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Structure of a methionine-rich segment of Escherichia coli Ffh protein
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Abstract The methionine-rich segments of the Ffh protein of
Escherichia coli and its eukaryotic counterpart SRP54 are
thought to bind signal sequences of secretory proteins. The
structure of a chemically synthesized 25-residue-long peptide
corresponding to one of the proposed methionine-rich amphiphilic
helices of Ffh was determined in water and in aqueous
trifluroethanol (TFE) solution using CD and NMR. An
appreciable o-helix conformation exists even in water and this
peptide assumes a stable o-helix along most of its length in
aqueous TFE solution. It is clear that this segment of Ffh protein
has a very strong propensity to form a-helical structure.
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1. Introduction

It was recently proposed that a targeting system very simi-
lar to the eukaryotic SRP/SRP receptor is also involved in
some protein translocation in Escherichia coli [1-4]. This con-
cept originated mainly from data base searches which revealed
that mammalian SRP54 and SRP receptor have the corre-
sponding counterparts in E. coli, Ffh and FtsY, respectively
[1,2]. SRP54 and Ffh are the units which bind directly with
the signal sequences [5,6]. From the sequence analysis, Bern-
stein et al. [2] proposed that SRP54 and Ffh have GTP bind-
ing domains (G-domains) and methionine-rich domains (M-
domains). The secondary structure prediction of the M-do-
main suggested that there are two possible helices in Ffh
and three in SRP54 which are rich in Met [2]. These putative
helices, with hydrophobic residues including Met, clustered on
one face, are thought to form a groove in each M-domain.
Signal sequences may bind with this Met-rich groove through
hydrophobic interactions and their widely differing primary
sequences may be accommodated by the flexible Met side
chains [2,7,8].

Since the signal peptides have a propensity to form o-heli-
cal structures [9-12], it is important to determine whether they
interact with Met-rich segments of the Ffh protein in the form
of a-helices. As an initial study along this approach, we have
investigated here the structure of a synthesized 25 amino acid
peptide, Ffh(410-434), shown below which corresponds to
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one of the proposed Met-rich amphiphilic helix (410434 re-
gion) of Ffh.

It is likely that this segment and the other Met-rich seg-
ments have similar structural characteristics. The structural
study was carried out in water and in aqueous TFE solutions
using CD and NMR.

2. Materials and methods

The Ffh(410-434) peptide was synthesized by the solid-phase meth-
od on a MilliGen 9050 automated peptide synthesizer. The peptide
was purified by reverse phase HPLC using a Phenomenex w-porex C8
column (150 mm X 10 mm, 10 um). Elution was performed with a
linear water-acetonitrile gradient containing 0.1% trifluoroacetic
acid. The N-terminal sequence and molecular weight of the purified
peptide were determined using an ABI protein sequencer and fast
atom bombardment mass spectroscopy (JEOL JMS-HX110/110A),
respectively.

CD spectra were obtained on a Jasco J-720 spectropolarimeter with
a Neslab RTE-210 temperature controller using a 1 mm pathlength
cell. The peptide concentration, as determined by quantitative amino
acid analysis, was 32.3+ 2.5 uM. The TFE solutions were prepared by
dissolving varying amounts of TFE in phosphate buffer. All CD spec-
tra obtained were the average of five scans and were base-line cor-
rected.

NMR spectra were obtained on a Bruker AMX 500 spectrometer
or on a Bruker DMX 600 spectrometer at 25°C. The peptide concen-
tration used was approx. 2.5 mM in water (90% H,0, 10% D,0) and
1.5 mM in a mixed solvent of 50% TFE-d; (Cambridge Isotope Lab-
oratories) and 50% unbuffered water (by volume). The TOCSY [13]
and NOESY [14] spectra were acquired with 512 (¢;) X 2048 (¢;) data
points and the DQF-COSY [15] spectra were acquired with 512
(t1) X 4096 (£5) data points. All 2D data sets were collected in the
phase-sensitive mode, using the time-proportional phase incrementa-
tion (TPPI) method [16], and processed with FELIX2.30 (Biosym,
Inc) on an INDY work station (Silicon Graphics, Inc.). In the
TOCSY experiments, an MLEV-17 composite pulse [17] was used
for spin locking with a mixing time of 75 ms. NOESY spectra were
collected with a mixing time of 100, 150, 200 and 240 ms. The water
resonance was suppressed by irradiation of water frequency during
the relaxation delay (1.3 s) as well as during the mixing time in the
NOESY experiments. The hydrogen-deuterium (H/D) exchange rates
of backbone amide protons were measured by 1D and 2D NMR after
the dissolution of lyophilized sample into TFE-d3/D;O (1:1, v/v) at
pH 3. Sequential assignments were achieved by standard procedures
[18] using TOCSY, DQF-COSY and NOESY spectra.

3. Results and discussion

Fig. 1 shows CD spectra of Ffh(410-434) peptide in water
at pH 7 and at several temperatures. The spectrum at 1°C
shows a minimum at 206 nm with a shoulder around 222
nm suggesting the presence of an a-helical structure. The o-
helix content decreased with increasing temperature and the
isodichroic point observed at 201-202 nm is consistent with
helix-random coil interconversion. The spectra obtained with
the peptide concentration ranging from 12 to 205 uM in water
were the same within the experimental errors, which indicate
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no oligomer formation (data not shown). The CD spectra
collected at different TFE concentrations showed an isodi-
chroic point near 203 nm which, again, indicates a transition
between random coil and o-helical conformations (data not
shown). The [0]y2 increased with increasing TFE concentra-
tions, approaching saturation at 30% TFE (by volume).

The estimated o-helix contents from curve fitting [19] the
spectra of the Ffh(410-434) peptide in water were 30+4 and
25+ 1% at 1 and 25°C, respectively. Even at higher tempera-
tures of 50 and 75°C (pH 7), the o-helix content obtained was
appreciable at approx. 10% in each case after proper high
temperature corrections [20,21]. In TFE/water (1:1, v/v) at
25°C, the estimated o-helix content was 75+ 10% at pH 7.

The NOESY spectrum in water (Fig. 2) shows that
Ffh(410-434) has o-helical conformation in water. Consecu-
tive NH())/NH(i+1) crosspeaks were observed from Asn-5 to
Lys-23 as shown in Fig. 2B, the exception being Lys-19/Lys-
20 and Met-21/Lys-22 (Table 1). There were a large number of
medium-range interactions as shown in Fig. 2A. CoH()/
CBH(#+3) and consecutive CBH(})/NH(i+1) crosspeaks were
also observed (data not shown). CoaHQG)YNH(i+3), CaH(i)/
CBH(+3) and consecutive NHQG)YNH(@+1) and CBHG)/
NH(i+1) crosspeaks are consistent with the presence of an
o-helix. A schematic diagram summarizing the various con-
nectivities observed in the NOESY spectrum and the *Jyyq
coupling constants is shown in Fig. 4A. Although it is difficult
to locate exact N-terminal and C-terminal ends of the helix
due to fraying effects [22], the NOE pattern may be inter-
preted as at least the region between Asn-5 and Met-21 form-
ing o-helical conformation. The chemical shift index [23]
shown in Fig. 5 also supports such o-helix stretch.

The NMR experiments in TFE/water (1:1, v/v), which in-
clude H/D exchange experiments, were performed at pH 3
because the amide exchange rate with H,O is very high at
pH 7. It was observed that the CD spectra obtained at pH
7 and 3 are identical within the estimated error. The NOESY
spectrum shows a network of medium-range NOEs (Fig. 3A)
and consecutive NH()/NH(i+1) crosspeaks (Fig. 3B). The
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Fig. 1. CD spectra of Ffh(410-434) peptide in 25 mM potassium
phosphate buffer (pH 7). (——) 1°C, (— — —) 25°C, (- - -) 50°C,
- ), 75°C.
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Fig. 2. NOESY spectrum of Ffh(410-434) peptide in water, pH 7 at
25°C. The mixing time used for this spectrum was 200 ms. (A) Fin-
gerprint region. The CaH@E/NH(), CoH(G/NH(G+1), CoH@)/
NH(i+2), CoaH(@)/NH(i+3) and CoH(i)/NH(i+4) crosspeaks are
labeled with the sequence numbers of interacting amino acids.
(B) NH-NH region. The crosspeaks between two NHs are marked
by their sequence numbers. The symbol (%) represents the possible
overlapped peaks. Because the chemical shift of the NH proton of
Arg-6 is very close to that of Gln-10 and those of Leu-7 and Lys-9
are identical, it is expected that the crosspeak 6/7 overlaps with
crosspeak 9/10 while 7/8 crosspeak is superimposed with the 8/9
crosspeak.

CoH(i)/NH(i+4) crosspeaks, which were detected only in the
stable a-helix, were observed from Asn-5 to Asp-12 and also
between Met-21 and Gly-25. All this information suggests
that an o-helix spans from Val-4 to the C-terminal end in
aqueous TFE solution. Schematic diagrams summarizing
these NOE data, the 3Jyp, coupling constants and H/D ex-
change rate are shown in Fig. 4B. The chemical shift index
(Fig. 5) and H/D exchange experiments also suggest the ex-
istence of stable a-helix.

A large number of short peptides of 5-30 residues were
investigated in buffer solutions, TFE solutions and phospho-
lipid vesicle suspensions. For most of these peptides, no ap-
preciable structure was observed in buffer solutions but they
form predominantly a-helical structures in TFE solutions [24—
26] and in the suspensions containing amphiphilic surfaces
[9,10}. In this regard, the Ffh(410-434) peptide is somewhat
atypical in forming an appreciable o-helix in the water.
Although CD data give 25% of o-helix content in water,
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Table 1
Chemical shift values of Ffh(410-434) protons in water and in aqueous TFE solution
Residue NH oH BH YH Others
Val-1 3.87 (3.81) 2.24 (2.20) 1.03 (1.02)
GIn-2 8.74 (8.60) 4.46 (4.42) 2.01, 2.08 2.37 (2.37)
(2.11, 2.00)
Asp-3 8.52 (8.53) (4.42) 2.71, 2.83
(3.00, 2.87)
Val-4 8.27 (8.08) 3.96 (3.87) 2.13 (2.09) 0.95 (0.94, 0.99)
Asn-5 8.35 (8.05) 4.59 (4.44) 2.84 (2.81) YNH; 7.71, 6.91 (7.43, 6.63)
Arg-6 8.07 (7.74) 4.15 (4.02) 1.86 (1.89) 1.62, 1.69 6CH; 3.23 (3.21)
(1.72, 1.66) eNH 7.28 (7.20)
Leu-7 7.92 (7.61) 4.21 (4.11) 1.70 (1.73, 1.67) 1.59 (1.58) 6CH; 0.85 (0.85)
Leu-8 8.01 (8.04) 4.21 (4.14) 1.72 (1.79) 1.63 (1.67) S8CHj3 0.85 (0.91)
Lys-9 7.92 (7.84) 4.21 (4.05) 1.88 (1.94) 1.44 (1.45) SCH2 1.67 (1.71)
€CH2 3.01 (3.02) {NH 7.52
Gln-10 8.08 (7.94) 4.21 (4.11) 2.10 (2.27, 2.21) 2.31, 2.39 ONH; 7.31, 6.78 (6.53, 6.94)
(2.47, 2.41)
Phe-11 8.34 (8.61) 4.44 (4.39) 3.14, 3.24 (3.26) ring H 7.25, 7.26, 7.28
(7.25, 7.20)
Asp-12 8.46 (8.84) 4.48 (4.37) 291, 2.82
(3.12, 2.93)
Asp-13 8.37 (8.53) 4.49 (4.42) 2.87, 2.78
(3.20, 2.87)
Met-14 8.20 (8.43) 4.24 (4.16) 2.15(2.24) 2.53, 2.66
(2.54, 2.72)
Gln-15 8.28 (8.25) 4.03 (3.93) 2.06 (2.11, 2.07) 2.19, 2.31 (2.24) 8NH; 7.15, 6.81 (6.26, 6.41)
Arg-16 7.97 (7.99) 4.10 (3.96) 1.91 (1.91, 1.97) 1.77 (1.62) 6CH, 3.24 (3.20)
eNH 7.31 (7.12)
Met-17 7.97 (8.08) 4.28 (4.19) 2.16 (2.21) 2.58, 2.67
(2.65, 2.57)
Met-18 8.17 (8.41) 4.29 (4.17) 2.09 (2.20) 2.54, 2.63
(2.72, 2.54)
Lys-19 7.93 (7.92) 4.15 (4.00) 1.86 (1.93) 1.44, 1.53 (1.43) SCH2 1.70 (1.65)
e¢CH2 3.01 (2.95) {NH 7.52
Lys-20 7.87 (7.86) 4.23 (4.06) 1.85, 1.90 (1.97) 1.45, 1.52 (1.44) SCH2 1.70 (1.55),
e¢CH2 2.97 (3.01) {NH 7.52
Met-21 8.04 (8.15) 4.39 (4.26) 2.09 (2.15, 2.18) 2.58, 2.67
(2.58, 2.71)
Lys-22 8.08 (8.00) 4.29 (4.29) 1.82, 1.87 1.44, 1.47 SCH2 1.69 (1.69)
(1.92, 1.87) (1.51, 1.48) eCH2 3.02 (2.99) {NH 7.52
Lys-23 8.23 (8.00) 4.32 (4.19) 1.88, 1.81 (1.91) 1.45 (1.54, 1.46) 8CH2 1.70 (1.69)
e€CH2 3.02 (2.99) {NH 7.52
Gly-24 8.40 (8.15) 4.00 (3.97)
Gly-25 (8.10) (3.92)

The values in parentheses are chemical shifts in water/TFE solution (1:1, v/v). The NMR experiments were performed at 25°C, pH 7 in water and
at 25°C, pH 3 in aqueous TFE solution. The chemical shift values are referenced to sodium 3-(trimethylsilyl)propionic acid (0 ppm) in water and
are to trifluroethanol methylene resonance (3.88 ppm) in aqueous TFE solution. The estimated errors are within *0.02 ppm.

NMR experiments suggested the o-helix stretching from Asn-
5 to Met-21. This inconsistency may be due to dynamic equi-
librium between o-helical structures and random coils.

As of now, we do not have a ready answer for this unusual
propensity of secondary structure formation. It is tempting to
speculate that charge-charge interactions between Asp-3 and
Arg-6 and those of Lys-9 and Arg-16 with either Asp-12, Asp-
13 or both may be important. The hydrophobic interactions
of the side chains aligned on one surface of the amphiphilic
helix may also contribute to the stability of the a-helix.

Although the high propensity of this peptide to form a
stable o-helix is in agreement with the proposed targeting
[2], it still does not provide any mechanism. Recently, the
structures of a number of isolated signal peptides and their
mutants in TFE solution were determined and these were
compared with their function [9-12]. The general consensus
from these studies is that the signal peptides must form a
certain minimum length of stable a-helix for efficient translo-
cation of the corresponding precursor proteins. How the o-

helix of the Ffh protein segments and the o-helix of the signal
peptides may become structurally compatible during targeting
remains an important question.
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Fig. 3. NOESY spectrum of Ffh(410-434) in TFE/water (1:1, v/v),
pH 3 at 25°C. The mixing time used for this spectrum was 200 ms.

(A) Fingerprint region. (B) NH-NH region. Notation of crosspeaks
as in Fig. 2.
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in water (A) and in TFE/water (1:1, v/v) solution (B). The thickness
of the boxes represents the relative intensity of NOEs. The question
marks in the sequential NOEs and the dashed lines in the medium
NOEs indicate the possible crosspeaks overlapped by the other
crosspeaks. The backbone amide protons, which exchange slowly
with solvent, are indicated by circles. In (A), x and # represent the
crosspeaks which may be overlapped with the other crosspeaks de-
signated by the same notation. Notation x represents a crosspeak
which can be assigned to 6/7, 9/10 or both and in the same way, #
represents a crosspeak which can be assigned to 7/8, 8/9 or both.

[7] Litcke, H., High, S., Romisch, K., Ashford, A.J. and Dobber-
stein, B. (1992) EMBO J. 11, 1543-1551.

[8] Zopf, D., Berstein, H.D. and Walter, P. (1993) J. Cell. Biol. 120,
1113-1121.

[9] McKnight, C.J., Briggs, M.S. and Gierasch, L.M. (1989) J. Biol.
Chem. 264, 17293-17297.

[10] Rizo, J., Blanco, F.J., Kobe, B., Bruch, M.D. and Gierasch,
L.M. (1993) Biochemistry 32, 4881-4894.

[t1] Yi, G.-S., Choi, B.-S. and Kim, H. (1994) Biophys. J. 66, 1604—
1611.

[12] Chi, S.-W., Yi., G.-S., Suh, J.-Y., Choi, B.-S. and Kim, H. (1995)
Biophys. J. 69, 2703-2709.

[13] Davis, D.G. and Bax, A. (1985) J. Am. Chem. Soc. 107, 2820
2821.

[14] Macura, S., Huang, Y., Suter, D. and Ernst, R.R. (1981) J. Magn.
Reson 43, 259-281.

[15] Rance, M., Sorensen, O.W., Bodenhausen, G., Wagner, G.,
Ernst, R.R. and Withrich, K. (1983) Biochem. Biophys. Res.
Commun. 117, 479-485.

{16] Marion, D. and Wiithrich, K. (1983) Biochem. Biophys. Res.
Commun. 113, 967-974.

[17] Bax, A. and Davis, D.G. (1985) J. Magn. Reson. 65, 355-360.

[18] Wiithrich, K. (1986) NMR of Proteins and Nucleic Acids, Wiley,
New York.



164 D.-B. Oh et al.IFEBS Letters 395 (1996) 160-164

[19] Yang, J.T., Wu, C.-8.C. and Martinez, H.M. (1986) Methods [23] Wishart, D.S., Sykes, B.D. and Richards, F.M. (1992) Biochem-
Enzymol. 130, 208-269. istry 31, 1647-1651.

[20] Scholtz, J.T., Qian, H., York, E.J., Stewart, J.M. and Baldwin, [24] Dyson, H.J., Rance, M., Houghten, R.A., Wright, P.E. and Ler-
R.L. (1991) Biopolymers 31, 1463-1470. ner, R.A. (1988) J. Mol. Biol. 201, 201-217.

[21] Mufioz, V. and Serrano, L. (1995) J. Mol. Biol. 245, 297-308. [25] Sonnichsen, F.D., Van Eyk, J.E., Hodges, R.S. and Sykes, B.D.

[22] Chakrabartty, A. and Baldwin, R.L. (1995) Adv. Protein Chem. (1992) Biochemistry 31, 8790-8798.
46, 141-176. [26] Lehrman, S.R., Tuls, J.L. and Lund, M. (1990) Biochemistry 29,

5590-5596.



