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E T S d o m ai n s r e pr e s e nt a n attr a cti v e s y st e m f or d e v el o pi n g bi o s e n s or- b a s e d t e c h ni q u e s d u e t o a br o a d r a n g e of 

p h y si c o c h e mi c al  pr o p erti e s  e n c o d e d  wit hi n  a  hi g hl y  c o n s er v e d  D N A- bi n di n g  m otif.  B uil di n g  o n  a  bi o s e n s or 

a p pr o a c h  i n  w hi c h  t h e  pr ot ei n  i s  q u a ntit ati v el y  s e q u e st er e d  a n d  pr e s e nt e d  t o  i m m o bili z e d  c o g n at e  D N A  a s 

n o n s p e ci fi c  c o m pl e x e s,  w e  a s s e s s e d  t h e  i m p a ct  of  i ntri n si c  c o g n at e  a n d  n o n s p e ci fi c  af fi niti e s  o n  l o n g-r a n g e 

(i nt er s e g m e nt al)  t ar g et  s e ar c h.  T h e  e q uili bri u m  c o n st a nt s  of  D N A-f a cilit at e d  bi n di n g  w er e  s e n siti v e  t o  t h e 

i ntri n si c bi n di n g pr o p erti e s of t h e pr ot ei n s s u c h t h at t h eir r el ati v e s p e ci fi cit y f or c o g n at e D N A w er e r ei nf or c e d 

w h e n bi n di n g o c c urr e d b y tr a n sf er v s. wit h o ut n o n s p e ci fi c D N A. Dir e ct m e a s ur e m e nt of a s s o ci ati o n a n d di s s o -

ci ati o n  ki n eti c s  r e v e al e d  i o ni c  f e at ur e s  of  t h e  a cti v at e d  c o m pl e x  t h at  e vi d e n c e d  D N A-f a cilit at e d  di s s o ci ati o n, 

e v e n t h o u g h El k 1 a n d E T V 6 h ar b or o nl y a si n gl e D N A- bi n di n g s urf a c e. At s alt c o n c e ntr ati o n s t h at m a s k e d t h e 

eff e ct s of n o n s p e ci fi c pr e- bi n di n g at e q uili bri u m, t h e di s s o ci ati o n ki n eti c s of c o g n at e bi n di n g w er e n e v ert h el e s s 

di sti n ct fr o m c o n diti o n s u n d er w hi c h n o n s p e ci fi c D N A w a s a b s e nt. T h e s e r e s ult s f urt h er str e n gt h e n t h e si g ni fi -

c a n c e of l o n g-r a n g e D N A-f a cilit at e d tr a n sl o c ati o n i n t h e p h y si ol o gi c e n vir o n m e nt.   

1. I nt r o d u cti o n 

T h e  l o c ali z ati o n  of  s e q u e n c e- s p e ci fi c  n u cl e o pr ot ei n s,  a n d  pr e s u m -

a bl y ot h er li g a n d s a s w ell, at t h eir t ar g et sit e i n v ol v e s pri or a s s o ci ati o n 

a n d  tr a n sl o c ati o n  al o n g  n o n s p e ci fi c  D N A  [ 1 ,2 ].  T h e s e  tr a n si e nt  d y -

n a mi c s  m a y  b e  s h ort-r a n g e  sli di n g  or  h o p pi n g  o v er  s h ort  c o nti g u o u s 

str et c h e s, or l o n g-r a n g e tr a n sl o c ati o n b et w e e n s e g m e nt s t h at ar e di st a nt 

( u p  t o  o v er  m a n y  k b p)  i n  s e q u e n c e.  T h e  bi ol o gi c al  si g ni fi c a n c e  of 

l o n g-r a n g e  tr a n sf er  i s  i n cr e a si n g  d u e  t o  r e c e nt  att e nti o n  o n  g e n o mi c 

or g a ni z ati o n i n e u k ar y ot e s i nt o l ar g e- s c al e u nit s s u c h a s t o p ol o gi c all y 

a s s o ci ati n g d o m ai n s, or T A D s [ 3 ]. T A D s bri n g i nt o cl o s e s p ati al pr o x -

i mit y u p t o h u n dr e d s of g e n e s at t h e l e v el of c hr o m ati n [4 ]. F u n cti o n all y 

si mil ar, al b eit l e s s c o m pl e x l o n g-r a n g e t o p ol o gi e s ar e al s o c h ar a ct eri sti c 

i n  pr o k ar y ot e s  s u c h  a s  b a ct eri a  [5 ].  T h er e  i s  t h er ef or e  a  n e e d  f or 

e x p eri m e nt al  m et h o d s  t h at  c a n  dir e ctl y  m e a s ur e  t h e  pr o p erti e s  of 

l o n g-r a n g e tr a n sl o c ati o n of D N A- bi n di n g pr ot ei n s t o t h eir t ar g et sit e s. 

Si n c e  t h e  cl a s si c  st u di e s  o n  t h e  ki n eti c s  of  sit e  bi n di n g  b y  t h e  l a c 

r e pr e s s or  a n d  c A M P  r e c e pt or  pr ot ei n,  m a n y  e x p eri m e nt al  t e c h ni q u e s 

h a v e b e e n d e v el o p e d t o pr o b e t h e r ol e of D N A- m e di at e d diff u si o n i n sit e 

l o c ali z ati o n  b y  D N A- bi n di n g  pr ot ei n s.  W hil e  p arti cl e-tr a c ki n g  t e c h-

ni q u e s [ e. g., 6 , 7 , 8 ] off er u ni q u e o p p ort u niti e s t o dir e ctl y o b s er v e a n d 

a c q uir e  st ati sti c s  o n  t h e  st o c h a sti c  b e h a vi or  of  i n di vi d u al  u nit s, 

e n s e m bl e  m et h o d s  ar e  hi g hl y  c o m pl e m e nt ar y  a n d  r et ai n  si g ni fi c a nt 

v al u e i n t er m s of a c c e s si bilit y t o t h e c o m m u nit y. T o t hi s e n d, w e r e c e ntl y 

i ntr o d u c e d  a  bi o s e n s or- b a s e d,  s urf a c e  pl a s m o n  r e s o n a n c e  ( S P R)- d e-

t e ct e d  a p pr o a c h  f or  g ai ni n g  i n si g ht  i nt o  t h e  D N A-f a cilit at e d  t ar g et 

s e ar c h b y D N A- bi n di n g pr ot ei n s [ 9 ]. T hi s t e c h ni q u e i n v ol v e s m e a s uri n g 

t h e  ki n eti c s  of  a s s o ci ati o n  a n d  di s s o ci ati o n  t o  i m m o bili z e d  D N A  b y 

pr ot ei n i n t h e fl o w s ol uti o n wit h a n d wit h o ut a n e x c e s s of n o n s p e ci fi c 

D N A. W h e n c o ntr oll e d a s a f u n cti o n of i o ni c c o n diti o n s vi a t h e b ul k s alt 

c o n c e ntr ati o n, t hi s m et h o d pr o vi d e s a d diti o n al q u a ntit ati v e i nf or m ati o n 

a b o ut t h e el e ctr o st ati c c o ntri b uti o n s of t ar g et s e ar c h. 

A p pl yi n g  t hi s  t e c h ni q u e  t o  t h e  D N A- bi n di n g  d o m ai n  of  E T V 6,  a n 

E T S-f a mil y tr a n s cri pti o n f a ct or i m pli c at e d i n c a n c er s of t h e pr o st at e a n d 

bl o o d, w e pr e vi o u sl y m e a s ur e d D N A-f a cilit at e d t ar g et s e ar c h b y E T V 6 

[ 9 ].  D N A- bi n di n g  pr ot ei n s  wit h  m ulti m eri c  str u ct ur e s  all o w  t h e m  t o 
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contact two or more DNA segments simultaneously and execute 
long-range intersegmental transfer via a monkey-bar mechanism
[10 13]. However, the corresponding behavior for ETV6 and myriad 
other proteins with only single DNA-contact surfaces that bind DNA as 
monomers is not well understood. More generally, there is a lack of 
knowledge on intrinsic affinities for cognate and nonspecific DNA as 
parameters of whether long-range target search occurs and, if so, its 
effective properties in a mixed-DNA environment. 

To make progress, we extended the SPR-based technique further to 
address several new questions about long-range DNA-facilitated trans
location. 1) How do the intrinsic affinities for cognate and nonspecific 
DNA impact the characteristics of long-range translocation? 2) What is 
the propensity for long-range transfer by highly target-specific nucleo
proteins such as many transcription factors? 3) What are the molecular 
signatures of DNA-facilitated dissociation, an emerging feature in our 
knowledge of DNA-facilitated dynamics, that are detectable by this 
technique? For these studies, ETS-family transcription factors are 
attractive models due to the broad range of biophysical characteristics 
that are encoded in a tightly conserved DNA-binding motif. This com
bination of physicochemical diversity and structural homology facili
tates a comparative approach that has shown utility in other lines of 
inquiry [14 17]. To leverage the existing data for ETV6 [9], we carried 
out a comparative study with Elk1, an ETS member that binds with very 
high affinity to cognate motifs as reported by gel mobility shift [18]. We 
expect a quantitative comparison of the two structural homologs by 
biosensor-SPR to generate significant new insight into the features that 
impact cognate target binding by long-range target search. 

2. Material and methods 

Nucleic acids. DNA hairpins were purchased from Integrated DNA 
Technologies (Coralville, IA) and annealed to form duplex binding sites 
as previously described [16]. Salmon sperm DNA was purchased from 
Sigma-Aldrich (D1626) and used without further purification. The 
concentrations of DNA sequences (ETS consensus in bold) were deter
mined by UV absorption at 260 nm using the following extinction co
efficients at 260 nm: SC1 (5 -CGG CCA AGC CGG AAG TGA GTG CC-3 ): 
366,479 M 1 cm 1, E74 (5 -CTG AAT AAC CGG AAG TAA CTC ATC-3 ): 
500,700 M 1 cm 1, salmon sperm: 6600 (M bp) 1 cm 1. A full-length 
clone of human Elk1 (cDNA clone MGC:64973) open reading frame 
was purchased from the Harvard Plasmid Repository. 

Molecular cloning. A construct encoding the minimal DNA-binding 
(ETS) domain of Elk1 (human residues 1 to 93, without any of the 
auto-inhibitory or other domains) was amplified from the full-length 
clone by PCR and ligated into the NcoI/XhoI sites of pET28b. The 
cloned construct consists of the open reading frame for ELK1 ETS 
domain plus additional sequences encoding a C-terminal thrombin 
cleavage site followed by a 6xHis tag. The recombinant plasmid was 
transformed into DH5 E. coli and sequence-verified by Sanger 
sequencing. 

Protein expression and purification. Heterologous expression of Elk1 in 
BL21*(DE3) E. coli was performed as previously described [15,19]. In 
brief, cells in log phase were induced for 4 h with 0.5 mM IPTG, har
vested by centrifugation, lysed by sonication, and extracted by immo
bilized metal affinity chromatography on Co-NTA resin (Gold 
Biotechnology). After cleaving the C-terminal 6xHis tag with thrombin 
overnight at room temperature, the target protein was purified by cation 
exchange chromatography on Sepharose SP (GE). Protein concentra
tions were determined by UV absorption at 280 nm using an extinction 
coefficient of 25,440 M 1 cm 1. 

Biosensor-surface plasmon resonance (SPR). SPR measurements were 
performed with a Biacore T200 biosensor (GE) in a 4-channel system as 
previously described [20,21]. In brief, 5 biotinylated DNA sequences of 
interest were immobilized on CM5 chips on flow cells 2 to 4 at low 
density to ~150 RU (response unit). Flow cell 1 was used as a reference 
cell and contained no immobilized DNA. The experimental buffer 

contains 25 mM Na2HPO4/NaH2PO4, pH 7.4, 1 mM EDTA, 0.05% v/v 
P20 surfactant and sufficient NaCl to achieve the desired total Na
concentrations. Mass transfer was minimized by running the fluidics at a 
high flow rate of 50 L/min [Fig. 1]. Equilibrium dissociation constants 
(KD) were estimated from the steady-state signal observed in the sen
sorgrams as follows: 

(1)  

where RUobs is the change in response unit when a protein binds to DNA 
at equilibrium state, RUmax is the response at saturation, and Cf is the 
free protein concentration. Alternatively, KD was computed from the 
apparent association and dissociation kinetic rate constants (ka and kd) 
fitted from the time-dependent data: 

(2) 

The detailed procedures for both approaches have been extensively 
described [20 22]. Salt dependence of KD values is analyzed by linear 
regression on logarthmic scales. Data exhibiting chevrons is fitted with a 
piecewise function: 

(3)  

where m1 and m2 are the slopes of the two segments, b1 is the intercept 
of the first segment on the ordinate, and xc is the position of the chevron 
on the abscissa. 

Bioinformatic motif analysis. DNA motifs for Elk1 and ETV6 were 
culled from the CIS-BP Database [23] as position-weighted matrices. 
Rendering of information content-weighted DNA logos was performed 
using enoLOGOS [24]. 

3. Results and discussion 

Elk1 is a highly selective DNA-binding protein. Our first objective is to 
quantify the intrinsic specificity of DNA recognition by Elk1. Immobi
lized DNA harboring a cognate site (5 -GCCGGAAGTG-3 ) was exposed 
to flow solutions containing graded concentrations of purified ETS 
domain of Elk1 (without auto-inhibitory or any other domains that 
modify binding) [Fig. 2A]. The protein solution flowed at a high rate (50 
L/min) to minimize mass transfer to and from the biosensor chip. To 

ensure that the SPR measurements reflected the intrinsic affinities 
characteristic of direct target search from free solution, the cognate DNA 
was immobilized as a short hairpin oligomer (24 bp) such that local 
translocation around the cognate site would be negligible. Across a 
range of salt concentrations up to 0.6 M in the flow solution, the steady 
state data was well described by fitting to a 1:1 model according to Eq. 
(1) [Fig. 2B]. The maximum SPR signal (in RU) also corresponded to the 
expected MW of a 1:1 Elk1/DNA complex. Finally, the time-dependent 
RU signal was independently fitted to a 1:1 model to extract first- 
order kinetic rate constants. The ratios of these rate constants, 
following Eq. (2), yielded equilibrium constants that agreed with the 
steady-state values within experimental uncertainty [Table S1, Sup
porting Information]. The results therefore indicated that Elk1 bound 
SC1 with 1:1 stoichiometry across the full range of salt concentrations 
used. 

The salt dependence of the equilibrium constants reports the release 
of counter-ions from the DNA upon binding. When monovalent ions are 
used (as the case here), which can be related to the number of DNA 
phosphate contacts via the polyelectrolyte theory as follows: 

(4) 

mobs is proportional to the number of DNA phosphate contacts |z| 
by a coefficient consisting of 0.88 for B-form DNA, which 
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c o m bi n e s t h e eff e ct s of c o u nt eri o n c o n d e n s ati o n ( Ψ C = 0. 7 6) a n d i o n 

s cr e e ni n g ( Ψ s = 0. 1 2) [ 2 5 ]. A c orr e cti o n f or e n d- eff e ct s i s a p pli e d f or 

oli g o m eri c  d s D N A  h ar b ori n g  N p p h o s p h at e s  [ 2 6 ].  F or  t h e  2 4- b p  s y n -

t h eti c h air pi n s u s e d i n t h e S P R e x p eri m e nt s, t h e c orr e ct e d c o ef fi ci e nt i s 

ϕ = 0. 7 7.  N e g ati v e  v al u e s  of Δ m o b s d e n ot e  a  r el e a s e  of  c o u nt er-i o n s. 

B a s e d  o n  t h e  m e a s ur e d  s alt- d e p e n d e nt  bi n di n g  [ Fi g.  2 C ],  El k 1  c o n -

t a ct e d  |z| = 7 ± 1  p h o s p h at e s  o n  t h e  S C 1  s e q u e n c e,  m at c hi n g  t h e 

n u m b er o b s er v e d i n t h e c o- cr y st al c o g n at e c o m pl e x of El k 1 [ 2 7 ]. T h e 

d at a t h er ef or e c o n fir m e d bi o s e n s or- S P R a s a n a c c ur at e a n al yti c al t e c h -

ni q u e f or m e a s uri n g c o g n at e El k 1 / D N A bi n di n g. 

T h e str o n g er c o g n at e bi n di n g b y El k 1 s u g g e st s a p ot e nti al f or hi g h er 

s e q u e n c e s p e ci fi cit y t h a n E T V 6, a hi g hl y c o n s er v e d str u ct ur al h o m ol o g 

[ Fi g. 3 A ], pr o vi d e d t h at El k 1 bi n d s n o n s p e ci fi c D N A wit h c o m p ar a bl e or 

w e a k er  af fi nit y.  W h e n  w e  att e m pt e d  t o  m e a s ur e  El k 1  bi n di n g  t o  a n 

i m m o bili z e d n o n s p e ci fi c s e q u e n c e b y S P R, t h e bi o s e n s or di d n ot r e gi st er 

si g ni fi c a nt si g n al e v e n at t h e hi g h e st c o n c e ntr ati o n of pr ot ei n u s e d ( 5 0 0 

n M)  i n  t h e  fi o w  s ol uti o n  [ Fi g.  S 1 ,  S u p p orti n g  I nf or m ati o n ].  T h e 

n o n s p e ci fi c af fi nit y f or El k 1 w a s t o o l o w f or bi o s e n s or- S P R d et e cti o n. W e 

t h er ef or e u s e d r e p ort e d d at a o n n o n s p e ci fi c bi n di n g b y El k 1 t o mi x e d- 

s e q u e n c e  s al m o n  s p er m  D N A  a s  m e a s ur e d  b y  a  fi u or e s c e n c e  q u e n c h 

m et h o d  [ 2 8 ].  T h e  n o n s p e ci fl c  m e a s ur e m e nt s,  w hi c h  tr a c k e d  t h e 

i ntri n si c tr y pt o p h a n fi u or e s c e n c e of t h e pr ot ei n s, w er e a n al y z e d b y t h e 

Fi g.  1.  R e p r e s e nt ati v e  s e n s o r g r a m s  of 

El k 1  bi n di n g  E 7 4  at  0. 1 5  M  N a þ i n  t h e 

p r e s e n c e  of  1 0 0 μ M  b p  s al m o n  s p e r m 

D N A  wit h  diff e r e nt  fl o w  r at e s. S e n s or -

gr a m s  r e c or d  t h e  S P R- d et e ct e d  ti m e- d e p e n -

d e nt  i nt er a cti o n s  o n  t h e  bi o s e n s or  e x p o s e d 

t o li g a n d s i n t h e fl o w s ol uti o n p a s si n g at 1 0, 

2 5,  or  1 0 0 μ L / mi n.  Pr ot ei n  w a s  r e m o v e d 

fr o m  t h e  fl o w  s ol uti o n  at  2 0 0  s,  at  w hi c h 

p oi nt di s s o ci ati o n e n s u e s. T h e m a s s tr a n sf er 

eff e ct  w a s  si g ni fi c a nt  at  1 0 μ L / mi n. 

I n cr e a si n g t h e fl o w r at e r e d u c e d t h e i m p a ct 

of t h e m a s s tr a n sf er. H o w e v er, t h er e w a s n o 

si g ni fi c a nt f urt h er i m pr o v e m e nt b et w e e n 2 5 

a n d  1 0 0 μ L / mi n.  A fl o w  r at e  of  5 0 μ L / mi n 

w a s  c h o s e n  f or  t hi s  st u d y  t o  a v oi d  r u n ni n g 

o ut  of  fl o w  s ol uti o n  at  hi g h er  fl o w  r at e s 

d uri n g t h e e x p eri m e nt.   

Fi g.  2.  Bi o s e n s o r- S P R  a n al y si s  of  i nt e r -

s e g m e nt al  t a r g et  s e a r c h  b y  t h e  D N A- 

bi n di n g  d o m ai n  of  El k 1  t o  t h e  S C 1  sit e. 

A ,  R e pr e s e nt ati v e  s e n s or gr a m s  of  D N A 

bi n di n g  t o  t h e  S C 1  sit e  b y  gr a d e d  c o n c e n -

tr ati o n s  of  El k 1  at  t h e  i n di c at e d  b ul k  s alt 

c o n c e ntr ati o n s.  El k 1  c o n c e ntr ati o n s  w er e 

v ari e d fr o m 1 t o 1 5 0 n M at 0. 2 M N a + , f r o m 

1  t o  2 5 0  n M  at  0. 4  M  N a + ,  a n d  f r o m  5  t o 

4 0 0 n M at 0. 6 M N a + . B , St e a d y- st at e fit s of 

t h e  bi n di n g  si g n al  i n  t h e  pl at e a u  r e gi o n  of 

t h e s e n s or gr a m wit h a 1: 1 bi n di n g m o d el at 

diff er e nt  s alt  c o n c e ntr ati o n s. C ,  S alt  d e p e n-

d e n c e  of  t h e  e q uili bri u m  di s s o ci ati o n  c o n -

st a nt s of El k 1 wit h S C 1. Err or b ar s r e pr e s e nt 

S. E.  of  t h e  fit s.  T h e  l o g-l o g  s alt- d e p e n d e nt 

sl o p e i s 6. 0 ± 0. 1.   
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M c G h e e- v o n  Hi p p el  f or m ali s m  [ 2 9 ]  t o  yi el d  i ntri n si c  e q uili bri u m 

di s s o ci ati o n c o n st a nt s [ Fi g. S 2 , S u p p orti n g I nf or m ati o n ]. I n d e e d, El k 1 

e x hi bit e d w e a k er n o n s p e ci fi c bi n di n g c o m p ar e d wit h a v ail a bl e d at a f or 

E T V 6 [ 9 ] u n d er t h e s a m e c o n diti o n s. C o m bi n e d wit h it s str o n g c o g n at e 

af fi nit y,  t h e  d at a  e st a bli s h e d  El k 1  a s  a  hi g hl y  s el e cti v e  D N A- bi n di n g 

pr ot ei n,  e x hi biti n g  a  s p e ci fi cit y  ( c o g n at e / n o n s p e ci fi c)  r ati o  of > 1 0 5 

[ Fi g. 3 B ]. I n c o ntr a st, E T V 6 e x hi bit e d a s p e ci fi cit y r ati o of 1 0 2 . 

T o d et e r mi n e w h et h er t h e s el e cti vit y diff er e n c e s i n vitr o r e fi e ct t h e 

b e h a vi or  of n ati v e pr ot ei n s i n c ell s, w e a n al y z e d g e n o mi c bi n di n g b y 

n ati v e  El k 1  a n d  E T V 6  r e p ort e d  i n  p u bli s h e d  c hr o m ati n- 

i m m u n o pr e ci pit ati o n  s e q u e n ci n g  ( C hI P- S e q)  st u di e s  [3 0 ].  T h e 

e n s e m bl e of s e q u e n c e s, a s r e pr e s e nt e d b y D N A l o g o s, pr o vi d e a dir e ct 

i n di c at or  of  s p e ci fi cit y  i n  t er m s  of  t h e  a d diti v e  i nf or m ati o n al  c o nt e nt 

(I C) at e a c h p o siti o n of t h e m otif [ 2 4 ]. E x pr e s s e d a s bi n ar y bit s, t h e I C of 

e a c h p o siti o n r a n g e s fr o m 0 ( all f o ur b a s e s e q u all y pr o b a bl e) t o 2 ( s e -

l e cti o n of a si n gl e n u cl e o b a s e). S u m m ati o n of t h e I C s o v er a sit e yi el d s 

t h e I C f or t h e w h ol e bi n di n g m otif. A s s h o w n i n [Fi g. 3 C ], El k 1 a n d E T V 6 

o c c u p y  g e n o mi c  D N A  a s  m o n o m er s  i n  t w o  di sti n ct  m o d e s:  b o u n d  t o 

i s ol at e d  si n gl e  sit e s  or  t o  t a n d e m  c o g n at e  s e q u e n c e s.  W hil e  t h e  1: 1 

c o m pl e x  i s  h o m ol o g o u s  f or  b ot h  pr ot ei n s,  c o n si st e nt  wit h  t h eir 

c o- cr y st al  str u ct ur e s,  t h eir  2: 2  m otif s  r u n  i n  diff er e nt  dir e cti o n s.  T h e 

b a s e s fi a n ki n g o n e of t h e c or e c o n s e n s u s i n t h e 2: 2 El k 1- bi n di n g m otif 

c orr e s p o n d t o S C 1. T h e t w o c o pi e s of c or e c o n s e n s u s ( 5 ′- G G A A- 3′) r u n s 

a nti- p a r all el f or El k 1 b ut ar e i n p ar all el f or E T V 6, s u g g e sti n g o p p o sit e 

ori e nt ati o n s  f or  t h e  b o u n d  pr ot ei n s.  F or  t h e  f air e st  c o m p ari s o n,  w e 

a n al y z e d t h e l o n g e st D N A l o g o s t h at s p a n c orr e s p o n di n g p o siti o n s f or 

b ot h  E T S  m e m b er s.  T h e  s e q u e n c e- s p e ci fi c  n at ur e  of  b ot h  pr ot ei n s  i s 

e vi d e nt i n t h e hi g h I C at t h e c or e c o n s e n s u s, r e g ar dl e s s of bi n di n g m o d e. 

H o w e v er, s el e cti vit y at fi a n ki n g p o siti o n s i s m or e v ari a bl e, a n d q u a n -

tit ati o n of t h e o v er all I C s h o w s hi g h er v al u e s f or El k 1 r el ati v e t o E T V 6. 

I n 1: 1 m otif s, El k 1 e x hi bit s 2 e xtr a bit s ( 1 0 % o v er a 1 0- b p sit e) of I C o v er 

E T V 6.  T hi s  diff er e n c e  i s  pr e s er v e d  b et w e e n  t h eir  2: 2  c o m pl e x e s,  s u g -

g e sti n g t h at a n y pr ot ei n- pr ot ei n i nt er a cti o n b et w e e n b o u n d E T V 6 at t h e 

t a n d e m  s e q u e n c e s  d o e s  n ot  o v er c o m e  f or  t h e  i ntri n si c  d e fi cit  a s  a 

m o n o m er. T h u s, a gr e e m e nt wit h g e n o mi c d at a s u g g e st s t h at t h e t ar g et 

s el e cti vit y d et er mi n e d bi o p h y si c all y r e fi e ct s g e n o mi c o c c u p a n c y i n vi v o. 

I m p a ct of s e q u e n c e s el e cti vit y o n t ar g et s e ar c h. T h e s u b st a nti all y gr e at er 

s el e cti vit y of El k 1 o v er E T V 6, gi v e n i n a hi g hl y h o m ol o g o u s s c aff ol d, 

s u g g e st e d  t h e  t w o  E T S  r el ati v e s  a s  a n  e x c ell e nt  p air  f or  pr o bi n g  t h e 

i m p a ct  of  sit e  s el e cti vit y  i n  D N A-f a cilit at e d  t ar g et  s e ar c h.  T o  mi mi c 

l o n g-r a n g e  tr a n sl o c ati o n,  e x c e s s  c o n c e ntr ati o n  of  s al m o n  s p er m  D N A 

( 1 0 0 μ M  b p)  w a s  a d d e d  t o  t h e  fl o w  s ol uti o n t o  e n s ur e  t h at El k 1  w a s 

q u a ntit ati v el y tr a p p e d i n a n o n s p e ci fi c c o m pl e x at l o w s alt. T o mi ni mi z e 

m a s s tr a n sf er, t h e fl o w s ol uti o n w a s k e pt at a hi g h fl o w r at e of 5 0 μ L / mi n 

(Fi g.  1 ).  U n d er  t h e s e  c o n diti o n s,  u n b o u n d  pr ot ei n  w a s  n o  l o n g er  a 

si g ni fl c a ntl y p o p ul at e d st at e at e q uili bri u m, a n d S P R- d et e ct e d bi n di n g 

r e pr e s e nt e d  t h e  eff e cti v e  tr a n sf er  of  n o n s p e ci fi c all y  ( n s)  b o u n d  El k 1 

fr o m t h e fl o w s ol uti o n t o it s s p e ci fi c ( s p) t ar g et s e q u e n c e i n t h e i m m o-

bili z e d oli g o m er: 

El k 1: D N A ns ​ + ​D N A s p ​ ⇌
K tr

D

​El k 1: D N A s p ​ + ​D N A ns + Δ m trN a
+ ( 5) 

W e d e fl n e t h e c o ef fl ci e nt Δ m tr 

Δ m tr = Δ m s p − Δ m ns ( 6)  

a s t h e c h a n g e i n i o n n u m b er f or t h e tr a n sf er of pr ot ei n fr o m n o n s p e ci fl c 

t o c o g n at e D N A. Si n c e E q. ( 4) a p pli e s f or b ot h c o g n at e a n d n o n s p e ci fi c 

bi n di n g,  t hi s  m o d el  pr o vi d e s  a  q u a ntit ati v e  t e st  f or  D N A-f a cilit at e d 

t ar g et s e ar c h if t h e e x p e ct e d v al u e of Δ m tr f r o m E q. ( 5) c orr e s p o n d s t o 

t h e  dir e ctl y  m e a s ur e d  v al u e  fr o m  c o g n at e  bi n di n g  i n  t h e  pr e s e n c e  of 

e x c e s s ( 1 0 0 μ M b p) n o n s p e ci fi c D N A. Fi g. 4 s h o w s t h e s alt d e p e n d e n c e of 

bi n di n g  El k 1  t o  S C 1  i n  t h e  a b s e n c e  a n d  pr e s e n c e  of  1 0 0 μ M  s al m o n 

s p er m D N A, j u xt a p o s e d wit h e xi sti n g d at a f or E T V 6 [ 9 ]. T h e pr e s e n c e of 

s al m o n s p er m D N A i n d u c e d a tr a n siti o n N a + c o n c e nt r ati o n at 0. 3 5 M 

N a + b el o w w hi c h t h e a p p ar e nt c o g n at e af fi nit y w a s r e d u c e d b ut t h e s alt 

d e p e n d e n c e  w a s  si g ni fi c a ntl y  fl att e n e d.  A b o v e  0. 3 5  M  N a + ,  c o g n at e 

bi n di n g  w a s  i n s e n siti v e  t o  t h e  s al m o n  s p er m  D N A  a s  t h e  n o n s p e ci fi c 

af fi nit y w a s f urt h er w e a k e n e d. 

Fi g.  3.  C o m p a r ati v e  t a r g et  s el e cti vit y  of  t w o 

st r u ct u r all y  c o n s e r v e d  E T S  d o m ai n s:  El k 1  a n d 

E T V 6. A , Str u ct ur al ali g n m e nt of t h e E T S d o m ai n s 

of El k 1 ( P D B: 1 D U X) a n d E T V 6 ( 4 M H G) a s o b s er v e d 

i n t h eir c o- cr y st all o gr a p hi c c o m pl e x e s wit h c o g n at e 

D N A.  T h e  R M S D  f or  t h e  pr ot ei n  w a s  0. 7  Å.  T h e 

pr ot ei n s ar e c ol or e d b y s e c o n d ar y str u ct ur e. T h e 5 ′- 

G G A A- 3 ′ c o r e  c o n s e n s u s  i s  c ol or e d  i n  bl u e. B , 

S u m m ar y of af fi niti e s f or t h e t w o E T S h o m ol o g s at 

0. 1 5 M N a + . E xt r a p ol at e d e q uili bri u m di s s o ci ati o n 

c o n st a nt s  ( ± S. E.)  fr o m  st e a d y- st at e  a n al y si s  ar e 

s h o w n f or c o g n at e bi n di n g. N o n s p e ci fi c di s s o ci ati o n 

c o n st a nt s  (i n  M  b p)  fr o m  fl u or e s c e n c e  q u e n c h  e x -

p eri m e nt s ar e  t a k e n fr o m Fi g. S 2 f or El k 1  a n d [9 ] 

f or  E T V 6. C ,  D N A  l o g o s  fr o m  p u bli s h e d 

p o siti o n- w ei g ht e d m atri c e s f or g e n o mi c bi n di n g b y 

f ull-l e n gt h El k 1 a n d E T V 6. M otif s wit h t h e hi g h e st 

i nf or m ati o n  c o nt e nt s  (I C)  i n  t h e  c a s e  of  i s ol at e d 

(l eft) a n d t a n d e m (ri g ht) sit e bi n di n g w er e s h o w n, 

tr u n c at e d, a n d s hift e d a s a p pr o pri at e f or ali g n m e nt 

a n d f air c o m p ari s o n. T h e m a xi m u m I C i n bi n ar y bit s 

of  a  m otif  of  l e n gt h N i s  2 N . Arr o ws d e n ot e  t h e 

dir e cti o n  of  c o g n at e  sit e s  i n  t h e  5 ′- G G A A- 3′ di r e c -

ti o n. ( F or i nt er pr et ati o n of t h e r ef er e n c e s t o c ol or i n 

t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e W e b 

v er si o n of t hi s arti cl e.)   
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U si n g  t h e  s alt- d e p e n d e nt  d at a  s h o w n  i n Fi g.  4 ,  t h e  c al c ul at e d  s alt 

d e p e n d e n c e f or El k 1 tr a n sf er t o S C 1 i s Δ m tr = Δ m s p – Δ m ns = (− 6. 1 ±

0. 1) – (− 3. 1 ± 0. 5) =  − 3. 0 ± 0. 5 a c c or di n g t o E q. ( 6). T h e o b s er v e d 

v al u e of Δ m tr i n t h e p r e s e n c e of s al m o n s p er m D N A at b el o w 0. 3 5 M N a+

i s Δ m tr =  − 2. 9 ± 0. 2 [ T a bl e 1 ]. T h e a gr e e m e nt b et w e e n t h e e x p e ct e d 

a n d o b s er v e d v al u e s of Δ m tr s h o w s t h at u n d er p h y si ol o gi c all y l o w- s alt 

c o n diti o n s ( e. g., 0. 1 5 M N a + ), t a r g et r e c o g niti o n b y l o n g-r a n g e s e ar c h 

i s o p er ati v e f or El k 1 i n t h e pr e s e n c e of 1 0 0 μ M n o n s p e ci fi c D N A, e v e n 

gi v e n it s v er y hi g h s p e ci fi cit y. R e m ar k a bl y, t h e tr a n siti o n N a + c o n c e n -

t r ati o n f or El k 1 a n d E T V 6 o c c urr e d at si mil ar b ul k s alt c o n c e ntr ati o n s of 

0. 3 5 M N a + , e v e n t h o u g h t h eir r e s p e cti v e c o g n at e a n d n o n s p e ci fi c af-

fi niti e s  w er e  di sti n ctl y  diff er e nt.  At  0. 1 5  M  N a + ,  t h e  diff er e n c e  i n 

a p p ar e nt af fi niti e s b et w e e n El k 1 a n d E T V 6 i n t h e pr e s e n c e of s al m o n 

s p er m D N A i s ~ 1 0 0-f ol d. C o m p ar e d wit h t h e ~ 2 0-f ol d m ar gi n i n t h e 

a b s e n c e  of  n o n s p e ci fi c  D N A,  El k 1  i s  t h er ef or e  e v e n  m or e  s el e cti v e 

r el ati v e t o E T V 6 w h e n bi n di n g o c c urr e d b y l o n g-r a n g e t ar g et s e ar c h. 

T o c h ar a ct eri z e t h e i m p a ct of s el e cti vit y o n l o n g-r a n g e t ar g et s e ar c h 

m or e d e e pl y, w e e x a mi n e d El k 1 bi n di n g wit h its m or e pr ef err e d c o g n at e 

s e q u e n c e: t h e n ati v e E 7 4 sit e f o u n d i n Dr os o p hil a [ 1 8 ]. M e as ur e m e nt of 

E 7 4 bi n di n g b y El k 1 i n t h e a bs e n c e of n o ns p e ci fi c D N A s h o w e d ~ 3-f ol d 

hi g h er af fi nit y r el ati v e t o S C 1 [ Fi g. S 3 A , S u p p orti n g I nf or m ati o n ]. I n t h e 

pr es e n c e of s al m o n s p er m D N A, t h e tr a nsiti o n N a + c o n c e ntr ati o n w as als o 

si mil ar at ~ 0. 3 5 M N a + wit h a si mil arl y fi att e n e d s alt d e p e n d e n c e b el o w 

t h at N a+ c o n c e ntr ati o n [ Fi g. S 3 B ]. As wit h S C 1, t h e e x p e ct e d tr a nsf er i o n 

n u m b er Δ m tr = Δ m s p – Δ m ns = (− 6. 0 ± 0. 1) – (− 3. 1 ± 0. 5) =  − 2. 9 ± 0. 5 

a gr e es wit h t h e m e as ur e d v al u e of − 2. 6 ± 0. 8 b el o w t h e tr a nsiti o n [ N a + ] 

i n  t h e  pr es e n c e  of  s al m o n  s p er m  D N A  [T a bl e  2 ].  T h e  a p p ar e nt  K D w as 

hi g h er b y ~ 3-f ol d r el ati v e t o S C 1 i n t h e pr es e n c e of s al m o n s p er m D N A, a 

m ar gi n  e q u al  t o  t h e  diff er e n c e  i n  i ntri nsi c  af fi niti es  b et w e e n  t h e  t w o 

c o g n at e D N A sit es. T h us, t h e s alt-i n d u c e d s wit c h fr o m dir e ct t o l o n g-r a n g e 

t ar g et s e ar c h w as n ot s e nsiti v e t o t h e i ntri nsi c af fi niti es of t h e li g a n d t o 

c o g n at e  D N A.  T h e  r e m ai ni n g  p ar a m et er,  t h e  a b u n d a n c e  of  n o ns p e ci fi c 

D N A, t h us a p p e ar e d t o b e t h e g o v er ni n g f a ct or. 

Ki n eti c m e as ur e m e nts of El k 1 / D N A t ar g et s e ar c h b y bi os e ns or- S P R. T o 

pr o b e  t h e  n at ur e  of  l o n g-r a n g e  tr a n sf er  m or e  m e c h a ni sti c all y,  w e 

e x a mi n e d  t h e  ki n eti c s  of  c o g n at e  a s s o ci ati o n  a n d  di s s o ci ati o n  i n  t h e 

pr e s e n c e a n d a b s e n c e of s al m o n s p er m D N A. B y m ai nt ai ni n g El k 1 i n a 

n o n s p e ci fl c c o m pl e x pri or t o c o g n at e bi n di n g at l o w s alt, w e w er e a bl e t o 

o b s er v e t h e ti m e- d e p e n d e nt tr a n sl o c ati o n of El k 1 o nt o c o g n at e D N A. I n 

t h e  a b s e n c e  of  s al m o n  s p er m  D N A,  t h e  u s e a bl e  r a n g e  of  s alt  c o n c e n-

tr ati o n f or ki n eti c a n al y si s i s fr o m 0. 3 t o 0. 6 M N a+ [ Fi g. 5 A ]. Wit hi n t h e 

r a n g e, t h e ki n eti c s of t h e s p e ci fi c i nt er a cti o n w er e wit hi n t h e t e m p or al 

r e s ol uti o n  of  t h e  i n str u m e nt.  T h e  a s s o ci ati o n  a n d  di s s o ci ati o n  r at e 

c o n st a nt s yi el d e d a li n e ar l o g-l o g r el ati o n s hi p wit h s alt c o n c e ntr ati o n i n 

t hi s  r a n g e.  I n  t h e  pr e s e n c e  of  s al m o n  s p er m  D N A  at  1 0 0 μ M  b p,  t h e 

a c c e s si bl e s alt r a n g e f or ki n eti c a n al y si s br o a d e n e d fr o m 0. 1 7 5 t o 0. 6 M 

N a + .  A s Fi g.  5 A  ill u str at e s,  t h e  ki n eti c s  w er e  w ell  d e s cri b e d  b y  a  1: 1 

i nt er a cti o n.  T h e  milli s e c o n d  ti m e  r e s ol uti o n  of  S P R  i n str u m e nt ati o n 

m e a n s t h at t h e a p p ar e nt r at e c o n st a nt s r e pr e s e nt t h e r at e-li mit st e p of 

m or e r a pi d mi cr o s c o pi c e v e nt s. Ar m e d wit h ki n eti c d at a o v er a r a n g e of 

s alt  c o n diti o n s,  t h e  s alt  d e p e n d e n ci e s  of  t h e  o b s er v e d  r at e  c o n st a nt s 

(Δ m a a n d Δ m d )  a r e  r el at e d  t o  t h at  f or  t h e  e q uili bri u m  c o n st a nt  a s 

f oll o w s: 

Δ m o bs =  −
d l o g K D

d l o g[N a + ]
=

d (l o g k a − l o g k d )

d l o g[N a + ]
= Δ m a − Δ m d ( 7) 

I n t h e a b s e n c e of s al m o n s p er m D N A, t h e s alt d e p e n d e n c e o bt ai n e d 

fr o m a s s o ci ati o n a n d di s s o ci ati o n r at e c o n st a nt s f or E 7 4 bi n di n g b y El k 1 

i s Δ m a - Δ m d = (− 5. 1 ± 0. 1) – ( 1. 3 ± 0. 1) =  − 6. 4 ± 0. 1 [ T a bl e 3 ]. T hi s 

v al u e w a s i n a gr e e m e nt wit h t h at o bt ai n e d fr o m t h e st e a d y- st at e e q ui -

li bri u m m e a s ur e m e nt u n d er t h e s a m e c o n diti o n s (Δ m s p =  − 6. 0 ± 0. 1). 

T h e g o o d n e s s of flt f or t h e ki n eti c d at a a n d a gr e e m e nt i n s alt d e p e n d e n c e 

wit h  e q uili bri u m  d at a  s u p p ort e d  i nt er pr et ati o n  of  ki n eti c s  a s  a  1: 1 

i nt er a cti o n. I n t h e pr e s e n c e of s al m o n s p er m D N A, t h e ki n eti c pr o fll e 

s h o w e d  t w o  di sti n ct  r é gi m e s  t h at  tr a n siti o n  s h ar pl y  at  0. 3 5  M  N a +

[ Fi g. 5 B ], i n st e p wit h t h e t h er m o d y n a mi c s alt pr o fll e i n Fi g. 4 . A b o v e 

0. 3 5 M N a + , El k 1 / E 7 4 a s s o ci ati o n w a s d e c el er at e d b y i n cr e a si n g s alt, a 

b e h a vi or  e x p e ct e d  of  t ar g et  s e ar c h  b y  fr e e  diff u si o n  ( e. g.,  c h ar g e 

s cr e e ni n g b y m o bil e i o n s i n t h e fi o w s ol uti o n), i n di c ati n g t h at t h e pr o -

t ei n h a s o v er c o m e tr a p pi n g b y n o n s p e ci fl c D N A i n t h e fi o w s ol uti o n. At 

N a + c o n c e nt r ati o n s  b el o w  0. 3 5  M,  a s s o ci ati o n  w a s  a c c el er at e d  b y 

i n cr e a si n g b ul k s alt c o n c e ntr ati o n, p oi nti n g t o di s s o ci ati o n of n o n s p e-

ci fl c c o m pl e x e s a s t h e r at e-li miti n g st e p. 

F or c o m p ari s o n, w e al s o c h ar a ct eri z e d t h e ki n eti c s of El k 1 wit h t h e 

l o w er- af fl nit y  c o g n at e  sit e,  S C 1.  W e  o b s er v e d  si mil ar  a gr e e m e nt  b e-

t w e e n t h e c al c ul at e d v al u e Δ m a - Δ m d [ T a bl e 4 ] a n d m e a s ur e d Δ m s p f o r 

E 7 4 bi n di n g i n t h e a b s e n c e of s al m o n s p er m D N A ( Fi g. S 3 B ). T h e hi g h er 

i ntri n si c af fl nit y of El k 1 f or E 7 4 c o ul d b e r e a dil y s e e n a s d u e t o f a st er 

a s s o ci ati o n r el ati v e t o S C 1 at c orr e s p o n di n g s alt c o n c e ntr ati o n s, w hil e 

di s s o ci ati o n w a s littl e u n c h a n g e d ( Fi g. 5 B). B e y o n d t h e a b s ol ut e v al u e s 

of t h e r at e c o n st a nt s, t h eir s alt d e p e n d e n c e r e v e al s t h e i o ni c pr o p erti e s 
Fi g.  4. I m p a ct  of  D N A  s e q u e n c e  s el e cti vit y  o n  l o n g- r a n g e  t a r g et  s e a r c h 

E T S st r u ct u r al h o m ol o g s: El k 1 v s E T V 6. C o m p ari s o n of s alt d e p e n d e n c e of 

e q uili bri u m di s s o ci ati o n c o n st a nt s of El k 1 a n d E T V 6 t o S C 1: c o g n at e bi n di n g 

wit h ( bl u e s q u ar e s) a n d wit h o ut (r e d cir cl e s) 1 0 0 μ M b p s al m o n s p er m D N A, 

t o g et h er  wit h  n o n s p e ci fi c  bi n di n g  ( p ur pl e  di a m o n d s).  T h e  r e d  d a s h  li n e  r e p -

r e s e nt s t h e b e st fit i n t h e tr a n sf er r é gi m e i n t h e p r e s e n c e of s al m o n s p er m D N A 

i n b ot h p a n el s. N u m eri c al d at a f or El k 1 / S C 1 bi n di n g u n d er b ot h c o n diti o n s ar e 

gi v e n i n T a bl e s S 1 a n d S 2 . N o n s p e ci fi c bi n di n g f or El k 1 i s t a k e n fr o m Fi g. S 2 . 

E T V 6 d at a i s fr o m R ef. [ 9 ]. T h e s alt d e p e n d e n c e f or n o n s p e ci fi c bi n di n g i s Δ m ns 

=  − 3. 1 ± 0. 5 f or El k 1 a n d Δ m ns =  − 4. 5 ± 0. 9 f or E T V 6. ( F or i nt er pr et ati o n of 

t h e r ef er e n c e s t o c ol or i n t hi s fl g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e W e b 

v er si o n of t hi s arti cl e.) 

T a bl e 1 

S alt- d e p e n d e nt El k 1 / S C 1 i nt er a cti o n s.  

E x p eri m e nt al c o n diti o n s Δ m = - sl o p e  | z|  KD ( n M) at 0. 1 5 M N a + a 

n o N S D N A − 6. 1 ± 0. 1  7  0. 0 6 ± 0. 0 1 

+ 1 0 0 μ M N S D N A < 0. 3 5 M N a − 2. 9 ± 0. 2  3  0. 3 7 ± 0. 0 8  

a E xt r a p ol at e d. 

T a bl e 2 

S alt- d e p e n d e nt El k 1 / E 7 4 i nt er a cti o n s.  

E x p eri m e nt al c o n diti o n s Δ m = - sl o p e  | 

z| 

K D ( n M) at 0. 1 5 M N a + a 

n o N S D N A − 6. 0 ± 0. 1  7  0. 0 2 ± 0. 0 1 

+ 1 0 0 μ M N S D N A, < 0. 3 5 M N a + − 2. 6 ± 0. 8  3  0. 1 1 ± 0. 0 5  

a E xt r a p ol at e d. 
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of t h e a cti v at e d c o m pl e x al o n g t h e bi n di n g i nt er a cti o n c o or di n at e [ 3 1 , 

3 2 ].  T h e  s alt  d e p e n d e n c e  i n  t h e  a s s o ci ati o n  r at e  c o n st a nt  w a s  m or e 

n e g ati v e f or E 7 4 t h a n S C 1 wit h o ut s al m o n s p er m D N A, a n d l e s s p o siti v e 

i n it s pr e s e n c e. A s Δ m tr i n E q. ( 6) p r o vi d e s i nf or m ati o n a b o ut t h e c h a n g e 

i n n u m b er of i o ni c c o nt a ct s b et w e e n t h e st at e s at e q uili bri u m, Δ m a a n d 

Δ m d p r o vi d e a n al o g o u s i nf or m ati o n a b o ut t h e a cti v at e d c o m pl e x [ 3 2 ]. 

T h e m a g nit u d e s of t h e diff er e n c e s i n t h e s alt d e p e n d e n c e s u g g e st s t h at 

E 7 4 bi n di n g fr o m fr e e s ol uti o n r e q uir e d u p t o o n e m or e i o ni c c o nt a ct i n 

t h e a cti v at e d c o m pl e x t h at i s n ot m a d e wit h S C 1. 

I n  t h e  pr e s e n c e  of  s al m o n  s p er m  D N A,  a b s ol ut e  a s s o ci ati o n  r at e 

c o n st a nt s  w er e  l o w er  t h a n  t h e  e xtr a p ol at e d  v al u e s  i n  t h e  a b s e n c e  of 

s al m o n  s p er m  D N A,  i n di c ati n g  t h at  l o n g-r a n g e  tr a n sf er  w a s  a  n et 

n e g ati v e c o ntri b uti o n t o t ar g et s e ar c h. Si n c e t h e s al m o n s p er m D N A w a s 

m u c h l o n g er t h a n t h e i m m o bili z e d t ar g et ( > 5 k b p v s. 2 3 b p), a d diti o n al 

c o ntri b uti o n s  fr o m  sli di n g  a n d  h o p pi n g  o n  n o n s p e ci fi c  D N A  w er e 

i n cl u d e d i n t h e o b s er v e d ki n eti c s i n t h e tr a n sf er ré gi m e. T h e s e m yri a d 

s h ort- a n d l o n g-r a n g e tr a n sl o c ati o n s al o n g a n d b et w e e n t h e n o n s p e ci fi c 

D N A p ol y m er s d y n a mi c all y s e q u e st er t h e pr ot ei n fr o m p o p ul ati n g t h e 

fr e e st at e at e q uili bri u m. 

A s a wi n d o w i nt o t h e m e c h a ni s m of t ar g et s e ar c h, di s s o ci ati o n ki -

n eti c s  ar e  p arti c ul arl y  u s ef ul  f or  i nf erri n g  t h e  r ol e  of  D N A-f a cilit at e d 

tr a n sf er  i n  t ar g et  s e ar c h:  if  c o m pl e x  di s s o ci ati o n  i s  u ni m ol e c ul ar,  it 

s h o ul d n ot d e p e n d ki n eti c all y o n a n ot h er s p e ci e s i n t h e s ol uti o n. Wit h 

r e s p e ct  t o  E T V 6  [ 9 ],  ki n eti c  m e a s ur e m e nt s  a b o v e  ~ 0. 5  M  N a + w e r e 

s e v e r el y li mit e d b y pr o hi biti v el y f a st di s s o ci ati o n ki n eti c s [ Fi g. 5 C ]. I n 

c o ntr a st,  El k 1  e n a bl e d  m e a s ur e m e nt s  of  l o n g-r a n g e  t ar g et  s e ar c h, 

p arti c ul arl y di s s o ci ati o n ki n eti c s, i nt o si g ni fi c a ntl y hi g h er N a + c o n c e n -

t r ati o n s. T h e e xt e n d e d d e fi niti o n of di s s o ci ati o n ki n eti c s, p arti c ul arl y i n 

t h e c a s e of t h e El k 1 / S C 1 i nt er a cti o n (Fi g. 5 B), pr o vi d e d n e w i n si g ht i nt o 

t h e m e c h a ni s m of l o n g-r a n g e s e ar c h. B el o w t h e tr a n siti o n N a + at 0. 3 5 M, 

t h e  di s s o ci ati o n  r at e  w a s  m ar k e dl y  m or e  s alt  d e p e n d e nt  t h a n  i n  t h e 

a b s e n c e of n o n s p e ci fi c D N A ( T a bl e s 3 a n d 4 ). T hi s w a s e x p e ct e d b a s e d 

o n t h e e n g a g e m e nt of t h e tr a n sf er r é gi m e at e q uili bri u m ( Fi g. 4 ). A b o v e 

t h e  tr a n siti o n  s alt  c o n c e ntr ati o n,  t h e  e q uili bri u m  c o n st a nt s  w er e  n o 

l o n g er s e n siti v e t o n o n s p e ci fi c D N A. If n o n s p e ci fi c D N A pl a y e d n o r ol e 

u n d er t h e s e c o n diti o n s, o n e w o ul d e x p e ct t h e di s s o ci ati o n r at e c o n st a nt s 

t o b e i d e nti c al i n t h e a b s e n c e of n o n s p e ci fi c D N A. H o w e v er, w e o b s er v e d 

t h at di s s o ci ati o n ki n eti c s of El k 1 fr o m S C 1 r e m ai n e d s alt- d e p e n d e nt i n 

t h e  pr e s e n c e  of  s al m o n  s p er m  D N A  (T a bl e  4 ).  T hi s  diff er e n c e  i n  s alt 

d e p e n d e n c e c o ul d n ot b e a s cri b e d t o a p a s si v e alt er ati o n t o t h e s ol uti o n 

i o ni c str e n gt h b y t h e D N A, w hi c h w a s d o mi n at e d i n c o n c e ntr ati o n b y 

N a Cl. A d diti o n all y, t h e s ol uti o n vi s c o sit y i s n ot si g ni fi c a ntl y alt er e d b y 

p ol y m eri c D N A at t h e c o n c e ntr ati o n u s e d [ 3 3 ]. I n t h e c a s e of E 7 4, t h e 

pr e ci si o n of t h e r at e c o n st a nt s a b o v e 0. 3 5 M N a + w a s n ot s uf fi ci e nt t o 

diff er e nti at e fr o m t h o s e m e a s ur e d wit h o ut n o n s p e ci fi c D N A. T hi s w a s 

d u e  i n  p art  t o  t h e  s h ort er  s p a n  of  N a + c o n c e nt r ati o n s  o v er  w hi c h 

Fi g.  5.  Ki n eti c  a n al y si s  of  El k 1  i nt e r a cti o n s  wit h  c o g n at e  D N A  i n  t h e  a b s e n c e  a n d  p r e s e n c e  of  e x c e s s  n o n s p e ci fi c  D N A.  A ,  R e pr e s e nt ati v e  s e n s or gr a m s 

( c ol or e d c ur v e s) wit h ki n eti c flt ( bl a c k s oli d li n e s) f or a 1: 1 i nt er a cti o n of El k 1 u n d er t h e i n di c at e d c o n diti o n s. B a n d C , S alt d e p e n d e n c e of a p p ar e nt a s s o ci ati o n 

( s q u ar e) a n d di s s o ci ati o n r at e c o n st a nt s ( cir cl e s) i n t h e a b s e n c e (r e d li n e, u n c ol or e d s y m b ol s) a n d pr e s e n c e of 1 0 0 μ M b p s al m o n s p er m D N A ( bl u e li n e, y ell o w 

s y m b ol s) f or El k 1 bi n di n g E 7 4 a n d S C 1, a s w ell a s a pr e vi o u sl y r e p ort e d E T V 6 / S C 1 i nt er a cti o n [ 9 ]. N u m eri c al d at a f or El k 1 i s gi v e n i n T a bl e s S 1 – S 4 . ( F or i nt er-

pr et ati o n of t h e r ef er e n c e s t o c ol or i n t hi s fi g ur e l e g e n d, t h e r e a d er i s r ef err e d t o t h e W e b v er si o n of t hi s arti cl e.) 

T a bl e 3 

S alt- d e p e n d e nt ki n eti c s of El k 1 / E 7 4 bi n di n g.  

E x p eri m e nt al c o n diti o n s Sl o p e k a = Δ m a Sl o p e k d = Δ m d 

n o N S D N A − 5. 1 ± 0. 1 1. 3 ± 0. 1 

+ 1 0 0 μ M N S D N A < 0. 3 5 M N a + 2. 2 ± 0. 4 4. 8 ± 0. 3 

+ 1 0 0 μ M N S D N A > 0. 3 5 M N a + − 6. 5 ± 0. 7 1. 5 ± 0. 7  

T a bl e 4 

S alt- d e p e n d e nt ki n eti c s of El k 1 / S C 1 bi n di n g.  

E x p eri m e nt al c o n diti o n s Sl o p e k a = Δ m a Sl o p e k d = Δ m d 

n o N S D N A − 4. 7 ± 0. 1 1. 1 ± 0. 2 

+ 1 0 0 μ M N S D N A < 0. 3 5 M N a + 3. 9 ± 0. 4 5. 2 ± 0. 8 

+ 1 0 0 μ M N S D N A > 0. 3 5 M N a + − 4. 1 ± 0. 3 1. 7 ± 0. 2  
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dissociation kinetics could be measured (Fig. 5B). The more 
salt-dependent dissociation kinetics in the presence of nonspecific DNA 
are consistent with additional ionic contacts made by the translocating 
activated complex that were not present in binding from free solution. 

In summary, SPR-detected kinetics demonstrate that the protein is 
indeed interacting with both immobilized and nonspecific DNA as it 
transitions from one to the other. DNA-facilitated dissociation such as 
reported by Fried and Crothers [34] and further elaborated by the Marko 
and Johnson groups [6,35,36] is classically associated with homo- or 
hetero-multimeric DNA-binding proteins which transfer from one 
duplex to another via a multivalent, monkey bar mechanism [10 13]. 
In contrast, Elk1 and ETV6 form strictly 1:1 protein/DNA complexes. 
Dimeric binding by Elk1 and ETV6, such as found in some genomic 
contexts (Fig. 3C), require two copies of the ETS consensus sequences in 
close proximity. How do proteins with only one DNA-contact interface 
(i.e., no spare arms ) achieve intersegmental translocation? One plau
sible mechanism is suggested by the fly-casting model of DNA associa
tion that has been postulated in computational work by Wolynes and 
coworkers [37]. In the fly-casting model, the electrostatic field of nearby 
DNA induces transient unfolding of the protein which refolds upon 
formation of the specific complex [37]. Since the formation of pro
tein/DNA complexes proceeds through ionically distinct activation 
complexes, differences in the observed salt-dependent kinetics due to 
presence of nonspecific DNA are consistent with a fly-casting-type 
transient intermediate. We therefore postulate that the protein un
dergoes a conformational change to form a transient ternary complex 
with both cognate and nonspecific DNA. Based on the dissociation ki
netics for the Elk1/SC1 complex, this transient complex contains, at the 
rate-limiting step, one more ionic contact with cognate and nonspecific 
DNA than the equilibrium cognate complex (c.f. Fig. 3A). 

4. Conclusion 

Comparison of Elk1 binding to cognate sites of different affinities as 
well as with its structural homolog ETV6 has significantly extended the 
use of biosensor-SPR in gaining insight into long-range target search by 
DNA-binding proteins. The new measurements indicate that long-range 
target search across disconnected DNA strands is robust to even a high 
intrinsic selectivity ratio. As the comparison between Elk1 and ETV6 
shows, engagement of long-range transfer reinforces relative selectivity 
even as the effect on apparent affinity is negative. Comparison of the 
dissociation kinetics reveals evidence of transient ionic interactions that 
indicate DNA-facilitated dissociation for proteins with only single DNA- 
binding surfaces. This evidence generalizes DNA-to-DNA transfer as a 
long-range search mechanism beyond the subset of proteins with mul
tiple DNA-binding interfaces. We therefore revise our original model for 
proteins with single DNA-binding sites [9] in that a transiently unbound 
species during translocation no longer appears necessary. Instead, a 
transient ternary intermediate in which the protein is contacting both 
nonspecific and cognate DNA is discernible at the rate-limiting step. For 
ETS proteins and other examples that fold stably at equilibrium, sig
nificant transient dynamics of the folded conformation are implied, even 
if their exact nature remains currently elusive. 

Methodologically, our work adds DNA target search to a growing field 
of novel biosensor applications and immediately suggests new avenues of 
investigations (e.g., impact of competing ligands on DNA target search). 
Compared with other real-time bioanalytical techniques, biosensor-SPR is 
relatively generous in terms of sample requirements and ease of deploy
ment, and therefore offers significant merit to the community. 
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