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Abstract. Acanthamoeba profilin was cross-linked to
actin via a zero-length isopeptide bond using carbodi-
imide. The covalently linked 1:1 complex was purified
and treated with cyanogen bromide. This cleaves actin
into small cyanogen bromide (CNBr) peptides and
leaves the profilin intact owing to its lack of methio-
nine. Profilin with one covalently attached actin CNBr
peptide was purified by gel filtration followed by gel
electrophoresis and electroblotting on polybase-coated
glass-fiber membranes. Since the NH; terminus of
profilin is blocked, Edman degradation gave only the
sequence of the conjugated actin CNBr fragment be-
ginning with Trp-356. The profilin-actin CNBr peptide
conjugate was digested further with trypsin and the

cross-linked peptide identified by comparison with the
tryptic peptide pattern obtained from carbodiimide-
treated profilin. Amino-acid sequence analysis of the
cross-linked tryptic peptides produced two residues at
each cycle. Their order corresponds to actin starting at
Trp-356 and profilin starting at Ala-94. From the ab-
sence of the phenylthiohydantoin-amino acid residues
in specific cycles, we conclude that actin Glu-364 is
linked to Lys-115 in profilin. Experiments with the iso-
forms of profilin I and profilin II gave identical results.
The cross-linked region in profilin is homologous with
sequences in the larger actin filament capping proteins
fragmin and gelsolin.

high concentrations in the cytoplasm of nonmuscle

cells (Carlsson et al., 1977; Reichstein and Korn,
1979; for reviews, see Stossel et al., 1985; Pollard and
Cooper, 1986). Actin bound to profilin does not assemble
normally into filaments, and it is therefore generally believed
that profilin acts as an actin monomer buffer accounting for
much of the unpolymerized actin in the cytoplasm. The
mechanism of action is complicated and a full understanding
will ultimately require knowledge of the structures of both
profilin and actin and in particular the contact regions be-
tween these molecules.

In this paper, we describe biochemical experiments that
establish at the level of the specific amino acids one contact
site between the two proteins that can be cross-linked by a
carbodiimide zero-length crosslinker. These experiments
were carried out with profilins and actin isolated from Acan-
thamoeba castellanii. This organism contains one major ac-
tin type (Vandekerckhove et al., 1984) and at least three iso-
forms of profilin called profilin IA, profilin IB, and profilin
11. Profilins IA and IB differ in sequence at only S of the 125
residues (Ampe et al., 1985). The basic isoform, profilin II
can be separated from profilin I (Kaiser et al., 1986) and
differs from profilin I at a minimum of 19 different residues
(Ampe et al., 1987; Pollard and Rimm, manuscript submit-
ted for publication). Most of these differences involve con-
served residues and are concentrated in the middle third part
of the molecule.

Pnon LINS are small actin-binding proteins expressed in
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In spite of these structural differences, both profilins are
indistinguishable in functional assays (Kaiser et al., 1986),
suggesting that their actin-binding sites form strictly con-
served regions. Both isoforms of Acanthamoeba profilin
were chemically cross-linked to actin by a zero-length
isopeptide bond. The cross-linked residues and their sur-
rounding sequences in both profilin and actin were identified
by sequencing purified cross-linked peptides. The cross-
linking site in actin is glutamic acid -364, located near the
COOH terminus. Lysine -115 of profilin is the other side of
the cross-link. This residue is surrounded by sequences simi-
lar to those present in other actin-binding proteins (Ampe
and Vandekerckhove, 1987).

Materials and Methods

Reagents

1-Ethyl-3-(3-dimethylaminopropy)-carbodiimide (EDC)' and N-hydroxyl-
sulfosuccinimide (NHS) were purchased from Pierce Chemicals (Rockford,
IL). Both these reagents were made up at concentrations of 50 mM just be-
fore use in 2 mM potassium phosphate buffer and the pH adjusted to 7.5.
Cyanogen bromide (CNBr) came from Fisher Chemicals (Pittsburgh, PA).
Trypsin, glycine, 2-(N-morpholino)ethanesulfonic acid (MES), iodoaceta-
mide, polyproline, 2-mercaptoethanol, DTT, and imidazole were purchased

1. Abbreviations used in this paper: DEAE, diethylaminoethyl; EDC, I-eth-
yl-3(3-dimethylaminopropyl)carbodiimide; MES, 2-(N-morpholino)eth-
anesulfonic acid; NHS, N-hydroxylsulfosuccinimide; P-A, profilin-actin;
PTH, phenylthiohydantoin; TFA, trifluoroacetic acid.
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from Sigma Chemical Co. (St. Louis, MO). Guanidine-HCI and ammo-
nium sulfate were from Schwarz-Mann Biotech (Cleveland, OH). Solvents
used for HPLC were obtained from Carlo Erba (Milano, Italy). Other
chemicals were reagent grade. The polyproline agarose column was pre-
pared by the method of Tuderman et al. (1975) as modified by Tanaka and
Shibata (1985).

Protein Purification

Profilin I and profilin Il were purified from Acanthamoeba castellanii ac-
cording to Kaiser et al. (1986) except that the final column was 1 X 60-cm
bed of CM cation exchange resin (Amicon Corp., Danvers, MA)
equilibrated with MES (pH 6.0). Profilin I does not bind to the column.
Profilin II was eluted with a 0-1.2 M gradient of KCl in 10 mM MES. Actin
was purified from Acanthamoeba by the method of Pollard (1984).

Chemical Cross-linking

Actin and profilin were dialyzed at 4°C versus 2 mM potassium phosphate
(pH 7.5) and combined at a 1:1 molar ratio in concentrations of 20-25 uM.
For example, large preparations consisted of 1 umol of each protein in a
total volume of 45 ml. Samples were warmed to 20°C and EDC and NHS
were added to concentrations of 1 mM. After 10 min, EDC and NHS were
added again to raise their concentrations to 2 mM. After a further 20 min,
200 mM glycine was added to a final concentration of 10 mM to quench
the reaction.

Amino-acid Sequencing

The amino-acid sequence was determined by gas-phase sequence analysis
using a type 470A sequenator equipped with an on-line phenylthiohydantoin
amino-acid analyzer type 120A (Applied Biosystems Inc., Foster City, CA).
The sequenator was run according to manufacturer’s instructions.

Sequences of the profilin-actin (P-A) 14-kD and P-A 16-kD complexes
were determined from material electroblotted on glass-fiber membranes
(Bauw et al., 1987). Briefly, sheets of glass-fiber paper GF/C (Whatman
Inc., Clifton, NJ) were cut to the size of the gel and immersed for 5 min
in an aqueous solution containing 300 mg poly(4-vinyl-N-methylpyridinium
iodide) and 10 mg of DTT/100 ml. Before blotting, sheets were washed in
100 ml distilled water to remove excess of unbound polybase. Electroblot-
ting was carried out essentially as described for immunoblotting using 50
mM Tris, 50 mM boric acid as transfer buffer. The immobilized protein was
detected by a dilute fluorescamine stain (1 mg/liter acetone) and visualized
under UV light. Protein spots were excised and mounted in the reaction
chamber of the gas-phase sequenator.

Results

For orientation, the overall strategy and results of our experi-
ments are represented schematically in Fig. 1. Actin and
profilin are chemically cross-linked and the conjugated com-
plex separated from free monomers by passage over a DEAE
and polyproline column (Fig. 1, A-D). CNBr cleaves the
cross-linked actin at multiple sites but leaves the profilin in-
tact because of the absence of methionine, the result of which
is a conjugate between profilin and the linked actin CNBr
fragment. This conjugate can be separated from the smaller
actin fragments because of its larger size (Fig. 1, D-F).
Amino-acid sequence analysis on the total conjugate or on
the cross-linked tryptic peptide identifies the amino acids
participating in the covalent bond between the two protein
molecules.

Cross-linking of Actin and Profilin

When treated with EDC and NHS, Acanthamoeba actin and
profilin are covalently cross-linked to each other with a yield
of v20% (Fig. 2, lane B). The electrophoretic band with an
apparent molecular mass of 55 kD consists of a 1:1 complex
of actin and profilin, given its size and the fact that it reacts
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on immuno-blots with antibodies to both actin and profilin
(data not shown). We will refer to this 55-kD conjugate as
the 55-kD A-P complex throughout the paper.

We have examined the cross-linking conditions in some
detail. Both EDC and NHS are required for a good yield of
cross-linked proteins. NHS alone does not promote cross-
linking, but improves the yield obtained with EDC alone.
Reagent concentrations of 1-2 mM were found to be optimal
by testing a wide range of concentrations. The acylisourea
formed by the reaction of EDC with protein carboxyl groups
is unstable in water. NHS reacts with this intermediate to
form a reactive ester that is stable in water but reacts readily
with protein amino groups to form a stable amide cross-link
(Staros et al., 1986). Dialysis of the proteins versus 2 mM
phosphate buffer for as little as 2 h improves the yield of
cross-linked protein compared with the usual actin monomer
buffers containing ATP, imidazol, and DTT. This effect of
phosphate has not been investigated in detail. The cross-
linking yield is also dependent on the concentration of both
proteins, particularly that of actin.

Purification of the Cross-linked Complex of Actin
and Profilin

The A-P complex was first subjected to DEAE chromatogra-
phy, which removes all of the free profilin and partially
separates the A-P complex from free actin (Fig. 2, lane C, and
Fig. 3 A). The free profilin obtained at this point was used
as the source of profilin treated with the same cross-linking
chemicals as the 55-kD A-P complex and served as the con-
trol in comparing tryptic peptide patterns (see below; Fig.
7). Affinity chromatography on polyproline agarose removes
essentially all of the free actin, yielding highly purified 55-
kD A-P complex (Fig. 2, lane D, and Fig. 3 B). Both free
profilin from the DEAE column and the A-P complex bound
quantitatively to polyproline agarose, showing that the cross-
linking reaction did not affect the polyproline binding activ-
ity. After elution of the A-P complex from polyproline with
5 M guanidine, the actin cysteines were reduced to reverse
spurious disulfides formed during previous manipulations
and alkylated with iodoacetamide (Craven et al., 1965). Fi-
nally, the samples were dialyzed exhaustively against water
and then lyophilized.

Cleavage at Methionine and Purification
of the Products

Since Acanthamoeba profilins have no methionine, it was
possible to cleave the Acanthamoeba actin in the A-P com-
plex at its 14 methionine residues (Vandekerckhove et al.,
1984) with cyanogen bromide leaving the profilin intact. The
cyanogen bromide cleavage was carried out in the dark in 4
m] of 70% formic acid with 380 mM cyanogen bromide
(Steers et al., 1965). After 20 h at room temperature, the
sample was diluted with S vol of water and lyophilized. The
peptides were resuspended in water and relyophilized. In ad-
dition to smaller actin peptides at the bottom of the gel, the
main product had a molecular mass of ~14 kD (Fig. 2, lane
E). It corresponded to intact profilin with a covalently bound
actin peptide of ~20 residues. There was also a small
amount of a 16-kD polypeptide (marked with brackets in
Fig. 2, lane E) that also reacted with antibodies to profilin.

The CNBr-digest was fractionated by gel filtration on a P-60
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column (Bio Gel; Bio-Rad Laboratories, Cambridge, MA)
(Fig. 4). Two major protein peaks elute close to the exclusion
volume and contain profilin as assayed by ELISA. Analysis
on a 20% SDS-polyacrylamide gel of aliquots of the pooled
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Figure 2. Analysis of actin-profilin cross-linking and isolation of
cross-linked peptides by PAGE in sodium dodecyl suifate. I is a
preparation with profilin 1. I is a preparation with profilin 1I. Pro-
teins were separated by electrophoresis in 20% gels. A, actin; P,
profilin; AP, cross-linked actin-profilin complex. Lanes A show ac-
tin and profilin standards. The weaker band below actin in lanes A
represents a proteolytic degradation product of actin (the actin
core). Lanes B show the products formed by reacting a 1:1 mixture
of actin and profilin with EDC and NHS as described in Materials
and Methods. Lanes C show the retained peak from the DEAE-cel-
lulose column (see Fig. 3 a). Lanes D show the fraction bound to
polyproline agarose and eluted with 5 M guanidine-HCI (see Fig.
3 B). Lanes E show the products of cyanogen bromide digestion of
the 55-kD actin-profilin complex. Brackets highlight the faint 16-
kD band.
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\quence

Figure 1. Schematic showing the overall experimental
design and results.

fractions revealed equal amounts of the 14- and 16-kD com-
plex, in the first peak and a major 14-kD band present in the
second peak (Fig. 5). Each protein band was quantitated by
in situ hydrolysis of the immobilized proteins followed by
amino acid analysis (Vandekerckhove et al., 1985). Taking
into account the amounts applied to the gels, the yield of the
16-kD complex is <10% of the 14-kD complex, so that the
16-kD complex could not be characterized in detail at this
time (see also below).

Sequence Analysis of the A-P Complex

The gel-separated A-P complexes were electroblotted on
glass-fiber membranes and stained with fluorescamine as de-
scribed by Bauw et al. (1987).

Each of the blots was subjected to gas-phase sequencing.
The results are illustrated in Fig. 6, showing the successive
HPLC-chromatograms of the on-line PTH(phenylthiohydan-
toin)-amino acid analyses of cycles 1 through 10 of the 14-kD
A-P complex (Fig. 5, lane C). The deduced amino-acid se-
quence (W-I-S-K-E-E-Y-D) corresponds with a cleavage at
the most COOH-terminal methionine residue of the actin
molecule and indicates that at least one of the 20 COOH-
terminal residues of actin was cross-linked to profilin. Note
that no sequence was obtained from the conjugated profilin
which has a blocked NH; terminus and no methionine (Fig.
1 F). The same NH, terminal sequence was also observed
in the 14-kD A-P band and in the 16-kD A-P band derived
from the second gel filtration peak (Fig. 5, lane B). We were
surprised that the 16-kD A-P band gave only a single amino
acid at each cycle, since we expected a second sequence from
the additional 2-kD peptide accounting for the molecular
mass difference between the 14-kD and 16-kD bands. This
result may be because of an NH, terminal terminally blocked
second actin fragment but also to secondary cross-links or
other modifications that may have shifted the mobility of a
fraction of the 14-kD molecules.

Identification and Sequence Analysis of the
Cross-linked Tryptic Peptide

Another aliquot (50 ug) of the peak containing the major 14-
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plex. a, a 1.5 X 30 cm column of DEAE-cellulose was
equilibrated at 2 m hydrostatic pressure with 5 mM imida-
zole (pH 7.5), 0.1 mM CaCl,, 2 mM DTT at 4°C. The sam-
ple consisted of 48 ml of the cross-linking reaction dialyzed
overnight versus the column buffer. The sample was washed
on with 20 ml of column buffer and bound proteins eluted
with a 300-ml gradient of 0~06 M NaCl in column buffer.
Fractions of 6 ml were collected and analyzed for protein by

Fraction #

the Bradford (1976) method and by gel electrophoresis. The
voided fractions contained all of the free profilin. The bound

fractions all consisted of mixtures of 55-kD actin-profilin complex and free actin, with the complex enriched on the leading edge of the
main peak and actin enriched on the trailing side of the peak. The shaded region of the eluted peak indicate the fractions pooled (16 mi)
and carried on to the polyproline agarose column. The unbound fractions (lightly shaded) were used as the profilin control for analyzing
tryptic peptides of the actin-profilin complex by sequencing. B, a 1.5 X 11.0 cm column of polyproline agarose (Fig. 3 b) was equilibrated
with 0.1 M NaCl, 0.1 mM DTT, 0.1 M glycine, 10 mm Tris-HC] (pH 80). The sample was washed on with 400 ml of column buffer and
the bound fractions eluted with 5 M guanidine HC1, 200 mM ammonium bicarbonate (pH 8.1), 50 mM DTT. Fractions of 7.5 ml were
collected and analyzed for protein and by gel electrophoresis. The peak of 55-kD actin-profilin complex that was bound to the column
(Fig. 2, lane D) was then reduced and alkylated with iodoacetamide before cleavage with cyanogen bromide.

kD complex (Fig. 4, peak 2) was digested with trypsin and
the cross-linked tryptic peptide purified. The yield from
tryptic digestion was unusually low (~10%) which may be
explained by extensive modification of the lysine side chains
during the carbodiimide treatment. The resulting peptides
were separated by reversed-phase HPLC (Fig. 7 A4). This
separation pattern was compared with a similar chromato-
gram obtained from a tryptic digest of EDC-treated profilin
used as blank (see above; Figs. 2 and 3 A). The chromato-
grams differ in a few minor peptides and in three major pep-
tides (Fig. 7, arrows). The minor peptides were not further
investigated. The 14-kD A-P-specific major peptide shows,
as expected for a cross-linked peptide, a double sequence:
one corresponding with the previously recognized actin
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Figure 4. Gel filtration of the cyanogen bromide digest of purified
55-kD A-PI complex. The lyophilized digest was resuspended in
0.4 ml 70% formic acid and sonicated 3 times for 30 s each to dis-
perse the precipitate. Then 0.4 ml of 70% formic acid and 0.8 mi
25% acetic acid were added before centrifuging for 5 min in a
microfuge (Eppendorf made by Brinkmann Instruments Inc., West-
bury, NY) to pellet a small amount of insoluble material. The su-
pernatant was applied toa 1.5 X 50 cm P-60 column (Bio Gel; Bio-
Rad Laboratories) equilibrated and eluted with 25% acetic acid at
a hydrostatic pressure of 50 cm. Fractions of 1.1 ml were collected
and analyzed for protein and antiprofilin immunoreactivity by ELISA
assay with a monoclonal antibody (Kaiser et al., 1986). The details
of this method have been submitted for publication (Kaiser, D. A.,
B. Levin, P. Goldschmidt-Clermont, and T. D. Pollard, 1989). Two
pools were made (shaded regions) and used for sequence analysis.
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COOH-terminal sequence starting at Trp-356 and a second
equally intensive sequence that by difference was found com-
patible with the COOH-terminal tryptic peptide starting at
residue 94 of profilin (Fig. 8). This cross-linked peptide was
sequenced over 25 cycles confirming the expected residues
in each of the two individual strands except for cycles 9 and
22, where the predicted glutamic acid (in actin) and lysine
(in profilin) were not found. These data indicate that the two
peptides are linked with each other via the actin glutamic
acid-364 and the profilin lysine-115, in agreement with the

C D

A

B

Figure 5. Glass-fiber electroblotting of the gel-purified 14-kD and
16-kD A-PI complexes. Aliquots of the CNBr fragments (pooled
peak fractions shown in Fig. 4) were further purified by SDS-PAGE
in a 20% gel. The separated spots were electroblotted on poly-
(4-vinyl-N-methylpyridinium iodide)-coated glass-fiber sheets and
stained with fluorescamine. The major band was excised and
mounted on the gas-phase sequenator. Lane A shows the reference
mixture (Bio-Rad Laboratories) with (from top to bottom): BSA,
ovalbumin, carbonic anhydrase, trypsin inhibitor, and lysozyme.
Lanes B and C show the fragments present in the first and sec-
ond peak respectively of Fig. 4; lane D, Acanthamoeba profilin
(Fig. 3 A4).
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Figure 6. Amino-acid sequence analysis of the electro-
blotted 14-kD profilin I actin CNBr fragment. The step-
wise liberated phenylthiohydantoin (PTH) amino acids
were identified by an on-line PTH analyzer (Applied Bio-
systems Inc.) operated according to the manufacturer's
instructions. The HPLC chromatograms of cycles 1-10

Deduced sequence:
WISKEEYD~ -
ocfin sequence:
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known cross-linking specificity of carbodiimides. The ab-
sence of tryptic cleavage at the peptide bond 359-360 is be-
cause of the two acidic residues following the potential cleav-
age site COOH terminal of Lys-359 and was previously also

*/o acetonitrile

F100

AUFS

0
+50

AUFS 4T

01

min

Figure 7. HPLC patterns of tryptic peptides of the 14-kD A-PI com-
plex (A4) and EDC-treated profilin I (B). The cross-linked proteins
dissolved in 25% acetic acid (see Fig. 4) were dialyzed against wa-
ter and the solution was made 0.5% in NH,HCO; with a 5% solu-
tion. Trypsin was added at an enzyme to substrate ratio of 1-20 (by
weight) and the digestion continued for 4 h at 37°C and finished by
acidification with trifluoroacetic acid (TFA) (final concentration
1%). The solution was centrifuged for 5 min in a tube (Eppendorf
made by Brinkmann Instruments, Inc.) to remove insoluble material
and the supernatant was loaded on a C4 (0.46 X 25 cm) reversed-
phase column (Vydac, Separations Group, Hesperia, CA) equili-
brated in 0.1% TFA (solvent A). Peptides were eluted with a linear
gradient of solvent B (0.1% TFA, 70% acetonitrile) applied over a
60-min period and started after 10 min. These experiments were
carried out with an HPLC apparatus (Waters Associates, Milford,
MA) consisting of a gradient controller model 680, two pumps
(model 510), and a lambda max 481 detector measuring the eluate
absorbancy at 215 nm (absorption units full scale). Note the pres-
ence of a major difference peptide eluting at a retention time of 51
min (A).
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are shown. The identified residues are indicated by the
one-letter notation. Capital letters indicate the allocated
residues at each cycle. The asterisk indicates the position
of the reaction by-product diphenylthiourea.

noticed during structural analysis of the intact actin molecule
(Vandekerckhove et al., 1984). The length of the COOH-ter-
minal profilin peptide is explained by the lack of cleavage at
the trimethyllysine residue at position 103 and at the cross-
linked lysine at site 115. The cross-linked peptide accounts
for the sum of the two major peptides specific for the profilin
chromatogram (Fig. 7 B arrows). These two peaks corre-
spond with peptides 94-115 and 116-125. The other peptides
in the profilin chromatogram are derived from different parts
of the profilin molecule (results not shown). This indicates
that the very limited digestion was not the result of insolubil-
ity of a part of the molecule but rather of a general protease
resistance of the protein resulting from the EDC modifica-
tion side reactions. This excludes the possibility that specific
cross-linked peptides would have gone undetected in the in-
soluble core.

A similar analysis was also carried out with profilin II. No
differences were noticed with the cross-linking results of
profilin L.

Discussion

We have covalently linked Acanthamoeba profilin and actin
using a water-soluble carbodiimide and N-hydroxylsulfosuc-
cinimide, reagents that specifically link carboxyl groups to
amino groups through isopeptidyl linkages. Since the cross-
link is formed from the amino-acid side chains themselves,
it is referred to as “zero-length” and requires close contact

" between the side chains in the complex of the two proteins.

Thus, the high yield of cross-link between Glu-364 of actin
and Lys-115 of profilin is strong evidence that these two side
chains form an ionic bond when the two proteins bind to-
gether. It is important to stress that this contact must be only
one of many that bind the two proteins together, although it
is probably the only such contact where an amino group and
carboxyl group are in close proximity. Since there are a large
number of glutamates, aspartates, and lysines in the two pro-
teins, the occurrence of one main cross-link is strong evi-
dence that the coupling reaction has identified a specific con-
tact site to the nearly total exclusion of spurious cross-links.
A second specific cross-linked peptide is also produced, but
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Cycle No. Amino acid pmol Amino acid pmol

1 Ala 210 Trp 100

2 lle 370 lie 370

3 Leu 195 Thr 50

4 Val 170 Lys 85

5 Gly 175 Glu 180

_s__ }r/?: :gg %’}‘ 1 gg Figure 8. Summary of the sequence analysis of the
cross-linked tryptic peptide. The analysis covers

8 Asn 140 Asp 100 the sequence of the cross-linked tryptic peptide

9 Glu 130 Glu 130 shown in Fig. 7 A. Amino acids are numbered ac-

10 Lys (Me) - Ser 40 cording to their positions in the respective pro-

1 lle 120 Gly 120 teins. The isopeptide bond formed by EDC be-

12 Gin 140 Pro 100 tween lys 115 of profilin and glu 364 of actin is

}2 g{? :gg ﬁ: ' 138 shown by a vertical line. Residues in the profilin

15 Thr 80 Val 70 sequence that are conserved in the homologous re-

16 Ala 120 His 30 gion of fragmin (Ampe and Vandekerckhove,

4 Ala 110 Arg 20 1987) are shown in boxes. The yields of the liber-

18 C:? gg g%z 10 ated PTH amino acids are listed in the accompany-

20 val 60 ing table. The sequences starting from profilin 94

21 Glu 50 and actin 354, respectively, are listed. Cycles in

22* Lys - which the two sequences are expected to generate

32 kf: :g the same residue are underiined. The asterisks irr\ﬁ

25 Asp 35 dicate the cross-linked residues. Lys (Me) or K

stand for trimethyllysine.

its occurrence in low yields has prevented us from identify-
ing the involved residues.

The participation of profilin Lys-115 in the covalent cross-
link establishes that actin binds near the C terminus of
profilin. This is in accord with the sequence homoiogy found
in the COOH-terminal halves of yeast (Gechsner et al.,
1987) and Acanthamoeba (Ampe et al., 1988) profilins. Both
proteins are 50% identical in the last 50 residues. With the
addition of the sequence data of the vertebrate profilins (Nys-
trom et al., 1979; Ampe et al., 1988; Kwiatkowski and
Bruns, 1988), it is now obvious from the pattern of conserva-
tive substitutions that all the proteins named profilin had a
common ancestor. Interestingly, none of the other profilins
that have been sequenced have a lysine at the position equiva-
lent to lysine -115 of the Acanthamoeba profilins. Although
the absence of this residue may account for the differences
in the properties of various profilins, lysine -115 cannot be
considered for holding the two proteins together. More
likely, the binding of profilin and actin involves a number of
residues in the general region of lysine -115. In this complex,
the L amino group of lys -115 may be the only amino group
in close proximity to a carboxyl group.

It is even more intriguing to compare the COOH terminus
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of Acanthamoeba profilin with other actin-binding proteins.
As noted by Ampe and Vandekerckhove (1987), there is a re-
gion of ~ 30 residues flanking Lys-115 of the Acanthamoeba
profilins that is homologous with sequences from both the
42-kD actin filament severing protein from Physarum called
fragmin (or Cap42(a]) and the 90-kD severing protein from
vertebrates called gelsolin. Dictyostelium severin, a relative
of fragmin, also has such a homologous sequence (André et
al., 1988). In each case, the homologous sequences are lo-
cated ~100 residues from the NH, terminus near the end of
a 14-kD domain that is repeated 3 or 6 times in these larger
proteins (Kwiatkowski et al., 1986). In fact, this 14-kD
NH; terminal domain of gelsolin can be isolated by re-
stricted proteolytic cleavage and retains the ability to bind to
actin (Yin et al., 1988). Although the residue corresponding
to Lys-115 is absent from these homologous proteins, we
think that it is possible that they all have the same common
ancestor that gave rise to the profilins and by gene duplica-
tion to the larger actin-binding proteins. This hypothesis
predicts that the region corresponding to the Acanthamoeba
profilin residues 95-125 represents an ancient actin-binding
site.

Our evidence for contact between the COOH termini of
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actin and profilin confirms indirect evidence based on eftects
on the stability of the A-P complex produced by proteolytic
removal or chemical modification of the extreme COOH-
terminal residues of actin (Malm et al., 1983; Malm, 1984).
Further, binding of Acanthamoeba profilin enhances the
fluorescence of either pyrene or rhodamine bound to the cys-
374 of muscle or Acanthamoeba actin (Lee et al., 1988).
Both of these effects could have been mediated by conforma-
tional changes in the actin some distance from the actual
binding site, but the cross-linking results strongly suggest
that the profilin makes direct contact with the COOH termi-
nus of actin.

The identification of the profilin binding site on actin pro-
vides some clues about the differences in affinity that pro-
filins have for muscle and cytoplasmic actins. Most investiga-
tors (Tobacman and Korn, 1981; Tseng and Pollard, 1982;
Larsson and Lindberg, 1988) have found that profilins bind
to cytoplasmic actin more strongly than muscle actin under
conditions where actin polymerizes (but for an exception, see
Lee et al., 1988). The COOH terminal region (last 20 resi-
dues) of actin is not absolutely conserved and has stepwise
accumulated differences during the evolution from primitive
eukaryotes to the muscles of vertebrates (Table I). One of the
three known changes (Ser — Ala, 365) is adjacent to Glu-
364 that forms the ion bridge to profilin Lys-115. These dif-
ferences may well contribute to the lower affinity of muscle
actin for profilin.

Like gelsolin and severin, Acanthamoeba profilin binds to
the barbed end of actin filaments (Pollard and Cooper,
1984), so the cross-linking results suggest that the COOH
terminus of actin is located at the barbed end of the filament.
First, it has been clear for several years that actin Cys-374
contacts another actin subunit in filaments, since it can be
cross-linked to Lys-191 of an adjacent actin molecule (EI-
zinga and Phelan, 1984). Second, Cys-374 interacts with
tropomyosin (Moir and Levine, 1986), a protein that binds
to the surface of the actin filaments, so one can conclude that
the COOH terminus of actin is located on the side of the fila-
ment rather than along its axis. This has also been suggested
by cross-linking of myosin light chains (Sutoh, 1982), depac-
tin (Sutoh and Mabuchi, 1984), and fragmin (Sutoh and
Hatano, 1986) to the COOH terminal region of actin (Sutoh
and Mabuchi, 1986) and by experiments with antibodies to
the COOH terminus of actin (Boyer et al., 1987). Third, the
interpretation of low resolution electron density maps of the
actin-DNase complex (Kabsch et al., 1985) is consistent
with the COOH terminus of actin being located in the larger
of the two domains of the molecule and Millonig et al. (manu-
script in preparation) have evidence that the larger domain
is located at the barbed end of the filament. Thus, all of the
available evidence is in agreement that the COOH terminus
of actin is located near the surface at the barbed end of fila-
ments, but this hypothesis needs further testing since none
of the evidence is really definitive.

In conclusion, we have shown that Acanthamoeba profilin
and actin have at least one contact site near their COOH ter-
mini involving profilin Lys-115 and actin Glu-364. Together
with our current efforts to determine the three-dimensional
structure of profilin (Magnus et al., 1988), this provides the
first detailed description of an actin-binding site on a cyto-
plasmic protein. Sequence homology in this region in other
actin-binding proteins (Ampe and Vandekerckhove, 1987)
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Table I. The Contact Sites of Actin with Acanthamoeba
Profilin: an Amino-Acid Sequence Comparison in the
Different Isoforms

Actins

*
1S K EYDESGPSIVHRKTCEF (1)
ISKEYDESGPSIVHRKCF 2)
I1|1SSK QEYDEIAIGPSIVHRKTCEF A3)
ITKQEYDEAGPSIVHRKTCEF 4)

The COOH-terminal sequences (residues 357-375) of Acanthamoeba (1), ver-
tebrate cytoplasmic (2), smooth muscle (3), and skeletal muscle (4) actins are
shown. The asterisks indicate the position of the glutamic acid, cross-linked to
Acanthamoeba profilin. Boxes highlight the stepwise accumulated substitutions
during evolution from lower eukaryotes to higher eukaryotes around the cross-
linked glutamic acid.

provides evidence that this is a primitive actin-binding site
that is widely distributed in nature.
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