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COMAUTATIONAL STRUCTURAL BIOLOGY
STRUCTURE , SIMULATION, FUNCTION £
PREDICTION

Lecture G

Michael Levitt
Structural Biology, Stanford

http:/csb stanford edu/clas
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BIOINFORMATICS 1

Data in Biolo%
Statistics of Comparison.
Data Visualijation.
Databases .

Web Resources .

Seguence Comparison .
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Data in Bi.olo%
Concept 6.

http://localhost/SB228_Lec_6_2004/Slide03.JPG [2/11/2004 9:01:07 PM]

s sl gl L0 g 0




http://localhost/SB228 L ec_6_2004/Slide04.JPG

DATA IN BIOLOGY

Strings (1-D).

Seguence .
Relationships (2-D).

Multiple Seguence Alignments.

Data in 3-D.

Segq uence Oojects.
Structure Ob jects .
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STRINGS

Proteins seguences:
DNA seguence:
English Text:
Numbers:
Digits of 7T:

AVHTIKHERWTQ
ATGGCATGACAA
A CAT SAT ON
123457980123

3.1415926535
897932384626
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1995

Bactena,
1.6 Mb,

~1600 genes
[Science 269: 496]

1997

Yeast,
13 Mb,

~6000 genes
[Nafure 387 1]

1998

Womn,

HUMAN GENOME

Al

SCIENCF

(Science
2% T B

(Nature
29 Haj b7 J

(Science
W Dec B

(Science
A Fb O

100 Mb,

~20,000 genes
[Science 282 1495

THE T
2001 [ C.clegans gg%ﬂ;‘j
i il i imas 2
3,000 Mb,
~30,000 genes

Fence 201119 e i st 1t (]
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RELA TIONSHIPS

Trees.
Graghs . Tnsulon Pathaay | gl
Patkuaﬂs .

A A

http:/ /s art lapshu—u_ac _jp/spad/pathuay/pdaf himl
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MULTIAE SEQUENCE ALIGNMENTS
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3-D DATA

Protein Structures.
Cells .

Galaxies.
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SEQUENCE OBJECTS

o DNA seguences. ° frotein seguexes.

® Methods (Biological ):

°* RNA seguence is derived from TNA seguence: Transcription.
® Protein seguence is derived from RNA seguence: Translation.

® Methods (Evolutionary):
o DNA seguence A is similar to DNA B: Homoloay .
° RNA seguece A is similar to DNA B: Gene Finding.

These methods are all seguence Lo seguence.

sl il sl L1 i g2 (T
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STRUCTURE OBJECTS

¢ Data:
® Oraanic Molecule. ® Membrane Protein.
* Fidbrous Protein. °* ANA Structure.
® Globular Protein.

°Methods (Biological)
® Oraanic Molecule is bound to Membrane Protein: Drugs.
o Globular frotein is transformed to Fibrous Protein: Mad Con disease.
® Globular Arotein transforms Orgms: Molecule: Enjymes.

(These methods are struchure
¢ Methods (Euolltl:wan) to structure.

Prol:einsl:rml:urtl\cssimdnrtormtdnsl:rmth I-hmlogﬂ

N T IR R
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Statistics of Comparison
Concept 6.2
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STATISTICS IS IMPORTANT IN BIOINFORMATICS

® All comparisons aim to determine if the observed level
of sihdaritﬂ is sig\i&cmt.

® More precisely, what is the probebility that the
cbserved level of similarity could have been found
between cbjects that are not—simdar?

OInol:Lcruosz:coulemLakwloFsimdmtﬂk
actually observed for non-similar objects?
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MEAN

*Roll two die and get total of their values.

*Repeat many times and plot distribution of values.

Mean - (2x132x04 624 5x04 635 + TxG+ 85+ K- 102+ M2 442x1) =252/26 =7

(1424245454 6454 5424 241)

=11

=112, 11

=211, 113, 21

5=143, 702, 1, 41

=213, b, 51, 115, 541
7=2+4, 433, a5, 532, L6, G
=61k, 215, 513, a6, 61
=615, 514, 216, 613

http://localhost/SB228_Lec_6_2004/Slide14.JPG [2/11/2004 9:01:21 PM]

0.18
0.16

0.14

0.12

0.1
0.08
0.06 -
0.04
0.02

0

i

9 11

N T IR R




http://localhost/SB228 L ec_6_2004/Slidel5.JPG

STANDARD DEVIATION

Mean Sguared

= (27133504 67524 5%, 4. 615 + T4 855 4 Pt a 410523 1412412 °x1)

(1424244454645 +£;+Z+?_+“D

=ATI/%C = 5488 Mean Spuared (Mean)’

v

Variance = (5493 — 71%)
= 592

SD = sprt (Variance)
= s;rt(s £2)
= 2415
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UNIFORM DISTRIBUTION

0.12 ¢
Mean = minimax/2 | Ol e W AEANENDB

0.08 I
=55 ! ;
n 0.06 F
\ =

S = max—min/€ | & 0.04 ©

_ 15 0.02 |
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BINOMIAL DISTRIBUTION

P(n) = NI
ni(N-n)!

:

ATTERN (p=0.5) #1's

ORMROMRRMMERSS
COOOM ||
e et O et et e D
COOROROORR|E
OO MO R RO
CORORKROOSD
COROORORSS
CORMRROMRRSO
HMORRORROOOO
HMHEHOROOOORSD
COOROROOSO
ORERORMEORS
BUSTOUN RO W

(4-p N

Mean

S

I

I

Np
Np(1-p)
Meanx(1-p)

For N=20, p=035,
Meon — 15, SDI =15

For N=100, p = 015,
Meon — 15, SDI = 1520585

IFPSMdISD::GEW*Yﬂ'
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NORMAL DISTRIBUTION
Goussian:

KZ) = 1/Q)Yexp(-2%/2)

Mean = O
S =1

> Fys(n| 15)
0.2
The Binomial distribution oo
Becomes like a Normal 0.1
Distribution as the sample 0.05
sije increases as the sample "

1 23456 78 9101112131415 e
Si)e increases .

N T IR R
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EXTREME VALUE ])ISTRIBUTIONS

| *Normal:

08 03} ‘ Kz) = &xp ("2'1)
o ™ =l | log(P(2) = 27
| @ Extreme Value:

¢ (2 )=exp(--Z—exp(~Z))
loge(P(Z )=—Z—exp(-Z)

| | where Z=(score--mean )/SD

Normal (or Gaussi SO e T & treme Vake

The Extreme Value |
distribution hes a
. long, tail )
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EXPECTATION VALUES

- The shaded area is
P(Z>Z.), the probability
| i that a £ score grEGI:Er
- than Zo will occur by
oy chance, i e. The score Z,
\13 02 is not significant. This is
a .. the P-Value_

o -2 0

2 . .
P(2>Z) = 1 - exp(%xp@l%)
The expectation value, E(Z>Z,) is the expected number of ervors.

N T IR R

Tt is E(2>26) = N P(2D2.), where Ni is number of %,ueriesc.
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EXPECTATION VALUES

* Datdbase searches use the expectation value, E(Z>Z.), to indicate
whether the score, s, is significant.

Note, Zo = (S. — Mean)/SD, where SD is the standard deviation.

°T$nceﬂﬂmert;wcstkattkup&tatmwlukksstkm 107"
for a seguence search and less than 10 “For a structural match_

® The expectation volue depends of the size of the datdbase: A score
of 100 might be best when there are 1000 comparisons but would be
much less good when there are 1,000,000 comparisons.

bl el e g (0]
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Data Visuali.) ation

Concept 6.3
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DATA VISUALIZATION

Hierarchical Clustering .
K—Means Clustering

ROC Curves.

Views of Structure Space.
Multidimensional Scaling .
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INTUITIVE AUSTERING

®Many possibilities

®Not so easy.

¢ What is best
c[ustermg?

'Clusl:ermg seems easy and intuitive but it is actually
very hard. Is there a solution?

s sl gl L0 g 0
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HIERARCHICAL (L USTERING

% ink the closest
PoLYS . Keep 900\9
antil no more

close pairs.

'Smgle lml(age
clus:l:mng. Bad
6s can have

Aistant members

in same cluster.
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K-MEANS QUSTERING

@ Select K points
ot random .

@ Acsociate all
points with K
point nearest it.

*Calculate & new

mid point (K)

®Repeat till no

ckange _

@ This can fail lpaallg if some regions are very aense .

s sl gl L0 g 0
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ROC ANALYSIS
(Receiver Operating

‘K) /
E 0 \ / items into correct
gi €0 and false )?
- 5
540
S 20 " Rendom ®Compare the results
ot 7
£ 00 Area = OS5. with & "Gold
& 10| - '
i Standard’’ .

0 10 20 20 40 50 ¢0 70 30 90
Rate of true negatives
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ROC CURVE EXAMALES

® The best
classification
has the largest
area under the

Clrve .

¢ [ oo sensitive to
errors in the
"90[0\ standard’’

010 20 4050070 %0 0 classification.
Rate of true negatives

Rate of true positives

S e sl s g i
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VIEWS OF STRUCTURE SPACE

(A:) Chimeric hemoglobin beta-alpha {Synthetic, based on |

Highly similar: P<—5 or Z>5

— Similar: P<-3 or Z>4

Cluster center. Size indicates cluster size

Cluster member

Cluster center of this cluster
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How can one see
5000 structure

sp GCE?
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VIEWS OF STRUCTURE SPACE

(A:) Mating type protein A1 Homeodomain {E-a]{er's yeast (S:

\9/'

(A:) Aspartate receptor, Iigand-bin_diﬁg duma‘in {Salmo
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Highly similar: P<—5 or Z>5

Similar: P<-3 or Z>4

Cluster member

Cluster center of this cluster

. Cluster center. Size indicates cluster size

Male distorted
7--D view that
ch anges as you

move over it.
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Databases
Concept 6.4
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DATABASES

Protein Data—Base
RNA Database
Membrane Database .

Small Molecule Databases

Patkmg Databases .
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PROTEIN DATABASE RCSB

http:/ /s resb ora/pd

DEPOSIT data
mm.ﬁ&&

The RCS5S FOB & supported by funds from
the Nati ! F, i

Current Holdings

M

T T T - - s

BETA XML files

PROTEIN DATA BANK

Welcome to the PDB, the single worldwide repasitory for the wanted?
processing and distribution of 3-0 biclegical macromolecular

structure data.

ABOUT PDB | NEW FEATURES | USER GUIDES | FILE FORMATS | DATA UNIFORMITY | STRUCTURAL GENOMICS |
SOFTWARE | PUBLICATIONS | EDUCATION

09
® D
RCSE wwPDE Contact Help
Home Home Us

id you find what you

Search the Archive 2
Enter a PDB ID or keyword :[QHS-E‘]

| Search |

Croei0 C Authors & Full Text Search
¥ match exact word [ imilar

Searchlite keyword search form with examples

SearchFields customizable search form
Status Search find entries awaiting release

News = Complete News pdbdArchive
Hewsletter subscribe

10-Feb-2004

"The PDB: 3 - f

paper describing the development of the PDB and the

systems in place for deposition and distribution, has

been published in the inaugural issue of Current

Proteomics (http www bentham orgicp)... [MORE. ]

PDB Mirrors

“Flease bookmerk & mirror site™

i i I i I razil

e 6,400 Backuard

In citing the PDB please refer to:

H.M. Berman, J. Westbrook, Z. Feng, G. Gilland, T.N.

Bhat, H. Weissig, LN. Shindyalov, P.E. Bourne: The
Protein Data Bank Nucleic Acids Research, 28 pp

Em el i o)
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PROTEIN DATABASE PDBLITE

¢ www.pdblite.org ¢ find the PDB file

PDB Lite for Searching and Downloading Macromolecules

-
PDB Lite is designed for nonspecialists who search for atomic coordinate ("PDB") files at the Protein I:] 5
Data Bank on an occasional basis. It 1s especially targeted towards students and educators. See PDB
Lite: What and Why? See also Nature of 3D Structural Data. I:OI" -

These sites were last tested, and these lists updated on 08/12/2003.
PDB Lite is available, including direct links to Protein Explorer 2 Beta, updated weekly with new entries from RCSE, from:

» Australia (The Walter and Eliza Hall Institute of Medical Research, Melboume )
. India (Bicinformatics Centre, University of Pune) gg Bml(“ﬁrd
. Israel (Bioinformatics, Weizmann Institute of Science, Rehovot)

. Israel (Tel Aviv University)

. Poland (Interdisciplinary Centre for Modeling, Warsaw University)

. United Kingdom (Cambridge Crystallographic Data Centre)

« United Kingdom (EMBL OQutstation, European Bioinformatics inton )

. USA (BioMolecular Engineering Research Center, Boston U) ‘d:l:’?: / / UM GSS I fmicr (ﬁﬂ /r I 7 II I._I:e ."\t

For advanced searches, see Jaime Prilusky’s eCA as an altemative to SearchFields at RCSB. OCA can find some things that
SearchFields cannot. For example, OCA has query fields for Kingdom, Gene, Disease, and Function. On the other hand, SearchFields can
find some things more easily than OCA. For example it can limit searches to entries that contain coordinates for RN A but neither protein
nor DNA, and it can find "phospholipase C" while OCA ignores the "C".

The above PDB Lite sites were keeping their databases up to date with new releases when checked on 08/12:2003. Other former mirror sites

of the former Protein Data Bank (FDB) at Brookhaven National Laboratory (now closed) or OCA mirror sites were out of date, or were no T :
longer offering PDB Lite (at least in fully functional form). g el e vl I geaig e
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RNA STRUCTURE DATABASE

i RNABase Home O Search RNABase 9 Help/About [ Contact RNABase

Listing of Analyze Your ~ RNABase Meta- Reference & ;
RNABase Entries  Scarch RNABase Structure Analysis Education  ARCuLRNAB
Listing of RNABase Entries
Complete A listing of all entries in RNABase with links to detailed records for each entry. 133 BM](HGTJ
Listing All Entries ‘

Technique A listing of all entries in RNABase by expermental technique.
Listing x-ray crystallography - NMR. spectroscopy - all other methods

Category A listing of all entries in RNABase by structural or functional category.

Listing transfer RNAs - ribosomal RINAs - messenger RNAs - transcription-related RNAs - introns - splicing-
related RN As - signal recognition particle RNAs - ribozvmes - ENase P - aptamers - pseudoknots -
tetraloops - bulges - DNA-RNA hvbrids - PNA-ENA hybrids - drug-RNA complexes - viral & phage
RNAs

Outlier Rate A tabulation of error rate for each structure in RNABase organized by technique and category.
Listing All Entries

X
Search RNABase H:P

-/ /s mabase org

Basic Search Find the entry you are looking for by PDB or NDB code, author name, classification, experimental
technique, resolution, or keywords.

Advanced For those seeking more precise search capabilities.
Search

bl has e )
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MEMBRANE PROTEIN DATA BASE

http://blanco biomol uci edu/ Memfro resources him

MEMBRANE PROTEIN RESOURCES

Membrane Protein

MPtopo
Topology Database

J U \

[Membrane Protein Structures] [Membrane Protein Topology Database] [Membrane Protein Explorer]

Additional Resources

5 : 3 Principles of Membrane Protein Folding and Stability Additional Resources
Energetics of Protein-Bilayer

MSB Bibliographic Database

interactions = Structural Biophysics Web
Experiment-Based - *—-' e
Hydrophobicity Scales et Meetings of Interest to MP
Structure of Fluid Lipid biophysicists
Bilayers
Transport Protein Database (Membrane P ; | Stability]
from UCSD
from the Stephen White Laboratory at UC Irvine
Author: Stephen White -l Fe :
copyrighted (c) 2001-2003. All rights reserved. Contents CAGRIRITUpONNG, 1§ (OV &0

™
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ORGANIC MOLECULE STRUCTURES

Menu

Water and Ice
C n
Hyvdrocarbons
Aming

Nucleotides

Lipids
Sugars

FPhetesynthesis

Databases

Vizit The
MathMol

Hvpermedia
Texthook

52 Backuard

Library of 3-D Molecular Structures

If you are using CosmoFlayer click on the above image of a water dime

[ About the Database ]

To enter the library, click on the appropiate buttons below

Watsr and Jca I

EHrboans ]

Muolesolas of LI1TH I
Drugs I

MOLECULES OF THE MONTH

| Mar 2002 - Astemizole

212 Backward

=

this site extensively uses two types
of multimedia plug-ins for world wide
web browsers; a plug-in to display
3D coordinate chemical structures,
such as the: Chemscape Chime
plug-in, or S Chem3D plug-in or
even external chemical viewers such
as MSI's Weblab Pro or RasMol. Also
required 15 a VEML plug-in to display
the extended polyhedra arrays.

these page have won two HMS
Beagle's three star awards as
indispensable web pages (July 1998)
and thesa pages were their "Web
Pick of the Day". Additionally, they
were highlighted in Science
Magazine's Netwatch and also have
bean featurad in the New Scientist
and by the Royal Society of
Chemistry.

you can find more chemistry based
multimedia at the University of
Oxford's Chemistry IT Centre and
the Virtual Laboratory.

ather "Molecules of the Month® are
at the University of Bristol and at
Imperial College of Sciance,
Technology and Medicine, London

http://wnn chem ox ac uk/mo

http://unn Ayt edu/pages/mathmol/librar
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SMALL MOLECULE DATABASE
NIST Chemistry WebBook

NIST Standard Reference Database Number 69 - March, 2003 Release

View: Search Options, Models and Tools, Documentation, Notes

Show Credits

NIST reserves the right to charge for access to this database in the future.

Search Options top

General Searches Physical Property Based Searches

« Formula ¢ lon energetics properties

« Name » Vibrational and electronic energies

o CAS registry number ¢ Molecular weight

« Peaction

* Abee 1,210 Backuard

Models and Tools top

» Thermophysical Properties of Fluid Svstems High accuracy data for a select group of fluids.
o Group Addithity Based Estimates Estimates of gas phase thermodyvnamic properties based on a submitted structure

http://uebbool nist .qov/chemistr

Documentation top

s Frequently asked questions ﬁI'|M|JlI’JhE'zLJ| 1 e 32 (i
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PATHWAY DATABASES

Signaling Pathway Database

The Signaling PAthway Database (SPAD) is an integrated database for genetic
information and signal transduction systems.

There are multiple signal transduction pathwayvs: cascade of information from plasma
meémbrane to noclens in response to an extracellular stimuolus in living organisms. Extracellular
signal molecule binds specific intracellular receptor, and inifiates the signaling pathwav. Now,
there is a large amount of information about the signaling pathway which controls the gene
expression and cellular proliferation. We have developed an integrated database SPAD to
understrand the overview of signaling transduction. SPAD is divided to four categories based
on extracellular signal molecales (Growth factor, Cvtokine, and Hormone) and stress, that
initiate the infracellular signaling pathway. SPAD is compiled in order to descrive information
on interaction between protein and protein, protein and DNA as well as information on
sequences of DNA and proteins.

There are towvo mathods for retrisving this database. Please sslect one of the two items
e Extracellular Signal Molecules

@ This WWW service "SPAD s still under development.

mail to; sachive(d

Molecular Gene Technics

Hakozaki Higashi-ku,

Fukuoka, 812-8581, Japan

Graduate School of Genetic Resources Technology
Kyushu University

Lase Update Ocr 13, 1998

http://uni art Joushu—u_ac_jp/spad/pathuay/pdal himl

£ Jr;&é’-i_i_l'iﬁz'ﬂﬁw;saﬁjl_;iii;:;&aﬁﬁi&:ﬁﬁ!{
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PATHWAY DATABASES

KEGG - Table of Contents

KEGG2 PATHWAY GENES LIGAND EXPRESSION BRITE XML APl DBGET
1. KEGG Databases
Category Database Search & Compute DBGET Search
Pathway Search objects in KEGG pathways
-.ﬁ-an-.-.a;.nn KEGG PATHWAY Database xML Color objects in KEGG pathways PATHWAY
[ Genarate possible reacton paths
KO
G ENDmac .~ |Search similar GEMES sequences
information "EGC GENES Database | KO oo, similar GENOME sequences SIS
GENOME
COMPOUND
i 4 Search similar compound structures &y vean
.‘,’,Tgrr,f,'g;'m KEGG LIGAND Database | RC |Search similar glycan structures — LIGAND
ol Search similar reactions REACTION
EMNZYME

2. KEGG Gene Catalogs

2.1 Genomes in KEGG

Category Genome DBGET Search
Complete genomes in KEGG GEMNES

rgamem Complete genomes (taxonomy) DGENES

Wirus Complete viral genomes VGEMES

Complete mitochondnal genomes
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WEB RESOURCES

EBI (European Bioinformatics Institute).

NBI
(National Center for Biotecknolo%

NCBI for Seguences.
EBI for Tools.
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Segquence Comparison

Concept 6.6
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SEQUENCE COMPARISON
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IDENTICAL COMPARISON
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MISMATCH COMPARISON
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DELETION COMPARISON
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DELETION/INSERTION COMPARISON
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GAP PENALTIES

°The aap penalty is usually proportional to the number of
poatmskmiasl-‘ollom:

GAP PENALTY
O

a
a +b

a + b
a + (-1

° The optimum gap value depends on the Scoring Matrix.
*For the Blosuml? matrix, the best values are:
a = -10, b= -1
Non-linear gaps are possible buk mde calculabion much slouer.
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DYNAMIC PROGRAMMING

Best To I,J = Score at I,J + Best in block + Cost of qaps.

QAA S RWPTIG Y

[¥[cw

R|S|Y |G|A

A \|Q

Similnritﬂ Matrix

o | a1 e
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DYNAMIC PROGRAMMING.

In local digrment:, score can never be less than O.

Y GWR S Y G AAQ
1

—

— gl
ﬂé

QAASRWPTGIY
i

|Y G WR|S|YGIA|IA|Q
100 0 O
Ol 2050 0:
O o0s 115 1
O 0 15 2 15
0 0|12 15]2

QAASRWPTIGY

Similarity Matrix
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DYNAMIC PROGRAMMING.

Best TolTIEJ1 = ScorelTII1 + max { BestTolilljl + qap-IJ to-ij
where gqop I3 toij = maoxt I-i~1 ,I—-J—-ﬂ/?_, soy.

Y GWRISIYGAIA|IQ Y GIWR I SIYIGAA|IQ
1 100000
0205000
Y
OD’?}ZQS‘lOS
00%152151
0 0 215215
00053152

—

QAIASRWP TG Y
=

— e

e

QA/AISI RWP T|G|Y

Similarity Sum
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ADVANCED METHODS

s Dynamic programming is slow as one needs to cakculate a
score for every cell of the similarity and score matrix.
This is O(nl) at best.

°It can be speeded up by only lodking in regions of the
similarity matrix where there are high scores.

. N T IR R
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FASTA

Look for identities of single amino acids or pairs.
Marle every single idlentity.

Sum, scores
diosaonels with ilenteties.

Y GWR|S Y GA|A|Q |Y|GWR|(S|Y|GA|A|Q
2k 1 2K ' 1
o 1 1 o |2 :
B B
iy [y
= 1 = \
" 1 , 2
w0 1 w0 .
5 11 G 1
‘émau,m.,ms,‘ 11 ol 2
$5, bt (18). 1| |o g
Similarity Matrix Sum Matrix
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BLAST AND PSI-BLAST

®Lool for triplets that have high match scores.
For example with Blosum€2: ¥ K D & a aood
match to | R [ with a score of 7.

® Mark these on tle Simdaritﬂ Matrix.

® Extend these diaaonals in the Sum Matrix.

@ Merge separate fragments. Altschl et o I Mol.
Biol. 215: 403 (170)

de rather Hon @

o | IRl e




http://localhost/SB228 Lec 6_2004/Slide67.JPG

BLAST: COMPARE SEQUENCES

,:.
<3 NCBI

PubMed

Info

FAQs
MNews
References
Credits

Education

e Program
selection
guide

e Tutorial

= URL API
guide

Download
e Executables
» Databases
e Source code

Support

* Helpdesk
» Mailing list

BLAST

Entrez BLAST OMIM Taxonomy Structure
Nucleotide Protein
e Discontiguous megablast # Protein-protein BLAST (blastp)
¢ [Megablast # PHI- and PSI-BLAST
o Nucleotide-nucleotide BLAST (blastn) & Search for short, nearly exact matches
e Search for short, nearly exact matches # Search the conserved domain database
o Search trace archives with megablast or (rpsblast)
discontiguous megablast o Search by domain architecture (cdart)
Translated Genomes

e Transliated queryvs. protein database (blastx)
e Protein query vs. translated database (thlastn)

e Translated queryvs. translated database
(tblastx)

Special

® Align two sequences (bl2seq)
e Screen for vector contamination (VecScreen)
e Immunoglobin BLAST (IgBlast)

& Human, mouse, ral

e Fugu rubripes, zebrafish

# Insects, nematodes, plants, fungi, malaria

# Microbial genomes, other eukaryotic genomes

® Retrieve results by RID
o Getthis page with javascript-free links

http://wiss nchi nim nth aon/BLAST
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THE END
of Lecture G
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