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ABSTRACT. The structure of profilin from the budding ye&accharomyces carsiae has been determined

by X-ray crystallography at 2.3 A resolution. The overall fold of yeast profilin is similar to the fold
observed for other profilin structures. The interactions of yeast and human platelet profilins with rabbit
skeletal muscle actin were characterized by titration microcalorimetry, fluorescence titrations, and nucleotide
exchange kinetics. The affinity of yeast profilin for rabbit actin (2\d) is approximately 30-fold weaker

than the affinity of human platelet profilin for rabbit actin (Q:M), and the relative contributions of
entropic and enthalpic terms to the overall free energy of binding are different for the two profilins. The
titration of pyrene-labeled rabbit skeletal actin with human profilin yield&d af 2.8 uM, similar to the

Kq of 2.0uM for the interaction between yeast profilin and pyrene-labeled yeast actin. The binding data
are discussed in the context of the known crystal structures of profilin and actin, and the residues present
at the actin-profilin interface. The affinity of yeast profilin for poly-proline was determined from
fluorescence measurements and is similar to the reported affin@cafithamoebarofilin for poly-L-

proline. Yeast profilin was shown to catalyze adenine nucleotide exchange from yeast actin almost 2
orders of magnitude less efficiently than human profilin and rabbit skeletal muscle actin. The in vivo
and in vitro properties of yeast profilin mutants with altered polgroline and actin binding sites are
discussed in the context of the crystal structure.

Profilin (13—15 kDa) is a regulatory component of the
actin cytoskeleton in all eukaryotic cell${4), which binds
monomeric actin (G-actin) with an in vitro equilibrium
dissociation constanKg) in the micromolar to sub-micro- and diacylglycerol 15), thus providing a possible link
molar range %—7). In vivo, profilin has been proposed to between the PIPsignaling pathway and the reorganization
regulate the formation of specific F-actin structures by several of the actin cytoskeleton. Recently, profilin has been sug-

and structural studies suggest that the Rl actin binding
sites of profilin overlap12—14). Furthermore, profilin inhi-
bits the phospholipase, &atalyzed hydrolysis of PiRo IP;

mechanisms, including actin monomer sequestrati®n (

enhancement of actin-bound nucleotide exchaBg®)(and

the ability to couple actin monomer addition at the barbed

end of an elongating filament with ATP hydrolysis0j.
Polyphosphoinositides such as phosphatidylinositol 4,5-

bisphosphate (PH inhibit the actin-associated activities of

profilin by disrupting the profilin-actin complex {1). This

is thought to be due to direct steric competition, as genetic
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gested to activate PI3 kinase through interaction with the
85 kDa regulatory domain, further connecting profilin with
phosphoinositide metabolis §).

All cellular profilins bind proline-rich sequences in pep-
tides and proteins via a patch of five highly conserved
hydrophobic residues on the surface of the molectife-(
21). Mammalian profilins colocalize with the focal-adhesion
proteins VASP (vasodilator-stimulated phosphoprotein) and
MENA (mammalian homologue obrosophila enabley
which are involved in F-actin assembly, and which both con-
tain multiple proline-rich sequence®2—24). Profilin has
also been shown to interact in vitro and in vivo with members
of the formin family @5—28), a group of proline-rich
proteins involved in a variety of developmental and mor-
phological processes. For example, Bnilp, a formin homo-
logue fromSaccharomyces cerisiae, binds to profilin in
vitro, andbnil mutants are unable to regulate the spatial and
temporal localization of specific F-actin structures in vivo
(25). The interaction of profilin with proline-rich proteins
provides a mechanism for localizing profilin and its actin-
related activities to sites requiring actin filament assembly.

Many of the in vivo studies addressing profilin function
have utilized mutants of the budding ye&stcereisiae In
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S. cereisiae as well as in several other organisms, profilin Purification and Pyrenylation of Yeast and Rabbit Skeletal
is involved in establishing and maintaining a normal distribu- Muscle Actin. Actin was purified from rabbit muscle acetone
tion of actin structures1—4). In wild type S. cereisiae, powder by the method of Spudich and W&dB) and gel

the actin cytoskeleton is organized into cables that run filtered (Sephacryl S-300, Pharmacia Biotech). The fractions
longitudinally across the cell and cortical actin patches in corresponding to monomeric actin were pooled and stored
regions of active growth2©, 30). Profilin null strains ofS. at 2—4 °C in dialysis against buffer A [2 mM Tris (pH 8),
cerevisiae have an altered distribution of actin structures, 0.2 mM ATP, 0.5 mM DTT, 0.1 mM CaGJ and | mM
often displaying a single thick bar of actin, a random NaNs]. The actin concentration was determined spectro-
distribution of cortical actin patches, and an absence of actin photometrically using afxg 0f 0.63 fa a 1 mg/mL solution.
cables. This is accompanied by altered morphology and Pyrene-labeled rabbit skeletal muscle actin was prepared by
temperature sensitivity and the frequent occurrence of reaction withN-(1-pyrenyl)iodoacetamide (Molecular Probes
multinucleate cellsk). In this paper, we report the three- Inc.) (34). Yeast actin was prepared from yeast cakes by a
dimensional structure 08. cereisiae profilin, hereafter modification of a previously described protoc8b). Briefly,
referred to as yeast profilin, and new data characterizing theclarified cell lysates were applied to a DNase | affinity
interactions of yeast and human profilins with yeast and column, and actin was eluted with 50% formamide and

rabbit skeletal muscle actin. applied directly to a DEAE anion exchange column. The
actin was eluted with 0.5 M KClI, dialyzed overnight against
MATERIALS AND METHODS buffer A, polymerized by the addition of 4 mM Mg&£and

50 mM KCI, and pelleted by centrifugation. The pellet was

Overexpression and Purification of S. cergiae and resuspended in buffer A and dialyzed against three changes
Human Platelet Profilin. PCR was used to introduce the of buffer over 2 days. The actin was clarified by centrifuga-
coding region of yeast profilin into thddd and EcoRl sites tion to remove higher-order aggregates and only the top two-
of pMW172, a pET derivative. The resultant construct was thirds used for subsequent experiments. Yeast actin was
transformed intoEscherichia coliBL21(DE3) (Novagen).  modified with N-(1-pyrenyl)maleimide (Sigma) for fluores-
After growth at 37°C, single colonies were selected and cence titrations.
grown fa 8 h in 5 mL of LB media with 100xg/mL Crystallization and Data Collection.Crystals of yeast
carbenicillin and were used to inoculatex4500 mL of LB profilin were grown by the hanging drop vapor diffusion
media. Cultures were grown overnight at®and the cells method. Yeast profilin (58 mg/mL) was mixed with an
harvested by centrifugation, frozen-a80 °C, thawed, and  equal volume of a precipitant solution and suspended on a
resuspended in 5075 mL of cracking buffer [0.1 M Tris  silanized cover slip above 1 mL of the same solution. Two
(pH 8), 40 mM KCI, 1 mM DTT, and | mM PMSF] which  crystal forms were obtained from an initial screen of
contained a cocktail of protease inhibitors supplied in tablet crystallization conditions. A cubic crystal form was obtained
form from Boehringer (Complete). Lysozyme was added using a reservoir solution containing 3:8.0 M sodium
to a final concentration of 0.2 mg/mL, and the mixture was formate, and a hexagonal crystal form was obtained using a
stirred for 30 min. The slurry was sonicated in four or five reservoir solution containing 1.0 M lithium sulfate, 0.1 M
bursts of 15 s each and then centrifuged in a Ti45 rotor at Tris (pH 8.5), and 0.01 M NiGl The cubic crystal form
37000 rpm for 1 h. The supernatant was filtered using a diffracted to 2.8 A resolution, yielding a diffraction pattern
0.2 uM particle filter (Nalgene) and applied directly to a consistent with space group432, with the following unit
poly-L-proline affinity column equilibrated with buffer TK8  cell dimensionsia=b=c=129.17Aanda ==y =
[10 mM Tris (pH 8), 40 mM KCI, and | mM DTT]. The  90°. The hexagonal crystal form diffracted to higher
column was washed with-610 column volumes of buffer  resolution (2.2 A) and was used for structure determination
TKS8, followed by 5-7 column volumes of 2.5 M urea in  and refinement.
TK8. Profilin was eluted from the column wit8 M urea. Two native data sets were collected for the hexagonal
Fractions containing profilin were pooled and dialyzed crystal form at room temperature using a Siemens X-1000
against buffer TK8 and concentrated to-13D mg/mL by area detector, with a Rigaku RU-200 rotating anode as the
Amicon ultrafiltration. Human platelet profilin (HPP) was X-ray source. Data were processed with either XI36) (
overexpressed and purified by palyproline affinity chro- or XENGEN @7). Diffraction from the crystals was
matography as previously describ&d), The profilins were consistent with the hexagonal space gré& or P6s (a =
judged to be>95% pure by SDSPAGE and were stored b=58.1,c=151.3,a = =90°, andy = 12(°), with two
at 0°C until they were required. Birch pollen profilin was molecules of yeast profilin in the asymmetric unit (53%
purified by poly+-proline affinity chromatography as previ-  solvent). Statistics for the higher-resolution data set used
ously described32). The concentrations of both human for final refinement of the structure are given in Table 1.
platelet and yeast profilin were determined spectrophoto-  Structure Determination and Refinementhe structure
metrically, using anexg of 20300 Mt cm™! for yeast was solved by molecular replacement using the program
profilin and ane,go of 17 960 Mt cm™ for human platelet ~ AMORE (38), as part of the CCP4 suite of progran®g)
profilin. The extinction coefficient for yeast profilin was The search model waseh2 A refined structure ofcan-
determined by quantitative amino acid analysis and is thamoebaprofilin isoform I (13), with side chains but with
consistent with the predicted value for yeast profilin. The no ordered solvent. A rotation search did not yield a clear
molecular mass of purified recombinant yeast profilin was solution, so the top seven solutions were used in a translation
determined by mass spectroscopic analysis. The observedearch in space group$, andP6s. The translation function
mass, 13 547 Da, is within 1 Da of the predicted mass for in P6s yielded a distinct solution, which was fixed while a
yeast profilin without the N-terminal methionine. second translation search was performed to locate the second
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Table 1: Structure Solution

Data Collection and Reduction

space group P6s
unit cell parameters (A) a=b=58.1,c=151.3
resolution range 0—23A
no. of unique reflections 12 068
completeness of data (%) 93
data redundancy 3.7
Rsym (Rymin the 2.4-2.3 A shell) (%) 6.4 (21.3)

Refinement Statistics

resolution range (A) 152.3
R-factor Riree) (%) 16.8 (22.0)
rms deviations from ideal geometry

bond lengths (A) 0.009

bond angles (deg) 15
no. of protein atoms 1912
no. of solvent atoms 39
average temperature factors?jA

molecule A 30.3

molecule B 38.0

solvent 34.3
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titrations of profilin into buffer. A low-ionic strength buffer
composed of 2 mM buffer (Tris, PIPES, MOPS, or cacody-
late), 0.2 mM ATP, 0.5 mM DTT, 0.1 mM Cagland 1
mM NaN; was used in all experiments. Typically, profilin
was injected into actin using 20 injections of 125 each,
with 3 min between each injection. The contents of the
sample cell (1.34 mL working volume) was stirred at 350
rpm during the experiment. All measurements were con-
ducted at 27C. Each titration peak was integrated manually
using the data before and after each peak to establish a
baseline. Data analysis to determine the thermodynamic
parameters of actinprofilin binding was performed with the
Origin software package (MicroCal Inc.), which uses a
nonlinear interactive Marquardt method to fit the data. A
single-site model was assumed. Where the heat of dilution
of profilin into buffer was non-negligible, a control titration

of profilin into buffer was performed. The control gave a
small linear decrease in enthalpy with each injection, and
the best straight line through the control data points was

molecule in the asymmetric unit. There was a clear solution subtracted from the actirprofilin titration data.
for the second molecule, and the two solutions were subjected Stopped-Flow Kinetics.Fluorescence measurements of

to rigid-body refinement with AMORE, resulting in an
R-factor of 46% Riee = 43.9%) for data between 10 and 3

A. Atthis stage, the side chains of the model were removed,

leaving a poly(alanine-glycine) structure. This new model

actin nucleotide exchange were performed using an Applied
Photophysics SX.17MV stopped-flow spectrophotometer
operated in the fluorescence mode at°Z) The human
and yeast actins were diluted to a concentration @i\

was subjected to simulated annealing from 3000 K and with buffer A lacking ATP. Actin in either the presence or

positional refinement, with the application of noncrystallo-
graphic symmetry (NCS) restraints with X-PLORU.

Electron density maps calculated with the refined poly-
(alanine-glycine) model showed clear electron density for

absence of yeast, birch pollen, or human profilin was rapidly
mixed with an equal volume of buffer A containing 20M
€ATP and no additional ATP. The increase in fluorescence
intensity due to the binding GfATP to actin was monitored

many side chains of yeast profilin; these were added to theat wavelengths above 392 nm, using excitation at 360 nm

model using the interactive graphics programd@)( After
two rounds of model building and simulated annealing
refinement, the model was refined using positional and
groupedB-factor refinement with NCS restraints applied.
Using data to 2.7 A with a @ cutoff, anR-factor of 20%
(Rree = 26.6%) was obtained. Subsequently, a higher-

resolution data set was obtained and used for further

and a 392 nm cutoff filter on the emission. The final
concentration of bona fide ATP was less thapM. The
time course of the emission kinetics was fit to a single-
exponential function using the GLINT (Applied Photophys-
ics) program to determine the observed nucleotide dissocia-
tion rate constantk{ys.

Measurement of Peg Binding. Yeast profilin (2uM) in

refinement; the test set of reflections used for calculation of TK8 buffer was prepared with different concentrations of

Riree Was kept constant for the overlapping resolution range,
adding extra test reflections between 2.7 and 2.3 A. Rigid-

body refinement followed by positional and individual
B-factor refinement without NCS restraints reduced the
R-factor to 18.7% Ryee = 23.0%) for data to 2.3 A. Afinal
round of model building, in which 39 water molecules were
added to the model, was followed by positional aBd
factor refinement, yielding a final model with @factor

of 16.8% Riee = 22.0%), with excellent model geometry
(Table 1). Typical electron density is shown in Figure 1, in
which the final (2F,] — |F¢|)¢c map is shown for resi-
dues 12 (i.e.,al) of the final model of yeast profilin.
The refined coordinates of yeast profilin have been de-
posited with the Brookhaven Protein Data Bank (PDB entry
1YPR).

Titration Microcalorimetry. Isothermal titration calorim-
etry (ITC) experiments were carried out using a MicroCal
Omega isothermal titration calorimeter (MicroCal Inc.).
Purified rabbit muscle actin (68100xM) was titrated with
concentrated solutions of human platelet or yeast profilin
(0.8-1.0 mM). Both proteins were extensively dialyzed

Pros. Proline concentrations were determined spectropho-
tometrically using anezo, of 5.63 x 10° M~ cm™ (42).
Fluorescence measurements were conducted &€ 22sing
a Perkin-Elmer LS-5B spectrophotometer. The excitation
wavelength was 295 nm (10 nm slit width), and the emission
intensity was monitored at 318 nm (3 nm slit width). The
data were fit by a nonlinear least-squares method using the
Kaleidagraph fitting program.

Urea Denaturation. Yeast profilin (2.5¢M) in TK8 buffer
was incubated with different concentrations of urea at 20
°C for 30 min. The fluorescence emission of each sample
was monitored at 370 nm, with excitation at 295 nm, with
instrumentation as described above. Three independent sets
of experiments were normalized and averaged.

Fluorescence Titrations The fluorescence enhancement
of pyrene-labeled yeast and rabbit skeletal muscle actin was
used to measure the binding of yeast and human profilin.
Binding assays were performed withuM pyrene-labeled
actin (100%) and varying amounts of the profilins in buffer
A at 25°C. The excitation wavelength was 344 nm, and
the emission intensity was monitored at 385 nm. The data

against the buffer used for each experiment, and the final were fit to the Michaelis Menten equation to derive equi-
dialysate was used for concentration adjustments and controlibrium dissociation constants.
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Ficure 1: Electron density map & — F¢) in the N-terminal region of yeast profilin, contoured atd.Fhe final refined coordinates of
residues +12 of yeast profilin are shown in stick representation.

FiGure 2: Overlay of G, traces of yeast and human profilin structures. Blue is human; pink is yeast. Alignment of the correspqnding C
atoms of yeast andicanthamoebarofilins gives an rms deviation of 1.1 A for superposition of 112afoms, whereas alignment of the
major secondary structural elements of human profilin with yeast profilin gives an rms deviation of 1.6 A ovey afdhG.

RESULTS in whichi toi + 5 main chain hydrogen bonds are formed
(13). Thus, yeast profilin consists of a central six-stranded
antiparallel3-sheet composed ¢fl (17—22), 52 (27—32),
p4 (65-73), 55 (76—81), f7 (84—91), andS8 (94—100).
The N-terminal helixal (1—-11) and C-terminal helia4

d(106—123) are on one side of this sheet and run ap-

proximately parallel to thg-strands. On the other side of

Overall Fold of Yeast Profilin. The overall fold of yeast
profilin is similar to that observed for thAcanthamoeba
(13) and mammalian profilins1d, 21, 43, A. A. Fedorov
and S. C. Almo, unpublished results; PDB entry 1FIL)
(Figure 2). All of the secondary structural elements observe

in the crystal structures of the profilins are conserved, except .
for the variation in the N-terminad-helix. In the yeast the central sheet are two helices? (39-50) anda3 (53~

profilin structure? the N-terminal helix extends from residue  26): @nd & shor:t t\;yo—st;‘anded sheet cofn3|st|ng of stfdnd
1 to 11 before terminating in a loop which leads into a (60~62) and the first three residues of strafidl. Strand
pB-sheet, whereas in thcanthamoebarofilin structure, the 54 has & sharp beng-{pulge) at Leu70 which allows it to
N-terminal o-helix ends with a turn of noncanonical helix ~Participate in botlf-sheets. Alignment of the corresponding
C, atoms of yeast andcanthamoebarofilins gives an rms

2 The yeast profilin is numbered from residue 1 to 125. The initiator deviation (.)f 1.1 A for sup_erposmon of 112,Catoms,
methionine is absent from the recombinant yeast profilin; thus, serine Whereas alignment of the major secondary structural elements
is residue 1. of human profilin with yeast profilin gives an rms deviation
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Table 2: Thermodynamic Parameters for Binding of Profilins to
Rabbit Muscle Actin, Obtained from ITC Data

S. cereisiae profilin

human platelet profilin

Kg (uM)? 29+0.7 0.1+ 0.02
AG (kcal/mol) -7.6 -9.6
AHieact(kcal/moly -12.1 —-3.4
TAS (kcal/mol) —-4.5 6.2
Niy+P 0.86+ 0.0% 0.1+ 0.1¢

a Average value obtained from measurements in different buffers;
error is the standard deviation of the averaj¢alues obtained from
a plot of AHping VS AHion (Figure 5 for yeast profilin) AHeact is the
intrinsic enthalpy of the binding reactioNy+ is the number of protons
released by the buffer to the complex on binding of actin to profilin.
For the HPP-actin interactionAHuing Wwas measured in Tris and PIPES
buffers only.c Estimated error.

of 1.6 A for 110 G atoms. The Gtrace of yeast profilin is
shown in Figure 2, superimposed on thgtéace of human
profilin. Two loops in the mammalian profilins are longer
than their counterparts in other profilins, including yeast
profilin. Between strandg84 and/35, andf5 andp6, there

Biochemistry, Vol. 37, No. 32, 19981175

profilin to rabbit skeletal muscle actin based on calorimetry
is characterized by &4 of 0.1 uM, while the Kq4 for the
yeast profilin is 2.«M. Fluorescence titration using pyrene-
labeled yeast actin yieldag, values of 2.0 and 5.4M for
yeast and human profilin, respectively (Figure 4 and Table
3). Fluorescence titration using pyrene-labeled rabbit skeletal
muscle actin yielde&y values of 18.2 and 2 8M for yeast

and human profilin, respectively (Table 3).

Measurement of the binding enthalp¥Hying) in buffers
with different heats of ionization allowed for the determi-
nation of the intrinsic enthalpy of the actiprofilin interac-
tion (AHeac) and the net number of protons§(+) transferred
between the buffer and complex (i.e., proton linkagg)).(
The AHying vValues for the actinyeast profilin interaction
measured in different buffers are plotted in Figure 5, and
the intercept al\Hion = 0 gives an intrinsicAAH eact0f —12.1
kcal/mol (Table 2). The slope of the plot in Figure 5 is 0.86,
showing that on binding of yeast profilin to rabbit actin, 0.86
protons are transferred from the buffer to the complex in
the pH range of 7.28 (Table 2). The human profiliarabbit

are five and six additional reSidueS, reSpeCtively, in human actin interaction had a much smaller proton |inkage (data

profilin, compared to yeast profilin.

not shown), as it was estimated that 0.1 (i.e., close to zero)

The two independen'F molecules of y.east prOfIIIn are related protons are transferred from the buffer upon Comp|ex
by a noncrystallographic symmetry axis which is not a proper formation (Table 2). The values okG and TAS were

2-fold axis; the angle relating the two molecule$ is 67°

calculated from the measured valuesAdfl andKy (Table

(polar angles). The dimer does not appear to be of any 2).

physiological significance, as the two molecules in the

asymmetric unit do not share a substantial interface, although
there are close lattice contacts with symmetry-related mol-

ecules. The two molecules of yeast profilin in the asym-
metric unit of the crystal are very similar with an rms
deviation of 0.48 A for all G atoms; however, there are

some slight differences in the two molecules which are most

likely a result of lattice effects. This is most apparent in
the difference in the averadgefactor for the two molecules;
for molecule A,[BO= 30 A2, whereas for molecule BB
=38 A2 In particular, residues 3640 leading into the start
of helix a2 are disordered in molecule B, showing high

B-factors, whereas in molecule A, the temperature factors
for these residues are not significantly above the average..

In molecule A, these residues pack against residue$30

of a symmetry-related molecule, thus restraining localized
motions, whereas in molecule B, these residues do not mak
any lattice contacts. A Ramachandran plot shows that with

the exception of Asp82, all residues fall within conforma-
tionally allowed regions (data not shown). Asp82 is in a
type II' turn, and shows good electron density in molecule
B, but not in molecule A.

Thermodynamic Characterization of the ProfitiActin
Interaction The thermodynamic data obtained for the
interaction of rabbit muscle actin with yeast and human
profilin are listed in Table 2. A typical titration of yeast

e

Kinetics of Actin Nucleotide Exchangé:igure 6 shows
the time course o€ATP binding to rabbit skeletal muscle
actin, as monitored by the increasedATP fluorescence.
The nucleotide exchange kinetics were monitored in the
absence and presence of yeast, human platelet profilin, or
birch pollen profilin. The observed rate constants for
nucleotide exchange from rabbit skeletal actin were calcu-
lated using a single-exponential fit to the data and were found
to be 2.99x 1073 s for actin alone, 8.80« 103 st in the
presence of 10@M yeast profilin, and 7.74<x 10t stin
the presence of 18M human platelet profilin. The observed
rate constants for nucleotide exchange from yeast actin were
found to be 6.0 10°3s™!for actin alone, 1.7% 102s?!
in the presence of 10@M yeast profilin, 5.08x 10 3stin
the presence of 4@M birch pollen profilin, and 5.38 1073
st in the presence of 8aM birch pollen profilin. These
results are summarized in Table 4.

Binding of Polyt-proline to Yeast Profilin The fluores-
cence enhancement observed on binding of pebyeline
to yeast profilin was used to determine tig of the
interaction. The raw data and curve fit are shown in Figure
7. The best fit gives &, value of 5.5uM for Proso binding
to yeast profilin, which corresponds toka of 276 uM per
proline residue.

Urea Denaturation. The denaturation of yeast profilin in

profilin with rabbit actin is shown in Figure 3B, with the urea was measured by monitoring the change in fluorescence
integrated area of each peak corrected for the heat of dilutionat 370 nm. The fluorescence data are shown in Figure 8.
of profilin into buffer shown in Figure 3C. The data show The midpoint for the urea-induced transition is approximately
that both profilins bind to actin with a 1:1 stoichiometry. 3.4 M, which is similar to the previously reported value of
The integrated and corrected peak areas were analyzed by 8.5 M for Acanthamoebaprofilin (45 measured under
nonlinear least-squares fitting routine to derixBlping, Kq, identical conditions. Linear extrapolation of the data to zero
and the stoichiometry of the reaction, wheXélyng is the urea concentration yielded a free energy for unfolding of
measured enthalpy of the binding reaction, including con- 5.9 kcal/mol and am of 1.8 kcal/mot. The free energy of
tributions from the ionization of the buffer due to proton unfolding for Acanthamoebarofilin has been reported to
uptake or release during the reaction. The binding of humanbe 7.6 kcal/mol 18). The observed difference may reflect
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Ficure 3: (A) Control ITC data for injections of 848M yeast profilin into buffer. (B) Raw ITC data for injections of 848/ yeast
profilin into 70 uM rabbit actin in 2 mM PIPES buffer (pH 7.2) containing 2 mM ATP, 0.1 mM Ga&hd 0.5 mM DTT. (C) Corrected,
integrated data, with a curve fit for yeast profitiactin data. (D) Raw ITC data for injections of 7041 human platelet profilin into 64
uM rabbit actin in 2 mM PIPES buffer (pH 7.2) containing 2 mM ATP, 0.1 mM Ga@hd 0.5 mM DTT. (E) Corrected, integrated data,

with a curve fit for human platelet profilinactin data.
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Ficure 4: Binding of yeast) and human@®) profilins to 1uM

Table 3: Affinities of Pyrene-Labeled Actins for ProfilinK{ in
Micromolar)

yeast profilin  human platelet profilin

2.040.5)
18.2.6)

5.4 ¢-0.6)
2.8 (£1.1)

yeast actin
rabbit skeletal muscle actin

can thus be expected to be highly conserved. In contrast,
the actin binding surface of profilin is weakly conservéé)(
although the secondary structure elements presented to actin
are preserved. On the basis of titration calorimetry, the
interactions of yeast and human profilins with rabbit muscle
actin are quite different (Table 2). The affinity of yeast
profilin (Kq = 2.9 uM) for rabbit actin is more than 1 order

of magnitude weaker than that of human profility & 0.1
uM), and the thermodynamic contributions to binding are
dissimilar. For the human profiliarabbit actin interaction,
both AH and AS are favorable, withAS providing the
majority of the driving force for the reaction. In contrast,
for yeast profilin—rabbit actin bindingAH is favorable and

pyrene-labeled yeast actin. The increase in pyrene fluorescenceNuch larger than the human profilinH, whereasAS is

intensity due to the binding of profilin was monitored at 385 nm,
using excitation at 344 nm.

intrinsic differences in the stability of the profilins, as well
as the different buffer conditions utilized.

DISCUSSION
Thermodynamic Analysis of the Profitifctin Complex.

unfavorable. The affinity of human profilin for rabbit muscle
actin obtained from titration calorimetry is very similar to
the reported affinity K4 = 0.1-0.2 uM) of bovine spleen
profilin for rabbit muscle actin, as determined by intrinsic
fluorescence spectroscopy){(and predicted from indirect
methods 10).

It is difficult to quantitatively explain differences in
binding based on the known crystal structures; however,

The actin sequence is very highly conserved among differentsuperposition of the yeast and human profilin structures onto
organisms, and the profilin-binding surface of different actins the structure of bovine profilin complexed with actin can
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20 ' T ' T Table 4: Kinetics of ATP Dissociation from Yeast and Rabbit
WL R Skeletal Muscle Actin
[ ] experiment Kobs (571
s 6 ] Rabbit Skeletal Muscle Actin
E ] actin alone 2.9% 10°+6 x 10°5
8 8r 1 actin and 10Q«M yeast profilirt 8.80x 103+ 8 x 107
= i 1 actin and 1Q«M human profilir? 774%x 1034+ 1x 103
TOr ] Yeast Actin
F ) actin alone 6.0 10°+3.1x 10°°
12 1 actin and 10Q«M yeast profilirt 1.79x 102+ 7.0x 1075
[ ! 1 actin and 4Q«M birch profilind 5.08x 1034+ 4.2x 10°°
14 e actin and 8Q:M birch profilind 5.38x 103+ 6.0x 10°°
-2 0 2 4 6 8 10 12 - - — -
AH, kcal. ol 2 Ninety-eight percent of the total actin is estimated to be complexed

to profilin. ® Ninety-nine percent of the total actin is estimated to be
Ficure 5: Plots of AHion VS AHping for yeast profilin binding to complexed to profilin Ninety-eight percent of the total actin is
rabbit actin in four different buffers. Values aiH;o, were obtained estimated to be complexed to profilifiN/A, equilibrium dissociation
from K. Takahashi (personal communication). The slope of the plot constant not available.

gives Ny+, the proton linkage of complex formation, and the
intercept gives\H e the intrinsic enthalpy of complex formation. 400

A positive slope indicates that protons are taken up by the complex, E ' ’ E'
whereas a negative slope indicates that protons are released to thes 350 | *
buffer on complex formation. Values dfHj,, for the four buffers S 300 b E
are as follows (kcal/mol): Tris, 11.3; MOPS, 5.2; PIPES, 2.73; § F :
and cacodylate;-0.47. 8 250 3
3 L !
L 200 I =
2 150 ;
h=1 =
0.100 | - i
& 100 § —3
0.000 | 503.,,:“[..1.“1 1
0 2000 4000 6000 8000 10000
-0.100 ’ [Proline)/uM
g 0200 FiIGURe 7: Plot of fluorescence intensity vs proline concentration,
g for addition of Prgy to 2.5 uM yeast profilin. The excitation
0300 wavelength was 295 nm (10 nm slit width), and the emission
e intensity was monitored at 318 nm (3 nm slit width). The curve fit
to the data is also shown.
-0.400 |
12
-0.500 . L —— . [
20 40 60 80 100 © 1
Time/ seconds % b
Ficure 6: Time course of nucleotide exchange from rabbit muscle g 08¢
actin in the absence (lower trace) and presence ofdQ/east s 06 |
profilin (middle trace) or 1uM human platelet profilin (upper 2 5
trace). The increase in fluorescence intensity due to the binding of ¢ 04t
€ATP to 2uM actin was monitored at wavelengths above 392 nm, £ [
using excitation at 360 nm and a 392 nm cutoff filter on the e 02y
emission. 0
provide some qualitative insights. As stated above, there is 0o Lo ; ! ! ; ! :

little conservation of profilin residues at the actiprofilin 0 1 5 3 4 5 6 7 8
interface. In addition, mammalian profilins have two ex- [Urea)/M

tenQed lO.OpS between stran@, 45, andj6 W.h'Ch are flve_ . hcure 8: Urea denaturation of yeast profilin, monitored by the
or six residues longer than those observed in other profilins, change in fluorescence intensity at 370 nm with excitation at 295
including yeast profilin, and which contribute residues to the nm.

profilin—actin interface. The residues of yeast and human

profilin found at the actir-profilin interface are listed in  entropic contribution to binding has been observed for the

Table 5, along with the interacting actin residues. formation of the complex between the hen egg white
In general, favorable entropic contributions to protein  lysozyme antibody D1.3 and lysozyme, where there are many

protein association can result from hydrophobic interactions ordered water molecules at the proteprotein interface47).

as a consequence of the dehydration of hydrophobic surfaces hus, if the van der Waals surface presented by yeast profilin

(i.e., loss of ordered waters). However, the balance of is less well matched to rabbit actin than the human profilin

hydrophobic versus polar interactions at the interface is not surface, this could result in a less favorable entropy of

markedly different in human and yeast profilin. A favorable binding.

entropy relies on high complementarity between the associat- Perhaps harder to explain is the large difference in the

ing molecular surfaces; poor complementarity can causeenthalpy of yeast and human profilin association with rabbit

water molecules to be trapped at the interface, resulting in actin. This could occur if the yeast profilin complex contains

less favorable entropic terms. For example, an unfavorablea larger number of favorable polar (hydrogen bonding,
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Table 5: Amino Acid Residues Found at the Profitift-Actin Interfacé
profilin residue

yeast human bovine actin residues in contact, description based on the bovinepfeéiitin complex

Q56 Y59 F59 F59 ring stacks with actin H173; main chain hydrogen bonds to actin D286 (main chain);
Y59 of HPP can interact in a similar manner, but the yeast profilin Q56 side chain
provides a less hydrophobic interaction; if the Q56 and actin H173 side chains adjust,
they could form a hydrogen bond

S57 V60 V60 V60 side chain in van der Waals contact with actin R290 and V287; the main chain
is also in contact with actin; in the overlap of profilin structures, S57 is too distant to
interact, but if region shifts the side chain could rotate to hydrogen bond with R290,
and contact V287 and R290 in a manner similar to that with V60

M68 S71 S71 S71 in van der Waals contact with actin D286 and Y166; M68 is bulkier than serine,
suggesting that actin side chains must reorient to accommodate it

L70 173 173 carbonyl oxygen of 173 (and L70) is in van der Waals contact with side chain of actin P172,
and 173 and L70 side chains are in van der Waals contact with the side chain of actin Y169

R71 R74 R74 side chain makes hydrogen bonds to main chain of actin H371; in the overlay of profilin

crystal structures, the arginine side chains display different conformations in each
case, but it is predicted that when bound to actin they all adopt the conformation
observed in bovine profiliractin complex

- E82 E82 residue in long loop, absent in yeast and other lower eukaryotes; E82 hydrogen bonds
to actin K113 in bovine complex
S76 S84 T84 T84 is in van der Waals contact with actin R372; S76 and S84 of yeast and human

profilin, respectively, display different conformations, but could rotate to provide
the same interaction observed in the complex

Y78 D86 D86 D86 side chain is within hydrogen bonding distance of the actin carboxyl terminus,
but would need to be protonated to hydrogen bond directly; in the overlay of
profilin crystal structures, Y78 is close to both the actin carboxyl terminus and
the side chain of actin R372

R80 R88 R88 within van der Waals distance of actin E167 and Y169; yeast R80 is observed in an
extended conformation in the native crystal structure, but is likely to reorient when
bound to actin so as to assume the same conformation observed in the bovine
profilin—actin complex

D82 T97 T97 D82 predicted to be close to actin E167; this residue is at the “tip” of a loop that is
much longer in the mammalian profilins, so the nearest mammalian profilin residue
is T97, which is ca4 A from actin E167

H81 T89 T89 T89 main chain carbonyl oxygen is in van der Waals contact with actin Y166; H81 is
the closest residue in yeast profilin, but is in a somewhat different conformation, resulting
in the G, atom of H81 being closest to actin

- K90 K90 K90 is within hydrogen bonding of actin D286 and D288; there is no counterpart in
yeast profilin, although the K66-amino group is close in the yeast profilin structure,
and could hydrogen bond to actin D288

G85 N99 N99 in bovine profilin, the N99 side chain is in van der Waals contact with the side chain
of actin Y169
Q105 H119 H119 side chain of H119 is within hydrogen bonding distance of actin side chains Y169 and

Y133 and the main chain carbonyl oxygen of actin K373; in the human profilin
structure, the H119 side chain points in a different direction, but is likely to adopt the
same orientation when in complex with actin; similarly, Q105 of yeast profilin could
adopt a conformation in the complex which allows hydrogen bonding

A106 G120 G120 hydrogen bond between amide NH and side chain phenolic oxygen of actin Y169

G107 G121 G121 van der Waals contact with actin C-terminal carboxylate, and main chain atoms of
actin R372 and K373

T110 N124 N124 N124 can hydrogen bond to side chain of actin R372; T110 of yeast profilin cannot reach
to make this interaction

K111 K125 K125 hydrogen bond to actin E361, close to E364; favorable electrostatic interaction

Q115 E129 E129 in van der Waals contact with actin E364; Q115 may be more favorable because there is

no charge conflict

aBased on the structure of the bovine profitii-actin complex, and superposition of the HPP and yeast profilin structures. van der Waals
contacts are noted if the distance between interacting atom8.B A. Hydrogen bonding is noted where doneacceptor distances are less than
3.3 A with acceptable geometry.

electrostatic) interactions with actin, by either direct protein Fluorescence titrations using pyrene-labeled rabbit skeletal
protein interactions or water-mediated interactions. Again, muscle actin yielde& values of 18.2 and 2,8M for yeast
when the superimposed structures are examined, there is n@and human profilins, respectively. Although the absolute
obvious shift toward more polar interactions at the interface, affinity for the mammalian proteins determined by this
although a few shifts in side chain orientations or different method is 1 order of magnitude weaker than that derived
numbers of interfacial waters could account for the differ- from calorimetry and intrinsic fluorescence, the ratio of the
ence. A large enthalpic contribution to the overall binding affinities for the yeast and mammalian profilins is similar.
affinity has been observed for the antibegintigen complex  The apparently reduced affinity measured by this technique
of antibody D1.3 and hen egg white lysozyme, which has a is consistent with other reportd, 48, 49), and is likely
large number of solvent-mediated hydrogen bonds at thedue to perturbations caused by the pyrene fluorophore. In
antibody—antigen interface4?). contrast to the results obtained with mammalian actin,
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pyrene-labeled yeast actin bound approximately 2.5-fold to play a role in regulating the distribution of G- and F-actin
more tightly to yeast proflinKq = 2.0 uM) than human (8, 9, 48). The rates of nucleotide exchange for rabbit
profilin (Kq = 5.4uM). These findings suggest that in vivo  skeletal muscle (2.9% 1072 s™1) and yeast (6.0 1073
the stability of the profilin-actin complex may be similar  s™1) actin, under the conditions employed here, are similar
in yeast and mammals. Furthermore, in each case, thewithin a factor of 2 and are consistent with previously
cognate profilin-actin complex is more stable than the reported values of 7.% 104 and 5.8x 102 s* for the
heterologous complex. This observation suggests that thesenammalian 49) and yeast §0) actins, respectively. The
binding partners have coevolved to achieve the optimal results in Figure 6 and Table 4 show that there is a significant
binding interactions required in different organisms and difference in the abilities of yeast and human profilin to
highlights the evolutionary paradigm of coupled molecular catalyze nucleotide exchange from rabbit skeletal muscle
evolution. actin. Yeast profilin produces only an approximate 3-fold
Proton Linkage. The proton linkage associated with the increase in the rate of nucleotide exchange relative to that
binding of yeast and human profilin to rabbit actin is of rabbit skeletal muscle actin alone, while human profilin
significantly different. For yeast profilin binding to rabbit enhances the exchange rate by more than 250-fold. It should
actin, approximately one proton is released by the buffer andbe noted that these measurements were taken at concentra-
taken up by the complex upon complex formation, whereas tions where at least 98% of the total actin should form a 1:1
for human profilin, close to zero protons are taken up by complex with profilin; under these conditions, near-maximal
the complex on complex formation. The data do not exchange rates are expected.
distinguish whether the proton released from solvent during Most significantly, yeast profilin is also inefficient in
formation of the yeast profilinactin complex leads to the  stimulating nucleotide exchange in a homologous system,
protonation of profilin, actin, or a mixture. However, on as it only provides an approximate 3-fold increase in the
the basis of the structure of yeast profilin, the sequence rate of nucleotide exchange relative to that of yeast actin
differences between yeast and human profilin, and the alone. The relatively low nucleotide exchange activity of
structure of the bovine actirprofilin complex, we can yeast profilin with yeast actin indicates that this mechanism
suggest a likely candidate side chain for protonation. may not play a major role in regulating the actin cytoskeleton
The fact that a proton is taken up on complex formation in S. cereisiae The concentration of yeast profilin used,
at pH 7.2 suggests that the residue involved is probably His, 100 «M, is likely to represent an excess over the in vivo
Asp, Glu, or Cys, as Lys and Arg would normally be fully concentration of yeast profilin, suggesting that the actual
protonated at pH 7.2. It is also likely that if the residue is extent of profilin-associated nucleotide exchange in vivo is
conserved between human and yeast profilin, then it is not lower than that reported here. This proposal is consistent
responsible for the protonation observed upon complex with the report thatArabidopsisprofilin can effectively
formation between yeast profilin and rabbit actin. There are complement thé&. cereisiae profilin null (51), despite the
no cysteine residues at the putative yeast profifintin fact thatArabidopsisprofilin lacks actin nucleotide exchange
interface that have side chains pointing toward the interface. activity on rabbit skeletal muscle actif3) and that another
Of the histidine residues at the interface, His173 of actin plant profilin, birch pollen profilin, shows no enhancement
stacks with Phe59 of profilin in the structure of the bovine of nucleotide exchange on yeast actin (Table 4). Taken
profilin—actin complex. In human profilin, Phe59 is replaced together, these findings support a minor role for profilin-
by Tyr59, and in yeast profilin, it is GIn56. Protonation of catalyzed adenine nucleotide exchange in yeast; however,
His173 could be required for complex formation with yeast the role of this activity in mammalian systems is not ruled
profilin, but it does not appear likely, as the His173 would out.
not need to be protonated to form a hydrogen bond to GIn56, Poly+-proline Binding Site. The poly+-proline binding
and protonation would bury an uncompensated charge. Insite of profilins has been identified as a highly conserved
fact, it has been previously suggested that in mammalian patch of hydrophobic residues on the surface of the molecule,
profilin—actin complexes His173 is likely to be unprotonated composed of Trp2, Tyr5, Trp29, Tyr119, and Tyr125 in yeast
at pH 7 (@4). Of the acidic residues in actin and yeast profilin (17—21). The affinity of yeast profilin for Prg (Kgq
profilin, there is one good candidate pair of residues for = 276uM per proline) is similar to the reported affinity of
protonation upon complex formation: Asp82 of yeast profilin  Acanthamoeb&inding to Prgo (Kg = 120 uM per proline;
and Glul67 of rabbit actin. In human profilin, there is no 42). These two profilins have completely conserved poly-
equivalent acidic side chain at this position, and interestingly, L-proline binding sites, except for the substitution of Tyr125
in yeast actin, Ala replaces Glul67. ltis likely that complex in yeast for Phel25 iAcanthamoebarofilin. Superposition
formation between yeast profilin and rabbit actin places these of the Acanthamoeband yeast profilin (molecule A) with
two acidic side chains close to one another, favoring the human platelet profilin bound to a decamet gdroline
protonation of one of them for removal of the chargdarge (21) shows a close correspondence of the pofyroline
interaction and for allowing hydrogen bonding. Other acidic binding sites (Figure 9), with an rms difference of 1.9 A for
residues at the interface include Asp288 and Asp286 of actin,all superimposable atoms of the palyproline interacting
but neither appears to be an obvious candidate for protonationresidues ofAcanthamoeband yeast profilin. This structural
on complex formation with yeast profilin, as the overall similarity is consistent with the observed palyproline
polarity of the neighboring yeast and human profilin residues binding affinities and indicates that all cellular profilins bind
does not appear to differ significantly, and Asp288 is partly proline-rich peptides in a similar manner.
solvent-exposed. Interpretation of S. cergsiae Profilin Mutants The
Nucleotide ExchangeThe ability of profilin to catalyze structure of yeast profilin presented in this paper provides a
the rate of nucleotide exchange on actin has been proposedramework for understanding the effects of profilin mutations
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Ficure 9: Overlay of polyt-proline binding sites for yeast (pink), human (blue), @&whnthamoebdyellow) profilins, with the polye-
proline (Prqg) structure bound to human profilin also shown (green).

and for integrating the results obtained from genetic, actin binding site, being abolws A from actin residue
biochemical, and physical approach&sX2). Truncations Arg372. Mutation of Arg71 to Glu was observed to give
of three to eight residues at the C terminus of yeast profilin rise to in vivo defects that are similar to, albeit less severe,
are reported to have effects of increasing severity on the than those for deletion of the profilin gene and supports the
integrity of the actin cytoskeleton and the ability of profilin  role of this residue in stabilizing the actiprofilin complex.

to bind poly+-proline (12). Deletion of the last three The combined genetic, biochemical, and structural data
residues of the C terminus, which includes Tyr125 of the suggest thatin yeast, normal morphology and growth require

poly-L-proline binding site (Figure 9), reduced but did not profilin to participate in productive interactions with both

eliminate binding to poly—proline, and produced only minor
effects on the actin cytoskeleton. Removal of seven or eight

actin and proline-rich ligands.

residues from the C terminus of profilin, including Tyr119 ACKNOWLEDGMENT

and Tyr125, abolished polyproline binding and resulted
in very severe cytoskeletal defects. These results are
consistent with the existing structural da@i) regarding
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