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The Pyrococcus furiosus thermostable DNA polymerase or Pfu DNA
polymerase is structurally homologous to the family B DNA polymerases. It has been
shown to have the highest fidelity, introducing the lowest amplification errors in PCR
products.  Nevertheless, the structure of Pfu DNA polymerase is unknown.
Understanding of the structural mechamisms and control of its high fidelity, as well as
its thermostability is therefore limited. The objectives of this study were to clone,
express, and purify Pfu DNA polymerase, test its activity, crystallize it and generate the
preliminary X-ray crystallographic data.

The DNA polymerase gene was cloned from P. furiosus genomic DNA into the
pSYS5 plasmid vector, and expressed in Escherichia coli strain Rosetta (DE3) pLysS as
the Hisg-tagged Pfut DNA polymerase with yield of 38 mg/L culture. The proteins was
purified and tested for its activity. The relative activity is 30,000 U/mg protein. The
Hiss-tagged Pfu DNA polymerase was still stable when incubated at 97.5 °C for 23 h
and has higher PCR efficiency than commercial Pfu DNA polymerase. Some loss of
PCR efficiency occurred in the heat-treated protein.

Single crystals of non-heated Hisg-tagged Pfu DNA polymerase were

obtained from a condition containing 12% (w/v) PEG1000, 200 mM ammonium



v
phosphate (monobasic) and diffracted to a resolution limit of only 4 A. On the other
hand, single crystals of heated Hiss-tagged Pfu DNA polymerase were obtained from
10% w/v PEG8000, 100 mM sodium acetate, and 50 mM magnesium acetate. The
crystal diffracted to a resolution limit of 3 A. The unit-cell parameters were determined
asa=919A, b=1268 A, c=884 A, a=90.0°, f=109.1°, and = 90.0° with the
monoclinic space group of C2, which gave Matthew’s coefficient of 2.64 A’Da™ and a
solvent content of 53.5% (v/v).

The preliminary overall structure is basically composed of an N-terminal domain,
Exonuclease domain, and Polymerase domain including the Palm and Fingers
subdomains. The Thumb domain is absent in the structure. Two disulfide bonds are

found in the connection site between the Palm and Fingers subdomains of the structure:

Cys452-Cys466 and Cys530-Cys533.
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CHAPTER I

INTRODUCTION

The structural gene encoding Pyrococcus furiosus DNA polymerase or Pfu
DNA polymerase has been cloned and found to contain 2,785-bp, which consist of
775 amino acids as deduced from the DNA sequence, and has a molecular weight of

90.109 kDa. This protein is homologous to the a-like DNA polymerases (family B)

represented by human DNA polymerase o and Escherichia coli DNA polymerase I
(Uemori, et al., 1993).

Polymerase Chain Reaction or PCR has become an indispensable part of
modern molecular biology and molecular medicine. The use of high fidelity DNA
polymerases in the PCR is essential for reducing the introduction of amplification
errors in PCR products that will be cloned, sequenced, and expressed. The Pfu DNA
polymerase has been shown to have the highest fidelity among the other thermostable
DNA polymerases. The error rate of Pfu DNA polymerase is reported to be 7- to 10-
fold lower than that of nonproofreading 7ag DNA polymerase, and 2- to 3-fold lower
than other proofreading enzymes (Lundberg, et al., 1991; Eckert and Kunkel, 1991;
Cline, et al., 1996). Consequently, it has gained considerable attention in the field of
DNA amplification and been widely used in the laboratory (Lu and Erickson, 1997).

The Pfu DNA polymerase possesses thermostability and the highest fidelity
among other thermostable DNA polymerases so far identified, therefore,

understanding the structural based hyperthermostability as well as mechanisms and



control of Pfu DNA polymerase proofreading activity will be a basic contribution to
understanding the fundamental cell biological processes. Moreover, engineering of
Pfu DNA polymerase in order to improve its activity can be conducted, following its
structure determination. One crucial step in crystal structure determination is
crystallization. The crystallization conditions that result in single crystals and high
resolution diffraction data are preferable. The Pfu DNA polymerase protein was
previously crystallized from 0.08 M ammonium sulfate, 0.05 M Nacacodylate, pH
6.5, 0.15%(v/v) NP40, 0.05%(v/v) Tween 20 and 4.5%(w/v) polyethylene glycol
6000 by the vapor-diffusion method, yielding long rod-like single crystals (Goldman,
et al., 1998). The crystals diffracted only beyond 4 A on a synchrotron radiation

source.

1.1 The problem

The structure of Pfu DNA polymerase is required in order to understand the
structural based hyperthermostability, as well as the mechanisms and control of Pfu
DNA polymerase high proofreading activity, which will be a basic contribution to
understanding the fundamental cell biological processes. Moreover, engineering of
Pfu DNA polymerase in order to improve its activity can be done, following its
structure determination. However, due to the low resolution of the diffraction data
obtained by Goldman, et al. (1998), the structure of Pfu DNA polymerase has never
been determined. This suggested the requirement of other crystallization conditions
or optimization of crystallization conditions to obtained single crystals that diffract to

higher resolution.



1.2 Objectives

To achieve the aims of the thesis, the following specific objectives were
investigated.
1.2.1 To clone DNA polymerase gene from Pyrococcus furiosus.
1.2.2 To express, purify, and test activity of Pfu DNA polymerase.
1.2.3 To crystallize recombinant Pfu DNA polymerase.
1.2.4 To elucidate the preliminary X-ray crystallographic data of Pfu DNA

polymerase.

1.3 Scope

This study comprised cloning and expression of recombinant Hisg-tagged Pfis
DNA polymerase enzyme in E. coli, followed by protein purification and activity
assay. Finally, crystallization, data collection and preliminary X-ray crystallographic

data analysis were carried out.

1.4 Benefits

The structure of Pfu DNA polymerase will be of use for understanding of the
mechanisms and control of its high fidelity as well as its hyperthermostability. These
will be a basic contribution to understanding the fundamental cell biological processes
as well. In addition, since the need for Pfu DNA polymerase enzyme is increasing,
considerably large amounts of Pfu DNA polymerase have been purchased from
commercial companies. Therefore, having Pfu DNA polymerase produced in our

own laboratory can be considered as an economic benefit.



1.5 Conceptual framework

Pfu DNA polymerase used in this study is recombinantly expressed with
MAEEHHHHHHHHLEVLFQGPGRP tag at its N-terminus. It is so called Hiss-
tagged Pfu DNA polymerase. Consequently, the protein contained 798 amino acids
with a calculated molecular weight and isoelectric point (pI) of 92.865 kDa and 7.1,
respectively. The extinction coefficient for Az = 0.74 for 1 mg/ml.

The commercial Promega Pfu DNA polymerase, which is a natural enzyme
directly purified from Pyrococcus furiosus, was used as a reference in the
determination of relative DNA polymerase activity and PCR efficiency assay to
compare with the Hisg-tagged Pfu DNA polymerase.

The structure of Pfu DNA polymerase was represented by the Hisg-tagged Pfu
DNA polymerase and it is a preliminary structure. Cycles of refinement, model
building and validation will be needed in order to obtain the final structure. However,
this preliminary structure could be investigated globally such as the domains and

loops.



CHAPTER Il

LITERATURE REVIEW

2.1 Thermostable DNA polymerase

Many of the thermophilic DNA polymerases appear to be monomeric in
solution with molecular masses of 80-115 kDa. They have been isolated and
characterized previously from either mesophilic eubacteria or archaea sources
(Klimczak, et al., 1985; Rella, et al., 1990; Elie, et al., 1989). Corresponding to the
thermal extremes of the environment from which their source species were isolated,
these enzymes have thermal stabilities. Although thermal stabilities of the native
proteins vary among enzymes, the range of 70-80 °C are common optimal
temperatures for their polymerization activities (Rella, et al., 1990; Elie, et al., 1989).
Considering the thermostability of these enzymes and their potential industrial
applications, their structure and function relationships are of interest to researchers.
Nevertheless, very low levels of most native thermostable enzymes are synthesized by
the thermophilic bacteria and they are therefore cumbersome to purify.

More than 50 DNA polymerase genes have been cloned and sequenced from
various organisms, including thermophiles and archaea. Their deduced amino acid
sequences have been compared. On the basis of similarities in these amino acid
sequences, DNA polymerases have been classified into four major groups:
Escherichia coli DNA polymerase I (family A), DNA polymerase II (family B, a-like

DNA polymerases), DNA polymerase III (family C), and others (family X) (Ito and



Braithwaite, 1991). Extremely thermostable DNA polymerases have been purified
from some archaeon and the genes have been cloned (Mathur, et al., 1991; Perler, et
al., 1992). The deduced amino acid sequences of these thermostable DNA
polymerases showed that they all belong to the o family (family B).

With their integrated 3’-5’ exonuclease activity that corrects errors introduced
during polymerization, several thermophilic DNA polymerases, including Pfu, Vent,
deep Vent, Pwo, and UlTma possess proofreading ability. However, they differ in
their error rate, which was determined by the /ac/ PCR mutation assay described by
Lunberg (1991). Briefly, the laclOZo nucleotide sequence was amplified from
transgenic mouse genomic DNA containing a /acIOZa. The PCR products were
cleaved at unique EcoRI sites introduced at the ends of the fragments by the PCR
primers, then cloned into the phage Agt 10 vector, packaged and plated with a
lacZAM15 E. coli host strain containing the a-complementing portion of the lacZ
gene. A nonfunctional repressor protein is expressed when certain mutations occurred
within the /acl gene during the PCR amplification process, generating a blue plaque
when plated with top agar containing XGal. Therefore, the observed mutation
frequency (frequency of phenotypic mutants) can be calculated by dividing the
number of blue plaques (Lac/ ~ mutants) by the total number of plaques scored
(Lundberg, et al., 1991).

The Pfu DNA polymerase was initially isolated directly from P. furiosus
(Lundberg, et al., 1991), but it is difficult to grow this thermophilic, anaerobic
bacterium to obtain large quatities of protein. A major advance was expression of
recombinant Pfu DNA polymerase in a baculovirus-mediated system (Mroczkowski,

et al., 1994). This system makes possible production of commercial amounts, but is



not as cheap and easy as an E. coli bacterial expression system. The Pfu DNA
polymerase was also produced in E. coli expression system as a native (Lu and
Erickson, 1997), or His-tagged protein (Dabrowski and Kur, 1998) giving milligram
quantities of enzyme.

A Pfu DNA polymerase assay has been proposed by Mroczkowski (1994) for
the incorporation of deoxyribonuclotides into DEAE-paper bound form, in which one
unit was defined as the amount of protein that catalyzed the incorporation of 10 nmol
total nucleotide into a DEAE-bound form in 30 minutes at 72 °C (Mroczkowski, et
al., 1994). Relative Pfu DNA polymerase activity, comparing the PCR results
obtained from unknown activity Pfu DNA polymerase with that from commercial Pfu
DNA polymerase, has also been used (Dabrowski and Kur, 1998). The activity
obtained from Pfu DNA polymerase directly purified from P. furiosus was 31,713
units/mg protein (Lundberg, et al., 1991), from baculovirus expression was 26,000
units/mg protein (Mroczkowski, et al., 1994), from the bacterial pET11 expression
system, expressed as native protein, was 22,500 units/mg protein (Lu and Erickson,
1997), and from the bacterial pET30 expression system, as Hise-tagged form, was
31,000 units/mg protein (Dabrowski and Kur, 1998).

The Pfu DNA polymerase protein was previously crystallized from 0.08 M
ammonium sulfate, 0.05 M Na-cacodylate, pH 6.5, 0.15%(v/v) NP40, 0.05%(v/v)
Tween 20 and 4.5%(w/v) polyethylene glycol 6000 by the vapor-diffusion method,
yielding long rod-like single crystals. The crystals diffracted only beyond 4 A on a

synchrotron radiation source (Goldman, ef al., 1998).



2.2 Crystal structure of archaeal family B DNA polymerases

The first crystal structure of a family B DNA polymerase obtained was that of
bacteriophage RB69 DNA polymerase (RB69 DNA polymerase) which was solved by
Wang (1994). The editing complex of RB69 DNA polymerase has been reported
(Shamoo and Steiz, 1999). The first crystal structure of archaecal DNA polymerase
was DNA polymerase from Thermococcus gorgonarius (Tgo DNA polymerase)
(Hopfner, et al., 1999). Three further crystal structures of archaeal family B DNA
polymerases have also been reported: Tok DNA polymerase from Desulfurococcus
sp. Tok (Zhao, et al., 1999), 9° N-7 DNA polymerase from Thermococcus sp. 9° N-7
(Rodriguez, et al., 2000), and KOD DNA polymerase from Pyrococcus kodakaraensis
KODI1 (Hashimoto, et al., 2001). The overall structural comparisons of the four
archeal DNA polymerases are shown in figure 2.1. The structural architectures of the
proteins are similar and composed of domains and subdomains, which are the N-
terminal, exonuclease, polymerase domain, including the palm and fingers
subdomains, and the thumb domains.

Two disulfide bonds exist in the connection site between the Palm and Fingers
subdomains in all four crystal structures. The sequence alignment shown in Figure
2.2 (Hashimoto, et al., 2001) suggested that DNA polymerase from P. furiosus (Pfu
DNA polymerase) with an optimum growth temperature of 95 °C (similar to that of P.
kodakaraensis KOD1 (Pko)) is expected to have 2 disulfide bonds as well. It also
suggested that the numbers of disulfide bonds are correlated with optimum growth
temperatures of organisms. DNA polymerases from Thermococcus litoralis,
Methanococcus jannaschii and Archaeoglobus fulgidus, with optimum growth

temperatures of 85, 85, and 83 °C, respectively, are expected to have one disulfide



c)

N-terminal
daomain

1TGO: T.go 1D5A: D. Tok

Figure 2.1 Structures of archeal DNA polymerases. &) Pyrococcus kodakaraensis
KODI1 [PDB Code: 1WNS] (Hashimoto, et al., 2001). b) Thermococcus sp. 9° N-7
[PDB Code: 1QHT] (Rodriguez, et al., 2000). ¢) Thermococcus gorgonarius [PDB
Code: 1TGO] (Hopfner, et al., 1999). d) Desulfurococcus strain Tok. [PDB Code:

ID5A] (Zhao, et al., 1999).
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Figure 2.2 Sequence alignment of archaecal DNA polymerases. The abbreviations

used as follows: Pko, Pyrococcus kodakaraensis; Pfu, Pyrococcus furiosus; TIi,

Thermococcus litoralis; Mja, Methanococcus jannaschii; Afu, Archaeoglobus

fulgidus; and Mth, Methanobacterium thermoautotrophicum. Homologous residues

are masked in gray. Remarkable residues are highlighted in reverse type. Conserved

carboxylate residues in the Exonuclease and Polymerase active sites are shown in red.

Basic residues gathering in the forked-point and Fingers subdomain are shown in

blue. Cysteine residues forming (or possibly forming) disulfide bonds are shown in

green (Hashimoto, et al., 2001).



11

bond, because Pko Cys506 is replaced by serine in 7. litoralis and M. Jannaschii, and
Pko Cys442 is replaced by arginine in A. fulgidus. DNA polymerase from
Methanobacterium thermoautotrophicum, with an optimum growth temperature of 65

°C, is expected to have no disulfide bond, because Pko Cys428, Cys442 and Cys506

are replaced by glutamic acid, arginine and serine, respectively.

2.3 Protein Crystallization

The crystallization is the first and in many cases the trickiest part of a structure
determination. Whatever is done in the following steps, the quality of the crystal sets
a limit on the quality of the final models. Most important is the maximal resolution to
which the crystal diffracts.

2.3.1 Principles of protein crystallization

In order to initiate crystallization, the protein solution has to be brought to a
thermodynamically unstable state of supersaturation. The solution can be brought
back to the stable equilibrium state through precipitation of the protein, which is the
most frequent process, or through crystallization. The supersaturated state can be
achieved by several techniques: evaporation of solvent molecules, change of ionic
strength, change of pH, change of temperature or change of some other parameter
(Bergfors, 1999).

Figure 2.3 show the phases of crystal growth, which include nucleation,
growth and cessation of growth. Nucleation requires a greater protein concentration
than growth. The solution needs to be supersaturated. Supersaturation might,
however, lead to formation of too many nucleation points. Seeding is a way of

limiting the number of nucleation points. Growth rate and crystal size depend on the
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degree of super-saturation. Cessation of growth may be caused by depletion of a
particular component, which actually is building up the crystal, growth defects or the
flow of molecules around the crystal (Rhodes, 2006). The crystal-packing
interactions involve salt bridges, hydrogen bonds, van der Waals-, dipole-dipole-, and

stacking interactions.

a b
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I supersaturated
— i . —
c v hucleation o
‘D | ‘. and growth )
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= | = - =
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[precipitant] [precipitant]

Figure 2.3 Phase diagram of crystal growth. (Rhodes, G. 2006. Resources for Readers
Crystallography Made Crystal Clear: a Guide for Users of Macromolecular Models

[online]. Available: http://www.usm.maine.edu/~rhodes/CMCC/)

2.3.2 Protein crystallization methods
Bergfors (1999) has described the methods widely used in protein

crystallization including vapor diffusion, dialysis, batch, and microbatch techniques.

2.3.2.1 Vapor diffusion
The most frequently used crystallization method is the vapor diffusion

technique. In this technique a small droplet of typically 2-10 pl of the protein is
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mixed with an equal or similar volume of the crystallizing solution (usually buffer,
salt, and precipitant) and placed in a reservoir containing 500 — 1,000 pl of the
crystallizing solution in a closed system. The difference in concentration between the
drop and the reservoir drives the system toward equilibrium by diffusion, usually of
water molecules, through the vapor phase. The protein becomes supersaturated and
crystals start to form when drop and reservoir are at or close to equilibrium.

Vapor diffusion method can be prepared in several ways including hanging
drops, sitting drops, sandwich drops, reverse vapor diffusion, and pH gradient vapor
diffusion

2.3.2.2 Dialysis

Dialysis offers a way of manipulating the ionic strength that is not possible
with vapor diffusion. The dialysis can be set up in various ways, e.g., in dialysis bags
or collodion thimbles (also called ultra thimbles), Zeppezauer cells, or buttons. In the
button the protein is placed inside the button which then covered by a dialysis
membrane. Dialysis membranes are semi-permeable: They allow small molecular
weight substances to diffuse in while preventing the protein from diffusing out.

Dialysis is the most effective technique for crystallization by decreasing the
ionic strength. If a protein is less soluble at low ionic strength, it is often possible to
crystallize it simply by dialyzing it against a weak buffer or even water. In this case,
no precipitant is necessary. Unlike vapor diffusion, the protein concentration remains
constant during the dialysis experiment.

2.3.2.3 Batch technique

In the batch technique, the precipitant and the target molecule solution are

simply mixed. Supersaturation is achieved by mixing rather than by diffusion. It can
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be also be used as a rapid micro-scale screening under microscope for the purpose of
determining the solubility conditions.

2.3.2.4 Microbatch technique

Batch technique can also be performed under oil. The oil prevents
evaporation and extremely small drops (< 2 pl) can be made, hence it is termed
“microbatch”.

2.3.3 Symmetry in protein and macromolecular crystals

The macromolecules in biological systems very often have some type of
symmetry. Using multiple copies of a single biological unit, evolution has created
molecules with properties that are not easily obtained with a single unit. The simplest
cases are those where two copies of a protein form a dimer, but there are cases
(mainly viruses) where even thousands of identical molecules form a regular
arrangement.

Proteins are asymmetric molecules formed by L-amino acids. This means that
the symmetry operations must involve only rotations and translations. A rotation axis
rotates an object by a fixed amount around an axis. If no translation is involved, the
rotation is called an n-fold rotation axis when it rotates the object 360°/n around the
axis. The number n must be an integer, but might have any value larger than 1.
When the object is both rotated and translated, we will have a helix. Well-known
examples of proteins forming helical structures are actin, tubulin and the coat protein
of tobacco mosaic virus.

When n = 2, we have two molecules forming a dimer. In dimers, a
contact between molecule 1 and 2 will be repeated by the same interaction between

molecule 2 and 1. In the cases where n = 3 or higher, there will be two different areas
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of contact. These areas on the protein surface must be in the correct geometrical
position to allow the interactions to occur with n-fold symmetry. In the evolution of
biomolecules, the development of dimeric contacts is much more common than other
types of symmetry. For example, tetramers with four-fold rotational symmetry are
rare but an arrangement of four molecules with perpendicular two-fold axes (222

symmetry) is very common.

Table 2.1 Types of symmetry found in proteins and macromolecules.

Type of symmetry Examples (PDB entry)

2 Alcohol dehydrogenase, cro repressor (Scro), Immunoglobulin G
3 Porin (1A0S), Influenza virus hemagglutinin

4 Influenza virus neuraminidase, K™ channel (1K4C)

5 Serum amyloid P component

6 C-Phycocyanin

8 Light-harvesting complex 2

9 Light-harvesting complex 2 (11JD)

11 trp RNA-binding attenuation protein

16 Light-harvesting complex 1

222 Lactate dehydrogenase, prealbumin (1BMZ)

32 Aspatate carbamoyltransferase (1D09)

422 Hemerythrin (114Y), Glycolate oxidase

622 Glutamine synthetase (1F1H)

72 GroEL (1DER)

23 (Tetrahedral) Protocatechuate 3,4-dioxygenase (3PCA)

432 (Octahedral) Ferritin (1BFR)

532 (Icosahedral) Icosahedral viruses (STNV: 2STV), Riboflavin synthetase

Some of the symmetric arrangements create cylinders where a central hole is
important for the function. In icosahedral viruses, a large number of subunits form a

protein shell around the viral genome. Further information concerning the symmetry



16

of protein crystal forms is described in APPENDIX F.

2.4 Determination of the crystal structure of proteins

This topic is aimed to overview the current strategies and methods in
determination of crystal structures of macromolecules, so called “X-ray
crystallography”. The diffraction theory underlying the structure determination of a
macromolecule has been well defined for a number of years and detailed texts such as
Blundell and Johnson (1976), Giacovazzo (1992) and more recently Drenth (1994) are
widely available. The works of Glusker and Trueblood (1972), Hammond (1997),
Blow (2002), and Rhodes (2006) offer a more descriptive explanation of the subject
for the non-specialist. A brief statement of the appropriate theory pertinent to this
work is included where necessary and further useful equations can be found in
APPENDICES E and F.

2.4.1 Data collection

In the data collection, the locations and intensities of spots in the diffraction
pattern from the crystal are measured (figure 2.4). Since the diffraction is three-
dimensional, the crystal is in some way rotated, and the scattered reflection intensities
is detected on some sort of two-dimensional device. This raw data is then processed
with computer programs that with little or no manual intervention are able to interpret
the pattern as reflections and evaluate the intensity of the individual reflections.

2.4.1.1 Scattering from crystals

Diffraction refers to the effects observed when light is scattered into directions
other than the original direction of the light, without change of wavelength. An X-ray

photon may interact with an electron and set the electron oscillating with the X-ray
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frequency. The oscillating electron may radiate an X-ray photon of the same
wavelength, in a random direction, when it returns to its unexcited state. Other
processes may also occur, akin to fluorescence, which emit X-rays of longer

wavelengths, but these processes do not give diffraction effects.

X-ray tube

. ASL ATl et Reflections

Figure 2.4 Crystallographic data collection. (Rhodes, G. 2006. Resources for Readers
Crystallography made crystal clear: a guide for users of macromolecular models

[online]. Available: http://www.usm.maine.edu/~rhodes/CMCC/)

Just as we see a red card because red light is scattered off the card into our
eyes, objects are observed with X-rays because an illuminating X-ray beam is
scattered into the X-ray detector. Our eye can analyze details of the card because its
lens forms an image on the retina. Since no X-ray lens is available, the scattered X-
ray beam cannot be converted directly into an image. Indirect computational
procedures have to be used instead.

X-rays are penetrating radiation, and can be scattered from electrons
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throughout the whole scattering object, while light only shows the external shape of
an opaque object like a red card. This allows X-rays to provide a truly three-
dimensional image. When X-rays pass near an atom, only a tiny fraction of them is
scattered: most of the X-rays pass further into the object, and usually most of them
come straight out the other side of the whole object. In forming an image, these
“straight through” X-rays tell us nothing about the structure, and they are usually
captured by a beam stop and ignored.

In diffraction by a repetitive object, rays are scattered in many directions.
Each unit of the lattice scatter, but a diffracted beam arises only if the scattered rays
from each unit are all in phase. Otherwise the scattering from one unit is cancelled
out by another.

In two dimensions, there is always a direction where the scattered rays are in
phase for any order of diffraction. In three dimensions, it is only possible for all the
point of a lattice to scatter in phase if the crystal is correctly oriented in the incident
beam.

The positions, amplitudes and phases of all the scattered beams from a three-
dimensional crystal still provide the Fourier transform of the three-dimensional
structure. But, when a crystal is at a particular angular orientation to the X-ray beam,
the scattering of a monochromatic beam provides only a tiny sample of the total
Fourier transform of its structure.

2.4.2 Phasing

Although the diffracted X-ray reflections from the crystal have a (relative)

phase and an amplitude, our detectors are unable to record the phase difference. We

want to calculate an electron density map based on our diffraction, but to be able to do
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that we need to know the phase. This phase problem has to be solved in some way,
and crystallographers have developed a number of methods for this. In the case of
macromolecules, three methods are mainly used.

The first method used was “isomorphous replacement”, where heavy atoms
(atoms with many electrons) are in various ways added to the molecules in the crystal.
Their contribution to the scattering will be significant, even if they are (ideally) very
few, compared to the great number of light atoms in the macromolecules. The
position of these heavy atoms can be found, and phases for the reflections from the
macromolecules can be calculated using observed amplitudes of the normal native
crystal and the heavy atom derivative. The certain phase improvement methods can
sometimes succeed with such phases from only one derivative, in which case the
structure is said to be solved by the method of “single isomorphous replacement”
(SIR). In practice, it commonly takes two or sometimes three or more heavy-atom
derivatives to produce enough phase estimates to make the needed initial dent in the
phase problem. Obtaining phase with two or more derivatives is called the method of
“multiple isomorphous replacement” (MIR).

The second method is “anomalous scattering” or “anomalous dispersion”, a
second means of obtaining phases from heavy-atom derivatives. The method takes
advantages of the heavy atom’s capacity to absorb X-rays of specified wavelength.
As a result of this absorption, Friedel’s law does not hold, and the symmetry-related
reflections are not equal in intensity. The effect is especially large when the
wavelength is close to an absorption edge. Absorption edges for the light atoms in the
unit cell are not near the wavelength of X-rays used in crystallography, so carbon,

nitrogen, and oxygen do not contribute to anomalous scattering. However, absorption
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edges of heavy atoms are in this range, and if X-rays of various wavelengths are
available, as often the case at synchrotron sources, X-ray data can be collected under
conditions that maximize anomalous scattering by the heavy atom. This method is so
called “multiwavelength anomalous dispersion” (MAD). By this method, all phase
information can be obtained from a single crystal. A modern development of this
method is the use of modified proteins where methionine residues are replaced by
selenomethionines. This has opened the door to the MAD phasing for nonmetallo-
proteins. Moreover, several elements have a significant anomalous signal at the in
house X-ray source that can be used to generate phase information from carefully
measured single wavelength anomalous scattering data. This method is called
“single-wavelength anomalous dispersion” (SAD).

The third method for phasing is “molecular replacement” (MR). This method
entails calculating initial phases by placing a model of the known protein in the unit
of the unknown protein. In turn, the method requires that the structure of the
molecules studied (or part of it) is known, at least approximately. The known protein
in this case is referred to as a search model. For proteins, this approximate known
molecular structure is generally derived from the known structure of a related protein.
If the position of the “known” molecule in the crystal can be found, approximate
phases can be calculated and an electron density map for the unknown molecule can
be calculated. With an increasing number of known structures, this method is now
often applicable.

2.4.3 Model building
When phases have been determined, an electron density can be calculated

from the measured amplitudes. An atomic model of the macromolecule is then built
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in this electron density. In practice, the electron density map is often first improved
by some density modification technique. The modeling originally used metal pieces
in a scale of 1 inch per A and a very large device where the electron density drawn on
plastic sheets where placed behind a half-silvered mirror. The model was built in
front of the mirror where it could be viewed in the density. Now modeling is
performed on a graphics display and uses programs that include many software tools.
These tools make it possible to efficiently build a model that fits both the electron
density map and the knowledge of allowed conformations from earlier structure
determination of macromolecules and small molecules. There are also procedures for
more automatic model building.

The atomic model consists of list of the coordinates of (hopefully) every non-
hydrogen atom of the macromolecule. Hydrogen atoms are visible only at very high
resolution. The position of many hydrogen atoms is well defined by the other atoms,
but others are not, and they are therefore often neglected. In high resolution studies,
the hydrogen atoms are also modeled.

2.4.4 Model refinement and validation

The initial atomic model will have errors. The main reason for this is that it is
based on estimated phases, and these will normally have significant errors that might
make the map (at least locally) difficult to interpret. Another reason for errors in the
atomic model is small inaccuracies or even mistakes at the model building. The
model coordinates are therefore refined using procedures that in various ways correct
these errors. These methods try to minimize the differences between the experimental
data for the crystal, for example the amplitude of the reflections, Fops, and the

corresponding quantities calculated from the current model, Feye. In most cases, the
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refinement program at the same time tries to minimize deviations from standard
geometry and avoid collisions of the atoms. The refined coordinates can be used to
calculate improved phases and electron density maps. These maps might allow
manual rebuilding of regions of the model, where the refinement program was unable
to correct the model. After cycles of alternating refinement and model refinement,
inclusion of water, metal ion, and in some cases, other heteroatoms is needed to be
done in order to obtain the final model.

The final step in the structure determination is the validation, where various
parameters (deviations of bond lengths and angles, Ramachandran plot,
correspondence between calculated and observed amplitude) of the model are

compared with other models to allow a decision about the quality of the model.

2.5 Quality indicator for the protein structure
2.5.1 The R factor
The first quality indicator for the structure is the R factor. The original R
factor, proposed by Alan Booth (1945), which is implied when there is no subscript to
the R, is used as a measure of the fit of the diffraction calculated from the structure to
the observed intensity data. The R factor compares the observed structure amplitudes
| Fobs | to those calculated from the current model | F, obs | This R factor is the ratio

sum of differences between observed and calculated structure amplitudes
sum of observed structure amplitudes

Or

F

calc

R _ Zh Fobs
Zh|Fobs
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As with other R factors, some authors express it as a percentage. Thus ‘R =
20%’ is the same as ‘R = 0.2’.

The R factor is calculated over a group of reflections h, which may be all the
observed reflections, or a particular group. Frequently an R factor is calculated over
small ranges or ‘bins’ of resolution, to give an idea of the performance of the model
as resolution is increased.

The R factor falls towards zero as the observed and calculated structure
amplitudes agree more closely, but the values achieved depend on the resolution and
degree of order of the crystals, the quality of the diffraction data, and so on.

In early stages, the R factor may be as high as 0.5. At this stage, all atoms are
usually included with full weight, the coordinates are not optimized, and individual B
factors have not been assigned. Even if the coordinates were perfect, the failure to
assign proper B factors would have a serious effect on the R factor. The program of
refinement may be watched by monitoring the R factor, and ensuring that it continues
to fall.

2.5.2 The free R factor

Refinements have often been monitored by following the fall of the R factor,
but this criterion was criticized by Brunger (1997), who demonstrated the bias that is
introduced by using the same data for monitoring as for refinement. The reflection
procedure may make false adjustments which reduce the value of R, but which do not
actually improve the model.

It is then usual to select randomly a small fraction of reflections (typically 5%)
which are deleted from the data used for refinement. These reflections, and only

these, are used to calculate an R factor, which is called Ry, (Brunger, 1997) and it is
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defined as

F

calc

_ Zt@st set
free — 2 : F
test set

obs

R

obs

Reduction of the Ry factor is an unbiased estimation of the improvement to
the model, because Rg.. is calculated from reflections that the refinement procedure
‘does not know’ about. For this reason Rge.e 1S somewhat larger than the conventional
R factor. As always, cases vary, but typically Rgee is about 1.2 times R at the end of
the refinement.

The R factor varies in any case with resolution. It is often relatively high at
low resolution (say as far as 8 A). This indicates that the methods used for modeling
the solvent part of the density are imperfect. This can be corrected, but rarely has a
serious effect on interpretation at the level of individual amino acids. R reduces to its
lowest value at intermediate resolution, and begins to rise for the weaker reflections at
higher resolution. If it rises beyond 0.35 or so, it suggests that either the refinement is
failing to deal correctly with the finer detail, or else that the intensities in this
outermost part of the diffraction data are insufficiently accurate to give usable

information.
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MATERIALS AND METHODS

3.1 Materials

3.1.1 Bacterial strains
The E. coli strain NovaBlue (Novagen) was used for preparation of plasmid
and cloning. The E. coli strains Rosetta (DE3) pLysS (Novagen) and BL21-
Codonplus (DE3)-RIL (Stratagene) were applied to expression of Hisg-tagged Pfu
DNA polymerase.
3.1.2 Expression plasmid vector
The pSYS5S plasmid (a modified pET21d) used for the construction of the
expression system was kindly provided by Bob Robinson’s Laboratory (BR Lab),
Institute of Molecular and Cell Biology (IMCB), Singapore.
3.1.3 Enzymes
The thermostable Pfu DNA polymerase used for PCR amplification of Pfu
polymerase gene from the genomic DNA template was purchased from Promega.
The Sfil and Kpnl restriction enzyme purchased from Fermentas were used for
digestion of plasmid vector and PCR product in cloning. The ligation reaction of the
digested plasmid vector and PCR product was performed by T4-DNA ligase enzyme
purchased from Promega. The chicken egg white lysozyme was purchased from

Merck.
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3.1.4 Reagents and Kits
The genomic DNA of Pyrococcus furiosus (DSM 3638) was purchased from
American Type Culture Collection (ATCC, catalog number 43587D) and was used as
the template for PCR amplification of DNA polymerase gene. The PCR purification
kit and Plasmid preparation kit were purchased from QIAGEN. The A DNA used as

the template in the PCR efficiency assay was purchased from Fermentas.

3.2 Apparatuses

High throughput purification on AKTAXpress (GE Healthcare), including
affinity, desalting, ion exchange and gel filtration chromatography allowed automated
protein purification. All PCR amplifications were performed on the GeneAmp 9700
96 well (0.2ml) Thermal Cycler (Applied Biosystems). FEither agarose or SDS-
polyacrylamide gels were photographed with Gene-Flash Gel Doc (Syngene
Bioimage). The DNA sequencing was done on the ABI Prism 373 Genetic Analyzer
(Applied Biosystems). The centrifugation of lysis cell was performed by Refrigerated
High Speed Centrifuge, Model RC 26 PLUS (Sorvall, Dupont). The NanoDrop ND-
1000 Spectrophotometer (Biofrontier) was used for measurement of DNA and protein
concentration.  Crystallization screening was done by the Screenmaker 96+8

crystallization robot (Innovadyne).

3.3 Methods

3.3.1 Cloning of the DNA polymerase gene from P. furiosus
Based on the known DNA sequence of Pfu DNA polymerase gene (GenBank

Accession No. D12983), the specific primers for the Pfu pol gene, containing Sfil and
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Kpnl restriction recognition sites were designed and used for the amplification from
genomic DNA of P. furiosus. The PCR reaction was carried out in a 50 pl solution
that consisted of P. furiosus genomic DNA (200 ng), 1 ul (10 uM) of each primer (Set
1 without restriction recognition sites: PfuFL-for 5°-ATG ATT TTA GAT GTG GAT
TAC ATA ACT G-3’ and PfuFL-rev 5°- TAG GAT TTT TTA ATG TTA AGC CAG
GAA GTT AGG-3’ or Set 2 with restriction recognition sites: PfuFL-for-Sfil 5°-GGG
CCC GGG CGG CCG ATG ATT TTA GAT GTG GAT TAC ATA ACT G-3’ and
PfuFL-rev-Kpnl 5°-GGG GTA CCC CCT AGG ATT TTT TAA TGT TAA GCC
AGG AAG TTA GG-3’), 1 ul (10 mM) of dNTPs, 5 ul of 10X PCR buffer (200 mM
Tris-HCI, pH 8.8 at 25 °C, 100 mM KCI, 100 mM (NHg);SO4, 20 mM MgSOy, 1
mg/ml nuclease-free BSA, 1% Triton X-100), and 3 U of thermostable Pfu DNA
polymerase (Promega). In nested PCR, 1 pl of PCR product solution amplified with
primer set 1 was used as the template for amplification with primer set 2. An initial
cycle of 2 min at 95 °C, followed by 30 cycles of denaturation for 1 min at 95 °C,
annealing for 30 s at 65 °C, and elongation for 2 min 30 s at 73 °C, and a final
extension step at 73 °C for 7 min were performed in an automated thermal cycler
(Applied Biosystems GeneAmp 9700). The amplification products were analyzed by
electrophoresis on a 1% agarose gel strained with ethidium bromide.

Specific PCR products of approximately 2370-bp (2.37 kb) were obtained and
cloned into pSYS5, a modified pET21d plasmid expression vector at Sfil and Kpnl
restriction sites. First, the PCR product was purified by PCR purification kit
(QAIGEN). Both the pSY5 plasmid vector and PCR product were digested by Sfil
and Kpnl restriction enzymes (Fermentas) according to the company’s manual. The

ligation was performed in 20 pl reaction. One hundred nanograms of the digested



28

vector was incubated together with 174 ng of PCR product in solution containing 2 pl
of 10X T4-DNA ligase buffer (300 mM Tris-HCI, pH 7.8 at 25°C, 100 mM MgCl,,
100 mM DTT, and 10 mM ATP) and 3 U of T4-DNA ligase enzyme (Promega) at
room temperature overnight. The recombinant Pfu plasmid was initially propagated
in the E. coli NovaBlue (Novagen) and prepared by plasmid preparation kit
(QIAGEN) according to the company’s manual. The identity of the cloned Pfu DNA
polymerase was confirmed by DNA sequencing, using the BigDye Terminator kit on
an ABI Prism 373 Genetic Analyzer.
3.3.2 Expression of recombinant Hisg-tagged Pfu DNA polymerase

Small-scale expression of the Pfu polymerase from the plasmid were initially
compared in E. coli strains Rosetta (DE3) pLysS (Novagen) and BL21-Codonplus
(DE3)-RIL (Stratagene). Cells were grown at 37 °C in 10 ml LB containing 100
pg/ml amplicillin and 34 pg/ml chloramphenicol to an Agy of 0.6. IPTG was then
added to a final concentration of 1 mM to induce the recombinant protein expression
under the control of the T7 promoter for 5 h at 37 °C and 18 h at 25 °C. The protein
expression in E. coli strain Rosetta (DE3) pLysS (Novagen) was scaled up and grown
in 2-litre shake-flasks according to the procedure explained previously. The induction
was carried out at 25 °C for 18 h.

3.3.3 Purification of recombinant Hisg-tagged Pfu DNA polymerase

The cell was harvested by centrifugation at 4,500 rpm for 30 min. The pellet
was resuspended in 100 ml of Ni*"-Binding buffer (50 mM Tris-HCL, pH 8.0, 500
mM NaCl, and 20 mM Imidazole). The cells were disrupted by sonication following
lysozyme treatment with final concentration of 1 mg/ml for 1 h at 4 °C, the cell debris

was removed by centrifugation at 18,000 rpm for 45 min, and the supernatant was
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collected. The supernatant was then subjected to the automated AKTAXpress
Purification System (GE Healthcare), including affinity (Ni**
HisTrap FF Iml Xpress column), desalting (HiPrep 26/10 desalting column), anion
exchange (Resource Q 1ml column) and gel filtration (HiLoad 16/60 Superdex200
prep grade column) chromatography for protein purification. The supernatant
containing the soluble protein in Ni**-Binding buffer (50 mM Tris-HCI, pH 8.0, 500
mM NaCl, and 20 mM Imidazole) was loaded into the Ni*" column and washed with
40 ml of Ni*"-Binding buffer. The protein was then eluted with 5 ml of Ni*"-Elution
buffer (50 mM Tris-HCI, pH 8.8, 500 mM NaCl, and 500 mM Imidazole) and
transferred with Anion Exchange Binding buffer (50mM Tris-HCI, pH 8.8) to the
desalting column in order to remove NaCl from the solution. Then, the NaCl-free
protein solution was loaded into the anion exchange column, washed with Anion
Exchange Binding buffer and eluted with Anion Exchange Elution buffer (50 mM
Tris-HCI, pH 8.8, 1 M NaCl) up to about 60% gradient or so that no protein was
detetced. After that, the protein solution was transferred to the gel filtration column,
the final step in protein purification, with Gel Fitration buffer containing 50 mM Tris-
HCI, pH 8.5 and 150 mM NaCl. The purity of the protein was analyzed by SDS-
PAGE. Five microlitres of the protein fractions were mixed with 5 ul of 5X loading
buffer (225 mM Tris-HCI, pH 6.8, 50% glycerol, 5% SDS, 0.05% bromophenol blue,
250 mM DTT) and run on 15% SDS-polyacrylamide gel at 190 volts for 50 min. The
gel was stained with staining buffer (0.025% Coomassi Brilliant Blue R250, 40%
(v/v) methanol, and 7% (v/v) acetate acid) for 10 min, destained in destaining buffer
(40% (v/v) methanol and 7% (v/v) acetate Acid) overnight. The gel was

photographed with Gene-Flash Gel Doc (Syngene Bioimage). The concentration of
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purified Hisg-tagged Pfu DNA polymerase was determined from ultraviolet
absorption on the NanoDrop ND-1000 Spectrophotometer (Biofrontier), using the
extinction coefficient for Asgp = 0.74 for 1 mg/ml, calculated from the number of Trp
and Tyr residues in the sequence (using the Protean program of DNA star, Madison,
WI). The Hisg-tagged Pfu DNA polymerase was then concentrated to 15 and 20
mg/ml by protein concentrating column Vivaspin (Vivascience).
3.3.4 Relative DNA polymerase activity assay

The purified Hisg-tagged Pfu DNA polymerase was diluted to 0.4 pg/ul in Pfu
storage buffer (50 mM Tris—HCIL, pH 8.2, 0.1 mM EDTA, 1 mM DTT, 0.1% NP-40,
0.1% Tween 20, 50% (w/v) glycerol). The relative DNA polymerase activities were
determined by comparing band intensities of the PCR products obtained with Hisg-
tagged Pfu DNA polymerase and the commercial Pfu DNA polymerase (Promega).
The pVLNI plasmid-containing the Plant Villinl (VLNI) gene was used as the DNA
template in 50 pl PCR reactions for both the Hiss-tagged Pfu DNA polymerase and
the commercial Pfu DNA polymerase (Promega). The primers (For VLN1 5’-GGG
CCC GGG CGG CCG ATG TCT AGG CTA AGT AAA GAC ATT GAT TC-3’;
Rev_VLNIM 5’-GGG GTA CCC CTT ATC CTT TTT GTT TGA ACA ACG CAG
CCA C-3°) were applied to amplify the 1,150-bp fragment of VLNI gene. One
microlitre of plasmid DNA (10 pg) was combined with 5 ul of 10X reaction buffer
(200 mM Tris-HCI pH 8.8 at 25 °C, 100 mM KCI, 100 mM (NH4),SO4, 20 mM
MgSO,, 1 mg/ml nuclease-free BSA, 1% Triton X-100), 1 ul (10 uM) of each primer,
and 1 ul (10 mM) of dANTPs. This mixture was supplemented with different amount
of Hisg-tagged Pfu DNA polymerase (0.2, 0.4, 0.8, 1.2, and 1.6 pg) or 3 U of

commercial Pfu polymerase (Promega). The amplification reactions were performed
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with an automated thermal cycler (Applied Biosystems GeneAmp 9700). The
protocol was 2 min at 95 °C; 30 cycles of 1 min at 95 °C, 30 s at 65 °C, and 2 min 30 s
at 73 °C; followed by 73 °C for 7 min.

Five microlitres of PCR products were separated electrophoretically on a 1%
agarose gel strained with ethidium bromide. The DNA was visualized on an
ultraviolet transilluminator and photographed with Gene-Flash Gel Doc (Syngene
Bioimage). The band intensities were determined and compared by Quantity One®
Software (Bio-Rad).

3.3.5 Determination of Hisg-tagged Pfu DNA polymerase thermostability

For the thermostability studies, the Hisg-tagged Pfu DNA polymerase was
heat-treated at 97.5 °C for 1, 2, 3, 4, 5, 6, 7, 8,9, 10 and 23 h prior to the PCR
reaction. After various incubation periods the enzyme samples (5 U) were withdrawn
and kept at 4 °C overnight before assaying except for the 23-h treatment which was
subjected immediately to the DNA polymerase activity assay using specific PCR
amplification with pVLNI1 template as described earlier.

3.3.6 Examination of Hisg-tagged Pfu DNA polymerase PCR efficiency

The method used was that described earlier by Wang, et al. (2004) with some
modification. One hundred and fifty nanograms of A DNA (Fermentas) was used as
template to assess the relative PCR efficiency of Hiss-tagged Pfu DNA polymerase
compared with that of commercial native Pfu polymerase (Promaga) in PCR
reactions. A set of primers listed in table 3.1 was used to amplify amplicons of 0.5, 1,
2,5, 8,10, 12 and 15 kb in size from the template in a 50 pl reaction. The PCR
reaction solution consisted of 1 ul of A DNA (150 ng), 5 ul of 10X reaction buffer

(200 mM Tris-HCI, pH 8.8 at 25 °C, 100 mM KCI, 100 mM (NH4),SO4, 20 mM
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MgSO,, 1 mg/ml nuclease-free BSA, 1% Triton X-100), 1 pul (10 uM) of each primer,
1 ul (10 mM) of NTPs and 5 U of either enzymes (Hiss-tagged Pfu DNA polymerase
or Promega native Pfu polymerase). The amplification reactions were performed with
an automated thermocycler (Applied Biosystems GeneAmp 9700) according to the
following scheme: an initial cycle of 20 s at 95 °C was followed by 20 cycles of
denaturation for 5 s at 94 °C, annealing and elongation of primers for 2.5 min at 73
°C, and a final extension step at 73 °C for 7 min. Upon completion of the PCR, 5 pl
of the PCR product solution was mixed with loading buffer and loaded onto 1%
agarose gel strained with ethidium bromide. The gel was visualized on an ultraviolet
transilluminator, and photographed.

The heat-treated Hisg-tagged Pfu DNA polymerase at 23 h was also tested for
its PCR efficiency, using the method explained above.

3.3.7 Crystallization of Hisg-tagged Pfu DNA polymerase

Hiss-tagged Pfu DNA polymerase solutions with concentrations of 15 and 20
mg/ml either non-heated or heated at 97.5 °C for 30 min were subjected to screening
for probable crystallization conditions with commercially available protein
crystallization screening kits at 15 °C. The formulations of the commercial protein
crystallization screening kits are shown in APPENDIX D. The non-heated enzyme
was screened with The Pegs (QIAGEN), Ozma PEG1K&4K, Ozma PEG8K& 10K,
and CryO I/Il (Emerald Biosystems), whereas JBScreen HTS I, HTS II (JENA
Bioscience); Index and High Throughput (HAMPTON Research); The Pegs
(QIAGEN); Ozma PEG1K&4K, Ozma PEG8K& 10K, WIZARD I/II, and CryO I/II
(Emerald Biosystems) were used for the heated enzyme. The crystallization screening

was done by the sitting drop, vapor diffusion technique on a ScreenMaker 96+8
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crystallization screening robot. The optimizations were done accordingly to the
results obtained from the screening conditions. The optimization of non-heated Hiss-
tagged Pfu DNA polymerase was carried out with the optimization solutions stated in

APPENDIX D.

Table 3.1 Primers used in extension efficiency assay.

Primer name Primer sequence

PfuExL30350F 5’-CCTGCTCTGCCGCTTCACGC-3’

PfuExL-0.5R (0.5 kb) 5’-TCCGGATAAAAACGTCGATGACATTTGC-3’

PfuExXL-1R (1 kb) 5’-GATGACGCATCCTCACGATAATATCCGG-3’
PfuExL-2R (2 kb) 5’-CCATGATTCAGTGTGCCCGTCTGG-3’
PfuExXL-5R (5 kb) 5’-CGAACGTCGCGCAGAGAAACAGG-3’
PfuExL-8R (8 kb) 5’-GCCTCGTTGCGTTTGTTTGCACG-3’
PfuExL-10R (10 kb) 5’-GCACAGAAGCTATTATGCGTCCCCAGG-3°
PfuExL-12R (12 kb) 5’-TCTTCCTCGTGCATCGAGCTATTCGG-3’
PfuExL-15R (15 kb) 5’-CTTGTTCCTTTGCCGCGAGAATGG-3’

3.3.8 Data collection and processing from the Hisg-tagged Pfu DNA
polymerase crystals

X-ray diffraction measurements were performed at the beamline BL13B1 of

the National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan.

Each crystal of Pfu DNA polymerase was mounted with a Cryoloop (Hampton) from

a drop of mother liquid; the crystal was then rapidly transferred to soak in the
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cryosolution (mother liquor with 20% glycerol) for 2-3 min and flash-cooled in liquid
N, before exposing to the 100 K N, gas stream. The data collection processes were
controlled by Blu-Ice 4 software. The diffraction data were detected by the ADSC
Quantum-315 CCD detector. Data to a maximum resolution of 3.0 A was collected at
a crystal to detector distance of 450 mm (applicable for collecting data to 3.0 A
resolution) using 1° oscillations with 60 sec dose equivalent exposure times for 180°.
X-ray diffraction pattern were visualized by program XDISPLAYF. The bulk
of diffraction data were then integrated and corrected for Lorentz and polarization
effects with the program DENZO (Otwinowski, 1993). Scaling and merging of data
were achieved using program SCALEPACK (Otwinowski, 1993). These programs

were implemented in the HKL2000 program package (Otwinowski and Minor, 1997).

3.3.9 Preliminary structure determination of the Hisg-tagged Pfu DNA

polymerase

A number of programs which are available from the CCP4 program package
(CCP4, 1979) were used for the determination of preliminary crystal structure.

3.3.9.1 Phasing

The method used for phasing was “Molecular Replacement” with the known
structure of DNA polymerase from Pyrococcus kodakaraensis KOD1 (PDB Code:
1WNS) previously solved by Hashimoto (2001) as the search model. This protein has
79% amino acid sequence identity to the Pfu DNA polymerase. The phasing was
carried out using the MOLREP (Vagin and Teplyakov, 1997) and AMORE (Navaza,
1994) program. Data in the resolution range of 20.0 — 3.0 A were used in both the

rotation and translation functions.
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3.3.9.2 Model building and refinement

The resulting model was subjected to refinement using program REFMACS
(Murshudov, 1996). Electron density map was displayed and model coordinates fitted
using the interactive computer graphics programs O (Jones, et al., 1991) and COOT
(Emsley and Cowtan, 2004). The model was rebuilt, with insertion of the correct

amino acids. The PYMOL program was used in preparing the figures.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Cloning of the DNA polymerase gene from P. furiosus

Using 2 sets of primers, without (set 1) and with (set 2) restriction recognition
sites, to amplify Pfu DNA polymerase gene from genomic DNA of P. furiosus, the
PCR products of approximately 2.37 kb could only be obtained with the set 1-primers.
This might be due to the long uncomplimentary region of the primer set 2 (Figure
4.1a). One microlitre of the PCR product from the reaction with primer set 1 was then
used as the template for amplification with primer set 2 in nested PCR. The result
showed that the 2.37 kb PCR products could be obtained (Figure 4.1b).

The PCR products of approximately 2.37 kb in size were successfully cloned
into the pSYS5 plasmid vector, which was designed to provide a Hiss-tag to the N-
terminus of the Pfu DNA polymerase sequence. DNA sequencing of the recombinant
pSYS5 plasmid showed 100% identity to the known DNA sequence of Pfu DNA

polymerase gene (GenBank Accession No. D12983).

4.2 Expression of recombinant Hisg-tagged Pfu DNA polymerase

The small-scale expression of the Pfu polymerase from the plasmid was
compared in E. coli strains Rosetta (DE3) pLysS (Figure 4.2) and BL21-Codonplus
(DE3)-RIL (Figure 4.3), induced by ImM IPTG at 25 °C for 18 h and 37 °C for 5 h.

The small-scale expression in E. coli Rosetta (DE3) pLysS in Figure 4.2 showed that
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the induction at 25 °C, 18 h (lane 8) resulted in higher expression than that from 37
°C, 5 h (lane 10). There was no expression of protein in these uninduced samples,
lanes 7 and 9, which suggested that E. coli strain Rosetta (DE3) pLysS had strong
control of the T7 promoter. On the other hand, in the small-scale expression from E.
coli BL21-Codonplus (DE3)-RIL, there was some expression of protein in these
uninduced samples (Figure 4.3: lane 7 and 9). This suggested that E. coli strain
BL21-Codonplus (DE3)-RIL could not control the T7 promoter as well as the E. coli
Rosetta (DE3) pLysS. However, similarly to Rosetta (DE3) pLysS, the BL21-

Codonplus (DE3)-RIL gave higher expression when induce at 25 °C for 18 h.

a) b)

2.5kb

<237kb 2.0kb 2.37kb

2.5kb
2.0 kb

Figure 4.1 PCR products generated by the use of different primers. Genomic DNA
from P. furiosus was used as template. Lane 1: 1 kb Marker; Lane 2: Primer set 1;
Lane 3: Primer set 2 (a). Nested PCR using PCR product from lane 2 in Figure (a) as

template and primer set 2 (b).
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< ~93 kDa

Figure 4.2 Small-scale expression of recombinant Hisg-tagged Pfu DNA polymerase
in E. coli strain Rosetta (DE3) pLysS analyzed by SDS-PAGE. Lane 1: Low-range
protein molecular weight marker; Lane 2: Control*; Lane 3: Uninduced cell pellet**
at 25 °C; Lane 4: Induced cell pellet*** at 25 °C; Lane 5: Uninduced cell pellet** at
37 °C; Lane 6: Induced cell pellet*** at 37 °C; Lane 7: Uninduced soluble” at 25 °C;
Lane 8: Induced soluble™ at 25 °C; Lane 9: Uninduced soluble” at 37 °C; Lane 10:

Induced soluble™ at 37 °C.

Due to the higher expression (compared lane 8 in Figures 4.2 and 4.3) and
better control of the T7 promoter (compared lane 7 in Figures 4.2 and 4.3), the E. coli

strain Rosetta (DE3) pLysS and induction at 25 °C for 18 h was chosen for scaling up.

*  Whole cells which were collected when ODgoo = 0.6 without further culture.
**  Whole cells which were further cultured after ODggo = 0.6 without induction.
*** Whole cells which were induced by 1mM IPTG.

* Supernatants from cells that were cultured after ODgop = 0.6 without induction.

™" Supernatants from cells that were induced by 1 mM IPTG.
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- ~93 kDa

Figure 4.3 Small-scale expression of recombinant Hisg-tagged Pfu DNA polymerase
in E. coli strain BL21-Codonplus (DE3)-RIL analyzed by SDS-PAGE. The lanes are

the same as those describe in Figure 4.2.

4.3 Purification of recombinant Hisg-tagged Pfu DNA polymerase

The large scale (2 litres) expressed recombinant Hisg-tagged Pfu DNA
polymerase was purified with the automated AKTA Xpress Purification System which
had Ni*" column (affinity) in the first step of purification, following by desalting,
anion exchange and gel filtration chromatography. The results showed that the
protein could be purified by this system which indicated that the Hiss-tag at the N-
terminus of the recombinant Pfu DNA polymerase according to the plasmid design
was present for the purification. After gel filtration chromatography, the protein was
separated into two peaks including a small peak, which was thought to be aggregated
protein and a latter big peak of the Hisg-tagged Pfu DNA polymerase. The fractions
from only the latter big peak were pooled and used for later experiments. The purity

of protein after gel filtration was at a satisfactory level (Figure 4.5).
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The purified protein yield was 38 milligram protein. The purified protein was then

used for activity assays and protein crystallization.

< ~93 kDa

Figure 4.5 Purity of the recombinant Hisg-tagged Pfu DNA polymerase after
purification by automated AKTAXpress Purification System assessed by SDS-PAGE.
Lane 1: Board-range protein molecular weight marker. Lanes 2-9: Purified protein

fraction in the latter big peak.

4.4 Relative DNA polymerase activity assay

The relative DNA polymerase activity was determined by comparing the PCR
results obtained from Hisg-tagged Pfu DNA polymerase and the Promega commercial
Pfu DNA polymerase using specific PCR amplification of the VLNI gene as a target.
As shown in Figure 4.6 and Figure 1B in APPENDIX B, the use of 0.2 pg of Hiss-
tagged Pfu DNA polymerase (lane 2) gave rise to the band intensity of 2-fold higher
than that from using 3 U of the Promega Pfu DNA polymerase (lane 7). This, in turn,
suggested that 0.2 pg of Hisg-tagged Pfu DNA polymerase has 6 U of enzyme or
30,000 U per mg protein, which is comparable to the previously reported activities of
Pfu DNA polymerase directly purified from P. furiosus of 31,713 U/mg protein

(Lundberg, et al., 1991), from baculovirus expression system of 26,000 U/mg protein
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(Mroczkowski, et al., 1994), from the bacterial pET11 expression system, expressed
as native protein, of 22,500 U/mg protein (Lu and Erickson, 1997), and from the
bacterial pET30 expression system, as Hise-tagged form, of 31,000 U/mg protein

(Dabrowski and Kur, 1998).

1.5kb

1.0 kb -1 ~1.15kb

Figure 4.6 The relative DNA polymerase activity assay of Hisg-tagged Pfii DNA
polymerase after purification by the automated AKTAXpress Purification System.
Lane 1: 1 kb marker; Lanes 2-6: 0.2, 0.4, 0.8, 1.2, 1.6 ug, respectively of purified
Hiss-tagged Pfu DNA polymerase; Lane 7: 3 U of Promega Pfu DNA polymerase;

Lane 8: Control, no enzyme added in the PCR reaction.

4.5 The determination of Hisg-tagged Pfu DNA polymerase thermo-
stability

After heat-treating Hisg-tagged Pfu DNA polymerase at 97.5 °C for 0, 1, 2, 3,
4,5,6,7,8,9, 10 and 23 h, the enzyme samples were tested in PCR. The results

shown in Figure 4.7 indicated that the Hiss-tagged Pfu DNA polymerase was still very

stable and active even after incubating at high temperature for at least up to 23 h,
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which was the maximum duration tested.

1 2 3 4 5 6 7 8 9 101112 13 14

.-———-——-—f__—-_ -4 ~1.15kb

Figure 4.7 Thermostability of Hisg-tagged Pfu DNA polymerase. The Hisg-tagged Pfu
DNA polymerase was heat-treated at 97.5 °C for 0, 1, 2, 3,4, 5,6, 7, 8,9, 10, and 23
h (lanes 2-13, respectively) before PCR. Lane 1: 1 kb marker; Lane 14: control (no

enzyme added).

4.6 The examination of Hisg-tagged Pfu DNA polymerase PCR

efficiency

The performance in vitro of thermostable DNA polymerases, such as in PCR
or cycle sequencing applications is important. Higher performance allows the
polymerase to incorporate more nucleotides per binding event, it should allow a more
efficient in vitro replication of the template strand during each PCR cycle.
Consequently, shorter extension time may be required to amplify the same target or a
much longer target could be amplified with the same extension time, indicating the
higher PCR efficiency (Wang, ef al., 2004). In this experiment, the PCR efficiency of

recombinant Hisg-tagged Pfu DNA polymerase was compared with directly extracted
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commercial Promega Pfu DNA polymerase. Five units of each enzyme was used in
amplification of various sizes of amplicons, ranging from 0.5 to 15 kb from 150 ng of

A DNA template, using an extension time of 2.5 min.

a) b)
Hisg-tagged Pfu Promega Pfu

1 23 456 7 8 9123 456 7 829

051 2 5 8 10 12 15 051 2 5 8 10 12 15 kb

Figure 4.8 Comparison of PCR efficiency of 5 U of the recombinant Hisg-tagged Pfu
DNA polymerase (a) and the commercial Promega Pfu DNA polymerase (b). One
hundred and fifty nanograms of A DNA was used as the template and the sizes of the
amplicons are indicated at the bottom in kb. The thermal cycling protocol was 20 s at
95 °C; 20 cycles of 5 s at 94 °C, 2.5 min at 73 °C; and 73 °C for 7 min. Lane 1: 1 kb

marker; Lanes 2-9: amplicons of 0.5, 1, 2, 5, 8, 10, 12, and 15 kb in size, respectively.

The results shown in figure 4.8 indicate that at an extension time of 2.5 min
the recombinant Hiss-tagged Pfu DNA polymerase was able to amplify the PCR
product as long as 15 kb whereas the commercial Promega Pfu DNA polymerase

could amplify only up to 8 kb amplicon. In turn, the recombinant Hisg-tagged Pfu
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DNA polymerase has higher PCR efficiency than the commercial Promega Pfu DNA
polymerase. This result suggested that the Hisg-tag and some extra amino acids at the
linker might be helpful in PCR efficiency of the Hiss-tagged Pfu DNA polymerase.
However, this hypothesis has not been proven.

Twenty-three hour heat-treated Hisg-tagged Pfuu DNA polymerase was also
examined for its’ PCR efficiency. The results shown in Figure 4.9 indicated that the
heat-treated Hiss-tagged Pfu DNA polymerase was still very stable and active for
amplifying less than 8 kb PCR product. Heat-treating at 97.5 °C for 23 h might cause

some damage in the enzyme that it did lose some efficiency.

05 1 2 5 8 10 12 15 kb

Figure 4.9 PCR efficient of 23 h heat-treated Hisg-tagged Pfit DNA polymerase. One
hundred and fifty nanograms of A DNA was used as the template and the sizes of the
amplicons are indicated at the bottom. The thermal cycling protocol and description

of the lanes are those given in Figure 4.7.
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Table 4.1 Hit conditions at 15 °C for crystallization of non-heated Hisg-tagged

Pfu DNA polymerase.

Screen name Well no. Compositions
Ozma 8K10K Al0 20%(w/v) PEG 8000, 200 mM Ammonium sulfite
B4 20%(w/v) PEG 8000, 200 mM Lithium chloride
B12 20%(w/v) PEG 8000, 200 mM Magnesium sulfate
CI2 20%(w/v) PEG 8000, 200 mM Sodium chloride
D5 20%(w/v) PEG 8000, 200 mM Sodium isothiocyanate
D9 20%(w/v) PEG 8000, 200 mM Sodium sulfate
E9 10%(w/v) PEG 10,000, 200 mM Ammonium sulfate
F9 10%(w/v) PEG 10,000, 200 mM Magnesium chloride
G3 10%(w/v) PEG 10,000, 200 mM Potassium fluoride
G7* 10%(w/v) PEG 10,000, 50 mM Potassium phosphate (monobasic)
G8 10%(w/v) PEG 10,000, 200 mM Potassium sulfate
H9 10%(w/v) PEG 10,000, 200 mM Sodium sulfate
Ozma 1K4K AT* 30%(w/v) PEG 1000, 200 mM Potassium phosphate (monobasic)
Al2 30%(w/v) PEG 1000, 200 mM Calcium chloride
C7 30%(w/v) PEG 1000, 200 mM Potassium phosphate (monobasic)
C8 30%(w/v) PEG 1000, 200 mM Potassium sulfate
D9 30%(w/v) PEG 1000, 200 mM Sodium sulfate
E7 20%(w/v) PEG 4000, 200 mM Ammonium phosphate (monobasic)
Ell 20%(w/v) PEG 4000, 200 mM Calcium acetate
H5 20%(w/v) PEG 4000, 200 mM Sodium isothiocyanate
CryO I/11 C3 30% (v/v) PEG-400, CAPS pH 10.5, 0.5 M (NH4)2S04, 10%
(v/v) glycerol
D2 40% (v/v) PEG-400, Tris pH 8.5, 0.2 M Li2SO4
D9 20% (v/v) PEG-300, Tris pH 8.5, 5% (w/v) PEG-8000, 10% (v/v)
glycerol
El 40% (v/v) 2-methyl-2,4-pentanediol cacodylate pH 6.5 5% (w/v)
PEG-8000
G3* 50% (v/v) PEG-200, Tris pH 7.0
H4 40% (v/v) 2-methyl-2,4-pentanediol, CHES pH 9.5
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Table 4.1 (continued) Hit conditions at 15 °C for crystallization of non-heated

Hisg-tagged Pfu DNA polymerase.

Screen name Well no. Compositions

The Pegs A3 0.1 M Sodium acetate pH 4.6, 30 %(v/v) PEG 400
A4 0.1 M Sodium acetate pH 4.6, 25 %(v/v) PEG 550 MME
AS 0.1 M Sodium acetate pH 4.6, 25 %(w/v) PEG 1000
A6 0.1 M Sodium acetate pH 4.6, 25 %(w/v) PEG 2000 MME
Cl 0.1 M Sodium acetate pH 4.6, 25 %(w/v) PEG 3000
C2 0.1 M Sodium acetate pH 4.6, 25 %(w/v) PEG 4000
C3 0.1 M Sodium acetate pH 4.6 25 %(w/v) PEG 6000
C4 0.1 M Sodium acetate pH 4.6, 25 %(w/v) PEG 8000
C5 0.1 M Sodium acetate pH 4.6, 20 %(w/v) PEG 10000
Cco6 0.1 M Sodium acetate pH 4.6, 15 %(w/v) PEG 20000
G8 0.2 M Magnesium sulfate, 20 %(w/v) PEG 3350
Gl1 0.2 M Ammonium sulfate, 20 %(w/v) PEG 3350
H7 0.2 M Ammonium phosphate, 20 %(w/v) PEG 3350

* Conditions which were considered for crystallization optimization.

4.7 Crystallization of Hisg-tagged Pfu DNA polymerase

For non-heated Hisg-tagged Pfu DNA polymerase, the hits of crystallization
conditions were shown in table 4.1 (see Figure 1C in APPENDIX C for photographs
of crystals). From the table, it was found that the solutions that contained mostly salts
and PEG with the molecular weight and concentration range from 200 to 20,000 and
10 to 50%, respectively, gave the best crystals. Due to the beauty of the crystals
themselves, which foretell the possibility in giving good diffraction data, availability
of chemicals and possibility of self-prepared solutions (solutions that are difficult to
prepare might cause irreproducible of the crystals), conditions OZMA 8K10K: G7,

OZMA 1K4K: A7, and CryO I/II: G3 (Figure 4.10) were considered for optimization.
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Table 4.2 Hit conditions at 15 °C for crystallization of heated Hisg-tagged Pfu

DNA polymerase.

Screenname  Well no. Compositions

Ozma 8K10K Bl

20% w/v PEG 8000, 200 mM Diammonium tartrate

B7 20% w/v PEG 8000, 200 mM Lithium sulfate
Cc7 20% w/v PEG 8000, 100 mM Potassium phosphate (monobasic)
E4 10% w/v PEG 10000, 200 mM Ammonium formate
F3 10% w/v PEG 10000, 200 mM Lithium Acetate
G9 10% w/v PEG 10000, 200 mM Potassium thiocyanate
Gl1 10% w/v PEG 10000, 200 mM Sodium acetate
H3 10% w/v PEG 10000, 200 mM Sodium formate
H5 10% w/v PEG 10000, 200 mM Sodium isothiocyanate
Ozma 1K4K - -
HTS I D11 20% w/v PEG 4000, 10% w/v Glycerol, 200 mM Magnesium sulfate
D5 10% w/v PEG 4000, 10% w/v 2-Propanol, 100 mM Sodium citrate, pH 5.6
E3 22% w/v PEG 4000, 100 mM Sodium acetate, 200 mM Ammonium sulfate
E4 25% w/v PEG 4000, 100 mM Sodium citrate, 200 mM Ammonium sulfate,
pH 5.6
F12 8% w/v PEG 8000, 200 mM Lithium Chloride, 50 mM Magnesium sulfate
G3* 10% w/v PEG 8000, 100 mM Sodium Acetate, 50 mM Magnesium Acetate
CryO /11 D5 25% (v/v) 1,2-propanediol, phosphate-citrate pH 4.2, 5% (w/v) PEG 3000,
10% (v/v) Glycerol
The Pegs - -

WIZARDs I/11 B3
B7
C8
D7
D9
E8

10% (w/v) PEG 3000, imidazole pH 8.0, Lithium sulfate
20% (w/v) PEG 1000, Tris pH 7.0

0.4 M NaH2PO4 / 1.6 M K2HPO4, imidazole pH 8.0, NaCl
35% (v/v) 2-methyl-2,4-pentanediol, Na/K phosphate pH 6.2
20% (w/v) PEG 3000, Acetate pH 4.5

10% (w/v) PEG 8000, Na/K phosphate pH 6.2, NaCl

Hampton HTP B6

0.2 M Magnesium acetate tetrahydrate, 0.1 M Sodium cacodylate trihydrate
pH 6.5, 20% w/v PEG 8000

F10
HTS I E2

0.1 M MES pH 6.5, 12% w/v PEG 20000
12% (w/v) Ethanol, 4% (w/v) PEG 400, 100 mM Sodium acetate, pH 4.6

* This condition gave the most single crystals throughout the screening result.
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The optimizations were carried out by varying the concentration of the
chemical composition of the hit conditions mentioned previously, concentration of
protein, and ratio of protein to precipitant. The optimization conditions are shown in
APPENDIX D where OPT7, OPT9, and OPT10 are the optimization solutions that
were prepared based on the conditions from CryO I/II: G3, OZMA 1K4K: A7, and
OZMA 8K10K: G7, respectively. After sitting drop optimization technique at 15 °C,
a number of single crystals were obtained from OPT9-F6 which was prepared by
diluting the conditions OZMA 1K4K: A7 [30% (w/v) PEG1000, 200 mM
Ammonium Phosphate (monobasic)] to 40% using 200 mM ammonium phosphate
(monobasic), with a ratio of protein to precipitant of 2 to 1 [protein:precipitant = 2:1],
and an initial protein concentration of 15 mg/ml. Figure 4.11 shows a number of
single crystals that have been obtained. This condition for crystallization of non-
heated Hiss-tagged Pfu DNA polymerase differed from the report previously
published by Goldman, et al. (1998).

As for heated Hisg-tagged Pfu DNA polymerase, the hits of crystallization
conditions are shown in table 4.2 (see table 2C in APPENDIX C for the photographs
of crystals). From the table, it was found that the solutions suitable for crystallization
of heated Hisg-tagged Pfu DNA polymerase contained salts and high molecular
weight PEG ranging from 400 to 10,000 at concentrations ranging from 10 to 25%.
Single crystals were obtained from the condition HTS I: G3, which contains 10% w/v
PEG8000, 100 mM sodium acetate, and 50 mM magnesium acetate with
protein:precipitant = 2:1, starting protein concentrations of 15 and 20 mg/ml, and 15
°C. Please note that after heating the protein, precipitation occurred and caused the

protein concentration to decrease 2-3 mg/ml. The precipitated proteins were thought
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to be other protein impurities. The crystallization was successfully reproduced with

this condition and a number of single crystals were obtained (Figure 4.12).

Figure 4.10 Crystals of non-heated Hisg-tagged Pfit DNA polymerase obtained from
the screening plate conditions: a) OZMA 8K10K: G7, b) OZMA 1K4K: A7 and, ¢)

CryO I/IT: G3.
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Figure 4.11 Examples of crystals of non-heated Hiss-tagged Pfu DNA polymerase

obtained from optimization OPT9-F6.

Figure 4.12 Example of crystals of heated Hisg-tagged Pfu DNA polymerase obtained

condition HTS I: G3.
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It is possible that heat-treating Hisg-tagged Pfu DNA polymerase might cause
conformation change e.g. from a “closed” conformation to an “opened” conformation
or only some loop movement might occur. On the other hand, heating the protein
sample might be getting rid of protein impurities which were thought to be
precipitated. This might cause a change in the protein sample to be crystallized and
affect the crystal growth conditions. Therefore, the growths of crystals of non-heated

and heated Hisg-tagged Pfu DNA polymerase occur in different crystallizing agents.

Table 4.3 Data collection statistics from the heated Hisg-tagged Pfu DNA

polymerase crystal.

Resolution  Reflections® % Completeness®  Rperge’ l/o
20.00 - 6.40 1704 89.6 0.058 17.0
6.40 - 5.11 1739 93.1 0.078 15.8
5.11-447 1763 94.0 0.081 13.3
447 -4.06 1766 95.0 0.105 12.0
4.06 - 3.78 1765 95.3 0.137 11.1
3.78 -3.55 1772 95.9 0.176 10.2
3.55-3.38 1757 94.8 0.239 9.3
3.38-3.23 1712 91.8 0.298 8.4
323-3.11 1597 86.5 0.385 7.1
3.11-3.00 1391 75.6 0.427 5.6
20.00 - 3.00 16966 91.2 0.100 12.5

* Number of unique reflection.
® Percentage of theoretically possible data measured.

® Runerge (X[ - <I>|/3<I>)
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4.8 Diffraction data

The non-heated Hisg-tagged Pfu DNA polymerase crystals were able to
diffract to a resolution limit of only 4 A, which is the same as the experiment of
Goldman, et al. (1998). At this low resolution, the structure could not be solved
easily.

The heated Hiss-tagged Pfu DNA polymerase crystal was able to diffract to a
resolution limit of 3 A. At this resolution of data, the structure could be solved. Unit-
cell parameters of the crystal was determined as a =91.9 A, b = 126.8 A, c = 88.4 A,
a=90.0°, f=109.1°, and y = 90.0°. The crystal is Monoclinic and belongs to the
space group C2. The unit-cell parameters of the crystal gave a Matthew’s coefficient
of 2.64 A °Da™ and a solvent content of 53.5% (v/v). The data collection statistics for

the heated Hisg-tagged Pfu DNA polymerase data set are given in table 4.3.

4.9 Preliminary model

The R-factor of 50.9% and free R-factor of 49.3% were obtained after phasing
by molecular replacement. The preliminary model, which was obtained after the first
round of refinement, has an R-factor of 29.4% and a free R-factor of 36.2% on all
16966 reflections in the range 20.0 A to 3.0 A, with an rms Abonds of 0.008 A, and an
rms Aangles of 1.152° (symbols defined by XPLOR (Brunger, 1992)). These values
can be improved by cycles of model building and refinement. The model consists of
residues 24 — 602. There was no interpretable electron density for the N-terminal 23
amino acids — the extra Hisg-containing region provided by the pSY5 plasmid vector —

which suggested the mobility of this region. The unclear electron density maps occur

for residues 603-798.
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The overall structure of the heated Hiss-tagged Pfu DNA polymerase is
presented in Figure 4.13. It is basically composed of domains and subdomains, which
are the N-terminal domain, Exonuclease domain, and Polymerase domain including
the Palm and Fingers subdomains, which is similar to the crystal structures of archaeal
family B DNA polymerase that have been solved: Tgo DNA polymerase (Hopfner, et
al., 1999), Tok DNA polymerase (Zhao, et al., 1999), 9° N-7 DNA polymerase
(Rodriguez, et al., 2000), and KOD1 DNA polymerase (Hashimoto, et al., 2001).
However, the Thumb domain is absent in the structure due to the unclear electron
density maps mentioned earlier, which might be caused by the low resolution of the
diffraction data.

Two disulfide bonds are found in the connection site between the Palm and
Fingers subdomains of the structure: Cys452-Cys466 and Cys530-Cys533. The
electron density maps for these two disulfide bonds are shown in figure 4.14.
Hashimoto (2001) proposed that the number of disulfide bonds is correlated with
optimum growth temperatures of organisms from the sequence alignment of archaeal
DNA polymerases. Hashimoto (2001) also predicted these two disulfide bonds to
occur in Pfu DNA polymerase. This result, in turn, agrees with the work from

Hashimoto (2001).
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Figure 4.13 Preliminary overall structure of the heated Hissg-tagged Pfu DNA

polymerase. The Figure was prepared using the program PYMOL.
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Figure 4.14 The 2|Fol|-|Fc| electron density maps contoured at 1 & at 3.0 A resolution
for the two disulfide bonds in the heated Hisg-tagged Pfu DNA polymerase. a)
Cys452-Cys466. b) Cys530-Cys533. The Figure was prepared using the program

COOT (Emsley and Cowtan, 2004).



CHAPTER YV

CONCLUSION

1. The Pfu DNA polymerase gene was successfully cloned into the pSY5
expression plasmid after amplification by nested PCR with two sets of primers—set 1
without and set 2 with restriction recognition sites. The cloned gene was 100%
identical to the known DNA sequence of Pfu DNA polymerase gene.

2. By comparing the small-scale expression from two E. coli strains — Rosetta
(DE3) pLysS and BL21-Codonplus (DE3)-RIL — the highest expression was obtained
from Rosetta (DE3) pLysS at 25 °C, 18 h. This condition was scaled up and the
protein yield was 38 mg/L.

3. The expressed recombinant Hisg-tagged Pfu DNA polymerase was
successfully purified by an automated AKTAXpress Purification System. The
purified protein was at a satisfactory purity level and suitable for protein
crystallization.

4. The relative DNA polymerase activity was determined by comparing the
PCR products obtained from Hisg-tagged Pfu DNA polymerase and the commercial
Promega Pfu DNA polymerase. The Hisg-tagged Pfu DNA polymerase was found to
have 30,450 U per mg protein.

5. The Hisg-tagged Pfu DNA polymerase was still stable when incubated at
97.5 °C for 23 h, which was the maximum duration tested.

6. The PCR efficiency of recombinant Hisg-tagged Pfu DNA polymerase and
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the commercial Promega Pfu DNA polymerase were compared using A DNA as the
template in amplification of various sizes of amplicons, ranging from 0.5 to 15 kb,
with an extension time of 2.5 min. The recombinant Hisg-tagged Pfiu DNA
polymerase has higher PCR efficiency than the commercial Promega Pfu DNA
polymerase. Some loss of PCR efficiency occurred in the heat-treated Hisg-tagged
Pfu DNA polymerases.

7. Single crystals of non-heated Hiss-tagged Pfu DNA polymerase were
obtained from OPT9-F6, which contained 40% of OZMA 1K4K: A7 [30% (W/v)
PEG1000, 200 mM ammonium phosphate (monobasic)] diluted using 200 mM
ammonium phosphate (monobasic), whereas single crystals of heated Hisg-tagged Pfus
DNA polymerase were obtained from condition HTS I: G3, contained 10% w/v
PEG8000, 100 mM sodium acetate, and 50 mM magnesium acetate. Crystallization
of both the non-heated and heated enzyme were prepared by protein:precipitant = 2:1
and vapor diffusion-sitting drop method at 15 °C.

8. The non-heated Hiss-tagged Pfu DNA polymerase crystals were able to
diffract to a resolution limit of only 4 A, whereas the heated Hisg-tagged Pfu DNA
polymerase crystal was able to diffract to a resolution limit of 3 A. The unit-cell
parameters of the heated Hisg-tagged Pfu DNA polymerase crystal were determined
asa=919A h=1268A,c=884 A, a=90.0° f=109.1°, and y= 90.0° with the
space group of C2. The unit-cell parameters gave a Matthew’s coefficient of 2.64
A’Da and a solvent content of 53.5% (v/v).

9. The preliminary model has an R-factor of 29.4% and a free R-factor of
36.2% with an rms Abonds of 0.008 A, and an rms Aangles of 1.152°. The model

consists of residues 24 — 602. The overall structure of the heated Hisg-tagged Pfus
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DNA polymerase is basically composed of an N-terminal domain, Exonuclease
domain, and Polymerase domain including the Palm and Fingers subdomains. The
Thumb domain is absent in the structure. Two disulfide bonds are found in the
connection site between the Palm and Fingers subdomains of the structure: Cys452-

Cys466 and Cys530-Cys533.

At this point, the thermostable Pfu DNA polymerase has been cloned,
sequenced, expressed, and purified for the use in our laboratory with much lower cost
and higher efficiency than the Promega commercial Pfu DNA polymerase. After
some screening and optimization, the crystals of heated and non-heated Hisg-tagged
Pfu DNA polymerase were obtained. The crystals were used for X-ray diffraction

data collection. However, the structure of Pfu DNA polymerase is yet to be solved.

Suggestion

1. The crystallization optimization could be done with other hit conditions
obtained from the crystallization screening results in order to find the crystals that
diffract beyond 4 A of resolution in the case the non-heated Hisg-tagged Pfi DNA
polymerase or 3 A of resolution in the case of heated Hiss-tagged Pfu DNA
polymerase.

2. In order to study the enzyme-DNA binding, the crystallization in term of
complex, co-crystallization, or crystal soaking could be carried out.

3. Intensive comparison of the structure of Pfu DNA polymerase in
comparison with other DNA polymerase species could be done in order to understand

the structural differences related to their function, thermostability, or fidelity.
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APPENDIX A
SEQUENCE OF CLONED HISg-TAGGED

PFU DNA POLYMERASE



atggcagaagaacaccaccaccaccaccaccaccacctggaagttctgttccaggggccc
M A E E HHHMHHHHHILEV L F Q G P
gggcggccgatgattttagatgtggattacataactgaagaaggaaaacctgttattagg
G R PM 1T LDVDY I TEZEGIKP V I R
ctattcaaaaaagagaacggaaaatttaagatagagcatgatagaacttttagaccatac
L F K K ENGIKF K 1 EHDIRTFR P Y
atttacgctcttctcagggatgattcaaagattgaagaagttaagaaaataacgggggaa
Il Y AL L RDUDS K 1 E EV KK 1 T G E
aggcatggaaagattgtgagaattgttgatgtagagaaggttgagaaaaagtttctcggce
R H G K I v R I VDV E KV E K K F L G
aagcctattaccgtgtggaaactttatttggaacatccccaagatgttcccactattaga
K p I' T VWKLY L EHPQDV P T I R
gaaaaagttagagaacatccagcagttgtggacatcttcgaatacgatattccatttgca
E K VREHPAV YV D1 F EY DI P F A
aagagatacctcatcgacaaaggcctaataccaatggagggggaagaagagctaaagatt
K R Yy L I DK GGL 11 PMEGETEE L K I
cttgccttcgatatagaaaccctctatcacgaaggagaagagtttggaaaaggcccaatt
L AAF D1 ETL Y HE GEEF G K G P 1
ataatgattagttatgcagatgaaaatgaagcaaaggtgattacttggaaaaacatagat
I M 1 S Y A D ENIEAIKV I T WKN T D
cttccatacgttgaggttgtatcaagcgagagagagatgataaagagatttctcaggatt
L P YV EVV S S EREMI KIRF L R I
atcagggagaaggatcctgacattatagttacttataatggagactcattcgacttccca
Il R E K DPD1 1 VTYNGD S F D F P
tatttagcgaaaagggcagaaaaacttgggattaaattaaccattggaagagatggaagc
Y L AAKRAEIKULGI1T KL T1I1T G R D G S
gagcccaagatgcagagaataggcgatatgacggctgtagaagtcaagggaagaatacat
E P K M QR I GDMTAVEV K G R 1 H
ttcgacttgtatcatgtaataacaaggacaataaatctcccaacatacacactagaggct
F DL Y HV I TRTI1 NLUPTY T L E A
gtatatgaagcaatttttggaaagccaaaggagaaggtatacgccgacgagatagcaaaa
VY E A1 F G K P KEIK VY A DETT A K
gcctgggaaagtggagagaaccttgagagagttgccaaatactcgatggaagatgcaaag
AW E S G E NL E RV A K Y S M E D A K
gcaacttatgaactcgggaaagaattccttccaatggaaattcagctttcaagattagtt
AT Y EL G K EF L PWMET QL SR L V
ggacaacctttatgggatgtttcaaggtcaagcacagggaaccttgtagagtggttctta
G Q PL WDV SRS STGNULV EWF L
cttaggaaagcctacgaaagaaacgaagtagctccaaacaagccaagtgaagaggagtat
L R K AY ERNIEVAPNIKP S EEEY
caaagaaggctcagggagagctacacaggtggattcgttaaagagccagaaaaggggttg
Q R R L RESY TSGGVFV KE P E K G L
tgggaaaacatagtatacctagattttagagccctatatccctcgattataattacccac
wW E N 1 VY L DFRALY P S 1 1 1 TH
aatgtttctcccgatactctaaatcttgagggatgcaagaactatgatatcgctcctcaa
NV S P DTULNULIETGT CIKNY D 1T AP Q
gtaggccacaagttctgcaaggacatccctggttttataccaagtctcttgggacatttg
vV 6 H K F CIKID 11 P G F I P S L L G H L
ttagaggaaagacaaaagattaagacaaaaatgaaggaaactcaagatcctatagaaaaa
L EERQ K I K TKMIKETOQDP I E K
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atactccttgactatagacaaaaagcgataaaactcttagcaaattctttctacggatat
Il L L DY RQ KA1 KLL ANSUFYGY
tatggctatgcaaaagcaagatggtactgtaaggagtgtgctgagagcgttactgcctgg
Y G Y A XK ARWYCIKET CAESV TAW
ggaagaaagtacatcgagttagtatggaaggagctcgaagaaaagtttggatttaaagtc

G RKY 1 E LV WK KELUEIEKF G F KV
ctctacattgacactgatggtctctatgcaactatcccaggaggagaaagtgaggaaata
L vy I b T D G LY ATI1 P G GE S E E I

aagaaaaaggctctagaatttgtaaaatacataaattcaaagctccctggactgctagag
K K K AL EFV KY I NS KL P G L L E
cttgaatatgaagggttttataagaggggattcttcgttacgaagaagaggtatgcagta
L EY E G FY KRGFFV TIKKIRY AV
atagatgaagaaggaaaagtcattactcgtggtttagagatagttaggagagattggagt

Il D E EG KV I T RGULET V R R D W' S
gaaattgcaaaagaaactcaagctagagttttggagacaatactaaaacacggagatgtt
E I A K ETOQAWRV L E T 1 L K H G DV
gaagaagctgtgagaatagtaaaagaagtaatacaaaagcttgccaattatgaaattcca
E E AV R1 V K EV I Q K L A NYE I P
ccagagaagctcgcaatatatgagcagataacaagaccattacatgagtataaggcgata
P E K L A1 Y E Q I T R P L HE Y K A I

ggtcctcacgtagctgttgcaaagaaactagctgctaaaggagttaaaataaagccagga
G PHV AV A KK L AAIKSGVIK 1T K PG
atggtaattggatacatagtacttagaggcgatggtccaattagcaatagggcaattcta
M Vv 1 6 Y I vV L RGDGWP 1T S NIRAI1 L
gctgaggaatacgatcccaaaaagcacaagtatgacgcagaatattacattgagaaccag
AAE E Y DP KKHIK Y D AEY Y I ENOQ
gttcttccagcggtacttaggatattggagggatttggatacagaaaggaagacctcaga
v L P AV LR1T L EGF GY R KEDL R
taccaaaagacaagacaagtcggcctaacttcctggcttaacattaaaaaatcctag

Y Q K T R Q V GG L T SWULNT KK S *
Figure 1A Sequence of cloned Hisg-tagged Pfu DNA polymerase. The highlighted
region is the extra nucleotides or amino acids which were added into the original Pfu

DNA polymerase sequence after cloning into the pSY5 plasmid vector.

* indicates Stop codon.



APPENDIX B

DETERMINATION OF RELATIVE POLYMERASE

ACTIVITY



Calculation of relative polymerase activity of Hisg-tagged Pfu DNA
polymerase

From figure C.1, the ratio of band intensity in lane 2 and lane 8 equals:

734.440

=2.03=2
361.870

Then, 0.2 pg of the Hisg-tagged Pfu DNA polymerase posses:
2x3U=6U

Thus, 1 mg of the Hisg-tagged Pfu DNA polymerase contains:

| 6U | 1 ug |=
‘0.2 ,ug‘lO_3 mg‘

30,000 U

Consequently, the relative polymerase activity of the Hisg-tagged Pfu DNA

polymerase is 30,000 U per milligram protein.
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734 ey GEED -* L= 361 870

Figure 1B The band intensities determined by Quantity One® Software, with the

arbitrary unit. The numbers in lanes 2 and 8 indicate the intensities of the bands when
0.2 nug of the Hiss-tagged Pfu DNA polymerase and 3 U of the commercial Promega

Pfu DNA polymerase were used, respectively.



APPENDIX C

EXAMPLE OF CRYSTALS FROM CRYSTALLIZATION

SCREENING
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OZMA 1K4K: H9

OZMA 1K4K: El11 Cryo I/11: Al

The Pegs: A4

OZMA 8K10K: B4
Figure 1C Example of crystals of non-heated Hisg-tagged Pfu DNA polymerase

obtained from various conditions of crystallization screening.



76

OZMA 8K10K: F3 OZMA 8K10K: G11

HTS I: F12 HTS I: D11

CryO I/11: D5 OZMA 8K10K: G11

Figure 2C Example of crystals of heated Hisg-tagged Pfu DNA polymerase obtained

from various conditions of crystallization screening.



APPENDIX D

CRYSTALLIZATION OPTIMIZATION FORMULATION



Table 1D Crystallization optimization condition OPT7 (based on condition CryO

I/11: G3).

Name Formulation

OPT7-F1 50 % PEG200, 100 mM Tris HCL, pH 6.8
OPT7-F2 50 % PEG200, 100 mM Tris HCI, pH 6.9
OPT7-F3 50 % PEG200, 100 mM Tris HCI, pH 7.0
OPT7-F4 50 % PEG200, 100 mM Tris HCI, pH 7.1
OPT7-F5 50 % PEG200, 100 mM Tris HCL, pH 7.2
OPT7-F6 50 % PEG200, 100 mM Tris HCI, pH 7.3
OPT7-F7 45 % PEG200, 100 mM Tris HCIL, pH 6.8
OPT7-F8 45 % PEG200, 100 mM Tris HCI, pH 6.9
OPT7-F9 45 % PEG200, 100 mM Tris HCIL, pH 7.0
OPT7-F10 45 % PEG200, 100 mM Tris HCL, pH 7.1
OPT7-F11 45 % PEG200, 100 mM Tris HCIL, pH 7.2
OPT7-F12 45 % PEG200, 100 mM Tris HCIL, pH 7.3
OPT7-F13 35 % PEG200, 100 mM Tris HCI, pH 6.8
OPT7-F14 35 % PEG200, 100 mM Tris HCIL, pH 6.9
OPT7-F15 35 % PEG200, 100 mM Tris HCI, pH 7.0
OPT7-F16 35 % PEG200, 100 mM Tris HCI, pH 7.1
OPT7-F17 35 % PEG200, 100 mM Tris HCI, pH 7.2

OPT7-F18 35 % PEG200, 100 mM Tris HCI, pH 7.3
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Table 2D Crystallization optimization condition OPT9 (based on condition Ozma

1K4K: A7),

Name Formulation

OPT9-F1 90 % of OPT9" with 200 mM ammonium phosphate (monobasic)
OPT9-F2 80 % of OPT9" with 200 mM ammonium phosphate (monobasic)
OPT9-F3 70 % of OPT9" with 200 mM ammonium phosphate (monobasic)
OPT9-F4 60 % of OPT9" with 200 mM ammonium phosphate (monobasic)
OPT9-F5 50 % of OPT9" with 200 mM ammonium phosphate (monobasic)
OPT9-F6 40 % of OPT9" with 200 mM ammonium phosphate (monobasic)
OPT9-F7 80 % of OPT9" with water

OPT9-F8 70 % of OPT9" with water

OPT9-F9 60 % of OPT9" with water

OPT9-F10 50 % of OPT9" with water

OPT9-F11 40 % of OPTY" with water

OPT9-F12 90 % of OPT9" with water

*OPT9 contains 30 % PEG1000 and 200 mM ammonium phosphate (monobasic)



80

Table 3D Crystallization optimization condition OPT9 (based on condition Ozma

8K10K: G7).

Name Formulation

OPT10-F1 90 % of OPT10" with 50 mM potassium phosphate (monobasic)
OPT10-F2 80 % of OPT10" with 50 mM potassium phosphate (monobasic)
OPT10-F3 70 % of OPT10" with 50 mM potassium phosphate (monobasic)
OPT10-F4 60 % of OPT10" with 50 mM potassium phosphate (monobasic)
OPT10-F5 50 % of OPT10" with 50 mM potassium phosphate (monobasic)
OPT10-F6 40 % of OPT10" with 50 mM potassium phosphate (monobasic)

"OPT10 contains 10 % PEG10,000 and 50 mM potassium phosphate (monobasic)



APPENDIX E

PROGRAMS USED IN THIS STUDY



List of programs used in this study

AMORE

CAD

COOT

DENZO

FFT

Molecular replacement package (Navaza, 1994).

Utility program which combines MTZ files and outputs data in the

same portion or reciprocal space (CCP4, 1994).

A stand-alone portion of CCP4's Molecular Graphics project. Its focus
is crystallographic model-building and manipulation rather than

representation.

Zbyszek Otwinowski’s interactive film and image plate processing
package. Auto indexing proceeds as in REFIX but on a single image.
The input parameters are refined by a least squares method minimizing
the discrepancy between the centroids of the spots and the predicted
diffraction spot positions. A 3-dimensional profile is calculated based
on profiles learned from other reflections to calculate a profile fitted

intensity. Also takes care of Lorentz, polarization and air absorption

effects (Otwinowski, 1993).

Crystallographic fast Fourier transformation - calculates electron
density maps and Patterson maps from reflection data using the fast

Fourier transform algorithm. FFT is space group specific for P; and



HKL2000

MOLREP

&3

EXPAND must be run to prepare the data for this space group. The
method breaks up the 3D FFT into a number of 1D FFTs, via a process
called Beevers-Lipson factorization. These 1D FFTs can then be
calculated rapidly. The program was used here to calculate Fouriers,
difference Fouriers, Pattersons and difference Pattersons (CCP4,

1994).

A package of programs intended for the analysis of X-ray diffraction
data collected from single crystals, and consists of three programs:
XDISPLAYF for visualization of the diffraction pattern, DENZO for
data reduction and integration, and SCALEPACK for merging and

scaling of the intensities obtained by DENZO or other programs.

An automated program for molecular replacement (Vagin and

Teplyakov, 1997).

General model building, model manipulation and graphics display

program (Jones, et al., 1991). It is part of the CCP4 package.

PROCHECK Program to check the stereochemistry of a model (Laskowski, et al.,

PYMOL

1993)

An open-source tool to visualize molecules available from

(www.pymol.org). It has excellent capabilities in creating high-quality



REFMAC
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images from 3D structures, well developed functions for manipulating
structures and some basic functions to analyze their chemical

properties.

Macromolecular refinement program. The program can carry out rigid
body, tls, restrained or unrestrained refinement against X-ray data, or
idealisation of a macromolecular structure. It minimises the coordinate
parameters to satisfy either a Maximum Likelihood or Least Squares

residual.

SCALEPACK Package used to scale and merge the output from DENZO. The

SFALL

output is a unique set of intensities. The program uses profile fitting
and rejects spots with bad agreement, adds partials, calculates scale
factors and B-factors for each batch of data and can perform post

refinement (Otwinowski, 1991).

Structure factor calculations using FFT (CCP4, 1994).

SHELL_SCALE Scaling program that allows for scaling in resolution shells, used

SHELX

here for scaling Fcalc to Fobs (Stuart, 1989).

Program used here for Patterson map interpretation. Selects peaks
from Patterson and interprets them using a vector superposition

approach which reduces the number of peaks to be interpreted
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(Sheldrick et al., 1993).

SIGMAA Method of phase combination, usually for isomorphous and calculated

phases. (Read, 1986).

XDISPLAYF Program used for visualization and measurement of the diffraction

pattern.

The Molecular Replacement method is described below (Cooper, 1998).

The Rotation Search - carried out to determine the correct orientation(s) of
the model by maximizing the overlap between the stationary Patterson map calculated
from the measured intensities and the rotated interpolated values of the model
Patterson map. This rotation function search selects intramolecular vectors by
restricting the choice of vectors in the observed Patterson to a relatively small radius
of Patterson space (75-80% of the molecular diameter) and producing the calculated
Patterson in a PI cell of approximately twice the size of the molecule. Peaks close to
the origin are removed as they are dominated by the Patterson origin peak.
Orientations are ranked in order by the value of the rotation, a simplified form of
correlation coefficient.

Patterson Correlation Refinement - is used as a gauge to substantiate the
solutions from the rotation function and to achieve some refinement of the solution.
This refinement can be carried out by minimizing the following function for each

promising rotation function solution:
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2

E,|IE

m

<

E

e L)
G

Eobs and E,,, denote the observed and the model calculated normalized structure factors

E

Em

obs obs

respectively. The angle brackets denote averaging over the set of reflections
expanded to P;. A correct orientation should correspond to the highest value of the
target function.

The Translation Function - is used to superimpose the intermolecular vectors
by translating the rotated model through either real or Patterson space. In this study
the optimal translation was assessed by maximizing the agreement between the

measured and model calculated normalized square structure factors (E?).

ST L i,y
SRR

obs
Where W, is a weighting function. The search need only be carried out over the

2 2
E obs E obs

2
E obs

"Cheshire Cell" as defined by Hirshfield (1968). Unfortunately the translation search

often proves to be the most problematic stage of molecular replacement.

Positional Refinement - XPLOR implements restrained refinement to

increase the number of observations by minimizing:

E total — E empirical + E effective
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Where Ecmpiricats 1S the empirical energy term given by:

= Eb(mds + E + Edihedral + E + E

empirical angles impropers nonbonded

The four conformational energy terms are described by harmonic restraints about
idealized values of bond lengths and angles to help preserve the good chemical sense
of the model. The nonbonded term takes into consideration van der Waals and
electrostatic interactions both within and between molecules to prevent bad contacts.
Eectfective 18 described by a number or energy terms that use experimental information

and restrained parameters. The X-ray term is given by:

(MT

obs (h) a k|F

cale

w
EX—ray = N_AZh:WhHF
A

where W, and W), are the overall weight and the weight on a reflection respectively,
Na is a normalization constant and k is a scaling constant between the observed and
calculated reflections. Minimization is carried out by conventional conjugate gradient
refinement which often gets trapped in local minima. Positional refinement can be
combined with molecular dynamics and simulated annealing to overcome these false
minima.

Molecular Dynamics Refinement - Here the atoms are mathematically
heated and assigned initial velocities provided by a Maxwellian distribution to
overcome local energy minima. The molecule is then cooled (simulated annealing) to
allow the molecule to achieve the lowest energy state compatible with the restraints
provided by Ecfrective.  The process involves solving Newton's equation of motion for
all atoms.

or.
i 5t2 - total




APPENDIX F

CRYSTALLOGRAPHIC THEORY



Protein crystal forms

Proteins theoretically are able to adopt a total of 65 possible crystal forms.
These arise from the seven distinct crystal systems; primitive, triclinic, monoclinic,
orthorhombic, tetragonal, hexagonal and cubic lattices. Centering lattices extends this
list to 14, termed the Bravais Lattices. Non-translational elements are defined as
operations which applied repeatedly to a point within the system to bring it back to its
original position and orientation - a set of such elements are called a point group, and
may comprise of combinations of mirror planes, rotation axes and centres of
inversion. For the seven crystal systems there are 32 different combinations of
rotations and mirror planes with translational elements, tetmed screw axis and glide
plane respectively, which when taken with the 32 14 Bravais Lattices result in a total
of 230 separate arrangements or space groups. This number is somewhat reduced in
the case of protein crystals to 65, due to the chirality of proteins (L-amino acids)
which does not permit crystallization involving mirror or glide planes or centers of
invertion.  Further details are documented in the International Tables of

Crystallography (volume A), edited by Hahn (1992).

Darwin’s equation

The total energy (Eumw) of a reflection from ideal crystal rotating at a constant

angular velocity () is given by:

4
e V.
Euny =—55 1o LPA—5

2 .4 VZ
0

2
F(hkl) ‘
mcw
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where: L is the Lorentz factor, P is the polarization correction, A4 is the absorption

correction, V, is the volume of the crystal, V, is the volume of the unit cell, /j is the

incident intensity and |F(hk|) | the structure factor for reflection hkl.

Table 1H Protein crystal symmetry

Crystal system Unit cell dimension

Point group Space groups

Triclinic

Monoclinic

Orthorhombic

Tetragonal

Trigonal

Hexagonal

Cubic

azb#c, a# f#y# 90°

a#b+c; a=y=90°% > 90°

azb#c;,a=pF=y= 90°

a=b#c, a=f=y= 90°

a=b=c;a=p=y#90°

a=b=c; a=[=90° y=120°

a=b=c; a=pf=y=90°

1
2

222

422

422

32

622

23
432
23
432
23
432

Pl
P2, P2,

C2

P222, P222,,P2,2,2, P2,2,2,
€222, C222,

1222,12,2,2,

F222

P4, P4,, P4,, P4,

P422, P42,2, P4,22, P4;22,
P4,2,2, P4;2,2, P4,22, P4,2,2

14, 14,
1422, 14,22
P3, P3,, P3,, R3

P312, P321, P3,12, P3,21,
P3,12, P3,21, R32

P6, P6,, P6,, P63, P6,, P6s

P622, P6,22, P6,22, P6,22,
P6,22, P6522
P23, P2,3

P432, P4,32, P4,32, P4;32
23,12,3

1432, 14,32

F23

F432, F4,32
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Maximum angle of rotation

The maximum oscillation of a crystal possible before overlapped reflections

occur can be calculated by the following equation.

Arot =tan"'(d_. / cell edge)— spot width

min

Where: Arot = the maximum oscillation and d,,;, = min resolution. Spot width would
typically be 0.2°. Often the maximum oscillation is not appropriate for actual data
collection because of the trade off between efficiency of data collection and increased

background.

Bragg's Law
Bragg's Law describes the conditions for constructive interference when the
incident and diffracted rays are in the same plane as the normal to the diffracted rays.
nA =2dsin@
Where 7 is an integer, € is the angle of incidence and reflection and d is the distance
between lattice planes. This equation can be used to calculate the unit cell dimensions
from an image of a principal zone. The cell parameters (d) in two directions can be

determined from the spacing between the spots (A4) using the following equation.

Jo A
2sin(tan”'(A/5)/2)

and the third dimension from the spacing of the rings arising from different layers in

reciprocal space where 7 is the radius of the nth circle.
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B ni
1—cos(tan”' (r/5))

Rmerge
Ruerge 18 @ measure of the accuracy of scaled data. Where /j; is the intensity of

a reflection and 7, is the average intensity of that reflection.

22001

R I)=
merge( ) z Z Ihl

Structure factor equation

Describes the scattering from a crystal over all atoms (j):

Fo Zf { Bsin e}epoM(lx thy, +1I2))

Where: hkl are integers (the reciprocal lattice), f are atomic scattering factors and B is

the temperature factor that models the thermal movement of the atoms:

8’
3

B=

Where %7 is the square of the mean displacement along the normal to the reflecting
planes. A large B-factor results in rapid fall off of intensity with 6. Where atoms are

not free to vibrate equally in all directions the isotropic B-factor can be replaced by an

anisotropic expression:
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exp— (b, h* + by, hk + b hl + bk + bkl + byl

The phase problem arises from the structure factor equation being a complex
quantity
Fnk) = Fonky €XP ik
where F ) is the amplitude and o) are the phases. As the measured quantity is the

intensity (i.e. |F(hk|) | 2) the phases are lost.

Electron density equation

The following equation relates the electron density (o) at any point to the

structure factors.

P63 2) =3 33 Py exp(-2i(lx +hy +12))

h

<

Where V is the volume of the unit cell.

Patterson synthesis

The Patterson function, P(xyz), can be calculated from the structure factor

amplitudes, and represents a map of vectors between atoms.

1 o0 o0 o0
P(oyz) = S Fow| cos(-27i(hu + kv + w))
h k 1

Where u, v, and w are coordinates in Patterson space.
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