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Abstract 
The multifunctional protein profilin is one of the most abundant proteins in the cytoplasm and is thought to regulate actin assembly and the 

phosphoinositide signaling pathway. Profilin binds to several different ligands including actin, poly-L-proline, and the head groups of polyphospho- 
inositides. Knowledge of profilin!ligand interactions is important for understanding the physiology of profilin in the cell. As a first step in the 
characterization of profilin/ligand complexes, we have studied a profilin/poly-L-proline complex in solution using high resolution NMR spectroscopy. 
Analysis of profilin NOE’s and chemical shift data indicates that the protein secondary structure is conserved upon binding to poly+proline and 
that the binding site is located between the N- and C-terminal helices in a region rich in highly conserved aromatic sidechains. This site is adjacent 
to the proposed binding site for actin. In addition, the rate constant for dissociation of the complex is found to be 1.6 f 0.2 x lo4 s-‘. 

Key words: Binding site; Protein-protein interaction; Nuclear magnetic resonance; Nuclear magnetic resonance, two-dimensional; 
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1. Introduction 

Profilins are found in the cytoplasm of cells in rela- 
tively high concentrations and are required for a normal 
actin cytoskeleton [l]. The multifunctional profilins 
show substantial variation in their sequence [2] and were 
originally characterized for their ability to bind actin 
monomers and regulate the polymerization of actin fila- 
ments [3]. Profilins also bind to phosphatidylinositol-4,5- 
biphosphate (PIP& [4,5], thereby inhibiting the produc- 
tion of the second messengers inositol trisphosphate and 
diacylglycerol[6,7j; this observation suggests that profil- 
ins are involved in transmembrane signaling. Further- 
more, since PIP2 inhibits the binding of profilins to actin 
[4,5], profilins may link transmembrane signaling and 
regulation of the cytoskeleton. 

Profilins have the unusual ability to bind to poly-I_- 
proline containing at least ten proline residues [8,9]. The 

*Corresponding author. Fax: (1) (301) 402-0824. 

Abbreviations: CSI, chemical shift index; CT, constant time; HMQC, 
heteronuclear multiple quantum correlation; TOCSY, totally corre- 
lated spectroscopy; HSQC, heteronuclear single quantum correlation; 
NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect; 
NOESY, NOE spectroscopy; PIP, phosphatidylinositol4phosphate; 
PIP,, phosphatidylinositol-4,5bisphosphate; 2D, two-dimensional; 
3D, three-dimensional. 

profilin/poly-L-proline complex binds to actin or PIP, 
([lo]; and Kaiser, unpublished). The biological signifi- 
cance of the binding of poly+proline by profilin is not 
known [l], but it is reasonable to suppose that profilins 
bind to a proline-rich segment of another protein. 

Because profilins function by binding to various mac- 
romolecular ligands, definition of these binding sites at 
atomic resolution would be of great value in understand- 
ing the mechanism of action of profilins. The three-di- 
mensional solution structure and complete NMR signal 
assignments have been reported for the 13 kDa Acuntha- 
moeba profilin I [11,12]. Because of its size, 55 kDa, the 
profilin/actin complex is a formidable challenge for 
NMR structural studies. The profilin/PIP, and profilin/ 
PIP complexes are also too large for solution phase 
NMR studies because PIP and PIP, form micelles in 
solution. In contrast, the profilin/poly+proline,, com- 
plex, 14 kDa, is highly amenable to NMR spectroscopy. 
Herein we report the profilin residues that interact with 
poly+proline,, based upon measurements of chemical 
shift perturbations. 

2. Materials and Methods 

2.1. Sample preparation 
Reco&bin% Acanthamoeba profilin I was uniformly enriched with 

15N and “C and muified as described ureviouslv I1 11. Unlabeled uolv- - . , 
L-proline, DP = l-0, was obtained by chemical synthesis (Johns Hoikins 
Medical School Protein-Peptide Facility). Concentrations of poly-L- 
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proline are expressed per decamer. The concentration of “N,“C-en- 
riched profilin was ca. either 1 .O mM or 0.1 mM. For the more highly 
concentrated (1 .O mM) samples, the sample volumes were ca. 430 ,~l in 
5-mm Wilmad NMR tubes (Wilmad Glass Co., Buena, NJ) or 230 ~1 
in restricted-volume Shigemi NMR tubes (Shigemi Standard & Joint 
Co. Ltd., Tokyo, Japan). For the low concentration (0.1 mM) samples, 
the sample volumes were ca. 1.5 ml in 8-mm Wilmad NMR tubes. 

3. Results 

The 0.1 mM profilin sample was titrated with aliquots of a concen- 
trated solution of poly-L-proline,, which also contained 0.1 mM profilin 
so that addition of poly-L-proline did not change the profilin concentra- 
tion. 

2.2. Nh4R spectroscopy 
NMR spectra of profilin were acquired on a triple channel Bruker 

AMX 500 spectrometer. NMR spectra were processed using a combi- 
nation of in-house (F. Delaglio, ‘nmrpipe’, unpublished) and NMRi 
(New Methods Research Inc., Syracuse, NY) software, and were ana- 
lyzed and plotted using in-house software [13]. 

All spectra were acquired at 30°C. 2D ‘H-15N HSQC [14] spectra 
were acquired on uniformly “N,“C-labeled profilin in 93% H,O/ 7% 
D,O in the presence and absence of poly+proline, DP = 10. The water 
signal was suppressed using mild presaturation (~BJZK ca. 20 Hz) and 
a 1 ms spin-lock pulse [ 151. A composite 180” carbon pulse centered at 
130 ppm was applied during “N evolution to remove ‘JNc, and ‘J,,, 
couplings. 

2D ‘H-“C CT-HSQC spectra of uniformly ‘5N,‘3C-labeled profilin 
in D,O in the presence and absence of poly-L-proline were acquired as 
described by Vuister and Bax [16]. 2D ‘H-“C CT-HSQC spectra in 
Hz0 were acquired using the same pulse scheme but starting with “C 
magnetization while saturating proton magnetization with a series of 
high power pulses thus generating the heteronuclear ‘3C{‘H}NOE [17]. 
The 2D ‘H-13C CT-HSQC spectrum was optimized for aromatic reso- 
nances by setting the inept transfer delay to 1.6 ms (slightly less than 
l/45 CH(ar,,m)) and setting the constant time carbon evolution period to 
18.2 ms to refocus the carbon-carbon couplings of 55 Hz. The spectra 
were acquired with the ‘H carrier set at 4.72 ppm (water) and the 13C 
carrier set at 126 ppm, with spectral widths of 39.8 ppm in F, (‘%) and 
10.0 ppm in F, (‘H), 90 complex points in t,, and 512 complex points 
in t,. 2D ‘Hp13C CT-HSQC-RELAY spectra were recorded using the 
same HSQC experiments with a 22 ms ‘H WALTZ- 17 mixing sequence 
inserted between the last refocusing period and data acquisition. In all 
heteronuclear experiments, GARP and WALTZ- 16 modulations [ 181 
were used during acquisition to decouple 13C and “N, respectively. 

The chemical shifts and linewidths of all amide reso- 
nances of “N, 13C-labeled profilin (114 backbone and 26 
sidechain amide peaks) were monitored as a function of 
poly-L-proline concentration in the ‘H-15N HSQC spec- 
tra (Fig. 1A). The addition of poly-L-proline shifts the 
positions of many amide cross-peaks (Fig. 1B). Although 
the linewidths of most signals increase slightly (0.2-0.3 
Hz) with the addition of poly-L-proline, the linewidths of 
those signals that show the largest change in their chem- 
ical shifts increase by l-8 Hz (Table 1). Because these 
increases in linewidth, AW, are small compared with the 
chemical shift differences, do = u, - ub, in the free, a, and 
bound, b, states (Table l), one can calculate the dissoci- 
ation rate constant of the profilin-poly-L-proline com- 
plex, k,. Recasting the fast exchange form of the Gutow- 
sky-Holm equation [23,24] to calculate the lifetime of the 
bound state z,, (= l/k,) renders: 

z,, = AWh(1 - pJ2 p,, Au2 (1) 

where pbr the relative population of the bound profilin, 
is equal to (u - I&)/AU. Values of rb calculated for resi- 
dues having the largest (and hence most accurate) values 
of A W are listed in Table 1 for p,, = 0.3. From the results 
tabulated in Table 1, we find CT,,> = 6.3 + 0.7. 10m5 
s and C/c,> = I/CT,,> = 1.6 + 0.2. lo4 s-‘. The weighted 
average was obtained from <zb> = C(Zi/ET)/C( l/&f) where 

A 3D 15N separated NOESY-HMQC [19, 201 experiment was ac- 
quired on 0.8 mM “N,“C-labeled profilin with 16.7 mM poly-L-proline 
in 93%H,0/7%D20. The spectrum was acquired with a 110 ms mixing 
time and “C decoupling was accomplished with a composite 180” ‘jC 
pulse centered at 46 ppm during ‘H evolution (t,) and a 180” “C pulse 
centered at 130 ppm during “N evolution (t2). The ‘H carrier was set 
at 4.72 ppm (water) and the “N carrier at 118.0ppm. The spectrum was 
acquired with spectral widths of 10.00,22.9 and 11.76 ppm in F, (‘H), 
F, (“N) and F, (‘H), respectively, 128 complex points in t,, 32 complex 
points in t,, 512 complex points in t3, and 16 scans per fid. 

Table 1 
Values of zb calculated at pb = 0.3” using Eq. 1 together with the listed 
values of Au and Ap 

3D triple resonance CBCA(CO)NH [21] and CBCANH [22] experi- 
ments were acquired on 0.8 mM ‘SN,‘3C-labeled profilin with 16.7 mM 
poly-L-proline in 93%H,0/7%D,O. These spectra were acquired with 
spectral widths of 67.16, 29.9 and 15.15 ppm in F, (13C), F, (15N) and 
F, (‘H), respectively, and with 52 complex points in t,, 32 complex 
points in t,, 512 complex points in t, and 16 scans per fid for the 
CBCA(CO)NH and 32 scans per fid for the CBCANH. The carrier was 
set at 46 ppm for C, pulses and at 56 ppm for C, pulses and the pulse 
lengths were adjusted so that they did not excite the “CO nuclei. The 
‘H carrier was set on water and the 15N carrier was set at 118.0 ppm. 

Residue Atom Au (Hz) AW (Hz) Zb x lo4 (s) 

w2 H&l 265 7.8 f 1.0 0.60 f 0.08 
T4 HN 80 1.9 -+ 1.0 1.6 _+ 0.8 
L120 HN 115 3.2 f 1.0 1.3 + 0.4 
4123 NE 74 1.2 f 0.6 1.2 + 0.6 
4123 H&l 100 2.5 f 1.0 1.4 + 0.5 
4123 H&2 125 3.8 k 1.0 1.3 & 0.4 
F125 HN 195 2.9 k 1.0 0.4 f 0.1 

a Data obtained at pb = 0.3 were used to calculate zb since equation 1 
shows that AW is largest at p,, = 113. 
bThe listed value of AW is 0.2 Hz (IAN) or 0.3 Hz (‘H) less than 
measured in order to correct for the increase in line-width observed for 
residues having Au = 0 which we ascribe to the increased molecular 
weight of the complex as compared with free profilin. 

Fig. 1. (A) ‘H-15N HSQC spectrum of the complex of profilin with poly-L-proline,, at 30°C and pH 6.4. The sample contained approximately 0.8 mM 
‘5N,‘3C-labeled profilin and 16.7 mM poly-L-proline,, in 93% H,0/7% D,O. The peak positions in this spectrum were compared with the peak positions 
in an HSQC spectrum acquired on 1.2 mM profilin free in solution. The labeled cross-peaks correspond to residues whose amide ‘H or 15N chemical 
shifts change significantly (> 0.05 ppm in ‘H chemical shift or > 0.25 ppm in 15N chemical shift) in the presence of poly-L-proline,,. 
(B) Plots of chemical shift differences, ds, versus residue number for the amide ‘H and “N resonances for profilin in the absence and presence of 
poly-L-proline. Chemical shift values were determined from ‘Hp15N HSQC experiments. 
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Fig. 2. Titration of 0.1 mM profihn with poly-L-proline,,. The chemical 
shift (right axis) and the calculated fraction bound, pb, (left axis) of (A) 
H&l of W2, (B) N6 of N9 and (C) NE of Q123 are plotted (solid points) 
as a function of poly-L-proline concentration. The solid line is a theoret- 
ical binding curve calculated assuming a fast exchange 1: 1 complex with 
(A) Kd = 410 PM, (B) 1yd = 370 ,uM and (C) K,, = 370 ,uM. 

the summation extended over the rb values listed in Table 
1 and Ei is the error in the i-th zb value. 

Profilin was titrated with poly+proline at both a high 
(1 mM) and a low (0.1 mM) profilin concentration. The 
chemical shifts of all amide resonances in the ‘H-“N 
HSQC spectrum of 0.1 mM profilin are identical to those 
in the spectrum of 1.0 mM profilin, under conditions 
where nearly all of the profilin (ca. 95%) is bound to 
poly-L-proline, namely, 0.8 mM profilin plus 16.7 mM 
poly-L-proline and 0.1 mM profilin plus 8.0 mM poly-L- 
proline. 

The chemical shift differences of amide resonances 
that shifted significantly with added poly-L-proline were 
plotted as a function of poly-L-proline concentration to 
determine the binding constant (Fig. 2). At the lower 
profilin concentration, 0.1 mM, best fits of the data were 
obtained for Kd values ranging from 0.37 to 0.41 mM. 
Scatchard analysis of the data assuming a protein:ligand 
ratio of 1: 1 produced linear Scatchard plots which were 
also used to calculate the dissociation constant &. Dis- 
sociation constants & calculated from Scatchard analy- 
sis range from 0.42 to 0.46 mM. A dissociation equilib- 
rium constant of 0.4 mM together with the value of k, 

determined from the excess linewidths yields an associa- 
tion rate of 4 x 10’ s-l .M-’ (kJO.4 x 10m3 M). 

In contrast to the results obtained at the low profilin 
concentration, titrations done at 1 .O mM profilin did not 
exhibit a simple binding behavior, and the data were not 
well fit by a simple one-site binding curve. An apparent 
dissociation constant equal to ca. 1.2 mM gave the best 
fitting curve. Although the binding curves observed for 
high concentrations of profilin are non-ideal, it was 
found that, for a given value of J+,, the ‘H-15N HSQC 
spectrum of the profilin-poly-L-proline complex at 1 mM 
profilin was the same as the spectrum obtained at 
0.1 mM profilin. This observation implies that the con- 
formation of profilin in the profilin-polyproline complex 
observed at 1 mM is the same conformation observed at 
0.1 mM. 

Changes in profilin ‘H and “N chemical shifts that 
accompany poly-L-proline binding vary in magnitude 
along the polypeptide chain (Fig. 1B). Backbone amides 
that exhibit substantial chemical shift changes 
(Jd&IJ > 0.10 ppm or l&N1 > 0.5 ppm) are T4, Y5, V6, 
N9, W29, S32, K90, T91, S94, L116, L120, G122, G124, 
and F125. The sidechain amides of W2, N9, W29 and 
Q123 also undergo substantial chemical shift changes in 
the presence of poly-L-proline, namely, W2, A&l = 0.53 
ppm; N9, AiiN = -2.3 ppm; W29, AJN = -0.7 ppm; 
4123, A&N = -1.5 ppm. Backbone amides that exhibit 
modest chemical shift changes (0.05 < JA&I( < 0.10 ppm 
or 0.25 <JAJNJ c 0.5 ppm) include D7, LlO, Vll, G14, 
121, G23, L24, A30, R71, R75, 177, S92, 195, V113, 
El 14, D118, Y119, 1121, 4123. The sidechain amides of 
43 and R75 also exhibit modest chemical shift changes, 
namely, A&3 = -0.07 ppm for Q3 and A&N = -0.27 ppm 
for R75. 

A 2D ‘H-13C CT-HSQC experiment optimized for ar- 
omatic resonances was acquired on 0.8 mM profilin in 
the presence of 16.7 mM poly-L-proline and compared 
with a spectrum acquired on free profilin. A 2D CT- 
HSQC-RELAY was acquired on profilin/poly-L-proline 
to confirm the assignments of the aromatic resonances 
that shifted due to the presence of poly-L-proline. Resi- 
dues W2, YS, W29 and Y 119 have at least one sidechain 
atom that exhibits a significant chemical shift change 
(jA6H) >O.lOppmorlAfiCl >0.4ppm).Thecrosspeaks 
corresponding to F125 could not be identified in the 
CT-HSQC or the CT-HSQC-RELAY. The 01 proton 
of H66 exhibited a small chemical shift change 
(d&I = 0.07 ppm) between the sample of profilin in D,O 
and the sample of profilin with 20 mM poly-L-proline in 
H,O. 

A 3D “N separated NOESY-HMQC acquired on 0.8 
mM ‘5N,‘3C-labeled profilin in the presence of 16.7 mM 
poly-L-proline was compared with a 3D NOESY- 
HMQC acquired on 1.2 mM “N-labeled profilin using 
similar acquisition parameters. Overall, the intensities of 
the NOE cross-peaks are weaker for profilin in the 
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Fig. 3. Plots of chemical shift differences, A& versus residue number for 
the “C, and “C$ resonances for profilin in the absence and presence 
of poly+proline. Chemical shift values were determined from 
CBCA(CO)NH and CBCANH experiments. 

presence of poly+proline due to the lower sample con- 
centration and the shorter ‘H T, relaxation times for 
protons directly attached to 13C-labeled carbons. A sys- 
tematic comparison of the relative intensities of the 
amide-amide and amide-aliphatic proton NOE cross- 
peaks amides indicates that the conformation of the pro- 
tein backbone has not changed significantly in the pres- 
ence of poly-L-proline. Even backbone amide protons 
that show large changes in chemical shift still retain the 
same relative NOE cross-peak intensities. 

The chemical shifts of the C, and C, carbons in the 
CBCANH and CBCA(CO)NH experiments acquired in 
the presence of poly+proline were compared with the 
C, and C, shifts for profilin alone (Fig. 3). Many residues 
exhibited greater than 0.2 ppm difference in either the C, 
or C, chemical shift: T4, Y5, V6, N9, LlO, 121, W29, S32, 
S76,177, Y78,187, K90, T91, S92, K93, S94, E114, L116, 
A117, Y119, L120, 1121, Q123, G124, F125. These resi- 
dues cluster in the same regions of the protein where we 
see changes in the backbone HN and N chemical shifts. 

C, and C, chemical shifts are reliable indicators of 
regular secondary structure elements in proteins [25,26]. 
Following the Chemical Shift Index (CSI) [26], we used 
C, chemical shifts to identify elements of secondary 
structure for profilin and profilin complexed with poly- 
L-proline (Fig. 4). Elements of secondary structure in 
profilin determined using the CSI agree well with ele- 
ments of secondary structure determined from NOE 

data. A few minor differences between the CSI prediction 
and the NOE derived secondary structure were observed. 
The CSI identifies all three helices, six of seven p-strands 
and one additional p-strand. The additional B-strand 
spans residues 35-38 and is consistent with the #,S 
angles for these residues determined from NOE and cou- 
pling constant data. The CSI predicts slightly longer 
N- and C-terminal helices than the NOE data and misses 
the short second B-strand (A30-A33). Although this 
short sheet has two residues with upfield shifted C, reso- 
nances, three upfield shifted resonances are needed to 
strictly classify it as p-strand using the CSI. The CSI 
predicts that the secondary structure of profXn is virtu- 
ally unchanged when the protein binds to poly+proline. 
Only two minor differences are indicated: (1) the first 
CSI p-strand now ends at the same residue (L22) as the 
NOE data indicates, and (2) the last /‘?-strand shows a 
break at residue G98 because of a minor change in the 
C, chemical shift, 0.05 ppm, upon binding poly-~-pro- 
line. Overall, although many C, chemical shifts change 
significantly with added poly-L-proline, the elements of 
secondary structure as determined by the CSI do not 
change significantly in the presence of poly-L-proline. 

4. Discussion 

Chemical shift perturbations are sensitive monitors of 
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Fig. 4. Comparison of secondary structural elements obtained from 
NOE data (top row) and from Chemical Shift Index analysis of the C, 
chemical shifts (second row) for (A) profilin and (B) profilin complexed 
with polyproline,,. Arrows represent B-strands as determined from 
NOE data for profilin (solid arrows) and from the CSI method (open 
arrows). Coils represent helical structures as determined from NOE 
data for profilin (top row) and from the CSI method (second row). 
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Fig. 5. Residues that show chemical shift differences in the presence of 
polyproline are mapped onto the three dimensional structure of Acun- 
thamoeba profilin I drawn using Molscript software [38]. Residues with 
aromatic sidechain or backbone ‘H or 15N resonances that exhibit 
substantial chemical shift changes (]&H] > 0.10 ppm or ]d6N] > 0.5 
ppm or ]dK] > 0.4 ppm) are shaded black. The sidechains are displayed 
only for those aromatic residues whose sidechain resonances exhibit 
significant chemical shift differences. The two trp sidechains and the N- 
and C-termini are indicated. 

changes in local environments of nuclear spins and have 
been used to locate binding sites in several proteins [27- 
291. It is gratifying that profilin residues that show large 
chemical shift changes, regions shaded in black in Fig. 
5, map onto one continuous region of the profilin struc- 
ture, as one would expect if these residues define the 
polyproline binding site. 

Most of the residues that showed more modest, yet 
measurable chemical shift changes are located in the 
same region of the protein that show the large chemical 
shift changes. Some of the residues exhibiting small 
chemical shift perturbations are, however, not part of the 
poly-t_-proline binding site. Other studies of chemical 
shift perturbations in the presence of ligands have noted 
that resonances that are in amino acid residues that are 
close to but not part of the binding site can also exhibit 
changes in chemical shift [29,30]. This is presumably due 
to the exquisite sensitivity of chemical shifts to local 
environments [3 11. 

The aromatic sidechains of residues W2, W29, Y5 and 
Y 119 show substantial changes in chemical shift in the 
presence of poly-L-proline. These residues are highly 
conserved across the profilin phylogenetic tree; W2 is 
conserved in all six phyla while W29 and Y5 are con- 
served in five of six phyla and Y 119 is conserved in four 
of six phyla [2]. In vertebrate profilin, the conservative 
aromatic substitution Y119:H is present while the re- 

maining three aromatic residues are conserved. Aro- 
matic residues W29, Y5 and Y119 are, however, not 
conserved in vaccinia profilin where the aromatic-to-hy- 
drophobic substitutions W29:L, Y5:I and Y119:V are 
found. It is noteworthy that vaccinia profilin, unlike the 
other profilins, does not bind poly-L-proline [l]. Recent 
mutagenesis studies of vertebrate profilin have shown 
that mutations of W2 and Y 119 (W3 and H119 in verte- 
brate profilin) to asparagine and serine, respectively, 
abolishes poly-L-proline binding [32]. The importance of 
the observation that profilins that bind poly-L-proline 
have highly conserved aromatic residues at the poly-L- 
proline binding site suggests that these aromatic 
sidechains are essential for profilin binding to poly-L- 
proline. 

Like profilin, the SH3 (src homology-3) domains of 
tyrosine kinases also bind proline rich peptides 
[28,33,34]. The SH3 domains are found in a wide variety 
of proteins, including the tyrosine kinases and actin 
binding proteins. The presence of SH3 domains in cy- 
toskeletal proteins and evidence linking mutations to cel- 
lular transformation and altered morphology have led to 
the suggestion that the SH3 domains are involved in 
regulation of the cytoskeleton [28,34]. NMR studies of 
the association of the tyrosine kinase Src SH3 domain in 
the presence of proline-rich peptides derived from re- 
gions of the 3BP-1 binding protein have shown that the 
peptide binds to a hydrophobic surface covered with 
conserved aromatic amino acids [27]. Similar studies on 
the binding of p85a SH3 domain to a proline-rich pep- 
tide from the microtubule binding GTPase called dy- 
namin have also shown that the peptide binding site 
involves aromatic amino acids that are conserved in 
other SH3 domains [28]. Although there are differences 
in the folding topology of profilin and SH3 domains 
[12,27,35], both proteins have several conserved aro- 
matic sidechains lining the binding site for proline-rich 
peptides. Perhaps the profilin and SH3 domains regulate 
the cytoskeleton through interactions involving their 
proline binding sites. 

It is also interesting to note that nine of the seventeen 
residues highly conserved across the profilin phyloge- 
netic tree show perturbations in chemical shift in the pres- 
ence of poly-r_-proline; these residues are W2, Y5, D7, 
LlO, 121, W29, A30, T91, and L120. The last 30 amino 
acids in profilin are homologous with segments in the 
actin binding proteins gelsolin, severin and fragmin. 
Only three amino acids that are highly conserved among 
the profilins, namely, G107, Al 17 and L120, are located 
in the region of the protein sequence that shows homol- 
ogy with actin binding proteins outside the profilin fam- 
ily, and only one of them, L120, shows chemical shift 
changes upon poly-L-proline binding. Hence it appears 
a large number of the conserved amino acids in profilins 
are implicated in binding to poly-L-proline rather than 
to actin. 
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The binding of polyproline to profilin has also been 
examined using the change in fluorescence of tryptophan 
residues [9]. Titration of profilin with polyproline results 
in an increase in fluorescence emission at 333 nm indicat- 
ing that at least one of the tryptophan residues in protilin 
is located at the polyproline binding site. From the NMR 
data, both tryptophans show chemical shift perturba- 
tions in the presence of polyproline suggesting that the 
increase in fluorescence with added polyproline is due to 
both tryptophans. The binding curves determined from 
NMR data at 0.1 mM indicate that the dissociation con- 
stant for the profilin-polyproline complex is ca. 400 ,uM. 
A fluorescence titration curve acquired under NMR 
sample conditions yields a dissociation constant of ca. 
100 ,uM. At present we cannot explain why the dissocia- 
tion constants determined by these two techniques under 
the same conditions of pH, temperature and profilin con- 
centration, 0.1 mM, differ by a factor of four. The fluo- 
rescence data do exhibit a considerable amount of scat- 
ter, possibly due to light scattering, that may be the 
source of the discrepancy. 

Previous experimental evidence had shown that the 
actin binding site in prof%n involves the C-terminal helix 
([12] and references therein). More recently, the crystal 
structure of a gelsolin segment 1:actin complex was pub- 
lished which indicated that the gelsolin helix with homol- 
ogy to the C-terminal helix of profilin bound in a cleft 
on the actin surface [36]. Most recently, the crystal struc- 
ture of a vertebrate profilin-actin complex was published 
which showed that the N-terminal portion of the C-terminal 
helix as well as residues from strands 4, 5, and 6, and 
from the helix spanning residues 57-61 (residues 54-58 
in Acanthamoeba profilin) were involved in actin binding 
[37]. Using this information to define the actin binding 
site, the polyproline binding site identified by NMR data 
lies adjacent to the actin binding site. This conclusion is 
consistent with previous reports that profilin can bind 
poly+-proline and actin simultaneously [lo]. 
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