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Hval) (Figure 7.4). This profile matched VanA well, which also uses Met, Phe; Hbut,
and Hval. Of these compounds, DdIB uses only D-Ala, although D-Ala-D-lact is formed
at barely detectable levels at very low pH. The profile shared by DdIN and VanA
indicates an interest ng combination of promiscuity and specificity, as the active site will
accept a bulky amino acid like phenylalanine in place of D-Ala,/D-lact and yet will not

accept serine or tyrosine.

<R=1.0

| <« D-Ala-D-Ala
' 4 D-Ala

T T T T T T <R=0
1 2 3 4 5 6

Figure 7.4. Substrate Specificity of DAIN. Autoradiogram from TLC analysis
of DAIN substrate specificity. All reaction mixtures contained 2.5 mM D-Ala and 1 mM
ATP, and the radiolabel was [**C]-D-Ala except where noted. D-ala (lane 1), D-lact
with ["*C]-D-lact label (lane 2), D,L-Met (lane 3), D,L-Phe (lane 4), D-hydroxybutyrate
(lane S), D-hydroxyvalerate (lane 6). Letters indicate the following: A, D-Ala-D-lact; B,
D-lact; C, D-Ala-D-Met; D, D-Ala-D-Phe; E, D-Ala-D-Hbut; F, D-Ala-D-Hval.

7.4.3 Kinetic Parameters of DdIN

The steady-state kinetic parameters of DAIN were calculated using D-Ala, D-lact
and D-Hbut as subst-ates (Table 7.2). The K,, values for D-Ala,, D-Ala,, D-lact and D-

Hbut were very similar to those for VanA (2). DdIN £, values for D-Ala-D-Ala
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formation (5.3 s') and D-Ala-D-lact formation (0.91 s™") were also comparable to the
VanA values. As expected, the K, for D-Ala; was considerably lower than D-Ala, (270-
fold), and nearly 2-fold higher than that of D-lact. While this relationship is consistent
with what is observed in VanA, the K, of D-Ala, in DdIB is 1000-fold lower than that of
D-Ala,, and 1s 330-fold and 750-fold lower than the D-Ala,; K, values of DAIN and
VanA, respectively. Thus it appears that the D-Ala-D-lact Ddls have sacrificed D-Ala,
binding in remodelling their active sites for depsipeptide synthesis. DdIN and VanA are
also about 100-fold less efficient than DdIB.

While DdIN used D-Hbut better than D-Ala,, it was an order of magnitude less
efficient than its use of D-lact, and is not likely an in vivo substrate. DdIN’s ATP X,

seemed unusually high at 1.2 mM.

Table 7.2 Kinetic Parameters of DAIN and VanA

Enzyme Substrate  Kea(s')  Ky(M) koK (SMD)
DdIN D-Ala, 0.7+0.1 0.69 +0.19 6.1 x 10
D-Ala, 53402 185+ 8 2.9x 10
D-lact 0.91 +0.02 0.4+0.1 23x10°
D-Hbut 0.53 +0.03 25+03 2.1 x 10
ATP? 12+0.1 12402 9.8 x 10°
VanA!  D-Alg, - 34 -
D-Ala, 15.7 195 8.1 x 10!
D-lact 0.75 0.9 8.3 x 10?
D-Hbut 1.8 0.6 3.0 x 10°
ATP - 0.12 -
DdIB D-Ala, - 0.0012
D-Ala, 31.2 1.13 2.7 x 10*
ATP - O 0.049

!Data obtained from referznce 2.
>Measured in the presence of 1 mM D-Ala, 10 mM D-lact.
Hbut - hydroxybutyrate.
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7.4.4  Partitioning of Dipeptide and Depsipeptide Ligase Activities of DAIN

In a series of'e*periments in which both D-Ala and D-Hbut were available to
DdIN in buffers of various pH, DdIN was observed to prefer depsipeptide synthesis at
lower pH and dipeptide synthesis at higher pH (Figure 7.5). D-Hbut was used rather than
D-lact as D-Ala-D-Fbut has a different R by TLC than D-Ala-D-Ala. This behaviour
was also observed irt VanA and depsipeptide-forming mutants of DdIB (9), and may
reflect a need for a-amino deprotonation of D-Ala, for efficient catalysis. Thus one of
the strategies depsipeptide ligases may have evolved to select for hydroxy acid ligation to

D-Ala, is the absence of a mechanism for ammonium deprotonation.

pPH 556.0 6.5 7.0 7.5 8.0 8.59.0 9.510.0

D-Ala-
D-Hbut> f§

D-Ala-
D-Ala >»

Figure 7.5. pH Dependence of Partitioning of the Syntheses of Peptide

and Depsipeptide by DAIN. Autoradiogram of a TLC separation of the products
of reaction mixtures containing ['‘C]-D-Ala, unlabeled D-Ala and D-Hbut.

While the data presented in Figure 7.5 gives the impression that DAIN dipeptide
synthesis was competitive with depsipeptide at neutral pH, it should be noted that 1)

twice as much D-Ala was present as D-Hbut and 2) the efficiency of D-Ala-D-lact
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synthesis is much higher than that of D-Ala-D-Hbut. Thus at neutral pH and with
equivalent amounts of substrate, D-Ala-D-lact formation would by far predominate that
of D-Ala-D-Ala.
7.4.5 Inhibition of DdIN

DdIN was inibited by a number of compounds in a manner similar to VanA
.(Table 7.3). The D-alanine analogue D-cycloserine was competitive with D-Ala, binding
with a Kj; only 3 fold higher than that for VanA (1). DdIN was also inhibited by
phosphinate (D-Ala[PO,-CH,]D-Ala) and phosphonate (D-Ala[PO,-O]D-lact)
compounds which have been found to bind tightly to other Ddls such as DdIB (Figure

7.6). DdIN K, values for these compounds were approximatly half those observed when

Table 7.3 Inhibition of DAIN

Enzyme Inhibitor Pattern ~ K;(uM)  Kinger (min™) v,.{frggqin“(hﬁ?yrs-,l )

DdIN D-cycloserine C K;= 2300 + 400 - -
phosphinate C K,=27+3 0.7 44x10°
phosphonate NC K;=82%18 1.2 -

K, =190 + 46

VanA' D-cycloserine C K;;=1730 - -
phosphinate C K =60 49 -
phosphonate C K, =130 - -

DdIB!  phosphinate C K,=4 62 -
phosphonate C K;;=18 _ - -

Data obtained from reference 5.

Inhibition pattern was determined by Lineweaver-Burk plots and was either competitive (C) or mixed-type
non-competitive (NC), with respect to D-Ala,. K, values given do not take into consideration competition
with D-Ala;.

VanA is similarly inhibited. It was unusual to observe a K; for phosphonate inhibition of

DdIN, as these molecules presumably bind only the form of the enzyme that binds D-

Ala,, and should therefore be exclusively competitive. As was the case for VanA, the
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phosphonate was a poorer inhibitor than the phosphinate, although this is not what one
would predict based on the preferred substrates for these enzymes. This may indicate
that in the depsipeptide ligase active site, D-Ala; binding facilitates subsequent D-lact
binding. Neither of these inhibitors were as potent on DdIN or VanA as they are on
DdIB, suggesting that the active sites of these enzymes are less complimentary to these

molecules than that of DdIB.
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Figure 7.6. Effect of phosphinate on DdIN Kinetic Utilisation of D-Ala.
Lineweaver-Burk plots of D-Ala utilisation by DdIN at various concentrations of D,D-
phosphinatz, given in the legend in uM.

Both the phosphinate and phosphonate inhibitors were observed to function as
time-dependent inacivators of DdIN if reactions were allowed to proceed long enough
(Figure 7.7, A). This behaviour is also observed with DdIB and VanA and reflects
conversion of the int ibitor to the tightly-binding phosphorylated form. The rate at which

inactivation was obsecrved to occur (k,,.7) was measured at various concentrations of
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inhibitor, and the rate of phosphorylation (£;,,.,) determined from a reciprocal plot
(Figure 7.7, B). Phosphinate was phosphorylated by DdIN at a slightly lower rate than
phosphonate, and was 7-fold slower than VanA. This indicated that, while DdIN was
slightly better than VanA at binding these compounds, it was not nearly as good at
phosphorylating them. DdIB is by far superior in this respect to both enzymes, with a

kinac: 12-fold higher than VanA, and 90-fold higher than DdIN.

A. B.
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Figure 7.7. Time-dependent inactivation of DAIN by phosphinate. A. Time
course of ADP formation in the presence of 0 uM phosphinate (®) and 25 pyM
phosphinate (O); B. Effect of phosphinate on the observed rate of inactivation, Kopsa.

Phosphinate-inactivated DAIN had a very 1ow kg, Once removed from bulk
inhibitor, requiring 158 hours at 4 °C to recover half its D-Ala-D-lact ligase activity
(Figure 7.8). In a similar experiment, it took 8.2 hours for the Ddl from S. typhimurium
to recover (4). This Ddl was competitively inhibited by phosphinate with a K;; of 1.2
uM. It therefore appears that, while dipeptide Ddls like DdIB and the S. typhimurium
Ddl bind to and phosphorylate phosphinate much better than DAIN, DdIN is much more

tightly associated with the phosphorylated form of the inhibitor than these enzymes.
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Figure 7.8. Regain of activity of phosphinate inhibited DAIN. The
initial time point (t=0) was taken as the moment of sample injection onto
desalting column. At each time point, rate (v) was measured and compared to
final velocity (vy).

While it is difficult to extract any mechanistic information from these inhibitor
studies, they are useful in drawing comparisbns between enzymes, and reinforce the
functional similarity between DAIN and VahA. They also support the classification of
these enzymes as a family of ligase distinct from the strictly dipeptide-forming ligase
DdIB.

7.4.6 DdIN X-Ray Crystallography

Close to 100 mg of DdIN has been purified and sent in concentrated, desalted
form to the laboratory of Dr. J. Knox at the University of Connecticut for X-ray crystal
screens. Unfortunately, efforts have not yet yielded any crystals that diffract with

sufficient resolution.



225

7.5 Conclusions

DdIN was purified from E. coli BL21(DE3) cells with good yield and punity. The
enzyme was characierised with respect to substrate specificity, steady-state kinetic
parameters, product partitioning and susceptibility to D-Ala-D-Ala ligase inhibitors.
DdIN was found to e very similar to the enterococcal enzyme VanA in all of these
categories. As all o these studies had been conducted on VanA previously, no new
information was obtained about the mechanism of D-Ala-D-lact ligases with a group II
w-loop. However, fanctional homology between DdIN and VanA was established and
supports use of DAIN as a model for VanA in structural studies. DdIN was purified in
large quantities in a highly pure form for crystal screens, however crystals capable of
diffracting X-rays w th high resolution have not yet been obtained. These studies are

ongoing.
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8.0 Prologue

This chapter is being presented in a sandwich format, as in addition to conducting
nearly all of the described experiments myself, I was also responsible for the composition
of the primary drafts of the corresponding publication in the journal Biochemistry. 1 wish
to acknowledge the significant contributions of Michaela Zolli, who assisted in the
purification of the VanHst enzyme as well as who was responsible for all of the VanHst-
related information :n Table 8.2. I also wish to acknowledge the important role that
Professor G. Wright performed in editing and writing the discussion relating to the pH
study. I would also like to include the assistance of Lisa Kush in formatting the
publication.

I have re-formated the publication for its inclusion in this thesis, however the
content has not beer: modified, including the introduction which in some places may re-
iterate material discussed in previous sections. The introduction also fails to place the
work in the context of this thesis, which I will now address.

The VanA/B ligases are undoubtedly the most sought after targets in the van-
mediated mechanistn of GPA resistance as their function is central to this mode of
resistance. As discussed in Chapter 1, however, the action of all three of the van gene
products which function to alter PG are required for Enterococci to transform themselves
into an immune statz. Therefore, all three classes of enzymes, VanH, VanA/B and VanX
are equally important targets when considering drug design, although other factors such
as toxicity and bio-¢vailability may come into play further down the development

pathway. At the time that the experiments contained within this chapter were being
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designed, Enterococcal VanH, like VanA and VanB, was refusing to form crystals of use
in X-ray crystallography. Therefore, the discovery of a VanH homologue, VanHst, was a
unique opportunity to study an enzyme which could serve as a model for VanH. This
chapter describes the study of VanHst and its comparison to both VanH and the D-lactate
dehydrogenase (D-LDH) from Lactobacillus pentosus, for which the crystal structure was
solved and which served as the paradigm for this enzyme class in much the same way

that DAIB did for Ddls.
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8.1 Introduction

Bacterial resistance to the glycopeptide antibiotics, which include the clinically
important compounds vancomycin and teicoplanin, has had a profound effect on the
current and future use of these drugs for the treatment of serious infections caused by
Gram-positive bacteria. The major problem at this juncture is the rise of VRE which has
emerged over the past decade as a serious source of hospital acquired infection. High
level glycopeptide resistance in VRE requires the biosynthesis of peptidoglycan
terminating in D-Alenine-D-Lactate (D-Ala-D-Lac) rather than the virtually ubiquitous D-
Ala-D-Ala (1, 17). This inducible shift in peptidoglycan structure involves the expression
of a unique D-Ala-D-Lac biosynthetic pathway which requires three novel enzymes:
VanA/B, a D-Ala-D-Lac synthetase, VanX, a D-Ala-D-Ala specific hydrolase, and VanH,
an a-ketoacid reduciase which supplies sufficient levels of D-Lac.

This special:'sed D-Ala-D-Lac synthesis mechanism appears to originate in the
bacteria which produce glycopeptide antibiotics where we have recently found a gene
cluster consisting of vanH, vanA, vanX homologues in the identical arrangement as the
genes found on transposable elements in VRE (9). The VanA equivalents, DdIM from
Streptomyces toyocaensis NRRL 15009 which produces the ‘aglyco’-glycopeptide
A47934, and DdIN from Amycolatopsis orientalis C329.2 which produces vancomycin,
have been characterised and shown to be bona fide D-Ala-D-Lac ligases with enzymatic
properties which closely mirror the VanA and VanB ligases from VRE (8, 10, 11). The

S. toyocaensis NRRL 15009 VanX homologue, VanXst, has recently been purified and
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characterised as well and it has the expected D-Ala-D-Ala peptidase activity (7). Both the
VanA and VanX homologues found in glycopeptide producing organisms have the
predicted catalytic activities, but there are differences when compared to the enzymes
from VRE. For exanple, VanXst has 10 fold higher £../K,, for D-Ala-D-Ala than VanX
from Enterococcus jaecium (7), and DAIN from A. orientalis C329.2 shows a restricted
substrate specificity in terms of the flexibility of the D-a-hydroxyacid tolerated in the C-
terminal position than the VRE enzyme VanA (10).

In contrast to the VanA and VanX enzymes, there has been relatively little
detailed work descnbing the a-ketoacid reductase VanH from any system. The VanH
enzymes from VRE and antibiotic producing bacteria show significant amino acid
sequence homology to the D-lactate dehydrogenase (D-LDH) family of enzymes (2, 9). A
recent three-dimens onal structure of the D-LDH from Lactobacillus plantarum (since
renamed Lactobaciilus pentosus) (12) provides a point of reference for mechanistic
anaiysis not only for this particular enzyme, but also for the VanH enzymes which share
primary sequence homology, and presumably, structural similarity with D-LDH. In
principle, a compound which inhibits any of the Van enzymes could find use as a
potentiator of glycopeptides in the clinic where resistance is an issue. Inhibitor design
requires a thorough understanding of enzyme mechanism and structure. We have
. initiated mechanistic work on the Van enzymes from glycopeptide antibiotic producing
bacteria as these eizymes provide not only an opportunity for study of important
antibiotic resistance determinants but provide additional access to proteins which may be

more amenable for structural analysis than the enzymes from VRE. We report herein the



characterisation of the mechanism of VanHst through steady state kinetics and site
directed mutagenesis. These studies now provide the appropriate background for future

function and structur: research within the VanH family of enzymes.

8.2 Materials
NADH, NACPH, NADP', sodium pyruvate, lithium D-lactate, sodium oxamate,
a-ketobutyrate, a-ketocaproate, a-ketoisocaproate, a-ketoisovalerate, and henylpyruvate

were purchased from Sigma. NAD" (free acid) was purchased from Boehringer

Mannheim.

8.3 Methods
8.3.1 Overexpression of VanHst in Escherichia coli

The vanHst gene was amplified employing Vent polymerase using the genomic
library clone pBlutovddi3.0 as template (9). Reactions contained 100 ng template, 10
mM KCl, 20 mM Tris-HCI pH 8.8, 10 mM AS, 0.1 % Triton X-100, 4 mM MgSO,, 5.0
% (v/v) DMSO, 0.4 mM dNTPs, 1 uM of each of 5>-GCTCTAGACATATGACCCAC
AGCGAGAAGG-3’ and 5’-TGACATAAGCTTAGTCTGG CCATGCTGATTCC-3’,
and 2 units Vent polymerase. Amplification reactions consisted of 25 cycles of 94 °C,
50 °C and 72 °C for 1, 1.5 and 1.5 minutes, respectively. The approximately 1.0 kb
product was digested with Nde I and Hind 111, purified and ligated to similarly treated
pET22b (Novagen) by standard methods. A recombinant clone (pETVanHst) was

identified and completely sequenced to ensure no mutations occurred during



amplification. DNA sequencing was performed by Dr. Brian Allore using an ABI
automated sequencer at the MOBIX central facility at McMaster University.
8.3.2 Purification of VanHst

E. coli BL21(DE3)/pETVanHst (1 L) was grown at 37 °C, 250 rpm to mid-log

phase in Luria Broth supplemented with ampicillin to 50 ug/ml. Protein expression was

induced by the addition of isopropyl $-D-thiogalactopyranoside to 1 mM and cells were
harvested following additional growth for 3 hours. Harvesting and washing yielded 2.5
grams (wet weight) of cells which were suspended in 20 mL of lysis buffer containing
100 mM HEPES pH 7.5, 300 mM NaCl, 1 mM EDTA, 1 mM dithiothreitol, 1 mM
phenylmethylsulfonyl fluoride, and passed twice through a French pressure cell at 20,000
psi. The extract was clarified by centrifugation at 10000 x g and soluble proteins were
subsequently fractionated by the addition of AS to 20% and 50% saturation, respectively.
Following recovery of the insoluble fraction by centrifugation at 10, 000 x g for 10
minutes, this pellet was suépended in a minimum of column buffer consisting of 50 mM
HEPES pH 7.5, | mM EDTA, 0.1 mM dithiothreitol and applied to a Superdex S200
(Pharmacia) gel exclusion resin (2.6 x 114 ¢m) equilibrated with 50 mM NaCl in column
buffer. Eluant fractions were screened by both sodium dodecyl sulfate polyacrylamide
gel electrophoresis (SDS-PAGE) and enzymatic assay for the presence of VanHst.
Active fractions were pooled and applied to a MonoQ column (0.5 x 6.0 cm, Pharmacia)
equilibrated in columnn buffer. Proteins were eluted with a linear gradient from 100 mM
to 400 mM NaCl in column buffer over 50 column volumes. VanHst-containing

fractions were poolcd and AS was added to a final concentration of 1.0 M. This sample
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was applied to a Phenyl Superose column (0.5 x 6.5 cm, Pharmacia) equilibrated with 1.0
M AS in column buffer. Proteins were eluted with a linear gradient from 1.0 M to 0 M
AS in column buffer over 50 column volumes. VanHst-containing fractions were pooled,
de-salted and concentrated with Millipore concentrators to 0.5 mg/mL. VanHst site
mutants were purificd in an identical fashion. In all cases, SDS-PAGE revealed a single
Coomassie blue staiaed band migrating with an apparent mass of 36 kDa.

8.3.3 Assays

Protein concentration was determined by Bradford assay (3) using a Bio-Rad kit.
Sample purity was determined by SDS-PAGE. During purification, VanHst enzyme
activity was assayed by monitoring the decrease of NADH concentration in 1 mL
reactions containing 100 mM sodium phosphate pH 5.6, 100 uM NADH, and 10 mM
pyruvate at 37 °C. NADH was detected by measuring absorbance at 340 nm, at which its
molar extinction coefficient is 6,220 M'cm™. Kinetic assays of VanHst contained 100
mM sodium phosphate buffer pH 5.6, saturating quantities of the non-varied substrate
and 27.7 pmol of enzyme, unless otherwise specified.

Data were analysed by nonlinear least squares methods using Grafit 3.0 (6).
Kinetic parameters for purified VanHst were determined by fitting to equation (1).
Inhibition experimznts were analysed by fitting to equations (2), (3) or (4) for
competitive, non-competitive-mixed, or uncompetitive inhibition respectively.
Parameters obtained from the best fit are reported with standard errors to the fit.

V= VyaSHKp + S) (N

V= VinaeS(Km(1 + VKi5) + S) (2)
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V= VuaSI(Ky + S(1 + U/K};)) (3)
V= ViuaSIKn(1 + VKis) + S(1 + UK;z)) Q)
Replots of slope anc/or intercept of double reciprocal plots were linear.

The dependence of kinetic parameters on pH was performed in the following
buffers each at 100 mM sodium acetate pH 4.0-5.5, sodium citrate pH 5.5-7.0, HEPES
pH 7.0-8.5, and TAPS pH 8.5-9.5. Data were fit to equations (5) or (6) as indicated
above.

Y = Lim, + Lim, x 10®P</1o®HPKD) 4 (5)
Y = Lim x 10®HPXa)/1o@HPKa) 4 (6)

Where Y is the varied parameter {(k.q OT kco/Km), Lim is the limiting value of the
kinetic parameter, pH is the log of the hydrogen ion concentration and pKa is the log of
the ionization constant of the titrated group.

The stereochemistry of the VanHst reaction product was determined as follows.
VanHst reaction (1 mL) contained 25 mM pyruvate, 25 mM NADH, either 0 or 8 :g
VanHst in 100 mM HEPES pH 7.0 and was incubated 16 hours at room temperature.
Reactions were passed through a 0.45 uM filter and used as substrates for the D-Ala-D-
Lac ligase DdIN. Reactions (50 uL final volume) contained 10 mM MgCl,, 10 mM KCl,
5 mM ATP, 5 mM D-alanine, 20pug DdIN and 25ul. of VanHst reaction products in
HEPES pH 7.0 and were incubated for 5 min at 37 °C. DdIN was purified and assayed

by phosphate release activity as previously described (10).
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8.3.4 Site-directed Mutagenesis

Point mutations were introduced into vanHst using Stratagene’s Quickchange
mutagenesis kit. Thermocycled reactions were performed as described by the
manufacturer’s protocol with the exception that dimethylsulfoxide was added to 5.0 %
(v/v). The primers used to construct Arg237GIn were 5’-GGTCATCAACACCGGACA
GGG TGGGCTCATCG-3’ and 5’-CGATGAGCCCACCCTGTCCGGTGTTGATGACC
-3’. The primers uscd to construct Glu266Ala were 5’-CGTCGAAGGCGCGGAGGG
CATCTTCTACG-3’ and 5’-CGTAGAAGATGCCCT-CCGCGCCTTCGACG-3’. The
primers used to construct His298Ala were 5’-GCGCATCACTCCGGCCACCGCCT
ACTACACG-3’ and 5’-CGTGTAGTAGGCGGTGGCCGGAGTGATGAGC-3".

Construction of each mutant was confirmed by complete sequencing of the gene.

8.4 Results and Discussion
8.4.1 Overexpression and Purification of VanHst

The vanHst gene was amplified using Vent polymerase PCR from a clone
obtained from a litrary of S. toyocaensis NRRL 15009 genomic DNA which we had
constructed previously (9). The amplified gene was cloned downstream of the T7
promoter in the expression vector pET22b, placing it under control of the bacteriophage
T7 polymerase. Induction of mid-log cultures of E. coli BL21(DE3) for 3 hours at 37 °C
with isopropyl B-D-thiogalactopyranoside resulted in good expression of VanHst in a

soluble form, as detzrmined by SDS-PAGE analysis. Table 8.1 summarises the four-step
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protocol developed to purify VanHst from soluble protein extracts of £. coli, yielding 3.1
mg of pure enzyme from 2.5 g of cells. While VanHst could be detected in fractions by
assaying for pyruvate-coupled NADH oxidation, endogenous E. coli D-LDHs were
frequently contaminating during chromatographic separation and SDS-PAGE was
required to identify VanHst enriched fractions. Contaminating D-LDHs were removed by
the Mono Q column and are responsible for the apparent poor recovery and purification
at this step.

Table 8.1. Purification of VanHst from F. coli BL21(DE3)/pET VanHst

Sample Protein  Activity  Specific Activity Recovery  Purification
. {mg)  (nmole/sec) (nmole/sec/mg) (%) (nfold)

Clarified lysate 319 19.3 60.5 100 -

AS (20-50% 215 12.1 56.4 63 0.9

saturation)

Sephacryl S200 27 8.45 313 44 52

Mono Q 10.9 3.23 296 17 49

Phenyl Superose 3.1 2.50 806 13 133

8.4.2 Characterisation of Steady State Kinetic Parameters

Table 8.2 ccmpares the steady state kinetic parameters of purified VanHst with
that of the enterococcal enzyme VanH (4). VanHst has nearly 17-fold greater affinity for
pyruvate (K,, = 0.09 mM) than does VanH. This increase in apparent affinity is not
paralleled in a decrzase in catalytic rate, as VanHst’s turnover number of 12 s™ is only
3.3 fold less than that of VanH. VanHst has an overall efficiency of 1.3 x 10° M''s™!,
nearly an order of magnitude better than the value of 2.7 x 10* M's™! calculated for
VanH. VanHst was also evaluated for its ability to reduce alternative substrates
structurally similar to pyruvate. None of the substrates tested were preferred by VanHst

over pyruvate with ‘espect to K, nor catalytic turnover. Compared to VanH, VanHst had
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lower K, values for a-ketobutyrate and a-ketocaproate, however these reductions were
matched by near prcportional decreases in .4, resulting in similar efficiencies of the two
enzymes for these substrates. VanHst is dramatically less capable of reducing o-
ketoisocaproate and a-ketoisovalerate, with no detectable activity at concentrations of
these compounds nearing solution saturation. While not efficiently utilised, these
compounds are reduced with measurable rates in the presence of VanH.

Table 8.2. Characterisation of Steady State Parameters of VanHst

S. toyocaensis VanHst E. faecium \/anHl
Substrate kear K kead K keat Kn Kead Kin
o (sech)  (mM)  (MUsec’) (sec)  (mM) (Msec)

Pyruvate 12403  0.09+0.01 13x10 40 1.5 2.7 x 10
a-ketobutyrate 57402 07101 80x10° 35 26  13x10
a-ketocaproate 1.4+0.1 29405 48x10° 24 20 12x10°
a-ketoisocaproate >100 5.2 31 1.7 x 10
a-ketoisovalerate >100 52 150  3.5x 10!
Phenylpyruvate >100 <2

NADH 13+0.3  0.010+0.001 1.3x10° 0.021

NADPH 16£0.8 0.011+0.001 1.5x 10° 0.002

rData from reference 4.

Table 8.2 also shows the lack of selectivity of VanHst in its choice of
nicotinamide cofactor, using NADH and NADPH with equal efficiency. This contrasts
with VanH from E. faecium which has a NADPH K, of 2 uM, a full order of magnitude
lower than that of NADH (4). This is also consistent with the observation that, unlike

VanH (4), VanHst does not bind to 2°,5’-ADP agarose, a hallmark of many NADP'-

dependent enzymes (not shown).
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8.4.3 Stereochemis'ry of the VanHst Reaction Product

The predicted D-specific stereochemistry of the VanHst reaction product was
confirmed by utilisi1g the stereospecific incorporation of D-lactate into the depsipeptide
D-alanine-D-lactate by the DdIN ligase of 4. orientalis C329.2. DdIN was observed to
release inorganic phosphate from ATP at a rate of 0.08 nmole/s when reaction products
from VanHst were added. No rate was observed when the substrates of the VanHst
reaction or when L-lactate was added at concentrations greater than those of the VanHst
reaction products.
8.4.4 Inhibition of VanHst by Oxamate

Oxamate (1) is a pyruvate isostere and is known to be a competitive inhibitor of

D-LDHs (13).

..

O
1
Oxamate is also a competitive inhibitor of pyruvate for VanHst with K;;0f 28 + 3 uM, 3.2
fold lower than the K, for pyruvate (90 uM). This is in contrast to the relationship of
these two parameters in the D-LDH of L. plantarum, in which the K; (5 mM) for oxamate
is a full order of magnitude larger than the pyruvaté Kn (0.5 mM) (13). We also
determined the effect of oxamate on VanHst NADH oxidation. The double reciprocal
plot gave rise to parallel lines characteristic of uncompetitive inhibition with Kj; of 0.36 £
0.03 mM (Figure 8.1). This is consistent with exclusive affinity for oxamate to the

NADHeVanHst binary complex and is suggestive of an ordered BiBi kinetic mechanism.
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Figure 8.1. Inhibition of VanHst by oxamate. (A) Double reciprocal plot of the
effect of increasing oxamate concentrations on the steady-state rate with varying pyruvate,
Oxamate concentrations were 06 mM (Q), 0.1 mM (@), 0.5 mM (0), and 2.5 mM (8). (B)
Double reciprocal plot of the effect of increasing oxamate concentrations on the steady-
state rate with varying NADH. Oxamate concentrations were 0 mM (Q), 0.1 mM (@), 0.2
mM (0O), and 0.4 mM (H).

8.4.5 Product Inhivition Studies on VanHst

The kinetic mechanism of VanHst was further elaborated using the reaction
products D-lactate and NAD" as inhibitors of the reduction of pyruvate. The inhibition
patterns observed when VanHst activity was assayed in the presence of products are
summarised in Tabe 8.3. NAD" was a competitive inhibitor of NADH, indicating that
both these molecul:s bind the same enzyme form (Figure 8.2). No other competitive
inhibition patterns were observed. Both NAD and D-lactate were mixed-type
noncompetitive inhibitors of pyruvate at subsaturating concentrations of the non-varied
substrate. D-lactate also served as a mixed-type inhibitor of NADH oxidation. However

this inhibition patte n converts to uncompetitive as pyruvate concentration is increased to
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saturating levels (Figure 8.3). These patterns of inhibition are consistent with VanHst
utilising an ordered BiBi kinetic reaction mechanism where NADH binds first and
pyruvate binds second. After hydride transfer occurs in the ternary complex, product

release is also ordered with lactate leaving first followed by N@+ (Scheme 1).

Z 0.4
g
)
S
E02
L
s
O([//A:Lrnlltlll
-0.05 0 0.05 0.1
1/[NADH] (uM)

Figure 8.2. [nhibition of VanHst by NAD". Double reciprocal plot of the effect of
increasing NAD" concentrations on the steady-state rate with varying NADH. NAD"
concentrations were 0 mM (Q), 1.0 mM (@), 2.5 mM (0), 5.0 mM (W), and 10 mM (A).

Table 8.3. Product Inhibition Patterns for VanHst

NADH varied Pyruvate varied
Product Unsaturated with Saturated with Unsaturated with
Inhibitor pyruvate pyruvate NADH

Pattern K; (mM) Pattern K; (mM) Pattern Ki (mM)

D-Lactate NC Ki= 8§8+19 UC Ki=55%202 NC Ki= 39+03

Kis=74%0.1 Kis=3.820.6
NAD" C  Ks;=21%01 nd NC  K;=33+038
Kis=53+04

NC - mixed-type noncompetitive inhibition, UC - uncompetitive inhibition,
C - competitive inhibition, n.d. — not determined
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Figure 8.3. D-Lactate Inhibition Patterns for VanHst. (A) Double reciprocal
plot of the effect of increasing D-lactate concentrations on the steady-state conversion of
NADH at 0.05 mM pyruvate. D-Lactate concentrations were 0 mM (O), 0.1 mM (@), 5.0
mM (0), 10 mV[ (W), and 20 mM (A). (B) Double reciprocal plot of the effect of increasing
D-lactate concentrations on the steady-state conversion of NADH at 0.2 mM pyruvate. D-
Lactate concentrations were 0 mM (O), 0.1 mM (@), 5.0 mM (00), 10 mM (M), and 20 mM

(A).

NADH Pyr Lac NAD*

! 1 1

E EeNADH (EeNADHePyrz> EeNAD'eLac) EeNAD* E

Scheme 1
8.4.6 Site-directed Mutagenesis of VanHst
Mutagenesis studies conducted with the D-LDHs of Lactobacillus plantarum and
Lactobacillus bulgaricus have 1dentified key amino acids involved in substrate binding

and catalysis (5, 13. 14). These results have suggested a mechanism of hydride transfer
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(Figure 8.4) where a conserved Arg interacts with both the keto and carboxylate groups
of pyruvate, positioning the substrate and polarising the a-keto group. An invariant His
acts as a catalytic base and a conserved Glu. interacts with the protonated His. The
recently determinec! 3D-structure of the D-LDH of L. plantarum has confirmed the -
presence of the residues Arg235, Glu264, and His296, which were predicted to be

important by mutagenesis, in the active site region (12).

Figure 8.4. Predicted Molecular Mechanism of D-LDHSs. Numbering of
residues is based upon the VanHst sequence.

Clustal W alignment (16) of the amino acid sequence of VanHst with these and
other D-LDHSs indicated that residues Arg237, Glu266 and His298 of VanHst may be
similarly important in enzyme function (Figure 8.5), a hypothesis which we explored by
site directed mutagenesis. Each of the VanHst mutants, Arg237GlIn, Glu266Ala, and
His298Ala, were expressed in E. coli BL21(DE3) and purified to homogeneity and their

steady state parameters determined (Table 8.4).
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Figure 8.5. Primary Sequence Alignment of Various D-lactate Dehydrogenases.
Alignment calculated by the CLUSTAL W method (16). The conserved residues mutated in this
study are boxed.

Table 8.4. Characterisation of Steady State Parameters of VanHst Mutants

______________________________________________________________________________ Pyvate . NADH
VanHst / “cat Km kca/ m kcat Km kca/ Km
) (mM) M'sec?) (s (M)  (M'sec™)
wild-type 12+0.3 0.094+0.01 13x10° 13403 101 13x10°
Arg237Gln  0.4¢10.01 5.540.2 73x10' 0440.02 72409 5.6x10°
Glu266Ala 8.3+0.2 2.610.1 23x10* 95402 83407 1.1x 10°
His298Ala  0.02:H0.001 1.5+0.4 1.3x 10 ND ND

Arg237GIn ad essentially wild type affinity for NADH, as assessed by modest
changes in K, but had a 30 fold reduction in 4., and a nearly 60 fold increase in pyruvate
K., reflecting a decreased capacity in both catalytic rate and in o-ketoacid substrate
binding. This 1780 fold decrease in k../K, is comparable in direction, but not
magnitude, to that found in the Arg235GIn mutant of L. plantarum D-LDH which
resulted in a 1.5 x 10° fold decrease in  keu/Knm (13). Nevertheless, these results are
consistent with a role in substrate binding and catalysis for VanHst Arg237 as predicted
by the mechanism in Figure 8 4.

The His298Ala mutant showed a 10* fold drop in k.u/K,, primarily as a result of a

600 fold reduction in k.q to 0.02 s, while pyruvate X,, increased 16 fold. The poor
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activity precluded accurate measurement of the NADH dependence. This is comparable
to the magnitude of £../K,, decrease in the His296Tyr mutant in the L. plantarum D-
LDH, though in this case, there is negligible effect on X,, (1.4 fold drop) (14). Thus
His298 of VanHst plays an important function in catalysis consistent with a role as an
active site acid which provides a proton to the product hydroxyl (Figure 8.4).

The Glu266 equivalent in the L. plantarum D-LDH crystal structure (Glu264) is
positioned within hydrogen bonding distance of the catalytic His (12). In VanHst, a
Glu266Ala mutation has only a modest effect on k., (1.5-fold decrease at pH 5.6);
however, K,, for pyruvate was increased 10-fold (Table 8.4). The NADH K, was
relatively unchanged. The corresponding Glu264Gly mutation in L. bulgaricus (5) and
Glu264GIn mutation in L. plantarum (15) D-LDHs have been prepared and these show
respectively 62 and 1740-fold decreases in k../K, for pyruvate. The Glu264Asp
mutation in L. plantarum has also been prepared and shows a 40-fold decrease in
pyruvate k../K,, (15). Further analysis of the pH dependence of L. bulgaricus Glu254Gly
mutant revealed a z pH unit shift towards acidic pH in a single £.,~dependent pKa (5).
This observation was attributed to Glu264 modulation of the ionisation of the catalytic
His, a hypothesis which is consistent with the proximity of these residues in the L.
plantarum D-LDH crystal structure (12). However, in the L. plantarum Glu264Gln and
Glu264Asp mutants, there was generally little change in the pH dependence of kinetic

parameters, though their magnitudes were significantly decreased as indicated above

(15).
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Wild-type VenHst shows a k..,~dependence on pH with both acidic and basic pKas
(Figure 8.6, A). However, the data do not fit a bell-shaped pH dependence curve, and it
would appear that the loss in activity on the acidic arm of the curve (pH < 5) may be a
result of several equilibria. The pH data on the basic side of pH 5 could be fit to curve
describing a single ionisation with pKa of 8.1 £ 0.1. The pH dependence of k.o/Ky
resulted in a bell shaped curve with pKas of 4.6 £ 0.1 and 9.7 + 0.1 (Figure 8.6, B).
Analysis of the Gluz 66Ala mutant revealed that the general shapes of the pH-dependence
curves were similar to wild type enzyme. However, the pKa determined from the k..
plot was slightly mcre acidic at 7.7 £ 0.1. In the case of the k.,/K,,-dependence on pH,
the acidic pKa remzined unchanged at 4.7 + 0.1, while the basic pKa was lowered by

almost 2 pH units to 7.9 £ 0.1. Thus these results are consistent with an important role

A. B
16_I'|'é'l'l'l'_ 7T 7T 7T T 17T T 7 7T 177
*81.2:‘0 ° ] \82
_ . s
2osf ° R
0.4L
0- 1 ! 1] 0 .
4 5 6 7 8 9 10 4 5 6 7 8 9 10
pH pH

Figure 8.6. Comparison of the pH Dependence of the Steady-State Rate Pyruvate
Conversion Parameters of VanHst Wild-type and Glu266Ala Mutant. Effect of pH

on the enzyme turnover number, k., (A) and specificity, k.,/K,, (B). Key: wild type (Q),
Glu266Ala (®).
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for Glu266 in the productive interaction of pyruvate with the VanHst-NADH complex

and to catalysis. ‘The positioning of the His-Glu pair in the L. plantarum D-LDH
structure demonstrates a close interaction between these residues and our pH-
dependence results are consistent with a similar arrangement in VanHst. These results
also imply that Glu266 helps to maintain His264 in a protonated state through a broad
range of pHs. This information is therefore exploitable in drug design for VanH from

enterococci.

8.5 Conclusions

VanH is one of three enzymes absolutely required for high level glycopeptide
resistance in VRE aad antibiotic producing organisms. These studies using the VanHst
enzyme from an glycopeptide antibiotic producing organism provide the appropriate
foundation for exploitation of VanH as a drug target and furthermore demonstrate the
value in studying resistance mechanisms in streptomycetes. This analysis of the
mechanism of VanHst indicates that compounds which share structural similarity
between both substrates and which could take advantage of interactions with active site
Arg and His protonated side chains have the potential to act as potent VanH inhibitors

and could serve as the starting point for compounds which rescue vancomycin activity in

VRE.
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Chapter 9

Identification and Isolation of Large Chromosomal DNA Fragments
containing GPA-Biosynthesis Genes
from S. toyocaensis NRRL 15009
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9.1 Introduction

Despite the fascinating and lucrative discovery of the van gene homologues in the
S. toyocaensis NRR L 15009 chromosome, the primary objective of the thesis remained
the study of A47934 biosynthesis by this organism. The experience gained in creating
sub-genomic libraries and cloning the van genes into various expression systems
facilitated the more challenging task of creating a complete library of the Sj toyocaensis
NRRL 15009 chromr osome, which spans a predicted 8,000 kilobases. As an entire cluster
of adjacent genes wis the target for discovery, a library containing large fragments of
intact chromosome 'was necessary. These types of libraries are routinely created using

cosmid technology, made possible by the detailed study of A-phage replication (2).

During A-phage rolling circle replication , the phage form concatamers of their
chromosomal DNA (48.5 kb) separated by cos sites (3). These sites are recognised by
enzymes of the Ter system which are responsible for packaging the chromosome into the
phage head. The Nul-A enzyme attaches the region adjacent to the cos site to the mouth
of the head opening and the DNA fills the phage head by an unknown mechanism until
the next cos site in the concatamer is encountered. At this time the Ter nuclease cleaves
the DNA at the cos sites to generate single stranded cohesive termini (hence the name cos
site). Cleavage releases the packaged DNA from the concatamer and allows the tail to be
added. The fully assembled phage particle is then ready to infect an appropriate bacterial
host. The cos sites are both necessary and sufficient for packaging, allowing the
replacement of the bulk of the chromosome with foreign DNA. Specialised plasmid

vectors, called cosmids, can be linearised such that ligation to foreign DNA results in
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concatamers of the foreign DNA separated by cos sites. Provided that the cumulative
length of foreign DNA and plasmid vector separated by cos sites is 47-51 kb, the Ter
system will package the DNA into phage heads as it would its native substrate (the A
genome). Once transfected into a host cell, the cosmid circularises and is propagated
from its origin of replication. This was the strategy used to package 35-40 kb fragments
of S. toyocaensis NERL 15009 chromosomal DNA into A-phage heads and their
subsequent transfection into E. coli. The number of clones that must be screened (N) in
order to find a target gene with a specified probability (P) is given by equation 1 (1).

N =In(1-P) / In[1-(/G)] | [1]
where 1 is the size of the average cloned fragment and G is the size of the target genome.
For a cosmid library (I = 35 kb) of S. toyocaensis NRRL 15009 (G = 8,000 kb), the
number of clones required to screen to have a 99.9% chance of identifying a target gene
was 1575.

Construction of the library, while technically difficult, was relatively
straightforward in that it was simply a matter of following procedures that were already
developed. Obtaining an oligonucleotide probe that was specific for the A47934
biosynthesis gene cluster was, of course, the more challenging task and was the focus of
the work done in chapters 3, 4 and 5. None of the work described in these chapters
resulted in the ident fication of a gene or oligonucleotide which could be used to
specifically identify the biosynthetic gene cluster.

Other groups working in the field of GPA biosynthesis, however, had made

progress while the data described in chapters 5 to 8 was being generated. Three separaté,
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but related, GPA biosynthesis gene clusters were identified and cloned. All three of these
gene clusters were identified from chromosomal libraries using an oligonucleotide based
on the primary sequznceof the only GPA biosynthetic enzyme purified, TDP-
glucose:aglycosyl vancomycin glucosyltransferase. No glycosyltransferases are
predicted in the biosynthesis of A47934 as it is the only aglycone GPA.

The first two GPA biosynthesis gene clusters were published together in March of
1997 (6), one from the vancomycin producer 4. orientalis C329.2 and the other from the
A82846B producer 4. orientalis A82846 (Figure 9.1). Both were 5.7 kb in size, and both
contained very simi lar glycosyltransferases and genes which encoded hypothetical
hydroxylases (basecl on primary sequence homology searches of Genbank and EMBL
databases). Unfortunately, there was no biochemical or genetic evidence that any of
these hydroxylases 1ad a role in GPA biosynthesis, limiting their usefulness for screening

for the A47934 biosynthesis cluster.

Hydroxylase a Hydroxylase b
A. Zjbo M Q>€L }Q
82"/ 69"/
3% 570/ (’3% y 64% 13%
B. ]>@ Q>€L_Q>L Q>€L
Hydroxylased Hydroxylase a Hydroxylase b
1000 bp

Figure 9.1. GPA Biosynthesis Genes. Chromosomal fragments containing glycosyltransferase
genes and putative hydroxylase genes from A. orientalis A82846UV37B (A) and from A. orientalis
(C329.2 (B). Values indicate the percentage of identical amino acids. Figure adapted from Ref. 6.



254

The third GPA-biosynthesis gene cluster published was 72 kb from the chloro-
eremomycin (cl-erernomycin) producer 4. orientalis 18098 (Figure 9.2) (9). This
extensive region of DNA contained glycosyltransferase genes similar to those found on
the other two gene clusters, as well as genes that encode enzymes predicted to
manufacture sugars '4-epi-vancosamine production), perform oxidative reactions
(potential role in cross-linking or amino acid biosynthesis), halogenate organic substrates
(role in chlorination), and other functions which had no clearly defined role in GPA

assembly. Notably there were three large peptide synthetases encoded, with a total of 7°

1 2
S
4 (CepB

5 (CepC) g

12 (GftB)13 (GftC) 14

33 4 35 36 37 38 39
C SO <
Peptide Synthetases B oxidative genes [ ] No significant
B Glycosyl transferases || Halogenases homologies
1000 bp

Sugar Dhiosynthesis genes ] Other genes

Figure 9.2. Chloro-eremomycin Biosynthesis Gene Cluster. 72 kb fragment from A.
orientalis 18098 containing a number of genes predicted in GPA biosynthesis. Numbers indicate
ORF assignments. ligure adapted from Ref. 9.
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modules (Figure 9.3). These modules contained, in addition to the obligatory
adenylation, thiolation and condensation domains, three epimerisation domains, in
modules 2, 4, and 5. A thioesterase region was located near the C-terminus of CepC, the
third peptide synthetase which is predicted to activate and attach the final amino acid
(DHPG) to the GPA heptapeptide chain. This amino acid is highly conserved across
GPAs, and is presen: in A47934. As none of the sugar biosynthesis or attachment
enzymes were predicted to function in A47934 assembly, and the substrates of the
oxidation and halogenation enzymes encoded on the cl-eremomycin cluster were
undefined, the peptide synthetase genes were the only genes which may be useful in
screening for the corresponding cluster in S. foyocaensis NRRL 15009. As peptide
Number of Amino Acids

— T T T I
1000 2000 3000 4000

0
a
CepA [ L 2

[l Adenylation domain [L] Thioesterase region
1 ACP domain - U No recognized motifs
=

. . 8 .
_Condensation domain ' Ppant attachment region
Y Epimerisation domain

Figure 9.3. Chloro-eremomycin Peptide Synthetases. CepA, CepB and CepC,
containing a total of 7 modules for each amino acid in cl-eremomycin. Numbers indicate
the sequence of the amino acid activating domains on each peptide synthetase. Figure
adapted from Ref. 9.
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synthetase genes are modular,-and the modules are fairly well conserved despite
differences in substrate binding of their protein products, a probe to one module would
potentially hybridise o every module of every peptide synthetase gene in the
chromosome. The thioesterase region, however, should be unique to each peptide
synthetase in the chrcmosome, and should result in less “hits” when used in a screen for
novel GPA-producing peptide synthetases. . .

For these reasons the thioesterase region of the cepC gene was chosen as the gene
fragment for use in screening for the A47934 biosynthesis gene cluster. This chapter
describes the constru:tion of a cosmid library of S. toyocaensis NRRL 15009
chromosomal DNA, the use of the thioesterase region of the cl-eremomycin cepC gene to

identify 2 clones, anci their subsequent preparation for complete sequencing.

9.2 Materials

CIAP, polymu cleotide kinase (PNK), T4 DNA ligase, and all restriction
endonucleases were purchased from MBI Fermentas. Vent polymerase, dNTPs, pUC18
and the Genome Pririing System (GPS) were from New England Biolabs. pWE1S5,
Gigapack IIT XL packaging extract and E. coli SURE cells were obtained from
Stratagene. E. coli MovaBlue cells were from Novagen. All antibiotics were purchased
from Bioshop. IPTC was from ChemBridge. The cepC gene from A. orientalis 18098
was a gift from Dr. Cathryn Shaw-Reid of Professor C.T. Walsh’s group. Quiaprep Spin

Plasmid Purification kits were from Quiagen. 5-bromo-4-chloro-3-indolyl-f3-D-
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galactopyranoside (3{-gal) was purchased from Vector Biosystems. Pulsed Field Gel

Electrophoresis (PFGE) apparatus was manufactured by Bio-Rad.

9.3 Methods
9.3.1 Media and Buffers

Many of the media and buffers used in this chapter are described in Section 5.3.1.
STE buffer contained TE buffer + 10 mM NaCl. 2TY broth contained 10 g tryptone, 10
g yeast extract, and 5 g NaCl per litre. TBE (10X) contained 108 g Tris base, 55 g boric
acid, 40 mL 0.5 MEDTA, pH 8.0. SSC (20X) contained 3 M NaCl, 0.3 M tri-sodium
citrate, pH adjusted to 7.0 with HCIl. To make terrific broth, 100 mL of a sterile solution
of 0.17 M KH,POy4, 0.72 M K,HPO, was added to 900 mL of base broth (12 g bacto-
tryptone, 24 g bacto-yeast extract, 4.0 mL glycerol in 0.9 L final volume).

9.3.2  Constructior. of Cosmid Library from S. toyocaensis NRRL 15009 Chromosomal
DNA

S. toyocaensis NRRL 15009 chromosomal DNA was isolated as described in
Section 5.3.2. It was essential that sample was completely dissolved before use, which
often required up to a week incubation at 4 9C. Chromosomal DNA could not be reliably
quantified by measuring absorbance at 260 nm, therefore quantity was assessed by
electrophoresis of various dilutions through 1% TAE-agarose and comparison of
ethidium bromide/U V-light visualised band intensity to known quantities of standard
DNA. Values determined in this manner were usually an order of magnitude less than

those obtained by the absorbance method.
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In all cases when DNA larger than 10 kb was handled, wide-bore pipette tips were
used. All steps requiring mixing of large DNA fragments with other reagents (including
water) were done by alternating cycles of warming and gentle tapping or tilting. Mixing
often required up to |0 minutes to ensure a (somewhat) homogeneous solution.

Particular attention v/as paid when making master mix solutions for Sau3al partial
digestions. Precipitated DNA required a long time and cycles of warming and tapping to
dissolve. Buffers or water used to solvate these pellets had to be slightly alkaline.

DNA was partially digested with Saz3al and 35-40 kb fragments isolated for
cloning into an appropriate cosmid vector. In order to determine the amount of Sau3al
required to digest 1 ng of DNA such that an optimal amount of 35-40 kb fragments were
produced, a series of reactions were set up. Reactions (100 uL) contained 1 pg of
chromosomal DNA, 1X Sau3al buffer, 1X BSA, and various amounts of Saz3al.
Reactions were pre-wvarmed 5 min before the addition of enzyme and allowed to react for
20 min at 37 °C. Reactions were terminated by the addition of 300 uL of TE and 400 pL
of Tris-HCl buffered phenol:chloroform (1:1). Aqueous phases were recovered and
digestion products precipitated with sodium acetate pH 4.2/ethanol, washed with 70%
ethanol, air-dried and suspended gently in 15 uL. TE. Fragment lengths were analysed by
0.6% TAE-agarose clectrophoresis and comparison to standards of appropriate length
(BamHI-digested A-DNA spanning 8 to 50 kb). From this analysis, reactions containing
30 mU of Sau3al contained the largest quantity of fragments in the desired size range.

To obtain enough Sau3al-digested DNA for cloning into a cosmid vector, two reactions

(500 pL) containing 5 pug of DNA and 150 mU of Sau3al were set up and reacted exactly
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as before. Termination was with 500 uL of the phenol:chloroform solution, and the
precipitated DNA was suspended in a total volume of 200 uL. STE buffer. The sample
was immediately loaded onto a 12 mL sucrose gradient from 10 to 40% sucrose in 20
mM Tris-HCI pH 7.5, 1 M NaCl, 5 mM EDTA and centrifuged at 30, 000 rpm, 17 hours
at 4 °C in a Beckmaa SW-41 rotor. Fractions (750 uL) were precipitated by the addition
of NaCl to a final concentration of 1.25 M and 0.6 volumes of isopropanol. Due to the
high sucrose content, precipitation required a 1-2 hour incubation at —20 °C and
centrifugation for 6( minutes at 14, 000 x g. Pellets were washed twice with 70%
ethanol, dried and suspended in 20 pL. 1.0 mM Tris-HCI pH 8.0. Fractions were analysed
by electrophoresis of a sample (5 puL) through 0.6% TAE-agarose containing the
appropriate standarcs. Fractions containing Sau3al fragments of the desired size were
pooled and concentrated under vacuum to 10 pL and approximately 0.15 pg/ul.. This
was stored at 4 °C until use for ligation to cosmid vector.

The cosmid vector pWE1S was prepared for ligation as described by the
manufacturer (8). pWE1S (10 pg) was digested with 50 U BamHI by standard methods
in a 100 uL reaction. The reaction was extracted with buffered pheﬁol:chloroform (1:1)
and precipitated with sodium acetate/ethanol. The pellet was washed and dried as usual
and dissolved in 80 uL ddH,0O. The linearised cosmid was dephosphorylated by
treatment with CIA? by standard methods in a 160 uL reaction. The enzyme was
inactivated and the products extracted and precipitated as before. BamHI-digested,

dephosphorylated pWE15 was suspended in 13 uL of ddH,O (to 0.5 pg/uL), stored at —
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20 °C; and tested as follows. Ligations (5 uL) contained 100 ng digested,
dephosphorylated cosmid, 1X T4 DNA ligase buffer, 100 cohesive end units T4 DNA
ligase and 0 or 1 U PNK. After 16 hours at 17 °C, reactions were transformed into
competent £. coli SURE cells and spread onto LB-ampicillin plates. The reaction
containing PNK yie ded 500 colonies, while the reaction without PNK yielded 20.
Sau3al-digested, size fractionated chromosomal DNA fragments were ligated to
BamHI-digested, dephosphorylated pWE1S5 as follows. Reaction (20 uL) contained 1.5
ng chromosomal DNA, 3.0 ug cosmid DNA, 1X T4 DNA Ligase buffer, and 140
cohesive end units of T4 DNA Ligase. After 16 hours at 4 °C, 4 uL was used for
packaging into A-phage. Packaging was performed as described in the manual for
Stratagene’s Gigapeck III XL packaging extract kit (7), with the following details.
Thawed extracts required pulse centrifugation before use. Packaging occurred for 105
min. After chloroform extraction, the entire sample (500 pul) was transferred (carefully
avoiding the chloroform) to a fresh tube and stored at 4 °C. To titre the library, dilutions
of packaged ligation were transfected into E. coli SURE cells and plated onto LB-
ampicillin plates as directed by the manufacturer (7), except that 2TY was used in place
of LB to grow out the cells. The lowest dilution which resulted in a high transfection
efficiency (15-fold) was selected for large-scale transfection of the library. A portion of
the packaged ligation (100 pL) was diluted 15-fold and transfected accordingly into E.
coli SURE cells in 10 separate tubes. Cells were spread on 10 LB-ampicillin plates and

grown overnight. Colonies (approximately 2250) were suspended in 2 x 2 mL LB per
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plate, pooled, glycernl added to 20% and dispensed into 50 x 1 mL aliquots. These were
stored at —80 °C unti] needed. A titre of one of these stocks gave 10° colonies/pL.
9.3.3 Construction of GPA-Specific Probes and Library Screening

The partial gzne fragment encoding hypothetical hydroxylase b from the putative
vancomycin biosynthesis gene cluster was cloned by Vent PCR amplification of the
fragment from the A. orientalis C329.2 chromosome. Reactions (100 uL) contained 500
ng chromosomal DMA, 1 uM of the forward primer (5’-GCTCTAGACATATGTCGA
CCACTTCCCGGT-3’), 1 uM of the reverse primer (5’-TGACATAAGCTTAAGATC
TGGTCGAACGACGTGC-3%), 1X Vent buffer, 0.4 mM each dNTP, 5% DMSO, 2 mM
exogenous MgSQO;, and 1 U Vent polymerase. Reactions were incubated at 94, 50 and 72
°Cforl, 1.5, and 1.5 min respectively, for 28 cycles. A 0.65 kb fragment was isolated,
digested with Ndel and Hindlll and ligated to similarly treated pET22b. Ligation
products were transformed into £. coli BL21 cells and a positive clone (E.coli
BL21/pEThydb) identified by standard methods.

The cepC gene from the putative chloro-eremomycin biosynthesis gene cluster
was assayed for its ability to hybridise to S. toyocaensis NRRL 15009 chromosomal
DNA by Southern blotting. Chromosomal DNA (5 ng) was digested with a variety of
restriction endonucleases (in separate tubes) in 100 uL reactions and concentrated to 20
pL by precipitation. Digestion products were loaded onto a 6 cm thick 1% agarose gel
made in 0.5X TBE and separated by PFGE. Samples were run for 10 hours at 6 V/cm
with a switch time 1amped from 1 to 6 seconds at 14 °C in 0.5X TBE buffer. The gel

was stained with ethidium bromide and photographed next to a ruler. The gel was
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prepared for transfer by standard methods (1), with a 30 minute depurination step at RT.
Transfer to nylon wzs in 20X SSC using a capillary stack for 24 hours. The blot was
washed in 2X SSC and exposed to UV-light (120 mJ) to cross-link DNA to the nylon
matrix. [**P]-dATP labelled cepC was made using Klenow polymerase as described in
Section 5.3.3. The primers used in the reaction, 5’-CTTCGATCTCGAGCATATGAT
CGG-3’ and 5°-GTCGAAAAGCTTCGTCATCGTTGTGTCC-3’ specifically hybridise
to the 1.6 kb thioesterase region. This probe was hybridised to the blot and washed as
described in Section 5.3.4, except that high stringency washes were done at 55 °C. The
blot was exposed to Kodak film for 24 hours.

For library screening, approximately 2250 colonies were plated onto 6 plates.
These were transferred to nitrocellulose filters, lysed and released DNA crosslinked to
the membrane by standard methods. Filters were hybridised to cepC, washed and
exposed to film in an identical manner as the cepC Southern blotting experiment. Four
colonies were ident fied, their cosmid DNA prepared as described in the Gigapack I1I XL
manual (7), and the presence of the cepC gene homologue confirmed by Southern
blotting (exactly as described before for chromosomal DNA). Two of these were positive
for the cepC gene. In an identical Southern blotting experiment using the partial gene
fragment encoding A4. orientalis C329.2 hydroxylase b, no hybridisation was observed.
The two clones (pWECepC1 and pWECepC4) were mapped using a variety of différent

restriction endonucleases and RFLP.
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9.3.4 Preparation cf cepC-Containing Cosmid Clones for Sequencing

pWECepC1 and pWECepC4 were used as target DNA for the Genome Priming
System, which randomly inserts a selectable transposon into the target to facilitate
sequencing. The procedure was carried out as described in the manual provided by the
manufacturer (4), with the following details. The donor DNA carrying chloramphenicol
resistance was used as the target did not confer this phenotype. E. coli Nova-blue
competent cells (guzranteed 10® colony forming units/pug 3.0 kb plasmid DNA) were
transformed with 2 1L of the GPS reaction according to the manufacturer of the cells (5).
Of the 500 pL volurae of transformed cells, 1 pl. was spread on LB-ampicillin and both
10 and 100 uL volumes were spread on LB containing ampicillin and chloramphenicol.
Transposon-insertec. cosmid DNA was prepared from 1.5 mL cultures grown in Terrific
Broth according to the protocol given in the Gigapack III XL instruction manual (7).
These were suspended in 15 uL of ddH,0 and 5 pL used in BamHI RFLP mapping
experiments.

pWECepC1 and pWECepC4 were also partially digested with Sau3al to give 1-
1.2 kb fragments fo: sub-cloning into a sequencing vector. Cosmid DNA (1 pg) was
digested in 50 pL reactions containing various amounts of Saw3al for 20 min at 37 °C.
Reactions were terminated and concentrated in a manner similar to the chromosomal
Sau3al partial digests. The amount of Sau3al that gave the greatest amount of 1 kb
fragments under these conditions was 3.5 U. Reactions (4 x 50 uL) were set up to
prepare sufficient amounts of 1 kb Sau3al fragments for cloning. Digestion products

were pooled and 1 kb products isolated by QuiexII gel purification. These were ligated to
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BamHI-digested, dephosphorylated pUC18 plasmid vector (purchased from MBI
Fermentas) and ligation products transformed into E. coli NovaBlue competent cells and
spread onto 4 LB-ampicillin plates containing X-gal and IPTG as directed by the
manufacturer of the cells (5). Plasmid DNA was isolated from 1.5 mL cultures of white
colonies grown in Terrific Broth using Quiagen Spin Miniprep Kits.
9.3.5 Cosmid Sequencing and Analysis

All sequencing was done by Dr. Brian Allore of the MOBIX Central facility using
DNA cycle sequenc ng and an ABI automated sequencer. Transposon inserted cosmid
clones were sequenced using Primer N and Primer S, included with the GPS kit. pUC18-
hosted DNA was sequenced using the M13 forward and reverse primers. DNA was
analysed using Lasergene’s DNAStar software. Genetic and primary sequence homology

was established by comparison to sequences present in GenBank using NCBI’s BLAST.

9.4 Results and Discussion

9.4.1 Construction of Cosmid Library from S. toyocaensis NRRL 15009 Chromosomal
DNA

S. toyocaensis NRRL 15009 chromosomal DNA was partially digested with
Sau3al and digestion products separated by sucrose gradient size fractionation (Figure
9.4). Fragments of length 35-40 kb were isolated and ligated to the cosmid vector
pWEI1S5, which had been digested with BamHI and dephosphorylated. Ligation products
were packaged into A-phage and dilutions of the packaging reaction were transfected into

E. coli SURE cells (Table 9.1). While a 20-fold dilution gave the highest efficiency of
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recombinant clones, 10-fold was nearly as efficient and much easier to process, and as

such was used to transfect the library.

Fraction
Number 7 8 M 9 10 1112131415 16

Figure 9.4. Sucrose Gradient Fractions of Sau3al-digested S. toyocaensis
NRRL 15009 Chromosomal DNA. Fraction number increases with sucrose
concentration. M, mass standards.

Table 9.1 E. coli SURE Transfection Titration

Dilution’ Number of Colonies  Expected Number Efficiency
ey e e e O
20 51 o 100
10 89 102 87
4 83 255 33
2 62 510 12
0 gl S HUCL R ae 1020 6.4

'Final volume720 pL.
?Based on highest efficiency dilution.

Approximately 2250 recombinant clones were obtained, each harbouring an S.
toyocaensis NRRL 15009 chromosomal fragment of 35-40 kb. Thus approximately 80

megabases of the chromosome, about 10-fold greater than the predicted size of the
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genome, were contained in the library. As only 1575 clones were predicted to be
required to have a 99.9% chance of finding a target gene in S. foyocaensis NRRL 15009,
the chromosome was well represented by this library.
9.4.2 Screening of 'he Cosmid Library Using Genes Associated with GPA Biosynthesis-
The thioesterase region of the cepC gene from the cl-eremomycin biosynthetic
cluster was assayed for its ability to bind specifically to S. foyocaensis NRRL 15009
chromosomal DNA restriction endonuclease digestion products. In the Southern blot
presented in Figure 9.5, lanes that were missing a band were observed to be devoid of
DNA in the corresponding agarose gel, due to the fact that undigested or poorly digested
chromosomal DNA did not enter the gel. In those lanes in which digestion was more
complete, a clearly dominant band was present accompanied by some fainter bands (lanes

2 and 3). This pattern was paralleled in the lane containing digested A. orientalis 18098

kb

50 —
38 ——
25—
15—
10—

Figure 9.5. Southern Blot of S. toyocaensis NRRL 15009 Total DNA
Hybridised with Cl-eremomycin cepC gene. Lanes contained S. toyocaensis

NRRL 15009 DNA digested with no enzyme (1), Bgill (2), EcoRI (3), HindlII (4), Sspl
(5), Xbal () or A. orientalis 18098 DNA digested with HindIII (7).
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DNA from which the cepC gene was cloned (lane 7). Thus it appeared that not only did
this thioesterase region hybridise to S. toyocaensis NRRL 15009 chromosomal DNA
under the conditions tested, it did so in a specific manner. This was important given the
potential for this probe to bind to several peptide synthetase modules in the chromosome.

This portion of the cepC gene was used to screen the S. foyocaensis NRRL 15009
cosmid library using stringency conditions identical to those applied to the Southern blot.
Four clones were obtained, two of which were confirmed to contain a cepC homologue
by Southern blotting. The cosmids were isolated from these clones, designated
pWECepC1 and pWECepC4 and mapped using a variety of restriction endonucleases
(Figure 9.6). Digestion products given by BamHI show these two clones to be distinct,
however they do caity similar regions of DNA (not including the pWE vector backbone,
represented by a 9.5 kb band). From the mapping experiment, it appears that these two
clones share about 10-12 kb of chromosomal DNA. Thus, these two cepC-containing
clones contain a total of approximately 65 kb of the S. toyocaensis NRRL 15009
chromosome.

The four clones that were originally obtained from the library screen were assayed
by Southern blot for hybridisation to the gene encoding Hydroxylase b from the
vancomycin biosynthesis gene cluster, as well as the dd/M gene. Neither of these genes
hybridised to any of the library clones (data not shown). If these genes are proximal to
the A47934 biosynthetic gene cluster, the fact that they were not contained on these

clones suggests they may be some distance from the cepC homologue.
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Figure 9.6. Map of S. toyocaensis NRRL 15009 Cosmid Clones with
cepC-like Genes. Lanes contained pWECepC1 digested with HindIlI (1) EcoRI

(2) BamHI (3), and no enzyme (4); pWECepC4 digested with HindIll (6) EcoRI (7)

BamHI (8), and no enzyme (9); mass standards (5 and 10).
9.4.3 Preparation of cepC-Containing Cosmid Clones for Sequencing

In order to sequence the chromosomal fragments contained on pWECepC1 and

pWECepC4, the Genome Priming System (GPS) was used. This system uses a mixture
of transposases to incorporate a transposon randomly into target DNA (Figure 9.7). The
reaction products are transformed into £. coli and selected for using a resistance marker
on the transposon. Using primer binding sites at the edges of the inserted DNA
(designated N and S), the clones can be sequenced at a variety of locations, eventually
building one long contiguous consensus sequence. By sequencing twice the amount of

DNA that was contained in the clone (i.e. 100 kb per clone), most of the contig would be
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ori
Transprimer
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TnsABC
+
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Target
Chromosomal
DNA
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Figure 9.7. Mechanism of Genome Priming Kit. N and S are primer
binding sites for Primer N and Primer S, respectively. TnsABC, mixture of
transposases A, B and C. Figure adapted from Ref. 4.

assembled, requiring only minor amounts of primer walking to fill in the gaps. Using the
protocol included with the kit, the insertion efficiency expected (ratio of colonies that
possess both plasm d-conferred and transposon-conferred resistance to colonies that
possess only plasm d-conferred resistance) is about 1%. It was therefore unexpected to
obtain insertion efficiencies of 50% and 30% for pWECepC1 and pWECepC4,
respectively. Subscquent sequencing from the N primer site revealed that many of the
clones had multiple insertions, as well as “hot-spots” (regions of target DNA with a
higher incidence of insertion). Furthermore, the large size of these clones resulted in
mini-lysate cosmid preparations of generally lower yields and poorer quality than
conventional prepa-ations. The G/C rich nature of the DNA combined with the
preparation complications resulted in lower quality and length of sequencing data. Thus,

this method was put aside despite the preparation of over two hundred mini-lysates.
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As an alternative, the cosmid clones were partially digested with Sau3al to
produce an optimal amount of 1-1.2 kb fragments (Figure 9.8). These were cloned into

pUC18 for sequencing from the M13 forward and reverse primers. It was necessary to

12345678910

Figure 9.8. Sau3al partial digestions of Cosmid Clones. Lanes contained
pWECepC1 digested with 0 mU (1), 1 mU (2), 2 mU (3), and 4 mU Sau3al (4); pWECepC4
digested with 0 mU (6), 1 mU (7), 2 mU (8), and 4 mU Sau3al (9), and mass standards (5).

use high quality BamHI, dephosphorylated vector in ligation reaction to facilitate
blue/white screening of recombinant clones. Again, over two-hundred mini-lysates were
prepared in good yield and of high quality. The data obtained from these clones was
much cleaner and more pronounced, however upon sequencing the first few dozen, a
problem with randomness became apparent. Two distinct patterns emerged, namely 1)
certain regions were appearing at a significantly higher frequency than others (up to 20%
of the clones sequenced) and 2) vector sequences were appearing at a higher frequency

than expected (up to 50%). Of the sequences obtained, all of them had internal Sau3al
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sites, indicating that the problem was not due to complete digestion by Sau3al. The
problem was not alleviated by changing the host cell strain from NovaBlue to SURE
cells. It seems likely that extensive secondary structure, a common feature in G/C rich
DNA, may have created extensive bias in Sau3al sites available to the enzyme during the
partial digest. This was supported by the observation of distinct bands forming in Sau3al
partial digests that proceeded to near completion (as is the case in the generation of 1 kb
fragments).
9.4.4 Analysis of Sequenced DNA

Due to the problems incurred with the sequencing of pWECepC1 and
pWECepC4, very few intact genes have been identified. However, primary sequence
homologies have been established using BLAST searches of gene fragments. Gene
fragments encoding peptide synthetases and glycosyltransferases with strong homology
to those found in the 4. orientalis C329.2 vancomycin biosynthesis gene cluster and the
A. orientalis 18098 cl-eremomycin biosynthesis gene cluster have been detected. Given
that A47934 has no sugar residues attached, the presence of glycosyltransferases is
intriguing. In addition, two-component regulatory genes with strong primary sequence
homology to those found in S. coelicolor have also been found. This latter find is
particularly interesting as the genes in S. coelicolor are proximal to the van gene cluster
found in this organism. While it is still far too early to make any definitive statements,
there do not appear to be any genes suspecfed in amino acid biosynthesis on the cloned S.
toyocaensis NRRL 15009 gene cluster. None of the van resistance genes have been

detected either.
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9.5 Conclusions

Two cosmid clones, each harbouring approximately 35 kb of S. toyocaénsis
NRRL 15009 chromosomal DNA were isolated using the thioesterase region of cepC
from the cl-eremomycin biosynthesis gene cluster. From restriction endonuclease
mapping experiments, these two clones have approximately 10-12 kb overlap, and should
therefore yield close to 65 kb of S. toyocaensis NRRL 15009 chromosome. Sequencing
of the DNA has been problematic, however preliminary information indicates that a
number of the genes contained on these cosmids are closely related to the other three
GPA biosynthesis gene clusters already cloned. Interestingly, the S. toyocaensis NRRL
15009 gene cluster appears to have glycosyltransferases, for which it should have no
need. It also possesses a two-component regulatory system not present on any other
GPA-biosynthesis ciuster, but which has been observed in proximity to the van cluster in
S. coelicolor. This system is a potential link between GPA biosynthesis and resistance in

GPA producing organisms.
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Chapter 10

Recent Developments and General Conclusions
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10.1 Introduction

As mentioned in the previous chapter, three GPA biosynthesis gene clusters have
been identified in recent years. Very recently, some of the genes from the balhimycin
biosynthetic gene cluster have been cloned from A. mediterranei DSM5908 (3). A
picture of the mechanism of GPA assembly is beginning to emerge from these landmark
achievements. Apait from advances in understanding GPA biosynthesis, some
developments relating to resistance have emerged during course of conducting the studies
described in this thesis. GPA resistance has been detected in strains of B. circulans (1),
and tolerance has been detected in S. preumoniae by a previously unobserved mechanism
(2). This chapter discusses each of these developments in turn, and discusses what we
currently know and do not know about GPA biosynthesis and resistance. The work

presented in this thesis is also discussed in the context of current knowledge in this field.

10.2 Recent Developments
10.2.1 GPA Biosynthesis

The GPA biosynthesis genes cloned from A. orientalis strains producing A82846
and vancomycin contained 3 and 2 glycosyltransferases, respectively, corresponding well
to the 3 and 2 sugars present on the GPAs produced by these organisms (4). Of the 5
enzymes, only GftE and GftE', both of which attach glucose to the peptide core, were
assayed catalytically (GftE' contains a single point mutation of Pro to Ser and is believed
to be essentially identical to wild-fype). These enzymes were found to utilise UDP-

glucose as well as “"DP-glucose as substrates (Table 10.1). Of various (activated) sugars
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tested, only glucose and xylose were substrates for these enzymes. GftE' (from the
vancomycin producecr) was also assayed for specificity with respect to aglycone
heptapeptide substrate, and found to accept not only aglycosyl vancomycin (presumably
its natural substrate), but also A47934 and A41030A (A47934 lacking the sulphate). It
would appear that this enzyme is indifferent to the identity of residues 1 and 3 in the
heptapeptide. The efficiency of incorporation was not measured in any of these substrate
specificity studies, however, making it difficult to say how promiscuous these enzymes
actually are. When cxpressed from a strong constitutive promoter in S. toyocaensis
NRRL 15009, GftE' was capable of modifying A47934 to produce a HPLC peak with
area approximately $50% that of A47934. While these experiments addressed the

Table 10.1 In vitro Glycosylation Reactions of GftE' and GftB.

Heptapeptide ~ NDP-sugar ... GfRE" GfiB

Aglycosylvancomycin ~ TDP-D-glucose + +
UDP-D-glucose + +
UDP-D-xylose + +

UDP-D-galactose . - -
UDP-D-mannose - -

UDP-N-acetylglucosamine - -
UDP-galacturonic acid - -
A41030A TDP-D-glucose + +)
UDP-D-glucose + NT
A47934 TDP-D-glucose + -
UDP-D-glucose + NT

'Srymbolrs: +, 25-75% conversion to product; (+), < 2% conversion to product;
-, no conversion observad; NT, not tested. Data obtained from Ref. 4.

potential for creating hybrid antibiotics, little was learned about the mechanism of
substrate binding and catalysis. A detailed analysis of the active site of one of these

glycosyltransferases is essential to engineering these enzymes beyond limited substrate
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utilisation and mediocre product yield. No information was obtained regarding substrate
utilisation or catalys:s by the enzymes encoded by the hydroxylase genes.

While some ¢nzymatic studies were conducted with the A82846 and vancomycin
gene products, none were done with any of the gene products encoded on the 72 kb
cluster cloned from the cl-eremomycin producer (5). All of the gene assignments were
based on primary sequence homology to enzymes of known function. Regardiess, many
inferences could be, and were, made from this type of analysis. Cl-eremomycin (Figure
10.1) is a heptapeptide like all GPAs. Residues 1, 2, 4, and 5 have the R-configuration
(corresponding to a 1D-amino acid). The core has 2 sugars attached to residue 4 and 1
sugar attached to residue 6. Residue 1 is N-methylated, residues 2 and 6 are both
chlorinated and B-hydroxylated, and there are three separate oxidative cross-links,

between residues 2 ¢nd 4, residues 4 and 6, and residues 5 and 7. All of these features

OH
o)
NH,
H.N
HO— Cl
\L_O
OH
N
\\g " NH
/
O)"/ NH
0 NH,

Figure 10.1. Structure of Chloro-eremomycin.
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matched nicely with the set of genes discovered (Figure 10.2). The three peptide
synthetases encoded contained a total of 7 adenylation modules, with epimerization
domains in modules 2, 4, and 5. Thus only residue 1 is incorporated in the R-
configuration. Three glycosyltransferases, two of which had strong primary sequence
homology to those found in the vancomycin biosynthetic gene cluster, corresponded to
the one glucose and 2 4-epi-vancosamine sugars that must be attabhed to the peptide core.
Four sugar biosynthesis genes were contained in the cluster. Based on primary sequence
homology to enzymes in the daunosamine and mycarose biosynthetic pathway, a scheme
for the synthesis of ¢-epi-vancosamine was inferred (Figure 10.3), although the scheme
begins with a precursor of an ambiguous origin. Four heme proteins, with similarity to P-
450-monooxygenase:s, and 2 non-heme oxidative enzymes were also encoded, and the
authors suggest a role in the 2 B-carbon hydroxylations and 3 peroxidative couplings
found in the final product. Two non-heme haloperoxidases were similarly implicated in
the 2 chlorination reactions. Therefore, with the exception of N-methylation of residue 1,
all of the activities rzquired to make the final form of the GPA from the amino acid
precursors were predicted by genes encoded on this cluster. However, for all of the
information that was inferred by these gene product homology studies, many elements of
synthesis were not addressed. The nature of the amino acid substrates cannot be
determined by amino acid sequence alignments, so although it was reasonable to assume
that the modules are co-linear with the residues in the heptapeptide (as they are in every

other peptide synthetase), no information regarding the timing of modification could be
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obtained. If indeed these chlorinating and hydroxylating enzymes perform the reactions
assigned by the authors, what are their substrates — individual amino acids or peptide? Is
the peptide free or enzyme-bound? Why are there eight oxidative enzymes when there
are only 7 oxidative processes in making the GPA from the precursor amino acids? Is
one of them involved in precursor biosynthesis? None of the enzymes predicted to
function in amino acid biosynthesis were definitively found on the cluster. Conversely,
there were several genes found on the cluster with activities not predicted in GPA
assembly. What is taeir function, if any? Thus, in addition to the fact that none of the
enzymes encoded or: this cluster were assayed to confirm or clarify their role in GPA
biosynthesis, many aspects of this process were not addressed by the manner of analysis
used (namely, functional assignment based on primary sequence homology). This is not
to say that the study was anything less than monumental in the field, only that many
elements of this coniplex process remained largely uncharacterised. No follow-up work
has been published by this group or any other group on the activities of the gene products
encoded on this cluster.

Very recently, part of the gene cluster encoding enzymes required in balhimycin
biosynthesis was clcned (3). Balhimycin is very similar to vancomycin, differing in that
it lacks the vancosaminyl group attached to glucose and has a dehydrovancosaminyl
group attached to residue 6 (Figure 10.4). The 9.8 kb cluster contained 7 intact genes

very similar in primary sequence and identical in arrangement to genes found on the cl-



eremomycin cluster (Figure 10.5). OxyA, OxyB and OxyC were similar to P-450
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corresponding to the enzymes encoded by ORFs 7, 8 and 9 of the cl-eremomycin cluster,

while bhad encoded a non-heme haloperoxidase that corresponded to ORF 10.
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Accordingly, the three glycosyltransferases bgfid, bgftB and bgftC matched ORFs 11, 12
and 13, which was the identical arrangement observed in the vancomycin-producer’s
gene cluster as well. It is therefore apparent that genetic organisation is highly conserved
in GPA producers. This group also performed a genetic knockout of bgtfB and of
oxyB/oxyC. The glycosyltransferase knockout mutant produced GPAs devoid of sugars,
as expected, providing the first biochemical evidence that these genes were required in
GPA biosynthesis. Interestingly, the oxyB/oxyC knockout produced two linear
heptapeptides, SP1134 and SP969. HPLC-mass spectrometry, fragmentation studies and
amino acid analysis were used to characterise these compounds. The predicted structure
of the more abundart SP969 (Figure 10.6) revealed that none of the cross-links normally
observed are present, implicating this gene product in this process. Also missing was
residue 7, however the authors believed that the missing residue was present in SP1134,
and that SP969 was a degradation product of SP1134. The fact that these compounds

were missing their sugars and their leucine N-methyl suggested that the addition of these
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Figurz 10.6. Predicted structure of SP969.
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functionalities was clependent on peptide cross-linking. In contrast, chlorination and f3-
hydroxylation were not affected, and therefore may occur prior to cross-linking. The
activities of the oxy.l and bhaA gene products were not studied. This work clearly
addressed some of the timing questions left unanswered from the study of the cl-
eremomycin gene cluster. More studies of a similar nature, in combination with in-vitro
analysis of purified :nzymes, are required to fully elucidate the processes occurring after
peptide assembly. As before, none of the genes predicted in synthesising the unusual
amino acids of the heptapeptide have been identified, and this process remains a complete
black box.

10.2.2 Resistance to GPAs

Of the recen: reports relating to GPA resistance, two are especially notable. One
described a familiar mechanism of resistance but in a new location, and thus addresses
the issue of resistance dissemination and prevalence. The other describes what appears to
be a new mode of GPA tolerance, which differs from GPA resistance in that cells cannot
grow in the presence of antibiotic (and yet do not die, hence they are tolerant).

A 9.2 kb chromosomal fragment from the gram-positive organism Bacillus
circulans VR0709 was reported to contain van-like genes with high primary sequence
homology and identical arrangement as in VanA E. faecium (1). The genes discovered
were vanR, vanS, vanH, vanA, vanX, vanY and vanZ, iﬁ that order, and genetic and-
amino acid identities were 93-96% and 87-95%, respectively. The van cluster was
flanked by 10 bp inverted repeats (IRs), however these IRs were not related to those

found in the transposon 7n/546 affiliated with the VanA genes, nor were the resolvase or



284

transposase genes fcund upstream of vanR. Thus, while this cluster is clearly related to
the Enterococcal VanA gene cluster, it does not appear that direct transfer has occurred.
The source for this gene cluster remains ambiguous.

The bactericidal activity (leading to cell death, as opposed-to bacteristatic, leading
to cessation of growth) of cell wall inhibiting antibiotics was studied in S. pneumoniae in
a recent report in the journal Nature (2). This organism uses autolysin proteins, such as
LytA, to degrade its cell wall when it detects, by some unknown mechanism, the
cessation of PG synthesis. The activity of these proteins is thought to be strongly
negatively regulatec. as they are constitutively produced and potentially suicidal.
Implicated in the regulatory pathway is a two-component signal transduction system,
consisting of a histidine kinase/phosphatase (VncS) and a DNA-binding response
regulator (VncR), which is thought to function as a gene expression repressor. In this
model, VncR is constitutively phosphorylated by non-specific kinases, and thus is always
“on” (Figure 10.7). In the presence of antibiotic, however, VncS dephosphorylates
VncR, inactivating it and allowing expression of genes required for autolysis. In this
report, a penicillin-resistant, vancomycin tolerant clinical isolate of S. preumoniae was
discovered, and upon further analysis, it was found to contain mutations in VncS that
prevented it from dephosphorylating VncR. Experimentally-formed mutants of VncS
had the same phenotype as the clinical isolate, however mutations in VncR were not
tolerant — consistent with the need of phosphorylated VncR to repress autolysis.
Unusually, under conditions that would induce autolysis, the VncS mutant strain

possessed levels of LytA equivalent to wild-type, indicating that this protein is not down-
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regulated as would be expected in the constitutively repressed system. Thus, this system

must repress some other component required in autolysis (for example, a LytA

translocation system). VncS/VncR showed reasonable identity to the VanS/VanR

enzymes (38%), but no homologues of vanH, vanA or vanX were found in the S.

pneumoniae genome:, and clearly this system is distinct from that observed in

Enterococcus. The authors suggest that this mode of tolerance may be the fore-runner to

a new mode of resis:ance, however given that this mechanism in no way depletes the

GPA’s ability to bind to PG, this does not seem to be a likely scenario. Given the

prevalence and mortality associated with S. pneumoniae, however, tolerance itself is

cause for concern.
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Figure 10.7. Proposed mechanism of Autolysis Gene Regulation in S. pneumoniae.
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10.3 Summary and General Conclusions

The primary objective of this thesis was to advance our understanding of GPA
biosynthesis and resistance in producing organisms. The initial strategy was to identify
and purify an enzyme predicted to play a role in one of these processes, and design an
oligonucleotide prote based on a partial amino acid sequence. Chapter 2 described the
development of S. toyocaensis NRRL 15009 culture conditions that would favour the
presence of such an 2nzyme; while chapters 3 and 4 described several unsuccessful
attempts to identify an enzyme with a clear role in either biosynthesis or resistance. A
new strategy was adopted using degenerate PCR to amplify and clone gene fragments
potentially involved in GPA resistance. This method proved to be quite successful in
identifying a region of the chromosome containing a van gene cluster — genes very
similar to those found in clinically important VRE — not only in S. foyocaensis NRRL
15009 but also in 4. orientalis C329.2 and several other GPA producing organisms. In
addition to identifying the mode of GPA resistance in producing organisms, this find
implicated these organisms as the source of the genes found in VanA, VanB and VanD-
type VRE, and also provided a new source of enzymes for detailed analysis leading to
drug development. As only the vanH, vand and vanX genes were present, the question of
regulation, normally addressed by the vanR and vanS gene products, was raised and
remains as an intriguing problem that may tie in to global stationary phase gene
expression in these crganisms. Also absent from the chromosomal fragments containing
the van genes were any genes implicated in GPA biosynthesis, forcing us to look to other

means for identifyin; this gene cluster. However, with the van genes in hand, we were
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presented with the uaique opportunity to study the Van enzymes in a way that nobody
else could. The VRE enzymes have resisted analysis required to provide an intimate
understanding of their catalytic mechanism, and there is an urgent need for therapy for
VRE infection. The work described in chapters 6 and 7 focussed on the development of
the D-Ala-D-Ala ligases DdIM and DdIN as a model system for VanA and VanB. The
dehydrogenase VanH is another target for drug development, and studies of the S.
toyocaensis NRRL 15009 homologue VanHst was the subject of chapter 8. While the
study of DdIN and VanHst have established their usefulness as models for the
corresponding VRE enzymes, we have yet to learn novel insights into the mechanisms of
these enzymes from these model systems. Chapter 9 was a return to the quest for the
GPA biosynthesis genes, and describes the isolation of two cosmid library clones
believed to contain some of these genes. The clones were identified using a probe
constructed from the thioesterase region of the cl-eremomycin peptide synthetase gene,
and therefore do not represent the first set of this class of genes. The three GPA
biosynthesis gene clusters cloned to date have been isolated using a glycosyltransferase
gene probe, which was not predicted to exist in S. toyocaensis NRRL 15009. While no
clear information is available regarding the S. toyocaensis NRRL 15009 gene cluster at
this time, there appears to be several peptide synthetase genes, a glycosyltransferase
gene, and a two component regulatory system. This latter feature was not reported on
any of the other threc published GPA biosynthesis gene clusters, and will hopefully
provide some insighis into the regulation of GPA biosynthesis and resistance in GPA

producing organisms.
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Has the primary goal of this thesis been achieved? At this juncture, it is difficult
to tell if the genes contained on the two cosmid clones will provide any new information
regarding GPA biosynthesis. There is certainly some evidence that this work could shed
some light on how this process is regulated, which has definite application in the
commercial production of these important compounds. Similarly, it is not known if the
studies conducted on DAIN or VanHst will contribute to our understanding of the
mechanism of the corresponding VRE enzymes, however the potential to make advances
which previously may have not been possible now exists. The one category in which
definitive advances have resulted from this body of work is in our understanding of GPA
resistance in producing organisms. The presence of the van genes vanH, vanA and vanX
in every GPA-producer examined strongly supports this mode of resistance in these
microbes. The high primary sequence homology and identical genetic arrangement
implicates these ger es as the source of the gene clusters found in clinical isolates of VRE.
Thus we now know it is possible, if not likely, that an organism can obtain a set of genes
that confer a phenotype through a complex process from an organism that exists in an
entirely different microenvironment. The pathway by which this transfer has occurred,

and likely continues to occur, is completely unknown.

10.4 Future Directions
There are several issues raised by the work contained in this thesis that remain
unresolved, four of ‘which are outstanding. 1) The two cosmid clones containing putative

A47934 biosynthesis genes remain to sequenced and annotated. Based on preliminary
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data, there is likely to be some novel information contained on this chromosomal
fragment. 2) The re;gulation of A47934 biosynthesis and resistance in GPA producers
remains a mystery, and may be similar to that 0bs§rved in E. faecium or may be part of
some global stationary phase gene expression regulon. 3) The Van enzymes from GPA
producing organisms serve as suitable models for mechanistic studies of the VRE
enzymes, and given “he clinical importance of these enzymes, every effort should be
made to solve these imechanisms. The physical properties of the model enzymes may
prove invaluable in obtaining information that may not be available using the real targets.
4) If VRE did indeed acquire the van genes from a GPA producing organism, the
transfer was neither recent nor direct. The pathway by which this transfer occurred is not
known, and may provide insights into the ecology of genetic transfer in the microbial
community. This is a fascinating avenue of research, and an understanding of this
process could contribute to our knowledge of the transfer of all kinds of phenotypic

determinants, including other forms of antibiotic resistance.
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