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ABSTRACT: The conformation of angiotensinogen, a tetradecapeptide, with the sequence Asp1-Arg2—Val3—Tyr4—
Ile5-His6—Pro7-Phe8-His9—-Leul0-Leul1-Val12-Tyr13-Serl4, was studied in aqueous medium by 2D NMR
spectroscopy. Complete resonance assignments were made using a combination of DQF-COSY, TOCSY and
NOESY spectra. The kinetics of deuterium exchange of NH protons were also studied. The NMR results indicate
the presence of at least two conformations in dynamic equilibrium. A total of 39 NOEs were used in the restrained
molecular dynamics simulation to generate the solution structure. The dominant conformation of angiotensinogen
is characterized by a f-turn around the tetrapeptide sequence Val3-Tyr4-Ile5—His6, two y-bends at Tyr4 and
LeulO and a sharp turn around Val12. The conformation of angiotensinogen in water is radically different from the

conformation in DMSO reported earlier.
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INTRODUCTION

The renin—angiotensin system (RAS) is composed of
renin (an endopeptidase), angiotensinogen (a tetra-
decapeptide with sequence D-R-V-Y-I-H-P-F-H-L-
L-V-Y-S) and angiotensin-converting enzyme (ACE, a
zinc metalloproteinase). The RAS plays a vital role in
the body in the control of blood pressure. Hence any
malfunction in this system appears to be an important
contributing factor in hypertensive diseases.!

Renin cleaves angiotensinogen between the two
leucine residues LeulO-Leull to liberate the decapep-
tide angiotensin 1! At the endothelial surface of blood
vessels in the lungs and other tissues, angiotensin I is
broken down to the octapeptide angiotensin II by
ACE.2 Angiotensin II is a powerful vasoconstrictor.
Finally, angiotensinase A cleaves angiotensin II to the
heptapeptide angiotensin III, which is about 50% as
potent as angiotensin I1.> The rate-limiting step in this
cascade of reactions is the cleavage of the Leul0-Leull
bond, which is catalyzed by renin.* Therefore, inhibition
of this step would have substantial value in the manage-
ment of hypertension. A thorough understanding of the
3D structure and dynamics of angiotensinogen will
therefore have great potential in the design of suitable
and effective renin inhibitors.

We reported earlier the conformation of angi-
otensinogen in DMSO by NMR and MD simulations.’
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In this paper we report our investigations of the confor-
mation of angiotensinogen in water by 2D NMR spec-
troscopy and restrained molecular dynamics (MD)
simulations.

EXPERIMENTAL

Angiotensinogen was purchased from Sigma (St Louis,
MO, USA) and used without further purification. Its
purity was checked by 'H NMR spectroscopy.

NMR experiments

Samples for NMR experiments were prepared by dis-
solving 10 mg of the peptide in 0.6 ml of H,0-D,0O
(9:1) and adjusting the pH to 4.0. NMR experiments
were carried out on a Varian Unity Plus 600 MHz
NMR spectrometer. The data were processed on an
IRIS Indigo workstation using Felix software (v. 2.30)
supplied by MSI (San Diego, CA, USA).

For resonance assignments, DQF-COSY® and
TOCSY” spectra were recorded. NOESY spectra® were
recorded with mixing times of 50, 100, 200 and 300 ms.
The water resonance was suppressed by presaturation
during the relaxation period (1 s). All the spectra were
recorded using the hypercomplex (STATES) method®
with the conventional pulse sequences, an 8000 Hz spec-
tral width, 512 and 2048 data points in the ¢, and ¢,
dimensions, respectively, and 32 scans per t; increment.
Gradient enhanced HSQC spectra were recorded using
the standard pulse sequence.!® The parameters used
were relaxation delay 1.5 s and spectral width for the
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'H and '3C dimensions 7000 and 13000 Hz with 2048
and 512 data points, respectively. The data were apo-
dized by a shifted sine-bell window function and zero
filled to a 2D matrix of size 4K x 2K prior to Fourier
transformation.

The kinetics of deuterium exchange were measured in
the following manner. The peptide was dissolved in
100% D,O and a 1D spectrum was recorded at regular
time intervals up to 70 min. In each case, 32 scans were
accumulated. The middle of the duration of each experi-
ment was taken as the time for the corresponding data.
The integrated intensity (I) of each NH resonance was
observed to decrease exponentially with time (f) as
I, = Iy, exp(—kt), where k is the exchange rate con-
stant, I, is the intensity at time ¢ and I, that at ¢ = 0.
The exchange rates were obtained from a least-squares
analysis of the semi-logarithmic plots of signal inten-
sities as a function of time. In cases where two NH
protons overlap, the data could only be fitted to a
double exponential equation: I, = Iy, exp(—k,t) + I,
exp(—k,t) with two corresponding exchange rate con-
stants k, and k,, owing to the different exchange rates.

The NOESY spectrum recorded with a mixing time
of 100 ms was integrated. The peak volumes were con-
verted into distances using the inverse sixth power
relationship of intensity with distance.!’ The NOE
between the H-2 and H-4 protons of His6, which are
4.78 A apart, was selected as the reference for intensity
to distance conversion.

Molecular dynamics simulations

Calculations were performed on a Silicon Graphics
IRIS Indigo workstation with MSI software (Insight II
v. 2.3 and Discover v. 2.9). Using the Biopolymer
module, a fully extended peptide with the side-chains of
Aspl, Arg2, His6 and His9 and the N and C termini
ionized was constructed to match the NMR study. The
molecule was then centered in a box (of dimensions
45 x 25 x 25 A) and soaked with 813 water molecules
with the SOAK program. The energy of the system was
calculated with the CFF91 forcefield.!? The bond
stretching was described by a harmonic approximation.
No cross-terms were included in the energy expression.
The dielectric constant was fixed as 1.0. A cut-off of 14
A was used for the non-bonded energy evaluation.
Molecular dynamics calculations were performed
with the following protocol. The energy of the system
was minimized first with 500 steps of steepest descent,
followed by 1000 steps of conjugate gradients to relax
the waters and to remove any strain in the starting con-
formation of the peptide. A forcing potential of 30 kcal
mol ! rad 2 was applied to all omega angles to keep
them in the trans configuration during the simulation. A
total of 39 observed NOEs were used as distance
restraints by incorporation of an additional harmonic
term K(R;; — Ryareer)® to the forcefield. The force con-
stant K was set to 50.0 kcal mol ™! A~2 when R;; varied
both greater than or less than R, (soft forces). The
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maximum force that was allowed to be applied to
satisfy the constraint was 1000 kcal mol 1. The distance
between the constrained protons (R,,,.) was set to
+0.2 A (upper and lower bounds) from the calculated
distances (see above).

Newton’s equations of motion were integrated with
the Verlet algorithm'? with an integration time step of 1
fs. The system was equilibrated at 300 K for 20 ps.
Dynamics were continued for another 50 ps. The struc-
tures for the MD trajectory were sampled every 1 ps
and stored to generate 50 structures. Temperature
control during equilibration was achieved by direct
velocity scaling, whereas during the data collection
period (50 ps) a weak coupling to the temperature bath
with a coupling constant of 0.1 ps was used. At the end
of the MD run all 50 structures were energy minimized,
beginning with steepest descent followed by a conjugate
gradient until the derivative of energy fell below 0.01
kcal mol~1 A1,

RESULTS AND DISCUSSION
Resonance assignments

The 1D NMR spectrum of angiotensinogen in water is
shown in Fig. 1. Identification of the spin systems and
assignments of individual resonances were made from
DQF-COSY and TOCSY spectra. In the fingerprint
region of the DQF-COSY spectrum (Fig. 2) there are
more cross peaks than expected. This indicates that
more than one conformation exists simultaneously. The
spin systems of the amino acids in angiotensinogen can
be broadly classified into the following five groups: Asp,
Tyr, His, Phe, Ser [AMX]; Arg, Pro [A,(T,)MPX];
Val[A;B;MX]; Ile [A;MPT(B;)X]; and Leu
[A;B;MPTX]. From the NH resonances in the TOCSY
spectrum (Fig. 3), the spin systems were identified and
the different amino acids grouped together. It is possible
to identify Ser14 uniquely since its CSH protons occur
more downfield than the others in that group.

For sequence-specific assignments, the fingerprint
region of the NOESY spectrum was used (Fig. 4). We
start with the NH-CoaH COSY peak of Serl4. A verti-
cal line joins the NOESY cross peak to Tyrl3. A hori-
zontal line leads to the COSY cross peak to Tyrl3.
Again moving up, we find the NOESY cross peak to the
previous residue Vall2. Continuing in this fashion all
peaks upto Pro7 could be assigned. Because of the
absence of an NH proton in Pro7, a break occurs in the
sequential assignment. This break could be joined by an
NOE observed between the CoH of Pro7 and CaH of
His6. This NOE also fixes the His6—Pro7 bond in the
trans configuration. Having identified the CaH of His6,
the remaining resonances could be assigned by walking
vertically and horizontally through COSY-NOESY
peaks as described above.

The extra cross peaks (weak intensity) in the finger-
print region of the COSY spectrum were assigned as
Val3', Tyr4', Ile5’ and His6' based on the number and
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Figure 1. 600 MHz 'H NMR of angiotensinogen in water at pH ~ 4.0 and 298 K.

position of cross peaks to be expected for such spin
systems. The prime denotes that these resonances result
from a second minor conformation of angiotensinogen.
The remaining resonances (Aspl, Arg2, Pro7, Phe§,
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Figure 2. 600 MHz DQF-COSY spectrum of angi-
otensinogen in H,0-D,0 (9:1) at 298 K and pH =~ 4.0
indicating the NH to CaH correlations. F, = 4.2-4.8 ppm;
F, =7.7-8.8 ppm. Peaks are labeled with single-letter
codes for amino acids.
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His9, LeulO, Leull, Vall2, Tyr13 and Ser14) overlap
with the respective resonances of the first conformation.
An interesting feature of this second conformation is
that the His6—Pro7 bond is cis, as is evident from the
presence of a cross peak between the CaH resonances of
these amino acids. Hence the second conformation of
the molecule has a different structure around the penta-
peptide segment Val-Tyr-Ile-His—Pro. The chemical
shifts of all resonances in the two conformations are
given in Table 1. Chemical shifts are referenced to the
H resonance of water at 4.78 ppm.

Conformation

NH exchange rate. Owing to overlap of resonances in
the NH region, it was difficult to measure accurately the
temperature coefficient of NH chemical shifts from 1D
spectra recorded at different temperatures. Information
on hydrogen bond or solvent shielding was therefore
obtained by measuring the kinetics of deuterium
exchange of NH protons.!*16 A semi-logarithmic plot
of NH resonance intensity against time (Fig. 5) shows
that the exchange of these NH protons obeys pseudo-
first order kinetics, i.e. the signal intensity decreases
exponentially with time. Rate constants calculated from
the least-squares analysis of signal intensities as a func-
tion of time are given in Table 2. It is evident that the
exchange rate constants increase in the order
VAl12 < Tyrl3 < His6 < Tyr4, whereas the order for
those for overlapping residues is His9/Leull < Val3/
LeulO. For these, the exchange rate constant could not
be unambiguously assigned to the individual residues.
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Figure 3. 600 MHz TOCSY spectrum of angiotensinogen
in H,0-D,0 (9:1) at 298 K and pH = 4.0 indicating the
spin system of the amino acids. The NH-CaH cross peaks
are labeled with single-letter codes for amino acids.
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The large difference in the NH exchange rate suggests
that some of these NH protons are either involved in
H-bonding or are sequestered from the solvent.

13C chemical shifts. Figure 6 shows '3Ca region of the
HSQC spectrum of the peptide at 298 K. 13Co chemical
shifts of all the carbons are listed in Table 3. It is
observed that these values depart from the chemical
shift values reported for the random coil structure.'”-'®
The possible effect of these changes in 1*Ca chemical
shifts on the conformation have been well discussed in
case of proteins and peptides.!®1° Our results indicate
the existence of a rigid structure in angiotensinogen.

3J(NHCaH) values. The 3J(NHCaH) values, which are
large ( = 7.5 Hz), indicate that the major conformation
must be in dynamic equilibrium with the second confor-
mation that has a more or less extended backbone
arrangement. The backbone (¢, ) and side-chain (y,,
A2, €tc.) torsion angles in this conformation are listed in
Table 4.

NOE data. A large number of both intra- and inter-
residue NOEs are seen for angiotensionogen in water
(Fig. 7). A survey of all the observed NOE:s is given in
Fig. 8. Some important long range NOEs are between
CaH of Leul0 and NH of Tyrl13 (x; —» NH,, ;); Val3
CaH to His6 NH (x; » NH;, 5); Ile5 CaH to Phe8§ NH
(¢; > NH;, ;); and CaH of His9 to CaH of Vall2
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Figure 4. NH-CaH region (F, = 4.2-5.0 ppm; F, = 7.8-8.8 ppm) of the 600 MHz NOESY spectrum of angiotensinogen
recorded with a 200 ms mixing time in H,0-D,0 (9: 1) at 298 K and pH =~ 4.0 showing the sequential assignments.
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298 K
Chemical shift (ppm)
Amino acid NH CoH CpH CyH and other
Aspl — 4.40 3.05, 2.99 —
Arg2 8.69 4.40 1.76 1.50; 6CH, 3.14, NH, 7.06
Val3 8.21 412 2.00 0.91
Val3’ 8.55 4.20 2.02 0.93
Tyrd 8.48 4.67 2.90, 2.99 H(2,6) 7.12; H(3,5) 6.78
Tyrd’ 8.51 4.65 2.90, 2.99 H(2,6) 7.12; H(3,5) 6.78
Tle5 8.11 412 1.78 yCH, 1.40, 1.17; yCH, 0.85; 6CH, 0.86
Tles’ 8.09 412 1.78 yCH, 1.40, 1.17; yCH, 0.85; 6CH; 0.86
His6 8.52 4.96 3.22, 3.15 H2 8.63; H4 7.24
His6' 8.63 4.66 2.89, 2.99 H2 8.63; H4 7.24
Pro7 — 442 1.84, 2.28 2.03, 6CH, 3.65, 3.85
Phe8 8.38 4.61 3.06 H(2,6), 7.26; H(3,5) 7.37; H4 7.31
His9 8.31 4.65 3.11, 3.22 H2 8.65; H4 7.32
LeulO 8.21 4.29 1.59 0.96
Leull 8.29 4.38 1.63 0.93
Vall2 7.96 412 2.00 0.89
Tyrl3 8.34 4.69 2.94. 3.14 H(2,6) 7.16; H(3,5) 6.84
Ser14 8.26 4.51 3.89, 3.98 —

(o; > o; 3). These NOEs along with the NH exchange
rates indicate that angiotensinogen is well structured

with only the C- and N-terminal ends being poorly
defined.

Restrained molecular dynamics

The 50 structures obtained by restrained MD simula-
tion were analyzed. Before discussing the simulated

100

structures we shall consider briefly the NOEs used as
distance restraints in the MD simulation. From the pre-
ceding discussion it is clear that at least two different
conformations exist for angiotensinogen whose reso-
nances overlap, except for Val3, Tyr4, Ile5 and Hisé.
Thus, most of the measured NOEs will be a sum of the
intensities arising from these two different conforma-
tions. These NOEs are used to simulate a single struc-
ture by MD calculations. Therefore, a priori it is very
unlikely that the full set of 39 distance restraints would
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Figure 5. Semi-logarithmic plot of NH resonance intensities with time. The points represent the experimental values;
the lines are drawn by exponential fitting. The inset is the plot of signal intensity against time for the residues V3/L10
and H9/L11. The points are experimental values and the lines are drawn by double exponential fitting to these points.
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Table 2. Deuterium exchange rate constants of NH
protons of angiotensinogen®

Residue Exchange rate constant (1073 s~ 1)
Val3/Leul0 142 + 1.7/1.8 + 0.1
Tyr4 29+02
Tle5 37+03
His6 1.6 + 0.3
His9/Leull 10.1 + 2.4/1.4 + 0.1
Val12 0.8 +0.02
Tyr13 1.6 + 0.03

*For the residues not listed, their NH protons exchange too fast for
the exchange rate to be measured.

be fully satisfied in these structures within the limits set
in the calculations. The largest distance violations were
seen for the proton pairs Leul0 CaH-Tyr13 NH (2.0 A)
and His9 NH-Tyr13 CSH (1.7 A). For a few pairs the
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Figure 6. a-Region of sensitivity enhanced HSQC spec-
trum of angiotensinogen in water at 298 K. Peaks are
labeled with single-letter codes for amino acids.

Table 3. 13Ca chemical shifts of angiotensinogen in
water and for amino acids in random coil structure!’-18
in water at 298 K

Residue In water A? B®

Aspl 50.3 54.2 534
Arg2 61.3 56.0 55.0
Val3 59.9 62.2 614
Tyr4 55.5 579 55.6
Ile5 53.3 61.1 —

His6 51.07 55.0 54.5
Pro7 54.20 63.3 61.7
Phe8 55.8 57.7 —

His9 52.7 45.1 54.5
LeulO 53.2 55.1 52.8
Leull 53.0 55.1 52.8
Vall2 58.6 62.2 614
Tyr13 55.5 57.9 55.6
Ser14 55.6 58.3 58.1

2 A, As reported by Wishart et al.;'” B, as reported by Wishart et al.'8

violations in the distances ranged from a low of 0.1 A to
a maximum of 1.7 A and were fully satisfied in the
remaining.

All 50 structures have f-turns around the tetra-
peptide segment Val3—Tyr4-Ile5—His6 with an intra-
molecular H-bond between Val3 CO and His6 NH
together with y-bends at Tyr4 and LeulO. The f-turn
cannot be exactly categorized but resembles Type II
However, the facts that the H-bond distances
(N---O=28-29 A and N—H---O = 1.9-2.1 A) and
the distances between the Ca atoms of Val3 and His6
range from 4.6 to 48 A strongly support a p-turn
conformation?® around the segment Val3-Tyr4-Ile5—
His6. Both the y-bends around Tyr4 and LeulO are of
the inverse type and have the preceding and succeeding
residues in the characteristic H-bond pattern seen for
y-turns, i.e. there is an H-bond between Val3 CO and
Ile5 NH and between His9 CO and Leull NH. Again,
in all structures there is a sharp turn around Vall2
which causes the Leull CO to H-bond with the NH
of Tyr13. The intramolecular H-bonds associated with

Table 4. Coupling constants® of angiotensinogen in water at pH

~4.0 and 298 K

Amino acid 3J(NHCoH) (Hz) Amino acid 3J(NHCoH) (Hz)
Aspl — Pro7 —
Arg2 8.5 Phe8 94
Val3 10.1 His9 10.4
Val3y 9.1 Leul0 94
Tyr4 8.5 Leull 8.9
Tyrd' 9.9 Vall2 9.4
Ile5 8.5 Tyrl3 9.8
Ile5’ 132 Serl4 8.9
His6 (trans) 7.7

His6’ (cis) 89

2 Coupling constants measured from DQF-COSY spectrum.

© 1998 John Wiley & Sons, Ltd.
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Figure 7. (A) The full NOESY spectrum of angiotensinogen recorded with a mixing time of 200 ms in H,0-D,0 (9:1) at
298 K and pH =~ 4.0 showing the full range of inter- and intra-residue NOEs. (B) The section (F, = 0.7-5.0 ppm, F, =
7.8-8.8 ppm) of the NOESY spectrum showing the inter- and intra-residue NOEs. (C) The NH-NH region (F, = 7.8-8.9
ppm, F, = 7.8-8.9 ppm) of the NOESY spectrum showing the NH-NH cross peaks.
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Aspl Arg2 Val3 Tyr4 IleS His6 Pro7 Phe8 His9 Leul0 Leull Vall2 Tyri3  Serl4

daN(i,i*”
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Figure 8. Schematic diagram of observed NOEs for angiotensinogen.

ARG+ 2

ASP 1

Figure 9. Conformation of angiotensinogen simulated using NOEs as distance restraints. Broken lines indicate H-bonds.
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Table 5. Averaged structure and rms deviations for angiotensinogen obtained by restrained MD simu-
lations in water

Torsion angle®

Residue ¢ ¥ X1 X2 X3 Xa Xs
Aspl — 129 (6) —176 (6)

Arg2 —131 (6) 174 (5) —-72(3) 180 (7) —179 (6) —156 (34) —163 (49)
Val3 —139 (6) —40 (2) 56 (7)

Tyr4 —76 (1) 85(3) —180 (4) 72 (3)

Ile5 133 (3) 24 (4) 71 (2) 148 (31)

His6 —-53(3) 117 (2) 161 (5) —107 (5)

Pro7 56 (1) —146 (4) —4 (2 —20(2) 38 (1) —40 (1)

Phe8 124 (5) 29 (2) —32(2) 125 (6)

His9 -39 (1) —164 (28) 64 (1) 14 (4)

LeulO —81 (5 58 (11) —76 (12) 176 (4)

Leull 22 (7) 74 (1) 159 (1) —71(3)

Vall2 —60 (4) 69 78 (2)

Tyrl3 —119 (10) 160 (5) —49 (3) 149 (3)

Serl4 —106 (23) — 59 (3)

2 Average torsion angles in degrees taken over the whole trajectory. Value in parentheses are the rms deviations.
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Figure 10. The two conformations of angiotensinogen in DMSO. (a) y-Bend at His9 and (b) y-bend at Leu10.
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Table 6. Conformational parameters of global minimum of angi-

otensinogen in water as determined by restrained MD

Torsion angle (°)

Residue ¢ ¥ X1 X2 X3 Xa Xs
Aspl — 132 —173

Arg2 —123 169 —-70 169 —173 —118 —167
Val3 —146 —45 39

Tyr4 173 90 —179 84

Ile5 126 28 73 146

His6 —48 122 165 —96

Pro7 57 —132 -7 —17 36 -39

Phe8 111 25 —-37 137

His9 —36 —167 —64 15

LeulO —81 65 —70 174

Leull 15 74 —161 —76

Vall2 —62 4 79

Tyrl3 —116 165 —53 153

Serl4 —143 — 61

secondary structural motifs like the f-turn (Val3—Tyr4-
Ile5-His6) and y-bends (at Tyr4 and Leul0O) and also
the non-specific bend at Vall2 are expected to be reflec-
ted in the low deuterium exchange rates for the NH
protons of His6, Ile5, Leull and Tyrl3 (see above). In
fact we observed relatively small exchange rate con-
stants for these protons.

Hence the dominant conformation of angi-
otensinogen in water consists of a S-turn, y-bends and a
non-specific fold. The averaged structure and the rms
deviations seen for the whole trajectory are given in
Table 5, which shows that there is good homogeneity in
the structures generated by MD simulations. As a repre-
sentative structure, the global minimum of the simula-
tion is drawn in Fig. 9. A second minor conformation
also exists which was alluded to earlier. The sparse data
available for this conformation make it difficult to
assign a definite structure to it. However, it is certain
that the His6—Pro7 amide bond is cis (see above). Also,
in the minor form, the NH resonance of Val3 is close to
the value seen in random coil structures, in contrast to
its value in the major conformation, but no major
change is seen for residues 4—6 (see Table 1).

The two conformations of angiotensinogen in
DMSO? are depicted in Fig. 10. The common feature in
the conformation of angiotensinogen in the two solvents
is a y-bend at LeulO. The differences in the conforma-
tion may be a result of solvent polarity and polarizabil-

1ty.

CONCLUSIONS

Angiotensinogen exists in water in at least two different
conformations. The major conformation is highly struc-
tured with a pf-turn around Val3-Tyr4-Ile5—His6,
y-bends at Tyr4 and LeulO0 and a non-specific fold
around Vall2. The other conformation may be more or

© 1998 John Wiley & Sons, Ltd.

less extended with a cis amide bond between His6 and
Pro7. Both conformations are remarkably different
from that found in DMSO, where a y-bend occurs at
either His9 or Leul0.> The fact that the y-bend at
LeulQ persists even in water strengthens our earlier
hypothesis that a y-bend at Leul0 in angiotensinogen is
the recognition element for cleavage by the enzyme
renin.
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