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RACK1 (receptor for activated C-kinase 1)
interactions with spectrin repeat elements

Line M. Myklebust*, Ole Horvli and Arnt J. Raae*

Receptor for activated C-kinase 1 (RACK1) is an intracellular scaffolding protein involved in a multitude of signalling
pathways. The cytoskeleton is fundamental for intracellular cell signalling as it forms an interconnected network of
regulatory proteins. Here, spectrin is a central component as it forms the actin-spectrin network that serves as
docking surfaces for cellular components. The interaction between RACK1 and components of spectrin, the single
spectrin repeats R16, R17 and the double spectrin repeat R1617 from the a-spectrin chain were investigated by
biosensor technology and docking analysis. RACK1 associated only weakly to R16 (Kp=1.0£0.5x 10~® M), about
20 times stronger to R1617 (Kp=5.3 0.7 x 10" M) and 100 times stronger to R17 (Kp=0.9+0.3 x 102 M). Docking
analysis showed that while R16 alone preferentially docked with its B-helix, R17 docked through its A-helix and BC
loop. The double repeat and RACK1 mainly formed two different complex conformations. R1617 docked tangentially
to the N/C-terminal of RACK1 or radially along a groove on the outer surface of RACK1. These configurations could
account for the slight increase in entropic and the decrease in enthalpic interactions for the R1617-RACK1 interac-
tion, compared with the interactions of RACK1 to the two single repeats. Our results suggest a mode of interaction
that allows spectrin to attach to the N/C part of RACK through the inter-helical AB and BC loops and adopt a
multitude of configurations in between the two limiting configurations. Copyright © 2014 John Wiley & Sons, Ltd.
Additional supporting information may be found in the online version of this article at the publisher’s web site.
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INTRODUCTION

The cytoskeleton is of fundamental importance for the signalling
system of the cell as it forms the basic mould for coherent net-
work of interacting molecules from the cell membrane through
the cytoplasm to the nucleus. Spectrin is a key component in this
system by cross-linking actin and thereby forming the actin-
spectrin network (Hartwig, 1994; Viel and Branton, 1996).
Spectrin is tetrameric and consists of two a-spectrin chains
and two f-spectrin chains joined together so that it forms an
elongated rod-like molecule (Elgsaeter et al., 1986) with actin-
binding domains at both ends (Begg et al, 2000). The major
components of the spectrin chains are the so-called spectrin
repeats. The a-spectrin chain consists of 21 repeats while the
[-spectrin chain possesses 17 such repeats. The spectrin repeats
vary in sequence similarities but have very similar 3D structures
(Pascual et al., 1996; Grum et al., 1999). Basically, they are left-
handed o-helical coiled coils of approximately 106 amino acid
residues. The basic unit starts with the A-helix of approximately 25
amino acids followed by the AB loop that continues in the B-helix
and folds back on the A-helix. The B-helix ends in the 8-12
membered BC loop and continues in the C-helix that folds back
and completes the typical three-helix bundle of the spectrin
repeat. The spectrin repeats are connected through a five-
residue linker helix. Some spectrin repeats possess specific
functions such as forming a Src homology 3 (SH3) domain,
a plekstrin homology (PH) domain, and an ankyrin-binding
domain (Speicher et al, 1992; Bennett and Gilligan, 1993;
Hartwig, 1994; Begg et al., 2000). Additionally, spectrin re-
peats in general have been implicated to serve as docking
surfaces for many other cellular components including both

proteins (Djinovic-Carugo et al., 2002) and lipids (Sikorski
et al.,, 2000; Diakowski et al., 2006).

Receptor for activated C-kinase (RACK1) is a ubiquitously con-
served protein that is found in all eukaryotic cells. RACK1 has
been identified as an intracellular scaffolding protein, providing
a platform for protein—protein interactions, and is involved in a
multitude of signalling pathways regulating cell development,
growth, adhesion, motility, apoptosis, developmental processes,
stress responses, neuronal activity as well as regulating transcrip-
tion and translation (Battaini et al., 1997; McCahill et al., 2002;
Shor et al., 2003; Gerbasi et al., 2004; Battaini and Pascale, 2005;
Sklan et al., 2006; Arimoto et al, 2008; Mamidipudi and
Cartwright, 2009; Subauste et al,, 2009; He et al., 2010).

The 3D structure of RACK1 has been determined from plant
(Ullah et al., 2008), yeast (Coyle et al., 2009), and recently, human
RACK1 was determined by X-ray crystallography (Ruiz Carrillo
et al, 2012). The structure grossly confirmed earlier homology
models, based on the 3D structure of transducin (Gaudet et al.,
1996; Sondek et al, 1996). RACK1 is built as a seven bladed f-
propeller, each blade containing a so called WD40 sequence mo-
tif counting 40 amino acids and containing a glycine-histidine
dipeptide at the N-terminal and a tryptophane-aspartic acid
dipeptide at the C-terminal end (Rodriguez et al., 1999).
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The cellular role of RACK1 is still not fully known, but RACK1
has been identified as a stoichiometric ribosomal protein associ-
ated to the small ribosomal subunit both in eukaryotes and yeast
(Sengupta et al., 2004; Chandramouli et al., 2008; Ben-Shem et al.,
2010; Rabl et al., 2011). The positioning immediately adjacent to
the 3" mRNA exit channel may link RACK1 to a key role in the reg-
ulation of protein synthesis (Guo et al., 2011).

RACK1 has been identified as a binding partner for numerous
proteins and more than 85 entries are currently reported in the
Biomolecular Object Network Databank (BOND), (http://bond.
unleashedinformatics.com/Action). Especially, signalling factors
have been identified as RACK1 binding partners (Steele et al.,
2001; Battaini and Pascale, 2005; Onishi et al., 2007; Kundu
et al, 2013). RACK1 binding to f-spectrin was reported by
Rodrigues and co-workers (Rodriguez et al., 1999) and represent
one of few detailed molecular analyses of the binding of RACK1
to other proteins. Another study investigated the interaction of
RACK1 to the phosphodiesterase PDE4D5 (Smith et al., 2007).
One reason for the lack of kinetic interaction analysis is that
RACK1 is relatively unstable upon purification (Bjgrndal et al.,
2003) and is difficult to keep in solution in a stable, soluble form.

By pull-down analysis, we previously found that a
minispectrin, consisting of the actin-binding domains and the
two first spectrin repeats of the a and f chains respectively (Raae
et al., 2003), associated weakly to RACK1. Hence, to analyse the
interaction to RACK1 in more detail, we choose the structurally
well-characterised single spectrin repeats R16 and R17 from the
a-spectrin chain together with the double repeat R1617 as inter-
action partners. These molecules could be produced in ample
amounts and were highly soluble and stable in contrary to larger
constructs of spectrin showing decreased solubility (Lenne et al.,
2000). Moreover, the spectrin repeat molecules contain the basic
structural components of the spectrin chain such as the three A,
B and C helices with connecting loops and the linker region
between two neighbouring spectrin repeats (R1617) that all
could be possible targets for protein—protein interactions in the
spectrin  chain. Using surface plasmon resonance (SPR)
technology, we obtained detailed binding kinetic data and ther-
modynamic parameters for the interactions. We found that the
single spectrin repeat R16 associated weakly to RACK1 whereas
the double repeat R1617 and R17 bound about 20 and 100 times
stronger to RACK1, respectively. Thermodynamic analysis of the
R1617 interaction with RACK1 suggested a dominating enthalpic
component of the interaction through R17 and a possible entro-
pic component through R16. Docking analysis showed that R17
could interact through more amino acid residues compared with
R16 and R1617, and this is in concordance with the SPR affinities
detected for R17, where R17 interacts strongest with RACK1
among the spectrin repeat elements tested. Taken together,
our data suggests a model for RACK1 association in the
cytoskeleton/membrane system.

MATERIALS AND METHODS

Proteins

Human RACK1 fused to maltose-binding protein (MBP) was
hetereologously expressed in Escherichia coli and prepared as
described earlier (Bjerndal et al, 2003; Bjgrndal et al., 2007).
The genes for R1617 and R17 were PCR cloned from chicken
organ full-length complementary DNA (brain) from Seegene

Inc. and further processed into a pET12 vector (a generous gift
from G. Stier) and expressed in E. coli BL-21 cells.

SPR measurements

The SPR measurements were carried out on a Biacore T-100/T-
200 instrument (GE-Healthcare) using CM5 chips. The CM5
sensor chips were preconditioned (3% 10 s injections of running
buffer (1x HBS-EP: 10 mM Hepes, pH 7.4, 0.15M NaCl, 3.4 mM
EDTA and 0.05% surfactant P20), 2x 10 s injections of 100 mM
HCL, 2x 10 s injections of 50 mM NaOH followed by 2x 10 s
injections of 0.5% sodium monododecyl sulfate with a flow of
100 pl/min). For amino coupling of the ligands, a typically 1:1
mixture of N-ethyl-N"-(3-dimethylaminopropyl) carbodiimide hy-
drochloride (from Pierce) and N-hydroxysuccinimide (from
Pierce) was injected for 420 s with a flow of 5 pl/min to create re-
active succinimide esters before injection and covalent immobi-
lization of the ligand. All unreacted esters after immobilization of
the ligand were blocked with a 420 s injection of ethanolamine-HCL
(flow; 5 pl/min). RACK1 was used as ligand whereas the spectrin
repeats R16, R17 and R1617 were used as analytes. Typically
freshly purified RACK1, 0.1 mg/ml, was either amino coupled to
the CM5 chip at a flow rate of 10 pl/min for 1 min. at room
temperature or captured on amino-coupled anti-RACK1 (B3, Santa
Cruz Biotechnology) on the CM5 chip. To note, all figures in the
manuscripts are made on antibody captured RACK1 protein as
ligand on the sensor chip. The ligands were routinely coupled to
the sensor chip surfaces at densities between 100 and 200RU on
FC-2 and 800 and 1000RU on FC-4 respectively. FC-1 and FC-3
functioned as negative controls and were treated as FC-2 and
FC-4 except that no ligand was coupled to the surfaces.

The analyte concentrations were varied between 20 and
6000 nM and flowed over the ligand surfaces at a flow rate of
60 and 100 pl/min to avoid mass transport. The chip surfaces
were regenerated by flowing buffer at 30 ul/min for 10 to
30 min between the different cycles of analyte applications. Con-
trol SPR analysis at 25°C was performed with RACK1, RACK1
fused to MBP and MBP-fused spectrin repeats. The interaction
analysis between RACK1 and the spectrin repeats were exten-
sively repeated several times at the same conditions (antibody
capturing of RACK1 or directly immobilised RACK1) with different
protein batches of both RACK1 and the spectrin repeats. Also, the
binding analyses were carried out with different SPR procedures
such as single- and multi-cycle kinetics. The experiments were
always carried out by using RACK1 as the immobilised ligand.
This was in order to achieve optimal stabilisation of the
experimental system as binding in general is supposed to
stabilise the binder (Creighton, 1997).

The SPR sensorgrams were fitted to different interaction
models (Figure S2). As shown in Figure S2, the simple 1:1 model
fitted practically equally well as the other more complex interac-
tion models. Therefore, the binding strength of the spectrin
repeats—RACK1 interactions was assessed by global fitting of
the sensorgrams to a 1:1 Langmuir interaction model. In global
fitting, the association and dissociation phase are evaluated
simultaneously for optimal generation of the kinetic values.

The thermodynamic parameters were obtained from binding
experiments carried out at 10, 15, 25 and 35°C. The data were
analysed with the Biacore evaluation software 2.0.1 and a global
fitting of the sensorgrams to a 1:1 Langmuir interaction model.
Thermodynamic parameters were calculated according to
equations and methods described in the GE Healthcare
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Application Note 80 for Biacore systems: Transition state thermo-
dynamic analysis using Biacore T100 (https://www.biacore.com/
lifesciences/technology/application_notes) (GE Heathcare),
Shuman et al. (Shuman et al, 2004) and Navratilova et al.
(Navratilova et al., 2007). The thermodynamic parameters were
generated from the van't Hoff and Eyring plot options in the
Biacore evaluation software 2.0.1.

Homology modelling

RACK1 was homology modelled using the RACK1 structure of
Arabidopsis thaliana (pdb: 3dm0) as template using the Swiss
PDB Viewer software (http://spdbv.vital-it.ch/).

The RACKT model was compared with the human RACK1 crystal
structure (4aow) by using the Molsoft software ((Molsoft L.L.C),
http://www.molsoft.com/), which also was used to produce the
protein structures and to analyse the docking complexes.

Molecular docking

Molecular interaction docking analysis was basically carried out
by two complementing softwares: the Gramm-x docking
software ((Tovchigrechko and Vakser, 2006), http://vakser.bioin-
formatics.ku.edu/resources/gramm/grammx) to perform global
searches for the best rigid body conformations and the
PatchDock software ((Schneidman-Duhovny et al, 2005),
http://bioinfo3d.cs.tau.ac.il/PatchDock/) that samples for shape
complementarity. Supportive docking analysis were carried
out with the ZDOCK server ((Pierce et al., 2014), http://zdock.

A R16 D

B R17

Connecting helix

A-Bloop

8-Cloop/ B R

R16

umassmed.edu/) and with the Molsoft software ((Molsoft L.L.C.),
http://www.molsoft.com/). The 3D structures of R16 and R17
were based upon the crystal structure of R1617 (Pdb file:1CUN)
and used for the molecular docking analyses.

RESULTS

RACK1 and the spectrin repeats

The structures of the spectrin repeats and RACK1 are shown in
Figure 1. The spectrin repeats and their structural elements: the three
A, B and C helices are connected by the A-B and the B-C loops that
folds back upon each other to form a helix bundle (Figure 1A-C).
All spectrin repeats contain the so-called five-residue linker helix
(Grum et al, 1999) that forms the C-terminal in R16 and the N-
terminal in R17 and hence is the linker between the two spectrin
repeats in R1617. Figure 1D shows the top view of RACK1 with the
seven Trp-Asp (WD) propeller blades and the co-localization of the
N- and C-terminals between blades 1 and 7.

The insert in Figure 1D (refer to enlarged figure in supplementary
Figure S1) shows a comparison between the RACK1 homology
model (red trace) and the human crystal structure (blue trace).
The weighted root mean square deviation (RMSD) for the two
structures was 0.29 A and thus reflects that only minor differences
exist between the two structures. As most of the docking data
was obtained using the homology model of RACK1, we show that
our homology model is nearly identical to the recently published
crystallographic 3D structure (Ruiz Carrillo et al, 2012). For

RACK1

Figure 1. 3D structures of the interacting molecules RACK1 and the spectrin repeats. Schematic representations of the interacting molecules; R16 (A)
and R17 (B) with the A, B and C helices and the AB and BC loops indicated. In R1617 (C), R16 is connected through a five residue ‘connecting helix’ that
divides the long continuous helix into the C-helix of R16 and the A-helix of R17. For RACK1 (D), the WD-propeller blades are numbered from 1 to 7. The
seventh propeller blade is constituted by that the N-terminus forms the outer strand of the blade while the inner part is formed by the C-terminus. For
all structures, the N-terminus is coloured blue and the C-terminus red. An insert to panel D shows a comparison between our homology model (red
trace) and the hRACK1 crystal structure (4aow, blue trace).
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comparative purposes, 35Q is labelled in the model and in the X-ray 10, 15, 25, and 35°C (Figure 3). The sensorgrams show that all
structure as this residue in few areas show minor divergences reactions were affected by the different assay temperatures.

between the two structures. Especially, changes in the association phase of the sensorgrams
were apparent. The binding kinetics of R16 and R17 seemed to
RACK1 interacts strongest with the spectrin repeat R17 be more affected by the temperature changes compared with

R1617. For R16, the association curve approached saturation
(flattens out more) at the lowest temperature, 10°C, compared
with the steeper association phases at the highest temperature,
35°C. The sensorgrams for R17 differ substantially as the associa-
tion curves proceeds more linearly with a slight tendency to flat-
ten out at the end of the association phase at the lowest
temperature (10°C). This was followed by steeper association
curves at increasing temperatures that could reflect increasing
interaction strength. The sensorgrams for the R1617 to RACK1
association showed little or no such changes in association
phase curvature. This indicates that the three interactions were
governed by different enthalpic and entropic contributions. Thus,
the apparentincrease in interacting strength for R16 and R17 could
reflect hydrophobic effects governed by the R16-RACK1 and
R17-RACK1 interactions. An alternative explanation could be
that thermo-instability of R17 (Tm 31°C) could cause avidity
and/or rebinding phenomena at increasing temperatures.

The sensorgrams of RACK1 binding to the single spectrin repeats
R16 and R17 are shown in Figure 2A and B, respectively. The SPR
sensorgrams were fitted to different interaction models (shown
in Figure S2). The interaction strength (Kp) is the ratio between
the dissociation rate constant kg and the association rate con-
stant k,. We found that R16 bound to RACK1 with a Kp of
1.0+0.5% 107°M and R17 bound about 100 times stronger with
aKkpof 0.9+£03%x10 2M.

The sensorgram of the binding of R1617 to RACK1 is shown in
Figure 2C. The interaction strength was determined to a Kp of
53+0.7x 10 M, which is about 20 times stronger than R16
but 5 times weaker compared with R17.

Inspection of the sensorgrams in Figure 2 indicates differences
in the interaction kinetics between the spectrin repeats. The asso-
ciation of R17 to RACK1 produces nearly linear association phases,
especially at low analyte concentrations, whereas the association
of R16 is fast and proceeds steeply in the beginning and tends to
flatten out at the end of the association phase. The association
phase of the R1617 to RACK1 interaction proceeds in a manner  R16, R17 and R1617 interact with RACK1 with different
in between the association of the two single repeats to RACK1. enthalpic and entropic contributions

Th d ics of th tri t-RACK1 int " From the thermodynamic analysis of the interactions between
ermodynamics of the spectrin repeat- Interactions RACK1 and the spectrin repeats R16, R17 and R1617 (Figure 3),

Thermodynamic analyses of the interactions of R16, R17 and  the standard thermodynamic parameters (AH°, AS° and AG°)
R1617 to RACK1 were carried out at four different temperatures; and transition state parameters for the association phase (AH*",
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Figure 2. Sensorgrams of spectrin repeat interaction with RACK1. SPR analyses were performed at 25°C to measure the interaction strength of differ-
ent spectrin repeats with RACK1. The sensorgrams for the spectrin repeat R16 (A), R17 (B) and R1617 (C) to RACK1 is shown. Different concentrations of
analyte, 0 to 6000 nM, were passed over a sensor chip surface of 100 RU antibody captured RACK1 as ligand. Concentrations of R16: 5000 nM (green),
2000 nM (pink), two times injection of 1000 nM (blue and yellow) and 500 nM (orange). Concentrations of R17: 6000 nM (green), 4000 nM (pink),
2000 nM (blue), 1000 nM (yellow), 600 nM (orange) and 200 nM (red). Concentrations of R1617: 2000 nM (green), 1000 nM (pink), two times injec-
tion of 500 nM (blue and yellow) and 100 nM (orange). The sensorgrams were fitted to the 1:1 Langmuir binding model (indicated with a black
sensorgram line).
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Figure 3. SPR analyses of spectrin repeat interaction with RACK1 at different temperatures. SPR analyses were performed to measure the interaction
strength of different spectrin repeats with RACK1 at 10, 15, 25 and 35°C. Typical sensorgrams for the interaction of spectrin repeat element R16, R17 and
R1617 with RACK1 is shown. Different concentrations of analyte, 0 to 6000 nM, were passed over a sensor chip surface of 100 RU antibody captured
RACK1 as ligand. For R16: 5000 nM (green), 2000 nM (pink), two times injection of 1000 nM (blue and yellow) and 500 nM (orange). For R17:
6000 nM (green), 4000 nM (pink), 2000 nM (blue), 1000 nM (yellow), 600 nM (orange) and 200 nM (red). For R1617: 2000 nM (green), two times injection
of 1000 nM (pink and blue), 500 nM (yellow) and 100 nM (orange). The thermodynamic parameters were obtained by global fitting of the sensorgrams

according to the 1:1 Langmuir binding model.

AS°* and AG®*) were extracted and listed in Table 1. There were
only small differences in the free energy changes for the interac-
tions (Table 1). The AG® for the R16-RACK1 interaction was
—27 kJ/mol compared with 34 and 39kJ/mol for the R17 and
R1617 interactions with RACK1, respectively. However, the
changes in the enthalpies and entropies for the interactions
showed substantial differences. The AH° and TAS°® values for
the R17-RACK1 and R1617-RACK]1 interactions were comparable
and were —33 and 4 and —21 and 18 kJ/mol for the R17-RACK1
and R1617-RACK1 interactions, respectively. The RACK-R16 in-
teraction differed substantially and showed a AH° of 74 kJ/mol
and a TAS® value of 100 kJ/mol.

The differences in the transition state thermodynamic param-
eters for the reactions are visualised in Figure 4. At the x-axis of
the figure is the reaction coordinate—that is a schematic view
of the state of interaction parameters during the course of the
interaction. On the y-axis are the values of the thermodynamic
parameters for AG®, AH® and -TAS® plotted. First, the changes in
the thermodynamic parameters are set to zero before the inter-
action of RACK1 and spectrin starts (initial state indicated as
RACK1 + spectrins in Figure 4). Second, the changes in the
thermodynamic parameters for the interacting complex,
(RACK1-spectrin)*, are data collected from the transition state
values in Table 1), and third, the changes in the thermodynamic

Table 1. Thermodynamic parameters for the interaction between RACK1 and the spectrin repeats R16, R17 and R1617
Thermodynamic parameter R16 R17 R1617

Standard thermodynamic parameters AH° (kJmol ™) 74+10 —33+10 —21+10
AS° J(Kmol™")) 340 4 38
AG® (kJmol ™) —27+1 —34+1 -39
TAS?® (kJ mol) 10010 4+1 18+10

Transition state association parameters AH* (kJmol ™) 8+6 —60£10 —3+1
AS** (J(Kmol ™) ~183+35 —383%35 —180+14
AG™ (kJmol ™) 63+1 55+3 50
TAS** (kJmol) —55+10 —110+10 —53+5

J. Mol. Recognit. 2015; 28: 49-58
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kJ/mol
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RACK1+Spectrins (RACK1---Spectrins)*  RACK1-Spectrins

Reaction coordinate

Figure 4. Thermodynamic analysis of RACK1 interaction with R16, R17
and R1617. Shown in the figure is the reaction coordinate plotted against
the values for AG°, AH®° and TAS® (data from Table I). The initial state
represents the spectrin repeats and RACK1 before interaction (indicated
with RACK1 + spectrins). The transition state represents the complex
formation (RACK1-spectrin)*, and the final state represents the formed
RACK1-spectrin repeat complexes (RACK1-spectrins). Blue trace; R16,
green; R17 and red; R1617.

parameters in the final state, the RACK1-spectrin repeat com-
plexes, (RACK1-spectrins), are data collected from the standard
thermodynamic parameters in Table 1. As can be seen from
the figure, the transition state free energy changes, AG**, for
the three reactions were similar. In contrast, substantial differ-
ences were seen for both the transition state enthalpies and
entropies, particularly for the R16-RACK1 interaction compared
with the R17-RACK1 and the R1617-RACK1 interactions.

Docking of the spectrin repeats to RACK1

Typical examples of the docking complexes are as shown in Figure 5.
The docking analysis was carried out by employing complementing
online docking services, one that sampled complexes based on
shape complementarity (Patch Dock) and another that used charge
complementarity as sampling criteria (Gramm-X). The different
softwares produced grossly the same interaction structures
although the relative distribution of the most significant structures
varied according to the software. Patch Dock tended to yield
structures where the spectrin repeats docked tangentially to RACK1
whereas Gramm-X produced complexes were the spectrin repeats
bound to the outer surface of RACKT.

Interestingly, the inner or ‘bottom surface’ of RACK1 that is at-
tached to the ribosome (Sengupta et al., 2004) was practically
not observed as a docking target for the spectrin repeats.

R16 docked preferentially to the N/C-termini of RACK1 with
the B-helix either tangentially or radially on the outer surface

Representative interaction complexes between R16 and RACK1
from the docking analysis are shown in Figure 5A. Mainly two

types of structures appeared were R16 interacted through the
B- and C-helices either radially on the outer surface of RACK1
or tangentially to the N/C- termini of RACK1 (Figure 5A.I and II).
The B-helix of R16 contains the typical kink around a histidine
(H58) in a sequence stretch were the amino acids that lie less
than 5A apart from RACK1 were of an overall hydrophobic
character; A53, A56, A57 and P60 (refer to Figure S3 for possible
interacting amino acids). This region attached tangentially the
B-helix near the N/C-termini and the propeller blades 6 and 7
of RACK1. On the surface of RACK1, the helices B and C tended
to align along a putative surface groove, which roughly divides
the RACK1 surface so that blade 1, 2 and 3 are on one side and
4, 5,6 and 7 are on the other side. However, structures where
R16 aligned perpendicular to this groove, as shown in
Figure 5A.l, were also seen. Thus, the docking analysis showed that
R16 docked to RACK1 with a relatively large structural variety.

R17 interacts with RACK1 through its BC loop and
N/C-terminus tangentially to surface residues on all WD blades
in RACK1

R17 docked to the N/C-part of RACK1 by its negatively charged
N-terminus (LEESLEY) and histidine-containing BC loop (NNHH).
Figure 5B shows the two most occurring complex structures.
Figure 5B.I and Figure 3S show that R17 bound to the outer
surface of RACK1 touching the surface loops of blade 7 and 1
through the BC loop/N-terminus. In the other complexes, as
shown in Figure 5B.Il, R17 bound tangentially to the N/C-part
of RACKT1 through its BC loop/N-terminus. In the radial conforma-
tion, R17 bound to RACK to surface residues from all WD blades
of RACK1 as seen from Figure S3. According to Figure S3, R17
seems to be closer to the RACK1 surface compared with R16 as
R17 possesses a higher number of possible binding partners
(amino acids less than 5 A apart) compared with R16.

R17 is the only spectrin repeat with three positive charges in
the BC loop (positions 81-85) as described in Brenner et al.
(Brenner et al., 2012). Possible binding partners in RACK1 are
the C-terminal residues IGTR (314-317) that are less than 5A
apart from the residues in the BC loop.

R1617 interacts with the N/C-termini of RACK1 through the
AB loop of R16 and the BC loop of R17 either tangentially or
radially on the outer surface of RACK1

Typical docking complexes for the interaction between R1617 and
RACK1 are shown in Figure 5C. The docking software produced
similar complexes where R1617 bound to RACK1 through the BC
loop of R17 and the AB loop of R16 to the N/C-part of RACK1 (blade
1 and 7). The positioning of R1617 relative to RACK1 varied from
radially to tangentially as shown in Figure 5C.I and Il.

In the tangential complex, both the AB loop of R16 and BC loop of
R17 was in close contact with surface loops of blade 1 and 7 of
RACK1 (Figure 5CII and Figure S3). In the radial configuration
(Figure 5Cl), the BC loop of R17 (NNHH) contacts the N/C-terminal
and residues from WD blade 1 and 7 of RACK1 whereas the AB loop
(VSSEDYGRD) and the C-terminal end of helix A in R16 were in
contact with inner surface loops from all WD blades of RACK1
(Figure S3). In addition to this, the linker region between R16 and
R17 (EESLE) may participate in the interaction between R1617 and
RACK1. As seen from Figure S3, the number of possible interacting
residues in the R1617-RACK1 complex (shaded residues) are fewer
compared with the R17-RACK1 complex.
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Figure 5. Representative docking complexes of RACK1 and spectrin repeats. A panel of representative spectrin repeat-RACK1 docking complexes: (A)
R16-RACK1, (B) R17-RACK1 and (C) R1617-RACK1. The structures are shown as radial (I) and tangential (Il). The protein structures were coloured accord-
ing to structure polarity, the N-terminus coloured dark blue and the C-terminus coloured red (N to C colouring method). N- and C-terminus are indi-
cated with black letters for the spectrin repeats and in red letters for RACK1.

DISCUSSION

So far, only few in vitro studies of RACK1 have been reported. A
reason for this is that RACK1 has proved to be unstable and dif-
ficult to keep in solution for prolonged time (Bjgrndal et al.,
2003). In our kinetic analysis, we found that the most optimal
assay system involved capture of RACK1 with an anti-RACK1
antibody. This stabilised RACK1 sufficiently so that reliable
kinetic data could be obtained. For simplicity, we choose to
extract the binding parameters after fitting the binding data to
the simple 1:1 Langmuir interaction model. The data fitted rea-
sonably well as shown in Figure S2. However, our data fitted
slightly better to the more complex interaction models, such as
heterogeneous ligand or analyte and the two-state interaction
models (data not shown). The two state model is not supposed
to be qualified and examined by SPR (the measurement goes
on for minutes whereas conformational changes in proteins
normally happens in nanoseconds/milliseconds to seconds),
except for specific protein systems. Thus, the analysis should
be combined with supplementary methods such as NMR (Rich
and Myszka, 2010). The lack of perfect curve fitting could reflect
that the scaffolding protein RACK1 possesses a more complex
interaction regime or that the unstable RACK1 protein harbours
surface heterogeneity or other secondary binding sites (Svitel
et al., 2007; Rich and Myszka, 2010). However, our data fitted
reasonably well to the 1:1 model; therefore, we believe that our
binding data reflects realistic measures of the in vitro interaction
strengths between RACK1 and the spectrin repeats analysed in
this work.

Our findings demonstrated that RACK1 interacted weakest
with R16 (Kp = 1 x 10™° M), about 20 times stronger to the double
repeat, R1617 (Kp~5.3%x 10 8 M) and about 100 times stronger
to R17 (Ko~ 0.9 x 10 M) as compared with R16.

For comparison, other studies of RACKT interactions by SPR in-
cludes the interaction between RACK1 and Kindilin-3 (Feng et al.,
2012) and murine angiotensin Il receptor-associated protein
(Agtrap) (Wang et al, 2002). The interaction to Kindilin-3 was
measured to have a Kp of 1.8 uM whereas for the interaction of
RACK1 to murine Agtrap, only the association rate constant,
5.02x10°M~'s™, and dissociation rate constant, 798 x 10 >s ',
were reported.

Compared with other interactions involving spectrin repeats,
the interaction strength reported in this paper is within a similar
range. The Kp of the binding of the ZU5 domain of ankyrin to the
R1415 double spectrin repeat from f-spectrin was reported to
vary between 10nM (measured by electrochemiluminescence
immunoassay), 40 nM (by fluorescence resonance energy trans-
fer) (Kolondra et al., 2010) and 194 nM measured with isothermal
titration calometry (ITC) (La-Borde et al., 2010). In a similar pro-
tein—protein interaction analysis, it was found that minispectrin,
consisting of the CH and EF domains together with four spectrin
repeats, bound to actin with a Kp of about 2.5uM (Raae et dl.,
2003). Furthermore, it has been shown that cyclophilin A inter-
acts with the HIV-1 virus capsid protein Vpr with a Kp of about
320 nM (Solbak et al., 2011).

The thermodynamic parameters (state functions) for the R17
and R1617 to RACK1 interactions were similar but differed from
those of R16. As the R17 and R1617 interactions to RACK1 had
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negative enthalpies, AH°, and small TAS® values, R16 showed
large positive values for both AH® and TAS®, suggesting that
the R16 interaction was dominated by entropic contributions in
contrast to the R17 and R1617 interactions that were dominated
by enthalpic interactions (Table 1 and Figure 4).

Also, the transition state thermodynamic parameters showed
that the R16 to RACK1 interaction deviated from the others by
having a small positive enthalpic increase whereas the associa-
tion phase for both the R17 and R1617 interaction were
characterised by large negative transition state enthalpies. This
is consistent with entropic interactions dominating in the R16
to RACKT1 interaction, whereas enthalpic interactions dominate
in the R17 to RACK interaction. However, the RACK1-R1617 inter-
action had a larger entropic contribution compared with R17,
which could imply a contribution from R16. Moreover, because
the R17 to RACK1 interaction was about 100 times stronger com-
pared with the R16 to RACK1 interaction, we find it highly prob-
able that R17 plays a dominating role in the interaction of the
double repeat to RACK1. The fivefold decrease in binding
strength of the double repeat compared with R17 could imply
that R1617 contains pure steric hindrances, imposed by R16,
which reduces the binding strength of R17 to RACK1 in the
R1617-RACK1 complex. Alternatively, R17 forces R16 to a less pro-
ductive conformation in the R1617 interaction to RACK1. In the R16
to RACKT1 interaction, R16 associated predominantly through the
kinked B-helix whereas in R1617, it was frequently the opposite
side, the AB loop of R16 that was in contact with RACK1 and may
engage repulsive forces between RACK1 and R16.

Other workers have used a similar approach to analyse the
binding of different enzyme inhibitors. Shuman et al. (Shuman
et al., 2004) used SPR methodology to characterise the interac-
tion between HIV protease and seven inhibitors by kinetic and
thermodynamic analysis. The binding constants varied from
about 0.1 to 6.9 nM whereas the equilibrium AG for the reactions
were in the range of —48 to 57 (kJmol). The equilibrium AH var-
ied from about 9 to 29 (kJmol), and the equilibrium AS varied
between 0.220 to 0.272kJmolT. Also, the thermodynamic pa-
rameters for the association and dissociation phases were ob-
tained and enabled discussion of interactions in terms of
enthalpic and entropic changes such as the forming of H bonds
and van der Waals interactions (negative AH), entropy, AS, changes
in randomness, conformational, rotational and translational de-
grees of freedom as well as solvent effects. Navratilova et al.
(Navratilova et al., 2007) compared thermodynamic analysis using
SPR technology compared with ITC. The interaction studied was
between carbonic anhydrase Il and four sulfonamide inhibitors.
The data obtained by the two technologies correlated well and
measured Kp values that ranged from about 3x 10> to about
5x 107 M and AH values from —3 to about —12 (kcal/mol).

As shown in the structure (Figure 5C.I), R1617 is attached to
the N/C-termini of RACK1 by the BC loop of R17 and thereby
forms a strong electrostatic interaction at the same time as the
C-terminal part of R16 with the AB loop aligns along the surface
groove involving residues from practically all WD blades of
RACK1 (refer to Figure S3). This part of R16 was not seen bound

to RACK1 in the docking analysis of RACK1 to pure R16 were the
kinked B-helix bound to RACK1. This could force R17 in
the R1617-RACK1 complex into an unfavourable position in
the interaction to RACK1 compared with free R17 and thus
presents an explanation for the reduction in interaction strength
between R1617 and RACK1 compared with R17. As seen from
Figure S3, the number of possible interacting amino acids is
highest in the R17-RACK1 complex compared with both the
R16-RACK1 and the R1617-RACK1 complex.

However, our kinetic and thermodynamic data cannot distin-
guish between the two complexes shown in Figure 5C. A fivefold
difference in interaction strength could easily be caused by a few
strong electrostatic interactions. Interestingly, the ‘tangential’
complex structure (Figure 5C.II) shows resemblance to structures
revealed in other studies involving RACK1 and spectrin, for ex-
ample, the interaction between RACK1 and PKC. Cryoelectron
micrographic analysis shows that PKC aligns tangentially to WD
blades 3 and 4 of RACK1 (Sharma et al., 2013). Also, the so-called
RACK interacting domain (RAID) is thought to interact tangen-
tially to RACK1 involving WD blade 1, similar to the y-transducin
to f-transducin interaction (Bolger et al., 2002).

The ZU5 domain of ankyrin is structurally similar to RACK1, be-
ing a p-propeller. Moreover, sequence and structural alignment
of ZU5 and RACK1 revealed that the ZU5 to ankyrin-binding res-
idues correspond to residues 2-36 on strand 4 in blade 1 of
RACK1 (data not shown). Similar to RACK1, ZU5 associates to
the linker region between R14 and R15 of S-spectrin involving
the BC loop of R15 and the AB loop of R14 (Kolondra et dl.,
2010). Interestingly, crystallographic analysis demonstrates that
ZU5 aligns tangentially to the R1415 spectrin unit.

CONCLUSION

Our data suggests that the linker region of R1617 of the a-
spectrin chain can serve as a specific binding site for RACK1 sim-
ilarly to the binding of R1415 to the ZU5 domain of ankyrin and
thereby provide a specific docking site for the scaffold protein
RACK1 to the cytoskeleton. An alternative explanation could be
that the linker regions in the spectrin chains serve as general
sites of interaction where the sequence variations in the different
AB and BC loops provide an array of interaction sites with differ-
ent specificities and interaction strengths. This could be a mech-
anism for RACK1 to recruit the ribosome to specific sites in the
cytoskeleton and thereby regulate the translation.
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