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Abstract

A synthetic gene for the blue copper protein Pseudomonas
aeruginosa azurin has been constructed using a novel, stepwise method.
This method is designed to synthesize a gene of any size reliably by building
only controlled amounts of the gene in each step. Another advantage of this
method is that the intermediate plasmids, which are typically present in
picomolar amounts, can be amplified through plasmid preparation for
editing. Using this approach, the azurin gene was synthesized in five
steps.

Both the synthetic genes for azurin and Populus nigra, var italica
plastocyanin have been expressed in E. coli. These expressions have been
achieved by using a synthetic Shine-Dalgano sequence and the signal
sequence for azurin, which directs the transport of the expressed proteins
to the periplasmic space of E. coli. The membrane translocation not only
facilitates the purification of azurin and plastocyanin but also seems to be
required for the proper folding of these proteins. In contrast to these
successful expressions, earlier efforts to e;press plastocyanin in the
cytoplasm of E. coli, either directly or as a fusion protein, have been
unsuccessful at yielding folded plastocyanin. |

Site-saturation cassette mutagenesis was performed in azurin at
Methionine 121, one of the four ligands to the copper. Variants that contain
each of the other nineteen amino acids as well as the amber stop codon have
been identified. Surprisingly, all the variants are stable, as judged by
Western blot. Furthermore, all mutants that have been isolated at this
position (Asn, Asp, Gly, His, Ile, Leu, Val) have the characteristic blue

absorption near 600 nm. Despite such similarity with the wild-type azurin,
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these mutants seem to have a more flexible copper center. They can lose or
incorporate copper at a faster rate than the wild-type protein.

These results, along with those from EPR experiments, suggest that
while Methionine 121 is important in giving stability to the copper center
and in tuning the redox potential, its contribution to azurin’s spectroscopic
properties is small when copper is coordinated to the site. Its spectroscopic
contribution apparently becomes more significant when nickel or cobalt
resides in the copper site, for the electronic spectra of these derivatives
differ markedly from that of azurin with copper. It is likely that the copper
centers of the mutants are flexible enough to 'accommodate the preferred
geometries of nickel and cobalt, whereas it is more rigid in the wild-type.
Finally, several mutants of azurin are proposed that are designed to probe
systematically specific aspects of the biological electron transfer

mechanism.
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Chapter 1

Azurin and Other Blue Copper Proteins



INTRODUCTION

»All proteins are made up of a combination of twenty amino acids.
Nature supplements this limited number of functionalities by forming a
three-dimentional structure and by using various cofactors or prosthetic
groups such as hemes! and metal ions.2 Blue copper proteins are a family
of proteins that contains type 1 copper. The most striking characteristic of
a type 1 copper center is its intense-blue absorption near 600 nm arising
from ligand to metal charge transfer (LMCT).3-2 Additional telltale
features include an unusually narrow hyperfine coupling constant in the
EPR and a relatively high reduction potential compared to the Cu2+-Cu*
couple.10 Also, in contrast to a type 2 copper center, type 1 copper center is
not solvent-accessible and has geometries that are in between those favored
by cupric and cuprous ions.11

There are many elegant examples of blue copper proteins whose
family tree was illustrated by Ryden12 (Figure 1). These include laccasel3
from a fungus, stellacyaninl4.15 from Japanese lacquer trees, ascorbate
reducta\sle 16 and plastocyaninl? from plants, ceruloplasminl8 from
humans, and azurinl? from bacteria. In addition, new members are
constantly being added to the blue copper protein family, as more proteins
are isolated and characterized. Some of these proteins are summarized in
Table 1.

Azurin, first discovered by Horio27 during purification for
cytochrome, has commanded scientific interest for the past 30 years.
Azurin and plastocyanin are certainly the best-characterized proteins
among the blue copper proteins. Several high-resolution crystal structures

of Populus nigra, var italica plastocyanin structures have been solved
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Figure 1. Evolutionary relationship among the blue copper proteins.

Azurin and plastocyanin are very closely related. (From Ref. 12).



Table 1
Properties of Blue Copper Proteins

Protein Source MW E° Amax

Azurin Pseudomonas 14,600 308 625
aeruginosa

Plastocyanin Phaseolus 10,800 360 597
vulgaris

Plastocyanin spinach 10, 800 380 597

Stellacyanin Rhus 20,000 191 608
vernicifer

Rusticyanin  Thiobacillo 16,500 380 597
ferrodoxidan

Amicyanin Parracoccus 11,700 180 596
denitrificans

Pseudoazurin Alacaligenes 12,000 593
faecalis S-6

Mavicyanin  squash 18,000 285 600

Sources of information are as indicated in the text.



including those of oxidized,28 Hg2+-substituted,2® and the apo structures.30
The structures of the reduced plastocyanin are available at six different pH
values,31 while those of azurin are known from two different souces of
proteins, Pseudomonas aeruginosa32 (shown in Figure 2) and Alcaligenes
denitrificans.33 In particular, the ligands to the copper consist of Histidine
46, Cysteine 112, Histidine 117, and Methionine 121 arranged in a roughly
distorted tetrahedral geometry in the P. aeruginosa structure. The crystal
structures of two other blue copper proteins, cupredoxin from Alcaligenes
facecalis S-634 and the basic blue copper protein from cucumber,35 show a
similar tetrahedral copper center made of the same combination of amino
acids. This contrasts with the copper center in the A. denitrificans
structure, which has a longer Methionine bond (the Cu-S bond is 3.13 A),
and possibly a fifth ligand formed by the carbonyl oxygen from Glycine 45
(Cu-O bond is 3.11A) in a trigonal bipyramidal arrangement. Comparison
of the oxidized33 and the reduced3® structures of azurin from A.
denitrificans confirms that the copper center undergoes only minimal
structural change during reduction, thus lending support to the long-held
view that the geometry of the copper center contributes to enhancing the
electron transfer rate; the small change in the geometry upon reduction
and the solvent-inaccessibility of the copper center lead to low inner-sphere
and outer-sphere reorganization energies.3,10,37

To complement the crystal structure studies, these proteins have
been scrutinized by various spectroscopic methods, including NMR,38,39
UV-Vis, 10,40 EPR,10,41,42 Resonance Raman,43,44 differential scanning
calorimetry,45 IR,9:46 and CD9:47 experiments. In addition, azurin’s

intramolecular electron transfer kinetics48:49 and its intermolecular

interaction with cytochrome cz5,50 have also been extensively investigated.



Peseudononas seruginosas Azurin

Figure 2. Structure of P. aeruginosa azurin. The copper center is
highlighted in yellow. Note that almost the entire protein is made of f-
sheets. (The picture was generated by Biograf Version 2.1, BioDesign Inc,,

Pasadena, California.)



Given that azurin and plastocyanin are very well-characterized
proteins and attract immense interest from diverse groups of scientists,
they were extremely attractive candidates for site-directed mutagenesis
experiments. To carry out such experiments, the total synthesis of the
genes for plastocyanin and azurin were first performed. Successful
expressions of these genes allow us to investigate many aspects of these two
proteins through site-directed mutagenesis. The goals which we hoped to
accomplish included the following:

(1) refining the gene synthesis methodology

(2) expanding the knowledge about the expression of proteins in E.

coli

(3) understanding structure/function relationship of proteins

(4) gaining insight into the geometry requirements of the blue copper

center |

(5) probing the spectroscopic dependence on the protein structure

(6) fine-tuning the Marcus equation and the parameters governing

the electron transfer kinetics, and

(7) investigating protein-protein interaction.

Given these intriguing and important issues, azurin and plastocyanin

deserve our attention for at least the next 30 years.
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Chapter 2

Design of the Azurin Gene and Its Synthesis
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INTRODUCTION

Although Watson and Crick unveiled the structural nature of DNA
back in 1953,! it was not until the discovery of restriction endonuclease,?2
which can recognize and cleave specific DNA sequences, that made mole-
cular biology and protein engineering possible. During the past 10 years,
the everexpanding knowledge about how to express proteins, coupled with
the advances in such related fields as oligonucleotide synthesis and DNA
manipulation, has led to enormous progress in our ability to study the
structure-function relationship of proteins through site-specific modifica-
tions.3-7

In order to perform site-directed mutagenesis, one must possess the
gene that encodes for a particular protein. To achieve this end, there are
two means: to isolate the natural gene using radioactively labeled oligonu-
cleotide probes or to construct a synthetic gene. The former method allows
one to isolate not just the structural gene but also the DNA segment that
codes for the control elements and any processed parts, such as the signal
sequence or the pro sequence. Gene synthesis, on the other hand, gives
control over the codon usage so that any rare t-RNA codon can be avoided to
enhance gene expression and most importantly, one can design in a
generous distribution of restriction sites that would be immensely useful in
the subsequent modification of the gene.

Khorana was the first to synthesize a gene, that of alanine tRNA
from yeast.8 This landmark work has been followed by a vast volume of
genes synthesized by ligating together oligonucleotides. The earliest
expressed synthetic genes included those that encode for human leucocyte

interferon,? somatostatin,10 and insulin.ll Some more recent examples of
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successfully expressed synthetic genes in E. coli include the genes for a
bovine growth hormone-releasing factor analog,12 trout metallothionein,13
spenﬁ whale myoglobin,14 and an HIV-1 protease.l5 Most of the successful
expressions of these synthetic genes have taken place during the past four
years.

As the synthesis of even long oligonucleotides (>100 bp) becomes
reliable, and the techniques to assemble them together are improved,
molecular gene synthesis is becoming the method of choice. This trend
vreﬂects the confidence that molecular biology has in the ability to put
together oligonucleotides to obtain a gene that encodes a wide variety of
enzymes or proteins. Oﬁr genes for the blue copper proteins azurin and

plastocyanin are among them.
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Materials and Methods

Materials

The azurin gene was constructed in E. coli strain LS-1,17 an HB101
derivative, which gave good yields of plasmids. E. coli strains JM101Tn9
and GM48, both dam- strains, were from G. D. McFarland. The culture of
Pseudomonas aeruginosa (ATCC 19429) used for azurin preparation was
obtained from W.R. Ellis.

Restriction enzymes were purchased from Boehringer-Mannheim
Biochemicals (BMB) or New England Biolabs (NEB). Polynucleotide
kinasel8 was purchased from NEB, while T4 DNA ligasel? was purchased
from Bethesda Research Lab (BRL). High-concentration (19 U/ul) calf-
intestinal alkaline phosphatase from BMB was of molecular biology grade.
Ampicillin used for colony screening and cell growth was made by Sigma
Chemical Company, purchased through the Caltech Biology stockroom.
Isopropyl-B-thiogalactoside (IPTG), Tris, and other buffering reagents were
purchased from BMB. Agarose for analytical gel electrophoresis was
from International Biotechnologies, Inc. (IBI), while high-purity agarose
for preparatory gel was bought from Seakem. For oligonucleotide
purification, NACS Prepac Columns from BRL and Sephadex G-25-150
from Sigma were used. For Maxam-Gilbert sequencing, the [y-32P]-
deoxyribose ATP at the activity of ~5000 Ci/mmol was purchased from
DuPont New England Nuclear (NEN), while the [a-32P]-deoxyribose NPT at
the activity of ~3000 Ci/mmol was supplied by Amersham. For the Sanger
sequehcing, [@-35S]-deoxyribose ATP was purchased from Amersham.
U.S. Biochemical provided the Sequenase™ Sequencing kit for DNA
sequence analysis. Agarose gels were photographed with Polaroid Type 667
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film, while the autoradiography of sequencing gels was performed with
Kodak X-Omat AR film. Water was purified through the Corning
Megapure Purification system.

UV-Vis spectra were measured on either a Beckman Model DU-7
Spectrophotometer or a Hewlett-Packard Model 8452 Diode Array
Spectrophotometer controlled by an IBM PC-AT computer. The gel appa-
rati for analytical agarose gel eletrophoresis and DNA sequencing were
from BRL. Sequencing gels were dried on a Bio-Rad model 483 gel dryer.
Lyophilization was achieved on a Savant Speedvac or a Labconco
lyophilizer. For small-scale experiments, E. coli cultures were grown in a
New Brunswick Series 25 Incubator Shaker or in a built-in warm room
maintained at 37°C. For larger scale (10 liter) preparations, a New
Brunswick Magnaferm Fermentor was used. For some purification of
oligonucleotides, a high pressure liquid chromatography (HPLC) system
from ABI Analytical Kratos Division was used. The system consisted of
ABI Spectroflow 400 Solvent Delivery System, Spectroflow 430 Gradient
Former, and Spectroflow 480 Injector coupled with an LKB 2140 Rapid
Spectral Detector. Data collection and analysis were performed using
LKB's Wavescan software on an IBM PC-AT computer. DNA Master soft-
ware (Caltech biology) was used to perform computer search of restriction

sites on DNA, translation, and homology comparison.

Methods

Commonly Used Buffers and Solutions

TAE Buffer: 40 mM Tris-acetate, 1 mM EDTA

Agarose gel-loading buffer (5x recipe): 50% v/v glycerol, 0.1% w/v bro-
mophenol blue, 1 mM EDTA
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TBE Buffer: 89 mM Tris-borate, pH 8, 2 mM EDTA

Formamide loading buffer: 80% v/v formamide, 50 mM Tris-borate, pH 8, 2
mM EDTA, 0.05% w/v bromophenol blue, 0.05% w/v xylene cyanol

TE Buffer: 100 mM Tris, pH 7.5, 0.1 mM EDTA (the pH varies)

1/10 TE Buffer: 10% solution of TE Buffer

Tris-HCl: 2M Tris buffer solutions were maintained whose pH's were
adjusted with HCl at several pH's

L-broth: 10 g/l bacto tryptone, 5 g/l yeast extract, 5 g/l NaCl. For plates, 15
g/1 of bacto agar was added.

Ampicillin: stock solution of the sodium salt of ampicillin was made to a
final concentration of 25 mg/ml, filtered through 0.22 m sterile filter
from Nalgene and kept frozen at -20° C.

oli leotide Purificati

Oligonucleotides were synthesized using phosphoramidite
chemistry20 on an Applied Biosystem Model 380A DNA synthesizer. The
usual synthesis scale was 0.2 mmole. About 1/3 of each synthesis was
dissolved in 25 ml of formamide loading buffer, heated at 95°C heat block for
1 minute, and then loaded onto a denaturing 15 % polyacrylamide gel
poured with TBE buffer. The gel was run at 450 volts for 15 hours. The
bands were visualized by UV-shadowing: When shortwave UV light was
shined through a gel slab to a fluorescent TLC plate, DNA bands present in
the gel absorbed UV light and left a shadow corresponding to their
positions. These bands were excised using clean razor blades. The gel
pieces containing DNA were finely crushed with a spatula and then soaked
in 5 ml of buffer A in a 37°C oven overnight. The gel pieces were filtered
out using a spin column, and the supernatant containing DNA was passed



18

through NACS Prepac columns that bound DNA under low salt
conditions.21 The column was washed with buffer A, and the

oligonucleotides were eluted off the column with 600 pl of buffer B. The
DNA solution was desalted using a spin column packed with Sephadex G-
25-150 equilibrated with water or 1/10 TE. DNA was quantitated using UV-
Vis spectrophotometer, using the approximation that 1 O.D. unit
corresponded to 20 pug/ml of synthesized DNA.22 Generally, the ratio of Aggp
to Aggo was near 1.8, indicating that the DNA was pure.

For the HPLC purification of oligonucleotides, an Aquapore column
from ABI Analytical Kratos Division was used. The gradient employed two
buffers. Buffer A consisted of 0.1 M TEAAc in 2% CH3CN and 98% H2O.
Buffer B consisted of 0.1 M TEAAc in 50% CH3CN and 50% H30. The
gradient was increased from 100% A/0% B to 50% A/50% B over 45 minutes
at the flow rate of 1.0 ml/min. The DNA samples were collected and
lyophilized. They were then resuspended in /10 TE and quantitated.
Buffers and Solutions
NACS Buffer A: 0.2 M NaCl, 10 mM Tris-HCI, pH 7.5, 1 mM EDTA
NACS Buffer B: 1.0 M NaCl, 10 mM Tris-HC], pH 7.5, 1 mM EDTA
TBE Buffer: 89 mM Tris-borate, pH 8, 2 mM EDTA
Formamide loading buffer: 80% v/v formamide, 50 mM Tris-borate, pH 8, 2

mM EDTA, 0.05% w/v bromophenol blue, 0.05% w/v xylene cyanol
TE Buffer: 100 mM Tris, pH 7.5, 0.1 mM EDTA (the pH varies)
1/10 TE Buffer: 10% solution of TE Buffer

Vector Preparation
Vectors were typically cleaved with two different restriction enzymes

so as to avoid creating compatible overhangs, which would lead to un-



19

wanted self-cyclization of the plasmids during ligation. For example,

pBR32223 was cleaved with EcoRI and Ava I during step 1. The cleaved

plasmid was run on a 1.2 % agarose gel using TAE buffer. When bro-

mophenol blue dye reached the bottom of the gel, electrophoresis was ter-

minated and the gel slab was soaked in a dilute solution of ethidium bro-

mide. Ethidium bromide affected the relative mobility of DNA fragments

and thus was not used until electrophoresis was finished. To isolate the

band, International Biotechnologies Incoporated's electroeluter was origi-

nally used. This device trapped DNA into a V-shaped channel filled with 3

M sodium acetate. Later», the Elutrap device from Schleicher and Schuell

was predominantly used since it gave a consistently higher yield of DNA

recovery. The device was operated at 120 Volts for 5 hours for DNA of 1 kb to

5 kb. The duration was less for shorter fragments of DNA. This device

trapped a DNA fragment between BT1 membranes, which were

impermeable to macromolecules.24

Buffers and Solutions

Restriction Digest Buffer A (10x recipe): 0.33 M Tris acetate, pH 7.9, 0.1 M
Mg acetate, 0.66 M potassium acetate, 5 mM DTT

Restriction Digest Buffer B (10x recipe): 0.1 M Tris-HCI, pH 8.0, 0.1 M
MgClg, 1.0 M NaCl, 10 mM DTT, 10 mM B-mercaptoethanol

Restriction Digest Buffer L (10x recipe): 0.1 M Tris-HCIl, pH 7.5, 0.1 M
MgClg, 10 mM DTT

Restriction Digest Buffer M (10x recipe): 0.1 M Tris-HCl, pH 7.5, 0.1 M
MgClg, 0.5 M NaCl, 10 mM DTT

Restriction Digest Buffer H (10x recipe): 0.1 M Tris-HCl, pH 7.5, 0.1 M
MgCl,, , 1.0 M Na(Cl, 10 mM DTT

TAE Buffer: 40 mM Tris-acetate, 1 mM EDTA
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Agarose gel-loading buffer (5x recipe): 50% v/v glycerol, 0.1% w/v
bromophenol blue, 1 mM EDTA

Ligati
To kinase oligonucleotides, 40 pmoles of each were incubated at 37°C
in a 25 ul total volume of kinase buffer (1x) with 10 units of polynucleotide
kinase for 30 minutes. Annealing was achieved by mixing the two together
in 1x restriction digest buffer M. The tube containing the two
complementary oligonucleotides was placed in a 95°C water bath for 2
minutes and allowed to anneal through slow cooling of the bath over an
hour. This was used for the ligation. A typical ligation condition was to
use 0.4 pmoles of annealed oligonucleotide duplex, 0.04 pmoles of cleaved
vector, 10 units of T4 DNA ligase in 25 pul of 1x ligase buffer. But ligation
attempts using additional ratios of annealed oligonucleotides to vector were
also performed simultaneously.25 Ligation was usually performed at 15°C
for 12-16 hours.
Buffers and Solutions
Kinase buffer (10x recipe): 0.5 M Tris-HCI, pH 7.6, 0.1 M MgCl; and freshly
added 10 mM ATP and 50 mM DTT
Ligase buffer(10x recipe): 0.5 M Tris-HCI, pH 7.4, 0.1 M MgCls and freshly

added 10 mM ATP and 50 mM DTT

Transformation

To place ligation products into E. coli, Hanahan's transformation
method26 was used. Typically, 2 ml of LS-1 cells were grown to saturation
from a single colony. This was used to inoculate 50 ml of SOB media.

When the cells reached early log phase (0.5 OD), they were pelleted using a
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Beckman clinical centrifuge, spun at 2,500 rpm for 10 minutes. The
collected cells were resuspended in 17 ml of TFB buffer. After sitting on ice
for 10;15 minutes, the cells were again pelleted the same way. They were
then suspended in 4 ml of TFB. To this solution, 140 ul of DMSO was added,
and the cells were placed on ice. After 5 minutes, 140 pul of DTT (2.25 M)
were added, and the cells were placed back on ice. After 10 minutes,
additional 140 pl of DMSO were added and cells placed on ice for 5 more
minutes. At this time, 200 ul of cells were aliquoted into several tubes. To
these tubes, 3 ul of the ligation mixture were added. In addition, two
controls were simultaneogsly performed; one tube of cells was grown with
no added plasmid to see if the drug was properly selecting for transformed
cells, while another tube of cells was grown with supercoiled closed
circular plasmid to check to see if the transformation procedure worked.
After 30 minutes on ice, the cells were heat-shocked in a 42°C bath for 90
seconds. Then 800 pl of SOC media were added to each tube, and they were
incubated at 37°C for 1 hour. At this time, the cells were pelleted by
spinning them briefly in a microfuge. They were resuspended in 100 pl of
SOB and grown on L-plates containing 50 pg/ml ampicillin. The colonies
that grew on ampicillin were picked onto a numbered grid plate and
further characterized.
Medi 1 Soluti
L-broth: 10 g/l bacto tryptone, 5 g/l yeast extract, 5 g/l NaCl. For plates, 15
g/l of bacto agar was added. |
SOB media: 20 g/l tryptone, 5 g/1 yeast extract, 5 g/l NaCl, 2.5 mM KCl, 10
mM MgCl; and 10 mM MgSQ4. This medium was made without Mg2+

and autoclaved. A separate solution that was 1 M in MgCls and 1 M in
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MgSO4 was made and sterile filtered through a 0.22 u filter. This was
used to bring the final Mg2+ concentration to 20 mM in the media.

SOC rhedia: SOB with 20 mM glucose (from 1 M stock)

DTT: 2.25 M DTT in 40 mM potassium acetate, pH 6.0

TFB (transformation buffer): 10 mM K-Mes, pH 6.2, 100 mM RbCls, 45 mM
MnCl2-4H20, 10 mM CaClz-2H20, 3 mM Co(NHj3)¢-3Cl. This buffer was
sterilized by filtration through a 0.22u filter.

Plasmid .

Colonies from successful ligation (ones that grew on ampicillin) were
picked and used to inoculate 2 ml of L-broth containing 50 pg/ml ampicillin.
At the same time, they were grown also on a numbered grid plates.
Saturated 2 ml culture of these cells were used to inoculate 50 ml of L-broth
containing 50 pg/ml ampicillin and grown to saturation. Cells were
collected using an SS-34 rotor in a DuPont Sorvall Superspeed centrifuge
(either RC2B or RC5) by spinning them for 10 minutes at 6,000 rpm. The
first step in the plasmid preparation procedure2? was to add 2 ml of solution
I (with freshly added lysozyme to a final concentration of 5 mg/ml), which
hydrolyzed the outer cell wall. After 10 minutes at room temperature, 4 ml
of solution II (freshly mixed from stock solutions) were added to lyse the
cells by osmotic shock. After 5 minutes on ice, 3 ml of ice-cold solution III
were added to precipitate the cellular DNA. The plasmid that remained in
the supernatant was precipitated by adding 2.5x volume of ethanol. The
precipitated plasmid was pelleted by centrifugation at 10,000 rpm for 30
minutes. The pellet was resuspended in 100 pl of 1/10 TE.
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Buffers and Solutions

Solution I : 50 mM glucose, 10 mM EDTA, 25 mM Tris-HCl (pH 8.0) and
freéhly added lysozyme to a final concentration of 5 mg/ml

Solution II: 0.2 N NaOH and 1% SDS. This was made by mixing equal
volumes of 0.4 N NaOH and 2% NaOH solution just prior to use.

Solution III: 3 M acetate, pH 4.8. This solution was made by mixing 5 M

potassium acetate with 1.5 ml of glacial acetic acid in 28.5 ml of water.

Restriction Analysi

To confirm that a plasmid contained the restriction sites encoded in
the newly added cassette, 10 ul of the plasmid from 50 ml prep were cleaved
in 25 ul of appropriate buffer (according to suppliers’ recommendations)
with 5-10 units of restriction enzyme for 1-2 hours. The incubation
temperature was 37°C for most enzymes. It was not practical to use a
smaller volume for digest since the change in the salt concentration caused
by evaporation would reduce the efficiency of the digest. 5 pl of agarose
loading buffer were added to the digested samples, and this mixture was
then run on a 60 ml 1.2 % agarose gels. The bands were visualized with
ethidium bromide staining and photographed using a Polaroid MP-4

camera.

CsCl eradient plasmid rati

When an intermediate plasmid was found to be of the expected size
and contained the expected restriction sites, a larger-scale plasmid
preparation was performed using CsCl gradient centrifugation.28
Typically, 2 ml of starter cultures were grown from a single colony to

saturation. This was used as the inoculant for 500 ml of L-broth containing
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50 pg/ml ampicillin. When the cells reached O.D. of 0.5, 2.5 ml of 34 mg/ml

stock-solution of chloramphenicol was added to a final concentration of 170

pg/ml. Chloramphenicol “amplifies” the plasmid production through
suppression of protein production. The cells were grown at 37°C with
chloramphenicol for another 12-16 hours. They were harvested in a GSA
rotor by spinning them at 6,000 rpm for 10 minutes. Then plasmid prep
was performed as described above except that 10 ml of solution I, 20 ml of
solution II, and 15 ml of solution III were used to compensate for the bigger
scale growth. After the addition of solution III, plasmid DNA was again
ethanol-precipitated, for this yielded cleaner solutions for the
ultracentrifugation run. The pellet was again spun down using a GSA
rotor, 10,000 rpm for 30 minutes. This pellet was resuspended with 42 ml of
CsCl stock solution. Then 250 ul of 10 mg/ml ethidium bromide were added.
These samples were placed into Beckman VTi 50 tubes and balanced on an
analytical balance to within 5 mg. The tubes were then heat-sealed and
spun in a VTi 50 rotor in a Beckman LS series ultracentrifuge. The
duration of the spin was 18-20 hours at 45,000 rpm under vacuum. After
the centrifugation run, the tubes were carefully removed so as to not disturb
the CsCl gradient that existed inside. The bands were then visualized by a
hand-held UV lamp. Of the two bands that were visible, the lower band
contained the supercoiled, closed circular plasmid, while the upper band
contained the nicked, open circular plasmid and the E. coli chromosomal
DNA. The lower band was removed with an 18 gauge needle and syringe.
The needle was inserted just underneath the lower band, and the band was
carefully withdrawn. This solution was extracted 3 or 4 times with water-
saturated butanol until the pink color of ethidium bromide was no longer

present. This solution was then dialyzed against 1/10 TE buffer, at least to
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106 fold dilution. The yield and the purity were quantitated using a UV-Vis
spectrophotometer. Typical yields were 500 to 1,000 ug of plasmid from 500

ml cuiture.

Buffers and Solutions

CsCl solution: 1.05 g/ml of molecular biology-grade CsCl dissolved in 30 ml
of water. This solution was used to resuspend ethanol-precipitated
plasmid.

Ethidium Bromide: 10 mg/ml in water

Chloramphenicol: 34 mg/ml in ethanol

M Gill S .

Plasmids containing the partially completed azurin gene were
sequenced chemically using a modified version of the method pioneered by
Maxam and Gilbert;29 instead of performing all four reactions on one
strand, only the G reaction and the A reaction30 were carried out on both
strands. Because of the Watson-Crick base-pairing requirements, the G
positions on the antisense strand corresponded to the C positions on the
sense strand, and the A positions on the antisense strand corresponded to
the T positions on the sense strand. Thus, one can obtain a complete set of
information by using only these two reactions on both strands. Although
this strategy eliminated the opportunity to verify the sequencing results by
sequencing both strands independently, it offered the advantage of using
only those reactions that are specific for a single base. The standard
Maxam-Gilbert, in contrast, uses reactions that cleave more than one base
(the G + A reaction and the T + C reaction), which can creat ambiguity in
DNA sequence analysis. This modified Maxam-Gilbert sequencing scheme
is outlined in Figure 1.31
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Figure 1. Modified Maxam-Gilbert sequencing strategy using only the G
reaction and the A reaction.
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The strategy for sequencing involved labeling a plasmid at a
particular restriction site at both the §' end, using polynucleotide kinase,
and af the 3' end, using the Klenow fragment of DNA polymerase. First,
two batches of 10 pg of the plasmid to be sequenced were digested with a
restriction enzyme that was just upstream from the desired region to be
read. The plasmid was then ethanol-precipitated and dried under vacuum.

To label at the 5 end, the precipitated plasmid was resuspended in
100 ul of CAP buffer and incubated with 2 ul of calf-intestinal alkaline
phosphatase (19 U/ul) and incubated at 37°C for 30 minutes. At this time,
another 2 pl of the enzyme were added, and the sample was incubated for
another 30 minutes at 37°C. The solution was then extracted once each
with an equal volume (100 ul) of phenol, CHCl3, and ether. The plasmid
was ethanol-precipitated by the addition of 10 ul of 3 M NaAc and 250 ul
ethanol. DNA was pelleted using a microfuge and dried under vacuum.
The pellet was resuspended in 70 ul of water, 10 ul of 10x kinase buffer, 10 ul
of freshly prepared 50 mM DTT, 7 pul of polynucleotide kinase (10 U/ul), and
3 ul of [y-32P)-deoxyribose ATP. The reaction mixture was incubated at 37°C
for 45 minutes. The labeled DNA was ethanol-precipitated and dried under
vacuum. At this point, both 5§’ ends were labeled.

For the 3' end labeling, the precipitated plasmid was redissolved in 20
ul of water, 5 ul of Klenow buffer, and 5 ul of freshly prepared 50 mM DTT.
To this mixture, 7 pl of [a-32P)-deoxyribose NTP that is complementary to
the first position of the overhang to be filled in were added along with 5 ul
each of the other three dNTP's and 2 ul of the Klenow fragment of DNA
polymerase (5 U/ul). This reaction was performed at room temperature for
20 minutes. Then another 2 ul of the enzyme and 1.5 pl of the last ANTP to

be filled in were added, and the reaction was allowed to proceed for another
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20 minutes. Then the plasmid was ethanol-precipitated as before and dried
under vacuum. At this point, both 3' ends were labeled and made blunt-
ended;

Since each of these labeling processes labeled the DNA at two ends, it
was necessary to eliminate the other end to make only one label unique. To
achieve this, a restriction enzyme that was ~1000 bp away from the first site
was chosen. The reason for this was that DNA fragments of about 1000 bp
were ideal; smaller pieces were difficult to handle, and largeer pieces
interfered with the sequencing reactions. To cleave the labeled DNA,
pellets were resuspended in 85 ul of water and digested with the chosen
restriction enzyme under appropriate buffer conditions. The digest was
performed for 2 hours at 37°C. The fragments were separated on a 1.2%
agarose gel, stained with ethidium bromide, and eluted off the gel, using
Elutrap. The DNA samples were again ethanol-precipitated using NaAc
and ethanol. The total radioactivity present was measured using a Geiger-
Mueller counter, and the pellet was resuspended to a final activity of about 5
mRem/hr/100 pl.

For the G reaction, 100 ul of each of the two resuspended plasmid (3'
and 5') were placed into separate tubes along with 1 ul of sonicated calf
thymus DNA (1 mg/ml) and 100 ul of 100 mM cacodylate buffer, pH 8. To
this solution was added 1 ml of neat dimethyl sulfate (DMS) in a well-
ventilated hood and allowed to react for 1-2 minutes. After this duration, 50
ml of freshly made G-stop solution was added to quench the reaction. The
DNA was ethanol-precipitated, pelleted in a microfuge, and dried under
vacuum.

For the A reaction, 100 pl of each of the two resuspended plasmid (3'
and 5') were placed into separate tubes along with 60 pl of water and 1 pl of
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sonicated calf thymus DNA (1 mg/ml). The reaction was commenced with

the addition of 40 pul of 10 mM KoPdCly4 in 100 mM HCI, pH 2. After 30-45

minutés, the reaction was quenched by the addition of 50 ul of freshly

prepared G-stop solution. The DNA was precipitated by adding 750 ul of
ethanol and by chilling the solution in dry ice for 10 minutes. The DNA was
again pelleted in a microfuge and dried under vacuum.

The actual strand cleavage was done by redissolving the pellet from
both reactions in 50 pl of 10% piperidine. This solution was placed in a 90°C
bath for 30 minutes. It was then placed in dry ice and lyophilized
completely in a Speedvac. The lyophilized DNA was redissolved in an
appropriate volume of formamide-loading buffer so as to achieve a final
activity of 0.25 mRem/hr/ul. 2 ul of these samples were loaded on a 5%
denaturing polyacrylamide gel. To read the sense strand, the following
combination of labeling process and base-specific reaction was used for the
four bases: for the G lane, the 5'-labeled sample with the G reaction, for the
A lane, the 5'-labeled sample with the A reaction, for the T lane, the 3'-
labeled sample with the A reaction, and for the C lane, the 3'-labeled
sample with the G reaction. The gel was run at 50 mAmp, dried on a slab
gel dryer, and autoradiographed.

Buffers and Solutions

Klenow buffer (10x recipe): 0.5 M NaCl, 60 mM Tris-HCl, pH 7.5, 6 mM
MgCl,

CAP buffer (10x recipe): 0.5 M Tris-HCl, pH 8.0, 1 mM EDTA. Alkaline
phosphatase reaction is very sensitive to the pH of the solution, so it is
important to adjust the pH of this buffer to exactly 8.0.

G-Stop buffer: 1.5 mM NaOAc, 1.0 M B-mercaptoethanol, and 40 pug/ml
sonicated calf thymus DNA. This was prepared fresh each time.
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Palladium solution: 100 mM K3PdCly, dissolved in 100 mM HCI, pH 2.0..
This stock solution was diluted to 10 mM before use.

Sequenase sequencing

The completed azurin gene was sequenced using the Sequenase™
sequencing kit,32 which was based on the Sanger dideoxy sequencing,33 but
which used a modified DNA polymerase. About 1 pmole of CsCl gradient
purified plasmids (~3 ug) from 6 separate colonies was placed in a tube with
2-10 pmoles of 18 bp primers. This primer was about 50 bp upstream of the
lasi ligation site, an ideal distance. The tube was placed in a boiling water
bath for 4 minutes, contents quickly spun down, and frozen in dry ice. In a
separate tube, a sequencing solution enough for 8 samples was made for
each set of 6 plasmids by adding 16 ul of Sequenase buffer, 16 ul of 100 mM
DTT, 14 ul of water, 4 ul of GTP labeling mixing, 4 ul of [¢-35S]-dATP, and 2
ul of Sequenase™ enzyme. To each tube containing the annealed plasmid
with primer, 7.5 pl of this sequencing solution were added. After 4 minutes
at room temperature, 3.5 ul of each solution were transferred into four
separate wells on a Corning microtiter plate, each containing 2.5 ul of the
four termination mix (G, A, T, and C). The termination reaction was
performed in a 37°C incubator oven. After 5 minutes, 5 pl of formamide
solution were added to each well. The entire plate was placed in a 95°C
oven for 2-4 minutes. For gel electrophoresis, 4 ml from each well were
used. The usual polyacrylamide gel concentration was 5% and was
electrophoresed at 50 mAmp. The gel was dried on a BioRad slab gel dryer
and autoradiography performed. Two promising plasmids were completely

sequenced using 4 different primers.
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RESULTS

General Scheme of Gene Synthesis

Our novel approach to gene synthesis involves synthesizing both
strands of the gene in four separate cycles, each cycle consisting of ligation,
plasmid preparation, and restriction analysis. In each step, four separate
oligonucleotides are kinased and annealed together to form two sets of DNA
duplexes‘ with specific overhangs that match the overhangs of the two
restriction sites into which they are to be inserted. These double-stranded
oligomers are ligated intp the construction vector, in our case pBR322
between the unique EcoR I and Ava I sites. Eliminating this stretch of the
plasmid destroys the tetracycline resistance gene but leaves the ampicillin
resistance gene intact for colony selection. The ligated products, which are
present in only picomolar amounts, are transformed back into E. coli. This
amplifies the DNA to large enough amounts so that it can be checked for
the presence of a restriction site or can be sequenced. Correctly ligated
plasmid can then be reopened with two restriction enzymes and the next set
of oligonucleotides inserted. Each cassette contained a 10 bp-long spacer
region between two adjacent restriction sites to be used, for the enzymes
cannot cleave efficiently if they are directly next to each other. Such cycle
forms our stepwise gene synthesis. This method was also used in our lab to

synthesize the genes for plastocyanin30 and a-lytic protease.34

Desi ¢ the Azurin G
The azurin gene was designed to optimize expression and to facilitate
mutagenesis. As shown in Table 1, E. coli has a preference for certain

codons.35,:36  For example, the preferred codon for lysine in E. coli is AAA.



32

Table 1

preference of Codons in E. coli

Ala GCT Leu CTG
GCA CTC
GCC CTA
GCG CTT
TTA
TTG
Arg CGC Lys AAA
CGT AAG
CGA
CGC
AGA
AGG
Asn AAC Met ATG
AAT
Asp GAC Phe TTC
GAT TTT
Cys TGC Pro CCaG
TGT CCA
CCT
ccCcC
Gln CAG Ser TCT
CAA TCC
AGC
AGT
TCA
TCG
Glu GAA Thr ACT
GAG ACC
ACG
ACA
Gly GGT Trp TGG
GGC
GGA
GGG
His CAC Tyr TAC
CAT TAT
Ile ATC Val GTT
ATT GTA
ATA GTC
GTG

The preferred codons are underlined. Where there is no preference,
none is underlined.
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This preference arises most likely from the variation in the abundance of
different tRNA’s. The preferred codon may differ in yeast or human.
Elimihating rare codons was shown to improve the expression of tetanus
toxin fragment C.37 Consequently, the first step was to create a DNA
sequence for azurin cosisting of all E. coli-preferred codons. Such a DNA
sequence for azurin, hereafter referred to as E. coli-preferred sequence, is
shown in Figure 2. This sequence should be most favorable theoretically for
maximizing the gene expression. However, it would be difficult to
introduce changes within this gene, for it provides only a limited number of
restriction sites.

Our goal was to insert at least one unique restriction site every 50 bp
so that only relatively short cassettes would have to be made to perform
mutagenesis. Therefore, the next step of the gene design was to identify all
possible restriction sites on the basis of the amino acid sequence and to
introduce the most favorable ones among them into the gene. This was
done by creating a degenerate codon file by reverse-translating the protein
file. The degenerate codon for each amino acid is summarized in Table 2,
and the degenerate codon sequence for azurin is shown in Figure 3.
Computer search was done on this sequence to identify all possible sites on
the gene where a restriction site can be introduced. Among these sites, the
restriction sites already found on pBR322 were eliminated from
consideration since unique restriction sites would be more useful. Of all
the remaining candidates, the sites that required the use of less rare codons
were chosen.

Once the restriction sites to be incorporated into the gene were
chosen, the DNA sequence for the azurin gene was almost complete. Since

the original plan was to express azurin as a fusion protein attached to



34

Figure 2
Proposed DNA sequence of P. aeruginosa azurin comprising all E. coli-

preferred codons.
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Table 2

Degenerate codon representation used in the DNA master program.

Ala GCN Leu YTN
Arg AAY Lys AAP
Asn AAY Met ATG
Asp GAY Phe TTY
Cys TGY Pro CCN
Gln CAP Ser RSN
Glu GAP Thr ACN
Gly GGN Trp TGG
His CAY Tyr TAY
Ile ATZ Val GTN
N =GAT,C P=G A

Z=CA Y=C, T

R=T, A 5S=C,G
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Figure 3
Proposed DNA sequence of P. aeruginosa azurin comprising all degenerate

codons used in the search for all possible restriction sites.
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B-lactamase with a factor Xa recognition sequence38 at the junction, the
ends were designed for easy transfer of the gene into the site between the
Pvu I and Pst I sites on the ampicillin resistance gene.

The next step in the design process was to determine which fragment
of the gene to add in each of the four steps. An algorithm of gene synthesis
was chosen so that an about equal number of bases (~100 bp) would be
introduced in each step. Because of technical limitations on the
oligonucleotide synthesis back in 1985, our goal was to limit the length of
each oligonucleotide to about 50 bp. The longer oligonucleotides (up to 124
bp) used in the latter half of the gene synthesis reflect the improvement in
the DNA synthesis technology. A segment of the azurin gene designed to be
added at each step is shown in Figure 4.

Finally, homology search was performed on the oligonucleotides to be
used for self-complementarity to minimize problems during annealing and
ligation. Figure 5 shows the final sequence of the azurin gene. A similar
design was done on the A. denitrificans azurin sequence (Figure 6).39
Since the two azurins share a high degree of amino acid sequence
homology, their DNA sequences are similar. The main difference is that
there is a gap of about 150 bp in the A. denitrificans DNA sequence, which
cannot accommodate a convenient restriction site. For this reason, the
gene for P. aeruginosa was chosen to be built.

The plasmid pBR322 was the vector in which the azurin gene was
constructed. The synthesis was done between the EcoRI and the Ava I
sites. Excising away the EcoR I to the Ava I segment of pBR322, which was
rich in restriction sites, made many useful restriction enzymes available to
bé incorporated into the azurin gene as unique sites. Originally, the

synthesis was to be completed in four steps, but because of a deletion that
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Figure 4
Overview of azurin gene synthesis. Each of the restriction sites is unique
when the gene is located between the EcoR I and the Ava I site on pBR322.
The segments a-p represent the segments within the azurin gene between

each restriction site. The portion of the gene added at each of the five steps

is indicated.
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Figure 5§
The final azurin sequence as it was designed to be constructed between the
EcoR I and the Ava I site in pBR322. This design included the factor Xa
recognition site as well as the restriction sites at the beginning and the end

of the gene to facilitate its transfer to an expression vector.
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Figure 6
Proposed DNA sequence for Alcaligenes denitrificans azurin whose crystal

structure is better resolved than that of P. geruginosa azurin. Note the gap

in the gene of 150 bp.
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was later discovered upon sequencing, the synthesis was finished in five
steps. In addition, mutations revealed by DNA sequencing were corrected
in two separate ligations. Figure 7 shows the actual oligonucleotides used

in the five-step synthesis of the azurin gene.

Gene Synthesis Step 1

The plasmid pBR322 was cleaved with EcoR I and Ava I. The larger
fragment was purified on a 1.2% agarose gel and recovered using an IBI
electroeluter. Meanwhile, oligonucleotides 1-4 were synthesized, separated
on a 15% polyacrylamide gel, and purified through NACS column. They
were then kinased and anhealed. The ligation was performed using 0.4 to
0.04 ratio of vector to oligonucleotides. E. coli strain LS-1 was transformed
with this ligation mixture and plated on ampicillin. They were also plated
on tetracycline plates to determine the amount of background parental
plasmid. Because the pBR322 fragments were purified prior to ligation, no
colonies grew on tetracycline. 50 ml-scale plasmid preparation was
performed on six samples among the colonies that grew on ampicillin.
These six plasmids were digested with Kpn I in buffer L. Kpn I was chosen
since it was not present on pBR322. All six plasmids were cleaved by Kpn I

and showed the expected size, indicating that step 1 was successful.

Gene Synthesis Step 2

About 5 ug of step 1 plasmid were digested with 35 units of EcoR I and
‘10 units of Hind III in buffer H. A greater amount of EcoR I was used since
NEB claimed that pPBR322 was harder to cleave with this enzyme. The DNA
fragments were again separated on a 1.2% agarose gel. The larger

fragment was recovered using an IBI electroeluter. Oligonucleotides 5-8,
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Figure 7
The actual oligonucleotides used to synthesize the azurin gene. This was
slightly altered from the original design. Each pair of oligonucleotides was

designed to form a duplex cassette with compatible overhangs.
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Figure 8
The five steps of azurin gene synthesis. In each of the steps, the plasmid
was cleaved with two different restriction enzymes and gel-purifed. Then

the annealed oligonucleotide duplexes were ligated into that site.
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Figure 9
Restriction digest of the step 1 plasmid. Six different plasmids were
digested with EcoR I (lanes 2-7) and with Kpn I, which was introduced in
step 1 (lanes 8-12). Lane 1 contains undigested plasmid.
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Restriction Digests of Step 1 Plasmids
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which had been synthesized in advance, were gel-purified as before. They
were then kinased and annealed. The ratio of 0.4 to 0.04 pmole (oligomer to
vector) was again employed. The ligation mixture was transformed into
LS-1 cells and plated on ampicillin plates. Plasmid preparation (50 ml) was
again performed on 6 colonies. These plasmids were digested with BamH
I, which was one of the 3 restriction sites added during this step. Again, all
6 plasmids were cleaved with BamH I, indicating that the cassette was

ligated into the plasmid.

Gene Synthesis Step 3

Step 3 ligation was originally designed to insert the new piece
between Bcl I and BamH I sites of step 2 plasmid. But for a yet unexplained
reason, difficulty was encountered in cleaving the plasmid with both
enzymes. Since the Bcl I recognition site contains the dam methylation site
of GATC, it is sensitive to the presence of this methylase. Yet, even when
the plasmid preparation was performed using a dam- strain of E. coli such
as JM101Tn9 and GM48, the digest was never clean. The ligation product
never showed the expected restriction digest patterns or sizes even after
several attempts. Thus, to determine the cause of this difficulty, step 2
plasmid was purified, using CsCl-gradient and sequenced. Step 2 plasmid
was sequenced using the modified Maxam-Gilbert method. The sequence
was read from both the EcoR I site and the BamH I site. The sequencing
revealed that the Bel I restriction site was present. Therefore, it was
determined that Bcl I was particularly sensitive to a neighboring sequence.

To circumvent this problem, it was decided that step 3 would be
slightly modified and the ligation done between Bsm I and BamH 1. This
required a slightly longer cassette. About 10 pg of step 2 plasmid were
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cleaved in buffer M with Bsm I. Then the NaCl concentration was
increased to 100 mM by the addition of 5 M NaCl. BamH I was added to this
mixtuie and incubated at 37°C. The DNA fragments were separated on
1.2% agarose gel and recovered on an Elutrap. Oligonucleotides 9-12
(modified) were purified on a 15% polyacrylamide gel and NACS column as
before. The ligation was performed using the standard 0.4 to 0.04 pmole of
insert-to-vector ratio. This ligation mixture was transformed into HB101
cells. Of the colonies that grew on ampicillin, plasmid preparation on 8
samples were performed on a 50 ml scale. These plasmids were digested
with Sal I. Two colonies (12 and 17), which were cut by Sal I, were then
digested with Bsm 1I/Bgl I and Sal I/Bgl 1. The sizes of these plasmid were
slightly bigger than the same double digests of step 2 plasmid and
determined to be the correct step 3.

Gepe Synthesis Step 4

Because the original design was to finish the synthesis in 4 steps, an
attempt was made to complete the synthesis by inserting 4 sets of
oligonucleotides totaling 198 bp. To prepare the step 3 vector, about 10 pg of
this plasmid were digested in buffer H first with BamH I followed by Sal 1.
The DNA fragments were separated on a 1.2% agarose gel. The large piece
was excised and recovered from the gel, using an elutrap. Eight
oligonucleotides forming 4 double-stranded fragments were synthesized
and purified from a 15% polyacrylamide gel. These were individually
kinased and then annealed to their complementary strands. These were
ligated into step 3 plasmid opened with BamH I and Sal I. LS-1 cells were
transformed with these mixtures, and plasmid preparation performed

from colonies that grew on ampicillin. The plasmids were screened by
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cutting with restriction endonuclease Xho I, which was added in this step.
The plasmids from several colonies could be cut by Xho I but not by some of
the other enzymes introduced in this step such as Nhe I and Sac II. These
plasmids were denatured and sequenced using the Sequenase™ kit. The
sequencing revealed that two complementary regions ligated together and
left out a substantial portion of the insert (Figure 10). This necessitated a
fifth step.

Gene Synthesis Step §

The plasmid from step 4 was cleaved with BstE II/Bgl I and also with
Xho I/Bgl I for a three-piece ligation. The large fragment from the former
digest and the small fragment from the latter digest were purified on a
1.2% agarose gel and an elutrap. Oligonucleotides 21 and 22 were
synthesized. The ability to synthesize these long oligonucleotides, whose
lengths were 124 and 123, respectively, manifested the improvement in the
DNA synthesis technology. They were kinased individually and annealed
together. Then 0.4 pmole of this annealed DNA was ligated with 0.04 pmole
~ of each of the two fragments from the vector. The ligation mixture was
transformed into LS-1 as before, and the colonies screened by their ability to
grow in the presence of ampicillin. Plasmid preparation was performed on
6 colonies using CsCl-gradient. Two plasmids among these, colonies 1 and
23, contained the expected restriction sites and were of the correct size.
They were sequenced completely using the Sequenase™ kit. Sequencing
revealed the same mutations in both plasmids: CAG -> TAG (Stop)
mutation near the Sal I site and a GGC -> CCC mutation near the Nhe I
site (Figure 11). These needed to be corrected.
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13 . . .GGTAAC + ACCTGAAGCCGG..19
14 .. .CCATTGGACGGC TCGGCC. .20

Figure 10. Mismatched annealing between two remote regions of the gene

resulted in a deletion of ~100 bp. The complementary bases are highlighted.
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Figure 11
The results of the discovered mutations in the azurin gene’s DNA sequence
and its effect on the amino acid sequence are shown. The mutated bases

and the resulting change in the amino acid sequence are highlighted.
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M ion C .

"~ Since the two mutations were very far apart from each other, the
correcfions were done in two separate ligations using the oligonucleotides
shown in Figure 12. For the CCG mutation, the step 5 plasmid was cleaved
with Sac II in buffer L, followed by cleavage with Xho I in 100 mM NaCl.
This was dephosphorylated using calf-intestinal alkaline phosphatase prior
to gel purification. The same plasmid was also cleaved with Sac II/Bgl I
and Xho I/Bgl I for three-piece ligation. Oligonucleotides 23 and 24 were
kinased separately and annealed together. This was inserted between the
Sac II and Xho I site of step 5§ plasmid, using both standard two-piece and
three-piece ligations. Both ligation procedures yielded colonies with the
mutation corrected.

To eliminate the TAG mutation, the plasmid with the first mistake
corrected was cleaved with Sal I in buffer H, followed by Hpa I. The DNA
was ethanol-precipitated, resuspended in 1x CAP buffer, and had the 5
phosphate removed using calf-intestinal alkaline phosphatase. The cleaved
plasmid was then purified on a 1.2% agarose gel and purified with an
elutrap. In addition to the standard ligation conditions, another ligation
was done with 0.08 pmole vector and 0.12 pmole of oligomers. The higher
DNA concentration was attempted since the Hpa I site was blunt-ended.
Such an end usually required higher concentrations 6f both DNA and
ligase. Plasmids purified using CsCl gradient showed that the mutation

was corrected, and the azurin gene was finally completed.
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Figure 12

The oligonucleotides used in the two correction steps.
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Figure 13

Ligations to correct the two mutations within the azurin gene.



1.Cut with
Sacll and Xho |

2. ligate with oligonucleotides
23 + 24.

CCC (Pro) —=> GGC (Gly)



1.Cut with
Sacll and Xho |

2. ligate with oligonucleotides
25 + 26.

TAG (Trm) == CAG (GIn)
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Figure 14
Restriction digest of two different plasmids containing the completed
azurin gene. Each lane was cleaved with successively located restriction
enzymes on the azurin gene to ensure not only the presence of a restriction

site but also the orientation and the order in which they appear.
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Restriction Digest of Complete Azurin Gene

1 23456 78 9101112
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DISCUSSION

The azurin gene synthesis described here not only outlines a reliable
way to construct a gene but also serves as a reflection on the progress of
molecular biclogy. This method can be applied to the construction of much
larger genes. Although bigger genes have been built in one-step in other
labs, such one step approach often creates ligation difficulties. As seen in
step 4 of our synthesis, for example, ligating in too many bases in a single
step led to an unexpected and unwanted base-pairing between remote
segments of the gene. Therefore, our method becomes much more
favorable and reliable as the gene to be made becomes larger. This
approach should be further aided by the continuing improvement in the
oligonucleotide synthesis and in the diversity of restriction enzymes
available. Overall, as one becomes more familiar with restriction enzymes
and as the general gene manipulation‘ techniques improve, synthesizing a
gene should become a more feasible method to obtain a gene.

'i‘he mutation that introduced the amber-stop codon in the middle of
the azurin gene is a particularly interesting mutation. Similar mutation
was found during the plastocyanin gene synthesis. Although the
tetracycline promoter was deleted from pBR322 prior to our gene synthesis,
there were sequences upstream from the EcoR I site that may have served
fortuitously as a promoter and a ribosomal binding site. Therefore, it is
likely that azurin and plastocyanin were harmful when expressed in the
cytoplasm. If there were any expression of these proteins, it could have

selected for a mutant that contained a stop codon.
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Chapter 3

Expression of Plastocyanin
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INTRODUCTION

Plastocyanin is an essential protein involved in the photosynthesis of
green; plants.l Its structural resemblance to azurin (Figure 1)2 is not
surprising, considering that the two proteins share a high degree of amino
acid sequence homology.3 Because of its important role in photosynthesis
and its intriguing blue copper site, plastocyanin has attracted considerable
interest, as evidenced by several plastocyanin genes that have been
cloned.5-11 These genes usually contain relatively long (66 amino acids for
white campion) signal sequences. Among these isolated genes, only the
pea plastocyanin gene,12 which required the use of tobacco leaves as the
expression host, has been expressed. A synthetic gene for Populus nigra
var italica plastocyanin4 was the first gene to be constructed in this lab
using the gene synthesis method described in Chapter 2. The gene was
constructed in four steps (Figures 2 and 3).

An E. coli bacterium contains all the biochemical machinery
necessary to transcribe DNA into RNA and then to translate RNA into its
corresponding polypeptide chain. This linear sequence of amino acids in
turn assumes its predetermined three-dimensional structure and becomes
an active protein. To optimize a gene for expression, the use of E. coli-
preferred codonl3 was discussed in the last chapter. In addition to codon
choice, other factors can be controlled to enhance transcription,
translation, and the stability of an expressed protein.

A promoter is a stretch of DNA sequence to which RNA polymerase
binds and initiates transcription.14 This sequence precedes the structural

gene of a protein and is not itself transcribed. The rate of transcription is
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C

Plastocyanin Populus nigras

Figure 1. Structure of Populus nigra var italica plastocyanin. The copper

center is highlighted. Note that the protein has all B-sheet structure.
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Figure 3
The DNA sequence of the plastocyanin gene located between the unique

EcoR I and Ava I sites of pBR322. This plasmid is labeled pLASTO.
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influenced by the sequence of a promoter. Thus, promoter is perhaps the
most important part of an expression system. Although the sequences of
varioﬁs E. coli promoters vary,15 there are two highly conserved regions
upstream of the transcriptional initiation site. These are the -35 region
(TTGACA) and the -10 region (TATAAT) whose consensus sequences are
shown in parentheses.l6 Mutations that lead to deviations from these
consensus sequences tend to diminish the level of expression. Because of
their importance in the transcriptional mechanism, several promoters
have been characterized and are now widely used to construct expression
vectors. These examples include the lac, tac, APgr, APy, alkaline
phosphatase (PhoA), and the T7 promoters.17-2¢ Each has various
advantages such as some promoters being able to initiate transcription
better than others. Following the promoter, a Shine-Dalgano sequence or
ribosomal binding site (RBS),25 to which ribosome can bind, is needed to
initiate translation. The consensus sequence for the ribosomal binding site
is AGGAGG. Finally, promoter-RNA polymerase interaction is very much
Vinﬂuenced by methylation of the promoter as well as the spacing between a
promoter and its ribosomal binding site; 17 bp are the optimal spacing
between these two regions, while the optimal spacing between the RBS and
the initiation codon is 9 + 3 bases.26 For these reasons, transcription is
believed to be dependent not only on the sequence of DNA but also on its
conformation.

Despite ité elegant name, a promoter is not a specialized DNA; it
merely functions as a sequence of DNA to which RNA polymerase can bind
stably. Thus, it is possible that the enzyme can bind to other portions of a
plasmid that was not intended to be a promoter. For example, during the

synthesis of the plastocyanin gene, the DNA segment preceding the EcoR I



84

construction site was found to contain a sequence that may have been
acting as the -35 and -10 regions (ATGACA and TATCACGA) and a
possible ribosomal binding site.4 If the expression of plastocyanin was
particularly deleterious to the host E. coli cells, the existence of such a
possible promoter would explain the mutations that introduced a stop codon
in both azurin and plastocyanin genes during the synthesis, as well as the
low number of transforming E. coli cells observed during plastocyanin gene
construction. These preliminary observations suggested that expressing
plastocyanin was harmful to E. coli cells, and this pointed to the use of
repressible promoters. The use of a repressible promoter would allow one
to turn on the protein expression mechanism only when the optimal cell
density is reached. There are several different mechanisms by which a
promoter can be regulated.

One of the most common ways to repress a gene expression is
through the lac repressor. An E. coli strain that has the lac Iq gene
overproduces the lac repressor. Both the lac UV promoter and its derivative
the tac promoter are among the promoters that are repressed by the lac
repressor. These promoters are repressed until the addition of IPTG, at
which point they are turned on. One drawback with the /ac and the tac
promoters is that the repression is not very tightly controlled; there is some
level of protein expression even in the absence of IPTG. Two other common
promoters are the APRr and the AP;, promoters, which are repressed by a
temperature-sensitive cI858 repressor. When a plasmid containing one of
these promoters is harbored in an E. coli host possessing a cI858 gene, the
repressor binds to the promoter, and there is no transcription. However,
when the temperature is raised to 42°C, the repressor loses its binding

ability and transcription takes place. The regulation with these promoters
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is very tight; at 28°C, there is almost no transcription. The PhoA, on the
other hand, is a promoter that is regulated by starvation. To be more
speciﬁc, the PhoA is functional only when there is a low concentration of
inorganic phosphate in the media. Finally, the T7 promoter is designed to
give a high yield of protein, for when the T7 polymerase is activated, the
gene inserted behind this promoter will be the predominantly expressed
gene in the entire cell. But since it so avidly expresses one particular gene,
the expression is often lethal to the host E. coli cell.

The choice of promoter, however, is not the only factor that
determines how well transcription is initiated. The mRNA that is
transcribed from DNA must be stable in order to lead to a high level of
protein expression. The degradation of mRNA is an essential biochemical
event, for an organism needs different proteins at different times. Thus, it
must be able to degrade the unwanted mRNA and to synthesize the wanted
ones. To this end, E. coli possesses polynucleotide phosphorylase and
RNAsell, which have 3' -> 5’ exonuclease activity.27:28 Therefore, one way
to stabilize an mRNA is to include a region at the 3' end of the structural
gene, which can readily form a secondary structure, such as a
transcriptional terminator. Such a stop will keep the length of the mRNA
from being longer than it needs to be, which taxes the energetics of E. coli
biosynthesis machinery and also can destabilize the mRNA. Many vectors
constructed for expression purpose contain such a transcriptional stop; for
example, the plasmid pKK223-3 contains the T'1 and T2 termination stops.29
In addition, there is some evidence that the formation of a secondary
structure at the 5’ end may contribute to mRNA stability; mutation that
eliminated some likely base-pairing at the 5’ end destabilizes mRNA in

vitro.30
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Most highly used expression vectors combine a regulated promoter,
sequence to stabilize mRNA, a selectable marker, and a multiple-cloning
site. But proteins must also be stable once it is expressed. Many proteins,
especially partially folded proteins or proteins not native to the host, are
readily degraded by E. coli proteases,3! especially during shortage of amino
acids32 or when the host cells are heat-shocked.33 For example, the La
proteaée34 is a major group of E. coli protease active in degrading foreign
proteins whose intracellular concentration doubles at temperatures above
42°C. Consequently, using temperature-induced promoters may increase
the risk of having the desired proteins degraded. Degradation problem is
more severe for smaller prbteins (<100 amino acids). In these cases, fusing
the desired protein to a larger, readily expressed protein can stabilize the
small proteins. Moreover, it has been shown that plastocyanin without
Cu?2+ is degraded rapidly in Chlaydomonas reinhardtii,35 an observation
that has led us to use Cu2+ in the growth media. Finally, some proteins
require naturally present pro sequence, signai sequence, or the membrane-
translocation event triggered by signal sequence for proper folding.
Without them, these proteins are left unfolded and become a prime target
for protease degradation.

All of these factors mentioned above were considered in our attempts
to express plastocyanin. Various combinations of expression vectors with
E. coli hosts were used. As is evident in Figure 1, plastocyanin consists of
all B-sheet. This was potentially another difficulty, for most of the proteins

that refold easily are made mostly of a-helices.
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Materials and Methods

Materials

The expression vectors that were used to express plastocyanin were
either obtained as gifts or purchased from a commercial supplier. The
plasmid pBR322 was purchased from Bethesda Research Laboratories. The
plasmid pLcIl was obtained as a gift from K. Nagai at the Medical
Research Council Centre. The plasmid PCFM636 was obtained from S.
Suggs at Amgen(Thousand Oaks, California). The plasmid pTRAP was
obtained as 'a gift from C. Craik at U.C. San Francisco. The expression
vectors pRIT2T, pKK223-3, and pUC18 were purchased from Pharmacia.
Two different sources of plastocyanin were used to raise anti-plastocyanin
sera. The French bean plastocyanin was obtained from H. B. Gray. This
was used to screen most plastocyanin expression constructs. Later, the
poplar plastocyanin was obtained as a kind gift from H.
Freeman(University of Sydney, Australia). This was sent to Berkeley
Antibody Co. (Berkeley, California) which raised the antibody.

Restriction enzymes, polynucleotide kinase, T4 DNA ligase, and calf-
intestinal alkaline phosphatase were purchased from the suppliers
mentioned in Chapter 2 of this thesis. Likewise, general buffer and
chemical reagents, as well as other enzymes and radioactive nucleotides
were purchased from the same companies. Bovine and porcine
enterokinases and their fluorogenic synthetic substrate, Gly-Asp-Asp-Asp-
Asp-Lys-B-naphthylamide, were purchased from Sigma Chemical
Company. Factor Xa, endopeptidase Arg-C, kallikrein, and trypsin were
purchased from Boehringer-Mannheim Biochemicals. The vectastain ABC

kit from Vector Laboratories (Burlingame, California) was used to develop
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Western blots. DE-52 for anion-exchange chromatography was purchased
‘from‘ Whatman Inc. IgG-sepharose from Pharmacia was used for the
afﬁnify chromatography of the protein A-plastocyanin-fusion protein.

In addition to previously described instrumentations, protein gels
were run on BRL horizontal gel electrophoresis boxes. For Western blots,
proteins bands were transferred to DEAE nitrocellulose sheets (0.45 p,
purchased from Schleicher and Schuell) on a Bio-Rad Trans blotter
equipped with surface electrodes. FPLC system and the columns from
Pharmacia were used for protein purification. Enterokinase activity was

measured on a Perkin-Elmer fluorimeter.

Methods
DN? ulati

Oligonucleotides were synthesized on an Applied Biosystem’s Model
380A DNA synthesizer and purified on a polyacrylamide gel as described in
Chapter 2. The purified oligonucleotides were phosphorylated at the 5’
terminus, using polynucleotide kinase. Equimolar amounts of the two
oligomers were annealed together by placing them in boiling water and
letting the temperature drop gradually. At the same time, the plasmid into
which the oligonucleotides were to be added was cut with appropriate
restriction enzymes, purified on an agarose gel, and recovered using the
Elutrap. The amount and the purity of the recovered DNA were estimated
on the basis of its UV absorbance. The cleaved plasmid was lyophilized and
resuspended in water to a final concentration of 0.01 pmole/ul. The
annealed double-stranded cassette was inserted into the opening within the
plasmid, using T4 DNA ligase. A typical ligation condition used the ratio of
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0.4 pmole of inserts to 0.04 pmole of vector in 25 ul of ligase buffer. For blunt

end ligation, a ratio of 0.75 pmole of inserts to 0.05 pmole of vector was used.

Transformation

The Hanahan protocol described in Chapter 2 was used to transform
plasmids into E. coli. However, when the E. coli cells were transformed
with an expression vector that utilized heat induction, the cells were grown

at 28°C for at least 2 hours after the heat shock step of transformation.

Pl 4 Apalvsi

Initial screening for successful ligation into an expression vector
was performed by restriction digest with the sites found on the plastocyanin
gene. The colonies that contained these sites were then cleaved with two
restriction sites so that the size of the fragment thus produced can be
compared to the expected size of the fragment with and without the

plastocyanin gene correctly inserted.

Protein bands were separated and visualized using SDS-PAGE
electrophoresis. SDS-loading buffer was added to protein samples to a final
composition of 20% v/v. This mixture was placed into a 95°C heat block for
10 minutes to eliminate aggregation and the secondary structure of the
sample. This was then loaded onto é 15% SDS polyacrylamide gel poured
with a 4% SDS polyacrylamide gel stack on top. The gel was
electrophoresed at 10 mA until the bromophenol blue dye entered the
resolving phase, at which point the current was increased to 20-30 mA.

When the dye reached the bottom of the gel, the current was stopped and the
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stack portion of the gel was cut with a razor blade and discarded. The
resolving phase of the gel was either stained with a Coomasie dye or
transferred to a nitrocellulose sheet for Western blotting.

For staining with Coomasie blue, the gel was immersed in the fixing
solution as to precipitate the protein onto the gel matrix. The gel was then
immersed in the Coomasie staining solution and placed in a 65°C bath for
10 minutes. Alternatively, the gel was microwaved for 1 minute. The
staining solution was discarded, and the bands on the gel were visualized
by destaining in the destaining buffer with frequent solution changes over
several hours. The gel was preserved by being immersed in a 5% glycerol
solution and wrapped in plastic wrap.

Buffers and Solution

Lower Buffer (4x recipe): 1.5 M Tris, 0.4% SDS, final pH 8.8

Upper Buffer (4x recipe): 0.5 M Tris, 0.4% SDS, final pH 6.8

SDS-PAGE running buffer: 256 mM Tris, 192 mM glycine, final pH ~8.5

SDS-loading buffer: 10 % v/v glycerol, 3% w/v sodium dodecyl sulfate, 62.5
mM Tris-HCl, pH 6.8, 1 mM EDTA, 0.05% w/v bromophenol blue, and
freshly added b-mercaptoethanol to 5 % v/v

Protein fixing solution: 50% v/v methanol, 12%v/v glacial acetic acid

Coomasie blue staining solution: 0.1 % w/v coomasie brilliant blue G dye in
destaining solution

Destaining Solution: 25% ethanol, 8% glacial acetic acid in water

Western blot37.38

For Western blotting, the cells harboring an expression vector with
the plastocyanin gene correctly inserted were grown to appropriate O.D.

(different for each vector) in 2 ml cultures and then induced by either IPTG,



91

temperature change, or other means. A 1.5 ml aliquot of this culture was
spun in a microfuge for 10 seconds. The supernatant was discarded and
the remaining cell pellet was resuspended in 100 ul of SDS loading buffer.
The tube containing the mixture was immersed in a boiling water bath for 5
minutes to achieve cell‘ lysis. The sample was then vortexed vigorously to
reduce its viscosity. 20 pl of this mixture were loaded onto a 15% SDS-
polyacrylamide gel with a 4 % SDS-polyacrylamide stack phase. The
protein bands were separated as described above for a polyacrylamide gel.
But instead of fixing the gel and staining it with the staining solution, the
gel was immersed in the blotting buffer for 30 minutes to desalt it. Then the
gel was placed directly adjacent to a nitrocellulose sheet in a sandwich.
Care was taken to avoid any air bubbles, which can leave spots on the
transferred sheet. The sandwich was placed into a BioRad trans-blot cell
equipped with a pair of surface electrodes. This was run at 100 mA for 1-2
hours. At the conclusion of the transferring process, the nitrocellulose
sheet was stained using 1000 fold dilution of the French bean plastocyanin
antibody unless stated otherwise. The ABC vectastain kit utilizing goat
antirabbit antibody and biotinylated, horseradish peroxidase conjugated
system.
Buffers
blotting buffer: 25 mM Tris, 192 mM glycine, 20% v/v methanol
1 M Sodium Phosphate (pH 7.5): 11.04 g monobasic and 59.64 g anhydrous
dibasic sodium phosphate in 500 ml of water
Phosphate-buffered saline: 10 mM sodium phosphate, pH 7.5 and 0.9% w/v
NaCl
TPBS: phosphate-buffered saline with 0.05% v/v Tween 20
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Substrate solution for Western: 30 mg of 4-chloro-1-naphthol dissolved in 10
ml of methanol, 25 pl 30% hydrogen peroxide, and 50 ml TPBS

Purificati : i A-l in fusi .
E. coli strain N4830 harboring the plasmid pProAPLS (plastocyanin

gene inserted into pRIT2T plasmid) was grown in 1 L of L-broth with 50
pg/ml ampicillin at 30°C. When the cells reached the O.D. of 0.5, the APy,
promoter was induced by increasing the temperature to 42°C. After 2
hours at this temperature, the cells were harvested in a GSA rotor and
resuspended in 30 ml of fractionation buffer. The suspended cells were
sonicated on ice for 30-second intervals until they were lysed. Upon lysis,
there was a change in the color of the cell suspension from brown to creamy
white, and the sound of the sonicator shifted to a lower frequency. Usually
3 or 4 cycles were needed to lyse the cells from a 1 L preparation. The lysate
was not as viscous as it was during a plasmid preparation, for sonication
prevented the cellular DNA from aggregating. The cell debris was removed
by spinning the mixture in a SW-28 rotor at 24,000 rpm for 2 hours at 4°C in
an ultracentrifuge. |

A 20 cm column was packed with 20 ml of IgG-sepharose. Since the
binding capacity of IgG-sepharose was 2 mg of protein A per ml of column
material, the estimated maximum capacity of this column was 40 mg of
protein. Newly poured column was washed with 5x bed volume (100 ml) of
TST buffer to remove ethanol in which IgG-sepharose is packed. The
column was equilibrated by washing successively with 2-3x bed volume
each of elution buffer, TST, elution buffer, and TST. When the lysate was
loaded, most of the colored (light brown) material did not bind and passed
through the column. The loaded proteins were washed with 10x bed
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volume of TST (200 ml) and then with 2x bed volume (50 ml) of washing

buffer. The sample was eluted off the column with the elution buffer and

collecfed on a fraction collector. The peaks were identified by monitoring

the absorbance at 280 nm. The fractions containing the samples were

dialyzed into Tris/Tween 20 buffer and then concentrated, using Amicon

ultrafilteration device. The yield was approximately ~9 mg of protein A-

plastocyanin fusion protein from 1 L growth.

Buffers and Solutions

Tris-saline Tween 20 buffer (TST): 50 mM Tris-HCl, pH 7.6, 150 mM Na(Cl,
0.05% v/v Tween 20

Tris-Tween 20 buffer: same as TST except without NaCl

Fractionation buffer: 0.02 M Tris-HCl, pH 8.0, 2 M Na(Cl, 1 mM PMSF

Elution buffer: 0.5 M CH3COOH, pH 3.4 adjusted with NH4Ac

Wash buffer: 5 mM NH4Ac, pH 5.0

L-broth: 10 g/l bacto trypton, 5 g/l yeast extract, 5 g/l NaCl

Formic Acid CI

Concentrated formic acid was added to a solution containing the
fusion protein to a final concentration of 70%. This mixture was incubated
at 30°C. After 2 days, the mixture was dialyzed once against Tris-Tween 20
buffer and once against water. The protein sample was then lyophilized,
resuspended in 1 ml of Tris-Tween 20 buffer, and loaded onto an SDS-PAGE
gel for Western blotting.

E ki Purificati
Porcine enterokinase was suspended in 10 mM MES buffer, pH 6, 50

mM NaCl. This suspension was centrifuged in an ultracentrifuge for 45
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minutes at 24,000 rpm. This was then dialyzed into the same buffer to
remove small-molecular weight impurities and the salts from the enzyme
prepération. The enzyme was then passed through a DE-52 anion
exchange column, equilibrated with a buffer containing 50 mM Tris, pH 8
and 50 mM NaCl. Enterokinase was eluted, using 50 mM to 500 mM NaCl
gradient. The peaks were collected and redialyzed into the 50 mM NacCl
buffer. This time, the sample was purified through FPLC with Mono-Q
anion exchange column, using the same gradient. The peaks were again
collected, dialyzed into the low-salt buffer, and then purifed through FPLC
with Superose-12 gel filteration column. The collected fractions were
assayed for enterokinase activity on a fluorimeter, using a synthetic

substrate Gly-(Asp)4-Lys-B-naphthyl amide.
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RESULTS

Plasmid pLcll

AchII is an expression vector that utilizes the A Py, promoter and has
the ampicillin resistance gene as a selectable marker. This was obtained
from Nagai, who used it successfully to express hemoglobin in E. coli.39
Others have used it to express myoglobin40 and a mouse monoclonal
antibody with catalytic activity.4l The pLcIlI plasmid was cleaved with Sal I
and Hind III and gel-purified. The plastocyanin gene was ligated into this
site using a Sal I-BamH I linker that contained the Ile-Glu-Gly-Arg
recognition sequence of factor Xa (oligonucleotides 27 and 28, Figure 4).42:43
The ligation scheme is shown in Figure 5. This plasmid should express
plastocyanin as a fusion protein attached to the C-terminal side of an LcIl
gene product. The correct ligation product was identified using the
restriction digest analysis with Bgl II, since only the plasmids that retained
a copy of the plastocyanin gene were expected to contain this site. This was
then transformed into JA221,cI857 cells, which repressed the promoter at
30°C. The cells were grown to log phase (O.D. of ~0.5) in 2 ml of L-broth
containing various concentrations of CuSO4 and 50 pug/ml ampicillin. At
this point, the promoter was induced by increasing the temperature to 42°C.
Western blot on the whole cell extract containing this construct gave no

band.

Plasmid pCFM636

This plasmid shares the same AP}, promoter as the plasmid pLcIl.
This plasmid also has an engineered-in ribosomal binding site and the
kanamycin-resistance gene. This plasmid was constructed at and

obtained from Amgen. To prepare the plasmid for ligation, it was cleaved
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pLASTO
pLcll
Cut with BamHiI
Cut with Sal | and Hind il
and Hind Il

ligate with
25 & 26

Figure 5. Ligation of plastocyanin gene into pLcIl.
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with Hind III and Cla I and then purified on a 1.2% agarose gel. The
plasmid pLASTO was cleaved with BamH I and Hind III, and the small
piecekwas gel-isolated. This piece was ligated into the cleaved pCFM636
using the annealed oligonucleotides 29 and 30 (Figures 6 and 7). The
correctly constructed vector was identified on the basis of restriction digest
with Bgl II. This enzyme cuts the parental plasmid twice, but the size of
the small fragment should increase if the plastocyanin gene were correctly
inserted. A correctly assembled plasmid was transformed into the E. coli
strain JA221. The cells were grown in 2 ml of L-broth containing a range of
CuSOQy4 concentration. When the cell cultures reached the O.D. of 0.5, the
growth temperature was shifted up to 42°C, and the cells were grown for
another 2 hours. Western blot gave no 10 Kd band expected of plastocyanin.

Plasmid pTRAP

pTRAP stands for trypsinogen-alkaline phosphatase promoter.44
This vector utilizes the alkaline phosphatase (PhoA) promoter and
expresses a protein fused to the alkaline phosphatase signal sequence. To
clone plastocyanin into this plasmid, pLASTO was cleaved with EcoR I and
Nde I and gel-purified. pTRAP was cleaved with BamH I and Nde I and |
also gel-purified. The DNA fragment containing the plastocyanin gene was
ligated into this site on pTRAP along with an oligonucleotide cassette that
contained the factor Xa recognition sequence (Figure 8 and 9). Repeated
ligation attempts failed to yield a correctly ligated plasmid.

Plasmid pRIT2T
pRIT2T is an expression vector45-47 designed to express proteins

fused to the IgG binding domain of Staphylococal aureus protein A.48-50
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BamiHi
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Figure 7. Ligation of plastocyanin gene into pCFM636.
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SamiHi
EcoR!
Nar |

Hind (1l

Ny
OTRAP PLASTO
_ Cut with EcoRl
Cut with BamHI! and Hind il

and Hind IlI

ligate with
31 & 32

Figure 9. Ligation of the plastocyanin into pTRAP plasmid. This
plasmid is under the PhoA promoter, and expresses proteins as a

fusion protein attached to the alkaline phosphatase signal sequence.
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This facilitates the purification because one can use IgG-sepharose
affinity chromatography to purify protein A. The plasmid is under the
control of the A Py promoter and has an ampicillin resistance marker. The
ligation of plastocyanin gene into this vector was performed by J. Lin of
Clonetech, Inc. (Palo Alto, California), and the successful Western blot is
described elsewhere.4 This original construct (pProAPLS) contained the
acid labile sequence of Asp-Prod! near the junction between protein A and
plastocyanin. To cleave the fusion protein with a more specific protease,
the recognition sequences for both the factor Xa (Ile-Glu-Gly-Arg)39 and the
porcine enterokinase (Asp-Asp-Asp-Asp-Lys)52-54 were inserted at the
junction between the two proteins. All three approaches are summarized
in Figure 10.

To insert the factor Xa cleavage site, the plasmid pProAPLS was
cleaved with Sma I and Bam HI and purified on a 1.2% agarose gel. The
cassette containing the factor Xa cleavage site (Figure 11) was ligated into
this opening (Figure 12). Because this ligation involved a blunt-end
ligation, several ligation attempts were needed before succeeding. The
resulting plasmids were initially screened with restriction-digest analysis
and then sequenced using the modified Maxam-Gilbert method. For the
enterokinase cleavage site, the plasmid pProAPLS was cleaved at the two
BamH I sites. Since this produced two identical overhangs, the ends were
dephosphorylated to avoid self-ligation. The cassette containing the
enterokinase recognition site was ligated into this opening(Figures 13 and
14). The initial screening was done again with restriction-digest analysis.
The plasmids were then sequenced to ascertain whether the cassette was
4inserted in the correct orientation. Figure 15 shows the DNA sequencing
gel that shows the factor Xa recognition site.
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Figure 10. Schematic diagram of pProAPLS.
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Cut with Sma |
and Bam Hl

Ligate with oligonucleotides

33 + 34

Protein A

Xa

Plastocyanin

Figure 12. Factor Xa Ligation. The plasmid pProAPL produces a fusion
protein between protein A and plastocyanin. The recognition sequence of

the factor Xa has been inserted between the two proteins to facilitate

cleavage.
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Cut Bam Hl

Ligate with oligonucleotides
35 + 36

Protein A

DDDDKW  Piastocyanin

Figure 14. Ligation of the Enterokinase recognition site (DDDDK) into

pProAPLS. Since this ligation is performed between two BamH I

sites, the ends were dephosphorylated prior to the ligation attempt.
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Figure 15
Sequencing gel of the plasmid from the factor Xa ligation. The recognition
site of Ile-Glu-Gly-Arg was successfully inserted.
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o e o] " he fusi .

- The initial construct of plastocyanin in pRIT2T contained the acid
labile Asp-Pro bond near the junction between the two proteins. The formic
acid treatment was the least desirable one among the three approaches,
since treating plastocyanin with very low pH condition was sure to
denature it. Furthermore, the Asp-Pro sequence left an overhang of 5
amino acids at the amino terminal of plastocyanin (Figure 10). This
method did yield a faint band that could have been plastocyanin around 10
Kd, but the amount of protein was never high nor the results consistent
from trial to trial. Thus, other modes of cleavage were considered, some of
which are summarized in Table 1.

The use of site-specific protease was more promising. Cleavage with
both factor Xa and porcine enterokinase cleaved the 41 Kd fusion protein
into a 30 Kd and an 11 Kd fragments, apparently representing protein A
and plastocyanin (Figure 16). Unfortunately, the identities of the bands
could not be ascertained from Western blots, since both proteins stain upon
treatment with antiplastocyanin. This cross-reactivity caused by protein
A's afﬁnify for IgG is one of the disadvantages of using this protein as a
fusion protein. Several other proteases that may cleave at the factor Xa site
were also tried. They were trypsin, endopeptidase Arg-C, thrombin, and
kallikrein. Their recognition sites are summarized in Table 1. In most
cases, they proved to be a too promiscuous protease to isolate an intact
plastocyanin. In fact, one of the difficulties in using enterokinase was that
there was considerable trypsin contamination that had to be purified
through 3 different columns as detailed in the Methods section. But in the

end, using the fusion-protein approach turned out to be laborious,
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Figure 16
Protein A-plastocyanin cleaved with (1) formic acid, (3) trypsin, (4 and 5)
enterokinase, and (6) factor Xa. Protein A with the MW of 30 Kd is shown in

lane 2.
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Table 1

Some commonly used site-specific proteolytic reactions

Reagent

Cyanogen bromide

Formic Acid

Hydroxylamine

Enterokinase

Factor Xa

Collagenase

Thrombin

Trypsin

Endopeptidase Arg-C

H64A Subtilisin

Cleavage Site

{

Met

J

Asp-Pro

g

Asn-Gly

g

Asp-Asp-Asp-Asp-Lys

Ile-Glu-Gly-Arg

{

Pro-Val-Gly-Pro

Gly-Pro-Arg
4 !

Arg or Lys
{4

Arg

Gly-Ala-His-Arg
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since both the protease and the fusion protein had to be purified. The

cleaved plastocyanin was never in great quantity, and it refused to fold.

Use of Azurin Sienal S | .

‘Since azurin and plastocyanin share a high degree of amino acid
sequence homology and structural resemblance, it was decided that the use
of azurin signal sequence might transport plastocyanin across the cell
membrane into the periplasmid space of E. coli. To achieve this, the gene
for the azurin signal sequence55‘»56 was placed in front of the plastocyanin
gene in pBR322. It was then cleaved, isolated, and ligated into both pUC18
and pKK223-3. |

The azurin signal sequence ligation was done in two steps. First, an
oligonucleotide cassette that encodes for most of the signal sequence was
ligated in front of the plastocyanin gene in pBR322 (Figure 17 and 18). This
was then transferred to the expression vectors pUC18 and pKK223-3, using
appropriate linkers (Figures 19-20). Both constructs gave bands on Western
blot stained with antipoplar plastocyanin antibody, with the pUC18
construct resulting in a much stronger band. The molecular weight
marker from BRL initially led us to believe that the band that we were
staining had the apparent MW of 6 Kd. But the comparison of the
expressed plastocyanin to the sample isolated from the poplar tree
confirmed that the MW was indeed 11 Kd as expected. Soon after this
expression, a similar construct in pUC18 made by other members of this
lab also showed a band on the Western. The two constructs yielded almost
similar amounts of plastocyanin. Plastocyanin from the second construct
was purified to homogeneity and sequenced. The sequence analysis and the

UV-Vis absorbance confirmed that plastocyanin was being expressed.
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Figure 18. Azurin signal sequence ligation
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Map of pUC18

cut with
EcoRI and Hind Ili;
isolate bigger piece

Figure 20. Ligation of the plastocyanin gene into pUC18 and pKK223-3

plasmids. The two ligations were performed the same way.
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DISCUSSION

It can be concluded from our numerous unsuccessful attempts to
expreés plastocyanin in the cytoplasm of E. coli that plastocyanin is
unstable. Apparently, E. coli proteases can recognize plastocyanin and
can degrade it much faster than one can purify it. When plastocyanin is
expressed as a fusion protein with protein A, the latter protein most likely
protects plastocyanin from the proteases. On the other hand, the difficulty
that we have experienced in cleaving the fusion protein may also be
attributed to protein A’s protecting of plastocyanin. It is possiblev that the
cleavage site is not accessible to proteases. Another disadvantage of ;asing
protein A as the fusion protein is that because of its affinity for IgG, its
bands show on Westerns stained with any antibody. Therefore, one cannot
distinguish between a real, positive staining and a protein A-antibody
interaction. The expression of plastocyanin was concluded on the basis of
the MW of the fusion protein's being 41 Kd (30 Kd for protein A and 11 Kd
for plastocyanin) and the DNA sequence of the plasmid. The initial use of
anti-French bean plastocyanin was not very sensitive. Although the
antibody raised against the French bean plastocyanin does cross-react with
the poplar plastocyanin, its interaction is much weaker than that observed
for the antibody raised against the poplar protein. Western blots performed
with the anti-French bean plastocyanin was not as sensitive as the Western
blots performed with the antipoplar plastocyanin antibody.

The use of azurin signal sequence, on the other hand, was a
fortuitous event. It is interesting that a bacterial-signal sequence can be
used to transport a eucaryotic protein across a bacterial-cell membrane.
Nevertheless, the level of expression of plastocyanin is far less than that of

azurin using the same system. This may be due to several reasons.



121

Plastocyanin may still be degraded by bacterial proteases in the periplasm
much faster than azurin does; these proteases may be recognizing some
structural feature that is recognizable to them but not obvious to us. It may
also be that the membrane-translocation process is more efficient for
azurin than plastocyanin, so that less plastocyanin is being put into the
periplasm. Another possibility is that the signal sequence may not cleave
plastocyanin as well as azurin. The preferred cleavage site of a common E.
coli signal peptidase is between Ala-X-Ala. The first sequence of
plastocyanin is isoleucine, while it is alanine in azurin. But when the
protein is purified, there is no doubt that E. coli is expressing poplar
plastocyanin that is identical in every way to the native protein. Thus, this
was both the first plastocyanin gene synthesized and the first plastocyanin

gene successfully expressed in E. coli.
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Introduction

Many proteins are synthesized in one compartment of a living cell
and secreted into another compartment. These proteins are synthesized as
preproteins containing a short, amino-terminal extension called the signal
or the leader sequence.l The signal séquence is usually cleaved by a
membrane-bound signal peptidase upon membrane translocation. The
known bacterial-signal sequences? show considerable variations in their
primary sequences but share structural similarities;3-5 they are typically 15
to 30 amino acids in length and composed of a positively charged amino
terminal and a hydrophobic core. E. T. Kaiser has shown that the
propensity to form an a-helical structure is important in their function.6
In addition, the carboxyl terminal is important for proteolytic processing.?
Finally, proper interaction between a signal sequence and the mature
protein is needed for proper secretion; J. R. Knowles' fusion between the B-
lactamase signal sequence gene and the triose phosphate isomerase gene
failed to generate secreted protein.8

There are numerous advantages to expressing a protein using a
secretory scheme. First, it removes an expressed protein from the
cytoplasm, which contains many proteases that will consequently lower the
amount of protein recovered. The periplasm, on the other hand, has fewer
proteases. Second, proteins may not be able to fold correctly in the
cytoplasm. Some proteins need the energy from the membrane-
translocation process to fold. In addition, the disulfide bond may not form
inside the cytoplasm, which is a very much reducing environment,
hindering proteins from folding correctly even further. Third, the removal

of the signal sequence by a membrane-bound signal peptidase would
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conveniently yield the correct amino acid residue at the amino terminal.
Fourth, it facilitates purification because there are fewer contaminating
proteins present in the periplasm.910

When the natural DNA sequence of azurin was published,11:12 the
presence of the signal sequence indicated that azurin is a naturally
secreted protein. Expressing azurin with its signal sequence was an
attractive approach, since at the time of its gene completion, plastocyanin
could be expressed oxﬂy as a fusion protein.13 Thus, a gene that codes for
the 19 amino acids of the signal sequence was introduced in front of the
azurin gene. In addition to the signal sequence, a ribosomal binding site
had to be created as well.

The exact mechanism by which the translation takes place has not
yet been definitively established. However, there are some general rules
that seem to make the process more efficient.l4 For example, at least four
bases from the consensus sequence of AGGAGG are needed to function as
the ribosomal binding site. Among several possible initiation codons, ATG
is the most preferred. The spacing between regions is also important. The
optimal spacing is 9 bp between the RBS and the initiation codon, and A's
and T's are favored within this spacer region. These rules were generally

followed in synthesizing the azurin-expression plasmids.
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Materials and Methods

Materials

E. coli strain TG-115 was purchased from Amersham as a lyophilized
pellet. The culture of Pseudomonas aeruginosa (ATCC 19429) used for
azurin preparation was obtained from W. R. Ellis, Jr. The expression
vectors pUC18 and pKK223-3 were purchased from Pharmacia.l6

Most restriction enzymes were purchased from Boehringer-
Mannheim or New England Biolabs. An E. coli-expressed polynucleotide
kinase was purchased from New England Biolabs, while the T4 DNA ligase
was purchased from Bethesda Research Labs. Molecular biology-grade
calf-intestinal alkaline phosphatase was purchased from Boehringer-
Mannheim. The Vectastain ABC kit from Vector Laboratories was used to
develop Western blots. The biotinylated goat-antirabbit serum from the kit
was sometimes substituted with the same product from Bethesda Research
labs. Sodium salt of ampicillin was purchased from Sigma, and IPTG was
purchased from Boehringer-Mannheim. For conventional
chromatography, Econo columns (Bio-Rad) were used. CM-52 and DE-52,
were purchased from Whatman, Sephadex G-75 from Sigma, and CM-
sepharose from Pharmacia. All FPLC columns were supplied by
Pharmacia.

UV-Vis spectra were taken on Hewlett-Packard Model 8542 Diode
Array Spectrophometer interphased with an IBM PC-AT computer for data
collection. Peptide sequencing was performed on an Applied Biosystem's
automated sequencer. Large-scale growths (10 L) were performed on a

New Brunswick Magnagerm fermentor.
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Methods
DNA oulati

;Oligonucleotides were purified on a 15% polyacrylamide gel and
purified through NACS columns as described in Chapter 2. Plasmids were
cleaved open with two restriction enzymes, dephosphorylated, and purified
on an agarose gel as before. The ligations generally used 1:10 ratio of vector

to insert and were performed at 15°C overnight.

Transformation
Hanahan's transformation protocol was followed to transform E. coli

with plasmids as described in Chapter 2.17

Azurin Purification from P. geruginosq18.19

A 6-liter culture of P. aeruginosa was grown anaerobically (no
agitation), and this was used to inoculate 350 L of Pseudomonas media in a
Stainless and Steel Products fermentor. The cells were again grown
ahaerobically for 2 days at 37°C and harvested on a Sharples continuous-
flow centrifuge. The yield of azurin would be reduced if P. aeruginosa were
grown aerobically.

Of the obtained cell paste, 300 g were resuspended in 2.6 L of
acetone/dry ice bath and stirred using an overhead mechanical stirrer.
After 1 hour, the cells were filtered on 2 Whatman #1 filter paper and then
resuspended in 1.5 L of acetone. This was stirred for another 1.5 hours and
filtered as before. The cells were washed with acetone and placed in a
vacuum dessicator and dried for an hour to remove residual acetone. 66 g

of acetone powder of P. aeruginosa were obtained.
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Half of the acetone powder (33 g) was redissolved in 330 ml of 0.1 M
NH3Ac buffer (pH 6.5) preheated to 45°C. The cell suspension was blended
ina biender and stirred for 25 minutes. 1.5 mg of DNAse I (from Sigma, at
the activity of 300-600 U/mg) were added to the mixture and stirred
overnight. This mixture was centrifuged in a GSA rotor at 10,000 rpm for
an hour to remove the cell debris. It was spun again in an SS-34 rotor at
20,000 rpm for an additional hour. The supernatant, which was golden
brown in color, was dialyzed into 50 mM NHgAc (pH4) at 5°C. The white
precipitate that formed during the dialysis was removed by centrifugation.
The solution now had a blue/brown color.

The supernatant was loaded onto a CM-52 column equilibrated with
the same pH 4 buffer. The brown solution separated into a green band
(cytochrome cd), two orange bands (cytochrome cs51 and c351), and a blue
band (azurin). The column was washed with 50 mM NHgAc (pH 4) buffer,
and azurin was eluted with 50 mM NH3Ac (pH 4.45) buffer. The collected
azurin fractions were dialyzed into 10 mM Tris-HC1 (pH 8.7) buffer and
purified through a DE-52 column, using a 0.01M to 0.05 M NaCl gradient.
The blue band was collected and purified through a Sephadex G-75 column,
using 10 mM Tris-HC1 (pH 7.0). The yield was 33 mg of azurin.
Buffers and Media
Pseudomonas media (for 1 L): 5 g sodium citrate, 5 g NaNOg3, 1 g KHoPOy4,

0.5 g MgS04-7H20, 6.5 g yeast extract, 10 mg FECl3-6H20, 10 mg
CuS04-5H20, 2 g bacto tryptone
NHg3Ac buffer: ammonium acetate was dissolved to the appropriate

concentration, and the pH was adjusted with acetic acid
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Azurin Antibod

- One mg of azurin was suspended in mineral oil to denature the
protein. This was used to inoculate a New Zealand white rabbit. After 1
week, a booster shot of 330 ug was injected into the rabbit, and its serum
was collected after waiting another week. This process was repeated two
more times, and the serum from the third bleeding was used for

subsequent Westerns.

SDS-PAGE and Western

Protein samples containing azurin were run on a 15% SDS
polyacrylamide gel with a 4% stack as detailed in Chapter 3. The protein
bands were transferred to a DEAE nitrocellulosé sheet. The bands were
visualized using 1:2000 dilution of the azurin antibody and the Vectastain

ABC kit, which uses horseradish peroxide as the active enzyme.

G ] kit i perinlasmi .

TG-1 cells harboring pUC18AZ were grown in 2 ml of XB broth
containing 50 pug/ml ampicillin. This was used to inoculate 200 ml of XB
starter culture. At the same time, the fermentor was prepared with 8 L of
XB with 50 pug/ml ampicillin and 1 mM CuSO4. This was inoculated with
the starter culture. When the O.D. reached 1.0, IPTG was added to a final
concentration of 0.2 mM and induced for 3-5 hours. The cells were
harvested in a GSA rotor (6000 rpm for 10 minutes); the cell pellet was
resuspended in 1/10 volume (800 ml) of the sucrose solution. After 10

minutes at room temperature, the cells were again pelleted and
resuspended in ice-cold 0.1 mM MgSQO4. 80 ml of 0.5 M NHgAc buffer (pH
4.1) were added along with CuSQy4 to a final concentration of 1 mM. The
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solution turned green when copper was added. Some of the contaminating

proteins precipitated at this pH. The solution was placed on ice for 10

minufes, and the precipitates were removed by centrifuging the solution at

10,000 rpm for 20 minutes. The supernatant containing azurin was filtered

once through a 0.22 p filter before being loaded onto a column.

Buffers and solutions

Sucrose solution: 20% w/v sucrose, 30 mM Tris (pH 8), 1 mM EDTA

IPTG: stock solution of 0.1 M in water

ampicillin: Sodium salt of ampicillin dissolved in water to 25 mg/ml and
sterile-filtered |

NHgAc buffer (various pH): 0.5 M ammonium acetate, pH adjusted with the
addition of glacial acetic acid

XB: 25 g/l bacto tryptone, 7.5 g/l yeast extract, 30 mM MgSO4. In later
preparation, adding glucose to 10 mg/l helped to increase the final O.D.
of the cell growth

Chromatography
The pH of the azurin containing supernatant was adjusted to 4.1 and

loaded onto a 5 cm x 10 cm CM-sepharose column equilibrated with 50 mM
NH3Ac buffer, pH 4.1. The blue azurin became visible as it separated from
a yellow, contaminating protein. The column was washed with the same
buffer, and azurin was eluted with 50 mM NH3Ac buffer, pH 5.0. The pH of
the azurin fractions was readjusted to 4.1, and this solution was loaded onto
a Mono S column on FPLC. Azurin was eluted with a linear pH gradient
from 4.1 to 9.0 over 30 minutes at the flow rate of 1 mU/min. The fractions
containing azurin were again pooled and passed through a Superose 12 gel

filtration column using the flow rate of 0.5 ml/min. The yield of azurin
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varied slightly from run to run. The maximum yield to date is about 50 mg

from an 8 L culture.
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RESULTS

1 1 -

The azurin gene was inserted into both pUC 18.and pKK223-3. pUC18
has the lac UV promoter29, while pKK223-3 has the tac promoter.2l These
two plasmids share the same multiple-cloning site so that these ligations
can be done the same way. The azurin gene was cleaved from the pAZ
plasmid with Bsm I and Pst I. This was purifed on a 1.5% gel because of its
small size. This fragment was then ligated into the opening between the
EcoR I and the Pst I sites within the multiple-cloning site of pUC18 and
pKK223-3. The oligonucleotide cassette contained compatible overhangs for
these sites and the gene that coded for the azurin signal sequence (Figuré
1). The ligation schemg,is shown in Figure 2. The resulting plasmids were
screened by restriction-digest analysis and then sequenced completely. The
plasmids that contained the azurin gene were expressed in TG-1 and ran
on a Western blot. Both constructs gave a 14-Kd band on Western blots, with
the pUC18 construct yielding a much stronger band. A Western blot for the
pUC18 constructs is shown in Figure 3. These results showed that azurin

was finally expressed.

Recomhi . iScats ’ format;

Despite the appearance of the 14 Kd band on Western blots, the initial
yields of azurin were very low. Originally, the TG-1 cells harboring the
azurin plasmid were grown in rich media, such as L-broth, containing
micromolar amounts of CuSO4. Only less than 1 mg of blue azurin,
however, could be isolated from a 10 L culture. There was more apo azurin

present, which could not be reconstituted with subsequent additions of
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Figure 3
Western blot of whole cell extracts of TG-1 cells with pUC18Azu plasmids.
Lane 1 is azurin purified from P. aeruginosa while lanes 2-5 are azurin

expressed from the synthetic gene.
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Western Blot of Azurin

2 3 4



140

Figure 4

UV-Vis spectrum of azurin expressed in E. coli.
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Figure 5
Data from sequencing azurin expressed in E. coli. The first 11 residues
were correctly sequenced. The only ambiguity was at Cys 3. This residue
normally forms a disulfide bond, and this may have led to the ambiguous

result.
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CuS0O4. However, when the cells were grown with 1 mM CuSOQy4, 20 mg of
azurin were recovered. The UV-Vis spectrum of this sample was identical
to that of native azurin (Figure 4). Sequencing of this sample conﬁrmed.
that the identities of the first 11 residues were correct and that it was
processed correctly, yielding alanine at position 1. Sequencing data are
shown in Figure 6. The only ambiguity in the peptide sequencing was at
Cys 3; apparently, the disulfide bond was not completely reduced so that its
identity could not be determined with absolute certainty. However, since
the DNA sequence is correct, the amino acid at position 3 must be a

cysteine. This proved that the expressed blue protein was azurin.
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DISCUSSION

VThe expression of azurin represents the first successful expression of
a synthetic gene in this lab. The correct processing of a P. aeruginosa
signal sequence by an E. coli signal peptidase implies that the signal
sequence mechanism between these two procaryotes are similar. Such
result is expected, since the membrane-translocation mechanism is
thought to be universal even between a procaryote and a eucaryote.22,23
Plastocyanin was also expressed, using the same azurin-signal sequence
soon after azurin was expressed, albeit at a lower yield. This may be due to
minor structural differences between the two proteins, as discussed in
Chapter 3. With plastocyanin, it would be interesting to model the
differences between the azurin-signal sequence's interactions with azurin
and plastocyanin. It may then be possible to engineer the azurin sequence
so as to function more efficiently with plastocyanin.

Initially, we believed that growing the cells in micromolar amounts
of copper would be sufficient to fully metalate all expressed azurin. The
high concentration of CuSQO4 required in the growth indicates the possible
presence of a metal pump in E. coli, which regulates the intracellular
copper concentration. Thus, the pumping mechanism had to be
overwhelmed with millimolar amounts of copper before azurin in the
periplasm could incorporate copper into its binding site.

The yield of azurin was higher from the pUC18 construct than from
the pKK223-3 construct. This may be due to the higher copy number that
pUC18 possesses. The yield of azurin could be improved by replacing the
lac promoter with the tac promoter, while using the same origin of

replication to retain the high copy number of plasmids. In addition, the
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yield of azurin may be further increased by improving the growth and the
purification conditions. Finally, more detailed changes in the gene
sequeﬁce can be introduced to favor the formation of secondary structures
at the 3' and the 5' ends of the transcribed mRNA to stabilize it.24
Currently, modifications of the plasmid are under way to improve the yields

of azurin and plastocyanin.25,26
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Chapter §

Site-directed Mutagenesis and Mutant Characterization
of Azurin
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INTRODUCTION

‘Azurin is an electron-transport protein involved in the anaerobic
metabolic pathway of P. aeruginosa (Figure 1).! Its unique blue copper
center has intrigued spectroscopists and inorganic chemists for a long
time.2 Using various spectroscopic investigations of azurin and its model
structures, the composition and the geometry of the copper center had long
been identified before they were confirmed by crystal structures.3-5

The copper center, similar to that of plastocyanin, consists of His 46,
Cys 112, His 117, and Met 121 (Figure 2).6 The crystal structure from the A.
denitrificans azurin, however, shows a very long S-Cu bond for the Met 121,
raising questions about its significance.”-8 That structure also shows a
possible bond between the carbonyl of Gly 45 and the copper. For these
reasons, the copper centers in azurins are now considered to have a
distorted trigonal planar geometry with two weaker axial interactions from
Met 121 and Gly 45.

The electronic spectrum of azurin has been analyzed down to minute
details. Its electronic spectrum has been Gaussian-resolved,? and the
assignment of the bands is summarized in Table 1. The LMCT from Cys
112 is the most dominant contributor to azurin's electronic signature.
These results are based on UV-Vis, CD, and model-building studies. In
addition, its proton NMR10 and Resonance Ramanll-13 peaks have also
been assigned in detail. These studies allow one to delineate the metal-
ligand interaction exactly. Other useful techniques include the EPR14 to
probe the nature of the metal environment, while the reduction potential

has been routinely measured by either spectroelectrochemistry or cyclic
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NO,
NO; *j SH, cytoplasm
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Figure 1. Postulated organization of nitrate, nitrite, and nitrous oxide

reduction system in the anaerobic metabolic pathway of P. aeruginosa.

Azurin is one of two possible reductants of nitrite reductase.
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Arurin Lopper Lentar

Figure 2. The copper center of azurin. The ligands consist of His 46, Cys
112, His 117, and Met 121.



163

Table 1
UV-Vig CD
v(icm-1) nm v(cm-1) nm e Assignment
12830 779 12500 800 -59 WS ->dxe-y2
15850 631 16100 621 65 OS->dxo-y2
17650 567 19000 526 12 oS->dxoy2
20790 481 21400 467 -1.8 nN->dxe-y2

Assignments of charge transfer bands for azurin.



164

voltammetry.15,16

- Metal substitution experiments give another spectroscopic handle in
elucid‘ating the nature of the copper center. The electronic spectra of Ni2+,
Mn2+, and Co2+ derivatives of azurin have been well characterized and are
summarized in Table 2.17 In addition, McMillin has studied the relative
stabilities18 of Ni2+, Zn2+, Cu2+, Hg2+, and apo derivatives, 113Cd NMR of the
Cd2+ derivativel? and proton NMR of the Ni2+ derivative,20 and the kinetics
of copper uptake by apo azurin.2! The differences between these derivatives
can be used to gain information on the nature of the copper center and the
behavior of the copper ligand variants.

Another well-charaéterized behavior of azurin is its electron-transfer
kinetics. Azurin was one of the first proteins modified by selective
attachment of a Ru2+ label on a surface-accessible histidine.22,23 Using
flash photolysis, azurin’s intramolecular electron-transfer rate through
the interior of the protein has been measured. Compared to the results
from azurin, an unusually low electron-transfer rate was measured for
plastocyanin.24¢ The wide range in the ET rates observed for these different
proteins may be due to the differences in the electronic coupling in the
electron-transfer pathway. Another interesting variable, the effect of
aromatic residues on the electron-trénsfer rate, has been investigated by
Hoffman.25 These results, along with those computer modeling26 of the
purported electron pathway, are beginning to paint a clear picture of how
electrons are transferred.27-29

The behavior of electron transfer rate is predicted by the Marcus

equation:30

kgt = v exp(-B (d - 3)) exp (-AG*/RT)
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Table 2

Metal v(cm-1) nm Assignment

Ni(II) 1.78 561 7S (Cys)-> Ni
2.00 500 =S (Cys)-> Ni
2.28 439 - oS (Cys) -> Ni
2.55 392 7S (Met)-> Ni
2.82 34 ¢S (Met) -> Ni
Co(I) 245 408 7S (Cys)->Co
2.68 - 373 nS(Cys)->Co
3.00 333 oS (Cys)->Co

Assignments of charge transfer bands for metal-substituted azurin.
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where
AG* = (AG® + A)2/4)\

Here exp(- (d - 3)) is an electronic term that is dependent on the distance
and the electronic coupling (B), which itself is influenced by the media.
The A is the nuclear reorganization energy that takes into account both the
inner-sphere and the outer-sphere reorganization energies, while d is the
distance between the donor and the acceptor molecules.

The Marcus equation can be used as a guide in selecting the mutants
that are relevant to the investigation of electron transfer. The beauty of site-
directed mutagenesis is that each variable in this equation can be varied
independently, offering a systematic way to study the electron-transfer
problem.

From its inception in the early eighties, site-directed mutagenesis
has been a powerful means to study the structure-function relationship in
proteins. Several techniques are widely used, including oligonucleotide-
directed,31,32 cassette,33,34 and random mutagenesis.35 Using cassette
mutagenesis, for example, it is possible to change multiple sites at the
same time or to introduce all other 19 amino acids at a particular
position.38 The latter method is called site-saturation, and it has been used
successfully to saturate several sites in P-lactamase.36-39 These
mutagenesis techniques have proved invaluable in elucidating the enzyme
mechanism,40:41 the role of a particular residue42, changing the catalytic
activity of an enzyme,43-45 and stabilization of expressed proteins.46 The
versatility of this technique is growing with the introduction of new

techniques such as the PCR.
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The azurin gene was designed specifically for site-directed
mutagenesis. The abundance of restriction sites facilitates the creation of
variahts. Once generated, the nature of the mutant can be unsolved using
the wealth of techniques available discussed above.

Some work on the mutagenesis of azurin has been reported recently.
The H35K and E91Q mutants, for example, have unaltered spectroscopic
properties, while in the F114A mutant, the optical band is downshifted by 7
nm and the reduction potential by 20-24 mV.47 Another mutation at a
conserved residue within the hydrophobic path, M44K causes only a
minimal change in the spectroscopic properties but significantly affects the
electron self-exchange rate.48

In this chapter, various experiments that have been performed in
order to gain a better understanding of azurin’s copper center are reported.
Combining site-directed mutagenesis with various spectroscopic
techniques allows us to investigate azurin and its properties in an

unprecedented way.
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Materials and Methods

Materials

All expressions were performed in E. coli strain TG-1. All mutants
were made by the author except for the Met 121 mutants Ala and Leu,
F114A, and the Triple mutant. These were obtained from B. G. Malmstrom
for collaborative work. M121D was made by both groups.

Restriction enzymes, polynucleotide kinase, T4 DNA ligase, and calf-
intestinal alkaline phosphatase were purchased from the same supplier as
mentioned in Chapter 2.

Western blot was performed on a Bio-Rad transblotter. The cells
were grown in a New Brunswick Magnaferm fermentor, and the
purification was done using the same conventional and FPLC
chromatographic procedures detailed in Chapter 4. UV-Vis spectra were
takén on a Hewlett-Packard Model 4830 spectrophotometer. The CD spectra
were taken on a JASCO Model 600 spectrophotometer, while NMR spectra
were taken on a Bruker AM-500 NMR. The X-band EPR spectra were taken
by A. DiBilio. The S-band EPR spectra were taken at the national ESR
center located at the Medical College of Wisconsin by W. Antholine.

Methods
DNA ipulati

For the site-saturation cassette mutagenesis, oligonucleotides
containing mixed bases at position 121 codon were synthesized and purified
using Applied Biosystem's OPC cartridge. This method takes advantage of
the dimethyltrityl group present at the end of the synthesis. The trityl

group was removed after purification by treating it with acetic acid.
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The plasmids were cleaved with two restriction enzymes and purified
on a 1.5 % agarose gel. The oligonucleotides were individually kinased and
annealed together in a boiling water bath. The ligation was performed
using 0.4 pmole of annealed cassette and 0.04 pmole of cleaved plasmid in
25 ul of ligase buffer.

Transformation
The ligated plasmid was transformed into TG-1 cells using the

Hanahan protocol as described in Chapter 2.

Colony screening

The plasmids from site-saturation ligation were all sequenced using
the Sequenase sequencing kit. The plasmids from minipreps were used for
sequencing. Cells were grown in 2 ml of L-broth containing 50 pg/ml
ampicillin. 1.5 ml of this was spun down in a microfuge, and the standard
alkaline lysis was performed using 100 ul of solution 1, 200 ul of solution 2,
and 150 ml of ice-cold solution 3. The mixture was extracted with phenol
once, chloroform once, and ethanol precipitated by the addition of 3 M NaAc
(1/10 volume) and ethanol (2.5x vqlume). The DNA pellet was washed once
with 70% ethanol and dried under vacuum. The recovered plasmid had
high enough purity for sequencing. The plasmids were sequenced using

the Sequenase kit as described in Chapter 2.

Protein P ’
Large-scale (8L) protein preparations were performed as before

(Chapter 4). Up to 2 mM of CuSQ4 were used, although this did not seem to

make a difference in the yield.
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Metal substituti

‘To replace Cu2+ with another metal, ~10 mg of azurin in 1 ml of
NHj3Ac buffer (pH 4.1) were reduced by adding ascorbic acid (1 M) in 10 mM
increments until the blue color disappeared. The amount of ascorbic acid
required to reduce the protein differed completely with each mutant. The
copper was then removed by dialyzing the protein sample against 3 changes
of thiourea buffer. The samples were then dialyzed into Tris-HCI buffer,
pH 9. The NH3Ac buffer was originally used, but Cu2+ proved to be too
reactive in this buffer. Azurin was then removed from the dialysis tubings,
and the metal (Co2+, Ni2+, or Cu2+) was added to a final concentration of 1
mM. After allowing the metal to be incorporated overnight, the excess
metal was dialyzed away in a Tris-HCl or a phosphate buffer, pH 7.0.

NMR

NMR spectra of nickel-substituted azurins have been taken. Since a
proton spectrum of a protein is rather complex, the NMR spectra of the
nickel derivatives were taken with a fast pulse rate (3 or 4 pulses/sec). The
normal relaxation time of the peaks is in the order of seconds, allowing all
signals to be saturated except for those from the residues that are directely
associated with nickel. Thus, this technique enables one to focus onto only
those residues that are immediately associated with the metal center where

nickel is inserted.

Computer Modeling
All mutants were modeled on BIOGRAF, versions 1.5, 2.0 or 2.1

(BioDesign Inc., Pasadena, California) running on an Evans and
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Sutherland PS 390 graphic terminal controlled by a DEC MicroVax 3000
work station. This program was set up with the Dreiding force field for

energy minimization.
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RESULTS

Site- . :

In order to generate all other 19 amino acid substitutions in one step,
a site-saturation cassette was synthesized that contained all four bases at
the first two bases, and G and C at the third base of the codon at position 121
(Figure 3). Then pAZ18 was cleaved in two ways: with Hind III/EcdR I and
with Kpn I/EcoR I. The small piece from the first digest and the large piece
from the second digest were gel-purified. The cassette was ligated with
these fragments using a three-piece ligation(Figure 4). 200 colonies
originating from this ligétion were sequenced before all 19 amino acid
variants were identified. The actual number of colonies sequenced was
more than expected, since according to Poisson distribution, one needs to
sequence only four times the total number of possibilities (4 x 32 = 128) to
have a 95% probability of finding them all. The codon and the base
distributions are summarized in Table 3. The high occurrence of ATG
(Met) is obvious from this table. This was most likely caused by incomplete
separation of the doubly digested plasmid from the singly digested plasmid,
since they differed by only ~400 bp out of 3000 bp. Successive approximation
was done to estimate that the 200 colonies contained 121 mutants and 79
parental plasmids. Here, G and C are found more frequently than A and T,

perhaps because of their greater number of hydrogen bonds.

UV-Vis
The UV-Vis spectra of the Met 121 mutants Asn, Asp, His, Ile, and
Val are shown in Figures 5-9 and summarized in Table 4. The peaks are

shifted, but not drastically.
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Xma I overhang C Kpn I overhang

CCGGGTCACTCCGCACTGNNGAAAGGTAC
CAGTGAGGCGTGACNNCTTTC
G

Figure 3. Cassette with mixed bases used to site-saturate Methionine 121
in azurin. The codon at position 121 is highlighted.
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Lac Prameter

pUC18BAzu
3.1 kb

Azurin Gens in pUC 18

Site-saturation cassette

cut with
-\ Xmal and Kpn [;

All 19 Amino Acid Mutants
at Met 121 in One Step

Figure 4. Ligation of site-saturation cassette into azurin expression vector.
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Table 3
Base Distribution from Site-saturation

Second Position

First T(27) C(50) A(21) G(23)

Position
T C 5 CS)3 C(Y) 3 CC) 2
(23) G(L) 2 G(S)3 G(Stop) 2 G(W)
C CL) 2 cCP1u CH1 CR)1
(35) GL)3 G(P) 12 GQ4 GR)1
A GI) 2 cMms C(N) 2 CiS)3
(24) GM) 3/56 G(T) 4 GEK)3 G(R) 2
G cVv)3 CA) 6 CD)4 C(G)8
39) GW) 7 G(A) 6 GE) 2 G(G) 3

Numbers shown are the number of times that a particular base was found
at each of the three positions of a DNA codon. The amino acids are
represented using the standard one-letter code. Using the probability of
finding a particular base at a particular site, successive approximations
were made to estimate the number of contaminating wild-type plasmid

ATG (approximately 53 out of 56 AATG’s were contaminants).
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Figure 5-9
UV-Vis spectrum of Methionine 121 variants (Asn, Asp, His, Ile, Val) of

azurin.
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Figure 5. UV-Vis spectrum of Met121Asn azurin.
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Figure 6. UV-Vis spectrum of Met121Asp azurin.
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Figure 7. UV-Vis spectrum of Met121His azurin.
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Figure 9. UV-Vis spectrum of Met121Val azurin.
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Table 4

UV-Vis absorbance maxima of the mutants

Variant Major Peak Minor Peak
M121(Wild type) 626 445
M121V 630 459
Mi21I 626 459
M121D 622 445
Mi121H 612 449
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CD
The CD spectra (Figures 10-15) of the same mutants in the visible

range show similar results; that the peaks are shifted but not by much.

EPR

The copper ligand variants show different g and a values for the X-
band EPR spectrum, as summarized on Table 5. The EPR spectrum of
Met121Val is shown in Figure 16. The S-band EPR spectra show high-
resolution interaction at the copper site, especially when a pure isotope of
copper is used. The S-band spectrum of the wild-type azurin is shown in

figure 17.

UV-Vi 1 CD of 1-substi i .

Ni and Co were substituted into M121D, M121G, M121L, F114A, and
the triple mutants. Both the UV-Vis and CD spectra show more
appreciable shifts compared to the copper azurins. The peaks are shown in

Figures 18-28 and are summarized in Table 6.

NMR. of Nickel- substituted .

The spectrum of the Ni2+ substituted wild-type azurin resembles the
published spectrum. Unfortunately, only the protons from the methyl
group of methionine have been assigned. In the mutants lacking this
methionine, the peak disappears, while for the Phe114A mutant, the peaks
are retained. The copper center may be flexible in the mutants, creating a
big djfference between the NMR spectra of azurins with and without M 121.
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Figure 10-15

CD spectra of Methionine 121 variants (Met, Asn, Asp, His, Ile, Val) of

azurin.
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9.3 GHz, T = 77°K.

Figure 16. X-band EPR of Met121Val Azurin. v
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Table 5
Spin-Hamiltonian parameters for azurin mutants
Azurin gl A1(104 cm-1) g2+
Wild Type 227 53 2.04
MI12IN 2.249 B ¢ 2.056
M1211 2.246 b 2.060
M121V 2243 R 2.064
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Figures 18-23
UV-Vis spectra of Cobalt-substituted azurins : M121, M121D, M121G,
M121L, triple mutant, F114A



195

b

808v¥80°0 = 3Inssay 9€9 = yjbuaraseM : ¥
LGELB0°0 = 3TNS8Y  9TG = YyzbualoaaeMm : ¢
TTEPBT O = 3Tnsay 2LE = yybuaroaaem : 2
€EEOEYE"O = 3Tnsay 0€€ = yzbuaiaaem : 1
:syjbuarasem pajzejouuy
H1DN3I13ABN
00Z 008 00s 00+ 0o€E
L 1 —A A - 1 r " A A - | s A " . oogoo
‘/\.\u\\\\)‘l}/ TOS&OIQ
+ !
b -]
-000+1°0 =
! [ — ]
=
©
-00012°0 »
=
| L
vq.q..
- 0008Z°0
uranzy JNM paynjlisqns-jreqo) .
€2 4+ ~000S€ "0




196

11098Z°0 = 3INSaYy 80¢ = yjbuoiaaeM : ¥
G000€T°0 = 3[nsay 06¢ = yzpustaaem : ¢
Z8IEVO°O = JnssYy 0€S = yybuarsaeMm : 2
STOI¥0°0 = 3Tnsay 829 = yjbuatsaem : 1
:syjbuarasem pajzejouuy
HIBNITIAUN
00L 009 00s 004 00¢e
I i i A i i ' A " A i i i A A 1 A 2 A 2 ogoco
3 L
- 00040°0
b~
+ 000410
[~
=2
- -]
-00012°0 >
-
-
m
- 0008Z2°0
uramzy dsy¢——-1ZI194 pajrni1isqns-3eqo)

Z:81 -0005€ °0




197

b

2296V0°0 = 31nsay 829 = yjbuatoaem : ¢
Y€2T90°0 = 3[nsay 926 = Ybuarsaem : ¢
GLSEET O = 3Tnsay ZS€ = ybuarosaem : 7
6266220 = Jrnsay 21€ = yabusyonem : 1
:syjpusaTasey peojzelouuy
HLIO9N3I3AHNMN
004 009 00S 0o 00g
L Y Y i A A s i A Py A " o ) A a i . ] ' Qooo-o
({f’f’)‘l
T - 000900
4
- =
-00021°0 =
o
3
o«
-00081°0 =
=
[ ]
™
- 000420
R19¢{——TZT12H PaIN}I}SqNsS_3[eqo) .
£2 ~0000€ "0




198

61

€L9080°0 = 3IINS8Y  9€9 = YPua[sAeM : ¥
609T.L0°0 = J3TNSaY 225 = yabuotaAeMm : ¢
66891 °0 = 31nssay pLE = Yabuostoaem : 2
60809¢€°0 = 3Insay vZe = yapbuoaraaem : 1
:syjbuaraaem pajlejouuy
HIGN313anBm
00Z 003 00s 141 00¢E
L i 2 s —a i | A 2 " Y ) " A A Y 1 i A, A 8°°-°
§ | 00080°0
|
P~
-00091°0 =
| [~
=
o
F000#2° 0 >
=
L Lo ]
m
-000Z€ "0
uranzy naK—IizZiie ajrnjrisqns—-qeqo)
L) 1< 394 P 1sq q L 000040




199

GLG9€0°0 = JITns9ay 9¢9 = Yzbuaisaem : ¢
Z2L8¥20°0 = J3TNnSay 966 = yzbuarsaemy : 2
T0EG0T°0 = 3Tnssy ove = yYabuayrsaem : 1
:syjbustaaeym pajlejouuy
H19N3IT3IAUN
00L 0as 005 00+ 0oge
— M - A [} i i Y 2 X i A A A L 3 a i i 1 " SQC-Q
.
-000€0°0
P )
-00030°0 =
| [—]
-
= )
- 0006070 ©
==
X o
™m
- 000Z1°0
jueiny ajdia] pajynjiisqns—3|eqo)

¢ 81 ~000S1°0




200

UHNZE BIVHI T 0)) Jo winayoads SIA-AQN ‘82 aamByy

$9G69G60°0 = 3TNSaY 9¢9 = yjbuerLAeMm : ¢
G6L6£0°0 = 3Tnsay 086 = YybuostaaeMm : ¥
GGG6G0°0 = 3Tnsay ¥1S = yjbuoarsaem : ¢
0ZLLYT"0 = }Insay ZLE = yrbuostonem : ¢
I28G2€°0 = 3ITnS9yY 92¢ = yjbuaraaem : 1
ssyjbusaTasem pajzejouuy
HIONI 13nOnN
005 0o# 00t
— : : : . 0000°0
- 000£0°0
b =]
-000+1'0 =
D
I =
(e =]
-0001Z°0 =
b4
[ ]
m™m
- 0008Z°0

000SE "0




201

Figures 24-28
UV-Vis spectra of Nickel-substituted azurins: M121, M121D, M121G,
M121L, triple mutant, and F114A
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Figure 24. UV-Vis spectrum of Ni Met121azurin.
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Figure 25. UV-Vis spectrum of Ni Met121Asp azurin.
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Figure 26. UV-Vis spectrum of Ni Met121Gly azurin.
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UV-Vis spectrum of Ni Phel14Ala azurin.
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Table 6

Peaks in the Visible range of Ni- and Co-substituted azurin mutants

Cabalt Nickel

Mutant peak 1 peak2 peak3 peakl peak2 peak3
Wild type 330 372 636 356 440 552
M121D 350 530 628 414

M121G 352 526 628 414

M121L 374 522 636 418

Triple 340 556 636 414

F114A 372 514 636 354 438 550
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Figure 30

CD spectra of Nickel-substituted azurins
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Figure 31. NMR of Nickel M121Asp azurin
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Figure 32. NMR of Nickel M121Gly azurin
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Figure 33. NMR of Nickel triple mutant of azurin
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Figure 34. NMR of Nickel F114A azurin
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DISCUSSION

Site-saturation cassette mutagenesis was used to create all other 19
amino acid variants as well as the amber-stop codon in one ligation
experiment. Surprisingly, all the mutants were stable since they could be
stained on Western blot. That all the mutants at Met 121 (Gly, Leu, Asp,
Triple, Asn, Ile, His, Val) showed the characteristic blue band was an even
bigger surprise since methionine was absolutely conserved in all azurins
and plastocyanins. Stellacyanin, however, is one notable exception among
the blue copper proteins.4% Although its structure is not yet known, it lacks
methionine in its amino acid composition and therefore cannot use
methionine as a ligand. Thus, the methionine does not contribute
significantly to the electronic signature of azurin with copper.
Interestingly, it was observed during the metal substitution experiments
that the metal could be removed or inserted at a much faster rate into the
mutants than the wild-type. Therefore, the role of Met 121 must be to give
stability to the copper center and to fine-tune the redox potential of azurin.

The nature of the copper center when nickel or cobalt has been
substituted is more puzzling. For a long time, the 560 nm peak in the CD
spectrum of Ni2+-substituted azurin has been assigned to the ©S (Cys)->Cu
transition. Yet, the only mutant that retains this band is the one that has
methionine (Phell14Ala). Therefore, when nickel is present in the copper
center of an azurin, the methionine is most likely coordinating to the metal.
Another evidence for this comes from the visible absorbance of the Nickel-
substituted azurins. Only the two sample (WT and F114A) show bands at
350 and 550 nm. These absorbances must be from methionine-to-copper

charge-transfer. Furthermore, the shape of the entire spectra changes
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rather dramatically with nickel. Therefore, it is possible that without Met
121, the copper site is flexible enough to accommodate nickel in a square
planaf geometry. These conclusions may also explain the radical changes
in the NMR spectra upon deletion of methionine. To confirm this, a
magnetic susceptibility experiment is awaiting to be performed. This
experiment will reveal the geometry adopted by nickel. To further
investigate the copper center in the variants, a Resonance Raman
experiment is in the plans. These experiments will allow us to reexamine
the identities of the charge-transfer bands.

Last but not the least, His83GIn azurin has been constructed. This
removes the only surface-accessible histidine from azurin. Consequently, a
series of mutants that introduces surface-accessible histidines can be made
to investigate, among other variables, the distance dependency of electron
transfer. As shown in Figure 35, Lys103His mutant may clarify the role of
aromatic residues; Tyr108 may serve as a short cut to the copper center,
explaining why this residue is conserved in all azurins. Two separate
series of mutants are proposed in Figures 36 and 37, one coupled to Cys 112
and one coupled to Met 121. The former set of mutants are being currently
made by another member of the group.50 These two sets of mutants should
prove to be very useful in answering some long-standing questions about

the mechanisms of electron transfer.
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Possible Electron Transfer Pathway

Figure 35. Proposed shortcut pathway of electron from K103H to Cu
through Tyr 108.
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5.5 A

Electron Trensfer Nutants

Figure 36. Surface histidine mutants which has histidines at K103, Q107,
and M109. The edge to edge distances (imidazole to copper) are shown.
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Electron Transfer Mutants

Figure 87. Surface histidine mutants which has histidines at K122, T124,
and T126. The edge to edge distances (imidazole to copper) are shown.
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