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ABSTRACT: Hydropathy plots have problems in identifying the sequences of transmembrane (TM)R-helices
when they contain charged residues. Here we show that fluorescence spectroscopy can be used to define
the ends of TMR-helices. Diacylglycerol kinase (DGK) fromEscherichia colicontains three transmembrane
(TM) R-helices per monomer. We have used fluorescence techniques to define the region of the putative
first TM helix (TM1) that spans the hydrophobic core of the lipid bilayer surrounding DGK in reconstituted
membranes. Single Cys mutants were introduced into TM1 and flanking sites, in a mutant of DGK lacking
the two native Cys residues. Introduction of Cys residues into the region between residues 28 and 34
resulted in mutants with low activities, due to a combination of reduced affinities for ATP and diacylglycerol
and a reduced maximum rate. Cross-linking experiments showed that the low-activity mutants were present
largely in the normal, trimeric form after reconstitution. Fluorescence emission maxima for the Cys mutants
labeled withN-((2-(iodoacetoxy)ethyl)-N-methyl)amino-7-nitrobenz-2-oxa-1,3-diazole (IANBD) recon-
stituted into bilayers of dioleoylphosphatidylcholine varied with position, suggesting that the region of
TM1 spanning the hydrophobic core of the bilayer runs from Glu-28 on the cytoplasmic side to Asp-49
or Val-50 on the periplasmic side. This locates the charged/polar cluster32RQE34 within the hydrophobic
core of the bilayer. Fluorescence quenching experiments agree with this assignment for TM1, the results
showing a periodicity consistent with distinct stripes of amino acid residues along the length of the helix,
the stripes facing the lipid bilayer and facing the rest of the protein, respectively. The residues located
close to the glycerol backbone region of the bilayer remained the same when the lipid fatty acyl chain
length was changed in the range C14 to C22, showing that hydrophobic matching between the protein
and the surrounding lipid bilayer is highly efficient.

An important feature of intrinsic membrane protein
structure is how the protein sits in the lipid bilayer;
interactions between a membrane protein and the surrounding
lipid bilayer help to shape the protein and so affect its
function (1, 2). Unfortunately, most high-resolution structures
of membrane proteins contain few, if any, lipid molecules,
most lipid molecules being lost either during purification or
during crystallization from detergent, or being too disordered
to be resolved in the crystal structure. Since transmembrane
(TM1) R-helices usually extend beyond the hydrophobic core
of the lipid bilayer into the polar lipid headgroup region and
beyond, it is difficult to identify the likely position of the
lipid bilayer around the protein in the absence of a large
number of lipid molecules, although recent theoretical
approaches have improved the situation (3). The problem
of identifying the position of the lipid bilayer around a

membrane protein is, of course, more severe when a high-
resolution structure is not available; hydropathy plots will
usually identify the TMR-helices in a membrane protein
but cannot exactly define the regions of the helices that span
the hydrophobic core of the lipid bilayer. The problem is
particularly acute for TMR-helices containing charged
residues close to the ends of the helices that can “snorkel”
up to the surface of the bilayer, locating the charge group of
the amino acid residue in the polar lipid headgroup region.
For example, the first TMR-helix of the Ca2+-ATPase of
sarcoplasmic reticulum contains four acidic residues toward
the N-terminus of the hydrophobic core spanning region of
the helix, so that the start of the helix is incorrectly identified
in hydropathy plots (4). Similarly, the third TMR-helix of
the Ca2+-ATPase contains a Lys residue seven residues from
the N-terminus of the region of the helix that spans the
hydrophobic core of the bilayer, again making correct
identification of the ends of the helix difficult (4).

Given these problems, it is important to have experimental
methods that can be used in combination with hydropathy
plots to identify the probable location of the lipid bilayer
around a membrane protein. In previous studies we have
shown that the environmental sensitivity of fluorescence
emission of the Trp residue can be used to identify the ends
of transmembraneR-helices (5). However, this approach is
limited by the requirement to produce a functional Trp-free

† We thank The Royal Thai Government for a studentship (to J.J.).
* To whom correspondence should be addressed. Phone: 44 (0) 2380

594331. Fax: 44 (0) 2380 594459. E-mail: agl@soton.ac.uk.
1 Abbreviations: TM, transmembrane; DGK, diacylglycerol kinase;

di(C14:1)PC, dimyristoleoylphosphatidylcholine; di(C16:1)PC, dipalmi-
toleoylphosphatidylcholine; di(C18:1)PC, dioleoylphosphatidylcholine;
di(C20:1)PC, dieicosenoylphosphatidylcholine; di(C22:1)PC, dieru-
coylphosphatidylcholine; DHG, 1,2-dihexanoylglycerol; SDS-PAGE,
sodium dodecyl sulfate-polyacrylamide gel electrophoresis. Tempo,
2,2,6,6-tetramethylpiperidine-1-oxyl; IANBD,N-((2-(iodoacetoxy)-
ethyl)-N-methyl)amino-7-nitrobenz-2-oxa-1,3-diazole; DM,n-decylâ-D-
maltopyranoside.

10950 Biochemistry2007,46, 10950-10959

10.1021/bi7008213 CCC: $37.00 © 2007 American Chemical Society
Published on Web 08/28/2007



mutant into which single Trp residues can be introduced at
chosen, defined positions. Since membrane proteins generally
contain fewer Cys residues than Trp residues, it will generally
be easier to obtain functional Cys-free mutants than Trp-
free mutants, and Cys residues can be made fluorescent by
labeling with a variety of fluorophors that show environ-
mental sensitivity (6).

Here we use the Cys labeling approach to define the
location of the first TMR-helix of diacylglycerol kinase
(DGK) of Escherichia coli(Figure 1). DGK is the smallest
known kinase and is predicted to contain three TMR-helices
with two amphipathic helices on the cytoplasmic side of the
membrane (7). It forms a homotrimeric structure with three
active sites per trimer, the active sites being at subunit-
subunit interfaces (7, 8), with the second TMR-helix being
most involved in trimer contacts (9). DGK catalyzes the
reaction

and shows simple Michaelis-Menten kinetics with respect
to both ATP and diacylglycerol, the mechanism involving
direct phosphoryl transfer from ATP to diacylglycerol (10,
11). It has been suggested that all five Trp residues in each
DGK monomer are located close to the glycerol backbone
region of the lipid bilayer (12), as shown in Figure 1.

For many membrane proteins of known three-dimensional
structure, the ends of the regions of the TMR-helices that
span the hydrophobic core of the bilayer are marked by acidic
residues (2). Of the three predicted TMR-helices of DGK,
the core-spanning region of the second helix TM2 is probably
defined by Asp-51 or Arg-55 at the N-terminal end and Glu-
69 at the C-terminal end (Figure 1) and that of TM3 is
probably defined by Asp-95 at the N-terminal end and Trp-
112 at the C-terminal end (12). However, although the
C-terminal end of TM1 is probably defined by Asp-49, the
N-terminal end is unclear, and could be either Glu-28 or Glu-
34. Favoring Glu-28 as the marker for the N-terminal end
are the facts that Glu-28 is conserved whereas Glu-34 is not,
that a helix defined by Glu-34 and Asp-49 would be
unusually short for a lipid-exposed helix (13), and that NMR
studies suggest that residues 29-47 are helical (14). Here
we show that it is possible to identify the ends of TM1 using
a fluorescence approach.

MATERIALS AND METHODS

Materials and General Procedures.Dimyristoleoylphos-
phatidylcholine [di(C14:1)PC], dipalmitoleoylphosphatidyl-
choline [di(C16:1)PC], dioleoylphosphatidylcholine [di(C18:

1)PC], dieicosenoylphosphatidylcholine [di(C20:1)PC], and
dierucoylphosphatidylcholine [di(C22:1)PC] were obtained
from Avanti Polar Lipids. 2,2,6,6-Tetramethylpiperidine-1-
oxyl (Tempo) and 16-doxyl stearic acid were obtained from
Aldrich, andN-((2-(iodoacetoxy)ethyl)-N-methyl)amino-7-
nitrobenz-2-oxa-1,3-diazole (IANBD) was obtained from
Molecular Probes.

A plasmid expressing wild-type His-tagged DGK was
generously provided by Professor James Bowie of UCLA.
DGK was purified as described in Pilot et al. (13). In brief,
cells were pelleted by centrifugation at 12000g for 10 min
and then resuspended in buffer (50 mM sodium phosphate,
0.3 M NaCl, pH 7.5) containing 1 mM 4-(2-aminoethyl)-
benzenesulfonyl fluoride (AEBSF) and 3% (w/v) octylglu-
coside, followed by stirring at 0°C for 2 h. The solubilized
protein was absorbed onto Ni-NTA-agarose resin (Quiagen).
The resin was washed with buffer containing 1.5% octyl-
glucoside and 3 mM imidazole, and then packed into a
column. The column was washed with buffer containing
1.5% octylglucoside and 3 mM imidazole and then with
buffer containing 0.5%n-decylâ-D-maltopyranoside (DM).
DGK was eluted from the column with buffer containing
0.5% DM and 0.25 M imidazole. The eluted protein gave a
single band on SDS-polyacrylamide gel electrophoresis.
Samples were concentrated to 6-10 mg of protein/mL using
a Vivaspin 500 concentrator (molecular weight cutoff 10 000)
and then flash-frozen in liquid nitrogen at-80 °C. It was
found that freezing samples at concentrations below ca. 4
mg/mL led to loss of activity. Protein concentrations were
estimated using an extinction coefficient of 30 800 M-1 cm-1

at 280 nm.
Site directed mutagenesis was performed using the Quik-

change protocol from Stratagene. The mutants were con-
firmed by DNA sequencing.

Purified DGK was reconstituted into lipid bilayers by
mixing lipid and DGK in cholate followed by dilution to
decrease the concentration of cholate below its critical
micelle concentration (13). For measurements of activity,
phospholipid (8µmol) and the desired concentration of DHG
were dried from a chloroform solution onto the walls of a
thin glass vial. Buffer (400µL; 60 mM Pipes, pH 6.9)
containing 28 mM cholate was added, and the sample was
sonicated to clarity in a bath sonicator (Ultrawave). DGK
(1.5 nmol; 22µg) was added and the sample left at room
temperature for 15 min to equilibrate, followed by incubation
on ice until use; the molar ratio of lipid:DGK was 6000:1.
Twenty microliters of the sample was then diluted into 1
mL of the assay buffer described below to re-form mem-
branes, representing a 50-fold dilution. A high molar ratio
of lipid:DGK was used in these experiments to ensure that
a sufficiently high molar ratio of the DHG substrate to DGK
was present in the membranes for steady-state kinetics to
be measurable over a time period of several minutes (13).
For fluorescence measurements, the same protocol was used,
except that lipid (2µmol) was reconstituted with DGK (20
nmol) to give a molar ratio of lipid:DGK of 100:1.

Steady-State Kinetics. For activity measurements, DHG
at the required concentration was included with the phos-
pholipid at the reconstitution stage, as described above. DGK
activity was measured using a coupled enzyme assay (13).
The assay medium consisted of buffer (60 mM Pipes, pH
6.9) containing phosphoenolpyruvate (2 mM), NADH (0.2

FIGURE 1: Predicted structure of DGK showing probable positions
of Trp residues and TMR-helices with the residues likely to span
the hydrophobic core of the helices. Also shown is the amino acid
sequence around the first TMR-helix.

diacylglycerol+ ATP / phosphatidic acid+ ADP
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mM), ATP (5 mM), Mg2+(20 mM), pyruvate kinase (18
units), and lactate dehydrogenase (22 units). The mixture
was incubated at 25°C for 10 min to ensure that any residual
ADP in the ATP sample was consumed. The assay was
initiated by addition of DGK (1.5µg) to 1 mL of the assay
medium, and the oxidation of NADH was monitored by the
decrease in absorbance at 340 nm. Quoted rates are the
averages of triplicate measurements on two separate recon-
stitutions.

The rateV for DHG for an enzyme with a two substrate,
random equilibrium mechanism is given by

where A and B are MgATP and DHG, respectively,KA and
KB are dissociation constants for MgATP and DHG respec-
tively, andR is the factor by which the dissociation constant
of one substrate is modified by the prior binding of the other
substrate (10, 15). Although the best fit to eq 1 was obtained
for a value of R of 0.45, suggesting a low level of
cooperativity, a good fit was also obtained with a value of
R of 1 (10). Assuming a value forR of 1 allows a
considerable simplification of eq 1 (15). In experiments in
which the concentration of A is varied with that of B being
held constant, the rate is given by

where

with a corresponding set of equations for the experiment
where the concentration of B is varied with that of A held
constant.

Data were fitted to eqs 2 and 3 using the nonlinear least-
squares routine in the SigmaPlot package.

Labeling of DGK.Cys-containing mutants of DGK were
labeled with IANBD by incubating DGK (ca. 5 mg/mL) in
PBS buffer (140 mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
1.8 mM KH2PO4, pH 7.2) containing tri(2-carboxyethyl)-
phosphine hydrochloride (3 mM) with a 5-fold molar excess
of IANBD, added as a stock solution (10 mg/mL in dimethyl
sulfoxide), for 45 min at 25°C. The reaction mixture
contained ca. 0.5% DM. Unreacted label was removed on a
G-25 Sepharose column. Labeling ratios were determined
from measured absorbances at 280 and 478 nm, correspond-
ing to Trp and the NBD group, respectively, with extinction
coefficients of 30 800 M-1 cm-1 and 25 000 M-1 cm-1.

Fluorescence Measurements. Fluorescence of NBD-
labeled DGK was recorded for 1.0µM DGK with excitation
at 478 nm, using an SLM 8000C fluorimeter (Urbana IL),
at 25°C. Fluorescence emission spectra were corrected for
light scatter by subtraction of a blank consisting of lipid alone
in buffer. To obtain accurate values for wavelengths of
maximum fluorescence emission, intensity corrected fluo-
rescence spectra were fitted to skewed Gaussian curves (12).
In quenching experiments with iodide, a stock solution of 1
M KI in buffer containing 100 mM Na2S2O3 was added to

DGK (0.98µM) in buffer containing KCl at a concentration
chosen to maintain the total concentration KI+ KCl at 0.91
M. In quenching experiments with Tempo, a stock solution
of 10 mM Tempo in buffer (20 mM Hepes, 100 mM KCl,
1 mM EGTA, pH 7.2) was added to DGK (1µM) to give a
final concentration of Tempo of 2 mM. For quenching
experiments with 16-doxyl stearic acid, the 16-doxyl stearic
acid was mixed with di(C18:1)PC in chloroform to give 15
mol % 16-doxyl stearic acid; the mixture was then dried
down and reconstituted with DGK as described above.
Fluorescence intensities were measured at 525 nm.

Glutaraldehyde Cross-Linking. DGK was reconstituted
into di(C18:1)PC at a molar ratio of lipid:DGK of 100:1.
Samples (28µg of DGK) were incubated with glutaraldehyde
(25 mM) in buffer (60 mM Pipes, pH 6.9) containing 0.5
mM dithiothreitol with shaking for 16 h. Reactions were
terminated by dilution into SDS-PAGE loading buffer.
Cross-linked products were loaded onto 15% gels and
analyzed using SDS-PAGE using standard procedures. %
trimer formation was estimated by comparing the intensity
of the trimer band in SDS-PAGE with that observed on
cross-linking wild type DGK, taken as 100%.

RESULTS

Expression of Mutants.Wild type DGK contains two Cys
residues, at positions 46 and 113. The Cys-less double mutant
C46A,C113A has been reported to be fully active (9). We
similarly found that the Cys-less double mutant C46A,C113L
was active (Figure 2) and used this to construct a series of
single Cys mutants, covering the range between residues 26
to 55, including all the residues likely to be in TM1 and in

V )
Vmax[A][B]

RKAKB + RKA[B] + RKB[A] + [A][B]
(1)

V ) Vmax
app[A]/( KA + [A]) (2)

Vmax
app )

Vmax

(1 +
KB

[B])
(3)

FIGURE 2: Activities for Cys mutants of DGK reconstituted into
di(C18:1)PC. Activities (IU/mg protein) are shown for wild type
DGK (WT), for the Cys-free mutant (c-) and for mutants with single
Cys residues at positions 26-39 (A) and 40-55 (B). Open and
closed bars correspond to unlabeled and NBD-labeled DGK
respectively. Activities were measured at 20 mol % DHG and 5
mM ATP.
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the loop linking TM1 to TM2 (Figure 1). All expressed in
E. coli to comparable levels.

ActiVities of Mutant DGKs. Mutants were reconstituted
into bilayers of di(C18:1)PC, and the rate of ATP hydrolysis
was assayed at 20 mol % DHG in the membrane, at an ATP
concentration of 5 mM (Figure 2). The activity of the Cys-
less mutant C46A,C113L was higher than that of wild type
DGK when assayed under these conditions (Figure 2) due
to higher values forVmax and lower values forKM for both
ATP and DHG (Figure 3; Table 1). Activities for single Cys
mutants from residues 35 to 55 were generally similar to
those of wild type, whereas single Cys mutations at residues
from 28 to 34 resulted in very low activities under these
assay conditions. For those mutants where comparison is
possible, activities reported in Figure 2 are similar to those
obtained by Gorzelle et al. (16) and Oxenoid et al. (14)
following reconstitution.

Activities for mutants at positions 28 to 34 were measured
as a function of concentrations of ATP and DHG and
compared to the activities for wild type DGK and for the
Cys-less mutant (Figure 3). All data fitted well to eqs 2 and
3 for a random equilibrium mechanism, and values forVmax

estimated from experiments in which ATP was the variable
agreed within experimental error with estimates from experi-
ments in which DHG was the variable (Table 1), giving
confidence in the method of analysis.

Cross-Linking Experiments. Cross-linking wild type DGK
in detergent micelles with glutaraldehyde gives a character-
istic pattern in SDS-PAGE with a predominant band
representing the cross-linked trimer, with faint bands for

monomer and dimer (16). A similar result was obtained for
DGK reconstituted in di(C18:1)PC, and Table 1 lists the
amount of trimer formation observed after glutaraldehyde
cross-linking for the low-activity mutants of DGK compared
to that observed under the same conditions for wild type
DGK. These results suggest that all mutants are predomi-
nantly trimers in the membrane although the trimeric form
might be less stable for the mutants A29C and R32C.
Comparing these results with the values ofVmax for the low-
activity mutants in Table 1 shows that the low activities for
these mutants do not follow just from an inability to form
trimers in the membrane.

Fluorescence Properties of NBD-Labeled DGK. Labeling
all the Cys-mutants of DGK with IANBD resulted in a
labeling ratio for NBD:DGK greater than 0.8:1. Labeling
with NBD had only small effects on the activities of the Cys
mutants of DGK (Figure 2). Fluorescence emission maxima
were determined for NBD-labeled DGK reconstituted into
bilayers of di(C18:1)PC (Figure 4). The fluorescence emis-
sion maximum for NBD increases with increasing environ-
mental polarity, with a value of 527 nm in a medium of
dielectric constant 2, increasing to 547 nm in a medium of

FIGURE 3: Activities for low-activity mutants of DGK in di(C18:
1)PC. Activities (IU/mg) were determined in the presence of 20
mol % DHG as a function of ATP concentration (A), or in the
presence of 5 mM ATP as a function of DHG concentration (B).
The mutants were as follows: (O) WT; (]) Cys-less mutant; (9)
E28C; (2) A29C; (1) A30C; (b) F31C; (0) R32C; (4) Q33C;
(3) E34C. The solid lines show fits to eqs 2 and 3, giving the
values forKm andVmax listed in Table 1.

Table 1: Activities of Cys Mutants of DGK in di(C18:1)PCa

substrate

ATP DHG

mutant

% trimer
compared

to WT
KM

(mM)
Vmax

(IU/mg)
KM

(mol %)
Vmax

(IU/mg)

WT 100 0.34( 0.03 79.4( 1.6 9.2( 1.8 95.3( 8.7
c- 0.13( 0.01 117.1( 1.5 4.9( 1.7 114.0( 12.9
E28C 93 1.3( 0.2 8.9( 0.4 5.7( 2.2 8.9( 1.0
A29C 64 1.0( 0.2 16.3( 0.9 7.4( 2.9 14.0( 2.1
A30C 79 3.3( 1.6 7.3( 1.6 27.2( 7.9 6.5( 1.2
F31C 72 2.1( 0.2 38.3( 1.5 17.2( 4.5 39.9( 5.6
R32C 63 4.8( 0.6 40.9( 3.3 12.9( 4.6 40.9( 7.6
Q33C 77 0.4( 0.1 37.3( 0.6 12.1( 4.2 39.0( 6.5
E34C 100 0.6( 0.1 18.5( 0.6 13.7( 7.1 19.8( 5.2

a Data in Figures 3A and 3B were fitted to eqs 2 and 3 to give the
values forVmax and for Km for ATP and DHG listed in the table. In
experiments with ATP as the variable, the concentration of DHG was
20 mol %; in experiments with DHG as the variable, the concentration
of ATP was 5 mM. As shown, the estimates forVmax obtained from the
two sets of experiments agree within experimental error. % trimer was
determined from glutaraldehyde cross-linking experiments, measured
relative to the amount of trimer formed after cross-linking wild type
DGK. c- refers to the Cys-less mutant of DGK.

FIGURE 4: Fluorescence properties of NBD-labeled DGK. Fluo-
rescence emission maxima (nm) are plotted as a function of the
label position for DGK reconstituted into (0; solid line) di(C14:
1)PC; (O; broken line) di(C18:1)PC; (4; dotted line) di(C22:1)-
PC. The horizontal line at 536.2 nm marks the expected fluorescence
emission maximum for an NBD group located immediately below
the glycerol backbone region of the bilayer.
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dielectric constant 80 (5). In bilayers of di(C18:1)PC the
labeled mutant with the lowest emission maximum is A41C,
suggesting that Ala-41 is likely to be in the middle of the
bilayer, with environmental polarity increasing with increas-
ing distance from this residue. The pattern of fluorescence
emission is distinctly different for the N-terminal and
C-terminal parts of TM1, periodicity being more marked in
the C-terminal part. A possible explanation could be that
the C-terminal part of TM1 is more tightly packed against
the rest of the DGK molecule than is the N-terminal part,
and that the observed periodicity in fluorescence emission
maxima correspond to faces of TM1 that face the lipid bilayer
and face the protein, respectively.

Experiments with the mechanosensitive channel of large
conductance, MscL, suggest that an NBD group located just
below the glycerol backbone region of a lipid bilayer will
show a fluorescence emission maximum at 536.2 nm (5).
This would define the N-terminal end of TM1 of DGK as
being Glu-28 and the C-terminal end as being between Asp-
49 and Val-50, with helix TM2 starting at Thr-54 (Figure
4). Fluorescence emission maxima for labeled mutants V50C
to I53C are at lower wavelengths than would be expected
for an NBD group exposed to water, suggesting that the short
loop connecting TM1 and TM2 is located close to the
membrane surface, in the lipid headgroup region of the
bilayer and partly penetrating into the fatty acyl chain region
of the bilayer.

It is important to establish whether or not the spectra
recorded for the low-activity mutants correspond to single
conformational states for the protein. If the spectra cor-
responded to the sum of a set of widely different spectra,
each arising from one of a set of widely different conforma-
tions about the NBD group, it would be very difficult to
interpret the fluorescence emission maxima for these mutants.
Cross-linking studies show that some of the low-activity
mutants give only ca. 60% of the amount of trimer observed
for wild type DGK, meaning, however, that ca. 80% of the
DGK molecules will be present as trimers, since each trimer
contains three DGK molecules (Table 1). Table 2 lists
fluorescence emission peak widths at half-height for the low-
activity mutants. Ren et al. (17) and Ladokhin et al. (18)
have shown that peak widths for Trp-containing proteins
increase with increasing fluorescence emission maximum.
The same trend is present in the data in Table 2, the peak
width increasing with increasing emission maximum. Im-
portantly, there is no correlation between the extent of trimer
formation on cross-linking (Table 1) and the peak width.
For example, mutants E28C and A29C show, respectively,

93 and 64% of the amount of trimer formed by wild type
DGK, and yet show the same peak widths. This suggests
that the mutant A29C exists in a single conformational state
as sensed by an NBD group at position 29 since a wider
than expected peak would have been observed if the spectrum
obtained from labeled A29C was a composite of a set of
spectra corresponding to a set of different conformations for
the mutant in the membrane.

Activity measurements and fluorescence experiments were
performed at very different molar ratios of lipid:protein. For
the activity measurements, the substrate DHG was contained
within the lipid bilayer, and so it was necessary to use a
high molar ratio of lipid DGK (6000:1) to ensure that
sufficient DHG was present for accurate determinations of
steady-state rates. Fluorescence experiments were generally
performed at a molar ratio of lipid:DGK of 100:1 to reduce
light scatter. The diameter of the transmembrane region of
the DGK trimer, containing nine transmembraneR-helices
in all, will be similar to that of Ca2+-ATPase, containing
ten transmembraneR-helices. The number of lipid molecules
required to form a complete annular shell around Ca2+-
ATPase is ca. 30 (2), so that at a molar ratio of lipid:DGK
trimer of 300:1, there will be sufficient lipid to form many
shells of lipid molecules around each DGK trimer. Table 3
shows the effect of the molar ratio of lipid:DGK on the
fluorescence emission properties of a range of labeled
mutants, with the label located close to the glycerol backbone
region of the bilayer (E28C, A46C), in the center of the
bilayer (A41C) and in an extramembranous loop (D51C).
Changes in fluorescence emission maxima are seen for some
of the mutants as the molar ratio of lipid:DGK increases from
0 to 30:1, corresponding to the formation of a complete
annular shell of lipid molecules around the DGK molecule.
However, any changes in emission maxima are small
between molar ratios of lipid:DGK of 30:1 and 3000:1 (Table
3). We conclude therefore that the fluorescence properties
of labeled DGK recorded at a molar ratio of lipid:DGK of
100:1 correspond to the same state of the DGK molecule
reported by the activity measurements recorded at a molar
ratio of lipid:DGK of 6000:1.

Effects of Bilayer Thickness. Fluorescence emission maxima
for the labeled mutants in bilayers of di(C14:1)PC and di-
(C22:1)PC are generally very similar to those in di(C18:1)-
PC (Figure 4). In particular, fluorescence emission maxima
for labeled E28C and D49C vary little with lipid chain length,
suggesting that these residues remain at the bilayer interface,

Table 2: Fluorescence Peak Widths for NDB-Labeled Cys Mutants
with Low Activitiesa

mutant emission maximum (nm) peak width (nm)

E28C 536.0( 0.1 65.2( 0.2
A29C 534.9 65.9( 0.2
A30C 528.4 61.3( 0.2
F31C 529.4 61.8( 0.1
R32C 527.6 57.2( 0.2
Q33C 529.6 61.2( 0.2
E34C 528.2 58.9( 0.2

a Fluorescence emission spectra for DGK in di(C18:1)PC were fitted
to the equation for a skewed Gaussian, giving the values for the
wavelengths of maximum emission and the peak widths at half-height
listed in the table.

Table 3: Effect of Molar Ratio of Lipid:DGK on the Fluorescence
Emission Maxima for NBD-Labeled Cys Mutantsa

fluorescence emission maxima (nm) for labeled mutants

molar ratio
lipid:DGK E28C A41C A46C D51C

0 536.1( 0.1 532.4( 0.2 536.3( 0.2 539.1( 0.1
15:1 538.4( 0.1 529.1( 0.1 531.1( 0.1 534.8( 0.1
30:1 537.4( 0.1 526.5( 0.1 529.7( 0.1 534.9( 0.1

100:1 536.4( 0.1 519.4( 0.1 527.9( 0.1 533.6( 0.3
1000:1 535.5( 0.1 518.5( 0.1 526.9( 0.1 533.4( 0.1
3000:1 535.5( 0.1 517.8( 0.1 527.3( 0.1 532.0( 0.1
a Fluorescence emission spectra for DGK in di(C18:1)PC at the given

molar ratios of lipid:DGK were fitted to the equation for a skewed
Gaussian, giving the values for the wavelengths of maximum emission
listed in the table.
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despite the change in bilayer thickness resulting from the
change in lipid fatty acyl chain length. The largest changes
in fluorescence emission maxima are seen for labeled A41C
(Figure 4). The variation of fluorescence emission wave-
length with fatty acyl chain length for labeled A41C is shown
in Figure 5; the fluorescence emission maximum is fairly
constant for chain lengths between C14 and C20, but then
increases with increasing chain length.

Fluorescence Quenching. Quenching of Trp fluorescence
by bromine-containing lipids has been used extensively to
study lipid-protein interactions (19-22), but the fluores-
cence of the NBD group is not quenched by bromine. NBD
fluorescence is, however, quenched by the water-soluble
iodide ion (Figure 6). Quenching by 0.45 M KI is very
inefficient for labeled L40C and A41C, consistent with a
location for these residues in the center of the lipid bilayer.
At the N-terminal end of TM1, a large decrease in efficiency
of quenching is observed between positions 28 and 30,
consistent with a location for these residues close to the
bilayer interface. Results are less clear at the C-terminal end
of TM1, but the decrease in efficiency of quenching from
position 51 to position 49 is again consistent with a location
for this region of the protein at the bilayer interface. The
inefficiency of quenching for labeled A52C suggests that
residue 52 is buried in the hydrophobic core of the bilayer,
consistent with the blue-shifted emission spectrum for this
residue (Figure 4).

NBD fluorescence is also quenched by nitroxide spin
labels. 2,2,6,6-Tetramethylpiperidine-1-oxyl (Tempo) is a
water soluble quencher that partitions into lipid bilayers,

where, as a result of the relatively small volume of the lipid
phase, its effective concentration will be high (23). It is
therefore likely that Tempo will preferentially quench NBD
labels in the membrane phase rather than those exposed to
the aqueous medium. This is consistent with the observation
that quenching of NBD fluorescence by Tempo is greatest
for residues between 40 and 42 and is lowest for residues at
the N- and C-termini of the proposed helix (Figure 7A).
Although the increase in efficiency of quenching between
positions 28 and 30 is again consistent with this region of
the protein being located close to the bilayer interface, the
overall pattern of quenching is complex, with a series of
maxima and minima. Quenching of NBD fluorescence by
16-doxyl stearic acid also results in a series of maxima and
minima (Figure 7B).

Caputo and London (24) showed that taking the ratio of
the quenching observed with two different quenchers can
emphasize depth-dependent differences between the effects
of the two quenchers. Figure 8 shows the ratio of the
quenching by the water-soluble iodide quencher and the lipid-
soluble nitroxide spin labels. The marked increase in
quenching ratio at position 28 is again consistent with a
location for Glu-28 close to the glycerol backbone region
of the bilayer. Quenching ratios at the C-terminal end of TM1
are more difficult to interpret, but the low quenching ratios
between positions 48 and 51 are consistent with the C-
terminal end of TM1 being in this region.

Measurements of fluorescence emission maxima detect the
largest changes with changing lipid fatty acyl chain length
around position 41 (Figure 4). Measurements of the levels
of quenching by KI and Tempo also show significant changes
in the efficiency of quenching in this region on changing

FIGURE 5: Fluorescence properties of NBD-labeled A41C as a
function of lipid chain length. Fluorescence emission maxima (nm)
are plotted for A41C reconstituted into bilayers of phosphatidyl-
choline with fatty acyl chains of the given length.

FIGURE 6: Quenching of NBD fluorescence by KI. Values ofF/F0
are plotted as a function of NBD position, whereF0 and F are
fluorescence intensities in the absence and presence of 0.45 M KI,
respectively. DGK was reconstituted into di(C18:1)PC at a molar
ratio of lipid to DGK of 100:1. The dotted line has been drawn
through the point for E28C.

FIGURE 7: Quenching of NBD fluorescence by spin labels. Values
of F/F0 are plotted as a function of NBD position, whereF0 andF
are fluorescence intensities in the absence and presence of spin
label, respectively: (A) quenching by 2 mM Tempo; (B) quenching
by 15 mol % 16-doxyl stearic acid. DGK was reconstituted into
di(C18:1)PC at a molar ratio of lipid to DGK of 100:1.
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from di(C18:1)PC to di(C22:1)PC, an increase in efficiency
of quenching by KI in di(C22:1)PC corresponding to a
decrease in efficiency of quenching by Tempo (Figure 9).

DISCUSSION

Hydropathy Plots and the Identification of Transmembrane
R-Helices.In the absence of a crystal structure, transmem-
braneR-helices in intrinsic membrane proteins are usually
identified from hydropathy plots. Such plots can, however,
be misleading if the TMR-helix contains charged residues
close to an end of the helix because the charged residues
are likely to be assigned to the extramembranous regions of
the protein rather than to the region of the protein spanning
the hydrophobic core of the lipid bilayer. A well-established
example is provided by the Ca2+-ATPase of sarcoplasmic
reticulum where charged residues, known to be in TM
R-helices from the crystal structure of the protein, are
wrongly assigned in hydropathy plots (4). It is therefore
important to establish experimental methods that can be used
to refine the information obtained from hydropathy plots;
the method explored here exploits the environmental sensi-
tivity of fluorescence groups such as NBD-labeled Cys
residues.

As a test for the approach, we have chosen to study the
first TM R-helix of DGK. DGK is predicted to contain three
TM R-helices (Figure 1) (7). Whereas the C-terminal end
of TM1 is well-defined in hydropathy plots as Asp-49, the
N-terminal end appears to be defined in hydropathy plots
by the charged/polar cluster32RQE35, resulting in an unusu-
ally short TMR-helix of just 14 residues. The highest activity
for DGK is observed in a bilayer of lipids with chains C18
in length, for which the hydrophobic thickness is ca. 27 Å
(13). If it is assumed that highest activity is observed when
the hydrophobic thickness of a protein matches that of the
surrounding lipid bilayer, the hydrophobic thickness of DGK
would then be ca. 27 Å, corresponding to TMR-helices 18
residues in length, or more if the helices were tilted. An
alternative possibility is therefore that the N-terminal end
of TM1 is actually defined by Glu-28, a conserved residue
in the DGK family (13), and that the charged/polar residues
32RQE35 are buried within the lipid bilayer, the charged
groups either snorkeling toward the membrane-water inter-
face or being involved in helix-helix interactions. This
would be consistent with NMR studies that suggest that
residues 29-47 are helical (14). Here we show that
fluorescence methods can be used to define the N-terminus
of TM1 as Glu-28.

ActiVities of Cys Mutants.Single Cys mutants of DGK
have been produced, spanning the first predicted TM helix
and the short loop connecting this to the second predicted
TM helix. Mutations at the C-terminal end of TM1 resulted
in mutants with high activities, consistent with the observa-
tion by Zhou et al. (25) that the sequence from Gly-35 to
Leu-48 could be replaced by a stretch of Ala residues with
only a halving of activity. In contrast, mutations at positions
28-34 resulted in mutants with low activities (Figure 2), as
found by Oxenoid et al. (14). Previous studies have shown
that mutants of DGK are prone to misfolding, as shown by
low enzymatic activity, a problem which can, in some cases,
be minimized by reconstitution into lipid bilayers (16, 26).
In many cases the misfolded DGK fails to form the normal
trimeric structure, as shown by cross-linking studies, although
some low-activity mutants remain homotrimeric (26). A
careful study of one low-activity mutant compared values
for Vmax andKM for ATP with those of wild type enzyme;
the finding thatVmax for the mutant was reduced with no
effect onKM suggested that the sample contained a mixture
of correctly folded DGK with normal activity and misfolded
DGK that was completely inactive (26). This is not the
pattern generally seen with the low-activity mutants studied
here. Based on cross-linking studies, all the low-activity
mutants appear to be predominantly trimeric after reconstitu-
tion into lipid bilayers (Table 1). For example, cross-linking
mutants A29C and R32C gave about 60% of the amount of
trimer observed on cross-linking wild type DGK, meaning
that ca. 80% of the DGK molecules for the mutants are
present in the trimeric form. For the other low-activity
mutants, the proportion of DGK molecules present as trimers
was higher than this (Table 1). This suggests that the basic
pattern of packing of the TMR-helices is preserved in the
low-activity mutants, or they would have failed to pack as

FIGURE 8: Quenching ratios for NBD-labeled DGK. The ratio of
the quenching by 0.45 M KI to that by 2 mM Tempo (O) or 15
mol % 16-doxyl stearic acid (4) is plotted as a function of NBD
position. Quenching data are from Figures 6 and 7.

FIGURE 9: Effects of chain length on quenching of NBD fluores-
cence by KI (A) and Tempo (B). Values ofF/F0 are plotted as a
function of NBD position, whereF0 and F are, respectively,
fluorescence intensities in the absence and presence of 0.45 M KI
(A) and 2 mM Tempo (B). Labeled mutants were reconstituted in
di(18:1)PC (O) or di(C22:1)PC (4).
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trimers in the membrane. This is also consistent with the
measured fluorescence peak widths for the NBD-labeled
mutants (Table 2) which suggest that the mutants exist
predominantly in a single conformational state, at least as
sensed by the NBD group.

Mutants E28C and A29C show a decrease in affinity for
ATP and a large decrease inVmax compared to wild type
DGK, and mutants A30C and E34C show a decrease in
affinity for both ATP and DHG, together with a large
decrease inVmax (Table 1). Mutants F31C, R32C, and Q33C
show smaller changes inVmax together with some decreases
in affinity for ATP and DHG. Of these residues, Glu-28,
Ala-30, Phe-31, and Arg-32 are highly conserved. These
studies point to the importance of the N-terminal end of TM1
in protein function,because of either a role in catalysis or a
structural role (14). However, the fact that mutations in this
region do not prevent DGK from packing in the trimeric
form argues against any major change in the way that the
TM helices insert across the membrane.

The First TM Helix of DGK. Fluorescence emission
maxima for NBD-labeled Cys mutants of DGK reconstituted
into bilayers of di(C18:1)PC (Figure 4) were used to identify
residues located close to the glycerol backbone region of
the bilayer. There is always a danger, of course, that
mutagenesis and labeling will lead to a significant change
in the structure of a protein and, for a membrane protein, of
how it sits in the lipid bilayer. This is a particular risk when
the residue being modified is a charged residue with a role
in anchoring a transmembraneR-helix into the bilayer.
However, the data shown in Figure 4 suggest that it is not a
problem here. For example, replacing the charged or polar
Arg, Gln, or Glu residues at positions 32, 33, and 34
respectively with an NBD-labeled Cys results in fluorescence
emission maxima very similar to those observed when the
nonpolar residue Ala-30 or Phe-31 is replaced by an NBD-
labeled Cys residue. Perhaps even more convincing are the
results obtained on mutating Glu-28 and Ala-29. Studies with
MscL have suggested that an NBD group located close to
the glycerol backbone will have a fluorescence emission
maximum at 536.2 nm (5). The fluorescence emission
maximum for DGK with an NBD-labeled Cys at position
29 then locates residue 29 just below the glycerol backbone
(Figure 4), TM1 presumably being anchored into the bilayer
by Glu-28. When the Glu-28 residue itself is replaced by
the NBD-labeled Cys residue, the fluorescence emission
maximum increases by just 1 to 536 nm, suggesting that the
labeled residue is located in the glycerol backbone region,
even though the normal anchoring residue Glu-28 is no
longer present. A similar result is seen at the C-terminal end
of TM1, where a smooth increase in fluorescence emission
maxima is seen on replacing Leu-48, Asp-49, and Val-50
with an NBD-labeled Cys residue (Figure 4), with no
discontinuity on replacing Asp-49 of the type that would have
been expected if changing this residue had led to a major
change in the way that TM1 sits in the membrane. These
results therefore argue against any major change in the
location of TM1 within the membrane as a result of mutation
and labeling. Helix packing in the homotrimeric structure
could help to ensure that helices are correctly oriented even
when individual residues important in anchoring the helix
into the membrane are mutated. A possible example is
provided by studies of the role of Trp residues in DGK where

Trp residues at the membrane-water interface could be
mutated with little effect on activity, but with a decrease in
the thermal stability of the protein (12).

Using a fluorescence emission maximum at 536.2 nm as
a marker for an NBD group at the interface (5) identifies
the region of TM1 spanning the hydrophobic core of the
bilayer as running from Glu-28 to Asp-49 or Val-50 (Figure
4). This would be consistent with NMR studies that suggest
that residues 29-47 are helical (14). If Asp-49 is located at
the glycerol backbone region of the bilayer on the periplasmic
side of the membrane, then Trp-47 would also be located
close to the glycerol backbone region, as suggested from
studies of Trp fluorescence (12). Glu-34 would then be
located within the hydrophobic core of the lipid bilayer,
probably snorkeling up to the surface of the bilayer.
Mutations in the region between Glu-28 and Glu-34 could
then affect packing of helices in this region, possibly
explaining why mutations in the region between Glu-28
and Glu-34 have large effects on activity, as described
above. The suggestion that the two ends of TM1 are
marked by acidic residues, Glu-28 at the N-terminal end and
Asp-49 at the C-terminal end, is consistent with the finding
that acidic residues are common in crystal structures of
membrane proteins in regions likely to correspond to the
glycerol backbone region of the surrounding lipid bilayer
(2).

The NBD results also suggest that TM2 starts at ca. Thr-
54 and that the short loop linking these two TM helices is
located close to the membrane surface with Ala-52 penetrat-
ing into the hydrocarbon core of the bilayer (Figure 4).

Fluorescence quenching results show that accessibility to
the iodide ion decreases markedly from position 28 to
position 31, consistent with a location for Glu-28 at the
interface (Figure 6). Results are less clear at the C-terminal
end of TM1, but the increase in efficiency of quenching from
labeled D49C to D51C is consistent with the residues in this
region being at the interface. The low level of quenching
for labeled A52C is consistent with penetration of Ala-52
into the hydrocarbon core of the bilayer.

The pattern of quenching by the lipid-soluble quenchers
Tempo and 16-doxyl stearic acid is more complex than that
shown by iodide ion, with a series of maxima and minima
(Figure 7). These maxima and minima of quenching, when
plotted on a helical surface, lie on stripes roughly parallel
to the long axis of the helix (Figure 10). This is consistent
with a location for TM1 on the outside of the helical bundle

FIGURE 10: Quenching of NBD fluorescence by Tempo and 16-
doxyl stearic acid. Residues are plotted on a helical surface with
squares representing maxima in quenching by both Tempo and 16-
doxyl stearic acid and diamonds representing minima in quenching
by both Tempo and 16-doxyl stearic acid. Quenching data are taken
from Figure 7.
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making up the trimeric structure, partly exposed to the lipid
bilayer and partly in contact with the rest of the protein. If
it is assumed that the face of TM1 that is exposed to the
lipid bilayer contains residues that correspond to peaks in
quenching by both Tempo and 16-doxyl stearic acid, then
the lipid exposed face of TM1 contains residues 30, 34, 37,
and 41. Results for NBD-labeled A45C are anomalous, with
a small maximum for quenching with Tempo but a minimum
in quenching for 16-doxyl stearic acid (Figure 7). Minima
in quenching by both Tempo and 16-doxyl stearic acid occur
at residues 28, 31, 35, 38, and 44, and would then correspond
to residues facing the rest of the DGK protein.

Although the effects are rather small, some of the maxima
and minima in quenching correspond to minima and maxima
in fluorescence emission wavelengths. Thus minima in
quenching at positions 28, 35, 38, and 44 correspond to
maxima in fluorescence emission maxima (Figure 4) and
maxima in the quenching at positions 37 and 41 correspond-
ing to minima in plots of fluorescence emission maxima
(Figure 4). If the maxima and minima in quenching cor-
respond to the most and least lipid exposed residues,
respectively, this would imply that the NBD group in a lipid
exposed position has a lower fluorescence emission maxi-
mum than a residue at an equivalent depth in the bilayer but
facing the protein, probably because lipid exposed residues
are in more hydrophobic environments than protein exposed
residues.

Effects of Bilayer Thickness. The efficiency of hydrophobic
matching between DGK and the surrounding lipid bilayer is
high since interfacial residues in TM1 maintain their positions
against a ca. 14 Å change in bilayer thickness, from di(C14:
1)PC to di(C22:1)PC, as shown by the very small changes
shown in fluorescence emission maxima for NBD-labeled
E28C, D49C, and V50C (Figure 4). This efficient matching
could be achieved by distortion of the lipid bilayer around a
rigid membrane protein, by distortion of the protein, or by
some mixture of the two. The fact that the activity of DGK
changes with changing bilayer thickness (13) suggests that
at least some of the hydrophobic matching is achieved by
distortion of the membrane protein, most likely by a change
in tilt or bend for the TMR-helices (27-29).

Changes in fluorescence emission maxima with lipid fatty
acyl chain length for labeled residues in the loop region
between residues 49 and 54 are very small, and, in particular,
the marked shift to lower wavelength observed for labeled
A52C is maintained over the lipid chain length range C14
to C22 (Figure 4). This again argues that interfacial residues
maintain their positions close to the interface and thus that
any distortion of the protein to achieve hydrophobic matching
is likely to involve distortion of the TMR-helices.

Surprisingly, the largest changes in fluorescence emission
maximum with lipid fatty acyl chain length are observed for
labeled A41C where the label will be located toward the
center of the lipid bilayer (Figure 4); the fluorescence
emission maximum for labeled A41C increases with increas-
ing chain length beyond C20 (Figure 5). The pattern of
quenching of residues in the middle of the bilayer by KI
and Tempo is also different in di(C18:1)PC and di(C22:1)-
PC, with increased levels of quenching by KI and decreased
levels of quenching by Tempo for labeled L40C and A41C
in di(C22:1)PC (Figure 9). If, as suggested above, the high
levels of quenching by Tempo observed at positions 40-42

in di(C18:1)PC show that these positions are exposed to the
lipid bilayer, the reduced quenching by Tempo at positions
40 and 41 in di(C22:1)PC suggest a conformational change
in which these two residues become less lipid exposed,
moving them to a location where the accessibility to iodide
ion is similar to that for the neighboring residues (Figure
9). The results are also consistent with the trend established
above that low quenching by Tempo corresponds to high
wavelengths of fluorescence emission maximum.

An alternative explanation for the changes observed for
labeled A41C on increasing lipid chain length could be that,
in bilayers whose hydrophobic thickness is too large, a
significant proportion of TM1 was unable to span the lipid
bilayer and, instead, adopted a non-transmembrane orienta-
tion on the bilayer surface. The presence of two major
conformational states for TM1 as reported by labeled A41C,
one with a blue-shifted spectrum and one with a red-shifted
spectrum, would result in a composite fluorescence emission
spectrum with a greater than expected spectral width. In fact,
the peak width for the fluorescence emission spectrum of
labeled A41C did increase from di(C14:1)PC to di(C22:1)-
PC (Table 4) but the changes in width were not large and
did not vary as smoothly with chain length as did the
emission maximum (Figure 5). Further, a change in location
for TM1 in di(C22:1)PC would be expected to affect the
fluorescence emission properties for NBD at many positions
in TM1, and this was not observed (Figure 4). Although a
possible location for TM1 not spanning the lipid bilayer in
di(C22:1)PC cannot, therefore, be ruled out, it seems less
likely than a smaller change in TM1 affecting just positions
40 and 41.
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