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A method for measuring site-specific amide hydrogen-deute-
rium exchange rates for membrane proteins in bilayers is reported
and evaluated. This method represents an adaptation and exten-
sion of the approach of Dempsey and co-workers (Biophys. J. 70,
1777-1788 (1996)) and is based on reconstituting *N-labeled
membrane proteins into phospholipid bilayers, followed by lyoph-
ilization and rehydration with D,O or H,0 (control). Following
incubation for a time t under hydrated conditions, samples are
again lyophilized and then solubilized in an organic solvent sys-
tem, where ‘H-""N HSQC spectra are recorded. Comparison of
spectra from D,0-exposed samples to spectra from control sam-
ples yields the extent of the H-D exchange which occurred in the
bilayers during time t. Measurements are site specific if specific *N
labeling is used. The first part of this paper deals with the search
for a suitable solvent system in which to solubilize complex mem-
brane proteins in an amide “exchange-trapped” form for NMR
quantitation of amide peak intensities. The second portion of the
paper documents application of the overall procedure to measur-
ing site-specific amide exchange rates in diacylglycerol kinase, a
representative integral membrane protein. Both the potential use-
fulness and the significant limitations of the new method are
documented.  © 2000 Academic Press

Key Words: hydrogen—deuterium amide exchange; membrane
proteins; site-directed mutagenesis; diacylglycerol kinase; NMR.

INTRODUCTION

levels of bulk isotopic exchange within resolvable protei
segmentsCurrently, only NMR spectroscopy yields high-res-
olution site-specific H-D exchange rates for proteihs1@—
16).

Integral membrane proteins represent a class of proteins
which the capacity to make site-specific amide exchange (A
measurements is very desirable. There are examples of sn
membrane proteins solubilized in detergent micelles or orgar
solvent mixtures where AE rates in micellar or solvent mix
tures have been directly measured by NMR/«23. Such
studies have required total assignment of the amide prot
resonances. For larger membrane proteins, such direct m
surements will often not be feasible because of the lar
effective molecular weights of protein—detergent aggregat
and because organic solvent mixtures unfold many membra
proteins. Both of these problems seriously hinder necessz
total assignment of the amide proton resonances.

For membrane proteins inserted into lipid bilayed#ect
measurements of site-specific AE rates are presently not p
sible because of the difficulties associated with obtaining higl|
resolution proton NMR spectra of large molecules firmly em
bedded in lipid bilayers. For this reason, Dempsey and c
workers (5, 29 have developed a clever “exchange-trapping
approach in which a bilayer-associated membrane protein
exposed to H-D exchange conditions, followed by trapping «
the in-bilayer amide exchange state via transfer of the met

Because amide hydrogen exchange rates depend on profithe protein out of the bilayer and into an effectively ex

structure, hydrogen—deuterium (H-D) and hydrogen-tritiughange-inert organic solvent system in which the percentage
(H-T) exchange measurements have long been recognized AShRaining protons at each amide site can be assessed
rich source of protein structural informatiot5). There are a ¢ |ution NMR methods. This approach has been demonstra
variety of experimental methods used for quantitation of hyg pe syccessful for small membrane proteins, for which spe
drogen exchange in solution and membrane proteins. Thesg assignments in organic solvents can readily be ma
methods can be categorized as low-, medium-, and high-regmsy 24). However, in the case of larger membrane proteins

lution techniques. Low-resolution methods are useful for dgs| often not be possible to assign all amide proton resonanc

termining the bulk hydrogen exchange rate for an entireé prgmen the protein is solubilized in an organic solvent mixture

tein. Both spectroscopic and radioisotopic methods exist fpp, example, in the case . coli diacylglycerol kinase
measuring bulk exchange rates-). A medium-resolution qoanic solvent systems capable of solubilizing the protein
method developed by Smith and Zhari®(11) employs the \mR concentrations also unfold the proteigs), inducing

combination of mass spectrometry and proteolysis to quant{fjgespread NMR spectral degeneracy. In addition, the solve

systems employed by Dempsey and co-workers may not
! To whom correspondence should be addressed. E-mail: crs4@po.cwru.egfifective at solubilizing all membrane proteins. This pape
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Step };Jr?f';t'a-ggﬁ"ng + 5 Step2: R;fonstitution noncovalent trimer of identical 13 kDa subunits (121 residue
In bllayers . . . . .
v each p5)). DAGK is an almost exclusively helical protein in
— which each subunit contains three transmembrane helic
Protein-Lipid (26, 27. DAGK has been subjected to an extensive prelimi
Step 4: Powder. . . . . .
Freeze-Drying Amides Trapped nary examination by NMR in both micelles and organic solver
-y eyt mixtures @5, 2§. In micelles, DAGK folds properly but ex-
Stert) 3: Exposure hibits extremely broad NMR spectra. In organic solvent mix
o or . .
time = t: Step 5: Dissolve in tures, DAGK is largely unfolded and gives spectra characte
N-H > N-D Organic istic of a molten globular conformational state. In neithe
-H ===>N- Solvent Mixture . -
micelles nor organic solvent systems does the prospect
Step 7: Compare Sten 6 i making total resonance assignments appear to be promis
Spectrum from o . 25). Preliminary 800 MHz TROSYZ9) measurements (Sand-
D20-exchanged ?ﬁg"srﬁ Amide-Exchange (29 3 Yy K) (
Sample to Control. HSGC St;fte Ur;g'hangfd ers, unpublished) have not dramatically changed this asse
Quantify Extent of rom iime = ; ;
Exchange During - (Ideally) \1 ment. Because of its structural complexity, DAGK represents
Time = t. N rigorous test system.

FIG. 1. Schematic of the amide exchange measurement procedure teweening of Potential Organic Solvent Mixtures and Testin
in this work. Solvent Systems

documents the development of a procedure which builds uporf\N @ppropriate solvent mixture in which to solubilize mem
the Dempsey exchange-trapping approach to permit site-spEane proteins for the NMR step of the AE method would b
cific in-bilayer H-D exchange rates to be measured for ev@nSystem which (1) fully solubilizes membrane proteins ¢

larger membrane proteins. >0.1 mM concentrations, (2) does not allow additional H-L
exchange to take place, and (3) solubilizes the protein in a for
RESULTS such that reasonably sharp amide peaks are observed (altho
not necessarily well resolved).
General Strategy We observed that organic solvent systems previously doc

) , ) ‘mented for use in solvent trapping AE studi&d,(15, 24 were
Figure 1 outlines the experimental approach to measurifg; effective at solubilizing DAGK. This led us to search for 2

amide exchange rateslwhich is the subject of this paper. This,, system. We previously screened about 2000 solvent s
procedure draws heavily upon the work of Dempsey, €9  ems for their ability to solubilize DAGK or model membrane
%nd, to a lesser degree, Roder and co-workBfs Following o\ nentides 25, 30. Those previous results provided the ba
N labeling and membrane reconstitution of the protein, amidgs o selection of the 74 solvent systems examined in tt
exchange is allowed to evolve under conditions best approgresent study. Various combinations of solvents containir
mating the native environment: with the membrane protein Bchangeable protons (e.g., water, methanol, hexafluoro
lipid bilayers. Am.ide.exchange is ndirectly gssessed while ropanol, and trifluoroethanolgprotic polar solvents (e.g.,
the protein is still in bll_ayers: Ins’Fead, the amide exchang_e St%ﬁ?nethyl sulfoxide, dimethylformamide, and tetrahydrofuran)
of the in-bilayer protein at time is trapped by freeze-drying, 5nq aprotic nonpolar solvents (e.g., chloroform and benzene
followed by redissolution of the protein into an organic solve%ere evaluated. Solvent mixtures were evaluated at basic (a

system in which furtrler amide exchange is suppressed angyiBnium hydroxide), neutral, and acidic (acetic acid, formi
which “solution NMR” conditions pertain. At this point, COM-5¢iq and trifluoroacetic acid) pH. A detailed list of system

paring HSQC spectra from exchanged and control sampl@§e is available upon request from the authors.

permits quantitation of the exact degree of amide exchangebmy about 20 of the solvent systems examined were able
occurring in the bilayer samples during tirheln the case of totally dissolve DAGK (from a detergent/DAGK powder) at &
uniformly labeled membrane proteins, assignments of 8 entration of 0.2 mM. Some solvents (e.g., mixtures co
HSQC spectra may not be feasible and the proposed methogli,y dimethyl sulfoxide) dissolved DAGK at higher temper
would be expected to yield, at best, the bulk exchange raig, o (50°C) but not at room temperature (25°C). Of the 2

However, if site-specific°N labeling is possible, then assign-yivtures which completely dissolved DAGK, only 5 gave higt

ment of the HSQC spectrum is trivial and the proposed methg(l atisfactorys/N spectra from DAGK (8 mg/ml concentra-
will provide direct exchange measurements for the labeled S‘Efon). These systems were (A) neat hexafluoro-2-propan
(HFIP), (B) benzene:HFIP 1:1 (vol:vol} 1% formic acid
(FA), (C) 2-propanol:HO 1:1 + 0.5% FA, (D) benzene:trif-
The test system employed in this papeEiscoli diacylglyc- luoroethanol (TFE) 1:1+ 0.5% FA, and (E) TFE:ED 8:2 +
erol kinase (DAGK). DAGK functions in membranes as 8.5% FA. Other mixtures yielded only very broad signals eve

Diacylglycerol Kinase as a Test Case



AMIDE EXCHANGE IN MEMBRANE PROTEINS 113

A B

L.

L L L L L B L L B I B B R L I L L L L B L L I L L L B L I B B IR

9.0 8.0 7.0 pPpm 9.0 8.0 7.0 ppm

i N

T[T T T[T T[T I T[T [TT T[T T TTT] AR R R R R

8.0 8.0 7.0 ppm 9.0 8.0 7.0 ppm

FIG. 2. 1-D'H NMR spectra (amide/aromatic region) of DAGK in representative solvent mixtures: (A) 100% dimethyl sulfoxide; (B) meth@réo#H
0.5% formic acid; (C) 100% hexafluoro-2-propanol; (D) benzene:hexafluoro-2-propanel 1% formic acid. All spectra were acquired at 25°C.

when the temperature was elevated to 50°C. Figure 2 compaggshange in the five best solvent systems. Leucine enkeph:
representative spectra from mixtures yielding reasonably higlas chosen for these tests because it is unstructured, such
signal-to-noise to examples which did not. The only pealtsshould provide a stringent test of the degree of unwante
observed in the latter cases are from small-molecule impuritiesiide exchange because its amides will be fully exposed
or from the highly mobile poly-His tag of recombinant DAGK.solvent. Leucine enkephalin was dissolved in deuterated s
It is significant that all of the solvent systems which were foungent mixtures and examined by 1-Bl NMR at various times

to yield high signal-to-noise from DAGK contained at leasand at least two temperatures25 and—5°C. At 25°C in four

50% protic solvent. This is unfortunate since the presence of the five best solvent mixtures (B-E), most of the amid
exchangeable solvent protons means that “post-trap” solvepeaks disappeared after the few minutes which were requir
protein amide H-D exchange must remain a concern. The fémt sample mixing and cursory locking/shimming. In the cas
that four of five of the best systems also required the preserafeneat HFIP, loss of amide resonances at 25°C was somew
of formic acid to facilitate DAGK solubility is also a cause forslower (,,, approximately 10 minutes; data not shown). Los
concern since the lowkp, of formic acid dictates the effective of signal in all cases was due to exchange involving exchang
pH will be below values at which unwanted solvent—amidable deuterons from the protic solvent components in ea
H-D exchange is known to be minimizei4j. mixture. Because the freezing point of HFIP-igl°C, we did

Because the five best solvent systems contain exchangealale attempt to examine exchange in this solvent—&°C.
protons, leucine enkephalin (Tyr-Gly-Gly-Phe-Leu) was enfttempts to examine TFE}D 1:1 + 0.5% FA at—5°C were
ployed to evaluate the possibility of undesired amide H-Bampered by phase separation at the low temperature. Hc
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FIG. 3.
dissolution at—5 and at+25°C.

'H NMR spectra (amide/aromatic region) of leucine enkephalin (Tyr-Gly-Gly-Phe-Leu) in three different solvent systems obtained 10 mir

ever, when exchange was examined in the other three ba&pplication of Overall Amide Exchange Scheme to
solvent mixtures at-5°C (B, C, and E), unwanted amide Uniformly Labeled DAGK in Bilayers
exchange was observed to be dramatically reduced. Figure 3

presents data from these three solvent systems obtainel at

Before proceeding to expensive single-site-labeled DAG

and +25°C (six samples) 10 min after sample mixing. Almostamples, we carried out preliminary experiments on uniform
complete amide peak intensities are observed in all of thdeled samples. Based on the above solvent screening,
spectra obtained at5°C. The intensity of the leucine en-benzene:HFIP 1:¥ 1% formic acid mixture was chosen as the
kephalin amide peaks decreased by, at most, only 5-10% aftelvent system for implementing and testing the overall Al
1 h of exposure in the three systems represented in Fig. 3 at pinecedure. U{N)-DAGK was reconstituted and exposed tc

depressed temperature (data not shown).

D,0 or H,O (control) followed by freeze-drying, redissolution
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A does reduce the accuracy of integrated intensity measureme

1 A more serious problem is reflected by the fact that the tr

vertical scale for the high-temperature spectra (Fig. 4A)

actually 3 times higher than that of the low-temperature spect

\ (Fig. 4B). This indicates a considerable loss of signal intensi

due to extreme line broadening of many resonances at t

lower temperature. Indeed, even in the 25°C case, a numbel

amide peaks may not be represented because of line broac

ing so extensive that it results in complete cancellation ¢
antiphase magnetization during the HSQC sequence.

2

/ /\/\ Application of Overall Amide Exchange Scheme to
/// \ /\[ﬁ\ Specifically Labeled DAGK in Bilayers

/Q’ m\:\\ﬂt/\f ' In the case of DAGK, a route to site-specific exchang
ww«w’/ measurements was provided by the fact that an appropri
T T T mutant library is available. The laboratory of James Bowie ¢
0.0 9.0 8.0 7.0 6.0 5.0 ppm UCLA has created a series of DAGK mutants, each of whic
has only 1 cysteine and in which the position of the singl
cysteine is systematically varied throughout the 121 residi
sites of DAGK (unpublished). We biosynthetically labeled :
number of these mutants witfiN-cysteine, such that each
mutant has only a singl€EN-labeled site. Since only a single

B A proton in the protein will have an attachétN resonance,

assignment is trivial: a lone peak will ultimately be observe
when the scheme of Fig. 1 is implemented.
The full AE procedure was executed on about 30 differer
A specifically labeled DAGK mutants. A variety of results were
/ obtained, with representative examples being presented in F
\ ‘ j 5. Figures 5A and 5B represent unambiguously positive resul
, \ revealing that positions 102 and 113 undergo modest and lit
//,// ' A AR amide exchange, respectively, during thh inwhich bilayer-
yecoov T A associated DAGK was exposed to@ The fact that the final
SR R LR R L RN AR RAAL) RN R LARRI RAARN AN spectra are of satisfactory signal-to-noise reflects both tl
0.0 s.0 8.0 7.0 6.0 5.0 ppm relatively narrow linewidths of the amide protons being ob
FIG.4. HSQC spectra of uniforml¥’N-labeled DAGK in organic solvent S€rved and an acceptably low degree of post-trap H-D €
(d-benzenal-HFIP 1:1+ 1%d-FA) following original exposure of DAGK in change, even at 25°C. This latter observation suggests tl
lipid bilayers to HO (1, control) or RO (2) for 1 h. Spectra were obtained onthese amide sites are protected from solvent when DAGK

different samples at either room temperature (A, 2048 scans, 30 Hz eXPONERI il : : ; .
o ) . ubilized in organic solvent mixtures. Similar results wer
tial line broadening) or-5°C (B, 2750 scans, 30 Hz exponential line broad- 9

ening). obtained for a number of the residues of the third transmer
brane segment of DAGK (residues 100—120). Figure 5E shoy
spectra obtained for position 113 at5°C. Unlike the 25°C
in the organic solvent mixture, and HSQC NMR. Spectra weoase for this site (Fig. 5B), signals cannot be observed due
acquired for samples at both25 and—5°C (one sample at extreme line broadening of its resonance at the depress
each temperature). Loss of intensity due t@ODexposuren temperature.
bilayers could be observed at both cases (Fig. 4). However, A second class of results is represented by Figs. 5C and 5
there are a number of problems confounding straightforwahd these cases, it is possible to establish that considera
interpretation of these data in terms of bulk amide exchangemide exchange occurred during tirheHowever, multiple
The fact that both control and exchange spectra at 25°C w@eaks appear to be present. This observation suggests sl
rather noisy despite a large number of scans suggests that tlesehange structural heterogeneity for some regions of tl
may have been considerable H-D exchange occuirirthe solvent-trapped protein. It should be pointed out that this do
organic solvent mixturdor both exchange and control samnot imply structural heterogeneity for the original hydratec
ples. This would not lead to spurious measurements (botésicular sample. It is, perhaps, unsurprising that a rath
control and exchange spectra will be equally affected), bcomplex protein with multiple charged residues may popula
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FIG. 5. HSQC spectra of singles{\)Cys-labeled DAGK mutants in organic solvert-benzenad-HFIP 1:1 + 1% d-FA) following original H-D
exchange fol hinlipid bilayers: (A) Cys102 mutant at 25°C (20,000 scans); (B) Cys113 mutant at 25°C (15,000 scans); (C) Cys10 mutant at 25°C
scans); (D) Cys53 mutant at 25°C (15,000 scans); (E) same mutant as (B) (Cys113), only spectrum acethrél (@bntrol spectrum only is shown,
2750 scans); (F) Cys1 mutanta6°C (10,000 scans, control spectrum only). Note that Cys1 is not at the true N-terminal of DAGK: there is a 10 res
purification tag on the N-terminal side of the first position of DAGK’s bona fide sequence. These spectra were processed with 20-50 Hz of exp
line broadening being applied.

multiple slowly interchanging conformational states in a unpurification tag, which is highly mobile and yields very shary
form low dielectric medium. nonamide proton NMR resonancezb).

Finally, there were some positions where no signal was
obtained for either control or exchange samples at eith25
or —5°C (e.g., Figs. 5E and 5F). These represent positions
either where the linewidths were too broad to permit an HSQCIn the Results it was demonstrated for DAGK that the
spectrum to be obtained or where undesired H-D exchangethod outlined in Fig. 1 allows in-bilayer H-D amide ex-
occurring in the organic solvent mixture was complete by thghange to be monitored at some sites on DAGK, but not
time the HSQC spectrum was recorded (a few minutes af@hers. Most of the problems encountered in unfavorable cas
dissolution). This latter explanation likely accounts for thevere related to imperfections in the organic solvent syste
depicted results for position 1 (Fig. 5F). In this case the residused to resolubilize the exchanged protein for NMR analysi
is on the C-terminal end of DAGK’s N-terminal polyhistidineFully aprotic solvents were not found to be effective in solu

DISCUSSION
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bilizing DAGK, perhaps because some parts of DAGK anehereas amides buried in the membrane are expected to |
highly charged (as for most complex membrane proteinglergo virtually no exchange, even after long incubation time
Because it was necessary to use solvents in which exchangleds, single time point measurements may be very helpful
able protons were present, unwanted post-trap H-D exchamgeay of mapping out the exact sequential locations of loops
was always a possibility. Indeed, post-trap exchange wasnrembrane proteins—information which is hard to obtain b
some cases severe enough to prohibit any measurement ofaiwg method.
degree of in-bilayer amide exchange at room temperature. InFinally, it must be emphasized that the proposed meth
more ideal cases, the amide sites of interest were protectedéguires a method for introducingN labels site specifically
residual secondary and/or tertiary structure such that this unto the membrane protein of interest. This is possible fc
wanted exchange was not so extensive and useful measpa@ypeptides via chemical synthesis. Examples of synthe
ments could be made. Lowering the temperature suppres$brhries of site-specifically labeled membrane polypeptide
unwanted post-trap H-D exchange but generally led to extezan be found in the literature8q, 39. In the case of larger
sive line broadening, often prohibiting observation of HSQ@&embrane proteins, a flexible labeling strategy involves sta
signals. With regard to these difficulties, it is acknowledgeidg with a protein which is bereft of one amino acid type. Suc
that while screening of solvent systems was extensive, it canprotein can be generated by mutagenically altering all amil
not be ruled out that there may be a more optimal solveatids of the chosen type to something else. This is followed |
system which we simply were not able to find. It should also tsystematically introducing a single residue of that typ
pointed out that solvent systems which were not effective ftiroughout the sequence of the protein. Ideally, the protein c
DAGK may work for other membrane proteins, as alreadyien be biosynthetically labeled by protein expression in
demonstrated by Dempsey for much simpler model membramedium containing labeled amino aci83-35. In the case of
proteins (5, 29. DAGK, such a requirement was fulfilled by the availability of
A second class of problems encountered when the AElibrary of single-cysteine mutants. Cysteine will often be
method was applied to DAGK is that there appears to lg®od choice for studies such as these because it is a relativ
conformational heterogeneity in the organic solvent solubilizedre amino acid type in most proteins, it is a conservativ
form of the protein. In some cases, this was manifested in thmino acid substitution for most residue types, and the uniqg
form of multiple peaks from a single site, indicative of slowehemical reactivity of the thiol moiety lends itself well to a
exchange heterogeneity—a phenomenon which do¢pro- variety of other structural biophysical experimental approach
hibit AE measurements. However, for some other sites ewxhich can complement the amide exchange measurement (s
change may have been on the intermediate time scale, leadatzeling for EPR, modification with a fluorophore, etc.; cf
to line broadening extensive enough to prohibit HSQC signaRefs. 86) and @7)). In addition to DAGK, extensive single-
Again, it should be pointed out that DAGK represents a rath@ys mutant libraries have already been prepared for seve
complex example of a membrane protein (three subunits, eather complex membrane proteins, including chemotaxis r
with three transmembrane and two highly charged segment®ptors, a potassium channel, and a transpdeerpermease
We were unable to find a solvent system which led to retenti¢®6—40Q.
of a well-defined folded conformatioor which reduced
DAGK to a fully unfolded structural state. For membrane CONCLUSIONS
proteins less complex than DAGK but more complex than the

single transmembrane span proteins for which most previougp this paper a method for measuring site-specific amic
NMR-based AE measurements have been made, it may dighange rates for integral membrane proteins has been g
easier to find appropriate solvent systems which lead to saganted. While it has limitations, in favorable cases this methc
ples with fully folded or fully unfolded protein, such that theshoyld prove useful in characterizing the structures of mer
heterogeneity problems documented for DAGK do not pertaifrane proteins. Perhaps more importantly, it is hoped that tt

The AE method described in the Results is demanding in tigyrk will be used as a stepping stone in the development
sense that two samples (exchange and control) are required4gier and more robust NMR-based methods for measuri

determine the percentage of amide exchange for a single sitg@jde exchange rates in the large but difficult family of men
asingletime point. Given the expense of labeled amino acigyane proteins.
such as™N-cysteine (we paid approximately 750 US dollars

per gram), there are limits on how many time points can be

taken per site. Thus, the proposed method may often be best

employed as an _aII or no_thlr_lg class of measurement (\_Nhelfgbeling, Purification, and Bilayer Reconstitution of DAGK
only one time point per site is measured). Fortunately, in the

case of membrane proteins such measurements may be veiy. coli strains containing inducible plasmids for polyHis-
useful: water-exposed loops of membrane proteins would ntagged DAGK single-cysteine mutanélf were a gift from

mally be expected to undergo complete and rapid exchandames Bowie of UCLA. For uniform®N enrichment of

EXPERIMENTAL
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DAGK, cells were grown in minimal medium, which includedperiod. Following freeze-drying and redissolution of contro
NH,CI as the sole nitrogen sources( 33, 34. For specific and exchange samples in acidic benzene/HFIP, the degree
N-Cys enrichment, cells were grown in minimal mediunbulk amide exchange was observed to be the same by NN
supplemented with unlabeled amino acids plt#N-Cys (within experimental error) as when the standard procedu
(33, 42. Labeled cysteine was obtained from Cambridge Isesas employed.
topes Lab (Andover, MA).

Purification of DAGK was performed as described prevNMR Methods

ously @5, 27. In the final elution step, DAGK was eluted from  \ R studies were carried out with a 600 MHz Variar
an affinity column with 1% DM plus 0.5 M ammonium hy-;noyva spectrometer and 5 mMMH/C/*N or 'H/X PFG-
droxide to yield>95% pure DAGK in micellar DM solution. ;. qirect probes'H—*N heteronuclear single quantum coher.

The eluted DAGK was typically 5-30 mg/ml. DAGK wasgnce (HsQC) spectra were acquired with a gradient-enhanc
quantitated t_)f_:lsed on its apsorba_nce at 280 nm. HSQC pulse sequencetd). Both D,O- and HO-exposed
To the purified DAGK, mixed micellar solutions of 100 MMgg 5165 were run under exactly the same conditions, using
1-palmitoyl-2-oleoylphosphatidylcholine (POPC, Avanti Polag,me parameters and same number of transients. Quantita
Lipids, Alabaster, AL) and 300 mMn-octyl-B-glucoside e percentage of amide exchange was obtained by comp
(Anatrace) were added. The DAGK-—detergent-lipid mixturgs, soc from exchanged and control samples. Calculation

were then transferred to dialysis tubing (Spectra-Por 1.1, My heak areas was performed with standard Varian routine
lecular weight cutoff= 8 kDa, Spectrum, Houston, TX) and

subjected to dialysis at 4°C against one change of 50 mM ACKNOWLEDGMENTS
phosphate buffer and one change o€H24 h each) to remove
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