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ABSTRACT. Despite the relevance of membrane protein misfolding to a number of common diseases, our
understanding of the folding and misfolding of membrane proteins lags well behind soluble proteins.
Here, the overall kinetics of membrane insertion and folding of the homotrimeric integral membrane
protein diacylglycerol kinase (DAGK) is addressed. DAGK was purified into lipid/detergent-free urea
and guanidinium solutions and subjected to general structural characterization. In urea, the enzyme was
observed to be monomeric but maintained considerable tertiary structure. In guanidinium, it was also
monomeric but exhibited much less tertiary structure. Aliquots of these DAGK stock solutions were diluted
200-fold into lipid vesicles or into detergent/lipid mixed micelles, and the rates and efficiencies of folding/
insertion were monitored. Reactions were also carried out in which micellar DAGK solutions were diluted
into vesicular solutions. Productive insertion of DAGK from denaturant solutions into mixed micelles
occurred much more rapidly than into lipid vesicles, suggesting that bilayer transversal represents the
rate-limiting step for DAGK assembly in vesicles. The efficiency of productive folding/insertion into
vesicles was highest in reactions initiated with micellar DAGK stock solutions (where DAGK maintains

a nativelike fold and oligomeric state) and lowest in reactions starting with guanidinium stocks (where
DAGK is an unfolded monomer). Moreover, the final ratio of irreversibly misfolded DAGK to reversibly
misfolded enzyme was highest following reactions initiated with guanidinium stock solutions and lowest
when micellar stocks were used. Finally, it was also observed that very low concentrations of detergents
were able to both enhance the bilayer insertion rate and suppress misfolding.

A number of common diseases are associated with thestate and of the nature of the target model membrane. A
aberrant folding and assembly of membrane proteing)( novel emphasis of this study is an effort to glean insight

including cystic fibrosis§), Charcot-Marie—Tooth disease
(4), and common forms of diabetes)(blindness§, 7), and
deafness§). The development of a thorough understanding

into misfolding processes which compete with productive
insertion/folding of the enzyme.
Prokaryotic DAGK (Figure 1) functions as a homotrimer

of the mechanisms and energetics of membrane proteinof 13 kDa subunits 32, 33), each of which has three
folding pathways therefore represents a goal of particular transmembrane segment34). DAGK does not have an
importance. Previous studies in this area can be divided intoobvious signal sequence, and little is known about how it is
two general classes. First, much effort is being placed uponinserted into the cytoplasmic membranes of bacteria in vivo.
unraveling the protein machinery which is involved in Using purified wild-type and mutant forms of DAGK the
membrane protein insertion, folding, and quality control in Bowie laboratory (UCLA) has initiated an extensive study
living cells or in vitro cellular extracts3, 9—12). A second of its stability and its mechanism of thermal inactivation
class of studies involves studies of membrane protein folding (35—37). Once correctly folded, DAGK is a rather stable
under “test tube” conditions using purified proteins and protein, even in detergent micelle35). However, it is also
model membranes. Included in this latter class are studies

of the thermodynamics of membrane protein assembly,
stability, and protein-bilayer interactionsi3—16). Less well

1 Abbreviations: ADP, adenosiné-Biphosphate; ATP, adenosine
5'-triphosphate; BCA, bicinchoninic acid; BOG-octyl glucoside; BR,
bacteriorhodopsin; CD, circular dichroism; CFTR, cystic fibrosis

developed are investigations of membrane protein folding transmembrane regulator; CL, cardiolipin; CMC, critical micelle

pathways and kinetics under test tube conditions, although
important contributions have been made regarding bacteri-
orhodopsin 17—25), the outer membrane porin26—29),

and other proteins3Q, 31). In this contribution, we explore
the membrane insertion and folding of purified diacylglycerol
kinase (DAGK} as a function both of its initial structural
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concentration; DAG, diacylglycerol; DAGK, diacylglycerol kinase;
DBG, dibutyrylglycerol; DM,n-decyl maltoside; DPC, dodecylphos-
phocholine; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid;
EGTA, ethylenebis(oxyethylenenitrilo)tetraacetic acid; GA, glutar-
aldehyde; HEPESN-(2-hydroxyethyl)piperaziné¥-2-ethanesulfonic
acid; LDH, lactate dehydrogenase; LHC, light harvesting complex;
NADH, nicotinamide adenine dinucleotide, reduced form; NMR,
nuclear magnetic resonance; OmpA, outer membrane porin A; OmpF,
outer membrane porin F; PA, phosphatidic acid; PEP, phospho-
enolpyruvate; PIPES, piperaziheN'-bis(2-ethanesulfonic acid); PK,
pyruvate kinase; POPC, 1-palmitoyl-2-olemytglycero-3-phospho-
choline; SDS, sodium dodecy! sulfate; SBBAGE, sodium dodecyl
sulfate-polyacrylamide gel electrophoresis; UV, ultraviolet.
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of 3% and mixing for 30 min, followed by incubation with
Ni—NTA resin (Qiagen) fol h at 4°C (1.2 mL of resin/1
g of original packed cells). Resin was transferred to a column,
and all non-DAGK proteins were eluted by washing the resin
with 40 mM imidazole and 1.5% empigen in buffer A: 40
mM HEPES and 0.3 M NaCl, pH 7.8. Resin was then
equilibrated with 1% dodecylphosphocholine (DPC) O
OF & and DAGK was eluted with 0.3 M imidazole and 1% DPC,
Amphipathic Helix 1 Amphigathic Helix 2 pH 7.8. The purified DAGK/DPC pool was then mixed with
a DPC/POPC stock solution such that the POPC:DAGK
FicURe 1: Model for wild-type DAGK’s topology, secondary —molar ratio was 120:1 and subjected to a “reconstitutive
structure, and probable helical orientations based upon a variety ofrefolding” procedure which leads to properly folded DAGK
experimental dateBg, 34, 40). The bold-circled residues are those iy pOpC vesicles, as described elsewh@s). DAGK thus
\évglgzgv re];etdlr’gggg;(;nt;i: anedr}g?l gg igi3?;';%%2%&22252’?%? refolded maintains .its native structure even when the resulting
tagenesis study of Wen et a6g). The five residues in extra bold POPC/DAGK vesicles are redissolved by detergent. To
are those which have been observed to be absolutely conserveprepare micellar stock solutions for insertion reactions,
both in the mutagenesis studynd in all available wild-type ~ DAGK/POPC vesicles were dissolved by a 1% decyl
microbial DAGK sequences. maltoside solution such that the DM:POPC molar ratio was
40:1.

For experiments requiring lipid/detergent-free DAGK in
urea or guanidinium, the enzyme was prepared as follows.
The Ni(ll)—agarose resin with which pure DAGK is associ-
ated (following the 40 mM imidazole “wash” step described
| above) was reequilibrated with 3% empigen in buffer A,
followed by 2 column volumes of a 1:1 mixture of a urea

Cytoplasmic Membrane

known that DAGK has a high propensity to misfold, which
can be enhanced by single site mutations at many different
sequential locations3g). The qualitative structural properties
of the misfolded form of one particular DAGK mutant were
recently characterize®9). Thus, DAGK may be a particu-
larly suitable model system for studying the fundamenta

basis for partitioning of membrane proteins between folding )
and misfolding pathways. solution (6.5 M urea, 150 mM NaCl, 10% buffer A) and

We have previously shown that DAGK can be purified 3% empigen in buffer A. The column was then exhaustively

as a lipid/detergent-free preparation in urea solutions and'€€duilibrated with 12 successive column volumes of 6.5 M
that the efficiency of insertion from such solutions into Uréaand 150 mM NaCl. DAGK was then eluted with 6.5 M

preformed lipid vesicles was significart@). However, the ~ Uréa 150 mM NaCl, and 1% formic acid. Guanidinium
method used for monitoring insertion in that study did not SOlutions of DAGK were prepared as for urea above, except

allow the time dependency of the insertion process to be that 8 M guanidine hydrochloride was substituted for urea
monitored, and so it was impossible to measure insertion &t all Steps. _ .
rates. In this contribution, a new method for monitoring ~ DAGK concentration was determined by measurfag,
DAGK insertion is presented which allows the folding/ USing an extinction coefficient ofzgo,01% = 1.8. DAGK
insertion process to be examined in a time-resolved manner activity was determined using a standard mixed micellar
This has enabled examination of the kinetics of insertion of assay described elsewhe#d). One unit of DAGK activity
DAGK into either vesicles or mixed micelles starting from i €qual to lumol of DAG converted into PA per minute.
more than one structurally distinct set of conditions. These ~Glutaraldehyde Cross-LinkingCross-linking of DAGK
studies shed light upon critical factors determining the rate in POPC vesicular solutions following insertion/folding
of productive folding and insertion into model membranes. reactions was carried out by diluting mixtures to a DAGK
Also illuminated are factors determining the partitioning of concentration of 0.1xg/mL in 20 mM phosphate, 50 mM
the enzyme between productive folding/insertion pathways NaCl, 1 mM EDTA, and 0.5 mM DTT, pH 7.5, followed
and pathways leading to kinetically or thermodynamically by GA addition to 25 mM and incubation with shaking for
trapped nonfunctional forms. These nonproductive pathways 16 h. Cross-linked products were analyzed via SP3GE
and their end points are collectively referred to in this paper Using 4-12% Bis-Tris NuPage gels (Invitrogen, Carlshad,
as “misfolding”. CA). Cross-linking of urea-solubilized DAGK was ac-
complished by dilution to 1@M in 6.5 M urea, 1% formic
METHODS ] o ~acid, and 150 mM NaCl and incubation with 25 mM GA
Overexpression and Purification of DAGK. Escherichia for 16 h. Analogous cross-linking reactions were run in 8
coli overexpressing a recombinant DAGK variant with an | guanidinium in place of urea. Because guanidinium ions
N-terminal polyhistidine tag was supplied by the laboratory form insoluble salts with dodecyl sulfate, these latter reaction
of James Bowie (UCLA35). The C46A,C113A double  mixtures were desalted to remove guanidinium before
mutant form of this construct was used in the studies of this running SDS-PAGE.
work. This mutant was chosen because it has no Cys residues
which COUI(_i form di_sulfide bonds and. p(_)tentially complicate 2 Two insertion/folding assays were carried out using the true wild-
these studies but is known to be S'_”_"Iar, to thg wild-type type DAGK. Thety, and efficiency for insertion from a urea stock
enzyme? Cell growth and DAGK purification using metal  into POPC vesicles were 350 S and 42%, respectively. When a

ion chelate chromatography have been described previouslyguanidinium stock was used, the: was 600 s and the efficiency was
12%. These results can be compared to the corresponding measurements
(32, 35, 38). ' .
. . for Cysless presented in Table 1. It can be seen that while the results
Membrane proteins were extracted by adding the detergentyre qualitatively the same, the efficiencies for both reactions involving

empigen (Calbiochem) to whole cell lysate to a concentration the true wild type were higher than for Cysless.
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Circular Dichroism of DAGK.Near-UV CD spectra of Guanidine
various 1 mg/mL DAGK solutions were acquired using a 224 1
Jasco J810 spectropolarimeter. Scans were taken spannin /\—\
250-310 nm at a rates of 20 nm/min. A total of 10 scans
were taken for each sample. The scans were averaged, andi
the resulting spectrum was baseline-corrected using the ¢
spectrum from a protein-free blank. Spectra were acquired
at 30°C usirg a 1 cmpath-length cell. -90.0 -
Size Exclusion Chromatography of DAGK in Urea or 1125
Guanidinium SolutionsAliquots (0.6 mL) of stock guani- 1342 ‘
dinium or urea stock DAGK solutions were applied toc1 250 260 270 280 290 300 310
45 cm columns of Sephacryl S-200 gel (Amersham-Phar- Wavelength (nm)
maC|a,_P|scataway, NJ) and eluted unde_r cond|t|ons of_grawty Fiure 2: Near-UV circular dichroism spectra of DAGK (1 mg/
flow with 150 mM NacCl and 1% formic acid, plus either L) solubilized in either DM micelles, acidic 6.5 M urea, or acidic
6.5 M urea or 8 M guanidine hydrochloride. The absorbance 8.0 M guanidinium at 30C. Ten scans were taken for each sample,
of the eluate was monitored at 280 nm. averaged, and subtracted from protein-free blanks. These spectra
Insertion of DAGK into Preformed Lipid Vesiclagesicles were found to be reproducible.
were formed by dispersing POPC at nominal concentrations
of 20 mM in an insertion assay mixture containing 75 mM
PIPES, 50 mM LiCl, 0.1 mM EDTA, 0.1 mM EGTA, 1 mM
DTT, 1 mM PEP, 0.5 mM NADH, 3 mM ATP, 15 mM
Mg(ll), and 3 mM dibutyrylglycerol (DBG), pH 6.8. Unila-
mellar vesicles were formed by repeated extrusion through
a 50 nm polycarbonate membrane (Avestin, Toronto, Canada)
The resulting vesicles were diluted into a solution of the
above assay mixture but also including 37 units/mL PK and
52 units/mL LDH, such that the final POPC concentration
was 2 mM? Aliquots (2—10 uL) (usually 2.5uL) of stock
DAGK in urea, guanidinium, or mixed micelles were then
added to 50QcL insertion reaction mixtures in tubes such
that the final DAGK concentration was 40 nM. Following
mixing, 200uL of each reaction in progress was transferred
to microwell plates for monitoring absorbance at 340 nm
for3hat 30°C_using a Molecular Devices (Sunn_y_vale, CA) RESULTS
ThermoMax microplate reader. Control tests verified that the
enzymic reaction coupling systems remain viable over the ~General Structural Properties of DAGK in Guanidinium,
time span of the longest reactions examined in this study Urea, and Detergent Stock Solutioffhie goal of this work
(100 min) and that possible interference from vesicle light was to conduct studies of spontaneous bilayer insertion,
scattering does not significantly impact assay results. folding, and misfolding of DAGK as a function of structur-
Reactions were also carried out in which denaturant stock &lly distinct starting conditions for the enzyme. The ideal
solutions of DAGK were diluted 200-fold into mixed Set of conditions would lead to DAGK stock solutions for
micelles containing 1% (21 mM) DM as the detergent folding/insert_i_on studies in which the enzyme is either (i)
component, 3 mol % CL as the lipid component, and d_enatured, (ii) a f(_)lded monomer, or (iii) a fold_ed_ homo-
dihexanoylglycerol (5 mol %) as the phosphoryl acceptor. trlmer. DAGK solutions WhICh to some degree satl_sfled these
The insertion of DAGK into vesicles or mixed micelles C'itéria were prepared using variations of metal ion chelate
was monitored by following the insertion/folding-dependent chromatography to yield final pure enzyme in either (i) acidic
appearance of DAGK activity as reflected by the decrease 8 M guanidine hydrochlorlde, (i) acidic 6.5 M urea, or (ii)
in Agsoas NADH is oxidized through coupling to the DAGK 1% decyl maltoside micelles at neutral pH. ,
reaction. The data were then processed as follows using the 't has previously been shown that DAGK in DM micelles
program Axum 4.1 (MathSoft, Cambridge, MA). A fourth- maintains a nativelike t_ertlary s_truct_ure and oligomeric state
order polynomial was used to smooth thes vs time (32, 38). The near-UV circular dichroism spectrum of DAGK

experimental data. The first derivative of the resulting in DM micelles is shown in Figure 2 and provides a

polynomial function was then calculated and used to generate“fingerprint” pattern indicative of DAGK’s nativelike tertiary

a AAssfAtime vs time curve which was then converted into  SrUCture, as previously demonstrat8d 83). DAGK in DM
a activity/time plot. From these plots, final (plateau) micelles !s_fully active either upon addmon (_)f activating
activity, initial insertion rate, anti, for maximal insertion ~ Phospholipid or upon transfer to mixed micellar assay

could be measured. Insertion efficiency was determined b mixtures. . .
y y DAGK has previously been shown to be highly soluble

s 1h o ) eulated on the basis of the 2 Min acidic 6.5 M urea solutions, even in the absence of
e vesicle concentration was calculated on the basis of the 2 m o P ;
lipid concentration, the 7850 rthsurface area of a 50 nm diameter detergent or lipid. Solubility in urea is reduced at neutral

sphere, and the assumption that each lipid occupies a surface area oPH- For this study, we sought verification that urea-purified
ca. 60 & DAGK was truly detergent/lipid-free by acquiring a 600 MHz

0.0

dmg? 1

-22.4

-44.7 4

cm

-67.5 1 Urea DM

O deg

dividing the final plateau activity observed following inser-

tion of denaturant-solubilized or detergent-solubilized protein
by the known standard activity for 100% inserted/folded
DAGK under the same reaction conditions.

Sucrose Density Gradient UltracentrifugatioBucrose
gradients (30 mL, 3%30%) were formed in Beckman Ultra-
‘Clear centrifuge tubes in 75 mM PIPES, 50 mM LICl, 0.1
mM EDTA, and 0.1 mM EGTA, pH 6.8. Samples (1 mL)
were loaded onto the top of the gradients, which were then
spun at 8900§at 4°C for 16 h in an SW28 rotor (Beckman).
Fractions were collected and analyzed for DAGK activity
using the standard assay described above. Protein concentra-
tion was determined using a standard colorimetric assay
(BCA, Pierce). Phospholipid concentration was also deter-
mined using a colorimetric method2).
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Ficure 3: SDS-PAGE results comparing stock DAGK in acidic
guanidinium and urea solutions befofe) and after(+) glutar-
aldehyde cross-linking for 16 h. The two lanes labeled DM represent
control DAGK (fully folded trimer) in micelles under the same
acidic conditions as for the urea stock. It should be pointed out
that GA cross-linking of trimeric DAGK leading to covalent
homotrimer is not generally 100% efficient, even under ideal
conditions (cf. ref82 and38). The monomer/dimer/trimer pattern
observed for the cross-linked control sample is typical.

Vesicle

proton NMR spectrum of DAGK purified in 6.5 M perdeu- FiIGURE 4: Time-resolved method for following the insertion of

terated urea/BD. No lipid or detergent peaks could be DAGK into preformed POPC bilayers. For the sake of convenience,
detected (data not shown), indicating that if these solutions the assembled protein is depicted as a monomer but is, in fact, a

contained any residual lipid or detergent, it was either presenttrimer (32, 33).
at an insubstantial concentration or was tightly bound to
DAGK. No attempt was made to assess the secondarydinium stock solution indicated that the enzyme was
structure in acidic urea. However, DAGK'’s near-UV CD completely dissociated to the monomeric oligomeric state
spectrum was observed to be similar to the spectrum of the(Figure 3). DAGK was also passed over a size exclusion
DM-solubilized enzyme (Figure 2), indicating that urea- chromatography column eluted Wi8 M guanidinium plus
solubilized DAGK maintains a tertiary structure which is 1% formic acid and was observed to yield only a single peak,
similar to its nativelike structure present in DM micelles. as would be expected for the unfolded monomer (data not
The oligomeric state of urea-solubilized DAGK was assessed shown). When DAGK in acidic guanidinium stock solutions
by random cross-linking using glutaraldehyde, a method was diluted into micelles or mixed micelles and then used
which has previously been used to assess the oligomeric stat¢o initiate standard mixed micellar enzyme assays, it was
of DAGK under various conditions3@, 38). The SDS- observed that the recovery of enzyme activity was only
PAGE pattern observed following cross-linking in acidic urea 10%—35% of full activity, depending on exact conditions.
(Figure 3) shows that DAGK did not maintain its native This suggests that once DAGK is completely unfolded in
trimeric oligomeric state but was dissociated to a monomeric the absence of detergent or lipid, it cannot readily be refolded.
form. Results from size exclusion chromatography are This may not be completely unexpected given that many
consistent with these observations. Only a single protein peakmembrane proteins have evolved to fold in vivo in a highly
eluted from the column using acidic 6.5 M urea as eluent facilitated manner9d—11). However, an alternate interpreta-
(not shown), as expected for a monomer existing in a single tion cannot be absolutely ruled ethamely, that a sizable
conformational state. To see if the DAGK monomers could fraction of DAGK in acidic guanidinium stock solutions
be converted back into functional trimer, aliquots of stock might already be in the form of an irreversibly misfolded
acidic urea/DAGK solutions were diluted into detergent monomer which cannot be distinguished from unfolded
micelles, followed by enzyme activity assay under mixed monomer by CD, size exclusion chromatography, or cross-
micellar conditions. It was observed that the refolded enzyme linking/SDS-PAGE.
never exhibited a specific activity of great than 70% that of A New Assay for Monitoring Folding and Insertion of
fully active protein. Failure to recover full activity most likely DAGK in Lipid Vesicleslt has previously been shown that
reflects irreversible misfolding which occurred during dilu- it is possible for DAGK to assemble into preformed
tion of the enzyme back into nondenaturing conditions. liposomes when small aliquots of stock enzyme/detergent
However, our results cannot absolutely rule out the possibility or enzyme/urea solutions are added to POPC unilamellar
that a fraction of the DAGK in acidic urea stock solutions vesicles 40). For the present study, a method for following
is in the form of an irreversibly misfolded monomer which this process in real time was developed, as summarized in
cannot be distinguished from the partially folded monomer Figure 4. Folding/insertion reactions were initiated by 200-
by near-UV CD, cross-linking/SDSPAGE, or size exclu-  fold dilution of aliquots of stock DAGK into vesicular
sion chromatography. solutions, such that the final DAGK concentration was ca.
DAGK in 8 M guanidine hydrochloride plus 1% formic 40 nM and the vesicle concentration was roughly 80M.
acid yielded only a very minimal CD spectrum in the near- Following dilution of the enzyme stocks, the denaturant
UV region (Figure 2), indicating a lack of tertiary structure. concentrations were 330 mM, well below the point at
SDS-PAGE following GA cross-linking of an acidic guani-  which urea or guanidinium could maintain DAGK solubility
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maintained at a low concentration to minimize unwanted light
14 = scattering. It was verified that all DAGK which reaches its

I \ catalytically active form following one of these assays was
13 7 physically associated with POPC vesicles using sucrose
density gradient equilibrium ultracentrifugation (data not
shown).

The original Ag4 Vs time data acquired during insertion
assays were transformed into activity vs time plots as
described in Methods. Examples of both the original and
the transformed data appear in Figure 5. These data specif-
ically document a reaction in which a small aliquot of urea/
e SR E— DAGK was added to POPC vesicles. The time trace exhibits

200 400 600 800 1000 1200 1400 1600 1800 no lag phase in the initial phase and eventually plateaus.
Time (sec) Curves for insertion reactions which involved urea, guani-
dinium, or DM stock solutions were generally similar and
did not exhibit lag phases. However, we found that the exact
shape of each observed activity vs time curve depended upon
the method used for smoothing the origi#alo vs time data
and upon the method used to transform the original data into
activity vs time. We have therefore not attempted to fit
kinetic models to the data. It was observed, however, that
ty for reaching the maximal rate and the final maximal
(plateau) rate were not dependent upon the details of data
processing and could be reliably measured. We therefore
focused upon these parameters. The final activity observed
o ‘ 2(‘)0 ‘ 4(‘)0 ‘ 6(‘]0 ‘ 8(')0 ‘10'00‘12'00‘14‘00 16'00‘18’00‘ for each reaction at long times can be divided by the known
activity for 100% folded and active DAGK under identical
Time (sec) conditions to vield the efficiency of the insertion process.
FIGURE 5: Example of anAsy vs time and the derived DAGK  The known activity of fully active DAGK in vesicles at the
activity vs time plots representing DAGK insertion into preformed  same substrate concentrations as used in the insertion assays
POPC vesicles following dilution from a urea stock. In tgo vs is about 32 units/mg, based on direct assays of reconstitu-

time plot, both the original data (points) and the resulting ..
polynomial fit to these data (white curve) are illustrated. This Uvely refolded DAGK. Thus, by way of example, the trace

particular reaction was characterized biy,aof 370 s and reached ~ Shown in Figure 5 indicates that the efficiency of folding/
an efficiency of ca. 30% (9.5 units m§32.5 units mg* x 100). insertion during this particular reaction was about 30%, with

the remainder of the enzyme undergoing misfolding to

or significantly influence DAGK's structure. In the case of inactive form(s).
DM/DAGK stock solutions, 200-fold dilution led to DM Insertion assays were also carried out in which the process
concentrations which were well over an order of magnitude of DAGK insertion from 200-fold diluted urea or guani-
lower than its 2 mM critical micelle concentration. At such dinium stock solutions into DM/cardiolipin mixed micelles
low concentrations, DM is expected to dissociate from was monitored. Correctly folded DAGK is highly active in
DAGK/detergent complexes. The residual urea, guanidinium, DM/CL mixed micelles. The method used to monitor folding/
or DM is not expected to disrupt the integrity of the vesicles insertion under these conditions was completely analogous
in the insertion assays. It has previously been shown thatto that used for the vesicular insertion assays.
even high concentrations of urea and guanidinium do not Folding and Insertion of DAGK into Vesicles or Mixed
permeabilize lipid vesicles4@, 44) and that DM is an Micelles: Variation of Starting Conditiong.he efficiencies
extremely poor POPC solubilizing agent even at high andt,, characterizing each DAGK insertion/folding reaction
concentrations40; unpublished observations). It was also were measured as a function of the composition of both the
confirmed that addition of the stock detergent or denaturant stock DAGK solution (guanidinium, urea, or micelles) and
solutions did not perturb the light scattering by the vesicles, the target model membrane (vesicles or mixed micelles).
as monitored at 600 nm. Small aliquots of stock DAGK solutions were added to 0.5

Once any of the three stock DAGK solutions was diluted mL solutions containing either POPC vesicles or DM/CL
into the vesicular solutions, the enzyme had the potential of mixed micelles. For each set of conditions, reactions were
undergoing bilayer insertion and folding to reach its catalyti- run and analyzed in triplicate, with results being reported in
cally viable structural state. To directly monitor the appear- Table 1. These data and some follow-up experiments can
ance of this fully assembled form of the enzyme, the be summarized as follows.
production of ADP by active DAGK was coupled to (1) In no case was efficiency 100%he transfers of
spectrophotometrically detectable NADH oxidation (Figure DAGK out of stock denaturant solutions into mixed micelles
4). Key to this method is the use of a water-soluble form of or vesicles and the transfers of DAGK from detergent
diacylglycerol, dibutyrylglycerol 45). Only by use of this solutions into vesicles were accompanied by misfolding of
soluble form of DAG can high enough concentrations be varying fractions of the total DAGK population which fail
employed to allow reactions to proceed over long periods to fold and insert to attain a catalytically functional structural
of time without disrupting the lipid vesicles, which must be state.
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Table 1: Efficiencies anth,, for Productive Folding/Insertion of 40kDa ===
DAGK at 30°C
30kDa s
starting state final state efficiency (%)  ti2(S) (=] M e
urea stock POPC vesicles 2652 370+ 150° 20kba = p— .
urea stock mixed micelles 46 13 16+ 6
guanidinium stock POPC vesicles H30.5 1000+ 100
guanidinium stock mixed micelles 64 17+9 10KkDa - T R s TS e T —
DM stock POPC vesicles 22 6+ 4 c c DM DM Urea Urea Guan Guan
BOG stock POPC vesicles 54 <20 5 {+) 2} ® ® ) 8} )
SDS stock POPC vesicles 95 <20

Ficure 6: SDS-PAGE of DAGK which was cross-linked follow-

2 All values reported in this table which include standard deviations ing vesicular insertion/folding reactions. DM-solubilized and
represent the mean value of at least three separate measurementslenaturant-solubilized protein (2@/mL) were added to POPC
Standard deviations are not reported in cases where the results are givemesicles, and the insertion reaction proceeded at@Gor 3 h.
as an upper limit or where only a single measurement was carried out. Aliquots were then removed and subjected to GA cross-linking.
SDS-PAGE was then run on both non-cross-linked samptes
. o . . and cross-linked samplés-). The total amount of DAGK added

(2) The highest efficiencies were for micette POPC to each lane of this gel was the same. Control samples C involved
reactions, followed by the urea reactions, followed by the 100% correctly assembled DAGK prepared by reconstitutive
guanidinium reactions. refolding into POPC vesicles (see Methods). DM represents an

S e insertion reaction mixture which was initiated using micellar (DM)

_(3) FrF’m bOth urea qnd guanidinium, the efficiencies Were stock DAGK, from which insertion was observed to be of high
higher into mixed micelles than for the corresponding efficiency (see Table 1). Urea represents a reaction mixture which

transfer into POPC. was initiated using a urea stock solution of DAGK, from which
(4) The urea— DM/CL and guanidinium— DM/CL insertion was of moderate efficiency. Guan represents a reaction

. . . . mixture which was initiated using a guanidinium stock solution of
insertion rates were much higher than for the corresponding DAGK. from which insertion wag ofglow (ca. 1%) efficiency.
urea— POPC and guanidinium~ POPC reactions.

(5) The DM— POPC insertion rate was much higher than  pAGK assays. In the case of a DM/DAGK stock being added
for urea— POPC and guanidinium~ POPC reactionsThis to POPC vesicles the activities of aliquots removed at the
observation prompted additional eXperimentS to dlStlngUlSh various time points were constant and were equa| to the
which of the following possible interpretations might explain - activity of fully folded standard DAGK. This indicates that
these data: (|) that folded trimeric DAGK has a much hlgher the modest degree of m|sf0|d|ng which occurs during DM
intrinsic rate of insertion than monomeric, partially unfolded — poOpCinsertions is completely reversible. In the case of
DAGK, (ii) that DM from the stock solution does not, yrea/DAGK being added to vesicles, the recoverable enzyme
contrary to assumption, dissociate extremely rapidly from activity after 1 min was ca. 55%, a value which remained
DAGK and directly facilitates proteins insertion, or (iii) that  constant for subsequent time points. This suggests that 45%
DM dissociates from DAGK but interacts with the vesicles of the DAGK misfolds rapidly and irreversibly upon dilution
to induce some sort of perturbation which facilitates DAGK  of urea/DAGK into vesicles. The 55% recoverable DAGK
insertion, despite being present at a concentration well be|0Wactivity appears to represent two DAGK populations. One
its CMC. This last possibility was ruled out by running a s the ca. 25% population which correctly folds and inserts
reaction using twice as much DAGK/DM stock and observ- jnto vesicles. The remaining 30% is DAGK which misfolds
ing that the efficiency of insertion actually was reduced at and never reaches its functional state in vesicles but which
the higher detergent concentration, contrary to expectationsjs repersibly misfolded in that its activity is recovered upon
if DM facilitates DAGK insertion by perturbing the vesicles.  transfer to mixed micelles. The case of vesicle insertion
To distinguish between possibilities i and ii, we monitored reactions initiated with guandinium/DAGK was qualitatively
insertion of DAGK into vesicles from other micelle types, similar to that of urea: at 1 min the recoverable activity was
one of which (SDS) is known to denature DAGRBY]. As only 6% and remains constant thereafter. Thus, 94% of the
shown in Table 1, efficiency and rates of folding/insertion enzyme rapidly and irreversibly misfolded, about 5% revers-
from both BOG and SDS were high. This rules out possibility jply misfolded, and 1% productively folded and inserted.

i, suggesting that all three detergent types are able to play a A second follow-up experiment sought insight into the
facilitating role in DAGK folding/insertion. nature of the structural state adopted by misfolded DAGK.
(6) The urea— POPC efficiency obseed in this work  GA cross-linking/SDS PAGE of DAGK was carried out
(ca. 25%) is much higher than the ca. 484lue reported  following the completion of various insertion/folding reac-
previously (32) This reflects the very different conditions  tions. As shown in Figure 6, the guanidinium reaction which
under which the present measurements were made comparefd to ca. 95% irreversible misfolding did not yield detectable
to those for the previous work (different temperature, pands. This indicates that the minimal (ca. 1%) population
different vesicle and enzyme concentrations, and different of correctly inserted DAGK was simply too small to detect
forms of DAG used). and that the irreversibly misfolded population apparently was

Additional Data on MisfoldingThree additional experi- in the form of very large aggregates which did not migrate
ments were carried out to further illuminate DAGK mis- into the gel at all following cross-linking. It is difficult to
folding. The first experiment was to examine the time course ascertain from the quantitative intensities of the bands
of irreversible activity loss for different insertion reactions. observed in the DM and urea lanes of the gel in Figure 6
This was tested by running POPC insertion reactions andwhether reversibly misfolded DAGK was absent due to
then removing aliquots at 1, 5, 10, 20, and 60 min, which formation of large nonmigratory aggregates or whether this
were immediately subjected to standard mixed micellar population yields bands following cross-linking which are
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not resolved from the bands representing productively
folding/inserted population of DAGK.

Finally, sucrose density gradient equilibrium ultracentrifu-
gation of DAGK/vesicle mixtures following insertion reac-
tions was carried out to see if misfolded DAGK might
possibly form a band which was lipid-free. This was not the
case: all fractions which contained DAGK also contained
lipid. Whether or not some DAGK misfolding occurs in a
manner which is independent of model membrane inter-
actions is not established by this result.

DISCUSSION

DAGK Folding and Insertion Can Be Initiated from
Multiple Starting Structural State3.his work complements
previous studies of DAGK'’s folding and stabilit3%—39)

Biochemistry, Vol. 40, No. 30, 200B977

occurring at low mole fraction levels of SDS. This indicates
that DAGK’s tertiary structure is more stable than its
quaternary structure and that its tertiary structure is to some
extent uncoupled from its quaternary structure, contrary to
a previous suggestio?). Bowie and co-workers have also
presented evidence that DAGK'’s transmembrane domain is
much more stable than its extramembrane domash On

the basis of this latter observation, it seems probable that
the residual tertiary structure present for DAGK in urea
involves the transmembrane domain. Indeed, this conclusion
is consistent with the near-UV CD results of this work, since
DAGK'’s near-UV CD signal (which is retained in urea)
arises from its aromatic side chains, the majority of which
are located in the transmembrane domain.

Rates of DAGK Assembly into Model Membraregias
observed that the unimolecular rates of DAGK insertion/

and represents a first step toward establishing DAGK as afolding from urea and guanidinium were qualitatively
model system for studying the kinetic aspects of membranesimilar: in both cases DAGK assembled rapidly into mixed

protein folding and misfolding under test tube conditions.
Aliquots of DAGK from one of three different starting

solutions were diluted manyfold into either mixed micelles
or into lipid vesicles to start the folding process. The overall

micelles 1> <20 s), while exhibiting much slower assembly
into lipid vesicles (3> on the order of 515 min).

Assembly of DAGK into lipid vesicles from urea or
guanidinium was in each case much slower than insertion

rates for prOdUCtive insertion/f()lding and the overall fOldlng into mixed micelles by at least an order of magnitude_ Itis
efficiencies were in each case measured. This generalynlikely that this difference represents a slower rate of
approach is perhaps most similar to that taken by the Tammgssociation of DAGK with vesicles than with micelles. The

and Jahnig laboratories to study the folding of the OmpA
and OmpF porins into lipid vesicles starting from urea stock
solutions £6—29). One aspect of the present work which is
distinct from the Omp studies and from other previous studies
of membrane protein folding kineticd{—25, 30, 31) is the
focus upon the dependency of folding kinetics and efficiency
upon DAGK's starting structural state. It is well-known from

rate of initial bilayer or micelle association is probably
diffusion-limited. Instead, the bilayer versus mixed micellar
insertion rate differences most likely reflect the barrier to
bilayer transversal of DAGK’s three transmembrane helices
(Figure 1). Since both the hairpin loop and the C-terminus
contain charged residues, it is expected that there would be
a considerable energy barrier to insertion into vesicles given

studies of water-soluble proteins that the nature of the startingthe |ow dielectric constant and anhydrous nature of the

structural state is extremely relevant to interpretation of
folding kinetic data 46).

interior of lipid bilayers. The much more rapid insertion of
DAGK into mixed micelles may be accounted for by several

The results established three very distinct sets of COﬂditiOﬂSpossib|e factors, including the higher degree of hydration of

for the DAGK stock solutions used to initiate folding

reactions. The first set of conditions was provided by
nonionic detergent micelles in which DAGK retains its native
trimeric oligomeric state and tertiary structure. DAGK was
found to be very soluble in both concentrated urea and
guanidinium solutions under acidic conditions. It was
observed that DAGK in acidic 6.5 M urea is dissociated into

monomers but that the monomers retain considerable tertiary,

structure. DAGK in acidi 8 M guanidinium was also
observed to be monomeric but was observed to have great!
reduced tertiary structure compared to the urea tase.
Differences in DAGK’s structural state in urea vs guani-
dinium contrast the case gfbarrel outer membrane porins,
which appear to be fully denatured in either of these media
(29, 47, 48).

The observation that DAGK was monomeric in both urea
and guanidinium solutions but retained some degree of
tertiary structure in urea is consistent with a previous
observation 33) that SDS-induced denaturation of DAGK
in micelles is multiphase, with loss of quaternary structure

4 As noted in the first section of the Results, the available structural
data on DAGK in acidic guanidinium stock solutions do not absolutely
rule out the possibility that some of the DAGK in the stock guanidinium
solutions could exist in the form of a kinetically trapped misfolded
monomer.

the interiors of micelles compared to the interior of bilayers,
the lower overall order of detergent molecules in micelles
compared to lipids in bilayers, the rapid exchange of
detergent monomers between solution and micellar phases,
and the greater variety of feasible routes to proteiicelle
coassembly compared to proteibilayer coassembly.

In contrast to insertion into vesicles from denaturant
solutions, DAGK was able to insert very rapidly into vesicles
from detergent stock solutions following dilution to well

Yoelow the detergent critical micelle concentration. The

efficiency and rate of productive insertion/folding from
micelles into vesicles were high, even when a denaturing
detergent (SDS) was used. This observation and related
control experiments suggest that detergent plays a direct role
in DAGK insertion as a result of the kinetic persistence of
some DAGK-associated detergent. DAGHetergent inter-
actions would only need to persist for times on the order of
the time scale of diffusion-limited bilayeiDAGK collisions
following mixing. Given that a DAGK trimermicelle
complex contains 150 detergent molecul&)( each of
which presumably dissociates in a noncooperative fashion
as a monomer upon dilution to well below CMC, this does
not seem unlikely. Detergents could play a facilitating role
in membrane protein insertion through highly localized and
transient membrane destabilization upon collision of the
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protein—detergent complex with the membrane or might thesis/membrane integration rates summarized above. This
facilitate conformational rearrangements within the protein 1—2 order of magnitude difference may actually be regarded
which are necessary for insertion and which may occur much as beingsurprisingly small given the complexity of the
more slowly for bilayer surface-associated protein in the membrane protein processing/insertion machinery present in
absence of detergent. It is interesting to note that in at leastvirtually all living cells. Indeed, this modest difference in
some bacteria there are lipids which are detergent-like in test tube and in vivo folding rate is completely obviated for
the sense that they form micelles when purified and dispersedDAGK when insertion reactions are initiated using micellar
in water @9). Whether such lipids might possibly play a stock solutions because of the facilitative role of the residual
special role in membrane protein insertion in vivo is unclear detergent (see above). Of course, it is possible that DAGK
but perhaps worth considering in light of the observations is atypical and that much lower test tube insertion rates would
for DAGK. be observed for most other membrane proteins, if measured.
The rates for DAGK folding from denaturant solutions On the other hand, perhaps DAGK and other “modern”
into mixed micelles and from micelles into vesicles at 30 membrane proteins are descended from ancient progenitors
°C were rapid enough to be physiologically relevant (see which evolved autoinsertion mechanisms due to the lack of
below). However, rates of folding/insertion from denaturant any membrane insertion machinery in early life forms. If
solutions into vesicles were characterizedfyon the order  so, then it may be that many membrane proteins, like DAGK,
of 5—15 min. These rates may be compared with those maintain some vestigial ability to autoinsert into bilayers.
measured for the insertion of membrane proteins and toxinsMoreover, the in vivo role of membrane protein insertion
into model membranes and with the rates for membrane machinery may be as much to provide a way to avoid

protein folding in vivo. Thety, observed for OmpA and
OmpF insertion into vesicles from urea at 30 were on
the order of tens of minutes, with the rate-limiting step to
assembly being bilayer transversab{-29). These observa-

membrane proteimisfoldingas it is to enhance the rate of
insertion and folding (see next section).

The kinetic results of this paper require us to correct a
conclusion drawn from an earlier study of DAGK insertion

tions mirror the conclusions of this paper regarding DAGK into vesicles 40). It was previously concluded that the free
insertion from denaturant solutions into vesicles, despite the energy barrier to bilayer insertion of DAGK was very low
structural dissimilarity of the porins and DAGK. Folding of  (only a few kilocalories per mole). The observation in this
apoBR in mixed micelles from SDS micelles occurs with a work that thet;, for DAGK insertion from urea into vesicles
t1, of about 1 min, with the rate-limiting step believed to be is on the order of 5 min is not consistent with such a low
a conformational change after insertiodl{-23). DAGK rate barrier. Insertion rates were not measured in the previous
folds much more rapidly than BR either from detergent into work because of the crude nature of the insertion assay then
vesicles or from denaturants into mixed micelles, indicating employed. The former conclusion was based upon insertion
the lack of any required BR-like slow conformational change efficiency (rather than upon rates), combined with the
in the process of assembly to a catalytically functional state. assumption that the free energy barrier(s) associated with
A variety of toxin proteins integrate into membranes from misfolding pathways was (were) extremely low. The results
solutions withty, of 10—-200 s 60—53). DAGK’s ty, for of this paper indicate that this assumption was incorrect.
insertion into vesicles from urea is only slightly longer than ~ Misfolding of DAGK.Misfolding in this paper is used
the upper end of the range for toxins, which may be broadly to describe all forms of failure by DAGK to
surprising given the very different evolutionary restraints eventually achieve a functional structural state under the
placed upon DAGK-membrane interactions versus toxin  conditions of the various insertion reactions. The degree of
membrane interactions. misfolding associated with any particular set of conditions
While in vivo biosynthesis/insertion/folding,, are avail- is therefore inversely related to the measured efficiency of
able for outer membrane porins (roughly 30 s, including productive folding/insertion. We observed that misfolding
translation), these rates include the transport step from thewas most severe for insertion/folding reactions which were
inner to the outer membran&4—57). Pulse/chase studies initiated using guanidinium stocks. Moreover, it was ob-
of the biosynthesis of mostly helical bacterial plasma served that the majority of the misfolded DAGK was
membrane proteins indicate that biosynthesis/membraneirreversibly misfolded and that irreversible misfolding oc-

insertion generally occurs rapidlysfp <30 s 66—60)] and
very likely approaches the translational rate for protein
biosynthesis irE. coli (ca. 15 residues/$1). It should be
noted that pulse/chasg, will underestimate the mean time
for folding of proteins which must undergo relatively slow
conformational changes following membrane insertion to
reach a functional fold. They, for biosynthesis and

curred rapidly (complete irc1 min) after the stock solution
was diluted into vesicles. This is in stark contrast to vesicular
reactions which were initiated using DM micellar stock
solutions; in this case the degree of misfolding was much
lower, and misfolding was completely reversible. Urea
represented an intermediate case in terms of both the overall
degree of misfolding and the fact that misfolding was about

membrane integration of ca. 100 residue fragments of BR equally distributed between reversible and irreversible forms.
into purple membranes have been measured to be roughly 3Thus, both the overall degree of misfolding and the “severity”
min (62). We see from the above survey that DAGK of misfolding (proportion of irreversible misfolding) strongly
insertion/folding intomixed micelless rapid by any standard, correlate with the degree to which DAGK’s native structure
underscoring our observation that the rate-limiting step for has been disrupted in the stock solution used to initiate a
DAGK insertion into vesicles from denaturant solutions most given folding/insertion reaction. Given that the degree of
likely is bilayer transversal. Bilayer transversal for DAGK water-exposed hydrophobic surface area will be highest for
starting from urea or guanidinium solutions therefore occurs completely unfolded membrane proteins, this observation is
1-2 orders of magnitude slower than the in vivo biosyn- not surprising. These results also imply that irreversible
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