fc) showed readily
interpretable density for the agmatine molecule bound to the PLP cofactor. The
agmatine molecule was modeled into the structure and further refined. NCS
restraints were released in the final rounds of refinement and waters were added
as difference Fourier peaks above 3.0 o for both structures.

The free structure of cvADC was refined with data to 1.95 A and the
agmatine-bound structure included data to 1.8 A. The final models contain eight
monomers in the asymmetric unit (labeled A — H), in the form of two tetramers
(Figure 3-5), containing a total of 2901 residues and eight PLP molecules (or
eight PLP-agmatine complexes). Dimer pairs are formed by Chains A and B, C
and D, E and F, and G and H. The density for the majority of residues and the
PLP cofactors was easily interpretable. Residues omitted from the molecular
structure of free cvADC are as follows: Chain A: 229; Chain C: 222-225, 229;
Chain D: 13-15, 223-224, 227, 229, 245-246; Chain E: 14, 229; Chain F: 222-
223, 310; Chain G: 10-11, 13-14, 143, 221-225; Chain H: 222-224, 229, 311.
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Residues omitted from cvADC-agmatine are as follows: Chain A: 223-225; Chain
B: 14, 223, 311; Chain C: 14, 222-224, 229; Chain D: 223; Chain E: 14, 223;
Chain F: 14, 222-223, 229; Chain G: 14, 229, 239, 245; Chain H: 10-14, 222-
223, 229. The final refined models contained no peptide torsion angles in
disallowed regions of the Ramachandran plot and 90% of non-glycine and non-
proline residues were within the most favored regions of the plot, as confirmed by
PROCHECK (75). The four dimers of the agmatine-bound cvADC overlay with
an rmsd of 0.2 A, although there were small differences in interpretable density.
The A/B dimer is the best representative, and will be described below.
Molecular Modeling

Structures were displayed using the graphics program PyMol (DeLano,
W.L. The PyMOL Molecular Graphics System (2002) on World Wide Web
http://www.pymol.org). All RMSD calculations were based on structural

alignment by PyMol and calculated within the program. Solvent accessible
surface was calculated using AREAIMOL (74).

Results

X-ray structure determination of free and agmatine-bound cvADC The overall
structures of cvADC in both free and agmatine-bound states are similar to the
previously determined eukaryotic ODC structures. The cvADC structure consists
of an N-terminal p/a-barrel from residues 23-261 and a C-terminal B-barrel from
residues 262-372 (Figure 3-6). In addition, a short a-helix (residues 2-11) and f-
strand (residues 18-22) form at the N-terminus of both the native and agmatine-
bound structures. The N-terminal B-strand is part of an extended - sheet forming
interactions with two strands from the C-terminal domain. The N-terminal region
preceding the B/a-barrel has been observed in a number of other ODC structures
and forms approximately the same secondary elements observed in the cvADC
structure (26, 27, 30, 32).
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As with all other Group 1V decarboxylases, two identical active sites are
formed at the dimer interface (Figure 3-7). Residues from the B/a barrel and -
barrel of one monomer as well as the B-barrel from the opposite monomer
contribute to the formation of the active sites. The loop consisting of residues 135
— 152 is observed in a down conformation and appears to function as an active
site lid (Figure 3-8). Two residues in the loop, cvADC V143 and L145 are within
about 5 A of the bound agmatine ligand.
The active site of cvADC. The electron density maps of the active site showed
good, interpretable density for both the native and agmatine-bound structures. In
the native structure the PLP cofactor forms an interaction with Lys-48 cvADC
(Lys-69 ODC). This residue forms a Schiff’s base with PLP and has been
demonstrated to be a key catalytic residue accelerating the rates of Schiff base
formation with substrate and decarboxylation in tbODC (3). However, unlike
previous ligand-free ODC structures (26-28), PLP is not bound to K48 cvADC
through a Schiff’s base. Instead the density around the C4’ of the cofactor
suggests a tetrahedral configuration consistent with a carbinolamine species
(Figure 3-9). The model for the ligand-free enzyme was built with a
carbinolamine intermediate in all eight active sites of the asymmetric unit and no
residual density was found in the re-calculated difference Fourier map. Density
for the sulfhydryl group of the active site cysteine residue Cys-324 cvADC (C360
in eukaryotic ODC), which had been proposed to function as a general base in the
reaction (32), indicates that the cysteine side-chain exists in dual conformations
within each of the eight active sites in both the native and agmatine-bound
structures. Thus, I modeled C324 cvADC in a dual conformation with the
sulfhydryls positioned 145° apart (Figure 3-9). The homologous residue in ODCs
has been observed to occupy both of these conformations (26-28, 30-32).

In the active site of the ligand-bound structure, readily interpretable

density was observed for agmatine in all eight monomers in the asymmetric unit
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(Figure 3-10). The side-chain of residue Lys-48 cvADC has shifted 5 A away
from the cofactor to form an interaction with Asp-67 cvADC, thus making room
for the bound product. The electron density is consistent with a Schiff’s base
structure between N1 of agmatine and C4’of PLP. The aliphatic portion of
agmatine packs against Tyr-353, Phe-361 and Val-143, while the guanidinium
moiety is within H-bonding distance of the side-chains of Glu-296, Asn-292, Asp-
325, and Tyr-287.

The Lys-148 cvADC (Lys-169 ODC) loop functions as an active site lid. To
investigate the structural differences between free cvADC and eukaryotic ODC,
the Ca atoms of the N-terminal p/o-barrel domain of cvADC (residues 23-261),
T. brucei ODC (1QU4, residues 43-283), and human ODC (1D7K, residues 45-
283) were aligned. The overall RMSD between all three structures at the level of
the monomer was small at between 1.1 (tbODC) - 1.2 (hODC) A (Figure 3-11 A
and B). The RMSD values for dimer-to-dimer comparison of cvADC were 1.2
and 1.5 A for tbODC and hODC, respectively. However, regions of the structure
displayed RMSD values above 2.5 A. Notably significant changes are observed in
the Lys-148 cvADC (Lys-169 ODC) loop which is formed by residues 135 — 152
cvVADC at the end of the Bg strand. With the exception of the human ODC
structure (26), portions of this loop (residues Asp-158 — Arg-165 ODC) have
typically been disordered in the eukaryotic ODC structures that have previously
been solved (e.g. the mouse ODC and the T. brucei ODC structures (27, 28, 30-
32) ). Density for the entire loop was observed in the human ODC structure where
it assumes an open conformation allowing the active site to be solvent-exposed. In
contrast, in both the native and agmatine-bound structures of cvADC a seven
residue segment (Asn-140 to Gly-146) of the loop has swung towards the active
site, pivoting around residues Pro-139 and Asn-147 (Figure 3-12). This is the first
observation of this loop in a closed conformation with respect to the active sites.
Some of the residues in the mobile region of the loop have moved over 10 A
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towards the B/a-barrel. In this conformation, the bound ligands are sequestered
from solvent. In the agmatine-bound cvADC structure there is no solvent-
accessible surface on agmatine, while 2.0 A? is accessible on the adjacent PLP
molecule. In contrast, the putrescine molecule in the ligand-bound tbODC
structure has 21 A? of solvent exposed surface compared to 1.3 A? for its PLP
molecule. Both conformations of the loop are likely to be available to both
enzymes, since there appears to be no route for substrate entry in cvADC. Thus,
these data suggest that this loop functions as a mobile active site lid in this family
of enzymes, controlling access to the substrate binding site during the catalytic
cycle. In addition to this change the Ca atoms of residues Serl79-Asnl183
cvADC, which cover the phosphate of PLP, have shifted 3 A towards the
phosphate moiety in cvADC. This movement allows the formation of a new H-
bond interaction between the backbone of Ser-179 and Val-143 in cvADC (Figure
3-13). Additional backbone H-bond interactions between residues Gly-178 — Gly-
180 and Thr-142 — Val-143 cvADC seem to promote the shift of the Ser-179-Asn-
183 cvADC region and add to the stabilization of the Lys-148 cvADC loop.

The 310 —helix is a key determinant of substrate specificity. In order to delineate
the determinants of substrate specificity in cvADC, agmatine-bound cvADC and
putrescine-bound tbODC (1F3T) were compared (Figure 3-14). The subunits
aligned by their N-terminal B/o. barrel domains overlayed with an rmsd of 1.2 A
for the monomers. Very little or no domain rotation is observed. Residues at the
bottom of the pocket that interact with the PLP cofactor superimpose precisely
between the two structures, including the positions of Asp-67, Lys-48, and Glu-
252 — Arg-255 in cvADC. The B-barrel C-terminal domain of the opposite subunit
are also closely aligned, including the catalytic base and substrate recognition
residues, Cys-324" and Asp-325" cvADC. Part of the C-terminal B-barrels of the

primary subunits of cvADC and tbODC also superimpose well, including the
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substrate binding residues Tyr-287, Tyr-353 and Phe-360 of cvADC. A plot of
RMSD values of 368 aligned Ca atoms reveals that only about 30 residues
deviate by more than 2.5 A between cvADC and ODC (Figure 3-15). This result
stands in stark contrast to the comparison of ODC and DAPDC in which nearly
100 positions were found to deviate by more than 2.5 A between the structures
(Figure 3-2). However, significant differences in the active site are apparent,
providing new insight into the structural basis of specificity in this family of
enzymes. In both the cvADC and ODC structures residues Ser-291-Glu-296
cvADC (Ser-325 — Asp-332 ODC) form a short 3;0-helix at the distal portion of
the substrate-binding pocket. The helix in the tbODC structure begins 2 residues
prior to that observed in cvADC, however, the helix ends at the same position
(Glu-296/Asp-332) in both (Figure 3-14). This residue, Glu-296 cvADC (Asp-332
ODC) is positioned from the helix to form hydrogen bond contacts with the
guanidinium of agmatine in cvADC (the 3-amino of putrescine in ODC). In the
cvADC structure the helix is translated 2.1 A away from the cofactor when
compared to tbODC (as measured between C4’ of PLP and the Ca of Glu-
296/Asp-332), effectively enlarging the pocket to accommodate the arginine
substrate. The shortening of the helix may contribute to this shift. However
despite this translation the longer aliphatic portion of Glu-296 cvADC
accommodates this more distal position of the helix without changing the final
position of the carboxylate portion of the side chain, which remains similarly
placed to that of Asp-332 ODC. Thus Glu-296 cvADC is able to retain key
contacts with the remainder of the active site, including an H-bond interaction
with Arg255 cvADC (Arg-277 ODC). This residue forms interactions with the
phosphate moiety of PLP, thus its precise positioning in the active site is
necessary for the function of the enzyme (4).

As reported in Chapter I, a primary sequence alignment suggested that
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only one substitution in the active site of cvADC (E296D) had occurred relative to
eukaryotic ODC. The structural alignment of cvADC and tbODC identifies
several other amino acid substitutions in the distal region of the active site that
may contribute to the specificity change (Table 1V). The more noteworthy
substitutions in the region include Cys-328 ODC (Asn-292 cvADC) and Gly-393
tbODC (Leu-357 cvADC). The side-chain of Cys-328 ODC is turned out of the
active site and forms an H-bond interaction with the backbone carbonyl of Ser-
325. In contrast, the side-chain of Asn-292 cvADC is pointed towards the active
site and the carbamoyl oxygen forms a H-bond with the guanidinium moiety of
agmatine (3.3 A). Leu357” cvADC (contributed to the active site from the
opposite subunit) does not form a direct interaction with the agmatine ligand
(distance 5.67 A), however the increased bulk of the side chain in comparison to
eukaryotic ODC (Gly or Ala at this position), may play a role in positioning of the
310-helix. The side-chain of Leu-357" is within van der Waals contact of the side-
chain of Ser-291 cvADC of the 3j0-helix (Figure 3-10). This contact may help
stabilize the position of the 310-helix in order to maintain the proper volume of the
active site to accommaodate arginine.

Structural Comparison of cvADC and DAPDCs To further probe the structural
basis of substrate specificity, the active site of cvADC was compared to the three
available structures of DAPDC. The N-terminal /o barrel domain of cvADC
with M. tuberculosis DAPDC (residues 48-305, 1HKV), E. coli DAPDC (residues
33-271, 1KO0) and M. jannaschii DAPDC (residues 51-312, 1TWI) were
superimposed and the RMSD for the monomer ranged from 2.3 — 2.5 A (Figure 3-
16). The significantly greater divergence in the structures is consistent with the
fact that DAPDC and cvADC share about 20% sequence identity. The differences
between cvADC and the DAPDC structures arise from differences distributed
throughout both the N- and C-terminal domains. Unlike for the comparison to

alanine racemase (28) no apparent domain rotation has taken place between
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DAPDC and cvADC. Despite the higher RMSD values for the overall structures,
the active site of DAPDC is similar to cvADC. As with the cvADC and thODC
comparison, the position of the 3;o-helix is substantially different between cvADC
and the DAPDC structures, and indeed it assumes a different conformation in all
three structures. The distance between C4’ of PLP and the helix (Ca of Asp-332
thODC, Glu-296 cvADC and Glu-348 mjDAPDC) is 10.0 A for tbODC, 12.1 A
for cvADC, 15.3 A for mjDAPDC.

Additionally amino acid substitutions in the helix provide a diversity of
interactions for the various substrates that are accommodated in the different
structures. The key interactions with ligand for ODC and cvADC include one
common interaction Asp-332 tbhODC (Glu-296 cvADC), while agmatine in
cvADC makes an additional interaction with Asn-292 cvADC positioned at the N-
terminal of the 330-helix. For DAPDC the residue at the start of the helix has been
substituted with Arg-343 mjDAPDC, which forms a salt bridge with the
carboxylate of the bound lysine (Figure 3-17). Additionally the hydroxyl group of
Tyr-347 mjDAPDC forms H-bond interactions with the amine group of lysine,
while the residue equivalent to Asp-332 tbODC faces out of the pocket. These
data support the conclusion that the 3;0-helix is a major determinant defining
substrate specificity of Group IV decarboxylases. Within the context of this
conserved fold, the protein is designed to be flexible in the positioning and amino
acid sequence of the 3j0-helix, providing a mechanism to evolve different
substrate preferences without large structural changes.

Structural Comparison of cvADC and AR The structures of Bacillus
stearothermophilus alanine racemase has been determined in various ligand-
bound states (76-80) and from the human pathogens Pseudomonas aeruginosa
(81) and from Mycobacterium tuberculosis (82). Like all other Group IV
enzymes, these enzymes fold into an N-terminal o/p barrel and C-terminal (-

barrel. However, the sequence identity between cvADC and AR from these
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species is very low (~ 10%). Accordingly, the RMSD for Ca atoms is on the
order of 4 A (e.g. cvADC and M. tuberculosis AR). As in the comparison of T.
brucei ODC and B. stearothermophilus AR (28), a rotation of the C-terminal (-
barrel in AR has occurred relative to cvADC (Figure 3-18 A and B). Furthermore,
the topology of the C-terminal B-barrel of AR diverges from that of cvADC
(Figure 3-18 C and D). Despite the differences between the C-terminal domains
of theses structures, the conserved catalytic Cys-324 (Cys-317 in mtAR) is
positioned roughly similarly in the active sites of both structures. Because AR is
active on a smaller substrate, L-alanine versus L-arginine, the substrate binding
pocket of AR is compressed, in part by Met-312 (ref), relative to the cvADC
active site.

Structural Comparison of cvADC and Pyruvoyl-dependent ADC To date there are
three structurally-defined ADC classes (83). As mentioned before, Group Il PLP-
dependent decarboxylases, which are structurally related to the AATase family,
include enzymes with activity for L-arginine. cvADC is the first Group IV ADC to
be structurally characterized. Finally, an unrelated ADC from the archeon M.
jannaschii has been cloned and characterized (84). The M. jannashcii ADC uses a
pyruvoyl group as a cofactor and shares no sequence or structural similarity with
Group 11 or Group 1V ADCs. Furthermore, the oligomeric state differs between
each of the three classes of ADC. Group Il ADCs are thought to form
dodecamers similar to Lactobacillus 30a ODC (25). The active form Group IV
ADC is a homodimer (Figure 3-7). The oligmeric state of M. jannaschii ADC is a
homotrimer (Figure 3-19) (85). The protomer fold is a four-layer appa sandwich
with topology similar to pyruvoyl-dependent histidine decarboxylase. Despite the
lack of structural similarity, there are a number of active site features common
amongst these ADCs. In terms of the chemistry of decarboxylation, both enzymes

proceed through a Schiff base between either a PLP or a pyruvoyl group and the
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amino group of the substrate (86). In both Group IV and M. jannaschii ADC, the
predicted placement of the CO, group of L-arginine is in a pocket surrounded by
the carboxylate group of an acidic residue (Asp-361 for Group IV ADC or Glu-
109 for M. jannaschii ADC) and a variety of hydrophobic side chains (Phe-397,
Tyr-389 for Group IV ADC or Leu-31 and Phe-34 for M. jannaschii ADC) (29,
85). Interestingly, the torsion angles of the agmatine molecules in cvADC and M.
jannaschii ADC are different. In cvADC the agmatine molecule is in an extended
conformation (Figure 3-6). On the other hand, the agmatine molecule in the
structure of M. jannaschii ADC is extended except for the Cy-Cd torsion angle,

which is in a gauche conformation (Figure 3-19).

Discussion

The Group IV PLP-dependent decarboxylases are composed of a large,
diverse family with a broad range of substrate preferences for basic amino acids
(23, 59). The discovery of cvADC, an arginine decarboxylase closely related to
the eukaryotic ODCs, provided a unique opportunity to gain insight into the
evolution of enzyme specificity in this family (87). The structure of cvADC
identifies the E296 cvADC (D332 ODC) 3jp-helix as the key determinant of
substrate specificity. Comparison of cvADC with both eukaryotic ODC and
bacterial DAPDC structures shows that the 3jo-helix assumes a different
orientation in each structure (Figures 3-14, -17, -20). Previous structures of ODC
and DAPDC had demonstrated that residues within this helix formed key
interactions with substrate analogs bound to the active sites of these enzymes, and
suggested that the distance between these residues and the PLP cofactor served as
a molecular ruler guiding substrate preference (28, 88, 89). However given the
divergence of these two structures the importance of the position of the helix was
unclear. In contrast the cvADC and ODC structures are very similar. Most of the

active site, including the catalytic residues, and those that interact with PLP
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superimpose exactly, thus the repositioning of the 330-helix within this context
provides a clear correlation between the helix conformation and the altered
substrate preference.

Flexibility in the position of the 3;0-helix provides a mechanism to adjust
the volume in the pocket to accommodate different substrates, however changes
in amino acid composition are required to build the differently structured active
sites (Table IV and Figure 3-14, -17). In cvADC Glu-296 has replaced Asp-332
ODC, and the longer side chain arm allows the helix to be positioned further back
into the pocket, while still placing the carboxylate portion of Glu-296 in the same
position as Asp-332 ODC. This allows contact with the guanidinium portion of
the arginine substrate, while importantly preserving a salt bridge with Arg-255
cvADC (Arg-277 ODC). This interaction is likely to be important for orienting
this residue, which was previously shown in tbODC to be essential for high
affinity PLP binding through interaction with the phosphate (4). The structure also
explains why the D332E tbODC and E296D cvADC mutants were inactive (87).
This single point mutation is not sufficient to encode the repositioning of the 3;o-
helix, nor the required substrate interactions. In addition to the amino acid change
at this position, Cys-328 tbODC is replaced by Asn-292 cvADC. The side chain
of this residue is reoriented towards the active site and makes a hydrogen bond
with the bound agmatine, suggesting that this interaction is also an important
component of the reorganization of the pocket to recognize the arginine substrate.
Additionally, the structure of cvADC suggests two mechanisms that may
contribute to differences in the positioning of the helix. First the length of the
helix differs between homologs in the family. Secondly, substitutions of second
shell residues that interact with the helix may also contribute to the different
conformations. Leu357” cvADC packs against the side chain of Ser-291 cvADC
in the 310-helix. This contrasts to ODC where either Ala or Gly-393 are found at

this position, and form an interaction with the side-chain of Asn-327 ODC in the
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310-helix. Thus the sequence of the 3;0-helix clearly coevolves multiple changes
that play a role in the final orientation and chemistry of the helix in the structure.

The substrate preference for DAPDC can also be understood in the context
of changes in the amino acid composition of the 3;0-helix. Accommodation of the
dicarboxylate substrate diaminopimelate requires the pocket to accommodate
interactions with a carboxylate on the ligand as well as the amino group. Arg-343
mjDAPDC is positioned in the active site of DAPDC and forms interactions with
the carboxylate of azelic acid (PDB ID 1TUF) or lysine (PDB ID 1TWI) bound in
the structure. This position is a neutral residue in the ODC and cvADC structures,
and the side chain points away from the active site in both. Thus this interaction in
the DAPDC structure, which was not previously recognized (88, 89), is likely to
play an important role in substrate recognition. Likewise residue Tyr-347
mjDAPDC is positioned differently than the equivalent residue in ODC, and
interacts with the e-amino group of ligand. Y331 ODC is not oriented into the
active site but instead is at the two-fold axis of the dimer interface. Thus,
evolutionary changes that alter both the position of the helix, and its amino acid
sequence composition, provide the flexibility to accommodate different substrates
into this structural fold.

Additional examples of molecular rulers within the structures of enzymes
have been previously documented. A comparison of the structures of farnesyl
transferase (FTase) and geranylgeranyl transferases (GGTase) reveals a similar
method of substrate discrimination as that observed within the Group IV
decarboxylase family (90). FTase transfers a 15-carbon isopreniod unit while
GGTase transfers a 20-carbon unit to various protein targets (91). Both enzymes
transfer an isoprenoid group to the cysteine residue of a C-A-A-X motif on the
targeted protein. The basis for isoprenoid chain-length discrimination seems to be
mediated by the identity of residues on helices 5 and 17 of the 8 chain (Figure 3-
21 A). In the FTase context, bulky residues (Trp-102 and Tyr-365) may clash
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with the longer geranylgeranyl pyrophosphate (GGPP) molecule, but not with
farnesyl pyrophosphate (FPP), explaining FTase’s low transfer efficiency of
GGPP relative to FPP (92). In comparison the bulky residues in FTase have been
substituted with a Thr and Phe residues in the GTase structure, allowing for the
binding of its cognate substrate (Figure 3-21 B). The hypothesis that these
residues function as the length-discriminating molecular rulers was tested by site-
directed mutagenesis (1). An FTase mutated at position 102 from Trp to Thr
displayed a strong preference for GGPP over FPP. Although the identities of the
residues on these helices are important for chain-length discrimination, the
positioning of the helices seems to be less important for these enzymes.

PagP, an E. coli enzyme catalyzing the transfer of a palmitate chain from a
phospholipid molecule to the lipid A component of lipopolysaccharide (LPS)
(93), also contains within its structure a molecular ruler. PagP is capable of
discriminating acyl chains differing by only a single carbon atom (94). PagP folds
into an eight-stranded anitparallel B-barrel (Figure 3-21 C). Previous studies have
shown that the identity of position 88 at the floor of the lipid-binding pocket
selects for acyl-chain length (Figure 3-21 D) (94). The Gly-88 residue in wild-
type PagP allows for the binding of a 16-carbon acyl chain, while mutants
containing either Ala or Met at position 88 preferentially catalyze the transfer of
15- or 12-carbon acyl chains, respectively (94). In contrast to these lipid-
metabolizing enzymes, the Group IV decarboxylases use both the identity and
positioning of its molecular ruler to select for substrates based on length. Thus far,
this finding seems to be a unique structural characteristic of Group IV PLP-
dependent enzymes.

Finally, the finding that the active site is sequestered by a mobile-loop
(Lys-148 cvADC-loop) in the cvADC structure has provided novel insight into the
reaction mechanism of the B/a fold-type decarboxylases. Kinetic and structural

studies of mutations introduced at residues in the dimer interface of tbODC
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previously suggested that dynamic motion of the analogous loop (Lys-169 tbODC
loop) played a role in the catalytic cycle (31). However, multiple conformations
of the loop have never previously been observed in a structure. Indeed the Lys-
169 ODC loop is disordered in all ODC structures except that of human ODC,
where the loop was observed in an open conformation, distant from the active site
(Figure 3-12). In contrast for the cvADC structure the Lys-148 cvADC (Lys-169
ODC) loop is observed in the down or closed conformation, positioned as a lid
over the active site. In this conformation it makes contacts with key active site
residues (e.g. Ser-179 cvADC), and it effectively sequesters the active site from
solvent. The conformation of a second active site loop formed by Ser-179-Asn-
183 cvADC is also repositioned in the closed conformation structure, shortening
the H-bond distance between Ser-179 and the phosphate of PLP.

The sequestering of the substrate from solvent in the “lid down”
conformation implies that the loop must be in the open position for substrate to
access the active site and for product to be released. Previous investigations have
demonstrated that product release is the rate-limiting step in tbODC catalysis (34),
suggesting that the rate of lid movement may in fact be the rate-limiting step.
Additionally, the ligand-free cvADC reveals a tetrahedral carbinolamine adduct
between the C4’ of PLP and Lys-48 cvADC, rather than a Schiff’s base.
Although the carbinolamine has been observed in mutant ODC structures, it was
unclear if this species could form in the wild-type enzyme (31). The observation
of the carbinolamine intermediate in cvADC suggests that the closed or loop
down conformation may promote formation of the tetrahedral structure, perhaps
because it mimics transition state structures along the reaction coordinate. In
support of a catalytic role for the loop, mutation of Lys-169 tbODC significantly
reduces the catalytic efficiency of the enzyme (95).

The data taken together suggest that both closed and open conformations

are used in all group IV decarboxylases to accommodate sequestering of the
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substrate from solvent, substrate entry, and product release. Dynamic loops have
previously been reported for enzymes in this o/pf fold (e.g. triosephosphate
isomerase (TIM) and tryptophan synthase (TS), inosine monophosphate
dehydrogenase (IMPDH)) (96-98). It is interesting that the mobile loop in cvADC
occupies the same position in the TIM barrel as those observed in TIM and TS.
Thus, apparently a mobile loop that controls substrate access appears to be a

conserved structural feature of the B/a barrel fold-type enzymes.
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FIGURE 3-1

The active site of M. jannaschii DAPDC. The bound product (LYS) interacts with
numerous residues from the N-terminal and C-terminal of the same monomer and the
C-terminal of the opposite monomer (e.g. C372").
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DAPDC vs. ODC
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FIGURE 3-2

RMSD plot from the structural alignment of M. jannashcii DAPDC and T. brucei
ODC. The overall RMSD between the structures is 2.5 A (See FIGURE 1-10).
However, there almost 100 residues for which the Ca. RMSD value is equal to or
greater than 2.5 A.
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Mass spectrometer analysis of native (A) and Se-Met (B) cvADC. The mass of native
cvADC was found to be 44306 Da and Se-Met cvADC has a mass of 44551. The
increase in the mass of Se-Met cvADC (247 Da) is in accordance with the addition of
5 Se atoms, on average, in each monomer (MW = 47 Da).
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FIGURE 3-4

Crystals of cvADC. The lead condition produced clustered crystals lacking well-
defined faces (A). | refined the lead condition to produce orthorhombic crystals (B)
that were separate and had very well-defined faces. Curiously, with an increase in the
pH of the mother liquor to 8.3 a monoclinic crystal form was produced (C).
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Native cvADC

Data collection and processing

Wavelength (A) 1.514

Resolution (A) 50 - 2.2

Space group P212121

Cell dimensions a=1158 A b=117.3 A,
c=269.0 A, o=/=y=90°

Total number of reflections 646,432

Number of unique reflections 172,284

Redundancy (last shell) 3.9 (3.9)

Completeness (%) (last shell) 89.0 (90.9)

I/o (last shell) 10.1 (2.1)

Rmerge (last shell) 0.1 (0.536)

TABLE 11

Data collection and processing from a cvADC crystal at the home-source R-
AXIS 1V x-ray detector.
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Se-Met native CVADC

CVADC-agmatine

a) Data collection and processing
Wavelength (A)

Resolution (A)

Space group

Cell dimensions

Total number of reflections
Number of unique reflections
Redundancy (last shell)
Completeness (%) (last shell)
I/c (last shell)

Rierge (last shell)

b) Refinement

R/Riree

Number of non-hydrogen atoms
Number of H,O atoms

rmsd for bond lengths (A)

rmsd for bond angles (deg)

average B-value (A?)

B rmsd for bonded main-chain (side chain)
Ramachandran plot

(% in most favored region)

(% in additional allowed region)

(% generously allowed o disallowed)

0.98066
50 - 1.95
P2,2,2;

a=116.1A b=116.9 A,
c=269.4 A, a=p=y=90°

1,722,504
235,861

4.9 (2.8)
88.7 (50.1)
9.8 (2.8)
0.073 (0.212)

21.1/24.2
23550
1182

0.02

1.41

12.49

0.85 (2.02)

89.1
10.9
0

0.97945
50-1.8
P2,2,2;

a=116.2 A, b=117.3 A,
Cc=269.7 A, a=p=y=90°

1,619,455

336,913

4.7 (4.2)

99.5 (97.5)
14.7 (2.2)
0.118 (0.476)

21.9/23.8
23676
1467

0.01

1.19
14.14

0.48 (1.42)

89.1
10.9
0

TABLE III:

The data collection, processing and refinement statistics for both the Se-Met
labeled and agmatine-bound cvADC crystals from the APS beamlines BM-19
and ID-19, respectively are summarized.
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FIGURE 3-5

The contents of the asymmetric unit of the orthorhombic crystals include eight
monomers of cvADC packed as a dimer of tetramers.
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FIGURE 3-6

Monomeric structure of cvADC. The cvADC monomer is displayed as a ribbon
with the PLP cofactor bound to agmatine (via a Schiff’s base) displayed in
yellow as ball and stick. Nitrogen atoms are displayed in blue, oxygen in red,
phosphate in orange, and sulfur in yellow.
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FIGURE 3-7

Dimeric structure of cvADC. The cvADC structure is displayed as a ribbon
(monomer A (purple), and monomer B (grey)) with the bound agmatine and
the PLP cofactor displayed in yellow as ball and stick. Nitrogen atoms are
displayed in blue, oxygen in red, phosphate in orange, and sulfur in yellow.
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FIGURE 3-8

Surface representation of the cvADC homodimer (monomer A colored purple
and monomer B in colored grey). The PLP-agmatine complex is shown in
spheres and the K148 loop (RCDDPNATVQLGNK) is shown in stick

representation and colored cyan.
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The electron density map of the carbinolamine intermediate observed in the
ligand-free cvADC structure. The intermediate is formed between the NZ atom
of K48, the C4’ of PLP and a hydroxyl group. The map (2F,-F.) is contoured
at 1.0c. The PLP molecule is colored yellow, while protein residues are
colored purple (chain A) or gray (chain B).
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FIGURE 3-10

Electron density observed in the active site of the agmatine (AGM)-bound
cvADC structure. Residues that form H-bond contacts (N292, E296, D325’,
Y287’) and van der Waals packing (L145, Y353) with the agmatine molecule
are shown. Maps (2F.,-Fc) are contoured at 1.0c. The PLP molecule and
agmatine are colored yellow, while protein residues are colored purple (chain
A) or gray (chain B).
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FIGURE 3-11
Structural alignment of cvADC with T. brucei ODC (A) and human ODC (B). The

overall RMSD between cvADC and the eukaryotic ODCs is on the order of 1.0 A,
commensurate with the high sequence identity shared between cvADC and ODC.
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FIGURE 3-12

Multiple conformations of the K148 cvADC loop. Alignment of the structures
of native cvADC (purple) and human ODC (1D7K ; light green). Structures
were aligned using the N-terminal residues of cvADC (residues 23-261) and
human ODC (45-283) in the B/a-barrel domain. The overall rmsd between the
structures is 1.4 A as calculated for the monomer. The secondary structure is
represented in ribbon while the PLP molecules are colored yellow for both
structures. The residues at the hinge positions in the K148 cvADC (K169
hODC) loops are P139 and N147.
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FIGURE 3-13

Mobile loops in Group IV decarboxylases. In the open conformation (human ODC
structure in lime) the active site lid residues make no contact with a conserved Ser
residue at position 200 (ODC numbering). Upon binding of ligand, the active site lid
closes in toward the /o barrel and backbone atoms of lid residues (e.g. V143 in
cvADC) form interactions with the backbone atoms of the conserved Ser (S179 in
cvADC). These interactions may stabilize the loops lining the active site and promote
catalysis by sequestering substrate from solvent. Labeled residues and molecules from
cvADC are denoted by a (CV) and those of human ODC by (H).
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FIGURE 3-14

Comparison of product-bound structures of cvADC to T. brucei ODC:
Structural alignment of the active sites of cvADC (purple) and T. brucei ODC
(1F3T; teal). Residues are numbered according to the cvADC sequence with
the equivalent ODC residue in parentheses. Residue numbers with a prime
notation come from the opposite monomer. The PLP cofactor/agmatine
complex is shown in yellow for cvADC and PLP-putrescine is displayed in teal
for T. brucei ODC.
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ODC vs. ADC
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RMSD plot from the structural alignment of cvADC and T. brucei ODC. The overall
RMSD between the structures is 1.2 A (See FIGURE 3-11). There are 33 residues in
cvADC that deviate by more than 2.5 A in comparison to the ODC structure.
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Chlorella virus ADC T. brucei ODC M. jannaschii DAPDC
L-arginine L-ornithine L-diaminopimelate
V143 C164 G188
L217 F238 L265
S291 N327 R343
N292 C328 P344
F295 Y331 Y347
E296 D332 E348
L357 G393 M405
TABLE IV

Amino acid variations observed within 5 A of product in the active site of
cvADC relative to tbODC and mjDAPDC. The primary substrate is listed

below the enzyme name.
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FIGURE 3-16

Comparison of the product-bound structures of cvADC and M. jannaschii
DAPDC: A ribbon diagram of the monomeric structures of cvADC (purple)
and M. jannaschii DAPDC (1TWI ; orange) for the alignment of the N-
terminal domain of cvADC (residues 23-261) and M. jannaschii DAPDC
(residues 51-312). The overall RMSD between the structures is 2.4 A for the
monomer.
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FIGURE 3-17

Comparison of the active-sites of product-bound cvADC and M. jannaschii
DAPDC. cvADC is shown in purple and M. jannaschii DAPDC in orange.
Residues are numbered according to the cvADC sequence with the equivalent
DAPDC residue in parentheses. The PLP cofactor and agmatine from cvADC
are shown in yellow sticks and the PLP and lysine molecule from mjDAPDC

are shown in orange sticks.
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FIGURE 3-18

Comparison of cvADC and M. tuberculosis AR monomers. Both cvADC (A) and
mtAR (B) fold into the characteristic Group IV structures. However, the C-terminal b-
barrel of mtAR has rotated towards to N-terminal a/b barrel relative to cvADC. The
topologies of the C-terminal barrel domains of cvADC (C) and mtAR (D) are shown.
The N- and C-terminals of b-barrel are indicated.
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FIGURE 3-19

Structure of the pyruvoyl-dependent arginine decarboxylase from M. jannaschii. The
biologically active oligomer is a trimer. Each trimer contains a pyruvoyl cofactor
(labeled PYR) created by an auto-catalytic serinolysis reaction. The bound agmatine
(AGM) is observed in each of three active sites of the oligomer adjacent to the
cofactor.
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FIGURE 3-20
Molecular rulers in Group IV decarboxylases. Group 1V decarboxylases have evolved

their specificities by increasing the distance between the C4’ atom of PLP and the
Ca atoms of the specificity element.
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FTase

FPP
Cis Tyr 3650
Phe 3240
Trp 102p
Thr 498

FIGURE 3-21

Further examples of enzymes with molecular rulers (A) The structures of FTase and
GGTase are nearly superimposable. (B) The basis of isoprenoid substrate chain-length
selectivity is the identity of residues on helix 5 and 12 (Trp-102/Tyr-365 in FTase and
Thr-49/Phe-324 in GGTase). This figure was adopted from (90). (C) The structure of
E. coli PagP with a bound detergent molecule. (D). Cut-away of PagP demonstrating
that Gly-88 serves as a molecular ruler for substrate acyl chain-length.
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CHAPTER FOUR
DETERMINANTS OF SUBSTRATE SPECIFICITY IN GROUP
IV DECARBOXYLASES

Introduction

Though the global structural differences between eukaryotic ODC and
cvADC are minimal, the identity and positioning of the specificity element may
explain the basis of specificity in Group 1V decarboxylases. In the comparison of
mjDAPDC and tbODC, it was observed that nearly 100 residues deviated by more
than 2.5 A between the structures (Figure 3-2). Comparison of cvADC and ODC
reveals that only about 30 residues share a similar level of deviation (Figure 3-
15). This raises the possibility that a limited number of structural changes,
presumably conferred by a limited number of substitutions, could determine
substrate specificity in the Group IV fold. In order to understand the sequence-
structure-specificity relationship in Group 1V decarboxylases, | undertook the task
of switching specificities between ODC and ADC. The goal of this project was to
isolate the positions or residues that contribute significantly to the enzymes’
substrate preference. By mutating residues at specific sites in ADC to the
corresponding residues in ODC, and vice versa, | hoped to increase the activity
(Kea/Km) of ADC for L-ornithine and the activity of ODC for L-arginine. To
predictably manipulate an enzyme’s substrate specificity indicates that the basis
of specificity is understood to some level.

Defining determinants of specificity by swapping residues between
structurally similar enzymes with differing preferences has been attempted with
varying degrees of success. One notable achievement was the altering of lactate
dehydrogenase specificity (LDH) to that of malate dehydrogenase (MDH) (99).
The authors of this study found that by swapping a single residue (GIn-102) in
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LDH to the corresponding Arg observed in MDH, the specificity for LDH could
be effectively changed from the cognate substrate, pyruvate, to oxaloacetate. The
guanidinium group of Arg in the LDH Q102R mutant was predicted to directly
contact the 3-carboxyl moiety of oxaloacetate. The introduction of this new salt-
bridge interaction was thought to provide the extra binding energy needed to
preferentially catalyze hydride transfer from the cofactor, NADH, to oxaloacetate.
On the other hand, with pyruvate as substrate, the guanidinium of Arg-102 in
LDH Q102R would be unpaired, leading to an active site unfavorable to the
proper arrangement of residues to catalyze hydride transfer.

A now classic case of swapping specificities was the attempt by Hedstrom
et al. to convert trypsin to chymotrypsin (100). Trypsin prefers, on the order of
nearly one-million fold, substrates with Arg or Lys at the P1 position.
Chymotrypsin prefers substrates with large hydrophobic residues at the substrate
P1 position. Substituting the S1 binding site residue D189 of Trypsin with the Ser
observed in chymotrypsin conferred a change in ester hydrolysis specificity (101).
However, for a change in amide hydrolysis specificity, substitutions of surface
loops distal from the active site were necessary. Even with these additional
substitutions, the mutant Trypsin (Trypsin [S1+L1+L2]) did not exhibit the same
level of proficiency (Kea/Km for Trypsin [S1+L1+L2] of 2.8e3 for P1-Phe
substrates vs. K/ K 0of 1.6e6 for wt Chymotrypsin with P1-Phe substrates). It
became clear from this study that substitutions both proximal and distal to the
active site play a significant role in determining the conformation of amino acids
in the active site and/or modulating the level of flexibility necessary for efficient
catalysis (102).

Swapping of specificities of a PLP-dependent enzyme has also been
attempted. Kirsch and colleagues have put much effort into determining the basis
of specificity in E. coli aspartate aminotransferase (AATase) and tyrosine

aminotransferase (TATase). Through numerous investigations, they have
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determined that a set of six residues, which they refer to as Hex, plays a dominant
role in substrate preference in this fold (103, 104). In the case of converting
AATase to TATase, the best case (as measured by Ke./Km) was the six-mutant
“Hex” AATase which displayed nearly equal preference for aspartate and
phenylalanine, whereas wild-type AATase prefers aspartate to phenylalanine by
nearly 1000-fold. In the opposite direction, the investigators were less than
successful. The six-mutant “retroHex” TATase, showed reduced activity for both
aspartate and phenylalanine as substrates.

One can derive a number of conclusions from these investigations. First,
only in rare cases can a single mutation substantially alter the specificity of an
enzyme. Second, residues not directly contacting the substrate (i.e. second-shell
residues) play an important role in substrate preference. Finally, substitutions are
highly context-dependent. That is, although substitution of residues in one
direction (e.g. AATase > TATase) can result in a meaningful change in
specificity, the substitutions in the opposite direction (e.g. TATase - AATase)
may not necessarily produce a reciprocal result.

Determining the residues that play a dominant role in specificity in the
Group IV decarboxylases is a worthwhile pursuit for a number of reasons. As
mentioned in Chapter I, several Group IV decarboxylases are know drug targets
while others may yet become clinically relevant. Furthermore, because PLP is
such a versatile cofactor, many groups have taken on the task of engineering both
the reaction and substrate specificity of PLP-dependent enzymes for commercial
purposes (105, 106). Jackson et al. have previously demonstrated that the reaction
specificity of ODC can be altered via a single active site residue substitution (32).
In this chapter I will discuss my efforts to alter the specificity of ODC and ADC.
Previously (Chapter Il) | mentioned that a single active site mutation may account
for the altered specificity of cvADC with respect to ODC (Figure 2-7). Asp-332 is

highly conserved in the ODC family and plays an important role in substrate
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binding and catalysis [Figure 2-3B; (95)]. The equivalent position in the cvADC
is residue 296, which contains a Glu, suggesting that this substitution is a key
determinant in the change in substrate specificity observed for this enzyme
(Figure 2-3B). Here | will test the validity of this hypothesis. Additionally,
having solved the structure of ADC, additional active site differences were
identified that may play a role in determining specificity. One important
revelation from the agmatine-bound cvADC structure was the substitution of Cys-
328 ODC with Asn-292 cvADC. As mentioned in Chapter IlI, the carbamoyl
oxygen of Asn-292 in cvADC is with H-bonding distance (3.3 A) of the N1 atom
of agmatine. Though the interaction of Asn-292 with substrate was not predicted
by the alignment of cvADC and tbODC (Figure 2-3), an alignment of various
ODCs and ADCs reveals that an Asn at this position seems to be well conserved
(Figure 4-1). Thus, it may be that ADCs have evolved this new interaction to
specify arginine over other basic amino acids. In terms of residues that position
the 310 helix, an interesting substitution is a Leu-357 in cvADC (Figure 3-10),
which is a Gly or Ala in ODC (Figure 4-1). A Leu at this position seems to be
well conserved in ADCs throughout evolution and a small Ala or Gly seems to
predominate at this position in ODC. In Chapter Il I discussed the proximity of
this residue to the 330-helix-residue Ser-291, which influences the position of the
helix. In this Chapter | will discuss my attempt to convert the specificity of
cvADC from L-arginine to L-ornithine, and vice versa for toODC. In addition to
creating a series of single-mutant cvADCs and tbODCs, | created triple-mutants
(i.e. cvADC N292C/E296D/L357G and tbODC C328N/D332E/G393L) with the
belief that the combination of a select number of substitutions affecting both the
nature of substrate binding and overall volume in the active site would yield an
appreciable change in substrate preference.

In addition to altering the specificity of ODC and ADC, | also determined the

inhibition constants of various substrate analogs (D-ornithine, D-lysine and D-
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arginine) and products (putrescine, cadaverine and agmatine) for ODC and ADC.
The goal of this study is to understand the contribution of ground-state binding to
specificity. Previous steady-state kinetic data from toODC demonstrated that the
Ki value for putrescine (350 uM) was similar to the Ky for ornithine (46).
Furthermore, specificity for L-ornithine by tbODC over L-lysine or L-arginine
was manifest mainly in a difference in the Michealis constant (K, rather than the
rate of catalysis (21). The authors of this study also demonstrated that a mutation
of Asp-361 to Ala in tbODC vyielded a 2000-fold increase in Kn, for Orn
decarboxylation without significantly lowering the turnover rate. Furthermore, the
binding affinity of D361E mutant of toODC for putrescine is reduced to the same
extent as for Orn (K, = K; = 30 mM) suggesting that Ky, is a reflection of the true
dissociation constant (21). If Ky and K; can be considered reasonable estimates
of Ks than it may be possible to extrapolate the contribution of ground-state
binding to specificity from inhibition studies of cvADC and tbODC.

Materials

The Infinity™ carbon dioxide detection kit was purchased from Thermo
Scientific. All other chemicals and reagents were purchased from Sigma.
Experimental Methods

Protein Structure Modelling Mutants of cvADC and tbODC were created
with the SWISS-MODEL homology modeling program (107). The homology
models for cvADC N292C, cvADC E296D, thODC G393L and tbODC
C328N/D332E/G393L were created using the structure of agmatine-bound
cvADC (PDB ID 2NVA). The homology models for cvADC L357G, cvADC
N292C/E296D/L357G, thODC C328N and tbODC E296D were created using the
structure putrescine-bound tbODC (PDB ID 1F3T). The homology models were
created by the ProMod package (108) and energy minimization of all models was
carried out by GROMOS (109).
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Site-directed mutagenesis Single-mutants ODC C328N, D332E, G393L,
the triple-mutant ODC C328N/D332E/G393L from T. brucei, single-mutants
cvADC N292C, E296D, L357G and the triple mutant N292C/E296D/L.357G were
produced using the QuikChange™ site-directed mutagenesis kit from Stratagene
(La Jolla, CA). Mutagenic primers were purchased from Integrated DNA
Technologies (Coralville, 1A). The sequences for all plasmids were determined
(UTSW DNA Sequencing Center).

Production and purification of CVADC and T. brucei ODC mutant The T.
brucei ODC mutant proteins were produced as described in Chapter Il with the
following changes. Protein production was induced at 23° C for 6 hours. CVADC
mutants were produced exactly as described in Chapter Il. All mutants were
produced as Hisg-tagged proteins and were purified as described in Chapter II.

Inhibition of wild-type cvADC and T. brucei ODC with substrate analogs
The inhibition constants (K;) were determined for D-arginine, agmatine, D-
ornithine, putrescine, D-lysine and cadaverine with both cvADC and T. brucei
ODC. Assays were conducted with substrates (0.1-50mM), either L-arginine for
cvADC or L-ornithine for T. brucei ODC. Enzyme activity was measured for at
least four concentrations on each inhibitor. For each inhibitor concentration, the
apparent Kn (Km.app) Values were calculated by the Michaelis-Menten equation.

V= Vina* [SI([S] + Kimapp)
A plot Knaop Values (y-axis) versus the concentration of inhibitor [I] (x-axis) was
then produced for each inhibitor. The value for K; was obtained from the intercept
of the fitted line on the x-axis (i.e. y=0, [I]= -Kj).

Steady-state analysis of wild-type and mutant enzymes Steady-state
parameters (ke and Kr) were obtained using the carbon dioxide detection kit
from Thermo Electron Corporation (See Chapter I1). Wild-type and mutant
enzymes were assayed in buffer (20 mM HEPES pH 7.5, 50 mM NaCl, 500 uM
EDTA, 0.03% Brij-35, ImM DTT and 20 uM PLP) at concentration of 60 to 120
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nM. Substrate (L-Arg, L-Orn, L-Lys) concentrations ranged from 0.1 to 50 mM.
All assays were conducted at 37° C.

Results

Models of cvADC and T. brucei ODC mutants The mutants produced by the
SWISS-MODEL homology modeling program are shown in Figures 4-2 and 4-3
(cvADC mutants) and Figures 4-4 and 4-5 (tbODC mutants). For the cvADC
N292C mutant (Figure 4-2A), the model suggests that this substitution removes
the H-bond interaction between the Asn-292 and the guanidinium group of
agmatine. In the model, both putrescine and agmatine make equal number of H-
bond interactions with active site residues. This is also the case in the cvADC
E296D model (Figure 4-2B). In the cvADC L357G model (Figure 4-3 A), the
shortening of the distance between the 330 helix and PLP has pushed Glu-296 out
of the binding pocket. Regardless, there are still more H-bond interactions
between agmatine in comparison to putrescine. The model of cvADC
N292C/E296D/L357G (Figure 4-3 B) illustrates that the triple-mutant’s active site
is smaller in volume, similar to the cvADC L357G model, and that it would form
more H-bond interactions with agmatine in comparison to putrescine.

The tbODC C328N (Figure 4-4 A) model illustrates the notion that this
mutant may form more H-bond interaction with agmatine, in comparison to
ornithine, but that steric hindrance may reduce the affinity of this mutant of L-
arginine. The tbODC D332E (Figure 4-4 B) mutant reveals that an equal number
of H-bonds could be formed between the mutant enzyme and agmatine and
putrescine, however, the side-chain of Glu-332 has swung out of the binding
pocket and does not form interactions with substrate. The model of tbODC
G393L (Figure 4-5 A) suggests that a larger number of H-bonds could be formed
between the enzyme and putrescine in comparison to agmatine. However, the

substitution could increase the overall volume of the pocket, facilitating the
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binding of larger ligands. The tbODC C328N/D332E/G393L model (Figure 4-5
B) suggests that preferential catalysis of L-arginine over L-ornithine by the larger
number of H-bond interaction between the mutant enzyme and agmatine and an
increase in the volume of the active site.

Inhibition of wild-type cvADC and T. brucei ODC with substrate analogs The
inhibition constants (K;) of the products and substrate analogs for cvADC and
tbODC are listed in Table V. It is clear to see that the inhibitors most closely
resembling the cognate substrate for each enzyme display the lowest K; values.
For cvADC agmatine and D-arginine are at least 20- and 10-fold more potent,
respectively, than the next most potent inhibitor (cadaverine). For tbODC
putrescine and D-ornithine are approximately 10- and 3-fold more potent than the
next most potent inhibitor, agmatine. Curiously the pattern of inhibition potency
does not strictly follow that of substrate preference. For instance, cvADC displays
a 600-fold preference for L-arginine over L-ornithine and a 1000-fold preference
for L-arginine over L-lysine (Figure 2-4). In contrast cadaverine is only about 20-
fold weaker at inhibiting cvADC than agmatine, while putrescine is 50-fold
weaker than agmatine. tbODC displays a 400-fold preference for L-ornithine over
L-lysine and at least a 1000-fold preference for L-ornithine over L-arginine (46).
On the other hand, agmatine is only a 10-fold weaker inhibitor compared to
putrescine and cadaverine is a 30-fold weaker inhibitor than putrescine.

Steady-state analysis of wild-type and mutant cvADC and tbODC The
steady-state kinetic parameters of wild-type and mutant cvADC and tbODC are
listed in Table VI. The activity of single mutants varied from inactive (e.g.
cvADC E296D) to nearly as active as wild-type enzymes (e.g. cvADC L357G)
Both triple-mutant enzymes (cvADC N292C/E296D/L357G and tbhODC
C328N/D332E/G393L) were almost as active as wild-type enzymes. On the other
hand, at least one mutant enzyme, cvADC E296D, displayed no detectable

activity, within the context of the coupled-enzyme assay, with certain L-lysine.
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With the exception of cvADC E296D, all the cvADC mutants displayed
broadened substrate specificities with respect to wild-type cvADC (Figure 4-2).
Prior to solving the structure of cvADC, the only residue in direct contact with the
substrate predicted to differ between ODC and cvADC was Asp-332, which is a
Glu in cvADC. As shown in Table VI and Figure 4-6, cvADC E296D prefers L-
arginine 20-fold more (as measured by Kke/Kny) than L-ornithine, a much
decreased level of discrimination in comparison to the 600 fold preference
displayed by wild-type cvADC. A recent investigation conducted by Jeongmi Lee
in the Phillips laboratory on the activity of a number of ODC homologs from
various microbial species has revealed that the identity of position 332 is not
predictive of L-ornithine specificity (110). Although the residue at this position is
important to overall activity, it seems that it is not the dominant residue in
determining specificity. cvADC N292C displayed nearly equal activity for all
substrates (Table VI and Figure 4-6). Its activity was reduced with respect to L-
arginine mainly by a greater than 10-fold increase in Kn. The gain in catalytic
efficiency of cvADC N292C for L-ornithine and L-lysine was largely a result in a
greater than 20-fold decrease in Ky, for both substrates. cvADC L357G displayed
the highest level of activity of any of the cvADC single mutants. This mutant also
maintained a nearly 10-fold preference for L-arginine, though its Ky for L-
arginine was increased by a factor of five. Its activity with L-ornithine and L-
lysine was improved primarily by a 20-fold decrease in Ky while ke was
marginally increased (Table VI and Figure 4-6). The triple mutant cvADC
N292C/E296D/L357G displayed nearly equal activity towards L-arginine and L-
lysine and a slightly lower activity towards L-ornithine (Table VI and Figure 4-
6). The overall proficiency of the cvADC triple mutant was due mainly to the sub-
millimolar Ky, values for L-arginine or L-lysine, with the K¢, values below one

per second.
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All the tbODC mutants displayed some level of preference of L-ornithine,
though activity on non-cognate substrates was increased in certain contexts.
tbODC D332E maintained a 10-fold preference for L-ornithine over L-lysine and
a 1000-fold preference over L-arginine. tbODC C328N exhibited a 100-fold
preference for L-ornithine over L-lysine or L-arginine (Table VI and Figure 4-6).
toODC G393L preferred L-ornithine and L-lysine nearly equally and 10-fold
discrimination against L-arginine. This stands in stark contrast to the kinetic data
for wild-type tbODC, which shows a 1000-fold preference L-ornithine over L-
arginine (Figure 4-6). The improved activity of tbODC G393L for L-arginine was
due both to a 20-fold increase in ke and a 3-fold decrease in Ky, The tbODC
triple mutant’s specificity profile diverged from those of the single-mutants.
Specifically, the triple mutant preferred L-lysine nearly 10-fold more than L-
ornithine or L-arginine. Most of the tbODC triple-mutant’s preference is reflected
in the sub-millimolar K., value for L-lysine in comparison to millimolar K
values for L-ornithine or L-arginine.

Several studies have shown that amino acid residues that are distant from
the active site, and do not contact ligand directly, are often important in the
change of function between homologous proteins [e.g. Refs (100, 111-113) ]. In
the case of ODC, previous studies have demonstrated that amino acid residues in
the dimer interface distant from the active site are important for enzyme activity
(95). The results of my mutagenesis investigations demonstrate that the positions |
chose to mutate have significant impacts on substrate preference in both the
cvADC and tbODC context. The observation that many of the mutants displayed
increased activity for non-cognate substrates suggests that the three positions I
targeted for the mutagenesis have profound impacts on the formation of the active
site such that non-cognate substrates may be decarboxylated at rates comparable
to wild-type values for cognate substrates.
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Discussion

Engineering a new specificity into an existing enzyme construct is a
challenging pursuit at best. Many investigators have attempted to build in new
specificities by swapping residues between two structurally homologous but
functionally different enzymes (99, 100, 103). The previous attempts at fully
emulating the specificity profile and overall proficiency of naturally observed
enzymes via rationally-designed mutants have been short of success. This is so
because identifying all the residues playing dominant roles in specificity is
difficult. 1 believe that the increase in sequence data and the rapidly-developing
tools of bioinformatics will ultimately facilitate an understanding of the
determinants of specificity such that de novo enzymes can be built.

The three previous examples of specificity-engineering investigations
mentioned above offer some valuable lessons. The single-site mutation that
effectively converted an LDH to an MDH demonstrated that it is possible that the
determinants of enzyme specificity could be isolated (99). The authors of this
study benefited from detailed kinetic, mechanistic and structural data for the
enzyme. Thus, they were able to deduce not only which position/residues plays a
dominant role in specificity but also how preference is carried out. Specifically,
the authors rationalized that induced-fit is utilized to confer discrimination
between similar substrates. In the attempt to convert Trypsin specificity to that of
Chymotrypsin, two important aspects of enzyme-substrate interactions were
elucidated. First, specificity is overwhelmingly conferred in the rate of chemistry
(i.e. acylation for proteases) and not in ground-state substrate binding. Second,
residues, and more specifically loops, distant from the active site play a large role
in binding the binding of the transition-state structure of the substrate. Therefore,
positions distant from the site of chemistry determine specificity (100). Finally,
the attempt by Kirsch and colleagues to swap the specificities of AATase and

TATase indicate that substrate interactions with enzyme active-site residues are
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highly context-dependent. An appreciable shift, though broadening seems to be
the apt term, in specificity was observed for AATase mutants, which displayed a
greater than 300-fold improvement for Phe compared to wild-type (104).
However, none of the TATase mutants exhibited legitimate improvement with
Asp as substrate in comparison to the wild-type TATase activity with Asp. Thus,
success in converting enzyme specificities can sometimes be achieved only in one
direction.

For my study of determinants of specificity in Group IV decarboxylases, |
chose to mutate residues at the distal portion of the active site. Specifically, the
residues | chose to mutate form interactions with the fragment substrate not
undergoing chemistry. Although the mutants | produced were designed to “bind”
substrates differently, it has been clear for some time that ground-state
discrimination does not fully account for specificity (114). However, residues
thought to bind substrates do impart a fair level in specificity in that the energy
derived from the interactions of either the ground-state or transition-state
conformation of a substrate is channeled into enhancing the rate of catalysis
(115). Previous studies on the mechanism of the ODC revealed that the
decarboxylation rate, following Schiff base formation, is the dominant kinetic step
for substrate discrimination (116). The ideal “swapped” mutant would be one in
which the new energy of interactions between a non-cognate substrate and
mutated residues would be harnessed more efficiently than cognate substrate.

A plot of the activity (log Kca/Km) of wild-type and mutant cvADC and
tbODC enzymes for L-arginine, L-ornithine or L-lysine is shown in Figure 4-2.
One common theme that emerges from this plot is the broadened specificity of the
various cvADC and tbODC mutants. Most striking is the specificity profile of
cvADC N292C mutant which exhibits a slight preference for L-ornithine and L-
lysine over L-arginine. This result demonstrates the importance of the carbamoyl

moiety of Asn-292 of cvADC in distinguishing between L-arginine and L-
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ornithine or L-lysine. The corresponding mutant toODC C328N, which displays a
preference of L-ornithine over L-lysine and no activity with L-arginine, suggests
that the identity of this position in Group IV decarboxylases is highly context-
dependent. The specificity profile of cvADC L357G suggests that the amino acid
identity at this position also plays an important role in determining specificity.
Mutation of the bulky leucine for a glycine in cvADC has likely modified the
positioning of the 310 helix at the distal end of the active site. In the context of the
cvADC L357G mutant, the 3y helix may be afforded a larger range of motions
On the other hand, all the tbODC mutants displayed preference for L-ornithine
over L-arginine. The specificity swap attempted here shares a number of
similarities to the previous specificity-engineering investigations. Consistent with
serine protease literature, it is abundantly evident that residues outside of the
immediate substrate biding site likely play significant roles in determining
specificity. Furthermore, interactions between substrate and enzyme active site
residues are context dependent, a phenomenon observed in the aminotransferase
investigations. Specifically, | have shown that while the single-mutant cvADC
N292C displays a slight preference for L-ornithine over L-arginine, the
corresponding tobODC C328N mutant plainly does not display altered specificity
in comparison to wild-type tbODC.
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Active ste loop
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CVADC RCD-DP---NATVOLGNEF G.IN
NYzZ L RCD—DP-——NATWOLGNEF G.AN
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A partial alignment of 16 Group IV decarboxylases. The sequences in the alignment
are Paramecium bursaria Chlorella virus Arginine decarboxylase (cvADC), two
cvADC-related sequences (NY2A and MT325) from alternate Chlorella virus isolates,
E. coli ADC (ecADC), Y. pestis ADC (ypADC), Chlamydomonas reinhardtii
(crODC), T. brucei ODC (tbODC), Nicotiana glutinosa (hgODC), S. ruminantium
L/ODC (srLDC), human ODC (hODC), mouse ODC (mODC), Drosophila
melanogaster ODC (dmODC), Caenorhabditis elegans ODC (ceODC), Sacchromyces
cervisiaea ODC (scODC), Leishmania donovani ODC (IdODC) and Nicotana
tabacum ODC (ntODC). Residues within the active site are highlighted red.
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FIGURE 4-2

Active sites of mutant enzymes cvADC N292C cvADC E296D. The active sites of
cvADC N292C (A) and cvADC E296D (B) are shown with both PLP-agmatine and
PLP-ornithine complexes. Hydrogen bonds between agmatine (AGM) and enzyme are
shown as red dashes and H-bonds between putrescine (PUT) are shown in cyan
dashes.
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FIGURE 4-3

Active sites of mutant enzymes cvADC L357G and cvADC N292C/E296D/L357G.
The active sites of cvADC L357G (A) and cvADC N292C/E296D/L357G (B) are
shown with both PLP-agmatine and PLP-ornithine complexes. Hydrogen bonds
between agmatine (AGM) and enzyme are shown as red dashes and H-bonds between
putrescine (PUT) are shown in cyan dashes.
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FIGURE 4-4

Active sites of mutant enzymes tbODC C328N and tbODC D332E. The active sites of
tbODC C328N (A) and tbODC D332E (B) are shown with both PLP-agmatine and
PLP-ornithine complexes. Hydrogen bonds between agmatine (AGM) and enzyme are
shown as red dashes and H-bonds between putrescine (PUT) are shown in cyan

dashes.
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FIGURE 4-5

Active sites of mutant enzymes tbODC G393L and tbODC C328N/D332E/L357G.
The active sites of tbODC G393L (C) and tbODC C328N/D332E/L357G (D) are
shown with both PLP-agmatine and PLP-ornithine complexes. Hydrogen bonds
between agmatine (AGM) and enzyme are shown as red dashes and H-bonds between
putrescine (PUT) are shown in cyan dashes.
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Enzyme

K; (mM) cvADC tbhODC
D-arginine 1.8+0.3 >50
Agmatine 0.7+0.1 3.1+1.1

D-Ornithine >50 1.3+04
Putrescine 32.7+10.7 0.37+0.1

D-Lysine > 50 20.3+54

Cadaverine 124+24 12.3+3.2
TABLE V

Inhibition constants of substrate analogs and products for cvADC and tbODC. Assays
were performed using the coupled-enzyme system. All measurements are the mean (+

standard error) of at least two independent trials.
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cvADC
wild-type N292C E296D
Substrate Keat K Keat'Km Keat Km KeatKm Keat Km Keat/ K
L-Arg 15 |35+ | 42x | 58+ | 429+ | 1.4X10° [ 0.14 | 42+ 3.3
+ | 02 10° 1.0 125 + 27
0.3 0.00
4
L-Om 09 | 136 74 072 | 39+ 18X |002] 145+ 0.14
+ | 44 + 22 10° + 30
0.2 0.13 0.00
3
L-Lys 04 | 115 39 087 | 558+ | 156X no detectable activity
5+ | +27 + 3.68 10°
0.0 0.27
8
L357G triple-mutant
Keat Km Keat/ K Keat K Kear'Km
L-Arg 608 | 14 [ 426x | 072 [016+ [ 428x
+ | 26 10° + 0.05 10°
038 | = 0.15
24
7
L-Om 130 | 60 | 215X | 063 | 219+ | 287x
+ |21 10° + 0.92 10°
021 | 35 0.24
4
L-Lys 097 |27 | 358X | 058 018+ | 333X
+ | 0% 10° + 0.05 10°
017 | 16 0.12
6
thoDC
wild-type C328N D332E
Keat K KeatlK Kzat K KeatKm Keat Km Keat/ K
m
L-Arg 003 | 140 | 179 | 089+ | 6.0+ | 15x10° | 004 | 34z 1.2
025 24 + 10°
0.00
53
L-Om 12 04 [30X[301+|025+| 123X 10 | 61+ | 16X10
10 | 005 | 003 10* + 12
0.6
L-Lys 22 21 105 | 072+ | 572+ | 127X | 098 | 663+ | 1.48X 107
x10°| 012 | 254 10° + 245
0.19
G393L triple-mutant
I'(cal I'('n [ a'."IK K-:.:r. Il’(m K-:.:r."ll'('n
m
L-Arg 049 | 394 | 124 | 068 [ 411+ | 184X
+ + | x10° + 2.10 10°
0.10 | 1.37 0.1
L-Om 037 | 012 | 307 | 045+ | 139+ | 324X
+ + | x10*| o006 | 077 10°
0.03 | 005
L-Lys 030 | 02+ | 143 [ 035+ | 012+ | 287X
+ 005 | X10°| 004 | 005 10°
0.03

TABLE VI

Steady-state kinetic parameters of wild-type and mutant cvADC and tbODC enzymes
with L-arginine, L-ornithine and L-lysine. All measurements are the mean of at least

two independent trials (+ standard error). Kinetic assays were performed using the

spectrophotometric method that measures the oxidation of NADH in a coupled assay.
*Data for these enzymes were also collected by HPLC analysis of agmatine formation

using AccQ_tag labeling as described in the Experimental Procedures, and similar

results were obtained. "Data were taken from (3, 4).
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Substrate Preference of wild-type and mutant ADC and ODC
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FIGURE 4-6

Comparison of activity of wild-type and mutant cvADC and tbODC for L-arginine, L-
ornithine and L-lysine. The log (k..sKm) value for L-arginine (blue), L-ornithine (red)
or L-lysine (beige) are plotted (from left to right) for wild-type cvADC, cvADC
N292C, cvADC E296D, cvADC L357G, cvADC N292C/E296D/L357G (triple-
mutant), tbODC C328N/D332E/G393L (triple-mutant), tbODC G393L, tbODC
D332E and wild-type tbODC. Data are displayed in log-scale. *cvADC E296D
exhibited no detectable activity towards L-lysine.
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CHAPTER FIVE
LOOP DYNAMICS IN GROUP IV FOLD ENZYMES

Introduction

The importance of protein dynamics in enzyme function has been known
for some time (117). Kern and colleagues have characterized the dynamics of the
prolyl cis-trans isomerase cyclophilin A (CypA) (118). The authors of this study
proposed that the intrinsic dynamics of an enzyme form the basis of catalytic rate
enhancements. One of the most well-studied enzymes, with respect to
conformational dynamics, is dihydrofolate reductase (DHFR), which catalyzes the
reduction of dihydrofolate to tetrahydrofolate (119). The dynamics of DHFR, and
its relationship to the catalytic cycle, has been studied by fluorescence
spectroscopy, nuclear magnetic resonance and molecular dynamics simulation. Of
particular interest in the DHFR investigations is the motion of a Met20 loop
which undergoes conformational changes on the timescale of product-release, the
rate-limiting step in the catalytic cycle. A similar phenomenon is observed in the
enzyme triose phosphate isomerase (TIM). Previous structural data led to the
belief that loop dynamics had an intimate role in the catalytic cycle (120).
Specifically, the loop was though to close down upon the active site upon
substrate binding and open prior to product release. The kinetics of the active site
loop 6 in TIM have been measured by NMR and fluorescence spectroscopy
techniques and in each case the loop’s movements were found to occur on the
same timescale as product release (121-123).

Previous studies on ODC have shown that a protease-sensitive loop played
a role in positioning active site residues (124). Subsequent structural studies
indicated that this loop, termed the Lys-169 loop, forms interactions with active

site residues and, therefore, mediates the efficient decarboxylation of substrate
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(31). Specifically, in the structure of a K294A mutant of tbODC, Leu-166 is
positioned within 4.5 A of D-ornithine. This residue is predicted to form
interactions with the a-carboxylate group of L-ornithine in the gem-diamine
species but not the Schiff base complex with PLP. Furthermore, the reduced
catalytic efficiency of the K294A tbODC mutant was thought to be mediated by
changes in the stability of the Lys-169 loop, which is then propagated to the
active site loop that contains the catalytically relevant residues Asp-361 and Cys-
360.

The structures of cvADC presented in Chapter 111, in comparison with the
hODC structure (Figure 3-12 and 3-13) suggests that the Lys-169 loop (Lys-148
in cvADC) plays a similar role in Group 1V decarboxylases as loop 6 in TIM. As
mentioned in Chapter 11, both the Lys-169 loop in Group IV decarboxylases and
loop 6 in TIM exist in the same topological position within the b/a barrel,
indicating that a catalytic loop is a conserved structural feature of TIM barrel
proteins. The structure | presented in Chapter Il leads to the testable hypothesis
that the function of this loop is to control the rate of product release, which is
known to be the rate limiting step in the catalytic cycle (34). Measuring loop
dynamics via fluorescence spectroscopy techniques in stopped-flow apparatus
will help establish role of this loop in catalysis (125).

I have mutated two residues (Val-143 and Thr-142) on the cvADC Lys-
148 loop to Trp (Figure 5-1 A and B). Ideally, the fluorescent property of a Trp on
the loop would be correlated to the dynamics of loop movement upon the addition

of ligands.

Materials
The Infinity™ carbon dioxide detection kit was purchased from Thermo
Scientific. The CO2 kit was purchased from Thermo Electron. All other

chemicals and reagents were purchased from Sigma.

109



Experimental Methods

Site-directed mutagenesis Mutants human ODC K161W, hODC A162W,
hODC V163W, hODC C164W, cvADC A141W, cvADC A142W, cvADC
V143W, cvADC Q144W and cvADC L145W were produced using the
QuikChange™ site-directed mutagenesis kit from Stratagene (La Jolla, CA).

Production and purification o mutant and wild-type cvADC Mutant and
wild-type cvADC enzymes were produced exactly as described in Chapter I1. All
enzymes were produced as Hisg-tagged proteins and were purified as described in
Chapter II.

Steady-state analysis of wild-type and mutant enzymes Steady-state
parameters (ke and Kp) were obtained using the CO2 kit from Thermo Electron
Corporation (See Chapter Il). Enzyme was assayed in buffer (20 mM sodium
phosphate, 2 mM reduced glutathione) at concentration of 60 nM. Substrate (L-
arginine) concentrations ranged from 0.1 to 50 mM. All assays were conducted at
37° C.

Fluorescence spectra of wild-type and mutant CVADC enzymes The
fluorescence spectra of wild-type cvADC (5 — 50 uM), cvADC A142W (5 - 50
uM) and cvADC V143W (5 — 50 uM) were collected on a Photon Technology

International fluorescence spectrometer. All spectra were collected at 25° C.

Results

Steady-state analysis of wild-type and mutant enzymes The substrate
dependence of wild-type cvADC, cvADC A142W and cvADC V143W are shown
in Figure 5-2. Unlike assays presented in previous chapters, | did not add excess
PLP to the reaction conditions. This may have contributed to lower overall
activity of the enzymes in the phosphate buffer. The activity of the Trp cvADC
mutants with L-arginine is not severely attenuated compared to wild-type cvADC,
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suggesting that the substitution on the active site loop does not significantly alter
the catalytic mechanism of cvADC.

Fluorescence spectra of wild-type and mutant cvADC enzymes The
fluorescence spectra of wild-type cvADC, cvADC V143W and cvADC A142W
were measured over three excitation/emission regimes. Enzymes were excited at
280 nm and fluorescence was observed from 290-540 nm. A second regime used
330 nm excitation with emission followed from 340-540 nm. Finally, 420 nm
light was used to excite the enzymes and emission was followed from 430-540
nm. Preliminary fluorescence spectra were acquired under all three regimes. A
difference in fluorescence intensity was observed upon agmatine-binding for both
cvVADC A142W and cvADC V143W. However, this initial observation was not

repeated in further investigations with agmatine or either D- or L-arginine.

Discussion

The preliminary, steady-state fluorescence measurements mentioned
above have yet to be validated and robustly correlated with the nature of enzyme-
ligand interactions. Thus, much more investigation is necessary before I can draw
meaningful conclusions regarding the role of the active site loop in the catalytic
cycle of Group IV decarboxylases. Nonetheless, the plethora of data from
previous studies on TIM and other enzymes that utilize loops in their catalytic
cycles suggests that the active site loop in Group IV decarboxylases is intimately
linked to the reaction cycle. Furthermore, previous kinetic and structural data on
ODC has established the importance of this loop in this enzyme’s function (31,
121). The current hypothesis holds that it is the opening of this loop (i.e. away
from the active site) that facilitates product release. It has been established that
product-release is the rate-limiting step in the reaction cycle and, therefore, it is
likely that the motion of the loop ultimately dictates the rate of release of the
decarboxylated product. Conducting future experiments harnessing a stopped-
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flow apparatus will aid in validating this hypothesis (125). Further testing of other
loop mutants with a Trp substituted at different sites on the loop is necessary to
find a fluorescence signal that is both robust and titratable with respect to
enzyme-ligand interactions.

Some of the possible results from stopped-flow measurements of loop
dynamics via fluorescence quenching may be considered. The ideal, simple case
would yield measurements of loop dynamics on the time-scale of product-release.
This would indicate that loop movement is the dominant rate-limiting step.
Because the internal and external aldimine species are thought to be energetically
equivalent, at least for favorable substrates (3), the breakdown of the PLP-product
Schiff’s base is likely to be faster than the overall turnover rate (34). On the other
hand, if the rate of loop movement is found to occur at a rate much higher than
product-release then at least two conclusions may be drawn. It may be that the
active site loop’s movement is completely decoupled from the catalytic cycle.
Alternatively, the loop’s dynamics may have a more intimate relationship with
catalysis than product-release. Gutteridge et al. have catalogued the significance
of dynamics, including loop movement, on the catalytic abilities of enzymes
(126). In certain enzymes (e.g. LDH, DHFR, and IMPDH) a loop adjacent to the
active site does not merely close in on the ES complex but actively promotes
chemistry by introducing catalytic residues into the active site. Though such a
notion for Group IV decarboxylases is mere speculation, it is interesting to
consider if residues on the active site loop could play a role in the promotion of
decarboxylation of substrates in the active site. For Group 1V decarboxylases it
may be that residues on the active site loop contact substrate (31) at a critical
point on the reaction pathway, possibly enhancing the rate of decarboxylation. A
pathway leading from substrate binding residues (e.g. Asp-361) to residues on the
active site loop (K169) has been postulated. Furthermore, it has been shown that
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unfavorable dynamics of the active site loop yields a higher propensity for non-
productive binding of substrate to the active site (31).

Finally, an even more intriguing case to consider is the role of dynamics in
controlling substrate specificity. It has been stated for some time that the basis of
specificity is due to favorable enzyme-transition-state (ES*) binding with cognate
substrate versus non-cognate substrates (117). Recent investigations on the
fidelity of DNA polymerases and DNA methyltransferases have provided
experimental evidence implicating the crucial role of dynamics in catalyzing
reactions for the correct substrates (127, 128). One of the authors of these studies
has suggested enzymes have evolved such that incorrect substrates actively
disorient catalytic residues, thereby lowering overall proficiency (127). With an
awareness of a pathway of residues leading from substrate binding residues (Cys-
360, Asp-361) to active site loop residues, one can imagine a case in which non-
cognate substrates interact unfavorably to active site residues and, consequently,
an altered dynamic property of the loop. The altered dynamic may be a case in
which the loop does not fully close down on the substrate and promote efficient
catalysis. Establishing the role of dynamics in specificity of Group IV
decarboxylases is non-trivial and will involve much more kinetic and structural
data then currently available, creating new avenues of research for this

increasingly valued class of enzymes.
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FIGURE 5-1

Models of the mutants cvADC V143W (A) and cvADC Al142W (B) used in the
measurements of loop dynamics. The putative position of the Trp substitutions and the
PLP-agmatine complex is shown in yellow sticks.
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FIGURE 5-2

Substrate dependence of wild-type and mutant cvADCs used for fluorescence assays.
Data points are the average of at least two experiments and error bars represent
standard error of the mean. Data was fit by non-linear regression to the Michaelis-
Menten equation and the fitted parameters are: wild-type cvADC (K., = 0.94 + 0.14
mM, ket = 3.39 + 0.12 s1), cvADC V143W (K, = 0.72 + 0.27 mM, ke = 1.0 + 0.08
s1) and cvADC A142W (K, = 3.41 + 0.63 mM, ke = 8.21 + 0.63 s™* ). Data was
analyzed with GraphPad Prism version 4 using the Michaelis-Menten equation.
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CHAPTER SIX
CONCLUSIONS

Rapid evolution in Group IV PLP-dependent decarboxylases

The previous substrate specificity paradigm for Group IV PLP-dependent
decarboxylases held that evolving activity towards a new substrate (e.g. ODC to
ADC) required a considerable degree of evolution. This notion seems apparent by
observation of sequence alignments and phylogenetic analyses of Group IV
decarboxylases of different specificities. It was believed that for an ODC to
evolve into an ADC or DAPDC, or vice versa, many amino acid substitutions
would need to occur. The data | presented in Chapter 1l demonstrates that this
paradigm is in need of updating. The cvADC enzyme shares 40% identity with
eukaryotic ODC and only about 20% identity with various ADCs (e.g. E. coli, Y.
pestis). Thus, an observer of the Group IV decarboxylase literature would be
inclined to first classify this enzyme as an ODC. The kinetic data | collected
clearly demonstrates that cvADC is a bona fide ADC and, in fact, has
subsequently been reclassified as such. The conclusion that can be drawn from
this study is that, though rare, it is possible that a limited number of substitutions
would be necessary to evolve a new specificity into an existing Group IV
decarboxylase construct. The precise number of substitutions necessary to
facilitate a change in preference remains to be determined.

The mutagenesis studies | presented in Chapter IV add some credence to
the hypothesis that limited substitutions can produce a change in preference. It
was certainly clear from the mutant data that single and even triple-mutant
constructs were incapable of recapitulating the specificity profile of wild-type
cvADC or tbODC. Nonetheless, | did demonstrate that residues on the specificity

element (Cys-328 and Asp-332) as well as at least one residue believed to
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position the specificity element (Gly-393) play important roles in substrate
selection. With the advent of genome sequencing and the subsequent deposition
of numerous, putative Group IV decarboxylase sequences, it is possible to harness
bioinformatics techniques to determine more thoroughly the positions in the
sequences of these decarboxylases that play dominant roles in the substrate

specificity.

Structural Basis of Specificity of Group IV PLP-dependent decarboxylases

The determination of the crystal structure of cvADC has helped illuminate
the structural basis of specificity of Group IV PLP-dependent decarboxylases.
Previous kinetic studies demonstrated that eukaryotic ODC was able to
discriminate between substrates by chain-length (116). Based on the structure of
T. brucei ODC complexed to putrescine, Grishin et al. proposed that a possible
basis of specificity was a molecular ruler which measures the distance between
the Schiff base nitrogen and the Asp-361/Asp-332 substrate-binding pair (28).
Comparison of structures of ODC, DAPDC and cvADC demonstrate quite nicely
that the 310 helix at the distal end of the active site is a ruler of amino acid side
chain length (Figure 3-20). Further conformation of the molecular ruler
hypothesis is supported by the recent structure determination of a dual-specificity
L-ornithine/lysine decarboxylase (110). Kinetic data from 33, helix residue
mutants demonstrate that the identity of residues on this specificity element is
important for substrate selection, though as-yet-unidentified positions seem to be
necessary to confer a particular specificity profile to a given Group IV
decarboxylase. The considerable change in amino acid side-chain bulk at position
393 in ODC (357 in cvADC) may play some role in the positioning of the
specificity element. It may be worthwhile to determine the structure of either
cvADC L357G or tbODC G393L to ascertain the importance of this substitution

in positioning of the helix.
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A (more) complete reaction cycle

The minimal scheme for decarboxylation of amino acids by Group IV
decarboxylases is shown in Figure 1-9. A further benefit of the structure
determination of cvADC is a more complete picture of the reaction cycle of these
decarboxylases. Along with the numerous other structures of ODCs solved
previously in the Phillips lab, it is now possible to follow the reaction with respect
both to chemical and structural phenomenon. The resting state of the enzyme
(internal aldimine) is captured by the structure of the ligand-free human ODC
structure (PBD ID 1D7K) in which the active site loop allows for substrate
entrance and PLP is bound to K69. A K294A tbODC mutant offers a view of the
gem diamine intermediate (PDB ID 1SZR) which forms prior to the Schiff base
structure with substrate, in this case D-ornithine from (PDB ID 1NJJ). The PLP-
product complex (PDB ID 1F3T) remains intact as it awaits the movement of the
active site loop (PDB ID 2NVA). Once the active site loop has flipped away from
the active site, product is released and the resting state of the enzyme is
regenerated.

I have created a molecular movie of the chemical and structural
transformations occurring in the reaction cycle of eukaryotic ODC. In this movie
the rate of loop closure and opening is coupled to the decarboxylation reaction.
With a more complete picture of the reaction cycle, it is worthwhile to speculate
on the means by which substrate binding enhances the rate of chemical catalysis.
In Figure 6-1 the active site of cvADC is shown with a molecule of L-arginine
modeled in place of the agmatine molecule. | placed the carboxyl group of based
on the position of the experimentally-derived position of the agmatine molecule in
my structure. One can glean from this figure a pathway leading from the
substrate-binding residue Asp-325 (from the opposite monomer) to the active site

loop. The guanidine nitrogen of agmatine forms H-bond interactions with Asp-
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325. Lys-148 from the active site loop form H-bond interactions with the
backbone carbonyl of Asp-325. From the model of L-arginine bound to cvADC
one can see that the active site loop residues Val-43 and Leu-145 form
unfavorable van der Waals contacts with the carboyxlate of the substrate.
Previous studies have shown that a similar unfavorable interaction between the
carboxylate of L-ornithine and ODC is necessary for the enhancement of the rate
of decarboxylation (29). Thus, one can surmise that the binding energy gained by
the interaction between Asp-325 and substrate is propagated to the “chemical”
end of the active site via Lys-148. It seems, then, that the binding energy is used
to stabilize the active site loop such that the hydrophobic residues, Val-143 and
Leu-145, promote decarboxylation by creating an unfavorable environment for
the carboxylate of the substrate.

Precedent for the involvement of an active site loop in the reaction
pathway of an enzyme is plentiful. Previous data from investigations of TIM and
other enzymes that utilize flexible loops in their catalytic cycles suggests that an
active site loop in the Group 1V decarboxylases is intimately linked to the reaction
cycle. Furthermore, previous kinetic and structural data on ODC has established
the importance of this loop in this enzyme’s function (31, 121). The current
hypothesis holds that it is the opening of this loop (i.e. swinging away from the
active site) that facilitates product release. It has been established that product-
release is the rate-limiting step in the reaction cycle and, therefore, it is likely that
the motion of the loop ultimately dictates the rate of release of the decarboxylated
product.

In light of the importance of the active site loop for catalysis in Group IV
decarboxylases, it is interesting to consider the role of this loop in substrate
specificity. It has been stated for some time that the basis of specificity is due to
favorable enzyme-transition-state (ES*) binding with cognate substrate versus

non-cognate substrates (117). Recent investigations on the fidelity of DNA
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polymerases and DNA methyltransferases have provided experimental evidence
implicating the crucial role of dynamics in catalyzing reactions for the correct
substrates (127, 128). One of the authors of these studies has suggested enzymes
have evolved such that incorrect substrates actively disorient catalytic residues,
thereby lowering overall proficiency (127). With an awareness of a pathway of
residues leading from substrate binding residues (i.e. Asp-325) to active site loop
residues, one can imagine a case in which non-cognate substrates interact
unfavorably to active site residues and, consequently, an altered dynamic property
of the loop. The altered dynamic may be a case in which the loop does not fully
close down on the substrate and promote efficient catalysis. In the case of cvADC,
it may be that the amino groups of L-ornithine and L-lysine simply do not form
H-bond interactions of the same magnitude, energetically, as with the guanidine
nitrogen of L-arginine. It may be that further substrate binding residues on the
specificity element of cvADC orient L-arginine such that the guanidine nitrogen
forms the optimal interaction with Asp-325, realizing the full amount of energy
required to stabilize the active site loop and promote decarboxylation. It may be
that the non-cognate substrates, L-ornithine and L-lysine, do not form this optimal
interaction and, as a consequence, spend much more time in the active site of

cvADC in a non-productive conformation, with respect to decarboxylation.
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FIGURE 6-1

Model of cvADC bound to L-arginine. A model of L-arginine in the active site
of cvADC was built based on the cvADC structure bound to agmatine. The
model illustrates the idea that the carboxylate group of the substrate is placed in
a hydrophobic pocket with unfavorable interactions occurring between the
carboxylate and Leu-145 and Val-143. A pathway leading from the active site to
the active site loop is mediated through Lys-148.
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