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ABSTRACT: The protein profilin binds to both actin and the head groups of poly(phosphoinositide)s and may
regulate both actin assembly and the phosphoinositide signaling pathway. As a first step in understanding
the activity of profilin at the molecular level, we have determined the secondary structure of Acanthamoeba
profilin I in solution using multidimensional, heteronuclear NMR spectroscopy. Using a combination of
triple-resonance (1H, 13C, 1°N) experiments, we obtained virtually complete backbone and side-chain resonance
assignments based solely on scalar couplings. 3D and 4D NOESY experiments were then used to determine
the secondary structure and global fold of Acanthamoeba profilin 1. The central feature of the protein
structure s a five-stranded antiparallel 8-sheet flanked by three helices and a short two-stranded antiparallel

B-sheet.

The profilins were originally identified for their ability to
bind actin monomers and to regulate the polymerization of
actin filaments (Carlsson et al., 1977). Recently it has been
shown that profilins associate with plasma membranes
(Hartwig et al., 1989) and bind to phosphatidylinositol 4,5-
bisphosphate (PIP,)! and phosphatidylinositol 4-phosphate
(PIP) (Goldschmidt-Clermont et al., 1990; Machesky et al.,
1990). Itis believed that profilins may be involved in signal
transduction across the membrane (Goldschmidt-Clermont
et al.,, 1991). Knowledge of the structure of profilins would
help to understand these activities of the profilins in greater
detail. Asa firststeptoward this goal, we used high-resolution
NMR spectroscopy to determine the resonance assignments
and secondary structure of Acanthamoeba profilin I in solution.

Powerful new triple-resonance ('H, !3C, 1’N) NMR
techniques enable one to assign proteins having M; in the
range 13000-30000 in an efficient manner, provided that the
protein is uniformly enriched with 13C and 15N (Pelton et al.,
1991; Grzesiek et al., 1992; Bax & Grzesiek, 1993). Proteins
expressed in bacterial systems can be uniformly enriched with
15N and 13C by growing the bacterial cells on minimal media
with 1’N-labeled ammonium chloride and *C-labeled glucose.
Sequential resonance assignments based on the new triple-
resonance experiments rely solely on scalar couplings, thus
removing ambiguities that are sometimes encountered when
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! Abbreviations: CBCA(CO)NH, C? to C2 to carbonyl to amide
N/HN correlation experiment; CBCANH, C# to C to amide N/HN
correlation experiment; C(CO)NH, side-chain carbon DIPSI transfer to
C= to carbonyl to amide N/HN correlation experiment; H({CCO)NH,
side-chain proton to side-chain carbon DIPSI transfer to C to carbonyl
to amide N/HN correlation experiment; CT, constant time; HMQC,
heteronuclear muitiple quantum correlation; HOHAHA, homonuclear
Hartmann—-Hahn; HSQC, heteronuclear single quantum correlation;
NMR, nuclear magnetic resonance; NOE, nuclear Overhauser effect;
NOESY, NOE spectroscopy; PIP, phosphatidylinositol 4-phosphate; PIP,,
phosphatidylinositol 4,5-bisphosphate; 2D, two-dimensional; 3D, three-
dimensional; 4D, four-dimensional.

using NOEs to sequentially assign protein resonances. These
triple-resonance experiments all correlate side-chain !H and
13C resonances to backbone amide N/HN resonances, such
that all experiments are referenced to the 2D 'H-1SN HSQC
experiment, which simplifies data analysis. Once sequential
resonance assignments are known, the structure of the protein
is determined from interproton distance constraints, dihedral
angle constraints, and hydrogen-bonding patterns (Wiithrich,
1986; Clore et al., 1989). Herein, we report the sequential
resonance assignments for Acanthamoeba profilin I using
triple-resonance NMR techniques. In addition, we report
the secondary structure and folding topology of Acanthamoeba
profilin Iinsolution as determined from NOESY experiments,
3JunH. coupling constants, and hydrogen exchange data.

MATERIALS AND METHODS

Sample Preparation. Recombinant Acanthamoeba profilin
I was prepared with Escherichia coli (strain BL21) with the
T7 expression vector (Kaiser et al., in preparation). Uniform
35N enrichment or 1SN /13C enrichment was accomplished by
growing the bacteria in M9 minimal medium with SNH,Cl
or ’NH,CI and p-[13Cg]glucose (Cambridge Isotopes, Cam-
bridge, MA). The protein was purified as described previously
(Kaiser et al., 1989; Kaiser et al., in preparation). A total of
ca. 20 mg of purified, active, 1’N-enriched or 15N /13C-enriched
profilin was obtained from each 1 L of cell growth.

To prepare the protein for NMR spectroscopy, 30 uL of
D,0 was added to ca. 400 uL of 1.4 mM profilin in H,O. The
pH of the protein sample was adjusted to 6.45 using dilute
HCI or NaOH. To prepare a protein sample in D,O, the
protein sample was lyophilized to remove water, dissolved in
0.5 mL of 99.996% D,0, incubated at 37 °C overnight, and
lyophilized a second time. The protein was then dissolved in
99.996% D,0. The protein concentration of the samples was
ca. 1.3 mM. Sample volumes were ca. 430 uL in 5-mm
Wilmad NMR tubes (Wilmad Glass Company, Buena, NJ)
or 230 uL in restricted-volume Shigemi NMR tubes (Shigemi
Standard & Joint Co. Ltd., Tokyo). Samples were stored at
4 °C.

NMR Spectroscopy. NMR spectra of profilin were
acquired on Bruker AMX 500 and 600 spectrometers. 2D
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FIGURE 1: 'H-'’N HSQC spectrum of uniformly *N-enriched profilin. The spectrum was acquired at 500 MHz with 512 complex points
in ¢; and 400 complex points in #;. The spectrum was processed with Lorentzian to Gaussian digital filtering and zero-filled once in each
dimension. All peaks in the spectrum were assigned and are listed in Table I.

NMR spectra were processed using Bruker and NMR (New
Methods Research, Inc., Syracuse, NY) software available
on ASPECT 1000 and SUN data stations, respectively.
Multidimensional NMR spectra were processed using a
combination of in-house (Kay et al., 1989; S. Grzesiek,
unpublished; G. W. Vuister, unpublished) and NMRisoftware
and were analyzed and plotted using in-house software (Garrett
et al., 1991).

All spectra were acquired at 30 °C and at 500 MHz unless
noted otherwise. 2D HOHAHA (Braunschweiler & Ernst,
1983; Bax & Davis, 1985) spectra were acquired in D,O with
a WALTZ-17 mixing sequence (Bax & Davis, 1985), with
mixing times of 17 and 60 ms.

2D 'H-15N HSQC (Bodenhausen & Ruben, 1980) spectra
wereacquired on uniformly 15N-labeled profilin in 93% H,0/
7% D,0 at 30 and 37 °C. The water signal was suppressed
using presaturation (yB,/2x ca. 20 Hz) and a 1-ms spin-lock
pulse (Messerle et al., 1989). 2D 'H-15N HMQC-J spectra
were acquired to determine 3Jynu, coupling constants, as
described previously (Kay & Bax, 1990). Amide hydrogen
exchange rates were determined by lyophilizing the protein
from H,0, dissolving the protein in D0, and acquiring a
series of 2D 1H-1N HSQC spectra at0.15,0.5, 1, 2, 4, 8, 16,
25, and 121 h.

2D 'H-13C CT-HSQC spectra of uniformly 13C/15N-labeled
profilin in D,O were acquired as described by Vuister and
Bax (1992). 2D !'H-!3C CT-HSQC spectra optimized for
aromatic resonances were acquired with the inept transfer
delay set to 1.6 ms (slightly less than !/4JcH(arom)) and the
constant-time carbon evolution period set to 18.2 ms to refocus
the carbon~carbon couplings of 55 Hz. The spectra were
acquired with the 'H carrier set at 7.00 or 4.72 ppm (water)
and the 13C carrier was set at 126 ppm, with spectral widths
of 39.8 ppm in F;(!3C) and 10.0 ppm in F>(*H), 90 complex
points in 7, and 512 complex points in ¢,. 2D 'H-13C CT-
HSQC spectra optimized for nonaromatic resonances were
acquired with the inept transfer delay set to 1.7 ms (slightly

less than !/,Jcy) and the constant-time carbon evolution period
set to 26 or 52 ms to refocus the carbon—carbon couplings of
38.5Hz. A 180° carbonyl decoupling pulse was applied during
carbon evolution. The spectra were acquired with the 'H
carrier set on water and the 13C carrier set at 46 ppm, with
spectral widths of 39.8 ppm in Fy(*3C) and 10.0 ppm in F,-
(*H), 128 complex points in ¢;, and 512 complex points in ;.
2D 'H-13C CT-HSQC-RELAY spectra were recorded using
the same HSQC experiments with a 22-ms (aromatic reso-
nances) or a 26-ms (nonaromatic resonances) !H WALTZ-
17 mixing sequenceinserted between the last refocusing period
and data acquisition. Inall heteronuclear experiments, GARP
and WALTZ-16 modulation (Shaka et al., 1983) were used
to decouple 13C and 15N, respectively, during acquisition.

3D ’N-separated HOHAHA-HSQC (Marion et al.,
1989a), NOESY-HMQC (Marion et al., 1989b; Kay et al.,
1989), and HNHB (Archer et al., 1991) experiments were
acquired on 15N-labeled profilin in 93% H,0/7% D,0. 3D
HOHAHA-HSQC spectra were acquired at 30 °C with 30-
and 60-ms mixing times using a DIPSI-2 mixing sequence
(Shaka et al., 1988). 3D NOESY-HMQC spectra were
acquired at 37 °C with a 70-ms mixing time and at 30 °C with
a 110-ms mixing time. The HOHAHA-HSQC, NOESY-
HMQC, and HNHB experiments were acquired with spectral
widths of 10.00, 22.9, and 11.76 ppm in F;(*H), F5(!N), and
F3('H), respectively, and with 128 complex points in ¢;, 32
complex points in #;, 512 complex points in #3, and 16 scans
per 3 point. A 3D 15N/!N-separated NOESY-HMQC
(Ikura etal., 1990; Frenkiel et al., 1990) spectrum was acquired
witha 110-ms NOE mixing time. The spectrum was acquired
with spectral widths of 32.2, 22.9, and 11.76 ppm in F;(!5N),
F,(*N), and F3(*H), respectively, and with 64 complex points
in 1, 31 complex points in #;, 512 complex points in ¢3, and
32 scans per 3 point. All 3D spectra were acquired with the
'H carrier set on water and the °N carrier at 118.0 ppm.

The following 3D triple-resonance (1H, 13C, 15N) exper-
iments were acquired on uniformly 1SN /13C-labeled profilin
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Table I: 15N, 13C, and 'H Resonance Assignments for Profilin at pH 6.45 and 30 °C¢

residue N Ce CcA others

S1

W2 59.9 29.7 (3.48,3.19) C%2128.0 (7.33), C2 120.3 (7.72), C#2 115.5 (7.12),
CB121.6 (6.71), C1 124.4 (6.44), N¢! 129.3 (9.63)

Q3 118.3 (8.43) 58.5 (3.75) 28.5(2.45,1.97) C7 33.1 (2.64, 2.45%), N¢ 115.3 (8.10, 6.97)

T4 114.0(7.62) 66.2 (4.04) 68.6 (4.01) Cv21.9 (1.13)

Y5 119.6 (7.37) 60.7 (4.88) 38.3 (3.32, 3.04) C#132.6 (7.12), C* 118.0 (6.44)

\73 115.9 (7.30) 66.7 (3.67) 32,3 (2.23) C721.8 (0.94), 24.1 (0.97)

D7 118.3 (8.65) 57.9 (4.43) 40.9 (2.69, 2.68)

T8 115.7 (9.05) 65.6 (4.26) 68.8 (4.26) Cr 21.8 (1.06)

N9 116.1 (7.59) 56.6 (4.43) 39.0 (3.20, 2.87) N¢ 110.1 (7.70, 6.65)

L10 114.3 (6.94) 55.5 (4.67) 41.9 (2.40, 1.08) C725.3 (1.56), C? 25.2 (0.83), 25.5 (0.80)

Vi1 122.3(8.54) 66.4 (3.82) 31.6 (2.25) Cv23.1 (0.88), 21.6 (0.96)

G12 105.3 (7.26) 47.1 (4.16, 4.03)

T13 107.6 (7.11) 63.4 (4.31) 71.7 (4.30) Cv21.8(1.29)

Gl4 108.8 (8.17) 45.5 (4.28, 3.99)

AlS 122.0 (8.16) 52.9 (4.23) 20.8 (1.32)

V16 103.0 (6.73) 59.2 (4.45) 34.8 (2.32) Cr23.3 (0.74), 19.9 (0.54)

T17 114.8 (9.28) 63.3 (4.22) 69.0 (3.95) C723.9(1.13)

Q18 117.9 (7.34) 54.1 (4.23) 33.0 (0.83,0.63) C7v34.7 (2.18,1.78), N¢111.3 (7.39, 6.83)

Al9 120.8 (8.57) 51.5(5.25) 25.8 (1.50)

A20 1172 (9.12) 51.8 (5.10) 23.4 (1.63)

121 117.3 (8.59) 61.3 (4.78) 41.1 (1.49) CY27.9 (1.17,6 1.13%), C? 14.9 (1.15), C™™ 16.9 (0.47)

L22 128.3 (9.32) 52.0 (4.74) 44.8 (1.36, 1.36) C 27.6 (1.40), C? 26.0 (0.64), 24.6 (0.58)

G23 102.9 (7.98) 44.4 (3.54, 3.53)

L24 116.5 (7.59) 56.5 (3.87) 40.1 (1.59, 1.49) Cv 26.7 (1.35), C* 21.9 (0.50), 25.7 (0.85)

D25 114.0 (7.88) 52.8 (4.38) 40.3 (2.99, 2.62)

G26 107.2 (8.07) 44.9 (4.05, 3.10)

N27 117.2 (1.70) 53.4 (4.67) 39.4 (2.96, 2.75) N® 113.8 (7.48, 6.89)

T28 118.4 (8.61) 65.4 (4.09) 70.4 (4.08) C722.4 (1.15)

w29 129.8 (9.72) 56.2 (5.03) 29.8 (2.84, 2.75) C%2123.1 (6.63), C# 119.7 (5.37), Cf2 113.7 (7.40),
C$121.2 (6.03), C7 124.7 (6.98), N¢! 127.9 (10.49)

A30 119.5(8.11) 52.3 (4.73) 22.8 (1.44)

T31 114.9 (8.68) 60.6 (5.55) 71.7 (4.14) Cv19.4 (1.40)

S32 125.8 (9.39) 58.9 (4.61) 64.4 (4.31, 3.90)

A33 123.7 (8.57) 54.3 (4.23) 18.2 (1.44)

G34 112.4 (8.89) 45.9 (4.21,3.78)

F35 122.8 (8.29) 55.9 (4.92) 40.3 (3.38,2.74) C?131.8 (7.19), C¢ 130.9 (6.98), Cf 129.1 (6.65)

A36 132.5(7.93) 51.0 (4.54) 19.8 (1.11)

v37 125.0 (8.47) 61.9 (3.90) 322 (1.71) C722.4 (0.34), 21.8 (0.89)

T38 121.3 (8.05) 60.9 (4.52) 67.7 (4.75) Cv21.8 (1.24)

P39 65.9 (4.31) 31.4 (2.36,1.92) Cv28.4 (2.27,2.13), C450.3 (3.91, 3.91)

A40 117.9 (8.07) 55.4 (4.13) 18.5 (1.40)

Q41 119.2 (7.78) 58.4 (4.11) 28.1 (2.59, 2.00) C~ 34.4 (2.59, 2.59), N¢111.5 (7.53, 7.52)

G42 108.3 (8.95) 47.8 (4.10, 3.46)

Q43 121.8 (8.81) 59.2 (3.88) 28.3 (2.17,2.10) Cr 34.5 (2.50, 2.35), N¢ 110.1 (7.30, 6.71)

T44 118.6 (8.02) 67.3 (3.82) 68.6 (4.25) C721.5(1.18)

L45 122.0 (7.50) 57.9 (3.59) 42.2 (1.53,1.49) C 26.7 (1.46), C? 25.2 (0.53), 23.3 (0.40)

Ad6 117.6 (8.37) 55.8 (4.05) 18.4 (1.35)

S47 111.2 (8.08) 61.0 (4.26) 63.3 (4.00, 4.00)

A48 125.2 (7.67) 53.4 (4.15) 18.9 (1.14)

F49 113.4 (7.05) 62.3 (4.03) 39.0 (3.19, 2.59) C?132.0 (7.24), C¢ 131.5 (6.83), CF 129.9 (6.99)

NS5O 114.2 (7.41) 54.1 (4.85) 39.8 (2.88, 2.87) N®112.9 (7.63, 6.87)

N51 115.9 (7.45) 53.6 (4.65) 38.6 (2.91, 2.69) N&110.1 (7.43, 6.98)

AS2 127.5 (8.92) 52.8 (4.28) 18.8 (1.28)

D53 119.7 (8.17) 59.9 (4.48) 37.5 (2.90, 2.63)

P54 66.7 (4.40) 31.6 (2.36, 1.92) Cv28.4 (2.07, 1.92), C 50.6 (3.59, 3.49)

155 109.8 (7.57) 62.9 (4.73) 38.7 (1.79) C727.6 (1.27, 1.13%), C? 15.7 (0.41), C™ 17.2 (0.80)

R56 128.5 (8.59) 61.0 (3.92) 30.0 (2.00, 1.95) C729.5(1.79, 1.54), C4 43.4 (3.25,2 3.19), N 84.5 (7.45)

AS7 118.7 (1.72) 54.3 (4.42) 19.3 (1.52)

$58 110.3 (8.06) 59.7 (4.62) 65.2(3.97, 3.97)

GS9 111.2 (8.02) 45.7 (4.52, 4.08)

F60 113.2(8.12) 56.3 (4.90) 39.6 (2.94, 2.92) C¥132.8 (6.75), C¢ 130.1 (6.71), C¥ 127.7 (6.40)

D61 120.3 (8.72) 52.9 (5.77) 43.8 (2.61, 2.50)

L62 118.5 (8.75) 55.2 (4.35) 46.3 (1.92, 1.44) C727.0 (1.73), C? 28.5 (0.96), 25.3 (1.01)

A63 128.5 (9.55) 53.8 (4.13) 18.4 (1.36)

Gé4 107.1 (8.14) 45.9 (4.01)

Vé6Ss 121.9 (7.60) 61.7 (3.93) 34.5(1.79) C721.6 (0.81), 21.7 (0.04)

H66 123.6 (8.04) 55.1(4.82) 29.7 (2.96, 2.85) C%2119.3 (6.92), Cet 136.4 (8.57)

Y67 125.7 (8.59) 57.4 (4.10) 39.8 (2.02, 1.00) C?133.0 (6.29), C¢ 116.9 (6.36)

V68 116.3 (8.41) 61.2 (4.15) 33,3 (2.08) Cv21.0 (1.04), 21.4 (1.00)

T69 123.7 (8.93) 64.4 (4.26) 68.0 (4.20) C723.6 (1.00)

L70 130.0 (9.12) 55.5 (4.54) 44.5 (1.68, 1.54%) C727.2 (1.54%), C5 25.3 (1.01), 24.2 (0.96)

R71 117.9 (7.55) 55.2 (4.40) 33.2 (1.70, 1.29) C726.3 (1.39, 1.11), C? 43.2 (2.55, 2.08), N 84.1 (7.00)

AT72 126.5 (8.63) 52.6 (5.02) 20.9 (1.09)

D73 124.2 (8.63) 53.5 (4.64) 41.5(3.15,2.79)

D74 113.1 (8.33) 55.6 (4.89) 40.4 (2.82, 2.80)

R75 120.5 (8.92) 57.2 (4.54) 33.0 (1.78, 1.78) C7 28.6 (1.78%), C? 43.5 (3.26, 3.05), N 86.5 (7.25)
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Table I (Continued)

residue N Ce (o4 others

S76 114.2 (8.63) 58.3(5.72) 65.2 (3.94, 3.36)

177 122.6 (8.75) 61.1 (4.67) 40.4 (1.18) Cv28.2(0.42), C?13.5 (-0.57),C™ 17.0 (0.19)
Y78 126.5 (9.06) 52.9 (5.93) 39.8 (3.35, 3.15) C?131.0 (7.11), C=118.9 (6.83)

G79 109.1 (9.56) 44.2 (5.75, 3.33)

K80 123.1 (9.49) 55.6 (5.20) 38.4 (1.93,1.83) Cv25.2 (1.79, 1.56), C? 30.0 (1.90%), C+42.5 (3.15,3.11)
K81 127.9 (8.52) 56.2 (4.49) 33.2(1.48,1.43) Ce42.6 (3.05,2.91)

G82 118.5(9.12) 47.6 (4.09, 3.77)

S83 123.1 (8.97) 58.9 (4.71) 63.5 (4.18, 3.99)

A84 123.1 (8.07) 50.2 (4.46) 21.8 (1.59)

G85 105.2 (6.95) 47.5(3.99, 3.74)

V86 114.8 (7.99) 58.9 (4.97) 34.3(1.39) Cv22.4 (0.54), 18.3 (0.04)

187 129.4 (9.26) 58.4 (4.30) 38.6 (2.07) Cr 26.5 (1.49, 0.83), C#9.7 (0.20), C™ 17.6 (0.78)
T88 120.6 (8.28) 59.6 (6.13) 70.6 (4.02) Cv23.7(1.15)

V89 122.2 (8.66) 60.4 (5.19) 37.5(1.58) Cv23.3(0.84), 22,9 (0.84)

K90 129.1 (8.99) 55.2 (4.56) 33.7 (1.09, 0.03) Cv23.8 (1.52, 0.80), C? 29.7 (1.15), Ce 42.2 (2.83)
T91 118.2(9.03) 60.6 (4.50) 66.0 (4.92) C7v22.0 (1.06)

S92 115.3 (9.30) 62.6 (4.35) 62.6 (3.80, 3.80)

K93 114.9 (8.22) 55.5 (4.54) 36.0(2.32,2.02) Cv 25.5 (1.43), C?29.7 (1.85), C¢ 42.2 (3.06)

S94 116.2 (7.60) 57.2 (4.70) 69.0 (3.04, 3.04)

195 117.5 (8.72) 60.5 (4.41) 42.1 (1.22) Cv27.6(1.18,0.51), C* 14.2 (0.71), Cm 18.0 (0.71)
L96 126.0 (9.44) 54.1 (4.69) 44.2 (1.82,1.19) Cr 27.6 (1.73), C? 24.7 (0.73), 26.2 (0.77)

V97 120.1 (8.84) 61.4 (4.60) 35.0 (2.15) Cv22.3 (0.87), 20.6 (0.80)

G98 111.5(9.37) 45.7 (4.97, 3.24)

V99 127.7 (8.63) 61.9 (4.38) 34.0 (1.56) Cv 22.7 (0.63), 21.7 (0.87)

Y100 121.7 (8.47) 558 (5.17) 41.6 (3.16, 2.78) C4134.5(7.11),C¢ 116.9 (6.58)

N101 119.9 (7.04) 50.7 (4.90) 39.9 (3.43,2.82) N?109.8 (7.64, 6.76)

E102 112.8 (9.02) 58.4 (4.36) 28.9 (2.13,2.11) Cv36.2 (2.28, 2.28)

K103 117.8 (7.51) 56.3 (4.33) 32.7 (2.06, 1.86) C725.5(1.45, 1.43), C?28.9 (1.69), C:42.3 (3.02)
1104 122.6 (7.91) 59.9 (4.21) 42.0 (1.88) Cv28.1(1.52,1.12), C314.4 (0.78), C™ 17.2 (0.98)
Q105 124.6 (8.42) 53.9 (4.45) 27.9(1.98, 2.17) C733.9 (2.51), N¢113.0 (7.60, 6.90)

P106 65.5 (3.05) 32.0(2.24,5 1.80) Cv27.7 (2.15, 2.10), C? 50.4 (4.05, 3.71)

G107 102.1 (8.59) 46.7 (3.77, 3.76)

T108 119.9 (7.46) 65.7 (3.98) 68.5 (4.31) Cv22.0(1.26)

A109 124.0 (6.80) 55.5(3.92) 19.1 (1.08)

AllO 116.8 (8.20) 55.5(3.79) 17.8 (1.35)

N111 113.1 (7.57) 56.8 (4.34) 39.1 (2.91, 2.78) N?112.3 (7.63, 6.88)

V112 115.9 (7.32) 66.7 (3.79) 32.1 (2.06) Cv23.2 (1.14), 21.6 (1.10)

V113 120.3 (7.68) 67.2 (3.45) 32.2(1.92) C723.2(0.82), 22.7 (0.92)

Ell4 117.5 (8.79) 60.1 (3.96) 28.9 (2.04, 2.02) C735.6 (2.38,2.38)

K115 116.4 (7.97) 59.2 (4.20) 32.0(2.02,1.79) C 25.5 (1.65, 1.56), C? 28.9 (1.80,% 1.75), C¢ 42.4 (3.00)
L116 122.1 (7.59) 57.5(4.42) 40.3 (1.94, 1.56%) Cr27.1 (1.56%), C?23.0 (0.94), 27.1 (0.88)

All7 121.8 (8.36) 56.0 (3.81) 18.5 (1.39)

D118 116.5(8.11) 58.1 (4.42) 40.7 (2.87, 2.70)

Y119 121.9 (7.91) 61.2 (4.29) 38.0(3.33,3.33) C#133.2 (7.06), C<118.3 (6.88)

L120 120.7 (8.76) 58.5 (3.89) 41.6 (2.10, 1.51) C727.5 (1.86), C? 22.1 (0.65), 26.5 (0.82)

21 122.5 (9.38) 65.2 (4.25) 38.8 (1.89) Cv 31.0 (1.88, 1.07), C? 14.1 (0.91), Cm 17.1 (0.94)
G122 108.1 (7.97) 46.8 (4.00, 3.99)

Q123 116.7 (7.37) 54.9 (4.27) 30.4 (2.36, 2.00) C733.6 (2.00, 2.00), N¢112.2 (6.94, 6.43)

G124 106.6 (7.87) 45.4 (4.02, 3.72)

F125 125.0(8.23) 58.8 (4.63) 41.8 (3.81,2.78) C%131.5 (7.34), C<131.5 (7.41), C* 129.6 (7.31)

4 In each column, !N and !3C chemical shifts are listed first, and the corresponding 'H chemical shifts are in parentheses. ® Tentative assignment.

in93% H,0/7% D,O: CBCA(CO)NH, CBCANH, C(CO)-
NH,H(CCO)NH, and 13C/15N-separated NOESY-HMQC.
The CBCA(CO)NH (Grzesiek & Bax, 1992a)and CBCANH
(Grzesiek & Bax, 1992b) experiments were acquired with
spectral widths of 67.2, 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 ¢;, 512 complex points in #3, and
16 scans per ¢; point for the CBCA(CO)NH and 32 scans per
t3 point for the CBCANH. The C(CO)NH (Grzesiek et al.,
1993) spectrum was acquired with spectral widths of 73.6,
29.9, and 15.15 ppm in F;(13C), F(!*N), and F;('H),
respectively, and with 57 complex points in ¢;, 30 complex
pointsin #,, 512 complex points in ¢3, and 32 scans per ¢; point.
The H(CCO)NH (Grzesiek et al.,, 1993) spectrum was
acquired with spectral widths of 13.33, 29.9, and 18.51 ppm
in F1(1H), F2(!5N), and F3(1H), respectively, and with 68
complex points in #;, 32 complex points in ¢z, 512 complex
points in ¢3, and 32 scans per #3 point. Both the C(CO)NH
and the H({CCO)NH experiments were acquired with a 16-
ms mixing time using a !13C DIPSI-2 mixing sequence (Shaka
et al., 1988). In all of the triple-resonance experiments, the

carrier was set at 46 ppm for C#/# pulses and at 56 ppm for
Ce pulses, and the pulse lengths were adjusted so that they
did not excite the 13CO nuclei. The 'H carrier was set on
water, and the SN carrier was set at 118.0 ppm.

A 3D 13C/!*N-separated NOESY-HMQC experiment was
acquired with !3C evolution in #; (F) on uniformly 15N /13C-
labeled profilin in 93% H,0/7% D;0. In this 3D NOESY
experiment, the initial inept transfer of magnetization from
TH to 1N was replaced by an inept transfer from !H to 13C.
The data were acquired with spectral widths of 67.2, 22.9,
and 11.76 ppm in F,(13C), F»(15N), and F3('H), respectively,
and with 64 complex points in ¢;, 32 complex points in 5, 512
complex points in #3, and 32 scans per ¢; point. The 13C, 15N,
and 'H carrier frequencies were 46.0, 118.0, and 4.72 ppm,
respectively.

The 4D 13C/13C-separated HMQC-NOESY-HMQC ex-
periment using pulsed field gradients was acquired at 600
MHz as described by Vuister et al. (1993). The spectrum
was recorded as a 4D matrix of 16 X 64 X 17 X 384 complex
points in F;(13C) X F,(*H) X F3(13C) X F4(*H), with spectral
widths of 20.7, 8.96, 20.7, and 11.90 ppm in F,(13C), F;(*H),
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FIGURE 2: Sequential strips extracted from the CBCANH exper-
iment. Intraresidue correlations are labeled with Greek symbols.
We note that all interresidue correlations were also observed in the
CBCA(CO)NH spectrum.

F3(13C), and F4('H), respectively. The !3C carrier was set at
63.7 ppm, and the 'H carrier was set at 4.72 ppm for a mild
water presaturation pulse and then at 4.05 ppm for the
remainder of the pulse sequence. The pulse field gradients
had a strength of 7 G/cm.

RESULTS

A 'H-1N HSQC spectrum for uniformly !’N-labeled
profilin is shown in Figure 1. The excellent signal to noise
ratio is comparable to that observed in HSQC spectra of
uniformly enriched staphylococcal nuclease (Baldisserietal.,
1991) and Escherichia coli protein IT18 (Pelton et al., 1991),
indicating that the sample is highly and uniformly 'SN-
enriched.

The CBCA(CO)NH and CBCANH triple-resonance ex-
periments, which rely solely on one- and two-bond scalar
couplings, were used to sequentially assign the protein
backbone. In the CBCANH experiment, Hf magnetization
is transferred to C# and then from Cf to C*. The C¢
magnetizationis then transferred to both the intraresidue 5N
and the !N of the succeeding residue via the 1Jcon and 2Jcan
couplings, respectively (Grzesiek & Bax, 1992b), and then
finally to the amide protons for detection. Thus, amide proton
and nitrogen signals of each amino acid were correlated with
both the intraresidue « and 8 carbons and the « and § carbons
of the preceding residue (Figure 2). In the complementary
CBCA(CO)NH experiment, the C* magnetization is trans-
ferred to the intraresidue carbonyl carbon and then to the
amide nitrogen of the succeeding residue via the large Jcacr
and Jen couplings. Here, in contrast with the CBCANH
experiment, each backbone amide is correlated with the «
and 3 carbons of the preceding residue only (Grzesiek & Bax,
1992a). Using the information from the CBCA(CO)NH
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FIGURE 3: Strips extracted from the C(CO)NH experiment.

Correlations from the amide to the side-chain carbon resonances of
the preceding residue are indicated by Greek symbols.

experiment, it was simple to distinguish intraresidue from
interresidue correlations in the CBCANH (Figure 2). Ad-
ditionally, in the CBCANH, the C=resonance of Gly and the
C? resonances of all other residues are opposite in sign to the
Ce resonances (Grzesiek & Bax, 1992b), which made it easy
to distinguish C# from C= resonances (Figure 2).

Stretches of amide resonances were aligned sequentially by
matching the intraresidue C* and C# chemical shifts with the
interresidue C* and C# chemical shifts of its neighbor. By
subsequently matching pairs and longer segments, we were
able to align all of the non-proline resonances in sequential
stretches ranging from 3 to 17 residues long.

The C= and C? chemical shifts were then used to calculate
the probability of each C=/C# pair belonging to a particular
amino acid type (Grzesiek & Bax, 1993). Gly residues were
easily identified by their distinct upfield chemical shift, as
well as by the presence of only one negative intraresidue cross
peak. Thr, Ser, and Ala residues were readily identified by
their unique pairs of C*/C? chemical shifts. Once the amino
acid type for the Thr, Ser, Ala, and Gly residues was known,
it was straightforward to assign each stretch of amino acids
to a unique section of the protein sequence. These assignments
were confirmed by checking the amino acid type probabilities
(Grzesiek & Bax, 1993) for the other residues in each stretch.
These assigned stretches were then aligned in sequential order,
and the alignment was confirmed by matching the interresidue
Ce and C# signals of the first residue in a sequence with the
intraresidue C= and Cf signals of the last residue in the
preceding sequence. Continuous stretches of amino acids were
determined from Q3-T38, A40-D53, 155-Q105, and G107-
F125. Except for the first tworesidues, breaks in the sequential
alignment occurred only at proline residues. We note that
the backbone assignments were completed in less than 8 h
after the CBCA(CO)NH and CBCANH data were processed.
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FIGURE4: Diagram of short-range NOE connectivities, hydrogen exchange rates, and coupling constant data for profilin. The NOE correlations
were determined from 3D and 4D NOESY spectra at 30 and 37 °C. The height of the bar indicates the strength of the NOE correlation
(strong, medium, or weak). Open and filled circles indicate residues with amide HN resonances that are not fully exchanged 8 min and 1 h,
respectively, after the protein is dissolved in D;O at 30 °C and pH 6.45. Open and filled stars indicate small (<6 Hz) and large (>8 Hz)
3JuNHa Coupling constants, respectively. (a) Only the strongest of the two possible glycine H~HN,,; NOEs is shown.

Correlations observed in 3D !N-separated HOHAHA-
HSQC experiments acquired with 30- and 60-ms mixing times
(a) further confirmed the amino acid type assignments and
(b) provided initial 'H side-chain assignments. H*resonances
and many HP resonances were readily identified in the short
mixing time HOHAHA-HSQC experiment, while H* and
additional Hf resonances were identified in the longer mixing
time experiment. HP resonance assignments were confirmed
by the observation of cross peaks in the HNHB experiment.
These results and information derived from 3D H(CCO)NH,
2D !H-13C CT-HSQC, and CT-HSQC-RELAY experiments
provided essentially complete side-chain assignments, as
described below.

The aromatic side-chain protons were initially identified
from cross-peak patternsin the 2D TH HOHAHA experiment
following standard methodology (Wiithrich, 1986). These
assignments were confirmed and extended to aromatic carbon
resonances from the cross-peak patterns in the 2D 'H-13C
CT-HSQC and CT-HSQC-RELAY experiments acquired
with parameters optimized for aromatic side-chain resonances.
The aromatic side-chain type assignments were correlated
with backbone sequential assignments through the 'H? and
13Cé gsignals identified in the 3D !5N-separated NOESY-
HMQC and 13C/!5N-separated NOESY-HMQC experi-
ments, respectively.

The C(CO)NH and H(CCO)NH experiments were used
to correlate aliphatic side-chain carbon and aliphatic side-

chain proton signals, respectively, to the amide resonance of
the succeeding residue (Grzesiek et al., 1993). In this way,
each sequentially assigned amide was correlated with both
the aliphatic side-chain carbons and protons of the preceding
residue. The CBCA(CO)NH experiment was used to identify
C=and C8 carbon signals in the C(CO)NH spectrum, and the
remaining aliphatic side-chain resonances in the C(CO)NH
were relatively straightforward to assign from the carbon
chemical shift (Figure 3). In a similar fashion, the 3D
HOHAHA-HSQC was used to identify He, Hf, and other
aliphatic side-chain protons in the H({CCO)NH spectrum,
and the remaining side-chain protons in the H(CCO)NH
experiment were tentatively assigned to particular side-chain
protons. The 2D !H-13C CT-HSQC and CT-HSQC-RELAY
experiments were used to confirm and complete aliphatic side-
chain proton and carbon assignments.

The 'H, 13C, and 15N resonance assignments are summarized
in Table I. Complete backbone resonance assignments (HN,
N, C=, H*) were determined for all residues except S1, the
amide HN/N and H* of W2, and the amide N of proline
residues. Side-chain 'H, 13C, and 15N resonance assignments
were determined for 97% of all side-chain atoms. The
availability of this comprehensive information regarding
chemical shifts immediately opens the way to determine the
profilin residues that interact with PIP, PIP,, poly(proline),
and actin through measurements of protection against hy-
drogen exchange and chemical shift perturbations.
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FIGURE 5: Schematic diagram of the secondary structure and 8-sheet topology of profilin showing the long-range HN~HN, and He~H* NOE
correlations (solid lines) observed in NOESY spectra. Dashed lines represent hydrogen bonds derived from hydrogen exchange rates and NOE

patterns.

Once the sequential assignments were complete, NOE
correlations from 3D NOESY-HMQC, 3D 13C/!5N-sepa-
rated NOESY-HMQC, 3D N/!5N-separated NOESY-
HMQC, and 4D 13C/!3C-separated HMQC-NOESY-
HMQC experiments were used to determine interproton
distance constraints. NOE correlations from the 70-ms 3D
NOESY-HMQC and the 110-ms 4D 13C/13C-separated
HMQC-NOESY-HMQC experiments were categorized as
strong, medium, and weak. The HSQC hydrogen exchange
experiment was used to determine which protons were in slow
exchange and, therefore, most likely involved in interresidue
hydrogen bonds. Dihedral constraints for backbone ¢ angles
were determined from 3Jgnua coupling constants calculated
from splittings in the HMQC-J experiment and Hz/HN
intensity ratios in the 30-ms 3D HOHAHA-HSQC exper-
iment. Only coupling constants greater than 8 Hz or less
than 6 Hz were used for dihedral constraints. Short-range
NOEs, hydrogen exchange data, and coupling constant data
are summarized in Figure 4.

The secondary structure and 8-sheet topology of profilin in
solution (Figure 5) were derived from the information
summarized in Figure 4 together with cross-strand NOEs.
The central feature of the profilin structure is a five-stranded
antiparalle] 8-sheet made up of 8-strands S76-K81, A84—
T91, S94-N101, Q18-L22, and A30-A33. There are two
antiparallel §-strands, F60-L62 and V65-V67, joined by a
tight turn. Residues within the 8-strands were in an extended
conformation, as indicated by strong H*~HN;; NOE cor-
relations and large 3Junpa (>8 Hz) coupling constants (Figure
4). Long-range HN~HN;, H*-HYN;, and H*-H% NOE
correlations were used to determine the alignment of the
B-strandsin a sheet structure (Figure 5). Amide protons with

slow exchange rates correlated well with the hydrogen-bonding
pattern expected for the antiparallel 8-sheets.

Profilin has three a-helices: a short N-terminal helix from
Q3 to D7, a central helix from A40 to F49, and a long
C-terminal helix from A109 toI121. Allthree helical domains
exhibit predominantly the classical NMR features of well-
defined oa-helices: medium HN-HWN;;, weak H*—HNy,,
medium H2~H5;,3, and weak H*—HN,4; NOE correlations,
as well as slow amide hydrogen exchange rates and small
3JuNHq (<6 Hz) coupling constants (Figure 4). In addition,
the a-carbon chemical shifts are shifted downfield as expected
for helical domains (Spera & Bax, 1991). Thereare additional
helix-like tight turns at the ends of the first and second helices,
as indicated by medium HN~HN.,, weak H®~HN,,,, and
downfield-shifted C= resonances. Profilin contains three
proline residues. All X-Pro bonds are trans, based upon the
observation of strong X (H*)-Pro(H?) NOEs for P39 and P106
and medium X(H#)-Pro(H?%) and X(HN)-Pro(H?) NOE:s for
P54,

DISCUSSION

Examination of Figure 5 shows that a large percentage of
the profilin sequence is composed of regular secondary
structure elements (helix and sheet) and tight turns. Itseems
likely that, as a consequence of its well-defined structure,
profilin behaves as a compact globule in solution. Such
behavior would maximize 7, values and account for the
uniformly high-quality spectra that were obtained for profilin.
The spectra, in turn, made possible the rapid assignment of
the profilin signals.

It is noteworthy that residues found in helical regions show
alarge degree of homology when sequences of various members
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of the profilin family are compared using the alignment
reported by Pollard and Rimm (1991). Of particular interest
is the long C-terminal helix. Residues 95-125 have been
postulated to represent an ancient actin-binding site from
chemical cross-linking of K115 of profilin with E364 of actin
(Vandekerckhove et al., 1989) and C-terminal sequence
homology between profilin and other actin-binding proteins
(Ampe & Vandekerckhove, 1987; Andre et al., 1988). This
suggests that the well-defined C-terminal helix may be a
common structural element in several families of actin-binding
proteins.

The determination of the secondary structure of the profilin
molecule helps toclarify a long-standing uncertainty regarding
the alignment of profilin sequences from various species, as
discussed in Pollard and Rimm (1991). Given the five-
stranded antiparallel 8-sheet, the alignment of Takagi et al.
(1990) illustrated in Pollard and Rimm (1991) seems less
likely than alternative alignments. The Takagi alignment
gives a superior match of residues between vertebrate and
invertebrate profilins, but according to this model the
vertebrate profilin would have an additional four residues
inserted between residues 79 and 80 and five residues between
residues 85 and 86 relative to Acanthamoeba profilin—both
disrupting the §-sheet. This suggests that, if the Takagi
alignment is correct, the secondary structure of vertebrate
profilin differs from that of Acanthamoeba profilin. This
ambiguity will be resolved when other structures become
available.

Further elucidation of the profilin structure—function
relationship must await the determination of the three-
dimensional structure of the protein. Fortunately, because of
the extensive regular secondary structure of profilin and the
high-quality NOESY data obtained for the protein, the 3D
structure is rapidly emerging, and a low-resolution structure
should be available imminently.
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