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A,B, C monomers of Varying hydrophﬂiicity
and hydrv)phobicity

Examples:

1) Proteins
~2) RNA

3) DNA

4) Others




1)  Equilibrium structure (mative structure or
Three-dimensional fold)

2) Dynamics

Breathing motions (small amplitude fluctuations
yy e About native structure)

/\« Conformational transitions (density of states p(E) )

< 3) Pathways and kinetics of folding of macromolecule

Complicated
Often spontaneous in solution (2bout ms —
for smalt proteins)

In cells, larger proteins fold with the help of
Chaperons or chaperonins

seconds

(1) and (3) is usually referred to as the PROTEIN
- FOLDING PROBLEM i proteins.
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The Protein Folding Problem

FLHARDHCVA 1K LFNS] K
MAPNIRKSHP LLKNMINNSI I DEPAPSNISA WAYNY GSLLAV CLATQIL [GY
LLAMIYTADT SLAFS VAHT CRNVQYG WL RNLHANGASE FFICH LG
RGLYYGSYLY KETWNTG VIL LETEMATAFV Gy VEPWGOMS FWGATVITN
FSAIPYIGHT LVEWAWGGFS VONPTLIRFF ALIF) LPEALAGIINNLTF
LHESGSNNPpL GISSDSDKIP Fiipy YSERDILGLTLMLTPF | TLALESPNI.
LODPENFTPA NPL VY PPHIK PEWYFLFAY A ILRSIPNKLG G V) ALAASYY,
ILFLIPFLHK SKQR [NTFRP LSQULFWLLV ANLLILTW 1G SQPVENPEN
IGQMASLSYF TILLILFPT) GTLENKMLNY ’

SDLELIPPSY PWSHRGPLSS 1.DII1 SIRRGF QVYEQVCSSe HSNMDYVAYRI
LVGVCYTEDE AKALAELV 2V QDGPNEDG EN FMRPGELSDY FpEpy PNPEA
ARAANNGAL PPDLSYIVRAR HGGEDY \ FSLLTGYCLEPPIG VSVREGLYFN
PYFPGQAIGM Appl VNDVLE FDDGT PA FAS QVAKDVCIEL RWAALPEND
RERMGLKMLL MMGLL VL VY YMERIKWS V. KSRELAYRPP K

SR SRKGESYL VY AVITLGVAYA

SHTDIK VPNF SDYRRPPDDY STHSSRES
AKNVVTQFVS SMSASADVILA MSE] CIKLSD )
RTKKEIDQEA AVEVSQLRDP QHDLIR VEKKP E
GDFGGYYCPC HGSHYDASGR IRKGPAPLNL
AOQRPAVSASS RWLEGIRKW Y YNAAGFNKYG LMRDDIIYVEN DDV
PENLY DDRMF RIKRALDLNM RQQILPKEQW Ky EEDVPY L EPY LKEVIRE
RKEREEWDK

GRQFGULTRY RHLIT YSLSP FEQRPEPIYE SKG VPRAWRR LRACH R\ AP
PELAFYLLYT WG TQEFEKSK RKNPAAY VD R

GDPKEEEEEE EELVDPL T I'VREQCEQLEKC VEARERLELC DR VSSRSQT
EEDCTEELFD Fi HAKRDHCVA HKLENSLE

VAPILTARLY S1.1 FRRISTE ALTIVVGALYL FERAFDQGAD A M) GR
LWEHIKHK YE NK
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* Coverage of macromolecules inctuding proteins, nucleic acids, carbohydrates,

and lipids.
® Broad Ccoverage of small organic compounds.

* Range of Computed properties: molecular structures, energies, forces, and

vibrational frequencies.
° Transfembility between small and

large molecules and between systems.

¢ Consistency between types of molecules, allowing simulation of complex

Systems (such as protein/DNA
¢ Scientific validation,

dynamics simulations.
* Full commercia] Support and maintenance,

enzyme/substrate).

Range of CFF Functional Groaps
Principal Functional Group Types
alcohols } guanidinium phenyl amines l
aldehydes hydrazines phenyl imines
alkanes imines sulfides
alkenes ketones sulfonamides, N-
alkylsulfonamides
amides and alkylamides monatomic halide anions
sulfones
amine and alkylamine monatomic metal cations
cations sulfoxides
nitrobenzenes &
amines and alkylamines nitroheterocycles thiazoles
470 compounds nitrogen heterocycles thicamides
biphenyls & bisphenyls N-heterocycle amides thiols
carbohydrates N-heterocycle imines ureas and aromatic ureas
carbonates oligazoles, 2-6 ring N's per water
ring
14 bi-functional co unds
carbamates Mo
oxazoles
570 aromatic rings
Xylat
Gatboiltes phenyl, N-heterocycle
carboxylic acids peldsiestas
hol
dialkylphosphates Phenyl alcohols and ethers
disulfides phenyl amides
esters
cthers _]
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Molecular Mechanjcs and Dynamics
Simulation Engine

Discover, is a molecular simulation
brogram for applications in computer
assisted molecular design in both life and
materials sciences. Discover applies a

Var

range of well validated forcefields for
dynamics simulations, minimization, and
conformational searches, allowing you to
predict the structure, energetics and
properties of organic, Inorganic, organe-
metallic, and biological systems.
Discover provides you with the
ability to study a wide range of
molecular systermns and materials
types. The insight gained
through Discover can help you
develop and refine working

éxperimental directions.

Discover Methodologies for
Molecular Design

simulations and incorporates
assorted molecuiar mechanics
and dynamics methodologies that have
proven value for molecular design. Using

foundation, YOuU can confidentty compute

inimum ene nformations, as well as - . .
e m T8Y conform * Built into Discover are useful tools for

: performing analysis of Structures and
- dynamics trajectories. You can analyze

families of structures and dynamics
trajectories. Supported forcefields for
Discover include the default CVFF!, the
Amber forcefields, CFF*U ang
COMPASS®25, Through the
efforts of the Potentia] Energy
Functions Consortium (PEFC),
the CFF forcefield undergoes
continuous development to
incorporate the latest innova-
tions and parameter values. -
Currently, CFF. 4 Class II
forcefield, includes parameters
for proteins, carbohydrates,
lipids, nucleic acids, mixed
Species (such as common
glycoproteins), smals organic
molecules, many common
Mono- and divalent cations, ang
Several common anions, Similarly, the
COMPASS forcefield has been developed
through the efforts of the highly successfu]
Polymer Consortium. With such an array
of forcefields at Your disposal you are free
to explore Vvirtually any type of molecular
System.

TIPSy i rarany s

Molecular dynamics Simulation of a mode| lubricant
fluid (5-butyl nonanc) undergoing shear between metal
plates.

a our -

Jypotheses as well o e - module, you can immediately begin
. complex molecular dynamics simulations,
. Both the Insight 1T and Cerius2 environ.
" ments have a straightforward user

: . < _ interface that eliminates the need to know
Discover is designed for rigorous . the Intricacies of Discover ¢ommands. In
© addition, the powerfy] 3D graphics
. features in Insight I and Cerius? allow
- you to display your resuits Visually
. Providing a clearer and more immediate

a range of state-of-the-art force fields as the " understan ding of your Syt

- Discover provides flexible control over

* simulation Strategies, ranging from the

. ability to set atomic level parameters right
- through to controlling molecular-leve]

" behavior through template forcing and

- 8eometric restraints. Yoy can constrain

© Structures by setting interatomic distances,
* bond angles or torsions to desired values.

. NOE restraints allow you to fit structures

. investigate binding strengths and thermo-

- dynarmic stabilities, Full support for

. Symmetry and periodic boundary condi-

. tions allow You to simulate infinjte

+ Crystalline lattices, byjk liquids and

" Mixtures, amorphous solids, interfaces and
. solvated Systems. In addition, comprehen-
- sive analysis featyres allow you to extract

* the most pertinent results from the

_ simulation.

- Using either the Insight II or Cerjus2

graphical user interface and visualization

* as other interesting properties. For life
. science applications, in-depth analysis of
- trajectories can be enhanced with MSI's

* information systern, allowing interactive
. definition of molecylar Properties and

. dynamic processing of simulation data to
* obtain the desired molecular information,

. With Discover and DeCipher. you can
* address seripys Projects in computer aided
. molecular design,




discovery, protein design, genomic
therapeutics, NMR spectroscopy. and X-
ray crystallography.

COMPASS is a class I force field designed
for modeling materials systems compris-
ing organic and polymeric systems and
selected inorganics and metals. COMPASS
has been specifically parameterized with a

view to performing accurate predictions of

the properties of condensed phase
materials - such as PVT behavior and
cohesive properties.
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Analysis Options

Structural

* Powerful commands to manipulate
coordinates including rigid body RMS
comparisons, reorientation, mass-
weighting, calculate radius of gyration,
and scaling

* Powerful commands to analyze internal
coordinates

* Calculation of molecular volumes and
surfaces

« Calculation of solvent averaged properties .

» Correlation function analysis from
dynamics trajectories

a given trajectory such as conforma-
tional transition

Energetics -
* Interaction energies between any two
sets of atoms

* Hydrogen bond energy

Vibrational/Normal Mode

* Analyze fluctuations of atoms or
internal coordinates

* Explore the energy surface along one or
two modes

* Analysis of crystals with any space
group symmetry

Hardware Platforms

Versions available for Silicon Graphics
workstations, Cray servers (T3D, T3E, ]90,
C80, and T90), IBM RS/6000 workstations.

Software Requirements
Insight I or QUANTA 3D graphics
program

Complementary Software

MBO(N)D is a multibody dynamics
program which allows you to produce
simulations of molecular movements and
properties up to 30 times faster than
conventional methods.

DeCipher is a powerful and flexible
program for high-level analysis of
molecular structure and the results of
molecular dynamics simulations.

MCSS searches potential active sites in

proteins for potential binding points using '.

a unique, computationally efficient
approach.

L
Molecular Simulations Inc. + 9685 Scranton Road + San Diego, CA 92121-3752
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U.K.: (44) 1223-413300 - France: (33) 1-69353232 - Germany: (49) 8106-35-93-0

Asia/Pacific: (61) 2-9954-4322 - Japan: (81) 3-3663-8615

. References
~ 1. Brooks et al., CHARMM: A Program

for Macromolecular Energy, Minimi-
zation, and Dynamics Calculations. J.
Comp. Chem., 4, 187-217 (1983)

. 2. MacKerell, Jr. et al., All-atom empiri-

cal potendal for molecular modeling
and dynamics studies of proteins. J.
Phys. Chem B, 102, 3586-3617, (1998)

. 3. MacKerell, Ir. et al., An all-atom

empirical energy function for the
simulation of nucleic acids. J. Amer.
Chem. Soc117, 11946-11975, (1995)

© 4. Pavelites et al., A Molecular Mechan-
» Identification of reaction coordinates for

ics Force Field for NAD+, NADH, and
the Pyrophosphate Groups of Nucle-
otides. J. Comp. Chem., 18, 221-239,
(1997)

. 5. Feng et al., Structural Characterization

of the Phosphotyrosine Binding
Region of a High-Affinity aSH?2
Domain-Phosphopeptide Complex by
Molecular Dynamics Simulation and
Chemical Shift Calculations. J. Amer.
Chem. Soc., 118, 11265-11277, (1996)

; 6. Schlenkrich et al., Empirical Potendal

Energy Function for Phospholipids:
Criteria for Parameter Optimization
and Applications in “Biological
Membranes: A Molecular Perspective
from Computation and Experiment,”
KM. Merz and B. Roux, Eds.
Birkhauser, Boston, pp 31-81, (1996)

. 7. Feller et al., Molecular Dynamics

Simulation of Unsaturated Lipids at
Low Hydration: Parameterization and
Comparison with Diffraction
Studies.Biophys. J. 73, 2269-2279, (1997)

8. Neria et al., Simulation of Activation

Free Energies in Molecular Systems. J.
Chem. Phys., 105, 1902-21, (1996)

. 9. Momany, FA, and Rone, R., Validation

of the General Purpose QUANTA 3.2/
CHARMmM Force Field, J. Comp. Chem.,
13, 838-900, (1992)




Gaurjauueyo onouy e i
¢asdepion ordpijyus ue QIOY) ST

Satueq ordonta [riaaos sa
S2ILIS uonIsuvL Aurw SSAILIS UoNIsuLL Jo arnjeu AU

b2'=0 Losues) sser

nIRnIm

ot . ey
(SRAIRIpAwLIdIUI Furvauuy o Iy o19I5Ns + i =
BY'=Y @IS vopisues |
90
:Buipnpu ‘Suwisfireyyow puy
“(s)KeAyi it aif JO SuLy ur waqoad aify azifemydarnos _

0) AeM ¥ sa9150 [ou uny Juipioy urayoad I YO

‘(Apoaaip jou) SI9LLRG dnauIy o) ro=
O 1yTIsur attios s19j70 aduo aspue] o) jo mmo::w:ox "

'SIVIS Jo Ajrsuap oy
JOaamseoti v sapraoad £donuo [euonengijuos oy |

Adonuy y
(2661 SFNd) T g
‘worqoad oty 01 yoroadde [ouuny Juipjoy uro E:_

U1 pastipodjur argonuQ) asog pue prodoart aajo ($661) 26 s 125 puop oy vosy

[PuUung Surpfoq uryoag



O a3

. e —

LG

Other Models

Levinthal landscape
involves random searching
for the native state.

Pathway from the denatured
conformation to the native
conformation.

Rugged energy
landscape with kinetic
{raps, energy barriers,
pathways to the native
state. I'olding can be
multi state.

Conformational entropy
can cause free energy
barriers to folding. The
rate limiting step 1s the
aimless wandering on
the flat plateau.

I Dill & T Chan, NSB (1997)



Models of Protein Folding

1. Ken Dill -- Heteropolymer collapse
-« The protein is a heteropolymer which cullapses

- to avoid contact with the water solvent
- [0 maximize contacts betweer apolar amino acid
side chains

-

» Compaction of the polymer

- creates secondary structure
- drives the formation of tertiary structure

2. Walter Englander and Robert Baldwin -- Secondary
structure drives tertiary structure

» Contacts form between amino acid side chains

* Secondary structure forms and molds protein
structure
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Beginning of helix formation and collapse :
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Transition state
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Glass transition Q = 0.71
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A General Method for
Photomltlatmg Protein F olding
In a Non-—Denaturmg

Environment




Photolabile Benzoins 5

R\(')
‘ MeO
Meo r : hv O \ O + RO
...*»

Ome OMe

R = phosphates, amines,
carboxylic acids

'

[n 1971 Sheehan er. al. showed that esters of 3°5°-dimethoxybenzoin undergo
efficient and very clean photolysis under near-UV illumination.

The benzoin system has the following characteristics which
make it the cage of choice for this study:

>Quantum yields in the 0.6-0.7 range

| > inert photo-products

| > possible derivatization of the benzyl rings
>an estimated rate constant of >1010 g-!



e NMR Structure of 35-residue
Protein SYStem subdomain within the villin headpiece.

C-terminus

N-terminus

Met 12

90° rotation

> The short length is compatible with standard Fmoc solid phase peptide synthesis

> A high percentage of secondary structure is present

> Monomeric with a high thermostability (T, =70°C at pH 7.0)°

> VHP has a well defined hydrophobic core

> Expected fast folding

> Computational experiments have been performed by Duan and Kollman. McKnight, Matsudaira, Kim, NSB (1997)
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General Synthetic Strategy |
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O_~COOH HOOC A~ Cys i HNT >
i
0. _CgHs Cets
9 O Z\"O
I |
il
[ 07 NN hv (<350nm) o . Folding
S T ’ T
4 0 S o

A6 ol
et HOOC ™ Glu'~anHN

HOOC - Cys~anaHN

. The final product yields a thioether analog of Glu, thus the best residues to target are solvated

| surface residues.

VHP(34) M12C:
LSDEDFKAVFGCTRSAFANLPLWKQQNLKKEKGL




[6) x 107 (deg cm? dmol™)

Steidy State Photolysis

190 200 210 220 230 240
wavelength (nm)

Steady-state photolysis ol 28 4M cVIIP MI12C-
CMB in 10 mM NaPO, buffer, pl1 7.4, irradiated
from 300 to 400 nm using a filtered high-pressure
thercury vapor arc lamp. Linear form at 95 °C
(above the melting temperature of VHP-35) (A);
cyclized form, irradiation time (s): (B) 0, (C) 10,
(D) 30, (E)90. Inset UV/Vis spectra.

250

MALDI-TOF

| B Mass Spectrum
[M+H*] exp. 4191,8,
found 4191.94
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MALDI TOI
Mass Spectrum
[M+H"] exp. 4191 .8, |
found 4191 .25 /
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MALDI MS. The molecular mass of the peptide
before and after the photolysis, were to be 4191.9
and 4191.2 amu, respectively. This is indicative of
cyclized peptide.
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Initiation of Unfolding

OR

Unfolding
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In PBD, changes in the refractive index
are followed optically by a probe beam.

In PAC, the volume expansion IS

monitored by detecting the accompanying
acoustic wave.



CW Modulaled

Photoacoustic Calorimetry i

DPulsed Laser photoacoustics is a technique that measures photoinduced enthalpic and volumetric changes on the nano-

and microsecond timescales.

DPhotoacoustic Calorimetric measurements are based on the vibrational relaxation to the ground state of a photo-excited

molecule and the accompanted thermal heating of the surrounding solvent.

D After nonmalizing the signal acoustic wave with that of an appropriate reference compound (on that 1s nonfluorescent
and does not undergo any photochemistry) the following expression is obtained:

¢E/1 v - (S/‘S‘rcf)/';/z % - Q + l/‘\ ]/CO“//?(’[)]

Sample

' Window
] e
—

Pholo
deteclor \
3!
(a) S—
} AL

— —

A plot of the normalized photoacoustic amplitude (¢) versus 1/F(T)
gives a strait line with a slope equal to the heat evolved

(O).Subtracting ) from L. gives A/{ for the reaction.

’ﬂelerence

J——

Pulsed ~ (b) 4
laser B

ShE

/ Pizzzo (a) '

Grounded
housina

p (D) X

PA signal
(magnitude & phase)

PA signal

1 (1) = (JIC, )

|
{Lock-in l———»
alemenl /m -

/= thermal expansion coefficient

ol water in K*!

C, = heat capacity in cal/g -deg -mol
p = density in g/ml

{ . Boxcar ™ (maaqni -del: . .
b 4 Signal (magnilude & gale-dolay) () is (he amount of heat released to the
ﬁ:k} . '.b P solvent alter photolysis
' ale | T . .
N7 Trigger L5, 1s the energy of the excitation photon




In principle, the amount of heat deposited in the
solvent could be derived from the deflection angle
of the probe beam created by the refractive index
eradient within the solution.

In practice, the amount of deflection can be
quantified by comparing the signal amplitude of
the unknown sample to that of a reference
compound. The reference typically absorbs the
pulse energy that is deposited, in its entirety, to
the solvent as heat without additional
photochemistry. Thus, the expression of the PBD
signal for the reference compound has no volume
change terms, a quantum yield of unity, and a Q¢
equal to E,, or

R = A E,(dn/dT)(1/p C,) Ey,

so that (S/R)* E,,,

= ® Q + D[p(dn/dp)AV+BAR o)/ dn/dT)(1/p C,)




PBD Analysis

The deflection signal arising from changes in the refractive index of the
sample can be written as:

S=A4E, Of(dn/dT)(] PCY0O = plawdp) AV + Ban,, ]

A represents the geometrical parameters of the instrument

E,., 1s the photon energy absorbed

@ 1s the quantum vield

p1s density (g/mL), C, 1s the heat capacity (cal/deg K)

QO is the heat released to the solvent by the sample upon excitation
n 1s the solution refractive index

Ban,, 1s the change in refractive index due to absorption changes in the sample .

By using the ratio of the sample signal to that of the reference, the
normalized PBD signal provides an expression which eliminates the
instrument response factor, 4

(SRI*E;, = @O = D[pldn/dp)AV = Ban,, J/(dn/dT)(1/pC,)

Plotting (S/R)E, , versus PC,/(dn/dT) gives a slope proportional to the
volume change and an intercept equal to the amount of heat released to
the solvent. Since O is the amount of heat released by the photoinitiated
reaction, subtracting O from £, (the amount of energy absorbed by the
molecule) gives AH for the reactio.



Results

PBD:

AV = -2.6 ml/mele on a timescale faster than
deadtime of the instrument (initial electrostrictive
contraction of the solvent upen generation of the free
carboxylate at residue 16)

Fast phase was followed by a single phase of volume
expanswn of + 1.5 ml/mole, occurring.at a rate of 1.8 x
10° sec™! (slower volume expansion upen unfording due

to an exposure of hydrophobic residues im the core of
GCN4-pl).

PAC:

Addltlonal Kinetic phases of 1.4 x 10° sec and 3. 3
x 10° sec™

Control

Photochemical cleavage of a DMB model

compound was instantaneous as revealed by PAC
and PBD.
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cVHP-34 M12E’ MODEL

hv

Folding

Model was built with BioGraf™

The structure was minimized by running
Molecular Dynamics simulation at 1000K
and then 300K.



Concliisions |

>  We have shown that folding can be initiated by releasing a peptide chain from
a cyclic-constrained conformation using a caging group that photolyzes on the
sub-nanosecond time scale.

» This general strategy can be used to link the N - terminus of a protein to a
cysteine side-chain in synthetically accessible proteins.

» This technique can be applied to virtually any protein assuming that the
secondary structure will be disrupted by loop formation.

> Kinetics of the refolding event have been studied using PAC and PBD
spectroscopy.






