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Abstract

A novel strategy is presented for the crystallization
of membrane proteins or other proteins with low
solubility and/or stability. The method is illustrated
with the lactose permease from Escherichia coli, in
which a fusion is constructed between the permease
and a ‘carrier’ protein. The carrier is a soluble, stable
protein with its C and N termini close together in
space at the surface of the protein, so that the carrier
can be introduced into an internal position of the
target protein. The carrier is chosen with convenient
spectral or enzymatic properties, making the fusion
protein easier to handle than the native molecule.
Data are presented for the successful construction,
expression and purification of a fusion product
between lactose permease and cytochrome bsg, from
E. coli. The lactose transport activity of the fusion
protein is similar to that of wild-type lactose per-
mease, and the fusion product has an absorption
spectrum in the visible range which is essentially
identical to that of cytochrome bss. The fusion
protein has a higher proportional polar surface area
than wild-type permease, and should have better
possibilities of forming the strong directional inter-
molecular contacts required of a crystal lattice.

Introduction

Lactose (lac) permease of Escherichia coli is part of a
large family of integral membrane proteins respon-
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sible for the transport of polar molecules across
membranes. It is one of the most studied transport-
ers, and represents an enormous class of proteins
that are found in essentially all biological mem-
branes. Almost all are thought to have the same
basic structural arrangement: a series of 12
transmembrane a-helices crossing the membrane in a
zigzag fashion (Griffith et al., 1992). Although exten-
sively studied, little 1s known about the tertiary
structure of transporters, and the mechanism of
action of these proteins remains largely a matter of
speculation.

The most severe limitation in obtaining structural
information on the lac permease is the lack of crys-
tals. Like most other transporters, the lac permease
is an extremely hydrophobic protein, having only
short hydrophilic loops connecting the hydrophobic
helices. Having only a small polar surface area, most
of the mass of the lac permease is embedded within
the membrane. Once solubilized, this protein is pre-
sumably surrounded by a ring of detergent that
covers much of the surface area of the protein. Since
the lattices of well diffracting protein crystals are
generally made up from intermolecular contacts
between polar groups on the protein surfaces, the lac
permease seems to be a poor candidate for forming
well ordered crystals. Indeed, many previous
attempts at crystallizing lac permease have failed.

In this paper, we present a novel approach for the
crystallization of extremely hydrophobic membrane
proteins. The strategy consists of engineering a
fusion product between the target hydrophobic pro-
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tein and a stable, soluble ‘carrier’ protein. The fusion
protein thus generated has a higher proportional
polar surface area, and should have a better chance
of forming strong directional intermolecular con-
tacts. In a sense, these proteins are designed to mimic
the bacterial photosynthetic reaction centers, which
naturally have large extra-membraneous domains
and can be induced to crystallize (Michel, 1982;
Allen & Feher, 1984).

This basic strategy can be applied to any protein,
soluble or membrane-bound, that resists crystalliza-
tion because of stability and/or solubility problems.
The use of fusion-protein technology has been used
extensively to generate more stable, more soluble and
more readily purified proteins (Nilsson, Forsberg,
Moks, Hartmanis & Uhlén, 1992), and here we
discuss the potential of fusion proteins as tools for
crystallization. The method is illustrated with the
successful construction of a fusion between the lac
permease and cytochrome bgs,. This particular car-
rier was chosen for reasons described below, and is
but one of several possible choices. In constructing a
set of fusions between the protein of interest and
various carriers, the nature of the protein itself can
be treated as a variable in the search for crystalliza-
tion conditions.

Experimental

A cassette version of the /lacY gene (EMBL-X56095)
under control of the /ac promoter/operator was used
as the plasmid vector. This /acY gene has an Xhol
restriction site in a position encoding the middle
cytoplasmic loop (L6), and contains a 3’ addition
encoding a biotinylation domain used for purifi-
cation by monomeric avidin affinity chromatography
(Consler et al., 1993). The cytochrome bs4, gene was
obtained from E. coli genomic DNA by the poly-
merase chain reaction (PCR). The primers were
based on the Genebank sequence entry ECCYBC
(Trower, 1993), and were designed so that the ampli-
fied fragment would have Xhol restriction sites at
both ends. Both the vector and the PCR fragment
were digested with Xhol, and the two were then
joined with T4 DNA ligase. The first and second
junctions were constructed with the amino-acid
sequences DAPSSAADLE and QKYRSFLISSSATYV,
where the non-italicized letters refer to residues con-
tributed by the permease, underlined letters are addi-
tional ‘linker’ residues included as a result of the
cloning strategy, and the italicized letters are amino
acids from the cytochrome. Various clones were
tested for the proper orientation of the insert by
restriction digestion analysis, and the correctness of
the final selected construct was confirmed by DNA
sequencing across both Xhol junction sites. Trans-
port activity measurements were performed as
described in Consler et al. (1993).

CONFERENCE PROCEEDINGS

Expression of the fusion product in E. coli and the
preparation of urea/cholate washed membranes were
performed as described for the wild-type protein by
Viitanen, Newman, Foster, Wilson & Kaback
(1986). Protein was solubilized from the membranes
with 3-5% dodecyl maltoside, and the biotinylated
permease was purified from the crude membrane
extract by affinity chromatography on monomeric
avidin columns (Consler et al., 1993). Purification
buffers generally contained 1 mM dithiothreitol
(DTT) to prevent the oxidation of cysteine side
chains on the permease; this also maintained the
cytochrome heme in the reduced form. For the spec-
tra shown in Fig. 4, reducing agents were not used in
the chromatography buffers, so that the oxidized
spectrum of the pure protein could be recorded.
DTT was then added up to 1 mM, and the reduced
spectrum was measured.

Design of the fusion

The 30-amino-acid central loop of the permease
separates the first six transmembrane helices from
the last six, and was chosen as the site for inserting a
hydrophilic ‘carrier’ domain. An internal loop was
chosen over a simple N- or C-terminal fusion, since
the latter would generate ‘dumbbell’ shaped mol-
ecules having two domains linked by a (presumably)
flexible hinge. Since the target is to make a solid
compact structure with as few internal degrees of
freedom as possible, a fusion product with two links
between the partners (i.e. internal fusion within a
loop) best satisfies this requirement (Fig. 1).

Several factors were considered in the selection of
the carrier protein. A checklist of desirable features
in a carrier included the following: (1) Soluble mono-
mer, single domain. (2) Stable compact structure;
known to crystallize, structure in the Protein Data
Bank (PDB; Bernstein et al.,, 1977). (3) C and N
termini close together and at the surface of the
protein (for an ‘internal’ fusion within a loop). (4)
No disulfide bonds (the permease is stored in DTT).
(5) E. coli protein — easily cloned and expressed. (6)
Size — larger proteins would presumably be better

periplasm

cytoplasm

Fig. 1. Schematic of the fusion between the carrier protein and the
lac permease.
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since they would tend to dominate the behavior of
the system. (7) Enzymatic activity and/or color — as
an aid to monitoring the protein stability and integ-
rity. A colored protein has the added advantage that
its behavior is easily monitored in crystallization
trials. (8) Affinity purification system — purification
of the fusion is simplified if the carrier can be used
for affinity chromatography.

Several potential candidates were found from a
survey of the structures in the PDB (Bernstein et al.,
1977). Further consideration of the specific cloning
requirements in the lac permease vector system led to
the choice of cytochrome bsq, from E. coli. This
106-amino-acid protein folds as a four-a-helix
bundle in which a heme group is tightly bound in the
core of the molecule (Fig. 2). The protein is readily
crystallized (Itagaki & Hager, 1966), its structure has
been solved (Mathews, Bethge & Czerwinski, 1979;
Lederer, Glatigny, Bellamy & Mathews, 1981) and
refined against 1.4 A diffraction data (PDB entry
256B). The Ca—Ca distance between residues 3 and
106 is only 11.1 A, so that insertion of the cytoch-
rome into the central loop of the lac permease should
cause only minor strain on either structure. (The
exact structural nature of the permease/cytochrome
linkage is unknown, but the residues introduced at
the junction sites are expected to add some flexibility
in linking the two molecules together.) This protein
has additional features which lead to its selection
over other candidates. Cytochrome bsg, readily binds
ferriprotoporphyrin 1X via a non-covalent interac-
tion in which the heme iron is coordinated by a
methionine and histidine, giving the protein a red
color and a distinctive absorption spectrum in the
visible range. This cytochrome can be overexpressed
in E. coli (Nikkila, Gennis & Sligar, 1991; Trower,
1993) and is relatively heat stable [the midpoint
transition temperatures for the reduced, oxidized and
apo forms of the protein are 354, 340 and 325 K,

Fig. 2. Structure of cytochrome bs,,. This schematic (Kraulis,
1991) was created using the coordinates of entry 256B of the

PDB (Bernstein et al., 1977).
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respectively (Feng & Sligar 1991; Fisher 1991)]. The
protein still retains a well defined structure even in
the apo form. Although cytochrome bsq; is normally
targeted to the periplasm, removal of the cleavable
signal sequence prevents the export of the protein,
yielding protein which is indistinguishable from the
mature wild-type material (Nikkila et al., 1991).
Cytochrome b5, does not contain any cysteine resi-
dues, which is important for the purposes described
here, since lac permease contains eight cysteines, all
of which are thought to be in the reduced state.
Thus, the presence of disulfide bonds in the carrier
protein would be incompatible with the presence of
reducing agents required to maintain lac permease
stability.

Cytochrome bse; does not satisfy item (8) from the
above checklist. Instead, we chose to express the
lac Y/Lécyt fusion protein with a 100-amino-acid bio-
tinylation domain at the C terminus for purification
purposes. A factor Xa protease site is engineered into
the region linking the permease to the biotinylation
domain, so that this domain can be removed fol-
lowing affinity purification on a monomeric avidin
column (Consler et al., 1993). This protein is referred
to here as lacY/L6cyt/CXB. We have also expressed
a version of the fusion protein with a tag of six
consecutive histidines at the permease C-terminus
instead of the biotinylation domain for column puri-
fication on a NiNTA resin. Details of the purifi-
cation of the 6His protein will be published elsewhere
(Privé & Kaback, in preparation).

A potential weakness in the use of cytochrome bsq,
as a carrier is its small size [see item (6) above]. It is
difficult to predict a priori which choice may be best
suited as an aid in crystallizing the permease, and
although it seems reasonable to assume that a larger
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Fig. 3. Overexpression of the permease fusion. Dotted line: spec-
trum of a dodecyl maltoside extract from E. coli membranes
without induction of the /ac Y/L6cyt/CXB gene. Thin line: same
as above only after induction with 0.2 mM IPTG. Thick line:
purified lacY/L6cyt/CXB after monomeric avidin column
chromatography.
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carrier would be better, a small protein like cyto-
chrome bs; may in fact prove to be a good choice.
The many other positive features of this protein lead
to its selection, but it is by no means the only
possibility. Just as it is impossible to predict the
correct pH or salt concentration required for the
crystallization of a given protein, the ‘crystallization
potential’ of a particular fusion construct must
simply be tested experimentally.

Results

Since cytochrome b, is a soluble protein normally
found in the E. coli periplasm, membrane prepara-
tion from cells expressing the /acY/L6cyt/CXB fusion
are free from any endogenous cytochrome bs4,. The
distinctive spectrum of this particular cytochrome
makes for an easy spectroscopic assay of the abun-
dance of the fusion protein in crude membrane
extracts.* This cytochrome is readily reduced in
| mM DTT, leading to a absorbance maximum at
426 nm from the Soret band. Preparations of similar
membrane extracts in 1 mM DTT from cells not
induced for /lacY/L6cyt/CXB expression have a
single, symmetrical peak at 412 nm (Fig. 3). Based
on both the 426/412 nm and 280/426 nm ratios one
can estimate the level of expression of the protein
from crude extracts and readily quantitate the purity
of the final preparation.

Authentic cytochrome bsg, has absorption bands
at 562, 531, 427 and 324 nm in the reduced state, and
at 418 and 363 nm in the oxidized form (Itagaki &
Hager, 1966). This agrees with the maxima seen in
the visible spectrum of purified lacY/Lécyt/CXB
(Fig. 4). The shape, positions and relative heights of
the peaks in the spectrum of lacY/L6cyt/CXB are in
excellent agreement with published spectra. The only
significant difference between the two is the peak at
280 nm in /ac Y/Lé6cyt/CXB due to the abundance of
aromatic residues found in the lac permease. Cyto-
chrome b5, alone absorbs only very weakly at
280 nm, since it contains very few aromatic residues.

The measured midpoint reduction potential for
lacY/L6cyt/CXB in a buffer containing 0.02%
dodecyl maltoside, 200 mM NaCl and 20 mM Hepes
pH 7.4 is approximately + 150 mV (D. Knaff, per-
sonal communication), which is similar to the value
of +113mV for wild-type cytochrome by, in
0.25 mM Tris buffer pH 7.0 (Itagaki & Hager, 1966).

The lactose transport activity of lac Y/Lécyt/CXB
in intact cells is very similar to that of wild-type lac
permease, with respect to both initial rate and

* The spectrophotometric measurements reported here assume
that all of lacY/L6cyt/CXB protein contains bound heme. This
was verified by trial additions of excess protohemin, which should
readily reconstitute any apo protein (Itagaki & Hager, 1966). The
addition of protohemin had no effect on the intensity of the
cytochrome absorbance peaks.

CONFERENCE PROCEEDINGS

steady-state level of lactose accumulation (Fig. 5).
Thus, the transport activity of the fusion protein is
not significantly impaired by the presence of the
fusion domains in the central loop and at the C
terminus.

After purification on monomeric avidin columns,
lacY/L6cyt/CXB runs as a single broad band on
silver-stained SDS-PAGE gels, with an apparent
molecular weight (M,) of approximately 63 kDa
(data not shown). The calculated molecular weight
(MW) is 69 kDa, and this anomalous migration is
consistent with the differences seen in wild-type lac
permease (M, =33 kDa; MW =46 kDa) and per-
mease carrying only the C-terminal biotinylation
domain (M, =48 kDa; MW = 57 kDa). In prelimi-
nary experiments, JlacY/L6cyt/CXB has resisted
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Spectra of purified lacY/Lécyt/CXB in the oxidized
(dashed line) and reduced (solid line) states.

Fig. 4.
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Fig. 5. Transport activity of /lacY/Lé6cyt/CXB. Uptake of
[1-'*C}lactose was measured in E. coli transformed with a vector
without a lacY gene (pT7-5, &), a vector for the wild-type lacY
gene (M), and a vector carrying the lacY/L6cyt/CXB gene (@).
The fusion protein has essentially the same activity as wild-type
lac permease.
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cleavage of the C-terminal biotinylation domain by
factor Xa, and so the entire intact protein has been
used in the early crystallization trials.

Lac permease tends to form aggregates once it is
solubilized, and a great advantage of working with
solutions of the colored fusion protein is that it is
immediately obvious if the protein has precipitated.
The fusion appears to be more stable than the wild-
type protein, and solutions of lacY/L6cyt/CXB are
stable at 1-4 mg ml ' for over a week at 277K in
0.02% dodecyl maltoside as judged by the red color
of the solution, and the lack of aggregates seen by
SDS-PAGE. Long-term stability of a protein is
usually considered as a prerequisite for crystalliza-
tion, and this fact alone makes the fusion protein a
better candidate for crystallization than the wild-type
permease.

In preliminary crystallization trials, it can easily be
seen if the /acY/Lécyt/CXB is in solution, has preci-
pitated, or has denatured. The requisite that protein
crystals be red greatly simplifies the interpretation of
the experiments, since salt or detergent crystals can
be immediately identified by their lack of color.

Discussion

The lacY/Lé6cyt/CXB fusion product can be
expressed in large quantities and is readily purified.
Each part of the fusion product behaves completely
normally, based on the cytochrome absorption spec-
trum and lactose transport activity. All parts of the
fusions are thus correctly folded, and in particular,
the cytochrome forms stable complexes with ferro-
protoporphyrin 1X in vivo.

There are many examples where the removal of a
flexible domain or the truncation of a chain terminus
has been used as a successful strategy in the crystal-
lization of proteins that would otherwise not crystal-
lize. As an alternative to the removal of an
unfavorable portion of a target molecule, the addi-
tion of favorable components has proven to be an
excellent approach. Notably, muscle actin could only
be crystallized as a 1:1 complex with DNase I from
E. coli (Suck, Kabsch & Mannherz, 1981), and crys-
tals of human immunodeficiency virus reverse trans-
criptase were grown as a complex with an Fab
fragment and a DNA oligomer (Jacobo-Molina et
al,, 1991). The fusion-protein strategy has many
features in common with these approaches, except
that stoichiometry and binding affinity are not a
concern, since in a fusion the two proteins are locked
together by covalent bonds. In addition, the reper-
toire of possible fusion products is much greater than
of the antibody complexes, and features such as
color or enzymatic activity can be engineered into
the fusion protein.
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Both the nature of the carrier protein and the
position of the fusion construct are being tested as
variables in the search for crystallization conditions.
With the lac permease, the hydrophilic loops
between the transmembrane helices are obvious
choices as carrier insertion points. The particular
loop, the exact position within the loop, and the
addition of ‘linker’ polypeptide between the per-
mease and the carrier may be just as important as the
choice of the carrier itself. Long linkers would tend
to make the fusion protein more flexible and prob-
ably less likely to crystallize, while a direct junction
between target and carrier may distort one or the
other protein, and not allow the two proteins to
explore enough of their partner’s surface in order to
find favorable non-bonded contacts. Short linkers
seem to be the best choice in allowing the two halves
of the fusion product to relax enough to fold
properly, and yet keep the entire particle as compact
as possible.

GGP was supported by a postdoctoral fellowship
from the American Cancer Society, California
Division and by Grant GM-31599. We thank David
Knaff for the midpoint reduction potentials on lacY/
Lé6cyt/CXB.
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