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Destabilizing Mutations Promote Membrane Protein Misfolding
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ABSTRACT: In this work, the relationship between stability and propensity to misfold was probed for a

series of purified variants of the polytopic integral membrane protein diacylglycerol kinase. It was observed
that there was a strong correlation between stability and folding efficiency. The most common mutations
that promoted misfolding were those which also destabilized the protein. These results imply that by
targeting unstable membrane proteins for degradation, cellular protein folding quality control can eliminate
proteins that have a high intrinsic propensity to misfold into aberrant structures. Moreover, the more rare
class of amino acid mutations that promote misfolding without perturbing stability may be particularly

dangerous because the mutant proteins may evade the surveillance of cellular quality control systems.

The efficiency of membrane protein folding is a matter this area is the study of Bowie and co-workers, who demon-
of great relevance to human health and disease. Disease magtrated that for diacylglycerol kinase (DAGK) there is a clear
result when mutations or other perturbations reduce the correlation between thermodynamic stability and resistance
efficiency of assembly of a critical protein to below a to thermal inactivationZ9). Here, we extend their work by
minimum threshold required for the maintenance of that examining whether unstable forms of DAGK are more likely
protein’s normal function in the celll(-4). Loss of protein to misfold under the conditions of folding kinetic studies.
function in some cases is compounded by cytotoxicity The present work also complements recent progress in
resulting from the failure of the cell to properly dispose of biophysical studies of membrane protein foldirgp< 35).
the misassembled protein. In eukaryotes, most membrane
proteins fold early in the secretory pathway, a process that MATERIALS AND METHODS
is monitored and facilitated by the quality control (QC) Expression and Purification of Diacylglycerol Kinase
system of the endoplasmic reticulu®<9). Protein judged (DAGK). Escherichia colharboring plasmids encoding wild
to be folding-defective is subjected either to further attempts type and mutant forms of DAGK were generously provided
at folding through the action of ER chaperones or is targetedby James Bowie of UCLA 36). DAGK mutants were
for proteolytic degradation. It appears that bacteria have overexpressed and then purified into detergent micelles, into
analogous quality control systems for monitoring membrane 6.5 M urea plus 0.5% formic acid (no detergent or lipid), or

protein folding (0—14). into 8 M guanidinium chloride plus 0.5% formic acid (no
There is evidence that protein folding efficiency in the detergent or lipid) as described previousB). In some
cell tends to correlate with protein stabilitd%—21). A cases, DAGK was reconstituted from dodecylphosphocholine

possible explanation for this relationship is that protein Micelles into 1-palmitoyl-2-oleoylphosphatidylcholine (POPC)
folding quality control degrades unstable proteins because,lipid vesicles, a process previously shown to result in the
in doing so, it preemptively eliminates proteins that have a refolding of misfolded DAGK which may be present after
high propensity to misfold and form potentially cytotoxic Ppurification @8). The POPC/DAGK mol/mol ratio in the
aggregates. For purified water soluble proteins, it has beenresulting vesicles was always 120:1.

shown that thermodynamic stability often inversely correlates Measurement of Relag# Thermodynamic Stabilityrhe
with propensity for m|Sfo|d|ng or aggregatiom% 22—28) thermodynamic stability of the DAGK homotrimer was

In the case of integral membrane proteins, the only work in determined by first dispersing aliquots of DAGK in POPC
vesicles to a concentration of 0.1 mg miLinto a buffer

- containing 75 mM PIPES, 50 mM LIiCl, 0.1 mM EDTA,
T This work was supported by US NIH Grant RO1 GM47485. J.K.N.

was supported by NIH Training Grant T32 HLO07653. 0.1 mM EGTA, pH 6.8. The dete_rgeﬁt—n-de(_:ylmaltOSI_de .
*To whom correspondence should be addressed. E-mail: (DM) was then added to the vesicular solution resulting in
chuck.sanders@vanderbilt.edu; phone: 615-936-3756; fax: 615-936-mixed micelles in which the final DM to POPC molar ratio

2 derbilt Universi was 85:15. Samples were then titrated with SDS through a
g\c/ggee\,rvéétgmvgggr've University. concentration range of-080 mol % (mol of micellar SDS/
1 Abbreviations: Cysless: Cysteine-less mutant form of diacylg- (mol of micellar SDS+ mol of micellar DM + mol of
lycerol kinase; DAGK: diacylglycerol kinase; DMa-decyl{3-malto- POPC)x 100). At each titration point aliquots were removed

side; ER: endoplasmic reticulum; GA: glutaraldehyde; PAGE: poly- ; ; it
acrylamide gel electrophoresis; PIPES: piperazine-l,4-bis(2-ethanesulfonicand incubated at 3UC for 30 min, followed by addition of

acid); POPC: 1-palmitoyl-2-oleoydrrglycero-3-phosphocholine; ~ dlutaraldehyde to 25 mM. Samples were shaken vigorously
QC: quality control; SDS: sodium dodecyl sulfate; WT: wild type. for 16 h to allow cross-linking to reach completia3®f and
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Ficure 1: Model for the topology and secondary structur&adoli diacylglycerol kinase based upon NMR and topology mapping experiments
(62, 63). DAGK functions only as a homotrimer, with its three active sites being located at the interfaces between sdbunitise(

second transmembrane segment appears to form the 3-fold axis of symmetry at the center of thédyiflee Gequence shown is for the
cysteine-less (Cysless) mutant form of the enzyB8®. (This mutant was subjected to cysteine replacements at the sites marked in gray to
generate the single-cysteine mutants used in this work. The Cysless mutant differs from the true wild-type protein by virtue of the following
mutations 86): C46A, C113A, W117R, and T118S. It should be noted that the C46A mutant is the Cysless mutant, but with one of the
two wild-type Cys residues present (site 46).

analyzed by SDSPAGE with Coomassie staining. To catalytic activity as a function of time. DAGK folding
determine the mol % SDS at which conversion from trimer efficiency in these “folding assays” was determined by
to monomer is 50% complete (SR gels were photo-  comparing the final plateaued activity with the known activity
graphed with a Kodak (Rochester, NY) DC290 Zoom Digital for the 100% active mutant under the same assay conditions.
Camera and bands intensities were determined using KodakOverall rates of folding were estimated by measuring the
ID Image Analysis software (version 3.6). Intensities were time taken in each insertion assay for DAGK activity to reach
corrected for the presence of background staining and thehalf of its final plateaued activity in that assay. All of the
monomer bands were also corrected for the 0 SDS mol % folding efficiencies and timg reported in this work represent
band representing that fraction of DAGK that escapes the average of at least three folding assays. A variety of
conversion to trimer because of the less than 100% efficiency controls establishing the validity of this method have been
of the GA cross-linking reaction. For a given SDS titration, described elsewher&7).
monomer and trimer band intensities were plotted, and the
mol % SDS at the points of inflection for the sigmoidal RESULTS
curves of the monomer and dimer bands were determined ] . . ]
and averaged. These average %SDS for the loss of trimer Choice of Diacylglycerol Kinase (DAGK) Variantshas
and appearance of monomer are here reported ag,SDS pr_ewously been shovv_n that many mutant f_orms of DA_GK
Kinetic Stability MeasurementShe kinetic stability of ~ (Figure 1) have a high propensity to misfold, forming
DAGK in mixed micelles was determined by first diluting kmgycal_ly trapped aber_rant conformanon_s before or during
the enzyme in POPC vesicles into a buffer containing 2% Purification 38). For this work, we examined a subset of
DM, such that the final protein concentration was 0.2 mg these mutants, for which sites labeled in gray in Figure 1
mL-%. Samples were then incubated at 8D. At various were individually substituted with cysteine. Thesg mutants
time points, aliquots were removed and assayed for catalyticWere chosen because they represent a cross-section in terms
activity in mixed micelles using a coupled assay systégh ( ©f Propensity to misfold, stability, and location of the
For each mutant, these data were used to determine g;time Mutation site within the protein. No active site mutations
for complete loss of DAGK activity. were included; when properly folded, all of the chosen
Measurement of Folding Rates and Efficiencies for Puri- Mutants exhibit catalytic activities which are at least 50%
fied DAGK in Model MembraneDetails of the spectro-  ©Of the wild-type activity 88).
photometrically based method for monitoring the functional  Stabilities of DAGK VariantsDAGK functions only as a
assembly of DAGK in folding/insertion assays have been homotrimer 89, 41). As illustrated in Figure 2, the stability
described elsewher&T). Briefly, aliquots of stock DAGK of each of 11 DAGK variants was determined by measuring
in acidic 6.5 M urea or acidi 8 M guanidinium chloride  the concentration of SDS required to dissociate trimers to
were diluted 200-fold into 50@L insertion assay mixtures monomers when the protein is solubilized in detergent
containing POPC vesicles (2 mM POPC) or into mixed micelles (SD%y). To a good approximation, it has previously
micelles containing 21 mM DM as the detergent component been shown that SDS unfolds DAGK in a reversible manner
and 3 mol % cardiolipin as the lipid component. Productive (36). In this work, we did not attempt to quantitatively
folding was detected through the appearance of DAGK measure stability, but instead used the &8 rank the
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Ficure 2: Determination of the relative thermodynamic stability of DAGK trimers. DAGK in nondenaturing DM micelles was titrated
with SDS and subjected to nonspecific glutaraldehyde cross-linking and-BBSE/Coomassie staining at each point. From these data

SDS, for conversion of trimers to monomers were determined. It should be noted that the presence of a monomer band even at 0% SDS
does not mean that a fraction of each protein was monomeric. Rather, it has been shown that the GA cross-linking reaction is not 100%

efficient for micellar (trimeric) DAGK, so that some monomer is inevitably observed even for stable forms of the enzyme.

Mutant  Thermodynamic  Kinetic  *L00% URSen® s inio POPC  into Micalles
Purification Efficiency  Efficiency Efficiency Efficiency
Wild Type +H++ +H++ 4+ +++ ++++ +++ ++++
Ad46C +++4+ +++4 ++4++ +++4+ ++4++ ++++ ++4++
Y16C +H++ +++ +++ + ++ + +
Cysless +++ ++4+4 ++4+4 +++4 ++4++ +++ +++
S$118C +++ +++ +++ +++ ++++ ++ ++
V79C ++ ++ +++ ++ +++ ++++ ++++
A52C ++ ++ ++ ++ +++ +++ ++
1110C + not tested + + +++ + +
A104C + + ++ + ++ + ++
L48C + + + + +
159C + + + +
v42C +H+ +++
1M11C ++ +++
T11C ter:t);d * * ter:t);d
L58C + +
175C + ++

Ficure 3: Summary of stability and folding efficiency data for purified variants of DAGK in model membranes. Within each column, each
mutant is ranked with regard to the property represented by that column relative to the other mtitérits:*means high and-+" means

low. The exact value ranges which lead to the groupings within each column can be inferred from the data of Table 1 or from data reported

in the text. It should be emphasized that the measurements leading to assignment of a certain nttnmbenefcolumn do not correspond
guantitatively to the values leading to the same numbet @f another column. For example,++ is assigned to mutants which show

a urea-to-mixed micelles folding efficiency of #05%, while in the guanidinium-to-POPC vesicles caseé+ is assigned to mutants
folding with 1—6% efficiency.

relative thermodynamic stabilities of the trime28). SDSo <0.5, and <0.5 min for Cysless, A46C, Y16C, S118C,
were determined to be 5t 3, 50+ 3, 50+ 3, 45+ 2, 41 V79C, A52C, L48C, 159C, and A104C, respectively. Mea-
+2,36+ 3,354+ 7,30+ 4,29+ 4,27+ 5,and 27+ 3 surements were also made for several other single cysteine
mol % for A46C, WT, Y16C, Cysless, S118C, V79C, A52C, mutants: V42C, I111C, T111C, T58C, and I75C, for which
I59C, A104C, 1110C, and L48C, respectively. These results timey, of 2.6, 1.4,<0.5, <0.5, and<0.5 min were observed.

are summarized in Figure 3. Relative kinetic stabilities are summarized in Figure 3; there
Kinetic stabilities were assessed by measuring tinfier is generally an excellent correlation between kinetic stability

irreversible loss of catalytic activity when the fully folded and the thermodynamic stability of DAGK trimers, as

mutants were incubated in detergent micelles atG0Half previously observed for other DAGK mutan®9. Indeed,

times were observed to be 16, 16, 2.5, 2.5, 1.35Q,5, when the data for the anomalous Y16C was neglected, the
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Ficure 4: Examples of time traces from DAGK folding assays.
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The assays represented by these data were for DAGK folding/ | 48c

insertion into POPC vesicles following dilution from a urea stock
solution of the enzyme. These particular DAGK variants each
exhibited specific activities of about 30 U/mg when 100% folded

under the specific conditions of this assay. Thus, the Cysless andA104C

A52C variants folded with ca. 30 and 4% efficiencies, respectively.

linear correlation coefficient between SESvalues and
timey, was determined to be 0.65, indicating statistical
significance at the 95% confidence levédk).

Folding Rates and EfficiencieShe DAGK variants being
examined in this work were previously reported to contain
substantial populations of kinetically trapped misfolded
protein upon purification into detergent micelle€38), an
observation that is summarized in the fourth column of Figure
3. To quantitate the folding/misfolding propensities of DAGK

under well-controlled conditions, we have developed methods wild type

for generating lipid/detergent-free stock solutions of fully
or partially unfolded DAGK. Wild type DAGK was previ-
ously shown to be a partially folded monomer in acidic 6.5
M urea, while in acidi 8 M guanidinium it appears to be
completely unstructured{). Small aliquots of these stock
solutions were then introduced into either mixed micelle or
lipid vesicle solutions, and the process of productive mem-
brane insertion and folding was followed in real time through
the appearance of DAGK enzyme activity (Figure 4).

Reciprocal rates and insertion/folding efficiencies are

Accelerated Publications

Table 1: Efficiencies and Overall Rates for Folding of DAGK
Variants into Model Membranes

starting efficiency
mutant  conditions final conditions (%) tu2(S)
wild type urea POPC vesicles 192 390+ 210
Cysless urea POPC vesicles 26 370+ 150
Y16C urea POPC vesicles<0.5 ND?
A46C urea POPC vesicles 38 750+ 50
L48C urea POPC vesicles<0.5 ND
A52C urea POPC vesicles 4463.1 2100+ 600
159C urea POPC vesicles<0.5 ND
V79C urea POPC vesicles 2460.4 2600+ 1500
A104C  urea POPC vesicles 2100.9 2800+ 1300
1110C urea POPC vesicles 1440.5 3300+ 300
si118C urea POPC vesicles 144 1500+ 500
wild type urea mixed micelles 2@ 7 44+18
Cysless urea mixed micelles 4516 16+ 6
Y16C urea mixed micelles &1 4+1
A46C urea mixed micelles 68& 10 10+ 1
urea mixed micelles 0F 0.3 9+ 1
A52C urea mixed micelles 14 2 8+1
159C urea mixed micelles 26£1.3 8+1
V79C urea mixed micelles 1% 2 8+1
urea mixed micelles 7811 8+1
1110C urea mixed micelles 12 3 8+1
S118C urea mixed micelles 57 6. 11+ 2
wild type guanidinium POPC vesicles 150.6 810+ 50
Cysless guanidinium POPC vesicles £10.5 1000+ 100
16C guanidinium POPC vesicles<0.2 ND
A4GC guanidinium POPC vesicles 5{20.8 320+ 200
L48C guanidinium POPC vesicles 040.2 26004+ 800
A52C guanidinium POPC vesicles 1420.3 2300+ 300
guanidinium POPC vesicles<0.3 ND
V79C guanidinium POPC vesicles 480.9 700+ 220
A104C  guanidinium POPC vesicles Gt30.09 3900+ 400
1110C guanidinium POPC vesicles<0.3 ND
S118C  guanidinium POPC vesicles @&2.1 2600+ 400
guanidinium mixed micelles 4#1.0 36+8
Cysless guanidinium mixed micelles 430.5 17+ 9
Y16C guanidinium mixed micelles 0#0.1 941
A46C guanidinium mixed micelles 2t 2 9+1
L48C guanidinium mixed micelles 04 0.04 8+1
A52C guanidinium mixed micelles 020.1 10+ 2
159C guanidinium mixed micelles 050.3 8+1
V79C guanidinium mixed micelles 1% 1 9+ 2
A104C  guanidinium mixed micelles 0#0.4 83+ 8
1110C guanidinium mixed micelles 0#40.2 8+1
s118C guanidinium mixed micelles 0.250.03 10+ 1

aND = not determined.

reported in Table 1. The rates are generally much more rapidgenerally a good correlation between folding rates and

for folding assays into detergent micelles than into lipid

efficiencies, indicating either that misfolding commonly

vesicles, as previously observed for the wild type enzyme occurs at the stage of bilayer insertion and/or that factors

(37). This indicates that for most DAGK variants the kinetic
barrier to insertion into mixed micelles is much lower than
into lipid vesicles, a barrier which in the latter case is
probably rate-limiting for the overall assembly process. Also
consistent with previous results for wild type, DAGK variants
usually fold more efficiently in assays starting from urea
stock solutions than in those initiated from guanidinium
stocks. Evidently, DAGK variants are generally most sus-
ceptible to misfolding when fully unfolded, as is the case
immediately following dilution into a folding assay mixture

from a guanidinium stock. For folding assays involving

that govern partitioning between folding and misfolding are
also critical in determining the rate of bilayer insertion.
The detailed results of Table 1 are summarized in Figure
3. The efficiencies obtained from the denaturant-to-model
membrane folding assays correlate well with trends in how
much misfolded protein is found to be present following
purification into detergent micelles. For each variant, there
is usually good uniformity of relative efficiencies across the
four sets of folding assay conditions. Of particular note, there
is generally high correlation between the folding efficiencies
and thermodynamic stabilities that extends across all four

mixed micelles rates were usually very rapid, suggesting thatset of experiments. Excluding the results for Y16C, the

the rate-limiting step for productive folding under those
conditions is not kinetically coupled to steps critical in
determining partitioning between folding and misfolding. In

calculated linear correlation coefficien&2j between folding
efficiency and SD§ were determined to fall the range of
0.6-0.8 for all four sets of conditions, with statistical

the cases of assays involving POPC vesicles, there wassignificance being~95% in each case.
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DISCUSSION Another implication of the results regarding human mem-
brane protein misassembly and disease concerns rare excep-
The most important result of this paper is that the kinetic tions to the stability/efficiency correlation. One DAGK
and thermodynamic (trimer) stabilities of variants of purified mutant was found, Y16C, which has wild type-like stability
DAGK are usually highly correlated with folding efficiency  once properly folded, but nevertheless exhibited a very high
in model membranes (Figure 3). The most stable DAGK propensity to misfold under all four sets of folding conditions
variants folded efficiently under all conditions, with the single examined. As described elsewhed8)( Y16C is a mutation
exception being the Y16C mutant. All of the unstable mutants that appears to perturb only folding/misfoldimmthways
folded inefficiently under all conditions. Intermediate stability - without altering the stability of the correctly folded protein.
mutants tended to fold with intermediate efficiency. Because Analogous mutations have previously been documented for
the variants examined represent a cross-section of mutationsoluble proteins (cf.15, 59, 60) and for a soluble domain
sites, general conclusions for DAGK can be derived from of the CFTR protein containing th&F508 mutation that is
these results. Key among these are (i) that the most commorthe most common mutation leading to cystic fibro€4)(
class of DAGK mutations that lead to inefficient folding also The results of this work suggest that this class of mutation
lead to reduced stability for the properly folded protein, and is rare compared to misfolding-promoting mutations which
(i) that any mutation which reduces DAGK'’s stability will  also reduce protein stability. If indeed cells evaluate the
reduce its folding efficiency. These observations are con- misfolding propensity of nascent proteins based on factors
sistent with the notion that the avoidance of misfolding may that are strongly coupled to intrinsic protein stability, then
be an important selective factor contributing to evolutionary rare folding pathway-defective mutations such as Y16C in
optimization of membrane protein stability. DAGK are potentially especially dangerous. The resulting

E. coli DAGK is an established model system for studying mutant proteins mi.ght evade identification by quality control
membrane protein folding2@, 36, 37, 43—47). However, as _belng of high risk and would thereby escape _the degra-
further work will be required to determine if the instability/ ~ dative fate normally assigned to unstable (misfolding-prone)

misfolding correlation observed for DAGK can be general- Proteins. Such proteins might then proceed to misfold and

ized to other membrane proteins. Despite uncertainty re- cOntribute to some of the dozens of “gain of function” dis-
garding this point, the potential relevance of the present orders in which the loss of native function by the misfolded

results to eukaryotic membrane protein folding merits protein is exacerbated by a direct contribution of the

comment because of the role membrane protein misassemblynisfolded protein to disease etiology or patholody-4).
plays in dozens of human diseasés-4, 48).

Most eukaryotic membrane proteins fold following inser- ) .

tion into the membrane of the endoplasmic reticulum. For _ We thank Bonnie Gorzelle for preparing some of the
soluble proteins that fold only after translocation into the DAGK samples and for conducting the SDS fitration
lumen of the ER a correlation has been observed betweerXperiments. We also thank Profs. James Bowie and Jeffrey
protein stability and the efficiency of successful folding and Myers for their critical comments regarding earlier versions
trafficking on through the secretory pathway7¢19, 21, of this manuscript and thank the Bowie Iab.for prowdllng
49). The correlation between folding efficiency and stability €XPression systems for most of the DAGK variants examined
has also been observed for a number of purified soluble in this work.
proteins {5, 22—28). While the relationship between stability
and in vivo folding efficiency for eukaryotic membrane REFERENCES
proteins has received only preliminary attenti@®,(50), it 1. Aridor, M., and Balch, W. E. (1999) Integration of endoplasmic
is probable that a similar correlation pertains, as supported  reticulum signaling in health and diseab&at Med 5, 745-751.
by two lines of evidence. First, the quality control machinery ~ 2-Aridor, M., and Hannan, L. A. (2000) Traffic jam: a compendium

. . : of human diseases that affect intracellular transport processes.
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the folded forms of specific eukaryotic membrane proteins an understanding at the molecular lev@lrr. Opin. Cell Biol.
can dramatically enhance their efficiency of productive 13, 431-437. _ _ _
assembly§1-58). Thus, it is probable that for both soluble 6. 52333[3;;#& raergi%umﬂmﬁeﬁ'N%ﬁogg”%?;{'% iggt_r(l’lgi” the
and membrane proteins, the decision by ER quality control = 7 elenius, A., and Aebi, M. (2001) Intracellular functions of
of whether to degrade a nascent protein is based upon  N-linked glycansScience 2912364-2369.
evaluation of some property that is closely related to stability. 8. Fewell, S. W., Travers, K. J., Weissman, J. S., and Brodsky, J. L.

: ; ; T (2001) The action of molecular chaperones in the early secretory
The observation of this work that membrane protein stability pathway.Annu Rev. Genet 35, 149-191.,

islhighly correlated W!th prOp‘?nSity to misfold indicat_es that o Patil, C., and Walter, P. (2001) Intracellular signaling from the
this modus operandis sensible from the standpoint of endoplasmic reticulum to the nucleus: the unfolded protein
cellular survival. By targeting unstable nascent proteins for g%ssponse in yeast and mammdagsur. Opin. Cell Biol. 13, 349
degre}datlon, quality control eliminates misfolding-prone 10. Dougan, D. A, Mogk, A., and Bukau, B. (2002) Protein folding
proteins before they have actually had a chance to become " 5nq degradation in bacteria: to degrade or not to degrade? That

entrapped in a potentially toxic aberrant conformation. is the questionCell Mol. Life Sci 59, 1607-1616.

ACKNOWLEDGMENT



24

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Biochemistry, Vol. 43, No. 1, 2004

Flanagan, J. M., and Bewley, M. C. (2002) Protein quality control
in bacterial cells: integrated networks of chaperones and ATP-
dependent proteaseSenet Eng (N.Y.) 24, 17—47.

Raffa, R. G., and Raivio, T. L. (2002) A third envelope stress
signal transduction pathway Escherichia coli Mol. Microbiol.

45, 1599-1611.

Rosen, R., Biran, D., Gur, E., Becher, D., Hecker, M., and Ron,
E. Z. (2002) Protein aggregation i&scherichia coli role of
proteasesFEMS Microbiol Lett 207, 9—12.

Shimohata, N., Chiba, S., Saikawa, N., Ito, K., and Akiyama, Y.
(2002) The Cpx stress response systersitherichia colsenses
plasma membrane proteins and controls HtpX, a membrane
protease with a cytosolic active sit@enes Cells ,7653-662.
Betts, S., and King, J. (1999) There’s a right way and a wrong
way: in vivo and in vitro folding, misfolding and subunit assembly
of the P22 tailspikeStruct Fold. Des. 7 R131-R139.

Hagihara, Y., and Kim, P. S. (2002) Toward development of a
screen to identify randomly encoded, foldable sequerfees.

Natl. Acad Sci U.SA. 99 6619-6624.

Kjeldsen, T., Ludvigsen, S., Diers, |., Balschmidt, P., Sorensen,
A.R., and Kaarsholm, N. C. (2002) Engineering-enhanced protein
secretory expression in yeast with application to insulirBiol.
Chem 277, 18245-18248.

Kowalski, J. M., Parekh, R. N., Mao, J., and Wittrup, K. D. (1998)
Protein folding stability can determine the efficiency of escape
from endoplasmic reticulum quality contrdl. Biol. Chem 273
19453-19458.

Kowalski, J. M., Parekh, R. N., and Wittrup, K. D. (1998) Secretion
efficiency in Saccharomyces cerisiae of bovine pancreatic
trypsin inhibitor mutants lacking disulfide bonds is correlated with
thermodynamic stabilityBiochemistry 371264-1273.

Sharma, M., Benharouga, M., Hu, W., and Lukacs, G. L. (2001)
Conformational and temperature-sensitive stability defects of the
delta F508 cystic fibrosis transmembrane conductance regulator
in post-endoplasmic reticulum compartmegtsiol. Chem 276,
8942-8950.

Song, Y., Sakai, J., Saito, A., Usui, M., Azakami, H., and Kato,
A. (2002) Relationship between the stability of lysozymes mutated
at the inside hydrophobic core and secretiorSaccharomyces
cerevisiae. Nahrung 46 209-213.

Jaenicke, R., and Seckler, R. (1997) Protein misassembly in vitro.
Adv. Protein Chem50, 1-59.

Quintas, A., Vaz, D. C., Cardoso, |., Saraiva, M. J., and Brito, R.
M. (2001) Tetramer dissociation and monomer partial unfolding
precedes protofibril formation in amyloidogenic transthyretin
variants.J. Biol. Chem 276, 2720727213.

Schuler, B., and Seckler, R. (1998) P22 tailspike folding mutants
revisited: effects on the thermodynamic stability of the isolated
beta-helix domainJ. Mol. Biol. 281, 227-234.

Wetzel, R. (1997) Domain stability in immunoglobulin light chain
deposition disordersAdv. Protein Chem50, 183-242.
Ramirez-Alvarado, M., Merkel, J. S., and Regan, L. (2000) A
systematic exploration of the influence of the protein stability on
amyloid fibril formation in vitro. Proc. Natl. Acad Sci U.SA.

97, 8979-8984.

Stathopulos, P. B., Rumfeldt, J. A., Scholz, G. A., Irani, R. A.,
Frey, H. E., Hallewell, R. A., Lepock, J. R., and Meiering, E. M.
(2003) Cu/Zn superoxide dismutase mutants associated with
amyotrophic lateral sclerosis show enhanced formation of ag-
gregates in vitroProc. Natl. Acad Sci U.SA. 100, 7021-7026.
Hammarstrom, P., Wiseman, R. L., Powers, E. T., and Kelly, J.
W. (2003) Prevention of transthyretin amyloid disease by changing
protein misfolding energeticScience 299713-716.

Zhou, Y., Lau, F. W., Nauli, S., Yang, D., and Bowie, J. U. (2001)
Inactivation mechanism of the membrane protein diacylglycerol
kinase in detergent solutioRrotein Sci 10, 378-383.

Booth, P. J., Templer, R. H., Meijberg, W., Allen, S. J., Curran,
A. R., and Lorch, M. (2001) In vitro studies of membrane protein
folding. Crit Rev. Biochem Mol. Biol. 36, 501-603.

Chamberlain, A. K., Faham, S., Yohannan, S., and Bowie, J. U.
(2003) Construction of helix-bundle membrane proteiAdy.
Protein Chem63, 19-46.

Engelman, D. M., Chen, Y., Chin, C. N., Curran, A. R., Dixon,
A. M., Dupuy, A. D., Lee, A. S., Lehnert, U., Matthews, E. E.,
Reshetnyak, Y. K., Senes, A., and Popot, J. L. (2003) Membrane
protein folding: beyond the two stage modEEBS Lett 555,
122-125.

33.

39.

40.

S

N

N

i

45,

46.

47.

48.

49.

50.

51.

52.

53.

56.

1.

2.

3.

4,

Accelerated Publications

Fleming, K. G. (2002) Standardizing the free energy change of
transmembrane helix-helix interactiords Mol. Biol. 323 563—
571.

. Otzen, D. E. (2003) Folding of DsbB in mixed micelles: a kinetic

analysis of the stability of a bacterial membrane proté&iiMol.
Biol. 330, 641-649.

. White, S. H., and Wimley, W. C. (1999) Membrane protein folding

and stability: physical principlesAnnu Rev. Biophys Biomol
Struct 28, 319-365.

. Lau, F. W., and Bowie, J. U. (1997) A method for assessing the

stability of a membrane proteiliochemistry 365884-5892.

.Nagy, J. K., Lonzer, W. L., and Sanders, C. R. (2001) Kinetic

study of folding and misfolding of diacylglycerol kinase in model
membranesBiochemistry 408971-8980.

. Gorzelle, B. M., Nagy, J. K., Oxenoid, K., Lonzer, W. L., Cafiso,

D. S., and Sanders, C. R. (1999) Reconstitutive refolding of
diacylglycerol kinase, an integral membrane protBinchemistry

38, 16373-16382.

Vinogradova, O., Badola, P., Czerski, L., Sonnichsen, F. D., and
Sanders, C. R. (199'8scherichia colidiacylglycerol kinase: a
case study in the application of solution NMR methods to an
integral membrane proteiiophys J. 72, 2688-2701.

Czerski, L., and Sanders, C. R. (2000) Functionality of a membrane
protein in bicellesAnal. Biochem 284, 327-333.

Lau, F. W., Chen, X., and Bowie, J. U. (1999) Active sites of
diacylglycerol kinase fronEscherichia coliare shared between
subunits.Biochemistry 385521-5527.

Bevington, P. R. (1969ata Reduction and Error Analysis for
the Physical SciencedcGraw-Hill, New York.

Nagy, J. K., and Sanders, C. R. (2002) A critical residue in the
folding pathway of an integral membrane proteiochemistry

41, 9021-9025.

Oxenoid, K., Sonnichsen, F. D., and Sanders, C. R. (2001)
Conformationally specific misfolding of an integral membrane
protein.Biochemistry 405111-5118.

Partridge, A. W., Melnyk, R. A., Yang, D., Bowie, J. U., and
Deber, C. M. (2003) A Transmembrane Segment Mimic Derived
from Escherichia coliDiacylglycerol Kinase Inhibits Protein
Activity. J. Biol. Chem 278 22056-22060.

Wen, J., Chen, X., and Bowie, J. U. (1996) Exploring the allowed
sequence space of a membrane profeat. Struct Biol. 3, 141—

148.

Zhou, Y., and Bowie, J. U. (2000) Building a thermostable
membrane proteinl. Biol. Chem 275, 6975-6979.

Sanders, C. R., and Nagy, J. K. (2000) Misfolding of membrane
proteins in health and disease: the lady or the tigausft. Opin.
Struct Biol. 10, 438-442.

Hagihara, Y., and Kim, P. S. (2002) Toward development of a
screen to identify randomly encoded, foldable sequerees.

Natl. Acad Sci U.SA. 99, 6619-6624.

Wilson, M. H., Highfield, H. A., and Limbird, L. E. (2001) The
role of a conserved inter-transmembrane domain interface in
regulating alpha(2a)-adrenergic receptor conformational stability
and cell-surface turnoveMol. Pharmacol 59, 929-938.

Gelman, M. S., and Kopito, R. R. (2002) Rescuing protein
conformation: prospects for pharmacological therapy in cystic
fibrosis. J. Clin. Invest 110 1591-1597.

Halaban, R., Cheng, E., Svedine, S., Aron, R., and Hebert, D. N.
(2001) Proper folding and endoplasmic reticulum to golgi transport
of tyrosinase are induced by its substrates, DOPA and tyrosine.
J. Biol. Chem 276, 11933-11938.

Janovick, J. A., Goulet, M., Bush, E., Greer, J., Wettlaufer, D.
G., and Conn, P. M. (2003) Structuractivity relations of
successful pharmacologic chaperones for rescue of naturally
occurring and manufactured mutants of the gonadotropin-releasing
hormone receptor. Pharmacol Exp. Ther. 305 608-614.

. Petaja-Repo, U. E., Hogue, M., Bhalla, S., Laperriere, A., Morello,

J. P., and Bouvier, M. (2002) Ligands act as pharmacological
chaperones and increase the efficiency of delta opioid receptor
maturation.EMBO J 21, 1628-1637.

.Loo, T. W., and Clarke, D. M. (1997) Correction of defective

protein kinesis of human P-glycoprotein mutants by substrates
and modulatorsJ. Biol. Chem 272, 709-712.

Janovick, J. A., Maya-Nunez, G., and Conn, P. M. (2002) Rescue
of hypogonadotropic hypogonadism-causing and manufactured
GnRH receptor mutants by a specific protein-folding template:
misrouted proteins as a novel disease etiology and therapeutic
target.J. Clin. Endocrinol Metah 87, 3255-3262.



Accelerated Publications

57.

58.

59.

60.

Morello, J. P., Petaja-Repo, U. E., Bichet, D. G., and Bouvier,
M. (2000) Pharmacological chaperones: a new twist on receptor
folding. Trends PharmacolSci 21, 466-469.

Noorwez, S. M., Kuksa, V., Imanishi, Y., Zhu, L., Filipek, S.,
Palczewski, K., and Kaushal, S. (2003) Pharmacological chaperone-
mediated in vivo folding and stabilization of the P23H-opsin

mutant associated with autosomal dominant retinitis pigmentosa. g3,

J. Biol. Chem 278 14442-14450.

Chiti, F., Taddei, N., Baroni, F., Capanni, C., Stefani, M., Ramponi,
G., and Dobson, C. M. (2002) Kinetic partitioning of protein
folding and aggregatiorNat Struct Biol. 9, 137-143.

Otzen, D. E., Kristensen, O., and Oliveberg, M. (2000) Designed
protein tetramer zipped together with a hydrophobic Alzheimer
homology: a structural clue to amyloid assemid®roc. Natl.
Acad Sci U.SA. 97, 99079912.

61.

62.

64.

Biochemistry, Vol. 43, No. 1, 20025

Qu, B. H., Strickland, E., and Thomas, P. J. (1997) Cystic
fibrosis: a disease of altered protein foldind. Bioenerg
Biomembr 29, 483-490.

Oxenoid, K., Sonnichsen, F. D., and Sanders, C. R. (2002)
Topology and secondary structure of the N-terminal domain of
diacylglycerol kinaseBiochemistry 4112876-12882.

Smith, R. L., O'Toole, J. F., Maguire, M. E., and Sanders, C. R.
(1994) Membrane topology dEscherichia colidiacylglycerol
kinase.J. Bacteriol 176, 5459-5465.

Nagy, J. K., Lau, F. W., Bowie, J. U., and Sanders, C. R. (2000)
Mapping the oligomeric interface of diacylglycerol kinase by
engineered thiol cross-linking: homologous sites in the trans-
membrane domairBiochemistry 394154-4164.

BI035918S



