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Cytochrome c and cytochrome bs form an electrostatically associated electron transfer
complex. Computer models of this and related complexes that were generated by
docking the x-ray structures of the individual proteins have provided insight into the
specificity and mechanism of electron transfer reactions. Previous static modeling
studies were extended by molecular dynamics simulations of a cytochrome c—cyto-
chrome b; intermolecular complex. The simulations indicate that electrostatic interac-
tions at the molecular interface result in a flexible association complex that samples
alternative interheme geometries and molecular conformations. Many of these tran-
sient geometries appear to be more favorable for electron transfer than those formed in
the initial model complex. Of particular interest is a conformational change that
occurred in phenylalanine 82 of cytochrome ¢ that allowed the phenyl side chain to

bridge the two cytochrome heme groups.

LECTRON TRANSFER REACTIONS BE-

tween proteins control the flow and

conservation of energy in biological
organisms. Many questions remain about
the geometrical and physical requirements
for efficient electron transfer, particularly
between proteins forming transient com-
plexes that are difficult to examine directly
by x-ray crystallography. Nevertheless, com-
puter models of molecular complexes that
are obtained by docking the x-ray structures
of the reaction partners have provided useful
insight into the structural origins of molecu-
lar recognition and reactivity. One exten-
sively studied system is the reversible reac-
tion complex formed between mitochondri-
al cytochrome ¢ and microsomal cyto-
chrome bs. Structure-function studies of
this complex were motivated by the x-ray
structure determinations of mitochondrial
cytochrome ¢ (1) and the related bacterial
cytochrome c; (2). These structures showed
that the heme prosthetic groups were par-
tially exposed at the molecular surface and
that both proteins shared a structurally anal-
ogous ring of positively charged lysine resi-
dues about the perimeters of their heme
crevices (3), which suggested that the sur-
face electrostatic interactions provided by
the lysine “necklace” could facilitate orient-
ed, two-dimensional diffusion on the bio-
logical membrane and allow the formation
of transient, oriented interactions with
membrane-bound oxidoreductases. Since
surface diffusion would allow cytochrome ¢
to form alternative interactions with mem-
brane-bound oxidoreductases, both oxida-
tion and reduction of the cytochrome ¢
heme could occur via a common pathway at
the exposed heme edge. Electron transfer by
a classical outer-sphere mechanism might
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then occur through alternative van der
Waals overlap of the porphyrin m orbital
system of cytochrome ¢ with the heme
groups of the cognate oxidoreductases (3,
9).

Cytochrome bs reacts with cytochrome ¢
at physiological rates (5). The x-ray struc-
ture of cytochrome bs (6) allowed the first
computer modeling of a complex to test
whether van der Waals contact could occur
between the hemes of cytochrome ¢ and
cytochrome bs (7). Because of steric inter-
ference from groups at the complex inter-
face, the closest approach between w-bond-

ed porphyrin atoms was greater than 8 A, a
distance similar to theoretical estimates for
electron transfer by a short-range tunneling
mechanism (8). The model complex was
otherwise characterized by good surface
complementarity, nearly coplanar heme
group orientation, and several charge-pair
interactions formed between the e-amino
groups of evolutionarily conserved lysine
residues on cytochrome ¢ and the carboxylic
acid groups on cytochrome bs (7).
Subsequent chemical modification and
spectroscopic experiments have verified nu-
merous aspects of the cytochrome c—cyto-
chrome bs model complex (9). The static
modeling approach has been extended to
electron transfer complexes formed between
either cytochrome ¢ or cytochrome bs and
other electron transfer proteins (10). These
studies have facilitated the prediction of
molecular surfaces involved in complex for-
mation as well as physical effects such as the
reaction rate dependence on ionic strength
(11). Nevertheless, the static modeling stud-
ies leave many unanswered questions con-
cerning complex formation and electron
transfer mechanism. Among these is the role
of dynamic fluctuations in sampling com-
plex geometries that may differ from those
in the static model but may be important in
facilitating electron transfer. Molecular
dynamics simulations of the cytochrome c—
cytochrome bs complex were performed to

Fig. 1. Views of the cytochrome c—cytochrome bs electron transfer complex (left side) as initially energy
minimized from the model produced by docking the crystal structures of the individual proteins, and
(right side) after 46 psec of molecular dynamics simulation. In this 46-psec snapshot, the side chain of
Phe® lies coplanar with both heme groups of the cytochromes, an arrangement that may be favorable
for electron transfer. In this figure and Fig. 3, only charged side chains, heme ligands, and Phe®? (red) of
cytochrome ¢ have been included for clarity. Cytochrome c is on the bottom of the complex in Figs. 1
and 3.
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Fig. 2. Time evolution of A
representative  geometrical
interactions during (A) mo-
lecular dynamics simulation
with a distance-dependent
dielectric constant approxi- 14
mation, and (B) the simula-
tion with the complex sol-
vated with a 6 A thick water
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per solid curve shows the
complex radius of gyration,
Ry, which is defiped as R, =
[(Zm; r})/(Zm;)] 2, where m;
are the atomic masses and 7;
are distances between each
atom and the molecular cen-
ter of mass. The dashed
curve is the distance be-
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curve the distance between the center of the phenyl ring of Phe®? of cytochrome ¢ and the heme iron of

cytochrome bs.

investigate dynamic factors that might influ-
ence electron transfer.

Figure 1 (left side) illustrates the cyto-
chrome c—cytochrome bs complex (7) as
reconstructed with interactive computer
graphics manipulation of the crystal struc-
tures (12) and subjected to energy minimi-
zation (13); Fig. 1 (right side) shows the
complex structure after 46 psec of molecular
dynamics simulation with a potential func-
tion that incorporates a distance-dependent
dielectric constant to approximate solvent
screening effects on electrostatic interactions
(13). Molecular dynamics alters the posi-
tions of the reaction partners in the com-
plex, as is apparent from the shift in the
relative heme group orientation shown in
the two views of Fig. 1. In the 46-psec view,
cytochrome bs has shifted from its initial
position relative to ztochrome c in the
static complex by 6.2 A (Fig. 1, right). This
is larger than the root-mean-square (rms)
shifts that occurred in cytochrome ¢ and bs
individually (1.7 A and 2.0 A, respectively)
and reflects substantial relative motion of
the complex reaction partners.

Figure 2A illustrates the time evolution of
two representative interactions in the com-
plex; the distance between the heme iron
centers of the two proteins, and the distance
between the heme iron of cytochrome bs
and the center of the ring of Phe®? of
cytochrome c, a residue that is located at the
complex interface. During the initial stage of
the simulation there is an abrupt transient
reduction in the inter-iron distance from
17.8 A in the energy-minimized complex to
13.5 A at 4.45 psec. The complex then
rapidly relaxes so that the inter-iron distance
fluctuates +0.5 A about an average distance
of 15.7 A for the remainder of the simula-
tion. Both the initial compression and sub-
sequent relaxation of the complex are also
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manifest in the time evolution of the com-
plex radius of gyration.

Computer graphics examination of the
dynamics trajectory also revealed local con-
formational changes that occurred during
the simulation. The most interesting was a
conformational change of Phe*? in cyto-
chrome c. During the first few picoseconds
of the simulation, Phe®? moved from its
crystallographically  observed  location,
where the side-chain phenyl group is packed
near the cytochrome ¢ heme, to a position
where it bridges the porphyrin = orbital

systems of both of the complex heme groups
(Fig. 3). The side chain of Phe®? continues
to sample many local orientations after the
initial movement from the cytochrome ¢
heme crevice. Some of these conformations,
such as the 46-psec orientation shown in
Fig. 1 (right side), could be particularly
favorable for electron transfer. Most of the
major changes in complex geometry occur
abruptly during the first few picoseconds of
the nonsolvated simulation, when opposing
electrostatic interactions formed at the mo-
lecular interface impart large forces on the
complex as it dynamically relaxes. Although
electrostatic effects are potentially important
in facilitating electron transfer, recent simu-
lations of cytochrome ¢ molecular dynamics
have shown some differences in behavior
that depend on the solvent or dielectric
model used in the simulation (14).

To further evaluate the role of intermolec-
ular electrostatic forces in the complex
dynamics, a second 140-psec simulation
(15) was performed on the complex that was
explicitly solvated by a shell of water mole-
cules 6 A thick. Trajectory distance data for
the solvated simulation are shown in Fig.
2B. Initial reductions in both complex radi-
us of gyration and Fe-Fe distance are less
pronounced in the solvated simulation than
in the distance-dependent dielectric simula-
tion. In the solvated simulation the inter-
iron distance decreases from an initial value
of 17.8 A to an average of 16.7 A for the

Fig. 3. Superimposed stereoscopic views of the complex at times ¢ = 0, 1, 2, 3, 4, and 5 psec of the
molecular dynamics simulation with the distance-dependent dielectric approximation. The time series

illustrates the motion of Phe®

position between the hemes.

2 from its initial position in the heme crevice of cytochrome ¢ to a bridging
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remainder of the simulation. Moreover,
both the motions within the individual mol-
ecules and the relative motions between
them in the complex are less pronounced
than in the nonsolvated simulation (Fig. 2).
For example, after 98 psec of simulation, the
individual a-carbon backbones of cyto-
chrome ¢ and cytochrome bs change, respec-
tively, by 1.2 and 1.3 A rms, whereas cyto-
chrome bs is displaced 4.4 A rms from its
initial position in the complex relative to
cytochrome c. Although these displacements
are smaller (on the time scale investigated by
the simulation) than those found in the
nonsolvated simulation, complex flexibility
after equilibration is increased, as reflected
by the relatively slow and large amplitude
(1.0 A) variations in interheme iron dis-
tance (Fig. 2B). Collectively, these observa-
tions suggest that the inclusion of specific
solvation attenuates electrostatic forces at
the intermolecular interface relative to the
nonsolvated simulation, which leads to less
abrupt relaxation at the beginning of the
simulation and more flexibility between re-
action partners after equilibration.

Although the conformational change in
Phe® of cytochrome c evolved slightly dif-
ferently from other early events in the non-
solvated simulation (Fig. 2A), its motion
could have been due to coupling to the
initial complex compression. However, mo-
tion of Phe® in the solvated complex is
uncoupled from initial relaxation events.
About 98 psec of simulation are required for
Phe® to meander through its conformation-
al change and eventually arrive at a heme-
bridging orientation that is qualitatively
similar to the abrupt shift seen in the nonsol-
vated simulation.

The molecular dynamics simulations illu-
minate several aspects of both the specific
reaction of cytochromes ¢ and bs and gener-
al reactions of reversibly bound electron
transfer proteins.

1) The complementary electrostatic in-
teractions that stabilize and orient the reac-
tion partners in the complex are quite flexi-
ble. These associations thus differ from en-
zyme-substrate complexes or oligomeric
proteins that typically incorporate specific
packing interactions and directional hydro-
gen bonds to more rigidly fix intermolecular
geometry. The interaction flexibility mani-
fests itself in the relative lack of recognition
specificity that is observed between electron
transfer proteins. This allows many non-
physiological reaction partners, like cyto-
chrome ¢ and cytochrome bs, to react as fast
as genuine physiological partners, provided
that appropriate surface charge distributions
that are required for molecular orientation
are preserved (11).

2) Molecular dynamics produce complex
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configurations that are substantially differ-
ent from and potentially more favorable for
electron transfer reactions than those ob-
tained by computer graphics studies of the
docking of static crystal structures. In both
simulations, rearrangements at the protein
interface produced inter-iron interaction
distances that were 1.1 to 2.1 A closer on
average than the 17.8 A distance in the
corresponding static model. In addition,
dynamic flexibility in the complex allows a
range of interheme orientations and dis-
tances to be sampled over the lifetime of the
complex. Although further studies are re-
quired to quantitatively evaluate the effects
of such motions on electron transfer rates,
both theoretical studies and experimental
data suggest exponential dependencies of
electron transfer rate on the distance be-
tween reacting prosthetic groups (8, 16).

3) Simulation of complex dynamics re-
sults in a relocation of the phenyl side chain
of Phe® in cytochrome ¢ to a position where
it bridges the cytochrome ¢ and bs heme
groups. The motion of Phe® is facilitated by
its location in a region of extended chain
whose backbone peptide groups do not
form a-helical or B-sheet secondary struc-
tures that could impede its flexibility (17).
The major effect of complex formation on
Phe®? motion appears to be the formation of
an interface environment that traps Phe®? in
a bridging conformation between the
hemes. Although previous considerations of
the role of aromatic side chains in cyto-
chrome ¢ have tended to rule against their
participation as stable radical intermediates
in electron transfer (3, 4), the simulated
interaction could be functionally significant
in coupling the heme electronic systems or
displacing solvent trapped at the molecular
interface or both (4, 16). In this context,
recent experiments by Liang et al. (18) have
demonstrated that substitution of the Phe®
homolog in yeast cytochrome ¢ by tyrosine
leaves intact its ability to transfer electrons
to zinc-substituted cytochrome c peroxidase,
whereas substitution by nonaromatic amino
acids slows electron transfer by a factor of
10%. These observations appear consistent
with the inferred participation of Phe®, a
residue that is evolutionarily conserved
among members of the cytochrome c family,
in the electron transfer mechanism.
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A Nerve Growth Factor—Induced Gene Encodes a
Possible Transcriptional Regulatory Factor

JEFFREY MILBRANDT

Nerve growth factor (NGF) is a trophic agent that promotes the outgrowth of nerve
fibers from sympathetic and sensory ganglia. The neuronal differentiation stimulated
by this hormone was examined in the NGF-responsive cell line PC12. Differential
hybridization was used to screen a complementary DNA library constructed from
PC12 cells treated with NGF and cycloheximide. One of the complementary DNA
clones that was rapidly induced by NGF was found to have a nucleotide sequence that
predicts a 54-kilodalton protein with homology to transcriptional regulatory proteins.
This clone, NGFI-A, contains three tandemly repeated copies of the 28— to 30—amino
acid “zinc finger” domain present in Xenopus laevis TFIIIA and other DNA-binding
proteins. It also contains another highly conserved unit of eight amino acids that is
repeated at least 11 times. The NGFI-A gene is expressed at relatively high levels in the
brain, lung, and superior cervical ganglion of the adult rat.

ERVE GROWTH FACTOR (NGF) 1s
N a polypeptide hormone that is re-

quired for the development and
survival of sympathetic and neural crest—
derived sensory neurons in vivo and in vitro
(I). NGF also participates in nerve regenera-
tion after injury (2) and plays a role in the
central nervous system (3). The effects of
NGF on the differentiation of sympathetic
neurons are manifested by an accelerated
outgrowth of nerve fibers and the induction
of several enzymes involved in neurotrans-
mitter biosynthesis (4). During the differen-
tiation process, specific genes are turned on
and off at precise times. This ordered pattern
of gene expression, resulting in the estab-
lishment of the neuronal phenotype, is pre-
sumably controlled by DNA-binding pro-
teins that act to regulate transcription.

The best characterized transcriptional ac-
tivating factor is the TFIIIA protein that
regulates the expression of 5§ RNA genes
during development in Xenopus laevis (5).
The DNA-binding region of this protein is
composed of nine tandemly repeated units
that contain two invariant pairs of Cys and
His residues (6). Each repeat unit is folded
around a single zinc ion that is coordinately
bonded to the Cys and His residues to form
a DNA-binding domain or “Zn finger.”
Amino acids capable of interacting with the
DNA helix (Lys, His, Asn, Gln, Thr, and
Arg) are located at the tip of each “Zn
finger.” This 28— to 30—amino acid DNA-
binding domain has now been identified in
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several other proteins involved in transcrip-
tional regulation, including yeast ADRI-
encoded protein (7) and the Kruppel gene
of Drosophila (8).

One model of neuronal differentiation is
the PC12 cell line (9), whose NGF-mediat-
ed transition from replicating adrenal chro-
maffin-like cells to sympathetic neuron-like
cells is prevented by the addition of RNA
synthesis inhibitors (10). This cell line, de-
rived from a rat pheochromocytoma, re-
sponds to NGF by extending neurites and
by increasing the transcription of several
genes, including ornithine decarboxylase
(11), GAP43 (12), and c-fos (13). The acti-
vation of the proto-oncogene c-fos is rapid
but transient in NGF-treated PC12 cells.
The c-fos transcripts accumulate to even
higher levels in cells stimulated in the pres-
ence of cycloheximide (CHX), in part be-
cause of an increase in messenger RNA
(mRNA) half-life (I14). Using c-fos as a
model of an early activated gene, I have
taken advantage of this CHX-mediated su-
perinduction to identify other early, NGF-
induced genes that may regulate neuronal
differentiation.

A complementary DNA (cDNA) library
containing 8 X 10 independent clones was
constructed in the vector Agtl0 (I5), by
using mRNA isolated from PC12 cells that
had been treated with NGF (50 ng/ml) and
CHX (10 pg/ml) for 3 hours. Initially, 8000
recombinants (1% of total library) were
screened by differential hybridization with
single-stranded cDNA probes complemen-
tary to mRNA from either unstimulated
PC12 cells (no NGF) or PC12 cells treated

with NGF and CHX for 3 hours. Three
different NGF-induced cDNAs were identi-
fied from this screen: c-fos, a protein that
binds DNA (I6) and may function as a
trans-acting factor (17), NGFI-A, and
NGFI-B.

NGFI-A was sclected for further study.
This cDNA hybridized to a ~3.3-kb mRNA
that was induced by NGF (Fig. 1A, lane 3)
but accumulated to a much higher level in
PC12 cells treated with NGF and CHX
(lane 4). In PC12 cells grown without NGF
this mRNA could not be detected (lane 1).
However, when cells were treated with
CHX alone, the level of this transcript was
slightly increased (lane 2).

The time course of induction of the
NGFI-A mRNA was determined by isolat-
ing mRNA from PC12 cells treated with
NGF for various lengths of time. Northern
analysis with the NGFI-A c¢DNA probe
showed that the basal level of this transcript
was very low in PC12 cells (Fig. 1B), but
within 15 minutes after the addition of
NGF (lane 2) the level of NGFI-A mRNA

A1 2 3234
.. —28S8
—18S

B 1 2 3

4 5 6 7 8 9
—3.3kb

Y

Fig. 1. Identification of an NGF-regulated cDNA
clone. Total cellular RNA was isolated by the
method of Chirgwin (24). The cDNA library was
screened by differential hybridization with single-
stranded cDNA probes complementary to mRNA
from either naive PC12 cells (no NGF) or PC12
cells treated with NGF and CHX for 3 hours (25).
Phage from the NGFI-A cDNA clone were isolat-
ed on DEAE columns (26). DNA was purified
and digested with Eco RI. The cDNA insert was
isolated by electrophoresis on low-melting agar-
ose and labeled with 32P-labeled deoxyadenosine
triphosphate by oligo labeling (27). RNA electro-
phoresis and Northern blot analysis were per-
formed as described (13). (A) A Northern blot
containing RNAs from PC12 cells treated for 3
hours with (lane 1) no addition, (lane 2) CHX
(10 pg/ml), (lane 3) NGF (50 ng/ml), or (lanc 4)
NGF and CHX, was probed with the NGFI-A
cDNA. The locations of the 28S and 18S ribo-
somal RNAs are indicated. (B) Time course of the
NGF-mediated induction of NGFI-A mRNA.
RNA samples from PCI2 cells grown in the
presence of NGF for 0, 2, 15, 30, 45, 60, and 120
minutes, 13 hours, and 6 days (lanes 1 through 9,
respectively) were hybridized to 32P-labeled
NGFI-A ¢DNA insert. The 3.3-kb NGFI-A
mRNA is indicated.
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