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Abstract

Sequence analysis suggests that KALRN, a Rho GDP/GTP exchange factor genetically linked to
schizophrenia, could contain as many as nine tandem spectrin repeats (SRs). We expressed and
purified fragments of Kalirin containing from one to five putative SRs in order to determine
whether they formed nested structures that could endow Kalirin with the flexible rod-like
properties characteristic of spectrin and dystrophin. Far UV circular dichroism studies indicated
that Kalirin contains nine SRs. Based on thermal denaturation, sensitivity to chemical denaturants
and the solubility of pairs of repeats, the nine SRs of Kalirin form nested structures. Modeling
studies confirmed this conclusion and identified an exposed loop in SR5; consistent with the
modeling, this loop was extremely labile to proteolytic cleavage. Analysis of a di-repeat fragment
(SR4:5) encompassing the region of Kalirin known to interact with NOS2, DISC-1, PAM and
Arf6 identified this as the least stable region. Analytical ultracentrifugation indicated that SR1:3,
SR4:6 and SR7:9 were monomers and adopted an extended conformation. Gel filtration suggested
that AKal7, a natural isoform which includes SR5:9, was monomeric and was not more extended
than SR5:9. Similarly, the nine SRs of Kal7, which was also monomeric, were not more extended
than SR5:9. The rigidity and flexibility of the nine SRs of Kal7, which separate its essential N-
terminal Sec14p domain from its catalytic domain, play an essential role in its contribution to the
formation and function of dendritic spines.

Only four of over 60 Dbl family Rho GDP/GTP exchange factors (Rho-GEFs) encoded by
the human genome include predicted spectrin repeats 1. The KALRN (ARHGEF24) and
TRIO (ARHGEFZ23) genes each encode up to nine spectrin repeats while the DBL (MCF2;
ARHGEFZ21) and DBS (MCF2L, ARHGEF14) genes include only one spectrin repeat.
Neither the function nor the actual structure of these putative spectrin repeats has been
examined. In all four proteins, the putative spectrin repeat region separates an N-terminal
Secl4p-domain from the tandem DH-PH (Dbl Homology-Pleckstrin Homology) domain
that catalyzes GDP/GTP exchange. The Sec14p domain of Kalirin binds specific
phosphoinositides and is essential for function 2. Alternative splicing of the KALRN gene
generates isoforms lacking the Sec14p and first four spectrin repeats, which cannot
substitute for full-length isoforms. Kal7, the major full length isoform of Kalirin in adult
brain, is localized at the post-synaptic density (PSD) in the dendritic spines receiving
excitatory glutamatergic inputs (Fig.1A). . The PH domain of Kal7 interacts with the
juxtamembrane region of the NR2B subunit of the NMDA receptor 3; with its catalytic
domain near the plasma membrane, the nine spectrin repeats could position the lipid binding
Sec14p domain of Kal7 outside of the PSD.
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Each spectrin repeat consists of a left-handed, anti-parallel three-helix bundle 100 to 120
amino acids in length with aromatic residues at conserved sites; helices A, B and C are
separated by non-helical linker regions referred to as the A/B and B/C loops 4. Erythroid
and non-erythroid spectrin, with their multiple spectrin repeats and additional interaction
domains, provide structural support to the plasma membrane by organizing an extensive
cytoskeletal network and binding to multiple soluble and integral membrane proteins ©.
Dystrophin and utrophin, members of the spectrin superfamily, serve similar functions 7.
When expressed in non-neuronal cells, Kal7 also localizes to the subplasma membrane
cytoskeleton 8. Based on crystallographic analysis of fragments of spectrin, a.-actinin,
utrophin and dystrophin, the C-helix of one repeat is connected to the A-helix of the next
repeat by a helical linker, forming a functional unit /%12, The junction between two spectrin
repeats forms the ankyrin binding site in p1-spectrin and is sensitive to alterations in
orientation>13.14, The putative spectrin repeat region of Kal7 interacts with peptidylglycine
a-amidating monooxygenase (PAM), NOS2, DISC-1, HAP1, Arf6, sorting nexins 1 and 2,
and all-spectrin 15-19, The NOS2 interaction site is the junction between spectrin repeats 4
and 5 (SR4 and SR5) of Kalirin 20,

To determine whether the region separating the Sec14p and first GEF domains of Kalirin
actually consists of nine spectrin repeats and to manipulate the interaction of Kalirin with its
targets, we expressed and purified fragments comprising one to five spectrin repeats. Stable
proteins were purified and analyzed using circular dichroism, gel filtration,
ultracentrifugation and molecular modeling. The properties of AKal7 and Kal7 were
compared to those of the smaller fragments.

Materials and Methods

Design and subcloning of recombinant spectrin repeat proteins

The numbering scheme for rat Kalirin produced from the a-promoter is used throughout (rat
Kalirin-9a: AAF66018.1; GI1:7650388). The boundaries of each predicted spectrin repeat
were initially defined using the SMART database, which recognizes only 7 of the 9 domains
referred to as SRs by Alam et al. 1° (http://smart.embl-heidelberg.de); the SR terminology
used by Alam et al. is utilized, although neither the region between SR5 and SR7 nor the
region between SR7 and SR9 is predicted by SMART to adopt the conformation of a
spectrin repeat. To ensure proper folding, we extended the N- and C-termini of the tandem
spectrin repeat constructs by a few residues. The start and stop sites for each protein are
given in Table 1; the name of each protein indicates the spectrin repeat regions it includes
(e.g. SR4:7 contains spectrin repeats 4 through 7). cDNAs encoding most of the spectrin
repeat fragments were subcloned into the pGEX-6P-2 vector using an upstream BamHI
restriction site and a downstream Notl site. All vectors were verified by sequencing. A
Prescission Protease site separates GST from the spectrin repeat region in the pGEX-6P-2
constructs while a thrombin site is present in pGEX-4T-2, which was used to produce
KalSR4:6.

Preparation of recombinant SR proteins

The cDNAs encoding each fusion protein were transformed into Escherichia coliBL21. To
facilitate folding of the recombinant fusion protein, growth and induction [0.4mM isopropyl-
B-D thiogalactopyranoside (Sigma-Aldrich, St. Louis, MO) for 2h] were carried out at 20°C;
this increased the yield of soluble product significantly. Yields for each spectrin repeat
protein ranged from 0.5-5mg/500 ml bacterial culture. The cell pellet from a 500ml culture
was washed twice with PBS (50mM NaPi, 150mM NaCl, pH 7.4), resuspended in 30ml PBS
and lysed using a Misonix S4000 ultrasonic liquid processor (Qsonica, LLC, Newtown, CT).
Insoluble debris was removed by centrifugation (3 x 14,000rpm for 30min) and the filtered
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supernatant was loaded onto a 5ml GSTrap-4B column (GE Healthcare, Piscataway, NJ)
equilibrated with PBS (flow rate 0.5ml/min). After equilibration with cleavage buffer
(25mM Tris-HCI, pH 8.0, 150mM NaCl, 14mM B-mercaptoethanol), each SR protein was
cleaved from glutathione S-transferase using GST-HRVC3 protease (GenWay Biotech, Inc.,
San Diego, CA) (10 Units/mg fusion protein); the cartridge was incubated with protease
overnight at 4°C. The GST moiety was removed from KalSR4:6 using thrombin (Sigma
Aldrich, St. Louis, MO). Each SR protein was subjected to anion exchange chromatography
on a Q-Sepharose column equilibrated with 20mM NaTES, pH 7.0 and eluted with a
gradient to 0.5 M NaCl (60ml over 120min) in the same buffer. The purity and homogeneity
of each SR protein was evaluated by SDS-PAGE (BioRad Criterion TGX™ gels, 4 to 15%
gradient) followed by staining with Coomassie Brilliant Blue R250. The concentration of
each SR protein was determined by measuring its absorbance at 280 nm and using the
extinction coefficient calculated from its content of tryptophan and tyrosine (Table 1).

Circular Dichroism and Thermal Unfolding

Far UV-CD spectra were recorded using a Jasco J-715 spectropolarimeter equipped with a
thermostated cell housing, using a cell with a 1-mm path length. SR proteins (6 M) were
examined between 190 and 260nm. Molar ellipticity per mean residue, 6 in deg cm? dmol 1
was calculated from the equation: [6]=[0]gps. M/10/c, where [0]qps is the ellipticity
measured in degrees, My, is the mean residue molecular weight (110g mol1), cis the
protein concentration in g L1 and /is the optical path length of the cell in cm. The scan
speed was 10nm/min at a bandwidth of 1nm. An average of three runs were recorded for
each protein sample. Secondary structure analysis of each SR protein was carried out using
CDSSTR 21 with the reference database available in DICHROWEB
(http://dichroweb.cryst.bbk.ac.uk/html/home.shtml).

For determination of the thermal unfolding profile, the temperature was increased from
20-90°C at a rate of 1°C/min and the ellipticity from 190-260nm was recorded at 5°C
intervals. To test for reversibility, all the samples were cooled back to 20°C and the CD
spectra were again recorded. Thermal unfolding transitions and midpoints (7,,,) were
obtained by plotting normalized ellipticity values at 222nm as a function of temperature.

Unfolding by chemical denaturants

Stock solutions of 6 M guanidine hydrochloride and 8M urea (Sigma-Aldrich, St. Louis,
MO) were prepared in 20mM NaTES, pH 7.0. Concentrations of denaturants were
determined by measuring the refractive indices. In each chemical denaturation experiment,
recombinant SR protein (final concentration 2 .LM) was incubated for 12h with either 0 to
4M GuHCl or 0 to 6M urea at 27°C in the dark. Unfolding was initiated by addition of a
concentrated protein stock to the appropriate denaturant. Unfolding curves were obtained by
plotting normalized ellipticity values at 222nm as a function of denaturant concentration.

Molecular modeling

For the generation of three dimensional models of tandem spectrin repeats, we used the

automated I-TASSER server (http://zhanglab.ccmb.med.umich.edu/l TASSER/). Models
were displayed and analyzed in PyMOL (Delano Scientific). To define individual helices
along with their connecting loops and to assign individual residues to aand d positions in
the heptad hydrophobic repeats, we first aligned the nine spectrin repeat sequences using
CLUSTALW (http://www.genome.jp/tools/clustalw/). The boundaries of the helices and
connecting loops were then assigned based on the three dimensional models generated.
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Sedimentation velocity analysis

Sedimentation velocity experiments were carried out at 20°C (55,000rpm) in 20mM NaTES,
200mM NacCl, pH 7.0 buffer using either interference optics in a Beckman-Coulter XL-I
(Brea, CA) analytical ultracentrifuge or fluorescence optics in an XL-I analytical
ultracentrifuge equipped with an AU-FDS detector (AVIV). Double sector cells equipped
with quartz windows were used. The rotor was equilibrated under vacuum at 20°C and after
a period of ~1h the rotor was accelerated to 55,000rpm. Absorbance scans at 280nm were
acquired at ~4.5 minute intervals for 7h. Protein molecular weights (MWseq), partial specific
volumes (vy°), extinction coefficients (ep39nm) and buffer density and viscosity were
calculated using SEDNTERP 22, Sedimentation velocity data were analyzed with the time-
derivative of concentration profile method using the program DcDt+ to obtain weight-
average sedimentation coefficient distribution [g(s]] values 23; continuous sedimentation
coefficient [¢(s)] distribution plots were obtained by SEDPHAT 23, SEDPHAT analysis
yields direct values for the Stokes radius (/) and frictional coefficient (#/f;;).

Determination of Stokes radius by gel permeation chromatography

Results

The Stokes radius was determined using gel filtration chromatography on a Superose 6
10/300 GL column equilibrated with 200mM NaCl, 20mM NaTES, pH 7.0. The proteins
used for calibration and their Stokes radii were: apoferritin (6.3nm), human 1gG (5.52nm),
bovine serum albumin dimer (4.3nm), bovine serum albumin monomer (3.55nm),
ovalbumin (2.73nm) and cytochrome ¢ (1.77nm) 24, The protein peaks were monitored
using a UV detector. For analysis of HisMycKal7 and HisMycAKal7, pEAK Rapid cells
transiently transfected with the appropriate expression vector 2 were lysed in 20mM NaTES,
10mM mannitol, pH 7.4; particulate material was removed by centrifugation at 14,000 x g
for 15min and aliquots of the supernatant were loaded onto the Superose 6 column in the
presence of thyroglobulin (1mg) and bovine serum albumin (1mg). Aliquots of each fraction
were subjected to SDS-PAGE; elution position was determined after staining with
Coomassie Brilliant Blue or Western blot analysis using an antibody specific for the C-
terminus of Kal7. The void volume (V) was determined using high molecular weight blue
dextran. The elution volumes ( V) of individual standard proteins and SR proteins were
recorded. A calibration curve was obtained by plotting the Stokes radius of each standard as
a function of elution volume. Since the SRs are elongated, rod like molecules based on
sedimentation analysis, Stokes radii for SR5:9, HisMycKal7 and HisMycAKal7 were
obtained from a calibration curve generated using the R, values for SRs that were
determined by analytical ultracentrifugation. The 7/, values for SR5:9, HisMycKal7 and
HisMycAKal7 were obtained by using the deduced R, value in Stokes and Perrin

equations 22,

Analysis of recombinant Kalirin SR proteins using circular dichroism

Fourteen Kalirin SR proteins containing between one and five putative SRs were expressed
as GST fusion proteins (Fig. 1 and Table 1). All were expressed at high levels, but six of the
fusion proteins were largely insoluble and one (SR9) had a very low degree of solubility.
The purity of the seven soluble Kalirin SR proteins examined in this study is shown in Fig.
1C. The concentration of each purified SR protein was determined using the extinction
coefficient calculated from its sequence (Table 1).

The secondary structure of the tri-repeat SR1:3 protein was determined by far UV circular
dichroism (CD) spectroscopy (Fig. 2A). The intense negative peaks at 208nm and 222nm
are typical of proteins with a substantial amount of a.-helical structure 25; analysis with
CDSSTR indicates that 58% of the residues in SR1:3 are a-helical (Table 2). The ratio
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between the minima at 222nm and 208nm was 1.05 for SR1:3, indicating that the helices
present in this structure interact with each other 27. The stability of SR1:3 was assessed by
determining its resistance to heat-induced denaturation, which was monitored by CD spectra
recorded at 222nm. Thermal unfolding of SR1:3 could be resolved into two phases (Fig.
2B); a steep unfolding curve with a midpoint of 41°C occurred first, followed by a second
transition with a midpoint of 64°C. Native molar ellipticity was not regained upon cooling
the sample to 20°C, indicating that the unfolding process was irreversible.

Most of the interactions of Kalirin with other proteins involve spectrin repeats 4 through 6,
making the structure of this region of special interest. In addition, the isoforms of Kalirin
lack SR1 through SR4, placing SR5 at the N-terminus. For these reasons, pairs of spectrin
repeats were examined (SR4:5, SR5:6) along with the tri-repeat SR4:6 protein that would be
present in full-length Kalirin but absent from the AKalirin isoforms (Fig. 1A). Far UV CD
spectra for SR4:5, SR5:6 and SR4:6 were typical of proteins rich in a-helical structure (Fig.
3A). As observed for SR1:3, the 8,,0/09g ratios for all three proteins were greater than 1.00
(Table 2). The thermal melting profiles for all three proteins indicated cooperative unfolding
with a single 7., SR4:5 had the lowest thermal stability; a single cooperative transition with
a midpoint of 32°C was observed, suggesting the presence of a poorly ordered domain at
physiological temperature (Fig. 3B). Although the thermal unfolding profile for SR4:5
shows “gain of structure” at higher temperatures, the far UV CD spectra recorded between
190 and 260 nm revealed the presence of unstructured random coils. SR5:6 and SR4:6 were
more stable than SR4:5; these proteins each had a 7,, of 42°C and each unfolded as a single
unit (Fig.3B and Table 1). The addition of SR6 to SR4:5 resulted in increased thermal
stability, suggesting conformational coupling between spectrin repeats in the central region
of Kalirin.

The far UV CD spectrum of the final tri-repeat protein, SR7:9, again revealed a protein with
a significant amount of a-helix (49%) and interacting helices (Fig. 4A and Table 2). SR7:9
showed a single thermal transition with a midpoint of 46°C (Fig. 4B). In order to explore the
existence of conformational stabilization from adjacent spectrin repeats, we examined two
longer SR proteins, SR4:7 and SR5:9. The Far UV CD spectra for both proteins were
indicative of structures rich in a-helix with interacting helices (Fig. 4A and Table 2).
Thermal denaturation of both proteins was bi-phasic (Fig. 4B). Like SR4:5, the structure of
SR4:7 was unstable at physiological temperature; Ty, values of 31°C and 46°C were
observed. SR5:9, the entire spectrin repeat region present in the A isoforms of Kalirin,
exhibited T, values of 42°C and 62°C (Fig. 4B); neither SR5:6 nor SR7:9 had a T, value as
high as that observed in the larger protein.

Chemically induced unfolding of Kalirin SR proteins

To further explore the properties of the spectrin repeat regions critical to the interactions of
Kalirin with other proteins, we assessed the ability of SR4:5, SR5:6, SR4:6 and SR4:7 to
resist denaturation by guanidine HCI (0 to 4 M) or urea (0 to 6 M). Each SR protein was
exposed to denaturant for 12 h and circular dichroism at 222 nm was then assessed (Fig. 5
and Table 3). When exposed to either guanidine HCI or urea, SR4:5 unfolded cooperatively,
indicating a two-state process (Fig. 5); SR4:5 unfolded at a lower concentration of each
denaturant than the other SR proteins examined. Complete unfolding of SR5:6 required
higher concentrations of both guanidine HCI and urea, with unfolding in guanidine HCI
occurring in two stages. The tri-repeat SR4:6 and tetra-repeat SR4:7 proteins unfolded in
two distinctly different stages, suggestive of regions that unfold independently; both of these
larger proteins contained denaturant resistant regions. Based on both its lack of thermal
stability and sensitivity to chemical denaturants, SR4:5 is less stable than the surrounding
spectrin repeats.
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Molecular modeling of spectrin repeat region

The biophysical properties of the fragments of Kalirin examined are consistent with the
presence of nine spectrin repeats in Kal7. Molecular modeling of each tri-repeat protein,
SR1:3, SR4:6 and SR7:9, was also consistent with this hypothesis (Fig. 6A). When analyzed
as part of SR4:6 or SR4:5, the B/C loop of SR5 was predicted to contain a short region of a-
helix (Fig.6B). We subjected GST-SR4:7 to limited trypsin digestion in order to determine
whether this putative helical region was accessible, as predicted by modeling (Fig. 6C).
Cleavage products #1, #2 and #3 were subjected to Edman degradation. The first trypsin
cleavage separated GST from SR4:7. Sequence data could not be obtained for product #2,
suggesting the presence of N-terminal heterogeneity. Product #3, a stable proteolytic
product, was generated by cleavage after Arg’%4 which is located in the short helical region
predicted to occur in the B/C loop of SR5.

The sequences of the nine spectrin repeats of Kalirin were aligned based on these structural
predictions (Fig. 7). The amino acids included in the A, B and C helices and in the A/B and
B/C connecting loops were assigned based on the models shown. The amino acids of each
heptad repeat are identified as ato g, with aand d constituting the hydrophobic core of the
coiled-coils. The region following the N-terminal Sec14p domain of Kalirin was assigned to
SR1; this 142 amino acid region is longer than the typical spectrin repeat. Modeling predicts
a long loop preceding helix A of SR1, leaving a short A/B loop connecting helix A to helix
B. Seven of the nine SR proteins have tryptophan at the 14t position of helix A. The B helix
of each spectrin repeat is substantially longer than the A- or C-helix. The A/B loop of SR8 is
substantially longer than other A/B loop and includes a short helical region. The B/C loops
of SR1, SR3, SR5 and SR6 range in length from 17 to 21 residues while the B/C loops of the
remaining SRs are much shorter (2 to 5 residues). A binding motif for SH3 domains appears
in the B/C loop of SR3 and a helical region is included in the B/C loop of SR5.

Hydrodynamic properties of SR proteins

Sedimentation velocity analysis was used to determine whether the SR proteins adopted the
extended structures predicted by molecular modeling and to determine whether they formed
oligomers. Each SR protein was examined at three different concentrations. Analysis of
SR1:3, SR4:6 and SR7:9 revealed a single component whose sedimentation velocity was
independent of concentration (Fig. 8). The evaluation of Sz, from the experimental s-value
was accomplished by fitting the data to Sedphat 23. Data for each of the SR proteins
examined are summarized in Table 4A [apparent molecular weight (My, 45), S20,w a@nd
Stokes radius]. The molecular weight of each SR protein measured by sedimentation
velocity is very close to the value calculated from the sequence, indicating that each SR
protein behaved as a monomer in solution. Reversible self association was not observed,
even at the highest concentration examined (Fig 8); a small amount of aggregated material
was present. The experimentally determined Stokes radii indicate that each SR protein
adopts an extended rod-like structure, with frictional ratios for the tri-repeat proteins varying
from 1.46 for SR7:9 to 1.60 for SR1:3.

In order to compare the properties of the recombinant SR proteins to those of Kal7 and
AKal7, we utilized gel permeation chromatography. A calibrated Superose 6 column was
used to analyze each recombinant protein (Fig. 9A). The gel filtration standards analyzed are
globular 2%, and a plot of their elution volume vs. their Stokes radius generated the expected
straight line. Since the SR proteins are rod-shaped, a plot of their elution volumes vs. their
experimentally determined Stokes radius generated a line shifted to the left (Fig. 9A). Gel
filtration analysis of purified SR5:9 and cell lysates containing AKal7 or Kal7 allowed us to
estimate their Stokes radii based on the standard curve generated using purified SR proteins
(Fig. 9B and Table 4B). Glycerol gradient analysis of AKal7 and Kal7 from cell lysates
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eliminated the possibility that either of these proteins dimerized. The Stokes radius was then
used to calculate a frictional ratio (#/,;,;) for each monomeric protein; SR5:9, with five
spectrin repeats, has a frictional ratio greater than that of SR4:7, which has four spectrin
repeats. Despite their substantially greater molecular weights, neither AKal7 nor Kal7
exhibits greater asymmetry than SR5:9. Kal7, with nine spectrin repeats, has a frictional
ratio less than that of AKal7.

Discussion

Kalirin contains nine spectrin-like repeats

Although more variable in length than the SRs of spectrin and dystrophin, our analyses
indicate that Kalirin contains nine spectrin repeats. Each SR is about ~5 nm long, meaning
that a single molecule of Kal7 could extend over 45 nm, a significant distance within the
typical 300 nm diameter and 40 nm thick post-synaptic density 28. Based on circular
dichroism, the a-helical content of the Kalirin SRs varied from 42% to 58%); the a.-helical
content of the 24 spectrin repeats of dystrophin is higher, ranging from 55% to 100% 2°.
Conservation of inward facing non-polar residues in heptad repeats allows the helices to
interact with each other. Our circular dichroism data, with the ratio between the minima at
222 nm and 208 nm >1.0 for each Kalirin SR fragment examined, indicate that the helices
interact 27. Thermal denaturation revealed cooperative unfolding of each Kalirin SR
fragment, with T, values between 32 and 64°C. Di-repeat fragments of spectrin exhibited
T values that varied over the same range (36 to 63°C) . The low thermal stability of
selected spectrin repeats suggests a role in making the larger protein flexible or in forming a
binding site for interacting proteins. While thermal denaturation of individual spectrin
repeats is generally reversible, that of tandem repeats is not 3. None of the Kalirin proteins
examined adopted their native conformation after thermal denaturation. The cooperative
unfolding of fragments of Kalirin and spectrin required similar concentrations of urea °.

Adjacent spectrin repeats form functional units

When tandem spectrin repeats are connected by a helical linker that joins the C-helix of the
first unit to the A-helix of the second unit, an elongated, non-globular structure is formed
and the folding of one spectrin repeat is linked to the folding of neighboring repeats 9:29:30,
SR3 of Kalirin could be stably expressed as part of SR1:3, but not as SR3:6 or SR3:7. SR1:3
exhibits two distinct thermal unfolding transitions, suggesting the presence of regions that
fold independently. If the presence of SR2 stabilizes SR3, perhaps by joining the C-helix of
SR2 to the short A-helix of SR3, SR1 may fold separately. Based on analysis of SR4:5,
SR5:6, SR4:6 and SR4:7, SR4 is more sensitive to thermal and chemical denaturation than
other regions. While SR4:6 exhibits a single thermal unfolding transition, its response to
urea and guanidine demonstrates the presence of independent domains. The response of
SR5:6 to thermal denaturation and urea suggests the presence of a single unit, leading to the
suggestion that SR4 folds separately. Thermal denaturation of SR7:9 occurs with a single
transition, indicative of the presence of nested spectrin repeats. The biphasic thermal
denaturation of SR5:9 is consistent with the presence of two domains, one formed by SR5:6
and the other by SR7:9. Non-coincidence of thermal and chemical denaturation curves was
observed for fragments of human erythroid spectrin®, as for SR5:6 and SR4:6; it is difficult
to predict which denaturant will reveal the presence of multiple units.

Like SR4:5 of Kalirin, selected repeats in spectrin and dystrophin are largely unfolded at
physiological temperature %10, Only the full-length isoforms of Kalirin contain SR4; the A-
isoforms begin with SR5. The fact that SR4:5 is unfolded at physiological temperatures may
provide the conformational flexibility needed for Kalirin to form a docking station for other
proteins. The ability of Kalirin to interact with NOS2 was mapped to the 30 amino acid
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peptide that includes helix C of SR4 and helix A of SR5 1620, The binding of PAM 15,
HAP-1 31 DISC-1 32 and Arf6 17 to Kalirin has not been as finely mapped, but includes this
same region. The junction between SR4 and SR5 would be surrounded by the A/B loop of
SR4 and the B/C loop of SR5; based on its sensitivity to trypsin, the 13 amino acid a-helical
region contained in the B/C loop of SR5 is accessible (Fig. 6C). Both desmoplakin33 and
plakin34 contain spectrin repeats in which a B/C loop contains an additional folded region.
Src homology 3 (SH3) domains inserted into the SRs of plakin3*, desmoplakin33 and a.-
spectrin3® interact with other proteins. The SH3 binding motif in the B/C loop of SR3 has
been shown to interact with the SH3 motif present in the larger isoforms of Kalirin 36 and
the helical folds in the B/C loops of SR5 and SR8 may be engaged in protein-protein
interactions.

Selected spectrin repeat regions of erythroid and neuronal spectrin 37:38 and dystrophin 3940
interact with plasma membrane lipids. Preliminary studies suggest that the spectrin repeat
regions of Kalirin bind to liposomes; further study will be required to identify the SRs
involved and to determine the role of these interactions. As for spectrin and dystrophin, the
ability of the spectrin repeat regions of Kalirin to interact with membrane lipids would be
expected to play an essential role in its effects on the secretory and endocytic pathways.

High resolution structures of spectrin repeats from a-and B-spectrin 114143 o actinin 4445,
utrophin 746 and dystrophin 71247 reveal curved helices that wrap around each other.
Variability resides in the length and conformation of the A-B and B-C loops and the linkers
connecting adjacent repeats. With a-helical linkers connecting adjacent units, the angle
between adjacent units can vary substantially. Ankyrin binds tightly to the junction between
spectrin repeats 14 and 15 of B-spectrin; since SR15 is tilted compared to SR14, binding is
thought to be sensitive to mechanical deformation .

elongated monomer

The a- and B-chains of spectrin form heterodimers which join in head-to-head tetramers; the
helical content and thermal stability of monomeric a.- and p-spectrin are similar to those of
native spectrin 48, While a-actinin homodimerizes 474950, dystrophin is a monomer 2°.
Based on sedimentation velocity, each of the Kalirin SR fragments examined is monomeric;
while some amount of aggregation was observed, they showed no tendency to form
oligomers.

The frictional coefficient, £ depends on the size and shape of the molecule. The £, ratio
provides a good indication of whether a protein is globular or elongated 2. Nested SRs form
elongated, non-globular structures 4° and the #/,,;, ratios observed for the di-, tri-, and tetra-
SR proteins examined (Table 4) indicate that each adopts this type of structure 49.51-53,
SR4:5 and SR5:6 have /f;;;, ratios of 1.37 and 1.47, respectively. Of the three tri-repeat SR
proteins examined, SR1:3 has the highest ratio (1.60). The ratio for SR4:7 (1.65) is higher
than for SR4:6 (1.47).

For SR5:9, AKal7 and Kal7, #/f,,, ratios were estimated using a gel filtration column
calibrated with the proteins analyzed in the ultracentrifuge; SR5:9 (#7,, =1.75) appears to
be even more extended than SR4:7. The #/f;,;, value for AKal7 (1.71) is not increased over
that of SR5:9, indicating that the GEF domain, which crystallographic studies identify as a
compact 10nm x 10 nm x 9.8 nm structure >, does not form a rigid extension of SR5:9. The
fact that Thr1®90, a Cdk5 phosphorylation site located immediately beyond the GEF domain,
is readily accessible in constructs that lack any spectrin repeats but is not readily accessible
in AKal7, is consistent with an intramolecular interaction between the spectrin repeat and C-
terminal regions of AKal7 55. Although Kal7 differs from AKal7 by the addition of SR1:4
and Secl4p, the 71, value for Kal7 (1.63) is smaller than that of AKal7. Given the
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instability of SR4, it is tempting to suggest that its presence introduces flexibility into Kal7,
allowing its N-terminal region to interact with the rest of the molecule.
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Fig. 1. Kalirin proteins examined

A. The domain structures predicted for Kal7 and AKal7, a naturally occurring splice variant,
are shown; SR6 and SR8, which are not recognized as spectrin-like repeats by SMART, are
stippled. The catalytic Dbl homology (DH) and adjacent pleckstrin homology (PH) domain
form the GDP/GTP exchange factor domain. The C-terminus of Kal7 is a Type 1 PDZ
binding motif, Ser-Thr-Tyr-Val. B. The SR proteins indicated were expressed as GST fusion
proteins, cleaved and purified. C. The seven purified SR proteins studied (1 g of each)
were subjected to SDS-PAGE, transferred to a PVDF membrane and visualized using
Coomassie Brilliant Blue 250. The mass of the molecular weight markers is indicated, as is
the molecular weight (M,,) predicted for each SR protein.
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Fig. 2. Circular dichroism — SR1:3
A. The far UV CD spectrum for SR1:3 is shown. B. The fraction of SR1:3 that was unfolded
during a thermal denaturation experiment monitored at 222nm is shown. Data from multiple
analyses of SR1:3 are summarized in Table 2.
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Fig. 3. Circular dichroism — SR4:5, SR5:6 and SR4:6

The far UV CD spectra for SR4:5, SR5:6 and SR4:6 and the fraction of each protein that
was unfolded during a thermal denaturation experiment monitored at 222 nm are shown.
Data from multiple analyses of SR4:5, SR5:6 and SR4:6 are summarized in Table 2.
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The far UV CD spectra for SR4:7, SR7:9 and SR5:9 and the fraction of each protein that
was unfolded during a thermal denaturation experiment monitored at 222 nm are shown.
Data from multiple analyses of SR4:7, SR7:9 and SR5:9 are summarized in Table 2.
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Fig. 5. Sensitivity to chemical denaturants

SR4:5, SR5:6, SR4:6 and SR4:7 were incubated in guanidine HCI (0 to 4.0 M) or urea (0 to
6.0 M) for 12h at 27°C and then subjected to far UV CD analysis. The fraction of each
protein unfolded was assessed by monitoring the signal at 222 nm. Data for the different SR
proteins are summarized in Table 3.
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Fig. 6. Results of molecular modeling

A. The sequences of the three tri-repeat SR proteins were submitted to the automated I-
TASSER server (http://zhanglab.ccmb.med.umich.edu/l TASSER/). Each SR is indicated by
a different color; the linker regions connecting adjacent repeats are shown in red (SR1:3 and
SR7:9) or blue (SR4:6). B. The backbone structures predicted for the di-repeat SR4:5
protein are shown in an orientation that highlights the helical region in the B/C linker. C.
Purified GST-SR4:7 was incubated with immobilized TPCK trypsin (Pierce) for the times
indicated, fractionated by SDS-PAGE and visualized using antiserum to SR4:7. Only the top
and bottom bands were visualized using antibody to GST; the antiserum used was not
affinity-purified and recognizes both SR4:7 and GST. A larger amount of GST-SR4.7 was
treated with immobilized trypsin for 30 min and fractionated by SDS-PAGE. The
Coomassie stained bands (#1, #2, #3) indicated by black arrows were excised from the
PVDF membrane and subjected to Edman degradation using an Applied Biosystems Model
477A pulsed-liquid sequencer with on-line HPLC identification; the cleavage sites (blue
arrows) and sequences obtained are shown.
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GH-------———————————- YASQQIKQISTQLDQEWKSFAAALDERSTILAMS
PLSPGNSESLTATANYS----KAVHQVLDVVHEVLHHQRRLESIWQHRKVRLHQ
GECD---====—————————— PEEIYKAARHLEVRIQDFVRRVEQRKLL
APPSLGE PTEARDSAVSNNKTPHSSSISHIESVLQQLDDAQVOMEELFHERKIKLDIFLQ
EVQASGIELICEKDVDL----AAQVQOELLEFLHEKQHELELNAEQTHKRLEQ
AGHYD--——=———me——e——— ADATIRECAEKVALHWQQLMLKMEDRLKLVNA
ASH-=——=———m—mm e TRGPEQQVKAILSELLQRENRVLHFWTLKKRRLDQ
KGHIH-------—--——-————-— ATEIRKWVTTVDKHYRDFSLRMGKYRYTL
GHPD--=====—————————— SEDIGERLQHLEELWDALQELAAGRRQRLED

Fig. 7. Revised identification of helix and loop regions in the spectrin repeat region of Kalirin
The A, B and C helices of the nine spectrin repeats of Kalirin identified by molecular
modeling are indicated. Pro residues are depicted in green. Helical regions predicted within
the A/B and B/C loops are shown in underlined /talics. The sequence of SR1 of human
erythroid Bl spectrin® is shown for comparison.
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Fig. 8. Analytical ultracentrifugation

SR1:3, SR4:5, SR5:6, SR4:6, SR4:7 and SR7:9 were subjected to analytical
ultracentrifugation. Data for three concentrations of SR1:3, SR4:6 and SR7:9 are shown;
there was no indication of reversible dimerization. The calculated mass for each SR protein
analyzed indicates that it is monomeric. The frictional ratios determined (Table 4) indicate
that each of these proteins is an extended rod.
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Fig. 9. Gel filtration
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SR proteins were analyzed on a Superose 6 column calibrated using the indicated globular
protein standards. The elution volume for each globular protein is plotted against its
published Stokes radius (red squares) 25. The elution volume for each SR protein subjected
to analytical ultracentrifugation is plotted against its experimentally determined Stokes
radius (green circles). Purified SR5:9 and lysates of non-neuronal cells transiently
expressing Kal7 or AKal7 were analyzed on the same column; their elution volumes were
determined by Western blot analysis of individual fractions. Based on their experimentally
determined elution volumes, Stokes radii were estimated using the best fit line for the SR

constructs.
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Table 1
Kalirin spectrin repeat (SR) proteins expressed

The boundaries of SRs 1, 2, 3, 4, 5, 7 and 9 were identified using SMART 15; based on manual alignment, two
additional putative SRs were identified (SR6 and SR8). Additional residues were added to the N- and C-
termini of the proteins expressed to try to increase their solubility. The name of each protein indicates the first
and last putative SR contained in it. The predicted molecular weight (Myy) and absorption coefficient at 280
nm (Apgp) for a 1.0mg/ml solution are shown. Each SR fusion protein was well expressed, but several fusion
proteins were largely insoluble (shown in italics) and were not further analyzed.

SR fragment | Amino acids | M, Absorption coefficient, Aygy
SR1:3 149-519 42,58 | 1.029
SR2:4 282-632 4043 | insoluble
SR3:6 400-870 54.45 | insoluble
SR3:7 400-976 66.57 | insoluble
SR4 517-622 12.26 | insoluble
SR4:5 517-752 27.16 | 0.722
SR5 624-752 14.91 | insoluble
SR5:6 622-870 28.96 | 0.677
SR4:6 517-873 41.21 | 0.684
SR4:7 517-976 53.39 | 0.765
SR7:9 869-1212 39.19 | 1.270
SR8:9 966-1219 29.72 | insoluble
SR5:9 622-1208 68.14 | 1.108
SR9 1094-1257 19.38 | 1.106
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Table 3
Guanidine and urea induced unfolding of SR proteins

Data from experiments like those shown in Fig. 5 were used to calculate the concentrations of guanidinium
HCI and urea producing a half-maximal effect on the structure of each SR protein.

Gdn.HC|1/2 [M] Ureay), [M]
SR Protein

1 11 | 1
SR4:5 1.66 NA 2.03 | NA
SR5:6 1.17 3.37 2.88 | NA
SR4:6 1.67 3.36 229 | 56
SR4:7 1.67 3.42 2.81 | 5.48
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B. Gel filtration analysis of Kalirin proteins. The proteins analyzed by analytical ultracentrifugation were used
to calibrate a Superose 6 column. Recombinant SR5:9, AKal7 and Kal7 were analyzed on the same column
and a Stokes radius was assigned based on this calibration curve. Using Rg and Ry, calculated for a

monomer, a frictional ratio was determined.

SR Protein My, (based on sequence) | Rs (nm) | f/fnin
SR5:9 68,140 4.75 1.75
HisMycAKal7 | 119,784 5.47 1.71
HisMycKal7 191,349 6.13 1.63
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