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Abstract

Protein—nucleic acid interactions govern a variety of processes, including replication, transcription, recombination
and repair. These interactions take place in both sequence-specific and non-specific modes, and the latter occur in
many biologically significant contexts. Analytical ultracentrifugation is a useful method for the detailed characterization
of the stoichiometry and affinity of macromolecular interactions in free solution. There has been a resurgence of
interest in the application of sedimentation equilibrium methods to protein—nucleic acid interactions. However, these
studies have been generally focused on sequence—specific interactions. Here we describe an approach to analyze non
specific interactions using sedimentation equilibrium. We have adapted an existing model for non-specific interaction
of proteins with finite, one-dimensional nucleic acid lattices for global fitting of multiwavelength sedimentation
equilibrium data. The model is extended to accommodate protein binding to multiple faces of the nucleic acid,
resulting in overlap of consecutive ligands along the sequence of the RNA or DNA. The approach is illustrated in a
sedimentation equilibrium analysis of the interaction of the double-stranded RNA binding motif of protein kinase R
with a 20-basepair RNA construct.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction govern many significant biological processes,
including replication, transcription, recombination
Reversible protein—nucleic acid interactions are and repair. Historically, sedimentation velocity
a highly diverse family of binding phenomena that measurements played an important role in quanti-
- tative analysis of protein—nucleic acid binding
Abbreviations:  Bicine, N,N-Bis(2-hydroxy)glycine; bp, reactions[1—4] and one study pointed to the use
base pair; ds, double-stranded; CD, circular dichroism; dsRBD, of SE for protein—nucleic acid interactior($).

double-stranded RNA binding domain; dsRBM, double-strand- . . -
ed RNA binding motif, EDTA, Ethylenediaminetetraacetic However, the electrophoretlc mOblhty shift assay

acid; HEPESN-[hydroxyethy]piperazined’-[2-ethanesulfonic [6,7] and the nitrocellulose filter binding assays
acid; PKR, Protein kinase R; SE, sedimentation equilibrium. [8] largely supplanted analytical ultracentrifugation
*We dedicate this paper to Prof. David Yphantis to as the prevalent methods to define protein—nucleic
acknowledge his many contributions to our understanding of jnteractions. More recently, there has been a resur-
analytical ultracentrifugation and macromolecular interactions. fint tinth fSEinth titati
*Corresponding author. Tel.: 1-860-486-4333: fax:+ 1- gence ofinterestin the use of Skt in the quantitative
860-486-4331. analysis of protein—nucleic acid interactiofs—

E-mail address: james.cole@uconn.edy.L. Cole. 14]. Most of these studies have been focused on
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sequence specific protein—nucleic acid interac- specific interactions. We adapt an existing model
tions, where high affinity binding requires a spe- for the interaction of protein with finite nucleic
cific DNA or RNA sequence. In other systems, acid lattices for SE analysis, and extend this model
the interactions involve the sugar-phosphate back- to accommodate the overlapping binding of ligands
bone or do not discriminate among the nucleic on different faces of a ds RNA or DNA. We then
acid bases and are not sequence specific. Althoughapply this approach to analyze the interaction of
somewhat less glamorous, these non-specific inter-the RNA binding domain of PKR with a 20 bp
actions are ubiquitous in molecular biolo¢¥5]. dsRNA.
Replication, recombination and repair all involve
proteins that exhibit non-specific, cooperative 2. Materials and methods
binding to single-stranded DNA. Helicases and
retroviral integrases interact non-specifically with 2.1. Protein expression and purification
ds nucleic acids. A large class of enzymes and
proteins contain one or more copies of the dsRBM  The plasmid His-p20 was cut with Nge&@amH]I
that confers non-specific binding to dsRNAE]. and the insert was ligated into pET 1ddovagen
Even proteins that interact at specific nucleic acid to produce the expression vector pET-p20. This
sites, such as repressors, RNA polymerases andplasmid encodes the dsRBD of PKEmino acids
restriction enzymes, show significant non-specific 1-184). The vector was transformed into Rosetta
binding to nucleic acids. DE3 (pLysS Escherichia coli expression cells
A variety of experimental approaches have been (Novagen. Our expression and purification pro-
applied to study non-specific protein—nucleic acid tocol is adapted from a previous methda2].
binding reactiond17]. In some of the more pop- Cells were grown in LB medium containing 50
ular methods, such as the electrophoretic mobility wg/ml ampicillin and 34.g/ml chloramphenicol
shift and nitrocellulose filter binding assays, the at 37°C until ODsp,=0.6. Protein expression was
measurements are performed under non-equilibri- induced with 1 mM isopropyl-1-thig-b-galacto-
um conditions. Re-equilibration of the bound and pyranoside followed by an additional 3 h incuba-
free protein ligand may occur on the timescale of tion at 37 °C. Cells were harvested by centri-
the experiment and can result in inaccurate param-fugation at 300 g for 15 min and resuspended
eter estimation[18]. Under carefully controlled in 15 ml of lysis buffer(20 mM HEPES, 100 mM
conditions, the gel shiff19] and filter binding NaCl, 1 mM EDTA, 5% Glycerol, 1 mM DTT,
[20] assays can accurately define solution equili- pH 7.5 containing protease inhibitor cockt&ig-
bria. However, non-specific interactions generally ma). Cells were lysed by sonicatidfFisher sonic
have lower affinity and higher dissociation rates dismembrator for 20—30 s intervals on power
than specific interactions and are thus particularly level 6. The lysate was precipitated with the
susceptible to artifacts associated with dissociation addition of 0.5% wv polyethyleneimine, incuba-
during the measurement. In addition, non-specific tion on ice for 15 min and centrifugation at
interactions typically involve binding of multiple 30 000X g for 15 min. The supernatant was loaded
protein ligands, and in the case of the filter-binding onto anS-Sepharose FEFAmersham column and
assay, there is no defined relationship between thethe column was washed with buffer 20 mM
extent of saturation and the degree of filter reten- Bicine, 50 mM NaCl, 1 mM EDTA, 5% Glycerol,
tion [21]. Therefore, it is advantageous to employ 10 mM BME, pH 8.65. The dsRBD was eluted
alternative methods that directly probe solution using a 50-500 mM linear gradient of NacCl.
equilibria, such as spectroscopic measurements,Fractions containing dsRBD were pooled, diluted
calorimetry and analytical ultracentrifugation. 3-fold with buffer A containing no NaCl, and
Most studies have employed fluorescence spec-loaded onto Heparin Sepharose FF colupAmer-
troscopy, using long homopolymeric DNA incor- sham. The dsRBD was eluted using a 50-500
porating fluorescent-labeled bases. Here, we focusmM linear gradient of NaCl. A final gel filtration
on the applications of SE for the analysis of non- purification step was performed on a Sephacryl S-
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100 column(Amersham equilibrated in 20 mM complex than self-association because the fitting
HEPES, 75 mM NaCl, 1 mM EDTA 1 mM DTT, models give rise to a larger number of adjustable
pH 7.5. Peak fractions were concentrated and parameters. The analyses are plagued by multiple
stored at—80 °C. Purity was assayed by SDS- minima and by unacceptably broad confidence
PAGE and the protein identity was confirmed by intervals for the deduced parameters due to exten-
MALDI mass spectroscopy. Protein concentration sive cross-correlation. A variety of methods have
was determined by absorbance at 280 nm. A value been described to circumvent these problems

of £,50=1.23x10* M~* cm~! was determined
using a modification of the Edelhoch meth{&8].

2.2. RNA preparation

The following synthetic oligoribonucleotides
were obtained from IDT: TS20, &GA GAA
CUU CAU GCC CUU CG-3 BS20, 3-CGA
AGG GCA UGA AGU UCU CC-3. dsRNA was
prepared by mixing equimolar amounts of each
strand at 10.M in 10 mM Tris, pH 7.5, heating
to 60 °C and slowly cooling to room temperature.
The concentration of dsRNA was assayed by
absorbance using,go=3.26x10° M~icm™1.

2.3. Analytical ultracentrifugation

SE was performed using 6-chann€l.2 cm
path charcoal-epon cells with a Beckman XL-I
centrifuge and an An-60Ti rotor at a temperature
of 20 °C. Protein and dsRNA samples were pre-
pared by buffer exchange into 20 mM HEPES, 75
mM NaCl, 0.1 mM EDTA, pH 7.5 using Biogel
P6 spin columngBiorad). Sample volumes were
108 .l with 10 !l of FC43 and reference channels
contained 123wl of buffer. Sedimentation was
performed at the indicated rotor speed until equi-

[24,25. In the case of protein—nucleic acid inter-
actions, where the two reactants have markedly
different absorption spectra, collection of SE gra-
dient profiles at multiple wavelengths is particu-
larly useful to accurately define the concentration
of each of the components and to enhance sensi-
tivity. The bases in DNA or RNA have absorption
maxima near 260, and for a typical oligonucleotide
of 20 bp, £,60~3X10° M~t cm™*. This value is
reduced by about a factor of two at 280 nm. In
contrast, the protein side chains absorption maxi-
mum is near 280 nm; for a 30-kDa protein with a
typical aromatic amino acid  content,
Er80~3X10* M~ cm ! and is reduced by
approximately 2-fold at 260 nm. Thus, the concen-
tration of protein and DNA or RNA can be
independently assayed by the absorbance at two
wavelengths, 260 and 280 nm. However, the over-
all absorbance is dominated by the nucleic acid
and the sensitivity for protein is-10-fold lower.
For this reason, we also collect data at shorter
wavelengths where the protein extinction is greater
than at 280 nm and the contribution of nucleic
acid is reduced. It is convenient to work at 229—
230 nm, where the flashlamp source in the XL-A
centrifuge has a high output peak and the protein

librium was achieved, as judged by the absence of €xtinction is 7—8-fold greater than at 280 nm.

systematic deviations in a plot of the difference

With typical noise levels in the XL-A centrifuge

between successive scans taken 4 h apart and®f approximately 0.004 OD, the lowest practical
using the WinMatch program. Scans were recorded concentrations of protein and RNA for SE studies
using 0.001 cm point spacing and averaging 10 are approximately 0.1-0.6M and the lowest,,

readings at each point.
3. Methodology

3.1. Multiwavelength SE analysis of protein—
nucleic acid interactions: practical issues

SE analysis of interactions between dissimilar
partners(hetero-interactionsis considerably more

values that can be reliably determined are in the
low nanomolar rangd10Q]. Alternatively, several
studies have exploited DNA labeled with fluores-
cein to collect data at 490 nni26—2§. Selective-

ly, monitoring of the protein can be accomplished
by biosynthetic incorporation of 5-hydroxytrypto-
phan, which allows detection at 310 nifi3].
Finally, a new fluorescence optics system should
extend the sensitivity of SE significantly using
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protein and nucleic acids labeled with high quan- componentsR and P. In some cases, protein

tum yield fluorophores. binding to a nucleic acid results in hypo- or hyper-
chromism. The extent of these effects can be

3.2. Stoichiometry of non-specific protein—nucleic experimentally tested using absorption mixing

acid interactions experiments. In the absence of volume changes,

the buoyant molecular mass of the complex is the

A useful first step in studies of non-specific composition-weighted sum of the components:
protein—nucleic acid binding is to define the stoi- Mxz* +iM*. Typically, we measure the properties
chiometry of association prior to more detailed of individual component® and P alone to obtain
studies required to measure equilibrium constants. Mz* and M,* and to detect possible self-associa-
It is convenient to perform these studies at mod- tion. Alternatively, the molecular mass of the
erate rotor speeds or short column samgles- protein, the partial specific volume of the protein
umn heights<3 mm) such that relatively shallow and the solvent density can be used to calculate
concentration gradients are achieved. Under thesethe value ofM,* [29]. In contrast, for RNA and
conditions, the radial dependence of the solution DNA oligonucleotides there are no reliable data to
composition is small, and we can treat the sample calculate partial specific volumes based on com-
as being characterized by an average molecularposition or sequence, and average values must be
weight [25]. When using absorption optics, a used.
‘signal average’ molecular weight is obtained  The value ofMse, is obtained by directly fitting
where the contribution of each species in solution the experimental absorption gradients to the fol-
is weighted according to its molar concentration lowing expression:
and extinction coefficient. In order to measure the
stoichiometry, it is useful to monitor the gradients - * _
at 260 nm where the absorbance of the nucleic A(r260 =260t Aozs0 EXHM 2 (" =17
acid predominates. The buoyant, signal-average (3)
molecular weight at 260 nriM5e) is given by

whereA(r, 260) is the radial-dependent absorbance
at 260 nmAg .60 is the absorbance at the arbitrary
reference distancg, and

ep.26dPIMp+ Y (5 260t €526 [RPI(Mic+iM)
M;60= =0 B (1)
£p26d Pl + Z(ER.ZGOJ’_ iep 260 [RP]
i=0

2

w
where gp,60 IS the extinction coefficient of the = 2RT @)
protein monomerP at 260 nm,[P] is the molar
concentration of?, M, is the buoyant mass @, \here w is the angular velocity of the rotor in
S is the maximal number of protein monomers radiang'second R is the molar gas constant afd

molar concentration of the complex contain one  Ajthough Eq. (1) appears complex, it can be
molecule ofR andi molecules off. The buoyant  gimplified for many situations where the interpre-

mass is defined by tation of Mg, is straightforward. Under conditions
. where the absorption contribution of the nucleic
M =M(1-10p) (2 acid is much greater than the protein

(&r.260> €p260), the first terms in the numerator
where M is the mass(P or R), v is the partial  and denominator of Ed.1) are negligible, and the
specific volume andp is the solvent density. In  saturating stoichiometry of binding can be assessed
Eg. (1), we assume that the molar extinction by simply measuring the increase in the buoyant
coefficient of the specie®P; is the composition- mass of the oligonucleotide in the presence of a
weighted sum of the extinction of the individual saturating concentration of protein ligand
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M* ;ed(max) — M* x 260 models [9,10,14. We prefer the latter approach

M* 1 260 ®) because it requires less manipulation of the data
and it is not clear how to generate weighting

where M*,5(max) is the value ofM*,g in the coefficients for the molar concentration distri-

presence of saturating ligand concentrations: butions.

M*,e(max) =My *+ sM*,. Note that in SE they* The reversible association of a protein compo-

axis’ is callibrated to directly provide information nentP with an oligonucleotider to form a series

about the number of bound ligands. In contrast, of complexes with compositioRP; is governed

for most other methods used to assess binding, theby a set of stepwise equilibrium constaiis

signal amplitudes cannot be directly related to the

binding stoichiometry. It is necessary to work K

under stoichiometric binding conditions, where RO; 1+ P<RP (6)

[R]> K, when using these methods, such that . .
prior to saturation of the nucleic acid lattice the Wherei ranges from 1 to the maximum number of

concentration of freeP is negligible and the bound protein monomers, The concentrgtions of
stoichiometry can be assessed as the ratig:@#f  €ach complex can then be expressed in terms of
resulting in a maximal signal increase. This the products of the stepwise equilibrium constants
approach can also be applied to SE measurementd<; and the concentration of freg and P using
where the protein contribution to the absorbance Mass-action:

at 260 is not negligible. Again, ifR]>K, the '

value of M54, Will increase with increasing protein _ _ d
concentration until the equivalence po?nrt) where [RP]=K/RP; ] [P]=[RI ]K/IP] )
[P]=S[R] and Mgo=M">sdmax). BecauseM,<
Mx+ SM, further increase in protein concentration
will actually causeMs4, to decrease. This depend-
ence of M5, on [P] can be modeled using Eq.
(1). Finally, in the general case where the nucleic
acid concentration cannot be increased well above
K and the protein contributes significantly to the

absorption at 260 nm, it is necessary to explicitly ro in terms of stepwise equilibrium constants and

incorporate binding equilibrig into the model. In the concentrations of and P. Assuming that all
fact, the dependence of the signal-average buoyant

lecul luti i d det of the species sediment ideally, at sedimentation
molecular mass on solution composition and detec- equilibrium the radially-dependent concentration
tion wavelength can be analyzed to discriminate

it i it del 4 to det gradients of each species is given by the usual
among atternative association models and to de er'exponential form(Eg. (3)), where the buoyant
mine association constani25].

molecular weights are determined by composition.
Finally, the radially- and wavelength-dependent
absorbance gradientd,(r,A) are the sum of the
contributions from the free nucleic acid, protein
and each of the complexes:

S=

j=1

In SE studies of such a hetero-association, the
absorption gradients will potentially contain con-
tributions from the freeR, P and each of the
complexesRP; participating in the equilibrium.
Using Eg. (7), we define the concentrations of
each of the complexeRP; at the reference distance

3.3. Measurement of equilibrium constants for non-
specific protein—nucleic acid interactions

Lewis and coworkers have described a matrix
method in which SE profiles at multiple wave-
lengths are used to construct molar concentration 4"
distributions of each reactaft?]. These concen-
tration distributions are then jointly fit to an |
association model to obtain equilibrium constants.
Alternatively, the absorption data at multiple wave-
lengths can be directly fit to specific association (8)

=3+ &x\Cor EXHAM ;D(R? — 1)+ &5, Co,P eXgM . D(r? —r3)]

3 (Ernti8p2)CoxChp ex;{(M}+iM})q)(r2 —A)+ Z InK,]

1 j=1
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where §, is a wavelength-dependent baseline off- are equal to the product of the intrinsic constant
set andcy i is the molar concentration oR at and a statistical factor determined by the number
reference distance,. The baseline offsets are of microscopic states constituting each level of
caused by absorption mismatches between thesaturation of the nucleic acid with liganf80].
sample and reference sectors. In order to derive Similarly, for non-specific interactions, multiple
the maximal benefit from global data analysis protein ligands also bind to the nucleic acid and
using Eq.(8) it is important to constrain as many the macroscopic constants are determined by the
parameters as is feasible. The stepwise equilibrium product of the intrinsic interaction constant and
constantsK; are expressed in the form exm K] the statistical factors. However, each protein-bind-
in Eg. (8) to constrain them to be positive. ing site is generally larger than a single nucleotide
Typically, the buoyant masses d@t and P are and generally interacts with more than one contig-
obtained from independent experiments and the uous base(or bp). Furthermore, steric hindrance
baseline offsets are obtained by overspeeding aftermay render several of the neighboring bases inac-
the experiment. In addition, we have found that it cessible to binding of an adjacent protein ligand
is very helpful to constrain reference radii and even if they are not directly contacted. This overlap
reference concentrations to be equal for data chan-of the binding sites gives rise to binding isotherms
nels obtained at multiple wavelengths that origi- that differ from discrete models and the statistical
nate from the same physical sample. It is critical factors relating the macroscopic and microscopic
that the relative molar extinction coefficients are interaction constants are different.
accurately determined at each wavelength in order An analytical isotherm for non-specific protein—
to obtain good global fits when implementing these nucleic acid binding was developed by McGhee
constraints. The accuracy of wavelength selection and Von Hippel, where the nucleic acid is modeled
for the monochromator in the XL-A centrifuge is as an infinite, one dimension lattid81]. In this
on the order of +2 nm, which can result in model, the relevant parameters are the intrinsic
substantial errors, particularly at 230 nm, which is binding constantk that characterizes binding of a
on a steeply rising shoulder of the protein absorb- protein ligand to an isolated binding region, the
ance. We typically calculate the absolute extinction ligand site size,N, and a unitless cooperativity
coefficients for protein at 280 nm and nucleic acid parameterw. N represents the number of lattice
at 260 nm based on the composition. Then, the sites that are occluded upon ligand binding. Note
relative extinction coefficients at other wave- that N may be greater than the number of lattice
lengths is experimentally determined in the XL-A sites directly involved in molecular interactions
centrifuge by jointly fitting absorption gradients due to steric hindrance between adjacent ligands.
obtained from channels containing either protein This model has been extensively employed for the
or nucleic acid using a procedure described by analysis of non-specific binding of proteins to long
Lewis et al.[12]. homopolymeric DNA sequences. However, the
McGhee—von Hippel isotherm is not relevant for
3.4. Interpretation of equilibrium constants for studies of non-specific protein binding to finite

non-specific protein—nucleic acid interactions length oligonucleotides such as performed in SE
measurements.
With one exception[14], previous studies of Epstein has derived exact, combinatorial expres-

protein—nucleic acid interactions by SE involved sions describing non-cooperative and cooperative
sequence specific bindin®—13. In the simplest  binding of large ligands to finite, one-dimensional

case, where the nucleic acid contains a unique lattices[32], and we have adapted this formalism

specific binding site, the experimentally observed for the interpretation of SE studies of non-specific

macroscopic binding constant is equal to the intrin- protein nucleic acid interactions. In addition to the

sic microscopic binding constant. For a system parameters defined above for the infinite lattice
containing multiple identical and independent model, we also need to consider the length of the
binding sites, the stepwise macroscopic constantsnucleic acid lattice,M. The number of bound
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ligands at saturation(S) is the highest integer

value less than or equal #/N. The macroscopic,

stepwise equilibrium constants; are related to

the intrinsic binding constant k by statistical fac-
tors, C,, describing the number of microscopic
configurations that have bound ligands on the

lattice.

[IK:i=Ck* 9
i=1
Several workers have derived combinatorial
expressions folC, [32—34. The number of pos-
sible places to distribute ligands on the lattice is
given by M — Nx. The total number of items to be
arranged on the lattice is the sum of the number
of free positions available—Nx, and x, the
number of ligands, and the combinatorial expres-

sion is[34]
(M—Nx+x)!
C,= W (10

As an example, Fig. 1a is a schematic illustra-
tion of one of theC,=15 configurations available
with M=12, N=4 andx=2. There are two meth-
ods to use this model for the analysis of SE data.
First, one may treat each of the stepwise binding I_:ig. 1. Scher_ngtic iIIustr_ation_ of no_n-speci_fic binding of a large
constants in Eq.(8) as a separate adjustable ligand to a f|n|_te nucle_lc amq Iattlce(.a_) L_|near mode_l. One

- . of the 15 possible configurations for binding of two ligands of
parameter and compare the ratios of these eXper"length 4 to a linear lattice of length 12. The blue circles rep-
mentally determined binding constants with those resent lattice sites(b) Overlapping ligand model for binding
predicted by Eqs(9) and (10). Alternatively, one of two ligands of length 4 to a double helical lattice of length
can express each of the macroscopic constants in12 with a minimal offset of 2. The leftmost binding site on the
terms of the intrinsic equilibrium constaatand ligand must contact a Ia}ttlce site |nd|;ate(j_ by a blue circle.
. . - . . Only one of the 28 possible configurations is shown.
fit using a single adjustable binding constant.

In our recent studies of the non-specific binding
of PKR to dsRNA sequences, we have observed N bases and the ligands overlap along the primary
higher binding stoichiometries than can be sequence of the RNA or DNA. We are led to
explained within the one dimensional finite lattice propose such a binding mode based on the crystal
model and we have found it necessary to consider structure of another dsRBM bound to a dsRNA
that ds nucleic acids may support overlapping [35]. In the crystal-packing diagram, each protein
ligand binding to different faces of the double ligand interacts with approximately 16 bp of a
helical lattice. In the one-dimensional model illus- central dsRNA helix that extends through the
trated in Fig. 1a, consecutive ligands can initiate crystal. Each protein ligand binds to the dsRNA
every N bases. However, if the ligand is capable similarly across two adjacent minor groove regions
of binding to multiple faces of the nucleic acid, and the intervening major groove. Binding of
consecutive ligands initiate binding in fewer than successive protein ligands occurs af @ftervals
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around the helix, giving rise to substantial ligand
overlap. In our revised model, we define a mini-
mum offset, A, which refers to the minimum
number of lattice sites at which consecutive ligands
can initiate binding. The value & is determined
by the size of the ligand and the pitch of the ds
lattice. This situation is depicted in Fig. 1b, which
illustrate a configuration where a ligand that occu-
pies 4 bases binds to a ds lattice of length 12 with
A=2. For a system capable of binding a maximum
of S ligands, the number of configurations availa-
ble for binding the last ligand s —N—(S—
1)A+1. This value must be greater than unity,
such that the limiting stoichiometry is given by
the largest integer value of that satisfies the
following inequality

M—N
S< +1

(1D

Finally, to calculateC, we consider the total
number of items to be arranged on the lattice as
the sum of the number of free positions available,
given by M—N—(x—1)A, andx, the number of
ligands. Then, by analogy to EQ10),

(M—N—(x—1)A+x)!
(M—N—(x—1)A)!x!

C.= (12

In the example in Fig. 1b, a total of 28 config-
urations are available for the lattice with two
ligands bound, which is significantly larger than
the number of configurations available in the
absence of ligand overlap.

4. Application: binding of dsRBD to a 20 bp
dsRNA

PKR is a dsRNA-activated protein kinase com-
prised of an N-terminal double-stranded RNA
binding domain(dsRBD) and a C-terminal kinase
domain [36]. The dsRBD contains two tandem
copies of the~70 amino-acid dsRBM. We are
interested in defining the mechanism by which
RNA binding activates PKR by detailed studies of
the interaction thermodynamics of various PKR
constructs with structurally defined dsRNA

J.W. Ucci, J.L. Cole / Biophysical Chemistry 108 (2004) 127-140

sequences. Here, we characterize the binding of
the N-terminal dsRBD domaitamino acids 1—
184) with a 20 bp dsRNA.

Fig. 2 shows a titration of a 20 bp dsRNA with
the dsRBD monitored by SE at 260 nm and 21 000
RPM. Under these conditions, the absorption con-
tribution from the protein is negligible relative to
the RNA (&g 260> 50ep260). The signal-average
buoyant mass in the absence of protein is 5250,
which is consistent with value calculated from the
sequence and an average partial specific volume
for dsRNA of 0.55 mfg. The calculated buoyant
mass of the dsRBD is 5365. Over a protein
concentration range of 0 to 10M, M54, increases
and saturates at 21 000. As shown in Fig. 2, this
increase corresponds to a binding stoichiometry
(S) of three dsRBD: RNA. We have confirmed
this stoichiometry using CD spectroscopy to meas-
ure binding. In a crystal structure of a related
dsRBM, binding of the protein to dsRNA slightly
unwinds the double helix35] and the ellipticity
near 260 nm is linearly related to the helical
winding angle[37]. Fig. 3 shows a CD titration
of the 20 bp dsRNA with dsRBD performed at
high RNA concentratior(5 wM). The data fit to
a value of §=2.8+0.1 dsRBD: RNA, thus con-
firming that three protein monomers bind to the
RNA.

In the context of the one-dimensional lattice
model, this stoichiometry implies a site siz#)
of less than 203 or 6—7 bp. This value is
considerably smaller than the 14-16 bp observed
to directly contact the protein in crystallographic
[35] and NMR [38] studies of related dsRBM
units complexed with dsRNA, suggesting that
dsRBD may bind with substantial overlap. In the
crystal structure, the protein ligands are bound at
90° intervals around the helix, giving rise to an
offset of approximately 3 bp. In the present study;,
the stoichiometry of 3 dsRBD: RNA is consistent
with a site size of 14 bp and minimum offset)
of 3 bp.

Having established a binding stoichiometry, we
carried out multiwavalength SE studies to define
the binding model in detail and determine equilib-
rium constants. SE data were obtained using three
sampleq[Proteil =0.5, 1 and 2uM; [dsRNA =
0.5 wM) with three detection wavelength30,
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24000 7T T T T T T T T
[ 3 3 dsRBD .
20,000 | .
: ; t -
? B -
S [0 2 dSRBD .............. -
2 [ ]
= I 3 ]
12,000 - 1 dsRBD 7
[ 5 ]
8,000 |- .
ol ! s e 2V oy o 1 s 4 4 ) o4 o4 o 1 4 4 4 1 4 9

0 4 8 12 16 20

dsRBD: RNA

Fig. 2. Stoichiometry of PKR dsRBD binding to 20-mer dsRNA detemined by SE. Samples containjoiyl 8520/TS20 dsRNA

in 75 mM NaCl, 20 mM HEPES, 5 mM MgGl , 10 nM TCEP, pH 7.5 were prepared with the indicated molar ratio of dsRBD:
RNA. Sedimentation equilibrium was performed in 6-channel cells at 21 000 RPM af@ Batil equilibrium was achieve@8

h). The signal-average buoyant molecular masses were determined by fitting the absorbance obtained at 260 nm to a single ideal
species model. The error bars indicate the 95% joint confidence intervals and the dotted lines indicate the walgesxpected

for the binding of one, two or three dsRBD to the dsRNA.

260 and 280 nm and were globally analyzed A decrease in equilibrium constants with suc-
using several alternative models. Fig. 4 shows the cessive ligand binding events is predicted from
data from all nine channels and a global fit to a statistical effects in the context of both the simple
model using three independent stepwise equilibri- finite lattice model as well the finite lattice model
um constants. The best-fit parameters and statisticsthat includes ligand overlap. In Table 1, we have
are summarized in Table 1. The global fit is a summarized fits to several of these models, in
good description of the experimental data, with no which the intrinsic equilibrium constant is the
systematic deviations in the residuals and a low fitted parameter and the values of&R, In K, and
value of the RMS deviation of 0.00437 OD, which Ink; are calculated using Eq€9)—(12). In all

is consistent with the noise level in the optical casesS was fixed at three. The data fit reasonably
system. The high value of Ik, of 18.32 indicates  well to the model without overlap andi=6 with
that first dsRBD binds strongly to the dsRNA an RMS value only slightly higher than in the fit
(K,=11 nM). Although the 95% joint confidence where all three equilibrium constants are allowed
intervals are relatively broad, there is a clear trend to independently vary. However, as mentioned
of decreasing binding strength with successive above, this site size is inconsistent with the struc-
ligands, such that the third dsRBD binds signifi- tural data for other dsSRBM complexes with ds-
cantly weaker, with In K=14.07(K,=0.78 uM). RNA. In the context of the model that includes
The ratios of the equilibrium constants ai;/ ligand overlap, an equally good fit is found for
K,=19 and K,/K;=70. As expected from the N=14 with A=3 (Table 1; successively worse
stoichiometry experiments, the data in Fig. 4 do fits are found asN is reduced andA is held
not fit well to a model of only two ligands binding, constantdata not showh We have not considered
with significant systematic deviations and a high larger site sizes, since fa&x=3 a value ofN> 14
RMS=0.0073 OD(Table J. reducesS to 2. A good fit is also found fo=
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Fig. 3. Stoichiometry of PKR dsRBD binding to 20-mer dsRNA determined by CD. A sample contaipifgBS20/TS20 dsRNA

in 75 mM NaCl, 20 mM HEPES, 0.1 mM EDTA, pH 7.5 was loaded into a 2 mm pathlength quartz cuvette. CD spectra were

recorded on a Jasco J-715 spectrometer &C2ffom 350 to 200 nm with 1 nm spectral bandwidth and 5¢/min scan rate. Two

scans were averaged for each spectrum. Data were acquired for the dsRNA alone and following sequential additions from a 520

M stock of dsRBD. A 5 min delay was provided after each protein addition to ensure chemical equilibrium. A buffer scan was

subtracted from each spectrum and the data were corrected for dilution. The intensity data at 262 nm were fit using KaleidaGraph

to the following equation? =1,+ 1/2A1(1+[L—‘1—ﬂ
[R]S [R]S

absence of protein, anfl/ is the maximal increase in CD intensity at saturation to give a best fit value=&#.8+0.1 dsRBD:

RNA.

) wheré is the observed CD intensity, is the intensity in the

12 with A=4. Again, worse fits are found with the stoichiometry and affinity of sequence specific
smaller site sizes and larger site sizes reduce theprotein—nucleic acid interactions. Because of the
stoichiometry to 2. We have also not considered strong chromophores present in protein and DNA
models with A=2, because this close overlap or RNA, these studies do not require any labeling
between adjacent bound ligands would likely be of the reagents and require modest amounts of
disallowed due to steric hindrance. In summary, material. In addition, collection of data at multiple
the multiwavelength SE data fit well to several wavelengths improves the accuracy of global anal-
models where three dsRBD interact with the 20 ysis methods. Here, we have extended this
bp dsRNA and the relative values of the three approach to non-specific interactions by interpret-
equilibrium constants are constrained according to ing macroscopic equilibrium constants in terms of
the finite lattice model including ligand overlap. finite lattice models, and we have applied this
The best fits consistent with available structural method to a non-specific protein—RNA interaction.
information include a minimum offsdiA) of 3—4 In contrast to spectroscopic methods that only
and site size(N) of 12-14 bp. These fits also measure the fractional saturation of the nucleic
reveal a value of the intrinsic binding constant of acid with protein, SE measures the sequential
In k=16.0-16.3, okk,=83-110 nM., binding of each protein ligand to the lattice. Thus,
the analysis model can explicitly determine the
relationship between sequential binding constants,
Previous work has demonstrated that multiwa- and these data can then be used to determine
velength SE is a practical method to characterize molecular binding parameters using the simple

5. Discussion and future prospects
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Fig. 4. Multiwavelength sedimentation equilibrium of PKR dsRBD binding to 20-mer dsRNA. The data were obtained under the
following conditions: rotor speed, 23 000 RPM; temperature;QORNA concentration, 0.5.M and protein concentrations of 0.5,

1 and 2puM in 75 mM NaCl, 20 mM HEPES, 5 mM MgGl , 0.1 mM EDTA, pH 7.5. Detection wavelengths are: 23C@jn

260 nm(0) and 280 nm(A). Solid lines are a global fit of the data to an unconstrained model of three ligands binding to the 20
mer RNA. The results of the fit are given in Table 1. Inset: residuals. Traces have been vertically offset for clarity.

finite lattice model or the model presented here ally have lower affinity and higher dissociation

incorporating ligand overlap. Gel mobility shift rates than specific interactions and are thus partic-
assays can also measure the stepwise bindingularly susceptible to artifacts associated with dis-
events. However, non-specific interactions gener- sociation during electrophoretic separation. Indeed,

Table 1

Equilibrium constants for binding of PKR dsRBD to 20-mer RNA determined by SE

Model In K2 In K,2 In K32 In k° RMS x1073 ¢
p=3 18.32[17.21,19.48 15.38[14.43,16.9% 14.07[13.54,14.47 - 4.37

P=2° 20.13 18.36 - - 7.31
N=14,A=3" 17.96 16.37 13.71 16.0M5.77,16.283  4.48
N=12,A=4f 18.51 16.82 13.60 16.3M6.07, 16.58 4.48

N=6, no overlap 17.93 16.32 13.72 15.214.98, 15.4p 4.48

aNatural logarithm of the macroscopic binding constant. The values in brackets represent the 95% joint confidence intervals.

b Natural logarithm of the intrinsic binding constant. The values in brackets represent the 95% joint confidence intervals.

¢ Root mean square deviation of the fit in absorbance W@D).

4 Independent binding of three ligands. The natural logarithms of the macroscopic binding constants are the fitted parameters.

¢ Independent binding of two ligands. The natural logarithms of the macroscopic binding constants are the fitted parameters.

 Finite lattice models. The natural logarithms of the intrinsic binding constants are the fitted parameters. The macroscopic binding
constants are calculated using coefficients determined by E§s.and (12).
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in previous studies of the binding of the PKR specific binding site flanked by non-specific

dsRBD to 20 bp RNA using the gel shift assay, a sequences. There is evidence that PKR binding to

1:1 stoichiometry was determindd@9], in contrast dsRNA and activation are strongly affected by

to the 3:1 stoichiometry determined here. Presum- secondary structure defedi36]; these effects can

ably, weaker binding of the second and third be probed by SE studies using oligoribonucleotide

dsRBD results in dissociation during the gel assay. sequences engineered to contain mismatches, bulg-

In addition, in previous gel mobility studies of es and loop regions.

PKR binding to dsRNA, a site size of 11 bp was

reported [22—39, in contrast to the 12-14 bp Acknowledgments

determined here. However, in these studies, a

discrete binding site model was employed and This research was supported by the University

ligand overlap was not considered. of Connecticut's Research Advisory Council Pro-
There are several areas in which the method grams. We thank Michael Mathews for the dsRBD
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