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Analysis of
Macromolecular
Geometry & Motions

W Krebs, C Chothia,
J Tsal, Y Harpaz, R Taylor

1 Database of

Macromolecular Motions

Interface packing, shear v. hinge,
web DB, 125+4000 motions

2 Morph Movie Server

Restrained Interpolation betw. submitted
endpoints, std. stats based on 2-
core+hinge model, hinge finder

3 Geometry Software
(Packing)

Voronoi volumes, relation to surface, radii
problem, packing measurement

4 Standard Radii & Volumes

Needed for volume calculation, 173 raw to
18 basic types, Sensitivity Analysis, radii
set, atom selection criteria, structure set

bioinfo.mbb.yale.edu/MolMovDB
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 What are they?

0 Proteins, Nucleic Acids
(Hammerhead)

¢ Sidechains (trivial),
Loops (LDH), Domains
(ADK), Subunits (Hb)

¢ When a Ligand Binds:
Open, Closed
» Essential link
between structure
and function

¢ catalysis,
regulation, transport,
formation of
assemblies,
and cellular locomotion
* A complicated
biological phenomena
that can be studied in
guantitative detail

¢ changes in thousands
of atomic coordinates

Macromolecular Motions
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Help!
_._._H Help and other relevant mformation about the database 15 avadlable. There are pages _.._nmn:.vaﬁ the expenmental
! techriques associated for determinmng melecular movemnents: tme-resolved crystalle )
_ This is database wersion 1.70 last rebalt on Faday, 24-Sep-1999 19:08:53 EDT =]
(o == [Detument: Done [ B i B = T i

| i Databaze of Macromolecular Movements - Hetzcape M= E_

Fle Edt Vew Go Commoricaior Help
i " Bookmarks b Locston: iilp: /Mbicindo. mbh yale edu/MoM DB/ =] 37 what's Rolated ﬁ

Database of
Macromolecular Movements

with Associated Tools

W for Geometric Analysis

Thas n_nnﬂ._.vnn the motions that ocour in protemns and other macremelecules, particularly using mowies. Associated with it are a vanety of
free software tools and servers for structural analysis.

WView entry: Fulltext search on database:
_.. Select a ration - H_ OR _ Saarch _

Movies

Gallery of movies of protem motions. IF you want to make sour own movie, we have a Morph Server that will interpolate
betweeen any twe protein conformations, generatng a movie, Alse, a server with a simplified interface. (Alternate,
MEEGs-cnly page ) You can quickly add a link from a database entry to your own mowie with this form,

sk Papers
+ A general Scientific American article on water and protem motions [fill-tesz]
+ The database citation: M Gerstein & WG Erebs (19%8). Muc. Acid. Rez 26:4280-4290 [medline].
* More papers..

Software
Thiz inchedes freeware for caloulating wolurmes, surfaces, awes, angles, and distances, Also, there i3 nformation about
VEMIL,

v .| Browse

= q__..x.. The main database s arranged arcund a multi-leve] classification scheme (2.2 motions of loops, domains, or subunits). It
can be wiewed in outline form wath condensed subheadngs (the normal way), filly expanded subheadmgs, just main
headings. Also avadable are: a focus page on metions in membrane proteins, a schematc, or a raw SOL data dump.

1 Edit

A copy ofthe database has been made remotely editable owver the Internet wia a sienple Web form interface. You may use
thaz mrerface to armotations with the latest research, add your own bnks to specific entries m the database, or create
enterely new entries from scratch, Email prodb@bicinfo mbb yale edu for your password and nstructions, Page of Links
related to protein motions (You can amtomatically add a bnk,  vou want ) If wou want to bnle directly to entries m the
database, more mformation i3 available

Fite E£dit View Go Hookmarks Options Directory Hetp.

Motion in Calmodulin [cm]
[rr—

Koo Domain Motion, Hings Mechenism [p-h-2

Strchaves
© Clossd i 2BBM., 11y, NLIR, clcssd st paptide
EDE, Entréz, SCOP, Core-Structures, VRML-lines, and VRML ~tubes)
a
a
B
o

© Open s 4CLN: Hy. X-rey
(Uints 10 PRB, Exirsz, SCOP, Core=Sirungss, YRML=lags, wt VEML-\ubes).

Description.

Sechain-rotames= D, P, pe-C: 1o amar-C, 6 Apel, A (aes g = Ay (O penEoem,

i Document: Done. e

Query with
Calmodulin
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Motion in Calmodulin [em]

What's in the DB?

Classification
Enown Domain Motion, Hinge Mechanism [D-h-2

Stmchmes

o0 Closed is 2BBM ; fly, MIAE, clos
(Linksto FDRE, Entrez, SCOP, Cord-Structures, WERL - lines, and VERML —tubes),
o Closed is ICTR
(Links to FDE, Entrez, SC0OF, Cote

mmmﬁmaw.mw.

0 Basically, this hinge motion imvolves long heliz splitting into 2 helices (inclined at ~100 degrees) with
strarxl in betemeen

0 The unligated form of calmodulin contains two globular domains, comnected by a long helin, BWE and
2-ray struetunes of Hgated calmodulin show the molacule binding o pepride halices with differenr
sequences and the oo domalng elesing around tha peptide far endigeh o maks contact with each other, In
this motion, the long nterdemalin Deliz, which s Encwen to have only marginal stability in solution,
partly unfolds to treak into two helical segments connected by ad-residue hinge region in an extendesd
conformation The angls betwesnthe ez of the tor helical ssgments i5 ~100 degress. As there iz an
arditinnal turist armond the helis axes, the tetal rotarion of one domain relative o the other 8 apeards of
180 deorees Clalmedilin can hird nentides wrirh different armiencea heeamBae Af flevihilite in rhe aids

Manual Gold-standard Motions

Basic

Motion in Calmodulin [em]

~150 Different Motion Ids, ~250 PDB identifiers
Submitted + Auto-generated Motions

>5000

PDB id acts as Foreign Key into other DBs

Text Blurb, Literature refs...
~35 Relational Tables
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Standardized Terminology

0 Anmotation Level (1. 105 =T

o Nuomber of hinges = 1

0 Domain 1 (residue selactiom =2 - 80

o Domain 2 (residue selectiomn = §1 - 147
O Lecstion of a Hings (rezidus gelaction) = 72 — 82 (doln v Zbbm)

O Wlaimum CA displacement [A) = B0 (Affer siave-fittitg chdomain-1)
O Iazimum Rotation (deprees) = 148,02
o INumber of Inter—domain comedtion: = 1
2 Number of Zignificant Torsion Angle Changes = 18 [Grester than 20 degress)

. g Name Mean of Min of Max of
e Standard statistics max|  max|  max
. . Maximum Alpha Change 140° 16° 180°
O torsion angles, max CA dISp., &c Maximum Phi Change 180° 14Q° 180°
: : Maximum Psi Change 150° 23° 180°
» Relations betw. motions 5
¢ “sim-to”, “contains,” “Share-characteristics”
* Inferred Motions
¢ 1 structure but “sim-to” another with 2
Hand-gathered Automatically collected motion statistics
datistics
Vaue Min | Max Mean Min Max Mean | Median | Stdev
Maximum Ca displacement (A) 15 | 60 12 0.90 81 23 17 19
Maximum hinge rotation (°) 5 148 24 0.0 150 35 9.5 46
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Number Size M echanism
Known of of Examples #
Forms Motion Motion
| Hinge TIM, LDH, TGL
Fragment | szl Insulin 3
Unclassifiable | MS2 Coat 3
| Hinge LF, ADK,CM [§
Shear CS, TrpR, AAT ]
[2forms | [Domain | |Refold Serpin, RT 3
Specia |g elbow 1
Unclassifiable | TBP, EF-tu 3
| [Allosteric PFK, Hb, GP 4
[Subunit | |[Non-dlosteric | Ig VL-VH 2
[ | [Unclassifiable
| Hinge
Fragment | szl
Unclassifiable | bR 1
Refold
Hinge LFTF,SBP 10
[1form | [Domain | K=l HK~PGK,HSP 4
Specid
Unclassifiable | Myosin 4
| [Allosteric
[Subunit | |Non-allosteric
| [Unclassifiable | PCNA, GroEL 3

Information,

Size, then

Packing Based

Classification

=

Interfaces

[\ e

S

Shear Motion

Hinge

( |I|||I|||I||

Hinge Motion
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D

(

Interfaces

—

e

(I

Hinge

( |I|||I|||I||

Shear/Hinge

Paradigm
Is there a
maintained
Interface?

Shear Motion Hinge Motion
Shear Mechanism Hinged Mechanism
Well-Packed MAINTAINED, NOT MAINTAINED;
Interfaces throughout motion Rather created, burying surface

Mainchain Packing

Constrained by close packing

Free to kink at hinge

Mainchain Torsions

Many small changes

A few large changes

Motion Overall

Concatenation of small local motions

Identical to twisting at hinge

Motion at Interface

Parallel to plane of interface (shear)

Perpendicular to interface

Sidechain Packing

Same packing in both forms

New contacts;

Packing at base of hinge crucial.

Sidechain Torsions

Mostly small changes

Some large changes

Simple Example

Trp Repressor, Insulin

Lactoferrin, Calmodulin

(c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu
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 Intercalcating Interface,
Knobs into Holes

» Packing is a strong
constraint on motions

¢ Domain or loop motions
have to be fast (~10 ps —
100 ns)

¢ Can’t cross big energy
barriers involved in
repacking an interface
* Not applicable to

allosteric motions,

which are much slower

(~1 ms) and do involve

repacking interfaces

Interface Packing
and Motions

r
5
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Current
State of
Gold
Standard

Manually

Curated
Motions

Experimental Technique Entries Fraction
studied by this of
techniqgue |database
All Techniques 122 100%
Traditional X-ray crystallography 116 95%
NMR 9 7%
Molecular Dynamics Simulations 4 3%
Time-resolved crystallography 3 2%
Circular Dichroism (CD) 2 2%
Fourier Transform Infrared 1 <1%
Spectroscopy (FTIR)
Molecular Biology Studies of Motion 1 <1%
c @ e @
= = = = _

A 5 g 2 = ;

n O L 7 O -
Mechanism
Hinge 38 51%| 16 59% 54 44%
Shear 14 19%| 3 1% 17 14%
Partial Refolding 5 7% 5 4%
Allosteric a 57% 8 7%
Other/Mon-Allosteric 2 3% 1 4%| b 43% 9 7%
Unclassifiable 15 20%| 7 26% 3 50%] | 25 20%
Motably Motionless 1 1%
Mucleic Acid 3 50% 3 2%
Known™ / %category 53 72%| 25 93%| 11 79%| 5 83%|| 94 77%
suspected [ Y%category | 21 28%) 2 %) 3 21%] 1 17%] | 280 23%
Totals / %DB 74 B1%| 27 22%) 14 11%] 6 5%| | 122
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Packing Based
Classification: -2 @

Hinge v Shear

Shear Mechanism
Involves Many Small
Motions across a
Continuously
Maintained Interface
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Proteins With Shear Motions are

Often Divided into Layers

Hexokinase
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Packing Based
Classification:

Hing9v8hear

Hinge Mechanism
Involves absence of
steric constraints
(continuously
maintained interface),
esp. at hinge
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Absence of Tight
Packing at Hinge

Chain Topology is not important
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Analysis of
Macromolecular
Geometry & Motions

1 Database of

Macromolecular Motions

Interface packing, shear v. hinge,
web DB

2 Morph Movie Server

Restrained Interpolation between
submitted endpoint conformations,
standardized stats, hinge finder

3 Geometry Software
(Volumes)

Voronoi volumes, relation to surface,
radii problem, packing measurement

4 Standard Radii &

Volumes

Needed for volume calculation, 18 basic
types, Sensitivity Analysis, radii set,
atom selection criteria, structure set

W Krebs, C Chothia,
J Tsal, Y Harpaz, R Taylor

bioinfo.mbb.yale.edu/MolMovDB
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File Edit iew Go  Communi

3 Protein Movie Gallery - Netscape

cator  Help

1423Vl

allery

Automatically
Generated
Movies

7 Bookmarks £ Location:[tip//bicinia2 mbb yale edu/~ protmotygisgallery html -1
TN

i jﬁllsﬁiml Dehydrogenase (ADH)  ° 1! M O rp h ek M OVI e S Of

Representation Video Format
@ Ribbon @ MultiGif

S ﬂ
DHFR) B

Diphtheria Toxin
DT

|

Enolase

} u u
)z}-ia .\ e © CAfrace © QuickTime
© Ball-and-Stick ¢ MPEG
Flay 2D WMovie

VRML 2.0 3D Animations:

A VRML 2 0 Brouser such as CosmoFlayer is required io view the ahove 3-D Animation
Stddialll Download CosmoPlayer now!

Entry from Protein Motions Database:

Motion in Alcohol Dehydrogenase (ADH)
[adh]

il

Glycogen

Phosphorylage
GP

—_—

E Movle Gallery of e remmelcculsr Nlatlons
mEE hlllh- S e U
—EE e o Ty = e o £ .I:.-rli'
. - —— Server Produces Semi-realistic Minimized
= : Interpolation (as MPEG, VRML, &c) between
e s [ . Any 2 Aligned Conformations, Analyzes the
ey e T g v e Dy Motion
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Relationship of

s | Morph Server to
L{ Motions DB

i i
Server e
Entry ~ ~ Alignment Server
Form ~—— ’
A A
- B —— Table of Morph
DB = Movies
Home (local and off-

\»., . | site)

Motion Report

Morph Movie Report

18 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu




Server Flowchart: Steps in Interpolation,

Experimental Methods
and Simulations

\ 4

Database Information

2 Core Model

Sequence/Structure Alignment
S, ———

Modified Sieve-Fit Superposition

- @ —

Screw-Axis Orientation

Interpolation

— —

Visual Rendering

Web Report

Core-1
Fit

Struc-2

Overall
Fit
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ADH

Recov.

DNA
Pol-

GroEL

Dip.
Tox.

5 Movies GGenerate

d

b

y

t

h

e
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Results of
the Server,

Statistics &

Easy| Typical |Large lmpos-
sible
Statistic|[Code] ADH | Reco- | DNA | GroEL | Dipth-
verin | Pol- aria
Beta Toxin
[Input fiotion D 1 I=] adh| recvin| polbatal  grosl il |
Structures 15t input frame| [inputtramad] BA0H| KU 1BEPD| 1GRL] 1DDT]
2nd input frama| [inpUtEransal] GADH|  1J5A[ ZBPF| 1ACN|  1MDT)
Size (&) (in terms of | [max_x_or_v] o] 41 52 55 38
window for rendering) —
Mumber of atoms| [natona] JAET)  163%|  IEHT|  369%3) 4110
MNumber of residugs| [nreaidusal AT4 201 A35 545 ]
Overall Crearall RME between | [RisEoyveralll 20 13 8.6 16 ] |
. first and last framas
Motion Rotatian (degrees)| (F4EE] i T ee| 62 o2
Creerall translation | [trana laticn] 21 12 6.1 a7 L |
of cantroid (A)
X translation [A)| [TranaX] 1.1 024 0.94 45 -45
b | ITEanay] -0.8a) 514 41 <21 064
i | [Transz] 15 478 -4.4 -10 48
ist Mumber Ceé's in 15l core| [hlignedtoreths] 187 a5 160 254 252
ICore RMS of 151 core (A)| [Alignedtorents] 0.40 3.0 0oz 1.4 0.37
Max Cuox displacement in| [Haxtore 0.8 =] 1.7 4.2 n.an
151 Core (4)[F9¥iarion] _
2 rd Mum. Cres in 2nd core| [2ndCorachs] 180 94 160 260 260)
lcore RMS of 2nd core (A)|[2adCorenns] 28 18 12 ] 28]
Max Cox displacernent in| [HaxindCora 71 35 2d 43 iy
2nd cora _”.P”_ur..,_..r...n.m..ﬁ._._ —
RMS of 2nd core (A) [2ndCorears 16 11 1 10 18]
after fitting on 1t porg|[Fostretittingl
lqi nge Murmber of putative| [Finges) 0 Q a0 1 1
hinges detected
X position of 1st hinge | [Hing=000%] - - - 4.7 -7.2
(A] rel to centroid
' position | [Hingad00y] - - - 11 -0
£ pogition " | [Hing=03002] - - - 3.3 -3.0
18t Hinge Residue| [Hingedddres] - - -| 380 403[ 352375
Selection
Seguence | [Hing=000aaqg] - - -|[EVEMEE|IHLFOW
of 15t putative hinge EEARVE | VHNSYH]
DALHAT|RPRYSE
RMAVEE [SHETOFP
Screw Distance betw. scraw-|[»0Tacentraiad 21 54 23 a0 m__m_—
Axis ais (x0) & cantroid (A)|Pistance]
X displacament centroid | 1021 -0.18 05 -2.58 17 .m_“__
frorm sorew as (5]
5 50] 52 52 18 -Nh_
Z 7| 1xaz] =20 5.7 -22 18 -24
Distanca batween scraw| [Hingsd00xddiat] - - - 5 45
25 and 15t hinge (4]
Torsion Max phi change [Max of| [HaxFhi] 160° 1ag° 180%  180° 1809
Abs, degrees, 001807
Angles Max psi change| [MaxFa1] B0°|  180°| 80P 1800  170M
Max alpha change| [Haxhlphal 1507 1800 180® 180° 170

Hinges
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Analysis of
Macromolecular
Geometry & Motions

1 Database of

Macromolecular Motions

Interface packing, shear v. hinge,
web DB

2 Morph Movie Server

Restrained Interpolation between
submitted endpoint conformations,
standardized stats, hinge finder

3 Geometry Software
(Volumes)

Voronoi volumes, relation to surface,
radii problem, packing measurement

4 Standard Radii &

Volumes

Needed for volume calculation, 18 basic
types, Sensitivity Analysis, radii set,
atom selection criteria, structure set

W Krebs, C Chothia,
J Tsal, Y Harpaz, R Taylor

bioinfo.mbb.yale.edu/MolMovDB
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Quantify Packing
and Contacts with
Voronol Polyhedra

e Each atom surrounded
by a single convex
polyhedron and
allocated space within it

¢ Allocation of all space (large V
implies cavities)

» 2 methods of determination

¢ Find planes separating atoms,
intersection of these is
polyhedron

¢ Locate vertices, which are
equidistant from 4 atoms
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Calculating Volumes with Voronoi
polyhedra

 In 1908 Voronoi found a way of partitioning all space
amongst a collection of points using specially
constructed polyhedra. Here we refer to a collection of
"atom centers" rather than "points.”

 In 3D, each atom is surrounded by a unique limiting
polyhedron such that all points within an atom's
polyhedron are closer to this atom than all other
atoms.

 Likewise, points equidistant from 2 atoms form planes
(lines in 2D). Those equidistant from 3 atoms form
lines, and those equidistant form 4 centers form
vertices.
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Voronol Volumes,
the Natural Way to Measure Packing

Packing Efficiency

= Vol unme- of - Qoj ect

Space-it-occupies
= V(VDW) / V(Voronoi) ’ .
* Absolute v relative eff. ! " .
V1/V2
e Other methods .

¢ Measure Cavity Volume
(grids, constructions, &c) .

25 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu




Calculating Voronoi Volumes

*Integrating on a Grid

¢ The simplest method for calculating volumes with g AN

Voronoi polyhedra is to put all atoms in the system /‘\ \C

on a fine grid. Then go to each grid-point (i.e., { 7 \
voxel) and add its infinitesimal volume to the atom o/ .

center closest to it. This is prohibitively slow for a v

real protein structure, but it can be made

e 317
somewhat faster by randomly sampling grid- \ )4"' AN 7
points. It is, furthermore, a useful approach for A NS

high-dimensional integration. E

» Solving for the Vertices :

0 In the basic Voronoi construction, each atom is r
surrounded by a unique limiting polyhedron such that . .
all points within an atom’s polyhedron are closer to
this atom than all other atoms. Points equidistant from
2 atoms lie on a dividing plane; those equidistant from
3 atoms are on a line, and those equidistant from 4
centers form a vertex.

O It is straightforward to solve for possible vertex
coordinates using the equation of a sphere. (That is,
one uses four sets of coordinates (x,y,z) and the
equation (x-a) 2 + (y-b) 2 + (z-c) 2 =r2 to solve for the
center (a,b,c) and radius (r) of the sphere.) One then
checks whether this putative vertex is closer to these
four atoms than any other atom; if so, it is a real
vertex.

26 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu




Collecting Vertices & Calculating Volumes

» To systematically collect the vertices
associated with an atom, label each ] ®
one by the indices of the four atoms 2
with which it is associated. To traverse
the vertices on one face of a
polyhedron, find all vertices that share

two indices and thus have two atoms in
common — e.g., a central atom (atom
0) and another atom (atom 1).
Arbitrarily pick a vertex to start and
walk around the perimeter of the face.
One can tell which vertices are
connected by edges because they will
have a third atom in common (in
addition to atom 0 and atom 1). This
sequential walking procedure also
provides a way to draw polyhedra on a
graphics device. More importantly, with
reference to the starting vertex, the
face can be divided into triangles, for
which it is trivial to calculate areas and
volumes.

27 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu




.
Atoms 5
have %
different
sizes N

o Difficulty with Voronoi Meth.
Not all atoms created equal

» Solutions
¢ Bisection -- plane midway between atoms

¢ Method B (Richards)
Positions the dividing plane according to ratio

¢ Radical Plane

« VDW Radii Set

ProtOr

type radiil
C3HO 1.61
C3H1 1.76
C4H1 1.88
C4H2 1.88
C4H3 1.88
N3HO 1.64
N3H1 1.64
N3H2 1.64
N4H3 1.64
O1HO 1.42
O2H1 1.46
S2HO  1.77
S2H1 1.77
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Complexity from different atom sizes
requires new ways to calculate polyhedra

Vertex Error Chopping Down Method

of Calculating Polyhedra

29 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu




Delauney Triangulation, the Natural

Way to Define Packing Neighbors

» Related to Voronoi polyhedra (dual)

 What “coordination number” does an atom have?
Doesn’t depend on distance

 alpha shape (Edelsbrunner)

30 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu




 All Space Filled :
¢ If Voronoi polyhedra are constructed around Pro pe rt|eS &

atoms in a periodic system, such as in a crystal, :
all the volume in the unit cell will be apportioned uses Of VO ronol
to the atoms. There will be no gaps or cavities as
there would be if one, for instance, simply drew POIVhed ra
spheres around the atoms.

e V=Ad

¢ Voronoi volume of an atom is a weighted

average of distances to all its neighbors, where

the weighting factor is the contact area with the
neighbor.

e DT
¢ Border of D.T. is Convex Hull
¢ D.T. produces "fatest" possible triangles which makes
it convenient for things such as finite element analysis.
» Applications

¢ Nearest neighbor problems. The nearest neighbor of a
guery point in center of the Voronoi diagram in which it
resides

¢ Largest empty circle in a collection of points has center
at a Voronoi vertex

- YAl Aaladiia A
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Packing defines
the Protein
Surface: Surface
& Volume
Definitions Linked

 VVoronoi polyhedra are the
Natural way to study
surfaces!

* The relationship between
¢ accessible surface
¢ molecular surface

¢ Delauney Triangulation (Convex
Hull)

¢ polyhedra faces
¢ hydration surface

\ |2—\

~—_ ACCESSIBLE

[ = o — - - —_— - —

Y J |l
\<\ i
8
| | | ‘ \
#’;Jdr 4
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Defining Surfaces from Packing:
Convex Hull and Layers of Waters

#
a
L) # F
i_\
‘ / 4 &
W ¢ . 7 ;
§ p ¥ hﬂ p

] L ] . ‘

d ¢

Water Water
Protein Protein
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Defining a Surface from the Faces of
Voronoi Polyhedra

®
0
p
é
- \t .
¥
| . .
[
- ¢ k v . ?
I
. | .
J H |
Water Water Protei
Protein rotein
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Accessible Surface
as a Time-averaged Water Layer

[ 4
¢ 3 A
J 3 J ’ a..
. \\. \ p
l | nrv §
m —
o __..__t .f -
Water Water
Protein Protein
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Analysis of
Macromolecular
Geometry & Motions

1 Database of

Macromolecular Motions

Interface packing, shear v. hinge,
web DB

2 Morph Movie Server

Restrained Interpolation between
submitted endpoint conformations,
standardized stats, hinge finder

3 Geometry Software
(Volumes)

Voronoi volumes, relation to surface,
radii problem, packing measurement

4 Standard Radii &

Volumes

Needed for volume calculation, 18 basic
types, Sensitivity Analysis, radii set,
atom selection criteria, structure set

W Krebs, C Chothia,
J Tsal, Y Harpaz, R Taylor

bioinfo.mbb.yale.edu/MolMovDB
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Unified Atoms

Parameters used in Protor Volume Derivation

atom radii volume
C3HOb 1.61 9.70
C3HOs 1.61 8.72
C3H1b 1.76 21.28
C3H1s 1.76 20.44
C4H1b 1.88 14.35
C4H1s 1.88 13.17
C4HZ2b 1.88 24.26
C4HZs 1.88 23.19
C4H3u 1.88 36.73
N3HOu 1.64 8.65
MN3H1b 1.64 15.72
N3H1s 1.64 13.62
N3HZ2u 1.64 22.69
MNAH3U 1.64 271.47
O1HOu 1.42 15.91
02H1u 1.46 17.98
S2H0u 1.77 29.17
SZ2H1u 1.77 36.75

Residues
aa volume . Hybrid chemical and numerical
Typing Scheme typing with 18 basic types
Gly 63.8 Radii Set ProtOr Radii, Tsai et al. (1999)
| _
Ala 89.3 Plane-Positioning Method Ratio
Val  138.2
Leu 163.1 Atom Selection Criteria BL+
lle 163.0
Met 165.8 Structure Set SCOP (87 structures)
Pro 121.6 P tO E
' (&}
His  157.5 ro r °
Phe  190.8 . z
Parameter Set. -
Trp 226.4 .n g
c
Standard Radii & -
o ims andard Radii :
Cys 102.5 V | 5
Ser 94.2 olimes -
Thr  119.6 3
L] =m = ‘_1
f"éls" 112‘9‘ « Consistent Radii, Typing, <
n 46, . =
Asp 1144 and VoIL_Jmes for Packing 2
Gu  138.8 Calculations 2
s 1857 « For comparison =
Arg 190.3 ©
N~
™




-CH2- volune in cubic A

23. 7 st andard vol une
I n protein core

23. 6 nobi | e heli x-helix
I nterface (CS, TrpR

24. 8 grooves on protein surface

(itn high-res. struc.
via Sur Fractal)

 VDW ~ Packing

¢ Exponential Repulsion

 Many observations
(>10K) in standard
volumes gives small dE
error about the mean
(SD/sgrt(N))

dr

Sample Results

of Volume

Calculations:

Significant but

Small Changes

In Packing

e

Electron 12
Overlap U:skr—ﬂ]
Replusion r

Dispersion U:_m."f"_o\l
Attraction kr/

V2  vi1
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at om
ay

ZS;OO

Tot al

Tot al

LEU

ONO)

Count

452
685
272
577

1986

610
1070
678
786
397

3541

622
1027
781
864
776
481
512

5063

715
1040

Mean

16.

9.
23.
14.

63.

16.
. 858
13.
13.
36.

89.

15.
. 528
13.
13.
14.
36.
36.

138.

vol une

154
652
470
480

756

026

959
872
551

266

998

078
553
514
320
173

164

. 957
. 781

N

w

=

NP R OPR PP o

SD

. 313
. 715
. 924

127

. 685

. 230
. 519

120

. 038
. 793

452

176

. 540
. 934
. 809
. 510
. 937
. 957

780

. 233
. 568

S %9

~N ~N o o1~ IN

w

00 00O UI~NO N

o ~

SN

127
404
200
782

. 211

. 675
. 857
. 025
. 483
. 642

. 867

. 351
. 327
. 145
. 968
. 406
. 086
. 175

. 460

. 728
474

13.

7.
19.
10.

11.
. 828
11.
11.
29.

13.
. 148
10.
11.
. 247
16.
20.

M ni num

087
627
386
917

753
595

564
350

257

791
340

906
029

. 453
. 153

21.
12.
29.
19.

21.
11.
18.
18.
45.

20.
10.
17.
17.
18.
46.
45.

19.
11.

Maxi mum

208
060
000
363

098
063
123
014
481

987
390
340
500
973
985
018

813
923

The Raw

Output --
173
Volumes

*Trying to find
Mean V

«\Want High
Counts

e Minimum
SD
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Set of Hﬂﬁhﬁﬂﬂcﬁm mm:m_._“_<_._“<
Analysis on
1. Radii Set Volume
a) Atomic Group Typin ]
\ ) NoricGrovp R Calculation:

2. Plane Positioning Method

3. Atomic Group Selection Z um Um r O.ﬁ

@ 173 Protein 5:@ |_|<—U®m :
Collapsing down

Voronoi Polyhedra Caclulation Paramters:

Post Calculation Processing .—..—.03 \_ N“W

Atomic Group Typing

Qnm%mn_ Type {n_cﬁw
Predicted 173 Protein ﬁn@
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Clustering into a set of Atom Types |

 Which atoms are equivalent? How many types valid?
« 18 types, [CNOS][34]H[123][bsu]

Chemical Single-link Multi-link

c4 |
ca C4H : I
e ] = . B—
------ = i
. C4HHH [ :
CPRO TE i
- o T
c3 : .
Cc3 [ e |
C3H = §
C3HH | E i
a ]
S S2 & N t
I:SZH be——— il
————C3H1 =
. I e et
— 1e— NaH3 i
0 o1 - g
02H HE: :
o1 ).
| ?
L R i
N4 [ N4H | “’;_- 14 Ly
e 2 LS |
A f]
N L N4HH [} i
il F
N3 I—NSHITI t" j—v [ ¥ }—cﬁ“l
l—NSH — _ S2HO L ]
- N3HH = i
el C4H3
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Clustering into a set of Atom Types ||

 Which atoms are equivalent? How many types valid?
« 18 types, [CNOS][34]H[123][bsu]
e Residual to tell apart

10000 10000+
4 En
1000 o 1000-
N
100 “UM
10- .
- .
=
o 1-
@
D
@ 01
—
o4
© 0014
L
0.001 -
0.0001
0.00001- \
-
0.000001 | r ; T
0 20 40 60 80 100 120 140 160 180
Number of Types

& multi E(stat)

& muli Residual

® single E(stat)

o single Residual

+ chemical E(stat)
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Overlap of Volumes of Aromatic

C3H1 and Aliphatic C4H2

C3HO e SR »
M3HO - A
C4H1 - e 4
MN3H1 AAMA A A A
] | | | |
8 9 10 11 12 13 14 15 16 17 18
volume in cubic A
CaH1 * S B 4P B e
CaHZ — 0 BN e W *
LR o LY L L - T w
MN4H3 A
O2H1 - A A A A
N4H3 — o0 ®
S2HO0 | |
] ] | | | |
18 19 20 21 22 23 24 25 26 27 28
volume in cubic A
C4H3 » > r & *  »
S2H1 - [ ]
] | | | | |
28 29 30 31 32 33 34 35 36 a7 38

volume in cubic A
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Bondi Lee | Shrake |Richards|Chothia| Rich- | Gelin |Dunfield| ENCAD|CHARMM |  Tsaj
= Atom Type & Symbol & & mond & & etal. |derived |derived| et g,
I e re n Richards | Rupley Richards | Karplus
1968 1971 1973 1974 1975 1978 1979 1979 1995 1995 1998
: ;etS Of - CH; |Aliphatic, methyl 2.00/1.80|2.00|{2.00|1.87(1.90|1.95|2.13|1.82|1.88|1.88
- CH,-  |Aliphatic, methyl 2.00/1.80|2.00|2.00|1.87(1.90|1.90|2.23|1.82|1.88|1.88
na >CH  |Aliphatic, CH - 1.70|2.00 (2.00(1.87|1.90|1.85|2.38(1.82|1.88|1.88
Rad I I = Aromatic, CH - [1.80[1.85| * [1.76[1.70[1.90|2.10|1.74[1.80 [1.76
>C= Trigonal, aromatic | 1. 74 | 1. 80 * 1.70 (1.76 {1.701.80|1.85|1.74 |1.80|1.61
- NH;+ |Amino, protonated - 1.80|1.50 | 2.00|1.50|0.70|1.75 1.68|1.40 | 1.64
C3HO 161 -NH, |Amino or amide 1.75(1.80 | 1.50 - 1.65[1.70 | 1.70 1.68[1.40]1.64
’ >NH  |Peptide, NH or N 1.65(1.52|1.40(1.70|1.65|1.70|1.65|1.75|1.68|1.40 | 1.64
ptide,
C3H1 1.76 = Carbonyl Oxygen 1.50{1.80|1.40(1.40|1.40({1.40|1.60 |1.56|1.34|1.38|1.42
-OH  |Alcoholic hydroxyl - 1.80|1.40|1.60|1.40|1.40 | 1.70 1.54 | 1.53 | 1. 46
-OM  |Carboxyl Oxygen - 1.80 [1.89 [1.50[1.40[1.40|1.60[1.62[1.34]1.41|1.42
C4H1 1.88 -SH  |Sulfhydryl - 1.80 | 1.85 - 1.85|1.80 | 1.90 1.82 | 1.56 | 1. 77 E
-S i -S-S-11.80 - - 1.80(1.85/|1.80(1.90|2.08|1.82|1.56 |1.77
C4H2 1.88 Thioether or —S-S g
C4H3 1.88 7386 J. Phys. Chem., Vol. 100, No. 18, 1996 g
d 2 No. Observations g
= wAd.. — [r. T r.]) =
oo 164 S 22 i\ R | S
N3H1 1.64 I jJ=1 E— . — . /f—-* S <
i )
N3H2 1.64 7 S~ ©
/. i o
>
N4AH3 1.64 / —
R Taylor at CCDC / :
. . ’ . ’ s S Al [o
optimized r'stofitd’s |z ) >
[}
O1HO 1.42 v &
O2H1 1.46 A | X
e Distance T
L .
=)
S2HO 177 Figure 2. Schematic ri d tation of the definition of d. ny represents <
S2H1 1.77 the height at the maximmomrof the histogram. <t




PDB Sets”
ProtOr SCoP Standard High Low NMR New Obsolete
atom type Vol " sSD Vol.? sSD Vol.? sSD vol." SD vol.? SD Vol.” sSD vol.? SD
C3HOb 9.64 0.72 9.67 0.68 9.65 0.68 9.68 0.69 9.53 1.05 9.78 0.79 9.83 0.86
C3HOs B.66 0.58 8.68 0.59 8.65 0.57 8.70 0.60 B8.65 0.80 B8.77 0.69 8.84 0.76
C3H1b 21.33 187 | 21.38 189 | 21.36 1.85 | 21.39 1.91 | 1940 273 | 21.26 21171 | 2096 2.30
C3H1s 2045 1.96 | 20.41 177 | 2027 192 | 2050 1.80 | 1848 278 | 2042 202 | 2043 221
C4H3u 1435 1.35 | 14.41 1.22 | 1438 1.20 | 14.43 1.23 | 13.889 1.55 | 1440 1.48 | 1442 1.59
C4H1b 1314 097 | 1317 096 | 13.20 094 | 1315 097 | 13.20 1.27 | 13.11 1.11 | 13.18 1.20
C4H1s 2414  2.07 | 24.25 213 | 24.11 1.95 | 24.33 2.21 | 20.48 589 | 24.26 2.43 | 24.07 2.76
C4H2b 2317 235 | 23.29 1.94 | 23.28 196 | 23.29 1.93 | 19.13 6.40 | 23.14 2.23 | 2292 2.46
C4H2s 36.84 3.24 | 36.94 299 | 3693 300 | 3694 29 3038 8261 3643 375 | 3576 395
N3HOu 862 059 | 857 065 860 070| 856 06]__Set | Number| Identifier
N3H1b 1565 1.55| 1573 1,70 | 1555 1.48| 1580 1.7 “,M_ “mm. __mmw.__ﬂﬂ_”,n.__w-_c._wa_r_H_,_ucm.___w,m.w__qqn__u:_ah:_m. __q_u_a.ﬁ_ﬁ.:.
ose, 10, ous, Ok, Peco, LeET, + us, LIxd, 1gcl, 1gal,
N3H1s | 13.54 0.99 | 13.53 1.00 | 13.52 097 | 1353 10 Igpr, Ihbg, Ihel, 1hne, lifc, ligd, 1imb, 1121, 1123, Imba, Imbd, lofv,
N3HZ2u 22.61 2.36 | 22.07 213 | 2212 2.22 22.04 2.0 lomd, Ipaz, 1pgx, 1pkd, Iple, Ippn, 1ppt, Iptx, 1rcf, Irdg, Irms,
N4H3u 21.56 1.28 | 21.03 1.29 | 2030 0.55 | 21.76 1.4 .__.._.c“u_m__,__vm._...:cc,u__.__o. %w_., w%. _mam, __w_w_ Ew_u. _ME, _wnﬁmwﬁﬂ_
act, Zalp. 2apr, 2aza, Zcba, Zecy, 2edv, 2epp, 2ete, Zoyp, 2erT, .
OTHOU 1691 1.29 | 1592 1.28 [ 1587 1.23 | 1594 1.3{ siandard 130 2fcr, 26x2, 2ghp, 2hhb, 2ihl, 21tn, 2mem, 2mhr, 2msh, 2ovo, 2por, 2prk,
02H1u 18.11  1.98 | 18.09 186 | 1810 1.97 [ 1809 1.7 Zrhe, 2rn2, 2sga, 2503, 2irx, 2utg, 2wrp, 221a, Japp, 3b5e, 3bel, dc2e,
S2HOU 2929 288 | 2879 267 | 2866 268 | 2890 26 “ﬁ_ﬂ wn..__._.. Hm#x. wm.w_. IMxn, mmWaw._u_ﬂN:u__ Mwn_._m_. WMWW b..mr,.. ,_ﬂam._ hﬁp__.._”_.
ich, 4ins, 4ptp, Scpa, Scyt, 5p2l, Spal, Spti, Srub, Srxn, 5tim, Gebx,
S2H1u 36.82 3.48 35.93 2.44 37.15 246 | 3571 2.3 Grlx, Grxn, Gxia, Taat, Trsa, &dfr, 8fab, Brxn, 9pu, 9rnt, Swega
lehn, 1kk, Zerl, 8rxn, 1bpi, Letj, ligd, lrge, lamm, larb, lese, 1jbe,
2snd, leus, Trsa, lrro, laac, 1931, Tutg, 5p2l. lhms, 1xyz, 256b, Zolb,
Zphy, 3ebx, 3sdh, Zend, 1xso, Icka, leyo, ledm, lezm, lisu, Imla,
SCOP 87 lpoa, Irie, lwhi, 2eth, 2Zeng, 2ovo, 2eba, 3grs, Lit, 1ra8, ltea, lesh,
lepn, Imrj, 1phc, Iptf, Ismd, 1vee, 2dri, 2ilk, 2sil, 3pte. 4fgf, 2epl.
lkap, llcp, 1php, Isnc, Isri, 2wrp, 1krn, 2trx, Letf, 1fnb, 1gai, 1gof,
Lknhb, 1lp, Imol, 1pdo, lrop, ltad, Itle, Ivhh, Ivsd, 2act, 1{kd, lchd,
O — — — m —nm 1kpt, 1thw, 2hbk, 3cla
laab, laal, laca, lacp, lafp, lahd, lale, 1alf, 1bbo, 1bus, 1bhw3,
1w, ledb, Ledn, Teis, Telb, lerp, Lerg, lerr, lesy, lesz, letl, Tdhm,
Wl lerg, lerh, 1fhe, 1k, ks, 1fke, 1z, 1gbl, 1gbr, 1gfe, 1gfd, Thee,
thdn, Thme, 1hmf, Thom, thrg, Thre, Thsm, Thsn, Thue, Thum, Thun,
— — — m qlm — — i 1il8, 1iml, lirp, 1kb7, 1kb8, 11d1, lldr, 1lip, 1pt, Imbe, Imbf, Imbg,
NMR 125 Imbj, Imbk, Imef, Incp, Ineh, Ineq, Iner, Inhm, Inhn, Dnil, Inim,
Inmf, Inmg. Inoe, lodp, lodq, lodr, loef, loeg, lpan. 1pao. 1pcp.
Ipdce, 1pih, 1pij, Ipmc, lpog, Ipra, 1prr, 1prs, Ipse, 1psf, lgwe,
Lgwf, Ieht, Irip, trod, Irpv, Isan, Isap, Isrl, Isrm, Istu, 1sx], Ttam,
ql— — O — — —nm Itiv, Itvs, 1tvt, lums, lumt, lutr, Ivnd, 1zer, 2abd, Zbus, 2gbl, Zgva,
2pvh, 2hid, 2hmx, Zhoa, 2ige, 2igh, 2il8, 2ptl, 2znf, 3ci2
1161, l1act, lalp, lalr, lanh, 251c, 156h, lapd, 2bel, labk, labp, labx,
lafg, lace, lafn, 1ak3, lasi, laza, 1baa, 1bjl, 2grs, Icab, lcae, ledd,
Current 69 1ci2, 1epk, lein, 1dhb, 1dri, leip, lend, Tate, Unr, 1gap, 1ghp, 1ger,
m m 1gmf, 1gn5, 2hw, Igsr, 1gyi, Ihft, Thid, Thmg, Thmx, Hird, 3fab, Imev,
loml, lora, 1pab, Ipel, Ipgk, 1phy, Ipte, IrD4, Irle, 1rsl, 1sod, Isrt,
Iths, Liet, 1irt, Ivhx, 2adk, 1vaa, 1is1, lada
labe, Ledh, leri, Hnb, imb, 2161, 2560, 2abk, 2abx, 2ace, 2act, 2ada,
2afg, 2afn, 2ak3, 2alp, 2alr, 2anh, 2apd, 2asi, 2aza, 2baa, 2cab, Zcae,
Obsolete 69 2ci2, 2epk, Zeyh, 2dhb, 2dri, 2eip, 2end, 2gmf, 2gnb, 2gsr, 2gvi, 2hit,
’ Zhid, Zhmg, Zhmx, Zmev, Zomf, 2ora, Zpab, 2pel. Zphy, Zpte, 2r04,
2rsl, 2sod, 2sri, 2ths, 2tct, 2trt, 2ts1, 2vaa, Zyhx, 351c, 3adk, 3bcl,
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Sensitivity of Voronoil
Construction to
Surface Structure

600 BO0

1A CaH1 {1 E CaH2
B0 —
400 — i
4 400 —
200 - 200
.-nﬁ.u_ 1 ]
= 0 0 -
3 15 20 25 30 15 20 25 30
O 1600 1000
jcC M3HA 1C C1HG
1200 800
i . 00—
bl | Water Molacyse = = =+ Arcaagible Seflaos BOn— -
& ] 400 -
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Volume / A3
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Sensitivity B

Analysis

Different

for

Selections

Atom

BL.

BD.

This set contains protein atoms that are buried by other protein atoms and by

ligands and/or cofactors. In selecting this set, the crystallographically
determined water structure isignored: i.e. the protein atoms used are those that
have zero accessible surface area (Lee & Richards, 1971, Connolly, 1983) as
calculated using just the atoms in the proteins, ligands, and cofactors.

This set contains atoms that are buried as defined by the B set |ess those whose

volumes are affected by ligands and cofactors. The set was selected by
removing from set B those atoms whose volumes are different when they are
calculated in the presence and absence of ligands and cofactors. The L inthe
name of this set indicates this extrafiltering of atoms.

The atoms excluded from this set are (i) all those that have surface accessible to

the solvent (asin set B) and (ii) al those in contact to these surface atoms. Thus
both surface atoms and those that form the first layer below the surface are
removed from the calculation to leave only those that are deeply buried.
Therefore, the volumes produced by this set of atoms are named BD, where the
D indicates that the resulting set of atoms are buried deep in the protein.

PR
type

A0 SebnCrinn

Count VLT sp

]

[3
Couni WOl

=0

BL+ Bil.- ET ED

ey o B om . Saerwy w E woapd e o s B by e Sapersy @ oy 1

Couss VOL"  5p

-
Lok 111
CIH1Ib
Lok T4 EY
C4H1D
[ 1R EY
CAMNZh
Cakks
CARJY
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HEHIE
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LR e T
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C Source for

eometry

Code

=63

| Fio £ Vew Go Conmuicaer_Hob

)

=1 @ wnatrses

°0

verview

Macromolecular Geometry

suchas

« Old HiperT:
* Other talks and posters
« Iformaton on Lionid S

particula nterest. For instance, one.

‘These inchude volumes, surfaces, axes, angles, and distances. Vobumes and other cuantties related to packing are of
‘20al i to characterze the special type of atom-to-atom packing tha occurs at iner
dwater, T Fred

auaniie

s those be

a quarter century ago.

| ®Information

« Seminar on Protein Geometry (1997)
« Lecture on Protein

ey for Bioinformatics Course ml-wih-frames] [pdf] (1998)
w Aes (1997, ot ]

s, simulation, and packing, (1999)

ofthe CSE)
7 with Fred Richards) (1997)

x

Methods (1992,

®Papers

1

A7 " Bookmarksfj Locaiion:[fio: 7malvorio =] @ wstsRiased B
‘e
. Structural biology calculations
i e

t ]

Help

o

: Enter PDE ID codc'l (e.g. lern)
‘ 6."' Qr

o Uplead PDE He: [ Browse.
e
) o, Caleulate: [Suraces (MEMS) =] Output type: [Graphics |
‘|

'” Calculate Reset input form
‘e

o,

Py [More SurfacefVohume ] [Molecules B TTs)
1 “.n
il#
ile.
il I
o | [Documert Dens. EE -l

Server (Chacko)

5 Hetacape

Fie Edt Yiew Go Commumicalor Help

g " Bockmarks & Location: [Hip-/bicréo mbb yale. edu/geomeli/ geom-nbg EADME. him

| Overview .

Hl 55 Netscape

"geometry"

This is a geoeral "code base® for geometne caleulabons orf

) caloulating Vorona polyhedra and Delaunay tr 15

Macromolecular Geometry
Calculation Programs

code library 2.0

Fie Edt Wiew Go Commumcator Hep

=] " Whats Rislaled E

make, sample
runs (reg.
tests), parms

< " Elookmarks  Locobon: [Hiip 7 bicinio mbb yake. edu/geometygrom mbg/MEADME Him

accessible surfaces, helx aces, least-squares fits, H-bonds
aggocipted with thae -- e g standard volumes and rady

The peimary use of this computer code is For wolume of su
ko the followmg references

T Tsa, B Taylor, © Chothia & M Gerstem (19%99)
Velumes,* £ Mol Biol 290: 253-266. 1

T Tea & M Geratein, “Vohime Calculations of Prot
a Miromal Set of Volumes," sabautted,

IFyouuse the code for other purposes (such as cab

B Gersten (19%2). "A Resoluton-Sensiwve Proc z:
the Companizon of Antigen-Combming Sites,” dcte

Authorship, Copying, E

This code was assernbled by Mark Gerstem Much of v
Erorn Jerry Tea, Yehouda Harpaz, David Hinds, and othe

Tou are fee to uze o for wharever acaderar calculabons
1. Cite the references above when you use the progra

2, Eeep this staternent with the programs,
3 Motncorporate this code mto any commerceal pro;

Contact Mark Gerstein if you have any questions o dificr

: Most everything here 15 written m the C language and comr

alphas, SG Indigos, and a 1986 thorugh PI0s mnring lem

and all the bbranies and executables should be budt and te:

Organization

data fEEAT
radit and volumnes for atoms

srco-prog/ B

axes.

sro-progd {EEAD
symmetry, and do RS fithng

sample-runs . Sample runs are n this directory.

bin . The executables.

Location of the code

Most everything here is written in the C language and compiles using make under unix It has so far been tested on
DEC alphas, 3G Indigos, and a #4862 thorugh PII: runmdng e To get everything going, just type ‘make’ in the top
lewe] directory and all the kbranies and executables should be built and tested

ME . This subdirectory containg various data fles pertinent to the calculations -- &g standard

DME . These were the onginal programs distnbuted with version 1.0 of the code --

calculation of Vorenet volumes, accessible surfaces, and the Dielauney tnangulation

sro-prog? f EEADIME This directory contams extra programs for finding H-bonds, VD'W contacts, and hels

This directory contains programs to calculate packing efficiency, generate crystal

shREATME . Ths directory contains per scopts for condensmg and expanding wolume data files.

sro-1ib / 1ib . The library source and binary is contained in these subdirectories.

This file and all the computer code is located at the followmg TRL:

http://biointe. mbh.yale  edufgeomet ey geom-mby. bar. 2

£| This UBL is a tar achive that containg the source code plus sample output and scripts for checking out the programs.
7| To extract fles from the archive uge the command ‘uncompress -¢ code-mbg tar Z | tar svf -

Unpacked versions of all the computer code iz located ar

Bl

& == [Bocument Dore

S S o @ X s

Volumes, Polyhedra, Surfaces, Packing
Eff., LSQ Fits, Axes, Angles, Distances,
Contacts/Hbonds, Crystal Sym.

48 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu




Incredulase

J.5. Richardsen and D.C. Richardson, “Some design principles: Betabellin®, in

D.L. Oxender and C.F. Fox (Eds.), " Protein Engineering”, Alan R, Liss, 1987, p.
149-163

Incredulase

49 (c) Mark Gerstein, 1999, Yale, bioinfo.mbb.yale.edu




Analysis of
Macromolecular
Geometry & Motions

1 Database of

Macromolecular Motions

Interface packing, shear v. hinge,
web DB

2 Morph Movie Server

Restrained Interpolation between
submitted endpoint conformations,
standardized stats, hinge finder

3 Geometry Software
(Volumes)

Voronoi volumes, relation to surface,
radii problem, packing measurement

4 Standard Radii &

Volumes

Needed for volume calculation, 18 basic
types, Sensitivity Analysis, radii set,
atom selection criteria, structure set

W Krebs, C Chothia,
J Tsal, Y Harpaz, R Taylor

bioinfo.mbb.yale.edu/MolMovDB
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