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Tryptophan Imaging of Membrane Proteins’
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ABSTRACT: A theoretical analysis of resonance energy transfer between protein tryptophan and the n-(9-
anthroyloxy) (AO) fatty acid probes has been carried out to evaluate its potential use in determining the
tryptophan distribution in membrane proteins. The Forster theory for two-dimensional energy transfer was
formulated to calculate multiple donor (tryptophan) transfer efficiencies to ensembles of AO probes at different
depths in the bilayer. The variation of transfer efficiency with AO probe depth is found to be a sensitive
function of tryptophan position and the protein radius but not the dipole—dipole orientation factor or the
decay heterogeneity of the donor. For single tryptophan-containing proteins the model predicts that the
tryptophan position can be determined with a precision of about 2 A. Although for multiple tryptophans
there is appreciable deterioration in resolution, it is still possible to determine the essential features of the
distribution such as its first two moments. The positions determined by this method are the projections
of the tryptophan positions on a plane perpendicular to the membrane surface, since the probes distribute
uniformly around the protein. To analyze the data, a Monte Carlo approach has been developed to search
for tryptophan distributions compatible with the observed efficiencies and to display the results in terms
of a tryptophan density map. It is shown that even for cases in which little is known about the quantum
yield distribution, significant information can be determined about the tryptophan spatial distribution.

Determination of the structure of membrane proteins is one
of the most challenging problems in molecular biology. With

*This work was supported by Grant PCM-830268 from the National
Science Foundation. This work was done during the tenure of an Es-
tablished Investigatorship (87-174) of the American Heart Association,
and funds were contributed in part by the Massachusetts affiliate.
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few exceptions relatively little is known about the tertiary
structure of proteins within the membrane. Tertiary structure
information has been obtained for bacteriorhodopsin by com-
bining the results of diffraction studies of the crystalline purple
membrane, the primary structure, and theoretical arguments
(Henderson & Unwin, 1975; Khorana et al., 1979; Ovchin-

© 1985 American Chemical Society
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FIGURE 1: Membrane protein model and the tryptophan-AO geom-
etry. The origin of the coordinate system is the intersection of the
protein Z axis and the midplane (xy) of the lipid bilayer. Rp,0p,¢p
and Ry.0,,04 are the spherical coordinates of the donor (tryptophan)
and acceptor (AO), respectively. Z, is the z coordinate of a particular
acceptor, and ry is the projection of R, on the xy plane.

nikov et al., 1979; Engelman et al., 1980, 1982). Although
there will probably be considerable progress in crystallizing
membrane proteins, the problem of how the protein is or-
ganized in the membrane will remain. Present resolution
(about 7 A) for the two-dimensional membrane crystals is not
sufficient to resolve individual residues. Methods, therefore,
that determine the location of particular residues, in situ, will
be invaluable for understanding membrane protein structure.
In the present study it is shown that resonance energy transfer
between tryptophan residues of a membrane protein and a
series of membrane probes, the n-(9-anthroyloxy) fatty acids
(AQ), can be used to obtain information about the spatial
distribution of tryptophan residues. Since relatively low
concentrations of these probes are needed, it is possible to
investigate proteins in physiologically relevant configurations.

Overview of the Model. As seen in Figure 1, the membrane
is envisioned to contain essentially one protein, represented
to a first approximation by a uniform cylinder of radius R,,.
The location of a particular tryptophan residue can be specified
by appropriate radial and angular coordinates. In a typical
experiment one of eight different AO probes is added to a
suspension of membrane vesicles. The probe intercalates with
its carboxyl terminus anchored in the lipid head-group region
and with its AO moiety buried a distance Z, from the mid-
plane of the bilayer. The critical energy-transfer distance (R;)
for the tryptophan—AQ pair is between 20 and 24 A, and
therefore, transfer measurements between the tryptophan and
the ensemble of AO acceptors provide information about
structures whose characteristic radii are between 10 and 40

The AO probes form an ensemble of acceptors located
within the plane of the membrane. Energy transfer, therefore,
between a single tryptophan and this ensemble yields an av-
erage tryptophan—AQ separation, weighted by the surface
distribution of the AO probes. It is possible, however, to
determine more than simply the mean tryptophan-AQ sepa-
ration since the different AO probes form a set of virtually
identical acceptors, differing primarily in their Z, position.
If measurements with at least two different probes are per-
formed, triangulation may be used, in effect, to determine the
location of the tryptophan. The probes distribute uniformly
around the protein, so that only two tryptophan coordinates
can be determined. Hence, all tryptophans at a depth z, on
a locus formed by a ring of radius r, yield equivalent ener-
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Table I: Transmembrane Location of the n-AO Probes?

n-AO AR? AR® AHY AR® RS
2 19.0

3 1.1 17.9

6 4 8 4.6 14.4

7 5.7 13.3

9 12.0 8.0 11.0

10 9.9
12 12.2 8 13.0 11.4 7.6
16 14.0 16.0 3.0

Values are in angstroms, and AR values are relative to 2-A0.
®The NMR study of Podo & Blasie (1977), in which the probe posi-
tions were determined relative to the methylene positions of the lipid
acyl chains. R was evaluated by assuming that the acyl chain is all
trans and therefore the C—C bond length is 1.53 A. “Energy transfer
to hemoglobin in whole red cells (Eisinger et al., 1982). “Energy
transfer to hemoglobin in whole red cells (Eisinger & Flores, 1982).
¢CPK models in the extended configuration. /The absolute R values
were obtained by assuming that the fatty acid acyl chain is all trans
(1.53-A C-C length) and that 2-A0O is located 19 A from the bilayer
midplane. Justification for this assumption is provided by the R values
in the table and by studies which suggest that the probe position varies
smoothly with depth in the bilayer (Chalpin & Kleinfeld, 1983).

gy-transfer efficiencies. The two coordinates (r, z) of the set
of equivalent tryptophans can be represented by the projection
of the ring on the (y, z) plane through the protein.

To deal with multiple tryptophan-containing proteins, it is
necessary to evaluate energy transfer from the ensemble of
tryptophan donors to the ensemble of AO acceptors. The
average energy-transfer efficiency of the donor ensemble is
determined by a quantum yield weighted sum of the individual
tryptophan to AO ensemble efficiencies. The pattern formed
from the ensemble averaged energy-transfer efficiencies as a
function of the AO position is quite sensitive to the tryptophan
distribution, although the spatial resolution of this distribution
depends upon how completely the tryptophan quantum yield
distribution is known. An approximate distribution which
retains the essential features of the actual one can very often
be determined even if only the average tryptophan quantum
yield is known.

THEORY

A number of studies have applied the two-dimensional
theory of Forster (1948) to geometries that involve axial
symmetry about the donor (Shaklai et al., 1977; Fung &
Stryer, 1978; Koppel et al., 1979; Wolber & Hudson, 1979;
Dewey & Hammes, 1980; Estep & Thompson, 1979). In this
section we will outline the two-dimensional energy-transfer
theory and elaborate on the changes needed to accommodate
the geometry of our model. We first enumerate the important
assumptions and restrictions used in the model.

(i) It is assumed that both the proteins and AO acceptors
are uniformly distributed within the plane of the membrane.
The protein may form specific oligomeric associations; how-
ever, these oligomeric states must themselves be uniformly
distributed.

(ii) It is assumed that in the course of a measurement the
probes remain in the outside half of the bilayer. Hence, the
inside /outside partition factor is zero.

(iii) Probe depth or Z, values were adopted by consideration
of the results of several studies including X-ray diffraction
(Lesslauer et al., 1972), NMR (Podo & Blasie, 1977), energy
transfer (Eisinger & Flores, 1982), and CPK models of the
probes. Values for Z, from these studies and the adopted
values are shown in Table 1.

(iv) The bilayer surface is treated as a plane, an assumption
justified by the work of Fung & Stryer (1978) and Eisinger
et al. (1981).
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FIGURE 2: Energy-transfer efficiency as a function of the donor
orientation. T values were calculated as a function of the donor cone
width for three orientations of the cone axis by using the method
described in the supplementary materials. For the calculation depicted
here the tryptophan donor was located at the center of a cylinder of
a radius of 20 A, the acceptor Z,, was set to zero, and other parameters
are the same as in Figure 5. The value indicated by the dashed line
was determined by assuming that the tryptophan is isotropic (K? =

/3.

(v) A dipole—dipole orientation factor (K?) equal to 2/ is
used. The results of calculations in the supplementary material
(see paragraph at end of paper regarding supplementary
material) and Figure 2 indicate isotropy (K? = 2/;) is a good
approximation.

(vi) Two forms of tryptophan heterogeneity are considered:
the heterogeneity of the fluorescence intensity decay of a single
tryptophan and the quantum yield heterogeneity of different
residues in a multi-tryptophan protein (site heterogeneity).
Decay heterogeneity is discussed in the supplementary material
where it is shown that, for a coupled two-state decay, the
energy-transfer efficiency is insensitive to the decay constants.
Site heterogeneity is a more important issue. Two models will
be considered: one in which the quantum yields of all tryp-
tophans are identical and one in which only the average
quantum yield is known.

Single Donor Theory. The decay of the donor tryptophan
in the model system of Figure 1 can be described by the rate
equation

dPi(t)/dt = —(k; + ZkijT)Pi(t) (1

In this equation P,(t)d¢ is the probability that the ith donor
(tryptophan) is excited at a time between ¢ and ¢ + d¢ following
a pulse of exciting light, k; is the decay rate in the absence
of energy transfer (k;, = 1/7,), and k,-jT is the resonance en-
ergy-transfer rate from the ith donor to the jth acceptor. In
the weak coupling limit of Forster’s theory

kijT = (1 /Ti)(Roi/Rij)6 3]
R;; is the distance between the ith donor and jth acceptor.
(When there is no explicit sum over the / and j indexes we will
often exchange / and j with D and A for the sake of clarity.)

The critical transfer radius Ry’ (in cm) of the ith tryptophan
is given by

KLEINFELD

Ry = [(8.785 X 10°¥)K2Q,J / n*]1/® 3)

in which @, is the quantum yield of the ith donor in the absence
of acceptor, and » is the index of refraction of the medium
between donor and acceptor. The overlap integral J is defined
as

J= f ea) SN 4)

in which €,(\) is the acceptor molar extinction coefficient
density at wavelength A, fi(\) is the corrected fluorescence
intensity of the donor, normalized so that the integral of fi(A)
over its emission band equals Q,. The orientation factor K2
between a particular donor (we have dropped the i subscript
for clarity) and a particular acceptor is given by

K? = (sin &p sin £, cos v — 2 cos £p cos £,)2  (5)

in which £p and £, are the angles between the Rp, (radial
vector between donor and acceptor) and the donor and ac-
ceptor dipole directions, respectively, and # is the azimuthal
angle between donor and acceptor dipoles.

In applying this description to the model system of Figure
1, we have assumed that the donor molecules are uncoupled
and, therefore, eq 1 holds separately for each donor. It is also
assumed that the concentration of excited tryptophan is neg-
ligible compared to the ground-state population. If in addition
the K,;T values are independent of time (the dynamic average
regime is applicable), then the solution to eq 1 for a particular
acceptor configuration (positions and dipole orientation) is

P(t) = P(0) exp[-t(1/7; + ?kijT)] (6)

The ensemble average of eq 6 over all possible acceptor con-
figurations is given by

(P() = [ PtiahWiA} dig) M

in which W}A4] is the probability density of a particular dis-
tribution of acceptors, {4}. In particular, if we assume that
the probes are uniformly distributed, then in the geometry of
Figure 1, Wid}ld{A4} = (ro - Rp sin 8 cos w)drydeg,/(area
available to acceptor). It follows that the ensemble average
can be expressed [see, e.g., Fung & Stryer (1978)] as

(P(t)) = exp(=t/7,) exp[-oL(1)] (8)

28
Ly = [ f 11~ expl(-t/7)(Rs/Ron)Vrs -
Ry sin 0 cos w)drydeé,

in which ¢ is the two-dimensional number density of acceptor
molecules and R, is the radial integration parameter (at the
depth Z,). The radial integration parameter is the distance
between the protein surface and the center of the acceptor
molecule; it is equal to the protein radius (R,) plus the acceptor
radius. Since the acceptors are not necessarily axially sym-
metric about each donor, we use the geometry of Figure 1 to
express Rp,? as

Rpp? =
ra® + z,2 + Rp? — 2Rp(Z 4cos Op + r4 sin 8p cos w) (9)

in which Ry, is the radial, fp and ¢ are the angular coordi-
nates of a particular tryptophan residue, and w = ¢, — ¢p.

Orientation Factor. Energy transfer depends on the relative
orientation of the donor and acceptor dipoles. This orientation
is difficult to determine experimentally, and the uncertainties
in K% may lead to considerable ambiguity in the determination
of Rpa. The effect of donor—acceptor orientation on resonance
energy transfer has been carefully analyzed in the papers of
Dale & Eisinger (1975) and Dale et al. (1979). These studies
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demonstrated that for a donor—acceptor pair at a fixed Rp,,
limits can be placed on the uncertainty in X? by measurements
of the donor, acceptor, and transfer depolarization factors. In
a protein containing several tryptophans, however, the indi-
vidual donor and transfer depolarization factors cannot readily
be determined. Furthermore, since the AO acceptors are
distributed throughout the plane of the membrane, they form
an ensemble of R'DA values, each of which has a different
orientation factor with respect to any single donor. Thus, it
is not possible to use the method of Dale et al. (1979) to set
limits on the variation of energy-transfer efficiency due to
uncertainty in the donor-acceptor orientation, since a single
averaged K? cannot be defined.

Any degree of motional freedom will significantly reduce
the effect of the orientation factor. In the present case the
lack of donor-acceptor correlation leads to a considerable
reduction in the K? sensitivity of the ensemble averaged en-
ergy-transfer expressions. In liposomes formed from several
different phosphatidylcholines above the phase transition (r.,
< 0.05), and in vesicles of red cell ghosts (r, < 0.13) the
anthroyloxy group exhibits rapid and almost unrestricted ro-
tation at any position on the acyl chain (A. M. Kleinfeld,
unpublished observations; Kutchai et al., 1984). Even in li-
posomes below the gel to liquid-crystalline phase transition,
it appears that the rotation of the AO probes is relatively
unhindered (Vincent et al., 1982). Mixed absorption dipoles
of the acceptor also yield more isotropic K2 values (Hass et
al., 1978). In the case of the AO acceptors the absorption band
in the region which is overlapped by tryptophan emission
(~300-380 nm) is a mixture of orthogonal dipoles (Matayoshi
& Kleinfeld, 1981). Taken together, the mixed polarization
absorption bands and the lack of appreciable rotational con-
straints suggest that the acceptor is well described by an un-
restricted isotropic rotor.

The orientational constraints of the tryptophan are more
difficult to assess. For single tryptophan-containing proteins,
fluorescence measurements can be performed to determine the
dipole rotation rate and motional restriction. Most of these
results suggest considerable motional freedom on the nano-
second time scale (Ross et al., 1981a; Lakowicz & Weber,
1980; Munro et al., 1979; Lakowicz et al., 1983). On the other
hand, some fluorescence and NMR measurements do suggest
restrictions in certain cases (Ross et al., 1981b; Munro et al.
1979; Kinsey et al., 1981; Gall et al., 1982; Lakowicz et al.,
1983).

Since experimental information about the dipole orientation
and restriction cannot generally be obtained in multi-trypto-
phan proteins, it is essential to estimate, by calculation, the
degree of uncertainty due to restrictive motion of the trypto-
phan dipole. To obtain this estimate, the dynamic average
of K2 was evaluated as a function of Rp, for a model in which
the donor is confined to a solid cone and the acceptor is an
isotropic rotor. This dynamic average, computed with the
geometry of Figure 1, was then used to determine the ener-
gy-transfer efficiency averaged over the acceptor positions as
a function of the donor’s orientation parameters. [A similar
approach was used by Koppel et al. (1979) and Eisinger et
al. (1981) for geometries different than the present one.]
Results of these calculations, shown in Figure 2 and in the
supplementary material, demonstrate that variation in ener-
gy-transfer efficiency about the value obtained for isotropic
donor-acceptor pairs (K% = %/,) is less than 25%, even in the
case of completely immobilized tryptophan. For tryptophan
with sufficient motional freedom to undergo diffusive motion
within a cone of 30° half-width, the uncertainty in the effi-
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ciency reduces to 10%. Since this is the same order as the
experimental uncertainties, K> = 2/, will be used in what
follows.

Multiple Donor Energy Transfer. The extension of the
theory to multiple tryptophan is accomplished by evaluating
the quantum yield weighted average energy-transfer efficiency
between a set of tryptophan donors and the ensemble of AO
acceptors. The decay of a set of independent donors is given
by

N
P(t) = EﬁPi(t, 7)) (10)

in which eq 9 is used for P(t,7;), f; is the initial relative intensity
of the ith tryptophan, and the sum is over all tryptophans
within the protein. Although P(¢) depends upon the spatial
distribution of the tryptophans, factors such as the intrinsic
tryptophan heterogeneity and experimental precision limit the
use of the direct measurement of P(¢) for determining the
tryptophan distribution. We will, therefore, focus on the use
of the energy-transfer efficiency (7) for determination of
tryptophan distributions.
For a single tryptophan, T is given by

T,=1-L/I (11)
in which I, and I are the steady-state intensities of the ith

tryptophan in the presence and absence of energy transfer,
respectively. In terms of Py(t) the intensities are

= aj; P(t) dt (12)
0 = ” 0
1 aj; Po(2) dt (13)
in which a is a proportionality constant and
Pi(t) = exp(-t/ ) (14)

As shown in the supplementary material, even when the decay
from this single tryptophan is not monoexponential, 7; is
virtually independent of the decay constants, and therefore,
we may use 7; in eq 14.

For a protein containing Ny tryptophans, 7 and I° are the
sum of the individual tryptophan intensities, and therefore,
the multidonor efficiency is

Ny N
T=1- Zi[i/ZiIiO (15)
i= i=
Expressing 7 in terms of the individual tryptophan efficiencies
(eq 11), we have

Nr
T= ZaiTi (16)
i=1
in which
Ny Ny
o =12/210 =60,/ 20 (17)
i=1 i=1

¢;and Q; are the individual tryptophan extinction coefficients
and quantum yields, respectively. Since ¢; does not vary ap-
preciably with environment (Edelhoch, 1967; Levine & Fed-
erici, 1982), we may set all ¢ equal, and ¢ is, therefore, the
fractional quantum yield of the ith tryptophan. Thus, for a
heterogeneous set of tryptophans, 7 is an intensity or quantum
yield weighted sum of the individual efficiencies.

Monte Carlo Analysis. To determine the tryptophan dis-
tribution from the measured T values, Monte Carlo methods
are used to search through a large number of distributions.
Each distribution is used to generate a T pattern (efficiency
vs. Z, curve). The calculated (T,°) and measured (7,™)
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patterns are compared by evaluating the error weighted sum
of residuals

R = );[(T; - T,m) /e,)? (18)

in which e, is the standard deviation of each 7}, and the sum
is over the different probes (n-AQ). To perform the search,
single tryptophan efficiencies are calculated at each point in
a grid that spans the protein projection on the p, z plane (~30
X 80 A). A setof n (n < Np) y, z coordinate pairs is then
chosen at random, and for each probe the efficiencies corre-
sponding to these positions are averaged (eq 16). R? is
evaluated, and the corresponding configuration is sorted in
order of decreasing R?, saving those below a particular cutoff
value. Although R? correctly reflects the quality of the fit,
its absolute value is not defined, e.g., in the sense of ¥ since
the fit is generally underdetermined. This is a consequence
of there being more fit parameters [y, z, R,(Z,)] for mul-
ti-tryptophan proteins than measured T values.

Since the problem is underdetermined, configurations
deemed acceptable (R? below the cutoff) by this procedure
are not completely unique. Several different configurations
can, therefore, give rise to virtually identical energy-transfer
patterns. To display this uncertainty and the results of the
Monte Carlo analysis, we have generated tryptophan density
maps from the set of acceptable configurations. These maps
are formed by examining each acceptable tryptophan con-
figuration, counting (n;) the occurrence of a tryptophan at each
grid point [y(i), z({)] and plotting each of the n; tryptophans
around the ith grid point. Since the area into which the »;
tryptophans are placed around each grid point is constant, the
intensity of points is proportional to the probability for the
corresponding grid coordinates to occur in an acceptable
configuration. In addition to displaying the distribution, the
probability densities can be used to calculate the moments of
the distribution. In particular, the first and second moments
are

{(q) = Zqijpij (19a)
ij
by = %(q"f - {(q))py (19b)

in which g is either the y or z coordinate and p; is the prob-
ability density at the grid point i, j.

Quantum Yield Distribution. The uncertainty in the
quantum yield of each tryptophan in the distribution can lead
to considerable ambiguity in the determination of the spatial
distribution. In the extreme case, for example, a tryptophan
having a quantum yield of zero is invisible in so far as reso-
nance energy transfer is concerned. Although it may be
possible experimentally to obtain information about the
quantum yield distribution, it is essential that the theory be
able to deal with situations in which only the average quantum
yield is known. (The average quantum yield can be determined
from the number of tryptophans per protein and the fluores-
cence intensity for a given concentration of protein.) Even
in this “worst” case, however, the theory places restrictions
on the degree of quantum yield heterogeneity, consistent with
the observed energy-transfer efficiencies. This is due to the
fact that although fluorescence intensity is proportional to Q,
energy transfer is proportional to Q5. Different {o}, therefore,
can yield the same fluorescence intensity, but, in general, give
rise to different T values. The restrictions imposed on the
quantum yield distribution by the Monte Carlo analysis are
demonstrated in the following paper on cytochrome b5 (Klein-
feld & Lukacovic, 1985).

KLEINFELD
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FIGURE 3: Single tryptophan energy-transfer patterns. T values were
calculated with an acceptor density of 10 pmol/cm?, R, = 22 A, a
uniform cylinder with R, = 20 A, and a tryptophan confined to the
central (¥ = 0) axis of the cylinder. The z position of the tryptophan,
indicated on each curve, varied between —15 and +20 A about the
midplane.

The procedure followed in the present study assumes that
only the average quantum yield is known, and the initial
analysis is performed by setting the quantum yield of each
tryptophan equal to the average value. If the actual {o} is
heterogeneous, these conditions may not provide a good fit to
the measured T values. The analysis is then repeated by
reducing the number of tryptophans and increasing the Q
values proportionately until a satisfactory fit is obtained. In
effect, this procedure determines a distribution in which each
equivalent tryptophan is essentially a quantum yield weighted
center of mass of neighboring tryptophans.

Radial Integration Parameter. The radial integration pa-
rameter R, which is related to the radius of the protein (R
= R, + AO radius), can be determined from the energy-
transfer measurements, for proteins with one or two trypto-
phans. To determine the tryptophan distribution and R, the
T pattern is analyzed by using the Monte Carlo procedure in
which the tryptophans are distributed within a cylinder of
radius R;,. The radius is varied, and the Monte Carlo analysis
is repeated until R? is minimized.

RESULTS

Single Tryptophan. In order to simulate the energy-transfer
patterns for a single tryptophan-containing protein, calculations
were performed for a single tryptophan located along the
central axis of a cylinder of 20-A radius. The results shown
in Figure 3 were obtained with Ry(?/5) = 22 A and a density
of 10 pmol/cm? (about 25 lipids per probe). Large changes
in the shape and magnitude of the T patterns are evident for
tryptophan positions (y, z) between (0,-15 A) and (0,20 A).
These variations are experimentally significant since the un-
certainty in T is generally less than ~10% for T > 0.2.

To evaluate the sensitivity and uniqueness of the Monte
Carlo fit, we have analyzed patterns such as those in Figure
3 for several configurations of single tryptophan proteins.
Standard deviations for the transfer efficiencies were taken
to be 10%. Typical results from this analysis are shown in
Figure 4 where the tryptophan density is plotted within the
projection of a protein cylinder of radius 20 A and length 80
A, for increasing numbers of trial configurations. For a single
tryptophan fewer than 10° trial configurations are needed to
obtain convergence. The tryptophan position determined by
this analysis is, to within the accuracy of the grid (2 X 2 A),
identical with the tryptophan position used to generate the
pattern. Thus, these results suggest that the projection of a
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FIGURE 4: Monte Carlo analysis of a simulated single tryptophan
experiment. Resuits are represented by the projection of the tryptophan
density on the yz plane. Only the positive y half of the cylinder is
shown, since the results are symmetric about the y axis (lack of ¢
dependence). A single tryptophan located at (9,1) was used to generate
-T values for each AO probe. These simulated efficiencies were
analyzed by the Monte Carlo procedure, and the three frames depict
the density maps obtained from the best 100 configurations after 5
X 10% 5 X 10% and 5 X 10* randomly chosen single grid (y,2) positions.
The search converges to a 2 X 2 A grid point at coordinates (9, 1)
in less than 5 X 10* trials. The range of R? values of the best 100
configurations for each frame is 6—200 for the first, 0.8—6.0 for the
second, and a single value of 0.8 for the third.
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FIGURE 5: T patterns for five tryptophan models. These patterns
(efficxenc vs. Z,). were calculated by using eq 16 with Qr, = 0.2,

=22 K =204, and ¢ =10 pmol/cm The (yz) pro_]ectlon
(y >0 half) of the tryptophan distributions is shown for each model.
The outside bilayer leaflet is at the top of the figure, and the dimensions
of the projected border are 40 A vertical and 20 A horizontal. The
(»,z) coordinates of the tryptophan distributions are the following:
(—)s (055)1 (595)s (5’0)1 (5,_5) and (0’_5)9 ("') (10,0)5 (10,5), (5,15)y
(15,15), and (15,25); () (15,0), (10,~5), (20,-5), (15,-10), and
(20,-10); (---) (20,35), (15,30), (15,-10), (15,-15), and (20,-15).

0,135
3.0

single tryptophan can be determined with an uncertainty of
less than or equal to 2 A.

Multiple Tryptophans. Energy-transfer patterns calculated
for several multi-tryptophan distributions with a uniform
protein cylinder (R, = 20 A) and equal quantum yields (0.2)
are shown in Figure 5. These distributions were chosen to
represent broad classes of possible tryptophan configurations,
and the coordinates are given in the figure caption. The results
illustrate that, in general, the shape and magnitude of the
patterns are sensitive to the distributions. Depending upon
the tryptophan configuration, the patterns vary from concave
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FIGURE 6: Monte Carlo analysis of two tr ?'ptophan models. Tryp-
tophan density maps were generated after 10 trial configurations (pairs
of grid points). The tryptophan positions used to calculate (same
parameters as figure 4) the simulated patterns are denoted with an
X. (A) Tryptophan coordinates for this model are (10,30) and
(10,-35) and the first and second moments are (y) = 10, (z) = -2.5,
#y =0, and x, = 32. The moments obtained from the Monte Carlo
analysxs were (y) = 8.9, (z) =-2.2, u, = 4.5, and p, = 31, and the
range of R? values were 0.09-0.54, (B§ Tryptophan coordmates for
this model are (18,30) and (2,0), and the first and second moments
are (y) =10, {z) = 15, u, = 8, and u, = 15. The moments obtained
from the Monte Carlo analysns were (y) = 9.1, (z) = 18, 4, = 5.8,
and g, = 14, and the range of R? values was 0.08—0.47.

downward, to linear, to concave upward. Variations in the
magnitude of the energy-transfer efficiencies are substantial
compared to expected experimental uncertainties. For exam-
ple, although the distributions represented by the solid and
dashed curves (centrally symmetric and outside skewed dis-
tributions, respectively) exhibit similar efficiencies for the
deeper probes, the values at the z ~ 19 A position differ by
more than 7 standard deviations.

To judge how well the distribution can be determined from
the transfer pattern, we generated, as in the case of a single
tryptophan, T patterns such as those in Figure 5. These
patterns were used as the “experimental” T values for the
Monte Carlo analysis. As indicated in Figures 6-8 the
multi-tryptophan resolution deteriorates appreciably from the
better than 2-A resolution obtained with a single tryptophan.
As greater numbers of tryptophans are considered, it becomes
increasingly difficult to distinguish localized density regions
corresponding to the position of a particular tryptophan. Since
their relative contribution to the total 7 is reduced, the de-
terioration in resolution is exacerbated for tryptophans far from
the outer leaflet.

In spite of the loss in detailed information for proteins
containing more than three tryptophans, it is clear from the
results of Figures 6—8 that the gross outline of the distribution
can be resolved even for proteins containing many tryptophans.
For example, the tryptophan density distribution corresponding
to the five tryptophan model A correctly predicts that most
of the tryptophans in this model are clustered in a region deep
within the outer bilayer and are distributed more peripherally
than axially. The results for model B (Figure 8B) correctly
reflect the greater spread and the preferential inner bilayer
disposition of this distribution. Indeed, in all the simulations
we have tried (only a small fraction are shown) the Monte
Carlo analysis faithfully returns the mean y, z coordinates of
the distribution (see captions of Figures 6-8 for details).

The effect of tryptophan quantum yield (Q,) heterogeneity
on the model distributions of Figures 6-8 has been simulated
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Table II: Simulated Quantum Yield Distributions for Five Tryptophan Models®
Al B?
Trp y z y z Q) (@2) (Qs) (Qs) (@5 (Qs)
1 3 -3 3 7 0.01 0.10 0.06 0.40 0.20 0.38
2 5 -13 9 9 0.21 0.17 0.19 0.15 0.05 0.25
3 7 9 15 17 0.38 0.33 0.19 0.25 0.30 0.13
4 11 -15 17 15 0.08 0.13 0.31 0.05 0.35 0.00
5 19 -17 11 -5 0.29 0.39 0.25 0.15 0.10 0.25

“These distributions were chosen randomly with the requirement that the maximum quantum yield for an individual tryptophan was 0.5 and the
average was 0.2. ®A and B are the tryptophan positions (y, z) of the five tryptophan models of Figure 8.
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FIGURE 7: Monte Carlo analysis of three tryptophan models.

Tryptophan density maps were generated after 10° trial configurations
(triplets of grid points). The tryptophan positions used to calculate
(same parameters as in Figure 5) the simulated patterns are denoted
with an X. (A) Tryptophan coordinates for this model are (3,33),
(11,1), and (19,-27), and the first and second moments are (y) =
11, {(z) = 2.3, u, = 6.5, and u, = 25. The moments obtained from
the Monte Carlo analysis were (y) = 8.7, (z) =-1.7, 4, = 5.5, and
4, = 23, and the range of R? values was 0.11-0.51. (B) Tryptophan
coordinates for this model are (19,37), (3,-1), and (17,-19), and the
first and second moments are (y) = 13, (z) = 5.7, 4, = 7.1, and p,
= 23. The moments obtained from the Monte Carlo analysis were
(y) =106, (z) = 1.6, p, = 5.4, and g, = 23, and the range of R
values was 0.03-0.19.

by choosing at random, six sets of quantum yields (Table II).
These values were used to calculate 7 patterns for each model,
according to eq 16. The patterns were analyzed by attempting
to fit with n tryptophans (with n between 2 and 5), in which
the quantum yields of each of the n tryptophans were equal
and chosen so that the average quantum yield of the trial
configuration was the same as that of the model used to sim-
ulate the T patterns. In Figure 9 results obtained with n =
4 are presented for those {Q;} values yielding the greatest
variation in the tryptophan density maps. These results in-
dicate that while extreme variations in {Q} do affect the details
of the tryptophan spatial distribution, the essential features
are conserved, and in particular, the quantum yield weighted
average position of the distributions is correctly determined.
Although these examples are not intended to be exhaustive,
they do suggest that, in many cases, even complete lack of
information about {Q;} will not obscure the essential features
of the spatial distribution. Clearly for two or three trypto-
phans, variations in {Q} will result in more significant changes
in the determined distribution. In these cases, however, {Q/}
is far more amenable to experimental determination.
Energy transfer is also a function of the protein’s radial
parameter. Details of this dependence were investigated to
determine if radial effects could be deconvoluted from the
tryptophan distribution. For the case of a single tryptophan,

40 A 40 B
30 . 30
Outside Outside
~ 20
w
£
E -
+ 10 \§§
w
>
c
<
— D —
[
=]
: %%\\
= -10
j=)
o
M o20 A S WA WA
Inside
-30 -30
-40 -40

o

0 15 30
Radial Position (Angstroms)

FIGURE 8: Monte Carlo analysis of five tryptophan models. Tryp-
tophan density maps were generated after 5 X 10° trial configurations
(quintuplets of grid points). The tryptophan positions used to calculate
(same parameters as in Figure 5) the simulated patterns are denoted
with an X. (A) Tryptophan coordinates for this model are (3,7), (9,9),
(15,17), (17,15), and (11,-5), and the first and second moments are
(y) =11, (z) = 6.6, u, = 4.9, and y, = 7.1. The moments obtained
from the Monte Carlo analysis were (y) = 12.3, (z) = 6.4, u, = 5.4,
and u, = 9.3, and the range of R? values was 0.06-0.48. (BS Tryp-
tophan coordinates for this model are (7,9), (3,-3), (5,-13), (11,-15),
and (19,-17), and the first and second moments are (y) = 9, {(z) =
-7.8,u, = 5.7,and u, = 9.7. The moments obtained from the Monte
Carlo analysis were (y) = 10.4, (z) =-10.7, 4, = 5.5, and u, = 14,
and the range of R? values was 0.09-0.42.

the tryptophan location and protein radial parameter can be
uniquely determined from the transfer efficiencies as dem-
onstrated by Fleming et al. (1979) and our own study in the
following paper (Kleinfeld & Lukacovic, 1985). To examine
the effect of protein radius in multi-tryptophan proteins, models
of two to five tryptophans were chosen, and T patterns were
calculated for various R, values. Each of these simulated
patterns, calculated by using a particular R, was analyzed
by the Monte Carlo method for R, values between 8 and 26
A (data not shown). For two tryptophan proteins R? values
exhibit a minimum in the vicinity of the actual R value;
however, this minimum is less pronounced than in the case of
a single tryptophan. For proteins with more than two tryp-
tophans the quality of fit and the tryptophan distribution in
the z direction is independent of R, over a wide range of R,
values. Thus, in the general case it will not be possible to
determine R, or the absolute y coordinates of the distribution
without additional information about the protein’s radius. The
determination of the z projection of the distribution will,
however, not be affected by this lack of R, information.

DISCUSSION

It has been demonstrated that the tryptophan—AO model
of energy transfer should be an effective method of obtaining
information about the spatial distribution of tryptophan res-
idues in membrane proteins. For a single tryptophan-con-
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FIGURE 9: Monte Carlo analysis of five tryptophan models with
heterogeneous quantum yield distribution. The parameters used to
simulate the patterns (except for the quantum yields) and the rep-
resentation of the results are the same as in Figure 8. (A) The
simulation was performed with the model of Figure 8A and the (Qs)
distribution of Table II. The moments of the simulated distribution
are (y) =8, (z) = 5.8, u, = 4.2, and y, = 6.9. The moments obtained
from the analysis were (y) = 10.6, {z) = 4.7, u, = 5.7, and g, = 10.7,
and the range of R? values was 0.03-0.15. (ﬁv) The simulation was
performed with the model of Figure 8B and the (Q,) distribution of
Table II. The moments of the simulated distribution are (y) = 7.1,
(z) =-4.2, u, = 5.4, and p, = 9.3. The moments obtained from the
analysis were (y) = 10.1, {z) = -7.2, u, = 5.6, and i, = 14, and the
range of R? values was 0.02-0.16.
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taining protein the location can be determined with a precision
of about 2 A; for two and three tryptophan proteins the res-
olution, although not of this quality, is still sufficient to resolve
individual residues. Individual residues cannot, in general, be
resolved for proteins with larger numbers of residues; however,
it is possible to determine the essential features of the dis-
tribution such as the first and second moments. Information
of this kind can be quite useful, for example, in assessing the
proposed model (Engelman et al., 1982) for threading the
primary sequence of bacteriorhodopsin through the membrane.
In the supplementary material it is shown that the deter-
mination of the spatial distribution is not particularly sensitive
to the tryptophan—AO orientation factor, K2 The determi-
nation of the distribution does, in general, depend on quantum
yield heterogeneity. It was argued, however, that even when
only the average tryptophan quantum yield is known, the
model and the energy-transfer mechanism restrict the possible
solutions. Furthermore, literature values for the tryptophan
quantum yields [see, for example, Burstein et al. (1973)]
suggest that the range of tryptophan Q values is restricted to
be <0.4, and experimental methods can help determine a
protein’s quantum yield distribution, {Q;). N-Bromosuccin-
amide can be used to selectively and stoichiometrically elim-
inate both the fluorescence and absorbance of tryptophan and
thereby, in principle, allow the determination of (Q} (Fleming
& Strittmatter, 1978). Agents which quench tryptophan
fluorescence at close range and which themselves are localized
(charged and fatty acid spin-label quenchers, for example) can
be used to help correlate {Q,} and the spatial distribution of
tryptophan. Quantum yield heterogeneity can be explicitly
accounted for in the analysis by randomly choosing {QJ in eq
17, a reasonable possibility if experimental results could be
used to place limits on the range of {Q,} variation.
Calculations in the present study were based on the as-
sumption that all probes are in the outer bilayer leaflet. This
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restriction is, of course, not fundamental since the theory
readily accomodates a finite partition between the two bilayer
halves. The assumption of inside/outside partition = 0 is based
upon observations in red cells (Shaklai et al., 1977; Eisinger
& Flores, 1982). A disadvantage of the probe’s restriction
to the outer bilayer leaflet is that the resolution of tryptophan
locations in the inner leaflet and beyond is seriously com-
promised. Considerable improvement in resolution would,
therefore, result if conditions could be found for which these
or similar probes could be made to flip to the inner leaflet.

‘Numerous studies have examined the question of structural
perturbation by membrane probes (Radda, 1975; Cadenhead
et al., 1977; Ashcroft et al., 1980). It is, however, unclear how
protein structure will be affected by probes such as the AO
fatty acids which do not act covalently and are used in con-
centrations less than 10 mol %. Several lines of evidence from
our own experimental studies suggest that the protein structure
is not significantly perturbed by these probes (Kleinfeld et al.,
1982). We have found that, in the case of the anion transport
protein, band 3, the AO probes have no detectable effect on
anion exchange, even at concentrations 4-fold greater than
those used in the energy-transfer experiments. The tryptophan
distribution and protein profile obtained in experimental studies
were found to be invariant with probe density. Finally,
fluorescence properties of the probes themselves such as life-
time, quantum yield, and anisotropy were found to be inde-
pendent of their membrane-phase concentration.

AO probes have been used to measure resonance energy
transfer from membrane-associated tryptophan by Haigh et
al. (1979) using gramicidin and the tryptophan-coupled fatty
acid N-stearoyltryptophan. Contrary to the conclusions
reached here, however, these authors concluded that trypto-
phan location could not be assessed by this method. There
are several experimental and theoretical reasons for this dis-
agreement. The T values calculated by Haigh et al. (1979),
although smaller than our own (they used R, = 19 A), are
not insignificant (>0.14). It is surprising, therefore, that their
experimental efficiencies are so much smaller than these
calculated values [Figure 1 of Haigh et al. (1979)]. In their
studies, carried out in multilamellar liposomes of di-
myristoyl-PC at 20 °C (below the main gel to liquid-crystalline
phase transition at 24 °C), Haigh et al. (1979) observed that
the indole ring of tryptophan quenched AO fluorescence. This
effect, presumably, accounted for the small observed energy-
transfer efficiencies.

We could not confirm such quenching in studies of red cell
ghosts and in egg PC vesicles reconstituted with cytochrome
bs, band 3, or bacteriorhodopsin (Kleinfeld et al., 1982).
Studies have also been carried out with gramicidin in small
unilamellar vesicles of dimyristoyl-PC at 32 °C (Connolly et
al., 1985). Briefly, we found (1) both tryptophan quenching
and sensitized emission yield identical transfer efficiencies and
(2) the lifetimes and quantum yields of the probes are unaf-
fected by the presence of protein. The reason for the observed
small efficiencies in the study of Haigh et al. has probably to
do with the use of multilamellar vesicles coupled with the lack
of appreciable AO interbilayer movement (Storch and Kle-
infeld, unpublished results). Thus, in their study, vesicles were
preformed with donor so that the donor tryptophan was dis-
tributed throughout the lamellae. The probe, however, was
added externally, and therefore, very little of the donor tryp-
tophan was within R, of the AO acceptor.

SUPPLEMENTARY MATERIAL AVAILABLE

Two appendixes (A and B) in which the effect of dipole
orientation (A) and tryptophan decay heterogeneity (B) are
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evaluated for the tryptophan—AO energy-transfer system (14
pages). Ordering information is given on any current masthead
page.

Registry No. Trp, 73-22-3; 2-AS, 78447-89-9; 3-AS, 86637-08-3;
6-AS, 67708-95-6; 7-AS, 78447-90-2; 9-AS, 69243-44-3; 10-AS,
56970-51-5; 12-AS, 30536-60-8; 16-AP, 64821-29-0.
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