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There have been an impressive number of studies of the structure of
proteins, both in the crystalline solid state! and in solution,?? during the
past decade. Direct information about protein structure most frequently
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comes from X-ray crystallography of single crystals, while solution struc-
tural information has been obtained most directly by nuclear magnetic
resonance (NMR) spectroscopy. Of the two methods, X-ray diffraction
gives direct three-dimensional or spatial structural information, whereas
NMR spectroscopy is more suited to determination of the dynamical as-
pects of protein structure.®-* Unfortunately, membrane proteins have not
yet been crystallized in forms suitable for X-ray diffraction studies and do
not give rise to high-resolution NMR spectra in solution, so that the appli-
cation of these two powerful conventional structure determination tech-
niques has yielded little information about the systems of interest to read-
ers of this volume: bacteriorhodopsin and rhodopsin,

Fortunately, however, solid-state NMR methods are, in principle, ca-
pable of giving information about the structures of condensed phases,5’
and in this chapter we present a summary of our results on the dynamics
of single types of aliphatic and aromatic amino acids in the purple mem-
brane protein, bacteriorhodopsin, from the extreme halophile Halobac-
terium halobium R,. This system has the desirable NMR characteristics
of only one protein, bacteriorhodopsin, in the purple membrane,? its se-
quence is known,>!! and ifs three-dimensional structure is becoming
available.'?*® The system may also be enriched biosynthetically with a
number of deuterated amino acids®®™ without undue label *‘scrambling.™
Moreover, the system has been oriented using electric!® or magnetict®
fields or by drying down onto glass or mica surfaces,'® and preliminary
results on formation of microcrystals have been reported,!” opening up
the possibility of obtaining oriented samples for NMR spectroscopy,
which permits in favorable cases determination of residue orienta-
tions,'8-1#
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This Chapter demonstrates that with sufficiently sensitive NMR in-
strumentation it is now possible to study in some detail amino acid dy-
namics in this membrane protein. Such observations may eventuaily
allow comparison of motions between proteins in membranes and in con-
ventional three-dimensional crystals?®*t and will, of course, facilitate di-
rect observation of the effects of lipids and sterols on protein structure.
Our results also directly complement the static structural information cur-
rently being obtained on H. halobium using neutron beam methods. !

Experimental Methods

Syntheses of *H-labeled amino acids. We have recently synthesized a
wide range of 2H-labeled amino acids, including the following species to
be discussed: [, 8,, ¢, €, {-*H;]phenylalanine, fe:, &-*H,tyrosine, [3,,
€3, CSr C.'h ??s"Hs]tWPlOPhaﬂ, and [a"Hl}' [B'EHI]’ + and [7'2H0]valine'
The selectively labeled amino acids were synthesized using modifications
of published procedures.?>* In addition, we obtained [«-H,Jglycine and
[8-*H, Jalanine from Merck, Sharpe and Dohme (Montreal). The positions
of *H-label incorporation are thus as shown in Fig. I.

Production of Labeled Membranes, Halobacterium halobium strain
R, was the kind gift of Professor T. Ebrey and was grown in a salt medium
basically according to Onishi ef al.2¢ with the addition of 2% malate 25 ex-
cept that *H-labeled amino acids were substituted, one by one for the nor-
mal nonlabeled amino acids. For the Trp-Jabeled membrane system we
incorporated [*H;]Trp at a level of 5.0 g/10 liters, since the growth me-
dium does not normally contain tryptophan. Purple membranes were iso-
tated according to Becher and Cassim?® and were then exchanged with 2H-
depleted water (Aldrich Chemical Company, Milwaukee, Wisconsin) to
remove some background HO*H. Samples were generally exchanged
twice, then finally concentrated by uitracentrifugation for 10 hr at
100,000 g prior to NMR spectroscopy. .

Radiotracer Experiments. To determine the level of deuterated amino.
acid breakdown, and reincorporation into other amino-acids, 1-liter
batches of cells were grown and harvested basicall ¥y as for the 2H-labeled

* H. Frauenfelder, G. Petsko, and D. Tsernoglow, Natnre (London) 280, 558 (1979).

# P, J. Artymiuk, C. C. F. Blake. D. E. P. Grace, 8. J. Qatley, D. C. Phillips, and M. 1. E.
Sternberg, Narure (London) 280, 563 (1979).

™ H. R. Matthews, K. S. Matthews, and S. J. Opella, Biochim. Binphys. Actu 497, 1 (1977).

# H. R. Sayder, J. F. Shekleton, and C. D. Lewis, J. Am. Chem. Soc. 67, 310 (1945),

¥ H. Onishi, M. E, McCance, and N. E. Gibbons, Can. J. Microbiol. 11, 365 {1965).

# A. Danon and W. Stoekenius, Proe. Natl. Acad. Sci. U.S.A. TN, 1234 (1974).

# B. M. Becher and J. Y. Cassim, Prep. Biochem. 5, 161 (1973).




[41] NMR OF PURPLE MEMBRANES 313

H\!B/H
- H
D
LDy
- o + - + 1 - * IH -
NH,-CD,~CO, NHy-CH=CO, NH;~CH-CO, NHy~CH-CO,
GLY-d; ALA-d VAL-d, vAL-dg

FiG. 1. Structures of the *H-labeled amino acids discussed in this publication, showing
position of 2H-label incorporation.

cells except that 50 uCi of either [“C]Tyr, [*C]Phe, [“CTrp, [*C]Gly,
[“CjAla, or [“C]Val (New England Nuclear, Boston, Massachusetts)
were added as radiotracers. )

Spectroscopic Aspects. Nuclear magnetic resonance spectra were ob-
tained using two ‘‘home-built”’ Fourier transform NMR spectrometers.
The first one consists of an 8.5 Tesla 3.5-in. bore high-resolution super-
conducting solenoid (Oxford Instruments, Osney Mead, Oxford, U.K.),
together with a variety of digital and radiofrequency electronics. We used
a Nicolet 1180 computer, 293B pulse programmer, and Model NIC-2090
dual channel 50-nsec transient recorder (Nicolet Instrument Corporation,
Madison, Wisconsin) for experiment control and rapid data acquisition,
together with a dual Diablo Model 40 disk system for data storage (Diablo
Systems, Inc., Haywood, California). In order to generate radio-fre-
quency pulses of high enough power (~3 psec 90° pulse widths) to cover
the entire *H NMR spectral width, we used an Amplifier Reséarch (Am-
plifier Research, Souderton, Pennsylvania) Model 200L. amplifier to drive
a retuned Henry Radio (Henry Radio, Los Angeles) Model 2006 transmit-
ter to a ~ 1000-1500 W output power level. The deuterium resonance fre-
quency was 55.273 MHz. Deuterjum NMR spectra were recorded on this
instrument using an 800-wL sample volume and a quadrupole-echo??28
puise sequence. The 90° pulse width varied between 2.0 and 3.5 usec.
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The second instrument used was the medium-field spectrometer (5.2
Tesla) described previously,?® except that it now uses a “homebuilt™
400 kHz data acquisition system based on a Digital Equipment Corpora-
tion LSI-11 microcomputer (Digital Equipment Corporation, Boston,
Massachusetts) equipped with dual disks, together with a second Model
2006 transmitter. The 90° pulse widths (~2.0-3.5 usec) and phase quad-
rature between the two radiofrequency pulses were established on both
instruments by viewing quadrature free-induction decay signals of S-
[methyl-*H;lmethionine. Identical settings were used for 2H-labeled mern-
branes, and in essentially all cases no phase corrections were necessary
after Fourier transformation. Sampling rates of 500 nsec per point were
used at 8.5 Tesla, and 3 usec per point at 5.2 Tesla. The zero frequencies
of both instruments were established using a 195 D,0 reference, the zero
frequency for the protein samples investigated being offset ~2 ppm
downfield from this position for aromatic amino acids, or between 1 and
3 ppm upfield for aliphatics. Samples were run as solid high-speed pellets,
probe temperature being regulated either by means of a liquid nitrogen
boil-off system or by using a heated air flow,

Theoretical Background for NMR of Membrane Proteins. The al-
lowed transitions for the spin 1 = 1 *H nucleus correspond to +1 « 0
and 0 & —1 (Fig. 2A) and give nise to a ‘‘quadrupole splitting” {Avg) of
the absorption line, with separation between peak maxima of?%-3:

3 e*gQ 3 cos? @ — | 1
IR . 2 ()

8 is the angle between the magnetic field H, and the principal axis of the
electric field gradient tensor (frequently the C—D bond vector). All va!-
ues of 8 are possible for rigid polycrystalline solids and one therefore ob-
tains a so-called powder pattern, Fig. 2B, having a peak separation corre-
sponding to 8 = 90°, for which Avq = 3e%*qQ/4h, and a shoulder separa-
tion corresponding to 8 = 0°, for which Avq = 3e%Q/2h. A typical
experimental example, [8-*H, Jvaline, is shown in Fig. 2C. For sohd ali-
phatic compounds Ayg values of 127 kHz (¢ = 90°) and 254 kHz (8 = 0°),
corresponding to an electric quadrupole coupling constant (#2¢Q/h) of
about 168 kHz** are expected, and observed (Fig. 2B,C). These results
assume that there are no fast (> 10°sec™!) large-amplitude motions of the
pertinent C-*H vectors in the solid amino acid, In the presence of such

ﬁl’q =
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FiG. 2. Deuterium NMR energy level diagram and theoretical and expenmental 2H NMR
spectra of polycrystalline amino acids. A, Energy level diagram showing Zeeman levels and
presence of a first-order quadrupole perturbation. The transitions — 1 +» 0 and 0 « I are
shown, for an arbitrary crystal orientation. B, Theoretical 2H NMR lineshape having
eq0/h = 168 kHz, v = 0, linewidth = 4000 Hz. C, Experimental spectrum of polycrystal-
fine [8-*H,]valine, at 5.3 MHz, 23° D, Experimental spectrum of polycrystalline [y-
*HeJvaline, at 55.3 MHz, 23°. €, Experimental spectrum of pelycrystalline [3,, &, Lz, L,
7y HgJtryptophan, at 55.3 MHz, 23°.

fast large-amplitude motions it is necessary to take an average over the
motions. Assuming that the asymmetry parameter (n) is zero, it can be
shown that the moticnally averaged splitting (A») is

Av = % e’;iQ Beos*B—N@cos?d — 1) 2)
where 3 is the angle between the principal axis of the electric field gradi-
ent tensor and the axis of motional averaging and ¢’ is the angle between
the axis of motional averaging and H,.

____As an example of this motional averaging, consider the case of the
C*H, group in [y-*H,}valine (Fig. 1, 2D). Methyl groups are expected to
rotate rapidly about their C, axis at room temperature, in which case if we
assume a tetrahedral geometry (8 = 109° 28'), then a motionally averaged
splitting (Av) of about 42 kHz is predicted, in excellent agreement with
the Avg ~39 kHz observed experimentally in {y-*Hg]valine (Fig. 2D). Ro-
tation about C*—C” is thus very rapid at room temperature
(>>10%ec™1). The unlikely possibility that fast rotation about Cx—C* is
the cause of the reduced splitting is eliminated by the observation of the
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full rigid lattice breadth in the 2H NMR spectrum of [8-*H,]valine (Fig.
2C). The results of Fig. 2B-D therefore give us a benchmark with which
to compare *H NMR spectra of aliphatic amino acid labeled membranes.

In the case of aromatic residues quadrupole coupling constants are
~ 10% larger than for aliphatic species* and asymmetry parameters m
for aromatic residues are nonzero; thus the fuil expression for the quad-
rupole splitting must be used®:: :

Avg -—'%f-z—gg- {3 cos® 8 — 1 — = sin?® @ cos 2¢] €3]

where @ and ¢ define the orientation of the principal axis of the electric
field gradient tensor (usually the C—D bend vector) with respect to the
laboratory coordinates. The computed quadrupole coupling constant of
about 183 kHz for [*H;JTrp (Fig. 2E) is therefore considerably in excess
of those found in aliphatic C—?H systems using NMR methods.** In ad-
dition, computer simulation of the lineshape of Fig. 2E indicates an asym-
metry parametery = 0.05. These results are consistent with the increased
¢2gQ/h values found in a variety of other aromatic compounds,*~ the
observed trends for the electric field gradient (EFG) values for C—D
bonds being sp > sp® > sp®,* the average value for naphthalene and
anthracene, perhaps the most reasonable published models for *H;]Trp,
being ~ 184 kHz .3~ In addition, it is well known that C—D bonds in aro-
matic systems may have nonzero asymmeiry parameters,*!  values of
0.053 = 0.015 being typical. ¥

Motions in Some Aliphatic Side Chains. Our first goal with NMR stud-
ies of membrane protein structure is to obtain a rather broad overview of
the rates and types of motions of amino acid side chains, then to develop
methods for the resolution and assignment of individual atomic sites and
to investigate the effects of various membrane constituents, such as cho-
lesterol and phospholipids, on protein structure. The results we have pre-
sented give the reader some idea of the shapes and widths expected for *H
NMR spectra of solid, polycrystalline *H-labeled amino acids. What,
then, do membrane protein spectra look like, if we can see them?
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Fig. 3. 55.3 MHz *H NMR spectrum of {y-*H,]valine labeled bacteriorhodopsin in the
purple membrane of H. halobium Ry, — 100°, 260 msec data acquisition time.

We show in Fig. 3 the first requirement for the study of membrane pro-
teins by NMR spectroscopy, the detection of signals in a reasonable pe-
riod of time. The result of Fig. 3 was obtained in only 0.3 sec of data ac-
quisition and is our fastest spectrum to date. Such rapid data acquisition
was possible since the {y-*Hg]valine residues incorporated were highly
deuterated; there are some 21 valines (42 methyl groups, 126 deuterons) in
bacteriorhodopsin®~!!; we used a low temperature (— 100°) to decrease the
spin-lattice relaxation time (T}), thereby permitting rapid puising; and the
quadrupole splittings are relatively narrow. The result shown in Fig. 3 is
nevertheless extraordinarily exciting, indicating the feasibility of observ-
ing any type of group in this membrane protein, although data acquisition
still takes numerous hours for more dilute labels, especially when relaxa-
tion times are long. For example, the #H spin-lattice relaxation time of the
[y-*Hg]valine label is only a few milliseconds near the 7, minimum
(~ —150°K, 7, = @,"! = 107" sec), whereas T,’s of many seconds are ob-
tained for rigidly bound residues (r, >> w,™!), as noted later, greatly in-
creasing the periods of time required for data acquisition.

Nevertheless, we have successfully incorporated and obtained spectra
of the following *H labeled aliphatic amino acids in the purple membrane:
[a-*H;lglycine, [8-*H;Jalanine, [o-*H,]valine, [§-*H,]valine, and [y-*Hg}
valine, and additional studies are underway on the labeling of Escherichia
coli and Acholeplasma laidlawii B (PG9) with these amino acids, and sev-
eral deuterated leucines and isoleucines. Details of such experiments are
being"254! or will be reported in detail elsewhere.

In Fig. 4 we present a selection of NMR resuits on 2H-labeled aliphatic
amino acids in the purple membrane of H. halobium R, at 37° in deute-
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Fig. 4. 55.3 MHz *H NMR spectra of purple membranes of /. halobium R, st 37°, in
*H-depleted water, together with a computer simulation of {y-*H,}valine undergoing fast
a~f and 8-y rotational diffusion. The labels were at the following sites: A, [a-*H,glycine.
B, [3-*H,Jvaline. C, {y-*Hg]valine. D, Computer simulation of [y-*H,}valine undergoing fast
rotational diffusion about C*—C* and C*~C. The quadrupole splitting Av, = 13 kHz.

rium-depleted water, which give some insight into the motions of thess
residues in bacteriorhodopsin. The spectrum of [a-2H,)glycine is essen-
tially identical to that of the free amino acid*? (and unpublished results of
[. Baianu and E. O.), having ¢%qQ/h = 168 kHz and 5 = 0.05 = 0.02.
The nonzero % is not unexpected, because of the adjacent CQ and NH
groupings. The large value of the quadrupole splitting rules out all but
small-amplitude torsional or vibrational motions of the CD, group, con-
sistent with the observed magnitude and temperature dependence of the
*H spin-lattice relaxation time (unpublished results of A. K., R. A. K. and
E. 0). Glycine is thus "‘rigid"’ in the purple membrane,

Resuits with [3-2H,Jalanine are complicated by the “‘scrambling™ of
this amino acid into other species [e.g., phenylalanine (unpublished re-
sults}], nevertheless it seems that the major H resonance is attributable
to the methyl deuterons of {8-*H;Jalanine, which as in Figs. 2 and 3 are
undergoing fast internal rotation resulting in a quadrupole spiitting Avy =
39 £ 2 kHz. Many of the alanine side chains in bacteriorhodopsin are
thus “'rigid,”” with methyl rotation being the only fast large-amplitude mo-

# R. G, Barnes and J. W. Bloom, Mol. Phys. 15, 493 (1973).
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tion. A similar statement may be made for the valine side chains (Fig.
4B.C). The *H NMR spectrum of {8-2H, Jvaline labeled membranes (Fig.
4B) has Ay, ~ 116kHz, about the same as that of the polycrystalline
amino acid (Fig. 2C), and that of [y-?H,}valine labeled purple membrane is
also very similar, identical to that of the free amino acid (Fig. 4C, 2D).

Fast methyl group rotation averages the static quadrupole coupling
constant by a value of ~#(3 cos® 109.5° — 1), i.e., by a factor of about
-0.342 and a motionally averaged spectrum having a breadth of
~ 40 kHz is obtained. Observation of a moticnally averaged quadrupole
splitting of about 40 kHz for [y-*H,]valine labeled sites strongly suggests
that there is very fast motion only about C°—C”, motion about C>—C#
being very slow on our NMR timescale, such that no motional averaging
of the quadrupele interaction occurs because of this motion. If motion
about C*—C* were fast, then a methyl group splitting of about 13 kHz
would be obtained, i.e., the quadrupole splitting would have to be re-
duced by another factor of ~3 (Fig. 4D), as would the splitting of the [3-
2H,lspecies. No such behavior is Seen in the purple membrane of H. halo-
bium in the temperature range — 100°~53°C.* The quadrupole splittings of
[y-Hg]valine-labeled bacteriorhodopsin in the purple membrane of H. ha-
lobium are in fact remarkably temperature independent,™ ranging from
the rigid lattice value Aw, = 39 * 1 kHz (due solely to fast Me rotation)
below ~ —30°, found also in the model system [y-?Hg]valine (Fig. 2D}, to
~33 kHz at 60°. Please note, however, shat above ~25° the spectra be-
come considerably less “sharp’’ than those obtained at low temperature,
either because of the onset of additional slow motions**-** or, perhaps
more likely, because of the occurrence of a broader distribution of Avg
values, resulting from the basic heterogeneity of the purple membrane. In
any case, as viewed from the biosynthetically incorporated [y-2Hg]valine
quadrupole splittings, the purple membrane remains a remarkably or-
dered structure over this wide range of temperature. We should peint out
that an ““isotropic™ component appears in all growth temperature spectra
(Fig. 4A-C). We do not know the exact origin of this component, but at-
tribute it in part to residual HO*H. It disappears on sample freezing, or
lyophilization, but could still arise from, e.g., mobile (surface) residues or
from small membrane fragments. _

The high signal-to-noise ratios obtained in Fig. 4 permit the direct
study of amino acid side-chain dynamics via determination of NMR relax-
ation rates and of their temperature dependencies. For example, using a
conventional inversion-recovery pulse sequence modified for solids, i.e.
(180°-73-90°-7,-90%-1,-Echo-T), where T is the period of repetition of the
4 g, F. Campbell, E. Meirovitch, and J. H. Freed, J. Phys. Chem. 83, 525 (1979).

“ E, Meiravitch and J. H. Freed, Chem. Phys. Letr. 64, 311 (1979),
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pulse sequence (>5 T), r, and 7, are fixed delays of ~70 usec, and r; is a
variable delay between the inverting (180°) and sampling (90°) pulses, we
obtain for [y-*Hqlvaline labeled purple membranes T, values of 7.4 msec
at —75°, 35.7 msec at 0°, 72.7 msec at 55°.* These, and the results of ad-
ditional experiments, when plotted in the form of an Arrhenius-type
curve, yield an activation energy (AE) for the relaxation process—methyl
group rotation, of ~2.4 + 0.2 kcal mol™*, This is in excellent agreement
with the value AE = 2.6 = 0.2 kcal mol~! obtained previously by Ander-
son and Slichter,** who studied 'H nuclear spin relaxation in solid n-al-
kanes. These workers also obtained a T, minimum (when w7, ~ 0.62) at
~ 125°, essentially identical to that we have obtained using our 5.2 Tesla
instrument, at 34 MHz (unpublished results of E. Oldfield, A. Kintanar,
M. Keniry, and B. Smith), These results suggest correlation times of
=3 X 107" sec for methyl group rotation, when analyzed using a simple
relaxation model.™ _

Motions in Some Aromatic Side Chains. We have incorporated, and
are incorporating, the following deuterated amino acids into bacteriorho-
dopsin in the purple membrane of H. halobium R,, and a variety of other
membrane systems: (a-°H,Jpheaylalanine, [3,, 5, ¢, &, {-*H;]phenylala-
nine, [¢,, &, {*H,]phenylalanine, [{-*H, Iphenylalanine, [o-*H, Jtyrosine,
[8-*H,]tyrosine, [¢, , e;-*H,]tyrosine, [a-*H, Jtryptophan and [§,, €5, L, L5,
72-*HyJtryptophan. Experiments with [e-*H, Jhistidine are also under way
with £. coli.

We show in Fig. 5 typical results obtained with [8,, €, £z, {3, 12
*H;tryptophan, {8,, 3,, €, €, {-*H;]phenylalanine and [¢,, &-H, tyro-
sine® at the growth temperature of the organism (37°). Note that the spec-
trurn of [2H;JTrp is essentially identical to that of the free amino acid in
the solid state (Fig. 2E), being simulated well by using ¢%¢Q/k = 183.0
kHz and % = 0.05.% Since the spectrum remains virtually the same be-
tween —85° and +85°, it seems reasonable to characterize the Trp resi-
dues as "'rigid,”" only undergoing torsional or librational motions of =5 —
10° amplitude.® -

By contrast, the *H FT NMR spectra of the Phe and Tyr labeled purple
membranes have rather unusual lineshapes. It is therefore of some inter-
est to examine the likely motions of a Phe or Tyr residue in the solid state,
as shown in Fig. 6.

We show in Fig. 6A.B the *H NMR spectrum of a “*rigid"* [2H,]phenyl-
alanine residue together with its simulation, characterized by a deuteron
quadrupole coupling constant e’yQ /it ~ 180 kHz and n = 0.05. These re-

* ). E. Anderson and W. B. Slichter, J. Phys. Chert. 69, 3059 [ [965).
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Fi16. 5. Experimental *H NMR spectra, at 55.3 MHz, of aromatic amino acid labeled pur-
ple membranes in *H-depleted water, at 37°. The following labels were incorporated: A, [5;,
€. {2 &, 1 Hiltryptophan. B, [8,, 81, €, €, {-*Hy}phenylalanine, C. {¢,, & *H,ltyrosine.

sults are in good agreement with the median values found for a series of
monosubstituted benzenes of e2gQ/h ~ 181 kHz and n = 0.06,34-364046
Let us now consider the effects of rapid (>>> 10° sec™?) motions on the ob-
served *H NMR spectrum. One possibility would be fast rotational diffu-
sion about CA—C". In this case the phenyl ring would undergo rapid rota-
tional diffusion about the C*—C¥ axis, in which case the (Cio2«1.22H
vectors would be at 60 £ 1° to the axis of motional averaging, and the
C—~*H vector would be at ¢°. It is a simple matter to calculate the ob-
served spectrum, and the result is shown in Fig. 6C. It is quite dissimilar
to that observed for [°H;]Phe in any native system investigated.

By contrast, a twofold ‘‘jump’’ model for phenylalanine motion,
whereby the aromatic ring executes 180° reorientational “flips”” about
C*—C¥%, and which has been detected previously in solution NMR studies
of proteins by means of chemical shift data, 2447 predicts a very different
result (Fig. 6D). Assuming that motion is **fast’” compared to the breadth
of the rigid bond coupling, a motionally averaged tensor may be calcu-
lated by using the model of Soda and Chiba*? for motional averaging of the
deuterium quadrupole interaction by reorientation about a twofold axis.

“ 1, Y, Wei and B. M. Fung, J. Chem. Phys. 52, 4917 (1970},
4 C. M. Dobson, G. R. Moore, and R_ 1. P. Williams, FEBS Leu. §1, 60 (1974).
*“ G. Soda and T. Chiba, J. Chem. Phys. 50, 439 (1969},
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The results for the averaged field gradient tensor components as a func-
tion of B, and the asymmetry parameter (n) of the static tensor are

Vi = =3¢l +
Voo = +1gl(1 = 3 cos 28} + p{l + cos 28)] ~ (4
Vis = +3g[(1 + 3 cos 28) + n(1 ~ cos 28}

We show in Fig. 6E,F the new effective asymmetry parameters (n.q) for
the case of rapid 180° reorientations as a function of bond angle 8 together
with the new maximum effective field gradients eq, i.e. the reduced spec-
tral breadths Vi~ V,,, from which it is a simple maiter to calculate the
new spectral lineshape for twofold flipping, as shown in Fig. 6D. The
spectra now contain a new sharp narrow feature, corresponding to the
separation between the singularities in the powder pattern, having Avg,
~ 30 kHz (Fig. 6D). This dominant feature is easily detected in some in-
tact membrane spectra, as discussed later. Unfortunately, however, the
mere presence of such a predicted peak does not guarantee its origin in
the spectra of intact membranes. For example, in a system as heterogene-
ous as a biological membrane, it seems quite likely that there could be a
variety of environments in which Phe and Tyr residues might undergo a
variety of different motions. For example, a *‘rocking’” motion about
Co—C* together with torsional motions about the peptide bonds or *‘rigid
body'” motions of whole segments of surface-exposed residues might eas-
ily occur and give rise to a second, reduced quadrupole splitting.

Two pieces of evidence indicate that these explanations do not apply
in the case of Phe and Tyr-labeled bacteriorhodopsin. First, spectra of [3-
2H, htyrosine exhibit the full ngid-lattice splitting of ~120 kHz and an
asymmetry parameter y = 0.00 * 0.02, at the growth temperature of the
organism. This rules out fast large-amplitude motions of the [8-*H,Jtyro-
sine deuterons (unpublished results of A. Kintanar and E. Oldfield). Mo-
tional averaging of the tyrosine ring-deuteron spectrum must thus occur
solely by motions about the C’—C¢ axis. Similarly, 2H NMR spectra of
[£-°H,IJphenylalanine, a para-substituted derivative, show essentially ax-
ially symmetric (Avq ~120 kHz, n = 0.05 + 0.02) spectra at the tempera-
ture of growth, unlike the narrow, axially asymmetric spectra (n = 0.65)
obtained for the [5,, §,, €;. €, {-*H,lphenylalanine labeled samples (Fig.
5B and unpublished resuits of A. K. and E. O.). This arises from the fact
that the pary-deuteron’s electric field gradient tensor principal axis lies
directly along the axis of motional narrowing, i.e., 8 = 0° consequently,
there is essentially no averaging of the spectral linewidth, as shown in Fig.
6E, F.

Our results therefore indicate that tryptophan, phenylalanine, and
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tyrosine residues are rigid at low temperatures (< — 30°) while phenylala-
nine and tyrosine residues are each highly mobile at the temperature of
growth of the H. halobium purple membrane (37°), undergoing fast (> 10
= 10° sec™) twofold jumps about C*—C”. Tryptophan residues do not un-
dergo this type of motion even at 85°, immediately prior to protein dena-
turation. On denaturation at ~90°, “*narrow-line”” spectra {having line-
widths ~5-10 kHz) are obtained for all three aromatic amino acids (un-
published results of R. A. K., A. K, and E. 0.}, suggesting fast large-am-
plitude motions. '

The Picture to Date, Our results rnay be summarized as foliows Back-
bone (C*) labeled amino acids in the purple membrane of H. halobium ex-
hibit **rigid-lattice spectra,”’ except for a possible small population of sur-
face residues. There is no evidence for fast motion about C*—C?# for any
aliphatic or aromatic amino acid investigated to date, except for fast
methyl rotations in alanine and a possible small population (~5-10%) of
surface residues. In the case of valine-labeled purple membranes, motion
about C*—C js fast (> 10% sec™!) at all temperatures investigated (down
to 120°K). The increased bulk of the benzenoid rings in Tyr and Phe
greatly impede motion of these side chains, When they do begin to move
{at about the 37° growth temperature of the organism) rotation is not diffu-
sive but occurs by a twofold flipping process, as has been detected pre-
viously in solution NMR studies of soluble proteins. The additional bulk
of the indole ring in tryptophan prevents even this motion and only small-
angle librations are allowed, even at 85°. These results are supported by
spin-lattice relaxation data (unpublished results of R. A. K., A. K., Becky
Smith, Max Keniry, Herbert Gutowsky and E. O.) that show that all sys-
tems (except for the methyl labels) have spin-lattice relaxation times that
decrease with increasing temperature, since correlation times (1) are all
>

A generalized picture of our observations is presented in Fig. 7. This
picture of the dynainics of most aliphatic and aromatic amino acids in the
purple membrane is one of a rather rigid protein; in most instances the *H
NMR spectra of the protein are rather similar to those of the solid amino
acid, at the same temperature, except for the Phe and Tyr residues that
undergo twofold “*flipping.”” Since it appears that Phe residues at least are
located toward the center of the protein,? where H* translocation may
occur, it seems possible that these motions could be of importance in the
energy transduction process. Interestingly, as discussed earlier, the Trp
residues do not undergo any such fast motions.

Since we have now obtained *H spectra of [y-2H,]valine labeled mem-
branes in as short a time as 300 msec, it is hoped that future studies, per-
haps using electricatly or magnetically ordered materialst®18.14.18 35 reso-
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FiG. 7. Diagram showing the rates and types of motions of a variety of aliphatic and aro-
matic amino acid side chains of bacteriorhodopsin in the purple membrane of &, hatobium
R, at 37°, the temperature of growth,

lution-enhancing aids, may include time-resolved experiments aimed at
determining the exact nature of conformational changes, both in the pro-
lein and in the retinal chromophore, during the photochemical cycle. At
present, the major problem in carrying out such experiments is the avail-
ability of very high-field sperconducting magnets. Given fields of ~ 16~18
Tesla (~700-800 MHz 'H frequency), within reach of current technol-
0gy, time-resolved structural studies on this and other important energy-
transduction systems should be quite feasible,
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