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The structure of fructose-1,6-bisphosphate aldolase from Drosophila melanogaster has been determined by X-ray diffraction at 2.5 A resolution.

The insect enzyme crystallizes in space group P2,2,2, with lattice constants @=86.60, b=116.80, ¢=151.58 A. Molecular replacement with rabbit

muscle aldolase as a search model has been employed to solve the structure. To improve the initial phases real space averaging, including phase

extension from 4.0 to 2.5 A, has been applied. Refinement of the atomic positions by molecular dynamics resulted in a crystallographic R-factor

of 0.214, The tertiary structure resembles in most parts that of the vertebrate aldolase from rabbit muscle. Significant differences were found in

surface loops and the N- and C-terminal regions of the protein. Here we present the first aldolase structure where the functionally important
C-terminal arm is described completely.

Crystal structure; Glycolytic enzyme; Fructose-1,6-bisphosphate aldolase; Substrate specificity; Drosophila melanogaster

1. INTRCDUCTION

Fructose-1,6-bisphosphate (FBP) aldolase (EC
4.1.2.13) is a glycolytic enzyme catalyzing the reversible
aldol cleavage of fructose-1,6-bisphosphate to dihydro-
xyacetone phosphate and D-glyceraldehyde-3-phos-
phate. FBP aldolase from Drosophila melanogaster
(strain Sevelen, wild type, pupea) forms a Schiff base
between the substrate and a lysyl residue [1] and belongs
therefore to the class I aldolases [2]. Contrary to class
I the class IT aldolases use a divalent metal ion as cofac-
tor [3]. The vertebrate aldolases (class I) comprise three
isozymes. They refer to A (muscle), B (liver) and C
(brain) depending on the tissue from which they are
isolated [3]. The A and C form show a higher substrate
specificity for FBP over fructose-l-phosphate (F1P),
while the liver isozyme has no such preference.

Abbreviations: DALD, fructose-1,6-bisphosphate aldolase from Dro-
sophila melanogaster; RMALD, rabbit muscle aldolase; HMALD,
human muscle aldolase; RLALD, rabbit liver aldolase; FBP, fructose-
1,6-bisphosphate; FIP, fructose-1-phosphate; r.m.s.,, root-mean-
square.

Sequence numbering: Throughout this paper the sequence numbering
of FBP aldolase from rabbit muscle will be applied.
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FBP aldolases are tetramers of four identical subunits
with a molecular weight of about 158 kDa. Each subu-
nit of the insect enzyme consists of 360 amino acids. The
primary structure of DALD is reported in [4]. Compa-
red to vertebrate aldolases the insect enzyme shows 62—
70% identical amino acids [4]. Based on biochemical
properties and primary sequence alignments it was sug-
gested [4] that DALD is closest to the muscle type aldo-
lases of vertebrates. DALD is able to form enzymati-
cally active interspecies hybrids with vertebrate aldola-
ses [5].

The C-terminal part of the enzyme is essential for the
catalytic activity [6). Enzymatic activity is abolished
when the last amino acid, a completely conserved tyro-
sine, is cleaved off. It is therefore suspected that the
C-terminus mediates the alignment and/or attachment
of the substrate during catalysis. On the other hand
sequence homology is low within the C-terminal resi-
dues (345-363) of aldolases. In fact, two of the three
deletions in DALD with respect to RMALD are in this
part of the polypeptide chain. It has been suggested [6,7]
that this low sequence homology is responsible for the
different specific activities of aldolases towards their
substrates.

Crystals of DALD have been grown and characteri-
zed previously [8}. The thrce-dimensional structures of
rabbit muscle aldolase and human muscle aldolase have
been determined recently at 2.7 and 3.0 A resolution
[7,9], respectively. The basic feature of the FBP aldolase
subunit is the eight stranded «/8-barrel found before
also in other glycolytic enzymes [10-12]. Information on
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the conformation of the C-terminus from human muscle
aldolase is lacking. In addition, parts of this region in the
rabbit muscle aldolase structure are not well determined
[7], leaving an uncertainty concerning its conformation.
Even though these two known structures were not com-
pared to each other the high degree of identity (99%) {4]
implies identical tertiary structure [13].

Considering the expected structural differences be-
tween DALD and the vertebrate muscle type aldolases,
especially in the functionallv important C-terminal part,
an X-ray structure determination of DALD has been
carried out. This paper is focussed on the crystal struc-
ture determination of an insect aldolase (DALD) at 2.5
A resolution and the comparison to the vertebrate aldo-
lase of rabbit muscle.

2. EXPERIMENTAL -

2.1, Crystallization

DALD crystallizes [8] in space group P2,2,2, with a=86.60 A:
b=116.80 A; ¢=151.58 A. With one tetramer per asymmetric unit a V,,
value of 2.4 AVDa is calculated. This is well within the normal range
for globular proteins [14). Density measurements confirmed this result

[8).

2.2. Data collection and processing

Data were collected on oscillation photographs at the Synchotron
Radiation Source (SRS). in Daresbury, UK. During data collection
crystals were held at 4°C. The data were processed using the MOSCO
program package [15.16]. Scaling, merging and postrefinement were
carried out with the CCP4 program suite. The results are summarized
in Table 1.

2.3, Structure determination and refinement

The DALD structure was solved by molecular replacement methods
using the RMALD structure as model. The ccordinates of the
RMALD structure were kindly provided by Prof. J. Sygusch (Univer-
sity of Sherbrooke, Québec, Canada).

Rotation functions [17] were employed to determine the molecular
symmetry of the tetrameric DALD molecule. Self-rotation functions
(6-4 A shell) revealed the orientation of threc local 1wofold axes
displaying 222-symmetry. They are close to the crystallographic axes
(respectively 12.0°, 6.0° and 13.4° from the a.b.c axes) and constitute
an orthogonal set.

Cross-rotation functions (6-4 A shell) were calculated to determine
the orientation of the DALD structure in the unit cell. The RMALD
molecule was placed in a P1 cell with a=b=¢=120 A, 2=f=y=90°. The
local 2-fold axes were oriented along the cell edges. They were in turn
superimposed on the directions corresponding to the peaks found in
the self-rotation function. This resulted for each superposition of a
local 2-fold axis in improved orientations for the two other axes. The
above procedure was successfully applied to find the orientation of the
DALD molecule in the unit cell with respect to the RMALD molecule.

The position of the DALD molecule in the unit cell was determined
by applying the translation function of the program package MER-
LOT [18]. The mode] was oriented according to the results from the
cross-rotation function studies and placed at the origin of the same P!
cell as above. The relevant Harker sections of the translation function
showed single high peaks of 11~13 r.ms. resulting in an unique solu-
tion. The obtained orientation and position were refined using a R-
factor minimisation procedure as implemented in one of the programs
of the MERLOT program package. The refined molecular replace-
ment solution gave a R-factor (defined as Z(||F|-|F| Y EIF,)) of 45.4%
in the 6-3 A resolution range. The packing of the tetramers (based on
the RMALD model) in the DALD unit cell was checked and showed
only very few bad contacts related to non-conserved amino acids.

A 2F~F, map based on data up to 3 A resolution was calculated,
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The map was of such a quality that differences from the RMALD
structure could be seen, even though there were ambiguous areas.

The presence of four chemically identical subunits in the asymmetric
unit provided the possibility to improve the quality of the phases by
applying the technique of real space averaging [19]. Initially only
phases up to 4.0 A resolution were accepted from the model phasing.
R-Factor calculations as a function of resolution indicated that phases
beyond this value were not reliable. Phases were iteratively refined and
resolution was extended from 4.0 to 3.0 A in six steps. The molecular
envelope within which the electron density was averaged was construc-
ted on the basis of main chain and Cz-atoms of the RMALD model.
Electron density outside this rcgion was set to zero.

For the averaging procedure the program package RMOL was
used, kindly provided by Dr. B. Rees (IMBC, Strasbourg, France).
RMOL is an extended version of a program written by Dr. J.E.
Johnson (Purduc University, West Lafayette, USA) [20]. We intro-
duced a modification of the program package RMOL so a weighting
scheme as suggested by Rayment [21] could be applied. The calcula-
tion of these weights is based on the agreement of the observed ampli-
tudes to the calculated amplitudes from the Fourier transform of the
averaged. solvent leveled map. The weights were then applied to the
observed amplitudes and used together with calculated phases to com-
pute new electron density maps.

The averaged electron density map up to 3.0 A resolution was easily
interpreted in terms of the DALD sequence. A model was built includ-
ing all residucs but the last 15 amino acids. Inspection of the electron
density map together with the envelope used for the averaging showed
that this portion of the structure was mostly outside the area of the
envelope. An electron density map based on phases from this partial
model confirmed this. Thus an improved cnvelope was computed and
averaging continued with phase extension from 3.0 to 2.5 A in five
steps. The final R-factor was 20.0% in the 30.0-2.5 A resolution shell.
The overall r.m.s. phase change from the initial phases was 85.7°, The
result of this procedure was an averaged electron density map of high
quality with interpretable density for most of the missing C-terminal
part. Only the last three amino acids could not be assigned to this
density.

The model was refined using the program XPLOR [22]. Three
rounds of molecular dynamics with simulated annealing and refine-
ment cycles were performed with non-crystallographic symmetry con-
straints, After the second round the last three missing residues could
also be assigned to a 2F,-F, electron density map. The current model
of DALD comprises all 360 residues and 112 water molecules per
subunit with an overall R-factor of 21.4% for all the obscrved 51 148
reflections between 8 and 2.5 A resolution. The model has good geo-
metry with r.m.s. deviations from ideal geometry of 0.005 A and
1.456° for bond lengths and angles. respectively. Individual tempera-
ture factor refinement was included at this stage. The average B-factor
is 14.4 A%, Further refinement of the model is now in progress,

Table |

Data collection and processing of Drosophila aldolase

No. of photographs 120
Resolution (A) 30.0-1.9
No. of measurements 377 901
No. of unique reflections 123 654
The theoretically possible no. of reflections (5) 87.0°
Scaling R-factor® (%) 9.7

“The pereentage of the theoretically possible no. of reflections up to
2,01 Ais 96.1%.
" T 1y =1y

= % 100%

E I

h
where </,> is the mean of the /£, observations of reflection h,



Volume 292, number 1,2

O /‘ e
“\{lk\ \‘ '] . m
] ":'- W [

LIS

VAL 3}

.. f Y = I"‘;‘:_\{‘
NN YRR RS
KNHEZ N e\ PN
AP MRS
R R N, AR K

\l

R SR
NG R,
‘2\'!‘.—“\\’ PA‘"A‘.":‘::)" ouY M
¢ Sy

e

FEBS LETTERS

7 i % A X
L % e X \‘\,,-/‘r
BN R B, A DX

November 1991

S
)\(l\— y X ’1A
- YN :-.'-,_,_\
- PN @
R, AP
ey @\ S

ST % e a by
RBRA S

PR TSR O

Fig. 1. Residues Val-343 to Ala-348 of DALD (thick lines) and the equivalent residues of RMALD (thin lines). This part forms the beginning of
the C-terminal arm. (A) Electron density map in this region before real space averaging. (B) Electron density map after real space averaging. Both
maps are contoured at 1.5 o,

3. RESULTS AND DISCUSSION

Molecular replacement is usually complicated by the
bias of the model structure used to calculate a first set
of approximate phases. The errors introduced into the
electron density can lead to interpretational conflicts in
regions where the two structures differ. Here the elec-
tron density of the model structure might be still visible
in addition to electron density for the unknown struc-
ture.

Real space averaging and phase extension from 4.0
to 2.5 A, which allowed ab initio phasing in this range
of resolution, was successfully applied here to comple-
tely eliminate the model bias. It is demonstrated in the
region of the electron density (Fig, 1A,B) corresponding
to the beginning of the C-terminal arm. This part of the
polypeptide chain consists of residues 345-363 and
shows considerable structural differences between the
two aldolases.

The core of the DALD structure forms an cight stran-
ded a/ff barre! (Fig. 2) as first found in triose phosphate

isomerase (TIM) [10]. The overall fold of the two aldo-
lases is rather similar. The r.m.s. deviation (Fig. 3) of
the main chain positions between one subunit of DALD
and RMALD is 3.89 A. If residues -9 and 345-363 (the
two regions where the structures deviate most) are left
out this value becomes 0.75 A, When only residues 345-
363 are used for the comparison the r.m.s. deviation is
22.75 A.

Antibodies formed against DALD do nct react with
vertebrate muscle aldolases [23]. There are two regions
likely to be responsible for this: residues 235-245 and
residues 83-94. These are loops on the surface of the
protein which are significantly different in the two struc-
tures (Figs. 3 and 4).

The biggest r.m.s. deviations between DALD and
RMALD for the region formed by residues 235-245 are
found for residues 239-243. There the sequence differs
considerably [4]: in DALD residue 239 is missing and
residues 240-243 are Ala, Lys, Lys, Asn. For RMALD
the sequence for residues 239-243 is Cys, Thr, Gln, Lys,
Tyr.
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Fig. 2. Ribbon diagram of onc subunit of Drosophila aldolase. The view is into the active site cavity. The C-terminus (C) is positioned over the
active site cleft in thie middle of the picture. The N-terminus (N) is at the lower rigii corner of the picture.

The second candidate for the antigenic differences is
a loop formed by residues 83-94. The sequence and
conformation difference is less pronounced as for resi-
dues 235-245.

One explanation for the different conformations in
these two loops could be crystallographic contacts. But
examination of crystal packing shows that the intermo-
lecular contacts for the two loop regions resemble each

other. The different conformations are therefore not
necessarily caused by packing effects.

Based on the current results the different antigenic
properties of DALD compared to RMALD cannot de-
finitively be assigned, but the loop formed by residues
235-245 seems the most probable candidate.

In DALD the arm-like polypeptide chain, formed by
residues 345-363, folds over the active site cleft, thus
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Fig. 3. Comparison of main chain atoms of RMALD with corresponding positions of DALD.
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Fig. 4. C, stereo-plot of one subunit of DALD (thick lines) superimposed with one subunit of RMALD (thin lines).

inhibiting the access of substrate and release of product.
RMALD exhibits an open conformation for the equiva-
lent residues (Fig. 5). There the first six residues of the
C-terminal part form a short stretch having a similar
conformation as in DALD, foilowed by a sharp turn at
residue 350. The polypeptide chain then continues
straight, projecting out into the solvent region while in
DALD the C-terminus approaches the Schiff base for-
ming residue lysine-229 in the active site cleft.

The region between residues 346 and 352 is rich on
alanine and glycine residues in all known aldolase se-
quences, indicating a high flexibility for this part of the
polypeptide chain. A rotation of 70.0° about the C,-C
bond of residue 349 of RMALD brings the C-terminal
regions of the two aldolases close together. The r.m.s.
deviation for residues 345--363 then becomes only 4.96
A when the two structures are compared. Therefore, it
is highly probable that these residues, particularly Gly-
349, serve as a hinge for the C-terminal arm in aldolases.
Thus, the two observed conformations in the DALD
and RMALD structures might represent the two major
conformational states of the C-terminal region during
catalysis,

Recently, the aldolase structure from rabbit liver
(RLALD) has been determined (J. Sygusch, personal
communication). It shows a similar closed conforma-

363

07

‘348

%Q-D" 146

tion of the C-terminal arm as in DALD. The FBP/F1P
activity ratio in muscle type aldolases is 50-100 while
for the liver type aldolases this value is 1-2 [3]. For
DALD the corresponding ratio is 20 [24]. Therefore, the
substrate specificity for the insect enzyme can be located
between the muscle and liver isozymes. These findings
might correlate with the closed conformations of the
C-terminal arm in the RLALD and DALD native struc-
tures, indicating a lower flexibility in the hinge region
around Gly-349, It seems reasonable to conclude that
the FBP substrate needs a larger opening than the
smaller F1P substrate to approach the active site in
aldolases and that this can be achieved faster by the
more flexible C-terminal arm of the muscle type al-
dolases.

As the C-terminal arm is probably responsible for the
opening and closing of the active site cleft during the
catalytic process, the observed structural differences are
possibly relevant for the efficiency of catalysis of al-
dolases.

A more detailed analysis of the three aldolase struc-
tures has to be awaited until the refined coordinates of
the rabbit liver aldolase will be available. Furthermore,
it should be of interest to compare them to the structure
of the human muscle enzyme.

Coordinates of the aldolase from Drosophila melan-

363

148
07

V] 63

343

Fig. 5. Polypeptide chain from Val-343 to Tyr-363 of DALD (thick lines) with equivalent residues of RMALD (thin lines). In addition, the side
chains of the active sile residues Lysine-107, -146, -229 and arginine-148 are shown.
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ogaster will be deposited with the Brookhaven Data
Base.
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