[ Architecture of a highly expressed bacterial gene:
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Most genes that one would want to express are nonideal:

Baclerial genes: expression tightly controlled by sequences, binding of regulatory proleins.
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: coding sequenca interrupted by introns — bacteria can't splice mMRNA precursor;
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Engineering of protein-overproducing DNA molecules —
before the Expression-Cassette Polymerase Chain Reaction:
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g A couple more weeks of screwing around.
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The Expression-Cassette Polymerase Chain Reaction:
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Only need sequence of target DNA — can amplify expression-casselle directly from library.
K. D. MacFerrin, M. P. Terranova, S. L. Schreiber, & G. L. Verdine PNAS 87, 1937-1941 (1990).

Redesigning the human CD4 protein:
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- by redesigning the human CD4 gene:
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soluble CD4 cassettes

"Overproduction and Dissection of Proteins by the
Expression-Cassette Polymerase Chain Reaction”
K. D. MacFerrin, M. P. Tenanova, S. L. Schreiber & G. L. Verdine PNAS 87, 1937-1941 (1990).




{A) CD4 gene cassettes-general structure (Expression Cassette PCR: ECPCR):

"b‘;;‘:"m’é;‘m"l transiational spacer element (TSE)
start codon stop codon
EcoR | \ ~Hind M
CD4 coding sequence /
A 3-ena
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PCR primers CD4 codin, e ene ressed
Start-1 & Halt-1 Lysy—+His oy CcDedt 1
Start-1 & MHak-2 Lys;—tlew CD4 d12 1&2
Start-2 & Halt-2 Asnyga—leuy 7y CD4 d3 2
(B) Gene redesign primers:
ribosome stant
G/C ddamp binding site codon
EcoR | spacer U CDA4 coding strand: Lys,~Asp,e
Start-1: ' ATTTAMATO AAG AAA GTG GTG CTG GOC AAA AMA GGG GAT-3'
Dral CDA4 coding strand: Asn,g—Glin,,,
Start-2: 3'-COCGCGAATFCAGGAGGAATTTAMATO AAC TCT GAC ACC CAC CTG CTT CAG GGG CAG-3'
stop Dral
G/C damp anticodon
Hind It g CD4 anticoding strand: His,q, ~Valy,

Halt-1; 3’ -GOGCAAGCTTTTA GTG GGT GYC AGA GFf COC AGT CAA TCC GAA-3*
CDA anticoding strand: Leu,,,—Val, gy
Halt-2:  $'-GCGCAAGCTYTTA TAG CAC CAC GAT GTC TAT TT? GAA CTC CAC-3' (A}
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Expression of CD4 Domains in E. coli
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Otigonucieotide and peplide sequencing supports the proposed polypeptide sequence.

Semisynthetic CD4 Derivatives by ECPCR:
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Plale assay for inhibitors

&7 \[ sH of CD4-gp 120 interaction
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SH Affinity cleavage or labeling
cp4-diIc reagent for gp 120, MHC class Il.
Location of interaction surtace,
M P. Terranova. S Silberman, S. L. Schreier targeted destruction of viral

S. Bwakoll, G. Verdine, unpublished resuits. recepltor




Overproduction of a Human FK506-Binding Protein, FKBP

FKBP HN1 FKBP
FKBP cDNA ECPCR _ expression P overexpression
cassette vector

R. F. Standaert, A. Galat, G. L. Verdine & S. L. Schreiber Nature 1990, in press.

The Expression-Cassette Polymerase Chain Reaction:

Aeduces time required to engineer overproducer lrom months to days.
Eliminales need for training in moleculas biology.
Can be used lo truncate proleins or add usetul chemical handles.

i Can be used to direct periplasmic export — {0 avoid proleolysis, toxicily, folding problems.

Future directions:

Selectable ECPCR
Leapirogging ECPCR

What is the structural basis for molecular recognition
e in protein-DNA complexes?

[o] Edge-on contacts between specilic DNA bases
and amino acids — H-bonding and H-phobic.

'NV

HoH Crystallographic structures: NMA struciures:

. ‘ H EcoR | endonuclease-dodecamer none

N O--H-N 434 repressor-oparator .
r p Ip repressor-operator Stuctural models:

,N N-H--N A repressor-operalor numerous
= N
N-H--0 ,\.,-' Over 1000 sequences reported lo dale.

H

Chemical (footprinting) methods: several good reagents to probe backbone contacts;
methods 1o analyze DNA base-contacts are marred by lack of base-selectivity.
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Chemistry Underlying Base-Specific Foolprinting:

DMS footprinting:
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Problems:

DNA is exiensively modified — many other adducts produced.
Requires handling ol polent carcinogen (DMS).
Only G's and A's may be assayed; only G uselul. Lack of suitable chemoselective

reagents lor base modification.

Template-Directed Interference (TDI) Footprinting —
guanine contaclts made by the 434 repressor:
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of a 434 repressor-operator complex:
Thermodynamic considerations:

—////; S 2
—zz =1
—e

Crh

ChHy
—37//, W

T
Cry
probe dSDNA snsembie

mam‘o/mhlprm\m‘

bouna unbouno

Hypothetical binding profiles:
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The practice of running interference experiment at a single

Experiment is best run under Kq sensitive conditions.

concentration point shouid be va‘vonded. )
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Semisynthetic approach to 1

igand-DNA complexes:

Gap Insertion/Ligation (GIL} Method:

dNTP

—_—

-

gapped duplex DNA

DNA polymerase

.—N -
N'————
nicked duplex DNA

DNA ligase
Oligonucleotides obtained by
automated synthests.
Ligand-dNTP monomer obtained by _
chemical synthesis. ——N
—-—N"'
Enzymes obtained from NEB. duplex DNA

5'-AGCGCTCGAGGTACCTC- 3 —————=
1a . single-siranded

3000

5'-..
3.

5'-AGCGCTCGAGGTACCTC-"3"
3’ -CTCCATGGAGCTCGCGA-5"
1b, double-stranded

r
moncma! dimer

- -AGCGCTCGAGGTACCTC AGCGCTCGAGGTACCTC AGCGCTCGAGGTACCTC AGCGCTCGAGGTACCTC. . . -

.TCGCGA CTCCATGGAGCTCGCGA CTCCATGGAGCTCGCGA CTCCATGGAGCTCGCGA CTCCATGGAG. . .
1c, double-siranded oligomer

1. h’-modGTP. 2; Sequenass
2. T4 DNA igase

. AGCGCTCGAGGTRCCTCSAGCGCTCGAGGTACCTCGAGCGCTCGAGGTACCTCGAGCGCTCGAGGTACCTC

S $2

ey

- TCGCGAGCTCCATGGAGCTCGCGAGCTCCATGGAGCTCGCG TCCATGGAGCTCGCGAGCTCCATGGAG. . .
L lJC

-3
-5

Asat ACCTCGAGCGCTCGAGGT GCTCGAGGTACCTCGAGC Ecod7 It
TGGAGCTCGCGAGCTCCA CGAGCTCCATGGAGCTCG
Bant GTACCTCGAGCGCTCGAG CGCTCGAGGTACCTCGAG HinP |
GAGCTCGCGAGCTCCATG GRGCTCCATGGAGCTCGC

Kpn CTCGAGCGCTCGAGGTAC TCGAGGTACCTCGAGCGC Haell
CATGGAGCTCGCGAGCTC CGCGAGCTCCATGGAGCT

CTCGAGGTACCTCGAGCG Hhal
GCGAGCTCCATGGAGCTC

covalently closed DNA




Equipping Oligonucleotides with a Ligand Effector Element:

5 3
oligonucieotide
. a:
ﬁ p& Hydroxyl radical generators
= Fluorophores
m = High-affinity protein-binding elements
Intercalators
DNA/RNA cleaving enzymes
Signal amplification enzymes
5 3
hybrid
oligonucleotide ) ) . ] ‘
Present synthetic strategy for generating hybrid oligonucleotides:

hybrid oligonucleotide

U [Tigand |

functlonally tethered oligonucleotide (FTO)

U f@\

protecting
conventional group
DNA synthesis modified
reagents monomer

System is committed to specific tether structure at monomer level (nonconvergent).

Nonconvergent FTO syntheses — disadvantages:

Di

VEr i

Exploration of various coupling chemistries:
° /

|

Nu 5" 3 5 3
NH, N
o s Vs
hybrid S 3 5" 3

oliganucieotide H, Ni

Nu:
: . 5 3 5 3
5 3

luncionaily tethered Use ol chelate ellect to drive ligand-DNA association —
aligonucleotide (FTO) pimization of spacing, g Y.
I N@ /5'
§=f—— 3 Ugand = e tides, R
DNA f 3 H 5 ¢ calgoﬁzgrales An aiternative strategy for the synrhzs:s of
synlhesis  modilied functionally tethered oligonucleotides:
feagents monomer

i ! The Convertible Nucleoside Approach

convemble
" nucieosiae

o

*

5 - 3

functionally tethered oligonucteotide
(FTO)

tuncoonat
Ny: = oo

Install tether at the end of the synthesis.

_



A Convergent Synthesis of Functionally Tethered Oligonucleotides: DeprotecliorvAminolysis:

convertible

T a™ leoside
HO oM N*NHCOIPD
NHCOPhp

N # N
P S

aster bond

o fnker functionally tethered

oligonucleotide (FTO)

P2

HN=polymer

Synthesis of FTOs by One-Step Deprotecrion/Aminolysis:

Isoouw u-a bonumms comvarthble muclecsida

)ano)hi.,)goi o?w/go?)ﬁio)go.o)bio)ggs o.ojgo.o)g |

O(C“-):CH °|C“-M2N 0!@‘1)#'«" OCIHCH OICIHCH  OCHCN OICHICN  OCHHCH OICHCH  OCHHEN  OCHHCN )‘0

resin-bound precursor nkage io tasin i
qarmmnphoq:hvmvslﬂ 1-7 Mag. u,u@ soiid support

65°C, overnight

i o @-—m

St A A T A

o

o-3

9 (FT0)
BN, tether i
YN NS
N N NS gt &ﬂ.\(\,m
A M. Macmian and G. L. Vardine, oH OH
Tavanocron. suomied. "'"/\{ Y\g
Ditficulties of the One-Step Deprotection/Aminolysis Reaction:
The tep depr ysis r
— concentrated
resin-bound DNA — amine solution
(volume ~200 ul) {volume ~500 uL)
Dilficullies: ph
Removal of large excess ol amine (centrilugal dialysis).
O NH
Prohibitive cost of expensive amines, e.g. peptides. NH? ]\/k
Transler ol base-prolecting groups lo amine: l:> HzN < )
s

Potental problems of two-polymer system:

oy "
7 N\0 .
v * - RO
i . 5rosln-hound FTO i "
N,
]

Ny O

polymor-bound
oligonucleotide




Labile Base-Protecting Groups: Comparison with Conventional and TMP-dU:

o] O
Ph’LNH o]
Conventional:
( A ) ( /k /[\
-“L -w TMP-dU
Ty2 8h 10 h 2h ~50h
{conc. NH,OH, 20°C)

O

(o}
Pho\)\NH (o] [0}

- i e &L
J}

OPh
no protecting
Tyz 7 min 15 min 30 min roup

{conc. NH,OH, 20°C)

J. C. Schuihol, D. Moko, and R. Teoule, Nudl. Acids Res. 15, 397-416 (1987)
Commercially available: Pharmacia

The Two-Step Procedure: Deprotection, then Aminolysis:
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OPQ DPO OPOJEO;%)%OPO 090 OFO OPO OPO OJ

BCIHCN DCHLON OICHICN OCHHCH BICHNCH BCHKCH OCHHCH OICHHCN O(cu,w:n
tuily protected oligonucieolide
lm
conc NH OH,
fLan
G c A
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The Convertible Nucleoside Approach
to Functionally Tethered Oligonucieotides:

. Access 1o wige array of modified oligonucieotides.
. Minimail moaification of conventional synthesis procadure.

. Maintains 5'- and 3'-enas for enzymatic manipulaton.

A W N

. Negligible aisruption of DNA structure.

5. Can be 1o allow 10 3 of the 4 DNA bases.

~=— minor groove

~~—— major groove

Major
groove @
- M- N N=H---Q
e W IIRCN
{ G N=H--N C A N---H=N
"{ N—< I_/ N—/ N
N N
Ne-tee O = o]
Minor @ G-C basepair A-T basepair
groove

Equipping Oligonucleotides with a Ligand Effector Element:

5 3
oligonucleotide
i
Ligands (infer alia):
ﬂ 0 & Hydroxy! radical generators !
= Fluorophoras ‘
m = High-atfinity protein-binding elements :
Intercalators
DNA/RNA cleaving enzymes
Signai ampiification enzymes
5V 31
hybrid
oligonucieotide i

Can this synthetic chemistry be used to illuminate fundamental aspects
of DNA structure and function?

Applications.of FTO Technology:

Engineering Non-Ground-State DNA Structures

)

va’ﬁ‘ e
==

f‘"“”‘) \ |

Non-grouna-state (NGS) DNA: supercoied DNA, Z-DNA. crucform structures.
barn & kinked ONA, H-ONA, e,

Chailenge: to generate non-grounc-state (NGS) struchures in 0sgonuceondes —
wiil OFOVIOS SUDSIT1es 10T STUCYWIG SIUCRIMB/IUNCION IN PIOteNS that
specificaty recognize NGS DNA.

Strategy: onve comormanonal transmons in ONA by forming crsutfide bonas.

R\
|s 47\ oona strength ~65 kcalvmo!

R’S

Qther attractve teatures: reacily formea ana cieaved uncer conaions that 00
not per s anect DNA.




Synthesis of disulfide-crosslinked oligonucleotides by the FTO approach:

S—S(CH;)NH,

S—§
" N gNH
W b T e My

N.thicelhyl-dA

)OOO“
’\_

POOO W

M-thioethyl-dA
mixed disulfide

OO0 ——
om044

- Phdi:
convertible nucleoside

g
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00y M _O
N
vo:t)/ N . §—&mwmm . ;H

s FZLV(J_‘
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N'-thiopropyi-dA M-thiopropyi-dA

mixed disuilide
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Synthesis of disulfide-crosslinked oligonucleotides by the FTO approach:

5 a—
SH & $—S$ c
g < 5
c
oM o NH_auyse ¢ N gNH HN, n T

N-thioethyl-dA
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OOO——

anoO>

SH S—5

>OHO00Own

N s ,NH dialysis

—“--000

M-thiopropyi-dA

©° ©

[o] o]
Z;O
Z

)
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0RO-H- POOOY
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Z;*o
KQO
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OOO=—
L
LXoYelnd S

Characterization of disuifide-crossiinked oligonuclectides:

s
5+ -GCGARZCGC-3" ne2 oy (CHaS
3 —CGCTAAAGCG-5 '
s/ 1. Enzymatic ¢ f:
digestion
n 2. HPLC analysis HO/\j
5+ -GCGAMETCGC-3
3’ -CGCTFAAGCG-5"' HO 2
s

Native gel electrophoresis: dimer
CD: B-DNA

Melting curves: single cooperative transition

olige Tm('C) 4
i 5*-GCGAATTCGC-3"' '
3'-CGCTTAAGCG-5" 54.25 T

21.018.05

‘ C; crosslink 75.25-1-|—
i 295
| C, crossiink 72.3

A. E. Ferentz & G. L. Verdine, submitied {Science).




Denaturing PAGE Analysis of Disullide—C_rosslinking Reaction:

size
C3 C2 markers
r_A"_ﬁ r—-&_\
crosslink uosslmk .‘
—l ——l 15-mer |
RSSR' I RSSR I 10- mer
i
| ! H
\ : e ‘,' t

ﬁ...

Isolation of NF-xB by Oligonucleotide Affinity Chromatography:

NF-xB: regulales ranscriplion of |mmunoglobulm genes, activation of HIV enhancer;
ultimate eff in signal

P

OPh “2N\/\/\m
HoN
N N 2 \N\NH; N N\
k 9 5 ——— - l* N
N N ;OH N~N
0~ 0.p-GGACATGGGGAATCCCCAGCCGGT-3' 0= 0-p-24-mer
. A amine-tethered
P S0 allg oligonucleotide

bind complementary
ofigonucieotide strand
H {
Affl-geti~_N A~ ~
(o] N
0
NN
NF-«B site

O0="" 0.p-GGACATGGGGAATCCCCAGCCGGT-3
NF-xB affinity matrix CCTGTACCCCTTAGGGGTCGGCCA-5'

Column capacity: ~ 4 pmol (for 30 kDa protein, 120 mg); 107 higher than Kadonaga and Tiian.

Active Site and Substrate Activation in Cytosine-C5 Methyltransferases:

NH,
N7 5 methyltransferase N 5| CHa
et e
SAM
oA oA
e A

Biological significance:
: cell-type-specific and cell-cycle-specific reguialion ol gene expression.
prokaryotes: ditferentiation of sell- from non-self-DNA; DNA repair.

Probable mechanism:
H. ~ Ad
NHy g, NH NH,
_/ mel N 3 ~_-CHs
L — X ey — 1
N 0” "N \sEnz 07N
LN sen b b

Subversion of Catalysis in a Protein-DNA Complex:

NH,
F
N)}J( A/t
. )\ SEnt ot
FdC {rozen proleln -DNA
compiex
Strategy:

L =

e R p

Synthesis of oligonuctotide containing site-specifically implanted FJC residue.
Application of chemical, speciroscopic. and crystallographic probes Iro DNA structure.
Determination of aclive-site nucieophila.

First gh into sub ivation in a catalytic DNA-binding protein.




Application of the Convertible Nucleoside Approach
to the Synthesis of an FAC-Containing Oligonucleotide:

; : NH,

o) o
F F F
HN);j/ N%j/ conc. NG
NH,OH
oA oA X oA
O

How DNA~O/\S2) DNA-O
OH O-DNA O-DNA
FdU (Roche) T A In DNA
TMP-FdU Is pletely [ d upon under DNA conditions.

TMP ether acts as a protecting group lor the FAC exocyclic amine function.

Quantilative yield, conversion.

Site-specific incorporation of FdC into DNA —
problems with stability of protected monomer:

o] (o]
NH, HN*Ph HN*Ph
NG F N4 F N~
A = A - A
o) N O N o) N
DNA-O/X_Oj DMTr-oXﬁ HoXi}
O-DNA O p NP2 OH
OCH,CH,CN
e N'-benzoyl-FdC
FdC phasphoramidite very unstable
Overproduction of Hae Ill Methyltransferase — the Bacteriophage T7 Promoler:
AR
b SRat——-
... ! p .
RN ndRRG777TT e I N\EEY
Wpcg;::t_j RBS \slan sop / Llinm‘:ﬁmtwmma
vector Hae 1l
f‘ : <: I 37 kDa M Hae il proten
I
|
PKEN1: K. Ezaz-Niwpay, K. Uchino, G. L. Verdine, unpublished; overproduction: L. Chen. G L Verdine, unpublished.
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