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I. Introduction

In this chapter we review our current progress in the study of membrane structure
using NMR methods. We focus on the determination of the static and dynamic
structure of a membrane protein, bacteriorhodopsin (bR) from the purple mem-
brane of Halobacterium halobium, by means of 2H-, '*C-, “N- and "F-NMR
spectroscopy.

Many physical techniques have been used to characterize the static and dyna-
mic structures of proteins, and in recent years proton NMR has become one of
the most powerful methods for determination of the structures of proteins in
solution (Wagner and Wiithrich, 1982). Unfortunately, however, such "H-NMR
techniques have only limited applicability to the study of proteins (and lipids) in
membranes, because the orientational order in the anisotropic environment of
the biomembrane is nonzero. This results in broad, featureless lines, because of
the extensive network of dipolar-couplings between protons. Although such inter-
actions can be partially removed by special pulse techniques, the residual line-
widths are still too broad to permit high-resolution 'H-NMR of solids as complex
as membranes. We thus have to resort to other approaches, and here we discuss
the utility of 2H-, 13C-, ¥™N- and "F-NMR methods.

Abbreviations: bR, bacteriorhodopsin; CSA, chemical shift anisotropy; CP-MASS, cross-polarization
magic angle sample spinning; SDS, sodium dodecylsulfate; TMS, tetramethylsilane.
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The immediate advantage of each of these techniques is that isotopic enrich-
ment has to be used, for reasons of sensitivity, which means inter alia that partial
spectral assignments are immediately available. The 2H-NMR method was first
introduced into the membrane arena over a decade ago (Oldfield et al., 1971;
Oldfield and Chapman, 1972) for investigating lipid structure, and in the interven-
ing years much useful information on lipid static and dynamic structure has been
obtained by numerous workers (see Seelig, 1977; Smith and Oldfield, 1984, for
reviews). More recently, we have used the ZH-NMR method to begin to probe
protein structure in biomembranes (Kinsey et al., 1981}, and as discussed in this
publication, we are now supplementing the 2H-NMR method with *C-, N- and
F-NMR, to gain further insights into the details of membrane organization.

. The purple membrane,of H. halobium, although atypical of most biclogical
membranes, has several features that are desirable for any physicochemical stu-
dies of amino acid dynamics in a membrane protein. First, the purple membrane
contains only one type of protein, bacteriorhodopsin, whose structure (Hender-
son and Unwin, 1975) and amino acid sequence {(Ovchinnikov ¢t al., 1978; Khora-
na et al., $979) have been characterized. Second, it is the first membrane protein
in which the positions of the structural elements, such as a-helices and loops, have
been reasonably well established with respect to the amino acid sequence (Ov-
chinnikov et al., 1979; Engelman and Zaccai, 1980; Ovchinnikov, 1982; Engel-
man ¢t al., 1982; Agard and Stroud, 1982) and with respect to the surrounding
agueous evironment. Third, H. halobium biosynthetically incorporates many spe-
cifically labeled amino acids into bR with minimal breakdown or scrambling (Ke-
niry et al., 1984a,b). Fourth, bR is a relatively low molecular weight
(~26 000) protein, which means that it is possible to resolve, in suitable instances,
individual atomic sites by NMR. And finally, it can be obtained in > 100 mg quan-
tities, even by physical chemists.

The results of our studies to date, as discussed in detail in the following sec-
tions, indicate that there are two types of amino acid residues in bR. The first type
are characterized as rigid, giving a solid-like powder pattern in 2H-, *C- and N-
NMR experiments, while the second category are mobile, and give rise to high-re-
solution, liquid-like spectra. These results have been used to test the var-
jous folding patterns suggested for bR, and it appears that: (1) a membrane sur-
face in bR (1 residue) may be defined by NMR; (2) all amino acid residues in-
side the surface are essentially crystalline; (3) all amino acid residues outside the
surface are highly mobile on the NMR time scale (~10° 5); (4) NMR data may
be used to help evaluate the various structural models; (5) aggregation causes a ri-
gidification of the surface; (6) dehydration causes a rigidification of the bilayer in-
terior.

The picture of surface dynamics obtained from our studies on intact bR is sup-
ported by NMR studies of bR that has been either cleaved by trypsin, or cross-
linked by carbodiimides.
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IL - 2H-, ¥C., ¥N- and “F-NMR studies of bacteriorhodopsin

We have obtained 2H-NMR spectra of 12 different amino acid-labeled bR sam-
ples, and representative examples are shown in Fig. 1 (Keniry et al., 1984b). Each
spectrum is composed of two different types of resonance: a broad powder pat-
tern, and a sharp central component. The broad powder pattern arises from
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Fig. 1. Deuterium NMR spectra of specifically labeled bRs, at §5.3 MHz (corresponding 10 a magnet-
ic field strength of 8.45 Tesla) and 4°C.
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amino acids which are rigid on the timescale of the 2H-NMR experiment, and the
spectral lineshapes and breadths are essentially indistinguishable from those ob-
served with crystalline amino acids (Keniry et al., 1984a). The central component
is not seen in 2H-NMR spectra of the free amino acids, and must arise from deute-
rons in molecules undergoing fast reorientation on the 2H-NMR timescale (5 <
107 5). There are four likely origins of the central components. First, they could
arise from residual HO?H (the natural abundance of 2H is 0.016%). Second, they
could arise from isotropically tumbling membrane fragments. Third, they could
originate from highly mobile surface residues. Fourth, they could be artifacts in-
duced by the quadrupole-echo pulse sequence.

In order to rule out residual HO*H as the source of the central component, its
jntensity (obtained via computer simulation) was measured as a function of the
extent of HO’H exchange, using deuterium-depleted water. Samples were ini-
tially exchanged in deufcﬁum-depletcd water, then centrifuged for 14 h at
130 000 x g, followed by resuspension (in deuterium-depleted water), After the
first exchange, the absolute intensity of the central component (for any given
labeled bR sample) did not decrease further with additional exchanges. In addition,
samples which were depleted of HO?H by lyophilization from *H-depleted water,
followed by resuspension, behaved in a similar manner. Finally, as an additional
check, the H-NMR spectrum of an unlabeled bR sample in H-depleted water
showed only a very small signal, while in natural 2H-abundance H,O, the central
component was quite intense. These results rule out asignificant contribution to the
central, isotropic component from natural abundance *H in H,0.

The central component could also, at least in principle, arise from membrane
fragments undergoing fast, isotropic tumbling (as in the case of sonicated lipid
vesicles). If this were the case, the percent central component should be the same
for each labeled sample. In sharp contrast to this, the results of Fig. 1 indicate that
the percent isotropic component varies widely from amino acid to amino acid. For
example, for [*Hg]tryptophan, Fig. 11, the intensity of the central component is
very small, while for [8-*H,)serine, Fig. 1D, it is very large.

To interpret these results we postulate the idea that surface residues in native
bR are mobile. To test the idea, we have examined a series of plausible surfaces
based on the work of Engelman,; Ovchinnikov, Khorana, Stroud and their as-
sociates. Residues above the surface, ‘surface residues’, are assumed to be in an
essentially non-structured region, are capable of fast, large angle reorientation,
and give rise to the narrow, central component. Residues in the interior of the
purple membrane are assumed to'be relatively rigid, and give rise to the broad,
guadrupolar powder patterns seen in Fig. 1.

Fig. 2. Proposed model of secondary structure of bacteriorhodopsin (Engeiman et al., 1982). show-
ing various definitions of the membrane surface(s).
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We show in Fig. 2 one typical folding pattern (Engelman et al., 1982) with ar-
bitrary surface lines designated as A-A’, B-B’, and C-C’. When we analyze the
results of Fig. 1 in terms of the model shown in Fig. 2, we find that there is a high
correlation between the percent of mobile residues as measured by NMR (Fig.
3A), and the percentage of surface residues from the model, at least when we de-
fine the surface as the line B-B'. For example, the H-NMR spectrum of
[*H,]tryptophan-labeled bR displays the full rigid powder pattern breadth, since
all eight tryptophan residues reside within the matrix, and only a very small
amount of central component signal intensity (equivalent to about 0.3 Trp) is pre-
sent. In sharp contrast, the spectrum of [8-*H,]serine-tabeled bR contains a super-
position of a large isotropic component (arising from the 46% of the res-
idues in the surface region), and a slightly more intense rigid component (due to
the 54% of residues in the matrix), as shown in Figs. 1 and 3. Note, however, that
the good correlation is almost eliminated by going either +2 residues (A-A' line
or ~2 residues {C-C' line), as shown in Fig. 3B. As discussed elsewhere (Keniry
et al., 1984b), we obtain best agreement between the NMR results and Engel-
man’s latest model, but our errors on quantitating the central component pre-
clude any definitive statements as to which mode! is most realistic at this time. Tt
should be noted that the results in Fig. 1 were reproduced for Phe, Val, Trp and
Thr, on at least two sample preparations. Also, the sharp components all disap-
peared below ~—25°C, and on sample lyophilization, and are thus unlikely to be
due to instrumental or other artifacts. The 2H-NMR results are also quite consis-
tent with our '*C, *N and "F results, as discussed below. Using a different sample
preparation technique, R.G. Griffin at the Massachusetts Institute of Technology
has not observed the sharp 2H (or °C) resonance that we have (private communi-
cation). We have no explanation for these differences, at this time. However,
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Fig. 3. Correlation between percent isotropic component in the "H-NMR spectrutnt and percent sur-
face residues (A) in mode| of Fig. 2 using the line B-B' as the surface. (B) With surface definition lines
A-A’ ( + 2 residues, ) and C-C* { = 2 residues, x).
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Haran and Lapidot (private communication to H.S.G.) have obtained sharp "N
resonances from their preparation, and have reached identical conclusions as to
surface mobility that we have, and similar results have been obtained by B.A.
Wallace (private communication) using 'H-NMR at high-field.

These results are all encouraging, since they imply that NMR has the potential
to differentiate between different folding patterns for a ‘solid’ membrane protein.
They are also surprising since they imply that ‘isotropic’ spectra may be obtained
from at least some of the connecting loops, which we suggest have mobile struc-
tures. Further support for these ideas comes from recent work by Opella and co-
workers (Frey et al., 1983), who have carried out somewhat similar investigations
on the fd-phage coat protein dissolved in DMPC bilayers. They find a pronounced
gradient of motion along the polypeptide chain, with residues close to the bilayer
surface giving rise to narrow, ‘isotropic’ H.NMR signals. What is even more sur-
prising, they have suggestéd.that mobile sidechain 2H-NMR spectra may be ob-
served (near the membrane surface), even when the NMR spectra of peptide-
backbone (°C, *N) labeled species indicate a lack of any substantial motion, The
suggestion is that large amplitude motions about C*-C? and C*-C¥ of, for example,
phenylalanine residues, may be permitted near the membrane surface, giving rise
to broad backbone label (C°,C°) spectra, but to narrow spectra from sidechain-
labeled species. Clearly, such observations may complicate quantitative determi-
nations of folding patterns, although in the case of bR, we have obtained quan-
titative results consistent with Fig. 3A using [a-?H,]valine, a backbone-label-
ed species. Nevertheless, these results do suggest the need for further studies of
bR folding patterns, and dynamics, using additional NMR methods, which probe
both mainchain and sidechain dynamics. In addition, it will be most desirable to
resoive and assign individual sites in this membrane protein.

We now discuss our progress in obtaining true ‘high-resolution’ NMR spectra of
bR. First, we show in Fig. 4A~C solution state "*C-NMR spectra (at 125.7 MHz)
of leucine, bR and {*C’]Leu-bR, and in Fig. 4D-F we show the corresponding
spectra taken under solid-state cross-polarization ‘magic-angle’ sample-spinning
(CP-MASS) condition. Spectra of [*C°|Leu-bR show either an intense singlet
(from surface residues, Fig. 4C), or a series of spinning-sidebands (from the ma-
trix residues, Fig. 4F), while the natural-abundance spectra show broader and
weaker signals in about the same region, which arise from C° of alf of the amino
acids present in bR.

Under solid-state conditions, we selectively enhance the solid-like matrix
amino acids, which are expected to have a chemical shift anisotropy (CSA) of
~200 ppm. It is of interest that it is possible to spin bR, a gelatinous material {up
to ~2.5 kHz), without resorting to lyophilization. This permits observation of bR
in its native state. Analysis of the spinning-sideband intensities as a function of
spinning speed yields, from a Herzfeld-Berger calculation (Herzfeld and Berger,
1980), the principal components of the chemical shift tensor: g,, = 245 + 7 ppm,
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Fig. 4. Carbon-13 NMR spectra of [*C"Jleucine, bacteriorhodopsin, and [C%|Leu-bR, under solu-
tion and solid-state conditions. A, Solution spectrum of [*C*Jleucine. B. Spectrum of unlabeled bR,
under solution conditions. C, Spectrum of [*C°Leu-bR, under solution conditions. D, CP-MASS
spectrum of [*C’Jleucine crystals. E, CP-MASS spectrum of unlabeled bR. F, CP-MASS spectrum of
["*C"JLeu-bR. All spectra were recorded at 125.7 MHz (corresponding t0 a magnetic field strength of
11.7 Teslz). Solution conditions indicate single, 90° pulse excitation and ~2 watts WALTZ-16 'H de-

coupling. The CP mix times were all 1 ms. Chemical shifts are in ppm from an external sample of tet-
raméthylsilane (TMS),

Ox = 193 + 7 ppm, and 6, = 88 + 7 ppm. These values are in good agreement
with those obtained by R.G. Griffin and co-workers on [PCY|Leu-bR: ¢,,=246
ppm, 02;=191 ppm, 03,=93 ppm (R.G. Griffin, private communication), and
imply a rigid polypeptide backbone.

In principle, the chemical shifts observed should give information on the (pri-
mary and) secondary structure in the region of C° of leucine. There are discussions
in the literature where it has been suggested that certain segments of bR are in g-
sheet conformation and not in the a-helical form as generally envisaged (Jap et
al., 1983), and it has been shown by others that '*C-NMR chemical shifts are sen-
sitive to these two possible conformational states. In particular, in poly(L-
leucine), C° chemical shift differences of 3-6 ppm, have been noticed for different
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secondary structures (Kricheldorf and Miiller, 1983; Stulz et al., 1983), However,
the linewidths in the MASS NMR spectra are about 500 Hz (4 ppm), so it is not
possible to unequivocally rule out the presence of S-sheet in bR on the basis of the
isotropic chemical shifts alone, although the results of Fig. 4F do indicate quite
Lorentzian peaks having o, = 175.3 ppm, close to the ~175.8 ppm value expected
for a-helical segments. Also, Griffin and co-workers (R.G. Griffin, private com-
munication) using 2 DMPC-[C%]Leu-bR system in which the bR undergoes fast
axial rotation, have found two structures whose predicted lineshapes agree with
the experimentally observed lineshape, one of which consists completely of op
helices tilted at an angle of ~20° with respect to the membrane normal.
Further work aimed at quantitating the *C®-NMR results of Fig. 4 (7,Ts,
NOE, CP-mix time behavior, gas-chromatography/mass spectrometry of
[“C]Leu N-trifluoroacetyl methyl esters) are underway, and have the potential
for very accurately determining the numbers of mobile/immobile residues in bR.
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Fig. 5. Nitrogen-15 NMR spectra of {*N"]Val-bR under solution and solid-state conditions a1 50.7
MHz (corresponding 10 a magnetic ficld strength of 11.7 Tesla). A, Spectrum under solution condi-
tions, 30 us pulse excitation, 36 000 scans, recycle time of 2 5, ~2 watts WALTZ-16 'H decoupling.
B, CP-MASS spectrum, 6 us 90° pulse width, 42 000 scans, 1.5 s recycle time, 1 ms mix time. and 2
spinning speed of 2.5 kHz. Chemical shifts are in ppm from an external sample of 1 M NH,"*NO,,
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We have also performed similar preliminary NMR experiments on '*N-labeled
bR. Nitrogen-15. while not a very attractive nucleus for NMR spectroscopy due
to its low gyromagnetic ratio and low natural abundance, nonetheless has the
advantage that natural abundance (0.37%) background signals will be even lower
than with *C. Fig. 5 shows the '*N solution, and CP-MASS spectra of [*N°]Val-
bR. Again, we notice the presence of a narrow signal in the solution spectrum
(Fig. 5A) and the presence of rigid, crystalline residues (inside the surface) in
the CP-MASS spectrum (Fig. 5B). The linewidths in the MASS spectrum are
~1000 Hz (20 ppm), so as with '3C, we are unable at present to answer the
question as to the presence of S-sheet regions, as the shift difference between
a-helical and S-sheet peptide bonds is only ~10 ppm (Forster et al., 1983),

- In none of the ’C or "N bR samples we have investigated to date have we
seen resolved, single-residue peaks in the surface region. Resolving individual
surface amino acids in a native membrane protein with NMR would, however,
be of exceptional interest, since we could thereby pinpoint with much better

TABLE 1
Comparison between 2H-NMR data on labeled bR and the predictions of model-building®

Amino acid Number % Surface residues % Surface residues
of —_— after trypsin
residues” NMR*® Modet*’

NMR -10° -2¢¢

Glycine 25 0212 32 4 26 B
Valine 21 As+2 29 7 29 29
Leucine 6 1012 6 3 6 6
Isoleucine 15 154+ 4 13 -F 13 7
Serinc 13 41+ 4 45 18 3 36
Threcnine 18 213 22 2 18 18
Lysine 7 25+ 4 29 - 29 29

_ Arginine 7 2514 29 -* 29 29
Phenylalanine 13 11 £ 4 pi] 3 23 17
Tyrosine 1 94 18 1 18 18
Tryptophan g 2x15 0 0 0 0

* The model of Engelman et &l. (1982) was used to estimate surface versus non-surface residues,
using line B-B’ (Fig. 2) as the interface.

* Membranes were labeled with the appropriate deuterated amino-acids as described in Keniry et
al., 1984b, the number of such residues are indicated.

* The integrated intensity of the central component, after correcting, as appropriate, for non-uni-
form isotope labeling in the precursor amino acid, breakdown, the estimanted residual HO'H levels,
and assuming a uniform incorporation into surface and non-surface regions.

¢ After trypsin cleavage 10 remove the number of C-terminal residues indicated,

* Not measured. :

" A1 37°C; other data at 4°C. Afier correction for distortions due to quadrupolar echo artefacts.
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accuracy the number of surface residues (or at least, mobile residues) of a given
type. “F-NMR appears to have considerable potential for this. "°F has a spin [
value of 1/2, so the spectra are not complicated by quadrupolar interactions, as
found with 2H. Fluorine is 100% naturally abundant and has a very high sensitiv-
ity (83% that of protons), and there are no naturally occurring residues containing
F in bR to contribute to a natural abundance background. Fluorine also has an
extremely wide chemical shift range, and the chemical shift is highly sensitive to
the environment (Sykes and Hull, 1978). With these points in mind, we have
made bR labeled with meza-fluorophenylalanine ([m-"*F]Phe), and our "F-NMR
results, obtained under solution conditions, appear quite exciting. As seen in
Table 1, there are three Phe residues in the surface region of bR (using the
Engelman model and the B-B’ surface line). The ®F-NMR spectrum of [m-
F]Phe-bR at 470 MHz shown in Fig. 6 strongly suggests a three component
spectrum with chemical shifts of ~111.9, ~112.1 and —112.6 ppm (from CFCl).
Although these results are very preliminary, the ability to resolve individual sites,

[m -%¢ ] phe-bR

Simutation

-110 =112 =114
PPM from CFCI:

Fig. 6. “F-NMR spectrum of [m-""F]Phe-bR, together with its computer simulations, at 470.4 MHz
(corresponding to & magnetic field strength of 11.7 Tesla). A, Experimental "F-NMR spectrum, 25 us
pulse excitation, 44 000 scans, 0.34 s recyele time, coupled spectrurn. B, Computer simulation of A
using the three components indicated in C, which prabably correspond 10 the three surface
phenylalanine residues. The relative Ty-values have not yet been measured. Chemical shifts are in
ppm from an external sample of CFCl,.
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and eventually to make assignments based on relaxation studies, chemical mod-
ification, pH titration, broadening by paramagnetic species, etc, (Tsetlin et al.,
1984), should permit a much more detailed study of membrane proteins than has
been possible to date.

IIl, Cleavage and aggregation

Proteolytic cleavage provides a chemical tool to modify bR, and can be conve-
niently used to verify the deductions made from the NMR studies on intact bR.
If our ideas about the membrane surface are correct, it is reasonable to assume
that a change in the number of mobile surface residues should change the solu-
tion-like signals. As a check of the surface picture provided by NMR, we have
performed experiments o bR that was ecither enzymatically cleaved or
crosslinked (using a carbodiimide). It has been reported that when bR is treated
with trypsin, a small number of residues (10 or 21) are cleaved from the C-ter-
minus (Wallace and Henderson, 1982). In our hands, amino acid analysis of a
valine-labeled sample revealed that we had removed the 10 C-terminal residues.
If this is peneral for all samples examined, then 2/25 glycines, 4/29 alanines, 0/21
valines, 0/36 leucines, 2/13 secrines, 1/18 threonines, 0/13 phenylalanines, 0/11
tyrosines and 0/8 tryptophans would be removed in our trypsin digestion proce-
dure. The effects of cleavage of the C-terminal fragment on our 2H- and *C-NMR
spectra are, however, far more dramatic than would be anticipated for removal
of just 10 (or even 21) residues, as shown in Fig. 7 and Table 1.

For example, in the case of [y-?Hg]valine-bR (Table 1), the central component
contributes 35% to the intensity of the native membrane spectrum, but only 7%
of the intensity of the spectrum of the membrane (at 4°C) after digestion, even
though as seen in Table 1, no valines are removed! Raising the temperature to
37°C does. not change the contribution of the central component appreciably.
Similarly, the intensity of the central component is decreased far more than
anticipated for all other cleaved samples we have investigated, as shown in Fig.
7 and Table 1, and raising the sample temperature to 37°C again does not appre-
ciably change the relative intensities of the two components. Consider for example
the spectrum of [8,y-°H Jthreonine-labelled bR (Fig. 7D). At 4°C the intensity of
the central component is 21 + 3%, as shown in Table 1. This value compares well
with the 22% surface threonines calculated on the basis of the model given in Fig.
2, since there are four surface threonines out of a total of 18 (4/18 = 22%). Cleav-
age of 10 {or 21) residues removes one threonine leaving only 18% in the surface
(317 = 18%). However, experimentally we observe only a 2% central-compo-
nent intensity (Fig. 7E,F and Table 1). While unexpected, we believe these results
may be readily explained as being due to extensive aggregation of trypsinized pur-
ple membrane sheets. Even if in some samples we had actually removed all 21 C-
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Fig. 7. Experimental deuterium NMR spectra showing the effect of tryptic cleavage of the C-ter-
minus of bR. A, [8-*H;}Ser-bR at 4°C. B, Trypsin-digested [8-"Hy}Ser-bR at 37°C. C, as B but st 4°C.
D, [8.y-*H,]Thr-bR at 4°C. E, Trypsin-digested {8,y-2H,]The-bR at 37°C. F, as E but at 4°C. G, [ring-
H,JTrp-bR at 4°C. H, Trypsin-digested [ring-*Hs]Trp-bR at 4°C. All spectra were recorded using the
quadrupole-echa sequence &t 55.3 MHz (corzesponding 1o a magnetic field strength of B.45 Tesla}.
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terminal residues, or if further proteolysis occurred during data acquisition, there
is still essentially no relationship between the results observed and those expected
on the basis of such a fragment removal, and proteolysis in magneto should gen-
erate peptides which would give rise to an extra narrow resonance,

Spin-lattice relaxation times (7;) have been measured for the deuterated
methyl-groups of valine-, leucine- and threonine-labeled purple membranes
which have been treated with trypsin, and in all cases the T, values are, within ex-
perimental error, the same as for the native purple membranes, over a wide temp-
erature range. This implies that the trypsin treatment only affects the surface re-
sidues, which are associated with the isotropic component, and not the residues
giving rise to the solid-state powder pattern lineshape from the interior of the
bilayer. Thus, our results strongly suggest that aggregation occurs upon trypsin
treatment, and this causes an immobilization of all surface residues so that in the
2H-NMR experiment, they become motionally indistinguishable from the rigid
matrix residues. This Tietion receives additional support from the results of *C-
NMR experiments, as discussed below.

4.0 4
4 Lyophilized
# HNative &
B Cteaved
3.5¢
E
15
-
F-
210-
2.5
'l L L

2.8 3.0 37 34 " 3E
1/7 rerx o’
Fig. 8. Plots of InT, for [o.m-2H,]Phe-bR as a function of temperature, for native (@), trypsin-

cleaved (M) and lyophilized (4) samples, Spectra were recorded at 55.3 MHz using & 180,~1-90,~r-
90,-echo sequence,
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We now discuss the effects of other processes which should greatly alter surface
interactions, including the effects of H,O removal (by lyophilization), and of
chemical cross-linking. In particular, we discuss the effects of lyophilization on
the high-frequency motions of phenylalanine, which govem its spin-lattice relaxa-
tion behavior,

Figure 8 shows an Arrhenius plot of 7| variation with temperature, for
[*H]phenylalanine-labeled purple membrane in the native state, lyophilized, and
after trypsin treatment. As shown in Fig. 8, native and enzymatically-cleaved pur-
ple membranes both show very similar relaxation behavior, and the correspond-
ing NMR spectra are all also quite similar, as shown in Fig. 9. The T, behavior of
the lyophilized [?H,]Phe-bR sample, however, is rather different. The 2H-NMR
spectrum is similar to native bR, but the T, values are much longer, indicating less
efficient relaxation, and the astivation energy has increased from 12.8 kJ mol ™ to
17.9 kJ mol~". This shows that for the very hydrophobic phenylatanine sidechain,
the interior of the membrane is influenced by the presence of water in the system,
These results clearly indicate that caution needs to be exercised in the interpreta-
tion of NMR spectra obtained on lyophilized samples, since the dynamic nature
of the membrane is, perhaps not surprisingly for a protein, greatly influenced by
the presence of water. Indeed, even the drastic effects of aggregation, and of
chemical crosslinking (Figs. 8 and 9B,C} do not have as large an effect on the H-
NMR lineshape or T, as does dehydration of the membrane.

Hative
[om =2 Jne - bR

Lyophilized ;
; .{J A JN/\JL:
] 1 A ]
200 200 [4] 200

1 M
-250 o
KILOHERTZ KILOHERTZ

Fig. 9. Deuterium NMR spectra of [*H,JPhe-bR subjected to various treatments, at 55.3 MHz. A,
Native. B, Crosslinked with dicyclohexylcarbodiimide. C. Trypsin-cleaved. D, Lyophilized.
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Using the mode! of small angle librations for Ty-relaxation in [*H,JPhe-bR and
[phenyl-d.Jpoly(butylene terphthalate) (Lewis et al., 1984; Cholli et al., 1984),
our results imply that hydration of the protein interior causes a general lowering
of the barriers to rotation of the aromatic phenyl ring in phenylalanine, and simi-
lar effects may well be observed, or even accentuated, for tyrosine and tryp-
tophan. '

The effects of cleavage/aggregation we have discussed above are also supported
by “C-NMR, where the same trend is seen when one compares native and
cleaved solution spectra of {ring-C¢]phenylalanine-labeled bR, as shown in Fig.
10. Upon cleavage, the isotropic peak undergoes a marked reduction in intensity
relative to the natural abundance membrane background signal, indicating, we
believe, extensive aggregation and a general ‘solidification’ of the membrane sur-
face. However, this resl:lt must be regarded as preliminary since we have not yet
measured 7\/NOE values of cleaved and native samples. Nevertheless, something
dramatic must occur upon trypsinization/aggregation. :

['3C5] phe

["cd phe bR

Trypsin Tris

200 100 R

PPM from TMS
Fig. 10. Proton-decoupled 125.7 MHz carbon-13 NMR spectra of {ring-""C¢|Phe, ["Cq]Phe-bR and
trypsin-cleaved ['*C,JPhe-bR, recorded under solution-NMR conditions consisting of single, 25 us,
—90° pulse excitation and ~2 watts of WALTZ2-16 'H decoupling. A, ['*CJPhe in solution. B,
* [PC.JPhe-bR, native sample. C, as B but after trypsin-cleavage of the C-terminus (and aggregation).
" 'The peak labeled Tris around 60 ppm is due to Tris (tris(hydroxymethyl)aminomethane),
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We have also obtained sodium dodecylsulfate (SDS) polyacrylamide elec-
trophoresis gels for native, trypsin cleaved and chemically crosslinked purple
membranes. The results indicate that the trypsin treatment removes only a few
amino acid residues, and ‘does not cause chemical aggregation, while the
crosslinked sample is of very high molecular weight, and suggests that there are
at least three bR molecules per crosslinked unit.

Taken together, these results all strongly suggest to us that very dramatic
changes in surface dynamics occur on removing the C-terminal fragment of bR, or
upon crosslinking. Specifically, our results imply that the membrane aggregation
phenomenon known to accompany proteolysis causes an immobilization of virtu-
ally all surface residues during surface-coatact.

IV. Future potential

Our results thus indicate that NMR spectra may be very sensitive to the state of
aggregation of biological membranes. Such a spectroscopic probe of surface struc-
ture could have considerable potential for studying the nature of cell-cell contacts
in more complex systems, such as mammalian cells in tissue culture or, for exam-
ple, the thrombin-catalyzed aggregation of blood platelets, where the effects of a
variety of substances which modulate cell-cell interaction could be investigated, at
the molecular level, using a non-perturbing spectroscopic probe.
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