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Studies of the Binding and Structure of Adrenocorticotropin Peptides in
Membrane Mimics by NMR Spectroscopy and Pulsed-Field
Gradient Diffusion
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ABSTRACT The partition and structure of three adrenocorticotropic hormone peptides ACTH(1-10), ACTH(1-24), and
ACTH(11-24) in water and in sodium dodecylsulfate (SDS) and dodecylphosphocholine (DPC) micelles were studied by 2D
NMR and NMR gradient diffusion measurements. The diffusion rates, the NH chemical shifts, and the nuclear Overhauser
effect patterns provided a coherent picture of binding of these peptides. All three peptides are significantly partitioned in the
negatively charged SDS micelles and possess definite secondary structure, as opposed to random structures in water. For
ACTH (1-24), the hydrophobic 1-10 segment is partitioned in DPC micelles, but the charged 11-24 segment prefers to remain
in the aqueous region. ACTH(11-24) does not bind significantly to the DPC micelles. The binding of the ACTH peptides in
these two widely used “membrane mimics” are substantially different from that in 1-palmitoyl-2-oleoyl-sn-glycero-3-
phosphocholine (POPC) bilayers obtained by attenuated total reflection infrared spectroscopy and from our preliminary
diffusion studies of the same peptides in POPC vesicles. This study showed that, in a given micellar medium, all correspond-
ing segments of these peptides are located in the same membrane environment in the system, regardless of whether these
segments exist by themselves or are attached to other segments. This result may contradict the membrane-compartments
concept of Schwyzer, which suggests that ACTH(1-10) and ACTH(1-24) are located in different membrane compartments
because they have different address segments, and consequently, bind to different receptors. The present results also
suggest that the assumption that micelles are good membrane mimics should be carefully examined.

INTRODUCTION

Adrenocorticotropin hormone (ACTH) is a 39-residue pep-of the trans-cisisomerism of Pré* corroborated (Toma et
tide found in the anterior lobe of the pituitary gland and inal., 1981). Recently, in a preliminary report on thN
certain regions of the brain (Schwyzer, 1977). Several Nfabeling of ACTH (1-24) (Uegaki et al., 1996), it was
terminal segments of ACTH are found to have hormonalshown via the">N-'H heteronuclear single-quantum coher-
activities and specific receptor-binding properties. ACTHence (HSQC) signals (Bax et al., 1990) that there are mul-
(1-24) binds to steroidogenic receptors, whereas ACTHiple isomeric forms at the C-terminus of the peptide. No
(1-10) is found to bind preferentially to central nervousassignment of the HSQC signals was presented, however.
receptors. The fragment ACTH (11-24) is an antagonist foThe interaction of these three peptides with lipid bilayers
steroidogenesis without any agonist properties. It was corhas been studied by attenuated total reflection infrared
cluded that segment 1-10 of ACTH (1-24) carries the(ATR-IR) spectroscopy and by hydrophobic photolabeling
message for triggering responses from the receptors, and tii@ysin and Schwyzer, 1984; Gremlich et al., 1983, 1984).
segment 11-24 (the address segment) modulates the po-In this work, the completéH NMR chemical shift as-
tency of the message segment with different receptorsignments of ACTH (1-24) (Ser-Tyr-Ser-Met-Glu-His-Phe-
(Schwyzer, 1977). Arg-Trp-Gly-Lys-Pro-Val-Gly-Lys-Lys-Arg-Arg-Pro-Val-
Few NMR studies of ACTH peptide fragments have been_ys-Vval-Tyr-Pro-OH), ACTH (1-10), and ACTH (11-24)
reported. For example, ACTH (1-10) has been studied in water, in sodium dodecylsulfate (SDS), and in dode-
solution (Rawson et al., 1982; Tunga and Hosur, 1992)cylphosphocholine (DPC) micelles have been obtained.
Proton NMR (Toma et al., 1978) of ACTH (1-32), ACTH These two micellar media are the most frequently used
(1-24), and several C-terminal fragments showed the exissmembrane mimics” in high-resolution NMR. The binding
tence of thetrans-cisisomerism involving Préf. The frac-  of the ACTH peptide fragments to these two micelles was
tion of the cis-Pro™ isomer in these peptides ranges from studied by pulsed-field-gradient diffusion methods (Stilbs,
22% to~50% for ACTH(1-24) in water:°C assignment of 1987). The secondary structures of these peptides in the
several ACTH fragments was also made, and the existenGicellar system have also been determined. The binding
and the secondary structure of these peptides in micelles are
Received for publication 13 March 1997 and in final form 9 Decembercorm)mecl with each other, as well as with those of the same
1997, peptides in lipid bilayers as determined by ATR-IR (Gysin
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573-882-2754; E-mail: chem1060@showme.missouri.edu. binding of these ACTH peptides to these micelles and the
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the Widely held assumption that these micelles are good For diffusion experiments, the pulsed field-gradient stimulated echo

membrane mimics. (PFG-STE) pulse sequence (Tanner, 1970) was used. The diffusion time
(A) was usually 50 ms, and the gradient durati@) Was 5 ms. The
relaxation delay was 10 s. Sixteen to thirty-two scans were obtained for

EXPERIMENTAL PROCEDURES each spectrum. The PFG was applied in bothxrendy directions for
micellar samples, and only in one of these axes for aqueous samples. The
Samples gradient strength in a series of experiments was incremented from 0.5

G/cm to~50 G/cm, usually in 10—-13 steps. The decay of the signal usually
The ACTH peptides were obtained from the American Peptide Company.oyered two decades. A typical set of data from the diffusion experiment
(Sunnyvale, CA) and from Sigma Biochemicals (St. Louis, MO). All for the peptide/micelle system is shown in Fig. 1, where the diffusion
peptides are of>95% purity and were used without further purification. coefficients for both the peptide (ACTH (1-10)) and the DPC micelles can
SDS-ds was purchased from Cambridge Isotopes, and DRCWAS  he measured simultaneously. The diffusion coefficient was determined
purchased from two sources, Cambridge Isotopes and Avanti Polar Lipid§om the diffusion data with Bruker XWINNMR software, and the expo-
(Alabaster, AL). The diffusional properties of DPC from these two sourcespentiality of the decay was checked in each case.
were shown in this work to be identical. 1-Palmitoyl-2-oleoyl-sn-glycero-  Experiments were usually performed at 298 K. For some samples, other
3-phosphocholine (POPC) was purchased from Avanti Polar Lipids. Atemperatures ranging from 278 K to 313 K were also used. The temperature
typical sample was made of 1 mg of peptide in 0.3 ml of solventin a 5-mmyyas controlled by passing dried air over the probe through a Haake

Shigemi NMR tube, corresponding to 2-4 mM in peptide concentration.constant temperature bath. The stability of the temperature control was
For aqueous samples, 85%,®115% D,O was used. For the micellar pegiter than 0.1°K.

samples, the solution was made of 42 mM SDgat 98 mM DPC-dgin
85% H,0/15% D,0O. The concentrations of these two surfactants/lipids are
sufficiently high compared with their respective critical micelle concen- Determination of peptide partition from
trations (8 mM for SDS and 1 mM for DPC) to ensure the predominancediffusion measurements
of micellar aggregates. The concentration is also high enough to fall into
the region where the peptide chemical shifts no longer change with changrhe determination of the partition coefficient of the peptides in micelles by
ing peptide/micelle ratio (Lauterwein et al., 1979; Kallick, 1995). For NMR diffusion techniques is similar to the work of Stilbs, in the measure-
diffusion measurement purposes, a small amount of hexamethyldisilangent of partition (or solubilization) of small molecules in micelles (Stilbs,
(HMDS) (Aldrich, Milwaukee, WI) was added to the micellar samples as 1982).
a probe for measuring the diffusion of the whole micelle. In a PFG-STE experiment, the NMR signals derived from the stimu-
The pH of the aqueous samples was adjusted ta-7(b1 by adding a  |ated echo are given by
small amount of NaOH or HCI. The pH of SDS samples was 7.6 for all
samples without adjustment. For DPC samples, the pH wast @. I =Dl exd —DiKAA — 8/3)] (1)
The procedure for preparing small unilamellar vesicles followed that i
described by Barenholz et al. (1977). The buffer used was 50 mM potas-
sium phosphate in 0.1 M NaCl. NaOH was added to adjust the pH to
6.8—7.2. Except for the stepwise titration experiment involving ACTH
(1-24) described in a later section, the POPC concentration was 132 mM. HMDS
An equal volume of peptide solution ef1 mg/ml was titrated into the
vesicle solution, resulting in a final POPC concentration of 66 mM. The
peptide/vesicle mixture was adequately stirred before being used for NMR
experiments.

NMR spectroscopy

All NMR experiments were performed on a Bruker DRX-500 MHz spec-
trometer. For diffusion measurements, the gradient strength use80s
G/cm for each axis and was calibrated by the known diffusion coefficient
of water (Mills, 1973). For most of the samples, the following experiments 4 g/0m |
were done: one-dimensiondH spectra, total correlation spectroscopy
(TOCSY) spectra (Davis and Bax, 1985; Griesinger et al., 1988), and

nuclear Overhauser effect spectroscopy (NOESY) spectra (Jeener et al., L e iyl Y N

1979; Kumar et al., 1980). For peptides in aqueous solution, rotating frame '—‘——"“,““H‘ 11 J",
nuclear Overhauser effect spectroscopy (ROESY) spectra (Bax and Davis, J‘J: ITJ o T
1985) were also obtained in addition to NOESY spectra. For some samples, " 1 Hd
a double-quantum-filtered correlation spectroscopy (DQF-COSY) spec- 50G/cm — 4

trum (Shaka and Freeman, 1983) was also obtained. The typical experi-
mental conditions for all two-dimensional NMR experiments were as
follows. TheH 90° pulse was-8 us. All experiments were obtained in 10 8 6 4 2 ppm

the phase-sensitive mode by using the time proportional phase increment

method (Bodenhausen et al., 1984). Typically 16—-32 scang,peere FIGURE 1 The decay of the ACTH (1-10) and DPC (98 mM) signals in
acquired in 512x 2K data sets, which were then zero-filled to XK2K a STE-PFG experiment at 298 K. During the experiment, the duration of
after Fourier transform in both dimensiong/3-shifted sine-bell squared the gradient pulses, (5 ms), and the diffusion time\ (50 ms), were kept
apodization was used in both dimensions. Water suppression was achievednstant, while the strength of the gradient pulses (in bothxthedy

by using WATERGATE (Sklenar et al., 1993) in all 2D experiments. In 1D directions),g, was incremented from 0.5 G/cm to 50 G/cm in 13 steps. The
experiments, either WATERGATE or low-power presaturation was usedsignal at~0 ppm was that of HMDS, which was used to monitor the
The TOCSY mixing time was 75-100 ms, and several NOESY mixing diffusion of the DPC micelles. The peptide signals, particularly the aro-
times were used for micellar samples: 50, 100, 200, and 250 ms. Fomatic signals between 6 and 7.2 ppm, were used to determine the diffusion
aqueous samples, a single NOESY mixing time of 200 ms was used. coefficient of the peptide.
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wherel andl, are the intensities from the STE pulse sequence with anddiffusion coefficients, the partition coefficient of the peptides in micelles,
without the PFG, respectiveliX = ydg, wherey is the magnetogyric ratio  p, defined as

of the nucleus, and andg are the gradient duration and strength, respec-

tively. A is the duration between the gradient pulses (the diffusion time), P = [Plmiceid [Plagueous 4)

andD,; is the diffusion coefficient of théth species or théh signal in the

sample. The decay of the PFG echo is usually exponential for micellawhere [P] is the peptide concentration in the respective phases (assuming
systems (according to Eqg. 1), because of either the monodispersity of thée activity coefficients are unity), can be determined. The partition coef-
micellar size or the fast exchange of monomers between micelles (Stilbdjcient is related td, by the following:

1987; Morris et al., 1994). This has also been verified in all of the

peptide/micelle samples in this work. [P]micelle =Ny X bemiceIIe (5)
The analysis of the peptide diffusion data in the SDS and in DPC
micelles will be based on the two-site model, which is applicable when the [Plagueous= Np X (1 = o)/ Vagueous (6)

exchange between the peptides in free form and peptides solubilized in the
micelles is fast compared to the pertinent NMR time scale. Thus thewheren, is the total number of moles of peptide in the samplg;cie and
measured diffusion coefficientD,,, obtained from the decay of the V,q.cous@re the phase volumes of the micelles and the aqueous bulk,

peptide signals (Eqg. 1) is given by (Stilbs, 1983, 1987) respectively; and their ratio is approximated by their respective weight
fractions, or by using the partial molal volume (Brun et al., 1978) or the
Dobs = fbDb + (1 - fb) Dy (2) partial specific volume (Lauterwein et al., 1979) of the micelles if the latter

e . L are known. From the partial molal volumes determined for SDS, several
whereD; andD,, denote the diffusion coefficients of the peptide in the free tetramethylammonium laurates, and DPC, it can be concluded that these

and bound (partitioned) forms, respectivelyis the fraction of the bound two ways of estimation of th¥/,,,..,e usually differ by less than 10%. For

peptides. Because the root mean square displacement of the peptide du”ﬂﬂe purpose of estimating the free energy of partitioning, the errors intro-

the diffusion time allowed in the experiment (typicalty50 ms) is much gy, ceq are~1%, which is within the current level of experimental error,

larger than the dimension of the micell&, can be taken as equal to the 5,4 is consistent with errors from other experimental methods for the free

diffusion coefficient of the r_nicellestiC. . . energy of partition in lipid bilayers (Beschiaschvili and Seelig, 1992;
Dic can be measured with the PFG-STE experiment from the signals Ogeelig et al.,, 1993).

the SDS (or DPC) directly, or more accurately and conveniently from the

signal of a small amount of a hydrophobic probe molecule, which is known

to be completely partitioned within the hydrophobic core of the micelles.

Because of the effects of the monomer-micelle exchange, the appareﬁESULTs

diffusion coefficient obtained directly from surfactant/lipid signals is usu- ae . .

ally from 5% to 10% higher than the actuBl,,. determined from the Partitioning in SDS and DPC micelles

diffusion of the probe molecule, depending on the concentration of theThe partition of the ACTH fragments (1_24, 1-10, and

micelle versus the critical micelle concentration of the micelle. Moreover,ﬂ_l_24) were measured in both SDS and DPC micelles by
e

because perdeuterated SDS and DPC are used for the peptide/mice Ised-field di diffusi hni ™
systems for NMR studies, it is necessary to meadlyg via the probe pulsed-field gradient diffusion techniques. Feptide WaS

molecules. Hexamethyldisilane (HMDS) has been widely used as the probdetermined from the average of several (typically 5-10)

molecule for this purpose in diffusion studies of micellar systems (Stilbs,peptide signals (for peptide chemical shift assignments, see

1987) and has been verified to be applicable to both SDS and DPC micellegaxt section), and the deviation of the individual diffusion

in this work. D; will be obtalned_ from th_e foIIow_lng expression for small coefficient from the average is usually withinl %. D, ,cee

molecules obstructed by spherical particles, micelles in this case (Jonsson . . .

et al., 1986) was determined from that of the HMDS signal. As shown in
Table 1, the partition of all ACTH peptide fragments in 42

D; = Df/(1 + ¢/2) (B)  mM SDS micelles is close to 100%, yielding partition

whereDy is the diffusion coefficient of free peptides in water and will be coefficients 0T>5_ x _103' i . .

measured for peptides in water samples of the same concentration and FOr the zwitterionic DPC, the pattern is quite different.
temperature, and is the volume fraction of the obstructing particles The partitions of ACTH (1-10) and (1-24) are also close to
(micelles), which is usually approximated by using the weight fraction of 100%. However, for the high|y Charged ACTH (11_24)' the
the micelle-forming component (Jonsson et al., 1986). The potential eﬁectbartition (23%) is substantially lower than the other frag-

of peptide aggregation abf were determined by measuring the diffusion L .
coefficient of free peptide in successively diluted samples down to amemS containing hydmphObIC segments (the 1-10and 1-24

practical lower concentration limit<0.1—0.3 mM, depending on samples). fragments), yielding a partition coefficient150 times
From the calculation of,, (Eq. 2) derived from the various measured lower than that of the 1-10 and 1-24 segments. The differ-

TABLE 1 The partition, f,, (in %, = 0.5%) and the partition coefficient, p*, of ACTH peptide fragments in SDS and DPC micelles
and in phosphocholine bilayers

ACTH (1-10) ACTH (11-24) ACTH (1-24)
fb p fb p fb P Ref.
SDS micelle 99.5 1.4 10 100 >3.7X 10° 98.6 4.9x 10° This work
DPC micelle 98.0 1.1£0.14) X 10° 23.4 7.3=0.1 97.9 1.1£0.14)x 1¢° This work
POPC bilayer and vesicles No binding Low surface binding High insertion #

*The uncertainties in the determination of p depends on the valug Sfrice the partition coefficient is calculated frop(1 — f,), the uncertainty is very
large when § is close to 100%. Thus the probable value of p for ACTH (1-10) in SDS is-1208 X 10% and 4.3— 5.8 X 10° for ACTH (1-24) in SDS.
“Gremlich et al. (1983, 1984), Gysin and Schwyzer (1984).
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ence between the rate of diffusion of ACTH (11-24), andThe aggregation numbers of the SDS micelles~a80
ACTH (1-10) and ACTH (1-24) in 98 mM DPC is quite (Croonen et al., 1983) at 42 mM and a radius (after correc-
obvious, even by visual inspection. The signals of ACTHtion of the hydration shell) of 22.8 A are consistent with
(11-24) decayed (with respect K#(A-8/3)) significantly — previous determinations by x-ray scattering (Itri and Ama-
faster than that of the micelle (probe) signal, whereas theal, 1991) and by NMR relaxation (Soderman et al., 1988).
signals of ACTH (1-24) and ACTH (1-10) decayed atIncorporation of the peptide into the micelles decreases the
almost the same rate as that of the micelle (probe) signaiffusion coefficient of the micelles, leading to an apparent
(Fig. 1), indicating that the latter are almost completelyincrease in the hydrodynamic radius. Thus the apparent
bound to (or partitioned in) the micelles. The observedhydrodynamics radius (not corrected for the hydration shell)
diffusion coefficient for ACTH (11-24) is 1.76& 10 '° falls in the range of 29.2-31.7 A for DPC and 30.1-37.7 A
m?/s at 298 K, whereas that of ACTH (1-10) is 8.&4  for SDS micelles after the incorporation of the ACTH
10 m?%s, and 7.72< 10 ** m?s for ACTH (1-24) under peptides, assuming that the micelles remain close to spher-
the same conditions. The twofold difference in the observedcal. There is no major change in the aggregation humber
diffusion coefficient reflects the large difference in the upon binding of the peptide.
partitioning of these peptides in the DPC micelles (Eq. 1).
Thus the result suggests that the primary interaction of the
DPC micelles with these peptides is the hydrophobic inter-— ... . . .
action, whereas the highly charged peptide ACTH (11_24fart|t|on|ng in POPC vesicles
prefers to remain in the aqueous phase. This conclusion iEhe diffusion coefficient of the POPC vesicles ranged from
corroborated by the chemical shifts and the secondary strud-.8 to 2.2x 10 ** m%s in several different preparations,
tures, which will be presented in a later section. corresponding to a diameter of the vesicles in the 20—-28 nm
The concentration dependence of the diffusion coefficientange, which falls in the range expected for small unilamel-
of the ACTH peptides in water was measured to ascertaitar vesicles. The existence of separate inner and outer cho-
that no significant aggregation of the peptides occurred iine N(CH;)™ methyl signals at~3.2 ppm also provided
the concentration range being used. Measurements of th@sitive evidence for the formation of vesicles (Bystrov et
diffusion coefficient of the peptides were made of samplesal., 1971). The diffusion results of the peptide in the pres-
successively diluted from-2 mM to 0.25 mM (the exact ence of the vesicles showed that the partition of ACTH
concentration differed slightly for different peptides). No (1-10) in the POPC vesicles is substantially lower than in
significant variation or trend in the diffusion coefficients either of the micelles. The fraction of ACTH (1-10) in the
was observed with the concentration change, indicating th&6 mM POPC vesicles is less than 10%, corresponding to a
the aggregation effect on the measured diffusion coeffipartition coefficient of~1.6, which is about three to four
cients of the ACTH peptides is not significant. orders of magnitude lower than that in DPC and SDS
The diffusion coefficients of the micelles and of the micelles, respectively (Table 1).
peptide/micelle complexes as measured from the HMDS For ACTH (1-24), the observed diffusion coefficient of
probe molecules in the pure micelles and in micelle/peptidehe peptide in the presence of POPC vesicles is almost
samples also provided information on the aggregation numidentical to that of the free peptide in water. The small
ber and hydrodynamic radius of these aggregates, which areduction in the diffusion coefficient can be accounted for
quite similar to those determined by Lauterwein et al. bycompletely by the obstruction effect of the vesicles (Eq. 3).
sedimentation and by light scattering (Lauterwein et al.,The cause of this seemingly unexpected result was investi-
1979). The aggregation number 666 was determined in gated by a stepwise titration of an aqueous ACTH (1-24)
Lauterwein’s study by diffusion and by using analytical sample with concentrated POPC (260 mM) solution. A
ultracentrifugation, from which the weight of the micelles gradual loss of the ACTH signals upon the addition of
was measured (Lauterwein et al., 1979). Because the diffPOPC was observed. The reduction of peptide signals was
sion coefficient for the DPC micelles determined in this corrected for the dilution effect, which was monitored by
study is essentially the same as that determined in Lautethe change of the intensity of the signal of sodium 3-tri-
wein’s work, the aggregation number was thuS6 as well.  methylsilylproprionate-2,2,3,3,d (deuterated TSP). It is
However, the diffusion coefficients measured by Kallick etthus concluded that the reduction of the peptide signals was
al. by NMR diffusion (Kallick et al., 1995) were substan- due to the severe broadening (and loss) of the signals of the
tially lower, after correcting for the difference in the tem- peptide partitioned into the vesicles. Furthermore, the ex-
perature at which the measurements were made (310 K ichange between the partitioned and the free peptides is slow
Kallick’s work versus 298 K in this study). The radius of the in the NMR time scale, and thus the assumption employed
DPC micelles, after correction for6 A of the maximum in Eq. 2 is no longer valid. The measured diffusion coeffi-
thickness of the hydration shell, is 22.2 A for the 98 mM cient of the peptide based on the free peptide signals thus
DPC micelles. Similarly, for SDS micelles, the diffusion represents solely that of the free peptide. The fraction of
coefficients measured for 42 mM and 108 mM micellespartitioned ACTH (1-24) in POPC is higher than that of
showed the expected increase in the hydrodynamic radius &CTH (1-10) described above. At the same final vesicle
the SDS micelles with increasing surfactant concentrationconcentration, the partition of ACTH (1-24) is at least five
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times higher than that of ACTH (1-10). The quantitative water and in DPC micelles, but in a different environment in
results on ACTH (1-24) have not been completely deterSDS micelles. This inference is corroborated by the binding,
mined, and the complete results, including the temperaturehemical shift, and NOE results (see Discussion section).
dependence of partition, will be presented elsewhere. How- A complete chemical shift assignment of all of the ste-
ever, the qualitative results that ACTH (1-24) has a highereoisomers is very complicated, especially in SDS, where
partition in POPC vesicles than ACTH (1-10), and that thethere are, in principle, eight isomeric forms for the 11-24
exchange of the former between the free and partitionedegment. This task is beyond the scope of this work, and it
states is much slower than that of the latter, indicating ds not central to the main conclusions of this work. There-
stronger interaction with the bilayers, are in essential agreefore, only the chemical shift assignments of the two main
ment with the results of Schwyzer et al. for ACTH peptidesisomeric formstrans- and cis-Pro** (with both Prd? and

in POPC bilayers and vesicles (Gysin and Schwyzer, 1984Pro*° in the trans form), and their NOEs (see tables) are
Gremlich et al., 1983, 1984). In addition, similar results for presented and discussed. Detailed chemical shift assign-
ACTH (1-24) were obtained in this work, regardless of ments, determination ofis-trans isomer ratios, and the
whether 0.1 M NaCl was present in the buffer used indiscussion on the solvent effects on ttis-trans equilib-
preparing the vesicles. rium will be presented elsewhere.

. . . Li idth
Chemical shift assignments inewidths

In analyzing the respective 1D and 2D spectra, we observed

The chemical shift assignments of all ACTH fragments "N gifferences in linewidths between samples. All samples in

the various media were made by using TOCSY primarily O5ps micelles exhibited by far the largest linewidths. In

identify the spin systems of the residues, and by usin ; .
NOESY and/or ROESY to establish the sequential assigr%omraSt’ samples in DPC suffered only mildly from the

) . . line-broadening (as compared with the corresponding aque-
”?e”ts: The completéH chemical shift assignments are ous samples) problems. The difference in the linewidths in
given in Tables 1a, 1b, and 1c.

these two micelles may arise from two factors: 1) the higher
degree of partitioning of the peptides in SDS micelles than
in DPC micelles, and 2) the peptides may interact with the
headgroup of SDS more strongly, resulting in more restric-
Complications arose for ACTH (1-24) and ACTH (11-24) tion in the motion of the peptides with respect to the
where more than one set of signals for the residues at thmuicelles. The linewidths of ACTH (11-24) in DPC are
C-terminus were observed. For both peptides, two strongarticularly narrow, indicating a low degree of partitioning
sets of NH andxH signals for residues between Ptand  in the DPC micelles, which is consistent with the partition
Pr* can be clearly assigned. This is consistent with theresults discussed above. In the case of ACTH (1-24) in DPC
results of previous studies of Toma et al. (1978, 1981), thainicelles, a rather striking contrast between the linewidths of
cis and trans isomers of Pré* exist for the C-terminal residues 1-10 and residues 11-24 was observed. The former
fragments of ACTH in water. However, in this study, we were broadened as ACTH (1-10) in DPC, whereas the
have found thatcis-trans isomerism occurs at all three linewidths of the 11-24 residues were much narrower. The
proline sites, with varying ratios of theis/transisomers, difference in the linewidths clearly manifested itself in the
depending on the site as well as on the medium. Fig. ZOCSY signals. Because of the shorter transverse relax-
shows theaH-6H region in the NOESY map of ACTH ation time {I,) of the signals for the 1-10 residues, which
(11-24) in 42 mM SDS, which contains thex correlations  causes faster decay of the signals during the Hartman-Hahn
for Tyr?>-Prc®* (strong) and for Arg®-Pro*® and Lys'  mixing period, the TOCSY correlations are much weaker
Pro‘? (weaker). The presence of thea correlations indi-  for signals from the 1-10 segment than those from the
cates the presence of tlees isomers for all three prolines. 11-24 segment, and many long-range correlation peaks
The results can be summarized briefly as follows. (such as NHBH and NH+<H) for the 1-10 residues van-

1. Trans-cisisomerism is most significant at Pfo For  ished (Fig. 3). A rather striking difference can be found by
Pro*® and Prd?, trans-cisisomerism is more significant in comparing the vastly different intensities of the TOCSY
SDS micelles than in DPC micelles and in water. signals of GIy° and GIy** (Fig. 3). This striking difference

2. Thecis-transisomer ratios for all three Pro sites are in T, between the hydrophobic (1-10) segment and the
medium-dependent. The fraction@§isomers ranges from charged (11-24) segment is a strong indication that the two
42% (uncertainties- 2%) for cis-Pra®* in SDS micelles to  segments have very different motional characteristics, be-
only ~8% for cis-Pra"? andcis-Pro*® in DPC micelles. The cause of different degrees of interaction with the DPC
ratios in SDS micelles differ from those in DPC micelles micelles. The 1-10 segment is partitioned in the micelles
and in water. The ratios are identical to within experimentaland is more restricted in its motions, whereas the 11-24
uncertainties in the latter two media. Because all threesegment protrudes into the aqueous phase and is less re-
prolines exist in the 11-24 segment, this is an indication thastricted in its motions, leading to a much londggs. The
the 11-24 segment exists in a similar environment in bottdifference inT, can be appropriately described in terms of

Trans-cis isomerism at Pro’?, Pro’®, and Pro®*
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TABLE 1a 'H chemical shift assignment (in ppm) for ACTH(1-10), ACTH(11-24), and ACTH(1-24) in H,O at 298 K

ACTH(11-24) ACTH(1-24)
Residue ACTH(1-10) Pro** (trang Pro** (cis) Pro** (trang) Pro** (cis)
Seft NH
a-CH 4.19 4.18
B-CH 4.04, 4.04 4.02,4.02
Tyr? NH 8.78 8.78
a-CH 4.73 4.70
B-CH 3.11, 3.05 3.06, 3.06
2,6H 7.19 7.16
3,5H 6.89 6.86
Ser NH 8.41 8.40
a-CH 4.47 4.43
B-CH 3.94, 3.86 3.90, 3.83
Met* NH 8.40 8.39
a-CH 4.50 4.48
B-CH 2.16, 2.05 2.14,2.04
y-CH 2.64,2.59 2.63, 2.58
£-CH, 2.15 2.13
Glu® NH 8.28 8.28
a-CH 4.26 4.22
B-CH 1.94,1.94 1.91,1.91
y-CH 2.39,2.34 2.36,2.31
His® NH 8.43 8.42
a-CH 4.64 4.59
B-CH 3.20, 3.08 3.16, 3.06
2H 8.59 8.57
4H 7.15 7.10
Phe NH 8.23 8.19
a-CH 4.57 4.56
B-CH 2.94,2.94 2.95,2.95
2,6H 7.19 7.16
3,5H 7.31 7.29
4H 7.31 7.29
Arg® NH 8.15 8.20
a-CH 4.28 4.24
B-CH 1.70, 1.66 1.62,1.62
y-CH 1.45,1.45 1.39, 1.39
5-CH 3.14,3.14 3.10, 3.10
e-NH 7.16 7.12
=NH 6.70 6.71
Trp® NH 8.06 8.09
a-CH 4.78 4.73
B-CH 3.43,3.28 3.42,3.26
1-NH 10.18 10.18
2H 7.34 7.32
4H 7.73 7.69
5H 7.27 7.26
6H 7.23 7.20
H 7.48 7.49
Gly'© NH 8.06 8.30
a-CH 3.91,3.84 3.95, 3.95
Lys'? NH 8.15
a-CH 4.38 4.60
B-CH 1.95,1.95 1.85,1.85
y-CH 1.53,1.53 1.49,1.49
5-CH 1.75,1.75 1.74,1.74
e-CH 3.04,3.04 3.04,3.04
NHg* 7.60
Pro‘? a-CH 4.57 4.49
B-CH 2.35,1.92 2.30,1.92
y-CH 2.06, 2.06 2.08, 2.08

5-CH 3.78,3.61 3.89, 3.66
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TABLE 1a Continued

ACTH(11-24) ACTH(1-24)
Residue ACTH(1-10) Pro** (trang Pro** (cis) Pro** (trang) Pro** (cis)
val*® NH 8.45 8.37
a-CH 4.14 4.17
B-CH 2.11 2.12
y-CH, 1.01, 1.00 1.02, 1.02
Gly* NH 8.48 8.51
a-CH 4.05, 3.89 4.06, 3.94
Lys'® NH 8.31 8.35
a-CH 4.33 4.36
B-CH 1.82,1.82 1.87,1.87
v-CH 1.44,1.44 1.48,1.48
46-CH 1.74,1.74 1.75,1.75
&-CH 3.01,3.01 3.05, 3.05
-NHG* 7.57 7.60
Lys'® NH 8.42 8.43
a-CH 4.31 4.34
B-CH 1.80, 1.80 1.82,1.82
y-CH 1.45,1.45 1.48,1.48
5-CH 1.72,1.72 1.75,1.75
e-CH 3.01,3.01 3.05, 3.05
ENHg* 7.57 7.60
Arg?’ NH 8.48 8.49
a-CH 4.34 4.36
B-CH 1.82,1.75 1.83,1.83
y-CH 1.63, 1.63 1.67,1.67
5-CH 3.21,3.21 3.24,3.24
&-NH 7.20 7.24
=NH 6.69 6.71
Arg*® NH 8.50 8.52
a-CH 4.63 4.66
B-CH 1.86, 1.77 1.90, 1.90
v-CH 1.72,1.72 1.76,1.76
46-CH 3.24,3.24 3.26, 3.26
&-NH 7.22 7.25
=NH 6.69 6.71
Prot® a-CH 4.48 451
B-CH 2.31,1.91 2.34,1.94
v-CH 2.05, 2.05 2.08, 2.08
46-CH 3.85,3.65 3.89, 3.68
Vval?® NH 8.24 8.22 8.28 8.27
a-CH 4.09 4.10 4.13 4.15
B-CH 2.05 2.07 2.09 211
v-CHs 0.95,0.94 0.97,0.96 0.98, 0.98 1.00, 1.00
Lys?* NH 8.27 8.31 8.32 8.36
a-CH 4.31 4.35 4.33 4.38
B-CH 1.67,1.67 1.77,1.77 1.69, 1.69 1.79,1.79
v-CH 1.25,1.25 1.34,1.34 1.32,1.24 1.35,1.35
46-CH 1.67,1.67 1.68, 1.68 1.69, 1.69 1.69, 1.69
&-CH 2.92,2.92 2.95,2.95 2.94,2.94 2.98, 2.98
-NHG* 7.54 7.54 7.57 7.57
Val?? NH 8.12 8.22 8.18 8.26
a-CH 4.05 4.14 4.10 4.18
B-CH 1.93 2.02 1.97 2.05
v-CHs 0.87,0.80 0.93,0.91 0.91, 0.85 0.96, 0.94
Tyr?® NH 8.31 8.14 8.40 8.19
a-CH 4.86 4.64 4.88 4.67
B-CH 3.15,2.82 2.89, 2.89 3.17,2.87 2.92,2.92
2,6H 7.21 7.16 7.25 7.19
3,5H 6.84 6.86 6.87 6.89
Pro* a-CH 4.30 3.75 4.35 3.81
B-CH 2.28,1.97 1.74,1.74 2.32,2.02 1.78,1.78
v-CH 2.03,2.03 1.90, 1.90 2.06, 2.06 1.97,1.91

6-CH 3.80,3.71 3.52,3.35 3.84,3.72 3.56, 3.39
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TABLE 1b 'H chemical shift assignment (in ppm) for ACTH(1-10), ACTH(11-24), and ACTH(1-24) in 90 mM DPC at 298 K

ACTH(11-24) ACTH(1-24)
Residue ACTH(1-10) Pro** (trang Pro** (cis) Pro** (trang) Pro** (cis)
Seft NH
a-CH 4.20 4.18
B-CH 4.02, 4.02 4.00, 4.00
Tyr? NH 9.03 9.02
a-CH 4.69 4.66
B-CH 3.11,2.99 3.10, 2.98
2,6H 7.18 7.16
3,5H 6.86 6.83
Ser NH 8.48 8.47
a-CH 4.58 4.55
B-CH 3.98,3.84 3.98, 3.81
Met* NH 8.77 8.83
a-CH 4.55 4.55
B-CH 2.24,2.15 2.23,2.14
y-CH 2.72,2.63 2.73,2.61
£-CH, 2.11 2.13
Glu® NH 8.33 8.32
a-CH 4.16 4.12
B-CH 1.96, 1.96 1.92,1.92
y-CH 2.31,2.31 2.24,2.24
His® NH 8.23 8.20
a-CH 4.66 4.58
B-CH 3.25, 3.06 3.01,3.01
2H 8.65 8.62
4H 7.17 7.10
Phe NH 8.11 8.00
a-CH 4.59 4.57
B-CH 3.10, 3.06 3.12,3.02
2,6H 7.18 7.18
3,5H 7.29 7.28
4H 7.29 7.28
Arg® NH 7.88 7.86
a-CH 4.40 4.34
B-CH 1.79, 1.69 1.77,1.67
y-CH 1.48,1.48 1.45,1.45
5-CH 3.16, 3.16 3.15, 3.15
e-NH 7.38 7.39
=NH 6.86 6.85
Trp® NH 8.09 7.92
a-CH 4.75 4.68
B-CH 3.42,3.21 3.40, 3.20
1-NH 10.62 10.60
2H 7.35 7.32
4H 7.64 7.61
5H 7.13 7.12
6H 7.09 7.07
H 7.48 7.47
Gly'© NH 8.09 8.38
a-CH 3.89,3.81 3.99, 3.92
Lys'? NH 8.19
a-CH 4.38 4.58
B-CH 1.96, 1.96 1.86, 1.86
y-CH 1.53,1.53 1.51,1.51
5-CH 1.75,1.75 1.75,1.75
e-CH 3.05, 3.05 3.20,3.20
NHg* 7.66
Pro‘? a-CH 4.58 4.53
B-CH 2.36,1.92 2.32,1.94
y-CH 2.06, 2.06 2.06, 2.06
5-CH 3.79, 3.62 3.88, 3.66
val*® NH 8.45 8.38
a-CH 4.14 4.17
B-CH 2.11 2.14

y-CH, 1.02,1.01 1.02,1.01
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TABLE 1b Continued

ACTH(11-24) ACTH(1-24)
Residue ACTH(1-10) Pro** (trang Pro** (cis) Pro** (trang) Pro** (cis)
y-CH, 1.02, 1.01 1.02, 1.01
Gly*4 NH 8.48 8.55
a-CH 4.04, 3.90 4.01, 3.97
Lys'® NH 8.31 8.32
a-CH 4.34 4.35
B-CH 1.84,1.84 1.87,1.87
v-CH 1.45,1.45 1.47,1.47
46-CH 1.74,1.74 1.75,1.75
&-CH 3.02, 3.02 3.03, 3.03
NH5* 7.59 7.66
Lys'® NH 8.42 8.38
a-CH 4.32 4.34
B-CH 1.80, 1.80 1.81,1.81
y-CH 1.46, 1.46 1.48,1.48
5-CH 1.72,1.72 1.75,1.75
e-CH 3.02,3.02 3.03, 3.03
-NHg* 7.59 7.66
Arg?’ NH 8.48 8.46
a-CH 4.34 4.37
B-CH 1.82,1.77 1.86, 1.79
y-CH 1.63, 1.63 1.66, 1.66
5-CH 3.22,3.22 3.23,3.23
&-NH 7.25 7.34
=NH 6.74 6.85
Arg*® NH 8.49 8.49
a-CH 4.63 4.64
B-CH 1.87,1.77 1.89, 1.89
v-CH 1.72,1.72 1.78,1.73
46-CH 3.24,3.24 3.25,3.25
&-NH 7.27 7.36
=NH 6.74 6.85
Prot® a-CH 4.49 4.52
B-CH 2.31,1.92 2.33,1.93
v-CH 2.05, 2.05 2.06, 2.06
46-CH 3.86, 3.66 3.87, 3.66
Vval?® NH 8.24 8.23 8.27 8.27
a-CH 4.09 4.10 4.14 4.14
B-CH 2.06 2.07 2.10 2.10
v-CHs 0.95,0.94 0.98, 0.97 0.98, 0.98 0.98, 0.98
Lys?* NH 8.29 8.32 8.34 8.35
a-CH 4.32 4.37 4.36 4.38
B-CH 1.69, 1.69 1.76, 1.76 1.76, 1.76 1.79,1.79
v-CH 1.28,1.28 1.34,1.34 1.32,1.32 1.36,1.36
46-CH 1.69, 1.69 1.70,1.70 1.69, 1.69 1.70, 1.70
&-CH 2.92,2.92 2.95,2.95 2.96, 2.96 2.97,2.97
-NHG* 7.56 7.56 7.62 7.62
Val?? NH 8.13 8.23 8.15 8.27
a-CH 4.05 4.14 4.09 4.16
B-CH 1.95 2.03 2.00 2.06
v-CHs 0.87,0.80 0.93,0.92 0.90, 0.83 0.95,0.94
Tyr?® NH 8.22 8.07 8.20 8.05
a-CH 4.85 4.63 4.86 4.64
B-CH 3.15,2.83 2.88,2.88 3.16, 2.85 2.92,2.87
2,6H 7.21 7.15 7.22 7.16
3,5H 6.84 6.86 6.85 6.88
Pro* a-CH 4.27 3.73 4.30 3.73
B-CH 2.27,1.95 1.74,1.74 2.29,1.97 1.76, 1.76
v-CH 2.01,2.01 1.90, 1.90 2.02,2.02 1.93,1.88

6-CH 3.80, 3.70 3.52,3.35 3.81, 3.68 3.54,3.38
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TABLE 1c 'H chemical shift assignment (in ppm) for ACTH(1-10), ACTH(11-24), and ACTH(1-24) in 42 mM SDS at 298 K

ACTH(11-24) ACTH(1-24)
Residue ACTH(1-10) Pro** (trang Pro** (cis) Pro** (trang) Pro** (cis)
Seft NH
a-CH 4.26 4.26
B-CH 4.08, 4.08 4.07,4.07
Tyr? NH 8.59 8.60
a-CH 4.74 4.73
B-CH 3.16, 3.00 3.15, 3.00
2,6H 7.23 7.23
3,5H 6.89 6.88
Ser NH 8.22 8.21
a-CH 4.58 4.57
B-CH 3.95, 3.88 3.95, 3.87
Met* NH 8.32 8.35
a-CH 4.59 4.58
B-CH 2.28,2.18 2.29,2.19
y-CH 2.72,2.64 2.72,2.62
£-CH, 2.14 2.11
Glu® NH 8.15 8.20
a-CH 4.25 4.22
B-CH 1.99, 1.95 1.95, 1.95
y-CH 2.37,2.37 2.30,2.30
His® NH 8.18 8.23
a-CH 4.63 4.66
B-CH 3.07, 3.07 3.21,3.13
2H 8.66 8.66
4H 7.20 7.27
Phe NH 7.95 7.92
a-CH 4.65 4.64
B-CH 3.14,3.04 3.15, 3.09
2,6H 7.29 7.29
3,5H 7.41 7.41
4H 7.41 7.41
Arg® NH 7.71 7.65
a-CH 4.23 4.26
B-CH 1.64, 1.59 1.59, 1.59
y-CH 1.09, 1.09 1.17,1.17
5-CH 3.03,3.03 3.06, 3.06
e-NH 6.97 7.00
=NH 6.69
Trp® NH 7.32 7.30
a-CH 4.81 4.74
B-CH 3.46, 3.26 3.44,3.21
1-NH 9.93 9.96
2H 7.34 7.34
4H 7.61 7.45
5H 7.11 7.13
6H 7.11 7.09
H 7.40 7.41
Gly'© NH 7.93 7.97
a-CH 3.97,3.97 4.10,3.91
Lys'? NH 7.76
a-CH 4.39 4.58
B-CH 2.02,2.02 1.88,1.88
y-CH 1.59, 1.59 151,151
5-CH 1.80, 1.80 1.78,1.78
e-CH 3.10,3.10
$NHg"
Pro‘? a-CH 4.64 4.61
B-CH 2.41,1.98 2.36, 2.03
y-CH 2.06, 2.06 2.09, 2.09

5-CH 3.85, 3.62 3.86, 3.68
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TABLE 1c Continued
ACTH(11-24)
Residue Pro** (trang) Pro** (cis) (trang) (cis)
Valt? NH 7.96 8.08
«a-CH 4.24 4.22
B-CH 2.18 2.24
v-CHy 1.01,1.01 1.06, 1.06
Gly* NH 8.29 8.35
a-CH 4.03, 4.03 4.06, 4.06
Lys'® NH 8.08 8.06
«a-CH 4.34 4.39
B-CH 1.92,1.92 1.94,1.94
v-CH 1.49,1.49 1.48,1.48
4-CH 1.82,1.82 1.85,1.85
e-CH 3.03, 3.03 3.09, 3.09
-NHZ*
Lys'® NH 8.26 8.24
a-CH 4.29 4.36
B-CH 1.87,1.87 1.90, 1.90
y-CH 1.47,1.47 1.51,1.51
56-CH 1.74,1.74 1.78,1.78
e-CH 3.05,3.05 3.07,3.07
NHg*
Arg?’ NH 8.06 8.09
a-CH 4.36 4.42
B-CH 1.92,1.80 1.85,1.85
y-CH 1.68, 1.68 1.71,1.71
5-CH 3.23,3.23 3.28,3.28
&e-NH 7.24 7.28
=NH
Arg*® NH 7.97 8.02
a-CH 4.60 4.65
B-CH 1.92,1.81 1.97,1.87
v-CH 1.71,1.71 1.76,1.76
5-CH 3.25,3.25 3.29,3.29
&e-NH 7.21 7.26
=NH
Prot® «a-CH 4.54 4.58
B-CH 2.35,2.10 2.38,2.02
v-CH 2.00, 2.00 211,211
5-CH 3.80,3.73 3.85,3.78
Val*® NH 8.00 8.04 8.03 8.08
a-CH 4.10 4.15 4.16 4.21
B-CH 2.13 2.10 2.17
v-CHs 0.98, 0.98 1.01,1.01 1.01,1.01
Lys®* NH 8.14 8.20 8.18 8.23
«a-CH 4.31 4.38 4.36 4.43
B-CH 1.72,1.72 1.90, 1.90
v-CH 1.44,1.33 1.40,1.40
4-CH 1.72,1.72 1.77,1.77
e-CH 3.01,3.01 3.05, 3.05
-NHZ*
Val?? NH 7.84 8.00 7.87 8.08
a-CH 4.06 4.12 4.12 4.18
B-CH 2.00 2.10 2.05 2.14
v-CH, 0.90, 0.82 0.94,0.94 0.94, 0.87 0.98, 0.98
Tyr?® NH 8.12 7.86 8.15 7.92
a-CH 4.85 4.65 4.89 4.69
B-CH 3.14,2.84 2.90, 2.83 3.17,2.89 2.95,2.88
2,6H 7.21 7.14 7.24 7.18
3,5H 6.84 6.87 6.88 6.91
Pro* a-CH 4.29 3.65 4.34 371
B-CH 2.27,1.99 1.91,1.83 2.31,2.02 1.96, 1.88
v-CH 2.02,2.02 1.74,1.74 2.05,2.05 1.78,1.78
5-CH 3.77,3.63 3.52,3.37 3.82,3.65 3.56, 3.41
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FIGURE 3 The NHeaH region of the TOCSY map of ACTH (1-24) in
FIGURE 2 The X-PraxH-aH andaH-8H region in the NOESY map of 98 mM DPC micelles at 298 K. Because of the shofferof the NH
ACTH (11-24) in 42 mM SDS micelles at 298 K. For Ptoboth thea-a protons of the residues 1-10, the TOCSY correlations for residues 1-10 are
(cis) and a-8 (trans) correlations were clearly observed for ##Prc?, noticeably weaker than those of residues 11-24. Some long-range (e.g.,
indicating the existence of bottrans and cis Tyr?>-Prc** isomers. For ~ NH-BH and NH<H) correlations for the former did not appear.
Pro*? and Prd®, weakera-a correlations were also present, in addition to
the stronga-8 correlations.a-a correlations for Pri? and Prd® are too

weak to be detected in DPC micelles and in water. . . .
3. For DPC micellesj(NH) in the 1-10 segments deviate

from those in water. There are both upfield and downfield
the difference in the order parameter of the residues. For thehifts. However, for the 11-24 segmenig\NH) are prac-
residues 11-24, the reduced restriction of their motiortically identical to the corresponding values in water
would result in much lower order parameters and thus 4Fig. 5).
longerTs,. In the aqueous samples of these three peptides, the line-
widths are sufficiently narrow to enable tRa, . to be
determined, and all of their values fell between 6 and 8 Hz,
except for GIy°, the averag€ly,. . Of which is 5.5 Hz.
The NH chemical shifts(NH), are the most revealing of This range of values is characteristic of those expected for
the environment of the peptides, and in the present work, theandom structures (Wuthrich, 1986). Because of increases
8(NH) provide a clear description of the binding picture for in the linewidths in SDS samples, no determination of the J
the ACTH peptides in these two micelles. The salient feacouplings is possible. For the 1-10 segment in DPC mi-
tures of thed(NH) results are given as follows. celles, the’Jy,,_ for residues Tyr-His® and Arg’ was<6

1. In both SDS and DPC micelles, tidNH) of ACTH Hz (Table 2). The NH resonances of Ptand Trp over-
(1-10) and ACTH (11-24) are practically identical to the lapped with each other, preventing the determination of the
corresponding segments in ACTH (1-24) (to well within J coupling for these residues. Among tho¥k . of
0.1 ppm, with only three exceptions, where the differencesesidues 11-24 measured, the value was between 6 and
were 0.17, 0.12, and 0.11 ppm, respectively), implying tha8 Hz.
all of the corresponding segments of these peptides in a
given micelle are in similar physical environments (Figs. 4
and 5).

2. For SDS micelles, th& NH) of many residues in both From the paucity of nonsequential NOE for the ACTH
the 1-10 and the 11-24 segments are significantly shiftegeptides in water, and the complete lack gfN\, , corre-
upfield (by as much as 0.7 ppm) from those in water (Fig.lations from both the NOESY and ROESY spectra, it can be
4). This supports the conclusion from diffusion measure-concluded that all three peptides are in the random coil
ments that all of these segments have high partition coefficonformation in water. This contradicts the results of a
cients in SDS micelles. The large upfield shift may imply previous study (Toma et al., 1981), which asserted that the
that these peptides are inserted into the hydrophobic interidd-terminus of ACTH (1-24) exhibitsd-helix type organi-
of the SDS micelles, although formation of a helical sec-zation” in water, based offC chemical shifts.
ondary structure (see next section) may also contribute to In the two previous studies of ACTH (1-10), Rawson et
the upfield shift of6(NH). al. (1982) concluded that ACTH (1-10) is in random coil

NH chemical shifts

Secondary structure
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FIGURE 4 The NH chemical shift§(NH), of ACTH (1-24) @), ACTH (1-10) @), and ACTH (11-24)4), in 42 mM SDS micelles, and ACTH (1-24)
in water (+) at 298 K. For the 1-24 and 11-24 fragments,afi¢H) for the major isomeric form (thansPrc?* isomer) were presented. Note tiagNH)
of all corresponding residues are practically identical for these three ACTH fragments in SDS micelles.

conformation in water, and does not have a dominant conhave random coil conformation in water. ACTH (1-39) and
tribution from helical conformations, even in trifluoroetha- its N-terminal fragments exhibi-helical conformation in
nol. Tunga et al. concluded that ACTH (1-10) preferstrifluoroethanol, whereas its C-terminal fragments are ran-
extended, albeit different conformations in both water anddom, even in organic solvents.

dimethylsulfoxide. In a circular dichroism (CD) study In DPC micelles, both ACTH (1-10) and the 1-10 seg-
(Greef et al., 1976), it was reported that all ACTH peptidesment of ACTH (1-24) exhibit characteristics of a folded
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FIGURE 5 The NH chemical shift§(NH), of ACTH (1-24) @), ACTH (1-10) @), and ACTH (11-24)4) in 98 mM DPC micelles, and ACTH (1-24)
in water (+) at 298 K. For the 1-24 and 11-24 fragments,&(¢H) for the major isomeric form (th#ans-Prc** isomer) were presented. Note ti&ghH)
of all corresponding residues are practically identical for these three ACTH fragments in DPC micelles. The large apparent differettis u€lio
the fact that GI° is the terminal residue in ACTH (1-10), but an interior residue in ACTH (1-24). Note also tha(\i#8 for the 11-24 residues are
practically identical to the corresponding values in water.
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TABLE 2 NOE* and 3J_N (in Hz) of ACTH peptides in 98 mM DPC micelles at 298K

ACTH (1-10) ACTH (11-24
S1 Y2 S3 M4 E5 H6 F7 R8 W9 G10 K11 P12 V13 G14 K15 K16 R17 R18 P19 V20 K21 V22 Y23 P24
3J(@N) <6 <6 <6 <6 <6 <6 <6 8.0 6.6 8.1
aN(@i,i+1) s s S S S s s s S m m m S S S S S S m
NN(,i+1) m s S m m s s a w w
aN@i,i+2) w w a m m wow a a
NN(,i+2) wW w w w a a
aN(i,i +3) a a a w a a
aB(i,i+3) a a a a a
aN(i,i+4) a a a
NN(,i +3) wow
BN(i,i+3) wow a a a
ACTH (1-24y
S1 Y2 S3 M4 E5 H6 F7 R8 W9 G10 K11 P12 V13 G14 K15 K16 R17 R18 P19 V20 K21 V22 Y23 P24
3J(@N) 8.3
aN(@,i+1) s s S S S s s s S s S S S S S S S S S S
NN(i,i+1) m m s m S S m S m m m w
aN(@i,i+2) w a a m a m a w a a a a a
NN(,i +2) w a a
aN(i,i+3) a a w a a w a a a a
aB(i,i+3) a a a a a a a a
aN(i,i+4) a a a a a a
NN(i,i +3)
BN(i,i+3) a a a a a a a a

*The strength of NOEs are classified as strong (s), medium (m) and weak (w). The other NOEs are ambiguous (a) due to overlapping of signals.
*NOE data for the trans-P¥bisomer only.

structure (Table 2). For ACTH (1-24) there is a cleartype in the 1-10 segment. There are also a few weaker
difference in the conformational characteristics betweerN;-N;_, correlations, such as 5-7, 6—8, 7-9, and 8-10. In
those of the 1-10 segment and those of the 11-24 segmemwbntrast, in the 11-24 segment, only three weakNN ;
As shown in Fig. 6, the NH-NH region of the NOESY map correlations}V-4G, **G-**K, and?'K-22V, are evident. In

revealed continuous and strong correlations of thé&IN ;

ppm_ “ 9-10
{ § o7
g.0-" b
: 22-23(cis)
8.2 ‘ ¢
@
8.4
| 8 W
8.6+ A
] ( 14-1
8.8 ' . @ ,
] '@ 9 95,
9.04 @ 9 .
2-3
R T 7 T
9.0 8.5 8.0 ppm

FIGURE 6 The NH-NH region of the NOESY map of ACTH (1-24) in

98 mM DPC micelles at 298 K. Note that strong-N ., correlations
persist throughout the 1-10 segment. Even sorrg; I\, are observed (not
all are labeled). For the 11-24 segment, only a few weakeN;N,

correlations exist.

addition, a?2v-23W correlation of the minocis-Pro,, iso-
mer was also present.

Many «;-N;,, and somew;-N;, 5 correlations were ob-
served for the residues in the 1-10 segment. The promi-
nence of they-N;, , cross-peaks in the 1-10 segment may
indicate the likelihood of a 3 helix. However, somey;-
Ni, 3 cross-peaks expected of any helical structures were
missing from the NOESY of the 1-10 segments. Therefore,
the preference for a helical structure in this segment cannot
be firmly established. The 11-24 segment of ACTH (1-24)
and ACTH (11-24) exhibits little secondary structure, as in
water, as indicated by the discontinuity in and the weakness
of the N-N;, ; correlations in ACTH (1-24) and the lack of
N;-N;, 1 correlations in ACTH (11-24). For the 11-24 seg-
ment, all of thew;-N; , , ande;-N; , 5 correlations fell into the
“ambiguous” category because of overlap, and thus cannot
be confirmed. The secondary structure of ACTH (1-24) in
DPC micelles is in essential agreement with the results of
Schwyzer et al. (Gysin and Schwyzer, 1984; Gremlich et al.,
1983, 1984) for ACTH (1-24) in POPC bilayers.

In SDS micelles, all three peptides exhibit distinct char-
acteristics of an induced secondary structureNN ; cor-
relations throughout the chain, and other nonsequedatidl
and a-B NOE correlations). Unlike these peptides in DPC
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micelles, there are no distinct differences in the NOE patpartition coefficients are greater than1id 42 mM SDS
terns between the 1-10 and the 11-24 segments (Table 2hicelles (Wong, unpublished observations). The propensity
The NOE pattern for the 1-10 segment is quite similar toof SDS to partition peptides ranging from hydrophobic to
that in the DPC micelles. There is probably & 3elix  highly charged is clearly demonstrated in our studies. Both
formation in the 1-10 segment in both ACTH (1-10) and inthe electrostatic and the hydrophobic interactions are effec-
ACTH (1-24), but this conclusion is not certain, becausetive in causing partitioning of the peptides in SDS micelles.
some g;-N; . 5 cross-peaks expected of a helical structureFor the zwitterionic DPC micelles, however, only the hy-
were also missing, as in the DPC case. The folding in thelrophobic interaction appears to be effective in causing
11-24 segment does not follow a simple pattern. Severpartitioning of the peptides, as evidenced by the low parti-
overlap of signals hampers more unambiguous assignmetibning of the charged ACTH (11-24), with a partition
of the long-range NOEs, causing difficulties in identifying coefficient of only 7.3+ 0.1 (Table 1), orders of magnitude
the secondary structure. The overlap was due to the largewer than that of the other peptides.
number of repeating residues (there are three Pro, three Val, Schwyzer et al., in a series of papers (Gysin and Schwy-
four Lys, and two Arg in the 11-24 segment) and to thezer, 1984; Gremlich et al., 1983, 1984), determined the
existence oftrans-cisisomerism at all three proline sites binding of ACTH (1-10), ACTH (1-24), and ACTH (11-
discussed above. 24) to lipid bilayers by using ATR-IR and hydrophobic
photolabeling. The main conclusions from their work
DISCUSSION E1SchwyzerZ 1992) were that ACTH_(lflo)_ does no_t i_nteract
ydrophobically with neutral or anionic bilayers—it is not
The present results on the partition of the ACTH peptides iradsorbed into these bilayers from solution, and the trapped
the SDS and DPC micelles showed that the partition patACTH (1-10) in dry bilayers readily escapes into the aque-
terns for the ACTH peptides in these two micelles areous phase upon hydration. ACTH (11-24) is also not ad-
different. The partition coefficients for all three peptides in sorbed into neutral bilayers, but the trapped peptide is not
the SDS micelles are-10° (Table 1). Results obtained in washed out from the dry bilayers. On the other hand, ACTH
this laboratory for another series of peptides characterize(ll—24) was found to be firmly incorporated into the mem-
by primary amphiphilicity—substance R-8 charge at neu- brane by inserting the 1-10 hydrophobic segment perpen-
tral pH), neurokinin A (+1 charge), and even the negatively dicularly into the hydrophobic core of the bilayer, while the
charged 1 charge) neurokinin B—showed that all the charged 11-24 segment remains on the aqueous membrane

TABLE 3 NOE* and 3J_, (in Hz) of ACTH peptides in 42 mM SDS micelles at 298K

ACTH (1-10) ACTH (11-24)
S1 Y2 S3 M4 E5 H6 F7 R8 W9 G10 K11 P12 V13 Gl1l4 Ki5 K16 R17 R18 P19 V20 K21 V22 Y23 P24
3J(@N) 5.8 <6 <6 6.6 5.8
aN@(,ji+1) s s s s s s s s s S S S S S S S S S S
NN(i,i+1) m w s a s m s s S s s S m m S S
aN@,it+2) w w a w m a a w a m w m a a w a a
NN(,i+2) a a a a a a
aN(@i,i+3) a a a a a a a
aB(i,i+3) a a a a a a a a
aN(i,i+4) a a
NN(i,i +3) a a a a
BN(i,i+3) a a a
ACTH (1-24y
S1 Y2 S3 M4 E5 H6 F7 R8 W9 G10 K11 P12 V13 G1l4 K15 K16 R17 R18 P19 V20 K21 V22 Y23 P24
3J@N)
aN@,i+l) s s s s s s s s s s s s s s s S S s S S
NN(,i+1) m m s a s m w w S S S S S m m S S
aN(i,i+2) w a a m a a w w a a w a a a a a a
NN(i,i+2) a a a a a a a a a
aN(i,i+3) a a a a a a a a a a a
aB(i,i+3) a w a w a a a
aN(i,i+4) a a a a a
NN(i,i+3) a a a a a a
BNG,i+3) a a a a a a a a a a

*The strength of NOEs are classified as strong (s), medium (m) and weak (w). The other NOEs are ambiguous (a) due to overlapping of signals.

“NOE data for the trans-P¥hisomer only.
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surface. Furthermore, the inserted segment was found toot provide information on where the peptides or certain
adopt a helical structure. The above observations ledegments are located in the micelles. Because “partitioning”
Schwyzer to propose that both the hydrophobic 1-10 andr “binding” as defined in the diffusion study requires only
the charged 11-24 segments are needed for membratigat the peptide binds to a micelle and diffuse as a peptide/
binding. These findings for ACTH constituted a main partmicelle entity for a period of time longer than the diffusion
of the data central to supporting Schwyzer's message-adime (~50 ms), it does not discriminate between partition-
dress (Schwyzer, 1977; Sargent and Schwyzer, 1986) aridg in the interior core of the micelles and binding on the
membrane compartments (Schwyzer, 1986, 1991) conceptsurface of the micelles.
The “compartments” were defined as the hydrophobic core, No quantitative examination of partition of peptides in
the water/headgroup interface, and the aqueous phase of thécelles has been made in the past. Keire and Fletcher
membrane system. According to these concepts, the addref996) suggested that there are differences in the kinetics of
segments of the peptides “direct” the peptides to differenbinding of SP with SDS and DPC micelles. Whereas SP
membrane compartments, and resulting in the peptideBinds “completely” with SDS micelles, its exchange be-
binding to different receptors, as in the case of ACTHtween free form and DPC-bound form is fast in the pertinent
(1-10) and ACTH (1-24), which bind to central nervous NMR time scale but slow in the CD time scale. However,
system and steroidogenic receptors, respectively. Our preheir study did not examine the equilibrium of partitioning.
liminary diffusion results on the ACTH/POPC vesicle sys- There are no differences in the secondary structure in the
tem are also in essential agreement with the above binding—10 segment, either between ACTH (1-10) and ACTH
results, albeit not necessarily with the interpretation of(1-24), or between different micelles. It is important to note
Schwyzer. that for this active message (1-10) segment, a partial helical
There are major differences between the results oftructure (or an alternative folded structure) is conserved in
Schwyzer et al. and our diffusion results on the ACTH/all cases. It appears that the conformation of this segment is
vesicle systems on the one hand and the micellar results afot sensitive to the exact chemical or physical details of the
this work on the other (Table 1). We have found in this workhydrophobic environment. The major differences in the
that ACTH (1-10) is almost completely partitioned in both secondary structure of these peptides in the two micelles are
SDS and DPC micelles, contrary to the bilayer results oimanifested in the 11-24 segment, arising from the differ-
Schwyzer, which showed that ACTH (1-10) does not par-ences in the binding of this segment in these two micelles.
tition into neutral or anionic bilayers. In addition, it is found When the 11-24 segment is in the agqueous environment, as
in the present work that the highly charged (at neutral pH)n the DPC micellar samples and in aqueous samples, it
ACTH (11-24) does not partition significantly into the DPC exhibits little secondary structure. In contrast, when it is
micelles, although its partition in negatively charged SDSpartitioned into the hydrophobic environment or bound to
micelles is practically complete. This is also contradictorythe surface of the micelles as in the SDS case, significant
to Schwyzer’s finding on the relative affinities of ACTH NOE correlations indicate the formation of a definite sec-
(1-10) and ACTH (11-24) to neutral bilayers. From theondary structure. A molecular dynamics simulation of the
consideration of the electrostatic and hydrophobic contribuinteraction of ACTH (1-24) with an explicit SDS micelle
tion to the partitioning, the present results for ACTH (11— (MacKerell, 1995), incorporating the NOEs obtained in this
24) are quite expected. Because only the hydrophobic instudy, is under way in this laboratory to further elucidate the
teractions are responsible for partitioning of the ACTH mode of binding of this peptide (position and orientation
peptides into DPC micelles, the highly charged ACTHwith respect to the headgroup/water interface, and specific
(11-24) &6 at neutral pH) should prefer to stay in the interactions with the headgroup) and the conformation of
aqueous phase rather than be partitioned in the unchargelde partitioned peptide.
DPC micelles. In summary, the partition, the secondary structure, the
The 1-24 peptide was found in this work to be almostlinewidths, and thed(NH) presented a coherent picture of
completely partitioned in both the SDS and the DPC mi-the binding of the ACTH peptides in these two micelles
celles as well. However, even though partition or bindingwith the following significant implications:
for the whole peptide in DPC micelles is high, the hydro- 1. The binding patterns of the ACTH peptides with SDS
phobic 1-10 segment and the hydrophilic 11-24 segmerdand DPC micelles are different from each other, and they
were found to interact with the micelle differently. There arediffer significantly from their binding to neutral POPC
drastic differences in the linewidths (as manifested in thebilayers and vesicles. This affirms our proposal that the
TOCSY intensities), thé(NH), and the NOE patterns for validity of the assumption that micelles are good membrane
the two segments. These results all pointed toward onenimics needs to be investigated more closely. There are
interpretation, i.e., the 1-10 segment is “bound” to the DPifference in the secondary structure as well, specifically in
micelles, whereas the 11-24 segment protrudes into théhe 11-24 segment. The difference is a direct result of
aqueous phase with no significant interaction with thewhether this particular segment is in the hydrophobic core
micelles. of the micelles or bound to the micellar surface (as in the
It should be noted, though, that the “partition” of the SDS micelles), or is in the aqueous environment (as in the
peptides as determined from diffusion measurements dod3PC micelles). However, when a segment of the peptide is
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in a hydrophobic or surface-bound environment, as in thesremlich, H. U., U. P. Frigeli, and R. Schwyzer. 1983. Conformational
1-10 segment the same Secondary structure was Observeahanges of adrenocorticotropin peptides upon interaction with lipid

. ' . . . . membranes revealed by infrared attenuated total reflection spectroscopy.
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brane location, whether it exists by itself or as a part of theysin, B., and R. Schwyzer. 1984. Hydrophobic and electrostatic interac-
_ i _ tions between adrenocorticotropin-(1-24)-tetracosapeptide and lipid

1-24 segment. The Sa'.“ef applies o the. 1:!' 24 sggment. vaesicles. Amphiphilic primary structureBiochemistry23:1811-1818.

these micelles really mimic membranes in interacting with _ - . :

he ACTH tid th ¢ It tradict th Itri, R., and L. Q. Amaral. 1991. Dlstance_dlstrlbutlon function of sodium
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different compartments in the membrane/water system, thus,jick D. A. M. R. Tessmer. C. R. Watts. and C. V. Li. 1995. The use

causing the peptides to bind to different receptors. However, of dodecylphosphocholine micelles in solution NMR.Magn. Reson.

the results of this work cast doubt on whether the ACTH Ser. B.109:60-65.

peptides bind to micelles in the same way as they bind tdfeire, D., and T. G. Fletcher. 1996. The conformation of substance P in

. lipid environment.Biophys. J.70:1716-1727.

membranes (see conclusion no. 1). ] ) )

Kumar, A., R. R. Ernst, and K. Wuthrich. 1980. A two-dimensional nuclear
Overhauser enhancement (2D NOE) experiment for the elucidation of
complete proton-proton cross relaxation networks in biological macro-
moleculesBiochim. Biophys. Res. Commu#5:1-10.
tLauterwein, J., C. Bosch, L. R. Brown, and K. Wuthrich. 1979. Physico-
. chemical studies of the protein-lipid interactions in melittin-containing
is also gratefully acknowledged. micelles.Biochim. Biophys. Acteb56:244-264.

MacKerell, A. D. 1995. Molecular dynamics simulation analysis of a

sodium dodecyl sulfate micelle in aqueous solution. Decreased fluidity
REFERENCES of the micelle hydrocarbon interiod. Phys. Chem99:1946-1855.

Barenholz, Y., D. Gibbes, B. J. Litman, J. Goll, T. E. Thompson, and F. p Mills, R. 1973. Self-diffusion in normal and heavy water in the range
Carlson. 1977. A simple method for the preparation of homogeneous 1~45°-J. Phys. Chem77:685-688.

The 500-MHz spectrometer was purchased in part through a grant from the
National Science Foundation (CHE-89-08304). Partial financial suppor
from the Research Council of the University of Missouri, Columbia, MO,

phospholipid vesiclesBiochemistry.16:2806-2810. Morris, K. F., C. S. Johnson, Jr., and T. C. Wong. 1994. Diffusion study of
Bax, A., and D. G. Davis. 1985. Practical aspects of two-dimensional the polymer-induced non-Newtonian to Newtonian transition in the
transverse NOE spectroscogy.Magn. Reson63:207—213. viscoelastic CTAB/sodium salicylate/water system by diffusion ordered

Bax, A., M. lkura, L. E. Kay, D. A. Torchia, and R. Tschudin. 1990. spectroscopy (DOSY)). Phys. ChemQ?:GO3—608. )
Comparison of different modes of two-dimensional reverse-correlationRawson, B. J., J. Feeney, and B. J. Kimber. 1982nuclear magnetic
NMR for the study of proteins]. Magn. Reson86:304-318. resonance studies of the conformations of adrenocorticotropic hormone

Beschiaschvili, G., and J. Seelig. 1992. Peptide binding to lipid bilayers: ACTH (1-10) and related p_eptides in aqueous and trifluoroethanol
nonclassical hydrophobic effect and membrane-induced pK sBitts. solutions.J. Chem. Soc. Perkin Trans. 1471-1477.

chemistry.31:10044-10053. Sargent, D. F., and R. Schwyzer. 1986. Membrane lipid phase as catalyst
Bodenhausen, G., H. Kogler, and R. R. Ernst. 1984. Selection of coherence for_peptide-receptor interaction®roc. Natl. Acad. Sci. USA83:

transfer pathways in NMR pulse experimends. Magn. Reson58: 5774-5778.

370-388. Schwyzer, R. 1977. ACTH: a short introductory reviednn. N.Y. Acad.

Brun, T. S., H. Hoiland, and E. Vikingstad. 1978. Partial molal volume and ~ Sci. 297:3-26.

isentropic partial molal compressibilities of surface active agents inschwyzer, R. 1986. Molecular mechanism of opioid receptor selection.
aqueous solution]. Colloid Interface Sci63:89-96. Biochemistry 25:6335-6342.

Bystrov, V. F., N. |. Duborvina, L. J. Barsukov, and L. D. Bergelson. 1971. gchyyzer, R. 1991. Peptide membrane interactions and a new principle in
NMR differentiation of the internal and external phospholipid membrane quantitative structure activity relationshiBiopolymers31:785-792.

surfaces using paramagnetic #nand E&* ions. Chem. Phys. Lipids. ) ) ) -
6:343-350. Schwyzer, R. 1992. Conformations and orientations of amphiphilic pep-

Croonen, Y., E. Gelade, M. Van der Zegel, N. Van der Auweraer, H. tides induced by artificial lipid membranes: correlations with biological

Vandendriessche, F. C. DeSchryver, and M. Almgren. 1983. Influence ac‘nvny. Chemtracts Biochem. Mol. Biog:347-379. )
of salt, detergent concentration, and temperature on the fluorescence€elig, J., S. Nebel, P. Ganz, and C. Bruns. 1993. Electrostatic and

quenching of 1-methylpyrene in sodium dodecylsulfate with nonpolar peptide-membrane interactions. Lipid binding and functional

dichlorobenzenel. Phys. Chem87:1426-1431. properties of somatostatin analogues of chazge +1 toz = +3.
Davis, D. G., and A. Bax. 1985. Assignment of compfekNMR spectra Biochemistry 32:9714-9721. o

via two-dimensional homonuclear Hartman-Hahn spectroschpgm.  Shaka, A. J., and R. Freeman. 1983. Simplification of NMR spectra

Chem. Soc107:2820-2821. through multiple-quantum coherenck.Magn. Reson51:169-173.

Greef, D., F. Toma, S. Fermandjian, M. Low, and L. Kisfaludy. 1976. Sklenar, V., M. Piotto, R. Leppik, and V. Saudek. 1993. Gradient-tailored
Conformational studies of corticotropin,, and constitutive peptides by water suppression fdH-*>N HSQC experiments optimized to retain full
circular dichroism Biochim. Biophys. Acta439:219-231. sensitivity.J. Magn. Reson. Ser. A02:241-245.



1888 Biophysical Journal Volume 74  April 1998

Soderman, O., G. Carlstrom, U. Olsson, and T. C. Wong. 1988. NMRToma, F., S. Fermandjian, M. Low, and L. Kisfaludy. 1978. A proton NMR
relaxation in micelles?H relaxation at three field strengths of three  investigation of proline-24is-transisomerism in corticotropin 5, and
positions on the alkyl chain of sodium dodecyl sulfate Chem. Soc. related peptidesBiochim. Biophys. Acteb34:112-122.

Faraday Trans. 184:4475-4486. Toma, F., S. Fermandjian, M. Low, and L. Kisfaludy. 198iC NMR

Stilbs, P. 1982. Fourier transform NMR pulsed-gradient spin-echo (FT- studies of ACTH: assignment of resonances and conformational fea-
PGSE) self-diffusion measurements of solubilization equilibria in SDS  tures.Biopolymers20:901-913.
solutionsJ. Colloid Interface Sci87:385-394. Tunga, A., and R. V. Hosur. 1992. Two-dimensional NMR studies on 110

Stilbs, P. 1983. A comparative study of micellar solubilization for combi-  fragment of adrenocorticotropic hormoriadian J. Biochem. Biophys.
nations of surfactants and solubilizates using the Fourier transform 29:231-235.
pulsed-gradient spin-echo NMR multicomponent self-diffusion tech- yegaki, K., N. Nemoto, M. Shimizu, T. Wada, Y. Kyogoku, and Y.

nique.J. Colloid Interface Sci94:463—469. Kobayashi. 1996°N labeling method of peptides using a thioredoxin
Stilbs, P. 1987. Fourier transform pulsed field gradient spin-echo studies of gene fusion expression system: an application to ACTh (1-BRS
molecular diffusionProg. NMR Spectrosd9:1-45. Lett. 379:47-50.

Tanner, J. E. 1970. Use of the stimulated echo in NMR diffusion studiesWuthrich, K. 1986. NMR of Proteins and Nucleic Acids. John Wiley, New
J. Chem. Phys52:2523-2526. York.



