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The solution conformation of plastocyanin from the green alga Scenedesmus obliguus
has been determined from distance and dihedral angle constraints derived by nuclear
magnetic resonance (NMR) spectroscopy. Structures were generated with distance
geometry and restrained molecular dynamics calculations. A novel molecular replace-
ment method was also used with the same NMR constraints to generate solution
structures of S. obliguus plastocyanin from the x-ray structure of the homologous
poplar protein. Scenedesmus obliquus plastocyanin in solution adopts a (-barrel
structure. The backbone conformation is well defined and is similar overall to that of
poplar plastocyanin in the crystalline state. The distinctive acidic region of the higher
plant plastocyanins, which functions as a binding site for electron transfer proteins and

inorganic complexes, differs in both shape and charge in S. obliguus plastocyanin,

HE MECHANISMS OF LONG-RANGE
Tbiological electron transfer and the

nature of the interactions between
clectron transfer proteins are currently
topics of intense investigation. Plastocya-
nins, the “blue” copper proteins that func-
tion as electron carriers in photosynthetic
organisms ranging from blue-green algae to
higher plants, are of particular interest be-
cause of their unusual spectroscopic and
electronic properties and because they ex-
hibit well-defined binding sites for other
electron transfer proteins and inorganic re-
agents (1, 2). To date, the x-ray structure of
only one plastocyanin (Pc), from poplar
leaves, has been reported (3). This struc-
ture reveals a highly distinctive negatively
charged surface that functions as a binding
site for cationic electron transfer complexes
(4), for cytochrome ¢ (5), and for the phys-
iological electron transfer partner, cyto-
chrome f (6). Most of the residues of the
acidic region are altered in the Pc from the
blue-green alga, Anabaena variabilis, and it
has been suggested that the presence of an
acidic patch represents a later stage in the
evolutionary development of the plastocya-
nins (7). Three plastocyanins have been
sequenced from the green algae Chlorella
fusca, Entevomorpha prolifera (8), and Scen-
edesmus  obliquus [reported in (I)] and,
whereas these retain acidic amino acids in
positions 42 to 44, the acidic patch may be
disrupted by deletion of residues Met>’ and
Ser’® and substitution of Glu® of poplar Pc
by Ala or His, and by replacement of the
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highly conserved Tyr®* by Phe in the pro-
teins from C. fusca and S. obliguus. In order
to examine the effect of these amino acid
substitutions on the acidic patch, we have
determined the conformation of the Pc from
S. obliguus. This structure of a primitive algal
Pc has additional significance, since Pc se-
quences have been widely used to establish
phylogenetic relations for a wide range of
algae and higher plants (2). A novel feature
of the present structure is that it has been
determined in the solution state by two-
dimensional (2D) nuclear magnetic reso-
nance (NMR) methods rather than by con-
ventional x-ray crystallographic procedures.

Recent advances in 2D NMR spectrosco-
py have led to methods for the determina-
tion of the structure of small proteins in
solution (9). The process of structure deter-
mination occurs in several steps, beginning
with sequence-specific assignment of the
NMR spectrum with sequential assignment
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procedures (10) followed by evaluation of
distance and dihedral angle constraints from
nuclear Overhauser effects (NOE) and scalar
coupling constants, and then structure de-
termination and refinement. The most wide-
ly used method for a priori structure deter-
mination uses distance geometry algorithms
to determine the spatial arrangement of
atoms in a molecule (11, 12). The resulting
structures may then be refined by energy
minimization (13) or a combination of ener-
gy minimization and restrained molecular
dynamics methods (14, 15). This approach
has been used to determine the structure of
S. obliguus Pc. In parallel, a computationally
more efficient molecular replacement tech-
nique has also been used to generate solu-
tion structures by restrained molecular
dynamics methods by using the x-ray crystal
structure of the homologous poplar Pc as a
starting structure.

Sequential resonance assignments for the
backbone and most side chain protons of
reduced, diamagnetic S. obliguus Pc (97 resi-
dues, M, ~10,000) have been obtained with
2D NMR methods (16) and will be de-
scribed in detail elsewhere. All of the NMR
experiments were completed with only 15
mg of protein. NOE constraints were ob-
tained by analysis of cross peak intensities in
2D nuclear Overhauser effect (NOESY)
spectra recorded with mixing times of 50,
80, and 120 msec. Upper bounds were
determined by empirical calibration versus
known sequential distances (10) by a proce-
dure similar to that used by Williamson ez al.
(13). A total of 490 distance constraints
derived from NOEs was used. Dihedral
angle restraints were obtained from the
3nmo coupling constants measured from
the NH-CaH cross peaks (17) in the scalar
correlated (COSY) spectrum of S. obliguus
Pc in H,O. The backbone torsion angle ¢
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Fig. 1. Stereoview of the copper binding site in unrefined structures derived from distance geometry

calculations. The copper atom has not been included in the calculations, but the relative positions of the
ligand side chains are adequately defined by the observed NOE connectivities. Structures in which there
are distance violations greater than 0.2 A Involving the ligand residues are omitted. Abbreviations for
the amino acid residues: C, Cys; H, His; and M, Met.
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was constrained (13) to ¢ = —80 to —160
for 53 residues with 3Jyga > 8 Hz and to
¢ = —90 to +40 for an additional 13 resi-
dues with 3yga < 5.5 Hz. For the distance
geometry calculations alone, further con-
straints imposed by the 20 hydrogen bonds
that could be identified in the B-sheets were
included.

For structure determination with the mo-
lecular replacement technique, an initial
structure was constructed from the x-ray
structure of oxidized poplar Pc (3) by delet-

ing residues 57 and 58 and by changing the
remaining amino acid side chains to those of
the algal sequence. The backbone and CB
carbon coordinates were held in the x-ray
positions, whereas the altered side chains
were constructed with idealized geometries.
No attempt was made to repair the “gap”
created by the deletion, or to alter side chain
dihedral angles to relieve bad contacts. The
dynamics refinement procedure was able to
produce from this starting point a final
structure as good (as measured by NMR

Fig. 2. (A) Superposition of nine refined structures of S. obliquus Pc derived from distance geometry
calculations and that derived by molecular replacement. For clarity only the Ca atoms are shown. The

structures are¢ Ssuj

for minimum rms deviation. between backbone heavy atoms. (B)

Stereoview of refined NMR structures of S. obliguus Pc (yellow) superimposed on the x-ray structure of
poplar Pc (blue). The NMR structures are the best distance geometry structure (that with the lowest
restraint violation energy) and that derived from the poplar Pc x-ray structure by the molecular
replacement method. (C) Ca chain tracing of poplar Pc x-ray structure (blue) and S. oblsguus NMR
structures (yellow) showing effects of deletions of residues 57 and 58 of the poplar Pc.
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restraint violations and internal energy) as
any obtained starting from distance geome-
try structures. An additional 41 starting
structures were generated with the distance
geometry program DISGEO (12). Pseudo-
atoms (18) were used wherever necessary and
interproton distances were corrected accord-
ingly. Although Pc is more than 50% larger
than any protein to which the DISGEO
program has heretofore been applied, the
quality of the resultant structures was com-
parable to those reported previously (13,
19), and the computational demands are
within easy reach of present computers.

The structures obtained by model-build-
ing and distance geometry approaches show
significant violations of the distance con-
straints inferred from the NMR measure-
ments and also have large strain energies
that generally arise from nonbonded con-
tacts shorter than the sum of the corre-
sponding van der Waals radii. Both aspects
can be substantially alleviated through re-
finement” procedures that seek to minimize
the sum of the computed strain energy and a
penalty term derived from the distance and
angle constraints implied by the NMR data.
Molecular dynamics methods provide a ro-
bust means to carry out this refinement by
avoiding some local minima that otherwise
might trap the system.

Our procedure used the AMBER all-atom
force field (20) to compute the intrinsic
strain energy and added a half-parabola pen-
alty function for proton-proton distances
that violated the NMR constraints, with a
force constant (14) of 40 kcal/(mol A?). For
nonstereospecific  assignments, an r7¢
weighting of the relevant distances was used
(15). Dihedral angles falling outside the
limits listed above were penalized by
K(b — do)?, where &y is the end point of
the “allowed” range and K = 40 kcal/(mol
rad®). The 19 best distance geometry struc-
tures, plus the model-built structure, were
energy-minimized in this combined poten-
tial, then “heated” to 600 K during 2 psec
using a temperature-regulated molecular
dynamics algorithm (21) with a temperature
relaxation time 7 of 1 psec. This was fol-
lowed by 2 psec of equilibration at 600 K,
and an 8-psec cooling run with T = 2 psec.
A final step of energy minimization pro-
duced the “refined” structures (22). Further
details will be given elsewhere.

NOE measurements can provide no direct
information on distances from the copper
atom to protein side chains and the copper
atom is not included in the distance geome-
try calculations. However, as a result of the
many NOE constraints involving protons of
the ligand side chains, the unrefined distance
geometry structures clearly define the cop-
per binding site (Fig. 1) and strongly imply
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coordination by Cys®? Sy, Met™® 83, and
His*” N3. Although His® is well situated to
act as a ligand, it is not clear from the
distance geometry structures alone whether
coordination occurs through the Ne or N3
atoms. In the present case we have assumed
that the copper is bound by the same donor
group, that is, N3, as in the poplar Pc x-ray
structure. For the energy minimization and
molecular dynamics refinement the copper
atom has been inserted with bonds [force
constant = 70 kcal/(mol A?)] to the ligand
atoms described above.

The backbone conformations of the ten
best refined structures (that is, with the
lowest restraint energy), which include the
one obtained with the molecular replace-
ment approach, are shown superimposed for
minimum root-mean-square (rms) devi-
ations between the backbone heavy atoms in
Fig. 2A. Overall, the conformation of the
polypeptide backbone is well defined by the
NMR constraints with an average backbone
rms deviation from the average structure of
1.2 A. The superimposed structures are
most similar in the highly constrained -
strands (average backbone rms deviation of
0.8 A), but exhibit greater variability in
many of the connecting loops. The greater
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Fig. 3. (A) View of S. obliguus Pc showing
interaction between Trp® and Tyr* in the interi-
or of the B-barrel and side chains of Phe'* and
Phe®!. The corresponding side chains in the pop-
lar Pc x-ray structure (I’hezg, Phe®2, Phe'4, and
Phe*!) are shown superimposed in white. The
NMR and x-ray structures are superimposed for
minimum rms deviation between backbone heavy
atoms in the B-strands. (B) View of several
surface residues in the best five NMR structures
of S. obliquus Pc, superimposed for minimum rms
deviation between all backbone heavy atoms. The
side chains of His*’, Asp®®, Asp®, Tyr*, and
Tyr®® are shown. Tyr®®, which is not constrained
by NOEs, adopts widely differing orientations.
(C) View of the side chain of Phe®’ and of several
neighboring side chains, Val*®, Asp*?, and Glu®.

rms differences in the loop regions (1.5 A
average for the backbone heavy atoms) are
due, at least in part, to the smaller number of
interresidue NOE constraints in these re-
gions. The most poorly defined region of
the structure is the loop between two of the
copper ligands, His®® and Met®, where the
mean backbone rms difference is 2.5 A.
Scenedesmus obliquus Pc adopts a B-barrel
structure made up of B-strands between
residues 1 to 6, 12 to 14, 17 to 22, 25 to 31,
37 to 41, 67 to 72, 76 to 81, and 91 to 97,
with a short stretch of helix between resi-
dues 52 to 56. The overall structure is
similar to that of poplar Pc in the crystalline
state (Fig. 2B). Some differences are appar-
ent in the connecting loops and the helix in
the S. obliquus Pc is shorter by one residue.
The deletion of two residues (57 and 58 of
the poplar Pc sequence) has the effect of
eliminating a B-turn from the protein sur-
face (Fig. 2C). This turn forms part of the
negative patch in poplar Pc (3).

The conformations of most side chains
within the interior of the B-barrel are well
defined. These internal side chains are sub-
ject to a large number of NOE constraints as
well as side chain packing constraints im-
posed by the global fold of the protein. Of

particular interest are Trp? and Tyr®, both
of which are replaced by Phe in the higher
plant plastocyanins. The side chain confor-
mations of these two residues are shown in
Fig. 3A, superimposed upon the phenylala-
nines of the poplar Pc. The orientation of
the Tyr® ring in S. obliguus Pc is markedly
different from that of the corresponding
Phe® in poplar Pc. The phenol oxygen and
the indole NH of Trp® are within hydro-
gen-bonding distance (the average O-N dis-
tance in the best ten structures is 3.0 A). The
energetic disadvantage associated with in-
troduction of the polar Tyr hydroxyl group
into the hydrophobic interior of the protein
may be compensated for by hydrogen bond-
ing to the Trp side chain. The occurrence of
the Trp?®-Tyr® pair in the S. obliguus and C.
fusca plastocyanins, but not in the higher
plant proteins, appears to be an example of a
rare complementary mutation.

A further feature that distinguishes S.
obliguus Pc from higher plant plastocyanins
is the presence of His*' in the algal protein.
This histidine provides a defined binding
site for ruthenium complexes that can be
used to probe the mechanism of long-range
electron transfer. The position of His*’ is
well defined by the NMR constraints, de-
spite its location on the protein surface (Fig.
3B). The structures show the imidazole ring
in close contact with Asp*®, and provide an
explanation for the high pK (7.8) of His*’
(23). The distance between the nearest atom
of the His’’ imidazole ring and the copper
atom, determined from the NMR struc-
tures, is 11 to 12 A, yet the rate of intramo-
lecular electron transfer to Cu(II) from
(NH3)sRu(II) attached to His*’ is less than
0.26 sec™! (24). This is considerably slower
than the rates of electron transfer over com-
parable distances in other proteins (25) or
over longer distances in plastocyanins (24).
It thus appears that the rate of intramolecu-
lar electron transfer is not a simple function
of distance between donor and acceptor but
may depend on the nature of the intervening
amino acid residues.

The highly conserved Tyr®® of the higher
plant (and some algal) plastocyanins is re-
placed by Phe® in S. obliguus Pc. This
residue is near the binding site for cationic

“electron  transfer reagents (4). Despite its

surface location, the Phe®! side chain in S.
obliguus Pc is constrained by NOEs to resi-
dues 40, 42, and 83, and its conformation is
exceptionally well defined in the NMR
structures (Fig. 3C). Interestingly, Guss and
Freeman have remarked on the particularly
low temgcraturc factors for the correspond-
ing Tyr® in the x-ray structure of poplar Pc
(3)- We note that the replacement of Tyr by
Phe at this position had no significant effect
on the electron transfer kinetics for cationic
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Fig. 4. Electrostatic potential at the surface of (A) the x-ray structure of poplar Pc and (B) one of the
NMR structures of S. obliguus Pc. Note the distinctive shape of the acidic region of the poplar Pc.

Surfaces were calculated with the algorithm of Connolly (27) with a 1.4 A
electrostatic potential was calculated bx the method of Getzoff et al. (28) with a distance-dependent

The surfaces are color-coded according to electrostatic
potential: red, V < —11 kcal/mol; yellow, ~11 keal/mol < V < —5 kcal/mol; green, —5 kcal/mol < V' <

dielectric constant € = €7, € = 4.0

+4 kcal/mol; blue, V > +4 kcal/mol.

reagents (23).

The acidic side chains of residues 42 to
44, 59, and 60 of higher plant plastocya-
nins define a highly distinctive negatively
charged surface (Fig. 4A) that functions as a
binding site for cationic electron transfer
reagents (4) and cytochromes c and f (5, 6).
The acidic residues at positions 42 to 44 are
conserved in S. obliquus Pc and, together
with Asp*, Asp*®, and Glu®, form a delo-
calized region of negative electrostatic po-
tential. However, the deletion of residues 57
and 58 and the substitution of Glu* of
poplar Pc by His (His* in the S. obliguus
sequence) substantially alters both the shape
and charge of the acidic patch in S. obliguus
Pc (Fig. 4B). The most notable change is the
elimination as a result of the deletions of a
pronounced negative protrusion from the
surface of the poplar Pc. Most of the acidic
residues that form the negative patch are
replaced by neutral or positive side chains in
the Pc from the blue-green alga, A. variabi-
lis, for which there is no observable binding
of cationic electron transfer complexes (26).
Thus it appears that during evolution from
the blue-green algae through the green algae
to higher plants, the acidic patch of Pc has
become progressively a distinctive structural
feature that probably plays an important
role in recognition and binding of the phys-
iological electron transfer partner, cyto-
chrome f.
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Yeast HAP2 and HAP3: Transcriptional
Activators in a Heteromeric Complex

STEVEN HAHN AND LEONARD GUARENTE

Transcription of the yeast CY'CI gene (iso-1-cytochrome c) is regulated in part by the
upstream activation site UAS2. Activity of UAS2 requires both the HAP2 and HAP3
activators, which bind to UAS2 in an interdependent manner. To distinguish whether
these factors bound to UAS2 cooperatively or formed a complex in the absence of
DNA, HAP2 and HAP3 were tagged by gene fusion to LexA and B-galactosidase,
respectively, and purified through four chromatographic steps. The copurification of
LexA-HAP2, HAP3 B-galactosidase, and UAS2 binding activity shows that HAP2
and HAP3 associate in the absence of DNA to form a multisubunit activation complex.

RNA polymerases, splicosomes, and ribo-

enzymes with catalytic functions have

been found to exist as complexes bear-
ing nonidentical subunits. For example, en-
zymes such as aspartate transcarbamoylase
contain nonidentical subunits that separate
their catalytic and regulatory functions (1).
In macromolecular synthesis, enzymes that
carry out catalytic functions have been
found to exist as large complexes (DNA and
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somes). In contrast, transcriptional activa-
tors or repressors are usually not found as
multisubunit complexes, but rather, as mul-
timers (dimers or tetramers) with identical
subunits (2). In prokaryotes, this oligomeric
structure, which occurs, for example, in the
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