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The 'H spectrum of L-pyroglutamyl-L-histidylglycine in DMSO-d, and 'H and
13C NMR spectra in D,O at pH 4.26 to 8.90 have been analysed. >Jyyy vicinal
coupling constants were used to determine rotamer populations by means of the
Karplus equation. Viable molecular geometries were obtained with the aid of
molecular dynamics simulations including water as solvent. In DMSO and in
aqueous solution at low pH two stable conformations were identified which both
have an intramolecular hydrogen bond between the histidine side chain and the

C-terminal carboxylate group.

A number of crystal structures of peptides with a
pyroglutamyl group have been presented in the past.'™!!
This N-terminal residue is essential in the structure of
thyrotropin-releasing hormone (TRH, pyroglutamyl-
histidyl prolinamide) which has been the subject of
extensive studies by NMR methods.'?"'” We present here
an NMR-investigation of the biologically active analogue
L-pyroglutamyl-vL-histidylglycine (L-pGlu-L-His-Gly),
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The molecular conformation can be described in terms
of the eleven torsion angles indicated. These were divided
into two groups and which are described separately. The
first consists of ¢,, ¥;, %1, ®, and ¢, (pGlu part), the
second of the six remaining angles (His-Gly part).

Methods

Chemicals. L-pGlu-L-His-Gly acetate salt was purchased
from Sigma and used as received.

* To whom correspondence should be addressed.
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Preparation of solutions. Three milligrams of the com-
pound were dissolved in 0.6 ml of solvent for collection of
'H spectra while 20 mg were used for the '*C spectra. The
approximate concentrations were 0.015M and 0.10 M,
respectively. For the pH-titration 25 mg of compound
were dissolved in 90 % H,0-10% D, O with a phosphate
buffer. The pH was adjusted by adding HC] or NaOH to
the solution and measured with a radiometer pH/M62
pH-meter equipped with an Ingold combination electrode
which was inserted into the NMR tube.

NMR methods. 'H (500 MHz) and "“*C (100 MHz)
spectra were collected on a Bruker AM 500 spectro-
meter equipped with an Aspect 3000 computer and
were routinely measured using a 'H/*C dual probe
at a temperature of 21°C. The deuterium signal of
the solvent provided the lock signal. The various two-
dimensional experiments were performed using the
standard Bruker pulse programmes. The water resonance
signal was suppressed by the presaturation technique,
while improved resolution was obtained by the double
quantum technique.

Calculations. Spectral parameters were extracted from
the second-order 'H spectra using the Bruker routine
PANIC. Conformational searches were carried out
with the SYBYL Version 5.41c program'® on an Evans
& Sutherland PS390 computer. Molecular dynamics
simulations and other computational procedures
were performed with the INSIGHTII Version 2.8 and
DISCOVER Version 2.10 packages'® on a Silicon
Graphics Personal Iris workstation, employing the CVFF
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Fig. 1. Top: the 500 MHz 'H NMR spectrum of pGlu-His-
Gly in D,0. Bottom: detail of spectrum between 1.6 and
4.5 ppm. The acetate peak at 1.94 ppm has been reduced to
less than 50% of original height in both spectra.

force field.?>?' No Morse potentials or cross terms were
used. The two model molecules pGlu-N-methyl-amide
and His-Gly (with neutral N-terminal amino group and
charged side chain and C-terminal carboxylate) were put
inside 20 A3 cubes and filled with 254 and 249 water
molecules, respectively. After 30 steps of steepest descent
energy minimization, molecular dynamics simulations at
300 K were carried out for 15 ps, of which the first 5 ps
served as equilibration periods. The time step was 1 fs,

Table 7. 'H and '3C chemical shifts (ppm) of L-pGlu-L-
His-Gly in D,0 and DMSO.

Atom D,0 DMSO
pGlu a-H 4.39 4.03
PGlu B-H, 1.98 —2
pGlu B-Hg 2.57 —
PGluy-H, 241 —
pGluy-Hg 2.44 —
pGiu N-H 7.89° 7.82
His a-H ~4.85° 4.46
His B-H, 3.25 2.88
His B-Hg 3.36 2.97
His 5-H 7.30 6.80
His 2-H 8.41 7.62
His N-H 8.51° 8.1
Glya-H, 3.83 3.60
Gly a-Hg 3.88 3.75
Gly N-H 8.36° 8.26
pGlu C° 59.62

pGiu C# 27.91

pGlu CY 31.86

His C° 55.36

His CP 30.01

His C-4 132.24

His C-5 120.40

His C-2 137.23

Gly C° 46.08

?Not calculated. ®Measured at pH = 4.26. Estimated value
from heteronuclear correlation spectrum.
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Table 2. 'H NMR coupling constants (Hz) in L-pGlu-L-
His-Gly.

Coupling DZO DMSO

zJpGlu a-H, pGlu B-Hp 475 4.05
pGlu a-H, pGlu B-Hg 9.27 863

4~ PGIu B-Ha, pGlu B-Ha -13.41 __a

22 PGIu B-HA.pGlu v-HA 10.02 —
PGlu B-Ha, pGlu y-Hg 723 —_
pGlu B-Hg. pGlu y-Ha 5.60 —

4 PGlu B-Hg.pGluy-Hg 10.16 _

3 PGlu v-Ha, pGlu y-Hg —17.48 —
pGlu a-H, pGlu NH —* ~0.8

o Hisa-H,His 8-Hy 7.81 7.88

 vis a-H, His B-Hs 5.89 4.91
His B-Ha. His B-Hg —156.29 —14.66

S His a-H, His NH 7.4¢4 7.94
Gly a-Ha, Gly a-Hg —17.24 —-17.25

57 Gly a-Ha. Gly NH 5.81° 5.49

5.92¢ 579

Gly a-Hg, Gly NH

?Not calculated. ”Not resolved. Measured at pH = 4.26.
?From splitting of N-H peak.

and periodic boundary conditions were used with 10.0 A
as the cut-off distance. All simulations were run at 300 K.

Results

The peaks in the D, O 'H spectrum (Fig. 1) were assigned
combining knowledge of the typical patterns of the
individual amino acids with 'H homonuclear J-correlated
spectroscopy (COSY). The resonance for His-H® is under
the suppressed water peak at ~5ppm in Fig. 1, but
appeared in the heteronuclear chemical-shift correlated
spectrum which also established the assignment of the 1*C
spectrum. The spectrum in DMSO is similar to the one in
water, and the COSY-spectrum has the same charac-
teristics. The titration of the molecule in D,0-H,O
allowed determinations of pH-dependent *Jygu cpe
coupling constants in aqueous solution. Chemical shifts
and coupling constants for the molecule in water and
DMSO are listed in Tables 1 and 2, respectively.

Discussion

pGlu conformation. Of the five torsion angles shown in
Scheme 1, x| and ¢, are determined by pGlu ring pucker-
ing, o, is trans and close to 180°, while y, and ¢, describe
the chain orientation. The pGlu five-membered ring can
adopt two stable non-planar conformations with the
H¢-atom in either a pseudoaxial (I) or a pseudoequatorial
(I1) position (Scheme 2), which are equally abundant in
crystal structures (Table 3).
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CONFORMATIONAL ANALYSIS OF L-pGlu-L-His-Gly

Table 3. Ring puckering and torsion angles in crystal structures of pGlu-residues.

Compound Puckering® o, v, ®, W, X3 X2 Ref.
L-pGlu | 138.2 1
1 128.5 1
| 138.6 1
| 142.7 2
pl 1253 2
| 142.7 3
L-pGlu-N, N'-dicyclohexylurea I 90.5 4
L-pGlu-NHCH, | 1341 168 5
L-pGlu-B-(2-thienyl)-L-Ala-L-Pro-NH, 1l 98.5 18 -96 133 —66 71 6
] 106.4 12 -97 122 —66 72 6
il 104.7 8 -92 121 —63 70 7
1} 107.2 10 -97 124 —67 71 7
L-pGlu-L-His methyl ester | 131.9 155 -81 139 —-178 57 8
L-pGlu-L-His-L-Pro-NH, tartrate - H,0 I 108.0 146 -70 137 —-163 62 9
t-pGlu-L-Phe-L-Pro-NH, i —b 144 ~ —90° 132 180 -7 10
L-pGiu-L-Ala I/pl 1239 166 -90 11

2See Scheme 1, pl = planar. *Not published, the value for ¢, is a rough estimate from the figure in the original paper.'®

Associated values for the y} and ¢, torsion angles
are ~ —25°/105° and 25°/137°, respectively. The mole-
cular dynamics diagram for x! in the model peptide
pyroglutamyl-N-methylamide in Fig. 2 shows numerous
transitions between the two envelope forms during the
10 ps simulation. This means that the flip-flop rate is fast
on the NMR timescale, explaining the sharp peaks in the
'"H NMR spectra. Fig. 3 shows the molecular dynamics
diagram for y, . Prior to solvation, the molecule was mini-
mized in vacuo to give y, = —156.6° (203.6°), but in the
solvated system v, is around 80-160° with 44° and 196°
as extreme limits. The results compare nicely to observed
values in crystal structures, Table 3, which also include
structures with y, close to 0°.

The 7.4 Hz *J ;;_coyy cOupling constant observed for the
His residue in aqueous solution (Table 2) was used to
determine the possible values for ¢,. According to empiri-
cal curves there are two possible geometries with ¢, close
to —155° or —85°.%* Roughly the same coupling was
observed for the His residue in TRH for which it has
been suggested that the extended structure is most

favoured.!>!5'¢ We believe that although both conforma-
tions can exist in solution, the conformation with
¢, = —85° may be the most important. This assumption
is based on two observations. (1) With ¢, ~ —85°, rota-
tion around the C*~C" bond (y!) is sterically unhindered.
This is unlike the situation for ¢, ~ —155°, as the side
chain rotamer with 3; = —60° cannot easily be obtained
owing to steric conflict with the main chain and with the
pGlu ring (particularly for conformations with y, near
0°). Thus, the bent conformation with ¢, ~ —85° may be
entropically favoured in solution. (2) In crystal structures
of pGlu-Xaa peptides, ¢, is always close to —85°
(Table 3). Furthermore, in linear Xaa-His peptides ¢, is
most commonly observed around this value.®*?2* Thus,
the crystallographic material indicates that for pGlu-His,

180 H

60 L \Vl/ 0 [
140 | |
X/ 0 1 I
_60-1 r
5 10 15 -180 14 - ;
5 10 15

Time /ps

Fig. 2. Time profile for the N-C°~CP-CY (x') torsion angle in
the five-ring of pGlu-N-methylamide showing transitions
between the puckered forms | (x' ~ —25°) and |l (x' ~ 25°).

Time/ps

Fig. 3. Time profile for the y, torsion angle in pGlu-N-
methylamide.

981



GORBITZ AND KRANE

Fig. 4. pGlu-His-Gly in the two hydrogen-bonded conformations A and B described in the text. H-atoms have been omitted
for clarity. Both molecules are shown with puckering | for the pGlu ring.

¢, around —85° is most favourable, at least in the solid
phase.

In the pGlu part of the molecule neither chemical shifts
nor coupling constants change appreciably in the pH
interval 4.26-8.90, indicating that no major conforma-
tional changes take place during titration.

His-Gly conformation. The charged imidazole group of
the His side chain (HisH * ) is an excellent hydrogen bond
donor, while the C-terminal carboxylate group of the
adjacent Gly residue is an equally potent hydrogen-bond
acceptor. These two groups can interact to form an
intramolecular hydrogen bond. Such a contact is only
possible for certain conformations of the molecule, or
rather a subspace of the conformational space formed
by the six torsion angles %3, %3, W,, ®;, @3 and yr
(Scheme 1). Relevant parameter-sets were sampled using
the SYSTEMATIC SEARCH facility of the SYBYL
program, in which each torsion angle is incremented in
steps within a selected range. In the present search, an
increment of 10° was used for each angle, except for ®,
with a 5° step within the interval [175°, 185°] (trans
peptide bond only, as expected the presence of a cis
form was not indicated by the NMR data). Other ranges
were [50°, 70°] + [170°, 190°] + [ —70°, —50°] for %3,
[70°, 110°] + [ —110°,—70°] for %2, and [0°, 350°] for
V,, @, and yp, giving a theoretical total of 1.3 x 10’
combinations. Geometries at the C°-atoms and for
the peptide bond were taken from Ref. 25. Data for car-
boxylate group dimensions were taken from a survey
of carboxylate crystal structures.?® Only N™H is a poten-
tial hydrogen-bond donor in the interaction, and the
objective of the search was maintained by constraining
the N™-..Q’ distance to the interval [2.56 A, 2.73 A],
derived from a 2.664 A average distance reported for a
survey of crystal structures.?’

The search identified essentially two different confor-
mations A and B for the HisH*-Gly moiety, Fig. 4.
They were represented by 2360 and 1187 torsion angle
combinations respectively, illustrating considerable
flexibility for the 10-membered rings formed by the intra-
molecular hydrogen bonds. The torsion angles were
confined to the following intervals: (A) w,: [130°, 150°],
05: [—100°,—50°7, y1: [—40° 30°], x5: [180°, 190°],
x3: [—90°,—70°] (B) w,:[150° 170°], @;: [ —100°,
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—50°], wr: [—50°, 50°], x3: [60°, 70°], x3: [70°, 90°].
The most notable differences occur for the His side chain
orientation which is trans for A and gauche™ for B and
opposite signs for 3. Among -HisH*-Xaa- crystal
structures TRH® (pGlu-His-Gly) displays an A-type

180 1
y,/° 01 r
-180 .
-180 0 180
0/°
W, /° 01
80 s
-180 0 180
03/°

Fig. 5. @,/@, trajectories for conformations A (top) and
B (bottom) during the molecular dynamics simulations.
The solid lines limit the regions observed for A and B in
the systematic search for H-bonded conformations with the
SYBYL program. Note that this is not a regular Ramachan-
dran plot since y and @-values for two different residues are
displayed.



CONFORMATIONAL ANALYSIS OF 1-pGlu-c-His-Gly

Table 4. 3J,_ 4.4 coupling constants (Hz) and rotamer populations for the C°-C® bond of the L-His residue.

Rotamer populations?

Alternative 1

Alternative 2

pH *Jgm.p-H trans gauche ™ gauche* trans gauche™ gauche™
4.26 5.99 7.48 0.48 0.29 0.24 0.34 0.47 0.18
5.72 5.95 7.57 0.49 0.28 0.23 0.34 0.48 0.18
6.25 5.86 7.81 0.52 0.27 0.22 0.34 0.51 0.15
6.68 5.70 8.21 0.56 0.24 0.20 0.33 0.56 0.11
7.11 5.52 8.68 0.62 0.21 0.17 0.33 0.61 0.06
7.70 5.37 9.10 0.67 0.19 0.14 0.33 0.66 0.01
8.1 5.33 9.26 0.69 0.18 0.13 0.33 0.68 0.00
8.90 5.32 9.33 0.70 0.18 0.12 0.33 0.69 —0.02
DMSO 4.91 7.88 0.48 0.16 0.35 021 0.54 0.25

2 Calculations were based on the equations reported by Feeney:?°

Iax=41p1+11.7p11+2.9plll
Jex=12.0p1+21pl1+4.7plll

pl+pll+pill=1.0

where pl =trans, pll = gauche™ and plll = gauche .

conformation, L-Met-L-Glu-L-His-L-Phe?* is found in a
B-type orientation, while there is no intramolecular
H-bond in the L-Asp-L-Phe L-His-Gly cocrystal.?®

A- and B-type H-bonds were then built into the
model peptide HisH "-Gly and submitted to molecular
dynamics simulations. The two resulting y,/¢;-trajec-
tories are shown in Fig. 5. It can be seen that only one
V,/@5-region is observed for each conformation, and
that the agreement with the regions previously obtained
with stiff rotor models in the SYBYL search is excellent.
It should be noted that when HisH*-Gly zwitterion
peptides were minimized in vacuo, the overall energy of
the molecule is totally dominated by the contribution
from the electrostatic term in the force-field equation. The
resulting molecular geometries deviate substantially from
those obtained in the molecular dynamics runs, with
grossly non-planar imidazole rings and peptide bonds
(A:y,=1111°, ®,=144.8, ¢;= —81.7°, B: y,=160.1,
w,=1454, ¢,= —80.2). These results for y,/p; and
previous results for y, clearly demonstrate that the
inclusion of solvent interactions is essential for force-field
studies of polar molecular systems in solution.

Having established the viability of HisH™* --- ~TOOC
intramolecular interactions, we were interested to see
whether they were indicated by the NMR data. The first
step in this procedure was to study the His side-chain
rotamer populations by the Karplus equation.” The
coupling constants H-C*CP-H, and H-C*CP-Hy were
known, and rotamer populations around the C*-CP? bond
could be calculated by considering only the three
staggered positions. As no stereochemical assignment of
the two B-protons had been made, two sets of distribu-
tions are possible, Table 4. There is good evidence that
the left column shows the correct distributions, given the
unnatural negative population for gauche™ at pH 8.90.
The high fractions of gauche* and trans in DMSO is
compatible with dominance of conformations A and B

defined above. At low pH a similar distribution is
observed in water, but as the pH is raised and N”™ is
deprotonated, the number of hydrogen-bonded structures
dwindles and the gauche® rotamer loses some of its
importance. Without any obvious reason, the same
pattern occurs for gauche ~, leaving trans as the dominant
species at high pH.

We considered next the chemical shift difference, A9,
between the two glycyl protons. It has been proposed that
the magnitude of Ad is indicative of the degree of confor-
mational homogeneity.’® In DMSO A3 is as large as
0.15 ppm, thus suggesting that the bulk of the molecules
are confined to a small number of conformations, most
likely those stabilized by hydrogen bonding. In water Ad

ppm

- T T r— -

8.6

84

82r

801

78

761

741

721 5-H

701

pH

Fig. 6. "H NMR titration curves for the imidazole 5-H and
2-H ring protons of pGlu-His-Gly in 90% H,0-10% D, 0.
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is 0.080 ppm at pH 4.26, but drops even further to 0.047 at
pH 8.90.

Evidence for intramolecular hydrogen bonding also
comes from the pK,-value of the imidazole group. All
resonances for atoms in the His-residue move during
titration, protons to higher field, carbon atoms in the
opposite direction. Titration curves for ring protons
shown in Fig. 6 appear as expected, with titration shifts
0.95 ppm for C2-H and 0.42 ppm for C5-H. The derived
pK,-value is 6.85, significantly higher than observed for
free His (~6.16).>! This increase can be attributed to the
participation of the Nn-H proton in a strong, presumably
intramolecular hydrogen bond. The pK,-value and the
titration curves are almost identical with those reported
for the tripeptide Gly-L-His-Gly (pK, = 6.90)** where
similar interactions may prevail.

Concluding remarks

The NMR and molecular dynamics data for L-pGlu-L-
His-Gly in DMSO and in water at low pH are consistent
with the predominance of two different conformations
which both incorporate intramolecular HisH * ---car-
boxylate hydrogen-bonds into 10-membered ring systems,
Fig. 4. The orientation of the main chain at high pH
may be relatively extended, with a predominant trans
orientation for the His side chain. The geometry of the
N-terminal part of the molecule is independent of solvent
and pH with y, in the range 80-160°, ¢, presumably
around —85°, and with rapid flip-flopping between the
two puckered forms for the pGlu ring.
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