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SYNOPSIS

We have used UV resonance Raman and absorption spectroscopy to examine the second-
ary structure of angiotensin II (AIl) in aqueous solution and in phospholipid micelles.
Absorption difference spectroscopic measurements are used to determine the association
constant of AIl with dodecylphosphocholine (DPC) micelles, and the UV Raman spectral
data are used to examine the secondary structure alterations which occur upon All parti-
tioning into the DPC micelles. The 208 nm excited amide III peptide bands give infor-
mation on the peptide backbone conformation. AIl appears to exist in several conformers
such as §-sheet, irregular, and turnlike structure in aqueous solution, while it adopts a
more highly ordered -turn structure in DPC micelles. The Tyr and Phe absorption and
Raman excitation profile redshifts upon AIl binding to DPC micelles indicate that the
Tyr and Phe side chains of All, which are exposed to water in aqueous solution, partition

into the hydrophobic core of the lipid DPC micelles. © 1996 John Wiley & Sons, Inc.

INTRODUCTION

The linear octapeptide hormone angiotensin II
(AIl: Asp-Arg-Val-Tyr-lle-His-Pro-Phe) is the
physiologically active species in the angiotensin/
renin system, which is the major regulatory system
for controlling blood pressure and maintaining
fluid and electrolyte homeostasis.! The AIl hu-
moral pressor response occurs through the stimu-
lation of the sympathetic constriction of the circu-
latory and renal vasculature through stimulation of
the cardiac rate, stimulation of hormone secretion
by the anterior and posterior pituitary and adrenal
glands, and through promotion of renal conserva-
tion of sodium and water.l? Abnormalities in the
AII humoral pressor response can result in hyper-
tension.® The prevalence of essential hypertension
in developed countries is the prime motivation for
the continued pharmacological interest in the
angiotensin /renin system.

The goal of the pharmacological work in this
area is to design antihypertensive drugs.* A direct

* To whom correspondence should be addressed.

Biospectroscopy, Vol. 2, 71-82 (1996)

© 1996 John Wiley & Sons, Inc. CCC 1075-4261/96 /020071-12

approach would be to design new drugs based on
the conformation of AII at the receptor site. Unfor-
tunately this conformational state is unknown, and
present strategies attempt to infer this AIl confor-
mation by examining the conformation of All in a
variety of solvents and systems thought to mimic
the receptor site. Numerous techniques have been
utilized to study the AIIl conformation such as x-
ray diffraction,® circular dichroism (CD),%” infra-
red (IR),*® Raman,?®'® fluorescence!! and two-
dimensional (2D) nuclear magnetic resonance
(NMR) .2 AIl appears to be extremely flexible and
shows various solution conformations.'

The conformation that AII adopts at the recep-
tor binding site is determined by the receptor-site
geometry and the bound AIl local environment.
This environment may at some point resemble a
lipid environment or a lipid-water interface, since
the AII receptor binding site appears to be at or
near the epithelial plasma membrane surface of
various tissues.® Lipid-induced peptide folding is
important in peptide hormone-receptor interac-
tions.!*® Little information exists on the confor-
mation of AIl in lipid environments. However,
Surewicz and Mantsch’s FT-IR study of the amide
I’ band of AIl in dimyristoylphosphatidylglycerol
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(DMPG )? suggested that the AIl secondary struc-
ture mainly involves 3-strands and turns.

In this work we have examined the UV reso-
nance Raman spectra and the UV absorption spec-
tra of AIl in water and in dodecylphosphocholine
(DPC) micelles to characterize the dependence of
the AII conformation upon the lipid environment
and to determine the portion of the AII peptide
which inserts within the micelle hydrophobic core.
We used absorption difference spectroscopy to de-
termine the association constant of angiotensin II
with the DPC micelles.

EXPERIMENTAL SECTION

All was purchased from Sigma Chemical Co. (St.
Louis, MO). DPC was purchased from Avanti Po-
lar Lipids Inc. (Alabaster, AL) Gly-Tyr-Gly, Gly-
Phe, Gly-His-Gly, and Gly-Pro-Gly-Gly were pur-
chased from Research Plus Inc. (Bayonne, NJ)
Cacodylic acid was purchased from Aldrich Chem-
ical Co. (Milwaukee, WI). The AII solution pH
(pD) values were adjusted by using dilute sodium
hydroxide (sodium deuteroxide) and hydrochloric
acid (deuterochloric acid) . The pD values were ob-
tained from pH electrode measurements corrected
by utilizing the method of Glasoe and Long.}” Solid
DPC was directly added to these solutions. Above
the critical micelle concentration of 1 mM, DPC
forms micelles with an aggregation number of 40.®
Absorption spectra were measured by using a
Perkin-Elmer Lambda 9 UV-VIS-NIR spectro-
photometer. The instrumentation used for Raman
measurements is described in detail elsewhere.!*
A Coherent Innova 300 intracavity frequency-dou-
bled Ar* -ion laser was used for the 229- and 238.3-
nm excitation. The 457.9- and 476.5 nm Ar*-ion
lasing lines were frequency-doubled with a 3-bar-
ium borate doubling crystal to give 229 and 238.3
nm, respectively.?? A Quanta Ray Nd-YAG laser
operated at 20 Hz (pulse width approximately 4
ns) was used for 220 nm excitation. The 220-nm
excitation frequencies were generated by mixing
the doubled-dye output with the YAG fundamental
using KDP doubling and mixing crystals. A
Lambda Physik model EMG 103 Excimer laser op-
erated at 100 Hz with a pulse width of approxi-
mately 16 ns was utilized for the 208 nm excitation.
The 308-nm XeCl fundamental was used to pump
a Lambda Physik FL 3002 dye laser. The dye laser
output was frequency-doubled with a 8-barium bo-
rate doubling crystal to yield 208 nm excitation.
The excitation beam was defocussed to yield a

diameter of approximately 0.6 mm at the sample.
The Raman-scattered light was collected using a
150° back-scattering geometry, dispersed by a Spex
Triplemate, Spex Industries, Inc. (Metuchen, NJ)
spectrometer with a 1800 groove /mm spectrograph
grating and detected by using a PAR OMA 111,
EG&G Princeton Applied Research (Princeton,
NJ) detection system with a UV-enhanced intensi-
fied Reticon detector.

The sample solutions were pumped through a
1.0-mm-i.d. Suprasil, Vitro Dynamics Inc., (Rock-
away, NJ) quartz capillary by using a syringe pump
at the speed of approximately 5 mL /min in order
to supply new sample to the illuminated volume for
both CW and pulsed laser excitation. Sodium cac-
odylate buffer was utilized as an internal intensity
standard. The absolute Raman cross section of the
607 cm ™! symmetric As-C stretching mode was pre-
viously determined by Song and Asher.?? Cacodylic
acid shows no Raman saturation under our experi-
mental conditions. The absolute Raman cross sec-
tions were determined from the relative peak-height
ratios of the analyte bands to that of the 607 cm™
cacodylic-acid band. The relative ratios were cor-
rected using the measured spectrometer throughput
efficiency and the response sensitivity of individual
detector pixel elements.

RESULTS

Figure 1 shows the absorption spectrum of an aque-
ous angiotensin II ( AIl) solution at pH 6.9 and the
absorption difference spectrum in the presence and
absence of DPC. The broad feature centered at 275
nm derives mainly from the Tyr Ly, « A, 7-7* elec-
tronic transition, but also includes a small contri-
bution from the Phe L, < A,, 7-7* transition cen-
tered at 257 nm.? The absorption increase below
240 nm is due to the strong Tyr and Phe electronic
transitions, with contributions below 220 nm from
His, Pro, and the peptide amide backbone =n-n*
transitions.?*?® The absorption difference spec-
trum shows peaks at 286.5 nm, 279 nm, and 232.5
nm, which mainly derive from Tyr. The small
shoulder at 220 nm on the trough at ca. 210 nm may
derive from Phe.

We have examined the environmental depen-
dence of the Tyr and Phe side-chain absorption
spectrum by measuring the absorption spectra of
the model compounds Gly-Tyr-Gly [Fig. 2(A)]
and Gly-Phe [Fig. 2(B)] in water and in lipid mi-
celles. Figure 2(A) and 2(B) show the absorption
spectra (IR) of these species, as well as the absorp-
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Figure 1. (A) Absorption spectrum of a 0.5-m M an-
giotensin IT (AIl) aqueous solution at pH 6.9 measured
in a 0.5-mm cell. (B) Absorption difference spectrum in-
duced by 39 m M dodecylphosphocholine (DPC).

tion difference spectra (----) in the presence and
absence of DPC. Figure 2(A) also shows the ab-
sorption difference ( ) and relative absorption
difference spectrum (- -—) which would result from
a rigid 2.5-nm absorption redshift of Gly-Tyr-Gly.
The difference features produced by DPC micelle
incorporation are almost identical to those calcu-
lated from a rigid 2.5-nm redshift of the Gly-Tyr-
Gly absorption spectrum and closely resemble
those occurring upon All incorporation into DPC
micelles (Fig. 1). From simulations of the AII ab-
sorption spectral changes, we conclude that the
DPC-induced AII difference spectral peaks ob-
served at 232.5, 279, and 286.5 nm result from a
ca. 2.0-nm DPC-induced absorption redshift of the
Tyr residue upon partitioning into the DPC mi-
celle.

We have measured the absorption spectra of AIl
as a function of DPC concentration and have de-
termined the association constant, K, = 610M *
(see APPENDIX ). This value of K, allows us to cal-
culate AII values of Aeyes = 1.7mM ! - cm ! and
Aesgss = 0.44 mM *.cm™!; these values are close to
those for Gly-Tyr-Gly [Fig. 2(A) 1. For the 39-mM
DPC concentration used in Figure 1, approxi-
mately 33% of the All partitions into the DPC mi-
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celles, while only approximately 6% of the Gly-
Tyr-Gly partitions. The AIIl Tyr side chain in DPC
micelles has a local environment similar to that of
the Gly-Tyr-Gly Tyr side chain in DPC micelles.
Figure 2(B) shows the absorption spectrum of
Gly-Phe () in water at pH 6.9 and the difference
spectrum in the presence and absence of DPC
(----). Also shown is the difference spectrum
(—) which would result from a rigid 1-nm ab-
sorption redshift. The L, absorption maximum of
the Gly-Phe phenyl ring occurs at 207 nm.? The
+/— DPC difference peaks at 213 and 220 nm are
similar to those which result from a 1-nm numeri-
cal redshift of the Gly-Phe absorption spectrum.
The Figure 1 AIl difference spectrum also shows a
small shoulder near 220 nm, which probably results
from a small Phe redshift upon DPC binding. Fig-
ure 2 also display the relative absorption difference
spectra for Gly-Tyr-Gly and for Gly-Phe; the rela-

—— Gly-Tyr-Gly

! ---— +- DPC I
) —— 2.5mm
14 —-— Relative 2.5 nm -
- =
= ! W ! | =
p3 I ] 2
+ .51 p 0 =
2 - S ~
= /’A\ S ] «
w |/ | ) <
TN

— Gly-Phe
———— +/- DPC B
_ t nm F20
-E -—— Relative 1 om -
TQ E
Z T
z 4 @ s
= S 2
w 2 | =~
! w
N <
O 0
T T ‘:’\17\\/ \/ T T 1
220 260 300
WAVELENGTH/nm

Figure 2. (A) Absorption spectrum of a 1-m M aque-
ous solution of Gly-Tyr-Gly (M) at pH 6.9 and the
difference spectrum of Gly-Tyr-Gly induced by 43 mM
DPC (----). Also shown is the difference spectrum
(—) and relative difference spectrum (---) which
would result from a rigid 2.5-nm absorption redshift. (B)
Absorption spectrum of a 1-mM aqueous solution of
Gly-Phe (M) at pH 6.9, the difference spectrum induced
by 43 mM DPC (----) and the difference spectrum
(—) and relative difference spectrum (---) which
would result from a rigid 1-nm absorption redshift. All
spectra were measured in a 0.5-mm cell.
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Figure 3. The 229-nm excited UV resonance Raman
spectra of 1 m M angiotensin II in 0.1 M sodium cacodyl-
ate buffer at pH 6.9 in the presence (.- .- )} and absence
( ) of 43 m M DPC, and the Raman difference spec-
trum between them. The spectra were obtained by using
a CW laser with a power flux of 2.5 W /cm? and an accu-
mulation time of 6 min. The slit width used resulted in an
8.9-cm ™! spectral bandpass. The inset for 852 /830 cm !
bands shows an expanded view, which was obtained by
subtraction of the broad 826 cm™! cacodylate band and
by normalization of the 852-cm ™! band intensity in order
to clearly show the relative intensity change. The insets
for 1177- and 1616-cm™ bands show the calculated
difference spectrum where the bands were normalized to
each other in order to clearly display frequency shifts.

tive absorption difference (- -—) maxima shift to
239 and 225 nm for Tyr and Phe, respectively.
These absorption spectral changes are accompa-
nied by Raman intensity changes. Figure 3 shows
the 229-nm excited UV resonance Raman spectra
of AII in 0.1 M sodium cacodylate buffer at pH 6.9
in the presence (- - - - - ) and absence ( ) of DPC
and the difference spectrum. The internal intensity
standard cacodylate band at 607 cm ™' is used to
normalize the spectra for subtraction. The Raman
spectra are dominated by the strongly enhanced
Tyr aromatic ring modes. The difference spectrum
shows that most Tyr Raman-band intensities in-
crease by ca. 8% upon AIl binding to DPC. The
most strongly enhanced Tyr Y8a band at 1616 cm™!
shows a 9% increased intensity with a slight fre-
quency upshift (inset), while the Y9a 1177-cm™

band and the Y7a 1207-cm™! band show slight fre-
quency downshifts (inset). The Tyr doublet band
at 852 and 830 cm™!, which involve a Fermi reso-
nance between the Y1 vibration and the Y16a
overtone?” shows a decrease in the relative inten-
sity ratio upon AlIl binding to DPC. The relative
intensity ratio of this Fermi resonance doublet is
known to be sensitive to the environment of the
Tyr® or to the hydrogen bonding state of the Tyr
phenolic hydroxyl group.”? The 1275-cm™! band
mainly derives from the overlap between the caco-
dylate CH, symmetric deformation mode,>® with a
broad DPC 1303-cm™! band. The Tyr Y7a/’, ring
C-O stretching band may also contribute. The
broad band around 1454 cm ™! in AII derives mainly
from CH,; deformation modes of peptide side
chains.?! A DPC band at 1441 cm * overlaps this 1454
cm™ All band. Other DPC bands occur at 713,
1086, and 1303 cm™?.

Figure 4 compares the 238.3-, 229-, and 220-nm
UV resonance Raman spectrum of AIl at pH 6.9 in
the presence (----- ) and absence ( } of DPC.
The Tyr Raman bands dominate because these ex-
citation wavelengths are close to the strong 222.5-
nm Tyr L, < A,, absorption peak. The contribu-
tion of the Phe residue is less than 5% for 238.3-
and 229-nm excitation. However, Phe Raman in-
tensities increase for 220-nm excitation. The Phe
F12 band is clearly observed at 1003 cm ™', but the
Phe F9a band at 1186 em™*, the F7a band at 1205
cm™!, the F8b band at 1589 cm™!, and the F8a band
at 1607 cm ™! overlap with the T'yr Y9a band at 1177
cm™!, the Y7a band at 1207 cm ™!, the Y8b band at
1601 cm™?, and the Y8a band at 1616 cm ™, respec-
tively. The average contributions of Phe bands to
the 220-nm excited overlapped Raman bands are
expected to be ca. 30%.2>*2 The intensities of DPC
bands relative to those of Tyr and Phe decrease as
the excitation wavelength decreases.

The strongly enhanced Tyr 1616-cm™ Y8a,
1178-cm™! Y9a, and 1207-cm™! Y7a bands show ca.
30% increased intensities for 238.3-nm excitation
upon addition of DPC. The 229-nm excited Raman
spectra shows a smaller, ca. 9%, intensity increase.
In contrast the 220-nm excited Raman spectra
shows an intensity decrease upon DPC addition;
these data indicate that the Raman excitation pro-
file has redshifted. This Raman excitation profile
redshift is a result of the AII Tyr absorption
redshift observed in Figure 1. The largest relative
Raman cross-section change will occur on the red
edge of the absorption band where the largest rela-
tive absorption change occurs. Similar absorption
and Raman excitation profile redshifts for Tyr in
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Figure 4. UV resonance Raman spectra of 1 mM an-
giotensin II in 0.1 M sodium cacodylate buffer at pH 6.9
in the presence (--. .- ) and absence ( )of 43 mM
DPC. The power flux, spectral resolution, and accumu-
lation time were: 4.5 W/cm?, 8.2 cm™, and 6 min. for
238.3 nm excitation; 2.5 W /cm?, 8.9 cm™, and 6 min. for
229 nm excitation; 5.2 mJ /em?-pulse, 9.7 cm™!, and 10
min. for 220 nm excitation. The increased intensity at
238.3 and 229 nm upon DPC addition and the decreased
intensity at 220 nm show that the Raman excitation pro-
file of Tyr redshifts upon AIl binding to DPC. The insets
show expanded views of the 1003-cm ™' Phe band in order
to clearly show the intensity change. The broad overlap-
ping DPC band at 1086 cm™ is subtracted out of the
238.3- and 229-nm excited spectra.

met-hemoglobin fluoride (metHbF ) were observed
upon the R to T quaternary structural transition.*
Little intensity change occurs for the Phe 1003-
cm ! band for 238.3-nm excitation, while intensity
increases of 11% and 5% occur for 229- and 220-
nm excitation, respectively. This indicates that the
Phe Raman excitation profile redshifts in response
to the absorption redshift observed in Figure 1. The
measured Raman cross sections are listed in Table
I. The cross sections for AIl in DPC micelles were
calculated from the Raman intensities and normal-
ized to the relative concentration of AIl which was
bound to micelles. The mole fraction of AII bound
to DPC micelles was 0.31, calculated from the as-
sociation constant, K, of 610 M ! (see APPENDIX ).

Figure 5 shows 208-nm excited UV resonance
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Raman spectra of AIl in H,O and in D,O in the
presence and absence of DPC. With 208-nm exci-
tation the Phe band intensities become similar to
those of Tyr. In addition, the amide bands become
significantly enhanced via preresonance with the
ca. 190-nm peptide backbone 7-7* transitions.?*®
The strongest band at 1609 cm ™’ derives from the
overlap of the Phe F8a and F8b bands at 1607 cm™!
and 1589 cm ™! with the Tyr Y8a and Y8b bands at
1616 and 1601 cm™!. The 1178-cm™! band drives
from overlap of the Tyr Y9aband at 1177 cm ™! with
the Phe F9a band at 1186 cm™}, which is more evi-
dent in D,O solution. The 1207-cm ! band mainly
derives from the Tyr Y7a mode with a small con-
tribution of Phe F7a mode at 1205 cm ™.

In the amide I1I region, a distinct peak occurs at
1242 cm™! and a very broad band appears between
1246 and 1263 cm™'. This broad band may include
a contribution from the Tyr Y7a’ band, which is
very broad and appears around 1255-1260 cm™!
when the Tyr hydroxyl group is exposed to water.?*
In the amide I region, two broad shoulders occur
at ca. 1660 cm '. The amide II band appears as a
shoulder at ca. 1556 cm™'. The weak band at ca.
1387 cm ™~ may derive from an amide vibration con-
taining amide C-H bending, which is enhanced due
to C-C and C-N stretching contributions.*® This
band is very sensitive to the peptide backbone con-
formation.2%6%7

In D,O solution, the strong and broad 1609-cm™!
band splits into two bands at 1612 and 1592 cm™!
due to the shifts of the Tyr Y8a and Y8b bands
upon deuteration. The overlapping Phe F8a and
F8b bands occur at ca. 1607 em ™ and 1589 cm !,
respectively. The amide I band in D,0O shifts to
1668 cm™. The amide II and III and amide C-H
bending bands disappear, and are replaced by a
very strong, broad band around 1420-1490 ecm™!,
which mainly derives from the amide II’ vibration ¢
with a small contribution from side-chain CH, de-
formations around 1454 cm ™. The disappearance
of the features between 1220 and 1290 cm™' upon
deuteration is proof of their assighment to the am-
ide III vibrations. Similarly, the disappearance of
the 1387-cm ™! band and amide II shoulder on N-D
deuteration proves their assignments as well.
These spectral changes are more evident in the
difference spectra of Figure 6, which show the Ra-
man difference spectrum between H,O and D,O for
All, and the difference spectra for All in water in
the presence and absence of DPC. The H,0-D,O
difference spectra show the disappearance of amide
III bands at 1242 and ca. 1272 cm™! and the amide
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Table L.

and Bound in DPC Micelles' for 238.3-, 229-, and 220-nm Excitations

Raman Cross Sections™ Per Aromatic Amino Acid Residue for Angiotensin II in Aqueous Solution

238.3 nm 229 nm 220 nm
cm™! Aqueous DPC Aqueous DPC Aqueous DPC
Phe 1003 4.84 4.84 19.8 26.9 119.5 140.5
Tyr 1177 52.2 98.7 266.0 320.8 197.8 157.2
Tyr 1207 33.0 59.4 131.3 163.9 139.2 98.6
Tyr 1616 119.0 247.4 655.2 867.8 889.4 637.5

* Units: milliBarns/molc-sr.

" The cross-sections for angiotensin II in DPC micelles were calculated from the Raman intensities and normalized to the relative

concentration of angiotensin Il bound to micelles.

II band at ca. 1557 cm ™!, and the appearance of the
amide II' trough at 1468 cm .

Addition of DPC [Figs. 5(C) and 6 (A)] results
in a large change in the amide III region. A small
part of the spectral change could derive from the
expected shift of the Tyr Y7a’' 1262-cm ' band to
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Figure 5. The 208-nm excited UV resonance Raman
spectra of solutions of 0.5 m M angiotensin II in H,O at
pH 6.9 ([A} and [C]), and in D,O at pD 6.9 ([B] and
[D1) in the presence ([C] and [D]) and absence of 22
mM DPC ([A] and [B]). The energy flux, spectral res-
olution, and accumulation time were 3 mJ/cm?, 10.8
cm™!, and 20 min, respectively.

1265 cm ™', as previously observed by Takeuchi et
al.,¥ when the enkephalin Tyr residue partitions
into dilauryl-L-a-phosphatidylcholine mem-
branes. The ca. 1260-cm ™! Y7a’band appears broad
when the phenolic OH group acts as both a H-bond
acceptor and donor in aqueous solution, while it
sharpens and shifts to ca. 1265-1275 cm ™! when the
phenolic OH group acts only as a H-bond donor.**
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Figure 6. The 208-nm excited Raman difference spec-
trum of AIl aqueous solution in the presence and absence
of DPC (A), and the difference spectrum of AIl between
H,0 and D,O in the absence (B), and presence (C) of
DPC. The D,O band at 1210 cm™! is subtracted out and the
strong amide II’ band is truncated and shown in inset.



However, the disappearance of the 1256- and 1276-
cm! bands on deuteration confirms that these
bands derive from the amide Il vibrations. The A1l
difference spectrum + / —DPC shows that the addi-
tion of DPC causes an amide III band at 1242 cm™!
to be replaced by an amide III band at 1276 cm ™.
Only small changes are evident for the broad ca.
1660-cm™! amide I bands. The 1387-cm™ amide
band intensity appears to stay constant upon addi-
tion of DPC, but disappears in D,O solution. The
existence of the 1387-cm™! amide band indicates
that AIl is not dominant in the a-helix conforma-
tion since this band does not occur in the a-helix
form.?

DISCUSSION

Studies of AIIl analogues have determined the rela-
tive importance of individual residues in determin-
ing the biological activity. The amino acid side
chains of Tyr, His, and Phe are essential for All
agonist activity.**®% Modifying the Tyr residue or
replacing the Phe residue results in formation of an
antagonist.®®*® The importance of these residues
could derive from their intermolecular interaction
at the receptor site, or their importance could stem
from their intramolecular interactions which sta-
bilize the AIl secondary structure. Obviously infor-
mation on the local conformations of these side
chains and their inter- and intramolecular interac-
tions is crucial to understanding the structure-ac-
tivity relationships involved upon AII binding to
the receptor site.

Environment of Tyr and Phe Side Chains

The AIl Raman excitation profiles and the absorp-
tion spectrum indicate that the absorption bands
of Tyr and Phe side chains of AII redshift upon
binding to DPC. The absorption studies of the
model compounds Gly-Tyr-Gly and Gly-Phe sug-
gest that the Tyr and Phe residues of All in aque-
ous solution are exposed to H,0; however, in the
presence of DPC, the aromatic rings of Tyr and
Phe in the DPC micelles reside in a more hy-
drophobic environment. The relatively hydropho-
bic Val and Ile neighboring residues probably help
the Tyr residue embed in the hydrophobic region of
the micelles.*!

The recent crystallographic study of Garcia et
al.® reports a similar conformation of AIl bound to
a high-affinity monoclonal antibody; the Tyr-Ile-
His-Pro residues were deeply buried inside, while
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the carboxyl terminal residue, Phe, was located
near the exterior. In the case of DPC micelles, the
Phe residue appears to be embedded in the hy-
drophobic region of the DPC micelles, in view of
the absorption and Raman excitation profile red-
shift of the Phe residue.

The electronic absorption change of Tyr or Phe
can be caused by alterations of dipole-dipole or di-
pole-polarization interactions and/or hydrogen-
bonding interactions.” An enkephalin study by
Takeuchi et al.?” similarly reported that the Tyr
and Phe absorption bands redshifted and that the
Raman intensities increased (240-nm excitation)
due to partitioning from an aqueous to a hydropho-
bic environment. They explained these shifts in
terms of dipole—dipole and / or dipole-polarization-
interaction changes of the aromatic rings of Tyr
and Phe. The ca. 1-nm absorption and Raman-ex-
citation-profile redshift of the AII Phe residue can
also be ascribed to changes in dipole~dipole and / or
dipole-polarization interactions. However, the ab-
sorption redshift of the Tyr residue could also re-
sult from changes in hydrogen bonding of the phe-
nolic hydroxyl group.?**

Table II shows the dependence of the absorption
spectra of N-acetyl-L-tyrosine methyl ester (Ac-
Tyr-ME), p-Cresol and N-acetyl-L-phenylalanine
ethyl ester (Ac-Phe-EE) upon solvent environ-
ment. The Ac-Phe-EE absorption systematically
redshifts with decreasing solvent polarity.

However, the p-Cresol absorption does not sim-
ply depend on solvent polarity, but shows a very
strong dependence on solvent basicity.*> As shown
in Table II, the p-Cresol absorption in cyclohexane
blueshifts relative to methanol and cyclohexanol,
while it slightly redshifts relative to water. This
suggests that the DPC-induced AII Tyr absorption
redshift could have contributions both from an in-
crease in hydrophobicity and from an increase in
the hydrogen bonding of the phenolic hydrogen. It
should also be noted that the p-Cresol L, absorp-
tion shows distinct vibronic features in cyclohex-
ane, but not in cyclohexanol, methanol, water, or
DPC micelles.

The Fermi doublet, Tyr 852- and 830-cm ! rela-
tive intensity (lgs2/Iq30) is large when the Tyr OH
group acts as a hydrogen-bond acceptor, while it
decreases when the Tyr OH group acts as a hy-
drogen bond donor.?*** The decreased Igs5/ Iss0
intensity ratio upon AII binding to DPC (Fig. 3)
signals an increase in hydrogen-bonding donation
and/or a decrease in hydrogen-bonding acceptance
of the Tyr phenolic OH group. Thus the observed
absorption and Raman excitation profile redshifts.
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Table II. Absorption Maxima of N-acetyl-L-tyrosine Methyl Ester, p-Cresol, and N-acetyl-L-phenylalanine

Ethyl Ester

* g ot Ac-Tyr-ME p-Cresol Ac-Phe-EE
Water 1.09 .18 1.13 222.8 274.6 281.4 219.6 276.6 282.6 251.8 257.2 262.8
Methanol .60 .62 .98 222.5 277.6 284.2 222.6 279.4 286 252.2 258 263.6
2-Propanol 46 .95 78 226.2 278.2  284.6
Cyclohexanol 2244 2804 287

Cyclohexane 0.00 0.00 0.00

220.2 2788 2854 2524 2584  264.2

* 1, Scale of solvent polarity.
t 8, Scale of solvent basicity.
¥ @, Scale of solvent acidity.

The decreased I, / Iy, ratio upon binding to DPC
suggests that the Tyr residue of All is buried to the
hydrophobic region of the micelles and either in-
creases its H-bonding donation or decreases its H-
bonding acceptance, while the Tyr of AIl aqueous
solution is exposed to water and acts as a hydrogen
donor and acceptor. Possibly the Tyr phenolic OH
group of DPC bound AII donates a hydrogen bond
to the phosphate group of DPC or the backbone
carbonyl of AIl. It is also possible that the Tyr res-
idue hydrogen bonds to the imidazole ring of the
His residue to form a charge-relay system.*®

Backbone Conformation

The amide I and III Raman-band frequencies de-
pend sensitively on the peptide or protein back-
bone conformation. Our ability to simultaneously
use both the amide I and III bands should be ex-
tremely helpful in determining the conformational
changes. This is because different interferences oc-
cur for these bands with different secondary struc-
tures; the 8-sheet and 8-turn amide I frequencies
overlap, while in contrast the a-helix and 8-turn
amide III bands overlap.* As shown in Figures 5
and 6, however, only the amide III bands shift upon
AIl partitioning into the DPC micelles. This indi-
cates that the secondary-structure alterations oc-
cur between conformations that have relatively
similar amide I band frequencies and intensities.
Possibly, higher S/N spectra would show changes
in the amide I frequencies. It should be noted that
since only 33% of the AII partitions into the mi-
celles at the DPC concentration used, the observed
change is only 33% of the real change per mole.
The relative cross-section change can be roughly
estimated from the difference spectral changes ob-
served upon deuteration. The ratio of the observed
DPC-induced intensity change versus the H,O-

D,0 intensity change for amide III region is ca. 0.1.
If 33% of the AII partitions into DPC micelles, ca.
30% of the amide linkages are involved in the sec-
ondary structure change which results from bind-
ing to DPC micelles. This indicates that the sec-
ondary structural changes are localized at two of
the seven amide linkages, assuming that the Ra-
man cross section of each amide III band is the
same.

This Raman cross section change and the fre-
quencies of the amide III band at 1276 cm™* and
amide I band at 1665 cm ™! strongly imply that AII
adopts a B-turnlike folded structure in DPC mi-
celles. Garcia et al.® also reported a very compact
All conformation containing two turns in a com-
plex of AIl and a monoclonal antibody (Mab ). The
main turn involves Ile, His, and Pro residues and
the other turn involves Asp and Arg residues.

In aqueous solution, however, the broad amide
III band around 1242 cm ™' and the very broad am-
ide I band around 1675 cm ! suggests the existence
of a B-sheet and/or the H-bonded irregular
conformation,?”* while the 1269-cm™' amide III
band and the 1652-cm™! amide I band indicates a
B-turn structure.?”*"* Also the existence of 1387-
cm™! amide band suggests that the major confor-
mation of AIl in aqueous solution is not «-heli-
cal.?®® The combined information from the amide
I and III bands suggests that AIl in aqueous solu-
tion adopts numerous conformations such as (-
sheet, 8-turn, and possibly irregular structures.

Comparison with Previous Results

The secondary structure of AII has been examined
in a variety of solvents and in the lyophilized state
by CD, IR Raman, fluorescence, and 2D NMR.
Most of these methods agree that no a-helical
structure is detected. However, numerous confor-



mations, ranging from extended coil**® to 8-
sheet,® 8-turn, *'° and y-turn, have been reported.®
These different conclusions may be the result of a
solvent structural dependence possibly combined
with a concentration dependence. An IR and Ra-
man study conducted by Fermandjian et al.® sug-
gests that AIl preferentially adopts an antiparallel
B-sheet conformation in both the solid state and
concentrated aqueous solutions. A high-resolution
protein 2D NMR study of AIl in water and DMSO
by Cushman et al.!? concluded that AII adopts an
extended 8-sheet structure in both solvents. Qur
observations indicate that several different con-
formers exist in aqueous solution, such as irregular,
B-sheet, and turnlike structure.

A FT-IR study by Surewicz and Mantsch® sug-
gested that an unordered structure is a major con-
former in D,0 solution, while hydrogen-bonded 3-
strands and turns are the main conformers in dimyr-
istoyl phosphatidylglycerol. They concluded that an
acidic phospholipid is required to cause highly or-
dered §-structure. However, we observed an ordered
B-turnlike structure in the zwitterionic phospholipid,
DPC. This suggests that acidic phospholipids, such
as phosphatidylglycerol, are not critical factors for
inducing conformational changes of the peptide. The
two different conformations of All in lipid environ-
ment between their study and ours may be caused by
the different lipid head groups. They used only the
amide I band frequencies to determine conformation.
However, the amide I band frequency generally over-
laps for 8-turn and 3-sheet structures. Recently Gar-
cia et al.’ reported a compact folded two-turn struc-
ture of AIl complexed with a Mab. Our observations
also suggest that AIl adopts a folded 8-turn structure
in hydrophobic DPC micelles.

APPENDIX

We titrated a 0.5-m M solution of AIl with DPC in
order to determine the association constant, K, from
the absorption difference spectra (Fig. 7). The exis-
tence of isobestic points indicates that the AII simply
partitions into DPC micelles and no indication exists
for more-complex situations involving AIl dimers or
aggregates within micelles. This permits us to de-
velop a simple model for the AII partitioning into the
DPC micelles, since we know that the DPC critical
micelle concentration (CMC) is 1 mM, that the ag-
gregation number is 40,'® and that the DPC mono-
mer concentration remains constant at concentra-
tions above the CMC.*"*8

The sample absorbance, A, is the sum of the
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All +/- DPC

220 ' 260 300
WAVELENGTH/nm

Figure 7. Absorption difference spectra of a 0.5 mM
ATl aqueous solution at pH 6.9 as a function of the added
DPC. The DPC concentrations are 9.8, 20, 39, 59, 78,
170, and 280 m M. The absorption spectra are measured
using a 0.5-mm path length quartz cell.

absorbance of AIl monomers free in water, A;
or bound in the DPC micelles, A,. A = A, + A;
= [(& Py + ¢ P5), where [ is the sample pathlength
and e and P are the molar absorptivities and the
peptide concentrations. The DPC micelle concen-
tration is D% = (D° — Depyc)/n, where DY is the
total added DPC monomer concentration, Deyc is
the critical micelle concentration, and n is the ag-
gregation number (n = 40). The partition equilib-
rium is written:

P,
P.Dy’

AL+ Mppe = Al Mppe: K, = (1)

where K, is the association constant and Mppc is a
DPC micelle. The initial peptide (AIl) concentra-
tion is Py = P, + Py, and the total micelle concen-
tration is D$ = Dy + P,, where Dy is the concentra-
tion of DPC micelle which do not contain AIL If Mz
is the mole fraction of AIl bound to DPC, M, = P,/
P,, the association constant can be expressed as:

My
K, = L .
(1-Mp)(Dy— Mg Py)

(2)
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Figure 8. Plot of the absorption difference at 232.5
nm (filled circles) and at 286.5 nm (open circles) as a
function of the DPC concentration. The solid curves are
nonlinear least squares fit to Eq. (3).

The mole fraction of bound AII can then be writ-
ten as:

_(Po+ DR+ 1/K,) — [{Po+ DR+ 1/K,)® — 4PoDR]'?
2Py !

(3)

Mr

where we neglect the unphysical positive root since
M= 0for K, = 0. Given a defined AlI concentration
P,, we can monitor M for different concentrations
(1) of DPC in the difference spectrum,

A, — Ao
My =320, (4)
where AA,,.. = Ar — Apis the saturating absorption
difference at high DPC concentrations and A is the
absorption at zero DPC concentration.

Figure 8 shows the nonlinear least squares fits to
Eq. (3) for different concentrations of DPC for the
absorption difference maxima which occur at 232.5
and 286.5 nm. We calculate K, = 610 M ' and Ae
=g — ¢=17mM '.cm! at 232.5 nm, which is
very close to that which results from a 2-nm red-
shift of the Gly-Tyr-Gly aqueous sample solution
(Fig. 2).

Our model fails if more than one AIl molecule
partitions into a micelle. The existence of the iso-
bectic points indicate that if more than one AII oc-

curs, they must not interact. This event appears
unlikely. Furthermore, partitioning of more than
one All is unlikely due to the small K, value.

We gratefully acknowledge support from NIH grant
R0O1GM304741.
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