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ABSTRACT: 'H NMR spectroscopy and solution structure computations have been used to examine fer-
rocytochrome c-551 from Pseudomonas stutzeri (ATCC 17588). Resonance assignments are proposed for
all main-chain and most side-chain protons. Distance constraints were determined on the basis of nuclear
Overhauser enhancements between pairs of protons. Dihedral angle constraints were determined from
estimates of scaler coupling constants. Twenty-four structures were calculated by distance geometry and
refined by energy minimization and simulated annealing on the basis of 1033 interproton distance and 57
torsion angle constraints. Both the main-chain and side-chain atoms are well defined except for a loop
region around residues 34—40, the first two residues at the N-terminus and the last two at the C-terminus,
and some side chains located on the molecular surface. The average root mean squared deviation in position
for equivalent atoms between the 24 individual structures and the mean structure obtained by averaging
their coordinates is 0.54 % 0.08 A for the main-chain atoms and 0.97 = 0.09 A for all non-hydrogen atoms
of residues 3—-80 plus the heme group. These structures were compared to the X-ray crystallographic
structure of an analogous protein, cytochrome ¢-551 from Pseudomonas aeruginosa [Matsuura, Takano,
& Dickerson (1982) J. Mol. Biol. 156, 389—409). The main-chain folding patterns are very consistent, but
there are some differences. The largest difference is in a surface loop segment from residues 34 to 40.
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Cytochromes c-551 are electron transport proteins found
in prokaryotes, where they perform the same function as cy-
tochrome ¢ in eukaryotes. With ca. 82 amino acids they are
simplified versions that express all the key characteristics of
¢c-type cytochromes. Comparisorns of structure and function
have been reviewed (Kamen & Horio, 1970; Dickerson &
Timkovich, 1975; Meyer & Kamen, 1982). Cytochromes c-
551 comprise a family with sequence homologies. Several
amino acid sequences are known (Ambler, 1982) and are
readily aligned, showing regions of strict conservation, regions
of change that can be interpreted as neutral substitutions (i.e.,
conservation of size and approximate hydrophobicity), and
regions with some major changes such as a Pro/Gly or Arg/
Ser switch. Any pair of proteins differ by approximately 25—
35% of the sequence. A comparison of structures within the
family thus affords an opportunity to explore sequence-
structure—function interrelations with proteins that have passed
through natural selection processes. The archetypical member
of the family is cytochrome ¢-551 from Pseudomonas aerug-
inosa (PA! ¢-551). It is currently the only member of the
family for which a detailed crystal structure is known (Dick-
erson et al., 1976; Almassy & Dickerson, 1978; Matsuura et
al., 1982). It has been studied in depth by one-dimensional
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! Abbreviations: PA, Pseudomonas aeruginosa; PS, Pseudomonas
stutzeri; 2D, two dimensional; DG, distance geometry; DQF-COSY,
double-quantum-filtered correlation spectroscopy; E-COSY, enhanced
correlation spectroscopy; EM, energy minimization; NOESY, nuclear
Overhauser enhancement correlation spectroscopy; HOHAHA, homo-
nuclear Hartmann-Hahn spectroscopy; NOE, nuclear Overhauser
enhancement; RMD, restrained molecular dynamics; rmsd, root mean
squared deviation; SA, simulated annealing.

NMR techniques and recently has been well characterized in
terms of proton (Chau et al., 1990; Detlefsen et al., 1990; Cai
& Timkovich, 1991), nitrogen (Timkovich, 1990), and carbon
(Timkovich, 1991) assignments by two-dimensional spec-
troscopy. Recently, global folding conformations of main-
chain atoms were computed on the basis of NMR constraints
(Detlefsen et al., 1991). Because of size, ¢-551 is a suitable
system for application of 2D NMR solution structure
techniques to explore structure differences within the family.
The prototype crystal structure provides the opportunity for
comparison of solution and solid-state conformations for
homologous versions of ¢-551.

Cytochrome ¢-551 from Pseudomonas stutzeri (PS ¢-551)
differs from PA ¢-551 at 26 positions (33%) as shown in Figure
1 (Ambler, 1963a,b; Ambler & Wynn, 1973). Some of the
substitutions are neutral, suchas Phe/Tyr interchanges, while
others are potentially radical, such as Gly 11 (PA) to Pro 11
(PS) or the Arg/His change at 47. This report will present
extensive assignments for the protons of PS ¢-551 and the
results of distance geometry, energy minimization, simulated
annealing, and restrained molecular dynamics calculations
on the solution structure.

MATERIALS AND METHODS

Cytochrome ¢-551 from Ps. stutzeri (ATCC 17588) (PS
¢-551) was purified by adaptation of the procedure of Ambler
and Wynn (1973). Cells were cultured as described in Rob-
inson et al. (1979) on a standard medium (Parr et al., 1976)
at pH 7 without copper sulfate. The purification included
ammonium sulfate fractionation, batch treatment with DEAE-
cellulose, chromatography on (carboxymethyl)cellulosein the
pH range 3.9-4.6, and chromatography on DEAE-cellulose
at pH 9.1. Complete details may be found in Cai (1991). As
originally described by Ambler and Wynn (1973), two
isozymes were isolated, with the major one containing py-
roglutamic acid as the N-terminal residue, and the minor one,
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Glu - Asp- Pro - Glu - Val - Leu - Phe - Lys ~ Asn - Lys ~ 10

Gln Gly Ala Ser
Gly- Cys- Val - Ala - Cys - His - Ala - lle - Asp - Thr- 20
Pro Ala Ser Ala

Lys- Met -Val - Gly - Pro - Ala -~ Tyr - Lys - Asp - Val ~ 30
Leu Phe Glu

Ala - Ala - Lys - Phe - Ala - Gly - GIn - Ala - Gly - Ala - 40

Glu-Ala- Glu - Leu - Ala - GIn - Arg - Ile = Lys - Asn - 50
Ala Asp Leu Gly His

Gly - Ser -GlIn - Gly - Val - Trp - Gly - Pro - lle - Pro - 60

Met ~Pro - Pro - Asn - Ala - Val - Ser - Asp- Asp - Glu - 70

Pro Thr Glu Glu
Ala - GIn -Thr -~ Leu - Gly - Lys - Typ - Val -~ Leu - Ser - 80
Lys Ile Glu Tle
Gln-Lys

FIGURE 1: Sequence comparison of cytochromes ¢-551 from Ps.
aeruginosa (top line) and Ps. stutzeri (bottom line), showing the
amino acid differences.

free glutamine. NMR confirmed the presence of pyroglu-
tamic acid through the observation of a single, slowly
exchanging amide proton at the first residue. All results to
be described apply only to the pyroglutamic-containing
isozyme. The modified purification procedure yielded protein
with an increased purity ratio of 1.5, while the original
procedure gave 1.2 (Ambler & Wynn, 1973).

Sample preparation and spectroscopic details for DQF-
COSY,HOHAHA, and NOESY spectra have beendescribed
(Chau et al., 1990).

Distance constraints based upon NOESY cross-peak in-
tensities were determined according to the methods of William-
son et al. (1985) and Dyson et al. (1990). NOESY spectra
were recorded with mixing times of 50, 75, 100, 125, and 150
ms. Well-resolved NOESY cross peaks were examined and
the volume integrals or peak heights were plotted versus mixing
times. These buildup curves were linear up to 100 ms.
Therefore, intensities in spectra with mixing times of 100 ms
were used to estimate distance limits. For proton distances
involving only main-chain protons, the upper distance bound-
aries were classified as 2.5, 3.0, 3.5, and 5 A, corresponding
tostrong, medium, weak, and very weak NOE's, respectively.
Assuming higher flexibility for the side chains, the upper
boundaries were classified as 3.0, 4.0, and 5.0 &, correspond-
ing tostrong, medium, and weak NOE’s. Cross peaksinvolving
only amide protons have characteristically different fine
structures as described by Williamson et al. (1985) and so
different boundaries were used. The upper boundaries were
3.0 and 4.0 A for strong and weak NOE’s, respectively. The
heme group is buried in the protein and was considered
relatively rigid, so its protons were treated in the same way
as main-chain protons. For NOE's involving methyl groups,
the upper boundaries were corrected for center averaging and
an additional 0.5 A was added to account for the higher
intensity of the resonance (Clore et al., 1987, Wagner et al.,
1987; Driscoll et al., 1989). In all cases, the lower boundary
was set to 2.0 A as approximately the sum of van der Waals
radii. Pseudostructures were used for phenylalanine and ty-
rosine rings, and pseudoatoms were used for nonstereospe-
cifically assigned methylene protons, as described by Wiithrich
et al. (1983).

A total of 1033 interproton distance constraints were
obtained from NOE’s, which included 209 intraresidue, 303
sequential (for residues i and j, j— i = 1), 155 medium-range
(j-1i<5), and 254 long-range (j — i > 5) NOE’s and 112
NOE’s from the heme group to peptide protons. These
distance constraints were obtained in two stages. In the first
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stage, only well-resolved and unambiguously assigned NOE’s
were converted into distance constraints. A total of 593
distance constraints were identified, including 209 intrares-
idue and 326 interresidue NOE’s and 58 NOE'’s from the
heme group to peptide protons. These constraints along with
57 dihedral angle constraints, discussed in the following
paragraph, were used to compute a preliminary structure for
PS ¢-551. Details of this are described in the Structure
Computation subsection. With the preliminary structure
available, additional NOE’s could now be assigned with
confidence in the second stage. NOE'’s assigned from
overlapping cross peaks, where the intensity could be am-
biguous because of the overlap, were assigned to the very
weak class and the upper boundary wassetto 5 A. Anexample
of the second-stage process will illustrate the approach taken.
The heme 5 meso proton showed a weak but definite NOE
to a proton at 2.58 ppm. At this chemical shift there are a
number of degenerate resonances that had been unambiguously
assigned by scalar correlation data, including 8 protons of
Tyr 34, Asn 64, and Ser 52, In the preliminary structure,
these were respectively 16.5, 4.9, and 9.7 A from the heme
meso proton. So although we could not differentiate on the
basis of chemical shifts, the preliminary structure allowed the
NOE to be assigned to Asn 64 and then added to the list of
distance constraints. It would have taken a gross rearrange-
ment of global folding, including disruption of obvious
secondary structure elements (o helices) to place the other
candidates close to the meso proton.

Dihedral angle constraints were estimated on the basis of
scalar coupling as described by Driscoll et al. (1989). By
estimating the width of the cross peak from a main-chain
amide proton to an « proton in HOHAHA spectra, and by
the peak-to-peak separation in high digital resolution DQF-
COSY spectra, 17 coupling constants were identified that
were larger than 8 Hz and 33 that were smaller than 5.5 Hz.
Corresponding main-chain ¢ torsional angles were constrained
to be in the range —80° to —160° for the former and —40° to
—90° for the latter. All seven prolines were identified as being
in the trans conformation and were constrained to an w anlge
of 175-185°. Noconstraints were applied to glycine residues.

Stereospecific assignments were made for 15 8 methylene
proton sets on the basis of the criteria of Wagner et al. (1987),
by examination of DQF-COSY, HOHAHA, and NOESY
spectra. From theseassignments, 12 angles were constrained
to—60 % 60°, and three were constrained to 180 = 60°. Three
valine residues were identified as belonging to the g* rotamer
(x,—60 £ 60°) and one to the g~ rotamer class (x, 60 = 60°),
according to the classification of Zuiderweg et al. (1985).

Structure Computations. The crystal structure coordinates
(Matsuura et al., 1982) of PA ¢-551 were obtained from the
Brookhaven Protein Data Bank. The graphics and molecular
modeling software package sYBYL (Tripos Associates, St.
Louis, MO) was used for display and initial structure analysis.
SYBYL was used to add hydrogen atoms to the heavy atoms
in standard geometries and to change residue side chains to
superimpose the PS ¢-551 sequence on the global fold of PA
¢-551. In this process, SYBYL uses as many of the side-chain
coordinates of the original residue as possible, while for unique
atoms it adds then in a standard relative geometry. This
standard geometry does not account for interresidue contacts,
so it did introduce some steric conflicts. The PS structure
after side-chain replacement was energy-minimized by
MAXMIN2 with steepest descent approach (Levitt, 1982). The
total conformation change was very small, with an rmsd of
0.14 A over all non-hydrogen atoms, but bad van der Waals
conflicts involving the edited side chains were removed.
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This structure was subjected to refinement with NMR
constraints by a combination of restrained molecular dynamics
and energy minimization using the software package NMR4
running on a Cray XMP computer. NMR4 is a version of
AMBER (Weiner & Kollman, 1981) that incorporates distance
and dihedral constraints based upon NMR into the structure
refinement as described by Gippert et al. (1990). In general
the AMBER all-atom force field (Weiner et al., 1986) was used,
while for bonds involving iron, force constants were taken
from CHARMM (Brooks et al., 1983). The potential function
associated with the NMR constraints was zero for distances
and torsion angles between the upper and lower bounds, rose
parabolically as a penalty function when the bounds were
exceeded, and rose linearly if the bounds were exceeded by
some maximum amount, user-selectable and typically 0.5-
1.0 A. The force constant for the penalty was typically 32
kcal for both distances and angles. Different calculations
indicated that the magnitude of the force constant was not
critical because, as will be discussed, there were only very
minor constraint violations in the refined structure and the
total contribution of the NMR penalty function was always
small.

The protocol to produce the preliminary structure used the
first-stage set of constraints described earlier and the following
conditions. For the dynamics a nonbonded interaction cutoff
of 9 A was selected and the equations of motion were integrated
in steps of 1 fs. The system was kept at the initial temper-
ature of 0 K for 1 ps and then increased to 1000 K by a
temperature-regulated algorithm (Berendsen et al., 1984) with
a relaxation time of 0.2 ps. This was followed by 4 ps of
equilibration at 1000 K with a relaxation time of 0.05 ps.
Then the temperature was slowly cooled to 0 K during a 6-ps
period with a relaxation time of 0.05 ps. The system was then
equilibrated again for 1 ps at 0 K. A final 1000 cycles of
conjugated energy minimization without NMR constraints
was carried out in case the NMR constraints had introduced
any slight distortions in standard geometries. Subsequent
analysis indicated that the constraints had not done so.

This protocol produced a single structure that will be
designated RMD (for restrained molecular dynamics). It is
of low internal energy and the dynamics with annealing should
ensure that the conformation is not a local energy minimum
far from the true global minimum. It is consistent with an
unambiguous but limited set of NMR constraints. It could
be criticized, however, on the following grounds. By starting
with main-chain crystal coordinates from PA, the RMD
structure was produced without a wide initial search of con-
formational space. This raises the question of how well the
NMR data actually determine the conformation. The question
was addressed by use of the distance geometry algorithm.

Starting structures were generated by a distance geometry/
structure refinement program x-pPLOR/dg (Kuszewski et al.,
1992). x-pPLOR/dg translates covalent geometry from X-PLOR
parameter files into interatomic distance constraints, adds
experimentally derived constraints, and creates a matrix of
upper and lower bounds on the distances between all pairs of
atoms in the system. It optionally uses a distance geometry
protocol, partial metrization, which can improve the confor-
mational energy of embedded structures and the sampling of
conformational space. However, metrization may be some-
what problematic when used for full structure embedding
without prior substructure embedding (Briinger, personal
communication), which was not present in the experimental
version of X-PLOR/dg available to us at the time. For PS
¢-551, a total of 40 DG structures were generated, 20 with
random partial metrization and 20 with no metrization. Each
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FIGURE 2: HOHAHA spectra of different spin lock times showing
the progressive assignments of Pro 11, Pro 58, Pro 60, and Pro 65
of PS ¢-551. All spectra were recorded at pH 4.75 and 47 °C and
the following spin lock times: (left) 5 ms, (center) 20 ms, and (right)
75 ms. The vertical lines mark the residue spin systems. Cross peaks
appear in the left panel for direct a~8 coupling, then in the center
panelas relayed coupling to y, and finally in the right panel as relayed
coupling to & protons.

structure was generated with a different random seed number.
To reduce the computer memory requirements, each methyl
group was replaced with a single pseudoatom (Wiithrich et
al,, 1983) during the distance geometry and structure
regularization calculations, while all atoms were used during
simulated annealing calculations. When the methyl pseudoa-
tom was used, upper boundaries relating to methyls were
increased by 0.36 A.

The embedded DG structures were regularized by a
multistage minimization protocol with a variable target
function developed by Kuszewski et al. (1992). Regularized
structures were further refined by a simulated annealing
method (Nilges et al., 1988; Briinger & Karplus, 1991). Non-
bonded terms were replaced by a simple van der Waals
repulsion term. The initial force constants were set to 50,
200, and 500 kcal/ (mol rad?) for improper, angle, and torsion
angle constraint terms, respectively, and 1000, 0.002, and 50
keal/(mol A?) for bond, repulsion, and NOE constraints,
respectively. Forthe dynamics,the Verlet integration method
was used and the equations of motion were integrated in steps
of 1fs. After a 300-step Powell energy minimization, initial
velocities were randomly assigned at 1000 K according to a
Maxwell distribution. After 2 ps, the vander Waals repulsion
constant was increased by multiplying its value every 75 fs
until it reached 4.0 kcal/(mol A2). The force constants for
angle and improper torsion terms were set to 500 kcal/(mol
rad?), and the system was integrated for another 4 ps at 1000
K. In the cooling stage, van der Waals constants were
multiplied by 0.8 and the velocities were rescaled to 300 K
by reducing the temperature by 25 K every 50 fs. Structures
were finally subjected to 500 cycles of restrained energy
minimization.

For the 20 structures generated with random partial me-
trization, eight structures were identified as having wrong
chirality compared to the RMD and other 12 structures. The
12 plus RMD all had the same global fold. Ofthe 12, 10 were
inexcellent agreement with the experimental constraints with
no distance violations greater than 0.4 A and no torsion angle



Table I: Proton Resonance Assignments for PS ¢-551
resi- chemical shift? (ppm) resic chemical shift? (ppm)
duer NH Ca Cs C, C; C. other dues NH Ca Cs C, Cs C. other
X;¢ 830 435 2.55,2.03 245 L43  7.44 3.86 1.42,1.70 1.58 0.85,0.78
D2 7.79 3.80 1.28 L44 849 3.75 1.42,1.97 1.72 0.89,0.77
G3 8.72 3.26,3.11 A4S 8.43 3.87 1.41
E4 725 285 1.89 2.20,2.30 G46 749 3.71,3.91
AS 749 399 1.45 H47 726 4.27 2.15, 2.95* C2, 8.62; C5,7.09
L6 1775 413 1.90,1.35* 1.72 0.93,0.93 148 8.34 1.49 1.63 1.65, 1.12 ¥-CH3, 0.72; 6-CHj, 1.31
F7 821 425 2.95 C2 (Ce), 7.18; C3 (C5), K49 7.33 3.80 1.65 1.27 1.47 3.02,3.10

6.94; C4,7.02 NS0 798 4.68 2.81,2.70 NH;,6.95,7.29
K8 746 377 1.82 1.42 2.08 2.98 G51 7.12 3.55,2.05
S9 775 4.62 4.12,3.97 Ss2 7.02 395 2.58
K10 7.66 5.17 2.72%,2.27 2.05 1.44,1.63 295 Q53 7.62 4.29 1.83,1.92 2.05,2.25 NH,, 6.66, 7.31
P11 4.93 292,275 253,238 3.92,4.22 Q54 8.28 4.21,3.92
Cl2 8.23 495 3.19, 3.08* V55 1048 3.83 2.50 1.01*,0.75
Al3 8.15 4.23 1.03 W56 10.63 4.65 3.70, 3.80 C2, 7.80; C4, 7.97; C5, 7.26, C6,
Al4 7.84 4.20 1.76 7.08; C7, 7.66; Ningote, 12.73
Ci5 676 4.33 1.82,1.00* G57 8.08 4.20,4.60
H16 7.08 3.78 0.63, 0.00* C2,0.68; C5,0.72; N, 8.75 P58 4.80 2.28 2.05,2.26 3.95,3.69
S17 7.28 4.26 3.52,3.63 159 748 4.72 2.20 1.82,1.51 y-CHj, 1.42; §-CH3, 1.12
118 828 3.26 1.68 1.43,0.88 v-CHj, 0.69; 6-CH3, 0.75 P60 475 2.00,1.51 2.15,2.00 3.90, 4.10
D19 798 4.57 2.67 M61 848 3.65 —0.88%,-2.69 -0.52,-3.65 S-CH;, —2.907
A20 7.22 443 1.08 P62 4.22 1.52,1.98 1.79,1.93  3.62,3.67
K21 832 3.59 1.62 1.00,1.08 1.51 2.83 P63 3.33 1.54,2.07 1.75,1.62 3.22,3.29
L22 7.31 433 1.12,0.79* 042,107 1.04 N64 7.03 5.18 2.58*%,1.98 NH,, 7.02, 3.20
V23 696 3.98 1.83 1.59,1.14* P65 4.87 1.92,2.49 2.39,2.15 3.80,3.91
G24 6.61 0.08,3.67 V66 8.02 5.06 2.49 0.61*,0.77
P25 3.51 0.82,0.48 0.03,008 2.82,2.05 T67 8.78 4.51 4.80 1.31
A26 8.07 3.86 0.75 E68 9.12 3.9 2.05 2.38
F27 17.73 420 2.52%,2.75 C2(C6), 6.01;, C3 (C5), 5.13; E69 8.41 4.07 2.12,1.95 233

C4,5.48 E70 7.83 4.55 2.35,2.52 2.75,2.93
K28 8.86 4.00 1.73 142,126 1.56 2.83 ATl 8.61 4.00 1.56
E29 6.78 4.27 2.15 2.37 K72 783 4.02 2.05,1.87 1.72,1.47 1.65,1.32 3.00
V30 7.62 4.12 2.32 1.67,0.84* 173 8.02 3.81 1.88 1.17,1.83 v-CH3, 0.84; 5-CH3, 0.83
A3l 8.35 4.00 1.55 L74 8.58 4.27 1.68, 2.49* 1.92 1.26,1.26
A32 7.38 4.8 1.55 A75 8.67 4.00 1.70
K33 785 4.01 2.05*,1.90 038,100 1.20 2.50 E76 8.44 4.03 2.23,2.04 2.46, 2.68
Y34 742 4.60 2.58%,3.42 C2(C6),7.53;C3(C5),7.30 W77 838 433 3.36, 3.43* C2, 7.40; C4, 7.42; CS5, 6.20; C6,
A35 752 424 1.54 6.25; C7, 7.21; Nindole, 10.21
G36 8.74 3.91,4.15 178 8.96 2.63 1.90 1.76, -0.66 v¥-CHj, 0.63; 6-CHs, 0.92
Q37 790 453 2.26 242 NH,, 7.68, 6.79 L79 798 3.90 1.94*,1.64 1.89 0.96, 1.28
D38 8.87 4.54 2.68 S80 7.42 448 3.99, 4.09
G39 8.82 4.07,4.07 Q81 7.37 3.95 1.68, 1.82 2.10,1.28 NH,, 5.54, 5.16
A40 7.63 4.01 1.62 K82 7.36 4.05 1.75, 1.65 147,135 1.70,1.63 2.89
A41 8.74 3.83 1.38
D42 7.55 4.31 2.59

2661 ‘9€ "ON ‘I£ "1o4 ‘Adisiwayoolg 9098

Te 1 18y



NMR of Ps. stutzeri ¢-551 Biochemistry, Vol. 31, No. 36, 1992 8607

constraints greater than 2°. One of the 10 had a positive ¢
angle of 46° for residue 26 and had a higher energy than the
other nine. This structure was considered as a possible local
minimum conformation and was excluded from the other nine.
For the 20 structures generated with no metrization, three
had wrong chirality and two had excessive constraint violations.
The remaining 15 had no constraints violations greater than
0.4 A and 2°. Two of the 15 had energy and constraint
violations noticeably higher than the remaining thirteen. The
24 structures out of the total 40 that best satisfied the
experimental data were selected for further analysis.

A mean structure, designated (SA ), was obtained by best-
fitting the 24 SA structures to each other and averaging their
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assignments are denoted as follows. For the C# methylene protons

type of
heme
proton
ring methyl

gﬁ E 958 ‘ amide, a, and 8 protons. Not all of the protons of a side chain

£ Al spin system necessarily appear in the fingerprint region of
HOHAHA spectra even at long spin lock times. Side-chain

assignments were completed as fully as possible by interpre-

3 "2 tation of the aliphatic region of HOHAHA and DQF-COSY
E spectra recorded in ?H,0. It was especially informative to
'é - record HOHAHA spectra at increasing spin lock times and
Slses § to follow the appearance of additional protons of the spin
NS system. The complete side chains of proline residues, which
g 2= a g do not appear in the fingerprint region of scalar correlation

30, and Val 55 are classified as g* rotamers, and Val 66 is classified as a g~ rotamer (Zuiderweg e

protons of residues 6, 10, 12, 15, 16, 22, 27, 34, 47, 64, 74, and 79 are classified as t

spectra, were assigned in this manner. Figure 2 illustrates
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FIGURE 3: Summary of sequential connectivities for PS ¢-551. A bar
indicatesa NOESY cross peak was observed between the tworesidues.
The letter X was chosen arbitrarily as the one-letter code for py-
roglutamic acid.

this for four proline residues. Looking in the chemical shift
region of the a proton, one sees cross peaks to 8 protons at
short spin lock times, then to v protons at longer times, and
finally to d protons. Infavorablecases where thereis sufficient
resolution, one can confirm these assignments by looking in
the & regions and progressively observing the appearance of
v, B, and « resonances. Finally, DQF-COSY spectra are
checked for the presence of cross peaks for direct scalar coupled
protons. Furtherextensive details, documentation, and labeled
spectra for the assignments have been given in Cai (1991).
Resonance assignments are given in Table I, and Figure 3
summarizes sequential connectivities.

Structure Statistics. Structure statistics for the best 24
SA structures are given in Table II. All 24 SA structures and
the refined mean structure (SA)r display only small devia-
tions from idealized covalent residue geometry and have good
nonbonded contacts as indicated by small values for the
repulsive force and a negative value for van der Waals energies.

The overall fold of the protein is displayed in Figure 4 by
aribbon diagram for (SA )r. Superposition of the main-chain
atoms for the 24 SA structures is shown in Figure 5. The
conformation of all main-chain atoms is well conserved except
for the first two N-terminal residues, the last two C-terminal
residues, and a loop region from residues 34 to 40. This is
reflected by the small average rmsd of 0.7 A of each SA
structure to {(SA). The distribution of rmsd values as a
function of residue number is shown in Figure 6. Deviations
of the ¢ and y angles are shown in Figure 7. All non-glycine
residues except for Gln 53, whose ¢ angle was in the range
of —174 £ 15°, lie within the sterically favorable region of a
Ramachandran plot (Figure 8). Side-chain atoms are de-
termined to the extent as shown in Figure 6. The average
rmsd value for the 24 SA structures and (SA) was 1.12 A for
all heavy atoms. Specific side chains with large individual
deviations are located on the molecular surface and have large
accessible surface areas as shown in Figure 6. Most are highly
charged residues such as lysines and glutamic acids.

The addition of a force field with electrostatic terms to
produce {(SA )r,el and then with terms to regularize hydrogen-
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Table II: Structures Statistic for PS ¢-551

SAs (SA)r
Distance Constraints
av. no. of violations
0.1A<d<02A 9.79 8
02A<d<03A 1.63 1
03A<d<04A 0.42 0
max violation (A) 0.35 0.25
rmsd from upper bounds® (&)
intraresidue 0.024 0.030
sequential 0.029 0.040
short range 0.017 0.022
long range 0.014 0.014
Torsion Angle Constraints
av no. of violations > 0.5 deg 1.13 1
max violation (deg) 1.7 0.7
Energies¢ (kcal/mol)
Froe 26%6 18.5
Feor 02£0.1 0.08
Frepel 40+ 1.0 2.4
Epy —496 % 11 -502
Rmsd from Idealized Geometry
bonds (A) 0.007 0.007
angles (deg) 2.2 2.2
impropers (deg) 0.6 0.6
SAvs (SA) (SA)vs (SA) r
Atomic Rmsd (&)
whole protein
main chain 07£0.1 0.47
all 1.1£0.1 0.67
residues 3—-80 plus heme group
main chain 0.54 % 0.08 0.26
all 0.97 &+ 0.09 0.45

@ SA represents the 24 individual structures refined by the simulated
annealing method described in the text. (SA) is the mean structure
obtained by simple averaging of the coordinates of the SA structures.
(SA)r is the refined structure obtained by energy minimization of (SA)
as described in the text. » Root mean squared deviations in angstroms
when the calculated final distance between protons in the structure after
simulated annealing refinement exceeds the upper bounds of the NOE
distance constraint, averaged over all constraints. Valuesare groups into
intraresidue and interresidue classes as discussed in the text for the different
types of constraints. < The force constants used for these calculations
were 50 keal/(mol A2) for NOE's, 500 keal/ (mol rad?) for torsion angles,
and 4 kcal/(mol A?) for repulsion terms. Fuoe, Fior, and Frepe are,
respectively, the violation energies associated with NOE's, torsion angles,
and the van der Waals repulsion energy with hard-sphere van der Waals
radii set to 0.8 times the standard value used in the CHARMM empirical
energy function (Brooks et al., 1983). EL_jis the van der Waals energy
recalculated with the same coordinates but using the X-PLOR energy
function.

bond geometry to produce (SA)r,el,hb had minimal impact
on the (SA)r structure. Hydrogen bonds in elements of
secondary structure such as helices and turns were in general
well-defined without the additional refinement. There were
a few cases involving groups far apart in sequence but close
in space where the additional refinement improved the
geometry of hydrogen bonds. These will be discussed on a
case by case basis.

DISCUSSION

Global Folding in Solution. The solution structure of PS
¢-551 consists of four major a helices and one major poly-
proline-type helix connected by turns and loops. a-Helical
regions are identified qualitatively by distinctive patterns of
NOE'’s and quantitatively in the SA structures by their ¢ and
y torsional angles (average values in PS ¢-551 helices are
—66° and -39°, respectively). o Helices extend from Gly 3
to Lys 9, from Phe 27 to Lys 33, from Ala 40 to Lys 49, and
from Glu 69 to Ile 79. A pronounced polyproline helix,
identified with average ¢ and ¥ values of —84° and 143°,
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FiGURE 4: Ribbondiagram of the minimized mean structure showing
the global folding of Ps. stutzeri ferrocytochrome ¢-551.

extends from Ile 59 to Gln 63. Another very short segment
from residues 24 to 26, including Pro 25, has polyproline-type
helix character with average ¢ and y values of -69° and 144°.
Pro 25 is sequence conserved over many pseudomonad cy-
tochromes. It appears to form a critical hydrogen bond from
its carbonyl oxygen to the non-iron-bonded imidazole nitrogen
of the heme ligand His 16, where it may help to orient the
imidazole with respect to the heme plane.

Comparison to the Crystal Structure of PA c-551 (Mat-
suura et al., 1982). The solution computed structures of PS
¢-551 and the crystal structure of PA ¢-551 have a very similar
fold. The average rmsd for all main-chain atoms between
(SA)r and the crystal structure is 1.23 A from residues 3-80
plus the heme. This number includes some obvious differences
imposed by amino acid substitutions between the proteins.
Relative packing of side chains is different due to substitutions
and this can lead to a constant shift of an element of secondary
structure. Substitutions involving prolines are a main cause
of differences. In computer docking experiments, if one
superimposes only main-chain atoms for select small segments,
then the rmsd becomes smaller. In the ensuing discussion,
attention will be focused on areas of largest differences.
Definitions of secondary structure elements in terms of ¢ and
¥ angles have been taken from Crawford et al. (1973).

The N-Terminal Helix and Pro 11. Pro 11 occupies a
peculiar position in the protein, since it is just prior to the first
thioether covalent attachment of the heme to Cys 12. In the
crystal structure of PA ¢-551, which has Gly 11, the N-terminal
« helix extends roughly from residues 4 to 11, but at the end
of this run the four residues 8-11 form a type I turn. Residues
12-15forma 3o helix segment that positions the two thioether
attachment points, and a rotation at 15 positions His 16 to act
as the fifth heme ligand. It seems that, without these anchor
points, residues 4-16 could form a continuous single helix, so
it is reasonable to ascribe the heme attachment as exerting
a major influence on peptide conformation in this region. The
switch from Gly 11 in PA to Pro 11 in PS cannot be called
astructurally neutral mutation, because of the increased bulk
and closed covalent structure of the side chain. In (SA)r, the
main-chain torsion angle of Pro 11 and Lys 10 has rotated
more than 100° compared to PA to release bad van der Waals
contacts. As a result, the type I turn was replaced with a
distorted type III turn consisting of the sequence Lys 10, Pro
11, Cys 12, and Ala 13. Distortion and the short length of
the preceding segment from residues 3 to 9 may also account
for the failure to observe dn+1) NOE cross peaks above the
noise level (Figure 3), although the other amide NOE’s are
typical of helical secondary structure. There are two side-
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chain size changes (PA Val 5 and Val 13 to PS Ala 5 and Ala
13) in this region, but this seems to have little impact on
structure. Both residues are on the outside surface of the
protein.

The secondary structure change around Pro 11 is reflected
by chemical shift differences for the amide protons at positions
8 (0.5 ppm), 10 (1.29 ppm), and 13 (1.52 ppm). The
differences are interpreted as due to changes in hydrogen
bonding, as has been noted in other studies (e.g., Gao et al.,
1989). InPA ¢-551, the amide protons of Lys 10, Gly 11, and
Val 13 are hydrogen-bonded to the carbonyl oxygens of
residues 6, 8, and 7, respectively, while in PS ¢-551 (SA)r,
the hydrogen bond between Lys 8 and Pro 11 is gone and the
amide of Ala 13 is hydrogen-bonded to the carbonyl oxygen
of Lys 10 instead of Phe 7. This 10-7 hydrogen bond pulls
the carbonyl oxygen of Ala 10 near to its own amide proton
(4.2 A in PA, 2.9 in PS) and thus changes the environment
and chemical shift of the amide.

Pro 65. The sequence from residues 65 to 67 is located at
the end of the polyproline helix and before the C-terminal
helix. Looking onlyat thesequence of residues, the substitution
of Pro65in PS for Ala 65 in PA could potentially have extended
the polyproline helix in PS. However, this was not the case
and in PS the segment is still a short loop interconnecting the
two helices. On the basis of the ¢ and ¢ values it cannot be
classified into any regular element of secondary structure.
The substitution does lead to a big change in the size of the
sidechain. Model building indicated that without some change
in torsion angles there would have been bad van der Waals
contacts.

Loop 35—40. The largest change between the crystal
structure of PA and (SA)ris in a surface loop region around
residues 35—40. This loop occurs at the end of the 27-33 &
helix and before the 4049 helix and causes a major change
in direction for the main-chain path. In this region of PS,
there were NMR constraints for the ¢ angles of residues 35,
37, 38, and 40, and many intraresidue and sequential NOE’s
were identified. However, only two long-range NOE’s were
found, in spite of intensive efforts for these resonances both
inthefirst stage before the RMD model structure was available
and afterward in the second stage. The high rmsd values
between SA structures is ascribed to this lack of long-range
NOE?s.

In the sequence from Tyr 34 to Ala 40 there are two turns.
In (SA)r they were a single left-handed helix turn at Gly 36
(¢ = 49°, ¢ = 17°) and a distorted type II turn from Gin 37
to Ala 40 with ¢ and y values of —42° and 144° at Asp 38
and 92° and -27° at Gly 39. However, other conformations
were consistent with the experimental constraints and had
low energies. From Tyr 34 to Gly 37, eight distorted type II
turns and two distorted type I turns were also identified among
the 24 SA structures. From Gln 37 to Ala 40, additional
turns appeared among the 24 SA structures including three
type III turns, five type I turns, seven left-handed helical type
turns, and four turns that cannot be placed into an obvious
turn category yet were within stericaily allowed Ramachan-
dran space.

In the crystal structure of PA ¢-551, there is a type I turn
from residues 34 to 37 and a type II turn from residues 37
to 40. Although there are two side-chain substitutions in this
region for PA versus PS, they are probably neutral changes,
especially since the Asp 38 side chain is solvent-exposed.

Although the refined SA structures are not well defined for
the loop, there are several pieces of NMR data that indicate
there may be real differences between the crystal and solution
conformationsinthisregion. Thedatasuggestthatthischange
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FIGURE 5: Stereoview of the best-fit superposition of the 24 SA structures. The main-chain atoms (nitrogen, a-carbon, and carbonyl carbon)
are shown with the heme and the side chains of heme ligands and the thioether bridges.
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FIGURE 6: Atomic rmsd distribution of the individual SA structures
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residues in the minimized mean structure, (SA)r. The filled bars
represent the average values, and standard deviations are shown by
the vertical error bars on the top.
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represent the average values, and standard deviations are shown by
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is not a difference between PA and PS but is a difference
between the solution structure for both and the main-chain
crystal structure of PA in this region. The data observed for
PSc-551arealsopresentin PA ¢-551 spectra. First,chemical
shifts for resonances in the loop region are highly homologous
for both PA and PS. Second, dny NOE’s for residues 35 and

180 T LB Te W T T A
L] :‘
-g . G51 ;
120p¥ . <]
. . . -
60 (X3 -
~ *  G39
o R )
o G6e N
I o N O
E L
Q. * .
-60 G54 1
-120 J
-180 L ®, L 1
-180 -120 -60 0 60 120 180

FIGURE 8: Ramachandran plot for the 24 SA structures.

36 and d,n NOE’s for residues 36 and 37 were not observed,
while they should show very strong NOE’s if there were a type
I turn in solution (Billeter et al., 1982). By suitable choice
of temperature and pH, clear 2D NMR spectral windows
around these amides could be obtained, and we feel it is highly
unlikely that the critical NOE’s were missed because of overlap
problems. In principle, there are cross-relaxation situations
whereby an NOE is not observed between protons close in
space, but in practice, we have observed NOE’s in spectra of
PA and PS ¢-551 for all other pairs of protons so close, on the
basis of the crystal coordinates of PA ¢-551. Third, the main-
chain dihedral angle of residue 35 is 26° in the crystal structure
of PA ¢-551. This would predict a relatively strong scalar
coupling from the amide proton to the « proton (6 = -34°,
and a Karplus relation predicted J = 6.6 Hz). However, very
small coupling constants were observed for both proteins.
Unfortunately, these are consistent with the SA conforma-
tional alternatives discussed previously. Finally, a duyn NOE
was observed between residues 37 and 38 for both PA and PS
¢-551. InPA ¢-551, when NOE'’s were observed between any
other two amide protons, the distances based upon the crystal
coordinates were on the order of 3 A or less between them.
But in the 37-38 case, the crystal coordinates indicate dnn
is 4.6 A, while the distance is 2.90 £ 0.52 A for the 24 SA
structures of PS ¢-551.

The crystallographic analysis had indicated this loop was
a trouble spot. Especially significant is Figure 6 in Matsuura
et al. (1982), the X-ray refinement report. The mean tem-
perature factors for the main-chain atoms of residues 34—40
are among the highest in the crystal structure. This would
represent large thermal motions and/or relative disorder in
thecrystal. Theonly residues with larger temperature factors
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FIGURE 9: Hydrogen-bond differences involving the heme inner propionate and Arg 47 in PA ¢-551 (top) and His 47 in PS ¢-551 (bottom).

Only the NH protons have been drawn in the figure.

FIGURE 10: Stereoview of the superposition of the side chains around Lys 33 from the 24 SA structures illustrating the hydrophobic packing.
Lys 33 is at the bottom, Trp 56 is to the left and front, Val 55 is to the left and rear, Tyr 34 is to the rear, and Val 30 is to the top and right.

are 81 and 82 at the C-terminus. The loop at 36—40 is not
at an intermolecular contact point in the crystal lattice. It
could be that very high ionic strength (crystals were grown
in 40-60% ammonium sulfate with 1 M NaCl) could cause
a difference between solution and crystal. Itisnot likely that
pH is important, because the crystallization pH was 5.6-5.7,
similar to the value of 4.8 where most of the NMR data were
collected. Itisconceivable that the loop is quite flexible, with
conformers represented by the NMR results, while crystal-
lization froze out one alternative conformer.

Trp 56 and Gly 57. Noside-chain substitutions occur from
residues 51 to 64. However, the SA structures showed some
differences for 56—60. The key change is the main-chain
rotation of Gly 57 and Trp 56. Theresultisdriven by rotational
energy, because both the SA and the crystal conformations
are consistent with the available NMR constraints. Trp 56
and Pro 58 have more favorable Ramachandran angles in the
computed solution structure. The X-ray analysis again noted
high temperature factors for residues 54 and 56.

Hydrogen Bonding of His 47. The heme is relatively buried
in the polypeptide of ¢-551. Polar propionic acid substituents
are stabilized by extensive hydrogen bonds. In the crystal
structure of PA ¢-551, the inner propionate has one carboxyl
oxygen hydrogen-bonded to Trp 56 Ne and the other to Arg
47 N, and solution NMR data for PA ¢-551 are consistent
with this geometry (Chau et al., 1990). In PS there is an

interesting residue substitution to His 47. In the 24 SA
structures for PS ¢-551, there is evidence for hydrogen bonding.
The average N-H to propionate O distance for Trp 56 Ne is
2.38 A and the average N-H-O angle is 135°. When
electrostatics are included in the force field, these values
improve to 1.86 A and 158°, and with hydrogen-bonding terms,
to 1.81 A and 156°. For His 47, it is the N« proton that is
an average distance of 2.24 A from the other oxygen with an
average angle of 120°. With electrostatics these values
improve to 1.75 A and 132°, and they remain the same when
hydrogen-bonding terms are added. Figure 9 compares the
hydrogen-bonding patternsin PA and PS. Theextended length
of the side chain of His 47 is not as long as for an arginine
residue. It can form a hydrogen bond but must do so by
interacting from a different direction. Arg47canbedescribed
as forming a hydrogen bond from the bottom of the heme
crevice, while His 47 forms an analogous bond but from near
the top corner. There are several NOE’s that establish the
orientation of the His 47 side chain about the 8—y bond as
shown in Figure 9. These are NOE'’s from the C5H to the
main-chain o and 8 protons and interresidue NOE’s from
C2H to the two methyl groups of Val 55, which are not shown
in the figure but would be just beneath the carboxylate.

Our best current interpretation of 2D NMR cross-peak
data indicates that the two NH protons of the imidazolium
ring are in fast exchange with solvent (Cai & Timkovich,
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1991). Figure 9 has been drawnshowingonly the NH protons
on Arg 47, His 47, and Trp 56, and no information about the
pK.’s of these groups or the propionates is intended. The
protonation behavior of the ionizable groups in this network
is complicated and will be presented in a later paper.

Lys 33. BothPSand PA ¢-551 contain eight lysine residues.
Among these, Lys 33 in both proteins was a special residue
in the sense that scalar couplings were very strong among its
side-chain protons. Itshowed pronounced cross peaksin DQF-
COSY spectra with large antiphase separations. Its spin
system could be traced out in short spin lock time HOHAHA
spectra. The multiple relay through-bond connectivities could
be traced from « to ¢ in HOHAHA spectra with spin lock
times as short as 20 ms, while times in excess of 50 ms were
required for other lysines. Polylysine (Sigma Chemical Co.,
molecular weight range 1000-4000) was studied as a model
compound. Polylysine does not have a fixed globular three-
dimensional conformation, and presumably its side chains are
freely rotating. HOHAHA spectra showed that the long-
range connectivities from o to € could only be made with spin
lock times longer than 50 ms. Thus all lysines in PA and PS
¢-551 are like polylysine except for Lys 33.

Lys 33 is on the surface of the protein. Asshown in Figure
10 for the 24 SA structures, the side chain was located in a
hydrophobic groove on the protein surface created by the side
chains of Val 30, Tyr 34, Trp 36, and Val 55 and constrained
there by NOE’s from these side chains to the Lys 33 side-
chain protons. The terminal amine was not constrained and
rotation about the é—¢ carbon—carbon single bond placed it
4.8 A from the carbonyl oxygen of Val 55. When electrostatic
terms were added to the refinement, this distance decreased
to 3.39 A by rotation about the single bond, and when
hydrogen-bonding terms were added, it decreased to 3.13 A.
Association with the hydrophobic groove could hinder rotation
about single bonds in Lys 33 and favor side-chain dihedral
angles that lead to stronger coupling than in a purely
rotationally averaged side chain.
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