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ABSTRACT. TheDictyostelium34 kDa protein is an actin bundling protein composed of 295 amino acids.
However, the region(s) of the molecule that bind actin filaments is (are) unknown. Studies of the
cosedimentation o¥?3-34 kDa protein and F-actin show that the 34 kDa protein binds to F-actin with
positive cooperativity and Hill coefficients of 1.9 and 3.0, for filamentsgd®and 0.6um, respectively.

The Hill coefficient is larger for short filaments that are more efficiently bundled than long filaments,
suggesting that one of the binding sites is used in interfilament contacts or contributes to filament orientation
within the bundle. Three distinct actin binding sites were identified using a synthetic peptide, protein
truncations, and a novel epitope library screening method. The ability to bind actin was asse%8ed by
F-actin overlays under denaturing and nondenaturing conditions, cosedimentation, viscometry, and pyrene-
labeled actin disassembly. The three actin binding domains were identified as amino-at& 193-

254, and 279-295. The 62 amino acid domain (1:9354) can cosediment with F-actin. The estimated
Kapp Obtained by the disassembly of pyrene-labeled actin was @M and 2.74M for the amino acids
1-123 and 279-295, respectively. These results identify three distinct regions of the 34 kDa protein that
may contribute to the positive cooperative formation of F-actin bundles.

Actin binding proteins contribute to the generation of cell the 34 kDa protein is an important cytoskeletal component
shape and distinct morphological changes associated within D. discoideum

essential physiological functions of cells. In the cellular slime In vitro biochemical ana|yses of the 34 kDa protein reveal
mold Dictyostelium these processes include chemotaxis, that this monomeric protein does not interact with G-actin
cytokinesis, locomotion, morphogenesis, and phagocytosis(14). Instead, the 34 kDa protein can cross-link and bundle
(1—3). Cells lacking various of these actin binding proteins actin filaments, and both activities are inhibited by calcium
created through gene replacement mediated by homologousn the micromolar rangelQ, 15). These data suggest the
recombination exhibit phenotypes which vary in type and possibility of at least two F-actin binding regions within the
severity @—8). To date, 11 actin cross-linking proteins have polypeptide. Early structure and function experiments dis-
been identified inD. discoideum(9), and the calcium-  closed a division of actin binding activities within the 34
sensitive 34 kDa F-actin bundling protein is one of them. kDa protein. A 27 kDa core fragment generated from a
This protein constitutes just 0.04% of the total protein in |imited a-chymotrypsin digestion could cross-link F-actin
the cell (L0), yet it displays specific localization to filopodia to form an isotropic network, but was unable to form
and pseudopodid. (), early-forming phagocytic cups but not  anisotropic F-actin bundles. It lacked six amino acids from
late phagocytic cups or late phagosomek (2), and cell-  the N-terminus and an estimated 7 kDa fragment from the
to-cell contact regions during developmedB) Mutants  C-terminus of the 34 kDa polypeptid&@). Thus, in addition
lacking the 34 kDa protein have either longer filopodia or a to two possible actin binding sites in the 27 kDa fragment,
higher density of short filopodia depending on the genotype there may be other actin binding or bundle modulating
of the parental strain. In addition, the mutant cells exhibit activities in the regions missing from the 27 kDa fragment_
cytoplasmic shedding during crawling on a solid substratum Amino acid sequence analyses of the 34 kDa protein show
and increased persistence in motility assa§s Double  weak homology to other actin-associated proteins, rabbit
mutation of the 34 kDa protein and other actin cross-linking bisphosphate aldolase abddiscoideungelation factor ABP
proteins in D. discoideumresults in more pronounced 120 (17), although none of the similar regions resemble those
aberrant phenotypes (Rivero, F., Furukawa, R., Fechheimerof known actin binding sites. Comparison with other actin

M., and Noegel, A. A., unpublished), suggesting some hinding proteins in the database has failed to reveal any
redundancy among the F-actin cross-linking proteins. Clearly, consensus actin binding sequences.

The present study seeks to identify actin binding sites in
" Supported by NSF Grant MCB 9808748. the 34 kDa protein. Using polymerase chain reaction (PCR)
54;icz>r7r55p0ndmg author. E-mail: furukawa@cb.uga.edu. Fax: 706- cloning and heterologous recombinant protein expression

t Present address: Department of Cell Biology, The Scripps ResearchteChnO|Ogy’. large quantities of the r.ecombmant 34.kDa (r34
Institute, La Jolla, CA. kDa) protein have been synthesized and purified from
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Table 1: Design of the Recombinant Truncated Forms of the 34 kDa Protein

amino
protein  acid$ 5'-primerP 3'-primerP
Proteins Expressed in pET15b
B9 1-240 GCAGAGGATCCGATGGCAGAAACAAAAGTTGC CGATCTGGATCCTTAGGCAAAGTTGAGTTGTTC
Ci11 1-191 GCAGAGGATCCGATGGCAGAAACAAAAGTTGC CGATAGGGATCCTTATTCGAGAGCTAAACGAGCTT
NT 1-123 GCAGAGGATCCGATGGCAGAAACAAAAGTTGC GGATAGGGATCCTTATGGGTAGGTGGTTGCATAG
E3 77-295 GCAGAGGATCCGACAATCAAATATGCTGATATGC  ACGTAGGATTCCTTATTTCTTTTGTGGACCGT

CT 124-295 GCAGCTICCATGGCTATCTCTCAACCACAAATGTTG ACGTAGGATTCCTTATTTCTTTTGTGGACCGT

pG4 139-295 GCAGAGGATCCGTTAAGAGAAAAAGTCGATGTC ACGTAGGATTCCTTATTTCTTTTGTGGACCGT

H1 71-240 GCAGAGGATCCGACAATCAAATATGCTGATATC CGATCTGGATCCTTAGGCAAAGTTGAGTTGTTC
N12 124-240 GGCTGAGGATCCGATCTCTCAACCACAAATGTTG  CGATCTGGATCCTTAGGCAAAGTTGAGTTGTTC
012 139-240 GCAGAGGATCCGTTAAGAGAAAAAGTCGATGTC CGATCTGGATCCTTAGGCAAAGTTGAGTTGTTC

Proteins Expressed as T7 Gene 10-Fusions in pET17xb

1-295 GCAGAGGATCCGATGGCAGAAACAAAAGTTGC ACGTAGGATTCCTTATTTCTTTTGTGGACCGT
1-123 GCAGAGGATCCGATGGCAGAAACAAAAGTTGC GGATAGGGATCCTTATGGGTAGGTGGTTGCATAG
1-53 GCAGAGGATCCGATGGCAGAAACAAAAGTTGC CGACTGGATCCTTAATAAGCATTCAAAAAGTGAAC

71-123 GCAGAGGATCCGACAATCAAATATGCTGATATC GGATAGGGATCCTTATGGGTAGGTGGTTGCATAG
124-240 GGCTGAGGATCCGATCTCTCAACCACAAATGTTG CGATCTGGATCCTTAGGCAAAGTTGAGTTGTTC
139-191 GCAGAGGATCCGTTAAGAGAAAAAGTCGATGTC CGATAGGGATCCTTATTCGAGAGCTAAACGAGCTT
139-240 GCAGAGGATCCGTTAAGAGAAAAAGTCGATGTC CGATCTGGATCCTTAGGCAAAGTTGAGTTGTTC

Protein Expressed as a GST-Fusion Protein in pGEX-2T
G241 241295 GAGCGTGGATCCCTTATCTCTGCTGAAGCTGC ACGTAGGATCCTTATTTCTTTTGTGGACCGT

a Positions of the amino acid residues in the full-length, 295 amino acid, 34 kDa protein seqL@ndeéné CT (124-295) and E3 (77295)
which are expressed as nonfusion recombinant proteins. All other pET-15b constructs expressed histidine-fusion recombinant proteins. The 6X
histidine leader is removed by thrombin cleavage, leaving 8 extra amino acids, GSHMLEDP, at the N-terminus of the® @fgeinucleotide
primers used in PCR cloning, written in the-53' orientation. Restriction enzyme sites &anH| (single underline) anélcd (double underline).

of the protein was characterized as functionally indistin- phatase conjugated goat anti-rabbit and anti-mouse antibodies
guishable from the native protein isolated frAmdiscoideum were purchased from Promega. Fmoc-amino acids and resins
(19). In this study, cosedimentation &-34 kDa protein were purchased from Advanced ChemTech.

with F-actin was utilized to characterize the affinity and  Synthetic PeptideThe synthetic peptide was made with
cooperativity of the intact protein. In addition, the full-length  an Advanced ChemTech Model MPS 350 automated peptide
and various truncated forms of the 34 kDa protein were synthesizer (Louisville, KY) using Fmoc chemistry according
synthesized in bacteria, purified, and assayed for their ability to the manufacturer’s protocol at the University of Georgia
to interact with actin filaments. A combination of methods Molecular Genetics Instrumentation Facility. The 17 amino
including *-iodinated F-actin blot overlays, high-speed acid peptide (norleucine-NRDLEEKKKRYGPQKK) corre-
F-actin cosedimentation, low-shear falling-ball viscometry, sponds to the amino acid sequence ¥fetLys?® at the

and the disassembly of pyrene-labeled F-actin were used toC-terminus of the 34 kDa protein. The more stable norleucine
disclose the locations of three distinct F-actin binding sites amino acid was used to replace Kfétin the synthetic

in the 34 kDa protein. peptide.
Design of Expression Vectoisll molecular methods were
EXPERIMENTAL PROCEDURES performed according to Sambrook et dl9), Construction

of the recombinant full-length 34 kDa protein (r34 kDa)
expression vector, pET-15b-F18, has been describ8d (
ther truncated forms of the 34 kDa protein were made by
CR cloning of theD. discoideum34 kDa protein cDNA
template in pBSK30 17, 18) according to the conditions
previously described for the r34 kDa proteit8). Table 1
summarizes the truncated proteins made, the specific regions
of the 34 kDa protein present in the truncated proteins, their
respective expression vectors, and their PCR cloning primers.
These primers were designed to amplify specific regions of
the 34 kDa protein cDNA using thefu DNA polymerase
and to facilitate the ligation of the amplified DNA into the
expression vectors. Each primer has 1 restriction enzyme
recognition site BanHI or Ncd) and at least 20 nucleotides
e raey e HES e oo areaton aqu. Overlapping with the cDNA template. DNA amplifcations
HAP, Hydrbxylapgtite; éM, car‘boxymetﬁyl; DEAE, diethylaminoeth;}l; were conducted in ":_1 Perkin-Elmer Cetus Model 480 _D_NA
Fmoc, N-(9-fluorenyl)methoxycarbonyl; BCA, bicinchoninic acid; thermal cycler (Perkin-Elmer, Norwalk, CT). The amplified
gII\D/IgF,Sggﬁ%Irggéi%srga%ltgy%r#dﬁ; (I;iafétﬂt:;?%haté-%ufrferfgasaline: DNA segments were digested with the appropriate restriction
toeth’anol; PIPES, p)i,perazim}:'N’-bis’(2-ethanesulfé)nic, acid); G%T, enzymes and ligated into the expression vectors. The pET-
glutathioneS-transferase; TRX, thioredoxin; IPTG, isopropyl-1-thio- Plasmid constructs and pGEX-2T constructs were trans-
galactopyranoside; PCR, polymerase chain reaction; bp, base pair(s)formed into the expression host bacteria BL21(DE3) and

Materials. The Pfu DNA polymerase was purchased from
Stratagene. The NovaTope system, His Bind resin, thrombin
protease, the pET-15b, pET-17xb, and pET-32a vectors, an
AD494(DE3) bacteria were purchased from Novagen. TALON
beads were purchased from Cloneteldh(1-Pyrenyl)iodo-
acetamide was purchased from Molecular Probes. Phalloidin
was purchased from Boehringer Mannheim. Hydroxylapatite
(HAP) came from Calbiocheni?3-Bolton—Hunter reagent
was obtained from DuPont NEN. BCA protein assay reagent
came from Pierce. Ovalbuminx2crystallized came from
Worthington. Nitrocellulose membranes (0.4&, BA-85)
were purchased from Schleicher & Schuell. Alkaline phos-
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BL21, respectively. The fragment T193 (19354) was dine-fusion proteins were affinity-purified on the His Bind
derived by excising the fragment corresponding to amino resin under denaturing conditions with a few modifications
acids 193-254 in the TvecCBltet clone (based on the pTOPE to the manufacturer’s protocol. The pellet of inclusion bodies
vector, see below) wittBanmH| and Xhd and ligating into was solubilized in 25 mL of denaturation buffer (6 M urea,
the pET-32a vector previously digested wigglll and Xhd. 20 mM Tris-HCI, pH 8.0, 5 mM imidazole hydrochloride,
The pET-32a construct was transformed into the expressionpH 8.0, and 0.5 M NaCl) ol h with periodic Dounce
host bacteria AD494(DE3). The open reading frames in thesehomogenization. This denaturation buffer was freshly pre-
constructs were verified by automated DNA sequencing pared with Amberlite MB-3A mixed ion exchange purified
conducted at the University of Georgia Molecular Genetics urea. The solution of denatured proteins was clarified at
Instrumentation Facility with a Perkin-Elmer Applied Bio- 3900@ for 45 min, and the supernatant was applied onto a
systems Instrument 373 using ti@g DNA polymerase, 2.5 mL His Bind column. Prior to use, the resin in the column
fluorescence detection, and dideoxy terminator chemistry was rinsed with 7.5 mL of cold deionized water, cation-
(20). The pET-15b E3 (7#295) construct was detected to charged with 12.5 mL of 50 mM Ri, and equilibrated with
have a frame shift within the 34 kDa protein coding region 7.5 mL of the denaturation buffer according to the manu-
due to a duplication of 11 nucleotides at tHeebd of the facturer's procedure. After the complete application of the
amplified 34 kDa protein DNA segment. Premature termina- supernatant, the column was washed with 25 mL of
tion of protein translation was predicted to occur after the denaturation buffer followed by 15 mL of denaturation buffer
third codon in the specified 34 kDa protein sequence. containing 20 mM imidazole. The histidine-fusion protein
However, translation was reinitiated at a nearby ATG codon was step-eluted with the denaturation buffer containing 1 M
9 nucleotides downstream of the misplaced stop codon. Thisimidazole. The fractions with the protein of interest were
ATG start codon corresponds to Mé&in the 34 kDa protein  identified by SDS-PAGE. These fractions were pooledq
sequence. Bacterial host cells carrying the pET-15b E3 mL) and gradually dilutedat 1 M urea and 0.2 mg/mL
(77—295) construct expressed &25 kDa protein only upon  protein concentration with 50 mM Tris-HCI, pH 9.0, 20%
induction with IPTG. Western blot analyses using polyclonal glycerol, 0.25 M NaCl, 1 mM EDTA, and 1% NP-40 over
rabbit anti-34 kDa protein antibodie$d) and a monoclonal  a period of 1 h. The urea was removed by sequential dialysis
mouse B2C antibodyl(l) that recognizes only the C-terminal again$ 4 L of 50 mM Tris-HCI, pH 9.0, 0.25 M NaCl, 10%
two-thirds of the 34 kDa protein (Lim and Fechheimer, glycerol, and 1 mM EDTA, followed by three changes with
unpublished) were conducted to confirm that this recombi- 4 L of 20 mM Tris-HCI, pH 8, and 0.15 M NaCl over a 36
nant 25 kDa protein indeed contained amino acid sequencesh period. The renatured histidine-fusion proteins were
of the 34 kDa protein (data not shown). purified on the His Bind column under nondenaturing
Expression and Purification of Recombinant Proteins. conditions according to the manufacturer’s protocol. Na-
Growth of the expression bacteria, induction of protein EDTA, pH 8.0, was added to the eluted protein to a final
expression with IPTG, harvest, and storage of bacteria wereconcentration of 0.1 mM, and the protein was dialyzed
conducted as reported for the r34 kDa proteiB)( except again$ 4 L of 20 mM Tris-HCI, pH 8.0, 0.1 M NacCl, and
that the expression of all histidine-fusion proteins was 0.02% NaN (buffer B) followed ty 4 L of buffer B with
induced with 0.5 mM IPTG instead of 1 mM. The full-length 0.1 mM DTT. The proteins obtained wer90% pure with
r34 kDa protein was expressed and purified as previously an average yield of 2.5 mg of protein/100 mL of bacteria
described 18). All purification steps were performed at culture. After the nickel affinity purification, the histidine
4 °C. leader peptide was removed by thrombin cleavage, leaving
The histidine-fusion proteins were purified by nickel metal eight extra amino acid residues (GSHMLEDP) at the
affinity chromatography. The pET-15b-based constructs were N-terminus of the protein. The cleavage mixture contained
designed to express N-terminal cleavable histidine-fusion 0.5 IU/mL thrombin and 0.5 mg/mL protein in 20 mM Tris-
proteins except for CT (124295) and E3 (77295), which HCI, pH 8.4, 0.15 M NaCl, and 2.5 mM CaClThe mixture
were expressed as nonfusion proteins. Bacteria harvestedvas agitated gently at 20 for 16 h, and the reaction was
from 100 mL of culture were resuspended in 20 mL of cold terminated with the addition of PMSF and Na-EDTA, pH
lysis buffer (50 mM Tris-HCI, pH 8.0, 2 mM EDTA, 10% 8.0, to final concentrations of 1 mM and 0.5 mM, respec-
glycerol, 1% Triton X-100, 1 mM PMSF, and 0.2 mg/mL tively. The salts in the cleavage mixture were removed by
lysozyme) and stirred fol h to allow complete cell lysis.  dialysis against 10 mM Tris-HCI, pH 8.0, 0.1 mM PMSF,
The lysate was placed in an ice/ethanol bath and sonicatedd.1 mM EDTA, and 1 mM3-ME, and then followed by 10
(6 x 30 s) at 30% output for the microtip (Branson-Sonifier mM MES—NaOH, pH 6.5, 0.1 mM PMSF, 0.1 mM EDTA,
cell disruptor 200) to shear the DNA. The lysate was and 5 mM $-ME (buffer C). The dialyzed solution was
centrifuged at 250a9for 15 min, and the supernatant was applied onto a 0.6< 3.0 cm CM-52 column equilibrated
discarded. The pellet, which contained®5% of the ex- with buffer C. The protein was eluted with 200 mL of
pressed recombinant protein as insoluble inclusion bodies,0—0.2 M NaCl linear gradient in buffer C. The eluted protein
was resuspended in 20 mL of PBS, pH 7.4, 25% sucrose,was pooled, dialyzed against storage buffer (20 mM Tris-
1% Triton X-100, and 5 mM EDTA (buffer A). A brief  HCI, pH 8.0, 0.1 M KCI, 0.2 mM DTT, and 0.02% Naj\
15 s sonication pulse was given to aid in resuspension. Thedivided into small aliquots, and stored -a80 °C.
mixture was centrifuged as stated above, and the pellet was The inclusion body pellets of the nonfusion recombinant
washed 2 more times with buffer A. The pellets were washed proteins, CT (124-295) and E3 (7#295), were prepared
a fourth time with cold deionized water to remove EDTA from the bacterial host as described above. Depending on
prior to solubilization in denaturant and subsequent histidine the size, the pellet obtained frol L of bacterial culture
affinity purification under denaturing conditions. The histi- was solubilized in 2580 mL of 50 mM Tris-HCI, pH 9.0,
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5 mM EDTA, 6 M urea or guanidine hydrochloride, 1 mM vyield was 2.5 mg of protein/100 mL of bacterial culture with
PMSF, and 5 mMB-ME for 1 h with periodic Dounce  a purity of ~90%.
homogenization. After centrifugation at 39@pfr 1 h, the The pET-32a-based construct expressed the N-terminal
supernatant was collected and gradually diluted M urea fusion protein histidine-tagged thioredoxin T193 (3254).
or guanidine hydrochloride and 0.2 mg/mL protein concen- No attempt was made to remove the thioredoxin leader. The
tration with 50 mM Tris-HCI, pH 9.0, 20% glycerol, 0.15 pellet from a 500 mL bacterial culture was resuspended in
M NaCl, 1 mM EDTA, and 15 mMB-ME over 1 h. The 30 mL of cold lysis buffer (20 mM Tris, pH 7.9, 100 mM
denaturant was removed by sequential dialysis against 20NaCl, 1 mM PMSF, 1 mM benzamidine, 1 mM benzamide,
volumes of each of the following buffers: 50 mM Tris-HCI, 5 mM caproic acid, 0.5 mg/mL leupeptin, and 0.75 mg/mL
pH 8.0, 0.25 M NaCl, 1 mM EDTA, and 15 mM-ME; lysozyme) and stirred 1 h. The lysate was placed 20 °C
20 mM Tris-HCI, pH 8.0, 50 mM NaCl, 1 mM EDTA, and  for 1 h and subsequently into an ice/ethanol bath, and the
1 mM B-ME; and 10 mM Tris-HCI, pH 8.0, 0.1 mM EDTA,  DNA was sheared by sonication 30 s). The lysate was
and 1 mMp-ME over a period of 36 h. The renatured protein centrifuged at 1500@Qfor 30 min. The supernatant was
was applied onto a % 15 cm DE-52 column equilibrated  diluted 3-fold with 20 mM Tris, pH 8.0, 500 mM NaCl
with 10 mM Tris-HCI, pH 8, 0.1 mM EDTA, and 1 mM  (buffer E) and applied to a column with 0.75 mL of talon
B-ME. The fraction not bound to the DE-52 column which beads equilibrated with buffer E supplemented with 5 mM
contained most of the recombinant proteins was collected, imidazole. The column was washed with 20 mL of buffer E
and the pH was adjusted to 6.5 Wit M MES. For the E3 with 5 mM imidazole, followed by 10 mL of buffer E with
(77—295) protein, the DE-52 unbound fraction was applied 10 mM imidazole, and eluted with a linear 50 mL gradient
onto a 1x 10 cm CM-52 column equilibrated with 10 mM  from 10 mM to 333 mM imidazole. The T193 (19254)
Tris—MES, pH 6.5, 0.1 mM EDTA, and 1 mM-ME (buffer was dialyzed versus 20 mM Tris, pH 8.0, 100 mM KClI,
D), and eluted with a 500 mL-00.3 M NacCl gradient in 0.02% NaN, and 5 mM g-mercaptoethanol, divided into
buffer D. E3 (77#295) was eluted at 75 mM NaCl. For the small aliquots, and stored at80 °C. Similar preparative
CT (124-295) protein, the DE-52 unbound fraction was methods were used to purify the thioredoxin leader from the
applied onto a 1x 10 cm HAP column equilibrated with  pET-32a vector with no insert for use as a control.
buffer D, and eluted with 200 mL of a-@.2 M phosphate Construction of the Epitope Expression Libraryhe
gradient in buffer D. CT (124295) was eluted at 0.12 M  NovaTope system was used to construct the epitope library
phosphate. Eluted proteins were dialyzed against buffer D that expressed short protein sequences derived from the
prior to concentration. In both cases, the proteins were C-terminal 171 amino acids of the 34 kDa protein, the CT
concentrated on 0.5 2.5 cm HAP columns by step elution  (124—295) protein. The target DNA was generated from the
with 0.2 M phosphate in buffer D, dialyzed against storage pET-15b CT (124-295) construct by two different meth-
buffer, and stored as described above. The average yield ofods: (1) restriction enzyme digestion wititad and BanH|
~90% purity was 3 mg of protein/L and 25 mg of protein/L  to liberate the DNA segment of520 bp; and (2) three
of bacterial culture for CT (124295) and E3 (7#295), sequential rounds of PCR amplification of the same coding
respectively. region. Following the manufacturer’'s recommendations, this
The proteins expressed from pET-17xb-based constructssegment of DNA was digested with DNase | in the presence
were N-terminal T7 gene 10-fusion proteins. The 260 amino of Mn?* to give small DNA fragments of various sizes. The
acid T7 gene 10 leader peptide could not be cleaved, andDNA fragments of 56-150 and 156-300 bp ranges were
experiments were conducted with the fusion proteins. The isolated by gel electrophoresis followed by electroelution.
inclusion body pellets of T7 gene 10-fusion proteins were The fragments were blunt-ended by T4 DNA polymerase,
collected as described above, solubilized directly in SDS  3'-dA-tailed by Tth DNA polymerase, and ligated into
PAGE sample buffer, and used without further purification. linearized pTOPE T-vectors (Tvec). The T-vectors were
The pGEX-2T-based construct expressed the N-terminal transformed into NovaBlue(DE3) expression bacteria, plated
GST-fusion protein, G241 (244295). No attempt was made on LB agar supplemented with 5@/mL carbenicillin (CB)
to remove the 27 kDa GST leader. The pellet from a 100 and 15ug/mL tetracycline (tet), and grown overnight at
mL bacterial culture was resuspended in 10 mL of cold lysis 37 °C. The small DNA fragments were expressed as
buffer (PBS, pH 7.4, 1 mM EDTA, 1% Triton X-100, 0.1% N-terminal T7 gene 10-fusion proteins. These TvecCBi/tet
NP-40, 1 mM PMSF, 1 mM benzamidine, 1 mM benzamide, clones were replica-plated onto nitrocellulose membranes and
5 mM caproic acid, 0.5 mg/mL leupeptin, and 0.2 mg/mL screened for F-actin binding by th&l-F-actin overlay assay.
lysozyme) and stirred 30 min. The lysate was placed in an Positive clones were rescreened, and the size of the DNA
ice/ethanol bath, and the DNA was sheared by sonication (2fragment in each clone was estimated by bacterial colony
x 30 s). The lysate was centrifuged at 10§36r 15 min. PCR using the T7 gene 10 primer and T7 terminator primer
The supernatant was mixed with 1 mL of glutathione agarose supplied by Novagen. The sequences of the 34 kDa protein
equilibrated with PBS, pH 7.4. The suspension was gently DNA fragments found in the TvecCBi/tet clones were
agitated for 30 min and then centrifuged at §@6r 5 min. obtained by automated DNA sequencing as described above.
The supernatant was discarded, and the glutathione agaros# addition to these positive clones, several clones expressing
was washed 3 times with 10 mL of cold PBS, pH 7.4. The in-frame fragments of 34 kDa protein that did not bind
G241 (241-295) was eluted from the agarose with 1 mL of F-actin were also sequenced.
10 mM reduced glutathione in 50 mM Tris-HCI, pH 8.0. Actin. Sephadex-G150 column purified G-actin was pre-
NaN; and KCI were added to the final concentrations of pared from rabbit skeletal muscle acetone pow@éy 22)
0.02% and 100 mM, respectively. The G241 (2£2D5) was and maintained in G-actin buffer (2 mM Tris-HCI, pH 8.0,
divided into small aliquots and stored aB0 °C. Average 0.2 mM CaC}, 0.2 mM ATP, 0.2 mM DTT, and 0.02%
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NaNs) at 4 °C for up to 1 week with daily buffer changes. 7.0, 50 mM KCI, 50uM MgCl,, 0.2 mM DTT, 2.5 mM
After 1 week, the G-actin was subjected to a cycle of EGTA, 0.02% Nal, and 1 mg/mL ovalbumin fo2 h at
polymerization under high-salt conditions (50 mM KCI, 1 room temperature. The solutions were centrifuged as de-
mM ATP, 1 mM MgCL) and then depolymerization by  scribed above in centrifuge tubes that were previously coated
dialysis against G-actin buffer before maintenance in G-actin with 1 mg/mL ovalbumin and allowed to air-dry. The
buffer. supernatant sample was collected, and the pellet was washed
G-Actin (4—5 mg/mL) was iodinated witA?3-monoio- twice briefly with ice-cold 20 mM PIPES, pH 7.0, 50 mM
dinated Boltor-Hunter reagent at free amino groups of the KCI, 50 uM MgCl,, 0.2 mM DTT, 2.5 mM EGTA, 0.02%
actin molecule as describe?ly 24), and the average specific  NaNs;, and 1 mg/mL ovalbumin before the radioactivity in
activity was~54 uCi/mg of protein. Gelsolin-capped phal- the samples was measured in a gamma counter (Beckman
loidin-stabilized*®¥-F-actin was made as described previ- 4000). The total radioactivity in the pellet sample was
ously 25 by the polymerization of'?3-G-actin in the corrected for the amount df34-34 kDa protein that either
presence of 20 mM PIPES, pH 7.0, 50 mM KCI, 2 mM bound to the centrifuge tube or sedimented without actin.
MgCl,, 1 mM ATP, 0.5 mM CaCl, and 1:100 molar ratio  The data were analyzed using the Hill pl@9y.
of gelsolin to actin for 30 min at room temperature, followed  The low-shear falling-ball viscometry assay was performed
by filament stabilization with a 1.5 molar excess of phal- as previously described.§, 18, 30) using 4.7uM F-actin
loidin. Gelsolin was purified from pig serum by a modifica- and 0.05-0.5uM samples of the truncated forms of the 34
tion of Cooper et al.Z6) as previously describe@7). Prior kDa protein. The recombinant truncated proteins were scored
to use in the'®-F-actin overlay assays, the F-actin was for their ability to significantly increase the viscosity of the
diluted to an actin concentration of 0.5 mg/mL with TBST F-actin solution over that of F-actin alone4x) at the
(10 mM Tris-HCI, pH 7.5, 90 mM NaCl, and 0.5% v/v  concentration range that has been previously determined for
Tween-20) containing 5% (w/v) nonfat dry milk, &M the full-length 34 kDa proteinl, 18).
phalloidin, and 0.02% NaiN(25). This diluted sample was The F-actin disassembly assay using pyrene-labeled actin
stored at 4°C. was performed as described previoudi¥)( Pyrene-labeled
F-Actin was labeled witiN-(1-pyrenyl)iodoacetamide in  G-actin (2uM) was polymerized overnight in assay buffer
100 mM H;BOs, pH 8.5, 100 mM KCI, and 0.4 mM Mggl (25 mM Tris-HCI, pH 7.4, 0.14 M KCI, 2 mM MgG|
under nitrogen for 35 h at room temperature. The mixture 1 mM EGTA, 0.2% NP-40, and 1 mM ATP). F-Actin
was dialyzed overnight against 2 mM PIPES, pH 7.0, 100 disassembly was initiated by diluting the actin solution 20-
mM KCI, 2.0 mM MgCh, 0.5 mM ATP, 0.5 mM DTT, and  fold with assay buffer containing increasing amounts of the
0.02% NaN. The F-actin was collected by centrifugation at a-chymotryptic digest 27 kDa fragment, the NT+{123)
16500@ for 2 h at 4°C, depolymerized by dialysis in G-actin  protein, or the 2 kDa synthetic peptide (27895). The
buffer, and purified on Sephadex G-150. The average decrease in pyrene fluorescence intensity (370 nm excitation,
preparation had-90% of the actin labeled with pyrene. The 410 nm emission) was monitored with a Perkin-Elmer LS-5
pyrene-labeled G-actin was maintained as described for thefluorescence spectrophotometer for 60 min. The initial rates
unlabeled G-actin except the pyrene-labeled G-actin wasof decrease in intensity were calculated and used in the

shielded from light to prevent photobleaching. estimation of apparent dissociation constants.

Production of the Dictyostelium 34 kDa Proteifihe 34 The 29-F-actin overlay blot assays were adapted from
kDa protein was purified fronD. discoideunas previously Chia et al. 5). For bacterial colony blots, individual colonies
described 28). The 34 kDa protein was iodinated witPfl- of bacteria were grown directly on nitrocellulose membranes

monoiodinated BoltorrHunter reagent at free amino groups overnight at 37°C. The bacteria were induced to express
of the molecule as describeild), and the average specific  protein with 1 mM IPTG for 3 h. This induction step was
activity was~180 uCi/mg of protein. omitted for the TvecCB/tet bacteria generated by the No-
Production of the 27 kDa Protein Fragmeiithe 27 kDa vaTope system. The colonies on the membrane were lysed
protein was purified from a limited-chymotrypsin digestion ~ and permeabilized in a chloroform chamber for 15 min and
of the D. discoideum34 kDa protein using HAP column  subsequently incubated in freshly prepared 20 mM Tris-HCI,
chromatography as previously describéé)( pH 8.0, 6 M urea, and 0.5 M NaCl for 15 min. The
Actin Interaction Assay$:-Actin high-speed cosedimen- membrane was blocked in TBST with 5% (w/v) nonfat dry
tation assays were performed as described previodsly ( milk for 1 h and washed twice with TBST for 15 min each
15, 18). The solutions were centrifuged in a Beckman airfuge to remove excess cell debris. The membrane was overlaid
at 23 psi (11500¢) for 30 min. The supernatant (S) and the with *3-F-actin solution with gentle shakingif@ h atroom
pellet (P) samples were collected and analyzed by -SDS temperature. The membrane was subsequently washed in
PAGE and Coomassie Blue staining. TBST (8 mL/100 mm filter circles) for 1 min, air-dried, and
The binding of the'?8-34 kDa protein to actin was exposed to Kodak X-OMAT film with an intensifying screen
investigated in two ways. Solutions contained either a fixed at room temperature for a period of-@ days (for primary
concentration of actin and varying amounts'®f-34 kDa screens) or 1 day (for secondary screens). For-SRSGE
protein (4.6x 10° cpmjug of protein) or a fixed concentration  denatured protein blots, the proteins (150 pmol) were
of 129-34 kDa protein (1x 10° cpmjtg of protein) and separated on 15% SB®AGE gels and electrophoretically
varying concentrations of actin. Solutions containing either transferred onto nitrocellulose membranes at 66 \3fb at
129-34 kDa protein (0.026 uM) and G-actin (24uM): 4 °C. For SDS-treated protein dot blots, the proteins (150
gelsolin at a ratio of 222:1 or 1778:1 &¥-34 kDa protein pmol) were treated with SDSPAGE sample buffer, diluted
(0.25uM) and G-actin (2.424 uM):gelsolin at a ratio of 50-fold with 50 mM Tris-HCI, pH 8.0, and dot-blotted onto
222:1 or 1778:1 were polymerized in 20 mM PIPES, pH nitrocellulose membranes. For non-SDS-treated protein blots,
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the proteins (50 and 150 pmol) were directly dot-blotted onto
nitrocellulose membranes. All protein blots were processed
in the same manner as the bacterial colony blots except that
the TBST washes prior to the application'&1-F-actin were
omitted.

Protein Analytical MethodsProtein concentrations were
determined by the BCA metho®1) using bovine serum
albumin as the protein standard. Protein samples were
analyzed on 15% SDSPAGE according to Laemmli3@)
and visualized by Coomassie Brilliant blue staining. Western
blot analyses were performed as described by Tow&@) ( ool 1 2 3 4
using rabbit polyclonal anti-34 kDa antibodie0), mono- [34 kD protein] (uM)
clonal B2C mouse anti-34 kDa antibodi1j, and alkaline
phosphatase conjugated goat anti-rabbit and anti-mouse
antibodies.

15

1.01 o°

0.57 EIBO

[34 kD protein] bound (uM) »
B
k"

=
»

[u]
8]

RESULTS

Cooperatve Binding of the 34 kDa Protein to F-Actin.
The binding of'?4-34 kDa protein to F-actin was studied at
two filament lengths, since the order of filaments within -17
bundles formed with the 34 kDa protein was found to be a]
length-dependent3d). The cosedimentation assay was 2 . . .
utilized, and the data were analyzed using the Hill plot -4.8 -4.4 -4.0 -3.6
(Figure 1). The nature of the binding of the 34 kDa protein Log [34 kD protein] free
to F-actin is length-dependent (Figure 1A). The binding of
the 34 kDa protein to F-actin saturated at a stoichiometry of
1:18. The slope of the Hill plot was determined to be 3.0 or
1.9 for filaments 0.6um and 4.9um, respectively, using
values of log [34 kDa protein] free between 0.1 and 0.9
(Figure 1B,C). These values suggest that the minimum
number of apparent actin binding sites is 3 and that the
number of binding sites observed is length-dependent. The
value of K was calculated to be 1.2M independent of
filament length.

Generation of Recombinant Truncated Proteihs.local- 2 T T T
ize the actin binding sites in thB. discoideum34 kDa 48 44 40 36
protein, our experimental approach was to synthesize specific Log [34 kD protein] free
regions of the 34 kDa protein as recombinant proteins and Ficure 1: Hill plot of the binding of'?3-34 kDa protein to F-actin.
probe their actin binding activities by several different F-actin The concentration of 34 kDa protein bound to F-actin as a function
binding assays. In a previous report, the recombinant 34 kDaOf the total concentration of 34 kDa protein (A). The actin filaments

. were 0.6um (d) and 4.9um (O). Measurements were performed
(r34 kDa) protein was successfully cloned by PCR, ex- i, quplicate. Similar results were obtained in independent experi-

pressed, and purified from bacteria. In vitro, the r34 kDa ments. log /1 — y) versus log [free 34 kDa protein] is plotted
protein bound F-actin in a Gadependent manner and was Wwherey is the fraction of total sites occupied. The slope between
functionally indistinguishable from the native 34 kDa protein 109 ¢//1 —y) values of 0.1 and 0.9 was determined for two different

: . : filament lengths, 0.e@m (B) and 4.9«m (C), with five independent
from D. discoideum(18). This set the_ prec_edent_ f(_)r the trials. The apparent Hill coefficients are 3.0 and 1.9 for the.@r6
syntheses of truncated 34 kDa proteins using similar mo- gng 4.9um filaments, respectively. The value of ks 1.2 uM

lecular techniques. In all, 18 different expression constructs independent of filament length.
were made (Table 1), representing 14 truncated forms of the
34 kDa protein (Figure 2). Smaller regions of the 34 kDa of the inclusion body purification procedure. The purification
protein, £-53, 71-123, 139-191, 193-254, and 241295, yields of the various fragments ranged from 3 to 25 mg of
were expressed as T7 gene 10-fusion, TRX-fusion, or GST-protein of ~90% purity per liter of bacterial culture. The
fusion proteins to aid in protein expression. majority of the expressed G241 (24295) and T193 (193

All the truncated forms of the 34 kDa protein were 254) were found in the soluble fraction of the bacterial
expressed at high levels in the host bacteria, ranging fromlysates, and were purified from the soluble fraction using
10 to 25% of the total cell protein. Unlike the r34 kDa 9lutathione agarose and talon bead affinity chromatography,
protein, most of the truncated proteins were found exclusively respectively.
in the insoluble fraction of the host cell, and hence were  Mapping F-Actin Binding witH?3-Labeled F-Actin.The
purified from the insoluble fractions. The CT (1:2295) was, SDS-denatured native 34 kDa protein and the 27 kDa
however, found to be evenly distributed in the soluble and a-chymotryptic digest fragment were reported to biAd-
insoluble fractions, but purification of the CT (12295) F-actin on blots 16, 25, 35). To broadly localize thé?3-
was attempted only from the insoluble fraction due to ease F-actin binding region(s) to the amino- and/or carboxyl-

Log y/1-y
e

00

Log y/1-y
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F-Actin Binding Activities

128 1.e.Actin Binding

) Co-sedimant Intreased Actin thhibit F=Actin

Denatured Non-denaturad with F-Actin Viscosity Disassembly
1-295 ] e ] + + 8 ) oS
1-240 | - 1 - + - - ND
1-191 "y - ND - - ND
1-123 —mD - + - - +
1-53 I - ND ND ND ND
139-191 i [t} - ND ND ND ND
77-295 | 1 wssge— + + + ND ND
124-295 | (8 e e— + . + + ND
139-295 | | a— + . + + ND
71-240 | (m see— - ND i ND ND
124-240 | o) - + - - ND
139-240 | |~ m— - + - - ND
241-295 — - + - - ND
279-295 | (] ND ND ND ND +
193-254 | — + ND + ND ND
PO v— o se— 4+ ND 4 45 +

'Frﬂmmmmﬁ
50 100 150 200 250 300
Amino Acids

ME  Putative calcium binding EF hands
2 Data obtained from (18)
b Data obtained from (14)

€ Data obtained from (16)
ND, not determined

Ficure 2: Summary of the F-actin binding activities of the full-length and truncated forms of the 34 kDa protein. The various truncated
forms are denoted by the amino acid residue positions (shown on the left) corresponding to the specific regions in the full length 295 amino

acid protein. The shaded boxes are putative calcium binding EF-

hand motifs. All proteins were bacterially expressed recombinant proteins

except for the 2 kDa synthetic peptide 27295 and the 27 kDa-chymotryptic digest fragmentl§). The interactions of the truncated
proteins with actin filaments were determined §-F-actin blot overlaysZ5, 35) under native or SDS/urea denatured conditions, high-
speed cosedimentation assa¥5)( viscometry 80), and the disassembly of pyrene-labeled F-acti).(

terminal portion of the 34 kDa protein, the two major
nonoverlapping regions of the 34 kDa protein, NTF-(123)

and CT (124-295), were analyzed. The bacteria expressing

either the NT (+123), the CT (124295), the r34 kDa

protein, or only the histidine leader peptide encoded by the
pPET-15b plasmid were grown directly on nitrocellulose

membranes, induced with IPTG to synthesize the encoded
protein, and lysed in chloroform. The proteins were denatured
in urea and subsequently assayed for F-actin binding activity.

Both the r34 kDa protein and the CT (1:2295) bound-*3-
F-actin, while the NT (3123), the histidine leader peptide,
and bacterial proteins from BL21(DE3) pET-15b (no DNA
insert) did not (Figure 3).

To search for other F-actin binding domains within the

A. Immunostained B. 125|-F-actin

blot overlay blot

aioe MY Pope

Control s
NT(1-123) e & °

Control

‘ L reeR
CT(124-295)

Ficure 3: Recombinant full-length 34 kDa protein and the CT
(124-295) protein bound?3-F-actin on bacterial colony blots.
Bacteria expressing the full-length 34 kDa protein, the NT{23),

the CT(124-295), and the histidine leader peptide [control bacteria
BL21(DE3) pET-15b (no insert)] were grown on nitrocellulose

34 kDa protein that could have been missed in the initial membranes. Following protein expression and cell lysis, the

NT (1—-123)/CT (124-295) experiment, a collection of

membranes were blocked, washed, and then probed with either

recombinant proteins was produced and analyzed. Therabbit polyclonal anti-34 kDa protein antibodies followed by

proteins r34 kDa, B9 (3240), C11 (+191), NT (1-123),
E3 (77-295), CT (124-295), pG4 (139-295), H1 (7t
240), N12 (124-240), 013 (139-240), and G241 (241
295) and the T7 gene 10-fusion proteins-gB5), (1-123),
(1-53), (71-123), (139-191), (124-240), and (139-240)
were separated by SDFAGE, electrophoretically trans-
ferred onto nitrocellulose membranes, and screenetter
F-actin binding (Figure 4A). Only the r34 kDa protein, E3
(77—295), CT (124-295), pG4 (139-295), and the T7 gene
10-fusion (3295) bound'?3-F-actin, with the minimum
common sequence among them being-1395. The extra

alkaline phosphatase-conjugated goat anti-rabbit antibodies (A) or
gelsolin-capped phalloidin-stabilized3-F-actin followed by
autoradiography (B).

F-actin binding since pG4 (13295) bound?9-F-actin as
well as the nonfusion proteins CT (12295) and E3 (77
295) (Figure 4A). The 260 amino acid residue T7 gene 10
leader protein did not bind F-actin nor did it affect the actin
binding activity of the T7 gene 10-fusion {295) protein
(Figure 4B). Similarly, the 27 kDa GST leader protein
(Figure 4A) did not bind F-actin.

Since the?d-F-actin blot overlay assays involved studying

eight amino acids (GSHMLEDP) found at the N-terminus the proteins after denaturation with SDS and treatment with
of all the cleaved histidine-fusion proteins did not affect reducing agent, any F-actin binding activity resulting from
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A.  Coomassie biue stained gel '25)_F-actin overlay biot A. Non-SDS B. SDS treated
treated (pmoles) (pmoles)

S0 150 150

r34 kDa [
B9(1-240)

NT(1-123)

-43 kD

-29 kD

-

R E3(77-295) g 4 [ ]
.. CT(124-295) g L ]
pG4(139-295) .
N12(124-240) - [ ]
B. '29_F-actin overlay blot 013(139-240) [
> I S &
Af féf'}ff g"‘i & G241(241-295) ®
N NN X NN
—97kD FiGUrRe 5: Weak interactions with?3-F-actin on blots exposed

under non-SDS denaturing conditions. Autoradiogram&- -
actin overlays of nitrocellulose membranes dot-blotted with native
—43kD and non-SDS-denatured proteins (50 and 150 pmol) (A) and
previously SDS-denatured proteins (150 pmol) (B).
colony blot overlays, but no positive clone was obtained.
Another 12 000 colonies from 3 other independently gener-
ated 50-150 bp DNA fragment libraries were also analyzed
sae- ke for F-actin binding, but with no success. Consequently, a
library expressing larger epitopes of -5000 amino acids
FicUrRe 4: Binding of the full-length and truncated 34 kDa proteins from the inserted 156300 bp DNA fragments was con-
to 129-F-actin on blots under denaturing conditions. Coomassie Blue structed. The 156300 bp DNA insert library yielded 33
stained 15% SDSPAGE gels and autoradiograms '8fl-F-actin positive primary clones out of 4000 colonies. In the

overlays of nitrocellulose membrane blots obtained by electro- e
phoretic transfer of proteins from SB®AGE gels. (A) Purified subsequent secondary screen, 30 out of the initial 33 clones

recombinant proteins (150 pmol each) derived from the pET-15b femained positive. Bacterial colony PCR was performed to
and pGEX-2T expression vectors. (B) T7 gene 10-fusion proteins determine the sizes of the DNA inserts in these 30 clones
(150 pmol) derived from the pET-17xb expression vector were (data not shown). The average size of the DNA fragments
partially purified as inclusion bodies and solubilized in SDS sample the positive TvecCBltet clones was 250 bp, and DNA
buffer prior to SDS-PAGE. o
fragments o 250 bp were sequenced. In addition, the DNA

conformationally sensitive regions of the 34 kDa polypeptide inserts of several clones expressing in-frame fragments of
could have been overlooked. To uncover such regions, native34 kDa protein that did not bind F-actin were also sequenced.
non-SDS-treated proteins were analyzed?frF-actin dot The smallest linear region within the 1:3995 that conferred
blot overlays. Both SDS- and non-SDS-treated E3HZ95), 129-F-actin binding was amino acid residues 1354
CT (124-295), pG4 (139-295), and the r34 kDa protein  (Figure 6B). The four amino acid residues 19496 (VNKR)
interacted with'®-F-actin (Figure 5), consistent with the are presumed to contribute to F-actin binding, since the
results obtained for thé?3-F-actin blots of SDSPAGE expressed region of 19295 did not bind the iodinated actin
resolved and electrophoretically transferred proteins (Figure probe. Moreover, the region 24254 is also required for
4). The actin binding activities were distinctly detected when actin binding as all recombinant truncated proteins terminat-
only 50 pmol of these four proteins was used under non- ing at amino acid residue 240 did not biAéfl-F-actin
SDS denaturing conditions. On the other hal#é;F-actin following denaturation by SDS (Figures 4 and 5). The197
binding was detected with 150 pmol, but not with 50 pmol 236 portion of this lineat?3-F-actin binding site may also
of the B9 (1-240), NT (1-123), N12 (124-240), O13 contribute to actin binding as the expressed segment of 237
(139-240), and G241 (241295) proteins (Figure 5A). 273 did not bind actin (Figure 6B).
These apparently weaker actin binding activities were Cosedimentation with F-Actin in Solutiomhe ability of
eliminated upon SDS treatment (Figure 5B). Nonspecific the truncated forms of the 34 kDa protein to interact with
binding of1?4-F-actin to non-34 kDa derived proteins such F-actin in solution was studied by the high-speed F-actin
as the GST-fusion leader was not observed. cosedimentation assay. In the absence of F-actin, the purified

The common region of 139295 in the 34 kDa protein  proteins did not sediment under high centrifugal forces and
was able to bind'?9-F-actin even after SDS treatment remained in the supernatant (data not shown). However, in
(Figures 4 and 5). To further delimit tA&1-F-actin binding the presence of F-actin, only the E3 (7295), CT (124
site within this 139-295 region, an epitope library expressing 295), pG4 (139-295), and r34 kDa proteins were found with
protein epitopes of 1650 amino acids encoded by the F-actin in the pellet (Figure 7). The common region among
inserted 56-150 bp DNA fragments was made, as shown these four F-actin cosedimenting proteins is the sequence
in Figure 6A. A total of 4000 TvecCB/tet colonies from this 139-295, as was observed in the SDS-denatdiféd--actin
library were screened for™-F-actin binding on bacterial ~ binding blot overlay assays (Figures 4 and 5). The B9 (1

— 18 kD
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A. DNA encoding the CT(124-295) protein T S P
OO T I I TTTTTTTITT]
DNase | ctgestion Actin . .
3'-dA tailing oftragments r34 kDa s =
Nussaunng .
R B9(1-240) W
g * Nasssunnnnng
Ligation into pTope T-vectors C1 1 (1 _1 91 ) “—
NT(1-123) -
! E3(77-295) % W
Transform into NovaBlue(DE3) bacteria
o ¥ CT(124-295) @ =
Bacterial colony PCR tnd DNA sequencing pG4(1 39-295) ' -
s H1(71-240) == ==
_——:_;::;g— s ——— —:_
= — v B

237-2713 ,. L..—_.*z:z: =
013(139-240) '

VNKRIRAYEEEKARLTEESKIPGVKGLGATMLAQIDSGPLKEQLNFALISAEAAVRTAS

FIGURE 6: Mapping of thet?3-F-actin binding site. (A) Schematic -

diagram of the NovaTope epitope mapping system to identify the -

125I—gF-actin binding site ir? thep34 ﬁDa pr%‘t)eir?. Aylibrary of Tvecng/ G241 (241 295)

tet bacteria expressing small peptide segments of the 34 kDa protein

as T7 gene 10-fusion proteins was generated by random DNase | %

digestign of the enccr))ding DNA, I?gation of t%e sized DNA T(1 93-254) "

fragments into the T-vector, and transformation of the host bacteria.

The library was screened by bacterial coloH-F-actin blot o )

overlays. (B) The 34 kDa protein segments that were expressedFIGURE 7: Binding of the full-length and truncated 34 kDa proteins

in-frame with the T7 gene 10-fusion, theifs-F-actin binding to F-actin in solution. Coomassie Blue stained 15% SPBGE

activities, and the sequence of the smallest region in the 34 kDagels of the total mixture prior to centrifugation (T), supernatant

protein that bound23-F-actin on blots. (S), and pellet (P) samples of F-actin cosedimentation assays. Full-
length 34 kDa protein and the various truncated 34 kDa proteins

240), C11 (+191), NT (1-123), H1 (71-240), N12 (124 (2.2-10 uM) were mixed with actin (2«M), and separated into

240), 013 (139-240), and G241 (241295) proteins did  the supernatant and the pellet fractions by high-speed centrifugation.

not cosediment with F-actin (Figure 7) although they had Proteins that bound strongly to F-actin in solution were found with

exhibited weak'?3-F-actin binding on blots (Figure 5A).  he F-actinin the pellet.

Attempts to determine the interactions of the purified T7 gene for cosedimentation assays due to the insolubility of the T7

10-fusion proteins with F-actin were aborted as the purified gene 10 leader. This 62 amino acid region was cloned,

T7 gene 10-fusion proteins were prone to aggregation andexpressed, and purified as a thioredoxin fusion protein, T193

did not remain soluble even in the presence of detergents(193—254). T193 (193-254) was also able to cosediment

and reducing agents. The 62 amino acid region {12&4) with F-actin (Figure 7), while the thioredoxin leader alone

identified as a TvecCB/tet clone could not be used directly did not (data not shown).
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Falling-Ball ViscometryWhen actin filaments in solution A
are cross-linked into a meshlike gel by actin binding proteins,
the apparent viscosity of the solution increases. Further cross- 1004
linking and rearrangement to form bundles result in a
decrease in viscosity36). Cross-linking by a monomeric
Ay
40. .
201

protein would require at least two actin binding sites. Both
the monomeric 34 kDa protein and the 27 kDa fragment have
been shown to interact with F-actin and to increase the
viscosity of the F-actin solutiorllg, 16, 18). This assay was
conducted to determine whether any of the truncated proteins
was capable of altering the viscosity of an F-actin solution ] ]
in a similar manner as the 34 kDa protein and the 27 kDa 0 100 200 300
fragment by cross-linking actin filaments. Only the E3£77 [27 kDa fragment] (nM)
295), CT (124-295), and pG4 (139295) proteins increased
the apparent viscosity of the F-actin (4t¥) solution (data
not shown). The concentration of these three proteins at
which the viscosity increased sharply (gel poirt}).1 uM,
was comparable to that demonstrated for the native 34 kDa
and r34 kDa proteinsl(Q, 18) and the 27 kDa fragmen16).
Again, the common region of 13295 was observed among
the truncated proteins that could increase the viscosity of
the F-actin solution. Moreover, a preparation of the pG4
(139-295) protein that was monomeric and used directly 201
from a gel filtration column was able to cross-link actin
filaments (data not shown). This suggested that there may % 100 200 300
be two actin binding sites within this 13295 region of [NT(1-123)] (nM)
the 34 kDa protein. c
Inhibition of F-Actin Disassemblysome truncated forms
of the 34 kDa protein exhibited weak actin binding activity 100}
in 129-F-actin overlay assays that were detected only in the
absence of denaturation (Figure 5A). Their association with 801
F-actin might lack sufficient stability to enable cosedimen-
tation with F-actin during high-speed centrifugation (Figure
7). Hence, an actin binding assay that does not require the
physical separation of bound and free proteins was employed
to reveal any subtle interactions with actin filaments. The 20
native D. discoideum34 kDa protein inhibited the rate of
F-actin disassembly under depolymerization conditions by o 20 40 60 80 100
binding to the side and not to either end of pyrene-labeled [Peptide] (M)
actin filaments 14). A concentration of 2«M of pyrene-

|abe|ed acun was polymenzed overr”ght and dlluted 20_ Ficure 8: Inhibition of the disassembly of pyrene-labeled F-actin
e e i - . by fragments of the 34 kDa protein. The rates of depolymerization

fold under polymerization conditions to the critical actin pyrene-labeled F-actin 2V diluted to 0.1M) were monitored

concentration of 0.1M to initiate F-actin disassembly. The iy the absence (control) and in the presence of increasing concentra-

rate of disassembly was measured in the absence (control}ions of thea-chymotryptic digest 27 kDa fragment (A), the NT

and presence of the-chymotryptic digest 27 kDa fragment,  (1—123) protein (B), or the 2 kDa synthetic peptide 2285 (C).

the 2 kDa synthetic peptide 27295, or the NT (+123) The F-actin disassembly rates obtained in the presence of the
. S ' . truncated 34 kDa proteins were normalized to that of the control

protein. The F—actl_n disassembly rate_s were normalized to =, i, disassembly rates. Each data point is meanSE,

the control rate (Figure 8). The F-actin disassembly rates, = g.

were significantly retarded, with the largest 27 kDa fragment

having the greatest effect and the smallest 2 kDa synthetic

peptide 279-295 having the least inhibition. The estimated revealed no conserved amino acid residues that might be

% Control

1004

80

% Control

Control

%
-
-
——

KappValues of the 27 kDa fragment, the NT«123) protein, involved in binding actin filaments. The sole cDNA sequence
and the peptide 279295 are 14 nM, 0.1kM, and 2.7uM, that has homology to the 34 kDa protein cDNA is that of a
respectively. developmentally regulated gene found in the acellular slime
mold Physarum polycephalunihe encoded protein of 279
DISCUSSION amino acid residues has a 76% identity and 85% similarity

to the 34 kDa protein40). The homology is too high for
Members of the actin cross-linking superfamily can be any meaningful prediction of specific conserved regions as
subdivided into several subfamilies based on the homology actin binding sites in both of these proteins. Alternative
of their actin binding sites and the modular organization of approaches to identify the actin binding sites in the 34 kDa
their functional domains37—39). Extensive sequence align-  protein were sought using direct biochemical analyses of
ments of the 34 kDa protein with other actin binding proteins expressed recombinant truncated forms of the 34 kDa protein.
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The '29-F-actin blot overlay assay, the low-shear falling-

ball viscometry assay, and the pyrene-labeled F-actin dis-

Lim et al.

TEES, contains the highly charged consensus sequence
RAKA-EEEK-KAAEE previously described to have se-

assembly assays were employed to expose potentially moreguence similarities with cytovillin/ezrin4@, 44) and the

subtle actin binding activities that would not have been

repeat sequences in chicken gizzard caldesri@n These

revealed by the commonly used F-actin cosedimentationrepeat sequences are located within the spacer region of

assay.
Number of Actin Binding Sites Determined by Cosedi-
mentation.The binding of the 34 kDa protein to F-actin
exhibits positive cooperativity, and is affected by the length
of the actin filaments. Hill coefficients of 1.9 and 3 were
obtained for solutions containing actin filament lengths of
4.9 and 0.6um, respectively. Thus, at least three actin
binding sites contribute to interaction of the 34 kDa protein

amino acid residues (256100) of the chicken gizzard
caldesmon and are not known to contribute to the actin
binding activities of caldesmortp). The helices of the 62
residue sequence are predicted to have more charged residues
concentrated on one side than on the opposite side of the
helices. It is possible that these twehelical regions form

a V-shaped bipartite actin binding site not unlike that
described for the calponin homology domains identified

with actin. Previous results showed that the degree of within the actin binding site ofi-actinin @5, 46), and which

ordering within bundles containing the 34 kDa protein and
F-actin was length-dependedj. Bundles containing short

are the fundamental structural elements of the family of
proteins that share this actin binding domadia)( However,

filaments were more ordered than those containing long there is little sequence homology between the 62 residue
filaments at the filament lengths and actin concentration (24 sequence and the calponin homology domain. Moreover, this

uM) used for the binding studies. The difference in the Hill
coefficient observed using long versus short filaments likely

62 residue sequence does not have any homology with the
C-terminal 34 residue actin binding site identified ¥§i-

reflects the nature of the cross-linked structures formed. Two F-actin blot overlays of membrane proteins, moesin, ezrin,

actin binding sites would be sufficient to cross-link the long
filaments into a less ordered structure. Formation of highly
ordered bundles with shorter filaments involves greater
cooperativity of binding, perhaps resulting from contributions
of a third actin binding site to intermolecular binding to orient
the filament into the bundle geometry. It is important to note
that while the 34 kDa protein is monomeric in solutidrby,
formation of a dimeric form in the presence of F-actin
remains a formal possibility. Thus, the three actin binding
sites reflected in the Hill coefficient could reside within a
monomer, or could reflect interactions among two or more

and radixin 48). This 62 residue sequence also lacks
significant homology with drebrin and ponticulin, which bind
129-F-actin in blot overlays 35). Thus, conformational
similarity and/or ease of renaturation rather than sequence
homology can most easily account for F-actin binding. In
accordance with the bipartite actin binding site hypothesis,
recombinant proteins containing part of the 62 residue
sequence would have possessed only one of the two predicted
helical regions. Future crystal structure and NMR studies of
the full-length 34 kDa protein and the 62 residue peptide
will shed light on the structure and function of this actin

34 kDa protein molecules to form a cross-link. The present binding site.

data do not allow us to distinguish among these possibilities.

Actin Binding Site Mapped by3-F-Actin. The smallest
region of the 34 kDa protein that bouftfl-labeled F-actin

on blots was localized to a stretch of 62 amino acid residues,

193-254 (Figures 3-6). The intact sequence 19254

C-Terminal Actin Binding Sitélhe truncated proteins E3
(77—295), CT (124-295), and pG4 (139295) were able
to increase the apparent viscosity of F-actin solutions
significantly at concentrations less than or equal to that of
the 34 kDa protein (Figure 2)16). Thus, these proteins

appears to be required for strong F-actin binding and was efficiently cross-linked actin filaments, consistent with the
also able to cosediment with F-actin (Figure 7). Recombinant presence of two actin binding sites within the shared region
truncated proteins containing part of the 62 residue sequenceof 139-295. One site is the 62 residue sequence-1Z31

were unable to bind F-actin in the high-speed cosedimen-

tation assay (Figure 7) nor birtéPl-F-actin under denaturing
conditions (Figures 46). The T7 gene 10-fusion proteins
of 197—295 and 237273 from the NovaTope library did
not bind *?3-F-actin on blots after denaturation with 6 M

identified by '29-F-actin bacterial colony overlays of the
NovaTope library, and a second site could be located within
the region 255-295. The extreme C-terminus of the 34 kDa
protein is highly charged with basic amino acid residues
lysine and arginine. Synthetic poly-lysine has been shown

urea (Figure 6), and none of the truncated 34 kDa proteinsto bundle actin filaments3@, 49). Lysine-rich sequences
that terminated at or began after amino acid residue 240from naturally occurring proteins have been demonstrated

(124-240; 139-240; and 24%+295) bound?3-F-actin after
treatment with SDS (Figures 4 and 5), although weak binding

to interact with the more acidic actin, and are found in
consensus actin binding sites of troponin I, cofilin, myosin,

was observed with high amounts of non-SDS denatured EF-1a (50), the villin C-terminal headpiece domaisl( 52),

proteins (Figure 5). This suggests that some protein confor-

mation might be involved i#?9-F-actin binding and/or that

and the myristoylated alanine-rich C-kinase substrate,
MARCKS (53). A 2 kDa synthetic peptide (norleucine-

certain protein structures may be more resistant to SDSNRDLEEKKKRYGPQKKK) corresponding to the C-termi-

denaturation. Additional knowledge regarding the amino
acids most important for the interaction with F-actin cannot
be obtained by simple truncations at either end of this 62
residue sequence.

Using the Chou and Fasman algorithmg,(42), this 62
residue sequence is predicted to havhelices at both the
start (193-211) and the end (235254). It is interesting to
note that the first helical region, VNKRIRAYEEEKARL-

nal last 17 amino acid residues of the 34 kDa protein was
analyzed for actin binding activity. The truncated protein,
G241 (241-295), containing these 17 amino acid residues
bound F-actin weakly in the absence of SDS on blot overlays
(Figure 5A), but did not bind F-actin in the cosedimentation
assay (Figure 7). Thus, the F-actin disassembly assay was
used to confirm the presence of an additional actin binding
site in this region. The ability of the synthetic peptide to
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inhibit actin filament depolymerization at the critical con- REFERENCES

centration (Figure 8) is evidence of direct interaction of the
peptide with actin filaments. The affinityKyp, 2.7 uM)
indicates that the binding is much weaker than that of both
the full-length protein Kapp 4 NM) (14) and the 27 kDa
fragment Kapp 14 nM). Consistent with the low affinity of
the COOH-terminal peptide in the disassembly assay, the
G241 (241-295) protein failed to cosediment with F-actin
during high-speed centrifugation. The 27 kDa fragment,
which is missing the extreme C-terminal7 kDa region,
could cross-link and cosediment with F-actin but was unable
to bundle F-actin16). These results suggest that the COOH-
terminal region is important for formation of highly oriented
cross-linked bundles by the 34 kDa protein.

NT (1—123) Actin Binding SiteThe o-chymotryptic digest
27 kDa fragment is monomeric and possesses F-actin cross-
linking activity, consistent with the presence of two F-actin
interacting regions within this moleculd ). The 27 kDa
fragment contains the 62 residue actin binding site {193
254), but lacks the extreme C-terminal F-actin binding site
(279-295) of the 34 kDa protein. A third actin binding
region of the 34 kDa protein was localized to the N-terminal
(1—123) by the non-SDS-denaturééd-F-actin dot blot
overlay assay (Figure 5A) and by the inhibition of F-actin
disassembly (Figure 8). Binding &%-F-actin on a dot blot
was observed at 150 pmol of NT123) protein, but was
not detected at the lower amount of 50 pmol (Figure 5A).
In addition, the binding was lost upon SDS treatment (Figure
5B), suggesting that this interaction was dependent on protein
conformation. The data from the F-actin disassembly assay
provided direct evidence that the NT-123) protein does
indeed interact with filaments withkp,0f 0.11uM (Figure
8), although it fails to cosediment with F-actin during high-
speed centrifugation (Figure 7). This suggested that the
binding activity of NT (£-123) was weak as compared to
the full-length protein and the 27 kDa fragment, and
comparison of the values &, in the disassembly assay is
consistent with this interpretation.

Three distinct regions capable of interacting with actin
filaments have been localized in the sequence of the 34 kDa
protein. The positive cooperative binding of the intact
34 kDa protein to F-actin is an independent measurement
indicating interaction among at least three actin binding sites.
There appears to be one strong actin binding site{2%3})
and two weaker binding sites as assessed using the cosedi-

Hill coefficient on the filament length supports the hypothesis
that one of the binding sites aids in aligning the filaments in
a parallel fashion which was suggested previously from
distinct experimental approacheks). However, since the
three actin binding sites were dissected and examined
separately from the rest of the molecule, it is difficult to
discern the contributions of each site to the collective function
of the whole molecule. Future studies of the 34 kDa molecule
altered to compromise the activity of the first, second, or
third actin binding site may shed additional light on the roles
of the three sites in F-actin cross-linking and bundling. A
complete characterization will also require knowledge of the
folding of the 34 kDa protein, the conformational changes
that occur upon calcium binding, and the region(s) on the
actin filament with which each of the three actin binding
sites interacts.
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