Arctic (2) also exhibited high growth rates
and have been placed at approximately 75°
to 80°N paleolatitude (8). These deposits
had ring widths averaging 3.0 to 5.0 mm
with a maximum of 10 mm (based on field
measurements). In the Arctic today, trees
are capable of producing a growth ring in as
little as one month. Cambial activity in
many of these trees ceases even though
light levels still appear to be adequate for
photosynthetic activity. This growth pat-
tern suggests that modern high-latitude
trees are limited by temperature; the narrow
size of their rings (1.0 mm or less) supports
this interpretation. Temperature does not
appear to have been a limiting factor to
forest growth during the Late Permian in
Antarctica. The deciduous nature of the
Glossopteris forest, combined with the rela-
tively large size of the growth rings, suggests
that the climate was more favorable to tree
growth than that which occurs today at
latitudes 10° to 15° lower. On the basis of
the rate of tree growth, the Permian polar
climate is more comparable to Paleocene-
Eocene climates in the Arctic.

As is true of temperate trees today, there
was a clear cessation of cambial activity
each year in these Permian trees. The small
proportion of latewood suggests that cambi-
al activity suddenly ceased at the end of the
growing season, which otherwise appeared
to be quite favorable for growth. In the
absence of frost rings, we suggest that late-
wood production and the subsequent cessa-
tion of cell divisions in the vascular cambi-
um were a response to decreasing light
levels in the autumn. Basinger (2) has
proposed that minimal latewood develop-
ment in the Paleocene Arctic woods indi-
cates a lack of winter hardening in these
plants. He suggested that these trees expe-
rienced only short periods of freezing
weather, if any.

Some models, based primarily on physi-
cal parameters, have suggested that winter
temperatures averaged —30° to —40°C and
summer temperatures 0°C for this region
[for example (8)]. However, the biological
evidence suggests that this was not the case.
Clearly, Permian forests were present at
latitudes where no vascular plants can sur-
vive today. Growth in these forests could be
extremely fast, as evidenced by growth ring
data. A lack of latewood development in
the tree rings and the absence of frost rings
suggests that temperatures rarely went be-
low freezing.

Biological input to physical climate
models is of primary importance in limiting
the range of past climatic interpretations
and can provide increased resolution when
integrated with such models. More impor-
tantly, these data provide important infor-
mation that can be applied to expand our
knowledge of possible changes in plant
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growth and distribution as a result of cur-
rent climate changes.
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Structural Models for the Metal Centers in the
Nitrogenase Molybdenum-Iron Protein

Jongsun Kim and D. C. Rees*

Structural models for the nitrogenase FeMo-cofactor and P-clusters are proposed based
on crystallographic analysis of the nitrogenase molybdenum-iron (MoFe)-protein from
Azotobacter vinelandii at 2.7 angstrom resolution. Each center consists of two bridged

‘clusters; the FeMo-cofactor has 4Fe:3S and 1Mo:3Fe:3S clusters bridged by three non-

protein ligands, and the P-clusters contain two 4Fe:4S clusters bridged by two cysteine thiol
ligands. Six of the seven Fe sites in the FeMo-cofactor appear to have trigonal coordination
geometry, including one ligand provided by a bridging group. The remaining Fe site has
tetrahedral geometry and is liganded to the side chain of Cys*27%. The Mo site exhibits
approximate octahedral coordination geometry and is liganded by three sulfurs in the
cofactor, two oxygens from homocitrate, and the imidazole side chain of His**42. The
P-clusters are liganded by six cysteine thiol groups, two which bridge the two clusters, 88
and B95, and four which singly coordinate the remaining Fe sites, a62, «154, B70, and
B153. The side chain of Ser®'88 may also coordinate one iron. The polypeptide folds of the
homologous « and B subunits surrounding the P-clusters are approximately related by a
twofold rotation that may be utilized in the binding interactions between the MoFe-protein
and the nitrogenase Fe-protein. Neither the FeMo-cofactor nor the P-clusters are exposed
to the surface, suggesting that substrate entry, electron transfer, and product release must
involve a carefully regulated sequence of interactions between the MoFe-protein and

Fe-protein of nitrogenase.

Reduction of dinitrogen to ammonia by
the nitrogenase enzyme system requires two
metalloproteins, the molybdenum-iron
(MoFe)-protein and the iron (Fe)—protein
[reviewed in (1)]. The MoFe-protein is an
o,B, tetramer with total molecular mass of
~240 kD, and the Fe-protein is a y2 dimer.
Three distinct types of redox centers are
associated with these proteins: The MoFe-
protein contains two types of centers, the
FeMo-cofactor [reviewed in (2)] and the
P-clusters [reviewed in (3)], and the Fe-
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protein dimer contains one 4Fe:4S cluster
whose structure is described in an accom-
panying article (4). Because the active site
of nitrogenase is provided by the MoFe-
protein, the redox centers of this protein
have attracted considerable attention. The
FeMo-cofactor, first identified by Shah and
Brill (5), most likely represents the site of
substrate reduction (6) and has the approx-
imate composition of one Mo atom, six to
eight Fe atoms, eight to nine S atoms, and
one homocitrate group (1Mo:6-8Fe:8-9S:1
homocitrate) (2, 7, 8). The P-clusters are
believed to contain two 4Fe:4S clusters in
close proximity (9-13), although the de-
tailed properties of this center are distinct
from better characterized proteins that con-
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tain one or more mononuclear 4Fe:4S clus-
ters. The overall metal composition of the
MokFe-protein, approximately 2Mo:30Fe:-
30S, is consistent with the presence of two
copies each of the FeMo-cofactor and
P-clusters per MoFe-protein tetramer. De-
spite extensive study, the detailed struc-
tures of the FeMo-cofactor and P-clusters
have not yet been established. In this re-
port, structural models for the FeMo-cofac-
tor and P-clusters, based on crystallographic
analysis at 2.7 A resolution of the MoFe-
protein from Azotobacter vinelandii, are pre-
sented. Each center consists of two bridged
clusters; the FeMo-cofactor has 4Fe:3S and
1Mo:3Fe:3S clusters bridged by three non-
protein ligands, whereas the P-clusters con-
tain two 4Fe:4S clusters bridged by two
cysteine thiol ligands.

The MoFe-protein crystal structure was
determined by the methods of multiple
isomorphous replacement (MIR) and non-
crystallographic symmetry (NCS) averaging
within and between crystal forms. Three
crystal forms of MoFe-protein, purified by
protocols modified from (14) and (7) for the
MoFe-proteins from A. wvinelandii and
Clostridium pasteurianum, respectively, were
used in the structure determination. The A.
vinelandii MoFe-protein (designated Avl)
was crystallized by the microcapillary batch
method (15) from 18% polyethylene glycol
(PEG) 4000, 0.14 M NaCl, 0.10 M
Na,MoO,, 80 mM tris-HCI, pH 8.0, and
~8 mg/ml protein. Two crystal forms of the
C. pasteurianum MoFe-protein (designated
Cpl) were obtained by crystallization from
15% PEG 4000, 0.21 M MgCl,, 80 mM tris
HCI, pH 8.0, and ~8 mg/ml protein (crys-
tal form designated Mgl) and by crystalli-
zation from 18% PEG 4000, 0.3 M CsCl,
and 80 mM tris HCl, pH 8.0, and ~8
mg/ml protein (designated Cs1). All three
crystal forms belong to space group P2,,
with cell constantsa = 108.4 A, b = 130.5
A c=815pB=110.85a=1700A4,b=
1513 A, c = 121.94, B = 110.4% and a
=879A&,b=17144,c=73.6 A, B =
91.5°, for the Avl, Mgl, and Csl forms,
respectively. Each form contains one «,,
tetramer per asymmetric unit. The Mgl
form is similar to a crystal form previously
described (16). Diffraction data were col-
lected at room temperature on a Siemens
multiwire area detector and processed (Ta-
ble 1) with XENGEN (17). Heavy atom
derivatives of Av1 were prepared by soaking
separate crystals in solutions of 5 mM eth-
ylmercurithiosalicylate (EMTS), 5 mM
K,PtCl,, and 4 mM di-p.-iodobis(ethylene-
diamine)-di-platinum (II) nitrate (PIP).
Derivatives of Mgl and Cs1 were obtained
by soaking each crystal form in 5 mM
EMTS. Heavy atom positions for each form
were determined from analysis of isomor-
phous difference Patterson maps. The re-
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quired NCS relations, both within and
between the different crystal forms, were
determined from rotation functions (18)
and translation functions (19), and were
confirmed by the heavy atom locations
(although EMTS binds to different sites in
the Av1 and Cpl crystals). Phases obtained
from the Avl derivative data were used to
define molecular envelopes (20) and were
then refined by iterative NCS averaging of
the electron density in the different crystal
forms (21). Although the Avl (22) and
Cpl (23) sequences are only ~36% identi-
cal, averaging between crystal forms was
invaluable in the initial stages of the anal-
ysis. Polypeptide chains were built into the
averaged density with the graphics program

TOM (24) and refined with the restrained
least squares program TNT (25). Phases
calculated from the partial models were
combined with the Avl MIR phases and
further averaged. Following several itera-
tions of averaging, building, and refine-
ment, the current model containing ~95%
of the Avl atoms has been obtained. At
present, the R factor for this Avl model is
0.197 to 2.7 A resolution, although the
fitting of the 2026 residues in the MoFe-
protein tetramer is not yet final. Although a
detailed description of the complete MoFe-
protein structure is forthcoming, the a and
B subunits exhibit homologous polypeptide
folds that consist of three domains of the
/B type. Of particular interest for the

Fig. 1. Electron density map calcu-
lated at 2.8 A resolution with super-
imposed FeMo-cofactor model.
The map was generated by phase
combination of the MIR and model
phases, followed by NCS averag-
ing in the Av1 crystal form. The
blue and red densities are con-
toured at 2 and 4.5 times the stan-
dard deviation of the electron den-
sity map, respectively.

Table 1. Data processing and phasing statistics. Crystal form lists the type of crystal (native or
derivative), with number of crystals used for data collection. Reflections with / > 0 measured to the

limiting resolution were reduced to the unique data, with R,

describing the agreement between

symmetry-related reflections. The completeness of each ggta set to the limiting resolution is
indicated as the percent of the theoretical number of reflections; (m) and pp describe the mean
figure of merit and phasing power, respectively, associated with MIR phase calculations to 3.5 A

resolution.
Reso- Complete
Crystal Crystals lution R reflections (m)
pp
form (no.) &) merge (%)
Avi
Native 2 2.75 0.085 94 0.62
EMTS1 1 3.2 0.057 83 1.79
EMTS3 3 3.0 0.086 91 1.71
PTCL3 3 3.0 0.090 89 1.26
PIP3 3 3.0 0.111 92 1.17
Mg1
Native 3 3.0 0.070 78 0.36
EMTS 1 3.2 0.090 67 1.37
Cs1
Native 3 3.0 0.084 74 0.35
EMTS 1 3.2 0.087 64 1.37
SCIENCE ¢ VOL. 257 * 18 SEPTEMBER 1992
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present discussion, the subunits in an aff
pair are approximately related by a twofold
rotation, although this axis does not inter-
sect the tetramer twofold.

The redox centers were identified as the
strongest features in the electron density
map and are consistent with the highest
peaks in both native anomalous difference
Patterson and Fourier maps. As native
anomalous scattering effects were not used
in the phasing of the MoFe-protein struc-
ture, the initial electron density maps are
not influenced by any specific model for the
centers. Models for the centers were built
into the electron density maps with frag-
ments of 4Fe:4S clusters as the basic build-
ing blocks. Metal-ligand distances were re-
strained to values observed in model com-

pound structures (26). The FeMo-cofactor
and P-cluster were identified from the posi-
tions of amino acid residues that have been
deduced from mutagenesis studies to be in
the cofactor environment, including resi-
dues 275 and a195 for FeMo-cofactor and
residues a62, a88, al54, B70, B95, and
B153 for the P-cluster (27-31). At 2.7 A
resolution, atoms are not resolved, so that
the identities of the various sites were in-
ferred from the available analytical and
spectroscopic information. The Mo site in
the FeMo-cofactor was assigned to the po-
sition in the more electron dense cluster
with approximate octahedral coordination
geometry, as observed in extended x-ray
absorption fine structure (EXAFS) studies
(32), although octahedral iron coordination
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Fig. 2. (A) Schematic representation of the FeMo-cofactor model. Y represents the bridging ligand
with relatively light electron density. (B) Stereoview of the FeMo-cofactor and surrounding protein

environment.

Fig. 3. Electron density map calcu-
lated at 2.8 A resolution with super-
imposed P-cluster model. The map
was generated by phase combina-
tion of the MIR and model phases,
followed by NCS averaging in the
Av1 crystal form. The blue and red
densities are contoured at 2 and
4.5 times the standard deviation of
the electron density map, respec-
tively.
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in 4Fe:4S clusters has also been observed
(33). It should be emphasized that at this
stage the proposed cluster models are consis-
tent with the general shape and features of
the electron density map, but the unambig-
uous identification of individual atoms, in-
cluding the possible presence of hydrides,
and a more detailed description of the geom-
etry and oxidation states would require high-
er resolution diffraction data of both the
MokFe-protein and isolated cofactors.

The electron density map surrounding
the FeMo-cofactor is illustrated in Fig. 1,
with the cofactor model built into this
density presented in Fig. 2. The FeMo-
cofactor model contains two clusters of
composition 4Fe:3S and 1Mo:3Fe:3S that
are bridged by three non-protein ligands.
Compounds containing 4Fe:3S cluster frag-
ments have been described (34), although
the terminal ligation of the Fe sites in these
molecules differs significantly from that ob-
served in the FeMo-cofactor. In the FeMo-
cofactor, the Fe-Fe separation distance be-
tween bridged iron sites is about 2.7 to 2.8
A, whereas the separation distance is ~3.8

between nonbridged iron sites on differ-
ent cluster fragments (such as Fe2 to Fe5).
Consequently, a cavity of diameter ~4
appears inside the cofactor between the two
cluster fragments. Based on the electron
density values at the bridging ligands, two
are assigned as sulfur (presumably S*7),
while the third ligand has lower electron
density and is presently modeled, perhaps
somewhat fancifully, by a group containing
one nitrogen. This site could be occupied
by water, a dithionite derived species (35),
a less well ordered sulfur or other possibili-
ties, however. Homocitrate, which is an
essential component of FeMo-cofactor (8),
appears to be coordinated through hydroxyl
and carboxyl oxygens to the Mo. If the
threefold axes of the isolated 4Fe:3S and
IMo:3Fe:3S clusters are superimposed,
then the cluster is liganded to the protein
through the metals (Fel and Mo) located
on the threefold axis. The Fel and Mo sites
are separated by ~7.5 A. The protein
environment around the FeMo-cofactor is
primarily provided by the a subunit.
Cys*??® coordinates Fel, whereas the Mo is
liganded by the side chain of His***2. Two
other side chains, His*!** and GIn®'9!, are
within 5 A of Fe2 and Fe6, respectively, but
do not appear at the present state of the
crystallographic analysis to be directly
liganded to the metals. The side chain of
GIn*!®! does interact with one of the car-
boxyl groups of homocitrate. Cys**7>,
His®*2, His*!%%, and GIn®!°! are conserved
in all known MoFe-protein sequences; ad-
ditionally, mutagenesis studies have impli-
cated Cys®?” (27, 29) and His*!® (28, 31)
as involved in the binding of FeMo-cofactor
to MoFe-protein. Substitution of GIn*!°!
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by Lys alters the substrate reduction prop-
erties of nitrogenase (36), and the present
observations support the proposal that
GIn*!®! interacts with homocitrate (36).

The tetrahedral coordination geometry
of Fel and the octahedral coordination
geometry for Mo are typical of the coordi-
nation environments for these metals ob-
served in model compounds and Fe:S pro-
teins (3, 26). An unusual feature of the
FeMo-cofactor model, however, is the ap-
proximate trigonal planar geometry of the
sulfurs surrounding the remaining six Fe
sites that bind the bridging ligands. Solvent
molecules that might possibly serve as
fourth ligands have not been observed, and
hydride species could never be identified in
this type of x-ray diffraction experiment.
There is also no evidence in the electron
density maps for a hexacoordinate sulfur
atom at the center of the cluster. Trigonal
coordination geometry for Fe is not unprec-
edented and has been described in a small
molecule structure of an Fe-thiolate species
(37). In this case, the coordinating thiols
contained bulky substituents, and it was
proposed that the low coordination number
of the Fe atoms reflected the effects of steric
crowding between the ligands. Although
the FeMo-cofactor does not contain bulky,
non-protein groups, apparently the envi-
ronment provided by the MoFe-protein
produces a similar effect. The sensitivity of
the isolated cofactor to the solvent type
used for extraction and isolation (2) may
reflect the properties of this category of
Fe-sites in the FeMo-cofactor.

The structural features of the FeMo-
cofactor model are generally consistent
with the results of analytical and spectro-
scopic [EXAFS, electron nuclear double
resonance (ENDOR), and Méssbauer] stud-
ies of the cofactor. The composition of the
non-protein part of the FeMo-cofactor
model, 1Mo:7Fe:8S:1 homocitrate, is with-
in the range of values that have been
reported (2, 7, 8), although this informa-
tion was used in constructing the model,
particularly in the assignment of the bridg-
ing ligands. The absence of protein-bound
bridging ligands between the two clusters in
FeMo-cofactor is consistent with the ability
to extract the intact cofactor from MoFe-
protein. EXAFS studies of the Mo environ-
ment in both the MoFe-protein and isolat-
ed cofactor indicate that two to three O or
N atoms and three to five S atoms are
directly coordinated to Mo, with three to
four Fe atoms present in the second coordi-
nation shell of Mo (32); the crystallograph-
ic model contains three O or N atoms,
three S atoms, and three Fe. Studies of Fe
EXAFS on the isolated cofactor (38) indi-
cate that, on average, each Fe atom is
surrounded by ~3 S and 0.8 Mo (~2.7 A),
with ~2.2 and ~1.3 Fe atoms located at
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~2.7 and ~3.8 A, respectively. The aver-
age Fe environment in the present FeMo-
cofactor model bound to the MoFe-protein
(including protein ligands, and assuming
that ligand Y is an O- or N-containing
species) contains 2.9 S, 0.4 Mo, and 0.3 N
(or O atoms), with 3.4 and 1.7 Fe atoms
located at ~2.7 and ~3.8 A, respectively.
ENDOR studies with *’Fe (39) have indi-
cated that five magnetically inequivalent Fe
species are present; neglecting the asym-
metric protein environment and the chiral
homocitrate ligand, five different types of
Fe sites are observed in the structural model
(Fel, Fe3, Fe7, Fe2 and Fe4, and Fe5 and
Fe6). Mossbauer studies (10, 40) identified
five to seven iron sites in the FeMo-cofactor
that could be grouped into two sets; how-
ever, assignment of these sites to particular
atoms in the FeMo-cofactor model cannot
be made at present.

The electron density map surrounding a
P-cluster is illustrated in Fig. 3, with the
structural model built into this density pre-
sented in Fig. 4. The P-cluster model con-
tains two 4Fe:4S clusters that are bridged by
two cysteine thiol ligands (from residues
88 and B95), with the four remaining Fe
liganded by singly coordinating cysteine
thiols (from residues 62, o154, B70, and
B153). The nonbridging cysteines coordi-
nated to a specific 4Fe:4S cluster are from
the same subunit. In addition to the cys-
teine ligands, Ser®!®® is close to Fe6 and
may be able to coordinate this site along
with CysP!®3. The coordination environ-
ment must be distorted from ideal tetrahe-
dral geometry for both Fe6 (due to interac-
tions with Ser?'8) and Fe2 (possibly due to
interactions with the mainchain of Gly*'&
to obtain satisfactory fits of the 4Fe:4S
clusters to the electron density. Individual
replacement of any of the six cysteines by
alanine eliminates diazotropic growth of the
mutant strains (27, 29, 30). Interestingly, a
double mutant with the two bridging cys-
teines, a88 and P95, both substituted by
alanine exhibits activity (27), which was
interpreted as indicating that these residues
are located at the af subunit interface.
Some non-alanine substitutions for Cys®®®
and CysP!*3 have been described that can
still produce nitrogenase with low activity
(27, 29, 30), possibly as a consequence of
the substituted residue functioning as a
cluster ligand, or through a structural rear-
rangement that allows a previously nonli-
ganding group to coordinate the cluster.

As had been proposed from sequence
comparisons and mutagenesis experiments,
the P-cluster is located at the interface
between the a and B subunits (27, 29). The
approximate twofold symmetry of the
P-cluster is reflected in the sequence simi-
larities (41) and folding of the polypeptide
chains for the o and B subunits in this
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region. The location of this metal center at
the interface between two homologous sub-
units, with the coordination sphere provid-
ed by residues from both subunits, is not
unique to MoFe-protein, and has been pre-
viously observed in bacterial photosynthet-
ic reaction centers [(42), with the non-
heme Fe liganded by residues from two
homologous subunits] and the nitrogenase
Fe-protein [(4), with the 4Fe:4S cluster
liganded by residues from two identical
subunits].

Mossbauer and extrusion studies indicat-
ed that the P-clusters contained 4Fe:4S
clusters (9-12). The proximity of two
4Fe:4S clusters in each P-cluster was sug-
gested from an analysis of anomalous scat-
tering effects from Cp1 (13). The properties
of the 4Fe:4S groups in the P-cluster differ
in significant ways from “typical” 4Fe:4S
clusters, however. The close spatial prox-
imity of two 4Fe:4S clusters in MoFe-pro-
tein suggests that interactions between clus-
ters might confer distinctive properties.
Mgssbauer studies (11) have identified
three distinct classes of iron sites in P-clus-
ters, designated Fe’*, D and S, that are
present in the approximate ratio of 4:10:2
in the MoFe-protein. Because the environ-
ment of each metal site is necessarily
unique when coordinated to an asymmetric
protein, it is not clear what effects distin-
guish the different Mdssbauer classes, so
that the assignment between P-cluster iron
sites and Mossbauer classes has not yet been
determined.

The protein environment in the vicinity
of the FeMo-cofactor and P-clusters is illus-
trated in Fig. 5. As demonstrated by Bolin et
al. (13), these centers are separated by ~19
A, whereas the distances between centers on
the other af subunit pair of the MoFe-
protein are ~67 A. The distance of closest
approach between metal sites in FeMo-co-
factor and P-clusters is ~14 A and occurs
between Fe3 of the P-cluster and the side of
the FeMo-cofactor that faces the P-cluster.
Interestingly, the two cysteines that can
tolerate some substitutions with partial re-
tention of activity [«88 and B153 (27, 29,
30)] are positioned on the side of the P-clus-
ter furthest from the FeMo-cofactor. The a
helix containing the P-cluster ligand Cys*%*
provides the most direct structural connec-
tion between the P-cluster and FeMo-cofac-
tor. Both. clusters are shielded from direct
exposure to water by the surrounding pro-
tein.

Although a molecular-level description
of dinitrogen reduction by nitrogenase can-
not yet be provided, the structure and
environment of the MoFe-protein metal
centers suggests the following consider-
ations are relevant to any proposed mecha-
nism:

1) The approximate twofold symmetry



of the P-cluster and surrounding peptide
could be important in binding interactions
of the MoFe-protein with the symmetrical
Fe-protein dimer.

2) The closest distance between the
metal sites in the P-cluster and FeMo-
cofactor, ~14 A, suggests that the electron
transfer rate (43) between these centers
could be faster than the rate of nitrogenase
turnover [~5 s~ (44)].

\Fe ---------- S\
Cys B0 gy 7\|

3) The octahedral coordination of Mo
in FeMo-cofactor suggests that the Mo does
not directly participate in substrate bind-
ing, without the occurrence of either a
change in coordination number or a change
in liganding groups.

4) The importance of homocitrate to
the substrate reduction mechanism (8) may
arise from modulation of the redox proper-
ties of the coordinated FeMo-cofactor, by

70
15. 188

Fig. 4. (A) Schematic representation of the P-cluster model. (B) Stereoview of the P-cluster and
surrounding protein model. The view is approximately along the direction of a twofold rotation axis

approximately relating the o and B subunits.

B101

B101

Fig. 5. Stereoview of the MoFe-protein structure in the vicinity of the FeMo-cofactor and P-cluster,
including the Ca trace of the polypeptide chain and side chains of selected residues.
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functioning in the protonation of interme-
diates, by participating in the electron
transfer pathway between the P-cluster and
FeMo-cofactor, or through a combination
of all of these mechanisms.

5) The metal sites with low coordina-
tion number in FeMo-cofactor should be
well suited for substrate binding and could
represent sites for hydride formation (I).
Given the rather open structure, it is pos-
sible that dinitrogen and other substrates
may bind inside the FeMo-cofactor.

6) Neither the FeMo-cofactor nor the
P-clusters are exposed to the surface, sug-
gesting that substrate entry, electron trans-
fer, and product release must involve a
carefully regulated sequence of interactions
between MoFe-protein, Fe-protein, and ad-
enine nucleotides (4).

It is hoped that the structural models for
the FeMo-cofactor and P-clusters of MoFe-
protein described in this report may facili-
tate the development of a detailed under-
standing of the nitrogenase mechanism.
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Threshold Phenomena and Long-Distance
Activation of Transcription by RNA Polymerase Il

Paul J. Laybourn and James T. Kadonaga*

To explore the underlying mechanisms by which genes are regulated in eukaryotes,
long-distance transcriptional activation and threshold effects were reconstituted in vitro.
Long-range activation of transcription by GAL4-VP16 protein located 1300 base pairs
upstream of the RNA start site was dependent on packaging of the template into histone
H1—containing chromatin. A transcriptional threshold effect by GAL4-VP16 was observed
with repressed chromatin templates but not naked DNA templates. The experimental data
with the chromatin templates were similar to the theoretical activation profile that is pre-
dicted if the action of each DNA bound protomer of GAL4-VP16 were independent and

additive in terms of free energy.

The proper growth and development of an
organism are dependent on a tiered array of
processes by which genes are spatially and
temporally regulated. Packaging and com-
paction of DNA render genes refractory to
transcription, and the early stages in the
pathway leading to gene activation appear
to involve alterations in chromatin struc-
ture (1). Biochemical studies of RNA poly-
merase II transcription have revealed that
basal transcription requires RNA polymer-
ase Il and several auxiliary factors (2),
whereas the activity of the basal machinery
is controlled by the combined action of
sequence-specific DNA binding factors (3)
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and another class of factors known as coac-
tivators or mediators (4). A major weakness
of the biochemical experiments, however,
has been the inability to recreate in vitro a
number of phenomena that are observed in
vivo. For instance, it has been difficult to
achieve long-range activation of transcrip-
tion, such as the action of enhancers in
vitro (5). Moreover, threshold phenomena
in which shallow gradients of transcription
factors mediate sharp boundaries of gene
activation have been well characterized in
vivo (6) but not demonstrated in vitro for
RNA polymerase II transcription.

In general, in vitro transcription exper-
iments have been carried out with naked
DNA templates, although reconstituted
chromatin templates are probably a better
model for the natural state of the DNA in
the nucleus. To examine the role of chro-
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matin structure in transcriptional activa-
tion, we have reconstituted and character-
ized chromatin templates prepared from
purified components (7). Basal transcrip-
tion is repressed with histone Hl-contain-
ing chromatin, and the sequence-specific
factors Spl and GAL4-VP16 both counter-
act the chromatin-mediated repression (an-
tirepression) and facilitate the inherent
transcription reaction (true activation).
Thus, with transcriptionally repressed chro-
matin templates, transcriptional “activa-
tion” by a sequence-specific factor is the
combination of both antirepression and
true activation. Under such conditions of
repressed basal transcription, the magni-
tude of transcriptional activation by Spl
and GAL4-VP16 is similar to that observed
in vivo.

Transcriptional enhancers are often key
elements in the spatial and temporal regu-
lation of genes, and the mechanisms by
which enhancers activate transcription
from relatively long distances (greater than
1 kb from the RNA start site) have been a
subject of considerable investigation (5).
As a first step in the biochemical analysis of
enhancer function, we sought to reconsti-
tute long-range activation of transcription.
Typically, when the binding sites for se-
quence-specific factors are located more
than 200 bp upstream of the RNA start site,
the factors cannot activate transcription in
vitro. There is, however, one report of
long-range (1300 bp upstream of the start
site) activation of transcription in vitro
with the GAL4-VP16 hybrid activator pro-
tein (8). We attempted to reproduce this
experiment but were not successful in re-
creating the long-distance activation (9).
Although the molecular basis of this dis-
crepancy in the data is not obvious, it is
possible that the DNA template may have
been assembled into a chromatin template
in the previous study (8). Reconstitution of
DNA into chromatin has been observed
with in vitro transcription extracts (10),
which contain histone H1, a repressor of
RNA polymerase II transcription (11). We
therefore examined the role of chromatin
structure in long-range activation of tran-
scription by GAL4-VP16.

In these experiments, the template
DNAs were packaged into chromatin with
purified components (with an average of
one nucleosome per 200 bp and 0 to 1.5
molecules of histone H1 per nucleosome)
(7) and then were transcribed in vitro (12).
To examine long-range activation of tran-
scription, we used a template DNA con-
taining five tandem GAL4 binding sites
located 1300 bp upstream of the adenovirus
E4 promoter (pG511300AE4T) (8). In this
simplified transcription factor—promoter
system, long-distance transcriptional acti-
vation (antirepression) by GAL4-VP16 was



