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What is multiple sequence
alignment (MSA)?

+

m Alignment of three or more sequences

m What does one look like?



tjusa_1/1-109
Ix6ca_1/1-118

1d1zc_1/1-101
1d1za_1/1-101
1m275_1/1-104
1ddwb_1/1-102

Example Multiple Sequence alignment of 27 SH2 domains

SWHYWGRLSRQEAVALLQGQ- -RHGVFLY
GSSGSSGWYHGHMSGGQAETLLQAKG-EPWTFLY
NNLETYEWNMNKSISRDKAEKLLLDTG-KEGAFMY

NMSLOQNAEWYWGDISREEVNEKLRDT--ADGTFLY

1 ---NNNMSLQNAEWYWGDISREEVYNEKLRDT--ADGTFLY
MSLONAEWNWGDISREEVYNEKLRDT- -ADGTFLY
SIQAEEWYFGKLGRKDAERQLLSFGNPRGTFLI
SEW¥YGNVYTRHQAECALNERG-YEGDFLI
MDAVAVYHGKISRETGEKLLLATG-LDGSYLL
MDAVAVYHGKISRETGEKLLLATG-LDGSY¥LL
VAVYHGKISRETGEKLLLATG-LDGSY¥LL
VANMYHGKISRETGEKLLLATG-LDGSYLL
VAVYHGKISRETGEKLLLATG-LDGSYLL
MDAVAVYHGKISRETGEKLLLATG-LDGSYLL
AVAVMYHGKISRETGEKLLLATG-LDGSYLL

1 MDAVAVYHGKISRETGEKLLLATG-LDGSY¥LL
1 GSVAPYETLEVEKWFFRTISRKDAERQLLAPMNKAGSFLI
SEPWFFGCISRSEAVRRLQAEGNATGAFLI
GSWFFKNLSRKDAERQLLAPGNTHGSFLI
AEEWYFGKITRRESERLLLNPENPRGTFLY
AEEWYFGKITRRESERLLLNPENPRGTFLY
AEEWYFGKITRRESERLLLNPENPRGTFLY
AEEWYFGKITRRESERLLLNPENPRGTFLY
EPEPWFFKNLSRKDAERQLLAPGNTHGSFLI
EPEPWFFKNLSRKDAERQLLAPGNTHGSFLI
SIQAEEWYFGKITRRESERLLLNAENPRGTFLY
MDSIQAEEWNMFGKITRRESERLLLNAENPRGTFLY

4410-1164
TTTEIEPYSR

DSEST-SPGDY¥VLSY
ESLS-QPGDFVLSYLSDQ-PKAGPGSPLRVYTHIKVYMCEGG

SENS----RYSHYIINSSGPRPPVYPPSPAQPPPGVWSPSRLRIGD -

SPKRY¥YVAE -

DSRT--PGTH¥TYSVYFTKAIISENP----CIKH
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DASTKMHGDYTLTL
DASTKMHGDY¥TLTL
ESET-TKGA¥SLSIRDWD -DMKGD -
DSES-SPSDFSVSL
DSES -VPGV¥CLCW
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DSES -VPGV¥CLCWV
DSES -VPGVMICLCW
DSES -VPGVMCLCW
DSES -VPGVMICLCW
DSES -VPGV¥CLCW

G--SWSAETAPGWV T2
G--SWSAETAPGVY T2
G--SWSAETAPGVEY
G--SWSAETAPGVEY
G--SWSAETAPGVEY
G--SWSAETAPGV T2
G--SWSAETAPGVYTO
G--SWSAETAPGVY T2
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ESES-NKGAFSLSWKDI - - TTQGE -
VEEK-PSADNMYLSY RDTQ-
ESES-TAGSFSLSYRDFD - QNQGE -
ESET-TKGAMCLSWSDFD-NAKGL -
ESET-TKGA¥CLSWSDFD-NAKGL -
ESET---GA¥CLSWSDFD-NAKGL -
ESET---GA¥CLSWSDFD-NAKGL -
ESES-TAGSFSLSWRDFD - QNQGE -
ESES-TAGSFSLSWRDFD - QNQGE -
ESET-TKGAYCLSWSDFD -NAKGL -
ESET-TKGAYCLSWSDFD-NAKGL -

KH¥KIRSLDN
-AVMRHYKIWRRAG
-VMYKHYKIRNLDN
-NVKHYKIRKLDS
-NVMKHY¥KIRKLDS

G--G¥YISP----81

G--RLHLNE -

-67
-71
-72
=72
- 70
-70
-73
-73
-75

81 - -QEFDSLPALLEFY¥KIHYLD
79 -LETFDSLTDLYEHFKKTGIE-EASGAFVYLRQPYYSGPSSG- - - -
78 -KYVFDSIPLLIQYHQYNGGG LVTRLRYPVYCG

71 -PLTFSSYVELINHYRNESLAQYNPKLDVKLLYPYSKYQQDQOVVKE
73 -PLTFSSYVELINHYRNESLAQYNPKLDVKLLYPYSKYQ

70 -PLTFSSYVELINHYRNESLAQYNPKLDVKLLYPYSKYQ

76 -RAQFETLQQLYQHYSERAAG LSSRLYVPSHK

64 -QRRFHTMDELYEHYKKAPIFTSEHGEKLYLVRALQ

thesh_1/1-107
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Why are Protein (multiple)

_|_

Sequence Alignments
Useful?

Link proteins at the amino acid level

Allow identification of conserved features

Allow prediction of functionally important residues
Basis for phylogenetic tree construction

Basis for sensitive profile-based sequence database
searching

m Basis for training many methods to predict features
from sequence — e.g. secondary structure

m Standard way of describing and illustrating features
of Brotein sequences and their relationships in
publications



+

Link proteins at the
amino acid level

What does this mean?



+

Example sequence
alighment of SH2 domains

From the three-dimensional
structures of the proteins
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Just Co, atoms
are shown linked by
“virtual” bonds

\\\ S| '

27 SH2 Domains
Superimposed by STAMP

(STAMP: Russell and Barton (1992), PROTEINS: Struc. Func. Genet.,14, 309-323 )



Variability in loops
connecting regular
secondary structure

Core of domain
has “conserved” structure

27 SH2 Domains
Superimposed by STAMP

(STAMP: Russell and Barton (1992), PROTEINS: Struc. Func. Genet.,14, 309-323 )



Regions considered by STAMP to be aligned reliably
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Structural alignment of 27 SH2 domains showing secondary structure — Part I

STAMP alignment — Alscript display
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Structural alignment of 27 SH2 domains showing secondary structure — Part II

STAMP alignment — Alscript display
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How are MSAs generated
when we just have
sequences and no
knowledge of 3D
structure?



Multiple Sequence AIignment from the 1960/70s

Courtesy of the University of Edinburgh



+

1984

Some sequence alignment programs existed but
common method was to...

Align two sequences by writing the amino acid
codes on squared paper then sliding them relative
to each other to find a good match.

Use scissors to deal with insertions/deletions

Yes really!



Multiple Alignment Creation and Visualisation v D E Q Pe
(1984/ 5)

“Trace” LS l | : el |
(Alternative Alignment) N g*v‘n,\(wj'&f/_,w/k G(B T‘q =~ ITE |
’y:qkpepgaITVBT' ‘
A 'IQRL;JEHKATLLC "
A

Location of Beta-Strand
(double headed arrows)

\\*II ‘??

Re-drawn
Alternative Alignment
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+
How are MSAs

generated?
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Pair-wise sequence
alighment



Alignment of two Protein
Sequences -How?

+

m Need scoring scheme for matching
amino acid residues.

m Need to cope with insertions and
deletions (gaps or indels).

m Need algorithm to find ‘best’
alignment.

m Need some way of judging if the
alignment is likely to be correct.



Protein Scoring Schemes

+

m A table of scores for aligning each possible
amino acid pair.

s Simplest scheme, just scores 1 for
identity and O for non identity.

m Better schemes weight similarities in amino
acid properties or observed substitutions.
For example, BLOSUM and PAM series.
Virtually all of today’s programs use these.



BLOSUMG62 Matrix
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BLOSUMBG2 is a log-score matrix — more on this later...



Gap Penalties

+

m Score for aligning a residue or residues
in one protein to a gap in the other.

m Most usual form:
penalty = ul + v

m Where | is the length of the gap and u
and v are constants.

m U iS often called the gap extension
penalty, v, the gap creation penalty.



Finding the 'best’
alignment

m The mathematically best alignment is
the one that gives the highest score
when the amino acids of the two
proteins are aligned, taking account of

any gaps.
m This alignment is not necessarily the

one that is biologically meaningful.
(more on this later)



Finding the best
alignment

+

= Naive way would be to generate all
possible alignments of the two
sequences, then take the one with the
highest score according to the
BLOSUM matrix.

m But... for two sequences of 100 amino
acids, there are > 107> possible
alignments...



Dynamic Programming

m Trick to avoid having to generate all
possible alignments.

m First introduced in molecular biology by
Needleman and Wunsch (1970).

m Many variations on the theme.

m Basis of (nearly) all sequence alignment
programs.

m Finds the mathematically ‘best’ score for
alignment of two sequences of length M
and Nin MN steps.



There ma be alternative alignments
with the same score, or with scores that are
very similar to the best score.

Most alignment programs only report one answer...

From:
Needleman &
Wunsch (1970)
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Multiple Sequence
Alighment

Extension of two-sequence
dynamic programming



+

For three sequences

Need a 3-dimensional array



3— Way ngw'c fmgramm/'ry.
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For n sequences?

Need an n-dimensional array...



Dynamic programming
for >3 sequences

_|_

m Need an N-dimensional “hypercube”
m Very complex

m Very memory intensive

m Very CPU intensive

e.g. to align 100 secauences of length 100.
Need to store 100190 pytes.
i.e. A BIG NUMBER!



Alternatives to dynamic
programming

+

m Genetic Algorithms

— Simulate process of “evolution®”, but for protein
sequence alignments

— Mutation/recombination of alignments

— Has been implemented in the SAGA program



_|_

Hierarchical multiple
alignment

Compare all pairs of sequences
Generate a guide tree or dendrogram

Follow tree from leaves to root, building the
alignment as you go.

Virtually all current programs use this approach

Most popular program is CLUSTAL. More recent
and often more accurate programs are:
— probcons, mafft and muscle...



PAIRWISE SCORES

HAHU HBHU HAHO HBHO MYWHP P1LHB

Example: Alignment of 7 sequences
with identifier codes HAHU, HBHU etc.

HAHU

HBHU

HAHO N

HBHO

CLUSTER ANALYSIS

LGHB

“Single linkage” dendrogram.
1. Most similar pair put together PILHB
2. Next most similar pair MYWHP
3. and so on... HAHU

HAHO

HBHU

When one or both halves of a pair
is an existing alignment, then do .
profile comparison. Teteis Sovic

DENDROGRAM

HBHO




Sequence vs Alignment vs Alignment vs
Sequence Sequence Alignment

Pairwise Alignment Profile Alignment " Profile-Profile Alignment
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What is a Profile?



tiuSa_1/1-109
Ix6ca_1/1-118

1d1zc_1/1-101
1d1za_1/1-101
1m275_171-104
1ddwb_1/1-102

Making a profile: Given a multiple sequence alignment...

SWYWGRLSRQEAVALLQGQ- -RHGVFLWY
GSSGSSGWYHGHMSGGQAETLLQAKG-EPWTFLY
NNLETYEWNYMNKSISRDKAEKLLLDTG-KEGAFMY

NMSLQNAEWYWGDISREEVNEKLRDT - -ADGTFLY
1 ---NNNMSLQNAEWYWGDISREEVYNEKLRDT - -ADGTFLY
MSLONAEWNWGDISREEVYNEKLRDT - -ADGTFLY
SIQAEEWYFGKLGRKDAERQLLSFGNPRGTFLI
SEW¥YGNVTRHQAECALNERG-VEGDFLI
MDAVAVYHGKISRETGEKLLLATG-LDGSYLL
MDAVAVYHGKISRETGEKLLLATG-LDGSY¥LL
VAVY¥HGKISRETGEKLLLATG-LDGSYLL
VANMYHGKISRETGEKLLLATG-LDGSYLL
VAVYHGKISRETGEKLLLATG-LDGSY¥LL
MDAVAVYHGKISRETGEKLLLATG-LDGSYLL
AVAVMYHGKISRETGEKLLLATG-LDGSYLL
MDAVAVYHGKISRETGEKLLLATG-LDGSY¥LL

DSEST-SPGDY¥VLSY
DSRT--PGTH¥TVYSVYFTKAIISENP -
DASTKMHGDY¥TLTL
DASTKMHGDYTLTL
DASTKMHGDY¥TLTL
ESET-TKGA¥SLSIRDWD -DMKGD -
DSES-SPSDFSVSL
DSES -VPGV¥CLCW
DSES -VPGVMICLCY
DSES -VPGV¥CLCW
DSES -VPGVNMCLCY
DSES -VPGVMICLCW
DSES -VPGVMCLCW
DSES -VPGVMICLCW
DSES -VPGV¥CLCW

SENS----RVSH
ESLS-QPGDFYLSYLSDQ-PKAGPGSPLRNYTH

YIINSSGPRPPVYPPSPAQPPPGWSPSRLRIGD -
IKMMCEGG

¥HI SPKRY¥YVAE -
IKI
IKI
IKI
¥YKI

G--SWSAETAPGWV T2
G--SWSAETAPGVY T2
G--SWSAETAPGVEY
G--SWSAETAPGVEY
G--SWSAETAPGVEY
G--SWSAETAPGWV T2
G--SWSAETAPGVYTO
G--SWSAETAPGVY T2

¥YTY¥RVSQTET
YTY¥RVSQTET
YTY¥RMSQTET
¥YTY¥RVSQTET

1data_1/1-104
1bi_171-114

YTY¥RVSQTET
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-NVKHY¥KIRKLDS
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1
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ESET-TKGA¥CLSYSDFD-NAKGL -
ESET---GA¥CLSYSDFD-NAKGL -
ESET---GAN¥CLSYSDFD-NAKGL -
ESES-TAGSFSLSYRDFD-QNQGE -
ESES-TAGSFSLSYRDFD-QNQGE -
ESET-TKGA¥CLSYSDFD-NAKGL -
ESET-TKGANMCLSYSDFD-NAKGL -

G--G¥YISP----81
G--RLHLNE----867
G--GFYISP----71
G--GFYITS----72
G--GFYITS----72
G--GFYITS----70
G--GFYITS----70
G--GFYISP----73
G--GFYISP----73
G--GFYITS----75
G--GEYITS----77

4410-1164

81 - -QEFDSLPALLEF¥KIHYLD TTTEIEPYSR

79 -LETFDSLTDLYEHFKKTGIE-EASGAFYYLRQPYYSGPSSG - - - -

78 -KYVFDSIPLLIQYHQYNGGG LYTRLRYPVCG

71 -PLTFSSYVELINHYRNESLAQYNPKLDVKLLYPYSKYQQDQVVKE

73 -PLTFSSYVELINHYRNESLAQYNPKLDYKLLYPYSKYQ

70 -PLTFSSYYELINHYRNESLAQYNPKLDVKLLYPYSKYQ

76 -RAQFETLQQLYQHYSERAAG LSSRLYVPSHK

€4 -QRRFHTMDELYEHY¥KKAPIFTSEHGEKLYLYRALQ

73 HKRYFRKIKNLISAFQKPDQG xvr PYEKKSS

73 IKNLISAFQKPDQG VI

70 KNLISAFQKPDQG I

70 KNLISAFQKPDQG I

70 KNLISAFQKPDQG I

73 KNLISAFQKPDQG I

71 KNLISAFQKPDQG I
KNLISAFQKPDQG v
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68 PELYNYHRAQSLS
72 LHELYRHY¥TNASDG
73 RTQFSSLQQLVAVVSKHADG
73 -RTQFSSLQQLYAYYSKHADG
71 -RTQFSSLQQLYMAYYSKHADG
71 -RTQFSSLQOLYAYYSKHADG
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Multiple Alignment Frequency Profile
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Convert frequency profile

+

into log-odds profile

In words:

log (proportion of a particular amino acid type at a position
divided by
proportion of that amino acid in the whole alignment)

Results in a
when amino acid is less common
at a position than in the alignment as a whole.
ora
if the amino acid is more common at
a position than in the alignment as a whole.

Conversion is usually more complex than this because you have
to deal with the absence of amino acids at a position. This is done
by taking background scores from a pair-score matrix like BLOSUM.



Example

+

m Alignment of 30 sequences each of 100 amino acids
to give a total of 3000 amino acids

Position 97 of the alignment has 20 prolines

There are 300 prolines in the alignment as a whole
(20/30)/(300/3000) = 20/3 = 6.67

log(6.67) = 0.82

So, score in profile for proline at position 97 is 0.82

m This is sometimes called a log-likelihood ratio



Log score profile

m In this example log values are
multiplied by 100 to allow for integer
arithmetic which is faster on most
computers.
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How is a profile used in
alighment?

m Rather than getting the score for
aligning a particular residue at a
position from the BLOSUM matrix take
it from the profile.



Profiles give position-
specific scoring
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This emphasises position-specific features of the protein family

Compared to Gly-Gly score of 0.6 in the BLOSUM62 matrix.



DYMAMIC  FRO Gramnt/ v

| Z
1“ J-1 J—&? _ n
A e | b =
T Cottmg;
When either A or B is a profile, the
score comes from the profile
rather than the BLOSUM matrix. £E r_
P o L
If A and B are both profiles, then Apm Momzn Vi s ﬁg“fj?,f;m
the score is obtained by combining
the scores from the two profiles
(Exactly how is beyond this lecture)

S)CMAL. GJ corvio ﬁfﬁﬂ—
BLosum  or PAM

Substtstion muin
C p;( pm*uw))
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How good are
alignments?



Use of reference alighments
to see how well sequence

alignments work

m OXBench — library of 672 multiple structure
alignments

m Software to test how well different methods
work

— Raghava GP, Searle SM, Audley PC, Barber JD,
Barton GJ. OXBench: a benchmark for evaluation
of protein multiple sequence alignment accuracy.
BMC Bioinformatics. 2003 Oct 10:4:47.




Comparison of Structural
sequence alignment to
sequence alighnment

Sequence

-1-DOMAK(0.84)
-DOMAK(O.

Rl ol

A

1
1
1

Reference
structural

-1-DOMAK
DOMAK
AUTO. 1

-1-DOMAK

I alignment

DOMAK
-1-DOMAK

T YT 1 — T

D A A= a i

2
1
1
1

. 00HHHOOOOO

HHHOOOOOOHHHHOOOO. . . . .

HHHHH

OOO0OOHH

0000 .

Secondary
structure

Boxed regions: STAMP reliably structurally aligned

for reference
alignment

highlighting: parts of the alignments that are the same.

YELLOW highlighting: parts of the alignment that is different.



Result of comparisons
on alignments of
8 sequences or less

Grouped by percentage sequence identity
(more on that later)

AN

o I
Methods Percentage Identity Range Overall

P 0-10 | 10-20 | 20-30 | 30-50 | 50-100
AMPS 222 | 622] 815] 91.3 99.0 89.68
CLUSTALW | 21.4| 570 | 79.3| 91.2 99.0 88.94
Hierarchical Meth0d5< PILEUP 25.9 | 59.5 784 | 90.2 99.0 89.00
PRRP 206 | 582 | 786 89.7 08.1 88.14
. PIMA 174 | 56.6 | 787 | 90.1 99.0 88.46
N-way DP with VI DIALIGN | 135 | 444 | 683| 81.9| 963| 82.01
corner Cutting — > | MSA 183 | 552 | 79.4| 90.3 98.5 | 88.24
HMMER 6.1 13.2 | 27.8| 559 89.4 66.20
T-COFFEE | 23.1 69.0 | 87.2| 93.3 99.2 91.39
N. Family 21 49 53 142 317 582

Table 10: The performance of methods on the MSA data set (families with <8 members.)



How similar do sequences
need to be before we can
align them reliably?



Percentage identity is strongly length dependent

Figure 5a

Pair-wise
sequence
alignments
of proteins
known to be
unrelated.

40
1

Percentage Identity
R
1

20
1

1 T T 1T 1T rr T i P rrrTrrrrrnrT
110 130 150 170 180 210 220 250 270 290 310 30

Alignment Length

Barton, GJ, Proceedings of the CCP4 Study Weekend on Molecular Replacement (31 Jan-1 Feb, 1992)
There is a more recent ref with similar figure in it by Burkhard Rost, but I must find it!
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Problems with
percentage identity

Length-dependent
Insensitive

Dependent on the sequence alignment program
and parameters

Is a family of different scores...
— Divide by length of shortest sequence
— Divide by length of alignment

— Divide by number of aligned positions etc.

m See: Raghava, G.P.S. and Barton, G. J. Quantification of the
variation in percentage identity for protein sequence
alignments. BMC Bioinformatics. 2006 Sep 19;7:415.



Z-score compared to
percentage identity

_|_

m Corrects for alignment length

m Is as sensitive as the alignment
method

m Less sensitive to changes in the
alignment method

m Only one way to calculate it



Z-score

+

m Align sequences and record score S.

m Shuffle order of amino acids in the
seguences and re-align the pair. Record the
score for this alignment, repeat 100 times.

m Calculate mean and Standard Deviation (sd)
of shuffled sequence comparison scores.

m /= (5-mean)/sd



counts

1000 2000 3000 4000

0

Mean X (e.g. 0.0)

Standard|Deviation ¢ (e.g. 1.8)

Value V (e.g. 4.3)

Z-score = (Value — Mean)/(Standard Deviation)
= (V-X)/o
e.g. =1(4.3-0.0)/1.8=2.39



3-State Percentage

P.E.Boscott et al.

irediction

ccuracy

100 Alignment accuracy

90 R judged by agreement of
1 I secondary structure

80 _— N k“f}; ax, % A

70 1‘* ‘

- Pk No poor alignments for similarity
_ ‘%t > 6 sigma.

50 | AA A‘
7 A h:

40 — Ai.:? ’

304 i
-1 AAt R

20 I 1 I

| 7
-10 0 10 20 30
Z-Score

Fig. 2. The accuracy of secondary structure prediction by sequence

alignment plotted against the alignment SD score to the homologous protein. BOSCOtt, P E , B arton G J and Rl Char dS W G (1993)
. . N . J. ) . . )

One hundred and eighty-two predictions were made from pairwise alignment

of the proteins in Table I. Prot- E‘]’lg‘J 6, 26 1 -266




Alignment Accuracy
Improves on Multiple
Alighment



Improvement in Alignment Accuracy on Multiple Alignment

Frequency

) .|_...J|||I‘..... |

50 100

Multiple Alignment Accuracy - Pairwise Alignment Accuracy

-50
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So, multiple alignments
are on average more
accurate than pair-wise
alighments



%

Why iIs multiple alignment
more accurate in general?



Single sequence

NOQLEVFMDGETLA

physico-chemical properties of amino acids
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Multiple sequences

) G



Multiple sequences
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conserved positions with
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Multiple sequences

Think of a sequence on a structure
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Multiple sequences
help alignment 1itself

N I RGK N N A HGK

Y E G N E F'DGE

T

Watch these positions



Multiple sequences

help alignment 1itself
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Multiple sequences

help alignment 1itself
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Multiple sequences

help alignment 1itself
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Multiple alignments for
different purposes

m Obtain best “full” alignment of N
seqguences.
— Good starting point for most purposes.

m Obtain best alignment relative to one
sequence

— Best when subsequent analysis is focused on the
first sequence.

— Best approach for iterative profile searching
since it prevents the alignment length growing
longer than the sequence.



Multiple alignments for different purposes

Normal Hierarchical
alignment: Gaps appear in
the first sequence if needed

Alignment specific to
sequence A.

Alignment relative to

first sequence only:

Regions of second and
subsequent sequences
aligned with gaps in first
Sequence are sometimes
deleted. e.g. JPRED output.

W and some PSIBLAST output.

Regions deleted from alignment




Some uses of multiple
Alighments

_|_

m Basis for sensitive profile searching of
databases

Identification of functional sites
Phylogeny
Presentation of sequence-related results

Improved prediction of

— Secondary structure

— Disorder

— Transmembrane regions

— Almost any sequence-related property



Some uses of multiple
Alighments

.

Improved prediction of

— Secondary structure

— Disorder

— Transmembrane regions

— Almost any sequence-related property



Why are multiple alignments
useful for prediction?

m Evolution hlghh% ts amino acids important
to maintaining the structure and function of
a protein

m This information can be caﬁtured WAYSIE]
analysis, or better, by machine learning
techniques such as Artificial Neural
Networks.

m This is what Day 3 of this course is about!



Jalview — a tool with
which to tackle many of
these analyses

Also good for RNA and
DNA



Jim Procter Suzanne Duce  Mungo Carstairs ~ Tochukwu Kira Mourao

L7

Jalview

(Charles)
Ofoegbu
J I |
www.jalview.org
twitter:@jalview elixir
. . UNITED
First developed in 1996 KINGDOM
Tier 1 Resource
Qé\\]ERSl”oA
db
"7 Wellcometrust ‘Q'%BBSRC @

THE BARTON GROUP DUNDEE









