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Front cover illustration:
The picture shows the magnitude of picosecond internal motions in the backbone of the
verotoxin B-subunit (VTB) as measured by NMR spectroscopy using a 1H-15N heteronuclear
nOe experiment at a magnetic field strength of 11.4T. The width of the tube is approximately
proportional to the degree of motions at this timescale and traces the backbone of a monomer
from the X-Ray crystal structure [1BOV]. Secondary structural elements are colour-coded:
loops are grey, α-helices are red and β-sheets are blue.
Verotoxin is a AB5 bacterial toxin from E. coli O157:H7 and the VTB homopentamer is
responsible for toxin attachment to the target cell. This molecular recognition event results in
endocytosis of the A subunit into the cytoplasm of kidney cells resulting in renal failure due
N-ribosylation of the ribosome. Each monomer of VTB consists of 69 residues making up of
two β-sheets and an α-helix. The data shown is for VTB complexed with S101, an analogue
of its natural ligand Gb3 (globotriaosylceramide). This ligand binds to the loop in the bottom
right hand corner. The data shown along with other heteronuclear relaxation data are being
used to determine conformational entropies of ligand binding on a per residue basis.

Thompson GS, Shimizu H, Homans SW, Donohue-Rolfe A (2000) Localization of the
binding site for the oligosaccharide moiety of Gb3 on verotoxin 1 using NMR residual dipolar
coupling measurements Biochemistry, 39, 13153-13156.
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Mission Statement
The Astbury Centre for Structural Molecular Biology will promote
interdisciplinary research of the highest standard on the structure and
function of biological molecules, biomolecular assemblies and complexes
using physico-chemical, molecular biological and computational approaches.
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Introduction
It is a great pleasure as the newly appointed Director of the Astbury Centre for Structural
Molecular Biology (ACSMB) to write the introduction to this, our second Annual Report.
The ACSMB is an interdisciplinary research centre of the University of Leeds. It was
founded in 1999 to carry out research in all aspects of structural molecular biology. ACSMB
brings together over fifty academic staff from the faculties of Biological Sciences, Chemistry,
Physics and Medicine to examine the molecular mechanisms of life. It is named in honour of
W.T. (Bill) Astbury, a biophysicist who laid many of the foundations of the field during a
long research career at the University of Leeds (1928-1961). Astbury originally identified the
two major recurring patterns of protein structure (α and β), took the first X-ray fibre
diffraction pictures of DNA (in 1938) and is widely credited with the definition of the field of
molecular biology.
The ACSMB today continues this tradition and focuses on the determination of the atomic
structures of biological macromolecules using all of the current major techniques (X-ray
diffraction, nuclear magnetic resonance spectroscopy and electron microscopy). ACSMB also
specialises in new biophysical techniques such as measuring the mechanical folding
properties of individual protein and nucleic acid molecules using atomic force microscopy.
These studies are combined with analyses of biological function with the ultimate aim of
understanding the molecular basis of life itself. During the last year, ACSMB received a
major infrastructure-funding boost (∼£7.5M) from The Wellcome Trust, allowing us to
further upgrade our facilities by forming The Wellcome Trust Centre for Biomolecular
Interactions. I look forward to seeing the fruits of these new activities in next year's Annual
Report.
Structural molecular biology plays a pivotal role in modern biology, both in the fundamental
understanding of living things and in the design of new treatments for disease. It is currently
undergoing a revolution in both scale and scope. The publication of the human genome
sequence holds out the prospect of using structural molecular biology techniques to determine
the exact molecular structure of every protein in our bodies. New drugs are frequently
designed by analysing the molecular structures of the biological molecules they target, so this
promises to generate dramatic advances in healthcare. It is notable that the original
observation by Astbury of transitions in fibrous proteins between α and β forms remains
relevant today, since devastating amyloid diseases such as Alzheimer’s, BSE and CJD are
linked to such transitions in brain proteins.
The pages that follow describe some of the highlights of our work over the last year. These
reports have largely been written by our younger researchers. Their tremendous enthusiasm
for this kind of interdisciplinary work augurs well for our future. I was particularly struck by
the breadth of activity in the Centre ranging from the sophisticated applications of synthetic
organic chemistry by the Nelson and Warriner groups to the developments in single molecule
biophysics to probe early events in protein folding by Smith and Radford. In between these
extremes you will find groundbreaking activity in many traditional areas for structural
biology. ACSMB has always been outward looking and this tradition continues with the
many external collaborations acknowledged in these pages, from both within the UK and
beyond. We would welcome discussions with anyone wishing to collaborate or simply to
make use of our facilities, the details of which can be found on our web page
(http://www.astbury.leeds.ac.uk/).
These brief summaries, however, only scratch the surface of the work of the Centre. I hope
you enjoy reading them, and if you wish to learn more please visit our website or contact the
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Director. This annual report is also available as a 17MB PDF document that can be
downloaded.

Peter G. Stockley
Director, Astbury Centre for Structural Molecular Biology
Leeds, March 2002
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Mass spectrometry facility
Alison E. Ashcroft
Overview of facility
The mass spectrometry (MS) facility has a Platform II electrospray ionisation (ESI)
quadrupole instrument with on-line HPLC and CE, a Q-Tof orthogonal acceleration
quadrupole - time of flight tandem instrument with nano-ESI, a TofSpec E matrix assisted
laser desorption ionisation (MALDI) mass spectrometer and a new surface enhanced laser
desorption ionisation (SELDI) mass spectrometer. The facility runs an analytical service as
well as being actively involved in several research areas within the Astbury Centre for
Structural Molecular Biology and the Faculty of Biological Sciences, in addition to other
groups within the University and also external collaborators.
Research
The research involves the development of MS techniques to aid the structural elucidation of
biomolecules and can be categorised into four main areas:
i. Protein folding.
Protein folding is an intriguing area of biochemistry and protein mis-folding is thought to be
a contributing factor to several diseases. Working with Prof. S.E. Radford's group, ESI-MS is
being used to monitor β2-microglobulin folding profiles by H/D exchange to gain insights
into folding intermediates and hence fibril formation.
ii. Protein - ligand non-covalent interactions and macromolecular assembly.
In collaboration with Prof. P.G. Stockley, Prof. S.E. Radford and Dr N.J. Stonehouse, ESIMS is being used to investigate non-covalently bound macromolecular structures. Such
studies include protein-peptide, protein-protein, and protein-RNA complexes. The latter are
important in virus assembly, an area we are investigating with respect to the MS2 and Qβ
systems. Protein-protein macromolecular complexes are critical species in fibrillogenesis and
are under investigation as an integral part of our β2-microglobulin folding studies.
iii. Reaction monitoring.
Recent projects include the thrombin activation of Factor XIII A-subunit (with Prof. P.J.
Grant and Dr R.A.S. Ariens, Medical School) and the study of enzyme reaction profiles (with
Dr C.W. Wharton, University of Birmingham).
iv. Structural elucidation & proteomics.
Tandem MS (MS/MS) sequencing of proteins is an important bioanalytical technique. This is
being used currently in collaboration with Prof. P.J.F. Henderson and Dr R.B. Herbert for the
characterisation of labelled and unlabelled membrane proteins. Figure 1 shows the ESIMS/MS sequence spectrum from the GalP-derived peptide fragment 409-452 (M r 5086.40).
The data not only confirm the molecular mass and the amino acid sequence of this peptide,
but also measure the percentage of [ring-2-13C]His incorporation (in this case 80%). Over
80% of the GalP sequence was confirmed by ESI-MS mass mapping.
Proteomics projects are in progress with Prof. R.A. Wilson (University of York) and Dr R.E.
Banks (St. James' Hospital) to identify proteins by the generation of ESI-MS mass maps and
MS/MS sequence tags from 2-D gel digests.
MS/MS is also being used for the characterisation of polysaccharides with Prof. S.W.
Homans' group.
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Figure 1: ESI-MS/MS analysis of the GalP-derived peptide fragment (409-452) with [ring-2-13C]-labelled His
incorporation. The spectrum confirms the sequence. The percentage of label incorporation (80%) was also
calculated from these data.
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Molecular studies on the bacterial nucleoside transporter NupC
Dawn Hadden, Hao Xie, Simon Patching, Steve Baldwin, Peter Henderson, Richard Herbert,
Adrian Brough and Simon Phillips
Introduction
Nucleoside uptake by transport proteins is essential for the synthesis of nucleotides by salvage
pathways in many mammalian cells that lack de novo purine biosynthetic pathways, such as bone
marrow cells, enterocytes and some brain cells. By regulating the concentration of adenosine
available to cell-surface receptors, nucleoside transporters in mammals also influence a wide variety
of physiological processes including neurotransmission and cardiovascular activity. Moreover, the
transporters represent the route of uptake for a variety of nucleoside analogue drugs used in the
treatment of cancer and viral infections. Gaining a better understanding of the molecular mechanism
of nucleoside transporters is therefore of both physiological and clinical interest. To this end, we
and others have so far identified and cloned cDNAs encoding six different types of mammalian
nucleoside transport proteins. These belong to two novel protein families, the equilibrative
nucleoside transporters or “ENTs” and the concentrative nucleoside transporters or “CNTs”.
Unfortunately, the study of nucleoside transporters from humans and other mammals is complicated
by their low natural abundance. Moreover, it has proven very difficult heterologously to express
these proteins at sufficient levels for structural study. We have therefore turned to a bacterial
transporter, NupC from Escherichia coli, as a more experimentally-amenable model for study.
Membrane topology and overexpression of NupC
NupC, first cloned by our collaborator Dr. Maurice Gallagher, is a proton-linked active nucleoside
transporter that is homologous to mammalian sodium-linked nucleoside transporters of the CNT
family. Our recent investigations both of NupC and of its mammalian counterparts by glycosylation
scanning mutagenesis and other approaches have provided evidence for a 10 transmembrane helix
(TM) topology for the bacterial protein (Fig. 1): the mammalian proteins appear to possess three
additional TMs in their N-terminal region. To
Periplasm
obtain additional direct evidence for these
proposed helical arrangements of the transporters
in the membrane, we have directed much effort to
the overexpression and purification of NupC, so
NH3+
CO2 that its secondary structure can be studied by e.g.
CD or FTIR spectroscopy. Overexpression of the
C
transporter at levels up to ~25% of the total
1 2 3 4 5 6 7 8 9 10
membrane protein has been successfully
achieved. Excitingly, such amounts have proven
sufficient for examination of the nucleoside
binding site by solid-state NMR approaches.
membrane topology of the bacterial
However, the unusual topology of NupC, with Fig. 1 Predicted
+
nucleoside
/
H
transporter
NupC topology of
Figure
1.
Predicted membrane
very short, periplasmic N- and C-terminal
the bacterial nucleoside/H + transporter NupC
hydrophilic segments, has rendered purification
of the overexpressed protein using conventional affinity methods difficult. For example, Histagging the protein drastically reduces the expression level. Fortunately, a strategy of fusing the Nterminus of the transporter via a flexible linker region to maltose binding protein, which bears an
export signal, has proven successful. As a result, we have been able to purify the protein to
homogeneity in functional form on a large scale (tens of mg). Current efforts are aimed at
producing the protein with a smaller peptide tag, to facilitate spectroscopic analysis.
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Site-directed mutagenesis of NupC
NupC exhibits a number of additional features that render it a useful model system in which to
explore the molecular mechanism of nucleoside transport. In particular, the transporter possesses a
single cysteine residue (indicated in Fig. 1 as a red circle in TM3). We have shown that replacement
of this residue by alanine has no effect on transport activity, and so have been able to use the
cysteineless protein as a template for cysteine scanning mutagenesis. So far, our efforts have been
directed towards TMs 4 and 5 (in green in Fig. 1). Our collaborators Professors Jim Young and
Carol Cass at the University of Alberta in Edmonton showed some time ago that the corresponding
regions of the mammalian homologues of NupC contain residues responsible for substrate
selectivity. Cysteine mutants of NupC have been assessed for their intrinsic kinetic properties and
for the ability of membrane-permeant and membrane-impermeant thiol reagents to inhibit transport.
By this means we have identified a number of residues that appear to play key roles in the transport
mechanism or lie on the pathway taken by substrates through the protein.
Future work
Although site-directed mutagenesis is yielding exciting information on the mechanism of transport,
a complete understanding will require elucidation of the 3-D structure of the transporter at high
resolution. To this end, in addition to the solid-state NMR approach mentioned above, we are
shortly hoping to take advantage of the advances we have made in NupC expression and
purification to begin 2-D and 3-D crystallisation trials. These will be performed both in Leeds and
in collaboration with Professor Per Bullough at the University of Sheffield.
Collaborators
Maurice Gallagher; University of Edinburgh
Per Bullough; University of Sheffield
Tony Watts, Paul Spooner; University of Oxford
Jim Young, Carol Cass; University of Alberta, Edmonton, Canada
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Molecular studies on the exocyst complex
Sweta Srivastava, Steve Baldwin, Alan Berry, John Hadden and Simon Phillips
Introduction
The exocyst is a large complex of proteins required for polarised exocytosis in eukaryotic cells. It
appears to function primarily as a “tether”, directing secretory vesicles to specific sites on the
plasma membrane, where their fusion is then brought about by SNAREs. The components of the
exocyst were initially identified as products of sec genes in yeast, but a complex of homologous
proteins was subsequently isolated from rat brain and the exocyst probably plays essential roles in
the post-Golgi secretory pathways of all eukaryotes. For example, mice homozygous for a mutation
in a gene encoding one of the components of the complex die at an early stage during
embryogenesis. In polarised epithelial cells the complex is required for the delivery of secretory
vesicles to the basolateral membrane and is localised to the tight junctions. Immunocytochemical
studies of its distribution in cultured hippocampal neurons suggest that it is also involved in
membrane addition at axonal and dendritic growth cones, and plays a key role in synaptogenesis.
Structure of the exocyst complex
The exocyst complex contains single copies of eight subunits (Sec3, Sec5, Sec6, Sec8, Sec10,
Sec15, Exo70 and Exo84), that exhibit between 21 and 24% sequence identity between yeast and
mammals. In mammals, the subunits range in size from 75 kDa (Exo70) to 111 kDa (Sec8), giving a
total molecular mass of 736 kDa. No detailed structural information has been reported for any of the
subunits, but EM examination of the glutaraldehyde-fixed complex purified from rat brain,
following rotary shadowing with platinum, has revealed a “body” approximately 30 nm long and 13
nm wide, to which are attached two “arms” approximately 15 nm long and 6 nm wide. The latter
appear to be attached to the body via a flexible region because they extend away from the body at
varying angles. Information on the arrangement of the subunits within the complex has been
obtained by genetic approaches in yeast, by yeast 2-hybrid analyses and by co-immunoprecipitation
of in vitro translated, radiolabelled components. Such studies in have identified Sec15 in yeast as
the subunit responsible for association of the exocyst with secretory vesicles, via an association
with the GTP-bound form of the rab GTPase Sec4. Similarly, Sec3 has been identified as a spatial
landmark for polarised secretion in yeast, targeting the exocyst complex to specific domains of the
plasma membrane. The other exocyst components link Sec3 and Sec15 via a series of proteinprotein interactions, resulting in the polarised targeting of secretory vesicles to appropriate sites of
exocytosis.
Studies on individual subunits of the mouse exocyst complex
Our long-term objective is to gain an understanding of the mechanism of the exocyst at the
molecular level by determining the structures of its subunits and then of the entire complex at high
resolution. As the first step, we have been studying individual subunits of the mouse exocyst
complex. For example, during the past year, methods have been established for the large-scale
expression of the Exo70 component of the complex in Escherichia coli. The His-tagged protein is
soluble and has been purified to apparent homogeneity with a yield, 3 mg per litre of culture,
sufficient for structural studies. Examination of the secondary structure of the purified Exo70 by
FTIR spectroscopy suggests that it is properly folded when expressed in the bacterium, and that this
exocyst component is a predominantly α-helical protein (Fig. 1). Crystallisation trials on Exo70
have therefore been set up and we have so far identified three promising conditions, one of which
yields a microcrystalline precipitate.
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Figure 1. FTIR analysis of Exo70
Future work
Having demonstrated the feasibility of using bacterial expression to produce an apparently native
form of Exo70 in amounts suitable for structural analysis, we plan to extend this approach to the
study of other exocyst components. Detailed structural analysis of these components and their
subdomains will be attempted by X-ray diffraction and NMR spectroscopy. In parallel, we hope to
exploit recent advances in single particle cryo-EM to obtain structural information on the small
amounts of intact complex that can be isolated from tissues. Information from EM, NMR and X-ray
analyses will then be combined to yield the structure of the entire complex at high resolution. A
grant application to fund such approaches has been made as part of the BBSRC MASIF initiative.
Collaborators
Steve Homans, John Trinick; Astbury Centre for Structural Molecular Biology, University of Leeds
Funding
SS is supported by an ORS award and a scholarship from the Faculty of Biological Sciences,
University of Leeds.
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Analytical Centrifuge Facility
Andy Baron and Peter Stockley
Introduction
The Centre has a Beckman XL-I analytical ultracentrifuge equipped with absorbance and
interference optics, two rotors (4-place and 8-place), and velocity and equilibrium cells with a
choice of quartz or sapphire windows. We employ a range of data analysis methods,
enabling the determination of properties of macromolecules in free solution and the
quantification of components in a mixture.
Work carried out in 2001
The instrument was used in a wide range of applications in 2001, including the assessment of
aggregation state of highly concentrated small proteins as studied by NMR, the evaluation of
virus coat assembly, the effect of buffer composition on the assembly of ribonuclease
complexes and determination of their binding affinities, measurement of relative proportions
of starting material and complex in mixtures of interacting muscle proteins, study of the
assembly mechanism and binding constants of viral packaging RNA, and determination of
the association state of an HIV regulatory protein.
Example
One of the results from this last experiment is shown as an example of the kind of analysis
that is feasible with this technology.

Fig 1. Sedimentation velocity analysis of a 24 kDa HIV regulatory protein centrifuged at 46000 rpm for 4
hours. A group of scans made during the middle of the sedimentation run was analysed by the dc/dt method
using the program DCDT+ by J. Philo
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Clearly the protein exists in solution in at least two forms, fitted by species 1 and 2. The
region of the curve beyond 12S that does not fit to the 2-species model is indication of the
presence of aggregate(s). Amounts of the species present are proportional to peak areas, and
are calculated by the program as initial loading concentrations, C0. Knowledge of the starting
concentration enables calculation of sample composition in terms of the species described.
The diffusion coefficient, D, is related to the width of the Gaussian dc/dt vs S peak, and the
molar mass of solute, if homogeneous, is proportional to the ratio of S/D. In this example,
both peaks are broader than expected for single homogeneous samples, and the conclusion is
that there is a dynamic equilibrium between species 1 and 2. Analysis of a higher protein
concentration resulted in a larger proportion of the species 2 component and a calculated
mass of 88 kDa, a result consistent with the conclusion made. The nature of the distribution
could have been investigated further by sedimentation equilibrium, resulting in the most
probable degree of association, and an association constant.
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1
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20%
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NA

35%
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NA
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2

3.58

34%

9.42

9.58

87.9
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3

NA

35%

117

-

NA
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2.0 mg/ml
(6.6
fringes)

3.2 mg/ml
(10.4
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Table 1.
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(x 10

-13

D20,w
s)

Parameters derived from dc/dt analysis shown in fig1.
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NMR investigation of the dynamics of the 78kDa Class II fructose-1,6bisphosphate aldolase
Christine Hilcenko, Arnout P. Kalverda, Steve W. Homans and Alan Berry.
Introduction
The availability of several crystal structures of the (α/β)8-barrel fructose-1,6-bisphosphate
aldolase (FBP-aldolase) has revealed differences in zinc binding in each structure and the
importance of protein dynamics in the mechanism of the enzyme. Directed evolution studies
have suggested roles of the β-loop-α regions in controlling specificity. In order to probe the
importance of molecular motions in more detail, a programme of high-field NMR
spectroscopy at both 600MHz and 900MHz has been initiated to study the role of molecular
motion in catalysis and specificity of the enzyme.
Perdeuteration coupled with TROSY-based 3D triple resonance experiments
The development of TROSY-based NMR technology as well as the development of
multidimensional NMR spectroscopy have considerably increased the range of proteins that
can be studied using NMR spectroscopy. [15N]-FBP-aldolase and [13C, 15N, 2H]-FBP-aldolase
samples have been prepared and the 2D [1H-15N]-HSQC and TROSY spectra recorded. These
experiments showed that the use of deuteration in concert with complete 15 N and 13C
labelling of the enzyme results in more sensitivity gain and higher resolution. Further
improvement was made by using the highest available field (900MHz, Varian NMR
Instruments, Oxford) (Figure 1). To be able to distinguish the crosspeaks in the very crowded
regions of the 2D spectra and to assign the spectra, TROSY-based 3D triple resonance
experiments, including HNCA-TROSY, HN(CO)CA-TROSY, HNCO-TROSY, HN(CA)CBTROSY and NOESY-TROSY at both 600MHz and 900MHz have been recorded. Sequential
assignment of the residues of interest in the active site and in the mobile regions of the
protein is almost complete.
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Figure 1: One section of the two-dimensional 600MHz (in red) and 900MHz (in blue) [ H- N] – TROSY
15
2
13
spectrum of [ N, H, C] – FBP – aldolase in 50mM Na2HPO4/NaH2PO4, pH 7.0, 25°C in 90% H2O/10% D2O.

Backbone relaxation experiments
2D [1H-15N]-TROSY and 3D HNCA-TROSY experiments in the presence of one of the
substrates, dihydroxyacetone phosphate (DHAP), have already suggested the importance of
motion in the enzyme mechanism (Figure 2). Thus the dynamics of the protein has been
10

investigated in the absence of DHAP via 15N T1 and T2 longitudinal and transverse relaxation
times respectively, and heteronuclear NOE measurements between backbone 15N and the
attached 1H. The results of these experiments showed that some residues have different
dynamic behaviour than others. The nuclear spin relaxation rate measurements in the
presence of DHAP will be correlated with the structure of the protein to provide information
on the role of mobile sections of the protein.
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15
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Figure 2: One section of the two-dimensional 600MHz [ H- N] – TROSY spectrum of [ N, H, C] – FBP –
aldolase in 50mM Na2HPO4/NaH2PO4, pH 7.0, 25° C in 90% H2O/10% D2O in the absence (red) or presence
(blue) of DHAP.

Collaborators
Dr.Eriks Kupce, Varian NMR Instruments, Oxford, UK
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Protein engineering of aldolase: Directed evolution
and mechanistic enzymology
Gavin Williams, Jijun Hao, Silvie Domann, Chris Plummer, Adam Nelson and Alan Berry
Introduction
Four billion years of natural evolution has created an enormous array of enzymes that can
potentially be used as biocatalysts for the clean synthesis of complex medicinal and industrial
compounds. Naturally occurring enzymes have, however, evolved for use in the living cell,
and often do not exhibit properties required for in vitro applications. Protein engineering aims
to create novel enzymes for use in medicine and industry by using the techniques of
mutagenesis, protein expression, protein purification, and protein characterisation.
We are interested in the protein engineering of aldolases. These enzymes catalyse the
formation of carbon-carbon bonds, a critical process for the synthesis of complex biologically
active molecules. We are currently involved in two main areas i) site-directed mutagenesis
and X-ray crystallography to study the mechanism of aldolase and ii) directed evolution to
create novel aldolases.
i) Mechanistic studies of fructose-1,6-bisphosphate aldolase (FBP-aldolase)
This important glycolytic enzyme provides a framework for our protein engineering
experiments. FBP-aldolase catalyses the reversible condensation of dihydroxyacetone
phosphate (DHAP) and glyceraldehyde 3-phosphate (G3P) to form fructose bisphosphate
(FBP). Aldolases are of two types, the Class I aldolases which use an active site lysine and
the zinc dependent Class II aldolases. Analysis of the structure of the enzyme from
Escherichia coli in complex with a transition state analogue phosphoglycolohydroxamate
(PGH) suggested that the β5-α7 loop of the enzyme undergoes significant conformational
change upon substrate binding, which would relocate two glutamate residues (Glu181 and
Glu182) into the active site. Site-directed mutagenesis of these two residues to alanine was
carried out and the mutant enzymes characterised by steady-state kinetics and kinetic isotope
effects. These experiments determined that Glu182 is the residue responsible for the
abstraction of the C1 proton from DHAP in the condensation direction of the reaction. Glu
182 lies in a loop of polypeptide that contains four glycine residues and a quadruple mutant

Fig. 1 The mechanism of action of the Class II FBP-aldolase
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(where each glycine was mutated to alanine) showed that flexibility of this loop was
important for functioning of the enzyme. These studies have added to our knowledge of the
mechanism of this enzyme.
ii) Directed evolution of aldolase
A powerful technique to create mutant enzymes with novel properties is directed evolution,
which mimicks the process that created naturally occuring proteins in the first place. Directed
evolution uses iterative rounds of random mutagenesis to create thousands of variants. These
libraries are then screened to identify those variants capable of catalysing the desired
reaction.
Our directed evolution experiments as well as our mechanistic studies are focused on the
FBP-aldolase and the related tagatose-1,6-bisphosphate aldolase, which cleaves a
stereoisomer of FBP. Both enzymes belong to the (α/β)8-barrel family of protein fold. There
is much interest in this class of fold because residues responsible for substrate binding and
catalysis are spatially segregated between β-sheets and active site loops respectively. Our
results already show that this segregation can be put to good effect by directed evolution.
We have used directed evolution to artificially evolve mutant aldolases with altered reaction
mechanism and increased thermostability.
Engineering thermostable enzymes
A number of FBP-aldolase genes from novel microbial sources have been cloned and used to
create a library of chaemeric aldolases using family DNA shuffling. DNA libraries are
transformed into E.coli XL1 Blue and colonies are grown in individual wells of 96-well
microtitre plates. Cells are then harvested by centrifuging the plates and are lysed by
freeze/thaw and treatment with lysozyme. Cell debris is then collected and the supernatants
containing mutant aldolases transferred to a fresh plate. These lysates can be heated at
increasing temperature and assayed using a 96-well microplate reader to identify active
clones after heat treatment. Active variants are then used to prepare plasmid DNA and the

Fig. 2 Directed evolution of a thermostable aldolase. Variant 3 was obtained after three rounds of DNA
shuffling. This mutant retains 50% activity after incubation at 58°C whereas the wild-type aldolases used to
create the library are completely inactivated by this treatment
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aldolase genes are combined and used as the input for the next generation of DNA shuffling
and screening. In this way, after three rounds of shuffling and screening, we have been able
to evolve variant aldolases that retain significant activity at temperatures that completely
denature the wild-type enzymes. Variant aldolases are subjected to DNA sequencing and the
amino acid changes that confer thermostability identified in an effort to understand the
relationship between sequence and stability in these (α/β)8-barrel enzymes.
Engineering the reaction mechanism of aldolase
The reaction mechanism of the FBPaldolase involved attack of the S i face
DHAP enediolate intermediate by the Si
face of the incoming G3P, to generate FBP.
The TBP-aldolase however involved attack
by the R e face of G3P to generate TBP.
These two aldolases catalyse this
condensation reaction with exquisite
control such that the overall discrimination
between FBP and TBP by these two
enzymes is in the order of 5x105. In an
attempt to understand the origin of this
stereochemical discrimination we have
used directed evolution to convert the TBPaldolase into an efficient FBP-aldolase.
Following three rounds of DNA shuffling
and screening the final evolved showed an Directed evolution of TBP-aldolase: The wild-type
80-fold improvement in the kcat/Km towards enzyme shows high activity with TBP. After three
rounds of DNA shuffling the evolved mutant cleaves
the non-natural substrate, FBP. This mutant the non-natural stereoisomer FBP faster than the
possessed the amino acid mutations natural substrate
His26Tyr/Asp104Gly/Val121Ala/Pro256L
eu. The recent solution of the crystal structure of the wild-type TBP-aldolase revealed that the
amino acid mutations in this evolved variant are located in the active site of the enzyme. This
change in stereochemistry could not be achieved by a complementary attempt by rational
redesign and the amino acid changes that took place in this directed evolution experiment
could not have been predicted.
Collaborators:
Dr. Adam Nelson, University of Leeds, Chemistry Dr. Bill Hunter, University of Dundee
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Sialic acid-synthesising enzymes: Directed evolution and mechanistic
enzymology
Venty Suryanti, Gavin Williams, Tom Woodhall, Adam Nelson and Alan Berry
Introduction
Sialic acids are involved in many important cellular recognition and signalling events in a
variety of biological processes, for example in cell infection by influenza virus. Sialic acid
analogues such as GlaxoSmithKline’s Relenza™ which inhibits the influenza virus sialidase
offer opportunities to combat disease and study biological processes. Such analogues are
however difficult to synthesise chemically. Thus, there is interest in the use of sialic acid
synthesising enzymes for the efficient and clean synthesis of sialic acid analogues. Sialic acid
aldolase catalyses the condensation of N-acetylmannosamine with pyruvate to generate sialic
acid, and forms the target of directed evolution experiments. In addition, sialic acid synthase
catalyses the irreversible condensation of phosphoenolpyruvate and N-acetylmannosamine to
produce sialic acid, this enzyme is also a potential target for use in the synthesis of analogues.
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Reaction catalysed by sialic acid lyase
i) Sialic acid synthase
A number of genes encoding sialic acid synthase from microbial sources were identified from
database searches by homology to the E.coli enzyme. A number of these genes have been
cloned, the enzymes over-expressed and purified and shown to encode sialic acid synthase.
However, the gene thought to encode the synthase from Bacillus subtilis was shown not to
encode a sialic acid synthase and its function remains unknown. Purified synthases have been
characterised with respect to metal ion activation, thermostability, pH optima and substrate
specificity and are also being used in crystallisation trials. Chemical modification and
substrate protection studies indicate that arginine residues play important roles in substrate
recognition and site-directed mutagenesis studies are underway to identify those residues
responsible. The substrate specificity of these synthases has been determined and has been
used to identify targets for improving activity toward non-natural substrates by directed
evolution.
ii) Directed evolution of sialic acid aldolase
The technology of directed evolution has the ability to search large areas of sequence space to
enable improved or novel activities to be generated. Directed evolution is being used to create
mutant sialic acid aldolases with broader substrate specificities than the wild-type enzymes.
In addition, enzymes with unnatural stereoselectivity will be created by directed evolution.
This project makes use of DNA shuffling to create libraries of mutant enzymes, and novel
assays to detect active variants.
Ultimately, these artificially evolved aldolases will be used in the synthesis of inhibitors of
influenza virus and other sialic acid mimetics.
Funding: BBSRC and DUE Project Universitas Sebelas Maret Surakarta, Indonesia
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Structure/function studies of the first extracellular loop of
the glucagon-like peptide-1 receptor
Rakel López de Maturana, Janet Treece-Birch and Dan Donnelly
Introduction
Glucagon-like peptide-1 (GLP-1) is a 30 amino-acid hormone mainly secreted by intestinal
cells. It is the most potent stimulator of insulin release in response to food intake so far
described. GLP-1 inhibits postpandrial gastric emptying and acid secretion, and also appears
to play a key role in the central regulation of appetite. Since its diverse but synergic effects
collectively alleviate the Type 2 diabetic phenotype, the study of the hormone and its
specific receptor has attracted great interest for the design of novel antidiabetic agents.
The glucagon-like peptide-1 receptor (GLP-1R) belongs to the Family B of G proteincoupled receptors (GPCRs). One of the distinguishing features of this subclass of GPCRs is
a relatively large extracellular N-terminus that incorporates three disulphide bridges, thus
forming a globular domain. Although the peptide has major points of interaction in this
domain, experimental evidence suggests that this isolated fragment is insufficient for highaffinity binding and additional contact sites have also been identified in the extracellular
loops and outer portion of transmembrane helices of the GLP-1 R and other members of this
family. Upon activation, the receptor couples with GS, initiating the sequential stimulation
of adenylate cyclase and protein kinase A.
The aim of our study is to identify specific hormone interaction points and/or activation
determinants located in the extracellular loops of the receptor. Using a site-directed
mutagenesis approach, pairs of residues have been systematically mutated to alanine (or
valine in place of a native Ala), in order to remove functional side groups without likely
perturbing the tertiary structure of the region. Once a double mutation shows a functional
effect, then the subsequent single mutations are performed to determine the individual
residue responsible for it.
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Fig.1. Serpentine sketch of the GLP-1
receptor. The first extracellular loop is
highlighted and its amino acid
sequence detailed so that amino acid
pairs that were doubly mutated are
grouped together.
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Methodology
Residues spanning the first extracellular loop of the GLP-1R have been mutated to alanine in
pairs, with the exception of Lys and Cys, which have been individually changed (Fig.1). In
this way, the following mutant receptors were prepared: K:A, DA:AV, AL:VA, KW:MY,
ST:AA, AA:VV, QQ:AA, HQ:AA, WD:AA, GL:AA, LS:AA, YQ:AA, DS:AA, LG:AA,
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C:A, RL:AA and VF:AA. The substitutions have been made by site-directed mutagenesis
(QuickChangeTM, Stratagene), with the template wild-type GLP-1R in the pcDNA3 vector.
The wild-type and mutant GLP-1 receptors have been stably transfected into HEK-293
cells (SuperFect® reagent; Invitrogen) and selection of transfected cells is maintained by the
addition of the G418 antibiotic.
The effect of the substitutions on ligand binding affinity has been assessed through
homologous competitive binding assays, determining [125I]GLP-1(7-36)amide binding to
either transfected cells or membrane preparations of such cells. The ability of the receptor to
be activated is determined by estimating the cAMP accumulated after GLP-1(7-36)amide
stimulation. Briefly, the method utilises a preincubation step with [3H]-adenine prior to
agonist addition for a few minutes and acidic lysis of the cells. The [3H]-cAMP produced is
purified through Dowex and alumina columns by cation exchange chromatography. A
standard amount of [adenine-U-14C]-cAMP is also added to all columns to assess individual
column efficiency. The GraphPad PrismTM data analysis program is used to calculate IC50
and EC50 values, as well as the significance of results compared to wild-type parameters.
Bmax values, a reflection of receptor surface expression, are also determined with the
combination of a protein assay on membranes and the binding data derived from them.
Definition of the GLP-1R binding pocket
Both IC50 and EC50 values for the wild-type GLP-1R are found to be approximately 1 n M
in this system. All double mutants appear to display affinity and activation parameters in a
close range within these values, except the K:A, DA:AV, MY:AA, C:A and RL:AA mutant
receptors, which show reduced affinity and, hence, low EC50. Surface expression of all
receptors seems not to be significantly different to the wild-type GLP-1R.
Based on this finding, new mutants were designed. In order to confirm that the charged
residues Asp and Arg were responsible for the effect detected with their corresponding
double mutant receptor, single substitutions of these two residues were made. Additionally,
Asp was also mutated to Asn to assess the role of its charge. The D:A and R:A mutant
receptors provided the expected results, showing low functionality. Interestingly, the D:N
mutant possesses normal affinity and activation profiles, indicating that the polar side-chain
of Asp, but not the negative charge itself, is involved in binding GLP-1. The importance of
the charged residues Lys, Asp and Arg is not surprising. They are almost totally conserved
in Family B GPCRs and, in fact, experimental evidence proving they contribute to highaffinity binding exits for the GLP-1R and other related receptors. Thus, they are postulated
to interact with oppositely charged residues in the GLP-1, possibly amino acids also highly
conserved across the related ligands.
Similarly, the conserved Cys residue forms a putative disulphide bond with another
conserved Cys in the second extracellular loop of the GLP-1R. Although this pairing has not
been directly shown in this family of receptors, its crucial role in maintaining tertiary
structure has been widely demonstrated in the Family A of GPCRs.
On the contrary, the results obtained from the study of the Met and Tyr residues were
unanticipated and complex. The double substitution of these amino acids resulted in
undetectable GLP-1 binding and a remarkably reduced EC50. However, the single MY:AY
and MY:MA mutant receptors exhibit a virtually wild-type behaviour. In an attempt to
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elucidate the implication of the side chains and functional groups of the Met and Tyr, the
MY pair has been mutated to a range of amino acids intermediate between the native residue
and alanine. Consequently, the mutant receptors MY:AF, MY:AV and MY:VA were made.
These three more subtle changes produce mutant receptors with a 10-100 fold decreased
affinity and activation ability, which are in-between the former double and single mutant
receptors (e.g. Fig. 2), while cell surface expression is not reduced for any of them. The
significance of differences between these mutants still needs to be further assessed before
safe conclusions can be drawn. Notably, Tyr (or Phe) is a relatively highly conserved
residue across Family B, whereas Met is specific for the GLP-1R. Thus, putative ligand
interactions would be likely to occur with conserved and specific amino acids in the
hormone, respectively.

Fig.2. Binding and activation profiles obtained for the wild-type (■) and MY:VA (▲) receptors.

At present, work to define exactly the implication of the Met and Tyr residues in hormone
binding is in progress. New substitute residues have been introduced at these positions and
their functional effects will be determined. Moreover, a similar double alanine scan is being
carried out in the remaining extracellular loops to identify additional determinants involved
in GLP-1 binding and/or receptor activation. Hopefully, our work will improve our
understanding of how the GLP-1R functions and will contribute to the design of bioactive
agonists for the receptor.
Funding
This work is supported by the Basque Government.
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Peripherin and retinopathies
Jonathan Wrigley, Claire Nevett, Tanweer Ahmed and John Findlay
The research interests of this group are concerned with the structure and function of integral
membrane proteins with particular emphasis on G-protein coupled receptors, ion channels,
the vacuolar H+-ATPase and lipocalins/receptors. Previous reports have been concerned with
G-protein coupled receptors and the vacuolar H+-ATPase. Here, we report on a project
dealing with a new subject - peripherin.
Peripherin/rds is an integral membrane glycoprotein found in the rim regions of vertebrate
photoreceptor cell discs. Natural mutations of the encoding gene result in degenerative
retinal disorders, such as retinitis pigmentosa. The retinal degeneration slow (rds) phenotype,
observed in mice, is considered to be an appropriate model for peripherin/rds-mediated
retinities pigmentosa. Associated abnormalities in the outer segment of photoreceptor cells
have implicated peripherin/rds in some aspect of disc morphology, yet it remains unclear
whether such morphological effects are the cause or the result of this condition. Recently, we
obtained the first direct evidence to support a role foe peripherin/rds in maintaining the
flattened vesicle morphology characteristic of photoreceptor outer segments. In vitro
expression yields a 36-kDa immunoreactive species, which is inserted into membranes and
undergoes N-glycosylation, inter- and intramolecular disulphide bonding, and dimerisation.
Electron microscopy reveals that periopherin/rds flattens microsomal vesicles (Fig 1).

Figure 1.
Peripherin/rds under
non-reducing conditions

RP Induced Mutations
C118S

C165Y

P216L

This effect appears to be dependent on disulphide bond formation but not N-glycosylation.
The inability of several pathogenic peripherin/rds mutants to flatten membrane vesicles
implicates such mutations as the primary cause of the retinal degeneration observed in
retinitis pigmentosa.
Using the in vitro expression glycosylation system, we were also able to determine the
topography of the protein in the bilayer, the region responsible for subunit interaction and the
structural change which gives rise to one form of retinitis pigmentosa.
The discovery of the role of peripherin and the effect of natural mutations open up an
approach to treatment which involves the use of small drug molecules rather than gene
therapy.
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Figure 2 - Proposed Function
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Structural and functional studies on Hepatitis C virus
non-structural proteins.
Katherine Crowder, Andrew Macdonald, Kevin Poupard, Andrew Street,
David Rowlands and Mark Harris
Hepatitis C virus (HCV) is an increasingly important cause of liver disease. The virus has a
single stranded positive sense RNA genome of 9.5kb that contains a long open reading frame
encoding a single polyprotein of 3000 amino acids. This is cleaved into 10 individual
polypeptides by a combination of host cell and virus specific proteases (see Figure 1). The
molecular mechanisms of pathogenesis remain to be elucidated. To this end my laboratory is
interested in the potential for the non-structural proteins (expressed from the 3' end of the
genome and designated non-structural as they do not form part of the viral particle) to
interfere with host cell metabolism and signal transduction pathways.

Fig. 1 Polyprotein cleavage strategy of HCV

The non-structural protein NS3 has three enzymatic activities: a proteinase and a
helicase/NTPase. Recently, catalytically inactive NS3 fragments containing an arginine-rich
motif have been reported to interact with, and inhibit, the catalytic subunit of
cAMP-dependent protein kinase (PKA C-subunit). We have used recombinant baculoviruses
to express full-length, catalytically-active NS3 and have shown that it is also able to inhibit
PKA C-subunit in vitro. However both mutational analysis and experiments in which a
constant ATP concentration was maintained by the addition of an ATP regeneration system
demonstrated that the ability to inhibit PKA was due to ATPase activity. We are currently
pursuing the functional consequences of NS3 expression in mammalian cell lines to
determine whether ATPase activity might play a role in pathogenesis of this virus.
The other non-structural protein that is a focus for the laboratory is NS5A. We have shown
that two closely spaced poly-proline motifs in NS5A interact with the SH3 domains of
members of the Src family of protein tyrosine kinases. We are currently using phage display,
surface plasmon resonance and in vitro and in vivo binding assays to understand more
precisely these interactions. Additionally we are expressing NS5A both stably and
transiently in mammalian cells to identify the functional consequences of these interactions,
in particular we are using the newly developed BacMAM system - baculovirus vectors with
mammalian specific promoters that are able efficiently to enter mammalian cells and drive
expression of foreign genes. Preliminary data suggest that NS5A perturbs the activation of
the AP1 transcription factor - implying a role for perturbation of the MAP kinase pathway.
Publications:
Aoubala, M., Holt, J., Clegg, R.A., Rowlands, D.J. & Harris, M. (2001) The inhibition of
cAMP-dependent protein kinase by full length hepatitis C virus NS3/4A complex is due to
ATP hydrolysis. Journal of General Virology 82, 1637-1646.
Collaborators:
Roger Clegg, Hannah Research Institute
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Kalle Saksela, University of Tampere, Finland
Funding: BBSRC, MRC.
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Structural and functional studies on the HIV-1 Nef protein.
Caitriona Dennis, Gemma Dixon, Matthew Bentham, Joachim Jager and Mark Harris
HIV-1 Nef is a 205 amino acid regulatory protein that plays a critical role in viral
pathogenesis. The protein is both phosphorylated and N-terminally myristoylated.
Myristoylation is an eucaryotic specific co-translational modification that is catalysed by a
single-subunit ribosomal associated enzyme - N-myristoyltransferase (NMT). Several partial
Nef structures have been determined by NMR and X-ray crystallography - a C-terminal core
domain of Nef (amino acids 71-206) lacking a disordered loop (residues 156-173) - but as
yet there is no information about the structure of the full-length myristoylated form. To
generate large amounts of myristoylated Nef for structural studies we are co-expressing Cterminally 6-His tagged Nef in E.coli with human NMT. Analytical amounts of soluble Nef
can be purified by IMAC (see Figure 1). Mass spectrometry analysis (Figure 2) shows that
this protein is fully acylated - the lower molecular weight forms may correspond to
incorporation of shorter chain fatty acyl groups derived from myristic acid by β-oxidation as
non-myristoylated Nef has a molecular mass of 24,133 daltons. We are currently using a
range of biophysical and biochemical techniques to compare the physical and functional
properties of this myristoylated Nef with the corresponding non-myristoylated derivative
(expressed in the absence of NMT). We are also establishing sensitive in vivo and in vitro
membrane binding assays to analyse the mechanism of interaction between Nef and cellular
membranes - by analogy to other cellular myristoyl-proteins this is likely to involve not only
myristate but additional interactions, e.g. electrostatic interactions between basic amino acids
and acid phospholipids.

Figure 2 Mass spectrometry analysis of purified
myristoylated Nef.
Predicted mol. mass: 24,343 Daltons
Experimentally determined mol. mass:
24,346 Daltons

Figure 1. Coexpression of Nef-6His in E.coli with Nmyristoyltransferase
1. Markers,
2. Uninduced lysate,
3. IPTG-induced lysate
4. Wash fraction
5-7 Imidazole eluted fractions

One of the functions of Nef is to down-modulate the cell surface glycoprotein CD4 (which
also functions as the viral receptor). This involves a direct physical interaction between
myristoylated Nef and the cytoplasmic domain of CD4. We are extending previous work in
my laboratory by undertaking a detailed analysis of the interaction between Nef and CD4 by
developing novel in vitro and in vivo assays. The long term goal of this project is to develop
high throughput screening assays that can be used for drug screening.
Collaborators
EU Framework Five 'Targeting Nef' (URL: http://www.uta.fi/~ltkasa/eu/index.html)
Funding: BBSRC; MRC; EU Framework Five.
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Amplified expression, purification and characterisation of
antibiotic resistance transport proteins
Peter Henderson, Alison Ward, Chris Hoyle, Sarah Palmer, Kate Langton, Scott Morrison,
Niels Nielsen, Martin Pos, John O’Reilly and Richard Herbert
Introduction
Membrane transport proteins are involved in antibiotic resistance, nutrient capture,
environmental sensing and other vital functions in bacteria (e.g. Figure 1). However,
membrane proteins are notoriously difficult to study. Owing to their extreme hydrophobicity
they are refractory to direct manipulation and can only be removed from the membrane, and
their solubility maintained, in the presence of detergent. In addition they are usually only
expressed at low levels and constitute less than 0.1% of total cell protein. Such difficulties
help to explain why, although the structures of thousands of soluble proteins have been
solved, to date less than thirty membrane protein structures have been resolved to atomic
resolution.

Figure 1. Secondary active transport systems in
bacteria. The large circle represents the cytoplasmic
membrane of the microorganism. A transmembrane
electrochemical gradient of protons is generated by
respiration, shown on the left. The gradient may be used
to drive ATP synthesis and the proton-nutrient symport
and proton-substrate antiport secondary active transport
systems shown around the circumference. Each
transporter is generally a single protein, usually of the
12-helix type.

Multidrug resistance proteins (Mdr’s)
Analyses of the available bacterial genomes predict that transport proteins comprise 3-12%
of the protein complement. Further examination of genomes from both prokaryote and
eukaryote organisms reveals that many membrane transport proteins comprise the 'Major
Facilitator Superfamily' (MFS) and may operate by facilitated diffusion, symport or antiport
(Figure 1). MFS proteins are thought to be single polypeptides comprising 10-14 (usually 12)
trans-membrane α−helices. In bacteria individual MFS proteins called Mdr’s accomplish the
active efflux of compounds like antibiotics, antibacterials, or toxins by a cation/substrate
antiport mechanism (Figure 1), leading to resistance. Examples include the Bacillus subtilis
transporter, Bmr, the Staphylococcus aureus norfloxacin transporter, NorA and the
Lactococcus lactis transporter, LmrA. Curiously, the prokaryotic MFS multidrug efflux
proteins are homologous to the vesicular monoamine transport proteins that function in
neurotransmitter storage in nerve tissue. The overexpression and characterization of
prokaryotic membrane transport proteins may, therefore, lead us to a greater understanding of
23

eukaryotic protein function. This avoids the problems associated with eukaryotic expression
systems, such as incorrect post-translational modification and transience of expression.
Amplified expression and purification of multidrug resistance transport proteins
To allow the determination of structures of membrane transport proteins, a continuing supply
of milligram quantities of protein is required. As native expression levels are usually less
than 0.1% of total cell protein so genetical amplification of expression must be developed.
Even if such amplification is successful a suitable detergent must then be found for
purification.
In our laboratory a general strategy has been devised for the amplified expression,
purification and characterisation of bacterial membrane transport proteins in Escherichia coli.
Plasmid pTTQ18 is generally used as vector. Under optimised conditions for induction (by
IPTG) and cell culture, amplified expression of 10-50X is achieved, with all the protein
correctly folded in the inner membrane of the E. coli host strain. Inclusion bodies are not
generally formed. So far the strategy has been successful for eighteen prokaryote transport
proteins, including ones from E. coli, B. subtilis, Brucella abortus, Staph. aureus,
Methanococcus janaschii, Helicobacter pylori, and Rhodobacter sphaeroides. By adding a
(His)6 tag to the C-terminus of each of the proteins, substantial purification of a protein is
achieved using dodecyl-β-D-maltoside as detergent (Figure 2), with yields of between 1-5mg
per litre of original culture. Reconstitution assays, and physical methods such as CD, FTIR,
MS and fluorescence confirm the
protein’s integrity.
The amounts of these proteins obtained,
and their purities, are now enough for
crystallisation trials, both 2D and 3D, to
be undertaken. These will be performed
in Leeds, in Sheffield (Professor Per
Bullough) and Imperial College London
(Professor So Iwata and Dr Bernadette
Byrne). Furthermore, the levels of
expression of each protein in the inner
membrane preparations is sufficient also
for investigation of ligand binding by
solid state NMR methods, which will be
undertaken in Leeds (Dr Adrian
Brough), Manchester (Dr David
Middleton) and Oxford (Professor Tony
Watts).

Figure 2. The purification of Bmr(His) 6 from inner
membranes of E. coli using Ni-NTA affinity
chromatography. The figure shows a silver stained 15% SDSPAGE gel. Track 1, molecular weight markers (‘Mr’). Track
2, inner membranes (‘IM’). Track 3 (DDM), membrane
proteins solubilised in 1% dodecyl-_-D-maltoside. Track 4
(‘Unbound’), proteins remaining after treatment with NiNTA resin. Track 5 (‘Wash’), proteins washed off the
NiNTA resin containing bound Bmr(His) 6 .
Track 6
(‘Eluate’), Bmr(His)6 was eluted from the column with buffer
containing 0.05% DDM and 200mM imidazole pH8, and
collected in fractions; those fractions containing protein were
concentrated. The tendency of some of the transport proteins
to reveal an apparently higher M r
form
(oligomer/conformer?) is illustrated in this case.
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Derivation of per-residue thermodynamic parameters
for ligand-protein interactions
Antonio Hernández-Daranas, Arnout Kalverda, Hiroki Shimizu and Steven W. Homans.
Introduction
The Human Genome Project is providing a wealth of information on nucleic acid and protein
sequences. However, if this information is to be of value for rational drug design, it is
necessary to obtain a deeper understanding of the molecular basis of ligand-protein
interactions. The key to understanding the affinity of a ligand for its receptor lies in the
dynamics and thermodynamics of the association rather than a simple static picture.
With isothermal titration calorimetry (ITC), it is possible to obtain the global thermodynamic
parameters governing a biomolecular association, however, from the point of view of ligand
optimization, it would be of immensurable benefit to obtain these thermodynamic parameters
on a per-residue basis. Recently, new methodologies have been described by which these
thermodynamic parameters can be derived on a per-residue basis from NMR relaxation data,
thus offering a means by which the thermodynamics of the interactions can be characterized
at a level of detail that has, until now, not been possible. Our aim is to use both techniques to
rationalize differences in the thermodynamics of binding in structural terms.
NMR studies of ABP
The chosen system is the L-arabinose-binding protein (ABP), a 33 kDa protein derived from
E. coli that binds L-arabinose and D-galactose with similar affinities in the µΜ range. This
system has been selected because the ligands are simple monosaccharides and excellent
crystal structures are available for ABP in complex with some monossacharides.
Crucial to the success of this project is the availability of the resonance assignments of 1H,
13
C and 15 N signals. To achieve that, we decided to prepare a sample with essentially
complete enrichment with 13C and 15N and a level of ~50% random deuteration. It is known
that deuteration of protein improves the resolution and sensitivity of NMR experiments. This
labeling pattern optimizes the sensitivity of experiments used to assign sidechain 1H and 13C
resonances by correlating them with the resonances from backbone nuclei whilst still being a
good compromise for recording NOESY experiments. In addition, we have used the TROSY
versions of the experiments that offer significant additional improvements in resolution and
sensitivity in 1H-15N correlation experiments.
Due to the size of the protein, a set of three independent 3D triple resonance experiments
[HNCA/HN(CO)CA, HNCO/HN(CA)CO, HN(CA)CB/HN(COCA)CB] and the 15N-HSQCNOESY are being used for backbone assignment. Side-chains will be assigned from
HN(CA)CB/HN(COCA)CB, 15N-TOCSY-HSQC and H(CACO)NNH experiments.
ITC studies of ABP
In addition to the ‘natural’ ligands (L-arabinose and D-galactose) we are using all the possible
deoxy-analogues of D -galactose to delineate the precise thermodynamic contribution to
binding of the individual hydroxyl groups. The binding affinities of this panel of deoxy
analogues are being determined by isothermal titration calorimetry, which additionally
provides the ∆Go, ∆ Ho and ∆So of binding for each analogue. These parameters will be
examined in order to decompose the ‘global’ thermodynamic parameters into contributions
on a per-residue basis.
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Figure. Titration of ABP with D-galactose on a typical ITC experiment. At specific time intervals, a small
volume (10 µL) of the ligand solution is injected into the cell containing the protein, giving rise to the titration
heat effects. Analysis of the data yields the global thermodynamic parameters ∆G, ∆H and ∆S.
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Dissecting the ligand binding energy for the E. coli heat-labile toxin
Bruce Turnbull and Steve Homans.
Introduction
Cholera is a severe diarrhoeal disease that affects more than 130,000 people annually and is
lethal in over 3% of cases. A further 6 million people per annum suffer from the less severe
traveller’s diarrhoea, largely on trips to southern Europe and developing countries. The
causative agents of these two debilitating diseases are cholera toxin (CT) and heat-labile
enterotoxin (LT) released by Vibrio cholerae and Escherichia coli bacteria, respectively.
These two protein toxins have an AB5-type multimeric structure, with essentially identical Asubunits and share 80% sequence identity in their B-subunits. The pentameric B-subunit (5 ×
11.8 kDa) is a carbohydrate-binding protein that specifically recognises the oligosaccharide
portion of a glycosphingolipid — ganglioside GM1 — which is present on the surface of
cells forming the gut wall. On binding to five copies of this glycolipid, the A subunit (27
kDa) enters the cell through an, as yet, unkown mechanism, where it catalyzes ADPribosylation of the signal transduction protein Gs-α. This modification prevents deactivation
of Gs-α, and consequently leads to high intracellular levels of cAMP, which, in the small
intestine, results in fluid loss and severe diarrhoea. As B-subunit adhesion to the surface of a
target cell is a prerequisite for entry by the A-subunit, this protein-carbohydrate recognition
event is a potential target for developing drugs against the toxic effects of these bacteria.
Dissecting “multivalent” interactions

Figure. a) Complex of GM1 oligosaccharide with the cholera toxin B-subunit (CTB) with key hydrogen
bonds between the ligand, protein and bound water molecules (grey circles) indicated as broken lines; b)
Cartoon representation of the fragments of the oligosaccharide ligand that are being used in binding studies
with LTB.

Although very important in cell surface biology, protein-carbohydrate interactions are
notoriously weak, often having dissociation constants in the millimolar range. Nature
circumvents this problem by displaying multiple copies of both the carbohydrate ligands and
their protein receptors in such a way that many weak interactions reinforce one-another to
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give a strong overall adhesion — not unlike molecular-scale velcro. In the case of CTB and
LTB, this so-called multivalent effect manifests itself on two levels, most obviously in the
pentavalent binding of the B5 ring to five copies of GM1. However additionally, X-ray
crystallography of the complex has previously revealed that on the smaller scale of an
individual subunit, the branched oligosaccharide grabs hold of the protein in a “two fingered
grip” (see Figure). These “bivalent” interactions rank among the highest intrinsic affinities in
glycobiology and thus form a suitable model system for analysing the thermodynamics of
interaction on a per-saccharide residue basis. Therefore, we are studying the binding abilities
of fragments of the natural oligosaccharide ligand with the aim of dissecting the individual
contributions from each monosaccharide to the overall interaction.
Synthesis and binding studies of GM1 fragments
Whereas smaller mono- and disaccharide fragments of ganglioside GM1 are commercially
available or can be accessed readily by chemical synthesis, larger fragments — including the
full pentasaccharide — are most easily produced by stepwise enzymatic degradation of the
natural ligand. With these carbohydrates in hand, studies are underway to evaluate the ability
of each fragment to bind to the B-subunit of LT. The methods being employed for binding
studies include fluorescence spectroscopy, isothermal titration calorimetry (ITC) and nuclear
magnetic resonance (NMR) spectroscopy. ITC, in particular, is useful for determining all
thermodynamic parameters (free energy, enthalpy and entropy changes) in a single
experiment. We aim to rationalise the binding affinities of individual carbohydrate fragments
through NMR spectroscopic structural studies of their complexes.
Collaborators
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Efficient resonance assignment and global fold determination of
backbone labelled proteins
Alexander W Giesen and Steve Homans
Introduction
As the result of a massive effort, several genomes have been sequenced and soon the
sequence of all human genes will be known. In most cases it will be impossible to devise the
structure of newly discovered proteins from their sequence alone. However, the number of
experimentally determined structures is small compared to the number of known protein
sequences. This is due to the fact that determining a structure by X-ray crystallography or
NMR spectroscopy is a long and tedious process. A rapid determination of the protein fold,
even at low resolution, will be useful for characterizing the structure of proteins and finally
their function.
Multidimensional NMR
With the development of multidimensional triple resonance NMR methods, the structure of
proteins of significant size and spectral complexity can now be determined. A fundamental
limitation on the size of proteins whose resonances can be assigned by triple resonance
methods that transfer magnetisation through alpha-carbon nuclei (e.g. HNCA, HN(CO)CA) is
the rapid transverse relaxation of these nuclei. The relaxation time of these carbons can be
increased by substitution of deuterons for protons. A second problem is the homonuclear Calpha-C-beta coupling. For fully 13 C-labelled proteins one works either with limited
resolution in the 13C dimension to prevent the resolution of this coupling, or a constant time
(CT) period is applied during 13C frequency labelling. The first approach frequently does not
allow unambiguous identification of the connectivities, whereas a CT experiment increases
the time period during which transverse C-alpha magnetisation is present to approximately 27
msec. This means that even for deuterated proteins a significant loss of magnetisation will
occur. In principle, selective decoupling of C-beta overcomes this limitations. However this
approach introduces other undesirable complications. Firstly, it is in general impossible to
selectively decouple serine C-beta atoms, and secondly, the composite pulse train introduces
an undesirable Bloch-Siegert shift on C-alpha resonances.
New isotopic enrichment strategies
An alternative approach, which does not suffer from these disadvantages, involves a protein
that is isotopically enriched exclusively in the backbone N, C-alpha and C-carbonyl atoms
and deuterated in the C-alpha position. This permits optimal resolution and sensitivity to be
obtained in triple resonance experiments, since the undesirable C-alpha-C-beta scalar
coupling is absent. We synthesised backbone 13 C, 15 N, 2H(50%)-labelled amino acids by
chemical means starting from 13C, 15N-labelled glycine. A 32 kDa protein was then obtained
from these selectively labelled amino acids. This protein sample allows the acquisition of
high resolution NMR spectra which facilitate the resonance assignment process.
Recently devised NMR methods of measuring residual dipolar couplings in liquid crystalline
media provide a new rapid route to the determination of protein fold. For proteins that are
isotopically enriched exclusively in their backbone nuclei, residual dipolar couplings can be
measured effectively with HSQC-based and HNCA-based techniques. Optimal sensitivity is
maintained due to the absence of the constant-time building blocks that are required for fully
labelled proteins. The structural information available from backbone labelled proteins allows
the determination of the global fold.
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Global fold of ubiquitin determined by i) X-Ray crystallography (blue) and ii) backbone labelling NMR
strategy (green). Giesen et al., submitted.
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Molecular dynamics in mouse urinary protein by NMR methods.
Kothandaraman Seshadri, Arnout Kalverda, Stephen Hsieh and Steve Homans
Introduction
Central to the understanding of binding affinity of a ligand for its receptor are the dynamics
and thermodynamics of the association. Despite the vast accumulation of X-ray
crystallographic, static data of bio-molecular structures of proteins that are enzymes and
receptors, relatively little is known about the dynamic behaviour of these proteins.
To perform their function, proteins exhibit a significant degree of flexibility on a wide range
of time scales from femtoseconds to seconds. Detailed descriptions of dynamics of the
specific protein-ligand contacts and their changes upon establishment of these contacts will
help in promoting a better understanding of biologically important processes. Data obtained
on a residue-by-residue basis greatly enhances opportunities in protein engineering and
ligand optimisation in rational drug-design. NMR relaxation phenomena offer a great
potential by which standard free energies and entropies can be derived on a per residue basis a level of detail crucial for the understanding of molecular basis of ligand-protein
interactions.
MUP as a model system
The mouse major urinary proteins (MUPs) are a class of highly homologous, pheromonebinding proteins having molecular weights of about 19kDa. MUP-I is a member of group 1
gene products (30 genes) that are expressed in the liver under hormonal control and are
excreted in the urine of male mice at high levels. MUPs bind to several small hydrophobic
pheromone molecules and their function is to carry them through the aqueous environment,
protecting them from decomposition, and regulating their release from urine. The high
resolution X-ray crystal structure available indicates a conserved beta-barrel of eight betastrands and an alpha helix. A preliminary isothermal calorimetric (ITC) study in our
laboratory indicated that two of the ligands to MUP, 2-isopropyl, 3-methoxypyrazine and 2isobutyl, 3-methoxypyrazine display an order of difference in binding affinity to MUP
despite similarity in their chemical structures. MUP and its small hydrophobic ligands serve
as a suitable model system in which to conduct NMR relaxation studies and to rationalise
differences in relaxation parameters between different protein-ligand complexes in terms of
binding specificities.
Amide and methyl dynamics from 15N and 13C relaxation
As part of our composite strategy employing NMR spectroscopy, ITC and theoretical free
energy perturbation (FEP) calculations to study thermodynamics of binding of a panel of
related ligands in MUP-I, backbone and side chain (NH and CHD2) spin-lattice (T1), spinspin (T2) relaxation times and heteronuclear nOe (nuclear Overhauser effect) are measured at
backbone amide and side chain methyl sites in uniformly incorporated 15N and 13C samples
respectively (partial deuteration at methyl groups in the latter). Fractionally deuterated methyl
groups (CHD2) offer an advantage in studying side chain dynamics in that they avoid
difficulties arising from interference effects between multiple 13C-1H bond vectors as 13C is
relaxed solely by a single proton. The experiments involve recording a series of highresolution 15N-1H (for backbone) or 13C-1H (for sidechain) correlation maps with the intensity
of each correlation attenuated by 1 H relaxation as a function of delays characterising the
appropriate relaxation parameter (T1 or T2). The decay of intensities were fitted
monoexponentially to obtain the relaxation time constants T1 and T2. For the measurement
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of heteronuclear nOe, two spectra in each case were collected with proton saturation and one
without. The correct ratio of the respective peak intensities provides steady state nOe.
The relaxation parameters (T1, T2 and nOe) sensitive to the picosecond-nanosecond time
scale probe the amplitude of bond vector fluctuations. These parameters can be expressed in
terms of an order parameter (S2) that varies between 0 for an unrestricted internal motion to 1
for rigidity. S2 can be related to the entropy of the corresponding molecular degrees of
freedom under the 'model-free' formalism described by Lipari and Szabo. The data obtained
both in the absence and presence of ligand will be interpreted in terms of free energies and
free entropies of binding on a per-residue basis.
The analysis of data on free and different bound states of MUP is underway.
MUP ligands

2-Isopropyl, 3methoxypyrazine
Ka=1.7±0.2x106 M-1

2-isobutyl,3methyoxypyrazine
Ka=1.5±0.2x107 M-1
X-ray Crystallographic Structure of MUP
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NMR facility
Arnout Kalverda and Steve Homans
Overview of facility
The NMR facility is equipped with one 600 MHz and two 500 MHz Varian Inova NMR
spectrometers. Two of the spectrometers are housed in a purpose built extension to the
Astbury building. All three instruments are setup to use 1H, 13C, 15N and 2H during normal
operation. A mobile fifth channel (dedicated to deuterium) adds flexibility. One of the 500
MHz instruments is equipped with a triple resonance probe including a broadband channel to
allow 31P correlated experiments in nucleic acids. In the coming year the facility will be
expanded with a 750 MHz NMR spectrometer.
NMR research with larger systems
By making use of the 600 MHz NMR instrument a number of projects have been instigated
with larger systems. Ongoing projects are Verotoxin B subunit pentamer (35 kDa), arabinose
binding protein (37 kDa), heat labile enterotoxin B subunit pentamer (58 kDa) and Class ΙΙ
FBP-aldolase (78 kDa). In all these cases, 2H, 13C, 15N triply-labelled protein is needed. For
the two proteins in the 30-40 kDa range it was found that a deuteration level of 50% was
adequate for providing good sensitivity for triple resonance experiments. The presence of
partially protonated side chains also allows both the experiments for backbone assignments as
well as side chain assignments to be acquired with a single sample. By using TROSY based
triple resonance experiments modified for use with partially deuterated proteins, backbone
assignments for arabinose binding protein are nearing completion. In the case of systems with
a size above 50 kDa it is crucial that perdeuteration is as complete as possible. This was key
to the successful recording of TROSY HNCA, HN(CO)CA and NOE spectra on FBPaldolase.
Relaxation measurements of protein dynamics
The key to affinity in protein-ligand interactions lies with the thermodynamic parameters of
binding. NMR is uniquely poised to extend global thermodynamic parameters to a more
detailed residue specific view. Changes in main chain and side chain dynamics make a
contribution to the entropy changes upon ligand binding. 15N relaxation measurements report
on the dynamics of the backbone while 2H and 13C relaxation methods provide information
on side chain dynamics. Changes in protein dynamics are being mapped out in two protein
ligand systems, Verotoxin B subunit and mouse urinary protein. Both proteins can bind to an
array of closely related ligands. This allows an attempt to correlate dynamic and
thermodynamic differences between ligands.
NMR of protein folding and misfolding
Information about the structural features of partially folded states can be obtained indirectly
through hydrogen exchange and/or denaturant titration experiments followed by 1H-15N
HSQC spectra. Denaturant titrations were used to monitor the unfolding of a partially folded
amyloid precursor of β2-microglobulin. The experiment indicates that the 5 central β-strands
of the native fold form the most stable region of the intermediate and that it unfolds in a
highly non-cooperative manner. Native state hydrogen exchange has been used with the
Colicin Immunity protein Im7 to show that the hydrogen exchange data provide information
on the secondary structure of an intermediate state.
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NMR studies on the dynamics and structure of Verotoxin-1 B subunits
binding to its functional plasma membrane receptor,
Globotriaosylceramide, Gb3
Anna Yung, Gary Thompson, Arnout Kalverda and Steve Homans.
Introduction
Verotoxin (VT) was first reported by Konowalchuk et al. in 1977. Although VT-producing
E. coli strains belong to several different serotypes, 0157:H7 is the dominant serotype
isolated from patients suffering from food poisoning. The infection frequently develops into
hemorrhagic colitis. Furthermore, about 10% of these cases develop into the haemolytic
uremic syndrome, which is the leading cause of acute renal failure in children. Verotoxins
belong to the AB5 class of bacterial toxins. The enzymatic A-subunit inhibits protein
synthesis in the cell, by selectively attacking the ribosome by removing the adenine residue at
position 4324 of the 28S subunit. However, the A-subunit requires the presence of the
homopentameric B-sub-units to achieve toxicity. The role of the B-subunits is attachment to
the target cells and the translocation of the A-subunit into the cytoplasm. The functional
receptor of verotoxin is the glycolipid globotriaosylceramide [Gb3, Galα1-4Galβ1-4Glcceramide]. The binding affinity of VTB to Gb3 is in the millimolar range (Kd = 1 x 10-3 ).
Since binding to the cell surface has been shown to be a crucial step in the cytotoxicity of
verotoxin, designing inhibitors to block toxin binding would be an effective approach to
therapy development.
Crystal structures of the verotoxin B-pentamer (VTB) complex with the Gb3 oligosaccharide
have been reported. Three Gb3-binding sites per B-monomer have been identified, giving a
total of 15 binding sites in each VTB-pentamer. These sites are called sites 1 to 3. However,
solution NMR data has demonstrated that site 2 is the major binding site.
NMR Relaxation Study
Presently, we are investigating the proteins dynamics using 15N NMR relaxation in order to
examine differential dynamics upon binding. As the heteronucleus N, is bonded to a single
proton, H, the dominant relaxation mechanism is the 15N-1H dipolar interaction, with
chemical shift anisotropy acting as a secondary, but significant relaxation mechanism. These
nuclear spin relaxation rates are closely related to molecular motions.
Three backbone amide 15N relaxation parameters have been measured at two magnetic field
strengths: (i) the longitudinal relaxation time constant T1; (ii) the transverse relaxation time
constant T2 and (iii) the 1H-15N nuclear Overhauser effect.
These relaxation parameters are being analysed using the model-free formalism of Lipari and
Szabo. If an anisotropic model for the tumbling of the molecule is assumed, good model-free
parameters can be extracted from the relaxation data: S, a generalised order parameter and an
effective correlation time,τe. Once these numerical values have been calculated, they can be
directly related to conformational entropies. We can use these values to analyse the
conformational entropy of ligand binding on a per residue basis.
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Figure: A backbone representation of the 1H-15N hetronuclear nOe for a single subunit of VTB bound to the
ligand S101; the binding site for S101 is in the loop at the bottom right corner of the picture.
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The NMR solution structure of the VMA-7 subunit of
the vacuolar H+-ATPase from Saccharomyces cerevisiae.
Gary Thompson, Liz Barratt, Mike Harrison,
John Findlay and Steve Homans.
Introduction
Vacuolar H+-ATPase (VATPase) is a membrane spanning proton pump which is found in
virtually all eukaryotic cells. The action of the pump results in translocation of protons across
vacuolar membranes, allowing the pH of intracellular compartments to be regulated. Errors in
the function of the pump have been implicated in the pathology of a number of diseases
including osteoporosis, diabetes and several common cancers including cervical cancer. A
structural understanding of this complex at the atomic level will open up paths to new
therapeutics for these diseases by control of its activity. Though the structure of the VATPase enzyme complex has been shown to be related to that of the F1F0 ATPase, there are
major differences in the subunits and the composition of the two enzymes. Therefore, a
significant effort has been started at Leeds under the MASIF scheme to determine the
structure of the enzyme subunits and the complete complex using modern structure
determination methods: X-ray crystallography, NMR spectroscopy and electron microsocopy.
The VATPase complex contains at least ten distinct subunit types and four of these are of a
size amenable to modern NMR techniques. The current target, VMA-7, is a 14kDa subunit of
the complex, which has unknown function and fold, and can be over expressed in E. coli and
purified as a GST fusion protein. Preliminary structural studies using FT-IR, CD and NMR
showed that it is folded in aqueous solution and contains ~30% alpha helix. We have now
optimised the over-expression of the protein in M9 minimal media to give 4mg of fully
purified protein per litre of culture and have produced sufficient quantities of pure protein for
NMR structural studies.
Good quality 1H-15N HSQC, 1H-15N HSQC NOESY (Fig. 1), 1H-15N HSQC TOWNY and
H-15N HMQC-NOESY-HSQC spectra of the protein collected at 25°C in a non-micellar
detergent have allowed us to complete approximately 30% of the backbone assignment of
VMA-7 in a matter of a few weeks. Complete assignment of all structured regions of the
protein is expected to be completed within the next few months. The 3D structure of the
complex will be calculated using a hybrid approach using both residual dipolar coupling and
NOESY restraints; and is expected to be complete late this year. To allow us to collect the
dipolar coupling and NOESY restraints required for the calculation of the 3D structure, we
have transferred the VMA-7 cDNA to a new GST Precision Protease Fusion vector which
will allow us to produce protein free from low levels of contaminating proteases found in
thrombin; giving a stable 15N-13C doubly-labelled protein.
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Fig 1 Backbone assignments of a helical region from the 1H-15N HSQC-NOESY spectrum of VMA-7
derived from Saccharomyces cerevisiae.
Key: diagonal peaks are in green, HNi-Hαi peaks are in red, sidechain HNi-HXi peaks are in orange and
HNi-HXi-2..i+4 peaks are in electric blue. Inter-residue connections used in the assignment are shown as blue
lines .

To provide new targets for solution NMR studies, research on high yield over-expression of
other subunits from VATPase in a number of different hosts is being undertaken.
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A new method for comparing ligand binding sites in biomolecules
Andreas Brakoulias, Gareth Stockwell and Richard Jackson
Analysis of completed genomes from a number of organisms reveal that about half of all gene
products are classified as functionally unknown hypothetical proteins, and structures are already
being solved prior to any knowledge of function. This will make the structure-based prediction
of molecular function of increasing importance in the future. The ability to detect and classify
local atomic level similarity will allow the development of rules for the prediction of function
directly from structure (the premise of Structural Genomics).
Initially, proteins that bind ligands containing the phosphate moiety are being studied. In
particular, the large class of nucleotide ligands (ATP/ADP, GTP/GDP, NAD, FAD etc.).

Figure 1. The local protein-ligand atomic environments are extracted from the PDB for proteins that bind phosphate
containing ligands.

We have developed a method that identifies the extent of the similarity between the structure of
different protein-ligand binding sites allowing their structural classification.
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Figure 2. Following an all-against-all comparison of nucleotide phosphate binding sites group representatives are
clustered to identify similar sites. This figure shows one such cluster (main-chain atoms only) which corresponds to
the structural P-loop. The residues are coloured according to residue type. It can be seen that members of the cluster
contain an identifiable sequence pattern identified in the PROSITE database (GK-[T/S]). The nucleotide moieties
are also shown in the right hand picture.

The classification procedure allows the generation of structural binding site “templates”. These
could be used to identify similarity between the binding site of proteins in the database (for
which an enzyme mechanism or binding site is well determined) and a newly determined protein
of unknown function. Clearly, knowledge that a protein has a nucleotide binding site as well as
information on the function of other proteins in the database that share this site will be valuable.
Collaborators
Prof. Janet Thornton (EBI)
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Molecular modelling of SH2 domain-peptide interactions
Stephen Campbell & Richard Jackson
Before carrying out docking studies on a potential target, it is important to gain a thorough
understanding of the system. We have been studying SH2 domain-peptide interactions as a
model system using a variety of molecular modelling techniques.
SH2 domains are highly homologous phosphotyrosine-binding motifs of approximately one
hundred amino acids found in a range of signal transduction proteins. Uncontrolled signalling
through protein tyrosine pathways involving these SH2 domains can lead to a variety of
disease states, meaning that the search for novel agents which can interrupt such pathways
has become an intense field of research.
Although there has been much evidence to suggest that interactions involving SH2 domains
occur in a substrate-specific manner, it has also recently been argued that the family of
domains may be too highly homologous and structurally conserved to allow for the design of
specific inhibitors lacking undesired effects.

Figure 1: Clustering of Binding Sites. We have used the experimentally defined protein-ligand contacts to
define the protein binding site, allowing the clustering of the domains according to amino acid conservation in
the binding site.

The aim of our work has been to gain a greater understanding of the SH2 domain system by
investigating these similarities and characterising the diversity within the family. This may
allow us to determine residues which may be potentially exploitable in terms of structure-

42

based drug design. The main techniques we have been using include structural and sequence
alignment, clustering of binding site residues (Fig. 1) and conservation studies (Fig. 2).
This study of conservation and diversity within the SH2 domain allows a greater
understanding of the system, revealing regions that may be important in SH2 domain
interactions.

Figure 2: Conservation maps for SH2 domain subgroups Conservation is displayed on a representative SH2
domain structure for each sub-group. Blue indicates a high level of conservation and red indicates low
conservation.

References
Campbell, S. J., & Jackson, R. M. (2002) Classification of SH2 domains according to
similarity of binding site residues: A study of conservation and diversity within a family.
manuscript in preparation.
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Q-fit: A method for docking molecular fragments by sampling low energy
conformational space
Richard Jackson
QFIT is a small molecule docking algorithm for predicting biomolecular-ligand interactions.
It uses a new probabilistic sampling method and a conventional molecular mechanics force
field for finding small molecular fragments in the binding site of a rigid protein.
The aim is to facilitate the process of finding novel small molecule lead compounds in a fast
and efficient way. Potentially these fragments could be connected using combinatorial
principles to create de novo compounds or used as the base fragment for searching existing
chemical databases.
An example of the QFIT program is given in Figure 1.

Figure 1. The docking of guanine to purine-nucleoside phosphorylase. The figure shows the RMSD (root mean
squared deviation) from the crystal structure versus the interaction energy (more negative is most favourable).
The top ten solutions are shown in the box with the minimized crystal structure ranked no. 5. An image of the
top five generated solutions in the protein binding site shows that docking reproduces the experimental binding
mode of the ligand (in red) with an RMSD of less than 1 Å in all five cases.

The method proves to be very successful in its ability to predict experimental binding modes
when using the point interaction model and force field of GRID. The binding modes of
several ligand fragments are predicted that have previously proved problematic. The binding
modes of ligands used to bench mark several other docking algorithms are reproduced in
excellent agreement with experiment. Furthermore, because the probabalistic docking
methodology tends to generate low energy conformations first, the time to perform this
docking is very fast. Docking of a single ligand fragment including energy minimization can
be performed in 10-15 seconds on a desktop PC using conservative parameters for the search
depth.
References
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Complexes of Hepatitis C virus RNA polymerase: insights into nucleotide
import and de novo priming.
Rachel Trowbridge, Damien O’Farrell, Henric Ekstrand, Dave Rowlands and Joachim Jäger
Introduction
Hepatitis C virus (HCV) infection is found throughout the world with prevalences in blood
donors ranging from 0.4% (US/U.K.) to more than 14% (Egypt). Random screening of blood
donor populations has indicated that there could be close to 500 million chronic carriers of the
virus, which highlights HCV as a major human pathogen. The virus is transmitted primarily
by the parenteral route, and many HCV-infected individuals are intravenous drug users or
recipients of blood products. Although with serological monitoring of blood for anti-HCV
antibodies the incidence of transfusion associated hepatitis has decreased dramatically.
So far, treatment of chronic HCV infections is limited to interferon-α therapy which is
successful in only 40% of treated patients. After cessation of therapy, about 70% of these
responders relapse and only 25% of patients show a long term prognosis. The response can
possibly be improved using combination therapy with ribavirin. Even in this case, 60% of
patients do not show a long-term response, substantiating the need for a more effective
therapy against chronic hepatitis C. Therefore, the RNA dependent RNA polymerase of
HCV has been selected as a key target for developing specific antiviral therapy.

Figure: Ribbon diagram of HCV RNA polymerase (NS5B) complexed with a short RNA oligomer soaked into
the template binding site.
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Structural studies
Wild-type and mutant HCV polymerase (J4 derived NS5b; M r 66,000) is bacterially
expressed, yielding about 20mg of pure HC-J4 NS5B per litre LB medium. Purification is
based on affinity chromatography using Ni-NTA superflow resin followed by a second step
using poly(U) sepharose. The protein is fully active and crystals can be grown within four
days to two weeks.
The native structure of HC-J4 polymerase has been refined against data extending to 2.00Å
resolution. The polymerase folds into the characteristic fingers, palm and thumb subdomains.
The "fingertips" are in close contact with the thumb subdomain. During the catalytic cycle it
is plausible that the polymerase maintains the closed conformation similar to that seen in the
native crystal structure.
Several complexes have now been established by crystal soaking using short RNAs, r(U)5,
and with various NTPs. These complexes reveal the binding sites of the viral RNA template
(see Figure) and the incoming nucleotide-triphosphate. Using HIV-1 RT as a reference,
modeling of dsRNA primer-template into the NS5b polymerase active site reveals that the
thumb subdomain has to be displaced, possibly indicating how the polymerase translocates
on the viral genome.
Structural and functional studies on several site-directed mutants of HC-J4 NS5B are
currently underway. The mutants have been selected to probe the functional role of certain
active site residues in controlling processivity and fidelity of HCV RNA polymerase.
Structure-based drug design and high-throughput screening
Using the programs SPOCK (J Christopher, Texas A&M) and SPROUT (AP Johnson,
Leeds), several small cavities in the vicinity of the active site have been characterized with
regard to possible binding sites for highly specific antivirals. Four suitable compounds have
been short-listed for further structural studies, two of which have shown sub-millimolar
IC50s. The binding studies are paralleled by a mutational analysis of the putative drug binding
sites.
In parallel, several drug screening campaigns are underway using a non-radioactive, antibodybased platform technology developed by our spin-out company RepliZyme Ltd.
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Proteomics and allied technologies
Jeff Keen
Introduction
Appropriate instrumentation for the detailed characterisation of proteins is a critical
component of an active research environment in structural biology. In recent years, Leeds has
been very successful in acquiring the equipment and expertise required to enhance protein
analysis for biological and medical research in the Post-Genomic Era, including a Q-Tof™
tandem mass spectrometer (JREI 1998), an extensive protein chemistry facility (JREI 1999)
and a high-throughput proteomics facility (JREI 2000).
Proteomics
Proteomics is now widely used for the analysis of protein expression patterns. The proteome the protein complement of the genome, i.e. the set of proteins expressed in any given
circumstance – is a dynamic entity, varying in response to the effects of environment on the
genome. Proteomics enables a “snapshot” to be taken of the current state of protein
expression, providing both qualitative and quantitative information and can be used to
investigate changes in protein expression patterns between differing situations. Differences in
expressed protein profiles can be used to study the effects of genetic changes (e.g. mutation,
gene knockout), of environmental challenge (e.g. pollution, disease, drug intervention) or to
investigate linked biochemical pathways. The central technology typically involves 2DPAGE for high-resolution separation of proteins, coupled to mass spectrometry for highthroughput protein identification. The aim is to separate complex protein mixtures into
discrete spots, which can then be analysed independently to provide identification. This
usually involves digestion of the protein and analysis of the peptide mixtures using mass
spectrometry. The results are used to search databases to provide the identity of the parent
protein.
We have been working with collaborators within Leeds to establish parameters for successful
proteomic analysis of their diverse systems. In one project, we are attempting to identify
specific metabolic proteins induced by growing a microorganism in the presence of an
industrial pollutant. Growth conditions have been optimised and enzyme extracts obtained
which show marked differences by 2D-PAGE between induced and control states (Fig. 1).
We are currently using MALDI-MS mass mapping and Q-Tof-MS/MS sequencing to
provide data to help us to identify some of these proteins.

Fig.1. 2D-PAGE of proteins extracted from induced (left) and control (right) bacterial cells

Following the award of a JREI grant, a comprehensive proteomics facility will soon be
established to enable more extensive and wider-ranging investigations. Typically, in any
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particular investigation, samples of proteins will be separated by 2D-PAGE, the protein
patterns visualised through staining and digital images acquired. Sophisticated software will
then be used to compare the images in order to establish standard and altered expression
patterns and proteins showing significantly different levels of expression in different
circumstances will be selected for identification. The software will drive robotics to excise
protein spots from gels, treat them individually with protease to generate peptide mixtures
and prepare these mixtures for analysis by mass spectrometry. MALDI-MS will be used to
screen these digests, producing lists of peptide masses that will be used to search databases
automatically to identify the parent protein. Digests which do not render a protein identity
will be put forward for Q-Tof-MS/MS to generate sequence tags to aid identification. A
single experiment could generate the identities of many proteins exhibiting varied expression
levels, providing numerous clues to what is happening at the cellular level and identifying
targets for detailed structural and functional characterisation.
Protein sequencing
The N- and C-terminal sequencing facility (funded through JREI 1999) has attracted samples
for analysis from a number of national and international academic institutions and
commercial enterprises over the last year. The N-terminal instrument has been used in
internal and external projects for the confirmation of recombinant protein fidelity, the
identification of unknown proteins and the provision of de novo information for cloning
projects. It has on occasions provided such information at sub-picomole sensitivity, but
typically requires 10-50 pmol starting material. The C-terminal facility is unique within UK
academia and interest has been increasing. The C-terminal instrument requires considerably
more material (nmol level) than N-terminal sequencing, and generally can only provide a few
residues of information. Thus far, it has been used to investigate the C-terminal integrity of a
small number of recombinant proteins.
Antimicrobial peptides
A collaborative project with Dr. Deirdre Devine and colleagues (Oral Biology) is
investigating the response of the opportunistic pathogen Burkholderia cepacia to challenge
with antimicrobial peptides. The project thus far has involved the synthesis of a variety of
peptides with antimicrobial activity, the testing of their biological activity against a range of
strains of the organism and will now use molecular biological and proteomic approaches to
characterise the response of the organism. Initial studies have identified a number of peptides
and bacterial strains with interesting properties and these will now be subjected to more
detailed investigation.
Biochemistry of the hair fibre surface
In collaboration with Prof. John Findlay, 1D/2D-PAGE and mass spectrometric peptide
mapping have been used to separate and identify protein constituents of the impervious
outermost cuticular layer of the human hair fibre. Evidence suggests that specific cytoskeletal
keratins are major components of the cuticle. In addition, a targeted approach has been used
to specifically label lipid-modified proteins located at the fibre surface in order to identify
those components that contribute to barrier protection.
Collaborators
John Findlay, School of Biochemistry and Molecular Biology, Leeds.
Deirdre Devine, Oral Biology, Leeds.
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An essential activity at the centre of a macromolecular machine
Marie Mallen, Yulia Redko, Chris Adams and Kenneth McDowall
Introduction
The rate of decay of an RNA is as important as its rate of synthesis in determining the level
of gene expression. The decay of many, if not most, RNA transcripts in E. coli is initiated by
endonucleolytic (ENDO) cleavages that are generated primarily by ribonuclease E (RNase
E), an enzyme that has been shown to also have a role in the processing of ribosomal and
transfer RNA. Subsequently, the products of endonucleolytic cleavage are rapidly degraded
by exonucleases in a process that is facilitated by poly (A) tails on the 3' end of the RNA.
RNase E cleavage of intact primary transcripts, which have a triphosphate group at their 5'
end, generates downstream intermediates that have a 5' monophosphate group. Recently, it
has been shown that RNase E preferentially cleaves RNAs that have a monophosphate group
at their 5' end. This suggests that when RNase E makes a decay initiating cleavage in a 5'
triphosphorylated transcript it should prefer to cut any remaining site(s) in that RNA over
attack of another intact transcript. This “5' end dependency” may provide a mechanism to
ensure that RNA decay in E. coli occurs in general without the accumulation of significant
levels of decay intermediates. Another contributing factor to this so called ‘all or nothing’
phenomenon may be the physical association of RNase E with the exonuclease PNPase as
part of a macromolecular machine called the RNA degradosome that is likely the major
centre for mRNA processing and decay in E. coli.
Removal of poly (A) tails by RNaseE
It was recently reported by others that RNase E can
cleave poly (A) tails on the 3 end of RNAI, an antisense regulator that is a model substrate for RNA
decay. Moreover, the analysis of cleavage of
substrates that had been transcribed in vitro was
interpreted as evidence for the poly (A) nuclease
activity of RNase E being 3' exonucleolytic. In our
own experiments, however, we had never observed
exonucleolytic activity and decided to re-investigate
using defined substrates that were synthesised using
phosphoramidite chemistry. We found that the
processing of poly (A) tails by E. coli RNase E is in
fact an endoribonucleolytic process that is stimulated
by the generation of a 5' monophosphate group and is
not blocked by 3' phosphorylation. Because decay by
PNPase is blocked by phosphorylation at the 3' end,
we were able, by manipulation of the phosphorylation
status of substrates, to assess the relative contribution
of RNaseE and PNPase to poly (A) tail removal. We
found that RNaseE within the degradosome can Assaying oligo (A) tail removal
remove poly (A) tails, but not as rapidly as PNPase.
Nevertheless, poly (A) tail removal by RNaseE may
be significant. There is now some evidence that, like the situation in eukaryotes, the poly (A)
tails of RNA in E. coli are bound by proteins, which may impede the processivity of PNPase.
We have proposed that endonucleolytic cleavage within poly (A) tails may remove such
barriers.
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The mechanism of RNA cleavage – structure and function
Two RNA-binding sites are predicted by the 5'-end dependency of RNaseE: One to sense the
5' end and another to make an internal cleavage at distance. A possibility is that the same site
could be involved in both processes provided the catalytic domain of RNaseE is able to form
at least a dimer. To determine the sitochiometry of RNaseE, we have been using analytical
ultra centrifugation. Our results indicate that the catalytic domain of RNaseE can indeed
multimerise and that Mg2+ facilitates this process. Light scattering is now being used to
confirm the stoichiometry. Combined with an analysis of the kinetics of cleavage, we will be
able to determine the importance of multimerisation. By the construction of defined
oligonucleotide substrates we are also in the process of determining the chemical groups in
RNA that are essential for recognition and cleavage by RNaseE. In hand with a structure of
the catalytic domain, this should reveal much about the overall mechanism. To this end, the
polypeptides used in our enzyme assays are being crystallised in collaboration with others.
Collaborators
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Correlating molecular structure and cellular function using microarrays
Ferenc Marincs, Lily Tong, Peter Stockley and Kenneth McDowall
Introduction & objectives
The control of RNA levels is a key process in cellular growth and development and is
mediated at the levels of transcriptional initiation and mRNA decay. We are in the process of
examining the fine details of aspects of both in E. coli, using the latest gene array technology
and the insights available to us from extensive in vitro structural and functional studies. Of
particular interest is the major transcriptional regulators of the methionine, arginine and
tryptophan pathways, namely MetJ, ArgR (AhrC in B. subtilis) and TrpR, respectively.
These proteins have been examined in molecular detail by crystallography and represent
distinct classes of regulatory protein; a ribbon-helix-helix DNA binding motif, activated by a
long range electrostatic co-repressor effect, for MetJ, and an unusual hexameric organisation
of helix-turn-helix motifs for ArgR/AhrC. They have also been studied extensively in vitro
to determine their operator binding properties, and, at least partially, in vivo using sitedirected mutants of both protein and operator components. TrpR is a “classic” member of the
HTH family of dimeric transcription factors with many similarities to MetJ in its operator
binding, although its mechanism of co-repressor action is distinct. These three repressors
control major biosynthetic pathways in E. coli and offer an unprecedented opportunity to
correlate in vitro structure and function studies with in vivo physiology. They still constitute
the major examples of main stream regulatory proteins in the PDB and are ideal systems for
such studies given the wealth of in vitro data available. We are also in the process of
examining the global impact of enzymes involved in controlling the stability of RNA in E.
coli. Mutations that affect the activity of RNase E (see other report) and other players in
RNA turnover have been isolated. In conjunction with microarray technology, these offer an
exciting opportunity to dissect the nature and regulation of mRNA decay on a genome-wide
scale and the possibility that it is integrated with the control of transcriptional initiation.
Progress
We have established robust methodology and background data sets for gene
knock-outs of transcription and decay factors. Of particular value has been
the construction of mini-arrays containing multiple samples of limited
number of gene probes. For each experiment, we obtain ratios of gene
expression that are statistically significant. We predict that even small
changes (<1.5 or >0.7) will detected. Consistent with our recent
biochemical analysis of RNaseG, transcriptome analyses suggest that this
enzyme does have a role in the processing of 9S RNA and initiating the
decay of ompA mRNA.
Collaborators
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Using reverse genetics & genome data to identify transcriptional regulators
Karen Jolly, Simon Baumberg and Kenneth McDowall
Introduction
The model system for this project is the production of the antibiotic actinorhodin by
Streptomyces coelicolor. This is an ideal system for using reverse genetics to establish
regulatory links as (i) although many mutants that are altered in actinorhodin production have
been isolated, a view of the overall regulatory process is far from complete, (ii) the genome
of S. coelicolor has been completely sequenced, and (iii) the production of actinorhodin is
exquisitely sensitive to growth and environmental conditions. Furthermore, evidence
suggests that often the regulation of antibiotic production converges to control expression of
a pathway-specific regulatory gene. This corresponds to an activator called actII-ORF4 in
the actinorhodin system. Our approach to establish the regulatory system that controls
actinorhodin production is to assume that the
expression of actII-ORF4 is controlled, at
least in part, by proteins binding upstream
of, or overlapping, its promoter, and to use Fig. 1. Location of footprints (sites of protein
biochemical means to isolate and binding) in relation to the promoter and RBS of actIIORF4.
characterise such DNA-binding proteins.
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Binding to the promoter region of actII-ORF4
Using electrophoretic mobility shift assays, we have identified an ammonium sulphate
fraction that can specifically shift a 420-bp fragment containing the actII-ORF4 promoter to
two new positions. Deletion analysis of the actII-ORF4 fragment has revealed that binding is
to two non-overlapping regions (named Regions 1 & 2) that flank the known position of the
actII-ORF4 promoter (Fig. 1). Moreover, competition experiments have shown that each of
these regions can compete with the other, indicating that these regions contained a binding
site for the same factor. The actual sites of binding within the two regions have been
determined using gel in situ phenanthroline-Cu2+ footprinting. The results for one DNA
strand of Region 2 are shown in Fig. 2. The location of the binding sites in relation to the
promoter (Fig. 1) is suggestive of a regulatory system than involves DNA looping.
Moreover, the location of a binding site well within the coding sequence of a gene (as is the
case for Region 2, Fig. 1) is a strong indicator, at least in enterobacteria, that the binding
protein is a repressor.
Using HPLC we have purified the DNA-binding activity by >10,000
fold. In the final elution only 4 polypeptides appeared to follow
closely the peak of DNA-binding activity. The best candidate is a
TetR-like repressor (SCD72A.04C), which was identified by MS
analysis of a trypsin digest. The next steps are to confirm the identity
of the DNA-binding activity, create a knockout mutation of the
corresponding gene and then determine the effect on the transcription
of actII-ORF4 and the production of actinorhodin. We will then use
reverse genetics again to identify other components in the regulation of
actII-ORF4. This will be aided by proteome techniques we are
developing to circumvent extensive purification.
Collaborators
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Fig. 2. Footprinting
of the upper strand of
Region 2
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Galactose oxidase precursor processing studies
Susan J. Firbank, Ramon H. Guerrero, Peter F. Knowles, Simon E.V. Phillips,
Malcolm A. Halcrow and Mike J. McPherson.
The monomeric, copper-containing enzyme, galactose oxidase, possesses a thioether link between
the active site Cys228 and Tyr272, providing a built-in cofactor associated with a radical,
necessary for catalysis. The mechanism of formation of this active site feature is a major focus of
our research effort. Expression of galactose oxidase, under copper-free conditions, has allowed the
purification of a precursor form of the enzyme that retains an additional 17 amino acid N-terminal
pro-sequence. Addition of copper under aerobic conditions is sufficient to mediate the removal of
the 17 amino acid pro-sequence and to form the thioether bond with formation of the radical. We
routinely monitor the formation of processed enzyme by the differential migration of distinct
intermediates by SDS-PAGE. Recent crystallographic studies have revealed the structures of
precursor forms of galactose oxidase, providing a basis for understanding the mechanisms
associated with the concerted pro-sequence cleavage and thioether bond formation. In particular, it
has been observed that Cys228 is oxidised and evidence from spectroscopic studies on addition of
copper indicate the presence of a sulphenic acid. This raises the possibility that the oxidised
Cys228 acts as an electrophile to attack the Tyr272 ring. Mutagenesis and further solution studies
are underway. This project represents a collaboration between Leeds and the group of Professor D
M Dooley in Montana State University, Bozeman, USA.

A
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Fig. Active site residues in precursor galactose oxidase (A) and in the mature protein (B) showing the copper
ligands (Tyr-272, Tyr-495, His-496, and His-581), Cys-228 that forms the thioether bond to Tyr-272, the
tryptophan that stacks over it (Trp-290), and Phe-227. The S of Cys-228 in the precursor is situated directly above
C2 of Tyr-272. In the precursor the sulphur of the cysteine appears to have been oxidized to a sulphenic group. (C)
Final 2Fo - Fc electron density map for Cys-228 and Tyr-272.
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Investigating E. coli copper amine oxidase by mutational and inhibitor
studies
Christian R. P. Kurtis, Mark R. Parsons, Simon E.V. Phillips, Peter F. Knowles
and Mike J. McPherson
Copper amine oxidases are dimeric enzymes containing a single copper and a posttranslationally modified 2,4,5-trihydroxyphenylalanine quinone (TPQ) derived from an active
site tyrosine by a copper and oxygen mediated self-processing reaction. We have explored
the role of the conserved Tyr369 that is involved in a short H-bond to the O4 of TPQ. The
Y369F variant displays an altered activity profile across the pH range with an increased pKa
for the active site base that, together with an altered visible spectrum, indicates local
alterations within the active site environment. In support of this view, the TPQ is seen to
adopt a distinct conformation as revealed by X-ray crystallography. Previous studies have
implicated Tyr369 as a component of a proton transfer pathway to dioxygen during the
oxidative half reaction. The variant is, however, only some 50-fold less active than wild-type
indicating that such a role is not essential and alternative pathways must exist in the variant.
The importance of Tyr369 in maintaining the conformation of TPQ within the active site is
further highlighted by studies with a suicide inhibitor, 2-hydrazinopyridine. In the wild-type
enzyme at neutral pH the predominant product is Adduct 1, representing a mixed population
of the hydrazone (non-planar ring) form, stabilised by H-bonding with the active site base
Asp383, and the azo form (planar, conjugated ring) in which these interactions are lost. In the
Y369F variant, Adduct 1 is rapidly converted to Adduct II, postulated from model compound
studies by our collaborator Dr Minae Mure (Berkeley, CA) to involve metal binding. The Xray crystal structure of Adduct II supports this view with the predominant electron density
describing a conformation in which the Adduct has rotated onto the copper with the 2-HP
ring now liganded to the metal centre. These studies reveal the significant differences
mediated by loss of a single hydrogen bond group within the active site of this enzyme.

(A) Absorbance spectra of 2-hydrazinopyridine adducts of wild-type and Y369F at pH 6.0 showing rapid conversion to
Adduct II in Y369F. (B) X-ray structure of the copper site in the Y369F Adduct II showing the 2-HP liganded to the
copper.
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Towards complete stereocontrol: Synthesis of seven of a possible eight Csubstituted monosaccharide mimetics
Robert Hodgson and Adam Nelson
Introduction
The complete control of stereochemistry, that is the ability to synthesise any stereoisomer at
will, is a challenging goal for the synthetic chemist. We have developed methods for the
synthesis of seven (of a possible eight) diastereomeric monosaccharide mimetics 1. This
substitution pattern is found in the glucose derivative 2 which is active against six human
cancer cell lines. The methods developed have been exploited in the synthesis of a C-linked
analogue of allolactose.
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Synthesis of library of diastereomeric monosaccharide mimetics
Four of the diastereomeric mimetics were synthesised by diastereoselective dihdyroxylation
of the pyranone templates 3, 5, 6 and 8 (Scheme 1). Hence dihydroxylation of 3 and 5 under
UpJohn conditions occurred anti to the allylic oxygen substituent to give the protected
mimetics 4a and 4b (see Figures 1 and 2) Alternatively, direction of the dihydroxylation
reaction by the axial allylic alcohol of 6, and acetylation, gave the triacetate 7c (Figure 2).
The remaining mimetic in this series was made by reversing the order of the reduction and
dihydroxylation steps: hence, dihydroxylation of the enone 8, and reduction, gave the
diastereomeric triacetate 7d.
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An alternative approach involved the hydrolysis of epoxy alcohol derivatives such as 10, 12
and 13 (Schemes 2 and 3). The syn epoxy alcohols were intermediates in the hydrolysis of
the iodoesters 9 and 11, prepared by Prévost reaction of the allylic esters 3 and 5: hence,
treatment of 9 and 11 with potassium hydroxide, and acetylation, gave the triacetates 7e and
7f. Similarly, hydrolysis of the anti epoxy p-methoxybenzoate 13, prepared by epoxidation
of 3, lead to the seventh diastereomeric mimetic 7g.
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This methodology was exploited in the synthesis of a C-linked analogue of allolactose, the
intracellular inducer of the lac operon. Desymmetrisation of the diene 14 gave the allylic pmethoxybenzoate 15 which was converted into the hexaacetate 16, a protected version of the
required allolactose mimetic (Scheme 4).
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Crystal structures of four chemically modified RNA translational operators
complexed with bacteriophage MS2 coat protein.
Wilf T. Horn, Nicola J. Stonehouse, Chi H. Trinh, Peter G. Stockley and Simon E.V. Phillips
Introduction
MS2 is a T=3 icosahedral
bacteriophage with a single
stranded RNA genome that infects
E. coli. The coat protein subunit
exists as three conformers (A, B
and C), with the same amino acid
sequence but with distinct tertiary
structures. Two types of protein
dimer (AB and CC) are present
within the capsid shell. As a
consequence of conformer folding
and packing, pores connecting the
capsid interior with the external
environment are present at both
the 3-fold and 5-fold symmetry
axes. The pores are large enough
to allow the passage of single
stranded nucleic acid molecules in
to and out of the capsid. In vivo, a
19nt RNA stemloop within the
viral genome binds to a specific
site on a coat protein dimer, acting
both to initiate phage self
assembly and to inhibit viral
replicase gene translation (Figure
1). The translational complex
formed has, for many years, been
the paradigm for studying
RNA/protein interactions at the
atomic level.
The adenines at the –10 and the –4
positions in the RNA stemloop
(Figure 1) have been shown to be
important determinants of binding
affinity, forming three and four
hydrogen bonds with amino acids
of the capsid respectively. In
order to investigate the effects of
removing
these
specific
interactions RNA stemloops with
4-methyl-indole and purine
moieties (Figure 1) substituted at
both –10 and –4 positions were
synthesised. The modified
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Figure 1;
(Top) Structure of WT MS2 RNA stemloop-coat protein dimer
complex, protein subunit A (blue) and subunit B (green).
(Middle) Secondary structure of WT MS2 RNA stemloop.
Adenines at –10 and –4 positions are indicated in red.
(Bottom) Structure of purine (left) and 4-methyl indole (right)
moieties incorporated into stemloops.
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stemloops were soaked into pre-crystallised MS2 capsids, the RNA entering via the capsid
pores, and the structure of the capsid/RNA complex determined via X-ray crystallography.
Results
Data were collected for all four modified stemloops at the SRS, Daresbury, UK. Preliminary
electron density maps demonstrated that purine moieties incorporated at either the –4 or –10
positions led to no gross changes in the RNA/protein interface. The loss of the exocyclic
amino group from the base at these positions however, did lead to the loss of one hydrogen
bond interaction in the case of the –10 and two hydrogen bonds in the case of the –4
substitution. In the case of the 4-methyl indole substitutions, which removed all hydrogen
bonding potential from the base, only weak electron density for the RNA was observed.
Further structural refinement and analysis is currently underway.
Funding
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Metal ions bound at the active site of the junction-resolving
enzyme T7 endonuclease I
Jonathan M. Hadden and Simon E.V. Phillips
Homologous genetic recombination is important in the repair of double-strand breaks in
DNA, in the rescue of stalled replication forks, and in the creation of genetic diversity. The
central intermediate in this process is the four-way (Holliday) DNA junction. This must be
ultimately resolved by nucleases that are selective for the structure of the junction.
Bacteriophage T7 DNA undergoes genetic recombination during infection. The phageencoded junction-resolving enzyme is endonuclease I. Mutants in the gene encoding this
enzyme are deficient in recombination and accumulate branched DNA intermediates.
We have recently presented the crystal structure of a defective mutant of T7 endonuclease I
(E65K). The putative active site contains three acidic side chains (Glu 20, Asp 55 and Glu
65) and a lysine (Lys 67). These correspond closely to the active site residues of a number of
type II restriction enzymes particularly BglI. The crystal structure of BglI was solved as a
complex with a DNA oligonucleotide, and two calcium ions were observed bound in the
active site. We have therefore proposed that two metal ions are bound in the active site of T7
endonuclease I, and that both participate in the cleavage of the phosphodiester backbone.
In this study we have sought direct evidence for the binding of metal ions to the active site of
wild-type T7 endonuclease I. None was observed in our earlier crystal structure of the
enzyme, but this may be a result of the E65K mutation that inverted the electrostatic charge
of one of the active site residues. We have now solved the crystal structure of the wild-type
protein, with and without bound manganese ions.
The crystal structure of the wild-type
protein in the absence of bound
manganese is very similar to that of the
E65K mutant. However, electron density
maps clearly showed that lysine 65 had
been substituted by glutamic acid.
Diffusion of manganese ions into the
crystals of the wild-type protein revealed
two peaks of electron density per active
site, defining two metal ion binding sites.
These peaks were situated in similar
positions to the calcium ions found in the
BglI structure (Figure1). The manganese
ion located near Ca1 is fully occupied and
is co-ordinated by three protein ligands,
whilst that located near Ca2 appears
partially occupied, and is co-ordinated by
only one protein ligand.

Figure 1
Superimposition of T7 endonuclease I wild-type and
the restriction enzyme BglI in the vicinity of the
active site. Amino acids from endonuclease I are
illustrated in green and light blue whilst those from
BglI are shown in dark blue. The calcium ions in the
BglI structure are depicted in pink.

In the light of these results we can refine
our view of the probable mechanism of
endonuclease I. At this time, we have
insufficient evidence to propose a complete mechanism, but we can identify some probable
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components. It is highly likely that the hydrolytic water molecule is co-ordinated by the metal
ion bound in site 1, which would need to be located correctly to attack in-line. A number of
potential functions could be ascribed to the metal ion bound to site 2. This could carry out
electrophilic catalysis, possibly in conjunction with Lys 67, helping to stabilise the negatively
charged transition state. It could polarize the P-O bond, and a co-ordinated water molecule
could act as a general acid to protonate the leaving group.
Ultimately the structure of an endonuclease I - DNA complex will probably be required
before we can conclusively identify the full mechanism by which endonuclease I hydrolyses
specific phosphodiester bonds within the four-way DNA junction, but the major
functionalities are probably now identified.
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Structural studies of copper amine oxidase
Helen Dawkes, Peter Knowles, Christian Kurtis, Mike McPherson and Simon Phillips
Introduction
Copper amine oxidases are ubiquitous metalloenzymes. Their function in prokaryotes
and lower eukaryotes is to utilise amines as a source for carbon and nitrogen. In higher
eukaryotes, their roles are less well understood, but have been linked with cell
signalling, growth and development, and cell death. Despite this apparent diversity,
their fundamental role is to catalyse the oxidation of primary amine substrates to their
corresponding aldehydes. Amine oxidases are homodimeric enzymes ranging in size
from 140-180 kDa. We work on copper amine oxidase from Escherichia coli (ECAO);
the crystal structure of which has been determined to 2.0 Å. Each subunit consists of
four distinct domains and contains a single copper ion and a quinone cofactor, 2,4,5trihydroxyphenylalanine quinone (TPQ) at the active site. Also found at the active site
are three histidine residues and one or two water molecules in an approximate square
pyramidal arrangement around the copper. The TPQ cofactor is generated from an
intrinsic tyrosine in the amino acid sequence by a self-processing event that requires
only the bound copper ion and molecular oxygen. This cofactor is quite mobile, being
able to swing around to adopt different conformations. Copper amine oxidases have
highly conserved active sites, with differences occurring mainly from TPQ mobility and
position. A key factor in the biogenesis of the TPQ is the copper ion, which also plays
an important function in the catalytic mechanism.

Figure 1. ECAO homodimer, one monomer is coloured by domains (main figure). (a) active site
arrangement of ECAO in oxidised resting state, (b) active site of reduced ECAO with nitric oxide
(oxygen mimic). Copper ions are shown as green spheres.

Visualising the catalytic mechanism of copper amine oxidases
The catalytic mechanism involves a two-electron redox reaction and has been studied
widely. The reaction is complex and can be divided into two half-reactions: the
reductive half of the reaction is well established and involves the formation of a Schiff
base between TPQ and the substrate amine, followed by liberation of the product
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aldehyde. The oxidative half, however, remains a subject of much debate. This involves
the activation of molecular oxygen to recycle the reduced enzyme back to its oxidised
resting state. This is accompanied by the release of ammonia and hydrogen peroxide.
Such a short-lived biochemical process can be difficult to study, especially in crystal
structures. It requires steps be synchronised in some way so that all the molecules in the
crystal are trapped at the same stage of the reaction. To gain a structural view of the
catalytic cycle we have employed the technique of flash-freezing catalytically
competent crystals. This technique 'freezes' the motions of this enzyme so snapshots of
its activity can be observed by solving the structures by X-ray crystallography. Crystals
have been freeze-trapped after exposure to substrate, either anaerobically or aerobically,
and studies of intermediates have been determined.
Several structures of catalytic intermediates have been determined this way, but some
issues of the cycle remain unresolved. One of the more controversial issues surrounding
the oxidative half of the catalytic cycle is the site of dioxygen binding.
Investigating oxygen binding
It was thought that dioxygen would initially bind to the copper (as CuI), however there
has been much evidence to dispute this theory. In recent years this mechanism has been
intensively studied, but the exact details of oxygen activation, the fundamental process
of aerobic biology, remain poorly understood.
Oxygen mimics, such as nitric oxide, have been used to investigate the site of dioxygen
binding. We have found that nitric oxide replaces the position of the water molecule
(Wa) found in Figure 1a. We are also investigating the use of metal substitution,
replacing the active site copper with other divalent metal ions such as cobalt or nickel.
Similar experiments have been performed on bovine serum and lentil seedling oxidases
where cobalt substitution has been found to retain activity. It is hoped that these
experiments may reveal further information on the oxidative catalytic cycle.
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Structural studies of processing in galactose oxidase
Susan Firbank, Nana Akumanyi, Malcolm Halcrow, Peter Knowles,
Mike McPherson and Simon Phillips.
Introduction
Galactose oxidase is a copper containing enzyme that catalyses the oxidation of a wide range
of primary alcohols to their corresponding aldehydes. For many years the enzyme’s ability to
catalyse a two electron reaction with only a single copper was a source of much investigation.
When the structure of the enzyme was determined in Leeds, a novel covalent bond between a
cysteine and a tyrosine was identified. This has been identified as a site for a radical – which
provides the second redox active centre of the enzyme. Since the identification of this
thioether bond, various other similar covalent modifications have been described, and the
means by which such cofactors have formed has become a source of great interest.
Structure of the precursor of galactose oxidase
A precursor form of the enzyme has been isolated and purified, and the crystal structure
determined. This precursor form of the protein has a seventeen amino acid pro-sequence, and
does not have the covalent Tyr-Cys bond. Formation of the fully mature protein can be
induced by incubation in the presence of only copper and oxygen. Comparison of the
precursor protein with the mature protein revealed several interesting differences. The
electron density maps clearly demonstrated the position of the pro-sequence (Figure 1),
identified five regions of the protein that differ significantly in position from the mature
protein, and also revealed the conformation of the active site residues prior to thioether bond
formation.

Figure 1: 2Fo-Fc electron density map and model showing the junction between the pro-sequence and mature
sequence. Twelve of the seventeen pro-sequence amino acids were visible in the electron density.
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Structures of processing intermediates
Having ascertained the structure of the precursor, the next target was to isolate intermediates
in the processing pathway. Since the processing reaction is dependent upon only copper and
oxygen, copper was soaked into a crystal of the precursor protein in anaerobic conditions.
The structure of this complex has been solved, revealing the initial binding site of copper in
the precursor.
SDS-PAGE of samples of precursor galactose oxidase in the presence of low levels of copper
ions have revealed an intermediate stage in processing, where the pro-sequence has been
cleaved, but the thioether bond not yet formed. This intermediate has been expressed using a
gene construct of galactose oxidase that does not contain the pro-sequence. Copper free
growth and preparations of this protein have allowed purification of the uncrosslinked
protein, and the structure of this intermediate has been determined. The protein largely
resembles the mature enzyme, although there are significant differences at the active site. To
try and elucidate thioether bond formation, copper has also been soaked into crystals of this
uncrosslinked protein, and indicate a possible starting point for thioether bond formation.
Future work
The results so far have revealed important information about the conformations occupied
during various stages of processing. To further understand the mechanism, however, further
work is required, such as the investigation of processing mutants, and the probing of
dioxygen binding during the process of biogenesis. Biogenesis mutants are currently under
construction, whilst dioxygen binding studies may be carried out with oxygen mimics such as
nitrous oxide.
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Regulation of membrane protein localisation in eukaryote systems
Vas Ponnambalam, Seema Grewal, Juan Hildago de Quintana and Emma Stanley
Protein localisation is an essential feature in biological systems from bacteria to man. How
does a cell control the localisation of proteins to different parts of the cell? In eukaryotes,
intracellular biological membranes around organelles such as lysosomes, Golgi apparatus and
endoplasmic reticulum (ER) form boundaries that enclose a specific mixture of proteins and
accessory molecules. Additionally, specific factors can also be recruited to the surface of
each biological membrane to produce unique biochemical and functional properties.
Cell biology and membrane traffic
Endocytosis and exocytosis are two key routes by which a eukaryote cell transports proteins
to different locations. Integral membrane proteins at different steps can recruit specific
protein complexes to membrane surfaces to trigger steps in vesicle biogenesis, fission,
movement and fusion. Cell biological projects in the laboratory are using different model
proteins to identify key molecules, factors and mechanisms along each route. Integral
membrane proteins that are constitutively secreted are convenient markers for studying the
last step in protein secretion: trans-Golgi network (TGN) to plasma membrane. An atypical
protein kinase C called PKD, diacylglycerol, microtubules and cytosolic factors are key
players in this key membrane traffic step. Collaborations with Prof. Vivek Malhotra (Univ.
California at San Diego) and Prof. Steve Baldwin (Leeds University) are in progress to
elucidate key factors needed for this final step in constitutive protein secretion.
A key theme that is emerging in my laboratory is on the link between pathways for
intracellular signalling and membrane traffic in cancer and heart disease. A programme of
work (in collaboration with Dr. John Walker) is under way to study the cell biology of
endothelial cells. These cells regulate angiogenesis, the process by which new blood vessels
sprout from existing blood vessels. Thus damaged blood vessel repair after heart disease and
strokes is critically dependent on endothelial cells. Importantly, new blood vessel formation
is vital for cancerous tumour and metastatic growth. Manipulation of endothelial cell function
by regulating responses to specific growth factors would allow treatment of such diseases.
Projects include regulated secretion of key hormones such as von Willebrand factor and the
endocytosis and degradation of vascular endothelial growth factors. The localisation of
phospholipase A2-α in endothelial and non-endothelial cells in response to growth factor and
other stimuli is also the focus of a collaborative effort.
A collaboration with Prof. Tony Monaco and Dr. Christian Cobbold (Oxford University) is
ongoing to study the cell biology of the Menkes (MNK) protein. This ATPase is a multiple
transmembrane protein and copper transporter that cycles between the Golgi apparatus and
the cell surface in response to copper ions. Our lab is providing help and expertise in
membrane trafficking in these studies on factors needed for the copper-regulated exocytosis
and endocytosis of the human MNK protein.

67

Biophysics
of
membrane-protein
interactions
A key aspect of biological membranes is lipids.
These can come in a variety of shapes and
'flavours' including phosphatidylethanolamine,
phosphatidylcholine, phosphatidylserine,
sphingomyelin and cholesterol. A minor, but
key element of biological membranes, are the
phosphoinositides which contain the inositol
sugar moiety. These phosphoinositides can be
phosphorylated at different positions on the
inositol ring by a vast array of lipid kinases.
These different phosphoinositides are
recognised by different cellular proteins and act
as signals that regulate membrane attachment,
localisation and/or activity of different classes
of proteins and thus cell function. This allows a
cell to regulate many proteins along a specific
pathway in response to specific signals e.g.
expression of a specific set of genes.
Membrane traffic routes can also be regulated
by phosphoinositides that mediate the
recruitment of one or more factors.

Figure 1. HeLa cells expressing a lipid-binding
protein that is recruited to the plasma membrane on
binding a specific phospholipid at the cytosolic face
of the membrane bilayer. Note that plasma
membrane ruffles in both cells are clearly defined by
the localisation of this protein.

We have shown that a phosphatidylinositol 4-phosphate can act as a signal to mediate the
targeting of oxysterol-binding protein to the Golgi apparatus. Other phosphoinositides such
as phosphatidylinositol 4,5-bisphosphate which is enriched at the plasma membrane can
similarly mediate the recruitment of different enzymes and proteins. Biophysical projects will
(1) determine the basis for lipid specificity in different proteins with phosphoinositidebinding domains, (2) test the influence of different lipids and complex biological membrane
systems for such protein recruitment, and (3) test lipid analogues and competitive inhibitors
for their ability to modulate membrane binding and cell function.
Structural projects are also on-going to determine the three-dimensional structure of proteinlipid complexes using nuclear magnetic resonance and crystallography. These will take
advantage of the state-of-art facilities and expertise in the Astbury Building.
Collaborators
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Biophysical studies of β2-microglobulin amyloid formation.
Antoni Brittain, Tali Gidalevitz, Susan Jones, Victoria McParland, Sarah Myers,
David Smith, Clemens Stilling, Neil Thomson, Alastair Smith and Sheena Radford.

89nm

Introduction
A number of proteins undergo specific aggregation into amyloid fibrils in vivo, leading to the
pathological disorder known as amyloidosis. These diseases are characterised by the
deposition of normally soluble proteins into
insoluble fibrils with a cross-β structure. A general
Type II
Type I
feature of amyloid fibrils is that mature fibrils are
made up of a number of inter-twining protofibrils.
Although all protofibrils have a cross-β ultrastructure, the number of protofibrils that constitutes
100nm
the mature fibril can vary for different proteins.
Further understanding of the mechanism(s) of fibril
formation from globular proteins that are unrelated
in sequence or native structure is important for
developing inhibition strategies.
The focus of our research is to gain new information
on the mechanism of fibril formation from human
beta-2-microglobulin (β2m). Fibrils of wild-type
β2m are responsible for the severe and relatively
common disease, haemodialysis related amyloidosis,
which affects all patients with renal failure.
Amyloid fibril morphology is highly dependent
upon conditions, in vitro.
We have shown that amyloid fibrils are formed by
incubation of recombinant wild-type β2m ab initio in
vitro at low pH and high ionic strength. Under these
conditions fibril formation is preceded by formation
of a partially folded state, that forms short and highly
curved fibrillar material upon association. By
contrast, with further acidification at low ionic
strength the protein adopts an acid denatured state
that self-assembles into long straight fibrils. The
longer fibrils have a similar morphology to ex vivo
fibrils. The effect of growth conditions on amyloid
fibril morphology has been explored for both wildtype β2m, as well as variant forms of β 2m in which
Asn17 is deamidated to Asp (N17D) or the
disulphide bond is reduced. Despite the significant
destabilisation of the variant proteins, acidification is
necessary to form amyloid fibrils from both wildtype β2m and the variants. Using electron
microscopy (EM) and atomic force microscopy
(AFM) to study β 2m fibrils formed in vitro three
distinct morphological types have been identified.
Types I, II and III fibrils display differences in
periodicity, or twist, and the number of constituent
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Fig. 1 (a) Negative stain EM images of fibrils
of β 2m grown at pH 2.5 (seeded using fibrils of
recombinant wild-type protein) for three weeks
at 37oC. (b) High magnification tapping mode
AFM image of mature fibrils showing
periodicity. The twist is left-handed and the
schematic model (left) shows the proposed
architecture of this type III fibril. (c) Unseeded
and seeded growth of mature β 2m fibrils
monitored by the fluorescence of Thio-T.

protofibrils varies. Fibril formation is known to proceed via nucleation-polymerisation.
Consistent with this, our kinetic studies of β2m fibril formation have shown that the longer
(mature) fibrils can be seeded by the addition of seeds of mature fibrils, but that immature
(curved fibrils) are not able to assemble further.
Fibril precursor states.
As well as affecting fibril morphology, different solution conditions also affect the
conformation of the monomeric protein (precursor state). Using biophysical techniques we
have studied the structural properties of the monomeric protein under different conditions of
pH and ionic strength. We aim to directly correlate the conformational properties of the
partially folded (pH 3.6) and the acid denatured (<pH2.5) precursor states with the
morphology of the polymerised fibrils formed under each condition. For this we have used
circular dichroism, infra-red spectroscopy, NMR, hydrogen exchange and mass spectrometry.
Current work to gain further information on the conformational properties of the fibril
precursor states involves the use of multidimensional NMR techniques. We have full
assignments of spectrum of 15N-labelled β2m at pH 7.0, 3.6, and 2.5 and, in conjunction with
urea denaturation and hydrogen exchange experiments, the conformations populated under
different fibril forming conditions on a per-residue level are being analysed.
Further studies.
In conjunction with mutagenesis experiments and peptide/small molecule inhibition studies,
we aim to elucidate the molecular mechanism of the early (pre-fibrillar) stages in amyloid
formation with the view to designing new therapeutic strategies. Also, to further our
understanding of fibril formation various new projects have been initiated. In particular, we
are including mass spectrometry to analyse small oligomers (early intermediates) and
extending our biophysical analyses to include other amyloidogenic proteins for comparison
with β2m.
Collaborators
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Margie Sunde, University of Cambridge, Cambridge.
British Biotech Pharmaceuticals Ltd. Oxford.
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Folding and misfolding of the four-helix proteins Im7 and Im9
Andrew Capaldi, Stan Gorski, Claire Friel, Graham Spence and Sheena Radford.
Introduction
Most single domain proteins can fold spontaneously from a random coil into a precise threedimensional structure within a few seconds. Understanding how this transition occurs would
not only help us to uncover the way in which an amino acid sequence codes for a protein
structure, but is likely to provide significant insight into the misfolding processes that
underlie a variety of diseases. In order to shed light on the mechanism of protein folding we
are studying the folding of two homologous four-helix
proteins, Im7 and Im9 (see Fig. 1). Although these
proteins have the same native structure, and 50%
sequence identity, our previous work has shown that
Im7 folds through a rapidly populated on-pathway
intermediate whereas, under identical conditions, the
more stable homologue, Im9, apparently folds without
populating a partially folded intermediate state.
High energy intermediates
To explore the folding mechanisms of Im7 and Im9 in
more detail we have now analysed the folding and
unfolding kinetics of both proteins across a wide range
of pH values. For Im7 it was found that the kinetic
intermediate is stabilised by acidic conditions, while
the native state is destabilised. As a consequence, the
intermediate becomes a major species at equilibrium at Fig. 1 Ribbon diagram of the structure
of Im7. The side-chains Thr 51
pH 5.5. Excitingly, these results provide a direct link (cyan), Leu 53 (red) and Ile 54
between a kinetically important partially folded state (green), all located in helix III, are
and equilibrium denatured states that are often shown. This helix docks very late in
observed at low pH. NMR studies are currently the folding process and is responsible
underway to analyse the structure of Im7 under acidic for locking the protein in the native
conformation. Refolding kinetics (Fig.
conditions in more detail. Importantly, a parallel 2) are monitored by following the
analysis of the pH dependence of the folding of Im9 fluorescence of the single Trp (W75,
has shown that this protein also populates an shown in yellow). In the native state
intermediate during folding at low pH, but this species the fluorescence is highly quenched by
it is too unstable to detect at pH 7 and above. These His 47 (yellow).
results suggest that the folding mechanisms of Im7 and
Im9 might be more similar than suggested by their folding kinetics at neutral pH. More
importantly, they suggest that other small proteins might also fold through partially folded
intermediates but, since they are less stable than the unfolded state, they are difficult to
detect. This has profound implications for distinguishing between potential folding
mechanisms since the related diffusion collision and hierarchical mechanisms of folding both
predict the formation of on-pathway intermediates, whilst nucleation mechanisms do not.
Structure of the Im7 intermediate and transition state ensembles
A major project in the laboratory this year has focused on determining the structure of the onpathway intermediate of Im7 using a combination of mutagenesis and kinetic analysis (phivalue analysis). By global analysis of the folding/unfolding kinetics of more than 30 point
mutants of Im7 we have now mapped the structure of this on-pathway intermediate, together
with the rearrangements that this species undergoes as it converts to the native structure.
Sample data for the folding/unfolding kinetics of the mutant I54V are shown in Fig. 2. For
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all 30 mutants the rate data was fitted simultaneously
with the corresponding kinetic amplitudes to allow the
effect of the mutation on the stability of the
intermediate as well as the folding and unfolding rate
constants for each mutant to be determined. From
these data, the folding pathway of the protein could be
mapped in detail. The data showed that the on-pathway
intermediate that forms in the first millisecond of
folding is highly structured, containing three stable
helices (I, II and IV) packed around a specific
hydrophobic core. Most remarkably, however, the
intermediate contains many non-native interactions,
especially involving residues that interact with helix III
in the native state. These non-native interactions are
partially disrupted in the rate limiting transition state,
initiating the exposure of the binding site for helix III,
and allowing the intermediate to fold to the native state. Fig. 2 Observed rate constants and
These data provide one of the most detailed views of fluorescence signals for the folding and
unfolding of the Im7 mutant I54V. The
the folding of a protein that populates an intermediate. open circles in the lower panel show
Moreover, they suggest that misfolding may be a the initial fluorescence signals
natural consequence of hierarchical folding when extrapolated to time=0 (red) and final
secondary structural elements form rapidly but have fluorescence signals (black) from the
unpartnered hydrophobic residues. The observation that folding kinetics. The solid red and
black lines show the best simultaneous
substantial misfolding can occur, even in a small single fit to an on-pathway three-state kinetic
domain protein like Im7, demonstrates that misfolding model. The blue lines show the best fit
may be a more common feature of protein folding than to the wild type data for comparison.
previously suspected and suggest that non-native
interactions will have to be included in computational models in order to fully describe the
folding process.
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Probing the determinants of mechanical resistance in proteins.
Anthony Blake, David Brockwell, John Clarkson, Rebecca Zinober, Alastair Smith and
Sheena Radford.
Introduction
The use of force to denature single molecules was first reported in 1996. The force was
applied by pulling the protein’s N and C termini in opposite directions via an atomic force
microscope or laser tweezers (see Figure 1A). The giant muscle protein titin was used in
initial experiments due to its size and modular
‘beads-on-a-string’ structure (each bead being 1 of
~300 immunoglobin and fibronectin type domains
each comprising ~90 amino-acids). Pulling on the
ends of this molecule revealed that the protein
domains of titin can resist an applied force of the
order of hundreds of piconewtons after which one
domain unfolds causing a reduction in the applied
force. Further extension gradually increases the
applied force until another domain unfolds. This
stepwise single domain unfolding results in a so
called ‘saw-tooth’ pattern (similar to Fig. 1B). To
allow quantitative measurements of the
thermodynamics and kinetics of unfolding of
individual domains, concatamers consisting of
multiple copies of a single domain (the 27th Ig
domain of titin (I27) have been constructed (Fig
1A). This work has led to the hypotheses that
denaturation by chemical means probes the same
transition state as that for mechanical unfolding and
that the hydrogen bonds between the N and C
strands of I27 (see Fig. 1A) play a major role in
providing mechanical strength.
Construction of a generic protein scaffold
We have constructed a plasmid vector which
contains five cassettes bordered by pairs of unique
restriction sites. This allows rapid construction of
Figure 1: A) the structure of I27. C47 is
homo- or heteroploymers with domains linked by shown in yellow, C63S in green. Red
the same amino-acids. Our construct consists of lines show hydrogen bonds between the N
four copies of the I27 mutant C47S C63S, together and C terminal strands. Arrows show the
with a single copy of C63S I27 as the central direction force is being applied. B) typical
domain. This construct is denoted (I27) 5 *. saw-tooth pattern due to unfolding of
(I27)5*. C ): frequency histogram of
However we have also constructed concatamers unfolding
forces at 600nms-1. Black line
containing different domains in either the central shows fit to a Gaussian function. Red
module, or at the N- and C-domains, as well as line: Monte-Carlo generated frequency
concatamers consisting entirely of different non-Ig histogram.
proteins. By measuring the mechanical properties
of these proteins with differing topologies we hope to elucidate the features which make
some proteins mechanically resistant whilst others are not.
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The effect of core destabilisation upon the mechanical resistance of (I27)5*.
The mutations C47S and C63S in I27 maintain the hydrogen network between its N and Cterminal strands that have been proposed as the origin of its mechanical resistance. To test
whether this is the case, and whether chemical and mechanical unfolding of this domain
occur by similar mechanisms, we have used AFM to unfold the concatamer (I27)5* at
different speeds, from which data the intrinsic unfolding rate constant at zero force can be
determined and the height of the unfolding energy barrier inferred. Our data (Fig. 1)
demonstrated that the mutations do not effect the mechanical resistance of the domains, yet
they increase the rate of denaturation measured by chemical denaturation significantly. The
data demonstrate, for these mutations at least, that mechanical and chemical unfolding probe
different pathways. Moreover, the reduction in unfolding barrier height upon application of
force is the same for wild-type and core destabilised concatamers, and much greater than
domains containing mutation in the terminal regions of the chain, supporting the view that the
hydrogen bonds between the N- and C-terminal strands are uniquely important in determining
the mechanical resistance of this domain.
Collaborators
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Receptor mediated attachment of picornaviruses to liposomes
and membrane translocation of genome RNA.
Toby Tuthill and David Rowlands.
Introduction
Poliovirus is probably the best studied of the picornavirus family of non-enveloped RNA
viruses. The structures of poliovirus, the poliovirus-receptor complex and cell-entry
intermediate particles (the 135S and 80S particles), have all been well characterised.
However, all this information is derived from molecules in free solution and the mechanism
by which poliovirus enters cells remains poorly understood. We are therefore attempting to
establish an in vitro system for structural, genetic and biochemical characterisation of early
events in picornavirus infection in the context of model membranes. Preliminary studies have
used poliovirus, future work will extend these techniques to study other picornaviruses, such
as human rhinovirus, coxsackie viruses and foot-and-mouth disease virus.
Preliminary results
Small unilamellar liposomes, generated using lipids
with NTA-Ni head groups, were subsequently
'decorated' with soluble recombinant poliovirus
receptor molecules containing a C-terminal His6 tag.
The presence of receptor allowed native poliovirus
(160S) to bind to liposomes (Fig. 1). Receptor
mediated conformational conversion to 135S and 80S
subviral particles could subsequently be induced by
incubation at 37°C. After removal of receptor
molecules from liposomes by disruption of the NTANi-His6 interaction, converted particles remained
membrane associated (Fig. 2), consistent with the
prediction that hydrophobic viral sequences exposed
during conversion are responsible for stable membrane
anchoring.

Fig. 1 Poliovirus particle attached to
poliovirus receptor bearing
liposome

Research in progress
Liposomes containing membrane impermeable dyes
which fluoresce upon binding nucleic acid will enable
us to detect translocation of viral RNA across the
liposome membrane. Flow cytometry and FACS will
be used to optimise the conditions required for these
events. EM studies may provide novel structures of
membrane associated particles.
Collaborators
Doryen Bubeck and James Hogle - Biological
Chemistry and Molecular Pharmacology, Harvard
Medical School, Boston, MA.

Fig. 2 Sucrose gradient analysis showing
conversion of polio virions to 135S particles
on receptor bearing liposomes.
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Structural RNA elements involved in internal initiation of translation.
Lucy Beales and David Rowlands.
Introduction
Initiation of protein translation on several viral genomes and a growing number of eukaryotic
mRNAs has been shown to occur independently of a 5’ m7GpppX cap and to require a
specialised RNA structure, an internal ribosome entry site (IRES). Cap-independent initiation
of translation was first described for picornaviruses. The uncapped 5’ UTR of each
picornaviral RNA genome contains an ordered structure of 400-450 nt that allows assembly
of the translational machinery at a position close to, or directly at, the initiation codon. The
picornavirus IRESs have been classified into 2 major types based on their structures. Entero/rhinoviruses have a type 1 IRES whereas aphtho-/cardioviruses contain a type 2 IRES. These
IRES groups differ in host protein requirements, as well as the position of the initiation codon
in relation to the entry site. IRES mediated translation has more recently been demonstrated
for several other RNA viruses. These include members of the family Flaviviridae, the
pestiviruses [classical swine fever virus (CSFV) and bovine viral diarrhoea virus (BVDV)]
and hepaciviruses [hepatitis C virus (HCV)]. IRESs have also been found within the coding
regions of some viral bicistronic mRNAs where they mediate translation of alternative open
reading frames (e.g. retroviruses and cricket paralysis virus). Subsequently, the DNA virus
associated with Kaposi’s sarcoma, human herpes virus 8 (HHV8), has been shown to
translate the FLICE inhibitory protein, FLIP from an IRES which is located within the vcyclin coding region of a bicistronic mRNA and extends into the FLIP gene itself.
EM visualisation of picornaviral IRESs
Secondary structure predictions have been made for the various IRES RNAs based on
extensive biochemical and phylogenetic analyses. However, until recently, there has been no
biophysical evidence to support the models that have been proposed from these studies. We
have now visualised each of the picornavirus IRES types by transmission electron
microscopy of uranyl acetate stained RNA transcripts. We have found that, despite the lack of
sequence conservation and of predicted secondary structure, there is remarkable similarity in
the tertiary structures of the picornavirus IRES elements. Orientation and assignment of
domains in the FMDV IRES images has been achieved by visualisation of the RNA
complexed with polypyrimidine tract binding protein (PTB), which is known to bind to
distinct domains, and by the use of deletion mutants in which individual domains have been
removed.
a)
a

b)

Negatively stained EM images of : a) picornaviral (FMDV) IRES and b) HHV8 IRES elements.
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Other viral IRESs
In contrast to the picornaviral IRESs, the HCV IRES is a relatively simple structure
consisting of 2 major stems and a small spur. Colloidal gold labelling studies using
biotinylated oligonucleotides have allowed assignment of the individual domains with regard
to the proposed structure. The related viruses, CSFV and GBV-B have similar IRES
structures to HCV and it is likely that they are assembled in the same way. The IRES found
on one of the HHV8 mRNAs is the smallest IRES to be analysed by EM. In spite of the size
difference, the overall appearance of this IRES seems to be similar to that of the flavivirus
IRESs.
Relating IRES structure to function
The more elaborate nature of the picornavirus IRESs compared with the flavivirus IRESs
may reflect the functional requirement for ancillary protein factors in the former. A major
difference between these IRES groups is that picornavirus translation initiation requires the
presence of the initiation factor eIF4G (or the virus protease cleaved form, p100) whereas
translation from the HCV IRES is not dependent on this host factor. The smaller size and
simplicity of the HHV8 IRES may reflect the fact that, unlike the picornavirus and flavivirus
RNAs, the RNA in which it is located functions solely as a mRNA and is not involved in
replication. There is, therefore, no requirement for the type of control elements found in
positive sense RNA viruses that are thought to modulate the switch from translation to
transcription during the growth cycle. In addition, the presence of coding sequence within the
HHV8 IRES element may also constrain the size of this structure.
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Application of scanning near-field Raman spectroscopy to biological
samples
Yuika Saito, Jing Jing Wang, Jennifer Kirkham, Colin Robinson,
David Batchelder and Alastair Smith
Introduction
Fluorescence imaging is a very well established technique in biology. For example,
fluorochrome-labelled protein-protein interactions, fluorescence mapping in living cells, or
FRET (fluorescence energy transfer) have been widely used. Raman spectroscopy provides
more detailed structural information of biomacromolecules than fluorescence spectroscopy
through a measurement of the vibrational modes of the molecule in an analogous way to
infra-red spectroscopy. A particular advantage of Raman spectroscopy is that it can be used to
measure spectra in aqueous solutions, which makes it possible to observe living samples and
follow its dynamics. This is generally a problem for infrared spectroscopy because of the
interference from strong water absorption. Combined with an optical microscope, Raman
spectroscopy also has great potential for imaging biological samples. For example,
• Following real time conformational changes;
• Using typical Raman bands as a marker and following the distribution of certain kind of
protein;
• Classification of abnormal (such as cancer) and normal proteins in tissue;
• Studying the structure of lipid membranes.
SERS and apertureless scanning near-field Raman spectroscopy
When a molecule is placed near the surface of a metal particle such as silver or gold, the
Raman signal intensity is enormously enhanced (105-1020). This effect has been called surface
enhanced Raman scattering (SERS). This
newly discovered optical phenomenon
makes it possible to achieve ultrasensitive
detection limits allowing Raman
spectroscopy down to the single molecule
level. Our goal is to construct a highly
sensitive Raman imaging system with
sub-micron spatial resolution by using
near-field optics. Near-field optical
systems dispense with conventional
lenses because they have limited
resolution (limited to about half the
wavelength of light used in the best case).
In our near-field microscope, a special
metal probe (a metal coated commercial
atomic force microscope (AFM) tip) is
used to scatter the light and efficiently
enhance the Raman signal.
Fig. 1 The simple backscattering geometry of the
apertureless near-field optical microscope.

Experimental
Fig. 1 shows a schematic of the simple experimental setup. The silver-coated AFM tip
approaches the near field of a sample. The tip is covered by the SERS active silver surface. A
highly enhanced Raman signal is observed from the area where the tip contacts the sample
which is only limited by the size of the tip apex (~ 50-100 nm). The incident laser light (514
nm) illuminates the sample in transmission through the thin transparent glass plate. (A
reflection geometry will be designed in the future for studying thick or opaque samples). The
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Raman signal is collected by a lens in back scattering geometry and is separated from the
incident laser by a dichroic mirror, grating and steered to a CCD detector. This latter part of
the apparatus (the spectrometer) is a commercial Raman system (Renishaw Ramanscope
2000).

(a)

( b)

Fig. 2. (a) AFM image of a silver surface made by chemical reaction, (b) AFM image of a silver surface made by
evaporation (Evaporation conditions: 10-5 mTorr, rate 0.1nm/s). Images acquired by 300kHz tapping mode AFM,
1Hz scan, (Digital Instruments, Nanoscope III Multimode System.)

Preparing a silver surface for highly efficient SERS
The relatively well-known mirror reaction method of
forming silver films has not been used to produce substrates
for SERS previously. However, we have found it to be
extremely effective. The simple and convenient method
produces a thin metal film on silicon that shows an order of
magnitude superior surface enhancement properties when
compared to a conventional SERS substrate made by
vacuum evaporation. Of particular interest is that the
method is ideal for coating atomic force microscope probes
for apertureless scanning near-field spectroscopy which is
usually made difficult by the damage caused by evaporative
coating and annealing. Fig. 2 shows AFM images of the
silver surface made by this chemical reaction and by an
evaporation method. Evaporation makes small islands
∼30nm wide and ∼5 nm height, which are too small for
efficient SERS. Compared to the evaporation method, the
chemical method makes large colloids 100-200 nm size,
which are good for SERS.

Fig. 3 SERS signals of Rhodamin6G
on silver surface made by chemical
reaction and by evaporation (Sample:
Rhodamin 6G 10-6mol/l in methanol.
Raman spectra: Renishaw Raman
Scope System 2000, 488 nm
excitation, 20/0.4 obj, 10 sec
accumulation).

Fig. 3 shows SERS signals from Rhodamin6G on silver
surfaces made by the chemical reaction and evaporation methods. Since the colloidal size and
surface morphology made by the chemical method is more suitable for SERS, we observe an
order of magnitude greater enhancement compared to the surface made by evaporation. This
novel result will be vital in the development of the ultra-sensitive Raman imaging system.
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Atomic force microscopy of lipid bilayers and membrane bound proteins
Guanbin Li, Ralph Hyde, John Colyer and Alastair Smith
Introduction
The precise molecular recognition of one protein by another underlies many of the biological
control processes in a cell. To provide one example, a Ca2+-pump in the sarcoplasmic
reticulum of cardiac muscle displays a binding site for a regulatory protein, phospholamban
(PLB). Interaction of phospholamban with this pump inhibits the activity of the pump and
slows muscle relaxation. Small molecule inhibitors of this interaction are expected to
accelerate relaxation and be of therapeutic benefit in heart failure, which affects 1% of the
UK population. We are developing atomic force microscopy (AFM) techniques capable of
monitoring the forces of interaction between two proteins which interact with modest affinity
(Kd ~µM). The interaction between phospholamban and CaATPase is modulated by
phosphorylation of one component (PLB) and by proton and Ca2+ ion concentration, and we
propose to describe how these factors affect binding strength. Lastly, we propose to examine
a family of sequence variants of PLB to understand the minimum chemical structure
compatible with binding to the pump. This description will provide structural information
which could initiate the rational design of a phospholamban antagonist (in heart failure) and
will serve to illustrate the potential of AFM, and its latest developments, as a tool for
dissection of biological interactions and the provision of information for the rational design
of drug molecules.
Supported lipid bilayers
In order to study the interactions of membrane bound proteins using AFM it is necessary to
prepare a simple membrane system into which the proteins can be reconstituted. We have
chosen to prepare supported lipid bilayers on solid substrates prepared by vesicle fusion.
Artificial lipid bilayers formed from two component mixtures provide a simple model for
studying phase separation, which occurs at temperatures higher than the main transition of
one component and lower than that of the other. The micro-phase separation of biological
membranes which results in domains or rafts plays a key role in the expression and regulation
of membrane functions.
Lipid rafts and ripple phases
DMPC/DSPC 1:1 bilayers were
prepared by vesicle fusion at elevated
temperatures, rapidly quenched from
75ºC to 3ºC and kept overnight at 3°C.
These bilayers were imaged by tapping
mode AFM under PBS buffer at
31.7ºC. This temperature is higher than
main chain-melting transition of
DMPC and below that of DSPC, and
therefore phase separation occurs.
Figure 1 Tapping mode height (left) and phase (right) images
of a DSPC/DMPC 1:1 bilayer under PBS buffer at 31.7oC.

Figure 1 shows a height and phase contrast image of a DMPC/DSPC bilayer. The gel phase
DSPC domains are 0.9 nm higher than the fluid phase DMPC domains due to the different
chain length and packing. Ripples in the bilayer can also be clearly seen in the friction image.
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AFM imaging of CaATPase in DOPC bilayers
Ca-ATPase was purified from rabbit leg muscle and reconstituted into DOPC vesicles using
Triton X-100 which was removed using
polystyrene beads after reconstitution. DOPC
vesicles with Ca-ATPase were deposited on freshly
cleaved mica and incubated at room temperature.
Tapping mode AFM under PBS was performed to
image the membrane bound protein. Preliminary
results are shown in Figure 2. The main image
shows many CaATPase proteins in the bilayer and
considerable aggregation, presumably due to too
high a concentration being used. However, the inset
shows several examples of what appear to be
tetrameric or pentameric protein complexes.
Further work is underway to improve the resolution
of these images to single molecule levels.

Figure 2 Tapping mode AFM image under PBS
buffer of CaATPase reconstituted in DOPC
vesicles.
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Early stages of protein folding studied by sub-millisecond mixing
Adam Drysdale, Hau Lu, Graham Spence, Alastair Smith and Sheena Radford
Introduction
Understanding the mechanisms of protein folding has been one of the key questions in
structural biology over the past 30 years and remains one of the most significant challenges in
science today. Over the last few years, the folding transitions of various proteins have been
studied using a variety of approaches, including stopped flow and quench flow methods,
which have led to insights into the conformational properties of partially folded intermediates
and rate limiting transition states. However, the key issue in folding - how the amino acid
sequence of a protein encodes its final structure - remains unresolved. The problem stems in
part from the speed of most folding reactions. In general, intermediates containing native-like
topology form within the dead time of even the fastest stopped flow spectrometers (2-3 ms),
so that the mechanism of their formation cannot be monitored. Major questions remaining in
folding are how the amino acid sequence collapses, in some cases to populate relevant
folding intermediates, and the nature and importance of these very early stages in protein
folding. In Leeds we have constructed and characterised a continuous flow mixer that is able
to probe folding reactions with rate constants between 10000 s-1 and 250 s-1. In conjunction
with stopped flow techniques, this allows us to follow folding reactions over time scales of
many orders of magnitude.
Mixer design
Several different mixer designs with
varying degrees of complexity have been
reported in the literature. We are in the
process of constructing and testing
several designs but our most successful
so far is based on a T-mixer by
Takahashi et al. The two 'reactants', in
this case protein in chemical denaturant
and buffer are mixed by impingement at
the entrance to a 250 x 250µm flow cell,
the subsequent refolding dynamics are
observed as a function of time (distance)
along the channel (see Fig. 1).
The protein folding dynamics after Figure 1 Schematic of the T-Mixer. Protein and buffer
mixing are measured by intrinsic solutions are mixed together in a 1:10 ratio and
tryptophan fluorescence excited by a UV fluorescence intensity is monitored as a function of time
lamp. This excitation is distributed along (distance) along the flow cell.
approximately 20 mm of the mixing
capillary and the fluorescence signal is collected as a single image (see Figure 2) by a CCD

camera. Fluorescence emission is selected by either a bandpass filter or a monochromator.
Future development of the system using the monochromator will permit the full emission
spectrum at each point in the mixing capillary to be recorded rather than simply the intensity
of a single wavelength.
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We are currently developing several
different mixer designs that will, a) have
lower back pressure with the same mixing
dead time and, b) be much easier to
construct and dismantle for cleaning - a
major drawback of the Roder design.
Evaluation of mixing efficiency
The mixing dead time has been evaluated by
using an NATA-NBS quenching reaction.
Figure 3 shows the typical NATA
fluorescence intensity as a function of time
(i.e. distance down the mixing cuvette) for
four different NBS concentrations. The
NATA fluorescence intensity is normalised
against background (water-water) and
control (NATA-water) experiments. The
point of convergence of the fits (solid lines)
corresponds to the time of complete mixing
of the reactants, and therefore the dead time
can be calculated from the time interval
before the first observable data point. In the
measured to be ~155 ± 10µs.

Figure 2 Typical CCD image of the mixing
capillary showing NATA fluorescence
intensity as a function of time.

case of this mixer design the dead time is

Figure 3 : Dead time
calibration of the mixer. (a)
Plot of the fluorescence
quenching reaction of NATA
by NBS at different final NBS
concentrations. [NATA]final =
20 µM. (b) The solid line is a
fit to the plot of the pseudofirst-order rate constants as a
function of NBS concentration.
This yields the second-order
rate constant for the NATANBS reaction of 6.8 x10-5 M-1
s-1.

The first order rate constant of this quenching reaction is plotted as a function of NBS
concentration which yields the second-order rate constant for the NATA-NBS reaction,
which in this case is measured to be 6.8 x10-5 M-1 s-1, in good agreement with the literature
value of 7.3 x10-5 M-1s –1.
Protein system
It is our intention to study first the fast phase of folding of Im7. Im7 is a small four-helix
bacterial immunity protein that contains no cysteines or cis prolines. Stopped flow
experiments have shown that Im7 folds rapidly to its native state (kobs = 300s-1). The presence
of a missing amplitude in the stopped flow data indicates that there is a burst phase and hence
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a populated intermediate within the experimental dead time. Without knowing the rate of
formation of this intermediate both an on-pathway and off-pathway model can be fit to the
data. Capaldi et al. showed that with the use of a sub-millisecond mixer it was possible to
measure these fast rate constants and hence show that the data fits better to an on-pathway
model. We have also prepared various mutants of Im7 with stabilising and destabilising
residues being placed at various points in the protein. We therefore plan to perform a detailed
sub-millisecond phi analysis of the folding of Im7 in the near future.
Acknowledgements
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Investigating early events in protein folding by
laser induced temperature jump
George Dimitriadis, Adam Drysdale, Sheena Radford and Alastair Smith.
Introduction
Until recently, experimental methods to probe protein folding have suffered from a serious
limitation in how early in the folding transition useful data can be measured. For example, the
stop flow technique has a dead time of the order of many 100's of µs in the best cases.
However, in the past decade there has been an emergence of new techniques that promise to
measure protein kinetics with dead times that reach the order of 10 µs and possibly even
faster. The two main categories of such techniques are fast mixing (see report in this issue by
Drysdale et al) and temperature jump. Such techniques promise to provide new information
about the earliest events in protein folding and an important preliminary result is that there
are proteins that fold by populating an intermediate state before they reach their folded state,
with rate constants of the order of 10 µs.
In Leeds we have been developing a system that can detect protein folding kinetics initialised
by a laser induced temperature jump. The detection of such kinetics is done by following the
fluorescence of the amino acid Trp in the protein excited by UV laser pulses. The protein
system that has been used in the development of the apparatus is apo-myoglobin, a well
characterised system on which other T-jump experiments have indicated a three-state protein
folding reaction.
The apparatus
Figure 1 shows the temperature
jump apparatus. The protein
solution lies in the cuvette that is
inside a temperature controlled
holder (10) within a chamber
which can be evacuated to
prevent condensation at low
temperatures
(9).
The
temperature jump is achieved by
an IR pulse at 1.5µ m (14)
produced by Raman shifting (2)
an Nd YAG laser (1) pulse. This
beam is split into two counter
propagating beams (at beam
splitter 12) in order to heat the Figure 1. The nanosecond temperature jump experimental setup.
sample evenly from two sides.
The UV pulse train (13) that excites the protein fluorescence is produced by a frequency
doubled (6) dye laser (4), pumped by a mode locked Nd YAG laser (3). The fluorescence
pulses are detected by a fast PMT (11), whose signal is captured by an oscilloscope (15) and
subnsequently analysed (16).
Experimental approach
We have initially chosen to study the refolding of horse heart apo-myoglobin from a cold
denatured state. It has been shown by Gruebele that at pH 5.9 this protein is about 80%
unfolded at -8°C. In our lab we have shown that the protein is nearly completely cold
denatured at 2°C in a solution of pH 5.5 and 1.5 M urea. Under the same conditions at 25°C,
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the protein is nearly completely native and therefore a temperature jump of about this
magnitude should provide a well populated intermediate (if one exists) for study.
The time resolved fluorescence decays that are detected by our apparatus yield the
fluorescence decay time by iterative reconvolution analysis with the instrument function. The
experiment can measure the intensity of fluorescence, and the temporal parameters of a fit to
a mono-, bi-, or stretched-exponential, thus allowing both the change in intensity and lifetime
of the Trp fluorescence to be monitored during folding. The protein fluorescence is excited
every 240ns, therefore we can collect 8000 data points that correspond to the first 2 ms of the
protein folding. Figure 2 shows the fluorescence intensity change in one such experiment.
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Figure 2 Fluorescence intensity change as a function of time after a 22 degree temperature jump (starting from
2oC under conditions of pH5.5, 1.5M urea). The temperature jump occurred at t = 200µs.

Conclusions and future work
We now have a working temperature jump apparatus that is able to resolve the kinetics of
protein folding with a dead time of about 250 ns. We shall now further evaluate our
experimental technique using apo-myoglobin under different conditions of urea
concentration, pH, starting temperatures, and T-jump magnitude. We then plan to study the
fast folding of the immunity proteins via equilibrium perturbation experiments and, if
possible, refolding experiments from cold denatured states.
Funding
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Single molecule spectroscopy to probe folding of individual proteins
Chris Gell, David Brockwell, Sheena Radford and Alastair Smith.
Introduction
Spectroscopic measurements of bulk sample give only an ensemble-averaged measure of a
molecular property. The signal obtained includes a contribution from a variety of different
conformers and local environments within the sample. In order to study the heterogeneity of
systems it is necessary to remove ensemble effects by examining such systems as single,
isolated members. In Leeds we have constructed and characterised an ultra-sensitive inverted
fluorescence confocal microscope to study individual protein folding events. Work since last
year has concentrated on understanding new and emerging single molecule methods,
specifically single molecule fluorescence correlation spectroscopy (smFCS). We have
demonstrated our ability detect the fluorescence from individual molecules and carry out this
analysis and have begun to apply this method to a well studied protein system which we have
labelled with a fluorescent marker.

Relative Residence Time

Fraction Native

Protein system
The most problematical area for the study of single molecule folding is in the choice of
system. Labelling with an extrinsic, visible wavelength, fluorescent dye is essential as single
molecule methods to detect UV fluorescence from Trp are not yet possible. The specific dual
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type may easily be attached to a
0.4
m=4.5±0.3 kJ/mol.M
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into) the protein. We have chosen
0.2
the small 4-helix protein Im9 which
has been extensively studied within
0.0
the group of Sheena Radford at
Leeds. This protein contains a
0
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we have labelled with the
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Dye
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wild-type and label-mutant using
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kinetic and equilibrium methods.
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Figure 1(a) shows 3 equilibrium
1.6
unfolding curves for Im9.
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Figure 1 Upper panel: the ensemble
unfolding of the labelled protein system
studied along with data for the wild-type
form. Lower panel: single molecule FCS
analysis of data for the labelled protein and
for a simple dye system.

1.3
1.2
1.1
1.0
0.9
0.8
0

2

4

[UREA] (M)
89

6

8

As can be seen, unfolding followed by the extrinsic dye molecule fluorescence follows that
monitored by the intrinsic Trp for the label-mutant, while both are destabilised compared to
wild-type unfolding followed by Trp. The dye molecule provides not only a marker of protein
position, but also provides a way of monitoring the folding. It is these properties that enable
us to exploit single molecule methods for the study of this protein.
smFCS
smFCS measures the rate of diffusion of an analyte in solution. Due to the single molecule
nature of the method, it is capable of differentiating between heterogeneous populations in
solution as long as these solutions are defined by sufficiently different diffusion coefficients.
Figure 1(b) shows the relative diffusion time of a small dye molecule (green) as a function of
urea concentration in solution. Here a pseudo-ensemble experiment is conducted where data
is from a single molecule sensitive experiment but a model assuming only one species is fit.
The relative diffusion time (or residence time) increases as the urea concentration increases.
For the dye, the data is fit well by a model accounting for the change in viscosity of the
solution (not shown). Also in Figure 1 is the same data for a solution of labelled protein
(blue). Two lines showing the maximum and minimum slopes of the data sets are shown as
guides to the eye. It can be seen that the rate of change of diffusion time of the protein is
greater than for the dye, which we infer to indicate the unfolding of the protein (diffusion
time changes faster than the change which would be expected from solely a change of solvent
viscosity).
Conclusions
These preliminary results show the potential of the method to resolve the two species (folded
residence time is shorter than unfolded), however it also suggests that the change is too small
to resolve the two species from a single data set. Early attempts to fit the data to a model for
two species developed by others has failed to produce physically meaningful results.
However, problems with the model have been discussed elsewhere and we are in the process
of re-fitting the data. Indications are that the difference is too small to resolve accurately.
Further work is under way to examine the Im9 system under different unfolding conditions
(i.e. unfolding in a stronger solvent to try to amplify the hydrodynamic radius difference of
the folded and unfolded species). In addition to smFCS other methods which exploit the
brightness difference of the protein conformations are being explored.
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References
Gell C., Brockwell D.J., Beddard G.S.,Radford S.E., Kalverda A.P. & Smith D.A. (2001)
Accurate use of single molecule fluorescence correlation spectroscopy to determine
molecular diffusion times. Single Molecules 2, 177-181.
Acknowledgements
We thank the Wellcome Trust and University of Leeds for funding.

90

Ultraviolet resonance Raman spectroscopy in protein folding
investigated by microsecond mixing
Iñigo Rafael Rodriguez, Alastair Smith and Sheena Radford.
Introduction
The problem of understanding how a protein folds from an extended polymer chain in
solution to a functional three dimensional structure is one of the key challenges in structural
molecular biology today. One of the barriers to understanding this process has been the time
scale on which experiments could be performed. Mixing of two solutions has traditionally
been used to initiate refolding and conventional instruments have dead times of the order 2-3
milliseconds, within which time most folding reactions have already begun. In Leeds we
have constructed and characterised a continuous flow mixer that is able to probe folding
reactions by fluorescence with rate constants between 10000 s-1 and 250 s-1 . Whilst
fluorescence spectroscopy is able to provide kinetic rates of folding, it is not, in general, able
to provide detailed structural information about conformational changes. In the Department
of Physics and Astronomy in the University of Leeds we are therefore developing an
ultraviolet resonance Raman (UVRR) probe to be combined with the mixing technology we
have developed. There is almost no published UVRR data on protein folding on a submillisecond time scale, but the combination of this powerful technique with rapid mixing is
capable of providing a detailed picture of the conformational changes during folding.
UVRR and ultra-rapid mixing
Infrared spectroscopy and ultra-rapid mixing
can provide information on the secondary
structural elements within the protein as it
undergoes folding. UVRR spectroscopy can
provide similar information without the same
level of interference from water. In addition,
at the ultraviolet wavelength that we are using
(244 nm), we avoid fluorescence from natural
chromophores (tyrosine, tryptophan and
phenyalanine) and we obtain information
about the non-covalent interactions of the
aromatic residues tyrosine and tryptophan in
the protein. The technique therefore is most
suited to proteins with single (or very few)
such residues.

Fig. 1 The experimental setup.
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A schematic of the apparatus is shown above. Pneumatically driven syringes deliver the
denatured protein solution and the buffer via HPLC plumbing to the T-mixing plate. Then the
completely mixed solution is injected into the 250µm quartz flow cell, which is illuminated
by the beam laser through the
microscope. The UVRR spectra are
collected by the microscope
objective and steered to a
commercial
UV
Raman
spectrometer (Renishaw plc UV
Raman System). The UVRR mixing
experiment captures spectra from
single points along the mixing
capillary (see schematic opposite).
Different points along the capillary
probe different times after the initial
mixing of the denatured protein and
the buffer. With high resolution
position of the capillary we are able
to obtain UVRR spectra from points Fig. 2 After rapid mixing, the refolding protein flows down a
along the folding pathway that are narrow capillary. Thus, the distance along the capillary represents
separated by a few tens of the time after mixing as a function of flow speed.
microseconds.
The protein systems
Horse heart cytochrome c, horse myoglobin and the immunity protein, Im7 are the proteins
chosen for this study.
Cytochrome c and myoglobin will provide an excellent test of the conformational and
temporal resolution of our instrument. They are well-characterised proteins that have been
studied extensively, and which are available commercially at low cost. They are therefore
ideal model systems of protein folding for developing our apparatus. Cytochrome c contains
only one Trp residue and four Tyr residues and myoglobin contains two Trp and two Tyr
residues making these two proteins ideal candidates for developing UVRR for monitoring
protein folding.
Im7 adopts a simple fold that can be considered as a distorted antiparallel four helix bundle
and contains a single Trp residue, which is located in the core of the native protein. Ultrarapid mixing and UVRR will provide detailed structural information to compliment the
fluorescence kinetic data from the mixing apparatus that are already being studied. UV
Raman analysis of the burst phase of Im7 will allow probing of the ground state properties of
the single Trp and will allow the nature of the solvent exposure of the Trp residue to be
directly probed during the burst phase.
Acknowledgements
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Ultraviolet resonance Raman study of streptavidin binding of biotin
and 2-iminobiotin
John Clarkson, David N. Batchelder and D. Alastair Smith
Introduction
Streptavidin is a bacterial, tetrameric protein that binds biotin extremely tightly and has a
structural motif similar to that of avidin. This exceptionally strong binding affinity has been
the object of fundamental studies of protein/substrate interactions and the basis of numerous
biotechnological applications. The binding of biotin to avidin and streptavidin has three
major components; hydrophobic interactions especially with tryptophan, hydrophilic
interactions via an extensive complimentary hydrogen bonding network and the closure of a
flexible loop around the substrate. Despite the similarities between streptavidin and avidin
there are important differences between these proteins. Avidin is a glycoprotein, containing
one disulphide bridge and two methionine residues, whereas streptavidin is non-glycosylated
and has no sulphur containing residues. The binding of biotin to avidin and streptavidin has
been investigated by a number of spectroscopic techniques, including ultra-violet (UV)
absorption, circular dichroism (CD) and fluorescence spectroscopy. The UVRR technique
has the advantage in many biological applications of providing specific enhancement from
the Trp and Tyr residues and therefore avidin and streptavidin, which have multiple aromatic
residues in the binding site, represent excellent systems for study in the development of this
relatively new technique.
Streptavidin binding of biotin and 2iminobiotin
Streptavidin solutions were prepared in
phosphate buffered saline at pH 7.5 to which 5
mM KNO3 was added to serve as an internal
intensity standard for Raman difference
spectroscopy. Solid biotin, or 2-iminobiotin was
added to approximately 10 times excess to the
streptavidin solution, gently shaken for 5
minutes and kept on ice for 1 hour. Raman
spectra were acquired using a Renishaw microRaman system 1000. Accurate difference spectra
were produced using the 1048 cm-1 band of the
potassium nitrate as an internal reference
standard.
Figure 1 shows the UVRR spectra of Figure 1 UVRR spectra at pH 7.5 of streptavidin
streptavidin and the streptavidin/biotin complex (spectrum a), streptavidin– biotin complex
in solution at pH 7.5 and the difference (spectrum b), and the difference spectrum
b-a). The intensities of spectra a and b
spectrum. The spectra are dominated by the (spectrum
are normalized to the internal standard NO3- peak
contributions from the eight Trp residues in at 1048 cm-1, and the difference spectrum is scaled
streptavidin, with moderate contributions from by a factor of 2 for clarity.
the six Tyr residues and from the amide I band at
1662 cm-1. Upon binding of biotin a number of
spectral changes occur to the streptavidin UVRR spectrum that are clearly visible in the
difference spectrum and that can be attributed to both Tyr and Trp vibrational bands.
In the 2-iminobiotin molecule the carbonyl group of biotin is replaced by a guanidino group
and the effect of this structural difference on the UVRR difference spectrum of the 293

iminobiotin/ streptavidin system is shown in Figure 2. The most striking contrast between the
two difference spectra in Figures 1 and 2 are the contributions that can be assigned to Tyr 43
which dominate the difference spectrum in Figure 2. The change in the local hydrogen
bonding network together with the difference in local dipole-dipole interactions of biotin and
2-iminobiotin with streptavidin account for the difference in the Tyr 43 contributions to the
UVRR difference spectra.

Figure 2 UVRR spectra at pH 7.5 of streptavidin
(spectrum a), streptavidin–2-iminobiotin complex
(spectrum b), and the difference spectrum (spectrum ba). The intensities of spectra a and b are normalized to
the internal standard NO3- peak at 1048 cm-1 , and the
difference spectrum is scaled by a factor of 2 for clarity.

Conclusions
The UVRR technique is particularly well suited to study the streptavidin biotin and 2iminobiotin complexes as the binding site Trp and Tyr residues are resonantly enhanced at
244 nm. The hydrophobic interactions of biotin and 2-iminobiotin with the Trp residues were
found to be similar, however, significant differences in the environment of Tyr 43 were
observed. UVRR spectroscopy clearly resolves both the Trp and the Tyr contributions to the
binding of biotin and 2-iminobiotin to streptavidin and highlights the differences in the Tyr
43 environment between these complexes.
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Analysing transcription of chromatin templates using surface plasmon
resonance (SPR)
Sipra Deb, Jenny Baker and Peter G. Stockley
Introduction.
Eukaryotic chromatin consists of a repeating structural element, the nucleosome, containing
roughly 200 bp of DNA in complex with an octameric complex of core histone proteins. The
DNA is wrapped around the octamer thus allowing the nucleus to package the very large
amounts of eukaryotic DNA in a very small volume. This, however, causes a problem for
gene expression since the nucleosomal packing sequesters many of the DNA sequences
encoding gene products, together with the regulatory start and stop signals. Recent data from
many laboratories across the world has highlighted one of the major controls on whether a
gene can be transcribed and hence its products expressed. This turns out to be the posttranslational modification state of the core histone octamer. Many transcription factors exist,
for instance, whose roles are to acetylate/deacetylate the N-terminal tail regions of these
proteins and thus presumably alter their affinity for DNA. Transcription of such templates is
believed to occur through nucleosomes, the core histone octamers neatly side stepping the
approaching polymerase molecules. What has been needed for some time is a simple method
for assessing the effects of nucleosomal barriers to the passage of polymerases and in turn the
effects of the histone modifications.
SPR studies.
We have shown that the commercial SPR biosensor, BIAcore, can be used to monitor this
process on immobilised chromatin templates. As illustrated in the Figure below transcription
reactions occur through the nucleosome without displacemnt of the histone octamer. High
salt washes of the template then removes bound histones and the transcription reaction can be
repeated on the identical template allowing the effect(s) of the octamer to be determined
quantitatively. We have shown that this assay can be used in single turnover reactions and is
sensitive to the post-translational modification states of histones tails. Hyper-acetylated
histones present less of a barrier to polymerase passage than bulk histones consistent with
current theories of gene regulation. The assay is now being adapted to look at a wide range of
specific histone modifications.

Figure In vitro transcription reactions on the sensorchip. Mononucleosomes were immobilised onto a
streptavidin-coated sensorchip (step 1). Following immobilization, a transcription mix (T7 RNAP and NTP’s
spiked with α-[32P]-UTP) was injected over the immobilised nucleosomes (step 2). This injection volume
containing the transcripts produced, was recovered into a vial containing formamide gel loading buffer. A
high salt wash (1 M MgCl2) was then used to dissociate the core histones leaving the same number of moles
of immobilised free DNA (step 3). Note, the RU signal goes off scale during the high salt wash. A further
transcription reaction was then carried out (step 4) and the injection again recovered. The volumes of the
recovered samples from each transcription reaction were determined by weighing and aliquots of each
sample analysed on sequencing gels.
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Robotic selection of RNA aptamers against amyloid proteins and peptides.
Roma Rambaran, David Bunka, Chris J. Adams, Andrea Coates,
Sheena Radford and Peter G. Stockley.
RNA aptamers have been shown to bind with affinity and specificity akin to antibodies.
Aptamers have a number of advantages over antibodies including that they can be raised
rapidly against any target and are non-immunogenic. Based upon the methods of Cox &
Ellington, we have been able to automate the selection of such aptamers utilising a Biomek
2000 liquid-handling robot (Beckman Coulter).
Over 20 human proteins have been shown to form amyloid fibrils leading to many different
pathologies. These range from the Aβ peptide in Alzheimer’s disease, where fibrils of Aβ
appear to be the proximate cause of neurodegeneration, to β-2-microglobulin which can form
fibrils in haemodialysis related amyloidosis. Current strategies for preventing or controlling
amyloid pathologies are directed against blocking self-association of precursor
proteins/peptides or clearing/destroying the fibrils that form. The latter approach includes the
use of immunisation to “vaccinate” against the fibrils, e.g. in Alzheimer’s disease, although
neither approach has yet been successful and each has its own technical problems to
overcome.

T = 100 sec

T = 2000 sec

T = 14000 sec

T = 4800 sec

T = 7200 sec

Fig. 1: Electron microscopy time course of amyloid fibril formation by Aβ peptide.

Aptamers have been selected against Aβ fibrils, protofibrils & oligomers (see Figures 1 & 2)
as well as mature and immature β2M fibrils and native β2m. The initial aptamer isolates have
affinities in the micromolar range. Anti-Aβ aptamers have been isolated for the D-amino acid
enantiomer of the peptide allowing reflection of the resultant aptamer sequences into
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aptamers based on L-ribose. The latter are stable in biological environments. These aptamers
could potentially be used as diagnostic or therapeutic agents.

Fig. 2: Filter-binding assay of one of the aptamers selected against proto-fibrils shown in Fig. 1..
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Molecular interactions in the assembly of bacteriophage φ29
Stephanie Fonseca, Jonathan Wood and Nicola J. Stonehouse
Introduction
During the packaging of genomic DNA by the bacteriophage φ29, components of the virus
form one of the most powerful molecular motors known, with DNA packaged to almost
crystalline density. The motor is an RNA-protein complex and consists of a prohead
incorporating a head-tail connector particle, self-assembling RNA molecules (pRNA), together
with viral ATPase. Both the connector and pRNA components are macromolecular
assemblies, each forming ring-like structures with a central pore, through which the viral DNA
is translocated. During viral assembly, rotary action of the connector is thought to be
converted into linear translocation of the DNA.
The involvement in the action of a rotary motor is a new role for RNA molecules and thus an
exciting area of research. In addition, an understanding of the key interactions between nucleic
acids and viral proteins is key to the development of anti-viral therapies. Many aspects of the
assembly of φ29 are mirrored in Herpes and Adenoviruses, major human pathogens. Such fine
dissections of molecular interactions have proved to be complex in these viruses, however,
data from model phage systems has underpinned our knowledge of virology in the past and is
likely to continue to do so in the future.
Despite interest in φ29 from several groups both in Spain and the US, little is known about
the affinity of the molecular interactions involved in assembly of the virus, especially the
pRNA multimerisation event. Knowledge of the stoichiometry and affinity of interactions
between molecules is vital in the understanding of how these interactions occur.

Figure 1
Proposed secondary structure of
pRNA with the bases thought to be
involved in multimerisation in red.

The self assembly of pRNA
Intermolecular base pairs between two loop regions in the secondary structure of 120
nucleotide (nt) pRNA form a multimeric RNA assembly in the presence of magnesium ions
(Figure 1). This ability to form multimers is essential for DNA packaging, although different
studies have suggested both active pentameric and hexameric pRNA rings. We have performed
equilibrium sedimentation experiments in the analytical ultracentrifuge (AUC) with pRNA in
order to investigate self-association and measurements of the affinities involved. We have put
a large amount of effort into calculation of an accurate partial specific volume for pRNA as, in
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contrast for proteins, there is very little literature regarding such values for RNA molecules.
The effects of magnesium ion concentration on pRNA association have been investigated,
together with the effects of short DNA sequences designed to compete in binding to the
interacting loops. We have obtained dissociation constants for the pRNA-pRNA interactions
(which are in the micromolar range) – the first measurements of the affinity of these
interactions.
Investigation of the structure and function of the connector
The connector is composed of a ring of 12 monomers of the protein gp10 (35.8kDa) with a
central channel. We have shown that non-specific RNA is an inherent part of the connector
structure and in vivo may be involved in the association of gp10 monomers into a ring and in
bringing some stability to the complex. We have developed a fluorescence spectroscopic assay
to investigate the interaction of the connector with pRNA. Analysis of this data shows that
the interaction is complex and that the connector has both low and high affinity sites for the
pRNA. This may be important during motor rotation.
Collaborators
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Rolling circle replication
Chris Thomas, Steve Carr, Jamie Caryl and Val Sergeant
Introduction
Many plasmids and bacteriophage replicate their DNA by a common mechanism - referred to
as the “Rolling Circle”. Our interests lie with the proteins that mediate this process, and the
DNA structures at which they act. In the case of staphylococcal plasmids (such as pC221)
and filamentous bacteriophage (including M13), a single protein is sufficient to recognise and
cleave at the origin of replication, initiating replication. Here our efforts remain committed to
the structural characterisation of these proteins, underpinned by biochemical studies of the
nicking-closing process.
Since transfer of DNA by conjugation is also a rolling circle process, we have also been
interested in the mechanisms by which pC221 may be mobilised from one cell to another.
Unlike the maintenance replication described above, several plasmid-encoded functions are
required to initiate the replicative process leading to conjugation. Our recent progress in this
area is described below.
Conjugative transfer of DNA in Staphylococcus aureus
Horizontal gene transfer in bacteria results in genetic diversity with important medical
consequences. Small, non-self transmissible, mobilisable, Staphylococcal plasmids such as
pC221 offer a simple system that embodies the initial events in plasmid mobilisation.
pC221 is a 4.6kb chloramphenicol resistance plasmid of Staphylococcus aureus. It is a nonself transmissible plasmid that can be mobilised by a co-resident, self-transmissible plasmid
such as pGO1. Being a small plasmid, pC221 contains only those genes required for its own
DNA processing and contains four such loci: an origin of transfer (oriT); a DNA relaxase,
MobA; and the putative accessory proteins MobB and MobC.
It has been demonstrated that mutations in either the mobA or mobC ORFs of pC221 result in
a loss of observable nicking in vivo. In addition, previous work has failed to demonstrate
nicking with purified MobA protein alone. To investigate this further, the mobC ORF was
cloned, expressed, and MobC was purified. Gel retardation experiments demonstrated a
substrate-specific, cooperative interaction between MobC and its cognate oriT sequence
(Figure 1). The mobA ORF has been expressed and MobA protein purified. It has now been
shown that MobA and MobC are required, in the presence of Mg2+, for site- and substratespecific nicking in vitro. The protein combination is specific for cognate substrate pC221 as
no nicking was observed when pC223 (sharing ~80% whole sequence identity) was used as a
substrate; likewise with the related plasmid pT181cop608.
Figure 1: Gel retardation assay of isolated oriT DNA against increasing concentration of MobC protein.
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Recent cross-specificity studies have suggested that MobA, in particular, may encode
plasmid specificity, as (low efficiency) nicking of pC221 was observed in presence of
cognate MobA and non-cognate MobC (from pC223). It is currently believed that MobC acts
at a specific sequence in the oriT, present in pC221 and related plasmids such as pC223, as a
targeting protein for MobA and produce a single-stranded substrate at which MobA can nick.
Further to this, the oriT region from pC221 has been cloned into an E.coli vector and used as
substrate in an assay with cognate MobA and MobC. Nicking has been demonstrated using
this substrate, although only at 67% efficiency of pC221 substrate. Footprinting studies of
bound MobA and MobC are presently being planned. Following resolution of the oriT to the
minimum region required for DNA-processing, mobilisation studies will be conducted to
determine whether this region is sufficient for conjugal transfer.
Presentations
This work has been presented at NACON-V 5th International Meeting on Recognition
Studies in Nucleic Acids, and the UK Plasmid Biology Workshop 2001, Birmingham.
Collaborators
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β2-microglobulin amyloid fibril formation in vitro
Sarah Myers, Alastair Smith, Sheena Radford and Neil Thomson.
AFM can be used to follow the assembly of monomeric proteins from partially unfolded and
acid unfolded states into long fibrous protein assemblies known as amyloid. Amyloids have a
common cross-β structure detectable by X-ray fibre diffraction, red-green birefringence upon
binding of the dye, Congo Red and have a propensity to bind the dye Thioflavin T.

Immature fibrils are curvilinear with a repeating
globular morphology

Mature fibrils are long and straight with a repeating
left-handed twist

Amyloid fibrils can have a range of higher order structure and are often formed from a
number of basic fibrillar structures known as protofibrils. Amyloid formation in vivo is
associated with a growing number of disabling diseases, such as Alzheimer’s and
encephalopathies. β2-microglobulin (β2M) is a protein that builds up amyloid plaques, usually
in collagen-rich tissue, in patients undergoing long-term renal dialysis. AFM can be used to
study the structure of β 2M amyloid fibrils formed under a range of in vitro conditions, to
assay how environmental factors affect structure. To date, we have identified conditions
under which β2M forms immature and mature amyloid fibrils. The mature amyloid fibrils, so
called because their long, straight morphology is typical of amyloid ex vivo, have been
classified into three types; either 2 or 4 protofibrils wound together into left-handed helices or
4 protofibrils lateral-associated into a left-handed twisted ribbon. The immature fibrils do not
appear to be made up of protofibrils but nevertheless contain an axial repeat of about 30 nm.
Currently, we are investigating in detail the effects of pH and ionic strength on fibril
morphology and following the growth of fibrils from the monomeric protein under given
conditions using fluorescence to follow the kinetics and imaging aliquots from growth
solutions at set time-points by AFM to determine the structure of species on the way to
mature amyloid fibrils. Future work will assay the role of mutants and biological co-factors in
controlling β2M amyloid growth. These experiments will utilise the AFM’s ability to image
molecular processes in the microscope in real-time.
References
Kad, N.M., Thomson, N.H., Smith, D.P., Smith, D.A. & Radford, S.E. (2001) β2microglobulin and its deamidated variant, N17D form amyloid fibrils with a range of
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Mechanism of action of DNA gyrase
Neil Thomson.
DNA gyrase is a bacterial motor protein in a class known as topoisomerases, which are
responsible for controlling the topological properties of DNA (e.g. amount of supercoiling or
catenation). Most topoisomerases can relax supercoiled DNA, which is an energetically
favourable process. DNA gyrase is unique amongst this class, because it can introduce
supercoils as well as remove them. To wind or unwind DNA it must break both strands of
DNA, capture another segment of the same DNA molecule and pass this through the doublestrand break before resealing. However,
it can only introduce supercoils with a
given chirality: i.e. negative supercoils.
It is thought to achieve this by wrapping
DNA around itself in a right-handed
sense, which determines the direction of
strand capture and passage. It needs the
free energy release of ATP hydrolysis to
drive this energetically unfavourable
process. Previous evidence from DNA
footprinting assays and EM analysis has
indicated the presence of this wrap.
Measuring DNA contour lengths from
tapping-mode AFM images of gyrase
bound to DNA, we have confirmed that
gyrase wraps between 90 and 150 basepairs of DNA. On addition of ADPNP
(the non-hydrolysable analog of ATP) to
the complex, which can support one Tapping-mode AFM image in air of DNA gyrase bound
round of supercoiling, this wrap is lost. to a 1070bp dsDNA template in the absence of ADPNP
The AFM data for this has been
confirmed over a wide range of conditions using a topoisomerase I relaxation assay.
Previous biochemical and biophysical experiments have given conflicting results, indicating
both an increase and loss of wrap upon addition of ADPNP. We are developing a revised
model of DNA strand passage by DNA gyrase that takes all these data into account.
Collaborators
Jonathan Heddle & Tony Maxwell (John Innes Centre, Norwich)
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The atomic force microscope as a tool
for structural molecular biology
Neil H. Thomson
The atomic force microscope (AFM) images through the use of a very sharp probe (best
radius of curvature 5 to 10nm) attached to the end of a flexible cantilever spring (force
sensing device) which is raster scanned in contact with surfaces.
The deflections of the cantilever are detected with an optical lever
and used in conjunction with a feedback loop, which controls the
scanner to keep the tip-sample interaction constant. In this way, the
topography of the sample surface can be mapped out. Thus, the
shape of molecules adsorbed to flat surfaces, such as mica crystals,
can be imaged. In addition to topography, the AFM can reveal
information concerning the mechanical properties of a surface
and/or its chemistry, in a variant known as chemical force
microscopy. AFM’s lateral resolution is ultimately limited by the
physical size of the tip, but it is very efficient at attaining structure
on biomolecules from 5 nm up to 10 microns. On ordered protein
arrays the imaging resolution can be sub-nanometre. In the vertical
direction, perpendicular to a surface, the detection of the cantilever
deflection is at the Angstrom level. Generally, biomolecules
weakly adsorbed on surfaces are imaged in Tapping-mode™, where D i g i t a l I n s t r u m e n t s
the cantilever is oscillated normal to the surface so that damaging M u l t i m o d e ™ A F M
shear forces are eliminated. The AFM can be operated under (Veeco Metrology Group,
aqueous environments, allowing biological processes to be followed Santa Barbara, USA) –
the workhorse of the lab !
under physiologically relevant conditions.
Outlined on the next two pages are projects in which the AFM is used to understand structure
and the development of structure as a route to understanding molecular mechanisms.
Collaborators
Alastair Smith, Physics and Astronomy, University of Leeds.
Sheena Radford, Biochemistry and Molecular Biology, University of Leeds.
Nicola Stonehouse, Biology, University of Leeds.
Tony Maxwell, John Innes Centre, Norwich.
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Shape changes in myosin molecules during ATPase
and regulation of activity
Peter Knight, Stan Burgess, Matt Walker, Neil Billington, Hyun Suk Jung, Olusola Oke,
Nathan Swailes, Kavitha Thirumurugan and John Trinick
Myosin V
The vast majority of work on myosin has studied the class II molecule which is the class
found in muscle. However recent years have seen the identification of 17 other myosin
classes, from which most human cells express several. In a paper published in Nature in 2000
we showed for the first time electron micrographs of class V myosin with both its heads
simultaneously attached to actin. We suggested that the leading head in such molecules was
at the start of its power stroke, and that these were the first images of any myosin at the start
of its stroke. Determination of this conformation has been the single greatest impediment to
understanding the molecular mechanism of force production by myosins.
Following on from this work, we have now studied the conformations of the heads of
myosin V detached from actin in the presence of ATP and in the absence of nucleotide.
Crystal structures of myosin II heads in several long-lived nucleotide analogue states have
been solved. However, crystallography is incompatible with protein molecules executing
gross conformational changes during their catalytic cycle; moreover, there has been
controversy as to which states of the ATPase cycle the long-lived analogues represent. Our
new data reveal that, in ATP, about half the heads are in a strongly bent (~90°) conformation
that is similar to crystal structures of myosin II heads containing ADP and AlF4 or ADP and
vanadate which have been proposed to represent the conformation at the start of the power
stroke. This conformation is also similar in several respects to the lead heads in molecules
attached to actin by both heads. However, the lead head is even more strongly bent, probably
by being restrained through the trail head. This distortion of the molecule in the attached state
is likely to be important in the processive stepping mechanism of myosin V along actin
filaments.

Fig. 1 Myosin V heads in the absence or presence of ATP (upper and lower rows respectively). Images obtained
by alignment, classification and averaging of the head regions of negatively stained molecules. Note the large
change induced by ATP in the angle between the ~8 nm motor domain and the ‘lever arm’.

We have also obtained micrographs of a mutant myosin V that has two alanine residues
inserted near the mid-point of the α-helical ‘lever arm’ part of the molecule. This is expected
to result in a 205° rotation in the lever arm, however these molecules are still able to attach to
actin with both heads simultaneously, possibly as a result of each head having the freedom to
rotate about its long axis.
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Smooth muscle myosin II
Smooth and non-muscle myosin II can form an inactive ‘hairpin’ conformation where the tail
folds back on itself to interact with the heads, and the heads bend down towards the tail. We
have determined the structure of this conformation by electron microscopy and image
processing of both the whole molecule and molecules with a truncated tail. These show the
two heads differ in shape and interact asymmetrically, and that the folded tail interacts
primarily with one head. The structure and arrangement of the heads is strikingly similar to a
structure recently published derived from electron microscopy of 2-D crystals of a shorttailed mutant myosin, but the tail takes a substantially different path.
Collaborators
James Sellers, NIH; Howard White, Eastern Virginia Medical School; Joseph Chalovich,
Charlottesville.
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Flexibility and interactions of titin
Larissa Tskhovrebova, Lesley Wilson, Peter Knight and John Trinick
Titin is the largest known protein (~4 MDa) and its single molecules span half striated muscle
sarcomeres. In the myosin filament region of the sarcomere we have proposed that titin acts
as a ‘protein-ruler’ to regulate exact myosin filament assembly. The remainder of the titin
molecule forms an elastic connection between the end of the myosin filament and the Z-line.
These connections are the main route of mechanical connectivity through relaxed muscle and
they give muscle its passive elasticity. They also maintain myosin filaments midway between
Z-lines during sarcomere length variations; this ensures an even development of force
between the two halves of a myosin filament during active contraction.
Titin self-association
We are studying the properties of ‘end-filaments’, which are thought to be a hexameric
aggregate of 22 conserved Ig domains in titin adjacent to the end of the thick filament. We
have measured the mass/unit length of end-filaments, using scanning transmission electron
microscopy (STEM). From this and the known mass/unit length of the titin molecule, we
determined that there are 6 titin molecules in each end filament, and therefore there are 6 titin
molecules associated with each half of the thick filament. From this result we can calculate
that titin makes up 12% of sarcomere protein, which makes it the third most abundant
sarcomere component after myosin and actin. We are also studying a 400 kDa peptide from
this part of the molecule.
Elastic mechanism
Titin is a relatively flexible molecule, as evidenced by the fact that its radius of gyration is
only about one tenth its contour length. The first phase of its elastic mechanism in muscle
involves straightening from an initially coiled conformation, before unfolding of the
polypeptide. Hitherto, it has been assumed that the coiled conformation in situ will be similar
to the equilibrium random coil of the purified protein in vitro. However, consideration of the
restricted space between the numerous actin filaments surrounding the elastic part of the
molecule suggests that the conformation will be far from the solution equilibrium.

Fig. 1 Arrangement of titin molecules in three different muscles which differ in both slack sarcomere length and
size of titin isoform: (a) cardiac; (b) psoas; (c) soleus muscle. The diagram shows how titin in the I-band may be
constrained by thin filaments, compared with the expected radius of gyration of each isoform in free solution
(circles on left side of diagram).
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Super-repeats
The part of the titin molecule associated with the myosin filament consists almost entirely of
immunoglobulin- and fibronectin-like domains. Throughout much of this region, these
domains are arranged into two types of long-range patterns or ‘super-repeats’. The large
super-repeat, which occurs eleven times and spans 500 nm, contains eleven domains arranged
as Ig-Fn-Fn-Fn-Ig-Fn-Fn-Fn-Ig-Fn-Fn. We have expressed seven overlapping constructs
consisting of two or three of these domains and spanning 11 domains and studied their
folding and myosin-binding characteristics.
Collaborators
L Brady, Bristol; D Holmes, Manchester; P Olmstead, Leeds.
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Peptide templated synthesis of oligosaccharides
David R. Greenwell and Stuart L. Warriner
Introduction
Recent advances in analytical techniques have made it possible to look at very small
quantities of carbohydrates, allowing us to get a better understanding of their role in
biological processes. It is known that cell surface carbohydrates take part in many biological
processes such as viral and bacterial recognition and also inflammatory responses. It is
therefore very important for us to be able to produce specific carbohydrates to study both
their function, and find ways of blocking their function, ie. stopping the recognition process
between the cell surface carbohydrate and the target site.
Resin bound peptide templates
Standard methods for oligosaccharide preparation are time consuming, as each step requires
separation and purification before the addition of the next unit. Efficient automated methods
for saccharide synthesis are hence urgently required.
We have developed an exciting new method for the preparation of saccharides which is
amenable to automation. The strategy employs a peptide template, bound to a polystyrene
resin, to control the synthesis of the saccharide. The peptide consists of a repeating Gly-Probackbone as shown below. The sugar units that will form the oligosaccharide are first
attached to the proline via a carbonate linker. Peptide synthesis yields a pentasaccharide
decorated with the monosaccharide building blocks. The glycosylation reaction is performed
with the peptide still attached to the resin. The glycosidation reaction ‘zips-up’ the
saccharides on the peptide, with coupling occurring only at the glycosyl donor and acceptor
sites. This facilitates the recovery of a very clean sample at the end of the synthesis as the
resin may be washed at every stage.
The backbone ensures the sequence is correct, leaving only the α and β linkages between the
units to control. The final step is to remove to the resulting oligosaccharide from the peptide
backbone.
Disaccharide formation
Upon glycosylation, the desired (1→4) disaccharide is recovered with an α/β anomeric ratio
of 8:1. When the addition sequence of the sugars is reversed, ie the glycosyl acceptor is
added to the peptide first and glycosyl donor second, the ratio changes to a 1:1 mixture.
These results show that the peptide template can influence the stereoselectivity of the
glycosidation process.
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Figure 1. Scheme showing the formation of peptide template on solid polymer resin, glycosidation of the
sugars, and cleavage of the disaccharide from the resin.

The same system for disaccharide synthesis may also be applied to the synthesis of the GlcMan and Glc-Gal disaccharides.
Trisaccharides and beyond
Our attention is currently focussed on the synthesis of larger sugars using this methodology
and on understanding how the peptide controls the selectivity of the glycosidation process.
Funding
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A database of fibrillogenic mutations and experimental conditions.
Jennifer Siepen and David R Westhead
Amyloidoses such as Alzheimer's disease are degenerative disorders characterised by the
presence of pathogenic fibrillar deposits throughout the body. Over twenty proteins have
been identified as amyloidogenic, and despite there being little or no sequence, or fold,
homology between them, the fibrils share similar morphological and tinctorial properties.
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Figure. Hydrophobicity of replacement residues in
mutations promoting amyloid fibril formation where the
wild-type residue is hydrophobic and located in the protein
structural core, illustrating a tendency for replacement with
destabilizing hydrophilic residues.

We have constructed the Fibril_one database, which contains mutations and experimental
conditions associated with fibril formation. There is an online user interface to the database
enabling the user to identify trends associated with fibrillogenesis and specific mutation
details associated with the amyloidgenic proteins. Trends identified in the database, suggest
mutations promoting fibril formation have a strong association with destabilisation of the
native fold.
Future work will focus primarily on the edge strands of beta proteins which are free to
interact with other edge strands that they encounter. Natural beta proteins seem to be
designed to specifically avoid this problem, however specific mutations may disrupt these
protective mechanisms resulting in protein aggregation. Using machine learning methods
can we predict and understand the property of edge strands from the protein sequence.
Following this is it possible to predict mutations that are likely to lead to protein aggregation
into the fibrillar structure, enhancing our understanding of the fibrillogenic mechanism in
general.
Funding
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Derivation and refinement of global sequence motifs for the integral
membrane proteins
Michael Sadowski, J. Howard Parish and David R. Westhead
Previously, an alignment algorithm for matching flexible, sequence-length motifs
(‘signatures’) to protein sequences has been described and a method of deriving these motifs
using contact information derived from the crystal structures of various protein families was
reported subsequently.
This project extends the previous work by providing a method of deriving such motifs for
families where little or no structural information is available. Multiple sequence alignments
constructed using predicted secondary structure information are created for a minimal set of
sequences from the family of interest, motifs being selected from these on the basis of
conservation within columns of the alignment.
At present, work has focused on the G-protein coupled receptors, a superfamily of proteins
responsible for a large amount of hormonal and neural signalling in eukaryotes. Using the
above method motifs have been derived which can identify up to 75% of superfamily
members before the first false positive sequence when aligned to the SWISS-PROT 39
database. An adaptive method based on the Genetic Algorithm of Holland (1975) has been
developed for the refinement of these motifs which is successful but requires a great deal of
time to produce results.
In future, the project will be extended in the following ways:
1) Other families of membrane proteins will be examined using the above method for
selection of motifs from multiple alignments.
2) Derivation of signatures using the Genetic Algorithm method will be attempted using a
small subset of the SWISS-PROT database.
3) A number of strategies for reducing the time required for refinement of signatures will be
investigated, including the development of reduced versions of the SWISS-PROT
database.
4) The statistics of signature scoring will be investigated in order to improve the power of
this technique for identifying protein families.
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Investigation of SNPs and sequence segments of low compositional
complexity in genomic DNA and protein sequences.
Vidhya Gomathi Krishnan and David Robert Westhead
This project is investigating several aspects of SNPs (Single Nucleotide Polymorphisms) in
C. elegans and the human genome. SNPs are important because they make a large
contribution to genetic differences between individuals. It is expected that SNPs data will
make a major contribution to pharmacogenomics. This is the new science aiming to tailor
drug treatments to individual genotypes to produce more efficacious therapy with fewer side
effects.
Statistical analyses have revealed interesting tendencies of SNPs to lie in regions of low
sequence complexity and outside exons, reflecting parts of the genome that are evolving more
quickly and are more susceptible to change. However a significant number of SNPs occur in
protein coding regions, and these are more likely to have functional effects. We are now
moving on to create machine learning methods to predict the functional significance of SNPs
based protein structure predictions.
In parallel we are investigating links between low sequence complexity, domain boundaries
and protein function. An overview of the project is shown in Figure 1

C.elegans / other genome
data

Statistical analysis of SNPs in
exons, introns, intergenic and
LC regions of the genome

Correlation between LC and
protein domain boundaries

Machine learning to predict
functional significance of SNPs
in coding regions using protein
structure prediction.

Correlation between classes
of LC in protein sequence and
its functional class

To create novel methods for the analysis of genome
sequence and SNP data.
Figure 1: The flowchart of the overview of the project.
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Protein surface descriptions and function
James Bradford, Nicola D. Gold, Steven J. Pickering and David R. Westhead
Protein surface comparisons
Locating a protein sequence or structure common to two or more proteins often implies that
these proteins possess similar functionality. With this in mind, protein function is usually
predicted through protein sequence or backbone structure comparison. However, protein
functions such as catalysis or molecular recognition occur predominantly on, or near the
protein surface. Our current work therefore concentrates on protein surface matching, a novel
technique that has the power to reveal further functional relationships between proteins, not
necessarily apparent from comparisons of the protein fold, by using protein surface
comparisons to identify similarly shaped regions of surface.
We have identified residue coordinates important in protein function and stored this
information in a database, SITESDB, containing approximately 35,000 functional sites
(ligand binding and/or active sites). This information has also been used to create a database
of protein functional site surfaces. We have also developed three methods to compare a query
functional site in a pair-wise fashion to the database of known templates all based on
techniques in graph theory. In addition, to reduce program execution time, the methods have
been implemented using MPI (Message Passing Interface) for use on parallel machines such
as a Beowulf cluster.
In each of the methods, the first step is to find identifying features to be used by the graph
comparison algorithm.
Method 1: Each functional site residue is represented with a co-ordinate at the residue's
centre of mass.
Method 2: Following the generation of a Connolly protein surface for a functional site, each
functional site residue occurring on the protein surface is represented with a co-ordinate on
the protein surface.
Method 3: Following the generation of a Connolly protein surface for a functional site, a coordinate is used to represent certain shape properties (concave, convex, radius of curvature)
or charge or hydrophobicity.
The co-ordinates of these features are then represented by vertices in mathematical graphs.
Common vertices between two graphs are found using distance criteria and clique detection
algorithms. The more vertices the two graphs have in common the more similar the
functional sites.
We believe that residues that lie on the protein surface at a functional site are more useful in
assigning biochemical function than the use of the whole sequence. Using these residues
allows for the detection of functional sites from evolutionarily related proteins where the
sequence remains conserved at the functional site (method 2). For detecting more distantly
related or unrelated proteins with similar function, we deduce the overall shape of the
functional site from the orientation and position of various concave and convex regions
within the site (method 3).
Early results indicate that we can successfully match related proteins within the same SCOP
family as the query (Figure 1). There are some unrelated matches that will be investigated
further. We are also able to predict the function of sites that have not yet been classified in
SCOP.
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Trypsin (1btx)

Elastase (1bma)

Chymotrypsin (2gct)

Figure 1: Selected surface features of three eukaryotic serine proteases are shown in blue.

Macromolecular docking
Predicting protein-protein docking has long been a goal for bioinformatics. Given any two
proteins, three questions need answering:
• Do they interact?
• If so, how do they interact?
• What would be the structure of the subsequent complex?
It is quite feasible to answer these questions experimentally, but the speed at which this can
be achieved means that the deficit between the number of distinct protein structures in the
PDB compared to the number of solved structures of protein-protein complexes is widening.
Therefore there is an urgent need for fast and reliable computational methods of predicting
protein-protein interactions.
We are currently developing a novel machine vision-based algorithm for macromolecular
docking (protein-small molecule interactions are not being considered). This involves
extending the protein surface comparison project to include using graph theory for generation
of an initial set of pairs of complimentary surfaces and then screening of these shape
complimentarity results by introducing further criteria such as hydrophobic or electrostatic
complimentarity. The final software will display the two whole protein surfaces prior to
docking, the complimentary surfaces of the two docked proteins, and the predicted structure
of the final complex.
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Protein topology and structural alignment
Ioannis Michalopoulos, Amy Williams and David R Westhead
An understanding of the similarities and differences between protein structures is very
important for the study of the relationship between sequence, structure and function, and for
the analysis of possible evolutionary relationships. This has led to the need for computational
methods of structure comparison, and algorithms for searching structural databases.
Furthermore, the rapid increase in the size of structural databases means that search and
comparison techniques should be both fast and accurate.
Topological abstractions of protein structures consider a sequence of secondary structure
elements (SSEs), i.e. helices or strands, together with relationships like spatial adjacency
within the fold and approximate orientation, neglecting details like the lengths of SSEs and
loops. This simplification enables the implementation of very fast algorithms. TOPS cartoons
are pseudo-2D schematic abstractions, where the third dimension is implied, since SSEs are
considered to have an approximate direction of "up" or "down" (depending on the way the
lines connecting the symbols are drawn). Adjacent strand pairs are connected by H-bonds,
being parallel or antiparallel. Chiralities between parallel strands are also implicit.
Topological information relating sequential order and relative spatial position is easier to
deduce from the TOPS cartoon than the three-dimensional structure.
As part of this project, we have been developing a database of protein structures modelled at
the level of topology and enhanced with amino-acid sequence information, ligand binding
information and EC number where appropriate. We have developed a rich scheme for
describing these structures and implemented this in a MySQL relational database held at
Leeds, which we are now in the process of populating. In addition at City University we are
developing a suite of search, machine learning and structure comparison algorithms to

Structure of 1stm views using Rasmol and TOPS. 1stm has a β jelly-roll structure. It consists of four Greek
key motifs that adopt an eight-stranded beta sandwich structure.
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compute over this data.
Protein domain superfolds are unusual in that they support a wide variety of different
biological and biochemical functions. This suggests multiple evolutionary origins. To
support this, there was no evidence that SCOP superfamilies that share the same fold have a
common evolutionary origin. However, PSI-BLAST provided statistically reliable evidence
indicating that at least 12 of the 23 SCOP (α/β) TIM barrel superfamilies might share a
common origin. Here we extend this work to the β Jelly Roll superfamilies. As well as using
PSI-BLAST, a structural approach was used. Hidden Markov Models were built for each
superfamily based on a multiple structural alignment. The results did not provide any
evidence to suggest that any of the β Jelly Roll superfamilies share a common ancestor.
Another conclusion of this work was that existing structural alignment packages struggled to
align diverse β Jelly Roll structures, in certain cases within the same superfamily. The aim
therefore was to create a method that will do this. The method uses topological descriptions
of proteins. It uses pattern matching software that produces secondary structure
equivalencies and uses these to produce the best possible structural alignment. The output is
a structure-based sequence alignment and a 3D superposition of the structures. Current work
aims to optimise the alignment using a genetic algorithm.
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