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Abstract

Many diseases are due to the generation of abnormal gene
expression, especially cancer causes changes in almost all derived
from the gene, and a sequence-specific nucleic acid peptide with DNA
force generated, therefore, the peptide molecule and nucleic acids
and biological function of the mechanism of action research in the
field of life science research plays a very important content.

The contents of this thesis are divided into two parts:

1. Circular dichroism studies of DNA-peptide interactions employing
peptides incorporating the XP(Hyp)RK motif and
4-amino-1-methylpyrrole-2-carboxylic acid (Py) residues.

2. Sequence-selective cleavage studies DNA by chlorambucil-peptide
conjugates.

The duplex DNA wused in these studies is a 13-mer
oligomer: 5-d(TAGGAGAAAATAC)-d(GTATTTTCTCCTA)-3'. CD
spectra reveal that all of these peptides induce a strong positive peak
around 300 nm, suggesting that the peptides bind strongly to the DNA
minor groove. Binding isotherms of A6 versus [ peptide ] / [ DNA ]
show that at the [ peptide ]/ [ DNA ] ratio of 0.5-2.0, only one molecule
of peptide binds to the 5’-d(AAAA)-d(TTTT) -3’ position, whereas at a
ratio of 2.0-3.0, two molecules of peptide bind to this locus. Thus, CD
studies of DNA-peptide sequence-selective interactions unveil
peptide concentration-dependent DNA conformational changes,
minor groove binding preference, and binding stoichiometry.

MALDI-TOF MS spectroscopy was employed to study the DNA
cleavage fragments that locate cleavage positions at phosphoester
bonds. Strong DNA sequence-selective-cleavage were induced by
conjugate CLB-HyM-10 at phosphoester bonds between As and Gg as
well as between Ty,and C,;, of which depurination and
depyrimidination occurred on Asand C,;, respectively. Cleavages
also occurred at phosphoester bonds between Tisand A and
between A;g and Ty, and depurination occurred on Aqs.

The DNA sequence-selective cleavage pattern of conjugate
CLB-HyQ-10 is similar to that of conjugate CLB-HyM-10, with
additional cleavage points between Gz and G4 of strand U4A, and
between C,3 and C,,4 of strand L4T. Conjugate CLB-HyH-10 prefers to



cleave phosphoester bonds between G4 and As, and between C,3; and
T»,, with depurination on As.

The DNA sequence-selective cleavages induced by conjugate
CLB-PyMK-10, CLB-PyHK-10, CLB-PyQK-10, and CLB-PyWK-10 are
very similar, with cleavage preference mainly on the upper
U4A strand. Cleavages were assigned between phosphoester bonds
between G, and As, As and Gg, Gg and A;. Thus, this study clearly
indicates that peptides with different sequence and substitution of
amino acid residues afford different DNA sequence-selective
cleavage patterns.

Keywords: DNA-peptide sequence-selective interactions,
CLB-peptide conjugate induced DNA sequence-selective cleavages,
circular dichroism, MALDI-TOF MS spectroscopy
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RHyp-12 : His-Hyp-Arg-Lys-(Py)s-Lys-Arg-Hyp-His
HyM-10 : Met-Hyp-Arg-Lys-(Py)4-Lys-Arg
HyQ-10 : GIn-Hyp-Arg-Lys-(Py)4-Lys-Arg
HyS-10 : Ser-Hyp-Arg-Lys-(Py)4-Lys-Arg
HyH-10 : His-Hyp-Arg-Lys-(Py)4-Lys-Arg
HyE-10 : Glu-Hyp-Arg-Lys-(Py)s-Lys-Arg
PyHK-10 : Lys-Pro-Arg-Lys-(Py)4-Lys-Arg
PyMK-10 : Lys-Pro-Met-Lys-(Py)4-Lys-Arg
PyQK-10 : Lys-Pro-GIn-Lys-(Py)4-Lys-Arg
PYWK-10 : Lys-Pro-Trp-Lys-(Py)s-Lys-Arg
PySK-10 : Lys-Pro-Ser-Lys-(Py)s-Lys-Arg

PyHR-9 : Lys-Pro-Arg-Lys-(Py), —Arg

7 AL

CLB-HyM-10 : CLB-Met-Hyp-Arg-Lys-(Py)4-Lys-Arg
CLB-HyQ-10 : CLB-GIn-Hyp-Arg-Lys-(Py)s-Lys-Arg
CLB-HyS-10 : CLB-Ser-Hyp-Arg-Lys-(Py)4-Lys-Arg

CLB-HyH-10 : CLB-His-Hyp-Arg-Lys-(Py)4-Lys-Arg
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CLB-HyE-10 : CLB-Glu-Hyp-Arg-Lys-(Py)4-Lys-Arg

CLB-PyHK-10 : CLB-Lys-Pro-Arg-Lys-(Py)s-Lys-Arg
CLB-PyMK-10 : CLB-Lys-Pro-Met-Lys-(Py)4-Lys-Arg
CLB-PyQK-10 : CLB-Lys-Pro-Gin-Lys-(Py)4-Lys-Arg

CLB-PyWK-10 : CLB-Lys-Pro-Trp-Lys-(Py)4-Lys-Arg
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4. NaOAc >
5. Methanol 7P
6. trihydroxyacetophenone (THAP) Acros
7. diammonium hydrogen citrate (AC) Showa
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Direction of
propagation

Right-circularly polarized light
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5 FEF S > tan® = (F5F & db-#FFl ) - BRI E 3 F A E T O B8 At
B R AZF DM e R TR Z 8 R R
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2-2-2 A F W B4 T SR AFRR A T B T OF 2 (Matrix
Assisted Laser Desoprtion/lonization Time-of-Flight

Mass Spectrometry » MALDI-TOF-MS)

S iR AT A G E L U R R
Fooo & 1E AT IR TR PEAL A AR (P T e JEPEEE S N o d 0T it
SR R G SN RIS VA R 3 s R
Bt f 1 ehps it o

B 2-4 #t = MALDI/TOF i% ﬁf#i%fnr‘gﬁ?] o TR ASHYF

PE o AR AR AR G ARILA P SRR 0 R B G Sfe T M
R Wi Ba F g g bR £ 18 0 Poig R BB 4F 4 (target)
Foogd B E A enfiRT @I REEE o - BAGEA FA R LG
fo > T kiEie MALDI/TOF 28k 2 2 7F1* § 7 3 56 &
AR A Pt SRRV NPARE | S BE AT LI 5 LS B S
+ 4+ TOF g #i7en4 £ 5d TOF g A3 E £ 81> 3|
BRI EBAR M RIT] e b b AT A G AT HRHEA § A2 BHfED
Mg - ALig * Eonanosecond f= [Pk i B (pulse width ) o
TE o PR HEEE A 10~300pum oo i ¥ MALDI A 454
A5 e % Flang B9 A 10° ~ 107 Wiem?
Z o paE AL * HMALDIUV § 849 > d 3> Ny, 35 (£
337nm) il R 0 ST R L ¥ o

variahle
attenuator

N, laser (337nm)

|||un|uun‘

linear

o [i Iﬂ!ﬂ ﬂhmmud_

turbo

250 s
turbo

Bl 2-4~ A FH et 3 s s 8 7 pr P T3 R (MALDI - TOF - MS)
% F s W
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n),

2-3 REHFE REHE

2-3-1 Fl= ¢ k3

* 5 mM sodium cacodylate buffe r( pH 6.5 )4 %] #-U4A f-L4T H
DNA /% f% > 7000 rpm #.w 30sec: # % 5min- ¥ DNA = /3 f%
(6 B3 FEDNA B RREET > £94°C THE#ASMN HFFE W
FIE R+ 5 ULA-LAT 9% DNA 3 % o B4 Fris e U4A-LAT DNA 7%
e s (7000 rpm #rew 30 sec) > ffff = 2 yM U4A-LAT DNA 73 7% >
R AR LR IIIRE TR o PR EATL A2 IR IR
=7 k& > P~ 1 mLU4AA-LAT DNA 30 1 mL P273 7k 3 4
fRE> 237T°C TER> 7z CLB2*xF E1lhrs 7 CLB 2 7+%%
F & 30 min > & {4 CD -

#- CD J-815 (Jasco) 3 . High Sensitivity » ## # F13% & 220
nm ~ 380 nm- Data Pitch 1nm- Continuous Scanning Mode > Scanning
Speed 100 nm / min > Response 4 sec > Accumulation 3 times - #- 2 mL
#Feoeter»3mL #z&cell (1em x 1ecm) ¥ » 4 37°C T ip o
A 4w @] DNAonly 4 & )k & 0 peptides only » 2 1 ip]3#
DNA-pepdite & & 3 /% 2 Bl > 3 {6 #-#7{8 2 #icdp 402 DNAonly fv
peptides only ##kig » & * SigmaPlot 10.0 #ic 8 &2 2. o

c 4

e

~
—

>

2-3-2 Maldi-tof Mass Spectroscopy

* 5 mM sodium cacodylate buffer (pH 6.5) 4 %]#-U4A §c LAT
H % DNA ;4% > 7000 rpm 3w 30sec # % 5min- & DNA % 273
fEis o K A DNA BiRR &3 > £94°CTHEAESMIN FFFE
w3 F R 0 = 5 U4A-LAT BE9% DNA 3% o #4 ¢ris en U4A-LAT DNA
i% it grs (7000 rpm &t 30 sec) 0 #ff# = 40 uM U4A-LAT DNA %
/% o P~ 20 yL 40 uM U4A-LAT duplex DNA % /% 4= 20 pyL 4uM peptide
% £ 10,000 rpm #ee 10sec 37°C & B 30mine 2 (8 4e ~
1mLO°C99% ¢ p&f- 1.3 yL5 M NaOAc- 10,000 rpm Zt~~ 10 sec
#]3+-20°C k44 overnight - 4°C 14,000 rpm #t.~ 30 min» # % L fg
F2 g Aer ImLFFe70°C99% ¢ f%04°C 14,000 rpm &~ 30 min>
£4F ik 3A & ki * speedvac 800 rpm 25°C 5 min K-k 54
¥z °

+ v Az Ae ] 0.5 M trihydroxyacetophenone ( THAP » Acros) 1 mL
f= 400 pL 0.5 M diammonium hydrogen citrate ( AC » Showa ) -k /% % >
% THAP :AC = 5:2 et bR £ X 2 P 5% 2 AT - S AFTH RS
L1RESEBARSEE > FHs %S v & % MALDI-TOF MS # Bl -
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A2 g 2 R R E R RFRE TR R R KR LA
microflex (Bruker)» & & - A& 5 337 nm h§ § "k iwt F o 7
Bost A R ERFEFHA > KEFFEA YL 1.05m fr 1.96m > & p
7o BURIBEFRE > AL R EARIFE T R IF S
T ! Laser Frequency 20Hz > lon Source 1 19 kv » lon Source 2 17.85
kv Len 8.5 kv Reflector 20 kv Pulsed lon Extraction 400 ns> Number
of shots 150 > Laser Energy(pJ/pulse) 29~32 -
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¥=F .

3-1 fl= ¢ & (CD)2A %

ke ql* CDFR% > Fl= ¢ LFH LT DNAH2 n %
CES GRS Flpt AR B B TS T gk
B iRl DNA B 451 g it o

* 23t

v

AO[mdeg]

-4 | | | l
220 250 300 350 380

Wavelength [nm]

B 3-1-1A.1 uyM U4A-L4T only~5 yM RHyp-12 only = 5 pM PyHK-10
only % ** 5 mM sodium cacodylate buffer (pH 6.5)° 37°C T2 CD
Bl# o UAA-LAT Bk £ 274nm 3 — B F sy > £ 251 nm 3

— B T SoTiE > P2 RHyp-12 & & 283 nm § - B T SofTiE o

PyHK-10 ~ &] &t & 275 nm =286 nm % 3 — B w T sfcié o

20



220 250 300 350 380
Wavelength [nm]

Bl. 3-1-1B RHyp-12 £ U4A-LAT DNA % & 2. CD Rl3# -

C 4

RHyp-12

AO[mdeg]

220 250 300 3580 380
Wavelength [nm]

B 3-1-1C. RHyp-12 ¥ U4A-LAT DNA %2 &z 5 £ k&3 (difference
spectra) °
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3.5 UM PyHK-10

AO[mdeg]

5L | | | I
220 250 300 350 380

Wavelength [nm]

B 3-1-1D. PyHK-10 £ U4A-LAT DNA % & 2. CD Rl# -

E,

—3.5 UM PyHK-10

AO[mdeq]

220 250 300 350 380
Wavelength [nm]

Bl 3-1-1E. PyHK-10 £ U4A-LAT DNA % & 2.1 4 k3 (difference
spectra) °
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F 4

5L | | |
220 250 300 350 380

Wavelength [nm]
Bl 3-1-1F HyH-10 ¥2 U4A-LAT DNA % & 2. CD Bl -

G 4

AO[mdeg]

220 250 300 350 380
Wavelength [nm]

B 3-1-1G HyH-10 22 U4A-LAT DNA % & 2 5 £ k3% (difference
spectra) °
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AO[mdeg]

220 250 300 350 380
Wavelength [nm]

Bl 3-1-1H PyHR-9 £ U4A-LAT DNA % & 2 CD Bl -

AO[mdeg]

ol | | | !
220 250 300 350 380

Wavelength [nm]

B 3-1-11 PyHR-9 ¥ U4A-LAT DNA % & 2 7 £ k% (difference
spectra) °
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A2 KA E kenE s g sk e P02 riyt pBR322 DNA F 4 B %
£ =% 103-114 1R 7]3% 3+ 7 U4A-LAT DNA » U4A-LAT DNA £ - 3
13 Bk A 2 B3 DNA- 8 575 5-d (TAGGAGAAAATAC)
-d (GTATTTTCTCCTA) -3 &/ 7]¢ ¢ 7 7 5-d (AAAA) -d (TTTT)
-3’ =1 peptide-DNA binding site -

& RHyp-12 % U4A-LAT ~CD R3¢ » k& 247 nm 3 - §
SofcdE o om gl & 282 nm fel & 328 nm R oA B I soqciE (R
3-1-1B) » & H difference spectra % R f =g F 4 7 2 = H
(red-shifted ) » s gk & £ 247 nm %= 269 nm > @ & & S
< k& 289 nm frk £ 327 nm( §]. 3-1-1C)> 3 - near-isoelliptic
point 4 A& 280 nm PF s 2@ T 2 A F k& 1] DNA g
A2 @ gk & 320 nm fHiTG L ST A 24 pE JT‘taz\'T P AT RS A
DNA -] w4 (minor groove) > %51 RHyp-12 {-f 2% 3 H 5 %
REE )W

& PyHK-10 # U4A-LAT «»CD Bz ® » k& 248 nm 3 - §
Bl o @ k£ 284nm - B (B).3-1-1D) > A et £ 322
nm Pl - Bfok R i@ oot g > &8 difference spectra
( ®. 3- 1 1E) B3 £ 322nm 3 fgd H & 7 329 nm > E ikt

£ 284 nm g =45 1] 289 nm oo LR 322 nm s ik £ AR

¥ PyHK-10 #k R 1 > £k R 0.5 UM 3] 5.0 UM e jcid & 2 5 &
fivf% ( blue-shifted ) & £ % 2 250 nm - i&& 7 7 ot e fcid §_ mostly
peptide concentration-dependent » ¢ 7% 5.0 uM FF e dTieg B F @
W o 5 F R RIS B AT A 2B kAR o0 PyHK-10 R Rt ¥
U4A-L4T ﬁvfﬁfg»\ﬁ%é_i £ o

& HyH-10 # U4A-LAT 2 CD R @ » &k £ 247nm § - § =
Joif o @ At £ 284 nm - B jcE (. 3-1-1F) > 4.H difference
spectra (B]. 3-1-1G) 2 3> 330 nNm = ¥ o fTid L £ 25 22
k& 284 nm T ke A 4 7 i 5] 288 nm -

& PyHR-9 % U4A-LAT :»CD Rl ® > &t & 249nm F - f =
Yot > @ k& 270 nm - B ojcE (R 3-1-1H) 0 B - B RR
w e g A & 334 nm vt 0 & H difference spectra ¢ g IR -
#3361 255 nm & o fek kied 90334 nm s (@)L 3-1-11) -

%[ peptide ]/ [DNA] $FA 6 B 4 ¥ 3 1 ( . 3-1-2)> PyHK-10
RIS e i Bopl 7] > 287 PyHK-10 % & o U4AA-LAT DNA | v
PEATiE & e A S R 1 B5 7] 3 935 PYHR-9 &% & DNA
EREESCE m#’flﬁ] <5 it st PyHK-10 ~ RHyp-10 4r HyH-10 33 > )I* % 7
¥ PYHR-9 & & 4 U4A-LAT DNA | ‘v”ﬁgfﬁw SR - U SR
[ peptide ] / [ DNA] +* £05-20 2 F@r 3 1 & F a0k 5 4
5-d (AAAA) -d (TTTT) -3 2. =% + » %[peptlde]/[DNA] b
20 - 3.0 2@ Q3 2 A3 a0 b EHM2Z BAL 5 2

25
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[ peptide ] /[ DNA] +* 4.0 g A G * L iE- e > 8ot
L 5 eh A 3 4 2 % DNA e 2t B 7| B %S

( non-sequence-selective binding ) -

4

A® [mdeg]

—+ PyPFro-12
—— PyHE-10
—— RHyp-12

0 1 2 3 4 a 4}
[Peptice] / [DMA duplex]

B 3-1-2.[peptide ]/ [DNA] HA O 2z B %R -
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3-1-2 » &4 fr £ A2 CD B 52 1 R

R 7Y 7 CLB 27 241"2xn CD Blz#? > R AR7 g R el

~330Nm ® X B E o] W aRUEL F] S BRI 870 DNAS e

d 3L DNA 2 fF g 425 A AL » T R 57 L adE - 2R
RS DNA 4f o T ik T LRI ET R 5 s i

CLB—I|—|yM—1D .

AO© [mded]
o

1
M

L | | | .
220 250 300 350 380

Wavelength [nm]

B 3-1-3A. 1 uM U4A-LAT only ~ 5 yM CLB-HyM-10 only 4= 5 uM
HyM-10 only ;% >+ 5 mM sodium cacodylate buffe r(pH6.5)>37°C =
2. CD B3 - U4A-LAT k& 274nm 35 — B e Fsoaid > 0 £ 251
nm 3 — e T 3z > 928K CLB-HYM-10 & @& p &g o' » HyM-10
A8 e £ 275 nm )3 - B TR TE o

27



CLB-HyM-10

A© [mdeg]

4L | | | .
220 250 300 350 380

Wavelength [nm]
B 3-1-3B CLB-HyM-10 2 U4A-LAT DNA % & 2. CD Bl:¥# -

CLB-HyM-10

A© [mdeg]
o

3l | | | .
220 250 300 350 380

Wavelength [nm]
Bl 3-1-3C CLB-HyM-10 ¥ U4A-LAT DNA & & 2_1 £ &3 (difference
spectra) °
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A© [mdeg]

5L | | | |
220 250 300 350 380

Wavelength [nm]
Bl 3-1-3D CLB-HyQ-10 2 U4A-LAT DNA % & 2. CD Bl# -

A© [mdeg]

3L | | | |

220 250 300 350 380
Wavelength [nm]

Bl 3-1-3E CLB-HyQ-10 £ U4A-L4AT DNA & & 2.+ £ k3% (difference
spectra) °
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A© [mdeg]

G 2

A© [mdeg]
o

1
M

-4

250

300
Wavelength [nm]

B 3-1-3F CLB-PyHK-10 £ U4A-L4T DNA

350

CD Fl:# -

380

220

B 3-1-3G CLB-PyHK -10 2t
(difference spectra) -

250

300

Wavelength [nm]
U4A-LAT DNA &
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AO© [mdeg]

1
[\

-
220

250 300 350 380
Wavelength [nm]

B 3-1-3H CLB-PyWK -10 £ U4A-LAT DNA % & 2. CD Bl3# -

A© [mdeg]

-4
220

B 3-1-

250 300 3580 380
Wavelength [nm]

3l CLB-PyWK -10 ¥ U4A-LAT DNA % & 2z 7+ £ % 3#

(difference spectra) -
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% CLB-HyM-10 # U4A-LAT «»CD Bz * > &k & 247 nm 3
- ffcEom £ 278 nm fojl £ 337 nm B3 B B E ST (R
3-1-3B)> &3 difference spectra # I f sz i £ 7 0 F - STk B
JEEBATR & B A& =% 7 % (HBl. 3-1-3C ) 7 — near-isoelliptic
point 4 A& 287 nm BFF o ixFM 7 2 A F ek &1 DNA 7iE
A2 @ k& 330 nm fFFITH &g A A pE )T‘u% TR AFEREE R
DNA ] wiff (minor groove ) » &7 7 2| A fr 8 & 303 5- k¢ B &
R

% CLB-HQ-10 # U4A-LAT »CD Bl *® > &£ 248nm 7 -
e >om k£ 280nm — B e fcE (] 3-1-3D )0 A Ak E 334
nm B3 - BEERBM 1 > &3 difference spectra
(B. 3-1-3E) #3m » k£ 280 nm el s = 7 267 nm e f
»]’zié » 334 nm el BT 2 E A e

. CLB-PyHK-10 % U4A-LAT «»CD Rl 7 - k& 248nm 7

- v)ujytié @ gtk 276 nm - Bk cdE (B 3-1-3F) > A H
difference spectra ( B] 3-1-3G) # % > 333 nm =% g £ T
,273 Besg o ek £ 276 nm T fr A 4 T F AT 269 nm o @ T

B B v foi o

i CLB-PyWK-10 #f U4A-LAT »CD Rl ¥ » ik & 249nm 3
- T @ Atk 278 nm - B ex T (155?].3-1-3H>’ By - B
AORR N BT A B 335 nm it 0 & H difference spectra ¢
- 133269 nm § BT e 7"}} m335 nm T4 (.
3-1-31) -

%[ peptide ]/ [ DNA] %A O hBE ¢ F 3 (R 3-1-4ABCD) >
BEADL M g o HAR A SH A B EALRE L L
U4A-LAT DNA -] 0§ 973 = c7ag = mq‘ﬁ s 1 ﬁx%ﬁ 7zl »m CLB
B g R £ B UAALLATDNA [ wifg & f 5 B85 a ks B o
DNA 7 & & 7 2] 3] "3 P i 2 e BE o WFRF m?a@ v Byl 7] en
HyE-10 ( [8]. 3-1-4A)> fed: + CLB 4 > d »t & & i 4 35 > i 2+ 2] eh
e~ 0 & DNA &8 3 4c 0 o CLB-HYE-10 #£R] & chs it & F @ 2 5
| (B, 3-1-4B); ¥ & 0% it B o] 57 HyS-10 ~ HyQ-10( §). 3-1-4A)
4 g AP 1 ets % > CLB-HyS-10 ~ CLB-HyQ-10 ( |]. 3-1-4B) 5[l &
g ik F A § koo PyHK-10 ~ PYyMK-10 % & it 4 8% ( H].
3-1-4C)> % ¢ PyHK-10 &k & 3.5nM > PyMK- 10 AER 25nM 2
6 & 4 2RE % & (non-selectivity binding) =4 DNA # % > iz
CD #ni% » @ f CLB-PYHK-10 ~ CLB-PyMK-10 %)% % 1| »c i » & {7
ngg,ﬁlﬂ»w%r}ub,%4\lfas’fﬁu/§4rtl ’#’P’ﬁCD %‘%%E{(]%].
3-1-4D ) » 3 AL TN £ 2B o

‘Z
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3 -
=
3
£
@
<
1 -
HyE-10
HyH-10
HyS-10
HyM-10
0 4 HyQ-10

0 1 2 3 4 5
[peptide] / [U4A-LAT]

B 3-1-4A.[peptide ]/ [DNA] A O 2 B (21 -

25
2.0 -
15 4
=)
(O]
©
£ 10
®
<
0.5 -
CLB-HyH-10
—o— CLB-HyE-10
0.0 —+— CLB-HyQ-10
—+— CLB-HyM-10
—e— CLB-HyS-10
'0-5 T T T T T T

0 1 2 3 4 5 6
[peptide] / [U4A-LAT]

B 3-1-4B.[peptide ]/ [DNA] A O 2 R i B °
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4
3 -
= 2
3
E
)
< 1 -
—O— PyHK-10
0 - —A— PyMK-10
—e— PyQK-10
—A— PySK-10
—— PywK-10
T T T T T
0 1 2 3 4 5 6

[peptide] / [DNA duplex]
B 3-1-4C.[peptide ]/ [DNA] A O 2z B 28 -

18
16 -
14 -
12 -
B 10
o 1
£
® 0.8
3
0.6 -
0.4 -
—e— CLB-PyHK-10
—0— CLB-PyMK-10
0.2 1 —v— CLB-PyQK-10
v —A— CLB-PyWK-10
O-O T T T T T
0 1 2 3 4 5

[peptide] / [U4A-LAT]
B 3-1-4D. [peptide ]/ [DNA] A O 2z i 28 -
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g & APk P PyMK-10 &4 » m PySK-10 & £ ( Hl.
) 7 B AR Jn»\CLB -HyQ-10 #.4#>m CLB-PyMK-10 #. % -

(Wi}

[
[ ok o I o S T T ok BN

]

'&E)ITHI

O

Hﬂ i ﬁﬂﬁﬂﬂ%ﬂ

)
7

?@QF
/8’47:
/&Q
£
e
s,
e
%,
%%
%,
%,
/979'?

=
(AJ
H
U'I
>
ﬂn—
E
s
4/\‘
>
D
(\s

5
=

'&E}ITIFII

Do 0 = e
Shals s b I

NS
)25%\ )gc'g} g&z\ ﬁ\{o Q;%Q' QQ\\&' @\b
oF &5 &F &F &F NG Q\‘i‘? NG

Bl 3-1-5B. “» 2[A|52Pk A O 2 1L HF] -
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Zd:\’ 1 )lév Ei)?-_" A@max Z_ /ﬁ ‘DE: °

LE N AB®pax (NM)
RHyp-12 320
HyM-10 329
HyQ-10 327
HyE-10 330
HyS-10 334
HyH-10 332
PyHK-10 322
PyMK-10 333
PyQK-10 325
PyWK-10 326
PyHR-9 334
CLB-HyM-10 337
CLB-HyQ-10 334
CLB-HyE-10 333
CLB-HyS-10 330
CLB-HyH-10 321
CLB-PyHK-10 333
CLB-PyMK-10 335
CLB-PyQK-10 325

£ 93Pk 5 ~330 NM R e A v 3 RAFH L RH R 0 U A 0 EORIR R

= ERL 1) 4 S
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3-2 MALDI-TOF MS Spectroscopy

7z CLB z *» 3474 x4t U4A-LAT DNA = & F Bt 3 F > A=

f1* MALDI-TOF MS # 7z 18 & 45 M4k 02 757 3 {5 2 DNA * &~ +
a0
1

) AR PR PSE DNA F 3 BB SE R R g o

3-2-1 CLB-HyM-10 MALDI-TOF MS

E ] 1093.059
3000 -
2000 -
1410.957
1000
1255.041
1728.729
O-I SRR Y l
I00 I 12|00 I 14IOO I 16|00 I 18|00 I ZOIOO I 22|00 I 26|00 I 28|00
m/z
Assigned oligonucleotide fragment Calcd. [M-H]" Observed [M-H]"
T1 ."2".2 Gg dr
E‘CHS\I\F‘\I\F‘\I\F‘\I\DH
1093.72 1093.059
B] 3-2-1A. 7+ *x CLB-HyM-10 % U4A-LAT DNA *» & ¥ K 2

MALDI-TOF MS Rl -
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ESOOO' 452,611
g
505.079
6000 - -1
768.152
508.677
4000
530790
546.174 1082.967
2000 1
601.701 1397.541
i )0I n I5(;0I s I6(;0I "0 I I8(‘)0I C I9(‘)0I C IZI.OIOOI s I11‘00I s IZI.ZIOOI n IZI.BIOOI n I14‘00I I
m/z
Assigned oligonucleotide fragment Calcd. [M-H]" Observed [M-H]"
T1 dr
s pe for
451.33 452.611

B 3-2-B. 72£7x CLB-HyM-10 #t U4A-LAT DNA 7 2] % 2.

MALDI-TOF MS Rl # -
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E 1093.068
5
3000
2000 -
1000+
1 | 1168.522
’ 0I90I C IllIOOI n I11I].0I C I11I20I t I11I3OI n I11I40I C I11I50I t I11I60I C I11I70I n I11I80I I
m/z
Assigned oligonucleotide fragment Calcd. [M-H] Observed [M-H]
T1 .&.2 Gg dr

E“GHS\I\P\I\ F'\I\ F'\I\I:]H

B 3-2-1C. "2*x CLB-HyM-10 ¥t U4A-LAT DNA *» 4] ¥ E 2.
MALDI-TOF MS Rl -

1093.72 1093.059
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5000

Intens. [a.u.]

686.717
200.7- 1

4000

873.585
3000 601.740 639.394
707.499
707.499
2000
1000
I6(|)0I I I I65|0I I I I7CI)OI I I I75|0I b IBCIJOI I I IBSIOI
m/z
Assigned oligonucleotide fragment Calcd. [M-H]" Observed [M-H]
Gig Tis
& CHg\I\F'\I\F"DgH . .
686.42 (Na") 686.717 (Na")
Gqgq Tqgdr
E‘CHE\I\P\I\F‘\I\F"D3H
873.13 873.585

Bl 3-2-1D. 7+*x CLB-HyM-10 #f U4A-LAT DNA *» %] & & 2
MALDI-TOF MS Rl -
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3 1442.879
— 3000 -
2
f.l_g
c
2500
1789.526
1789526
2000 1731.928
1731.928
1475.644
1475644
1555.944
1555.944
1632.674
1500 - 1520.502 1632.674
1412.550
| 1412:550
1000
———————————— T
1400 1450 1500 1550 1600 1650 1700 1750 1800 1850
m/z
. . . N N
Assigned oligonucleotide fragment Calcd. [M-H] Observed [M-H]

T1 As Gz Ga dr

& CHa\I\F'\I\ F'\I\ F'\I\ F'\I\CIH

1442.12 (Na*)  1442.879 (Na")

dr  Top Caz Cog Tos Aog
HDSP\I\P\I\P\I\-P\I\P\I\P\I\DH 3 .
1731.21 (Na+) 1731.928 (Na )

Bl 3-2-1E. "+ *x CLB-HyM-10 #f U4A-LAT DNA *» &] ¥ £ 2
MALDI-TOF MS Rl -

CLB-HyM-10 #t U4A-LAT DNA 5 %3 k- M ¥ A U4A
9 As fr Gg 22 P 2 LAT 57Ty v Cyy 2 (B 3-2-1ABCDE) » £ ¥
As v Coy thig A30 1 § IR J 8 G T H T BBEER (> o 1L 4P
3 EIRLAT 0Ts frAe %2 Ag frTyy 2 B2 2] P R 3 iéﬁjﬁ%ﬁ’
LAUBE 0 @ Age s IR 6 AR R G T 3 T BPE R o
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3-2-2 CLB-HyQ-10 MALDI-TOF MS

El 944,085
é 800
997.460
600
400
200
o A
50I t I85|0I t I9(|)0I t I95|0I t I10|00I t I10I'50I C I11|00I t I11|50I t I12|00I t
m/z
Assigned oligonucleotide fragment Calcd. [M-H]* Observed [M-H]*
Ty Az Gs
5‘CH3\I\F'\I\F'\I\F’DSH
997.62 (Na") 997.460 (Na")
Cag Tos Ao

HOSP\I\P\I\F‘\I\DH 3
944.13 (Na*) 944.085 (Na")

B 3-2-2A. 72*< CLB-HyQ-10 ¥t U4A-L4T DNA *» 4| ¥ X2
MALDI-TOF MS Rl -
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1731.169
=207

Intens. [a.u.]

150 A

125 o

100

1442.958

754

501

254

0

L T e e S By S B e B e B S S N e T B By Sy By B S B
1350 1400 1450 1500 1550 1600 1650 1700 1750

m/z

Assigned oligonucleotide fragment Calcd. [M-H]* Observed [M-H]*

T1 As Gz Ga dr

5 CHS\I\F'\I\ F'\I\ _p\l\ p\I\QH

1442.12 (Na*)  1442.958 (Na")

dr  Top Caz Cog Tos Aog
HD3F’-\I\F'\I\F'\I\'F'\I\F'\I\P\I\DH 3 N
L : 1731.21 (Na+) 1731.169 (Na )

Bl 3-2-2B. 72£7x< CLB-HyQ-10 #f U4A-LAT DNA *» %] & &< 2
MALDI-TOF MS Rl -

CLB-HyQ-10 R|% s4c CLB-HyM-10 4p i1chi % » b5+ 4 (%8
B FIE B B 3] =B & UA ihAs foGe 2 [F 2 LAT Ty 4o
Cy 2 B (%] 3-2-2AB) @ 2 HY Ag ’ff' Co E‘hﬁﬁ'i‘\fg [ R R S
R g T 8T A5 CLB-HyQ-10 4 £ # 5 3 =k A u] & U4A
e G3 ’f‘T’G4 2.3 LAT 7 Cys ’f‘T'C24 2o
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3-2-3 CLB-HyH-10 MALDI-TOF MS

| 1966816
2
g
c
— 4004
300
11232.640
1559.502
| | 1247366 =
200
1442.925 1521.574
100
Oj‘w'"'l""l""I'W'"I'"'I""I""wl""l
200 1300 1400 1500 1600 1700 1800 1900
m/z
Assigned oligonucleotide fragment Calcd. [M-H]* Observed [M-H]*

CES [:24 T25 "ﬂ"EE
HOSF’\I\P\I\F‘\I\F‘\I\DH ¢l . .
- 1232.17 (Na")  1232.640 (Na")

T Az Gz Ga

5 CHgJ\PJ\PJ\FJ\DH

T1 As Gz Ga dr

5 CHS\I\F'\I\ F'\I\ _p\l\ p\I\QH

T1 Az Gz Ga dr

5 CHgJ\PJ\PJ\FJ\PJ\PD4

1247.84 (Na*) 1247.366 (Na*)

1442.12 (Na")  1442.925 (Na*)

1521.89 (Na")  1521.574 (Na")
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Ty Az Gz Ga As

5 CHS\I\F'\I\F'\I\ F'\I\ F'\I\DH

Ty Az Gz Ga As Gg

g CHg\I\F'\I\F'\I\ F'\I\ F'\I\F'\I\ FOsH
1966.21(Na") 1966.816 (Na*)

B 3-2-3. "£*< CLB-HyH-10 #t U4A-LAT DNA 7 3] 7 &2
MALDI-TOF MS Rl # -

1559.29 (Na*) 1559.502 (Na*)

ER
A5‘A5 ‘ff' GG‘Ge‘f\'—"A7iF§£ L4T ‘:"ij20 ‘ff' C21 2R (F%] 3-2'3) ’
B Ashp ATV AR N T B T RPERNG -

CLB-HyH-10 #f U4A-LAT DNA 7 4] » =% &+ U4A 0 Gy o
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3-2-4 CLB-PyHK-10 MALDI-TOF MS

i 1967.389
2
g
£
600
500
1560.677
- o 1877627
400 4
1247.540
300
2007 1792.735
- L T o O S B B B By B B B B |
100 1200 1300 1400 1500 1600 1700 1800 1900
m/z
Assigned oligonucleotide fragment Calcd. [M-H]" Observed [M-H]*
Ty Az Gz Ga

5 cHS\I\P_\I\P_\I\P\I\DH

1247.12 (Na")  1247.540 (Na")

Ty Az Gz Ga As

L SASA SR

Ty Az Gz Ga As Gg

snabn el o feos

1559.29 (Na*) 1560.677 (Na*)

1966.21(Na”) 1966.389 (Na*)

B 3-2-4A. 72*< CLB-PyHK-10 ¥t U4A-LAT DNA 7 3] % 2.
MALDI-TOF MS Rl -
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i: 1602.444
S, e
a
c
2
=
250 4
1872.396
=014:999
1558.872
1442.477
1966.955
200
1247.067 1421'0?2
| 1792.881
150

100

504

0

I1l|00I t I12|00I C I13IOOI C I14|00I t I15|00I t I16IOOI n I17|00I n I18|00I t I19|00I t IZOIOO
m/z
Assigned oligonucleotide fragment Calcd. [M-H]" Observed [M-H]*
Ty Az Gz Ga
g CHg\I\P\I\P\I\F‘\I\DH
1247.12 (Na") 1247.067 (Na*)
Ta Az Gz Ga dr
E‘CHg\I\P\I\P\I\F‘\I\F‘\I\OH
1442.12 (Na") 1442.477 (Na*)
Ty Az Gz Ga As
5 CH?\I\P\I\P\I\ F'\I\ F'\I\DH
1559.29 (Na") 1558.872 (Na")
Ty Az Gz Gg As Gg
5 CHg\I\F'\I\F'\I\ F'\I\ F'\I\F'\I\ FOsH
1966.21(Na") 1966.955 (Na’)

B 3-2-4B. 72*< CLB-PyHK-10 ¥t U4A-LAT DNA 7 3] ¥ Fx 2.
MALDI-TOF MS Rl -

CLB-PYHK-10 % %} U4A 3%t 2] 5 2] = & G, fo AgoAg v
Go~ GefrAr 2@ (W 3-2-4AB) & 2 F § As i A% A7 %
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3-2-5 CLB-PyMK-10MALDI-TOF MS

i 1965.304
¢ 1500
Q
£
1250 4
1000 1
1872.583
7507 1558.955
500
1247.522
1792.394
250
1443.180 1732.735
1100 1200 1300 1400 1500 1600 1700 1800 1900
m/z
Assigned oligonucleotide fragment Calcd. [M-H]" Observed [M-H]*

T1 Az Gz Ga

5 CHS\I\P\I\F‘_\I\F‘\I\DH

Ty Az Gz Ga As

5 CHS\I\PJ\PJ\ -F'\I\ p\I\DH

Ty Az Gz Ga As

G

snabn el o feos

B 3-2-5A. 72*x CLB-PyMK-10 %t U4A-L4T DNA 7 & ¥ X2

MALDI-TOF MS Rl -

48

1247.12 (Na*)

1559.29 (Na*)

1966.21(Na’)

1247.522 (Na")

1558.955 (Na*)

1965.304 (Na*)



&, 1966.439
g
g
£ 6004 1873.730
1559.217
500
400 4
] 1247.547
300
200 1792.586
] —r
100
1100 1200 1300 1400 1500 1600 1700 1800 1900
m/z
Assigned oligonucleotide fragment Calcd. [M-H]" Observed [M-H]*
Ty Az Gz Ga

5 cHS\I\P_\I\P_\I\P\I\DH

Ty Az Gz Ga As

L SASA SR

Ty Az Gz Ga As Gg
5 CHg\I\F'\I\F'\I\ F'\I\ P\I\F\I\ FO5H
1966.21(Na’) 1966.439 (Na")

B 3-2-5B. 72*x CLB-PYMK-10 %t U4A-L4T DNA 7 & ¥ X2
MALDI-TOF MS Rl -

1247.12 (Na") 1247.547 (Na*)

1559.29 (Na*) 1559.217 (Na*)

CLB-PyMK-10 % U4A-LAT DNA *» 2] 3 B ent $f F &2
CLB-PYyHK-10 7 ¥ (%% chfp it » 305 4 UAA cniz» 2> 7 3] = 8

& Gy i As~ As v Gg » Gefr A; 2 I (Bl 3-2-5AB) > @ K} As i
e Jh 2N Ak g
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Intens. [a.u.]

500
400
300
200

100

i »M

3-2-6 CLB-PyQK-10 MALDI-TOF MS

1559.647
===t

1247.115
A

L L o e B e B B e A L Sy B B S
1100 1200 1300 1400 1500 1600 1700 1800

m/z
Assigned oligonucleotide fragment Calcd. [M-H]" Observed [M-H]*
Ty Az Gy G

B CHg\I\F'\I\F'\I\F'\I\!:'H
T1 Az Gz Ga As

5 GHg\I\P\I\F‘\I\ F'\I\ P\I\’DH
= 1559.29 (Na*) 1559.647 (Na*)

B 3-2-6. "1*x CLB-PyQK-10 # U4A-LAT DNA *» &) 7 B2
MALDI-TOF MS Rl # -

1247.12 (Na*)  1247.115 (Na*)

CLB-PyQK-10 #} U4A-LAT DNA i 2] » =% & U4A 1 Gy I
As~As frGe2 ¥ (Rl 3-2-6) @ ¥ 2 23 $57] LAT chor g B g o
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3-2-7 CLB-PyWK-10 MALDI-TOF MS

668.432
| 228792

Intens. [a.u.]

2000

1500 4

1000 +

500 +

J0

1559.482
—I99.702

1247.749
il i

(-~

[l ' 1
800 1000

Assigned oligonucleotide fragment

Th A

S‘CHB\I\P\I\ PO,

T1 Az Gz Ga

5 CHS\I\P\I\F‘_\I\F‘\I\DH

Ty Az Gz Ga As

5 CHS\I\PJ\PJ\ -F'\I\ p\I\DH

I ' 1 ' I
1200 1400 1600

m/z

Calcd. [M-H]" Observed [M-H]*

669.42 (Na*) 668.432 (Na*)

1247.12 (Na*) 1247.749 (Na*)

1559.29 (Na*) 1559.482 (Na*)

B 3-2-7A. 72£*< CLB-PyWK-10 %t U4A-LAT DNA *» & ¥ &2

MALDI-TOF MS Rl -




El
s 1966.462
2
g
£

1250 1

1000 +

750

1559.026
5004 1247.542
250
1100 1200 1300 1400 1500 1600 1700 1800 1900
m/z
Assigned oligonucleotide fragment Calcd. [M-H]" Observed [M-H]*
Ty Az Gz Ga

5 CHS\I\P\I\F‘_\I\F‘\I\DH

Ty Az Gz Ga As

5 CHS\I\PJ\PJ\ -F'\I\ p\I\DH

Ty Az Gz Ga As Gg
5 CHg\I\F'\I\F'\I\ F'\I\ P\I\F\I\ FO5H
1966.21(Na’) 1966.462 (Na")

B 3-2-7B. 72*< CLB-PyWK-10 %t U4A-LAT DNA “» & ¥ &2
MALDI-TOF MS Rl -

1247.12 (Na") 1247.542 (Na*)

1559.29 (Na*) 1559.026 (Na*)

CLB-PyWK-10 # U4A-LAT DNA 7] » =% & U4A 0 Ay o
G3~Gy ‘ff’ As ~ As ’ff’ Ge ~ Gg ’f\f' A7z ¥ (l%] 3-2-7AB) ’ /)‘7-”}5 3% 3 L4T
s B BB B0 G A AR A B F T B T AR e

§ 7k o
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3-2-8 CLB *» ] 4]325% U4A-LAT DNA 3% g &m
CLB-HyM-10

5I_-I_I:I1 _EI:IEi GDS_EIM _ﬂOS JG'EIE _%?_%S_ADE_A1D_T11 _"'&‘12_ [:13_3‘I

3o —Tos— Caa—Cas—Taa—Co 7z Tao—Taa — Taa—Tar — A — Tis — G40

t t

a ]

CLB-HyQ-10

5Ty _f%z_GDSJ!Gm_ﬂosiGna_f%?_f%a_Ana_Aw_Tﬂ — Az — 33
3'-A25—T25—C24$C23—T22 — Ca ¥T20—T19 — Tia—=Tir— A1 — T1s —Gqg-
CLB-HyH-10

¢u¢

3-Pog—Tos—Coa—Coz— Tz —Co—Tao—T1g — Tea—Tir—Ae— T15 — G145

5I_TD1 _AEQ_ GDS GD4 GDE AOS_ADEI_AW_Tﬂ *ﬁ'\12 [313

o

CLB-PyHK-10
i R

3-Pog—Tas— Cog—Cos— T —Co —Tan—Tia — Tea— Ti7 — g — T1s — G145

5I_TIZH _ADE_GDS GEI4 GDE -'&GT_-'&GS_ADQ_A1D_T11 -'ﬂ\’IQ C13
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CLB-PyMK-10

!

_"&GT_"&OS_ADE_AW_TH "ﬂ\’IE [:13

!

5T =P — Gps— Gopg =

!

’&05 _GEIE

3-Pog—Tos—Cog—Con—Too—Cox —Tao—Tig — Tia— T — A — T1s — G945

CLB-PyQK-10

5I_TEH _"ﬁ"DE_GEIS_Gﬂ4i“ﬂ‘05iGDE_“ﬁ‘OT—"&OS_ADE_A1D_T11 "ﬂ\’IE [:13

3-Pog—Tos—Cog—Coz— Too—Cor —Tao—T1g — T1a— T — A1g— T15 —G14-2

CLB-PyWK-10

=1

'

5I_TEH - "ﬁ'"EIE -

l

3-Pog—Tos— Coa—Cos—Ton—Cor —Tao—T1g — Tig—Tir — e — T1s — G40

b ¥

GEIS_GEM GDE -'ﬂ‘GS_-'ﬂ'-DQ_-'ﬂ"1EI_T11_-'ﬂ'\12_C13_3I

=1

' 3 7 AA-OH -

' 2 7 AA-POzH -
PA %7 AT AT 4t CLB >4 » 7 § 7 1 A -

Bl 3-2-8. "27x%f U4A-LAT DNA *» 2| & 2. MALDI-TOF MS B3 -

CLB-HyM-10 # U4A-LAT DNA 7 %% cn% — M7 2 =8 & U4A
7 Ag f\T’GG 2.3 LAT 3Ty ‘ff’C21 2 H2HY Ag ’f\T'C21 M 7
M EARIIRPH R G THT RPN WS 3 R LAT 0 Ts
’f\f’ Ais %2 Ass ’f\f' Ti7 2 B et —;&'J AR 3 m}?f”%‘ﬁ’bl‘ MEL A A 0
gk AR g LR R R F T H T g PE Rt > - CLB-HyQ-10 B & 3Av
CLB-HyM-10 #piuens % e 57 2 U4A 1 G fr Gy 2 B 2 LAT e
Cos v Cpy 2 ¥ i1 1] = % = CLB-HYH-10 RI*» 2] & U4A G, fe As
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2 P2 LAT e9Co fr Ty 2 B Ascfuig A30 i g o3Py L r g™ 2

T REPEING > As o Gg ~ Gefr Ay 2 fF F 7 2 % B o

i+ CLB-PYyMK-10 ~ CLB-PyHK-10 %+ U4A-LAT DNA *» &] # B et $ 1+

T OE (B P B frﬁ«‘rgrs F 4t UGA chikipr ] » 3] =8 & Gy Fr
A5 N A5 ’f‘-" Ge > G6 ’}f‘—" A7 2 o CLB-PyQK-lO gl 71/1?-' Ge’f‘-" A7 2_ ¥ ety
2] » CLB-PYWK-10 R % 7 Ay fr Gg 2 B ent» & » @ ig k& 71| 3394
’?fﬁ"lx’“ﬂ"f;”ﬁ LAT DNA 7 335 > & ;',’Z’ﬁ R T RS 3 dk A e

B o
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= >
¥z .q. 2z

A2 f|* Fl= ¢ % (CD) #7225 DNA (% o d ke 3
o 5 DNA gragrsiv® 12> a0 £ 300 nm ¥ 350 nm 2 2 - xlhfrm
S S F"ﬁ DNA & &g ‘f"ﬁ ARG kY o BERAL RE
iﬂ%p P AR 2 woTif o FIpt s A2 Ju ik DNA g A 4 B & 18
2 ¢~ DNA St e it ‘”T | % Sk BV 2o DNA B3rkie ¥
EAL LU 6 T R R EER R e B 0 a
near-isoelliptic point =3 4 ’fﬁgﬁﬂ’% 733 P DNA ch2 & it £ 2 B
A F R4l BAFDNAY 2 RRE - - s o A peptide ]/
[DNA] A 0 i a7? 33> % [ peptide ] /[ DNA] v 2 0.5-2.0 2
FpErs 1 A+ a0k% 8 & 5-d(AAAA)-d(TTTT)-3" 2 =% }
@ % [ peptide ] /[ DNA] +* %2 2.0-3.0 2 FpF > B3 2 A F 0Pk}
EREHMZ R By L REP T 20 e

b 135 CD Wik AL+ § CLB L 1ss bl % g
R B2 dpin RS2 g E APRES k] o @ 3R 7 BRI AL
ke {eI g o A F G A B e DNA H o] w30 il DI > % 179K
BEHF )R ESL o d TSSO W FELS T DNA B L &
gjgﬁy};{ E - yjtmawk{»}; X+ gl es o

a7z CLB z 7 23|74+ "5% U4A-LATDNA = & # BLant 1+ > &
~ 41* MALDI-TOF MS %3 12 DNA * B2+ & > T:}&t'l Pﬁ
3375 %t DNA £ # 44*» 2] ehix § - CLB-HyM-10 %+ U4A-L4T DNA 7 f
B m-gs" ‘f'}*7’i‘] ’ l*‘K . U4A e Ag ‘ff'G(s 2_f & LAT 1 Tyg ‘f"—" C21
2 B B¢ Ag fr Cyp e AN g PP N T H T R PE N
oot *‘J'EE«‘* p’;ﬁ’lﬁ.‘ LAT mT]_5 ‘ff'Ale 2 A16 ‘ff'T]_? 2_ ¥ ety ilJ B
AR =11 ;:’w MEL A Age mggik*‘rs.ﬂgﬁ;aw&irﬁ_r TTHT R
3R i» o CLB-HyQ-10 R % 34 CLB-HyM-10 #p el s » e 57 &
UdA 1 G3 fr Gy 2 2 LAT ¢ Cy3 fv Cyy 2 B> 2§ o
CLB-HyH-10 p*7 2] = U4A 7 Gy frAs 2 % LAT 7Cy3 frTyn 2
¥ > Ag ek 2L3R > gzzﬁ;’””‘ RPN T THT RETRIG > A Fr Gg »
GefrA7 2. )a‘k)"ilj oo
x. CLB-PYyMK-10 ~ CLB-PyHK-10 ¥ U4A-LAT DNA *7 & § B et

$11 3 FeAefp it 6 PSR UAA St 3] 8l i) & Gy
’f\f’ As ~ Ag ’f\f' GG Gs’ff' A7 \F?& CLB- PyQK 10 7] éﬂ- Gs’ff’ A; 2 ¥
e47 2] » CLB-PYWK-10 ] % 7 Ay fr Gz 2. B ci*» &) > @ 3 & 71| a7 )
293P ¥t 3 LAT DNA m*rgajgm%gia 2 AP EFT IR L kA
GEL e AT E T R GPEREILT e DNA B 77 2:E#
Moo

oW .

A2y P FIRT B A & A R 2 A5 SRS A
R S PURE S A o i T H DNA 38 g AR FEHEME > A 2T
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Energetic studies on DNA-peptide interaction in
relation to the enthalpy-entropy compensation
paradoxt

Robin C. K. Yang,*® Jonathan T. B. Huang,+? Shih-Chuan Chien,® Roy Huang,?
Kee-Ching G. Jeng,” Yen-Chung Chen,® Mokai Liao,? Jia-Rong Wu,® Wei-Kang Hung,?
Chia-Chun Hung,? Yu-Ling Chen,® Michael J. Waring® and Leung Sheh*®

This study aims to interpret the energetic basis of complex DNA-peptide interactions according to a
novel allosteric interaction network approach. In common with other designed peptides, five new conju-
gates incorporating the XPRK or XHypRK motif (Hyp = hydroxyproline) attached to a N-methylpyrrole
(Py) tract with a basic tail have been found to display cooperative binding to DNA involving multiple
monodentate as well as interstrand bidentate interactions. Using quantitative DNase | footprinting it
appears that allosteric communication via cooperative binding to multiple sites on complementary DNA
strands corresponds to two different types of DNA-peptide interaction network. Temperature variation
experiments using a dodecapeptide RY-12 show that lower temperature (25 °C) favor a circuit type of
allosteric interaction network, whereas higher temperatures (31 and 37 °C) afford only a partial-circuit
type of network. Circular dichroism studies show that our five peptides induce significant local confor-
mational changes in DNA via the minor groove, with apparently dimeric binding stoichiometry. Isother-
mal titration calorimetry reveals that these peptides, together with another seven for comparison, are
strongly exothermic upon binding to a model 13-mer DNA duplex, characterized by AH ranging from
—14.7 to —74.4 kcal mol~", and also high TAS ranging from —6.5 to —65.9 kcal mol~". Multiple monoden-
tate and bidentate interactions, as well as ionic forces that mediate positive cooperativity in sequence rec-
ognition, are consistent with a dramatic decrease in entropy and a ‘tightening’ effect of DNA
conformation. Distinctive enthalpy—entropy compensation (EEC) relationships are demonstrated for the
interaction of all twelve designed peptides with DNA, affording a straight line of slope close to unity
when AH is plotted versus TAS, with a y-axis intercept (average AG) corresponding to —8.5 kcal mol™",
while the observed AG ranges from —8.2 to —9.1 kcal mol~" for the peptides. The EEC seen with peptide
RY-12 binding to the model duplex persists throughout various incubation temperatures. The net com-
pensation of energy between the favorable negative AH and unfavorable negative AS components thus
constrains the value of net binding free energy AG within a remarkably constant range, as is clearly
visible in a 3-dimensional energetic plot. We conclude that the preservation of a rather narrowly-defined
AG value is central to the EEC in DNA-peptide interactions, illuminating the universal EEC paradox com-
monly found in diverse biochemical reactions.

1 Introduction

“Department of Chemistry and Life Science Center, Tunghai Christian University,
Taichung, Taiwan 407, R.O.C. E-mail: Lsheh@thu.edu.tw; Fax: +886-4-23590426;

Tel: +886-4-23592674

As research on the sequence-selective binding of drugs to DNA
gathers pace, it has raised increasingly sophisticated ques-
tions. After more than three decades, during which these

bDepartment of Medical Research, Taichung Veterans General Hospital, R.0.C studies have laid the foundations of various areas of structural

Taiwan 405

biochemistry and have contributed much to understanding

‘Department of Pharmacology, University of Cambridge, Tennis Court Road, the bioorganic chemistry of nucleic acids, attention is now

Cambridge CB2 1PD, England

TElectronic supplementary information (ESI) available: See DOI: 10.1039/

c20b26320c

fR. C. K. Y. and J. T. B. H. contributed equally to this work.

48 | Org. Biomol. Chem., 2013, 11, 48-61

being turned to applications, particularly the synthesis of
potentially useful drugs. Classical DNA-small molecule inter-
action studies include work on a large variety of small
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molecules that serve as effective ligands, namely antitumor
antibiotics,"™ lexitropsins,”® synthetic polyamides,"” ™! het-
erocycles'>'® and synthetic peptides."*™® One notable
outcome is the relatively recent acknowledgment that under-
standing the molecular basis for the recognition of specific
sequences in target DNA by small synthetic molecules will
prove useful in future gene therapy.* At the same time, efforts
to investigate the molecular events underlying cooperativity
between DNA-ligand binding sites are expected to provide new
insight into chemical rules governing structural biochemistry.

For over ten years we have been studying the sequence-
selective recognition of DNA by synthetic peptides incorporat-
ing the XP(Hyp)RK motif."*® Peptides incorporating such
motifs possess excellent DNA binding capability in the sub-
micromolar concentration range. Further attachment of one or
more 4-amino-1-methylpyrrole-2-carboxylic acid residues (Py)
to XP(Hyp)RK peptides augments their sequence-specificity
toward sequences containing consecutive arrays of A or T
nucleotides. Our design of XPRK-containing peptides stems
from the finding that a SPXX motif'®*® is often found in
repeating sequences in histones, steroid hormone receptors,
various segmentation gene products and some oncogene pro-
ducts. The SPXX motif assumes a f-turn stabilized by two
hydrogen bonds, and the side chains of the two basic residues
engage in salt bridges with the DNA phosphate groups.

It is now generally accepted that allosteric behavior of
macromolecules® such as proteins is a vital biological control
process governing biochemical efficiency and energy expendi-
ture. However, much less is known about the possible allo-
steric aspects of DNA-ligand binding than about the
extensively studied protein-ligand interactions. Notably, over
the first decade of the twenty-first century, it has been recog-
nized that interaction networks between bio-molecules occur
in many biochemical, biophysical and sub-cellular processes
in nature.”>* High-throughput techniques have helped to
establish interaction maps that expose protein-protein inter-
action networks, metabolic networks, and transcriptional regu-
latory networks.** Six years ago we proposed a network-based
DNA-peptide allosteric interaction model interconnecting
multiple sites in fragments of the latent membrane protein
(LMP-1) gene from a pathogenic Epstein-Barr virus variant
derived from nasopharyngeal carcinoma.'® Subsequently we
refined the model in terms of three different types of network-
based allosteric communication between synthetic peptides
binding to DNA: circuit type, incomplete circuit type, and

type characterized by interstrand bidentate
17,18

non-circuit
interactions.
In this study we further explore the allosteric features of
DNA-peptide molecular recognition with regard to interaction
networks, choosing designed peptides that exhibit significant
cooperativity in binding to DNA. Quantitative DNase I foot-
printing furnishes the prime methodology for studying the
allosteric features of DNA interaction networks associated with
the binding of two designed decapeptides incorporating
the XHypRK motif: Ser-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyS-10),
Glu-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, ~ (HyE-10), and two
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decapeptides incorporating a novel KPXR motif: Lys-Pro-Met-
Arg-(Py),-Lys-Arg-NH, (PyMK-10), and Lys-Pro-Gln-Arg-(Py),-
Lys-Arg-NH, (PyQK-10). In addition, a closely related dodeca-
peptide Tyr-Pro-Arg-Lys-(Py),-Lys-Arg-Pro-Tyr-NH, (RY-12) was
also investigated. DNase footprinting experiments were carried
out using a 5'-[*’P]-labeled 158-mer DNA duplex and an essen-
tially complementary 5'-[**P]-labeled 135-mer DNA duplex
employed in previous work." Circular dichroism was also
brought to bear upon the problem as a means of directly study-
ing conformational changes induced by peptide binding as
well as salt effects upon interaction between peptide HyM-10
and a 13-mer deoxyribonucleotide duplex.

We prefer quantitative footprinting as the main method of
analysis, because it is difficult for most other techniques to
discriminate multiple DNA binding sites engaged in allosteric
interactions. In assessing the results, the coefficient deter-
mined by the Hill equation has been used as a comparative
parameter for expressing cooperativity because of its wide
applicability in research.>*?® Circular dichroism (CD) comp-
lements these techniques and is particularly useful for investi-
gating the conformational and stoichiometric aspects of DNA-
peptide binding. The influence of temperature upon the allo-
steric behavior of peptide RY-12 was studied by quantitative
DNase I footprinting as well as CD experiments. Further valu-
able insight into the thermodynamic basis of the allosteric
interactions has been gained using isothermal titration calori-
metry (ITC).

2 Results and discussion

The major objective of the present study was two-fold: firstly,
to examine the footprinting behavior of five designed peptides
for the purpose of verifying our recent hypothesis that three
different types of network-based allosteric communication
occur when synthetic peptides bind to multiple DNA recog-
nition sites."””'® Secondly, to gain insight into the thermodyn-
amic basis for the allosteric interaction of peptides
incorporating the XP(Hyp)RK motifs with DNA. Hydrogen
bonding, broadly categorized as monodentate or interstrand
bidentate interaction,”” between the peptide moieties and
DNA bases, is central to sequence-selective DNA-protein®” and
DNA-small ligand"*™*® recognition processes. The interactions
of the Arg and Lys residues of the designed peptides with DNA
bases are crucial in generating interstrand bidentate inter-
actions as well as monodentate interactions.>” The “X” amino
acid residues of these peptides, such as Ser, Glu, Gln, Tyr and
Met, were chosen because their side chains could also engage
in monodentate interactions with the DNA bases.?”

The position of interstrand bidentate interactions can be
assigned by connecting bases (with pecked lines) wherever sig-
nificant simultaneous DNase I blockage can be discerned on
complementary strands in the differential cleavage plots
(Fig. 1). The peaks of the inhibition profiles are virtually
always shifted 2-3 nucleotide pairs in the 3'-direction,
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Fig. 1 Differential cleavage plots comparing the susceptibility of DNA fragments to DNase | cleavage after incubation with each peptide in cacodylate buffer at
room temperature for 60 min. The upper traces represent the differential cleavage plot for a given peptide bound to the 5'-[*?P]-labeled upper strand (158-mer)
DNA fragment; the lower traces represent the corresponding plots for the 5'-[>2P]-labeled lower strand (135-mer) DNA fragment. Vertical dotted lines between DNA
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both strands. The incubation temperature for peptides HyS-10, HyE-10, PyMK-10 and PyQK-10 was 37 °C, whereas the incubation temperatures for peptide YR-12

were as stated.

signifying that the ligand lies in the minor groove of the helix

where DNase I cuts it.}”*8

The two decapeptides Ser-Hyp-Arg-Lys-(Py),-Lys-Arg-NH,
(HyS-10) and Glu-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyE-10) were
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designed such that the number of amino acid residues is mini-
mized, with four Py residues sandwiched between a XHypRK
motif and a terminal dipeptide (KR) motif. A single amino
acid residue variation (Ser or Glu) at the N-terminal was
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introduced to investigate the differences in sequence and
network selectivity. Recently, we found that incorporating a
new KPXR motif on the N-terminal side also affords designed
peptides that bind well to DNA. Two peptide amides of this
new series were synthesized, each differing only in the third
amino acid residue:  Lys-Pro-Met-Arg-(Py),-Lys-Arg-NH,
(PyMK-10), and Lys-Pro-Gln-Arg-(Py),- Lys-Arg-NH, (PyQK-10).
Footprinting experiments show that these decapeptides bind
sequence-selectively with significant positive cooperativity, as
expected. The autoradiographs for the footprinting of these
peptides are shown in Fig. 2 and Fig. i(a) (ESIf), and the
binding parameters are shown in Table 1 (incubation tempera-
ture 37 °C).

To explore the temperature-dependence of sequence prefer-
ence in the XHypRK series of peptides, we went on to examine
DNase I footprinting with a dodecapeptide RY-12 using the
same DNA fragments at three incubation temperatures (Fig. 1
and Fig. i(b)-i(d), ESIf). RY-12 was designed with its C-term-
inal tetrapeptide sequence reversed compared to the parent
peptide PyPro-12'® and has two tyrosine residues substituted
for histidine. At the usual incubation temperature of 37 °C,
like HyE-10, dodecapeptide RY-12 seems to bind at only two
strong sites: on the upper strand around position U108-115,
corresponding to the sequence 5-AAAATACC-3' and showing
weak positive cooperativity (ny; = 1.4), and on the lower strand
around position L112-105 comprising the sequence 5'-
ATTTTCTC-3' with more significant positive cooperativity (ny =
2.4). Weak DNase 1 blockages are also observed in position
U84-90. Interstrand bidentate interactions are therefore
assigned around position 108-112. At 31 °C, the sequence pre-
ference of RY-12 remains much the same (Fig. 1 and Fig. i(c),
ESIf), with significant positively cooperative binding at posi-
tion U106-116 (ny = 2.8) and position L112-105 (ny = 2.2) indi-
cating interstrand bidentate interactions around position
106-112.

When the incubation temperature is lowered to 25 °C, sig-
nificant changes occur (Fig. 1 and Fig. i(b), ESIf). Peptide
RY-12 now picks up the same four sites as peptides HyM-10,
HyQ-10 and HyS-10, namely two on the upper strand, both dis-
playing strong cooperativity: U84-90 (ny; = 3.4) and U107-116
(ng = 2.9) together with two on the lower strand, L86-80 (ny =
3.4) and L112-105 (ny = 2.7). Interstrand bidentate interactions
are assigned around positions 84-86 and 107-112.

Based on the footprinting results, network models'”*®

were
constructed for each peptide in an effort to interpret the
complex communication between binding sites (Fig. 3A and
B). It is clear that a broadly similar model applies to all of
them, suggesting network-based allosteric communication
between practically all recognition sites. Conformational
changes at particular binding loci must be readily transmitted
to adjacent binding sites and also to sites on the complemen-
tary strand, facilitating (or possibly impeding) the binding
of further peptide molecules. In this way, occupation of
almost any binding locus can be signaled to adjacent sub-
binding sites and also to sites on the complementary strand,
doubtless via interstrand bidentate interactions. Allosteric

This journal is © The Royal Society of Chemistry 2013
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Fig. 2 (A) Autoradiographs showing DNase | footprinting of peptide HyS-10
on DNA duplexes labeled at the 5 end: 158-mer upper strand, left panel; 135-
mer lower strand, right panel. Peptide HyS-10 was equilibrated with the DNA in
5 mM sodium cacodylate buffer, pH 6.5 at 37 °C for 60 min before DNase 1 clea-
vage. G represents a Maxam-Gilbert guanine sequencing track and Ct shows a
DNase | digestion control lane. (B) DNase | footprinting of peptide HyE-10 on
DNA duplexes labeled at the 5’ end: upper strand, left panel; lower strand, right
panel. (C) DNase | footprinting of peptide PyMK-10 on DNA duplexes labeled at
the 5" end: upper strand, left panel; lower strand, right panel.
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Table 1 Sequence-specificity and physicochemical parameters for the binding of peptides to recognition sites in complementary upper (158-mer) and lower
(135-mer) DNA strands at 37 °C, determined by quantitative DNase | footprinting.

Binding site

Position of interstrand

Type of interaction

Ligand position Recognition sequence K, Ny bidentate interactions network
HyS-10 U82-90 5-GAAATACCG-3' 1.2 x 10° 4.0 82-85 Circuit
U106-115 5'-AGAAAATACC-3’ 1.7 x 10° 4.5 106-112
L85-80 5-TTTCAC-3' 8.7 x 10° 1.5
L112-102 5-ATTTTCTCCTT-3' 1.5 x 10° 4.0
HyE-10 U104-116 5'-GGAGAAAATACCG-3' 1.1 x 107 1.8 104-112 Partial-circuit
L112-102 5-ATTTTCTCCTT-3' 3.4x10° 1.7
PyMK-10 U83-90 5'-AAATACCG-3' 8.4 x 10° 2.4 83-84 Circuit
U108-116 5'-AAAATACCG-3' 6.4 x 10° 4.3 108-110
L84-82 5-TTC-3' 6.5 x 10° 3.2
L110-105 5-ATTTTCTC-3' 9.6 x 10° 5.4
PyQK-10 U85-90 5'-ATACCG-3’ 9.1x10° 2.5 107-112 Partial-circuit
U107-117 5'-GAAAATACCG-3' 9.9 x 10° 3.1
L112-107 5-ATTTTC-3' 1.0 x 10° 3.1

K, and ny are the apparent association constant and Hill coefficient determined from concentration-dependent DNase I footprinting studies,

respectively. Binding sites on the upper and lower strands are identified by U and L, respectively.
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(A) Proposed allosteric interaction network models for cooperative binding of peptides HyS-10, HyE-10, PyMK-10, and PyQK-10 to pBR322 fragments based

on quantitative footprinting experiments. The portion of the ligand binding to each DNA site/sub-site is represented by a thick horizontal line. Monodentate inter-
actions and interstrand bidentate interactions are represented by vertical broken lines. The solid horizontal arrow lines represent communication of the allosteric
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fragments at different incubation temperatures based on quantitative footprinting results. Representations as in the legend to (A).
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communications may occasionally be transmitted to a more
remote binding site on the same DNA strand, spanning as
many as 12-16 base pairs. Recent footprinting experiments'®
show that the ny values for peptides PyHyp-12 and PyHyp-9
binding to 81-mer duplexes (S-81) containing a single d(AAAA)-
d(TTTT) binding locus are significantly higher than those of
the 158-mer and 135-mer duplexes, which contain two binding
loci d(AAAA)-d(TTTT) and d(AAA)-d(TTT). This finding suggests
that the allosteric relay of peptide binding to neighboring
d(AAA)-d(TTT) and d(AAAA)-d(TTTT) positions spanning an
intervening sequence of 12-14 base pairs on the same DNA
strand may be mediated via a negative cooperative effect.

The allosteric interaction network models support the idea
that binding of decapeptides HyS-10 and PyMK-10 to pBR322
fragments possessing multiple sites proceeds via a circuit
type'”'® of process within a network system: the communi-
cations form a closed circuit (Fig. 3A). In the circuit type of
interaction network, strong intrastrand allosteric communi-
cations are conveyed by conformational changes between two
peptide molecules bound to two sub-sites of a wide binding
site (Fig. 3A and B). Allosteric communications can also be
relayed between complementary sites from one strand to
another through interstrand bidentate interactions. Weak
intrastrand allosteric communications may persist between
two widely separated binding sites spanning 12-15 base pairs
as, for example, the binding of peptide HyS-10 to two neigh-
boring DNA loci: 5-AGAAAATACC-3" and 5-GAAATACCG-3' at
positions U106-115 and U82-90, respectively (Fig. 3A). On the
other hand, peptide HyE-10 fails to bind to the d(AAA)-d(TTT)
site, and peptide PyQK-10 refuses to bind the d(TTT) site in
the lower strand, both resulting in a partial or incomplete
circuit network.'”'8

It is interesting that temperature has a notable effect on the
allosteric interaction behavior of peptide RY-12 (Fig. 3B). At
25 °C, the peptide engages in a circuit type of network inter-
action. At 31 °C and 37 °C, it switches to a partial-circuit type
of network in which the allosteric communications form a
partial or incomplete circuit. By contrast, previous studies
revealed that the interaction network of peptides (HPRK);NH,
[HR-12]"® and (SPRK);NH, [SP-12]'° binding to DNA fragments
is devoid of interstrand bidentate interactions and conse-
quently is referred to as a non-circuit type of allosteric com-
munication. Thus, quantitative footprinting results in this
work as well as other studies further support our recent
hypothesis'”"'® of three different types of allosteric interaction
networks in peptide-DNA molecular recognition.

To gain further evidence that conformational changes are
involved in the molecular recognition process, we employed
circular dichroism spectroscopy (CD) to investigate changes in
the helical structure associated with peptide-DNA binding. A
13-mer deoxyribonucleotide duplex was prepared, d(TAGGA-
GAAAATAC)-d(GTATTTTCTCCTA) (U4A-L4T), in which 12 base
pairs correspond to the complementary recognition site of the
158-mer fragment at positions 104-114. With this duplex a
negative CD band occurs around 248 nm and a positive band
around 276 nm (Fig. 4A). Peptide HyS-10 produces a dose-
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dependent negative CD enhancement around 248 nm as well
as two strong positive CD enhancement bands around 276 nm
and 328 nm (Fig. 4B). In the difference spectra the negative
band around 248 nm can be seen to be red-shifted to 267 nm
and the two strong positive bands appear around 288 nm and
332 nm (Fig. 4C). A near-isoelliptic point occurs at 278 nm,
consistent with a two-component binding process. The
induced positive band around 332 nm is peptide concen-
tration-dependent and free from interference by native DNA
and peptide, so it can be used for plotting binding isotherms.
The significant enhancement of CD around 332 nm by HyS-10
and other peptides’”'® indicates that the principle interaction
lies in the minor groove of DNA.'* "3

The CD spectra seen with decapeptides HyE-10 (Fig. 4D and
E), PyMK-10 and PyQK-10 (Fig. ii(a—d), ESIt) are similar to that
of peptide HyS-10. All four peptides induce a strong positive
CD band around 330 nm, which is correlated with peptide-
DNA binding stoichiometry. Fig. 5A and B show the variation
of CD with [peptide]/[duplex 4A-4T] ratio. Peptide HyE-10
induces the greatest ellipticity change among the three pep-
tides, suggesting that more drastic conformational changes in
the DNA minor groove accompany the binding of this peptide.
At peptide/DNA ratios between 0.5 and 2.0 it is likely that one
molecule of each peptide binds to the d(AAAA)-d(TTTT) locus
of the minor groove, as suggested in some plots by a hint of a
plateau. At [peptide]/[duplex] ratios between 2 and 3 small
plateau regions do appear in some of the titration curves, indi-
cating that two peptide molecules bind in a dimeric fashion to
the binding site in the minor groove. As the [peptide]/[duplex]
ratio rises above 3, progressive, usually slower, increases occur
in A#, suggesting that further peptide molecules start to bind
non-specifically—probably to the wide major groove, which
can loosely accommodate more peptide molecules than the
minor groove (Fig. 5A and B). The CD observations concur
with the DNase I footprinting results in suggesting that
dimeric peptide binding to the d(AAAA)-d(TTTT) locus is often
favored, consistent with the very long binding sites spanning
over 9-14 base pairs. Subsequent isothermal titration calori-
metric experiments also agree that dimeric peptide binding to
the d(AAAA)-d(TTTT) locus may be favored, as described
below. The dramatic drop in A after the 2:1 peptide/DNA
molar ratio induced by peptide PyMK-10 is unusual, and
might indicate dissociation of this peptide from the minor
groove at higher concentrations (Fig. 5B).

Three DNA-peptide incubation temperatures were investi-
gated in CD studies with the dodecapeptide RY-12 (Fig. iii(a)-
(f), ESIT). In the plot of Af versus [peptide]/[[DNA] (Fig. 5C), it
is evident that the change in ellipticity induced by peptide
RY-12 measured at 327 nm increases steadily as the incubation
temperature is lowered from 37 °C to 25 °C, indicating that the
induced conformational change in the DNA minor groove is
more pronounced at lower temperatures. These CD results are
again in accord with the quantitative footprinting data. Recall
that at 25 °C, peptide RY-12 engages in a circuit type of allo-
steric interaction network (marked DNA conformational
changes for conveying allosteric communications), whereas at
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Fig. 4 Panel A: CD spectra of DNA duplex U4A-L4T alone and peptide alone at 37 °C. Panel B: titration of duplex U4A-L4T versus peptide HyS-10 at peptide concen-
trations of 0.5, 1.0, 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.4, 4.0, 5.0, 7.0 uM at 37 °C. Panel C: corresponding CD difference spectra with the contribution of free duplex and
peptide HyS-10 subtracted. Panel D: titration of U4A-LAT versus peptide HyE-10 at peptide concentrations of 0.5, 1.0, 1.5, 1.8, 2.1, 2.2, 2.3, 2.4, 2.5, 2.6, 2.7, 2.8, 3.0,
3.5,4.0, 5.0 pM at 37 °C. Panel E: corresponding difference spectra with the contribution of free duplex and peptide HyE-10 subtracted.

31 °C and 37 °C the allosteric networks for this peptide switch
to partial-circuit type (less DNA conformational change to
power allosteric interactions).

To assess the effect of ionic strength on peptide-DNA inter-
actions, we monitored the effect of sodium chloride on the
binding of a decapeptide incorporating both XHypRK and Py
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motifs, Met-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyM-10), to the
U4A-LAT duplex using circular dichroism. A significant, mono-
tonic decrease in ellipticity at 320 nm was observed as the con-
centration of NaCl was increased (Fig. 5D), indicating a near-
linear relationship (Fig. 5E). (Note again the hints of small pla-
teaux round about the molar ratios of 1.0 and 2.0.) The
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Fig. 5 Panel A: plot of CD intensity at 322 nm versus [ peptide]/[duplex] for the titration of duplex U4A-L4T with peptides HyS-10, HyE-10, and RY-12 at 37 °C. The
proposed stoichiometric binding ratios are as indicated, with binding <2 : 1 considered to be predominantly 1: 1. Panel B: plot of CD at 322 nm versus [peptide]/
[duplex] for PyMK-10 and PyQK-10. Panel C: plot of CD at 322 nm versus [RY-12]/[duplex] at incubation temperatures of 25 °C, 31 °C and 37 °C. Panel D: plot of CD
intensity at 322 nm versus [peptide]/[duplex] at various sodium chloride concentrations at 37 °C. Panel E: plot of CD intensity at 322 nm versus sodium chloride
concentration.
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obvious interpretation is that the conformation of the DNA
minor groove in the peptide complex is significantly changed
upon increasing the salt concentration, supporting the view
that ionic interactions play an important role in the sequence-
selective binding of peptides incorporating the XHypRK and
Py motifs.

With some understanding of the interaction network(s)
underlying cooperative sequence-selective binding of XP(Hyp)-
RK peptides to DNA, we went on to investigate their energetic
basis. Isothermal titration calorimetry (ITC) furnishes a direct
means to study the thermodynamics of binding of peptides
like the five described here. For purposes of comparison,
another seven peptides previously reported were included, and
the chosen DNA substrate was the oligonucleotide duplex
U4A-LAT (Table 3). The extra peptides included four more
decapeptides, HyH-10, PyHK-10, HyM-10 and HyQ-10, and
three more dodecapeptides: RPyH-12, PyHyp-12, and RHyp-12
(structures in Table 3). Representative ITC results for peptides
HyS-10, HyE-10, PyMK-10 and PyQK-10 are shown in Fig. 6A;
other ITC data are presented in Table 3 and in Fig. iv (ESIT).
The relative concentrations of peptide and DNA duplex in each
titration had to be adjusted carefully in order to produce satis-
factory plots of integrated heat versus peptide/DNA molar ratio.

The ITC plots for all twelve peptides versus U4A-LAT reveal a
peptide/DNA binding stoichiometry near 2: 1, suggesting that
the peptides become bound to the model duplex in dimeric
fashion, neatly in agreement with the footprinting and circular
dichroism results. Moreover, all twelve peptides showed predo-
minantly exothermic behavior in the binding reaction: AH was
found to vary between —14.7 kcal mol™" and —74.4 kecal mol™,
with most peptides yielding AH values greater than —26 kcal
mol " measured at 25 °C (Table 3). Compared to the moderate
magnitude of AH reported in the pioneering studies of
Breslauer’® and his colleagues on the binding of netropsin,
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distamycin, ethidium and daunorubicin to duplex poly-
[d(A-T)]-[d(A-T)], where AH lies within the range —8.9 to
—18.5 kecal mol™, the ITC results in this study suggest that
binding of the XP(Hyp)RK and KPXR peptides to DNA is over-
whelmingly enthalpy-driven. However, the opposing entropy
effects for all of the XP(Hyp)RK and KPXR peptides are strik-
ingly unfavorable: TAS falls within the range —-6.5 to
—-65.9 kecal mol™". In consequence, apparent net enthalpy-
entropy compensation (EEC) effects (Fig. 6B) sustain a binding
free energy change AG between —8.2 and —9.1 kcal mol™" for
all twelve peptide-DNA interactions. The linearity of AH versus
TAS is impressive (Fig. 6B): slope = 1.0061; y-intercept =
-8.5 kecal mol™". It originates from unusually high values of
AH and AS that compensate each other. But by contrast, the
individual relationship between AH and AG, and that between
AG and TAS, is non-linear and unpredictable (Fig. v, ESIf).

Much controversy and interest has surrounded the EEC
phenomenon,* with various theoretical explanations adum-
brated, yet the physical basis of EEC has not been convincingly
elucidated. The overwhelmingly large magnitudes of AH and
AS measured by ITC for DNA-peptide interaction in this study
seem to offer a unique advantage for investigating the ener-
getic basis of the compensation.

According to Williams and co-workers,*® the binding free
energy AG can be parsed according to the following equation:

AG = AGir + AGy + AGh + ZAGp + AGeons, + AGyaw (1)

where AG, refers to the unfavorable cost of association
when a ligand binds to a receptor, losing its translational (t)
and rotational (r) entropy considerably, relative to the receptor.
AG, refers to the energy cost of n internal rotors. The term AGy,
represents the benefit of the net hydrophobic effect and ZAG,
expresses the benefit from the formation of hydrogen bonding
and ionic interactions. AG...t is the total conformational

Table 3 Thermodynamic parameters from titration of peptides versus oligonucleotide duplex (U4A-L-4T) by isothermal titration calorimetry

Entry Peptide (mM) DNA (mM) AH (kcal mol™") AS (cal mol™) TAS (kcal mol™") AG (kcal mol™) K,(M™)
1 HyM-10 (0.15) 0.0033 =50.5 -140 —41.7 -8.8 2.9 x10°
2 HyQ-10 (0.15) 0.01 —74.4 —221 —65.9 -8.6 1.9 x 10°
3 HyS-10 (0.15) 0.006 -31.2 —74.5 —222 -9.0 4.2x10°
4 HyE-10 (0.15) 0.007 —27.8 —64.6 -19.3 -85 1.7 x 10°
5 HyH-10 (0.05) 0.0033 -51.2 —-142 —42.3 -8.8 2.9 x10°
6 PyHK-10 (0.2) 0.0066 -14.7 -21.8 —6.5 -8.2 9.8 x 10°
7a(20°C)  RY-12 (0.05) 0.0033 ~17.6 ~30.7 -9.0 -8.6 2.7 x 10°
7b(25°C)  RY-12 (0.15) 0.01 -35.0 -89.7 —26.7 -8.2 1.0 x 10°
7c (28 °C) RY-12 (0.15) 0.008 —28.6 —66.4 —-20.0 —8.6 1.6 x 10°
7d(31°C)  RY-12 (0.05) 0.0033 -35.0 -86.7 —26.4 -8.6 1.6 x 10°
8 RPyY-12 (0.05) 0.0045 -60.5 -173 -51.6 -8.9 3.3 % 10°
9 PyHyp-12 (0.05)  0.004 -33.2 -80.9 —24.1 -9.1 4.4 % 10°
10 RHyp-12 (0.15) 0.005 -26.0 -59.1 -17.6 —-8.4 1.4 x 10°
11 PyMK-10 (0.15)  0.005 -19.4 -36.5 -10.9 -85 1.8 % 10°
12 PyQK-10 (0.15) 0.006 -31.0 ~74.9 —22.3 -8.7 2.2 x 10°

All ITC experiments were performed at 25 °C unless otherwise stated. The relative concentrations of peptide and DNA in each titration were
adjusted in order to produce satisfactory plots of integrated heat versus peptide/DNA molar ratio. The amino acid sequences of the peptides are:
Met-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyM-10), GIn-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyQ-10), Ser-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyS-10), Glu-Hyp-
Arg-Lys-(Py),-Lys-Arg-NH, (HyE-10), His-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyH-10), His-Pro-Arg-Lys-(Py),-Lys-Arg-NH, (PyHK-10), Tyr-Pro-Arg-Lys-
(Py),-Lys-Arg-Pro-Tyr-NH, (RY-12), His-Hyp-Arg-Lys-(Py),-His-Hyp-Arg-Lys-NH, (PyHyp-12), His-Hyp-Arg-Lys-(Py),-Lys-Arg-Hyp-His-NH, (RHyp-12),
His-Pro-Arg-Lys-(Py),-Lys-Arg-Pro-Tyr-NH, (RPyY-12), Lys-Pro-Met-Lys-(Py),-Lys-Arg-NH, (PyMK-10), Lys-Pro-Gln-Lys-(Py),-Lys-Arg-NH, (PyQK-10).
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Fig. 6 (A) ITC curves for titration of decapeptides HyS-10, HyE-10, PyMK-10 and PyQK-10 into the U4A-LAT duplex at 25 °C. For each experiment the top panel rep-
resents the raw heat of binding generated by successive additions of peptide, and in the bottom panel the integrated heat is plotted versus peptide/DNA molar
ratio. Data acquisition and analysis were performed using nonlinear least-squares fitting algorithm software (Microcal Origin 7.1). (B) Plot of enthalpy versus entropy
(TAS) from ITC of twelve peptides added to the U4A-LAT duplex at 25 °C (298 K). (C) ITC curves for the titration of peptide RY-12 into the U4A-LAT duplex at various
incubation temperatures (legend as in (A)). (D) Plot of enthalpy versus entropy (TAS) from ITC of peptide RY-12 added to the U4A-L4T duplex at different tempera-
tures. (E) Combined enthalpy-entropy plot from titrating all twelve peptides into the U4A-LAT duplex at 25 °C (with peptide RY-12 at various temperatures: 7a,
20 °C; 7b, 25 °C; 7¢, 28 °C; 7d, 31 °C). (F) Three-dimensional plot of AH, TAS and AG from titration of all twelve peptides into the U4A-L4T duplex. The short vertical
projection plane (in green) corresponds to AG magnitudes sustained around —8.5 kcal mol~". The figure represents a view of the ‘cube’ from below.
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strain energy generated upon binding, and AG,q, is the van
der Waals energy difference between the free and bound
states.

Eqn (1) was applied to the present peptide-receptor inter-
action data. Circular dichroism studies of the DNA-small mol-
ecule interaction, in this work as well as others, show that
marked conformational changes in the DNA minor groove
occur upon peptide binding. Thus, the free energy com-
ponents AG., and AG, must include the total translational
and rotational entropy of both the DNA duplex and the ligand.
The strong negative entropy changes seen with all ten peptides
upon binding to DNA suggest that there are significant losses
in the rotational and translational motion of the DNA duplex
as well as the peptide. Multiple intrastrand and interstrand
bidentate interactions between the peptide moieties and DNA
bases revealed by our footprinting experiments (Table 1, Fig. 1
and 3), together with ionic interactions between the positively
charged Arg and Lys side chains and DNA phosphates as evi-
denced by CD studies (Fig. 5E), are consistent with consider-
able loss in translational and rotational entropy of the peptide
and DNA duplex upon binding, as will be seen.

Since the net binding free energy AG of the twelve peptides
titrated against the U4A-LAT duplex lies rather constant within
the range —8.2 to —9.1 kcal mol ™", the average value of AG for
the peptides can be taken as being around —8.5 kcal mol ™.
Indeed, in a plot of AH vs. TAS, the enthalpy-entropy compen-
sation ratio k. (slope of the straight line) for the twelve pep-
tides containing the XP(Hyp)RK and Py motifs approaches
unity (slope = 1.006), with the y-axis intercept equal to the
average AG value: —8.53 kcal mol™" (Fig. 6B). Put mathemat-
ically,

AH = k.TAS — 8.5

When k. approaches unity,
AH = —8.5+ TAS (2)

Eqn (2) well describes the strict linear dependence of AH
on TAS for the twelve peptide-DNA interactions studied and
hence underlines the enthalpy-entropy compensation
phenomenon. The almost exact compensation of energy
between the favorable negative AH and unfavorable negative
AS energy components is what sustains the almost constant
value of net binding free energy AG. According to eqn (2),
maintenance of a negative AG of acceptable magnitude seems
to be crucial for DNA-peptide binding; any decrease of AG
(less negative) would require a lowering of AH (less negative)
and a concomitant change in AS (more negative)—both un-
favorable for the binding process.

Since the dodecapeptide RY-12 displayed notable differ-
ences in binding preference at lower temperatures, an attempt
was made to perturb the enthalpy-entropy compensation by
varying the incubation temperature (Fig. 6C). Accordingly,
peptide RY-12 was titrated against duplex U4A-L4T at 20, 25,
28, and 31 °C (unstable calorimetric readings were recorded at
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37 °C). Strikingly, the AH and TAS values measured for
peptide RY-12 over this temperature range were still found to
be linearly related, with a slope of 0.98. Although the tempera-
ture variation undoubtedly produces significant deviations in
AH and TAS individually, the AG values still lie within the
range —8.2 to —8.6 kcal mol™" (Table 3). Plotting enthalpy
versus entropy for all twelve peptides binding to the model
duplex, including the data for peptide RY-12 at different temp-
eratures (Fig. 6E), still gives a straight line of slope 1.005, so
evidently the global value of AG does remain remarkably con-
stant. To underline the EEC phenomenon in the DNA-peptide
interaction, it is instructive to plot a 3-dimensional figure of
AH, TAS and AG. The result is a near-straight line suspended
in thermodynamic space, nicely illustrating the linear
enthalpy-entropy-free energy relationship (Fig. 6F). The con-
clusion is that stringent constraints act in nature to preserve
EEC so as to maintain favorable AG within a constant or
narrow range for successful binding of ligands to DNA.

On the other hand, we know that temperature affects the
nature of allosteric interaction networks on the pBR322 frag-
ments because of the quantitative footprinting experiments
(Fig. 3), which also establish that binding of peptides to the
d(AAAA)-d(TTTT) and d(AAA)-d(TTT) sites on the pBR322 frag-
ments occurs with significant positive cooperativity (Table 1).
These DNA-peptide interaction results are consistent with
Cooper and Dryden’s suggestion®’ that positive cooperativity
in ligand binding will induce a ‘stiffening’ or tightening effect
in the protein/receptor, initiated by the loss of many internal
vibrational degrees of freedom. Williams and co-workers®®*?
concluded that highly exothermic binding is associated with
positive cooperativity, allied to improved bonding within the
receptor in its drug-bound state, which would account for the
very unfavorable negative entropy change. As predicted by
Williams®® positive cooperativity and negative cooperativity
can coexist in the same system. Our previous studies show that
DNA binding of the peptide PyPro-12'® does involve concomi-
tant positively and negatively cooperative site binding,
although positive cooperativity is always predominant for pep-
tides incorporating the XPRK motifs. If positive cooperativity is
associated with improved bonding within the DNA duplex
upon peptide binding, it is most likely related to the existence
of multiple intrastrand monodentate interactions and inter-
strand bidentate interactions between the peptide moieties
and the DNA bases. Doubtless ionic forces between the posi-
tively charged Arg and Lys side chains of the peptides and
DNA phosphates also restrict the conformational mobility of
the DNA duplex and thereby help to account for the dramatic
decrease in total entropy. According to the law of conservation
of energy, any loss in entropic energy must transform to
exothermic energy, which in turn causes an increase in
enthalpy. On the other hand, high exothermic energy pro-
motes allosteric adjustment of DNA conformation within the
binding loci by means of hydrogen bonding and ionic inter-
actions between the DNA duplex and peptide, augmenting the
favorable energy components AGy, 2AGp,, AGeont,, and AGyaw,
and facilitating positively cooperative binding of approaching
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peptide molecules. This is fully consistent with the proposal of
Williams®® that highly exothermic binding is associated with
significant positive cooperativity, and is verified by our discov-
ery of positively cooperative peptide binding to multiple DNA
recognition sites by DNase I footprinting experiments in this
study (Tables 1 and 2) as well as previously.'””'® This com-
munication of cooperativity between multiple binding loci
forms the basis of the DNA-peptide interaction networks pro-
posed here.

3. Conclusion

An important outcome of the present study stems from the
ITC experiments on twelve peptides, showing that a dramatic
decrease in entropy occurs upon binding to DNA, consistent
with the presence of multiple monodentate and bidentate
interactions, as well as ionic forces that mediate positively
cooperative binding, resulting in a ‘tightening’ effect of DNA
conformation. Allosteric communication between multiple
DNA loci via cooperative peptide binding establishes the basis
of the DNA-peptide interaction networks described here.
Temperature-dependence studies with peptide RY-12 using
quantitative DNase I footprinting are in accord with the results
of CD experiments, namely that a lower temperature (25 °C)
favors a circuit type of allosteric interaction network demand-
ing more drastic DNA conformational changes, whereas higher
temperatures (31 and 37 °C) afford only a partial-circuit type of
interaction network that requires fewer DNA conformational
changes. The enthalpy-entropy compensation effects associ-
ated with peptide RY-12 binding to the 13-mer DNA duplex
persist through various temperatures, while the magnitude of
AH and TAS, as well as the type of allosteric interaction net-
works seen with RY-12 on the 135-mer and 158-mer DNA
duplexes, are changed. The unusually high values of negative
AH recorded for DNA-peptide binding furnish exothermic
energy that facilitates conformational adjustment of DNA
binding loci to promote positively cooperative binding of
approaching peptide molecules. The net energy compensation
between the favorable negative AH and unfavorable negative
AS components sustains the value of net binding free energy

View Article Online

AG within a remarkably constant range. We derive a linear
equation which effectively describes the strict linear depen-
dence of AH on TAS for the twelve peptide-DNA interactions
studied, and hence underlines the enthalpy-entropy compen-
sation phenomenon: AH = —8.5 + TAS.

Thus it appears that the preservation of a negative AG value
of acceptable magnitude is central to the EEC of many DNA-
peptide interactions, and hence the findings illuminate the
universal EEC paradox commonly manifested in biochemical
reactions. In other words, stringent restraints affecting
enthalpy-entropy compensation are conserved in nature to
sustain a favorable AG value within a narrow range for the suc-
cessful binding of ligands to DNA. We propose that the emer-
gence of allosteric interaction networks featuring significant
positive cooperativity in many DNA-small ligand interactions
is also aimed at assuring an optimum binding free energy.
These insights will foster the design of new DNA-binding
small molecules for further study of DNA-peptide allosteric
interactions as well as interaction networks.

4 Experimental
4.1 Chemicals and biochemicals

All the protected amino acid derivatives were purchased from
Bachem California (Torrance, CA) and AnaSpec, Inc. (San Jose,
CA) or synthesized in our own laboratory according to pub-
lished procedures. All other analytical reagents were purchased
from Acros, Tedia or Sigma. The radiolabelled nucleoside tri-
phosphate [y->’P]ATP was obtained from NEN Life Science Pro-
ducts at a specific activity of 6000 Ci mmol™". Tag polymerase,
T4 polynucleotide kinase, and DNase I were purchased from
Promega. All other chemicals were analytical grade reagents,
and all solutions were prepared using deionized, Millipore-
filtered water.

4.2 Chemical methods

Melting points were determined on a Mel-Temp apparatus
(Cambridge, Mass) and are uncorrected. Optical rotations were
determined on a Rudolph Autopol II instrument. Semi-pre-
parative and analytical HPLC (Vydac reversed-phase columns,

Table 2 Sequence-selectivity and physicochemical parameters for the binding of peptide RY-12 to recognition sites in complementary upper and lower DNA
strands at various incubation temperatures determined by quantitative DNase | footprinting

Incubation Binding site Recognition Position of interstrand Type of interaction
temperature position sequence K, ny bidentate interactions network
25 °C U84-90 5'-AATACCG-3' 1.6 x 10° 3.4 84-86 Circuit
U107-116 5'-GAAAATACCG-3’ 1.9 x 10° 2.9 107-112
L86-80 5-ATTTCAC-3' 2.1 x10° 3.4
L112-105 5'-ATTTTCTC-3' 3.3x10° 2.7
31°C U106-116 5-AGAAAATACCG-3’ 2.1 x10° 2.8 106-112 Partial-circuit
L112-105 5'-ATTTTCTC-3' 3.5x10° 2.2
37 °C U108-115 5'-AAAATACC-3' 1.9 x 10° 1.4 108-112 Partial-circuit
U84-90 5'-AATACCG-3' — —
L112-105 5-ATTTTCTC-3’ 1.6 x 10° 2.4

Details as in the footnote to Table 1.

This journal is © The Royal Society of Chemistry 2013
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TP201; column 1, 1 x 25 cm; column 2, 0.4 x 25 cm) were per-
formed using a Hitachi L-7100 pump equipped with a gradient
elution device and a Soma S-3702 variable wavelength UV
detector connected to a PC computer installed with Hitachi
HPLC analytical software. Mass spectra were determined with
a Finnigan/Thermo Quest MAT 95XL instrument operating in
the electrospray ionization (ESI) mode in Chung-Hsing
University.

Ser-Hyp-ArG-Lys-(Py),-Lys-Arc-NH, (HyS-10). This peptide was
synthesized using solid phase methodology by manual oper-
ation of a Protein Technology PS3 peptide synthesizer. The
first Fmoc-protected amino acid was coupled to the Nova Rink
amide AM resin using PyBOP/NMM in DMF. All of the N,
Fmoc-protected amino acids (in 4 equivalent ratio excess to
the resin) were coupled in a stepwise fashion using PyBOP/
NMM in DMF after deprotection of the N,Fmoc group by
piperidine. The side chains of Arg, Lys and Glu were protected
by the Pmc, Boc, and ¢-Bu groups, respectively, whereas the
side chains of Ser and Lys were protected by the Trt group.
After coupling the last N-terminal Fmoc-amino acid residue,
the resin was treated with the cleavage reagent (0.75 g phenol,
10 mL TFA, 0.5 mL thioanisole, 0.25 mL EDT) for 1.5 h, and
then lyophilized. The resin was washed with dry ether (2 x
30 mL), filtered, and then washed with 5% acetic acid
(200 mL). The combined filtrate was lyophilized and the
product was purified by semi-preparative reversed-phase HPLC
(column 1) using gradient elution. Eluent A: 5% MeCN, 95%
H,O0, 0.1% TFA; eluent B: 95% MeCN, 5% H,O, 0.1% TFA. A
linear gradient was achieved by increasing the MeCN content
from eluent A to eluent B in 30 min. ¢ (column 2), 14.05 min.
m.p. 153-156 °C, [a]y —9.25 (¢ 0.072, H,0); ESIMS requires:
1274.44, found: 1274.0. All other peptides were synthesized
and purified to homogeneity using a similar procedure as for
peptide HyS-10.

Glu-Hyp-Arg-Lys-(Py),-Lys-Arg-NH, (HyE-10). This peptide
was synthesized and purified by semi-preparative reversed-
phase HPLC (column 1), using a similar procedure as for
peptide HyS-10. g (column 2), 14.89 min, m.p. 150-152 °C,
[a]y —34.43 (c 0.203, MeOH-H,O, 1:1); ESIMS requires:
1316.47, found: 1316.0.

Lys-Pro-Met-Arg-(Py),-Lys-Arg-NH, (PyMK-10). This peptide
was synthesized and purified by semi-preparative reversed-
phase HPLC (column 1), using a similar procedure as for
peptide HyS-10. ¢ (column 2), 12.03 min, m.p. 155-159 °C,
[l —39.21 (¢ 0.102, H,0); ESIMS caled 1301.7, found: 1302.7.

GIn-Pro-Gln-Arg-(Py),-Lys-Arg-NH,, (PyQK-10). This peptide
was synthesized and purified by semi-preparative reversed-
phase HPLC (column 1), using a similar procedure as for
peptide HyS-10. ¢z (column 2), 11.29 min, m.p. 157-159 °C,

[a]’ —41.67 (c 0.048, H,O); ESIMS caled 1298.72, found:
1299.49.

Tyr-Pro-Arg-Lys-(Py),-Lys-Arg-Pro-Tyr-NH,. This peptide was
synthesized using a similar procedure as for HyS-10. The crude
product was purified by semi-preparative reversed-phase HPLC
(column 1), using gradient elution as described for the purifi-
cation of peptide HyM-10. tgz (column 2), 12.4 min, m.p.
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157-161 °C, [a]y} —51.95 (c 0.077, H,0); ESIMS requires:
1593.84, found: 1594.72.

4.3 Polymerase chain reaction (PCR) and end-labeling of PCR
products

The 158-mer DNA duplex (Watson strand 5'-**P-labeled) and
135-mer DNA duplex (Crick strand 5'-*’P-labeled) were pre-
pared by PCR amplification in a thermal cycler (ABI model
9700), as reported previously.'* The DNA concentration was
determined by UV spectroscopy to lie in the range 600-
800 nM.

4.4 DNase I footprinting

Reactions were carried out following procedures as described
in detail previously.'”"®

4.5 Circular dichroism (CD) studies

CD spectra were measured at 37 °C with a Jasco J-815 instru-
ment in the Institute of Chemistry, Academia Sinica. The
duplex DNA was adjusted to 1.0 pM in 5 mM sodium cacody-
late buffer (pH 6.5) and peptides, dissolved in the same buffer,
were added to maintain final concentrations of 0.2, 1.0, 2.2,
2.4,2.6,2.8, 3.0, 3.2, 3.4, 4.0 and 5.0 pM. Spectra were recorded
after 60 min incubation at 37 °C.

4.6 Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) experiments were per-
formed in the Institute of Chemistry, Academia Sinica using a
Microcal VP-ITC (MicroCal, Northampton, MA) with a reaction
cell volume of 2 mL for the oligonucleotide duplex (U4A-L4T)
at 25 °C or other temperatures, as indicated in Table 3, and all
samples were degassed under vacuum for 5 min. The DNA
solutions of appropriate concentration in 5 mM sodium caco-
dylate, pH 6.5 (Table 3) were placed in the calorimeter cell.
The peptide, at an appropriate concentration in 5 mM sodium
cacodylate, pH 6.5 (Table 3, 273 pL), was placed in the titration
syringe and injected in aliquots of 7 pL with 220 s intervals
between the individual injections whilst stirring at 304 rpm,
for a total of 39 injections. Data acquisition and analysis were
performed using nonlinear least-squares fitting algorithm soft-
ware (single site binding model, Microcal Origin 7.1 software).
The K, values were obtained from the ITC instrument by com-
puter fit of the ITC isotherms and the corresponding AG
values were calculated from the equation: AG = —RTIn K,
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Allostery in the binding of peptides to DNA has been studied by quantitative DNase I footprinting using
four newly designed peptides containing the XP(Hyp)RK motif and N-methylpyrrole (Py) moieties. Appar-
ent binding constants in the micromolar range as well as Hill coefficients were determined for each pep-
tide. The results, together with previous studies on five other peptides support the proposal that
interaction network cooperativity is highly preferred in DNA-peptide interactions that involve multiple
recognition sites. It is envisaged that interstrand bidentate interactions participate in the relay of confor-
mational changes between recognition sites on the complementary strands. Models for interpreting DNA
allostery based upon interaction networks are outlined. Circular dichroism experiments involving the
titration of peptides against a short oligonucleotide duplex indicate that some of these peptides bind
in a dimeric manner to DNA via the minor groove, inducing characteristic conformational changes. These
insights should prompt the design of new DNA-binding peptides for investigating allosteric interactions
between peptides and DNA, as well as novel interaction networks, and ultimately may shed light upon
the fundamental chemical rules that govern allostery in more complex biological process such as

DNA-protein interaction networks.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

An understanding of sequence-specific or sequence-selective
binding of small molecules to DNA is important for unraveling
molecular aspects of the modulation of gene expression. Its fruits
lie in the progress of much structural biochemistry research as well
as drug design.'~3 To this end extensive studies have been carried
out on synthetic conjugates containing 4-amino-1-methylpyrrole-
2-carboxylic acid residues (Py) which are related to the antiviral
antibiotics netropsin and distamycin.*~1°

Early in the study of DNA sequence-specific agents we intro-
duced a novel XPRK'! tetrapeptide motif which is a modification
of the naturally-occurring SPXX motif'>!? found in repeating se-
quences in histones, steroid hormone receptors, various segmenta-
tion gene products and some oncogene products. It was suggested
that the SPXX motif assumes a B-turn stabilized by two hydrogen
bonds, and that the side chains of the two basic residues engage
in salt bridges with the DNA phosphate groups. Further conjuga-

* Corresponding author. Tel.: +886 4 23590248; fax: +886 4 23590426.
E-mail address: Lsheh@thu.edu.tw (L. Sheh).

0968-0896/$ - see front matter © 2010 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2010.02.047

tion of two XPRK motifs with Py residues yielded peptides having
high affinity for DNA sequences.'* We showed that peptides de-
signed in this manner bind preferentially to DNA at sites contain-
ing consecutive A’s or T's and often engage in interstrand
bidentate interactions'*!> with the bases of DNA (two or more
hydrogen bonds formed between a hydrogen donor of an amino
acid residue and a base pair in the minor groove). Because peptides
incorporating XPRK motifs have binding constants in the micromo-
lar or submicromolar range they fulfill an essential requirement for
affording satisfactory DNA footprints.!1:1416:17:20

Allostery is recognized as a central process in biological control
governing biochemical efficiency and energy expenditure, having
been investigated for more than half a century. However, much
less is known about allosteric features of DNA-ligand interactions
than protein-ligand interactions.?! In studies on the sequence-
selective behavior of many synthetic peptides containing both
the XP(Hyp)RK motif and the polyamide motif, we identified a
number that show significant positive cooperativity in binding to
adjacent recognition sites on the DNA duplex. Among these ligands
a newly-synthesized dodecapeptide His-Hyp-Arg-Lys-(Py)s-Lys-
Arg-Hyp-His-NH, (RHyp-12) has been investigated in detail.
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Peptide RHyp-12 is a derivative of a parent compound His-Pro-Arg-
Lys-(Py)4-His-Pro-Arg-Lys-NH, (PyPro-12; formerly named PyH-
12) in which the proline of PyPro-12 is replaced by a hydroxypro-
line residue, furnishing an extra hydroxyl group for additional
hydrogen bonding. Another peptide His-Pro-Arg-Lys-(Py)s-Lys-
Arg-NH, (PyHK-10) contains only one X-Pro-Arg-Lys motif, and
was designed as a C-terminal truncated derivative of the parent
peptide PyPro-12. Similarly, truncation of the C-terminal dipeptide
fragment Hyp-His affords the decapeptide His-Hyp-Arg-Lys-(Py)4-
Lys-Arg-NH, (HyH-10). Further truncating the penultimate lysyl
residue of peptide PyHK-10 affords the nonapeptide His-Pro-Arg-
Lys-(Py)4-Arg-NH, (PyHR-9).

For the past decade, it has been recognized that network-based
interactions between bio-molecules exist in many biochemical
and physiological processes in nature.'®!° High-throughput interac-
tion studies have also established protein-protein interaction
networks, metabolic networks, and transcription regulatory net-
works.!® In 2006 we proposed a network-based DNA-peptide allo-
steric interaction model interconnecting multiple DNA sites in
fragments of the latent membrane protein (LMP-1) gene from a
pathogenic Epstein-Barr virus variant derived from nasopharyngeal
carcinoma.!” Recently we proposed three different types of net-
work-based allosteric communication between synthetic peptides

binding to DNA: circuit type, incomplete-circuit type, and non-cir-
cuit type characterized by interstrand bidentate interactions.?° In
the present study we set out to explore the structural basis for
molecular recognition and cooperativity in allosteric DNA interac-
tion networks using the four designed peptides described above,
employing quantitative DNase I footprinting as the major methodol-
ogy.In addition, to investigate molecular aspects of the processes we
resorted to circular dichroism experiments which provide an invalu-
able spectral probe of DNA-peptide interactions.

2. Results and discussion

Quantitative footprinting, using a 5'->2P-labeled 158-mer DNA
duplex and a complementary 5'->2P-labeled 135-mer DNA duplex,'#
was employed as the major methodology for this study since most
other methods fail to discriminate multiple binding sites on the
DNA double helix (binding sites are designated U and L referring to
the upper and lower strands, respectively). Monodentate interac-
tions and interstrand bidentate interactions between peptide moie-
ties and the DNA bases have been recognized as an essential basis of
DNA-protein'® and DNA-small ligand!42° sequence-specific or se-
quence-selective recognition. The positions of interstrand bidentate
interactions can be assigned by connecting bases (with pecked lines)
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Figure 1. Differential cleavage plots comparing the susceptibility of DNA fragments to DNase I cleavage after incubation with each peptide in cacodylate buffer at room
temperature for 60 min. The upper traces represent the differential cleavage plot for a given peptide bound to the 5'-[*?P]-labeled upper strand (158-mer) DNA fragment; the
lower traces represent the corresponding plots for each peptide bound to the 5'-[>2P]-labeled lower strand (135-mer) DNA fragment. The vertical dotted lines between DNA
bases represent assignment of interstrand bidentate interactions where significant coincident H-bonding interactions occur between complementary bases in both strands.
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where significant simultaneous DNase I blockages on the comple-
mentary strands appear in differential cleavage plots (Fig. 1).

On the upper strand of the 158-mer fragment, binding of pep-
tide RHyp-12 produces two major DNase I blockage sites: position
U106-113, corresponding to the sequence 5-AGAAAATA-3’ (Figs. 1
and 2A) and displaying significant positive cooperativity (ny = 2.1);
and position U84-90, comprising the sequence 5'-AATACCG-3' also
showing positive cooperativity (ng=1.5). On the lower strand,
peptide RHyp-12 elicits a wide DNase I blockage site at position
L110-103 corresponding to the sequence 5-TTTCTCCT-3/, again
showing positive cooperativity (ny=2.0). From the differential
cleavage plots, five interstrand bidentate interactions can be as-
signed at position 106-110, comprising the self-complementary
sequence 5-AGAAA-TTTCT-3' (Fig. 1, Table 1).

On the 158-mer upper strand, the decapeptide PyHK-10 pro-
duces strong and broad DNase I blockage extending from position
U105 to 115, corresponding to the sequence 5'-GAGAAAATACC-3’
and displaying significant positive cooperativity (ny = 2.4) (Figs. 1
and 2B). At a peptide concentration of 1000 nM, a region of weak
and broad DNase I blockage is also observed around position
U86-89, corresponding to the sequence 5'-TACC-3’ and displaying
weak negative cooperativity. On the 135-mer lower strand, peptide
PyHK-10 shows a single DNase I blockage site around position
L111-105, corresponding to the sequence 5'-TTTTCTC-3’ and
displaying only weak positive cooperativity (ny = 1.4). Three inter-
strand bidentate interactions are assigned around position 105-
111. Unlike peptide RHyp-12 and the parent peptide PyPro-12,2°
peptide PyHK-10 does not seem to exhibit any preference for
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binding to two of the three consecutive A residues on the upper
strand around position U83-85 but it does in binding to position
U86-89 comprising the sequence 5'-TACC-3’ (Figs. 1 and 2B). This
discrepancy in DNA sequence preference at the same binding site
manifested by PyHK-10 compared to peptides RHyp-12 and Py-
Pro-12 can be attributed to the truncated structure of PyHK-10.

The sequence preference of decapeptide HyH-10 (Figs. 1 and 2C)
is quite different from that of peptides RHyp-12 and PyHK-10. On
the upper strand peptide HyH-10 induces strong and very broad
DNase I blockage around position U104-115, corresponding to
the sequence 5'-GGAGAAAATACC-3', displaying positive coopera-
tivity (ny=1.7), and there is also a broad DNase [ blockage site
around position U83-91, comprising the sequence 5-AAA-
TACCGC-3', where notable positive cooperativity (ny = 2.6) is evi-
dent. On the lower strand, two regions of DNase I blockage
appear around positions L85-82, and L111-104. Interstrand biden-
tate interactions are assigned around positions 83-85 and 104-111
(Fig. 1, Table 1).
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Furthermore, the nonapeptide PyHR-9 displays very different
DNA sequence preferences from all other peptides studied to date
(Fig. i, Supplementary data). At concentrations up to 3000 nM
(above which value non-specific peptide binding is evident), no
DNase I blockage can be observed on the 158-mer upper strand.
Peptide PyHR-9 appears to have a rather strong binding site on
the lower strand, where saturation is observed around a peptide
concentration of 190 nM (Fig. i, Supplementary data). Two DNase
I blockages can be seen around position L85-79, corresponding
to the sequence 5'-TTTCACA-3’, displaying high positive coopera-
tivity (nyg=>5.0), and around position L112-104, comprising the
sequence 5-ATTTTCTCC-3/, where unusually high positive cooper-
ativity (ny=10.6) is measured. Comparing peptide PyHR-9 with
peptide PyHK-10, the only primary structural difference is that
the latter peptide bears an additional lysyl residue at the penulti-
mate C-terminal position. As mentioned above, peptide PyHR-9 re-
fuses to bind to the upper strand, and does not engage in
interstrand bidentate interactions ( Fig. 1). By contrast, peptide
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Figure 2A. Autoradiograph showing DNase I footprinting of peptide RHyp-12 on DNA duplexes labeled at the 5’ end: 5'-[*?P]-labeled 158-mer upper strand, left panel; and
5'-[32P]-labeled 135-mer lower strand, right panel. Peptide RHyp-12 was equilibrated with the DNA in 5 mM sodium cacodylate buffer, pH 6.5 at 37 °C for 60 min before
DNase 1 cleavage. G represents a Maxam-Gilbert guanine sequencing track and Ct shows a DNase I digestion control lane.
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Figure 2B. Autoradiograph showing DNase I footprinting of peptide PyHK-10 on DNA duplexes labeled with [*2P] on the 5’ end: 5'-[>?P]-labeled 158-mer upper strand, left

panel; and 5'-[3?P]-labeled 135-mer lower strand, right panel.

PyHK-10 binds strongly to its two major sites on the upper strand
and shows interstrand bidentate interactions (Fig. 1). This suggests
that at least two Lys or Arg residues near the C-terminal position of
the peptide are required for binding to the upper strand binding
sites: d(AAAA)- and d(AAA)-. The reason why peptide PyHR-9 ap-
pears to engage in unusually strong positive cooperative binding
to two sites on the lower DNA strand is unclear and awaits further
investigation. However, in a previous investigation,!” peptides HR-
12 and SP-12 that do not manifest interstrand bidentate interac-
tions with LMP-1 gene fragments were also found to show notably
strong positive cooperative binding. Thus, we speculate that
unusually high positive cooperativity in binding to DNA by small

molecules might be related to the absence of interstrand bidentate
interactions that probably stabilize local DNA conformation and
thus are likely to inhibit strong positive cooperative ligand binding
between adjacent sites. The apparent binding constant K, of the
four peptides for the four major binding sites on the pBR322
DNA fragments lie within the range 1.4 x 10°-9.7 x 10° M~!. Pep-
tide PyHR-9 gives rise to the two highest apparent binding con-
stants on the 5-TTTCACA-3' and 5-ATTTTCTCC-3' sites of the
lower strand (Table 1).

Based on the footprinting results, we now propose models to
interpret the complex communication between DNA-peptide allo-
steric binding sites for the four designed peptides (Fig. 3). A notable
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Figure 2C. Autoradiograph showing DNase I footprinting of peptide HyH-10 on DNA duplexes labeled at the 5’ end: 5'-[>?P]-labeled 158-mer upper strand, left panel; and 5'-

[2?P]-labeled 135-mer lower strand, right panel.

Table 1

Binding specificity and physicochemical parameters of sequence-specific binding of peptides to various recognition sites on complementary 5'-[>2P]-labeled upper (158-mer) and
5'-[32P]-labeled lower (135-mer) DNA strands at 37 °C determined by quantitative DNase I footprinting

Ligand Binding site position Recognition sequence K, ny Position of interstrand
bidentate interactions
RHyp-12 U84-90 5'-AATACCG-3' 3.0 x 10° 1.5 106-110
U106-113 5-AGAAAATA-3’ 7.6 x 10° 2.1
L110-103 5'-TTTCTCCT-3’ 7.4 x 10° 2.0
PyHK-10 U86-89 5'-TACC-3’ 4.9 x 10° 0.8 105-110
U105-115 5'-GAGAAAATACC-3' 2.7 x 10° 2.4
L111-105 5'-TTTTCTC-3’ 3.4 x 10° 1.4
HyH-10 U83-91 5'-AAATACCGC-3' 1.8 x 10° 2.6 83-85
U104-115 5'-GGAGAAAATACC-3' 4.7 x 108 1.7 104-111
L85-82 5/-TTTC-3' 1.4 x 10° 13
L111-104 5'-TTTTCTCC-3’ 3.6 x 10° 2.0
PyHR-9 L85-79 5'-TTTCACA-3’ 8.4 x 10° 5.0 NIL
L112-104 5'-ATTTTCTCC-3’ 9.7 x 10° 10.6

K, and ny are the apparent association constant and Hill coefficient determined from concentration-dependent DNase I footprinting studies, respectively. The binding site
positions on the upper and lower strands are abbreviated as U and L, respectively. Interstrand bidentate interactions are assigned where there are coincident effects on

feature is that these models reveal networks of interaction. Put an-
other way, our models point to network-based allosteric connec-
tions between recognition sites. Conformational changes occurring
at particular binding loci are transmitted to adjacent sub-binding
sites and also to sites on the complementary strand, most likely
via interstrand bidentate interactions. Allosteric communication
may also occur between more remote binding sites, spanning dis-
tances up to 12-16 base pairs. Recent footprinting experiments®
on the 81-mer duplex (S-81) containing a single d(AAAA)-d(TTTT)
sequence have shown that the ny values for peptides PyHyp-12

and PyHyp-9 binding to 81-mer duplexes containing a single bind-
ing locus are significantly higher than those for the 158-mer and
135-mer duplexes containing both binding loci. These results sug-
gest that the allosteric relay of peptide binding information to neigh-
boring sites between the d(AAA)-d(TTT) and d(AAAA)-d(TTTT)
positions spanning an intervening sequence of 12-14 base pairs
may be affected by some negative cooperative effect(s).

It is also notable that the binding of peptides HyH-10 and Py-
Pro-12%° to pBR322 fragments possessing multiple sites reveals
what we term a circuit type of allosteric communication within a
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Figure 3. Proposed allosteric models for cooperative binding of peptides RHyp-12, PyHK-10, HyH-10, and PyHR-9 to 158-mer and 135-mer pBR322 fragments based on
quantitative footprinting studies. The portion of the ligand binding to each DNA site/sub-site is represented by a thick horizontal line. Monodentate interactions and
interstrand bidentate interactions are represented by vertical broken lines. The solid horizontal arrow lines represent communication of allosteric interaction between DNA
sub-binding sites. Broken horizontal arrow lines between neighboring binding loci some 12-16 nucleotides apart are intended to represent moderate or weak cooperative

communication.

network-based system; that is, the allosteric interactions between
binding sites form a closed circuit. For peptides RHyp-12 and
PyHK-10, the networks are referred to as incomplete-circuit type;
that is, the allosteric communications form a partial or incomplete
circuit. On the other hand, peptides PyHR-9, (HPRK);NH, [HR-

12],'7 (SPRK)3NH, [SP-12]'7 whose binding to DNA fragments lacks
interstrand bidentate interactions appear to engage in a non-cir-
cuit type of allosteric communication.?®

Thus, the quantitative footprinting results in this work and
those reported previously!'”-?° support our hypothesis?® that three
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different types of network-based allosteric communication in pep-
tide-DNA molecular recognition can be distinguished: circuit type,
incomplete-circuit type and non-circuit type.

To gain insight into conformational changes of DNA associated
with the sequence-selective binding of peptides, we carried out cir-
cular dichroism studies using the four peptides RHyp-12, PyHK-10,
HyH-10 and PyHR-9. A 13-mer deoxyribonucleotide duplex d(TAG-
GAGAAAATAC)-d(GTATTTTCTCCTA) (U4A-LAT), containing a se-
quence of 12 base pairs that correspond to the binding site at
position 103-114 of the pBR322 fragments was used as substrate.
The CD spectra for the DNA and peptides only are shown in Figure 4A.

Titration of peptide RHyp-12 versus the U4A-L4T duplex pro-
duces a dose-dependent negative CD enhancement band around
247 nm together with two strong positive CD enhancement bands
around 282 nm and 328 nm (Fig. 4B). In the difference spectra the
negative band around 247 nm can be seen to be red-shifted to
269 nm and two strong positive bands are seen around 289 nm
and 327 nm (Fig. 4C). A near-isoelliptic point occurs at 280 nm,
suggesting a two-component binding process. It has been reported
in a number of articles?>%* that molecules which bind to the minor
groove typically exhibit an induced positive CD band around
320 nm. Thus, it is safe to conclude that the strong positive CD
enhancement bands around 327 nm seen with peptide RHyp-12
and other peptides simply represent binding to the minor groove.

On the other hand, titration of peptide PyHK-10 against the du-
plex U4A-LAT produces a negative CD band around 248 nm and a
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positive band around 284 nm (Fig. 4D). The positive CD band ex-
tends as a strong and broad dose-dependent positive CD enhance-
ment band up to 332 nm. In the difference spectrum (Fig. 4E) this
strong, broad, dose-dependent positive band is shifted to 329 nm
whereas the induced positive CD band around 284 nm is shifted
to 289 nm. These bands are mostly peptide concentration-depen-
dent, except that the CD band induced by 0.5 .M peptide concen-
tration is blue-shifted while the CD band induced by the highest
concentration (5.0 pM) has lowered CD intensity centering around
325 nm. We repeated the CD experiments using 0.5 pM and 5.0 uM
peptide concentrations and identical results were obtained. The
unusual deviation in ellipticity change of peptide PyHK-10 could
be due to an abrupt change in DNA conformation occurring at high
peptide concentration (5.0 pM).

The CD spectra seen with peptide HyH-10 are quite similar to
those of peptide PyHK-10. Titration of peptide HyH-10 versus the
duplex U4A-L4T induces a negative CD band around 247 nm and
a positive band around 284 nm (Fig. 4F). A strong, broad, dose-
dependent positive CD enhancement appears around 330 nm. In
the difference spectrum (Fig. 4G), this CD band around 330 nm is
unchanged. Another induced positive CD band is red-shifted from
284 nm to 288 nm.

The CD spectra measured with the nonapeptide PyHR-9 are
rather different from those of the decapeptides. Titration of peptide
PyHR-9 against the duplex U4A-L4T induces a negative CD band
around 249 nm and a positive band around 270 nm (Fig. 4H). A
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Figure 4. Panel A: CD spectra of DNA duplex U4A-L4T alone and peptide alone. Panel B: Titration of duplex U4A-L4T versus peptide RHyp-12 at peptide concentrations of 0.2,
1.0.2.2,2.4,2.6,2.8,3.0,3.2,3.4,4.0, 5.0 uM. Panel C: Corresponding CD difference spectra with the contribution of duplex and peptide RHyp-12 subtracted. Panel D: Titration
of duplex U4A-L4T versus peptide PyHK-10 at the same peptide concentrations. Panel E: Corresponding CD difference spectra with the contribution of duplex and peptide
PyHK-10 subtracted. Panel F: Titration of duplex U4A-LAT versus peptide HyH-10 at the same peptide concentrations. Panel G: Corresponding CD difference spectra with the
contribution of duplex and peptide HyH-10 subtracted. Panel H: Titration of duplex U4A-L4T versus peptide PyHR-9 at the same peptide concentrations. Panel K:
Corresponding CD difference spectra with the contribution of duplex and peptide PyHR-9 subtracted.
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Fig. 4 (continued)

wide and shallow positive band is induced around 334 nm. In the
difference spectra a weak band occurs around 255 nm and the po-
sitive band around 334 nm is unchanged (Fig. 4I).

It is apparent that the peptide-induced enhancement of CD
bands is correlated with peptide-DNA binding stoichiometry.
Figure 5 shows a plot of [peptide]/[DNA duplex] versus A0 at
322 nm for peptides RHyp-12, PyHK-10, HyH-10 and PyHR-9. It
is evident that the decapeptide PyHK-10 induces the greatest ellip-
ticity change among the four peptides, suggesting that more dras-
tic DNA conformational changes are associated with the binding of
this peptide in the minor groove. On the other hand, significantly
greater ellipticity changes are induced by peptides PyHK-10,
RHyp-12 and HyH-10 compared to nonapeptide PyHR-9, suggest-
ing that much stronger conformational changes are induced in
the minor groove by all three former peptides. The ellipticity

changes induced by peptides RHyp-12 and HyH-10 are of compa-
rable magnitude.

From the [peptide]/[DNA duplex] plot (Fig. 5), it is apparent
that at peptide/DNA ratios of 0.5-2.0, one molecule of peptide
binds to the d(AAAA)-d(TTTT) locus. At [peptide]/[DNA duplex]
ratios of 2.0-3.0, as indicated by the small plateau region of the
titration curve, two peptide molecules seem to bind in a dimeric
pattern to the binding site in the minor groove. At [peptide]/
[duplex] ratios above 4.0, a progressive increase in A0 suggests
that more peptide molecules begin to engage in some sort of
non-sequence-selective binding to DNA. The CD results agree well
with other DNase I footprinting results that dimeric peptide bind-
ing to the d(AAAA)-d(TTTT) locus is favored, as shown by the
very wide binding locus spanning a distance of 9-12 base pairs
(Fig. 1, Table 1).
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3. Conclusion

The present study of four peptides, combined with previous
studies of five other peptides!”?° composed of XP(Hyp)RK motifs,
supports the proposal that network interaction cooperativity is
highly preferred in DNA-peptide interactions that involve multiple
recognition sites. It is envisaged that interstrand bidentate interac-
tions participate importantly in the relay of conformational
changes between recognition sites on the complementary strands.
The present and previous studies!”?° also lend support to our re-
cent proposal®® that three different types of allosteric interaction
networks can be distinguished in peptide-DNA molecular recogni-
tion. Thus, the present work should prompt the design of new
DNA-binding peptides for further investigation of DNA-peptide
allosteric interactions and DNA interaction networks. In addition,
by extending the footprinting approach for studying DNA allosteric
interaction networks to multiple DNA-small molecule interactions
we may gain useful insights into the fundamental chemical rules
that govern allostery in more complex biological process such as
DNA-protein interaction networks.

4. Experimental
4.1. Chemicals and biochemicals

All the protected amino acid derivatives were purchased from
Bachem California (Torrance, CA) and AnaSpec, Inc. (San Jose,
CA). All peptides are synthesized in our laboratory. All other ana-
lytical reagents were purchased from Acros, Tedia or Sigma. The
radiolabeled nucleoside triphosphate [y->2P]ATP was obtained
from NEN Life Science Products at a specific activity of 6000 Ci/
mmol. Taq polymerase, T4 polynucleotide kinase, and DNase | were
purchased from Promega. All other chemicals were analytical
grade reagents, and all solutions were prepared using deionized,
Millipore-filtered water.

4.2. Solid-phase peptide synthesis

4.2.1. His-Pro-Arg-Lys-(Py)s-Lys-Arg-NH, (PyHK-10)

This peptide was synthesized using solid phase methodology by
manual operation of a Protein Technology PS3 peptide synthesizer.
The first Fmoc-protected amino acid was coupled to the Nova Rink
amide AM resin using PyBOP/NMM in DMF. All of the N,-Fmoc-

protected amino acids (in 4 equiv ratio excess to the resin) were
coupled in a stepwise fashion using PyBOP/NMM in DMF after
deprotection of the Ny,-Fmoc group by piperidine. The side chains
of Arg, Lys, Tyr and His are protected by the Pmc, Boc and Trt
groups, respectively. After coupling the last N-terminal Fmoc-ami-
no acid residue, the resin was treated with the cleavage reagent
(0.75 g phenol, 10 mL TFA, 0.5 mL thioanisole, 0.25 mL EDT) for
1.5 h, and then lyophilized. The resin was washed with dry ether
(2 x30mL), filtered, and then washed with 5% acetic acid
(200 mL). The combined filtrate was lyophilized and the product
was purified by semi-preparative reversed-phase HPLC (column 1)
using gradient elution. Eluent A: 5% MeCN, 95% H,0, 0.1% TFA; Elu-
entB,95% MeCN, 5% H,0, 0.1% TFA. Alinear gradient was achieved by
increasing the MeCN content from eluent A to eluent B in 30 min tg
(column 2),11.93 min, mp 144-146 °C, [o2' —46.78 (c 0.043, MeOH/
H,0, 1:1); ESIMS requires: 1308.5, found: 1309.0.

4.2.2. His-Hyp-Arg-Lys-(Py)s-Lys-Arg-Hyp-His-NH, (RHyp-12)

This peptide was synthesized and purified to homogeneity
using a similar procedure as for peptide PyHK-10. tg (column 2),
11.65min mp 159-162°C, [o]3' —14.28 (¢ 0.035, MeOH/H,0,
1:1); ESIMS requires: 1574.75, found: 1574.93.

4.2.3. His-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH, (HyH-10)

This peptide was synthesized and purified to homogeneity
using a similar procedure as for peptide PyHK-10. tg (column 2),
14.63 min, mp 153-157 °C, [oc]2D7 —14.0 (c, 0.262 MeOH/H,0, 1:1);
ESIMS requires: 1324.50, found: 1325.18.

4.2.4. His-Pro-Arg-Lys-(Py)s-Arg-NH, (PyHR-9)

This peptide was synthesized and purified to homogeneity
using a similar procedure as for peptide PyHK-10. tg (column 2),
15.29 min, mp 150-153 °C, [0]2/ —28.33 (c, 0.20 MeOH/H,0, 1:1);
ESIMS requires: 1180.53, found: 1180.38.

4.3. Polymerase chain reaction (PCR) and end-labeling of PCR
products

The 5'-32P-labeled 158-mer DNA duplex and 5'-3?P-labeled 135-
mer DNA duplex were prepared by PCR amplification in a thermal
cycler (ABI model 9700) as reported previously.!® The DNA concen-
tration was determined by UV spectroscopy to lie in the range
600-800 nM.

4.4. DNase I footprinting

Reactions were conducted in a total volume of 10 pL. Radiola-
beled DNA (2 pL) was mixed with varying concentrations of pep-
tide (2 pL) dissolved in 5 mM sodium cacodylate buffer, pH 6.5
and equilibrated at room temperature for 120 min. DNase I (2 pL)
was added and the reaction allowed to proceed at 37 °C for
10 min. The DNase I solution (in 20 mM NaCl, 2 mM MgCl,,
2mM CaCl,) was adjusted to yield a final concentration of
0.009 unit/mL so as to limit the digestion to less than 30% of the
starting material in order to minimize the incidence of multiple
cleavages in any one strand. The digestion was stopped by adding
stop solution (4 pL) containing 80% formamide, 10 mM EDTA, 0.1%
bromophenol blue, and 0.1% xylene cyanol. Samples were heated at
90 °C for 4 min and chilled on ice for 4 min prior to electrophoresis.
The products of DNase I cleavage were resolved by polyacrylamide
gel electrophoresis under denaturing conditions (0.3 mm thick, 8%
acrylamide containing 8 M urea). After electrophoresis (about
1.45h at 70 Watts, 1800V in TBE buffer, BRL sequencer model
S2), gels were soaked in 10% acetic acid/10% methanol for
15 min, transferred to Whatman 3MM paper, dried under vacuum
at 80 °C for 45 min. The autoradiographs (footprinting of peptides
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RHyp-12 and PyHK-10) were obtained by using Kodak BioMax MR
scientific imaging films with intensifying screens for about 5 days.
The autoradiographs (footprinting of peptides HyH-10 and PyHR-
9) were obtained by placing the dried gels against an imaging plate
(BAS-MS2340) of a Fuji phospholmager FLA-5100 overnight. The
electrophoretic band areas were analyzed by a PC computer in-
stalled with Viber Lourmat BIO-ID software (Marne La Valle, Cedex
1, France).

The apparent DNA binding site saturation is determined by the
equation:®

Y=1- (Itot/lref)/(lgotﬂ?ef)
0

where Y’ is the fractional saturation, I,ef and I}, are integrated band
volumes of 5 bases of a running lane (non-binding site, with pep-
tide) and control lane (without peptide), respectively. I;or and I,
are integrated band volumes of the binding site locus and corre-
sponding control lane locus, respectively.

The value of Y is optimized by the following equation:
Y=Y -Y_)/(Y ., — Y. )

min max min

where Y| . and Y, are the maximum and minimum site satura-
tion Y’ values, respectively.

The Hill coefficients were determined by the Hill equation:
Log[Y/1 - Y] = log K, + ny log[L] where Y is the fractional satura-
tion, [L] the peptide concentration, and ny the Hill coefficient. A
minimum of six data points within or near the linear portion of
binding isotherm (Y vs Log [L]) were carefully chosen for the Hill
plot (Log Y/(1 —Y) vs Log[L]) using a linear least-squares fitting
procedure by Sigma Plot software (version 8.0). The Hill coefficient
was determined from the slope of the corresponding Hill plot. The
apparent binding constant K, is determined empirically as the pep-
tide concentration at 50% fractional saturation from the binding
isotherm.

4.5. Circular dichroism (CD) studies

CD spectra were measured at 37 °C with a Jasco ]J-815 instru-
ment in the Institute of Chemistry, Academia Sinica. The duplex
DNA was adjusted to 1.0 pM in 5 mM sodium cacodylate buffer
(pH 6.5) and peptides, dissolved in the same buffer, were added
to maintain final concentrations of 0.2, 1.0, 2.2, 2.4, 2.6, 2.8, 3.0,
3.2,3.4,4.0, 5.0 uM. CD spectra were recorded after 60 min incuba-
tion at 37 °C.
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ABSTRACT

It is generally recognized that elucidating the molecular basis for recognition of
specific sequences in target DNA by proteins and small synthetic molecules vitally
underpins research on the modulation of gene expression. In this review we discuss the
fundamental basis of DNA sequence recognition by small molecules at the atomic
bonding level based on recent X-ray diffraction results together with circular dichroism
spectra and footprinting experiments on DNA-small ligand binding. Monodentate (single)
interactions, intrastrand bidentate interactions and interstrand bidentate interactions are
considered not only central to the capabilities of small ligands and proteins to recognize
DNA sequences, but also provide the means for allosteric communication between
multiple DNA binding loci. Thermodynamic, kinetic and allosteric features of molecular
recognition by drugs and small ligands within the minor groove of DNA are reviewed.
Allosteric interactions between small synthetic peptides and multiple DNA binding sites
are discussed, and hypothetical models are proposed to interpret the complex allosteric
communication process. In contrast to protein-protein interaction networks which have
been extensively investigated, studies on small ligand-DNA interaction networks have
only recently been commenced. In this review, three different types of novel allosteric
interaction networks between peptides and DNA are considered, together with
hypothetical models featuring monodentate interactions and interstrand bidentate
interactions. The new concept of DNA-small ligand interaction networks illuminates
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some basic chemical rules of DNA-small ligand allostery and may find applications in
future drug design as well as structural biology research.

1. INTRODUCTION

It has long been known that the heredity of living organisms is mediated by genes
contained in the nuclei of cells in the form of chromosomes. Genes are long polymers of 2’-
deoxyribonucleotides in double helical array, generally stabilized by nuclear proteins. The
base pairing of DNA 1is size-complementary, that is, the large purine bases always hydrogen-
bond to the small pyrimidine bases, maintaining the AT and GC pairs having almost identical
dimensions. In aqueous solution, the size-complementarity of the bases and the double helical
conformation of DNA in the B-form provide a wide (major) groove about 12 A wide running
in parallel with a narrow (minor) groove of about half the width.

Sequence-specific interactions between DNA and transcription factors are central to the
implementation and maintenance of genomic expression. Proteins, because of their relatively
large size, bind predominantly to the major groove. Well-known DNA binding motifs include
the helix-turn-helix motif, zinc finger motif, homeobox domain, and bZip motif. Early studies
of interactions between DNA and the amino acid side chains of proteins were pioneered by
several research groups. Seeman et al. identified hydrogen-bonding atoms on the edges of
DNA base pairs and suggested that greater specificity was more likely to arise through amino
acid side chain interactions in the major groove rather than the minor groove [1]. Suzuki
established early chemical rules for the recognition of DNA bases by amino acid side chains
[2]. Mandel-Gutfreund et al. presented a systematic analysis of hydrogen bonding between
regulatory proteins and DNA [3]. Later, Thornton et al. presented a comprehensive study of
DNA-protein interactions at the atomic level, investigating hydrogen bonds, van der Waals
contacts and water-mediated bonds in 129 DNA-protein complexes [4]. Cheng and Frankel
computed ab initio interaction energies for 21 hydrogen-bonded amino acid side chain-
nucleic acid interactions [5].

Interactions of DNA bases with proteins via the amino acid side chains can be divided
into several main categories: monodentate interactions (single interactions), intrastrand
bidentate interactions, interstrand bidentate interactions, and complex interactions [4]. In this
review we shall concentrate on the role of intra- and inter-strand bidentate interactions in
DNA sequence recognition by peptides and in DNA-peptide allosteric interactions.

2. MONODENTATE INTERACTIONS AND BIDENTATE INTERACTIONS

Hydrogen bonds between DNA bases and amino acid residues of proteins or small
ligands are paramount for binding and molecular recognition. They are weak non-covalent
interactions with bond energy around 4.5 kcal/mol. Their weak bonding character is vital for
rapid bond formation and dissociation in molecular recognition processes in biological
systems. Monodentate interactions arise when a single hydrogen bond forms between one
hydrogen acceptor/donor atom of the DNA base and a corresponding hydrogen
donor/acceptor atom of the amino acid side chain [4]. Most proteins interact with DNA in the
major groove whereas many conjugates/peptides incorporating 4-amino-1-methylpyrrole-2-
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carboxylic acid residues (Py) bind preferentially in the minor groove. In the major groove, the
N7 of A and G, 06 of G, and O4 of T frequently act as acceptors for hydrogen bonds,
whereas the C6 amino group of A and the C4 amino group of C typically operate as hydrogen
bond donors (Figure 1). In the minor groove, the N3 of A and the O2 of T and C can act as
acceptors for hydrogen bonding whereas the C2 amino group of G is the only available
hydrogen bond donor (Figure 1).

Bidentate interactions are further sub-divided into intrastrand and interstrand modes
[4,6,7]. Intrastrand bidentate interactions refer to hydrogen bonds formed between two atoms
of a base and one atom of an amino acid side chain, or between one atom of a base and two
atoms of an amino acid. Intrastrand bidentate interactions were identified by Cheng and
Frankel from ab initio interaction energies of 21 hydrogen-bonded amino acid side chains
with nucleic acids [5]. The most favorable interactions are Lys-G, Arg-G, Asn-A, Ser-A and
GIn-A pairings in the DNA major groove.

A

Major Groove

Y
zZ

Z——TI------O

/

Minor groove

Figure 1. (Continued).
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Major Groove

N——H

Minor Groove

Figure 1. Interstrand bidentate interactions between peptide moieties and bases in the DNA minor
groove: proposed interstrand bidentate interaction between an Orn (n = 3) or a Lys residue (n = 4) with
a AT bp (panel A); proposed interstrand bidentate interactions between an Asn (n = 1) or a Gln residue
(n = 2) with a GC bp (panel B) [proposed figures drawn according to X-ray data of reference [4]
(Table 2)].

Interstrand bidentate interactions, on the other hand, are hydrogen bonds that form
between two or three donor/acceptor atoms of an amino acid residue (including the a—amino
function and side chain functional groups) with two atoms belonging to complementary bases
on the two DNA strands [4] (Figure 1). Interestingly, protein residues Asn, Gln, Ser and Tyr
can interact with both the major and minor grooves of DNA whereas there are several
instances where Arg interacts preferentially with hydrogen bond acceptor atoms belonging to
A-T pairs in the minor groove. Some years ago we reasoned that structural information
deriving from DNA-protein interactions could be applied to the study of DNA-peptide
interactions so far as hydrogen-bonded L-amino acid side chain-DNA interactions in the
minor groove are concerned.
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3. DNA-SMALL LIGAND MOLECULAR RECOGNITION
IN THE MINOR GROOVE

Extensive studies employing diverse methodologies have been carried out with small
ligands that are capable of sequence-specific or sequence-selective recognition of DNA.
These small ligands include drugs [8-10], antitumor antibiotics [11-14], netropsin/distamycin
and its analogues [15-19], and synthetic peptides [6,7, 20-24]. A deep understanding of
molecular recognition of DNA by small molecules is important for disclosing molecular
aspects of the modulation of gene expression in vivo as well as for augmenting the progress of
structural biochemistry research and drug design.

An early breakthrough in molecular recognition research affecting the DNA minor
groove came with the finding of the bis-intercalation of the two quinoxaline chromophores of
the antitumor antibiotic echinomycin into DNA [25, 26]. DNase I footprinting and X-ray
diffraction studies showed that echinomycin and its biosynthetic precursor triostin bind
preferentially to CpG sequences, with hydrogen bonds forming between the 2-amino groups
of guanines and the carbonyl oxygen atoms of the Ala residues, and between the N3 of
guanines and the amide protons of Ala [25-27]. Recent studies have gone on to show that
echinomycin specifically inhibits the DNA binding activity of hypoxia-inducible factor-1 (a
transcription factor that controls genes involved in glycolysis, angiogenesis, migration, and
invasion of tumors), suggesting that this antibiotic could have an important prospective in the
regulation of gene expression in tumor progression and metastasis [28].

As mentioned before, the molecular basis of sequence-selective or sequence-specific
interactions with DNA by drugs or other small ligands is furnished mainly by formation of
adequate hydrogen bonds between functional groups of peptides or drugs and DNA bases
(monodentate interactions and intrastrand/interstrand bidentate interactions). Other forms of
non-covalent interaction may also occur, comprising ionic interactions between positively-
charged groups of a ligand and the DNA phosphates, hydrophobic interactions, and n—
interactions between intercalating aromatic groups of ligands and the DNA bases. Many
synthetic minor groove-binding agents are derivatives or congeners of the antiviral antibiotics
netropsin and distamycin that contain 4-amino-1-methylpyrrole-2-carboxylic acid residues
(Py). X-ray diffraction studies have shown that the 4-amino group of Py residues in these
compounds acts as a hydrogen bond donor to the N3 or O2 of T, while the 3-methine proton
of Py is in van der Waals contact with the C2 proton of A. The netropsin molecule fits into
the minor groove with guanine stacked on a pyrrole ring of the antibiotic [29]. Lexitropsins
containing two thiazole rings with the sulfur atoms directed away from the minor groove bind
to alternate purine-pyrimidine sequences such as 5’-TATGAC-3’ and 5’-TGCATGC-3" [30].
Similar DNA binding results were obtained with the furan-containing lexitropsins [30]. It has
been shown that two distamycin molecules can associate in a side-by-side and antiparallel
head-to-tail orientation within the minor groove, and this finding prompted many subsequent
designs for minor groove binders such as homo- and hetero-dimeric compounds [31].
Polyamides containing the imidazole residue were found to bind preferentially to GC pairs
via hydrogen bonding with the 2-amino group of G; moreover, judicious juxtaposition of Py
and imidazole residues allowed G - C pairs to be differentiated from C « G pairs [32].

The thermodynamic basis of molecular recognition between small ligands and DNA has
been investigated by several research teams. For many studies isothermal titration calorimetry
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(ITC) was the method of choice to provide the thermodynamic parameters. In 1987, Breslauer
et al. reported enthalpy-entropy compensation studies based on netropsin, distamycin,
ethidium bromide, and daunomycin binding to poly[d(A-T)] ¢ poly[d(A-T)] and poly[d(A)] -
poly[d(T)] using calorimetry [33]. Binding energetics of acridine-based antitumor agents
were investigated by Graves et al., showing that these drugs exhibit a minor groove binding
preference [34]. The enhanced binding enthalpies of C5-substituted analogues were found to
be correlated with anticancer activity. Replacing various functional groups on anthracycline
antibiotics resulted in a binding free energy penalty, revealing that total ligand binding
energies are partitioned among various substituents in these antibiotics [35]. Enthalpy-entropy
compensation has been reported in the binding of 7-amino actinomycin D to several short
DNA duplexes [36]. Wilson et al. showed that a number of reversed amidine heterocyclic
compounds bound to the minor groove of DNA in a mostly entropy-driven manner, with
positive 74S values around 4.3-6.0 kcal/mol [37].

Kinetic aspects of the interaction of DNA with drugs or other small molecules were early
explored by several research teams employing complementary approaches. As long ago as
1976, Davanloo and Crothers reported the kinetics of formation and dissociation of drug-
dinucleotide complexes and actinomycin-nucleotide complexes [38]. In 1981, Fox, Wakelin
and Waring reported that the speeding up of rate constants with an increasing level of
echinomycin binding to DNA could indicate the occurrence of cooperativity associated with
progressive changes in the DNA structure [39]. Stopped-flow kinetic studies on echinomycin-
DNA binding showed a single exponential and suggested a molecular mechanism of binding
in which both chromophores of the antibiotic become intercalated simultaneously rather than
sequentially, and no transition from a mono-intercalated state to a bis-intercalated state could
be detected [39]. Using stopped-flow and temperature-jump approaches, Chaires et al.
proposed the mechanism of daunomycin-DNA interaction to be two-stepped: a rapid
“outside” binding of daunomycin to DNA, followed by intercalation of the drug [40].
Employing a fluorescence-detected stopped-flow assay, Crothers and coworkers studied the
kinetics of a series of polyamides binding to DNA and pointed out that covalent linkage of the
subunits results in polyamides with dramatically enhanced affinity due to faster association
rates [41]. Moreover, the basis for discrimination between matched and mismatched sites for
each polyamide was found to arise mainly from differences in the rates of dissociation from
these sites. Fletcher and Fox developed a convenient method for studying the dissociation
kinetics of echinomycin from CpG binding sites in different sequence environments
monitored by the rate of disappearance of DNase I footprints [42]. Surface plasmon resonance
(SPR) appears to be another appealing approach for studying DNA-ligand interactions since
equilibrium constants, association and dissociation rate constants for monomer and dimer
complex formation can be determined [37]. SPR also allows binding rates to be observed in
real time for complex formation and dissociation. Wilson, and Lee et al. have been using SPR
successfully to analyze the kinetics of reversed amidine heterocycles and polyamides binding
to various oligonucleotide duplexes [37].

Against this background we sought to investigate the molecular basis of sequence
recognition as well as complex allosteric aspects of DNA-peptide interactions by designing
and synthesizing a number of peptides incorporating the XPRK or XHypRK motifs together
with a tract of 4-amino-1-methylpyrrole-2-carboxylic acid residues (Py) [6,7,20-24].
Synthetic peptides based upon the XPRK or XHypRK motifs possess good DNA sequence-
selective binding capability toward DNA sequences incorporating three or four consecutive
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W (A or T) base pairs and afford satisfactory DNA footprinting results at sub-micromolar
concentrations. These peptides also possess the advantage of good aqueous solubility and
obviate the frequent use of organic solvents in DNA-small molecule binding studies.

Our logic for the design of the XPRK motif stems from the fact that a naturally occurring
SPXX motif was found in repeating sequences in histones, steroid hormone receptors, various
segmentation gene products and some oncogene products [43,44]. It was suggested that the
SPXX motif assumes a B-turn stabilized by two hydrogen bonds, and that the side chains of
the two basic residues engage in salt bridges with the DNA phosphate groups [43,44].

Quantitative DNase I footprinting originally turned out to be the best methodology for
DNA-peptide sequence recognition experiments since most other methods were unable to
discriminate peptide binding at multiple recognition sites. In addition, to investigate
conformational changes involved in the molecular recognition of DNA we resorted to circular
dichroism measurements which provide spectral characterization of DNA-peptide interactions
[6,7].

4. DNA-LIGAND ALLOSTERIC INTERACTIONS

Allostery is generally recognized as an indispensable process in biological control
regulating biochemical efficiency and energy metabolism in nature. For almost sixty years
extensive research has been devoted to understanding the allosteric behavior of functional
proteins and regulatory enzymes. The complex network-based allosteric regulation of
ATP/GTP and NADH/FADH, generation in glycolysis and the tricarboxylic acid cycle are
representative of ‘biological energy economy’ that is vital for the maintenance of life in
higher animals including man. The term ‘allosteric’ or ‘allostery’ was originally used to
describe a macromolecule-ligand interaction that results in local conformational change of the
macromolecule, thereby facilitating the binding of further ligand molecules to the binding
subunits/sub-sites (positive cooperativity), or making it more difficult for subsequent ligand
molecules to bind to those subunits/sub-sites (negative cooperativity). The concerted-
symmetry allosteric model of Monod, Wyman, and Changeux (MWC model) proposed that
all of the protein subunits change shape in a concerted manner to preserve the symmetry of
the entire molecule as it is transformed from the low affinity conformation (T state) to the
high affinity conformation (R state) [45]. The sequential/induced fit allosteric model of
Koshland, Nemethy, and Filmer (KNF model) proposed that each subunit changes shape as
ligand binds, so that changes in one subunit lead to distortions in the shape and/or interactions
of other subunits within the protein [46]. The KNF model appears to provide a better
explanation of the phenomenon of ‘negative cooperativity’ than the MWC model. Williams et
al. used a thermodynamic approach to define positive cooperativity as the decreased dynamic
behavior of a receptor system with a benefit in enthalpy and a cost in entropy, and negative
cooperativity as the increased dynamic behavior of a receptor system with a cost in enthalpy
and a benefit in entropy [47,48]. Ever since 1960, while numerous papers on protein-ligand
allosteric interactions have been published, both the MWC and KNF models have been
widely used to interpret complex allosteric behavior of proteins.

On the other hand, studies on possible allosteric aspects of DNA-ligand interactions are
far fewer, and much less is known about their results than protein-ligand interactions.
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However, some early pioneering studies did establish a significant degree of progress towards
understanding how allostery might influence DNA-ligand interactions. In 1980 Crothers et al.
reported that the binding of distamycin to calf thymus DNA at low levels of saturation is
positively cooperative [49]. Three years later Graves and Krugh reported that adriamycin and
daunomycin also exhibit positive cooperative binding to various DNAs [50]. The appearance
of initial positive curvature in the binding isotherm was found to be dependent on the ionic
strength, suggesting a role for DNA flexibility in positive cooperativity. In 1992 Fagan and
Wemmer reported the use of '"H NMR spectroscopy to study the cooperative binding of
distamycin to d(CGCIIICCGGC) + d(GCCIICCCGCG), where I represents inosine [51]. In
1996 Bailly, Hamy and Waring reported cooperativity in the binding of the antitumor
antibiotic echinomycin to DNA using quantitative DNase 1 footprinting [52]. This study
demonstrated that the binding of echinomycin to the sequences ACGTACGT and
TCGAACGT is highly cooperative. Also in 1996, Morii et al. reported cooperative binding to
DNA of peptides conjugated to adamantyl and B-cyclodextrin groups using gel mobility shift
and circular dichroism assays [53]. In 2000 Chaires et al. reported that (+)daunorubicin binds
selectively to right-handed DNA and can provoke apparently allosteric conversion of left-
handed polynucleotide to a right-handed intercalated form, as well as vice versa for a
synthetic (-)analogue [54]. Shortly afterwards Laughton et al. used a molecular dynamics
approach to investigate cooperativity in drug-DNA recognition [55]. Their results led them to
support Cooper and Dryden’s hypothesis of allosteric communication without changes [56] in
the time-average structure of the macromolecule, though binding free energy can be obtained
from changes in conformational flexibility alone. In 2003 Fechter and Dervan used
quantitative DNase I footprinting to investigate allosteric inhibition of GCN4 bZip protein
binding to the DNA major groove by polyamide-acridine conjugates that bind to the minor
groove [57].

In recent years we have been studying possible allosteric features of peptide-DNA

interaction using designed peptides targeted to specific recognition sites in DNA [6,7,23,24].
Our experimental protocol is based upon quantitative DNase [ footprinting of designed
peptides binding to a 5°-**P-labeled 158-mer DNA duplex and a complementary 5°-*2P-
labeled 135-mer DNA duplex. Binding site positions on the upper and lower strands are
designated as U and L, respectively. Like proteins, monodentate interactions and interstrand
bidentate interactions between the ligands and the DNA bases have been recognized as
essential contributors to molecular recognition of DNA by our synthetic peptides.
To illustrate the power of quantitative DNase I footprinting as one of the best analytical
techniques for studying DNA recognition and allostery, we offer the following example. A
designed decapeptide His-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH, (HyH-10) was footprinted using
DNase I and serial peptide dilutions between 10 and 3000 nM [7]. The peptide
was equilibrated with the DNA for an hour before enzyme cleavage, then the reaction was
stopped, the gel was electrophoresed, and subjected to autoradiography (Figure 2). In
previous reports [6,7,24], we describe how the position of interstrand bidentate interactions
can be assigned by inspecting differential cleavage plots (experiment versus control) so that
regions of significant simultaneous blockage of DNasel cutting on the complementary
strands can be cross-correlated; these we indicate by pecked lines connecting base sequences
on the two strands (Figure 3).
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Figure 2. Example of a quantitative DNase footprinting autoradiograph showing the sequence selective
binding of synthetic peptide HyH-10 on DNA duplexes labeled at either end: 5°-[**P]-labeled 158-mer
upper strand, left panel; and 5°-[*’P]-labeled 135-mer lower strand, right panel. Peptide HyH-10 was
equilibrated with the DNA in 5 mM sodium cacodylate buffer, pH 6.5 at 37°C for 60 min before DNase
1 cleavage. G represents a Maxam-Gilbert guanine sequencing track and Ct shows a DNase I digestion
control lane.
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cleavage after incubation with peptide HyH-10 in cacodylate buffer at 37°C for 60 min. The upper
traces represent the differential cleavage plot for a given peptide bound to the 5°-[**P]-labeled upper
strand (158-mer) DNA fragment; the lower traces represent the corresponding plots for each peptide
bound to the 5’-[32P]-1abeled lower strand (135-mer) DNA fragment. The vertical dotted lines between
DNA bases represent assignment of interstrand bidentate interactions where significant coincident H-
bonding interactions occur involving complementary bases in both strands.
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Monodentate interactions are simply assigned by connecting regions of inhibition in the
differential cleavage plot profile to bases where there is no simultaneous blockage on the
complementary strand.

A Hill plot of log Y/(1-Y) versus log [L] yields the Hill coefficient (ny) which records the
degree of cooperativity of the binding process and allows us to compare cooperativity with
respect to different binding sites as well as the relative cooperativity of different designed
peptides binding to various discrete sites (see section 5, Figure 4).

The autoradiograph (Figure 2) and the differential cleavage plot (Figure 3) reveal that, on
the upper strand of the 158-mer pBR322 fragment peptide HyH-10 produces a strong and
very broad DNase I blockage around position U104-115, corresponding to the sequence 5°-
GGAGAAAATACC-3’, displaying positive cooperativity (ny = 1.7), and there is also a broad
DNase I blockage site around position U83-91, comprising the sequence 5’-AAATACCGC-
3°, where notable positive cooperativity (ny = 2.6) is evident (The binding site positions on
the upper and lower strands are abbreviated as U and L, respectively). On the lower strand,
two regions of DNase I blockage appear around positions L.85-82 and L111-104. Interstrand
bidentate interactions are accordingly assigned around positions 83-85 and 104-111 (Table 1).

The wide areas of DNase cleavage inhibition around positions U104-115 and L111-104
that encompass 12 base pairs suggest that two peptide molecules bind in dimeric fashion here.
Consistent with this, the binding isotherms at individual binding sites exhibit sigmoidal
curvature, typical of positive cooperativity (Figure 4).

Reviewing hundreds of footprinting experiments, we have frequently observed an abrupt
increase in the intensity of footprints as the peptide concentration is raised slightly. This is a
clear indication of significant positive cooperativity between peptide molecules binding to
adjacent sub-binding sites. Peptides incorporating the XPRK motif interact preferentially with
d(AAAA)-d(TTTT) or d(AAA)-d(TTT) sites.

Footprinting studies that indicate a wide binding locus spanning over 12 base-pairs can
really only be explained on the basis of closely adjacent sites that might act independently,
but are most likely to accommodate two peptide molecules in a dimeric binding mode. A
dimeric binding pattern is consistent with independent circular dichroism studies. Thus, in
this case the apparent large single binding site appears to be composed of two adjacent sub-
binding sites on each complementary strand, representing a total of four sub-sites at each
locus (Figure 5).

The conformations of two adjacent sub-binding sites affect each other the most since they
are linked covalently. Bonds linking opposite sub-sites are interstrand bidentate hydrogen
bonding and exert less conformational influence upon one another than do those linking
adjacent sub-sites. Conformational influences between neighboring binding sites also depend
on the intervening distance between them. Recent footprinting experiments show that the ny
values for peptides PyHyp-12 and PyHyp-9 binding to 81-mer duplexes (S-81) containing a
single d(AAAA)-d(TTTT) binding locus are significantly higher than those of 158-mer and
135-mer duplexes containing two binding loci d(AAAA)-d(TTTT) and d(AAA)-d(TTT) [6].
This was a first indication that the allosteric relay of peptide binding information between
neighboring d(AAA)-d(TTT) and d(AAAA)-d(TTTT) positions spanning an intervening
sequence of 12-14 base pairs on the same DNA strand might be affected by some negative
cooperative effect.
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Indeed, it appears that allosteric influences affecting peptide/DNA binding sites may
produce either positively or negatively cooperative binding. Most of the allosteric effects
found in our studies lead to positive cooperativity.

Table 1. Binding specificity, physicochemical parameters and type of allosteric
interaction network for recognition of designed peptides on complementary 5’-[32P]-
labeled upper (158-mer) and S’-[32P]-labeled lower (135-mer) DNA strands at 37°C
determined by quantitative DNase I footprinting

Ligand Binding Recognition Sequence K, ny Position of | Type of
Position Interstrand | Interaction
Bidentate Network
interaction
S
RHyp-12 | U84-90 5’-AATACCG-3’ 3.0x10° | 1.5 Partial
U106-113 5’-AGAAAATA-3’ 7.6x10° | 2.1 106-110 Circuit
L110-103 5’-TTTCTCCT-3’ 74x10° | 2.0
PyHK-10 | U86-89 5’-TACC-3’ 49x10° | 0.8 Partial
U105-115 5-GAGAAAATACC-3’ | 2.7x10° | 2.4 | 105-110 Circuit
L111-105 5-TTTTCTC-3’ 3.4x10° | 1.4
HyH-10 U83-91 5’-AAATACCGC-3’ 1.8x10° | 2.6 | 83-85 Circuit
U104-115 5-GGAGAAAATACC- | 4.7x10° | 1.7 104-111
L85-82 3 14x10°| 1.3
L111-104 | 5°-TTTC-3’ 3.6x10° | 2.0
5’-TTTTCTCC-3’
PyHR-9 1.85-79 5’>-TTTCACA-3’ 8.4x10° | 5.0 NIL Non-
L112-104 5-ATTTTCTCC-3’ 9.7x 10° | 10. circuit
6
PyHyp-9 Ug4-89 5’-AATACC-3’ 25x10° [ 22 | 84 Circuit
U107-113 5’-GAAAATA-3’ 3.8x10° | 2.2 107-111
1.84-83 5°-TT-3° 2.7x10°| 2.0
L111-103 5’-TTTTCTCCT-3’ 22x10° | 2.0
U84-88 5°-AATAC-3’ 25x10° | 1.5 Partial
PyHyp-12 | U106-114 5’-AGAAAATAC-3’ 34x10° | 1.4 | 106-110 Circuit
L110-103 5’>-TTTCTCCT-3’ 34x10° | 1.4
U84-90 5’-AATACCG-3’ 6.7x10" | 0.7 | 84-85 Circuit
PyPro-12 | U106-116 5-AGAAAATACCG-3’ | 3.2x10° | 1.2 106-110
1.85-83 5-TTT-3’ 3.7x10° | 1.1
L110-105 5’-TTTCTCC-3’ 3.8x10° | 1.5
HypKK- U83-90 5’-AAATACCG-3’ 20x10° | 2.7 Partial
10 U107-116 5’-AGAAAATACC-3’ 24x10° (2.0 | 107-110 Circuit
L110-104 5’-TTTCTCC-3’ 3.3x10° | 2.3
1.85-81 5’-TTTCA-3’ 1.6x10° | -

K, and ny are the apparent association constant and Hill coefficient determined from
concentration-dependent DNase I footprinting studies, respectively. The binding site positions on
the upper and lower strands are abbreviated as U and L, respectively. Interstrand bidentate
interactions are assigned where there are coincident effects on complementary nucleotides in both
strands.
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Figure 5. Three different types of allosteric interaction network models for cooperative binding of
peptides to DNA fragments based on quantitative footprinting studies. The portion of the ligand binding
to each DNA site/sub-site is represented by a thick horizontal line. Monodentate interactions and
interstrand bidentate interactions are represented by vertical broken lines. The solid horizontal arrow
lines represent communication of allosteric interaction between DNA sub-binding sites. Broken
horizontal arrow lines between neighboring binding loci some 12-16 nucleotides apart are intended to
represent weak negative cooperative communication.
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In these cases, binding of a peptide molecule to a given sub-site generates local DNA
conformational changes that enhance the binding affinity of another peptide molecule at an
adjacent sub-site. In the negatively cooperative case outlined above, binding of two peptide
molecules to a first site produces local DNA conformation changes that decrease the binding
affinity of one or two peptide molecules at a different site about 12-18 base-pairs away.

We have also found that interstrand bidentate hydrogen bond interactions may relay
conformational changes from one site or sub-site to the opposite site in the complementary
strand, and may bestow negative cooperativity in this manner.

Two peptide molecules could be capable of binding in a dimeric head-to-head or head-to-
tail fashion to some or all of these sites (Figure 5). Several modes of interaction with
complementary or adjacent binding sites can be envisaged that might lead to cooperative
binding. Interaction of one peptide molecule in a sequential manner with one sub-site (inside
a binding site) on one DNA strand could facilitate the binding of a second molecule to the
other sub-site on the same strand. On the other hand, binding of a peptide molecule to a first
site might induce local DNA conformational change(s) mediated by interstrand bidentate
interactions and facilitate sequential or concerted binding of further peptide molecules to an
opposite site on the complementary strand. Of course, binding of peptide molecules to one
site could invoke conformational change(s) and facilitate or hinder peptide binding to a
neighboring site on the same strand. Thus, cooperative (or anti-cooperative) binding
distributed over an array of binding sites may establish a network of cooperativity
interconnecting several allosteric sites (Figure 5).

To gain direct insight into possible conformational changes of DNA associated with the
sequence-selective binding of peptides we carried out circular dichroism measurements (CD)
using a number of synthetic peptides (the amino acid sequences of some of these peptides are
shown in Figure 8). As an example we present CD results for a decapeptide, HyH-10:
His-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH, (HyH-10) [7]. A 13-mer deoxyribonucleotide duplex
d(TAGGAGAAAATAC)- d(GTATTTTCTCCTA) (U4A-LAT) was synthesized to contain a
sequence of 12 base-pairs that correspond to the binding site at position 103-114 of the
pBR322 fragment. The CD spectra for the DNA and peptides alone are shown in Figure 6A.
Titration of peptide HyH-10 versus the duplex U4A-L4T induces a negative CD band around
247 nm and a positive band around 284 nm. A strong, broad, dose-dependent positive CD
enhancement appears around 330 nm (Figure 6B, C).

In the difference spectrum (Figure 6C), this CD band around 330 nm is unchanged.
Another induced positive CD band is red-shifted from 284 nm to 288 nm. It has been reported
that molecules which bind to the minor groove typically exhibit an induced positive CD band
around 320 nm [37]. Accordingly the spectra indicate strongly that our designed peptides
incorporating the XPRK/XHyPRK and polyamide motifs bind preferentially to the minor
groove of the double helix.

It is evident that the peptide-induced enhancement of CD bands is correlated with
peptide-DNA binding stoichiometry. Figure 7 shows a plot of [peptide]/[DNA duplex] versus
AB at 322 nm for four synthetic peptides: RHyp-12, PyHK-10, HyH-10 and PyHR-9 [7]. The
decapeptide PyHK-10 induces the greatest ellipticity change among the four peptides,
suggesting that most far-reaching DNA conformational changes are associated with the
binding of this peptide in the minor groove. On the other hand, significantly greater ellipticity
changes are induced by peptides PyHK-10, RHyp-12 and HyH-10 compared to PyHR-
9,
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Figure 6. Panel A: CD spectra of DNA duplex d(TAGGAGAAAATAC)- d(GTATTTTCTCCTA)
(U4A-LAT) alone and peptide alone. Panel B: Titration of duplex U4A-L4T versus peptide HyH-10 at
peptide concentrations of 0.2, 1.0. 2.2, 2.4, 2.6, 2.8, 3.0, 3.2, 3.4, 4.0, 5.0 uM. Panel C: Corresponding
CD difference spectra with the contribution of duplex and peptide HyH-10 subtracted.
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indicating that the nonapeptide is much less able to perturb the conformation of the helical
minor groove. The ellipticity changes induced by peptides RHyp-12 and HyH-10 are of
comparable magnitude.

From the A6 versus [peptide]/[DNA duplex] plot (Figure 7), it appears that at
peptide/DNA ratios of about 0.5 to 2.0, one molecule of peptide binds to the d(AAAA)-
d(TTTT) locus. At peptide/DNA ratios of 2 - 3, as indicated by the small plateau region in the
titration curve, two peptide molecules seem to bind ostensibly as a dimer in the minor groove.
At ratios above 4, a progressive increase in A suggests that more peptide molecules begin to
engage in some sort of non-sequence-selective binding to DNA. The CD results agree well
with extensive DNase I footprinting results that dimeric peptide binding to the d(AAAA)-
d(TTTT) locus is favored, as shown by the very wide binding locus spanning a distance of 9-
12 base pairs (Figures 3,5, Table 1).

4
3
m 2
i}
]
E
53]
<1 g4
|:| .
—o— RHyp-12
—&— HyH10
—— PyHRE-4
T T T T T
0 1 2 3 4 a 6

[Feptide] / [DMA duplex]

Figure 7. CD intensity at 322 nm as a function of [peptide]/[DNA duplex] The proposed stoichiometric
binding ratios are as indicated, with binding below 2:1 (<2:1) considered to be predominantly 1:1.

Isothermal titration calorimetry (ITC) studies of several designed peptides incorporating
the XPRK motif revealed that the binding reaction is strongly exothermic [58]. Preliminary
surface plasmon resonance (SPR) studies with an oligonucleotide hairpin have shown that

two peptides bind to the d(AAAA)-d(TTTT) sequence with #;, values around 2-2.5 min
(depending on the initial concentration of the peptide) and with k,; and k,; around 180-300
M's!, suggesting that the binding of these designed peptides to their preferred DNA binding
sites is a very slow process compared to other small molecules [58].
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5. DETERMINATION OF DNA-PEPTIDE BINDING COOPERATIVITY BY
THE HILL PLOT

The apparent DNA binding site saturation is determined by the equation [19].

Y =1- (Itot/ Iref)/ ( Itoto/ Irefo)

where Y’ is the fractional saturation, I,.sand I.f are integrated band volumes over 5 bases of a
running lane (non-binding site, with peptide) and control lane (without peptide), respectively.
Lot and I,,° are integrated band volumes of the binding site locus and corresponding control
lane locus, respectively.

The value of Y is optimized by the following equation:

Y= (Y, - Y,min)/(Y,max - Y,min)

where Y’ nax and Y’ i, are the maximum and minimum site saturation Y’ values, respectively.
The Hill coefficients which indicate the magnitude of cooperativity between binding sub-
sites are determined by the Hill equation:

log [Y/1-Y] = log K, + ny log[L] where Y is the fractional saturation, [L] is the peptide
concentration, and ny the Hill coefficient. A minimum of six data points within or near the
linear portion of the binding isotherm (Y versus log [L]) were chosen for the Hill plot (log
Y/(1-Y) versus log [L]) using a linear least-squares fitting procedure. The Hill coefficient was
determined from the slope of the corresponding Hill plot (see Figure 4). The apparent binding
constant K, is determined empirically from the binding isotherm as the peptide concentration
at 50% fractional saturation.

6. DNA-PEPTIDE ALLOSTERIC INTERACTION NETWORKS

Current studies of biomacromolecule-ligand allostery have progressed to the so-called
“interaction network™ stage. Allostery appears to interconnect different metabolic and
biosynthetic pathways through interaction of various bio-molecules: namely, protein-protein
interactions [59,60], protein-small ligand interactions [61], protein-nucleic acid interactions
[62], and nucleic acid-small ligand interactions. In addition, many of these complex network
interactions may communicate with one another, resulting in significant net biochemical and
physiological phenomena. In other words, there are few biochemical processes within the cell
that are independent of allosteric or regulatory influences from other metabolic pathways or
from other bio-molecules. The past decade has been remarkable for an explosion of interest in
network-based interactions between bio-molecules that effectively regulate biochemical and
physiological processes in nature. High-throughput studies have contributed much to
establishing protein-protein interaction networks, metabolic networks, and transcription
regulatory networks [59].
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To learn more about the chemical rules that govern DNA-ligand allostery we employed
quantitative footprinting to embark upon a study of molecular aspects of cooperative
interactions between peptides and multiple DNA binding sites. Thus, in 2006 we proposed an
original network-based DNA-peptide allosteric model featuring intercommunicating allosteric
binding sites in fragments of the latent membrane protein-1 gene from a pathogenic Epstein-
Barr virus variant derived from nasopharyngeal carcinoma [23]. In recent studies we have
further explored whether such network-based allosteric behavior can be detected in common
DNA motifs containing consecutive A’s and T’s using our 158-mer and 135-mer pBR322
fragments [6,7].

His-Hyp-Arg-Lys-(Py)s;-Lys-Arg-Hyp-His-NH, (RHyp-12)
His-Pro-Arg-Lys-(Py)s-Lys-Arg-NH, (PyHK-10)
His-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH, (HyH-10)
His-Pro-Arg-Lys-(Py)s-Arg-NH, (PyHR-9)
His-Hyp-Arg-Lys-(Py);-His-Hyp-Lys-Arg-NH, (PyHyp-9)

His-Hyp-Arg-Lys-(Py),-His-Hyp-Arg-Lys-NH, (PyHyp-12)

His-Pro-Arg-Lys-(Py)s-His-Pro-Arg-Lys-NH, (PyPro-12)
His-Hyp-Arg-Lys-(Py)s-Lys-Lys-NH, (HypKK-10)

Figure 8. Sequences of eight designed peptides used in quantitative DNase 1 footprinting studies (Py =
4-amino-1-methylpyrrole-2-carbonyl-).

Based on quantitative footprinting results with eight designed peptides (Figure 8) on the
complementary upper and lower DNA strands summarized in Table 1, we constructed
network-based models in an effort to interpret the complex communication between DNA-
peptide allosteric binding sites (Figure 5). The duplex fragments used here contain two
conspicuous peptide binding loci: around position 83-89, comprising the d(AAA)-d(TTT)
sequence, and position 103-116 comprising the d(AAAA)-d(TTTT) sequence. Each locus
seems to afford two sites on complementary strands that consist of two to four sub-sites,
depending on individual peptides. In our model, conformational changes induced at one
binding site affect subsequent peptide binding to a neighboring site, and interstrand bidentate
interactions are envisaged as playing an important role in relaying conformational changes
between sites on the complementary strands, facilitating or inhibiting the binding of further
peptide molecules to sub-sites. The different models for these eight peptides binding to DNA
primarily reflect differences in the relay of conformational information between opposite sites
on complementary strands, mediated via interstrand bidentate interactions. It can be
concluded that peptides HyH-10, PyHyp-9 and PyPro-12 form a circuit type of a
communication: that is to say, the allosteric communication between binding sites is
complete. For peptides RHyp-12 , PyHK-10, PyHyp-12 and HypKK-10, the networks are
referred to as incomplete-circuit type, because the allosteric communications form a partial or
incomplete circuit. At the other extreme, synthetic peptides PyHR-9, (HPRK);NH, [HR-12]
[23], (SPRK);NH, [SP-12] [23] whose binding to DNA fragments lacks interstrand bidentate
interactions altogether, appear to engage in a non-circuit type of allosteric communication.
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To summarize, the quantitative footprinting results in these studies support our
hypothesis that three different types of network-based allosteric communication can be
distinguished in peptide-DNA recognition: circuit type, incomplete-circuit type and non-
circuit type [6,7]. The finding that interaction networks of allosteric effects exist in DNA-
peptide molecular recognition serves to widen and enlarge our understanding of the
fundamental nature of macromolecule-small ligand interactions. Provided that the intervening
distance between binding sites lies within about 15 bp, conformational changes can readily be
transmitted from one site to another. If more than two sites are sufficiently close, one can
envisage that allosteric effects could be propagated over a substantial distance along the DNA
duplex. This network concept provides some basic chemical rules of DNA-small ligand
allosteric interaction that should find applications in future drug design and structural biology
research.
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is consistent with the footprinting results and supports the allosteric model. This study provides insights
relating to the interaction network nature of allostery in complex DNA-small molecule interactions.

© 2009 Elsevier Ltd. All rights reserved.

1. Introduction

Current studies on sequence-selective binding of small ligands
to DNA play an essential part in the advance towards understand-
ing molecular aspects of the modulation of gene expression. This
work is also important for the advancement of structural biochem-
istry research and drug design.'~ Extensive studies have been car-
ried out with small ligands that are capable of sequence-specific
recognition of DNA including drugs,!~® antitumor antibiotics,*”’
netropsin/distamycin and its analogues,®'® and synthetic pep-
tides.!4"17

Previously we introduced a novel XPRK peptide motif as a basis
for sequence-selective interaction studies.'*~'7 The design of this
motif stems from a naturally occurring SPXX motif'®'® found in
repeating sequences in histones, steroid hormone receptors,
various segmentation gene products and some oncogene products.
It was suggested that the SPXX motif assumes a B-turn stabilized
by two hydrogen bonds, and that the side chains of the two basic
residues engage in salt bridges with the DNA phosphate
groups.'®!° Further conjugation of two XPRK motifs with a tract
of 4-amino-1-methylpyrrole-2-carboxylic acid residues (Py)

* Corresponding author. Tel.: +886 4 23590248; fax: +886 4 23590426.
E-mail address: Lsheh@thu.edu.tw (L. Sheh).

0968-0896/$ - see front matter © 2009 Elsevier Ltd. All rights reserved.
doi:10.1016/j.bmc.2009.10.048

afforded peptides with higher affinity toward DNA sequences
incorporating three or four consecutive W (A or T) base pairs.

Extensive research spanning nearly fifty years has been devoted
to the allosteric behavior of macromolecules such as proteins?! be-
cause allostery is recognized as a central process in biological con-
trol governing biochemical efficiency and energy metabolism. By
contrast, studies on allosteric aspects of DNA-ligand interactions
have been much less popular than protein-ligand interactions. This
prompted us to focus on molecular aspects of cooperative interac-
tions between peptides and DNA. In our early sequence-specificity
studies with synthetic molecules containing both the XPRK
motif'4~17 as well as the polyamide motif we found a number of
peptides that exhibit notable sequence-selectivity in binding to
particular sites on the DNA duplex. Among these peptides we
identified a nonapeptide His-Hyp-Arg-Lys-(Py)s-Lys-Arg-NH,
(PyHyp-9) and a dodecapeptide His-Hyp-Arg-Lys-(Py)s-His-Hyp-
Arg-Lys-NH, (PyHyp-12) that displayed significant cooperativity
in binding to DNA. We also established that quantitative footprint-
ing is the method of choice for investigating allosteric interactions
between multiple binding sites on complementary DNA strands
since it is difficult for most spectroscopic techniques to character-
ize multiple binding sites.

It is generally recognized that network-based interactions
between multiple elements play a part in many biochemical and
physiological processes in nature. Recently we proposed a net-
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work-based DNA-peptide allosteric model'”?° that features
intercommunicating binding sites in fragments of the latent mem-
brane protein-1 gene from a pathogenic Epstein-Barr virus variant
derived from nasopharyngeal carcinoma. In the present study we
further explore whether such network-based allosteric behavior
can be detected in common DNA motifs containing consecutive
A’s and T’s. To this end we compare the physicochemical binding
parameters of the newly designed peptides PyHyp-9 and PyHyp-
12 with that of the parent peptide His-Pro-Arg-Lys-(Py)4-His-Pro-
Arg-Lys-NH, (PyPro-12) using quantitative DNase 1 footprinting.
Cooperativity is assessed using the Hill equation which is well
established for that purpose.!”?372% To furnish insights into possi-
ble mechanisms based on DNA conformational changes circular
dichroism spectroscopic results are also reported.

2. Results and discussion

Since the initial objective of this study was to investigate the
molecular basis underlying cooperativity between multiple pep-
tide recognition sites, a complementary pair of 5-32P-labeled
pBR322 fragments'> comprising a 158-mer duplex (upper strand
5'-32p_labeled) and a 135-mer duplex (lower strand 5’->2P-labeled)
were employed as substrates. Previous footprinting studies
showed that the XPRK series of peptides bind preferentially to four
sites on the upper and lower strands where the complementary se-
quences d(AAAA)-d(TTTT) and d(AAA)-d(TTT) occur around posi-
tions 108-111 and 83-85, respectively. The design of the new
peptides PyHyp-9 and PyHyp-12 stems from the parent peptide
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PyPro-12 (previously named PyH-12).!® In peptides PyHyp-9 and
PyHyp-12 proline is replaced by hydroxyproline, furnishing extra
hydroxyl groups for additional hydrogen bonding. The nonapep-
tide PyHyp-9 represents a new design in which the number of Py
residues is reduced to three and the C-terminal tetrapeptide por-
tion (-His-Hyp-Lys-Arg-NH, in peptide PyHyp-12) is truncated to
a dipeptide (-Lys-Arg-NH,).

Peptide PyHyp-9 displays a strong sequence preference for con-
secutive arrays of A’s and T's in DNA (Fig. 1). At present the nona-
peptide PyHyp-9 is the smallest peptide containing enough amino
acid residues to evince satisfactory footprints in the XPRK series.
Quantitative footprinting by this and other peptides (Figs. 1-3,
4A-C) on the complementary strands provides valuable informa-
tion about possible interstrand bidentate interactions!>2? as well
as intrastrand H-bond interactions?? involving the side chains
and amino protons of the peptides bonding to bases in the comple-
mentary DNA strands. These specific H-bond interactions between
the peptides and DNA bases are well-recognized mediators of se-
quence recognition by ligands including proteins as well as small
molecules'>?? Interstrand bidentate interactions can be assigned
from the differential cleavage plots at nucleotide positions where
significant coincident DNase I blockages are observed (Fig. 4A-C).

On the upper strand, peptide PyHyp-9 binds strongly to two
sites (Figs. 1 and 4A): position U107-113, corresponding to the se-
quence 5-GAAAATA-3’ which shows marked positive cooperativity
(ny=2.2); and position U84-89 comprising the sequence 5'-AA-
TACC-3', also associated with positive cooperativity (ng =2.2). On
the complementary lower strand, PyHyp-9 footprints at two sites:

PyHyp-9(nM)
]

Ova G G115 10 30050 00 F09 300 400 50D EQD 70D EQ) 50D 10001500 20503050

70—

mp-H—=H—HOw

'_l\_|

100 —

t—

110 —

'_l

AF—AH—A-H—40—=00—R

-
-

i

-
i
120 — v z

Figure 1. Autoradiograph showing DNase I footprinting of peptide PyHyp-9 on DNA duplexes labeled with [y->2P]ATP on the 5’ end: 5'->2P-labeled 158-mer upper strand, left
panel; and 5'->?P-labeled 135-mer lower strand, right panel. PyHyp-9 was equilibrated with the DNA in 5 mM sodium cacodylate buffer, pH 6.5 at 37 °C for 60 min before
nucleolytic cleavage. G represents a Maxam-Gilbert guanine sequencing track and Ct shows a DNase I digestion control lane.
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Figure 2. DNase I footprinting of peptide PyHyp-12 on DNA duplexes labeled with [y->2PJATP on the 5 end: 5'-*P-labeled 158-mer upper strand, left panel; and
5'-32P_labeled 135-mer lower strand, right panel. Reaction conditions as in the legend to Figure 1.

position L111-103, corresponding to the sequence 5'-TTTTCTCCT-
3’ (ny=2.0), and position L84-83, comprising the sequence 5'-
TT-3' (ny also 2.0). Examination of the differential plot thus allows
us to assign interstrand bidentate interactions around positions 84
and 107-111. It is noteworthy that the nonapeptide displays sig-
nificant positive cooperativity at all four binding sites on both
strands.

The DNase I footprinting profile of peptide PyHyp-12 (Figs. 2 and
4B) appears to be quite different from that of the parent peptide Py-
Pro-12. On the upper strand, peptide PyHyp-12 produces a broad
DNase I blockage site around position U106-114 corresponding to
the sequence 5'-AGAAAATAC-3', displaying weak positive coopera-
tivity (ny = 1.4). Another blockage site occurs at position U84-88,
comprising the sequence 5-AATAC-3’ displaying similarly weak po-
sitive cooperativity (ny = 1.5). On the lower strand, PyHyp-12 binds
preferentially to a broad site around position L110-103, correspond-
ing to the sequence 5’-TTTCTCCT-3’ showing the same weak positive
cooperativity (ny = 1.4), but the binding site around position L84-83
that appears with peptide PyHy-9 is completely missing. In this case

the differential cleavage plots indicate that for PyHyp-12 interstrand
bidentate interactions can only be assigned around position 106-
110. It is envisaged that these interstrand hydrogen bond interac-
tions are involved in relaying conformational changes between local
DNA sites, thereby facilitating binding of further peptide molecules
across the complementary strands.

We repeated footprinting experiments on the parent peptide
PyPro-12'° using a wider concentration range (Figs. 3 and 4C).
On the upper strand PyPro-12 binds quite well around position
U84-90, comprising the sequence 5-AATACCG-3’, showing some
negative cooperativity (ny = 0.7). Another broad blockage site oc-
curs around position U106-116, comprising the sequence 5'-AGA-
AAATACCG-3’, showing weak positive cooperativity (ny =1.2). On
the lower strand, corresponding blockage sites also appear around
positions L85-83 (ny=1.1) and L110-105 (ny = 1.5) that indicate
binding of peptide molecules to sites on the opposite complemen-
tary strand, also manifesting modest positive cooperativity
(Fig. 4C). So for this peptide interstrand bidentate interactions'>%?
can be assigned around position 84-85 as well as 106-110. The
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Figure 3. DNase I footprinting of peptide PyPro-12 on DNA duplexes labeled with [y->2P]ATP on the 5’ end: 5'->2P-labeled 158-mer upper strand, left panel; and 5'-*2P-

labeled 135-mer lower strand, right panel. Reaction conditions as in Figure 1.

apparent binding constant K, of the three peptides on the four ma-
jor binding sites of the pBR322 fragments lie rather even in the
range of 2.2-3.8 x 10° M~!, with the exception that peptide Py-
Pro-12 has a rather high K, (6.7 x 10’ M~ on position US0-84)
(Table 1). Similarly, the apparent binding constant of peptides Py-
Hyp-12 and PyHyp-9 on binding to the S-81 DNA also lie rather
steady in the range of 1.4-2.5 x 10 M~! (Table 2).

In view of the broad DNase I blockage sites seen with all three
peptides, we envisage that two peptide molecules may be capable
of binding in a dimeric head-to-head or head-to-tail fashion to
some or all of these binding sites (Fig. 5). Several modes of binding
of peptide molecules to complementary or adjacent binding sites
are possible that might lead to cooperative binding. Interaction
of a peptide molecule in a sequential manner with one sub-site (in-
side a binding site) on one DNA strand could facilitate the binding
of a molecule to the other sub-site on the same strand. On the
other hand, binding of a peptide molecule to one site might induce
local DNA conformational change(s) mediated by interstrand
bidentate interactions and facilitate sequential or concerted bind-
ing of further peptide molecules to an opposite site on the comple-
mentary strand. Of course, binding of peptide molecules to one site
could invoke conformational change(s) and facilitate or hinder
peptide binding to a neighboring site on the same strand. Thus,
cooperative (or anti-cooperative) binding distributed between an
array of binding sites may establish a network of cooperativity
interconnecting several allosteric sites (Fig. 5).

To assess the nature and magnitude of allosteric communica-
tion between the d(AAAA)-d(TTTT) and d(AAA)-d(TTT) binding
loci in the pBR322 fragments we designed a new 81-mer duplex
(S-81) containing a single d(AAAA)-d(TTTT) sequence. The appar-
ent size (number of nucleotides) of each binding locus was found
to vary for individual peptides (Table 2). Quantitative footprinting
experiments were carried out for peptides PyHyp-12 and PyHyp-9
binding to the 5-32P-labeled upper and lower strand duplexes
(Supplementary data). Strikingly, the ny values for peptides Py-

Hyp-12 and PyHyp-9 binding to the 81-mer duplexes containing
a single binding locus (Table 2) are significantly higher than those
of the 158-mer and 135-mer duplexes containing both binding loci
(Table 1). This suggests the existence of some negative cooperative
effect associated with binding to the d(AAA)-d(TTT) and d(AAAA)-
d(TTTT) positions, lowering the positive cooperativity between
adjacent and complementary sub-sites, and resulting in smaller
observed values of ny at both sites, mediated over an intervening
sequence of 12-14 base pairs.

Based on the quantitative footprinting behavior of the three
peptides, summarized in Table 1, we have proposed network-
based models in an effort to interpret the complex communication
between DNA-peptide allosteric binding sites (Fig. 5). The 158-mer
and 135-mer fragments used here contain two peptide binding
loci: around position 83-89, comprising the d(AAA)-d(TTT) se-
quence, and position 103-116 comprising the d(AAAA)-d(TTTT)
sequence. Each locus seems to afford two complementary sites that
consist of two to four sub-sites, depending on individual peptides.
In the model, conformational changes induced at one position af-
fect binding to a neighboring site, and interstrand bidentate inter-
actions are envisaged as playing an important role in relaying
conformational changes between sites on the complementary
strands, facilitating the binding of further peptide molecules. The
different models for PyHyp-9, PyHyp-12 and PyPro-12 primarily
reflect differences in the relay of conformational change between
opposite sites on complementary strands via interstrand bidentate
interactions. It is apparent that peptides PyHyp-9 and PyPro-12
form a circuit type of a communication: the allosteric communica-
tion between binding sites is complete. On the other hand, the
communication in the DNA binding of peptide PyHyp-12 appears
to be discontinuous and is referred to as an incomplete-circuit
type. Footprinting experiments on the 81-mer duplex (S-81) con-
taining a single d(AAAA)-d(TTTT) sequence (Table 2) suggest that
the allosteric relay of peptide binding to adjacent sites between
the d(AAA)-d(TTT) and d(AAAA)-d(TTTT) positions spanning over
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Figure 4. Differential cleavage plots comparing the susceptibility of DNA fragments to DNase I cleavage after incubation with each peptide in cacodylate buffer at room
temperature for 60 min. In each panel A, B, C the upper traces represent the differential cleavage plot for a given peptide bound to the 5'->?P-labeled upper strand (158-mer)
DNA fragment; the lower traces represent the corresponding plots for each peptide bound to the 5'->?P-labeled lower strand (135-mer) DNA fragment. The vertical dotted
lines between DNA bases represent assignment of interstrand bidentate interactions where significant coincident H-bonding interactions occur between complementary

Differertial Cleavage

Differantial Cleavagz

Differential Cleavaae

Differential Cleavage Differential Cleavage

Differential Cleavage

&b N = o

S5CATA TGCGGTGTGA?ATACCGCACAGATGCGTAAGG
-— I

3'ETATACGCCA5ACTTTATGGEGTGTCTACGCATTCC

K. K. L. Kao et al./Bioorg. Med. Chem. 18 (2010) 366-376

—e—100nM ——5001M —=— 800nM —o—1000nM —— 2000nM

S o s

1
ATACCGCAT

“a

'"CATATGCGGTGTGAAATACCGCACAGATGCGTAAGGA
70 80 ! 90 100

Z & : 2 i
"GTATACGCCACACTTTATGGCGTGTCTACGCATTCCTOC

w

TATGGCGTA

c
120

G5

RSN S AN T Y

—pe TONM il 50NM e 100N e 300NM e 500N

|
-5t

|
7| PyHyp-12
9

—+—100nM =+ 500nM —+ 300nM ——1000nM —— 2000nM——

5CATATGCGG TGTGAAATACCGCACAGATGCGTAAGG;"\(IS»'R.IAAATACCGCAT03"
70 80 90 100 AL 120
FGTATACGCCACACTTTATGGCGTGTCTACGCATTCCTCTTTTATGGCGTAGS
9 (I
Frrn
1 4 1l 2
| 1

—— 50nM == 100nM === 3000M =—G— 500, =% 600NM ——d— T00NM

2 —a— 100NM —=— 300nM_g_ 500nM _o_700nM __1000nM

.5} PyPro-12
-6

P
70 80 i 90 100 F1
eI
[
(-

PyPro-12

2 —a— 100nM —o— 300nM —s— 500nM —a— T00nM o 1000nM

bases in both strands.

AATACCGCATCSY
110 120
TTATGGCGTAGSY
I
I




K. K. L. Kao et al./Bioorg. Med. Chem. 18 (2010) 366-376 371

Table 1

Physicochemical parameters for binding of peptides to recognition sites in pBR322 fragments: complementary 5'->2P-labeled upper strand (158-mer) and lower strand (135-mer)

DNA duplexes at 37 °C

Peptide Binding site position Recognition sequence K, (M™1) ny Interstrand bidentate
interactions (position)
PyHyp-9 U84-89 5’-AATACC-3' 2.5 x 108 22 84
U107-113 5'-GAAAATA-3’ 3.8 x 10° 2.2 107-111
L84-83 5-TT-3 2.7 x 10° 2.0
L111-103 5-TTTTCTCCT-3’ 2.2 x 108 2.0
PyHyp-12 U84-88 5-AATAC-3' 2.5 x 108 1.5 106-110
U106-114 5'-AGAAAATAC-3’ 3.4 x 10° 1.4
L110-103 5-TTTCTCCT-3’ 3.4 x 10° 14
PyPro-12 U80-94 5’-AATACCG-3' 6.7 x 107 0.7 84-85
U106-116 5'-AGAAAATACCG-3' 3.2 x 10° 1.2 106-110
L85-83 5'-TTT-3' 3.7 x 10° 1.1
L110-105 5-TTTCTCC-3' 3.8 x 10° 1.5

K, and ny are the apparent association constant and Hill coefficient determined from concentration-dependent DNase I footprinting studies, respectively. The binding site
positions on the upper and lower strands are abbreviated as U and L, respectively. Interstrand bidentate interactions are assigned where there are coincident effects on

complementary bases in both strands.

Table 2
Physicochemical parameters for binding of peptides to the S-81 DNA: complementary
5-32p_labeled upper strand (81-mer) and lower strand (81-mer) duplexes at 37 °C

Peptide Binding site  Recognition K, ny  Interstrand
position sequence bidentate
interactions
(position)
PyHyp-9 U44-48 5'-AAAAT-3' 21 x10° 39 44-47
L47-41 5'- CTC-3' 19x105 32
PyHyp-12  U44-48 5'-AAAAT-3' 14x105 23 44-46
L46-42 5'-TTTCT-3' 25x10° 2.6

Details as in the legend to Table 1.

an intervening sequence of 12-14 base pairs is affected by some
negative cooperative effect (Fig. 5).

Seeking further evidence for conformational changes accompany-
ing the molecular recognition process we resorted to circular dichro-
ism spectroscopy (CD) as a means of probing changes in the helical
structure associated with peptide-DNA binding. Two 11-mer deoxy-
ribonucleotide duplexes were synthesized, d(GGAGA
AAATAC)-d(GTATTTTCTCC) (4A-4T) and d(GTGAAATACCG)-d(CG
GTATTTCAC) (3A-3T), corresponding to the recognition sites of the
PBR322 fragments at positions 104-114 and 80-90 separately. With
both duplexes a negative CD band around 253 nm and a positive band
around 274 nm were observed (Fig. 6A). On increasing the concentra-
tion of peptide PyHyp-9 added to duplex 4A-4T, the 274 nm band is
red-shifted to about 278 nm and a near-isoelliptic point appears sug-
gesting a predominantly two-component binding process (Fig. 6B).
This positive CD band extends as a shallow broad dose-dependent po-
sitive enhancement to 350 nm. In the difference spectrum (Fig. 6C) it
can be seen that binding of peptide PyHyp-9 to the duplex results in
dose-dependent CD intensity enhancement of two neighboring nega-
tive bands centering around 243 nm and 268 nm. Another curious
feature of Figure 6C is a blue-shifted positive CD band around
273 nm induced by PyHyp-9 at low concentration (0.2 pM).

Addition of PyHyp-9 to the DNA duplex 3A-3T also induces a
red-shift of the positive band at 274 nm to 281 nm with quite a
good isoelliptic point at 283 nm (Fig. 6D). Again this positive band
extends as a shallow broad band to about 350 nm. In the difference
spectra two negative bands around 248 nm and 267 nm are ob-
served (Fig. 6E), and at low concentrations of PyHyp-9 (0.2 uM
and 1.0 pM), the induced positive CD band appears blue-shifted
to about 282 nm. Odd spectral changes observed at low peptide
concentrations are not entirely unexpected given the anomalous
situation that might prevail when small numbers of ligand mole-
cules are bound, probably largely to isolated sites, before propa-

gated effects mediated via early conformational changes become
predominant.

By contrast, titration of peptide PyHyp-12 versus the 4A-4T du-
plex produces a dose-dependent negative CD enhancement band
around 250 nm as well as two strong positive CD enhancement
bands around 283 nm and 325 nm (Fig. 7A). In the difference spec-
tra two negative bands are seen around 243 nm and 268 nm as
well as positive bands around 288 nm and 322 nm (Fig. 7B).
A fairly consistent isoelliptic point also occurs near 280 nm, sug-
gesting mainly a two-component binding process. Titration of Py-
Hyp-12 versus the 3A-3T duplex (Fig. 7C) induces similar CD
spectral changes to those observed with the 4A-4T duplex. In the
difference spectra, there are strong and minor negative bands
around 266 and 249 nm, while two strong positive CD bands
appear around 282 and 325 nm (Fig. 7D).

For peptide PyHyp-9, the distinct separation of two unusual
neighboring negative CD bands around 243 nm and 268 nm as well
as the strong red-shifted positive bands indicate that significant lo-
cal conformational changes are indeed induced in the duplex by
the binding of the peptide, most likely resulting in the positively
cooperative binding observed. Moreover, in the difference spectra
(Figs. 6C and E), it is apparent that the enhancement of the CD
bands is correlated with peptide-DNA binding stoichiometry.
Accordingly we propose a three-step binding process (Fig. 8). At
[peptide]/[duplex] ratios of 0.5-2, one molecule of PyHyp-9 or Py-
Hyp-12 binds to the d(AAAA)-d(TTTT) or d(AAA)-d(TTT) locus,
most probably in the minor groove. However, at [peptide]/[duplex]
ratios above 1 and up to about 4, there is often a steeper variation
in ellipticity consistent with strong positive cooperativity arising
from binding of the first molecule facilitating the binding of a sec-
ond molecule to form a 2:1 complex. At [peptide]/[duplex] ratios
above 4.0, the progressive but smaller increase in A0 suggests that
more peptide molecules begin to bind non-selectively, perhaps
occupying the wide major groove which can accommodate more
peptide molecules than the minor groove. This idea is consistent
with the footprinting studies which clearly indicate that peptide
concentrations above 2 uM can result in non-sequence selective
binding to DNA (Figs. 1 and 2).

There are signs that the peptides may bind in dimeric head-to-
head or head-to-tail fashion to the d(AAAA)-d(TTTT)-containing
11-mer duplex with positive cooperativity. For peptide PyHyp-12,
in addition to a positive CD band around 280 nm the appearance of
a stronger positive band centered around 322 nm (Fig. 7) is notewor-
thy and the spectral position is similar to that seen with distamycin
binding to an AAGTT-containing decameric duplex?® as well as those
of polyamide-DNA interactions (27). In the CD spectrum induced by
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Figure 5. Proposed allosteric models for cooperative binding of peptides PyHyp-9, PyHyp-12 and PyPro-12 to 158-mer and 135-mer pBR322 fragments based on quantitative
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DNA binding of a related peptide HR-12 (His-Pro-Arg-Lys)s;-NH,, the
positive CD band around 322 nm is absent (spectrum not shown). It
has been demonstrated that molecules that bind to the minor groove
typically elicit the appearance of a positive CD band.?’ Thus we rea-
son that positive CD enhancement bands like those we detect around
322 nm are probably induced only by minor groove binding of li-
gands containing 4-amino-1-methylpyrrole-2-carboxylic acid (Py)
residues. Compared to peptide PyHyp-12 with its four Py residues,
peptide PyHyp-9 has only three, resulting in fewer H-bond interac-
tions in the minor groove. Accordingly the observed change in ellip-
ticity induced by PyHyp-9 is less than that of PyHyp-12 around
322 nm. Thus the CD spectral characterization of the binding of these
peptides is consistent with the footprinting results and supports the
allosteric model (Fig. 5) in which the recognition process involves
cooperative binding of two peptide molecules to the d(AAAA)-
d(TTTT)- or d(AAA)-d(TTT)-containing loci at appropriate [pep-
tide]/[duplex] ratios. This accords with the finding that peptide mol-
ecules are hydrogen bonded to bases of complementary strands at
these sites via interstrand bidentate interactions,!>?? and is fully
consistent with the interpretation that such interactions underlie
the induction of local conformational changes in DNA as revealed
by the CD experiments.

3. Conclusion

Quantitative DNase I footprinting studies have shown that net-
work-based allostery featuring positive cooperativity appears to
exist in the binding of some small peptides to adjacent sites or
opposite complementary sites in DNA. However, this study also
shows that allosteric communication between neighboring binding
loci (separated from each other by 12-14 base pairs) can be nega-
tively cooperative (Fig. 5, upper and middle panels). A special fea-
ture of the binding of peptides PyHyp-9 and PyPro-12 to duplex
DNA molecules possessing multiple sites is the formation of a cir-
cuit type of allosteric effects within a network-based system. Unlike
peptides PyHyp-9 and PyPro-12, for peptide PyHyp-12 the net-
works are referred to as an incomplete-circuit type. On the other
hand, since peptides (HPRK);NH, [HR-12], and (SPRK)sNH, [SP-
12] bind to DNA fragments with GC-rich motifs lacking interstrand
bidentate interactions, they form a non-circuit type of allosteric
communication.!” Thus, the present study and the previous one!”
enable us to hypothesize three different types of network-based
allosteric communication in peptide-DNA molecular recognition.

The distinct positive CD bands induced by PyHyp-9 and PyHyp-
12 around 288-323 nm indicate that significant local conforma-
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Figure 6. Panel A: CD spectra of DNA duplexes 4A-4T, 3A-3T alone and peptide PyHyp-9 alone. Panel B: titration of duplex 4A-4T versus PyHyp-9 at peptide concentrations
0f0.2,1.0.2.2,2.4,2.6,2.8,3.0,3.2,3.4,4.0, 5.0, 7.0 uM. Panel C: corresponding CD difference spectra with the contribution of duplex 4A-4T and peptide subtracted. Panel D:
titration of duplex 3A-3T versus PyHyp-9 over the same peptide concentration range. Panel E: corresponding CD difference spectra with the contributions of duplex 3A-3T

and peptide subtracted.

tional changes are induced in the minor groove of the helix, result-
ing in positive cooperative binding of peptide molecules. Enhance-
ment of the CD bands is correlated with peptide-DNA binding
stoichiometry, suggesting a three-step stoichiometric binding pro-
cess proceeding from 1:1 through 2:1 to non-specific n:1. This
study therefore helps to provide insights into the network-based
nature of allostery as it affects complex DNA-small molecule
interactions.

4. Experimental

Protected amino acid derivatives were purchased from Bachem
California (Torrance, CA) and AnaSpec, Inc. (San Jose, CA) or synthe-
sized in our own laboratory according to published procedures. All

other analytical reagents were purchased from Acros, Tedia or Sig-
ma. The radiolabelled nucleoside triphosphate [y->2P]ATP was ob-
tained from NEN Life Science Products at a specific activity of
6000 Ci/mmol. Taq polymerase, T4 polynucleotide kinase, and
DNase I were purchased from Promega. DNA undecamers were
purchased from Mdbio Inc., Taipei, Taiwan. Equal equivalents of
complementary strands of DNA oligomers in 5 mM sodium caco-
dylate buffer, pH 6.5 were annealed by heating to 94 °C for 5 min
followed by slow cooling to room temperature. Other chemicals
were analytical grade reagents, and all solutions were prepared
using deionized, Millipore filtered water. Melting points were
determined on a Mel-Temp apparatus (Cambridge, Mass) and are
uncorrected. Optical rotations were determined on a Rudolph
Autopol II instrument. Semi-preparative and analytical HPLC (Vy-
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dac reversed-phase columns, TP201; column 1, 1 x 25 cm; column
2, 0.4 x 25 cm) were performed using a Hitachi L-7100 pump
equipped with a gradient elution device and a Soma S-3702 vari-
able wavelength UV detector which is connected to a PC computer
installed with Hitachi HPLC analytical software. Mass spectra were
determined with a Finnigan/Thermo Quest MAT 95XL instrument
operating in the electrospray ionization (ESI) mode in National
Chung-Hsing University.

4.1. Solid-phase peptide synthesis

4.1.1. His-Hyp-Arg-Lys-(Py)s-His-Hyp-Arg-Lys-NH, (PyHyp-12)
This peptide was synthesized using solid phase methodology by
manual operation of a Protein Technology PS3 peptide synthesizer.
The first Fmoc-protected amino acid was coupled to the Nova Rink
amide AM resin using PyBOP/NMM in DMF. All of the N,-Fmoc-
protected amino acids (in 4 equiv ratio excess to the resin) were
coupled in a stepwise fashion using PyBOP/NMM in DMF after
deprotection of the Ny-Fmoc group by piperidine. The side chains
of Arg, Lys, Tyr and His were protected by the Pmc, Boc and Trt
groups, respectively. After coupling the last N-terminal Fmoc-ami-
no acid residue, the resin was treated with the cleavage reagent
(0.75 g phenol, 10 mL TFA, 0.5 mL thioanisole, 0.25 mL EDT) for
1.5 h, and then lyophilized. The resin was washed first with dry
ether (2 x 30 mL), filtered, and then with 5% acetic acid (200 mL).
The combined filtrate was lyophilized and the product purified
by semi-preparative reversed-phase HPLC (column 1) using gradi-
ent elution. Eluent A: 5% MeCN, 95% H,O0, 0.1% TFA; eluent B, 95%
MeCN, 5% H,0, 0.1% TFA. A linear gradient was achieved by
increasing the MeCN content from eluent A to eluent B in

30 min. R; (column 2), 11.59 min. Mp 154-157 °C, [a]3* —51.54
(c 0.0388, MeOH/H,0, 1:1); ESIMS requires: 1574.75, found:
1576.0.

4.1.2. His-Hyp-Arg-Lys-(Py)s-His-Hyp-Lys-Arg-NH, (PyHyp-9)

This peptide was synthesized by a procedure similar to that em-
ployed for peptide PyHyp-12. R; (column 2), 12.43 min. Mp 150-
153°C, [¢)Y —12.67 (c 0.071, H,0); ESIMS requires: 1202.37,
found: 1202.0.

4.2. Polymerase chain reaction (PCR) and end-labeling of PCR
products

The pBR322 fragments: 158-mer DNA duplex (upper strand
5'-32p-labeled) and 135-mer DNA duplex (lower strand 5'->2P-la-
beled) were prepared by PCR amplification in a thermal cycler
(ABI model 9700) as reported previously.'> The sequence of the
81-mer DNA duplexes (S-81, 5-32P-labeled upper and lower
strands) is shown below; these were also prepared by PCR ampli-
fication. The concentrations of DNA used as determined by UV
spectroscopy are around 10~/ M.

1 0 20 30 40
5’/ -ACGTAGCGATAGCGGACTGATACTCATACTCATATCTATGGAGAAAATAC
3/ -TGCATCGCTATCGCCTGACTATGAGTATGAGTATAGATACCTCTTTTATG

60 70 80
CGATGTCAATGTCATCAGGCGCTCTTCCGCT-3"
GCTACAGTTACAGTAGTCCGCGAGAAGGCGA-5"
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4.3. DNase I footprinting

Reactions were conducted in a total volume of 10 pL. Briefly,
radiolabelled DNA (2 pL) was mixed with varying concentrations
of peptide (2 pL) dissolved in 5 mM sodium cacodylate buffer, pH
6.5) and equilibrated at room temperature for 60 min. DNase I
(2 pL) was added and the reaction allowed to proceed at 37 °C
for 10 min. The DNase I solution (in 20 mM NacCl, 2 mM MgCl,,
2mM CaCl,) was adjusted to yield a final concentration of
0.009 unit/mL so as to limit the digestion to less than 30% of the
starting material in order to minimize the incidence of multiple
cleavages in any strand. The digestion was stopped by adding a
solution (4 pL) containing 80% formamide, 10 mM EDTA, 0.1% bro-
mophenol blue, and 0.1% xylene cyanol. The various samples were
heated at 90 °C for 4 min and chilled on ice for 4 min and loaded on
to the gel in a total volume of 10 pL/well. After electrophoresis
(about 1.45 h at 70 W, 1800 V in TBE buffer, BRL sequencer model
S2), gels were soaked in 10% acetic acid/10% methanol for 15 min,
transferred to Whatman 3MM paper, dried under vacuum at 80 °C
for 45 min, and placed against Kodak BioMax MR scientific imaging
films with intensifying screens for about five days. The electropho-
retic band areas were analyzed by a PC computer installed with Vi-
ber Lourmat BIO-ID software (Marne La Valle, Cedex 1, France). The
apparent DNA binding site saturation is determined by the follow-
ing equation:!!

Y=1- (Itot/ll‘Ef)/([fot/I?ef)
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and [PyHyp-12]/[duplex] (lower panel). The proposed stoichiometric binding ratios
are as indicated, with binding below 2:1 (<2:1) considered to be predominantly 1:1.

0

where Y’ is the fractional saturation, I,ef and I}, are integrated band
volumes of 5 bases of a running lane (non-binding site, with pep-
tide) and control lane (without peptide), respectively. Ior and Iy,
are integrated band volumes of the binding site locus and corre-
sponding control lane locus, respectively.

The value of Y is optimized by the following equation:
Y= -Y_)/(Yiax — Yiin)

min max min

where Y, . and Y, are the maximum and minimum site satura-
tion Y’ values, respectively.

The Hill coefficients were determined by the Hill equation:
Log [Y/1 - Y] =logK, + ny log]L]

where [L] is the peptide concentration, and ny the Hill coefficient. At
least six data points within or near the linear portion of binding iso-
therm (Y vs Log [L]) were carefully chosen for the Hill plot (Log Y/
(1 —Y) vs Log [L]) using a linear least-squares fitting procedure by
Sigma Plot software (version 8.0). The Hill coefficient was deter-
mined from the slope of the corresponding Hill plot. The apparent
binding constant K, is determined empirically as the peptide con-
centration at 50% fractional saturation from the binding isotherm.

4.4. Circular dichroism (CD) studies

CD spectra were measured at 37 °C with a Jasco ]J-815 instru-
ment in the Institute of Chemistry, Academia Sinica. The duplex
DNA was adjusted to 1.0 uM in 5 mM sodium cacodylate buffer
(pH 6.5) and peptides, dissolved in the same buffer, were added
to maintain final concentrations of 0.2, 1.0, 2.2, 2.4, 2.6, 2.8, 3.0,
3.2, 34, 40, 5.0 and 7.0 uM. CD spectra were recorded after
60 min incubation at 37 °C.
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To study DNA allostery, quantitative DNase I footprinting studies were carried out on a newly de-
signed peptide His-Hyp-Lys-Lys-(Py)4-Lys-Lys-NH, (HypKK-10) containing the XHypKK (Hyp = hy-
droxyproline) and polyamide motifs. The interconnection of DNA footprints of peptides HypKK-10 and
the parent peptide PyPro-12 supports the proposal that interaction network cooperativity is preferred in
DNA-peptide interactions between multiple recognition sites. A simple method of determining interstrand
bidentate interactions between the peptide moieties and DNA bases is introduced. It is envisaged that
interstrand bidentate interactions also participate in the relay of conformational changes to recognition
sites on the complementary strands. Circular dichroism studies of the titration of peptide HypKK-10 with
an oligonucleotide duplex indicate that this peptide binds in a dimeric fashion to DNA in the minor
groove. This work may prompt the design of new DNA binding ligands for the study of DNA-peptide
allosteric interactions and DNA interaction network.

Keywords: DNA-peptide molecular recognition; Positive-cooperative binding; Footprinting; Cir-

cular dichroism; Interstrand bidentate interactions; Interaction network.

INTRODUCTION

In recent years, the growing importance of future
gene therapy and gene regulation has prompted extensive
DNA sequence-specific recognition studies of synthetic
peptides and drugs which bind specifically to the minor
groove.l'14

It is expected that drugs or peptides with high se-
quence-specificity are able to bind to target promoter re-
gions of target genes and may switch off the expression of
functional proteins, thus aid in the future control of malig-
nant diseases. Among DNA sequence-specific ligands,
synthetic conjugates containing the 4-amino-1-methylpyr-
role-2-carboxylic acid residues (Py) are mimics of the natu-
rally occurring antiviral antibiotics netropsin and distamy-
cin and have been extensively studied.”'® The studies of se-

quence-specific or sequence-selective DNA binding agents
are also important in the progress of chemical biology re-
search.

In a continuous search for new DNA sequence-spe-
cific agents we have been focusing in the design and syn-
thesis of peptides incorporating both the XPRK (X-Pro-
Arg-Lys)'"""* and polyamide'* motifs. The design of the
new XPRK motif is prompted by the observation that a
SPXX (Ser-Pro-X-X) motif'>'® is often found in repeating
sequences in histones, steroidal hormone receptors and
various oncogene products. Peptides containing the SPXX
motif were considered to assume a 3 turn stabilized by two
hydrogen bonds, and the side chains of the two basic resi-
dues engaged in ionic interactions with the DNA phos-
phate groups. We found that peptides containing various

* Corresponding author. Tel: +886-4-2359-0248; E-mail: Lsheh@thu.edu.tw
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XPRK motifs can bind to DNA in sequence-specific or se-
quence-selective manners in submicromolar concentration
range.'""* In addition, we recently demonstrated that pep-
tides incorporating the HPRK (His-Pro-Arg-Lys) and
polyamide motifs'* are involved in interstrand bidentate in-

. 14,17
teractions

with bases of DNA (two or more hydrogen
bonds formed between a hydrogen donor of an amino acid
residue and a base pair in the minor groove). We thus con-
cluded that the sequence-specific recognition of minor
groove binding peptides is significantly dependent on inter-
strand bidentate and monodentate interactions of the hy-
drogen donor or hydrogen acceptor of the peptide moieties
(side chain functions) with DNA bases.'*'” Recent studies
show that the conjugation of cytotoxic drug with peptides
containing the XPRK motif produces conjugates with
higher cytotoxic activity than the parent cytotoxic drug, en-
tailing detail studies of XPRK peptides.

DNA allostery'*'*?° has emerged as an important
chemical and biochemical research topic recently. Using
quantitative DNase I footprinting we find that a number of
designed peptides exhibit positive cooperativity in binding
to discrete sites on duplex fragments of pPBR322 DNA com-
posed of a 5'-*?P-labeled 158-mer(upper strand) and a com-
plementary 135-mer (lower strand). These include the par-
ent peptide His-Pro-Arg-Lys-(Py)s-His-Pro-Arg-Lys-NH,
(PyPro-12, formerly named as PyH-12)'* as well as a de-
capeptide His-Hyp-Lys-Lys-(Py)4-Lys-Lys-NH, (HypKK-
10) which is designed as a truncated derivative of the par-
ent peptide PyPro-12. The proline residue in the parent
peptide PyPro-12 is replaced by a hydroxyproline residue
that furnishes an extra hydroxyl group for additional hy-
drogen bonding. Quantitative footprinting is employed to
investigate the cooperativity of ligand binding to multiple
DNA recognition sites. To gain further insights in the mo-
lecular aspects of DNA-peptide interactions we also seek
spectral evidences from circular dichroism studies.

The objective of this study is to explore the DNA
binding sequence-specificity of a short designed peptide
and to compare the sequence-specificity with the parent
peptide PyPro-12. Secondly, to study the cooperativity be-
tween DNA binding sites induced by the binding of pep-
tide.

In a recent paper'® we first reported an interaction
network of cooperativity interconnecting multiple DNA
allosteric sites in a latent membrane protein-1 (LMP-1)
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gene fragment comprising of CG-rich sequence on interac-
tions with two peptide ligands incorporating the designed
XPRK motif. In this study we wish to further investigate
the pattern of allosteric network in common DNA such as
the pBR322 fragments consisting of AT-rich base se-
quences.

RESULTS AND DISCUSSION

Monodentate interactions and interstrand bidentate
interactions'*!” between the peptide moieties with DNA
bases have been recognized as an essential basis of DNA
sequence-specific recognition of ligands including pro-
teins and other smaller molecules.'” In this study, we show
that the position of interstrand bidentate interactions can be
assigned simply by connecting bases (with dash lines) that
yield significant simultaneous DNase I blockages on com-
plementary strands in the differential plots (Fig. 1).

Quantitative footprinting is used to study the se-
quence-specific binding of peptide HypKK-10 that has a
truncated C-terminal dipeptide fragment with respect to
PyPro-12 (formerly named as PyH-12).'* On the 5'-**P-la-
beled 158-mer upper strand, peptide HypKK-10 shows a
strong and broad DNase I blockage around position U107-
116, corresponding to the sequence 5'-AGAAAATACC-
3’ and displaying significant positive cooperativity (ny =
2.0) (Figs. 1 & 2, Table 1). At a peptide concentration of
1000 nM, a weak and broad DNase I blockage is observed
around position U83-90, corresponding to the sequence
5'-AAATACCG-3'. On the 135-mer lower strand, peptide
HypKK-10 shows a major DNase I blockage site around
position L110-104, corresponding to the sequence 5'-
TTTCTCC-3' and displaying significant positive cooper-
ativity (ng = 2.3). Another weak DNase I blockage site oc-
curs around position L85-81. Four interstrand bidentate in-
teractions are assigned around position 107-110. The wide
DNA binding loci around position U107-116 and L110-
104 that encompass 12 bases suggest that two peptide mol-
ecules must bind in a dimeric fashion to these sites (Fig. 1).
The binding isotherms at individual binding sites exhibit
sigmoidal curvature, typical of positive cooperativity (Fig.
3).

We repeated DNase I footprinting of the parent pep-
tide PyPro-12 on the 5'-**P-labeled 158-mer and 135-mer
pBR322 fragments using a wider peptide concentration
range (data not shown)."” Peptide PyPro-12 exhibits a dif-
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Fig. 1. Differential cleavage plots comparing the susceptibility of DNA fragments to DNase I cleavage after incubation with
peptide HypKK-10 in cacodylate buffer at room temperature for 60 min. The upper traces represent the differential
cleavage plot for peptide HypKK-10 bound to the 5'-3?P-labeled upper strand (158-mer) DNA fragment; the lower
traces represent the corresponding plots for the peptide bound to the 5'-32P-labeled lower strand (135-mer) DNA frag-
ment. The vertical dotted lines between DNA bases represent assignment of interstrand bidentate interactions where
significant coincident H-bonding interactions occur between complementary bases in both strands.

ferent DNA binding pattern in comparison to peptide
HypKK-10. On the 158-mer upper strand, peptide PyPro-
12 has two major DNase I blockage sites: a wide blockage
site at position U106-116, corresponding to the sequence
5'-AGAAAATACCG-3' and position U84-90, comprising
the sequence 5'-AATACCG-3' (Table 1). On the 135-mer

lower strand, there are two major DNase I blockage sites:
L85-83, corresponding to the sequence 5'-TTT-3', and
L110-105, comprising the sequence 5'-TTTCTCC-3'. Two
and five interstrand bidentate interactions are assigned
around positions 84-85 and 106-110, respectively (Table

1.

Table 1. Binding specificities and physicochemical parameters of sequence-specific binding of peptides to
various recognition sites of complementary 5'->*P-labeled upper (158-mer) and 5'-**P-labeled lower
(135-mer) DNA strands at 37 °C determined by quantitative DNase I footprinting

Position of Interstrand

Ligand Binding site position Recognition sequence K, u bidentate interactions
HypKK-10 U83-90 5'-AAATACCG-3' 20x10° 2.7
ul107-116 5'-AGAAAATACC-3' 24x10° 2.0 107-110
L110-104 5'-TTTCTCC-3’ 33x10° 23
L85-81 5-TTTCA-3' 1L.6x10° -
PyPro-12 U84-90 5'-AATACCG-3’ 6.7 x 107 0.7 84-85
Ul106-116 5'-AGAAAATACCG-3’ 3.2x10° 1.2 106-110
L85-83 5'-TTT-3' 3.7x10° 1.1
L110-105 5'-TTTCTCC-3’ 3.8 x 10° 1.5

K, nd ny are the apparent association constant and Hill coefficient determined from concentration-dependent
DNase I footprinting studies, respectively. The binding site positions on the upper and lower strands are

abbreviated as U and L, respectively.
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Fig. 2. Autoradiograph showing DNase I footprinting of peptide HypKK-10 on DNA duplexes labeled with [y-*>P]ATP on
the 5’ end: 5'-32P-labeled 158-mer fragment (upper strand), left panel; and 5'-*2P-labeled 135-mer fragment (lower
strand), right panel. Peptide HypKK-10 was equilibrated with the DNA in 5 mM sodium cacodylate buffer, pH 6.5 at
37 °C for 60 min before DNase 1 cleavage. G represents a Maxam-Gilbert guanine sequencing track and Ct shows a

DNase I digestion control lane.

It appears that both peptides HypKK-10 and PyPro-
12 share strong sequence preference on DNA loci to four
sites on the upper and lower strands where the complemen-
tary sequences d(AAAA)-d(TTTT) and d(AAA)-d(TTT)
occur around positions 108-111 and 83-85 respectively.
However, it is notable that on the upper and lower strands,
the parent peptide PyPro-12 possesses four major binding
sites. On the other hand, peptide HypKK-10 has three ma-
jor binding sites.

In this study we found that both peptide HypKK-10

and the parent peptide PyPro-12 display significant inter-
strand bidentate interactions'’ and intrastrand H-bond in-
teractions of the side chain functions and amino protons of
the peptides with bases in the complementary DNA strands.
It is noteworthy that the antibiotic netropsin comprising of
Py residues and without amino acid residues does not dis-
play interstrand interactions on complementary strands
(autograph not shown). Both peptides HypKK-10 and
PyPro-12 display interstrand bidentate interactions, sug-
gesting that the amino acid side chains of these peptides are



270 J. Chin. Chem. Soc., Vol. 57, No. 2, 2010

responsible for interstrand interactions between AT base
pairs (Fig. 2). It has been shown that the side chains of Arg,
Lys, His and Tyr may involve in single strand H-bond inter-
actions as well as interstrand bidentate interactions in pro-
teins.!” Complex interactions in which the side chain func-
tion of amino acid residues bind more than one base step si-
multaneously may also occur in DNA-peptide interac-
tions.'” In the contrast, footprinting studies of peptides with
gene fragments of the latent membrane protein (LMP-1)

12—
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Fig. 3. Binding isotherms from DNase I footprinting
titrations of peptides (log molar concentration
versus Y, the fractional saturation). Insets are
the respective Hill plots of log[Y/1-Y] versus
log[L]. The concentration of ligand (peptide) is
in nM.
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showed that there are no interstrand H-bond interactions
between the peptide moieties and DNA bases. "

Based on the footprinting results, interaction network
models can be constructed to interpret the complex com-
munication of DNA allosteric binding sites for the peptides
(Fig. 4). It is clear that the models reveal network-based
allosteric connections between recognition sites. Confor-
mational changes of binding loci are transmitted to adja-
cent binding sites and also to sites on the complementary
strand. It is likely that interstrand bidentate interactions
also involve in the relay of conformational changes to bind-
ing sites on the complementary strands, facilitating the
binding of further peptide molecules. To gain further un-
derstanding in the DNA-peptide cooperative binding and
molecular recognition process we studied the DNA binding
process of peptide HypKK-10 with circular dichroism spec-
troscopy (CD) that may provide spectral evidences. A 13-
mer deoxyribonucleotide duplex d(TAGGAGAAAATAC)-
d(GTATTTTCTCCTA) (U4A-L4T) (Fig. 5a) that repre-
sents the complementary recognition site of the 158-mer
fragment, at positions 104-114 was used for CD positive
band around 295 nm were observed. On increasing peptide
concentration, the induced negative CD band is blue-
shifted to 248 nm and a positive band is red-shifted to 283
nm (Fig. 5b). This positive CD band extends as a strong
broad dose-dependent positive CD enhancement band to
about 334 nm and centers around 325 nm. The 325 nm
positive band is free of interference from free DNA and
peptide, and is used for plotting binding isotherms (Fig.
6). In the difference spectrum (Fig. 5¢), binding of peptide
HypKK-10 to the duplex results in dose-dependent CD in-
tensity enhancement of a negative band centering around
266 nm and a wide negative band extending under 220 nm.
Two peptide concentration-dependent positive CD bands
occur around 288 nm and 330 nm, respectively. A near-
isoelliptic point occurs around 278 nm, suggesting pre-
dominantly a two-component binding process. The signifi-
cant CD enhancement band around 325 nm of these pep-
tides suggested that the major interaction is in the DNA mi-
nor groove.19'2 !

It is apparent that the enhancement of the CD bands is
correlated with peptide-DNA binding stoichiometry. Fig. 6
shows the [Peptide]/[DNA duplex] plot of peptides HypKK-
10 and PyPro-12. It appears that peptide HypKK-10 in-
duces greater ellipticity change than that of PyPro-12, sug-
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Fig. 4. Proposed allosteric models for cooperative binding of peptides PyPro-12 and HypKK-10 to 158-mer and 135-mer

pBR322 fragments based on quantitative footprinting studies. The portion of the ligand binding to each DNA
site/sub-site is represented by a thick horizontal line. Monodentate interactions and interstrand bidentate interactions
are represented by vertical broken lines. Horizontal arrow lines represent communication of allosteric interaction be-
tween DNA binding sites. Arrow lines between the complementary strands represent possible allosteric influence by
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interstrand bidentate interactions which relay conformational changes to binding sites.

gesting that more drastic DNA conformational changes are
accompanied with the binding of peptide HypKK-10. At
[peptide]/[DNA duplex] ratio of 0.5 to 2.0, one molecule of
peptide binds to the d(AAAA)-d(TTTT) locus of the minor
groove. At [Peptide]/[DNA duplex] ratios 2.0-3.0, two
peptide molecules bind in a dimeric fashion to the binding
site in the minor groove. At ratios above 4.0, progressive

increase in AQ suggests more peptide molecules begin non-
sequence selective binding, possibly to the major groove.

The CD results agree well with DNase I footprinting
results that dimeric peptide binding to the d(AAAA)-
d(TTTT) locus is favored. However, some peptides may in-
duce non-sequence selective binding to DNA when their
concentrations exceed 2 uM.

Wavelength [nm]

Wavalsngih [am]

Wave [ ngth [nm]

Fig. 5. Panel a: CD spectra of DNA duplex U4A-L4T alone and peptides HypKK-10 and PyPro-12 alone. Panel b: Titration
of DNA duplex U4A-L4T versus HypKK-10 at peptide concentrations 0f 0.2, 1.0,2.2,2.4,2.6,2.8, 3.0,3.2, 3.4,4.0,
5.0 uM. Panel ¢: Corresponding CD difference spectra with the contribution of duplex and peptide subtracted.
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Fig. 6. CD intensity at 322 nm as a function of [Pep-
tide]/[DNA duplex]. The proposed stoichio-
metric binding ratios are as indicated, with
binding below 2:1 (< 2:1) considered to be pre-
dominantly 1:1.

CONCLUSION

This study shows that the interconnection of DNA
footprints of peptides HypKK-10 and the parent peptide
PyPro-12 supports the proposal that interaction network
cooperativity is preferred in many DNA-peptide interac-
tions between multiple recognition sites.'*'**" It is envis-
aged that interstrand bidentate interactions also participate
in the relay of conformational changes to recognition sites
on the complementary strands. This work may prompt the
design of new DNA binding ligands for the study of DNA-
small molecule allosteric interactions and DNA interaction
network.

EXPERIMENTAL SECTION
Chemicals and Biochemicals

All of the protected amino acid derivatives were pur-
chased from Bachem California (Torrance, CA) and
AnaSpec, Inc. (San Jose, CA), and all peptides were syn-
thesized in our laboratory. Analytical reagents were pur-
chased from Acros, Tedia or Sigma. The radiolabeled nu-
cleoside triphosphate [y->*P]JATP was obtained from NEN
Life Science Products at a specific activity of 6000 Ci/
mmol. Taq polymerase, T4 polynucleotide kinase, and
DNase I were purchased from Promega. All other chemi-
cals were analytical grade reagents, and all solutions were
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prepared using deionized, Millipore-filtered water.
Chemical methods

Melting points were determined on a Mel-Temp ap-
paratus (Cambridge, Mass) and are uncorrected. Optical
rotations were determined on a Rudolph Autopol II instru-
ment. CD spectra were measured at 37 °C with a Jasco J-
815 spectrometer. Semi-preparative and analytical HPLC
(Vydac reversed-phase columns, TP201; column 1, 1 x 25
cm; column 2, 0.4 x 25 cm) were performed using a Hitachi
L-7100 pump. Mass spectra were determined with a Finnigan/
Thermo Quest MAT 95XL instrument operating in the
electrospray ionization (ESI) mode in Chung-Hsing Uni-
versity.
His-Hyp-Lys-Lys-(Py),-Lys-Lys-NH,(HypKK-10)

This peptide was synthesized using solid phase meth-
odology by manual operation of a Protein Technology PS3
peptide synthesizer. The first Fmoc-protected amino acid
was coupled to the Nova Rink amide AM resin using
PyBOP/NMM in DMF. All of the Na-Fmoc-protected
amino acids (in 4 equivalent ratio excess to the resin) were
coupled in a stepwise fashion using PyBOP/NMM in DMF
after deprotection of the No-Fmoc group by piperidine.
The side chains of Lys and His are protected by the Boc and
Trt groups, respectively. After coupling the last N-terminal
Fmoc-amino acid residue, the resin was treated with the
cleavage reagent (0.75 g phenol, 10 mL TFA, 0.5 mL
thioanisole, 0.25 mL EDT) for 1.5 h, and then lyophilized.
The resin was washed with dry ether (2 x 30 mL), filtered,
and then washed with 5% acetic acid (200 mL). The com-
bined filtrate was lyophilized and the product was purified
by semi-preparative reversed-phase HPLC (column 1) us-
ing gradient elution. Eluent A: 5% MeCN, 95% H,0, 0.1%
TFA; Eluent B, 95% MeCN, 5% H,0, 0.1% TFA. A linear
gradient was achieved by increasing the MeCN content
from eluent A to eluent B in 30 minutes. R, (column 2),
14.38 min., mp 155-158 °C, [a] | -14.55 (¢ 0.183, MeOH/
H,O0, 1:1); ESIMS requires: 1268.47, found: 1268.53.
Polymerase chain reaction (PCR) and end-labeling of
PCR products

The 158-mer DNA duplex (upper strand 5'-*?P-la-
beled) and 135-mer DNA duplex (lower strand 5'-**P-la-
beled) were prepared by PCR amplification in a thermal
cycler (ABI model 9700) as reported previously.'*'* The
DNA concentration was determined by UV spectroscopy to
lie in the range of 600-800 nM.
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DNase I footprinting

Reactions were conducted in a total volume of 10 pL.
Radiolabeled DNA (2 pL) was mixed with varying concen-
trations of peptide (2 pL) dissolved in 5 mM sodium ca-
codylate buffer, pH 6.5 and equilibrated at room tempera-
ture for 120 min. DNase I (2 pL) was added and the reac-
tion allowed to proceed at 37 °C for 10 min. The DNase I
solution (in 20 mM NacCl, 2 mM MgCl,, 2 mM CaCl,) was
adjusted to yield a final concentration of 0.009 unit/mL so
as to limit the digestion to less than 30% of the starting ma-
terial in order to minimize the incidence of multiple cleav-
ages in any one strand. The digestion was stopped by add-
ing stop solution (4 uL) containing 80% formamide, 10
mM EDTA, 0.1% bromophenol blue, and 0.1% xylene
cyanol. Samples were heated at 90 °C for 4 min and chilled
on ice for 4 min prior to electrophoresis. The products of
DNase I cleavage were resolved by polyacrylamide gel
electrophoresis under denaturing conditions (0.3 mm thick,
8% acrylamide containing 8 M urea). After electrophoresis
(about 1.45 h at 70 Watts, 1800 V in TBE buffer, BRL se-
quencer model S2), gels were soaked in 10% acetic acid/
10% methanol for 15 min, transferred to Whatman 3MM
paper, dried under vacuum at 80 °C for 45 min and placed
against an imaging plate of a Fuji phospholmager FLA-
5100 overnight. The electrophoretic band areas were ana-
lyzed by a PC computer installed with Viber Lourmat BIO-
ID software (Marne La Valle, Cedex 1, France). Differen-
tial cleavage plots were computed The Hill coefficients
were determined by the Hill equation:

Log[Y/1-Y] =log K, + ny log[L]

where Y is the fractional saturation, [L] the peptide con-
centration, and ny the Hill coefficient. The apparent DNA
target site saturation Y was calculated according to the
method described previously.'*!'? At least six data points
within or near the linear portion of binding isotherm (Y ver-
sus Log[L]) were carefully chosen for the Hill plot (LogY/
(1-Y) versus Log[L]) using a linear least-squares fitting
procedure by Sigma Plot software (version 8.0). The Hill
coefficient was determined from the slope of the corre-
sponding Hill plot. The apparent binding constant K, is de-
termined empirically as the peptide concentration at 50%
fractional saturation from the binding isotherm.

Circular dichroism (CD) studies

CD spectra were measured at 37 °C with a Jasco J-
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815 spectrometer in the Institute of Chemistry, Academia
Sinica. The duplex DNA was adjusted to 1.0 uM in 5 mM
sodium cacodylate buffer (pH 6.5) and peptide, dissolved
in the same buffer, were added to maintain final concentra-
tions 0f0.2,1.0,2.2,2.4,2.6,2.8,3.0,3.2,3.4,4.0,and 5.0
uM. CD spectra were recorded after 60 min incubation at
37 °C.
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