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ABSTRACT: We discuss the view that the folding of many, perhaps most, integral membrane proteins can
be considered as a two-stage process. In stage I, hydrophobic a-helices are established across the lipid bilayer.
In stage II, they interact to form functional transmembrane structures. This model is suggested by the nature
of transmembrane segments in known structures, refolding experiments, the assembly of integral membrane
protein from fragments, and the existence of very small integral membrane protein subunits. It may extend
to proteins with a variety of functions, including the formation of transmembrane aqueous channels. The
model is discussed in the context of the forces involved in membrane protein folding and the interpretation

of sequence data.

In the following, we examine the suggestion that the folding
of many integral membrane proteins can be understood in
terms of two energetically distinct stages. In the first stage,
independently stable helices are formed across the hydrophobic
region of the membrane lipid bilayer. In the second, the helices
interact with one another to give a functional, globular mem-
brane protein. Similar helix-helix interactions participate in
the stabilization of membrane protein oligomers.

Integral membrane proteins are partially buried in the
nonpolar environment of the lipid bilayer, where the hydro-
phobic effect is absent and intrachain hydrogen bonds take
on a much greater significance than in water, since the lipid
solvent is unable to form them. This energy balance led to
the expectation that the transmembrane region of membrane
proteins would consist of predominantly hydrophobic segments
with regular secondary structure and, more specifically, of
bundles of hydrophobic «-helices (Henderson, 1975, 1977).
This expectation has been largely fulfilled, although some
exceptions do exist (see below).

Methods for predicting transmembrane helical regions from
amino acid sequence data rely on scanning the sequence for
stretches of residues long enough to span the nonpolar region
of a lipid bilayer as a-helices and hydrophobic enough to be
expected to be at lower free energy across a membrane than
in an aqueous environment [reviewed by Engelman et al.
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(1986)]. Only two structures are known with enough certainty
to provide a test of these predictions: bacterial photosynthetic
reaction centers and bacteriorhodopsin. The existence and
approximate position in the sequence of the 18 transmembrane
helices in these two structures are well predicted by a simple
hydrophobicity analysis (Michel et al., 1986a; Engelman et
al., 1982; Ovchinnikov et al., 1985). This success is all the
more striking given that the helices involved, predicted to be
stable as independent entities in the bilayer, actually have more
contact with other helices and pigments than they do with
lipids. Therefore, we propose a conceptual division of the
process of folding of these molecules into factors giving rise
to the transmembrane helices and those determining their
assembly into the final, folded structure. In this two-stage
model (Figure 1), transmembrane helices are regarded as
autonomous folding domains.

Similarly, the formation of oligomeric complexes of proteins
in membranes will frequently involve the side to side interaction
of transmembrane helices, as is seen in the oligomer of the
photosynthetic reaction center and in the trimeric association
of bacteriorhodopsin molecules. Association of single trans-
membrane helices is encountered in complexes of the photo-
synthetic and respiratory chains [see Popot and de Vitry
(1990)] and may play a role in the dimerization of some
anchored proteins (Bormann et al., 1989). In these instances,
the packing of helices at subunit interfaces is like that within
the subunits themselves. Thus, understanding helix—helix
interactions in bilayers may clarify both folding of individual
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STAGE II

STAGE 1

FIGURE |: Two-stage model for the folding of a-helical integral
membrane protein. The first stage is the formation of independently
stable trans-bilayer helices, principally in response to the hydrophobic
effect and the formation of main-chain hydrogen bonds in the non-
aqueous environment. The second stage is the interaction of the helices
to form the tertiary fold of the polypeptide. Factors that could
contribute to the energetics of stage II are the links between helices,
packing of helices and lipid molecules, polar interactions between
helices, and, when applicable, association with prosthetic groups or
with other proteins.

molecules and factors involved in oligomerization.

The two-stage model posits that the final structure in the
transmembrane region results from the accretion of smaller
elements (helices), each of which has reached thermodynamic
equilibrium with the lipid and aqueous phases before packing.
Some rearrangements are to be expected upon assembly (see
below), but some others, like flipping helices through the
membrane or inserting new segments, are considered as ki-
netically forbidden. It is therefore implicit in the model that
the final structure may be the one with the lowest free energy
according to these constraints, but not necessarily that with
the lowest overall free energy. This interplay of thermody-
namic and kinetic factors has been recently discussed by
Finkelstein and Ptitsyn (1987) in the context of a model in
which soluble globular proteins fold by packing preformed
secondary structure elements. The major difference between
soluble and membrane proteins, in this respect, is that trans-
membrane a-helices in lipids are much more stable than
secondary structure elements of the same length in water and
more akin to autonomous folding domains. In the same way
as folding domains do not unfold and refold when they asso-
ciate, the two-stage model excludes structures incorporating
transmembrane segments that would not be individually stable.
While a number of other circumstances can be imagined, such
as the stabilization of an otherwise unstable helix or extended
segment through a hairpin link to a stable helix (Engelman
& Steitz, 1981), it seems that the simpler view may suffice
in most of the known cases.

In the following paragraphs, we discuss helix formation in
the bilayer and helix-helix associations. We have deliberately
restricted ourselves to a consideration of the energetics of
polypeptides inserted into a lipid bilayer, leaving aside the
mechanism of insertion itself. One of the leading contentions
of this discussion, indeed, is that many aspects of integral
membrane protein folding can be understood without reference
to the actual way insertion is achieved.

HybprorHOBIC HELICES IN L1PID BILAYERS ARE HIGHLY
STABLE STRUCTURES

Helical structure is known to be induced in polypeptides in
nonaqueous environments (Singer, 1962, 1971). The large free
energy cost of transferring an unsatisfied hydrogen-bond donor
or acceptor from an aqueous to a nonpolar environment or of
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FIGURE 2: Stability of a 20-residue polyalanine transmembrane a-helix.
Estimates are indicated of the free energy cost of removing the helix
from the lipid phase (top) or breaking all of the hydrogen bonds (right).
Modified from Engelman and Steitz (1981).

breaking such a bond in a nonpolar environment suggests that
most hydrogen bonds must be satisfied when peptides are
inserted into a membrane environment. a-Helices accomplish
this in a systematic fashion that links nearby parts of the chain.
If we consider a polypeptide with nonpolar side chains trav-
ersing a membrane bilayer, its removal from the bilayer is
opposed by the hydrophobic effect and amounts to tens of
kilocalories. If the peptide is unfolded within the nonpolar
environment, breaking all of the hydrogen bonds, even more
energy is required (Figure 2).

Thus, the nonpolar transbilayer helix is a very stable
structure—so stable, in fact, that it can accommodate several
polar groups without becoming unstable. Inserting polar
groups into the bilayer may be required for function, as when
histidine residues serve as ligands for chlorophylls or hemes.
The term “hydrophobic” therefore can be ambiguous, inas-
much as many hydrophobic a-helices may contain a number
of polar residues that may also make them “amphipathic”.
Several different scales and approaches for identifying trans-
membrane helices on the basis of their hydrophobicity have
been developed and appear to be largely successful. In many
cases, indeed, the local hydrophobicity is so high that putative
transbilayer helices can be identified by inspection. In other
cases, it may be impossible to decide on the basis of hydro-
phobicity alone whether a given segment is more likely to span
the membrane or to belong to the hydrophobic core of an
extramembrane domain [cf. Eisenberg (1984), Klein et al.
(1985), Engelman et al. (1986), and Popot and de Vitry
(1990)]. Throughout the present paper, we mean by
“hydrophobic a-helices” helices that are hydrophobic enough
to partition into lipid bilayers with a strongly favorable free
energy change.

If transbilayer helices are the stable building blocks of many
membrane proteins and complexes, at least two interesting
issues arise. If hydrogen bonding of the main chain and the
hydrophobic effect are not important factors in helix—helix
association (as they are already taken into account in the
formation of the helices themselves), how are the folded
structures of the membrane proteins maintained? Further,
ion channels contain aqueous transmembrane paths—how can
such paths be provided by largely nonpolar helices?

FACTORS GOVERNING HELIX—-HELIX ASSOCIATION

A membrane protein formed from independently stable
helices must be held together by interactions that permit the
detailed close packing of the helices, overcoming the entropy
that favors helix separation (in the range of 1-10 kcal/mol
for a pair of helices). Possibilities for such interactions include
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hydrogen bonds, ion pairs, the interaction of helix dipoles,
packing differentials involving lipid /protein interactions, in-
teractions with prosthetic groups, and external constraints such
as links between the helices or interactions with other mole-
cules.

It has been pointed out that external structures of the
subunits may stabilize the transmembrane helix bundle in the
photosynthetic reaction center (Yeates et al., 1987). Extra-
membrane regions may play an important role in helix as-
sembly in proteins such as the Na*/K*-ATPase a-subunit or
the subunits of the nicotinic acetylcholine receptor, where large
extramembrane regions appear to separate putative trans-
membrane helices (see below). It is of interest to note in this
context that the size of a stable extramembrane protein domain
may be somewhat less than for globular soluble proteins, since
constraint of the polypeptide ends will favor folding. Con-
versely, links between helices will limit their possible diffusion
in the plane of the lipid bilayer so that the unfavorable entropic
term in the free energy of association will be reduced. These
two entropic effects are analogous to those of disulfide bridges
in soluble proteins (Flory, 1956; Pace et al., 1988).

Hydrogen bonds and ion pairs can be used to drive the
association of local regions of a pair of helices. Van der Waals
interactions would then promote detailed close packing and
further stabilize the association. As has been noted, the
strength of a hydrogen bond in a nonaqueous milieu is in the
range of 4-6 kcal/mol (Allen, 1975). Thus, a single hydrogen
bond could, in principle, match the entropic term. Ion pairing
or strong hydrogen bonding could provide even larger asso-
ciation energies; these would depend very much on the local
environment of the ion pair [see Honig et al. (1986)]. While
the detailed structure of bacteriorhodopsin is not yet known,
early indications that the interior of the protein might be more
polar than its lipid-exposed surface (Engelman & Zaccali,
1980) are consistent with results from hydrophobic labeling
(Brunner et al., 1985) and site-directed mutagenesis (Khorana,
1988) and with the orientation of the two sequence segments
whose arrangement into the structure has been established with
some certainty (Popot et al., 1989). The photosynthetic re-
action center transmembrane region features no interhelical
salt bridges and few hydrogen bonds (Yeates et al., 1987), but
the helices are oriented with their more polar surfaces toward
the interior of the complex (Rees et al., 1989).

Interactions with prosthetic groups also provide packing
constraints. These will be particularly strong when liganding
involves residues belonging to several helices. Such is the case
in the photoreaction centers (Michel et al., 1986b) and
probably in most of the complexes of the respiratory and
photosynthetic chains.

Because a-helices have polar ends arising from charge
separation in their peptide linkages (“dipoles™), it has been
proposed that antiparallel association between nearest-neighbor
helices is energetically favored compared with a parallel as-
sociation [see Hol (1985) and references cited therein]. As
noted by Yeates et al. (1987), the photosynthetic reaction
center contains mainly associations of antiparallel helices; the
most likely folding model for bacteriorhodopsin also involves
mostly antiparallel interactions [see Popot et al. (1989)]. The
weakening influences of solvent dielectric ions and counterions
at the helix ends, however, can be important (Rogers &
Sternberg, 1984; Honig et al., 1986; Gilson & Honig, 1989);
parallel helices are actually found in several instances. Sta-
bilization by helix—dipole interactions may be weak in bac-
teriorhodopsin, which has only short extramembrane loops and
therefore fairly exposed helix ends. In the photoreaction center
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from Rhodopseudomonas viridis, helix—dipole interactions
might be reinforced when the cytochrome and the H subunit
bind to the core and screen the two ends of the a-helix bundle
from the solvent.

The contribution of packing effects deserves close exami-
nation. It may be difficult for lipid chains to pack well against
the surface of an a-helix given the irregular contour presented
by protruding side chains. As helices are known to engage
in detailed close packing (Yeates et al., 1987; Richards, 1977),
a less favorable packing at the helix—lipid interface should act
to favor association of helices and association of lipids in
separate regions. Further, the restriction of lipid-chain con-
formations in the vicinity of a comparatively rigid helix may
give rise to some entropic preference of lipid molecules to be
next to other lipids. The magnitudes of such contributions are
difficult to calculate, but a rough estimate can be made for
the effect of close packing. The free energy cost of creating
cavities in proteins has been estimated by Rashin et al. (1986)
to be 60 cal-mol™!-A~* (within a factor of 2 or so). On this
basis, filling a 30-80-A3 cavity (the size of a small side chain)
could provide a large portion of the free energy required to
associate two helices. Destabilizing free energy changes of
comparable magnitude have been recently determined after
voids were introduced genetically in the interior of a soluble
enzyme (Kellis et al., 1988).

Thus, it is seen that a variety of possible interactions may
drive helix association. It is likely that each of the factors
considered above will prove to play a role but that a different
balance will exist in different cases, e.g., depending on the
protein’s function [cf. Michel et al. (1986a)].

AN EXPERIMENTAL STUDY OF FACTORS IN FOLDING:
BACTERIORHODOPSIN

Strong experimental tests of the two-stage folding model
have come from studies of the refolding of proteolytically
cleaved and denatured bacteriorhodopsin. Bacteriorhodopsin
(BR) consists of a bundle of seven transmembrane helices that
surround the retinal prosthetic group (Henderson & Unwin,
1975; Kouyama et al., 1981; Jubb et al., 1984). It is the only
membrane protein to have been wholly renatured starting from
the completely unfolded polypeptide as well as from two de-
natured proteolytic fragments (Huang et al., 1981; Liao et al.,
1983). The fragments are produced by a single chymotryptic
cleavage between the second and third of the seven trans-
membrane segments. A covalent link between them is not
required for the molecule to refold properly. Further, it has
proven possible to refold the BR fragments in lipid bilayers
under conditions such that the formation of a two-dimensional
lattice can subsequently be induced (Popot et al., 1987). The
structure of the renatured molecules can be studied crystal-
lographically and is shown to be indistinguishable from that
of native BR (Popot et al., 1986). These observations bring
further strong support to the contention that the native
structure of BR lies at a free energy minimum (Huang et al.,
1981). This is an important conclusion, as the anisotropic
environment of membrane proteins and the intrinsic asym-
metry of their mode of insertion during synthesis make it
possible that a native structure might be biosynthetically
trapped at a state of higher energy that could not be reached
during refolding in vitro.

When the two BR fragments are separately refolded into
lipid vesicles, they regain helical structure. Upon fusion of
such vesicles, the two fragments interact and bind retinal. The
resulting complex has the visible absorption spectrum of native
BR (Popot et al., 1987). The kinetics of chromophore re-
generation are the same whether retinal is added to native
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(chymotryptically cleaved) apoprotein or to the complex
formed by reassociating prerefolded fragments. All steps occur
in bilayers of Halobacterium lipids, in an environment that
must be similar to that of the natural plasma membrane.

These observations indicate that, while the isolated frag-
ments have been refolded under conditions vastly different
from those prevailing during natural folding in vivo, their
structure as isolated entities is close to that which they adopt
in native BR. This permits recognition and correct reasso-
ciation to occur under conditions (absence of detergent) where
major reorientations, e.g., flipping of helices through the bi-
layer, must be kinetically forbidden. It seems probable that,
despite the absence of the rest of the molecule, the correct
number of a-helices per fragment must form, that they must
span the bilayer of the reconstituted vesicles, and that they
must be close to their correct position in the sequence. The
first point is directly substantiated by ultraviolet—circular
dichroism spectra, which indicate each fragment to have re-
covered a highly a-helical structure. The other two points are
currently under investigation. The refolded fragments in lipid
vesicles are highly stable and their folded state must correspond
to a deep free energy minimum.

The outcome of these experiments is such as would be ex-
pected from the two-stage model, where each transmembrane
helix behaves as an independent folding domain. In this case,
the link between the second and third helices and the presence
of the prosthetic group are not required for fragment assembly
to occur. The implication is that the remaining sources of
helix-helix interactions, polar forces and packing effects, must
dominate.

As mentioned before, at the level of the bilayer there is not
much difference between packing helices within a subunit and
packing subunits into an oligomer. This is illustrated in vitro
by the above experiments, in which refolded BR fragments
behave as the two subunits of a heterodimer. Equivalent cases
are observed in vivo, either naturally or as the result of genetic
experiments, and produce split or “microassembled” proteins
that are functional; integral protein complexes in the inner
membranes of chloroplasts and mitochondria contain very
small subunits apparently comprised of a single transmem-
brane a-helix and little more [reviewed by de Vitry and Popot
(1989) and Popot and de Vitry (1990)].

The formation of separately stable domains by individual
transmembrane helices may be related to the fact that most
introns in genes coding for polytopic proteins are located in
the loops between helices (Jennings, 1989; P. Slonimski,
personal communication). Transmembrane helices may have
been recombined by exon shuffling in the course of evolution,
in response to the need for new or modified functions.

STRUCTURES INVOLVED IN TRANSMEMBRANE AQUEOUS
CHANNELS

Aqueous channels present a challenge to the idea that
bundles of individually stable helices may form most trans-
membrane protein structures. It has been thought that
channels must have strongly polar linings and that such linings
cannot be formed from the weakly polar surfaces found in
stable transmembrane helices. The nicotinic acetylcholine
receptor (nAChR) provides an instructive example.

Several folding models of the nAChR subunits have been
advocated. Most feature either four mainly hydrophobic
transmembrane helices (“four-helix” model) or five trans-
membrane segments, one or two of them carrying numerous
charges [reviewed by Popot and Changeux (1984), Hucho
(1986), Numa (1989), and Changeux (1990)]. Immunological
evidence in favor of models with a charged channel lining and
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an odd number of transmembrane segments has been presented
[see Ratnam et al. (1986b) and references cited therein].
Recent experiments, however, have tended not to support these
models. Namely, (i) biochemical data favor an even number
of transmembrane segments (McCrea et al., 1986, 1987;
DiPaola et al., 1989); (ii) the various charged segments pro-
posed as candidates for the channel lining are probably external
to the membrane (Dennis et al., 1988; Dwyer, 1988; Atassi
et al., 1987); (iii) electrophysiological measurements indicate
that, in its narrowest part, the nAChR channel is uncharged
(Dani & Eisenman, 1987); (iv) biochemical (Giraudat et al.,
1986, 1987, 1989; Hucho et al., 1986; Oberthiir et al., 1986;
Revah et al., 1990) and genetic evidence (Imoto et al., 1986,
1988; Leonard et al., 1988) suggests that each subunit con-
tributes the second of its four hydrophobic helices toward lining
the channel.

While no folding model of the nAChR subunits can be
considered as established, it seems therefore probable that their
transmembrane region (and, presumably, that of all chemically
gated channels sequenced to date; Grenningloh et al., 1987a,b;
Schofield et al., 1987; Hollmann et al., 1989; Wada et al.,
1989; Gregor et al., 1989) comprises only hydrophobic a-
helices. A simple hypothesis is that the two-stage model ap-
plies, but with an additional level of assembly: following
folding of the subunits, they would pack without a drastic
change in their transmembrane region to form the oligomeric
channel. It has often been argued that in large membrane
proteins or in channel-forming proteins some sequence seg-
ments are not in contact with lipids, and therefore need be
neither a-helical, nor hydrophobic, nor long enough to span
the bilayer, and that restricting topological models to long
hydrophobic transmembrane a-helices would be misleading.
In the case of the nAChR, such hypotheses do not seem
warranted.

Two differences between BR and the nAChR subunits de-
serve comment. First, the transmembrane region of the
nAChR represents only about one-fourth of its residues, rather
than three-fourths in bacteriorhodopsin. From the amino
terminus on, the four-helix model of the subunits features a
large extracellular region, followed by three closely spaced
hydrophobic helices, a cytoplasmic region, and a carboxy-
terminal hydrophobic helix. Unlike BR, the extramembrane
regions are large enough to contain folding domains of their
own (they comprise about 200 and 100 residues, respectively).

A second and important difference is the formation of the
channel. When BR monomers pack into trimers, they trap
between them half a dozen lipid molecules (Glaeser et al.,
1985). Would not we expect the same thing to occur upon
assembly of the nAChR subunits, resulting in a “channel” filled
with lipids? An answer might lie in the channel’s dimensions.
While it is known to be blocked by many amphipathic com-
pounds [see Popot and Changeux (1984)], its narrowest width
is estimated to be 67 A [Maeno et al., 1977; Dwyer et al.,
1980; sec also Furois-Corbin & Pullman (1989) and references
cited therein]. This is too small to accommodate a phospho-
lipid molecule (but close to the dimension of cholesterol). The
overall profile of the channel is not known (although the
narrow section has been shown to be short; Dani & Eisenman,
1987; Dani, 1989), but narrowness or poor steric adaptation
might exclude membrane lipids. It is worth recalling that ca.
22-residue-long hydrophobic peptides inserted in lipid bilayers
do manage to open aqueous channels, which are thought to
result from aggregation of independently stable transmem-
brane a-helices [see, e.g., Molle et al. (1988), Lear et al.
(1988), and Oiki et al. (1988)].
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To form a stable water-filled channel from fully folded
nAChR subunits in a membrane requires that the unfavorable
energy of creating a largely hydrophobic surface in contact
with water be compensated by the energy of other interactions.
Simple calculations show that this can easily be the case.
While the actual geometry of the nAChR channel is not
known, reasonable assumptions about the area and composition
of its lining give an upper bound of 40 kcal/mol as the likely
penalty for creating it. Dissociation constants for oligomeric
proteins are usually less than 1078, corresponding to a free
energy of dissociation of more than 10 kcal per interface [see,
e.g., Chothia and Janin (1975)]. As the receptor has large
extramembrane domains, the association of the five subunits
could more than compensate for the energy cost of forming
the channel, even if the additional contribution from sub-
unit-subunit interactions in the lipid phase is disregarded. The
structure of the tryptophan synthase complex (Hyde et al.,
1988) shows the presence of a largely hydrophobic tunnel 25
A long in the oligomeric enzyme complex. The tunnel seems
filled with solvent and is large enough for an indole molecule
(ca. 7 A wide) to pass. This striking structural finding provides
a clear basis for the contention that oligomeric association
energies can create an aqueous channel through a hydrophobic
region.

OTHER STRUCTURES

Space limitations prevent a detailed consideration of other
structures. It should be noted, however, that, while the hy-
drophobic helix bundle might be the most common sort of
transmembrane region, it is not the only one. Porins, which
open aqueous channels in the outer membranes of Gram-
negative bacteria, are neither a-helical nor markedly hydro-
phobic. Rather than being a cluster of individually stable
helices, they are thought to be made up of an assembly of
B-sheets stabilized by a dense network of hydrogen bonds [see,
e.g., Kleffel et al. (1985), Nabedryk et al. (1988), and ref-
erences cited therein]. Porins are the only integral membrane
proteins for which the presence of nonhelical transmembrane
secondary structure is well established. Their peculiar
structure might be related to difficulties in exporting proteins
containing hydrophobic sequence segments to the outer
membrane [cf. Davis and Model (1985), Maclntyre et al.
(1988), and Popot and de Vitry (1990)]. As individual 8-
strands, or pairs of 8-strands, leave many hydrogen bonds
unsatisfied, some concerted mechanism of insertion must be
expected.

Voltage-gated channels such as the Na*, K*, and Ca?*
channels present a special problem, as their structure must
include a charged sensor of transmembrane voltage [for a
discussion on structural requirements for sensors, see Honig
et al. (1986)]). Comparative examination of their sequences
suggests that the sensor function could be accomplished by
transmembrane a-helices including one positively charged
residue every turn in an otherwise hydrophobic segment (Noda
et al., 1984; Tempel et al., 1987; Tanabe et al., 1987; Numa,
1989). The rest of the transmembrane region would be made
up of numerous hydrophobic helices. If these structural
premises are correct, these proteins contain helices that would
not be expected to spontaneously partition into the lipid phase.
While the protein as a whole might lie at its free energy
minimum, some of the transmembrane segments would not.
This again would require a concerted mechanism of insertion.
For instance, the insertion of a polar helix could be stabilized
by interaction with a very hydrophobic helix, as has been
proposed in the helical hairpin hypothesis (Engelman & Steitz,
1981).
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MoDEL BUILDING

When one attempts to build structural models from a se-
quence, the safest approach is probably to restrict postulates
to hydrophobic transmembrane segments, unless structural and
functional data impose a more elaborate hypothesis. The
two-stage model, whether or not it describes exactly the folding
pathway that is followed in vivo, provides an interesting ap-
proach to structural predictions and justifies attempts at
building up transmembrane regions by assembling computa-
tionally preformed helices [see, e.g., Holm et al. (1987) or
Furois-Corbin and Pullman (1989)]. It should be realized,
however, that the difficulties of this task are considerable.
Even if one assumes that the identification of the transmem-
brane helices is error free, the exact limits of each cannot be
precisely defined, and the dynamics of tilting, bobbing,
twisting, and bending [cf. Vogel et al. (1988)] permit a range
of helix—helix contacts at the time of assembly. In BR, there
is indirect evidence that reassociation of the two chymotryptic
fragments involves proline~imide bond cis—trans isomerization
(Popot et al.,, 1987). The presence of prolyl residues in
transmembrane segments will result in various types of de-
viations from perfect a-helices, as in helix C of the reaction
center L subunit (Deisenhofer et al., 1985; Michel et al.,
1986a) and in helix B of BR (Popot et al., 1989). Given that
the C2 positions in real helices deviate from the ideal and that
side chains can adopt many different conformations, packing
helices is not a trivial computational problem. It can probably
best be approached when additional constraints can be resorted
to, such as the geometrical constraints introduced by multiple
liganding of prosthetic groups, as in cytochrome ¢ oxidase [see,
e.g., Holm et al. (1987)].

CONCLUSION

The observations and experiments summarized here can be
simply understood by assuming that hydrophobic helices in
transmembrane regions of proteins behave as autonomous
folding domains, analogous to the larger domains characterized
in soluble proteins. This type of structure is probably not
particular to electron or proton pumps and may extend to
proteins that delimit transmembrane aqueous channels.
Membrane proteins that include strongly hydrophilic trans-
membrane segments do exist, but they may turn out to be the
exception.

While undoubtedly an oversimplification, the two-stage
model represents a useful way of rationalizing the structure
and behavior of integral proteins in terms of assemblies of
hydrophobic transmembrane helices. It provides a reasonable
basis for model building that emphasizes what can be included
in models over what cannot be excluded.
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Terminal Deoxynucleotidyltransferase Containing Megadalton Complex from
Young Rat Thymus Nuclei: Identification and Characterization'
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ABSTRACT: Nuclear matrix prepared from 2-3 week old rat thymuses contains tightly bound TdT activity
which has been quantitatively solubilized with nonionic detergent and sonication. TdT is contained in a
discrete complex with a sedimentation value of 23 S. The complex is retained on an anti-TdT antibody
column and contains DNA ligase and 3’-5’ exonuclease activities as well as DNA and several other proteins
but is devoid of replicative DNA polymerases. Such a type of multienzyme complex is absent from the
nuclear extracts of thymus prepared from older rats and also from liver and spleen extracts of young and

old rats.

’I;rminal deoxynucleotidyltransferase (TdT;! EC 2.7.7.31)
is a unique DNA polymerase that catalyzes the polymerization
of deoxyribonucleotides onto the 3’-OH end of DNA without
template direction (Bollum, 1974). The restricted presence
of TdT in prelymphocytes implies that TdT is closely related
to lymphocyte development in both thymus gland and bone
marrow (Baltimore, 1974; Chang & Bollum, 1987). Extensive
biochemical characterization including active site determina-
tion of TdT has been carried out (Bollum, 1974; Bhalla et al.,
1977; Modak, 1978, 1979; Modak & Gillerman-Cox, 1982;
Pandey & Modak, 1987a,b, 1988a,b, 1989; Chang & Bollum,
1987). However, its biological role remains to be elucidated.
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Recent studies have provided some evidence to suggest that
TdT may be involved in immunoglobulin (Ig) or T cell receptor
(TCR) gene rearrangement/recombination to generate the
diversified immune response observed in vertebrates (Alt &
Baltimore, 1982; Desiderio et al., 1984; Roth et al., 1986; Alt
et al., 1987). The process of TdT-mediated addition of non-
conserved sequences, however, is only one of many steps in the
process of recombination, and hence, the concerted action of
several enzymes/proteins may be required at the site of re-
arrangement/recombination. In this context, various com-
ponents may be expected to exist in the form of a multi-
enzyme/protein complex. In addition, logistically one may
not expect TdT to be free in the nucleoplasm since it has the

I Abbreviations: TdT, terminal deoxynucleotidyltransferase; dNTP,
deoxynucleoside triphosphates; DTT, dithiothreitol; PMSF, phenyl-
methane sulfonyl fluoride; Ig, immunoglobulin; TCR, T cell receptor;
VDJ, variable, diversity, and joining segments of Ig or TCR genes; NP40,
Nonidet P40; SDS, sodium dodecyl! sulfate.
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