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Profilin regulates the behavior of the eukaryotic microfilament system through its
interaction with non-filamentous actin. It also binds several ligands, including poly(e-
proline) and the membrane phospholipid phosphatidylinosito! 4.,5-bisphosphate
(PtdIns(4,5)P,). Bovine profilin crystals (space group €2; a=6915 A, b=3459 A, ¢=
5249 A; a=y=90°, $=92:56°) were grown from a mixture of poly(ethylene glycol) 400 and
ammonium sulfate. X-ray diffraction data were collected on an imaging plate scanner at the
DORIS storage ring {DESY, Hamburg), and were phased by molecular replacement, using a
search model derived from the 2:55 A structure of profilin complexed to f-actin. The refined
model of bovine profilin has a crystallographic E-factor of 16:59 in the resolution range 60
to 20 A and includes 128 water molecules, several of which form hydrogen bonds to stabilize
unconventional turns,

The structure of free bovine profilin is similar to that of bovine profilin complexed to
f-actin, and C* atoms from the two structures superimpose with an r.m.s. deviation of
125 A. This value is reduced to 051 A by omitting Alal and the N-terminal acetyl group,
which lie at a profilin-actin interface in crystals of the complex. These residues display a
strained conformation in crystalline profilin—actin but may allow the formation of a
hydrogen bond between the N-acetyl carbonyl group of profilin and the phenol hydroxyl
group of Tyrl88 in actin. Several other actin-binding residues of profilin show different side-
chain rotomer conformations in the two structures. The polypeptide fold of bovine profilin is
generally similar to those observed by NMR for profilin from other sources, although the N
terminus of Acanthamoeba profilin isoform I lies in a distorted helix and the C-terminal helix
is less tilted with respect to the strands in the central fi-pleated sheet than is observed in
bovine profilin.

The majority of the aromatic residues in profilin are exposed to solvent and lie in either of
two hydrophobic patches, neither of which takes part in an interface with actin. One of
these patches is required for binding poly(L-proline) and contains an aromatic cluster
comprigsing the highly conserved residues Trp3, Tyr6, Trp31 and Tyr139. In forming this
cluster, Trp31 adopts a sterically strained rotamer conformation. This patch is surrounded
by basic residues at the carboxyl terminus of profilin and at the turns connecting strand 1 to
strand 2 and strand 6 to strand 7, providing a plausible binding site for micellar
PtdIns{4,5)P,.
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1. Introduction

Profilins are smail (13 to 15 kDa) actin-binding
proteins found abundantly in organisms ranging
from yeast to humans (for a recent review, see
Machesky & Pollard, 1993). Profilin was first
isolated from calf spleen as a crystallizable 1:1
complex with actin which inhibited the activity of
deoxyribonuclease I (Lindberg, 1966; Carlsson et al.,
1976). I'n vitro, profilin forms a stable complex with
actin (profilin—actin), which led to the early view
that profilin is an actin monomer-sequestering pro-
tein (Carlsson et al., 1977). This view was supported
by observations in Thyone sperm that high concen-
trations of monomeric actin stored as profilin—actin
are capable of rapid filament assembly (Tilney et af.,
1983).

Recent observations require a reconsideration of
the notion that profilin iz merely a cellular actin-
sequestering protein. First, other actin-binding
factors, such as thymosin B, (Safer et al., 1990},
have been identified as predominant intracellular
actin-gsequestering agents (Weber ef af., 1992; Carlier
et al., 1993). At the same time, evidence has
accumulated that profilin may actually facilitate
actin filament assembly under certain conditions.
Filament barbed ends are selectively elongated in
vitro when either Limulus acrosomal false discharges
are used as nuclei (Pring ef al., 1992) or when
assembly takes place in the presence of thymosin 8,
(Pantaloni & Carlier, 1993}. In addition, over-
expression of profilin leads to a net stabilization of
actin filaments in Chinese Hamster Ovary cells
(Finkel et al., 1994). Finally, the crystal structure of
profilin—f-actin at 2-55 A resolution {Schutt et al.,
1993) shows that profilin forms two extensive inter-
faces with actin (Schutt et «l., 1989, 1993),
providing the first structural evidence that profilin
could bind to oligomeric assemblies of actin.

Profilin also appears to be an important link
between phosphoinositide lipid-based signal trans-
duction and the eukaryotic microfilament system.
Specific binding of profilin to the anionic phospho-
lipid phosphatidylinositol 4.5-bisphosphate
(PtdIns(4,5)P,%) dissociates the profilin-actin
complex (Lassing & Lindberg, 1985), and profilin
protects PtdIns(4,5)P, from hydrolysis by phospho-
lipase C-yl (Goldschmidt-Clermont et al., 1990).
Hydrolysis of PtdIns{4,5)P, occurs when cells are
stimuiated by signalling agents such as growth
factors, hormones, or neurotransmitters and yields
the secondary messengers diacyl glycerol and
inositol trisphosphate (Berridge, 1987, 1993;
Nishizuka, 1992). The inhibitory effect of profilin on
the hydrolysis of PtdIns{4,5)P, by phospholipase
C-v1 can be overcome in vifro by phosphorylation of
phospholipase C-y1 wia the tyrosine kinase activity
of the EGF receptor {Goldschmidt-Clermont et al.,
1991). Several other actin-binding proteins interact
with Ptdins(4,5)P, to regulate actin assembly,

t Abbreviations used: PtdIns(4,5)P,,
phosphatidylinositol 4,5-bisphosphate; SH3, Sre
homology 3; PEG 400, poly(ethylene glyecol) 400;
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including gelsolin {Janmey & Stossel, 1987; Yu et
al., 1992), villin (Janmey et al., 1992) and severin
(Eichinger & Schleicher, 1992).

An indication that profilin may play additional,
as yet uncharacterized, roles in cell signalling came
from the observation that six highly conserved
hydrophobic residues form a surface pateh distinet
trom, but immediately adjacent to, the two actin-
binding surfaces of bovine profilin (Schutt et ai.,
1993). Mutagenesis of Trp3 and Hisl33 established
that the specificity of human profilin for poly(v-
proline) localizes to this patch (Bjorkegren ef al.,
1993}, a result also found by NMR for human
{Metzler et al., 1994) and Acanthamoeba (Archer et
al., 1994) profiling, Thus, profilin shares with Sre
homology 3 (SH3) domaing the characteristic of
binding proline-enriched peptides to predominantly
aromatic surface patches, suggesting that the speci-
ficity of profilin for poly(L-proline) mimics a still-
undiscovered ligand-binding function in the cell
{Schutt et al., 1993; Rozycki ¢ al., 1994). In fact, the
polypeptide fold of profilin contains an SH3-like
fold {Schutt et al., 1993), although it is not coinei-
dent with the conserved hydrophobic patch.

Furthermore, profilin is a prominent allergenic
compenent in pollens from birch, timothy grass and
mugwort, eliciting type 1 allergic responses such as
asthma, conjunctivitis and rhinitis (Valenta et al.,
1991, 1992). Tmmmunoglobulin E present in sera of
allergic patients can cross-react with profilins from a
variety of distantly related plants, suggesting that
these plant profilins contain a common epitope
{(Valenta et al., 1992). This epitope appears to be
shared with human profilin, as the addition of
human profilin to basophils cultured from patients
allergic to plant profilin also stimulates the release
of histamine (Valenta et al., 1991). Since the human
and bovine isoforms of profilin are closely related,
the high resolution structure of bovine profilin
shoutd aid in the identification of the allergenic
epitopes in the plant profilins.

Thus, profilin appears to lie at the focus of a
complex connection between cellular signalling and
the regulation of actin filament assembly. Althongh
the solution NMR structures have been described
for human and Acanthamoeba profilin (Metzler et al.,
1993; Vinson et ¢l., 1993) and the interfaces between
bovine profilin and actin have been described hy
X-ray crystallography (Schutt ef al., 1993}, a
description of the structural changes in profilin in
torming its contacts with actin requires direct com-
parison of the free and actin-bound structures of
profilin from one source. In addition, a high-resolu-
tion description of surface residues in profilin will be
important for interpreting eventual crystal struc-
tures of profilin complexed to various ligands. To
these ends, we describe here the structure of free
bovine profilin to a resolution of 2.0 &,

2. Materials and Methods
(a) Crystallization

Bovine profilin was obtained as deseribed {Rozycki ef
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Figure 1. Light micrograph of calf spleen profilin
crystals. Plate thickness usually does not exceed 50 pm.
The bar corresponds to 0-5 mm.

was stored as a precipitate in 809, saturated ammonium
sulfate at 4°C and neutral pH. Prior to erystallization,
precipitated protein was dissolved in 50 mM phosphate
at pH 76 to a concentration of 50 mg profilin/ml and
centrifuged. This stock solution was then used either
directly or after dialysis in glass capillaries (Zeppezauer ef
al., 1968) for adjustment of pH and ionic strength.

A preliminary screen using the sparse matrix method
(Jancarik & Kim, 1991) covered 50 different crystalliza-
tion conditions. Crystals were observed in the pH range
58 to 85 using a variety of precipitating agents. Of 6
distinct erystal habits observed, 3 were shown by SDS gel
electrophoresis  (Laemmli, 1970) to contain profilin.
Profilin purified from either spleen or thymus tissue
formed crystais in the temperature range from 4°C to
room temperature. Crystals suitable for crystallegraphic
analysis were obtained in a mixture eof polv(ethylene
glycol) 400 (PEG 400) and ammonium sulfate.

Conditions were then optimized to grow crystals large
enough for X-ray data collection using the sitting drop
method, A plastic micro-bridge (Crystal Microgystems, K.
Harlos, Oxford, UK.) was placed into each well of a
Linbro culture plate followed by 1 ml of outer solution
(1'-59%, PEG 400, 2.0M sammonium sulfate, 10 mM
B-mercaptoethanol). Profilin stock was diluted with -1 M
Hepes (pH 7-5 at. 4°C), giving a profilin concentration of
14 mg/ml. This solution was placed on the micro-bridge
and mixed with an equal volume of outer solution. The
well was sealed and crystals were grown at 4°C over a
period of 2 to 3 weeks. Crystals grown under these condi-
tions melt at room temperature. They belong to space
group €2 with a=6915A, 5=38459 A, c=5249 A:
a=y=90° f=9256". Representative crystals are shown
in Figure 1.

(b)Y Data Collection

X-ray data were collected on the X31 EMBL beamline
located on the DORIS storage ring (DESY, Hamburg)
operating at 525 GeV in multi-bunch mode. A wave-
length of 1008 A and a square aperture of 0-35 mm x
0-35 mm were used. The temperature along the capillary
wall was maintained at 4°C by a stream of cold air. X-ray

intensities were collected on an Imaging plate scanner
constructed at EMBL (J. Hendrix & A. Lentfer, unpub-
lished results) using the rotation method developed for
photographic film. Oscillation ranges were set at the angle
subtended by the crystal cell dimensions in order to avoid
spatial overlap of recorded reflections (Arndt &
Wonacott, 1977). All datasets were collected from a single
crystal of dimensions 0-30 mm x 0-15 mm x 0-05 mm in
2 180° sweeps at 20 and 2:6 A resolution, respectively.
The low resolution pass was needed to recover reflections
saturated during the longer collection times used in the
high resolution pass. Intensities were evaluated using the
profile-fitting option implemented in a modification of the
MOSFLM (Leslie et al., 1986} program package and were
merged and averaged using the CCP4 program suite
(Daresbury Laboratory).

(¢} Phasing

X-ray amplitudes were phased by molecular replace-
ment, using as a search object a 2:55 A resolution model
of bovine profilin obtained at an intermediate stage of its
refinement in a complex with actin (this model was similar
to the profilin model described by Schutt ef al. (1993)
except that it meluded only residues Cysl6 through
Argl36). All rotational and translational searches were
carried out with X-PLOR (Briinger. 1992} in the resolu-
tion range 60 to 30 A. The 3000 highest peaks in the
Patterson map corresponding to difference vectors of
lengths between 50 and 20-0 A were chosen for the
rotation search, Correct rotational parameters were found
at the maximum of the rotation function map at a peak
height of 31 (7-4 ¢ above the mean). The next highest
peak in the map was at 2:5. The 34 highest peaks of the
rotation function ecalculations were used in a Patterson
correlation refinement (Briinger, 1990), and correlation
coefficients of (-244 and (-168 were obtained for the 2 best
solutions. A translation search using the best solution
gave a maximum at a peak height of 041 (925 o above
the mean), and rigid body refinement of this rotationalf
translation solution produced a starting model with an
R-factor of 47-69,. Atomic temperature factors for this
starting model were set to 20 A2,

At this point, residues 1 to 15 and 137 to 139 were
added to the starting model by fitting to a 2F,— F, map
using the molecular graphics program FRODO (Jones,
1978). The conformation of the polypeptide chain for
these residues was almost identical to that of profilin
hound to f-actin, except for the positions of Alal and the
N-acetyl group. The now-complete model was subjected
to conjugate gradient minimization and gimulated
annealing refinement as implemented in X-PLOR
(Briinger, 1992), using bond length and angle parameters
derived from the Cambridge Data Base of model struc-
turez (Engh & Huber, 1991). The temperature range
chosen for simulated annealing was between 3000 K and
300 K and the resoluticn range was 70 to 30 A. The
R-factor at the end of this refinement was 22-:09/. The
regsolution of the refinement was gradually extended to
240 A in several steps, each involving a cyele of map
generation, model evaluation and simulated annealing
refinement. With the addition of each resolution shell, the
R-factor increased somewhat, finishing at 23-09, after a
grouped temperature factor refinement at 60 to 20 A
resolution.

Next, side-chain orientations were evaluated using
“omit maps” generated from protocols implemented in
X-PLOR (Briinger, 1992) and were adjusted as necessary
using FROD). After examination of 2F,— F, and F,—F.
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electron density maps, water molecules were placed so
that each had at least 1 hydrogen bonding interaction
either with profilin or with another water molecule. This
model was subjected to simulated annealing and tempera-
ture-factor refinement and water molecales with tempera-
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Figure 3. Luzatti plot of crystatlographic R-factor as a
function of resotution (1/d) for 20 A resolution refinement
of bovine profilin and cryvstallographically ordered water
molecules. Curves pass through the origin and represent
theoretically calculated (Luzatti, 1952) eo-ordinate errors
of 020, ¢:25, . .., 0-50 A The observed R-factor plot gives
an estimated co-ordinate error between 0-25 and 0-30 A.
Normally, observed R-factors stabilize between 2 theo-
retical lines at medium to high resolution (increasing 1/d).
Thus, the profilin-water model appears to have better-
than-expected E-factors at high resolution.

Figure 2. Stereo image showing the atomic model of profilin residues 28 to 32 (red) and accompanying 2F,— F,
electron density (green cage) caleulated from the final refined model. Water molecule 60 hydrogen bonds to the amide

nitrogen {and associated hydrogen atom) of Val30D. Map contouring level is 1-0¢. Figure made using FRODO {Jones,
1978).

ture factors greater than 50 A% were omitted. The final
model contained 128 water molecules and the crystallo-
graphic R-factor for data hetween 60 and 20 A was
16-59%,.

3. Results
{a) Quality of the final model
Statistics for the 20 A refinement of bovine
profilin are given in Table 1 and a representative
portion of 2F,— F, electron density calculated from
the final refined model is shown in Figure 2. The

Table 1
Data processing and refinement statistics
Reflections
Resolution Completenesst R-factor R .8
(&) Unique¥} e (% (%)
600-4-78 308 100-0 199 19-9
178-3-94 501 100-0 11-3 149
304-3-43 588 L0 133 137
343-308 661 100-0 152 140
308-2:81 727 100-0 ia8 14:4
2:81-2:61 779 1000 17-8 149
2-61-2-44 825 100-0 i8] 154
2-44-2-31 872 1000 18-2 157
2-31-2-19 954 99-8 186 160
219-2-09 986 99-5 198 16:3
2:09-2-00 697 68-0 195 165
F Roerge =ZII —(I)|/ZT =669, for 29207 experimentally

measured reflections yielding 8239 unique reflections. [ is the
intensity of a given reflection and {7 is the mean intensity of
equivalent reflections.

+|F| > 30| F|.

§ Cumulative R-factor.
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Figure 4. Ramachandran plot of ¢ versus { angles in
bovine profilin refined at 20 A resolution. Positions of
non-glycine and glycine residues are indicated with
crosses and open circles, respectively. Asp26 takes the
i+ 1 position of a p-turn (Baker & Hubbard, 1984) that
connects strands 1 and 2 (zee Figure 9(a)).

structure has tight stereochemical restraints: r.m.s.
deviations in geometry are (-011 A for bond lengths,
1:54° for hond angles, 24-99° for dihedral angles and
1-39° for improper angles. An upper estimate of the
overall error in the positions of atomic co-ordinates,
derived by plotting the R-factor as a function of
resolution (Luzatti, 1952), is shown in Figure 3.
Compared to theoretical curves based on random
positional errors, the estimated r.m.s. error in
atomic co-ordinates of the refined model is 0-20 to
0:25 A. The (¢, ) values of all non-glycine residues
fall within or near energetically allowed regions of a
Ramachandran plot, shown in Figure 4. The only
exception is Asp26, which lies in a p-turn (see
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Figure 5. Plot of grouped temperature factors for
main-chain atoms (0, N, C, C*) by residue for 20 A
refinement of bovine profilin. Solvent molecules are not
included. The mean atomic temperature factor for protein
and solvent is 10-8 A*. The highest peak corresponds to
the leop connecting Lys90 through Pro96, which forms a
solitary protrusion.

Figure 9). Average grouped temperature factors for
the model are 10-8 A> for main-chain atoms
(Figure 5), 15-8 A? for side-chain atoms and 290 A2
for water molecules. The electron density of omit
maps provided excellent fit for most residues.
Residues in the loop connecting Lys%) with Pro96
have the weakest electron density and the highest
temperature factors in the structure.

{b) Structure of profilin

The polypeptide fold of free bovine profilin is
shown in Figure 6 and secondary structural
elements are summarized in Table 2. Profilin
contains a central six-stranded antiparallel f-sheet,
with N and (-terminal helices (helix 1 and helix 4,
respectively) adjacent to each other on one side of
the sheet. Two small helices (helix 2 and helix 3} and
a fB-hairpin lie on the opposite surface of the sheet.
Residues Trp31 and lle73 lie at f-bulges, which
direct {Richardson & Richardson, 1989) strands 2

Figure 6. Structure of bovine profilin refined to 20 A resolution. The polypeptide fold is depicted by a stereo plot of
C*-atoms. Residues are labelled in increments of 15 residues. Secondary structure elements are given in Table 2. Figure

made using MOLSCRIPT (Kraulis, 1991).
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Table 2
Secondary structural elements

Helives Reverse turns?
(1) 33-12 () 25-27 91
(2} 43-52 ) 34-37 11
(3) 56-62 (3) 32421
@) 119-137 4] 6568 T

3y 76-78 1
f-Strands {6) TH-8211
(1) 18-24 (7) 92-95T
{2) 28-33§ (8) 105-108 1
(3) 62-64 (9) 115-118 11
(4] 69758
(5) 83-89
(6) 98-104

(7) 109-114

t Turns labeled according te Venkatachalam (1968) and
Wilmot & Thornton {1988).

1 y-turn, defined by Baker & Hubbard (1984).

§ Residues Trp31 and Ue73 adopt f-bulge conformation.

and 4 away from the sheet. In fact, the topology of
profilin could also be deseribed as a single, seven-
stranded f-sheet. In this case, the fi-hairpin arising
from the fi-bulge at Tle73 can be considered a con-
tinunation of the central sheet.

The main hydrophobic core of profilin lies on the
face of the central sheet bounded by helices 2 and 3
and strands 3 and 4 (see section (d}, below). Strands
1, 8 and 7 of the central f-sheet are at the interior of
the molecule and are mostly buried from solvent.
Two reverse turns (3 and 6 in Table 2) occur in
succession between residues S8er76 and Glu82. Turn
5 directs the side-chains of Leu77 and Leu78
towards the main hydrophobic core of profilin,
capping it between helix 2 and strand 4. Turn 6
connects strands 4 and 5. Tight turns connect the
remaining strands within the f-sheet, except for a
¥-turn between strands 1 and 2. Hydrogen bonding
interactions involving elements of secondary struc-
ture in the refined model are given in Table 3.

Profilin resembles actin-binding domains in
gelsolin (segment 1) (McLaughlin et al., 1993) and
villin (14T) {Markus et al., 1994}. All three struc-
tures are approximately the same size and are built
around a central f-sheet with N and C-terminal
helices lying on one side of the sheet and a mixture
of small helices and fi-strands lying against the
other side. However, the polypeptide folds of
gelsolin segment 1 and villin 14T are completely
different from the fold of profilin (Rozycki ef al.,
1994). Somewhat surprisingly, the folding motif
comprising strands 3 through 6 of bovine profilin is
similar to several recently elucidated (Noble et al.,
19933 Sre homology 3 (SH3) domains (Schutf et al.,
1993).

(¢) Comparison of free profilin with profilin bound
fo actin
C* atoms from free bovine profilin superimpose

onto those of profilin bound to f-actin {Schatt et al.,
1993) with an overall r.m.s. deviation of 125 A. The

Table 3
Hydrogen bonding of secondary structural elements
in profilin
Bond Bond

Donor Acceptor length  angle, ¢ W
atom atom (&) )i ) °)
A, Alphg helices
Helix 1
Trp3 N Ac O 28 18 —68 —20
Alas N Gly2 O 32 15 —68 —32
Tyré Trp2 O 33 39 —68 —38
Asp8 N Asnd O 30 16 —5h —44
Asn9 N Alab O 32 23 — 81 — 50
Leul0 N Tyré O ¥1 12 —58 —33
Metl1l N Tle7 O 2:9 30 —87 —6
Metil N Asp8 O 33 59 —87 —6
Alal2 N Asnd O 30 25 — 64 —a8
Helix 2
Thrd3 N Gludg (2 31 24 —105 160
Glugs N Thr43 07 33 23 —64 -
Va7 N Thr43 O 1 24 —-67 —4l
Gly48 N Prodd O 29 34 —63 —33
Tle49 N Alad45 O 33 30 —74 —38
Tle49 N Gludsi O 33 6 —74 —35
Leud( N Glu46 O 32 26 — 63 —41
Valsl N Vald7 O 32 20 — 100 9
Glya2 N Ted9 O 34 21 — 66 171
Helix 3
Sers6 N Aspad O 30 21 —123 al
Ser57 N Asp5d 0% 30 12 —53 -35
Pheb9 N Serd6 O 29 28 —171 —25
Valod N Berd7 O -9 39 — 06 —48
Asn6l N Serd7 O 28 4 — 86 —15
Helix 4
Metl122 N His113 O 33 50 —67 —42
Ilel23 N His119 O 34 18 —65 —43
Asnl24 N Glyl20 O 2-8 29 —61 —48
Asnl24 N2 Asp86 (7 2:8 21 —68l  —48
Asnl24 N2 Thrs4 O 33 25 -6l  —48
Lys125 N Glyl2l O 30 17 —72 -3l
Lysl26 N Metl22 O 32 23 —68 —47
Cysl2T N Ile123 O 30 14 —61 —43
Tyrl28 N Asnl24 O 29 18 —59 — 46
Aspl20 N Lysl25 0 2:9 18 —65 =37
Metido N Lysi26 O 30 1% — 04 —45
Alal3l N Cysl27 O 30 10 — 60 —40
Serl32 N Tyr128 O 28 27 — b5 —38
Ser132 O Tyr28 O 30 28 —65 —38
His133 N Aspl29 O 30 27 —60 —48
Leul34 N Metl30 0 30 18 —64 —41
Argl3s N Alal3l O 29 21 —61 —42
Argl36 N Serl32 O 30 20 —64 —26
Serl37 N His133 O 34 45 —94 14
Serl37 N Teul34 O 30 48 —94 14
GInl38 N Argl35 O 30 25 72 24
Tyrl39 N Leul34 O 3] 19
B. Anti-parallel sheet
Aspl8 N Metii3 O 4 32 — 158 | 319
Alal9 N Asplg 0¥ 29 49 — 166 151
Ala20 N Leulll O 30 30 — 159 153
1e21 N Alad2 O 2.4 11 — 122 113
Val22 N Leul09 O 2-8 13 —124 125
Gly23 N Ser29 O 29 36 — 75 135
Tyr24 N Lys107 O 31 24 —-111 —4
Ser29 N Gly23 O 34 31 —163 153
Val30 N Wat60 OH2 30 15 —78 122
Trpil N Tle21 O 2-8 EA —84 —34
Ala32 N lle21 O 33 27 —~ 163 147
Jly62 N Phes’ O 2-8 41 76 =170
Leut3 N CysT0 O 30 23 — 158 171
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Table 3 (continued )

Bond, Bond

Donor Acceptor length  angle -] ¥
atom atom (A) °yt ) (48]
B. Anti-parailel sheet

Thréd N Watt8 OH2 31 15 —124 149
Lys69 Nt Leu63 O 34 53 —68 135
Lys69 N Watd7 OH2 2-8 18 —68 135
CysT0O N Leuti3 O 27 38 — 140 156
Ser7l N Arg88 O 27 18 —113 145
Vali2 N Wat34 OH2 2:9 14 —02 123
fle73 N Asp86 O 27 28 —90 —53
Arg74 N Asp86 O 33 22 — 147 145
Phe83 N Gin79 O 2:9 37 Lix3 17
Met85 N Vallo2 O 2:9 39 —137 130
Asp86 N Argi4 O 29 22 —-107 133
Leus7 N Llel00 O 2-8 12 —134 176
Arg88 N Ser7l O 30 32 —147 137
Thr8% N Phe98 O 30 18 —71 150
Phe38 N Thrsg ! 29 17 —125 148
Asn99 N Wat36 2.9 11 —88 142
flel0y N Leu87 O 30 10 —135 145
Thrltl N Leull2 O 30 26 —130 138
Vall02 N Met85 O 29 13 —116 130
Thrl03 N Valll0o O 29 20 —127 133
Metl04 N PheB83 O 29 23 —-92 131
Leul@ N Val22 O 28 37 —122 124
Yalll0 N Thrl03 ©) 2-9 12 — 106 117
Leulll N Ala20 O 29 11 —112 138
Leull2 N Thrlil N 30 28 —140 137
Metll3 N Aspl8 O 30 16 —123 130
Giyl14 N Asn®9 O 2-9 11 —86 166

t Donor-H-acceptor angle; a linear hydrogen bond has an angle
of zero.

only significant deviation in the folds of the two
structures oceurs in the region containing Alal and
the N-terminal acetyl group (Figure 7), and omis-
sion of the C* atoms from these residues reduces the
r.m.s, deviation of the two structures to (-51 A. This
region lies at the smaller of two interfaces that
profilin makes with actin in erystals of profilin—
f-actin {Schutt et al., 1993} and the conformation
change in the actin-bound structure enables the
acetyl methyl group to fit into a hydrophobic
pocket formed by PheZ23 and Phe266 of f-actin,
while the acetyl carbonyl oxygen cauld participate
in a hydrogen bond with Tyr188 of f-actin. This
interaction would require a cis peptide bond con-
necting the N-terminal acetyl group to Alal which
was not reported in our previous description of the
structure of profilin—f-actin (Schutt ¢ al., 1993).
Refinement of the structure of erystalline profilin—
actin at the resolution limit of the crystals, approxi-
mately 1-8 A (Schutt et al., 1989}, should confirm
the presence of this cis peptide bond. For Alal,
(¢, ) values were (—51°,100°) for free profilin and
(88°,75°) for profilin bound to actin, while for Gly2
the values were (79°, 3°) and (55°, —134°), respec-
tively, Thus, formation of the putative hydrogen
bond with actin would come at the expense of
profilin adopting a more strained conformation for
Alal,

Less dramatic conformational differences occur at
the turns containing residues 65 through 68 and 92

Figure 7. Conformations of the amino termini of
profilin in crystals of profilin (orange) and profilin-actin
{blue). For each case, the N-acetyl group (IN-Ae) is shown
along with Alal, Gly2 and Trp3 (labeled). Oxygen atoms
are white. In crystalline profilin—actin, the N-acetyl
carbonyl group may form a hydrogen bond of approxi-
mately 32 A with the phenol hydroxyl group in Tyr188 of
B-actin (purple), while the N-agetyl methyl group could
lie in proximity to the phenyl ring of Phe266. Such an
interaction would require the N-acetyl-Alal peptide bond
to lie in the cts orientation. Although not reported in the
255 A structure of profilin—f-actin (Schutt ef al., 1993),
this conformational detail should be discernible at the
resolution limit of the crystals, approximately 18 A&
{Schutt et al., 1989). Figure made using INSIGHT-TI
(Bio-8Sym, San Diego, U.5.A.).

through 95, hoth of which adopt type II configura-
tions in the present 2:0 A resolution refinement.
These turns lie in a type I and a non-standard
configuration, respectively, in the 2-55 A structure
of profilin bound to actin (Schutt et al., 1993). Since
neither turn les at a profilin-actin interface, it is
possible that these do not represent actual confor-
mational differences between the two structures,
but rather, new interpretations resulting from the
improved electron density at higher resolution.

In addition to main-chain conformational differ-
ences between the two profilin structures, rotomer
differences also are apparent for the side-chains of a
number of residues. These differences do not repre-
sent significant reorientations of functional groups,
except in several instances for which movement of
side-chains on profilin is required to accommodate
an interface with actin. Compared to the actin-free
structure, the side-chain of Lys69 in profilin
complexed to B-actin is rotated by —90° about the
C#-C’ bond to allow formation of a salt bridge to
Asp288 of f-actin; in contrast, adjacent Lys90,
which forms a salt bridge to Asp 286 of f-actin, lies
in nearly identical conformations in the two strue-
tures. Arg74 forms a salt bridge to the C-terminal
carboxylate of B-actin by rotating its side-chain
about the C"-C? bond by —90°, relative to the
uncomplexed profilin structure. Lysl13 of f-actin
forms a salt bridge to Glu82 of profilin only after
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Figure B. Solvent-exposed hydrophobic surfaces of profilin. (a) Stereo view of profilin showing the position of
conserved poly(L-proline}-binding surface (Bjorkegren ef al., 1993) encompassing residues Trp3, Tyr6, Trp31, Hisl33,
His134 and Tyr139 (ball-and-stick models). Secondary structure elements of profilin are depicted by bedsprings
(«-helices} and arrows (f-strands). Trp3, Tyr6 and Trp31 are invariant among all profilin isoforms, with the exception of
the putative profilin from Vaccinie virus. (b) Different view of profilin showing the 2nd solvent-exposed hydrophobic
surface of profilin composed of side-chains of residues Tyr24, Pro28, Pro44, Val51, Leu78, Phe83, Met104, Alal06 and
Tyr128 (ball-and-stick models). Figure made using MOLSCRIPT (Kraulis, 1991).

movements of both the glutamate and GIn79, which
otherwise would block the interaction. Finally, the
2:0 A refinement of profilin shows a repositioning of
Argl35, allowing the d-guanido group to form a
n-electron interaction with PheB83. Since neither
Phe83 nor Argl36 contributes to contacts with actin
or other profilin moiecules in either crystal form,
this difference may, as in the case of the two turns
described above, be due to improved quality of data
in the current refinement.

(d) Distribution of aromatic residues

The distribution of aromatic residues in profilin
differs markedly from that normally observed for
soluble proteins. The main hydrophobic core is
composed of side-chains from residues Ala20, Val22,
Val30, Ala33, Phe39, Tled2, Val47, Leu63, Leub5,
Leu77, Met85, Leu87, llel(), Vall02, TLeul09,
Leulll and Metll3 and is unusval in that it

contains only one aromatic residue. A second,
smaller, hydrophobic core is formed by side-chains
associated with the packing of the N and C-terminal
helices against the opposite side of the central
B-pleated sheet, and incorporates no aromatic
residues. In contrast, the majority of the aromatic
residues in profilin lie at the surface and are access-
ible to solvent. These residues contribute to the
relatively high proportion of non-polar surface area
on profilin (59%, as calculated according to Lee &
Richards (1971)).

Hydrophobic residues on the surface of profilin
localize to two patches, neither of which contribute
to interfaces with actin (Schutt et al., 1993). Trp3,
Tyr6, Trp3l, His133, Leul34 and Tyrl39 form a
predominantly aromatic patch at the interface of
the N and C-terminal helices (Figure 8(a}). This
patch has a solvent-exposed surface area of 284 AZ
and is highly conserved among both mammalian
and non-mammalian isoforms of profilin (Table 4).
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Table 4
Alignment of selected profilin sequences
1 10 .
Bovine aawNaAayYy T DNLM . . . . _AlDGT ¢ qfp
Mouse A G WN A Y I' DS L M . . . R . . A DG T C Q D
Human 1 A GCGWXNAY I DXL M. . . . . . ADGT ¢ Q D
Human IT A GWQ 8§ YV DNL M . . . . . . CDAOGZC C Q E
Acanthamoeba 1A 8 W Q T Y VDTN L vV ¢ T G A vV T Q
Acanthamoeba 11 .8 wWQ T YV DTNL . . . . . . ¥VGTOGaAVTZQ
White Birch M 8 W Q@ Ty VvV DEHTILMOCDTIDGQAZSDYNS L A B8
20 30 40
Bovine A A1V GY|KDS[PSVWaAA|vPGKTEFVNI[L
Mouse A ATl VGY KDZS8SUPSVWAAYVYPGKTF FV S 1T
Human 1 A AT VGY KDS P S VWAAVYVY PGKTVFVXNTT
Human 11 A AT VGY D AEKYVWAATAGGVY FQ S I T
Acanthamoebe TA A A I L G L D G NT W A TS A G F A VT
Acanthamoeba 11 A A I T i H D PN T W A T 8 A G F A V 8 .
White Birch A I v G H D P8 VW A QS8 S 8 F P Q F K
A0 60

Boyine P A EV G I L V G K DR[S S FFVXaLT|LG
Mouse P A EYV GV L V G K DRSS FF V NGLTTL G
Human I P A E V G V L ¥ H K DRSS 8§ F Y VNGLTIL G
Human 11 P I E T DM T V G KDREGV FVPFTXGGLTTLG
Aranthamoeba TA P A Q G QT L S AFNNADU PIRASGTFPFDTIL A
Aecanthamoeba 11 P A NG A AL A NAVFIKDATATILI RS NGV FE L A
White Birch P Q EI T¢I MKDTFEZEUPGHTLAZPTUGULHTLG G

70 80 . a0
Bovine ¢ QK ¢ S VI RD|$ L L @ D G E{F TM DL R T|K
Mouse » Q K C 8 VI RDSL L QDG E F 8 M DTLUERTK
Human 1 G Q K ¢S Y 1 RD S L L QDG EF 8 MDULRTK
Human 11 AAK K C¢C SV I RDSILY V D G D CTMDTIRTK
Acanthamoeba 1A G VH Y V T L R A D DR S I ¥Y G KK G
Aecanthamoeba 11 T R Y VT T R A D DR S VY G KK G
White Birch > I K Y M VY 1 Q@ G E A G A VI R G K K G

100 . 110
Bovine S TG GAPT[F X1 TV TMTAKT[LVYLLMG|K
Mouse S T G G A PTFXNVT VY TMTAZEKTIULVILILMOGEK
Human I 5 T & ¢ A p TFNUV TV TU KT K T L V L L MG K
Human [ 8 Q G 6 EPTY XNV AVY GRAGRATLVY I VMG
Acanthamoeba 1A &8 A GV I TV KT S KBS I L V ¢ VvV Y >
Acanthamoeba 11 S8 vV I T VvV KT8 KAITILTIGV Y XN
White Birch 5 G G T I KK T G Q AL V¥V F G I Y E
120 130 139

Bovine FEV G[H ¢ G M I NKKCVYEMASTHTLZRTERS|Q Y
Mouse E G VHGGL I ¥NKKOOCYRMASU HTLTERER RS QY
Human T E GV HGUGGULI NI KI KT CYEMASUHTULURIERSGQY
Human 1T E GV HGGTTILNIEKIE KAYELATLTYT LUERIURGSTDYV
Acanthamoeba IA EK I Q PGT A ANV V EERKTILAUDTYL G Q@ G F
Acanthamoeba 11 E K I Q P G T A ANV YV EKTILADYT LTGGE QG F
White Birch E PV TPOGQCNMV VY ERILUGDYULIDOGQOGL

Sequences of bovine and Acanthamoeba profilin TA were aligned by superimposing their polypeptide folds (Figure 10) and aligning
residues that fall in common elements of secondary structure. Residues belonging to a-helices and f-strands of bovine profilin (Table 2)
are boxed together. Mouse, human T and human TT sequences align with the bovine sequence without gaps, and the Acanthamoeba 11
sequence aligns with the dcanthamoeba LA sequence without gaps. The white birch sequence aligns with Acanthamoeba 1A and II except
for an insertion {residues 12 to 17) between helix 1 and strand 1 (Table 2). Bovine. mouse, human 1 and white birch sequences were

obtained from the Swiss Protein database. dconthamoeba TA and II sequences are from Pollard & Rimm (1991). Human profilin 11
sequence is from Honore et al. (1993}
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Refinement at 20 A establishes that the side-chains
of Trp3, Tyr6, Trp3l and Tyrl39 form a true aro-
matic cluster stabilized (Burley & Petsko, 1985) by
enthalpicaliy favorable pair-wise interactions
between 6% hydrogen atoms and 6~ n-electron
clouds of neighboring aromatic rings. The conforma-
tion of Trp3l adopts a highly strained (Schrauber,
1993) x, angle of 3° in forming its aromatic-
aromatic interaction with Trp3.

Solvent-exposed aromatic clusters have been
observed in the antigen-binding sites of human
immunoglobulin Fab fragments (Novotny & Haber,
1985}, the prolyl isomerases cyclophilin (Pfliigl et al.,
1993; Thériault ¢t al., 1993) and FKBP-12 (Van
Duyne ef al., 1993), and the putative ligand-binding
sites of Src homology 3 (SH3) domains {Musacchio ef
al., 1992). Mutagenesis of Trp3 or Hisl33
(Bjorkegren ef al., 1993) abolishes the specific
affinity (Tanaka & Shibata, 1985) of profilin for
poly(L-proline), suggesting a role for this hydro-
phobic surface as a Dbinding site for proline-
containing sequences (Schutt et al., 1993).

A second solvent-exposed hydrophobie surface
area of 410 A? is shown in Figure 8(b) and is formed
mainly from side-chains contributed by Tyr24,
Pro28, Pro44, Val51, Leu78, Phe83, Met104, Alal06
and Tyrl28, which lie on helix 2 and on turns 1, 6
and 8 (Table 2). This hydrophobic area is unique to
mammalian profilins (Table 4). Like the first hydro-
phobic pateh, it does not lie at an actin-binding site
in crystalline profilin—actin, except for Tyrl28,
which forms a m-electron interaction with the
d-guanido group of Arg372 of actin.

(e) Ordered water molecules

The refined structure of free bovine profilin
contains 128 crystallographically ordered water
molecules, all with atomic temperature factors less
than 50 A%, Water molecules are located at a large
number of solvent-exposed main-chain amide
nitrogen atoms and carbonyl oxygen atoms, as well
as at hydrophilic side-chains, in many instances
forming bridges between neighboring residues. In
addition, networks of multiply bonded water
molecules are found at solvent-exposed hydrophobic
sites, although not at the predominantly aromatic
poly(L-proline}-binding patch.

The clearest cases of structurally important water
molecules in bovine profilin occur where hydrogen
bonds between main-chain atoms and water
molecules stabilize non-standard turns. TFor
example, in the y-turn connecting strands 1 and 2,
the expected hydrogen bond (Baker & Hubbard,
1984) between the ¢ and i+ 2 residues (Lys25 and
Ser27, respectively) is absent, and water molecule
27 hydrogen bonds to the carbonyl oxygen atoms of
Lys25 and Ser27 as shown in Figure 9(a). A second
non-standard turn connects helix 1 to strand 1 and
is stabilized by two centrally positioned water
molecules (5 and 24) which form hydrogen bonds
with carbonyl oxygen atoms of Leul(, Metll and

Cys16, amide nitrogen atoms of Glyl4 and Cyslé,
and one of the carboxylate oxygen atoms of Asp13.
This is shown in Figure 9(b). A third non-standard
turn shown in Figure 9(c} connects helix 2 with
helix 3. In this case, water molecule 42 stabilizes the
eonneeting turn by hydrogen bonding to the main-
chain carbony! oxygen atoms of lle49 and Aspdd.
At the same time, water molecule 41 hydrogen
bonds to the carbonyl oxygen atom of Asphd and
the amide nitrogen of Phei8, effectively substi-
tuting for the standard i—i+4 hydrogen bond in
this distorted o-helix.

{f) Crystal packing interactions

Bovine profilin crystallizes in the space group C2.
A total of 107 unique atomic contacts, defined by
interatomic distances of less than 4 A {r<4 A), are
made between symmetry-related molecules, These
contacts include 11 hydrogen-bonding interactions,
and two ion pair interactions. A noticeable feature
is the packing of the conserved hydrophobic poly(t-
proline)-binding patch of one profilin molecule
against the loop connecting residues 90 through 96
of a symmetry-related molecule. Thig interaction
has 43 interatomic contacts (r<4 A) including six
hydrogen bonding interactions. Although Trp31 lies
in this hydrophobic patch, its strained conforma-
tion (see section (b), above), is not attributable to
the formation of this crystal contact, since a similar
conformation found in erystalline profilin—f§-actin
does not use this residue in any crystal contacts.

(g) Comparison with other profilins

Mammalian profilins are highly conserved, with
sequence identities exceeding 909;. The recently
identified human profilin IT gene {(Honore e al.,
1993) is an exception, with only a 609, sequence
identity to human profilin I. Nevertheless, residues
at the two bovine profilin—actin interfaces (Schutt e
al., 1993} are highly conserved in human profilin II,
the only difference being the substitution of a gluta-
mate for a serine at positicn 56. This change could
lead to the formation of an additional salt bridge
between Glu56 of human profilin IT and Lys284 of
actin.

The polypeptide fold of bovine profilin is
generally similar to that of human profilin recently
solved by NMR spectroscopy {Metzler et al., 1993).
Secondary structural elements use almost identical
amino acid residues in the two structures, which was
expected since the amino acid sequences of human
and bovine profilin differ by only three residues. The
most apparent structural difference is that human
profilin does not contain a helix between residues 56
and 61 (helix 3 in bovine profilin}. This difference
may be due to the distorted (¢,y) angles of this
helix, which is identified as such mainly on the basis
of hydrogen-bonding interactions, including the
intercalated water molecule between Asp54 and
Phe58 (see section (e), above).
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Figure 9. Role of water molecules in stabilizing non-standard elements of secondary structure. (a) y-turn connecting
strands 1 and 2. Oxygen, nitrogen, and carbon atoms are depicted as open, filled and hatched balls, respectively.
Hydrogen atoms are not shown. Atoms are drawn at an atomic radius of 09 A, and are therefore not to scale with bond
lengths ({stippled sticks). Water molecule 27 (WAT27) is hydrogen bonded {broken lines) to the carbonyl atoms of Lys25
and Ser27, substituting for the bond between the carbonyl of Lys25 and the amide nitrogen of Ser27 that would be
expected in a standard y-turn (Baker & Hubbard, 1984). Water molecule 64 hydrogen bonds to the amide nitrogen of
Asp26, but does not appear to affect directly the conformation of the turn. (b) Turn connecting helix 1 to strand 1,
including residues 10 to 16. Atoms are depicted as in {a), but side-chain atoms are shown only for Asp13. Water molecule
5 makes hydrogen bonds (broken lines) with the carbonyl oxygen of Leul0, amide nitrogen atoms of Glyl4 and Cysl6,
and the carboxylate carbonyl of Aspl3. Water molecule 24 hydrogen bonds to the carbonyl oxygen atoms of Met11 and
Cysl8. (¢) Turn connecting helix 2 to helix 3, including the first turn of helix 3. Atoms are depicted as in (a) but with side-
chains omitted. Water molecule 41 hydrogen bonds to the carbonyl oxygen of Asp54 and the amide nitrogen of Phes53,
effectively completing the 1st hydrogen-bond interaction at the amino terminus of helix 3. Consequently, this helical
turn is somewhat distorted (Table 3). Water molecule 42 hydrogen bonds to the ecarbonyl oxygen atoms of Tle44 and
Asp54. By thus hydrogen bonding to 2 crystallographically ordered water molecules, Asp54 iz a key residue in this
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Figure 10. Comparison of the X-ray crystal structure of bovine profilin at 20 A resolution with the NMR solution
structure of Acanthamoeba profilin I (Vinson et al., 1993). Connected C* atoms of bovine profilin are shown as filled sticks
and those of Acanthamoeba profilin I (Model 1 of entry PDBPRF1.ENT in the Brookhaven Protein Data Bank) are
shown as open sticks. Residues 17 to 77, 84 to 89 and 98 to 139 of bovine profilin and residues 1 to 125 of Acanthamoeba
profilin were superimposed using protocols implemented in X-PLOR (Briinger, 1992). Figure made using MOLSCRIPT

(Kraulis, 1991).

Bovine profilin is also very similar to the acidic
isoform of profilin (profilin T) from Acanthamoeba
castellanii, whose structure has been determined
recently by NMR spectroscopy (Vinson et af., 1993).
The Acanthamoeba profilin  structure contains
almost the same secondary structural elements as
bovine profilin (reviewed by Rozycki ef al., 1994},
despite much larger differences in the amino acid
sequences between the two proteins. As with the
NMR structure of human profilin, the distorted
helix 3 of bovine profilin is not identified in profilin
from Acanthamoeba. Structural differences occurring
at deletions in the Acanthamoeba sequence (Table 4)
near the turns connecting strand 4 to strand 5 and
strand 5 to 6 eliminate the protruding loops
observed in bovine profilin, and one of these
deletions appears to have a large effect on the
orientation of the carboxyl-terminal helix 4.
Compared to bovine profilin, the C-terminal helix in
Acanthamoebe profilin is less tilted with respect to
the orientation of strands in the central f-pleated
sheet than is the case for bovine profilin. This arises
from the absence of a protrusion, pushing against
one side of the helix, which is formed by residues 79
to 82 in bovine profilin, and from a distortion of the
N-terminal helix in Acanthamoeba profilin which
places the amino terminus itself against the opposite
side of the C-terminal helix (Figure 10). In contrast,
the central f-sheets of the bovine and Acanthamoeba
profiling superimpose well, in particolar strands 1, 2,
6 and 7.

4. Discussion
{a) Free and bound states of profilin

Refinement of bovine profilin at 2:0 A resolution
in the ahbsence of actin allows an examination of the
structural consequences for profilin in binding to

actin. Generally, the polypeptide fold of profilin
does not change during the formation of profilin-
actin interactions, as C* atoms from the actin-bound
and actin-free structures can be superimposed with
an r.m.s. positional deviation of (0-51 A if Alal and
the N-terminal acetyl group are omitted. The side-
chains of the majority of the residues in profilin are
similarly oriented in the two structures, although
several exhibit significant rotomer changes in
accommodating contacte with actin.

Bovine profilin makes two extensive contacts
with actin molecules in crystalline profilin-g-actin
(Schutt et al., 1993), and this observation provides
structural evidence that profilin may regulate cyto-
skeletal dynamics by binding oligomeric forms of
actin, The specificity of profilin for poly(L-proline)
{Tanaka & Shibata, 1985) opens the possibility that
profilin binding to proline-containing peptides may
play an additional, but atill unidentified, role in
controlling actin filament assembly reactions
(Schutt et al., 1993; Rozycki ¢ al., 1994}. This
notion is supported by observations (Bjorkegren ef
al., 1993, Archer et al., 1994; Metzler et al., 1994)
that the binding site for poly(L-proline) lies at a
conserved patch of hydrophobic residues reminis-
cent of those found in other smali proteins which
bind proline-containing peptides, such as FKBP-12
(Van Duyne et al., 1993), eyclophilin (Pfliigl ef al.,
1993; Thénault et al., 1993) and SH3 domains
{Musacchio et al., 1992),

Alal and the N-terminal acetyl group lie immedi-
ately adjacent to this poly(L-proline) hinding site.
Together, these two residues present approximately
90 A? of buried surface area to actin, or about 209,
of the contribution of profilin to the smaller of the
two profilin-actin interfaces in the profilin-actin
ribbon (Schutt ef al., 1993). Tn binding to actin, they
adopt a more strained conformation, possibly
enabling a hydrogen bond to form between the
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Figure 11. Proposed capping of actin filaments by
profilin-actin ribbon segments. (a) The ribbon observed in
crystals of profilin—actin. Aectin molecules (continuous
black line} and profilin molecules (hatched gray line)
arrange about a 2, screw axis parallel to the length of the
ribbon. Each actin molecule binds 1 ATP molecule in the
crystal (Schutt et al., 1993). (b} Conformational change in
actin (squares—open circles) leads to a dissociation of
profilin and formation of N —2—N and N>N+2 intra-
strand contacts. This conformational change may be
linked to ATT hydrolysis by actin {(Pantaloni & Carlier,
1993). The resulting helical filament maintains a short
ribbon segment at the barbed end to receive incoming
actin molecules. The length shown of the ribbon segment
is illustrative and should not be construed as a prediction
for the approximate length of such segments in actual
growing filaments.

Pointed End

Barbed End
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N-acetyl carbonyl group of profilin and Tyr188 of
actin (Figure 7). Tnteraction of a proline-containing
polypeptide with Trp3, one of the residues in human
profilin -+ required for binding poly{L-proline)
{Bjorkegren ef al., 1993), could influence the
profilin-actin contact in one of two ways. Peptide
binding eould either strain the acetyl-tyrosine
hydrogen bond sufficiently to ailow Alal to revert
to the unstrained conformation, initiating the
disruption of the second profilin—actin contact, or it
could prevent the reversion and stabilize the
contact. Kither way, the N terminus would act as a
switch to mediate profilin binding to actin. The
strained conformation of Trp3l in the adjacent
poly(L-proline) binding site may also contribute to
this switch,

Such a molecular switch would have ramifications
for assembly of F-actin in the cell. We have argued
previously that actin ribbons observed in crystalline
profilin-actin are structurally related to the helical
actin filament, and may convert to the filament
under proper conditions (Schutt ef ol., 1989, 1993,
1994). This argument assumes that the actin-actin
ribbon contact corresponds to the inferstrand
contact formed between each actin molecule & and
its ¥ —1 and N +1 neighbors in the filament (the
one-start helical contact). Profilin molecules inter-
calate between adjacent actin molecules lying along
each edge of the ribbon (Figure 11({a)), blocking
formation of the NN -2 and N—-N+2 intra-
strand filament contacts (the two-start helical
contacts). The transition from ribbon to helix
requires a dissociation of profilin to allow formation
of the two-start infrastrand contacts and pivoting
between actin subdomains to prevent ribhon
contacts from breaking during the necessary 13°
twist and 83 A shortening per monomer (Schutt et
al., 1994). This coupling of profilin dissociation with
ribbon-to-helix transitions allows actin to accommo-
date both ribbon and helix lattices in the same
filament (Figure 11{b)). Actin filaments could grow
by adding profilin-actin heterodimers to the ribbon-
containing end of the filament, corresponding to the
filament barbed end (Pring ef «l., 1992; Pantaloni &
Carlier, 1993}. Thus, the smaller actin-recognition
site of profilin bound to the barbed end would guide
incoming profilin—actin heterodimers.

In summary, the N-terminal switch on profilin
could play a direct role in ribbon-helix transitions
during filament assembly by initiating the dissocia-
tion of profilin, possibly in conjunction with ATP
hydrolysis (Pantaloni & Carlier, 1993). Control of
this switch through the binding of ligands to the
adjacent poly{L-proline} patch could directly
mediate cytoskeletal dynamies in the cell. For
example, profilin localizes to the site of host actin
filament assembly on Listerie monocytogenes, a
process requiring the expression of the bacterial
protein ActA (Theriot ef al., 1994). ActA contains
several polyproline regions (Kocks et al., 1992), and
its binding to profilin at the poly(L-proline)-specific
hydrophobic patch could set the N-terminal switch
of profilin to the “actin-accepting” state. Thus,

LS L

regulate the force-producing transitions in F-actin
tails on L. monocytogenes (Schutt ef al., 1993).

(b) PtdIns(4,5) P, binding to profilin

Several observations must be considered in identi-
fying the binding site on profilin for micellar
PtdIns(4,5)P,. First, fluorescence quenching experi-
ments indicate that Trp3 and Trp31 are part of the
profilin—PtdIns(4,5)P, interface {Raghunathan ef
al., 1992). Second, a sequence at the carboxyl
terminus of bovine profilin is homologous to two
PtdTns(4,5)F; binding sequences in gelsokin {Yu ef
al., 1992). Third, bovine and human profiling have
similar affinities for PtdIns(4,5)P, (Lassing &
Lindberg, 1988). At the same time, the affinity of
human profilin for PtdIns(4,5)P, is tenfold greater
than that of Acanthamoeba profilin IT, which in turn
is 10 to 50-fold greater than that of Acanthamoeba
profilin I (Machesky et al, 1990). TFourth,
PtdIns{4,5)P, destabilizes the profilin—actin
complex (Lassing & Lindberg, 1985), suggesting
that it binds at or near a profilin-actin contact.
Last, the stoichiometry of the interaction between
micellar PtdIns{4,5)P; and profilin is in the range of
10:1 (Lassing & Lindberg, 1985} to 5:1 (Goldsch-
midt-Clermont et al., 1990).

The high PtdIns(4,5)P,: profilin stoichiometry
and the fluoreseence quenching of Trp3 and Trp3l
suggest that a relatively large surface area of
profilin may form an interface with PtdIns(4,5)P,
micelles at or near the two tryptophan residueés.
This would be consistent with the observation that
tryptophan residues in membrane proteins often
oceur at lipid-water interfaces (Schiffer ot al., 1992)
and suggests that the conserved, solvent-exposed
hydrophobic patech plays a role in binding
PtdIns(4,5)"; as well as poly(L-proline). This patch
includes His133, which is part of the consensus
PtdIns(4,5)P,-binding sequence lying on the
C-terminal helix proposed by Yu et al. (1992)
Human and bevine profilin each contain three basic
residues in this consensus sequence, Lys126, Argl35
and Argl36, which are not found in the
Acanthamoeba profilins. This would explain the
higher affinities of the mammalian profilins for
PidIns(4,5)P, relative to those in Adcanthamoeba,
but not the different affinities observed between the
two Acanthamoeba isoforms.

A different binding site for PtdIns(4.5)P, has
been proposed by Vinson et al. {1993) based on
consideration of the solution structure of
Acanthamoeba profilin 1. This site, centered around
Leu24, Asn5l, Lys90 and Lys93 of Acanthamoeba
profilin I, accounts for the different affinitics of the
two Acanthamoeba profiling for PtdIns(4,5)P, in
terms of the substitutions Leu/His24 and
Asn/Lys81 in Acanthamoeba profilin I, which would
provide a more positively charged binding surface
for the acidic phospholipid. However, it does not
account for the higher affinity of bovine profilin for
PtdIns(4,5)P,, since the basic residue Lys90 in the
two Acanthamoeba profilins is replaced by the
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Figure 12. Proposed PtdIns(4,5)P, binding site of
profilin. This site consists of the basic residues Lys25,
Lys107. Lys126, His133, Argl35 and Argi36 (light blue,
positively charged nitrogen atoms in dark blue) partially

_encircling the hydrophobic residues Trp3, Tyr6, Trp3l,
His133, His134 and Tyrl39 (purple) which form the
poly{L-proline) binding site. Arg 135 is partially stabilized
by an amino-aromatic interaction (Burley & Petsko, 1986;
Perutz et al., 1986) with the aromatic ring of PheR3.
Figure made using TNSIGHT-II (Bio-Sym, San Diego,
U.8.A)

bovine profilin. In addition, this site does nat
explain the fluorescence quenching of the two tryp-
tophan residues hy PtdIns(4,5)P,.

Thus, neither proposed PtdIns(4,5)P,-binding
site can adequately explain the relative affinities of
all profilin isoforms for PtdIns(4,5)P,. However, it
is noteworthy that residues 24 and 93 of
Acanthamoeba profilin  occupy positions corre-
sponding to Lys23 and Lys107 in bovine profilin
which are adjacent to the poly{L-proline)-specific
hydrophobie patch containing Trp3 and Trp3l. An

extended PtdIns(4,5)P;-binding site including
Lys25 and Lysl07, the poly{L-proline)-specific
hydrophobic  patch, and  the  consensus

Ptdins(4,5)P,-binding sequence at the carboxyl
terminus (Yu et al.. 1992) could explain the relative
affinities of the Acanthamoeba profiling for
PtdIns(4,5)P, in terms of the more basic substitu-
tion Leu/His24 found in Acenthamoeba profilin 11
This extended site is shown in Figure 12 and
consists of a strongly hydrophobic center
surrounded by a half-circle of positively charged
side-chains.

This extended PtdIns(4,5}P,-binding site not
only accounts for the relative affinities of different
profilin isoforms for PtdIns{4,5)P,, but also the
dissociation of profilin from actin in the presence of
PtdIns{4,5)P,. Interactions between residues in sub-

domain 1 of actin and the carboxyl-terminal helix of
profilin could be disrupted by their proximity to the
consensus sequence of Yu et al. (1992), which
includes two residues (Lys125 and Tyrl28) that
interact directly with actin (Schutt et al., 1993). In
addition, binding of PtdIns(4,5)P; to profilin could
disrupt aromatic interactions between Trp3, Tyr6
and Tyr139, which lie on the amino and carboxyl-
terminal helices of profilin. Since both helices contri-
bute residues to interfaces with actin, disruption of
these aromatic interactions could directly affect one
or both interactions with actin, especially at the
N-terminal switch.
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