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Abstract: One of the main mechanisms of membrane protein folding is by spontaneous insertion into the
lipid bilayer from the aqueous environment. The bacterial toxin, colicin la, is one such protein. To shed
light on the conformational changes involved in this dramatic transfer from the polar to the hydrophobic
milieu, we carried out 2D magic-angle spinning *3C NMR experiments on the water-soluble and membrane-
bound states of the channel-forming domain of colicin la. Proton-driven 3C spin diffusion spectra of
selectively 13C-labeled protein show unequivocal attenuation of cross-peaks after membrane binding. This
attenuation can be assigned to distance increases but not reduction of the diffusion coefficient. Analysis of
the statistics of the interhelical and intrahelical 13C—13C distances in the soluble protein structure indicates
that the observed cross-peak reduction is well correlated with a high percentage of short interhelical contacts
in the soluble protein. This suggests that colicin la channel domain becomes open and extended upon
membrane binding, thus lengthening interhelical distances. In comparison, cross-peaks with similar intensities
between the two states are dominated by intrahelical contacts in the soluble state. This suggests that the
membrane-bound structure of colicin la channel domain may be described as a “molten globule”, in which
the helical secondary structure is retained while the tertiary structure is unfolded. This study demonstrates
that $3C spin diffusion NMR is a valuable tool for obtaining qualitative long-range distance constraints on

membrane protein folding.

Introduction

The determination of the 3D structure of solid proteins by

NMR has made dramatic progress in the past few years due to

advances in the preparation of ordered and microcrystalline
proteinst multidimensional resonance assignment technigtfes,
and distanceand torsion angle® determination methods for
uniformly 13C, 15N-labeled protein&:1° Short-range distances
(<5 A) that restrain both backbone and local side chain

conformations can now be measured accurately. However, long-

range distances*5 A) are still difficult to determine, calling
for development of methods to measure dipolar couplings
between spins with high gyromagnetic ratié4?

T Current address: Department of Biochemistry, University of Texas
Southwestern Medical Center at Dallas, 5323 Harry Hines Boulevard,
Dallas, TX 75390-9038.
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In fortunate cases, information on very long distances may
be deduced unambiguously using semiquantitative approaches
such as spin diffusion. We show here that a classical¥D
correlation techniquelH-driven 13C spin diffusion (PDSD),
yields fresh new insight into the 3D fold of a large membrane
protein, the channel-forming domain of colicin la (25,082 Da).
A bacterial toxin, colicin la exerts its toxic effect by spontane-
ously inserting into the inner membrane of sensitive bacteria
cells from the aqueous environment and opening a voltage-gated
channel that depletes the membrane potential of thédebw
the protein changes its structure to adapt to both the polar and
hydrophobic milieu is a fascinating and fundamental biophysical
problem. The water-soluble structure of colicin la has been
determined by X-ray crystallograptyand shows the channel
domain to be a compact IB3helix globule. However, the high-
resolution structure of the membrane-bound (MB) state is still
unknown. Our earliet3C chemical shift analysis indicated that
the protein backbone largely preservesitselical conformation
upon membrane bindint.Various biophysical measurements
indicated that homologous colicins adopt an open conformation
upon membrane binding, with a hydrophobic helical hairpin well
embedded in the lipid bilayéf~23 A schematic of this large
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Figure 1. Protein refolding from a globular structure with hydrophobic
residues inside (a) to an open topology with the hydrophobic residues
exposed to the lipid molecules (b).

conformational change is shown in Figure 1. However, to date,
no direct distance measurements for the unfolding of colicin la
channel domain has been reported.

Here we report 233C PDSD data that support an extended
topology for the MB state of colicin la channel domain. We

precursor was either [1,6€] glucose or [UXC] glucose. For the
former, the labeled®C sites are Ala @, Leu Ca, Co1, C62, Ser B,

Cys @3, Val Cy1, Cy2, His @2, C, Phe @, Cy, Co1, Co2, Tyr G5,
Cd1, Co2, CZ, and Trp @B, C62, Cel, Ce2.25 This sample is called
1,6-colicin. The main®®N precursor was'®N-ammonium chloride,
supplemented witB°N-Glu and*>N-GIn to reduce dilution of théN
labeling level by the transamination reaction. The yield of the protein
was 20-30 mg/L.

The soluble colicin sample was prepared by packing dry, lipid-free,
colicin directly into a 4-mm magic-angle spinning (MAS) rotor, then
hydrating it to 35% water by mass. The MB protein sample was
prepared by mixing the protein solution with vesicle solutions of POPC
and POPG lipid mixtures (Avanti Polar Lipids, Alabaster, AL) to
achieve a proteinlipid molar ratio of 1:100. The molar ratio of neutral
POPC to anionic POPG lipids was 3:7. The lipid solution, in a citrate
buffer of pH 4.8 (0.3 M KCI, 10 mM citrate), was extruded across
polycarbonate filter membranes of 100-nm diamé&téw produce large
unilamellar vesicles before protein binding. The mixed proteoliposome
solution was ultracentrifuged at 150@@r 2 h using a Beckman
swinging-bucket rotor (SW60 Ti) to obtain a membrane pellet. The
supernatant contained less than 5% unbound protein, as measured by
a photometric assa&f. The membrane protein pellet was lyophilized,
packed into a 4-mm MAS rotor, and hydrated to 35% water by mass.

Solid-State NMR. 2D PDSD experiments were carried out on a
Bruker DSX-400 spectrometer (Karlsruhe, Germany) operating at a
resonance frequency of 100.71 MHz #8€. A double-resonance MAS
probe with a 4-mm spinning module was used. THeadio frequency

found that inter-residue cross-peaks are significantly attenuatedsield strengths for heteronuclear TPPM decoupfifigere 70 kHzH

in the MB protein compared to the soluble protein. Moreover,

and*3C 90 pulse lengths were typically 3.5 and 58, respectively.

the intensity reduction is more pronounced for inter-residue Cross polarization (CP) contact time was-8®5 ms. Spinning speeds
cross-peaks with a high fraction of interhelical contacts in the were 5 kHz for 1,6-colicin and 6 kHz for the partial uniformly labeled
soluble state. Given the similar secondary structure of the two colicin (pU-colicin) to avoid rotational resonance effeftShe spectra
states of the protein, this suggests that membrane bindingWere collected with 166320 scans pet; slice, a spectral window of
lengthens the interhelical distances while retaining the intrahe- 20 kHz for the indirect dimension, and a maximfrevolution time

lical distances.

Materials and Methods

Preparation of Soluble and Membrane-Bound Colicin la Channel
Domain. All 13C- and '*N-labeled compounds, includinNH,CI,
IN-Glu, ™N-GIn, [1,64%C] glucose, and [USC] glucose, were
purchased from Cambridge Isotope Laboratory (Andover, MA)e-His

tagged colicin la channel domain was expressed from pKSJ120-con-

taining Escherichia coliBL21 (DE3) cells in a modified M9 medium
containing appropriate isotopic labels and was purified by His-bind
metal chelation resin (Novagen) as described befeteTEASE proto-

col was used for isotopic labelirfd,where the labeled*C and!°N

of 6.8 ms. Thé*C mixing times ranged from 50 to 500 ms. For fhe
spin diffusion experiment, the second and thik3C CP contact
time was 20Qs. The'H spin diffusion mixing times ranged from 150
to 350us.

Results and Discussion

Figure 2a,b shows the 1B°C CP-MAS spectra of the
membrane-bound and soluble 1,6-colicin. The MB protein
(a) does not exhibit excessively high lipid peaks due to the
use of a short CP contact time, 20&. The most visible
lipid background signal is the 32 ppm (G peak, which is
resolved from the protein signals. Figure 2c shows the 2D

precursors are supplemented with 10 unlabeled amino acids from theINADEQUATE spectrum of the soluble pU-colicin. THEC

citric acid cycle (Glu, GIn, Arg, Pro, Asn, Asp, Lys, lle, Met, Thr). In
this way, only the amino acids from the glycolysis pathway and the
pentose phosphate pathway (Gly, Ser, Cys, His, Ala, Val, Leu, Trp,
Phe, Tyr) are labeled. This simplifies tHéC spectra and allows
straightforward peak assignment to the amino acid type. e
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peaks were readily assigned to amino acid types based on the
characteristic chemical shifts and the connectivity pattern in the
2D spectrum. The clean suppression of the citric acid cycle
amino acids was demonstrated by the weakness of the carbonyl
and several side chain signals. Quantitative analysis of 1D direct-
polarization spectrum (Supporting Information Figure S1)
indicates that thé3C' intensity is consistent with the predicted
labeling of only His residues in the protein. If the citric acid
cycle is not suppressed, a much high#&®' peak of twice the
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Figure 2. 13C assignment of colicin la channel domain. (a,b)#0 CP-MAS spectra of 1,6-colicin in the (a) membrane-bound and (b) soluble states. Lipid
peaks are indicated by asterisks. (c) 2D dipolar INADEQUATE spectrum of soluble pU-colicin.

Leu Ca signal would be expected. This was not observed. For
methyl-containing Thr, if scrambling occurred, itg Gite (~67
ppm) would be labeled at a level higher thap -20 ppm),

at natural abundance. Our previous-B dipolar coupling
measurements showed that MB colicin exhibits amplitude
segmental motions larger than those of the soluble state due to

and thus two correlation peaks would be expected in the 2D thermal motions of the lipid bilayer. The-€H order parameters

INADEQUATE spectrum. No such peaks were observed.
Similarly, for the only other methyl-containing amino acid of
the citric acid cycle, lle, the lack offd—Cy2 correlation peaks

in the 2D spectrum and the lack of a resolved €ignal (~10

were 0.88-0.93 for the backbone and 0.60.75 for the side
chain, which are smaller than the order parameters of-0.97
1.0 for the backbone and 0.8D.88 for the side chain in the
soluble staté2 For 13C chemical shift differences of-210 kHz

ppm) in the 1D spectrum rule out scrambling. Thus, the methyl (20—100 ppm), this enhanced although still moderate segmental
carbon signals of interest for the spin diffusion analysis below motion may actually increase the overlap integral and thus
result purely from three glycolysis amino acids: Leu, Val, and facilitate spin diffusion. Indeed, for intraresidue cross-peaks with
Ala. fixed 13C—13C distances, the cross-peak intensities are higher
Figure 3a,b compares the room-temperature 2D PDSD spectran the MB state than those in the soluble state (see below),
of 1,6-colicin between the soluble and the MB states after a indicating that the segmental motions of the MB protein increase
mixing time of 400 ms. It can be seen that many cross-peaks rather than decrease th& diffusion coefficient.
present in the soluble protein spectrum are missing in the To eliminate the possibilities of other motional factors such
membrane protein spectrum. For example, thedFHYd1/Vy1 as aromatic ring flips complicating the distance analysis, we
peak (129.5, 21.4 ppm) and the BE¥LJ1/Vyl peak (36.2, carried out the 20°C spin diffusion experiment for the MB
21.4 ppm) disappeared in the membrane protein spectrum. Thecolicin at 243 K, well below the gel-to-liquid crystalline phase
1D cross sections, taken from the average of the column andtransition temperature of the lipids (271 K). The 2k—H
row at the corresponding frequencies, are shown fobF29.5 LG-CP spectrum of the MB colicin la channel domain at 243
ppm), F/Y3 (36.2 ppm), and A& (16.0 ppm) (Figure 3¢f). They K shows dipolar couplings either the same or even slightly larger
indicate that the changes in the cross-peak intensities are ofterthan those of the soluble protein at room temperature (Support-
an unambiguous yes (for soluble colicin) and no (for MB ing Information Figure S2). Thus, direct distance comparison
colicin) situation. can be made between the membrane protein at 243 K and the
The reduction of cross-peak intensities can result from soluble protein at room temperature. The low-temperature PDSD
reduction of the spin diffusion coefficients and/or from distance spectrum of the MB colicin la channel domain is shown in
increases in the MB state. The main factors influencing the Figure 3c. The attenuation of inter-residue cross-peaks persisted
diffusion coefficient aréH decoupling and motion, since both  at low temperature. Thus, the cross-peak reduction can indeed
reduce the'H—H and *H—13C dipolar couplings, which in  be attributed to distance increases in the MB protein.
turn affect the overlap between the twéC single-quan- To quantitatively compare the cross-peak intensity buildup
tum signals. This overlap is described by the intedye) = between the two states of colicin la channel domain, we
J dofi(w)fi(w),*® wherefij(w) is the single-quantum spectrum  measured a series of 2D PDSD spectra with varying mixing
of each peak. A well-known example of motion-facilitaté@ times. The cross-peak intensities, which are the sum of the two
spin diffusion through an increase of the overlap integral is symmetric peaks g + Iga) in the 2D spectra, were normalized
adamantan#& a plastic crystal with large-amplitude motion that  py the total intensity of the four rows and columns that contain
permitted the observation of spin diffusion even am&i@sites  the cross-peaks. Two types of buildup behaviors are observed.
In the first, the MB protein exhibits no detectable or weak

(30) Meier, B. H.Adv. Magn. Opt. Resorl994 18, 1—115.
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Figure 3. 2D PDSD spectra of 1,6-colicin with a mixing time of 400 ms. (a) Soluble protein, with assignments indicated. (b,c) Membrane-bound (MB)
protein at 292 and 243 K. Dashed circles highlight cross-peak intensity differeneds Selected cross sections from the 2D spectra of the soluble protein

(top row), the room-temperature membrane protein (middle row), and the low-temperature membrane protein (bottom row). The cross sections are the
average of the corresponding column and row. (d)d#¥ice at 129.5 ppm. (e) F[¥slice at 36.2 ppm. (f) A& slice at 16.0 ppm. Note the significant drop

of the cross-peak intensities of the MB protein at both temperatures.

EL

g

signals for all mixing times up to 500 ms, while the soluble within a cutoff distance of 5.5 A in soluble colicin. For example,
protein shows much higher cross-peaks that increase with thel8 F—Ld2 distances within 5.5 A were found in the soluble
mixing time. This is the case, for example, for B*L62 and protein structure, 15 of which are interhelical while 3 are
AB—L02 (Figure 4b,d). The second type of cross-peaks exhibits intrahelical. The statistics are shown in Figures 4 and 5 as bar
similar or higher intensities for the MB colicin. This is the case graphs for each cross-peak. For unresolved peaks such as Phe
for the AB—Lo and F/Yo—F/YpB peaks (Figure 5). The and Tyr @&, and W1 and W1, all possible contacts are
intraresidue F/N6—F/YS cross-peak provides an important considered. A distance of 5.5 A was estimated to be the upper
control for assessing the diffusion coefficients of the two states limit detectable by!3C spin diffusion within 500 m&33

of the protein. This intraresidue FOY-F/YJ cross-peak (Figure  Increasing the cutoff distance to 7.0 A did not change the relative
5b) is 5-10 times higher than the interresidue cross-peaks in weight of the interhelical and intrahelical contacts. Side chain
Figure 4, consistent with the fact that the two-bond distance is side chain cross-peaks such as&ALon and A3—L 02 appear
fixed at 2.53 A, much shorter than any potential inter-residue to have more interhelical contacts than intrahelical ones, while
contacts. Because the distance is fixed, any difference in thebackbone-side chain cross-peaks such ag-A.o. are domi-
cross-peak buildup curves between the soluble and MB proteinnated by intrahelical contacts.

must result from difference in the diffusion coefficients. The Figures 4 and 5 show a clear correlation between the amount
MB colicin shows higher F/¥—F/YS intensities for most of cross-peak intensity reduction and the percentage of inter-
mixing times, confirming that the enhanced segmental motions helical distances: the larger the fraction of interhelical contacts
of the membrane protein increase the overlap betweet’¢he in the soluble protein, the larger the drop of the cross-peak
single-quantum line shapes. Thus, spin diffusion is actually more intensity in the MB state. Since we have previously shown that
efficient in the MB state than in the soluble state, and the the helicity of colicin la channel domain is not significantly
reduced cross-peaks of the MB colicin must result from distance changed by membrane bindifthis suggests that the intensity
increases. decrease results from an increase of the interhelical distances

To understand the exact nature of this distance increase, We(33) Castellani, F.; Rossum, B. J. v.; Diehl, A.; Rehbein, K.; Oschkinat, H.

consider the number of interhelical and intrahelical contacts Biochemistry2003 42, 11476-11483.
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‘m 0.031 © MB £ 12 P Figure 4. At room temperature, the MB protein exhibits similar or faster
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pd
0.01
0.0 *otal Intra- change is seen for the intraresidue &AF/YS cross-peak
o _zwt_ 400 helix (Figure 5b), which now has an intensity lower than that of the
mixing time (ms) soluble protein, in contrast to the room-temperature result. This
further confirms the hypothesis that reduced motion decreases
(d) o0s w 18 . yp T
AB-Ld2 i the overlap integral and slows down spin diffusion in the MB
! p g p
,.f_;" 0.04] - sol 12 colicin. Among the five inter-residue cross-peaks examined, four
g -~ MB 3 (FIY6—LO1Ny1, FIYS—LS2, AB—LS2, AB—La) are either
€ o002 26 unaffected or only slightly modified by the temperature
change, and the reduction of cross-peak intensity compared to
g
oo total  Intra- that of the soluble protein is retained. The only significant
0 200 400 helix deviation from the room-temperature data occurred for the

mixing time (ms) ; . A .

Figure 4. 3¢ soin diffusion build for int " ‘ FIYB—Lo1/Vyl cross-peak (Figure 4c), which increased in
gure 4. spin dirtusion pulldup curves Tor Inter-residue Cross-peaks . . . . . ..

(left column) and the corresponding numbers of intrahelical (open) and |nten§|ty but '_S still lower than the soluble protein data. This is
interhelical (filled) contacts within 5.5 A in the soluble colicin structure ~ consistent with the fact that Ff-Lo1/Vyl has the largest

(right column). The cross-peaks are (a) BALO1/Vy1, (b) F/Y6—L62, fraction of intrahelical contacts among the aromatic-methyl

(c) FIYB—LO1/Vy1, and (d) AS—LA2. Filled circles represent the soluble _ ; ; ;
colicin data at 292 K. Open circles and red open squares represent the MBcrOSS peaks (Figure 4a), and thus the MB protein retains the

colicin data at 292 and 243 K, respectively. largest number of distances within spin diffusion reach.
Overall, the PDSD data indicate that membrane binding
after membrane binding. Indeed, for th8-ALo peak (Figure increases the interhelical distances while retaining the intrahe-

5a), which results mostly (11 out of 15) from intrahelical lical ones. This implies an open and extended structure for the
contacts in the soluble protein structure, the buildup curves areMB colicin la channel domain, which is consistent with previous
similar between the two states, confirming that intrahelical solid-state NMR studies of the secondary structure, dynamics,
distances are largely unaffected by membrane binding. Com-and topology of colicin la channel domait?C isotropic and
bined, these suggest that membrane binding does not changenisotropic chemical shifts of the soluble and MB colicin la
the secondary structure or intrahelical distances of colicin la channel domain do not differ significantly, suggesting that the
channel domain, but significantly loosens the tertiary structure, helicity of the protein is similar between the two states.
lengthening the interhelical distances. However, the MB protein exhibits amplitude segmental motions
The A3—Ld2 cross-peak (Figure 4d) shows a smaller gap much larger than those of the soluble prot@mhich indicates
between the soluble and the MB states, despite the fact thatthat the protein adopts a looser tertiary structure upon mem-
only one out of eight contacts found within 5.5 A is intrahelical brane binding and is able to interact extensively with the
and should have weakened the signal of the MB protein more lipid molecules.’H spin diffusion from lipids and water to
substantially. This may result from relayed transfer of tife A protein indicated that a substantial portion of the protein is
magnetization first to bt and then to Bb2. Eleven out of 15 located at the surface of the bilayer while a small component is
ApB—La contacts are intrahelical (Figure 5a); thug-ALo2 deeply embedded in the membra&Aé? These data support an
diffusion is likely facilitated by this relayed mechanism.
Figures 4 and 5 also show the 400 ms PDSD cross-peak(34) Kumashiro, K. K.; Schmidt-Rohr, K.; Murphy, O. J.; Ouellette, K. L.;

. .. L. X Cramer, W. A.; Thompson, L. KJ. Am. Chem. Sod.998 120, 5043~
intensities of the MB colicin at 243 K. The most dramatic 5051.
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Figure 6. 2D PDSD spectra of pU-colicin in the (a) soluble and (b) MB states at 292 K. Mixing time: 300 &) ¢g cross sections from the 2D spectra
of the soluble (top row) and the MB protein (bottom row). (c) B/8lice at 129.5 ppm. (d) F/¥ slice at 36.2 ppm. (e) Aslice at 16.0 ppm.

“umbrella” model for the MB colicin la channel domaif3> Figure 7a shows the crystal structure of the soluble colicin
The present®C spin diffusion data show that the surface of la channel domain (PDB accession code: 1Cll) and all
this “umbrella” is extended and possibly away from the hy- FS—L41 distances within 5.5 A. A total of 15 distances are
drophobic “stem”, thus reducing the cross-peak intensities in found, a subset of those shown in Figure 4a. Figure 7b shows
the spectra. a model of the MB colicin la channel domain to illustrate the
The different spin diffusion behavior of the soluble and MB possible extension of the protein after membrane binding. The
colicin persists when partial unifor?C labeling was used  model was obtained by modifying the torsion angles of resi-
(Figure 6). However, the significant peak overlap makes dues in the loops and turns connecting consecutive helices.
assignment of inter-residue cross-peaks difficult, thus the This produced an extended helical affafor helices 1-7,
simplification offered by 1,6°C labeling is crucial for conclud-  while putting the hydrophobic helices 8 and 9 roughly perpen-

ing distance elongation in the MB protein. dicular to the rest of the protein. This perpendicular orienta-
It is interesting to compar®C spin diffusion with!H spin tion is not determined by the current PDSD experiment, but

diffusion, which is far more efficient due to the 16-fold stronger is derived from solid-state NMRH spin diffusiorf? and

dipolar couplingH spin diffusion can be detected throutf, orientation measuremefitsand from trapping of biotinylated

using the CHHC technique developed recently for uniformly residues by trans-side streptavidin in a planar bildy&rhe
13C-labeled protein®37 The H spin diffusion buildup curves ~ model does not represent the actual 3D structure of the MB
for a number of inter-residue cross-peaks in the soluble 1,6- protein, which requires many more distance constraints than
colicin are shown in Supporting Information Figure S3. The currently available; however, it illustrates the dramatic distance
cross-peak intensities are either comparable to or higher thanincrease possible without changing a large number of tor-
the corresponding PDSD cross-peaks; thus in prinéiglepin sion angles from the soluble protein structure. In this extended
diffusion can detect longer distances. However, the sensitivity helical array, 10 of the #&LdJ1 distances increased dramati-
of CHHC is much lower, as shown by the larger error bars. cally, to 15-50 A, while five intrahelical distances remained
This is because only 30% of all carbons in colicin la channel similar to before. Those residue pairs close to the protein
domain are labeled with the TEASE [118Z] glucose scheme.  backbone but belonging to a helix and its nearest loops are
Thus, at longH mixing times,~70% of the'H magnetization considered intrahelical to avoid skewing the statistics in favor
is transferred tdH sites bonded td2C. Due to this inherent  of the interhelical category. By keeping the intrahelical tor-
sensitivity limitation, the CHHC technique is not well suited sion angles the same as those in the soluble protein, we found

for selectively labeled proteins. that the ratio of the lengthened interhelical distances versus
(35) Parker, M. W.; Postma, J. P. M.; Pattus, F.; Tucker, A. D.; Tsernoglou, D. (37) Lange, A.; Seidel, K.; Verdier, L.; Luca, S.; Baldus, MAm. Chem. Soc.
J. Mol. Biol. 1992 224, 639-657. 2003 125 12640-12648.
(36) Lange, A.; Luca, S.; Baldus, M. Am. Chem. SoQ002 124, 9704 (38) Kienker, P. K.; Qiu, X.; Slatin, S. L.; Finkelstein, A.; Jakes, KJSMembr.
9705. Biol. 1997, 157, 27—-37.
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Figure 7. Schematic model of distance elongation and structural rearrangement of colicin la channel domain upon membrane binding. (&)-fEifiéen F
contacts within 5.5 A are found in the soluble structure (PDB code: 1Cll). (b) Model of the MB protein, looking down the plane of the bilayer. Only the
torsion angles of loop residues are modified. This increased most interhelical distances (in angstroms) to above 15 A.

unchanged intrahelical distances is relatively independent of tion, thus yielding multiple site-specific distance constraints from
the actual torsion angle changes used for the turn and loopa single experimert.
residues. In conclusion, the use of sparse side ch&id labeling and

Site-specific distance constraints for MB colicins have been ‘H-driven *3C spin diffusion unambiguously indicates the
previously obtained using fluorescence resonance energy transfelengthening of interhelical distances when colicin la channel
(FRET) from Trp donors to extrinsic fluorescent probes attached domain binds to the membrane. The strong attenuation of many
to Cys at specific residues. These experiments found clearinter-residue cross-peaks for the MB sample is well correlated
evidence of distance elongation upon membrane binding of with high percentages of short interhelical contacts in the soluble
colicins A and E116-18 Compared to the present 2D solid-state state, while cross-pfeaks Wi'Fh similar intensities between the two
NMR approach, which gives cross-peaks for only short distance states_ have mostly mtrahell_cal contacts. Thu_s, the MB structure
(<5.5 A) contacts, the FRET method probes much longer of collcm_la chanpel_d_omaln may be d_escrll_)ed as a “mol_ten
distances of 1535 A and can be site-specific. However, it has globule”,.ln which |nd|v!duallhell_ce§ .retam their structure \.Nhl|.e
the uncertainties of potential perturbation of the extrinsic probe € Packing of the helices is significantly loosened. Spin dif-
to the protein structure, significant mobility of the probe, and fusion NMR is an .excellen.t way of 'de“"fy'”g Q'Oba' strugtural
changes of the energy transfer efficiency by the membrane. EPRCNanges of proteins and is capable of providing long-distance
spectroscopy has also been used to probe conformationalconstraints in a qualitative but unambiguous fashion.

changes of colicin E1 channel domain. By monitoring the  Acknowledgment. This work is supported by an NSF

mobility changes in the EPR spectra of site-directed nitroxide CAREER Grant (MCB-0093398) and a Sloan Fellowship to
spin labels as a function of time, we inferred the insertion depths M.H.

of the labeled residues and the time course of protein binding
to the membrané&? Again, however, a bulky probe is necessary
for this technique. Compared to these two methods, spin
diffusion NMR requires no extrinsic probe and thus is less
perturbing to the protein. It also allows direct internal calibration
of cross-peak intensities for membrane-induced mobility changes.
Moreover, by better sample preparation protocols and tailored
labeling schemes, it is possible to enhance the spectral resolu-JA0433121

Supporting Information Available: 13C direct polarization
spectrum of 1,6-colicin, 2D LG-CP spectra of soluble and
membrane-bound colicin la channel domain, aitl spin
diffusion buildup curves for several inter-residue peaks from
the 2D CHHC spectra of soluble 1,6-colicin. This material is
available free of charge via the Internet at http://pubs.acs.org.
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