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In an attempt to characterize the mechanism of co-operativity in the allosteric enzyme 
phosphofructokinase from Escherichia coli, crystals were grown in the absence of activating 
ligands. The crystal structure was determined to a resolution of 2.4 A by the method of 
molecular replacement, using the known structure of the liganded active state as a starting 
model, and has been refined to a crystallographic R-factor of 9168 for all data. Although the 
crystallization solution would be expected to contain the enzyme in its inactive 
conformation, with a low affinity for the co-operative substrate fructose 6-phosphate, the 
structure in these crystals does not show the change in quaternary structure seen in the 
inactive form of the Bacillus stearothermophilus enzyme (previously determined at low 
resolution), nor does it show any substantial change in the fructose g-phosphate site from 
the structure seen in the liganded form. Compared to the liganded form, there are 
considerable changes around the allosteric effector site, including the disordering of the last 
19 residues of the chain. It seems likely that the observed conformation corresponds an 
active unliganded form, in which the absence of ligand in the effector site induces structural 
changes that spread through much of the subunit, but cause only minor changes in the 
active site. It is not clear why the crystals should contain the enzyme in a high-affinity 
conformation, which presumably represents only a small fraction of the molecules in the 
crystallizing solution. However, this structure does identify the conformational changes 
involved in binding of the allosteric effecters. 

1. Introduction 

The allosteric enzyme phosphofructokinase 
(PFKaseS, EC 2.7.1.11) is one of the key control 
enzymes in glycolysis. It catalyses the phosphory- 
lation of fructose 6-phosphate (Fru-6-P) to fructose- 
1,6-bisphosphate (Fru-1 ,6-P2), in the presence of 
ATP. The PFKase from Escherichia coli has been 
studied extensively (Blangy et al., 1968) but phos- 
phofructokinases from Bacillus stearothermophilus, 
Thermus aquaticus (Hengartner & Harris, 1975) and 
Thermus X-l (Cass $ Stellwagen, 1975) show similar 
kinetics. The enzyme shows co-operative kinetics 
with respect to the substrate Fru-BP, but not with 
respect> to the other substrate, ATP, allosteric 
activation by ADP and allosteric inhibition by 
phosphoenolpyruvate (PEP). The kinetics of the 
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allosteric bacterial phosphofructokinases may be 
described in terms of a concerted two-state model 
(Monod et al., 1965; Rubin & Changeux, 1966), 
which assumes an equilibrium between two confor- 
mational states, R and T, differing in their affinity 
for the co-operative substrate Fru-6-P, and for the 
allosteric effecters. The less active state, the T-state, 
is predominant in the absence of ligands. Allosteric 
activators (ADP and GDP) and inhibitor PEP alter 
the equilibrium by binding preferentially to the 
R-state and the T-state, respectively (heterotropic 
interactions). Fru-6-P also alters the equilibrium by 
binding more strongly to the R-state (homotropic 
interactions). To a first approximation, the enzyme 
behaves as a “K system”, which means that the two 
states differ in the binding affinity (K,) for Fru-6-P 
but not in their catalytic rates (V,,, and E,,,). 
However, the kinetics show some departure from 
the simplest model, in that activation by GDP 
increases V,,, by 20% over the value achieved by 
Fru-6-P activation alone (S. A. Berger, unpublished 
results). This suggests that the active conformation 
induced by binding Fru-6-P is further altered by 
binding GDP (or ADP). 
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The structure of the active conformation has been 
determined for B. stearothermophilus PFKase in its 
complex with Fru-6-P and ADP/Mg2+ (Evans & 
Hudson, 1979; Evans et al., 1981), and for the 54yh 
homologous E. co& PFKase with its reaction 
products Fru-1,6-P, and ADP/Mg’+ (Shirakihara & 
& Evans, 1988). The structure is summarized in 
Figure 1. Two distinct changes in the enzyme 
conformation have been observed by comparing 
different crystal structures. Firstly, the crystal 
structure of the active form of E. coli PFKase shows 
two different conformations of subunits 
(Shirakihara & Evans, 1988). The differences lie 
within the large domain and consist mainly of a 
shift of helices 4a, 4 and 5 towards the Fru-6-P 
binding site (see Fig. I(b) and (c)). The shift results 
in the closing of the cleft between the domain!, 
brivging the ATP molecule about 1 to I.5 A 
(1 A = @I nm) nearer to Fru-6-P. The two confor- 
mations will be referred to later as “open” (chain Y) 
and “closed” (chain X). This conformational change 
is remote from the subunit interfaces, and involves 
the non-co-operative substrate ATP, so is presum- 
ably important for catalysis, not for the control 
properties of the enzyme. Secondly. the change to 
the inactive Oconformation (T-state) has been 
observed at 7 A resolution in the crystal structure of 
the inhibited form of the PFKase from B. stearother- 
,mophilus, in crystals grown with the PEP analogue 
2-phosphoglycolate (Evans et al., 1986). This struc- 
tureD determination has recently been extended to 
2.5 A resolution (T. Schirmer, unpublished results), 
essentially confirming the earlier result. Compared 
to the active state, the tetramer is twisted about the 
p-axis by 8”, resulting in a partial closing of the 
Fru-6-P site. 

In an attempt to obtain more detailed informa- 
tion about the low-affinity conformation (T-state) of 
E. coli PFKase, crystals were grown in the absence 
of activators and in the presence of iahibitors. This 
paper describes the structure at 2.4 A resolution of 
such a crystal form, grown under conditions where 
the T-state conformation would be expected, and 
compares it with the structure of the active form 
(R-state). Although the structures differ around the 
effector site, their simi1arit.y in the active site 
suggest that the observed conformation corresponds 
to a high-affinity form. 

2. Materials and Methods 
(a) Crystallizatiorr 

Phosphofructokinase was prepared from cultures of 
E. co& containing an overproducing plasmid, as described 
by Shirakihara & Evans (1988). A dozen crystal forms of 
phosphofructokinase were grown in the absence of ligands 
or in the presence of a non-physiological inhibitor 2-phos- 
phoglycolate. The most suitable crystal form for high- 
resolution diffraction was obtained from solution 
containing 10 mg of the enzyme/ml. 149b (w/v) polyethp- 
lene glycol (PEG) 6000, 1.0 to I.1 M-NaCl, 50 mM- 
Tris.HCl (pH 7.7 to 7.9). Crystals grew in both the pres- 
ence and absence of 10 mM-2-phosphoglycolate. For 
reproducible growth. it was necessary to seed with a 
diluted suspension of ground-up crystals. The polyet,hy- 
lene glycol solution was treated with Amberlite ion- 
exchange resin to remove ionic impurities (e.g. phos- 
phate). The crystals were grown in small glass vials 
containing 50 to 100 ~1 of solution. They grew as needles 2 
to 3 mm long and @2 to 0.3 mm thick. X-iay photographs 
showed that t.hr crystals diffracted to 23 A resolution and 
belonged to space group C2. The cell parameters were 
determined accurately by repeatedly scanning several 
strong high-angle reflections on a 4-circle diffractometer, 
at) various configurations of the goniostat, to eliminate 
errors in the angle zeroes. The fina! values were: 
a = 177.02 A, b = 66.40 A. c = 153.97 A. /l= 11883”. 
From the cell volume, the unit eelI was estimated to 
contain 4 tetramersO (V, = 290 A/dalton, within thr 
observed range of 1.7 Aldalton to 3.5 Aldalton; Matthews. 
1968). The crystals were stabilized by transfer to a solu- 
tion containing 20?/, (w/v) PEG 6000. 1.0 M-Na(?l, 50 mM- 
Tris.HCI (pH 7.7). The crystals became disordered affer 
about a month at’ room temperature. 

(b) Data collection and procewinuq 

Low-resolution data were collected to 7 A resolution 
from a single crystal on a 4-circle diffractometer with an w 
scan. Crystals were cooled to -4°C. The profile-fitt.inp 
method of Oatley & French (1982) was used to get, more 
accurate values for weak reflections. Absorption corre(*- 
tion was done according to North et al. (1968). The Ksymt 
for the intensities was 0043. High-resolution data were 

t Rsym. Lrge = Z/Z,-(Z)l/Z(Z), where I, is an 
individual measurement, and (I) is the weighted mean 
intensit.y for this reflection. For Rsym. thr summations 
are over equivalent, reflect,ions on the same film (or 
within a diffractometer data set). For Rmerge. t,he 
summations are over all data. 

Figure 1. Schematic views of the structure of phosphofructokinase. The enzyme is a betramer of identical subunits 
arranged around 3 orthogonal dyad axes in such a way that each subunit is in contact with only 2 other subunits. Each 
subunit is clearly divided into 2 domains, each consisting of a P-sheeet sandwiched between cl-helices. Three binding sites. 
designated A, B and C, have been identified. Sites A and B form the active site and bind Fru-6-P (or Fru-1,6-P,), and 
ATP/Mg’+ or ADP/Mg’+), respectively. Site C is the allosteric effector site: which binds both activators (ADP or GDP) 
and the inhibitor PEP. Both the Fru-6-P and the effector sites lie between 2 subunits: the Fru-6-P sites across the 
r-interface and the effector sites across the p-interface. On the other hand, the non-co-operative substrate ATP binds 
entirely within 1 subunit. (a) Schematic view of the PFKase tetramer, showing the elongated subunits divided into 2 
domains: the large domain is labelled 1, the small domain 2. The molecular dyad axes are labelled p, q, T. The ligand 
binding sites are marked. The overall direction of the shift between R- and T-states is shown as a twist around the p-axis 
(see Evans at al., 1986). (b) R-state structure: view of the 2 subunits related by the r-axis. The other 2 subunits are 
behind. Helices are represented by cylinders, p-sheet strands by arrows. The active site is shown with the reaction 
products Fru-1,6-P, (FBP) and ADP, the effector site with the activator ADP (Evans I% Shirakihara. 1988). (c) R-state 
structure: view of the 2 subunits related by the p-axis. The other 2 subunits are behind. 
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collected on beam line 7.2 at the Daresbury Synchrotron 
Radiatio; Source, using CEA Reflex film, at a wavelength 
of 1.488 A. The crystals were cooled to -8°C. The oscil- 
lation range varied from 1.1” to 1.7”: depending on the 
crystal orientation and the axis of mounting; exposure 
times were between 30 s and 1 min per degree depending 
on the intensity of the beam. Because of the elongated 
shape of the crystals it was possible to collect data from 3 
to 4 parts of the crystal by moving it along the spindle 
axis. One carousel-full (8 film-packs) was collected from 
each part of the crystal. In all, data were used from 7 
crystals on 191 film packs: 161 with the b-axis mounted 
along the spindle axis and 30 with the crystal mounted 
about an axis perpendicular to the spindle, to record the 
cusp region. The films were digit&d on an Optronics 
densitometer with the scanning raster size of 50 pm. The 
densitometer was previously calibrated using a test- 
wedge, made by exposing, for various times, a CEA film 
with an americium/copper X-ray source. The integrated 
intensities were measured from the files of digitized films 
using program MOSFLM (A. J. Wonacott, S. Dockerell, 
P. Brick t A. G. W. Leslie). The Rsym for symmetry- 
equivalent reflections on the same film varied from @03 to 
O-09. 

Films were scaled together by the method of Fox & 
Holmes (1966), including a temperature factor relative to 
the best film. Initially, only reflections with recorded 
fractions greater than 1.2 were used for scaling, and 
adjacent partially recorded reflections were summed: this 
gave Lrge = @I 14. Three rounds of postrefinement were 
performed using the method of Schutt & Winkler (1977, 
also Winkler et aZ., 1979), to improve the classification of 
reflections as either fully or partially recorded, refining 
cell dimensions for each crystal, and orientation and 
crystal mosaicity for each film pack. In the first 2 rounds 
isotropic beam divergence was assumed. The dependence 
of the intensity of a partial reflection on the angular 
fraction (the rocking curve) was modelled by a hyperbolic 
tangent function. In the third round of postrefinement an 
anisotropic beam divergence was assumed. After rejecting 
a few films with unreasonably large relative temperature 
factors (< -*lo) the final Rmerge was 0103. The merged 
data, to 24 A resolution, contained 388,304 observations. 
which reduced to 59,481 unique reflections. Llnmatched 
partials with fraction greater than @4 were scaled for 
inclusion; 67% of the data were greater than 3 standard 
deviations. Up to a resolut,ion of 2,6 A. 76% of the data 
were greater than 3 standard deviations but the high- 
resolution reflections were weak and in the shell between 
2.6 A and 2.4 a only 34% of intensities were greater than 
3 standard deviations. The data were merged with the 
low-resolution diffractometer data to fill in the reflections 
that were too strong on film. R,,,,, between the 2 data 
sets was 0.057. Finally, t,he structure factor amplitudes 
were calculated from the intensities with a correction 
applied to weak and negative intensities based on the a 
priori distribution (French & Wilson, 1978). 

(c) Determination of the orientation and positions 
of the molecdes 

Native Patterson and rotation funct@s were calcu- 
lated using low-resolution data (7 to 5 A) and examined 
to identify the non-crystallographic symmetry elements. 
The K = 180” section of the self-rotation function 
(Crowther. 1972) showed several peaks perpendicular to 
the b-axis, which requires a peak at the b-axis to complete 
a 222 set (Fig. 2(a)). This implied that one of the molec- 
ular dyad axes was parallel to the crystallographic dyad 

4, 
(b) 

Figure 2. (a) Stereographic projection of the 180” sec- 
tion of the self-rotatipn function (7 to 5 A resolution, 
integration radius 29 A), viewed down the b-axis. The 2 
sets of broken lines connect the peaks related by the 222 
symmetry of the 2 tetramers. The large peaks on the 
periphery between these represent the vectors between 
one tetramer and the other. (b) Stereographic projectioc 
of the 180” section of the cross-rotation function (7 to 5 A 
resolution, integration radius 29 A), viewed down the 
b-axis. The broken lines connect the peaks representing 
the rotations of a model tetramer to the 2 different 
tetramers in the crystal. 

along b, which should give a peak on the Harker section of 
the native Patterson; no such peak was found. This can be 
explained if the local axis is coincident, with the crystal 
axis. All the peaks on the self-rotation function can br 
explained by 2 tetramers each sitting on different crystal- 
lographic dyad axes, with the asymmetric unit containing 



Structure of Unliganded Phosphofructokinase 809 

two half-tetramers. Fig. 2(a) shows the 2 orthogonal sets 
of peaks for the different tetramers at 45” to each other. 
Between them there are strong peaks relating the 2 mole- 
cules. These peaks are at double weight as there are twice 
as many vectors involved in superimposing 2 tetramers as 
in superimposing 2 half-tetramers. The non-crystallo- 
graphic symmetry also leads to mirror planes in the 
diffraction pattern, which can be seen in the precession 
photograph of the ho1 zone. 

The cross-rotation function calculated using the known 
R-state model, with individual atomic temperature 
factors (Shirakihara & Evans, 1988), confirmed this 
arrangement and showed which molecular axes (pqr) cor- 
respond to the non-crystallographic axes. Fig. 2(b) shows 
the 180” rotation section of the cross-rotation function 
showing that the model tetramer can be superimposed on 
the 2 tetramers in this crystal form by a rotation of 180” 
about c (half-way between 0” and 45”). 

The relative position along y of the 2 tetramers was 
found by a translational R-factor search (Nixon & North, 
1976) using data to 3 A resolution. The search involved 
moving 1 tetramer relative to the other, since the overall 
origin is not fixed in space group C2. It was also possible 
to determine the orientation of the 2 tetramers a little 
more accurately by repeating the calculation for slightly 
different orientations. At 0*69b the R-factor dropped to 
044 from an average of 050, for the 2 tetramers at - 1.5” 
and 43.5” to the c-axis (Fig. 3). 

In summary, a rather unusual packing arrangement 
was revealed: alternating, centred layers of PFK 
tetramers pack with the molecules in different layers 
rotated to each other by about 45”. Such arrangements of 
oligomeric proteins expressing crystallographic symmetry 
in different ways are rare (e.g. see Buehner et aE., 1982; 
Tanaka et al., 1984). 

(d) Rigid body rejinement 

The initial positional refinement of the PFKase mol- 
ecules in the unit cell was done by treating various 
fragments of the molecules as rigid bodies, using the 

program CORELS (Sussman et al., 1977; Herzberg & 
Sussman, 1983). The co-ordinates of the R-state structure 
(Shirakihara 6 Evans, 1988) were used for the starting 
model. Two dimers were put in the positions and orien- 
tations determined from the rotation and translation 
searches. The first few cycles of CORELS were run with 
each subunit constrained to move as a rigid body, with a 
single temperature factor. The temperature factor was 
fixed and set to 20 in the first cycle and was allowed to 
vary thereafter. The first 3 cycles used low-resolution data 
from 15 A to 7 .A. In the next 3 cycles the resolution was 
increased to 6 A. The R-factor decreased from the initial 
value of 946 to 042. The rotations and translations were 
averaged between subunits and applied to the starting 
model co-ordinates. A further 13 cycles were performed 
with each subunit divided into 2 domains linked together 
by peptide bonds. The resolution was gradually increased 
to 4 A. The final R-factor was 939. The overall changes in 
the model from the starting R-state model were rather 
small, with rotations of 1 to 2” and shifts of about 1 A. No 
clear trends were apparent between the different subunits, 
but the refinement has clearly resulted in a moderate 
improvement in the model, as judged by the R-factor. 

(e) Restrained least-squares refinement 

Further refinement of the atomic co-ordinates and 
temperature factors was done using the method of 
restrained least-squares refinement (Konnert, 1976; 
Konnert & Hendrickson, 1980), with the X-ray com- 
ponent calculated using the program Deriv written by 
Jack (Jack L Levitt, 1978). All calculations were done in 
space group C2,, which is equivalent to C2 with a trans- 
lation of a 1/4a along the s-axis, so that the existing fast 
Fourier transform routines for space group P2, could be 
used. Fig. 4 shows the progress of the refinement. Diffrac- 
tion data to the maximum resolution (F4 A) were used, 
but the low-resolution reflections (< 10 A) were excluded 
at this stage. The geometric restraints used are listed in 
Table 1. A shift factor of 655 was applied to calculated 
shifts in positions and temperature factors to give a 

I I I I I 
0 0.5 I 

y/b 

Figure 3. R-factor as a function of the relative translation along y between the 2 tetramers on different 
crystallographic dyads. Each line is for a different combination of rotations of the 2 tetramers about the b-axis. 
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Figure 4. Progress of the refinement: plot of R-factor (Z;llF,l -lF,//ZlF,,) against th e c c e number of the least-squares y 1 
refinement. Initially, the calculated gradients were averaged between the 4 independent subunits. The point labelled NA 
indicates where the averaging was terminated. M marks the point where molecular averaging was performed. At B the 
restraints on temperature factors were relaxed as described in text. Addition of ordered water molecules to the model 
began at W. At BS, a solvent continuum was included in the model by putting constant density in the solvent space. The 
spikes indicate cycles with tighter geometric constrains to regularize the structure prior to manual rebuilding. 

reasonable rate of convergence while allowing for the 
diagonal approximation in the X-ray part of the normal 
matrix. In the first 8 cycles the calculated gradients were 
averaged for the 4 independent subunits to increase the 
radius of convergence in the initial stages of the refine- 
ment. The R-factor dropped from the initial value of 0389 
to 0313. 

Further refinement was done without averaging. Typi- 
cally 5 to 7 cycles of refinement were followed by 2 
regularizing cycles with the relative weight of structure 
factor component to the normal matrix reduced from @4 
to 02, to achieve better stereochemistry at the cost of 
poorer fit with the diffraction data. The effect of regular- 
izing on the R-factor can be seen as “bumps” on Fig. 4. 
The model was then adjusted manually from comparison 
with maps calculated using coefficients 2lP,I-IP,I and 
IP,(-- IF,1 with calculated phases, using the program 
FRODO (Jones, 1978). From the first inspection it 
became clear that no major rebuilding of the model was 
necessary although several side-chains were clearly 
misplaced. The differences were consistent for all 4 
crystallographically independent’ subunits and gave rise 
to clear negative and positive peaks on the (F,I - IF,/ map 
This sensitivity in detecting misplaced residues, together 
with the absence of prominent features on the difference 
map elsewhere, suggest,ed that the model was correct, at 
least in its well-defined parts. Some regions, generally on 
the surface of the molecule, were weakly defined or alto- 
gether absent. Residues that could not be seen included the 
N-terminal methionine and the last 20 residues of the C’ 
terminus. In general, the parts of the structure that were 
absent’ on the map or ambiguous were excluded from 
further refinement,. These regions were inspected periodi- 
cally to see if they became visible. If a side-chain could br 
made to fit the densit’y in more than one way (Leu, Qlu. 
Lys, Arg) the most sterically favourable conformation 
was chosen. Close inspection of the maps led to a modifi- 
cation of the amino acid sequence, determined from the 

nucleotide sequence, with an insertion of Arg before Gly93 
and change of Asn92 to Lys (see Shirakihara & Evans. 
1988, for the corrected sequence). After about 50 cycles of 
refinement and a few rounds of rebuilding the R-fact,or 

Table 1 
Geometric parameters for the least-squarea rejinement 

and the values from the final model 

Distances (A) 
Bond length (1-i neighbour) 
Angle-related distanee (I-3 neighbour) 
Interplanar distance (I -4 neighbour) 

Planar groups (A) 

Chiral volumes (A3) 

Non-bonded contacts (A) 
Single torsion 
Multiple torsion 
Possible hydrogen bond 

Torsion angles (‘ ) 
Planar (e.g. peptidr (0) 
St,aggered (e.g. aliphatic 1) 
Transverse (e.g. aromatic x2) 

Thermal factors (A’) 
Main-chain bond (nearest neighbour) 
Main-chain angle (next nearest 

neighbour) 
Side-chain bond (nearest nelgbbour) 
Side-chain angle (next nearest neighbow) 

Target, Final 
value value 

:3 

15 

“0 

The target value is the inverse square root, of the least squares 
wright for each type of parameter. The final values are the root 
mean-square drviat,ions from ideal values (Konnert & 
Hendrickson. 1981). 
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had fallen to 024 but the C-terminal region was stir1 
absent. Some density could be seen in one of the subunits 
but it was far from clear how the C terminus could fit into 
it. At this stage electron density averaging was performed 
to improve, if possible, the quality of the map, particularly 
in that region. 

(f) Molecular averaging 

The method of electron density averaging was used as 
implemented in programme suite SKEWPLANES by G. 
Bricogne (1976). The symmetry relating the 4 indepen- 
dent subunits is improper. i.e. it does not form a point 
group. Tn this case, with 2 molecules in arbitrary orien- 
tations, at least 2 distinct envelopes are required, 1 for 
each tetramer, or 4 envelopes, each enclosing 1 crystallo- 
graphically independent subunit. The latter option was 
chosen as being computationally simpler. As the C-ter- 
minal region lies on the surface of the subunit care had to 
be taken not t,o leave it outside the molecular envelope. 
To construct the envelope, electron density maps were 
calculated for each subunit with a large temperature 
factor (= 40 A2), with the C terminus in the same confor- 
mation as in the R-state. The non-zero regions were then 
flagged with their subunit number, smoothed to remove 
isolated zeroes and merged together. Transformations to 
relate each subunit to the others were calculated from the 
current co-ordinates, with each pair of subunits related by 
a dyad in the X-Z plane and perpendicular to the y-axis. 
In the first 2 cycles of averaging the R-factor calculated 
with structure factors derived from the averaged map 
decreased from 9242 to 0.197. Afterwards it started to 
increase and in cycle 8 it reached 0.265. It is a little 
difficult to explain this behaviour: it seems that some 
errors accumulated to overcome the initial improvement, 
in phases. There are 2 major sources of error, other than 
those arising from the crystallographically independent 
subunits not being identical: one arises from inaccurate 
determination of the inter-subunit transformations, the 
other results from inaccurate definition of the molecular 
boundaries. Since the subunits are in contact, this proh- 
lem could be particularly serious as one envelope could 
invade the space of the neighbouring subunit. An electron 
density map was calculated using phases from cycle 2 (the 
lowest R-fact’or). The map appeared unchanged although 
some minor adjustments were made to the model. The C 
terminus was still absent, reinforcing the view that it was 
disordered. Although the molecular averaging did not 
result in a significant improvement of the model, it 
reinforced our confidence in its correctness. 

(g) Inclusion of ordered and disordered solvent 

Many water molecules were clearly visible on both the 
2(F,1- IE’,I and IF,/ -IF,\ maps. These were included in the 
model, especially if they lay within the hydrogen bonding 
distance of 0 or N atoms. Care was taken not to put water 
molecules into density representing an alternative confor- 
mation of a side-chain. No water molecules were placed in 
the region of the C terminus in case any missing residues 
became interpretable at some later time. The effect on the 
refinement was considerable: after the inclusion of the 
first 152 water molecules the R-factor decreased from 
0225 to 0.206. Water molecules that refined to a 
temperature factor of R > 50 A’ were eliminated. 

Uisordered solvent was approximated by a constant 
density in the solvent space. The method used was as 
described by Phillips (1980), Fermi et al. (1984) and 
Shirakihara & Evans (1988). The resolution limits could 

then be extended to include the very low-order terms 
(> 10 A). The final values for solvent scatt)ering ps was 
0.34 e/A3 and the solvent smoothing temperature factor 
Rsolv was 52 A’. 

3. Results 

(a) The jinal model and crystal packing 

The least-squares refinement was terminated 
when the R-factor reached 0.168. The different 
subunits in the final model were labelled A, B, C 
and D, with A and B belonging to one tetramer and 
C and D to the other. A total of 347 water molecules 
were also included. Most of the model fitted the 
density well, with reasonable geometry as summar- 
ized in Table 1. Some side-chains were disordered: 
these lay on the surface of the molecule or, signifi- 
cantly, in the binding sites. The last 19 residues (301 
to 319) were disordered except in chain D where 
residues up to 304 could be located. Some density 
could be seen for the C-terminal region in chain D, 
but no satisfactory fit could be made. 

Figure 5 shows the arrangement of molecules in 
the crystal. Layers of (AB), tetramers in the x-y 
plane are interleaved with parallel layers of (CD), 
tetramers. Within each layer, tetramers are related 
by the crystallographic C-centering operation 
(x+1/2, y+ l/2: z). Each t’etramer fits into gaps 
between tetramers in the adjacent’ layers. 

There are four regions of contacts between 
tetramers in the crystal. 

(1) Contact between the A and C subunits 
involves N-terminal MetOA and MetllXt at the 
end of LX~-~. The two side-chains are antiparallel, 
about’ 3 A apart. This explains why the N terminus 
in chain A is ordered, as distinct from the other 
three subunits. The nearby loop between a-11 and 
P-J of chain A is in contact with a-4 of chain C. 
There are two hydrogen bonds: between 0 of 
Ala277A, through a water molecule. to 0 of Glu79C, 
and between OH of Tyr279A and OE of Glu87C. 

(2) Contact between B and D involves again the 
loop between a-5 and B-J from chain B and region 
near the C terminus of chain D. There are two 
hydrogen bonds: between 0 of Gly278B and N of 
Lys304D and between OH of Tyr279B and 0 of 
Asp298D. This explains why in chain D four more 
residues (301 t-o 304) were ordered at the C 
terminus. 

(3) and (4) The two remaining contacts are very 
similar and result from the stacking of molecules 
along the y-axis. Thus A is in contact with B of the 
neighbouring tetramer and C is similarly in contact 
with D. The contacts are related by a non-crystallo- 
graphic dyad, and involve helices a-9 packing 
parallel to each other. The most prominent is the 
int’eraction between the imidazole rings of His232. 
Being common to all subunits, this could be a major 
stabilizing interaction in the crystal and could 
explain why the crystal growth is rather sensitive to 

t Residues are numbered from 0 to 319. Metll5C 
means residue number 115 in chain (‘. 
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(AB), (CD), 

/ / 

(AU, 

/ 

/ / / 
Figure 5. The packing of’ molecules in the crystal (aeli, viewed along the cryst’allographica y-axis. Each type of tetramer 

(AB), and (CD), is arranged in layers in the z-?/ plane, each sitting on a rr,vstallographic dvad axis. The molecular axes 
are labelled p and q. with r along y. 

pH. The imidazole rings could only stack if they had 
no net charge, which is consistent with the high pH 
range 7.7 to 7.9 within which the crystals grow. 
These similar interactions between the different 
t,etramers may also explain their similar 
conformations. 

(b) Comparison between the four unliganded subunits 

For comparison of the subunits, the pairs of sub- 
units were superimposed by a dyad axis constrained 
to pass through the perpendicular to the crystallo- 
graphic dyad axes. This gave the orientations of the 
two tetramers as 43.84” and - 1.32“ (angle between 
p andOz), and their separation along the y-axis of 
20.87 A or 0.31b. The co-ordinates of each subunit 
could then be transformed to a “molecular frame”. 
with axes pqr along the dyads. Root-mean-square 
deviations are calculated between the subunits 
superimposed on the dyad axes, including the two 
different PFKase subunits of the liganded R-state 
(here denoted X for the closed chain, Y for the open 
chain; Shirakihara & Evans, 1988). From the results 
shown in Table 2 it can be seen that the four un- 
liganded subunits fit quite well to each other with a 
better internal agreement than between X and Y. 
Chains A and B are the most similar and D is the 
most different from the other three. It, can also be 
seen that the unliganded structures are more like 
the open (Y) liganded subunit than the closed (X) 
subunit. The internal agreement between the 
crystallographically independent subunits sets the 

upper limit’ of the random error in co-ordinat,es. The 
actual errors are smaller when the effects of 
different crystallographic environment)s are taken 
int’o account. 

The structures of the four independent subunit’s 
are closely similar: the differences in co-ordinates of 

Table 2 
Owerall diflerences between subunits 

I) 

x 

V&~rs are root-mean-square deviations (&A) betwwn subunits. 
Subunits were superimposed by aligning the molecr~lar (jrqr) 
frames. X and Y refer to closed and open suhunit,s of the liganded 
R-state (Shirakihara & Evans. 1988). 



Structure of Unliganded Phosphofructokinase 813 

l-l -n n 

0 50 100 150 200 250 300 

Residue number 

Figure 6. Differences in co-ordinates of a-carbons between the 4 independent subunits of the unliganded structure, 
superimposed on the molecular dyads. The plot shows the difference between subunit A and subunits B, C and D. The 
different subunits are closely similar (cf. liganded structures in Fig. 7). The differences reflect the random error in co- 
ordinates and the effect of the different crystallographic environment of the subunits. The small domain (residues 140 to 
260) shows less variation than the larger domain except in helix a-13, at the C terminus, which is disordered. Tn this, and 
the following Figures. up to Fig. 11, the a-helices (1 to 13) and the strands of the b-sheets (A to K) are indicated on top of 
the plot. The position of the residues of the binding sites A, B and C are also indicated, as are the 4 main regions of 
difference between the open and closed liganded subunits. 

a-carbons plotted along the chain in Figure 6 are factors show a greater variation: as shown in 
generally smaller than between the two structures Figure 8: the most conspicuous differences are in 
of the liganded enzyme (Fig. 7). The temperature subunit D, near the C terminus and in chain C 

4.0 
A I E2C 

-- - - 

: 

a cc B cc BE D 

3.0 n 

0a I- 

0 50 100 150 200 250 300 

Residue number 

Figure 7. Differences in co-ordinates of a-carbons between the 2 independent subunits of the liganded R-state 
structure: open subunit (Y) and closed (X). Large differences of 2 to 3 A can be seen in helices a-4 and a-5. The motion 
brings the 2 domains closer together in the closed structure. The region around residue 305 is poorly defined in both 
subunits. 
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Residue number 

Figure 8. Differences in temperature factors between subunit A (B,.,) and subunits H, C and D of the unliganded 
structure (&), calculated using temperature factors of the main-chain atoms averaged over each residue. The largest 
differences correspond to regions of intermolecular contacts 

between residues 75 and 120. Both of these corre- 
spond to regions of intermolecular contacts. Figures 
6 and 7 illustrate both the magnitude and the 
random error and the extent to which the crystal 
environment can perturb the structure. 

(c) Comparison between non-liganded and 
Eiganded structures 

The rigidity (Table 4) and the relative movements 
(Table 5) of the secondary structure elements were 
analysed between one of the unliganded subunits 

Table 3 
Secondary structure elements as determined from 

hydrogen bonding 

a-Helires Residue range B-Strands Residue range 

iI 
4a 
4 
5 
6t 
7t 
w 
w 

1 ot 
11 

1 S-30 
40-47 
Fi4-57 
73-78 
78-93 

102%116 
138-161 
174-185 
197-213 
226-239 
249-253 
257-271 

296-300 
303-319 

I) 
E 
8: 
Ht 
rt 
J 
K 

2-9 
33-38 
48-52 

95-101 
119-124 
163-168 
188-190 
216-222 
241-245 

282-287 
290-294 

i Secondary structure elements which form the smaller 
domain. Helix 13 is disordered in the unliganded structure. 

(B) and the two liganded subunits X and Y, using a 
program written by Arthur Lesk. The elements of 
secondary structure, a-helices and b-sheets, were 
identified from their hydrogen-bonding patterns 
(Table 3): 131 is not a proper a-helix, just a short. 
helix-like segment, without regular hydrogen 
bonding; 4a and 10 are 3,, helices. Helix 13 is at the 
C terminus, which is disordered in the unliganded 

Table 4 
Rigidity of secondary structure elementcs 

Elements of chain B 

P-Sheets: 
A,U,(I,D,E,,J.K.P,(:.H.I 

a-Helicea: 
1 

,;, 
4 
5 
6 
7 
8 

[Ii, 
11 
1% 

All atoms 

Each secondary structure element (main chain only) for the 
unliganded chain B was fitted separately to the equivalent ele- 
ment in the liganded (Y, open, X, closed) structure, to show any 
conformational changes within the structural element. r.m.s.. 
root-mean-square. 
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Table 5 
Structural changes between liganded and unliganded forms 

Liganded chain 
Y X 

Translation Rotation Translation Rotation 
A (“) (4 (7 

Superimposed on pqr axes 
Change for all atoms 025 1.4 645 2.0 

Large domain 
Superimposed on sheet (A,B,C,D,E,J,K) 

Change for helix: 
1 0.09 0.4 0.23 1.6 

iI 615 641 2.0 25 655 636 43 I.0 
4 0.15 2.5 030 5.4 
5 028 2.8 1.40 5.5 

11 616 63 022 I.7 
12 1.28 27.4 1.88 22.5 

Sheet (F,G,H,I) 686 1.3 0.96 2.0 

Small domain 
Superimposed on sheet (F,G,H,I) 

Change for helix: 
6 027 2.0 622 1.4 
7 0.27 1.8 0.17 3.4 
8 1.30 9.4 1.23 9.0 

LA 033 630 50 1.3 0.33 032 38 1.1 

Relative shifts of secondary structure elements (main chain only) between liganded (Y. open; X, 
closed) and unliganded (chain B) subunits. For the comparison of the whole subunit, the structures 
were superimposed on the molecular frame (pqr). For the comparisons within the domains. the subunits 
awe superimposed on the j-sheets, and the shifts of the surrounding helices analysed. 

structure. The elements of secondary structure are 
preserved rather well and to a first approximation 
can be considered to be rigid bodies (Table 4). Table 
5 shows that the whole subunit undergoes a small 
rotation, somewhat larger relative to chain X 
(closed) than to Y (open). Of the individual helices 
a-12 undergoes the largest change; this is a short 
helix, which in the unliganded- structure is in a 
region of weak density, just before the disordered 
C-terminal segment. The change in helix a-8 is the 
second largest, with aOrotation of about 10” and a 
translation of over 1 A. The movement relative to 
the unliganded structure is equally large for both X 
and Y subunits. 

The four unliganded subunits resemble the open 
form of the liganded structure. Differences are most 
pronounced in helix ~-8 and in strands J and K in 
the large domain (Figs 9 and 10); these regions have 
conformations that are found in neither of the 
liganded chains. The shift in helix a-8 is accom- 
panied by a tilting that gives the plot (Fig. 9) a 
jagged appearance. In addition there are some 
changes throughout the large domain (left-hand side 
of the graph). Comparison with the closed structure 
shows that the shifts within the large domain 
mostly result from the differences between the two 
liganded chains. rather than differences between the 
liganded and unliganded structures. There are 
some additional changes in the effector site region of 
the large domain, not occurring between the two 
liganded structures. 

The temperature factors follow roughly a similar 
pattern in all chains: they are plotted against 
residue number in Figure 11 for all subunits 
(liganded and unliganded), averaged over the 
main-chain atoms within each residue. Tn general 
the residues forming the binding sites have high 
B-factors; these residues also tend t*o lie between 
secondary structure elements. There are, however, 
some noticeable differences between liganded and 
unliganded structures. Near the C terminus the 
B-factor rises sharply in the unliganded structures 
(less so in chain D, which is stabilized by crystal 
contacts) even before the chain becomes disordered. 
The region involved in effector binding between a-8 
and /I-H (residues 210 to 215) has a considerably 
higher B-factor in the absence of ADP. The same is 
true for the ATP binding site, once the effect of 
crystal contacts in chain C is taken into account. 
The only region with the temperature factor consis- 
tently lower in the unliganded structures is helix 
a-9. This is a result of intermolecular contacts due 
to crystal packing along the b-axis. There are no 
apparent effects of crystal contacts on the B-factor 
in the region 277 to 279 in chains A and K. Predic- 
tably, the side-chains have higher temperature 
factors and show more variations while they follow 
similar trends to the main chain. 

(d) “Consensus” structure of the unliganded enzyme 
In comparisons with the liganded structure, it is 

confusing to consider all four independent subunits 
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Figure 9. Shifts in co-ordinates of the a-carbons between the 4 subunits of the unliganded structure and the open 
subunit (Y) of the liganded structure. The shift in helix x-8 in the small domain is clearly visible. The C-terminal end of 
the helix forms part of the effector binding site. Tilting of the helix gives the plot its “jagged” appearance. The other 
large shift is near the C terminus, before it comes disordered in tOhe unliganded structure. except in chain I). which is 
considerably different in that region. There are shifts of up to 1 A spread throughout the larger domain (residues 0 t,o 
140, 260 to 300). 

of the unliganded structure, and unnecessary, 
provided that the differences between the crystallo- 
graphically independent subunits are borne in mind. 
Averaging the structures would be difficult without 
spoiling the stereochemistry. In any case, different 

parts of different subunit,s have Tao be assigned 
different merit: in particular, it is desirable to 
eliminate, as much as possible, the efIects of int’er 
molecular contacts, as t’hese are likely to introduce 
local distortions to the structure (e.g. see (:hothia et 

11 

w 

300 

0a 

6 L 7 G 8 ’ 2’10 -- II J. Kl2 I3 - -- -- 

C 
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L 
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Residue number 

Figure 10. Shifts in co-ordinates of the cc-carbons between the 4 subunits of the unliganded structure and the closed 
subunit (X) of the liganded structure. In the region of the small domain (140 to 260) the plot is similar to Fig. 9. The 
large shifts in the large domain are mostly due to closing of the active site between open and closed structures (cf. Fig. 7). 
although the shifts in the region between helices a-1 and B-c are now considerably larger. 
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Figure 11. Temperature factors for main-chain atoms averaged over each residue for the 4 unliganded subunits 
(continuous lines) and the 2 liganded subunits (broken lines). The plots are roughly similar, with binding site residues 
tending to have high temperature factors. The C-terminal segment, which is disordered in the unliganded structure is 
also weak in the 2 liganded subunits, except at the C terminus itself. which is involved in binding of ADP. 

al., 1983). With t.his in mind a *‘hybrid” subunit was 
constructed from residues 0 to 283 of chain I> and 
284 to 300 of chain A. Thus the regions of crystal 
contacts were eliminated except’ for the contact 
around His232, which is present in all subunits. This 
cbonsensus subunit is used for the following compari- 
sons. For the purposes of comparison, all movement. 
is considered from the liganded structure to the 
unliganded structure; the structures were super- 
imposed in the molecular frame, by aligning the 
molecular dyad axes. Figure 12 shows the overall 
view of consensus subunit superimposed on the open 
and closed liganded chains. 

(e) The effector binding site 

Figure 13 shows a view along t’he long (q) axis, of 
one end of the molecule. Two of the effector sites 

can be seen. The posit,ion of the C t,erminus in the 
liganded structures is also shown. The largest 
change is the shift of helix a-8 of the small domain 
away from t,he q-axis, on removal of ADP. Both the 
liganded structures have helix 8 in similar positions, 
suggesting that the shift is due only to ADP 
binding. A shift. towards the long axis is seen in the 
large domains, for the unliganded structure. The 
shift’ is greater when compared with the closed 
structure and is consistent’ in direction with the 
closing of the active site. Although the shifts in the 
large domain are small, they affect a large part of 
the structure and are consistent in direction. 

Figure 14 shows details of the effector site. The 
main chain of the toop at the carboxy end of helix 
a-8 is shifted by 2 A away from the ADP site in the 
unliganded st’ructure. This loop contains three 
lysine residues (211, 213 and 214). two of which (21 I 

Figure 12. View along the p-axis (the same view as Fig. l(c)) of the cc-carbon trace of the unliganded structure (filled 
bonds) superimposed on the liganded structure (closed chain X, broken; open chain, Y, dotted) using the molecular dyad 
axes, showing the changes around the effector site (right and left). The onl? significant differences between the 2 liganded 
subunits are around the active site (top left and bottom right). The q-axrs is horizontal, the r-axis vertical. 
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Figure 13. View down the long axis (q) of the tetramer (cc-carbons), showing 2 effector binding sites. Two of t.he large 
domains are shown at the top and bottom of the drawing. Helices ~(-8 (small domain) are on the lower left and the upper 
right of the picture, labelled H8. The unliganded structure is drawn with filled bonds, the open structure is dotted and 
the closed structure is shown by broken lines. The motion of helix a-8 away from the centre is accompanied by a motion 
of the large domains towards the centre. This motion is greater in the closed subunit. The p-axis is horizontal, the r-axis 
vertical. Residues 25, 55, and 213 are marked for correspondence with Fig. 14. 

and 214) are disordered in both structures; Lys213 
is disordered in the absence of ligand in the effector 
site. Considerable local rearrangements accompany 
the overall movement of the main chain. In the non- 
liganded structure the guanidinium group of Arg154 
is hydrogen bonded to OE of Glu187, In the presence 
of ADP the side-chain moves 4 A to a position 
where it interacts with the P-phosphate. The imida- 
zole ring of the neighbouring His215, which in the 
liganded structure is invqlved indirectly in the 
binding of Mg, shifts by 3 A in the same direction. 
It is stabilized there by a hydrogen bond to Oy of 
Ser158. In the presence of ADP, Glu187 shifts and 
tilts, when its interaction with Argl5$ breaks, so 
that its carbonyl oxygen moves by 1.5 A away from 
the side-chain of Tyr319 and towards the side-chain 
of Phe188, which rotates through 120” about the 

C”-CD bond; towards t,he side-chain of Arg204. The 
latter moves by 5 A towards Tyr319. In the pres- 
ence of ADP, the guanidinium group of Arg54 shifts 
by 4 A to interact’ with the a-phosphate and the 
carboxy group of the now ordered (1 terminus. The 
side-chain of Arg25, which provides 2.0 to 
2.5 kcal/mol (1 cal = 4.184 J) of the binding energy 
of both GDP and PEP (Lau & Fersht,, 1987), in t’he 
absence of ligand moves into the region of the now 
disordered C terminus. On t~he other side of the 
intersubunit interface, the major changes include 
Tyr55, which is disordered or very weak in the 
absence of ligands. The role of this residue in 
binding to GDP has been recently elucidated (Lau et 
al.. 1987) by mutagenesis as being a weak 
(1 kcal/mol) hydrophobic contact’ t,o guanidine. The 
main chain of Ser58 flips 180” in t,he absence of 

L 

Figure 14. Details of changes in the effector binding site between unliganded (thick bonds) and liganded (thin) 
structures. An ADP (activator) molecule in the Iiganded structure is also shown. Residues from 2 different subunits are 
involved in binding. Residues belonging to one of the subunits are distinguished by open bonds. The double circle is the 
Mg ion. This view is approximately perpendicular to that in Fig. 13, roughly equidistant between thr p- and r-axes. 
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J 
Figure 15. The P-strands J and K (on the right, around the p dyad axis. which is shown as a long line) and the 

catalytic loop (centre; including residue 127), showing the shift in the J-K hairpin loop. The unliganded structure is 
shown as thick bonds. liganded (closed. hence large change in LX-~. near ADP molecule and residue 103) as thin bonds. 

ADP. so the carbonyl oxygen points towards the 
binding site. 

(f-) J-K loop 

Strands J and K of the b-sheet of the large 
domain form a hairpin loop that approaches its 
symmetry-related equivalent across the molecular 
p-axis. Both the liganded subunits are very similar 
in this region and only one (open) is shown in Figure 
15. In the unliganded structure the loops formed 
by the strands move each by 2 A in opposite direc- 
tions, away from the coil formed by residues 125 to 
138, which includes the catalytic loop of the binding 
site (Fig. 15). The movement results in breaking of 
hydrogen bonds between the coil and the P-strand 
J. which could weaken the structure of the catalytic 
part of the active site. The hydrogen bonds that 
break are between N of Asn288 and 06 of Asp134,O 
of Glu286 and X of Asp134 and between N of 
Glu286 and Oy of Thr133. 

Tt is tempting t’o speculate that the C-terminal 
regions, when ordered in the presence of effecters, 
could in turn stabilize both the contacts between 
the J-K loops across the p interface and the 
contacts between the J P-strand and the catalytic 

loop of the active site. There is, however, no direct 
contact between the C-terminal segment and the J 
and K strands, and therefore the interaction could 
only be indirect. That some interact’ion takes place 
is suggested by the fact that in the structure of 
subunit D, where the C-terminal region is partially 
ordered, the J-K loop is in an intermediate position 
between the liganded and the other unliganded 
structures. 

(g) The fructose-&phosphate binding site 

It is in the binding site for the co-operative 
substrate Fru-6-P that we would expect to see 
substantial differences in the T-state conformation, 
to explain its low affinity for Fru-6-P. Surprisingly, 
this site is little changed from that in the liganded 
structure (Fig. 16). All the groups t.hat interact with 
Fru-6-P seem to be more or less in their binding 
positions, and many of them are not even less well 
ordered. The main difference in the Fru-6-P site is in 
the loop containing Argl71, between P-F and a-7. 
Argl71 has a minor effect in stabilizing the negative 
charge on the transition state (Hellinga & Evans, 
1987). Tn the liganded structures the loop forms a 
tight p-turn with 0 of Gly170 hydrogen bonded t.o 

L IR 

Figure 16. Fru-6-P binding site, showing only minor changes from the liganded structure. The B-bend discussed in the 
text (residues 170 to 173) is shown on the left. The unliganded structure is shown as thick bonds, the liganded as thin 
bonds. Residues 162 and 243 (open bonds) belong to a different subunit.. The view is approximately along the q-axis, with 
p near horizontal and T vertical. 
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N of Cys173. Arg171 is in a poor Ramachandran 
region with the side-chain pointing towards the 
y-phosphate of ATP. In the absence of ligand, t,he 
p-turn twists and the peptide plane of Gly170 flips 
by 60” so that, while the hydrogen bonding is 
preserved, the carbonyl oxygen points out of the 
plane of the /?-turn by about 30” on the other side. 
The main chain of Tyrl72 tilts by 45”. Argl71 is 
now in a better Ramachandran region, with its side- 
chain point,ing away from the binding site, between 
the side-chains of His223 and Tyr172 that had 
moved to accommodate it. As well as this change. 
there is some disordering in Arg162 and Arg243, 
which bind the 6-ph0sphat.e fro? the other subunit: 
Arg243 also moves about 2 A away from the 
binding site. The changes do not seem to be large 
enough to account for a major difference in af%nity. 

(h) The ilTP hindkg site 

Although the large domain in the unliganded 
structure is generally more similar to the open than 
to the closed liganded subunit, in the ATP binding 
site itself, the unliganded structure is intermediate 
between the two liganded struct,ures (Fig. 17). Most 
of the side-chains that interact with ADP become 
less ordered: in particular, arginines 72 and 77 are 
disordered or very weak in the absence of ligand. 
consistent with their role in binding. 

4. Discussion 

The relationship between a protein conformation 
seen in a crystal and that occurring in solution is 
always difficult to assess, particularly in an allos- 
teric protein, which has essential conformational 
flexibility. These crystals were grown from solutions 
that would be expected to contain t’he low-affinity 
T-state conformation of PFKase, i.e. in the absence 
of any activating ligands (Fru-6-P, ADP or Pi). 
Crystals could also be grown with the inhibitor 
2-phosphoglycolate, but even in the absence of 
inhibitor, the T-state should be predominant (L, = 

L 

L 

IT]/[R] = 4x 106: Blangy it rrl.. 1968). \r’cJt 
compared t.o the active conformation. thr un- 
liganded structure does not show the substantial 
quaternary structure change seen in the H. stearo- 
thermophilus PFKase T-state struct’ure (Evans rt 
al., 1986). Moreover. the active sitca shows few 
changes, and it, is hard to see why Fru-6-f’ could not 
bind easily. Indeed, preliminary results show that 
Fru-6-P can he bound in the act,ivr s&e in I hr 
crystals, without causing significant~ c*onformationa.l 
changes (T. Schirmer, unpublished results). Such 
changes as there are radiate out from the ef%~tor 
site, and seem to be a result of the lack of a ligand 
there, permitting the opening of that site. md the> 
disordering of the (’ terminus. This structure thus 
seems to be a conformation that would havr a high 
affinity for substrat,e Fru-6-P: rather t’han thr 
expected low afYinit)v. Two questions then arise: 
(1) to what conformaiion in solution does this xt rup- 
ture caorrespond; and (2) if it’ is not, the T-slate. wh> 
have we not cryst.allized what should be the main 
species in solution ! 

The cha,nges seen in this struc:t.urc relativth TV ~.hth 
liganded conformation than be considered as st art’ing 
at t,he cffevlor site. When the> ac4iv:tior~ .41)1’ is 
removed, t,he site opens up. the small domains IYIO\-v 
away from t,he q-axis (helix a-X and loop 21 1 t.o 2 15). 
and t,he large domains move towards thcl q-axis 
(Fig. 13). The (.I-terminal region (residues 301 to 
319. including helix a-l 3) brcaomes tlisortlerd. ~rl 
this may indirectly cause t,he movemeufj of the .I I< 
hairpin loop, which is near the c~at~al~t~ic~ sit.tL. ‘I%(~ 
movemeilt is yuit,e large around t.hr efIect,or ait.cl (1111 
to -2 A). but is attenuated to small (‘hittlg(+ 
around the a,ctive sit)e. 

The disordering of th(> (’ terminus whrn no ligan(l 
is bound in the &e&or site is consistent with t hr. 
observat,ion that rit,her (:l)P or I’EI’ prot,ecat I hcs 
enzyme against proteolysis: I,r Bras & (iare (1982) 
showed that 40 to 50 residues could be rrtnovc~d 
from the c’ terminus of t,he unliganded enzyme. 
and that this truncat’ed derivative has reduc& (‘0 

R 

Figure 17. View into the ATP/ADP substrate site. from a point approximately equidistant from all molecular axes. 
Three structures are superimposed: unliganded (thick bonds), open (thin bonds) and closed [broken bonds). The side- 
chains of Arg72 and Arg77 are disordered in the unliganded structure. The product molecules (ADP) are shown for the 
liganded structures: the double circles are Mg ions. 
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operativity, and dissociates more readily into 
dimers. They describe the C terminus as a cova- 
lently bound allosteric effector, which makes the 
tetramer more stable and more co-operative. 

If this struct,ure does not represent a low-affinity 
state, what is it 1 One possibility is that it corre- 
sponds to the conformation of the enzyme when 
act’ivated by substrate Fru-6-P, but not by the 
heterotropic activator ADP (or GDP). The other 
crystal structures of PFKase have all had a ligand 
in the effector site, an activating ligand (ADP or Pi) 
in the case of the R-state structures, or an inhibitor 
(2-phosphoglycolate) in the case of the 
R. stearothermophilus T-state structure. This could 
explain the observation in this study of substantial 
changes centred on the effector site. 

Why do these crystals not contain a low-affinit,y 
conformation? The precipitating agent polyethylene 
glycol does not seem to affect the kinetics up t’o 
10cdj concentration (C. E:. Kundrot, unpublished 
results). so an activating effect of the crystallization 
medium is unlikely, although the effect of 1 M-NaCl 
has not been investigated. There is no evidence in 
the elect,ron density maps of unexpected ligands 
(e.g. substrates or phosphate ions) in any of the 
binding sit’es. The alternative explanation is that 
t,he crystallization process has selected the less- 
common conformation from solution, either because 
the crystal forces are sufficient to compensate for 
the difference in energy between the conformations, 
or because the minor component is selected kineti- 
cally once the crystals start growing. It may be 
significant t’hat this crystal form grows rarely unless 
seeded with previously grown nuclei. Both types of 
tetramer in the crystal (i.e. (AB), and (CD),) have 
similar packing interactions in one direction, along 
the crystal y-axis. and this contact involves the 
outer layer of t)he small domain (particularly helix 
X-9), which changes its conformation in the T to 
R-state t,ransition. It is possible that this crystal 
cont,act accounts for both the independent 
t,etramers 
conformatjionhaving 

t’he same unexpected 

The co-ordinates and diffraction data have been depos- 
ited with the Protein Bata Bank. Chemistry Department. 
Brookhaven Sational Laboratory, Upton BY 11973, 
I’.S.A.. from whom copies are available. W.R.R. was 
supported by an MRC studentship. We thank the staff of 
the Daresbury Synchrotron Radiation Facility for their 
assistaure in data collection. 
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