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The corticotropin-releasing factor (CRF) is a 41-amino acid peptide-amide hormone,
which mediates a general stress-response. It has been reported that the substitution of
His-32 in the ovine CRF (oCRF) with Ala brings about a 4.5-fold increase in activity
[Kornreich et aL (1992) J. Med. Chem. 35, 1870-76]. Here, we have determined the sec-
ondary structure of this Ala-substituted ovine CRF ([Ala32]oCRF) and compare it with
that of oCRF using circular dichroism (CD) and NMR techniques in trifluoroethanol
(TFE) solution, which is known to stabilize the a-helix formation. In contrast to an ear-
lier report, it was observed the a-helical structure extends to the C-terminus of oCRF.
By analyzing the CaH and NH chemical shifts, the properties of local structures of oCRF
were elucidated. The oCRF and [Ala32]oCRF have stable a-helical structures in the mid-
dle region, regardless of pH and temperature, and the a-helix initiation regions of these
peptides are stabilized as the pH is decreased. However, the [Ala32]oCRF has a more
stable a-helical structure than oCRF in the vicinity of the substitution region, and it is
thought that this is the cause of the increased activity of [Ala32]oCRF.
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The corticotropin-releasing factor (CRF) is a peptide hor-
mone consisting of 41 amino acids with an amidated C-ter-
minal end. It is the central hormone that regulates the
endocrine, autonomic and behavioral responses to general
stress (1-4). It belongs to the CRF family, which includes
many homologous peptide-amides such as frog sauvagine,
fish urotensin I, and mammalian urocortin (5). CRF recep-
tors are well known G protein-coupled, seven—transmem-
brane helices, and signal transmission results in increased
intracellular cAMP. CRF receptors occur in two subtypes
according to their functions, and they are widely distrib-
uted in the body, including in brain, testis, ovary and heart
(6, 7). It has also been suggested that a 37 kDa CRF-bind-
ing protein (CRF-BP) can modulate the overall CRF activ-
ity (8,9).

There have been extensive studies on the relationship
between the activity and structure of CRF with the ulti-
mate aim of developing more potent drugs. Previous NMR
studies in 66% TFE solution showed the structure of h/r
(human/rat) CRF to consist of a well-defined a-helix from
residue 6 to 36, an extended N-terminus, and a disordered
C-terminus (10). It is generally accepted that the long a-
helical structure is essential for its activity. Kornreich et al.
studied the general requirements for oCRF activity by sub-
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stitilting of each residue with Ala (11). The specific aim of
the Ala-substitution was to identify the essential side-
chains for hormonal activity among the residues of peptide-
hormones, and also to evaluate the importance of the sec-
ondary structure, because Ala has only a small CH3 side-
chain and a strong helix-forming propensity (11, 12).
Among the many Ala-substituted oCRFs, the ones with the
substitution in the C-terminal half (residues 20, 22, 25, 26,
29, 32, 33, 34, 39, and 40) increased their activity notice-
ably, while substitution in the N-terrnminal half resulted in
an appreciable decrease in hormonal activity. In particular,
the activity of a mutant oCRF where His32 is replaced by a
Ala ([Ala32]oCRF) was 4.5-fold higher than that of the
oCRF (11). This may mean that, for the rear part of oCRF,
its overall structural feature rather than its specific side-
chain interaction, is more important for hormonal action.

We selected oCRF and [Ala32]oCRF as model peptide
hormones to determine possible local structural differences
that may be the cause of their different hormonal activities.
For this purpose, we employed CD and NMR techniques,
including an analysis of the CaH and NH chemical shift
values, and determined the secondary structures of these
peptides in TFE solution. The NMR study of CRF in buffer
solution was not performed because of its intermolecular
association at the high concentration required for this tech-
nique. The TFE solution, although not an realistic system
to simulate the actual biological environment, is known to
stabilize the a-helical structure of peptide segments (13),
the inherent helix propensities of sequence homologous
peptides being directly related to their a-helix stabilities in
TFE solution (14). It has also been reported that TFE mim-
ics the amphiphilic environment (15-17). It has been well
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established that the CaH chemical shift can be used to ana-
lyze protein secondary structures (18-20), and NH chemi-
cal shift can be used to infer the hydrogen-bond length (21).
Chemical shift also provides information on subtle struc-
tural changes in the peptide backbone that are difficult to
resolve with a general structure calculation using NOE-
constraints (18, 22). Using these techniques, we were able
to obtain structural information concerning the segments of
oCRF and [Ala32]oCRE It was found that increased a-heli-
cal stability in the C-terminal region of the [Ala32]oCRF
including Ala32 is related to the increased activity.

MATERIALS AND METHODS

Synthesis ofoCRF and [Ala32]oCRF—These 41 residue
peptides, each with a C-terminal amide residue, were syn-
thesized using an automated solid phase peptide synthe-
sizer (Applied Biosystems Model 431A) employing the
Fmoc-strategy. First, the C-terminal Fmoc-Ala was coupled
to 4-methylbenzhydrylamine (MBHA) resin and then the
synthesized peptide was detached from the resin using the
general HF-cleavage procedure. This peptide mixture was
purified by reversed phase HPLC (C-8) using a water-aceto-
nitrile gradient containing 0.1% trifluoroacetic acid (TFA).
The eluents from the HPLC column containing the synthe-
sized peptide hormone were concentrated using a Speed-
vac and then lyophilized for long-term storage (~95%). For
CD experiments, a shallower water-acetonitrile gradient
and a small sample injection were used to achieve high
purity (-99%) of the peptides. The purified oCRF and
[Ala32]oCRF with molecular weights of 4,670.4 and
4,603.7, respectively, were identified by electron spray ion-
ization-mass spectroscopy (ESI-MS, error range of ±2) and
by amino acid composition analysis.
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Fig. 1. Rir-UV CD spectra of the oCRF and [Ala32]oCRF. The
concentrations of oCRF and [Ala32]oCRFs were fixed at 20 pM. CD
spectra of oCRF were obtained with increasing concentrations (v/v)
of TFE (0, 5, 10, 15, 20, 30, 40, 50 indicate volume % of TFE) in 10
mM sodium phosphate buffer at pH 8.0 and 25'C. The arrows indi-
cate two isodichroic points. The inset shows the TFE-titration
curves of oCRF and [Ala32]oCRF. The CD spectra of oCRF at pH 3.5
(•) and pH 8.0 (o), and those of [Ala32]oCRF at pH 3.5 (•) and pH
8.0 (a) are shown.

Circular Dichroism (CD) Experiments—CD spectra were
obtained with a Jasco J-720 spectropolarimeter using a 0.1
cm path-length quartz cell in a water-circulating thermo-
stat cell holder at 25°C. The concentration of the oCRF
stock solution was determined using the value of [8JH =
[9JR = -151 ± 16, where [9J is the mean residue eUiptic-
ity at the isodichroic point (23). The concentration of the
[Ala32]oCRF stock solution relative to that of oCRF was
determined by fluorescamine assay before and after peptide
hydrolysis (24). There was no appreciable difference be-
tween the concentrations determined before and after pep-
tide hydrolysis, although the sensitivity after hydrolysis
was higher. We also obtained the same concentration
(within 1% error) of [Ala32]oCRF relative to oCRF using a
modified Lowry assay (25).

NMR Experiments—Purified oCRF and [Ala32]oCEF
were dissolved in 60% (v/v) dg-TFE solution. The pH was
adjusted with a 60% d3-TFE solution containing either
NaOH or HC1 at 0.01 and 0.1 N. Proton NMR spectra were
recorded with a Bruker DMX 600 spectrometer at 25 and
35°C for the full side-chain assignments. TOCSY spectra of
these two peptide hormones were acquired with mixing
times of 75 and 100 ms using time-proportional phase in-
crementation (TPPI) of the first pulse. NOESY spectra
were also acquired using TPPI with mixing times of 150
and 250 ms. The NMR data were processed with XWIN-
NMR and FELIX 97.2 software.

RESULTS

CD Experiments—Figure 1 shows the CD spectra of
oCRF obtained at 25°C. The mean residue ellipticity (MRE)
values of oCRF and [Ala32]oCRF at 222 nm as a function
of TFE concentration are shown in the inset. It has been
reported that oCRF assumes a predominantly helical con-
formation in TFE solution (26). For both oCRF and [Ala32]-
oCRF, the general shape of the spectra in the presence of
TFE indicates the high a-helical content, while random coil
prevails in the absence of TFE. The a-helical contents of
oCRF and [Ala32]oCRF increased with increasing TFE con-
centration and reached a plateau at around 40% TFE. The
CD spectra obtained at various TFE concentrations show
two isodichroic points close to each other (Fig. 1), one at a
TFE concentration of 0% to 15% and the other at a TFE

-28

Fig. 2. Mean residue ellipticities at 222 nm of oCRF (•) and
[Ala32]oCRF (•) in 50% TFE solution as a function of pH.
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concentration of 20 to 50%. It has been reported that the
isodichroic point not only indicates the presence of a two-
state transition, but also provides information about the
secondary structure (23, 27). While the isodichroic point at
low TFE concentration suggests the existence of a small p-
structure population or some multimeric structure of oCRF,
the isodichroic point at high TFE concentration is the re-
sult of a typical two-state transition between random coin
and a-helix (23). Therefore, the estimation of the a-helical
content at low TFE is uncertain because the oCRF has
multimeric structures depending on its concentration in
buffer solution (28, 29). However, since a high concentra-
tion of TFE induces a monomeric a-helical structure, a pre-
cise structural study can be made under these conditions
(13, 30). Also, it has been reported that the a-helical pro-
pensities of peptddes in TFE/water solution can be extrapo-
lated directly to those in buffer solution (31). It is of interest
that the absolute value of M R E ^ , for [Ala32]oCRF is
larger than that for oCRF (Fig. 1, inset), the difference ris-
ing as the pH is lowered (Fig. 2). The MREs of oCRF at 222
nm did not change as the pH decreased from 8.0 to 3.5,
while those of [Ala32]oCRF decreased significantly (Table
D. The maximum difference in MEE^j^ between oCRF
and [Ala32]oCRF at pH 3.5 and in 50% TFE solution corre-
sponds to about 3 more residues of [Ala32]oCRF being
involved in the a-helical structure as compared to oCRF
(32,33).

NMR Experiments—The spin-systems of oCRF and
[Ala32]oCRFs were identified by TOCSY and NOESY ex-
periments at 25°C and pH 3.5. Since it was difficult to
locate the side-chain peaks of Lys23 in the TOCSY spectra
obtained at 25'C, we performed the same experiments at
35*C. Extensive peak overlapping was observed in the NH-
otH (finger print) region (Fig. 3A), and therefore sequential
assignments were made by comparison with the NH-NH
region (Fig. 3B). The NMR spectra of [Ala32]oCRF (not
shown) are similar to those of oCRF, except in the Ala32
region. The chemical shift values of proton resonance ob-
tained at 35°C and pH 3.5 are given in Tables II and HI.

We also performed the same experiment at pH 6.0 and
7.5 for comparison with the CD results. In these cases, se-
quential assignments were made mainly from the NOESY
spectra, because the quality of the TOCSY spectra obtained
at these pH values was poor. The ID spectra of oCRF and
[Ala32]oCRF obtained at higher pH showed broader and
reduced amide proton peaks, and it is thought that the
incomplete magnetization transfer at high pH was the
cause of the problem with the TOCSY spectra (34). It is
possible that the long correlation time resulting from the
rigid long helical structure and the faster hydrogen-ex-
change rate of the amide protons at higher pH caused this
incomplete magnetization transfer of TOCSY. Because
there was no apparent overall structural change brought
about by the pH variation as judged from NOEs, some

TABLE I. a-Helical

wt CRF (pH 3.5)
mt CRF (pH 3.5)
wt CRF (pH 8.0)
mt CRF (pH 8.0)

contents of oCRF

MRE X 10"3

5.7
7.0
6.3
7.5

and [Ala32]oCRF.
No TFE (at 222 nm)

Deviation

0.4
0.4
0.5
0.2

% (Helix)1

11
15
13
17

MRE x 10"3

23.5
25.8
22.9
23.3

50% TFE (at 222 nm)
Deviation

1.2
0.2
0.7
0.9

% (Helix)*

70
77
68
69

•% of a-helix = (-[ j - 2340V30300 x 100.
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Fig. 3. Fingerprint region (A) and NH-NH region (B) of the NOESY spectra of oCRFs-The spectra were obtained at 35'C with a mix-
ing time of 150 ma. Data were acquired using TPPI and the water-signal was suppressed by gradient pulses.
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TABLE II. The chemical shifts of oCRF.
NH oH 8H Others

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

S
Q
E
P
P
I
S
L
D
L
T
F
H
L
L
R
E
V
L
E
M
T
K
A
D
Q
L
A
Q
Q
A
H
S
N
R
K
L
L
D
I
A

8.67
8.36

7.73
7.93
7.93
7.99
8.38
7.97
8.48
8.12
8.44
8.48
7.92
7.83
8.47
8.70
8.32
8.55
8.33
8.11
8.20
8.30
8.21
8.35
8.28
8.25
8.23
8.45
8.09
8.08
8.28
8.06
8.02
7.79
7.65
7.95
7.72
8.05

4.45
4.72
4.73
4.61
4.17
4.34
4.18
4.58
4.23
3.90
4.45
4.25
4.21
4.09
3.98
4.16
3.75
4.12
4.13
4.29
4.12
4.14
4.10
4.54
4.11
4.17.
4.16
4.14
4.15
4.22
4.57
4.42
4.71
4.23
4.28
4.23
4.23
4.62
4.11
4.30

2.19, 2.07
2.15, 1.97
2.38, 1.97
2.29
1.93
4.02, 3.94
1.72
2.84, 2.72
1.82
4.33, 4.39
3.29, 3.25
3.47
1.92
1.82
1.96, 1.90
2.39, 2.29
2.34
2.01, 1.88
2.29, 2.22
2.36, 2.23
4.46
2.03
1.60
3.02, 2.91
2.35, 2.25
1.94
1.61
2.29, 2.27
2.30, 2.27
1.49
3.47, 3.33
4.09, 4.04
2.92
2.00, 1.93
1.94
1.78
1.79
2.86
2.00
1.47

2.41
2.47
2.16, 2.09
2.13
1.64, 1.27

1.64

1.78

1.79
1.70
1.81, 1.73
2.57, 2.49
1.13, 0.98
1.62
2.58, 2.50
2.84, 2.67

1.65, 1.52

2.64, 2.47
1.69

2.63, 2.48
2.56, 2.49

1.78, 1.75
1.58, 1.53
1.70
1.65

1.64, 1.27

5NH, 7.42, 6.63

0.98

1.22

1.35

3.90, 3.76
3.86, 3.65
0.98

0.96, 0.92

0.95

0.95
0.91
3.18, 3.09

0.92

1.77

ring 7.198, 7.29
ring 7.375, 8.69

eNH7.33

, 2.99

0.94

3.26
1.78
0.98,
0.96,

0.92
0.90

6NH, 7.24, 6.54

8NHj 7.32, 6.57
5NHj 7.28, 6.55

ring 7.365, 8.54

7NH, 7.34, 6.65
tNH7.34
eCHj 3.04

0.98 0.91
terminal NH;, 7.21, 6.74

overlapping cross peaks in the NOESY spectra obtained at
pH 3.5 could be identified using spectra obtained at pH 6.0
and 7.5.

The strong NH-NH connectivities, which are one of the
traits of a helical structure, are present from residue 6 to
the terminal amide group (Fig. 3B), and many medium
range NOEs (i, i + 3 and i, i + 4) are also shown (Fig. 3A).
Although some cross-peaks could not be identified due to
extensive overlapping, it is clear that oCRF and [Ala32]-
oCRF have long a-helical stretches from residue 5 to the C-
terminus. We observed additional medium range NOEs
(aH-NH [i, i + 3] and oH-pH [i, i + 3]) in the C-terminal
regions of both oCRF and [Ala32]oCRF, which suggest a
possible a-helical structure even at the C-terminal end. The
short and medium-range NOE connectivities of the NMR
spectra obtained at pH 3.5 and 25°C are summarized in
Fig. 4. The d^U, i + 4] NOE connectivity of the C-terminus
was observed in the case of [Ala32]oCRF but not oCRF. It is
possible that the C-terminal end of oCRF is more flexible
than that of [Ala32]oCRF.

It was reported that the chemical shifts of a-protons are
good indicators of a-helical propensity, because the change
in the peptdde back-bone from random coil to a-helix results
in an up-field shift of a-proton resonance while the a-pro-
ton has a downfield shift when the backbone changes to (3-

strand (18-20, 35). We had already observed in CD experi-
ments that oCRF and [Ala32]oCRFs undergo a two-state
transition between a-helix and random coil in TFE solu-
tion. It is, therefore, possible to compare directly the a-heli-
cal stability of oCRF and [Ala32]oCRF using a-proton
chemical shifts. The chemical shift differences [CSDs, (48)
= 8 ^ - 8 ^ of the CaH are summarized in Fig. 5. The nega-
tive values of the CSDs of [Ala32]oCRF are larger than
those of oCRF in the region of residue 32 at pH 3.5 (Fig.
5A). Except for this region, there is no difference in the
CSDs between oCRF and [Ala32]oCRF. This suggests that
the a-helical structure of the substituted region of [Ala32]-
oCRF is more stable than that of the corresponding region
of oCRF due to destabilization of the this region in oCRF at
low pH, while that of the rest of the peptddes is the same at
thispH.

Figure 5B shows the pH dependency of the average CSD
values from residue 32 to 36 and from residue 20 to 30 of
oCRF and [Ala32]oCRF, respectively. Figure 5B-1 shows
that the a-helical contents of the middle region of both
oCRF and [Ala32]oCRF are about the same and that they
are not affected by the change in pH. On the other hand,
Fig. 5B-2 indicates that the C-terminal part of oCRF is
destabilized as the pH is lowered from 7.5 to 3.5. It is note-
worthy that the a-helical content of [Ala32]oCRF in the C-
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TABLE m. The chemical shifts of [Ala32]oCRF.
NH aH •yCH3 8H Others

1—
1

2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

S
Q
E
P
P
I
S
L
D
L
T
F
H
L
L
R
E
V
L
E
M
T
K
A
D
Q
L
A
Q
Q
A
A
S
N
R
K
L
L
D
I
A

8.67
8.33

7.74
7.93
7.90
7.98
8.40
7.97
8.49
8.11
8.44
8.49
7.91
7.82
8.47
8.70
8.31
8.55
8.33
8.11
8.22
8.32
8.21
8.34
8.28
8.15
8.24
8.49
8.18
8.07
8.18
8.03
7.94
7.81
7.75
7.97
7.78
8.12

4.46
4.73
4.73
4.60
4.15
4.33
4.18
4.58
4.23
3.90
4.45
4.27
4.22
4.08
3.97
4.16
3.74
4.11
4.13
4.29
4.10
4.15
4.12
4.54
4.11
4.18
4.16
4.14
4.12
4.19
4.19
4.30
4.64
4.16
4.24
4.21
4.21
4.62
4.09
4.15

2.19, 2.06
2.16, 1.97
2.39, 1.97
2.29
1.94
4.01, 3.95
1.72
2.86
1.82
4.32
3.29, 3.24
3.47
1.91
1.81
1.95, 1.90
2.39, 2.30
2.34
2.01, 1.88
2.29, 2.21
2.35, 2.23
4.44
2.03
1.60
3.06, 2.92
2.36, 2.23
1.94
1.61
2.27
2.30
1.57
1.58
4.12, 4.03
2.97, 2.87
2.02
2.00
1.84
1.85
2.95, 2.89
2.02
1.48

2.41
2.48
2.15,2.10
2.12
1.58, 1.27

1.64

1.78

1.80
1.71
1.72, 1.63
2.58, 2.49
1.12,0.97
1.62
2.59, 2.50
2.83, 2.67

1.62

2.64, 2.47
1.69

2.63, 2.45
2.54, 2.47

1.80
1.63, 1.57
1.73
1.64

1.68, 1.28

8NH, 7.42, 6.63

0.98

1.22

3.89, 3.76
3.85, 3.65
0.98

0.93

0.95

0.95
0.90
3.18, 3.09

ring 7.20,
ring 7.38,

eNH7.30

7.21
8.71

0.91

1.35
1.77

0.95

3.27
1.80
0.93
0.98

eCHj 3.00

8NR, 7.21, 6.54

SNHj 7.21, 6.53
8NR, 7.26, 6.53

yNK, 7.34, 6.65
eNH7.31
eCHj 3.03

0.98 0.91
terminal NH, 7.22, 6.74

terminal region appears to be nearly independent of the
change in pH. Figure 5B-2 also shows that the CSDs of the
C-terminal region vary more than other a-helical parts
when the temperature is raised from 25 to 35°C. This
means that the C-terminal regions of both oCRF and
[Ala32]oCRF are more flexible than the rest of the mole-
cules.

Figure 6 shows the differential CaH chemical shift, values
for oCRF and [Ala32]oCRF obtained at pH 3.5 (25 and
35°C) and at pH 6.0 (25°C) relative to the value at pH 7.5
(25°C). Here, a negative difference indicates increased a-
helix stability and a positive value shows decreased stabil-
ity as the pH is lowered. It is clear that the response to the
decrease in pH depends on the position in the sequence. In
the middle part, the pH change does not affect the a-helical
stability, a finding that is in agreement with the results
shown in Fig. 5B-1. The pH decrease does not affect the a-
helix stability of the [Ala32]oCRF C-terminal segment, but
there is a significant decrease in the stability of the oCRF
C-terminal area, again, agreeing with the data shown in
Fig. 5B-2. In contrast to these results, there is an apprecia-
ble increase in the stability in the front part of both oCRF
and [Ala32]oCRF as the pH is lowered. In the case of oCRF,
the decrease in the stability of the C-terminal region as the
pH is lowered is counterbalanced by increased stability in

the N-terminal region, resulting in no overall change in
stability. In the case of [Ala32]oCRF, an overall net increase
in stability can be seen. These observations corroborate the
results of CD (Fig. 2).

Figure 7 shows the zlB^ (8^ [observed] - 8 ^ [random
coil]) values for oCRF at several pHs. There are no appre-
ciable differences between oCRF and [Ala32]oCRF. NH
chemical shift, is a typical parameter used to measure the
distance between the hydrogen and oxygen in a hydrogen
bond in a stable protein structure (21). It has been reported
that an a-helical peptide with alternating polarity of amino
acids gives this type of CSD (45^) variation (22, 36), and
the hydrophobic interaction distorts the a-helix into a curve
in TFE solution (37, 38). The pattern of the changes
observed for the CSD (48^) of residues 21 to 31 is that ex-
pected of a curved amphipathic a-helix with repeats of 3
and 4 residues, but it is not clear whether this region inter-
acts with the membrane. Residues 7 to 14 in these peptides
show a distinctive zigzag-pattern along the amino acid se-
quence, and the helical wheel diagram suggests that the
region including these residues may interact with the
membrane (28). The zigzag-pattern of chemical shifts of
NH and CaH shows that the peptide backbone is somehow
distorted with a periodicity. It is very interesting that the
amplitude of the NH-CSDs of hydrophobic residues in the
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(A) oCRF
SQKPPISLDLTrHLLRSVLXMTKADQLAQQABSlIKKLLDIA

i ^^m • • • •
<UM+3)

(B) [Ala32]oCRF

SQEPPISLDLTFHLLBXVLEMTKADQLAQQkASHKKLLDIA

Fig. 4. Summary of the NOE connectivities of oCRF (A) and
[Ala32]oCRF (B). The medium-range NOE cross-peaks are divided
into strong ( ), weak (—) and the obscured ( ) due to overlap.
The short-range NOE cross-peaks are divided into two categories,
clear-cut (•) and obscured (El )•
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Fig. 5. The deviation of C.H chemical shifts from those of ran-
dom coiL (A) Chemical shift differences of oCRF (•) and [Ala32J-
oCRF (o) at 35"C, pH 3.5. The average values of CSDs from residues
20 to 30 (B-l) and those from residues 32 to 36 (B-2) at 25'C (•:
oCRF, o: [Ala32]oCRF) and at 35"C (•: oCRF, a [Ala32]oCRF) are
also shown.

periodic region (residues 8, 10, 12, 14, 15) became lower
when the pH was increased from 3.5 into 7.5. This charac-
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Residues
Fig. 6. The relative C»H chemical shifts of oCRF and [Ala32>
oCRF. The chemical shift values of CJI obtained at pH 3.5 and 35*C
(cross-hatched), pH 3.5 and 25*C (black), and pH 6.0 and 25'C
(white) are subtracted with those of at pH 7.5 and 25*C for oCRF (A)
and [Ala32]oCRF (B).

Residues
Fig. 7. The NH chemical shift differences of oCRF. The chemi-
cal shift differences (do^: 8ohmrW - B,,,^,,,^,) of oCRF at 25'C and pH
3.4 (•), at 25'C and pH 6.0 (o), and at 25'C and pH 7.5 (•) are plotted
against residue number.

teristic pattern of NH-CSD may be caused by reduced
hydrogen bond lengths between t and I + 4 residues in this
segment due to interaction between the hydrophobic side
chains brought together by hydrogen bonds, producing a
more stable a-helical structure as the pH was decreased.
We also observed that the NOE peak between Pro5 pH and
Leu8 NH became weak as the pH was increased (data not
shown).

DISCUSSION

The primary aim of this investigation was to elucidate the
cause of the increased potency of [Ala32]oCRF over native
oCRF by comparing their structures in TFE solution. Even
though TFE solution is not a realistic model system in
which to simulate a real biological system, such as the
ligand-binding site of receptors, it is a convenient and effec-
tive system because of its amphiphilic characteristics. Also,
the a-helix forming region of homologous peptides can be
deduced by study in TFE solution. The CD results show a
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slightly higher a-helical content for [Ala32]oCRF as com-
pared to oCRF at neutral pH and the gap increased with
decreasing pH. On the other hand, the NOEs obtained by
2D NMR suggested that the same general regions, from
residue 5 to the C-terminus, in both oCRF and [Ala2]oCRF
have ot-helix propensities. Chemical shift analysis based on
NOE data is a simple yet powerful method to analyze the
properties of the local structure in a long a-helix. Analysis
of the chemical shift values of CaH and NH revealed that
the different a-helix segments in these peptides have differ-
ent stabilities. The a-helical structure of oCRF obtained in
50% TFE solution could be divided into three parts accord-
ing to stability. The main structural difference between
oCRF and [Ala32]oCRF lies in the C-terminal region con-
taining the substitution site at low pH. While the a-helix of
[Ala32]oCRF in this region remains independent of pH
change, the same region in oCRF is destabilized at low pH.

The N-terminal section of the a-helix is assumed to form
an amphipathic a-helix (28), and also has an unusual se-
quence motif including repeats of hydrophilic and lipophilic
amino acids (HL-repeat). According to the results of CaH
CSDs, the a-helix initiation region is stabilized as the pH is
decreased (Fig. 6). It is possible that a favorable interaction
between His 13 and Asp9 causes this stabilization, although
we could not find any supporting NOE peaks between the
side chains of these residues. The stabilization of the N-ter-
minal region of the a-helix with decreasing pH is also sup-
ported by NH CSDs (Fig. 7), which show that the am-
plitude of the zigzag pattern increases as the pH is de-
creased. It has been reported that the N-terminal region
plays important roles in receptor activation (5,39) and it is
possible also that the pH-dependent a-helical stability of
the N-terminus may play a role in receptor activation
through interaction with the membrane.

The mid section of both peptides form stable a-helices at
both temperatures and at every pH studied here. The C-
terminal a-helix section of both peptides appears to be
rather flexible, and this part of oCRF is less favorable for a
stable a-helix at pH below 6.0 than that of [Ala32]oCRF.
The unfavorable ionic interaction of His32 (pKB = 6.04)
with Arg35 and Lys36 in oCRF may be the cause of this. It
is likely that the 4.5-fold increase in the activity of
[Ala32]oCRF over oCRF arises from the stabilization of the
a-helix in the C-terminal region including residue 32. It
has been reported that the removal of the C-terminal
amide results in a 1,000-fold decrease in activity (1). It is
possible that the C-terminal amide participates in a direct
interaction with the receptor. However, it is also possible
that the C-terminal negative charge that is produced by
deamidation may be the cause of the reduced helical stabil-
ity in this terminal region by opposing the helix-dipole (40-
42).

There is some quantitative discrepancy in the a-helical
content when the results of CaH CSDs are compared with
the CD results. The extent of the downfield shifts of oCRF
in the vicinity of residue 32 is larger than that of upfield
shifts in the a-helix initiation region as the pH is decreased
from 7.5 to 3.5. On the other hand, the CD results showed
that the a-helical content of oCRF does not change appre-
ciably with changing pH. It is probable that the CQH
upfield shift of the a-helix initiation region is different from
those of the common a-helix region in the vicinity of resi-
due 32. The a-helix initiation regions of oCRF and [Ala32]-

oCRF have distinctive sequence motifs (HL-repeats), and
the CaH CSDs of this region vary differently from those of
common a-helices.

It was recently suggested that the binding motif of CRF
is the helix-turn-helix with the turn centered around resi-
dues 31-32, based on computer modeling with an Ac-Ala13-
NHj scaffold including the cyclization of i and i + 3 resi-
dues (39). However, it is possible that the active conforma-
tion of these antagonists is still an a-helix-like structures
in vivo (43), or the increased rigidity induced by cyclization
is important for activity. It is of interest to note that the
antagonist with double-cyclization between residues 20 and
23, and 30 and 33 shows a lower activity compared to the
antagonist with only one cyclization (39). It is clear from
the above results that the CRF binds to its receptor in a
more complicated induced fit fashion.

Although it is possible that the destabilization of C-ter-
minal region of oCRF at lower pH may have some bearing
on the differential activity of this peptide and [Ala32]-
oCRF, this is by no means certain because the difference in
a-helix stability occurs only at lower pH. It is possible, how-
ever, that the pH close to the surface of bilayers containing
negatively charged phospholipids is more acidic than the
bulk aqueous phase (44,45).
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