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The crystal and molecular structure of Lipase II from Rhizopus niveus was analyzed using 

X-ray single crystal diffraction data at a resolution of 2.2 A. The structure was refined to an 

R-factor of 0.19 for all available data. This lipase was purified and crystallized as Lipase 

I, which contains two polypeptide chains combined through non-covalent interaction. 

However, during crystal growth, Lipase I was converted to Lipase II, which consists of a 

single polypeptide chain of 269 amino acid residues, by limited proteolysis. The structure 

of Lipase II shows a typical ƒ¿/ƒÀ hydrolase fold containing the so-called nucleophilic elbow. 

The catalytic center of this enzyme is analogous to those of other neutral lipases and serine 

proteases. This catalytic center is sheltered by an a-helix lid, which appears in neutral 
lipases, opening the active site at the oil-water interface.

Key words: catalytic triad, crystal structure, hydrolase fold, Rhizopus niveus, triacylgly

cerol acylhydrolase.

Lipase catalyzes not only the hydrolysis of ester bonds of 

triacylglycerols but also the synthesis of ester bonds and 

transesterification. Transesterification by lipases is partic

ularly useful in industry, for example in the production of 

cocoa butter substitutes (1). Because lipase has the unique 

ability to act at oil-water interfaces, its structure is of 

particular interest.

Recently, the structures of lipase from various sources 

have been revealed [Rhizomucor miehei (2-4), Rhizopus 

delemar (5, 6), Humicola lanuginosa (6), Geotrichum 

candidum (7, 8), Candida rugosa (9, 10), Candida antarc

tica (11, 12), Pseudomonas glumae (13), Penicillium 

camembertii (14), human pancreas (15), and horse pan

creas (16)]. Although these lipases are from various 

sources and often have different amino acid sequences, they 

do share some common structural properties. First, lipase 

has a catalytic center which contains a triad of three amino 

acids (Ser-His-Asp/Glu), like serine proteases such as 

chymotrypsin and subtilisin (17). Second, it has a specific 

sequence motif; a so-called lipase/esterase consensus 

sequence (Gly-X-Ser-X-Gly) (18). Ser is one of the amino 

acids in the catalytic center, and this sequence is identical 

to that in serine proteases. Third, lipase shows an ƒ¿/ƒÀ 

hydrolase fold, which is a common 3-D fold in several other 

hydrolases (19). Moreover, lipase has a so-called flexible 

lid which shelters the catalytic center in solution in the 

resting form. In the presence of substrates, lipase has been 

predicted to undergo conformational change to the active 

form through movement of the lid and consequent exposure 

of the catalytic center, based on studies of the structures of
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complexes of lipases with their inhibitors from R. miehei 

(20, 21) and C. rugosa (22) and of the human pancreatic 

lipase-procolipase complex (23-25).

Lipase from Rhizopus niveus shows 1,3 positional speci

ficity more strictly than other lipases. We previously cloned 

the complementary DNA encoding this lipase to determine 

its sequence (26) and we have reported the purification, 

characterization, and crystallization of two types of lipase 

from R. niveus (27). In addition, we have shown that Lipase 

II is produced from Lipase I by limited proteolysis through 

the action of a serine protease that is present in pure Lipase 

I in a very small amount. In this paper, we describe the 

crystal structure of Lipase II at a resolution of 2.2 A. The 

structure has properties in common with those of other 

lipases and has an a-helix lid which shelters the catalytic 

site.

EXPERIMENTAL PROCEDURES

Crystals of Lipase II from R. niveus, which was produced by 

the limited proteolysis of Lipase I, were grown at 20•Ž by 

the hanging drop method, as described previously (28), 

with 14-18% polyethylene glycol 8000 in 0.1M HEPES 

buffer pH 6.5 as a precipitant and with each drop containing 

18mg/ml protein.

The crystals were tetragonal, and preliminary data are 

shown in Table I. Native data for a resolution of 2.0 A and 

all heavy atom derivative data were collected using the 

R-AXIS IIc system (Rigaku) with monochromated Cu Ka 

radiation from a Rigaku RU-200 rotating anode source 

(Table II). Ten heavy atom derivatives were prepared by a 

soaking method at a concentration of 0.5-5.0mM and a 

soaking time of 1-6 h at 20•Ž. Heavy atom positions were 

determined by the standard difference Patterson and
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difference Fourier methods and were refined using PHASIT 
from the PHASES software package (W. Furey, VA 
Medical, and Center and University of Pittsburgh, Pitts
burgh, PA). The final heavy atom parameters and statistics 
are summarized in Table III. The initial multiple isomor
phous replacement (MIR) map was unclear because of the 
low mean figure of merit at a resolution of 2.5 A. An 
improvement in the MIR electron density was achieved by 
applying the solvent flattening technique in the PHASES 
package. Sixteen cycles of solvent-flattening were carried 
out. The solvent fraction of the unit cell was set at 37% for 
the first four cycles, 42% for the next four cycles, and 47% 
for the final eight cycles. This procedure improved the 
mean figure of merit to 0.779, and the improved map was 
clear enough for model building using the TOM modeling 
graphics package (Bio-Graph, France). Model building was 
carried out using known amino acid sequence data (29) 
referring to the Ca atomic model of R. miehei lipase (RmL) 
deposited in the Brookhaven Protein Data Bank (PDB) 
(30). The structure was refined using molecular dynamics, 
energy minimization, and restrained least squares. The 
first three macrocycles used the slow-cool procedure as 
implemented in X-PLOR (31, 32). The subsequent macro
cycles used positional refinement and individual B-factor 
refinement in X-PLOR. After macrocycle refinement, new 
2Fo-Fc and Fo-Fc maps were calculated and manual model 
adjustments were applied using TOM software on an IRIS 
4D. Water molecules were added when they appeared as a 
peak greater than at least three times the standard devia
tion of the map (3a) in the Fo-Fc electron-density map and 
were less than 3.2 A away from a hydrogen bond acceptor or 
donor. When the conventional crystallographic R-factor 
had decreased to approximately 0.19, energy minimization 
was replaced by a restrained least squares minimization, as 
implemented in the TNT program (33).

RESULTS AND DISCUSSION

Lipase II has a unique property as regards crystal growth. 
In the crystallization of Lipase II from R. niveus, pure 
Lipase I was first obtained (28). Lipase I has a characteris
tic structure consisting of two polypeptide chains [a small 
peptide with a sugar moiety (A-chain, Mr 7,000) and a large 
peptide of molecular weight 34,000 (B-chain)] that bind to 
each other noncovalently. However, in the analysis of the 
MIR density map, the crystal was found to be Lipase II, 
which consists of a single polypeptide which lacks the 
A-chain and 28 N-terminal amino acids of the B-chain of 
Lipase I. During crystal growth, Lipase I is thought to be 
converted to Lipase II through limited proteolysis by a 
small amount of serine protease. Because pure Lipase II 
could not be crystallized under the same conditions in this 
case, the presence of the A-chain and the N-terminal amino 
acids of the B-chain of Lipase I may be required at the start 
of crystallization to form the nucleus of the Lipase II 
crystal.

The preliminary crystal data of Lipase II were originally 
reported to be those of Lipase I. Therefore, those data were 
recalculated as shown in Table I. The completeness of the 
data to a resolution of 2.0 to 2.2 A was less than 80%. So, 
the data used for model building were those of a resolution 
from 2.2 to 9.0 A. Ten heavy atom derivatives were needed

TABLE III. Statistics of multiple isomorphous replacement.

aR Cullis=ƒ°||FPH|
obs+/-|FP|obS-|FH|obs|/Y||FPH|oes+/-|FP|obS|, 

where |FPH|obs is the structure factor amplitude of the heavy atom 

derivatives,|FP|obs is that of the native crystal and |FH|obs is that of 

the heavy atom. bR Kraut=ƒ°||FPH|obs-|FPH|oalc|/ƒ°|FPH|obs . cPhas

ing power is the root-mean-square (rms) value of the heavy atom 

structure factor amplitude (|FH|rms) divided by the rms residual lack 

of closure errors (|F|rms) defined as (|FH|rms/|F|rms) .

TABLE I. Preliminary data for Lipase II crystal.

TABLE II. Summary of data collection for native and derivative crystals.
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Structure of Lipase II from R, niveus 507

for framing the initial MIR density map , even though some 
of them (CH3HgOH, Na2IrCl6, and KZPtCl4) showed a 
phasing power less than 0.5. The final structure has 6,662

TABLE IV. Refinement statistics of Lipase II.

non-hydrogen atoms, including 449 water oxygens. The 

final R-factor for the refined model was 18.6 using 53,656 

reflections. In the refined model, 265 amino acid residues, 

excluding first four residues of one Lipase II molecule, were 

positioned in the electron map. The three molecules in the 

crystallographic asymmetric unit are not related by proper 

symmetry. Average B-factors (Cƒ¿) of each molecule were 

19.0 A2 (molecule No. 1), 20.1 A2 (molecule No. 2), and 

29.7 A2 (molecule No. 3). Molecule No. 3 has less interac

tion with the other molecules in the crystal, so this molecule 

may have a relatively more flexible structure. Average rms 

deviations (Ca) were 0.359 A (molecules No. 1 and No. 2), 

0.442 A (molecules No. 1 and No. 3), and 0.396A (mole

cules No. 2 and No. 3). Molecule No. 3 has a rather high 

average B-factor (Ca), but in this refined molecular model,

Fig. 1. The Ramachandran plot for the refined molecular 

model (molecule No. 1). Glycine residues are marked with •  and all 

others are marked with +. The allowed regions of conformational 

space are shown, and the three non-Gly residues which occur outside 

these regions are labeled.

Fig. 2. Schematic model of the structure of Lipase II generated 

using MOLSCRIPT (34). The secondary structure has been identifi

ed as follows: ƒÀ-strands: ƒÀ1, 53-59; ƒÀ2, 62-70; ƒÀ3, 74-83; ƒÀ4, 136

- 142; ƒÀ5, 169-176; ƒÀ6, 194-201; ƒÀ7, 221-225; ƒÀ8, 231-236; a

helices: ƒ¿1, 11-25; ƒ¿2, 30-36; ƒ¿3, 41-46; ƒ¿4, 86-91; ƒ¿5, 110-119; 

ƒ¿ 6, 121-133; ƒ¿7,146-161; ƒ¿8, 183-192; ƒ¿9, 253-258. In addition, 

the catalytic triad is shown in full, and the amino and carboxyl termini 

are marked.

Fig. 3. Details of the cata
lytic triad. The catalytic triad 
residues (Ser145, Asp204, and 
His257) and two residues which 
stabilize Asp204 (Va1206 and 
Tyr260) are shown in solid lines. 
Dashed lines represent hydro
gen bonds between their side
chain atoms. The length of each 
hydrogen bond is shown for 
clarity.
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it is almost identical with the other molecules . Table IV 
shows the statistics for the refined model . The mean error 

in the model estimated from the Luzzati plot suggests a 

maximum average error of less than 0.3A (data not 

shown). In the Ramachandran plot (Fig . 1), three non-Gly 
residues (Ser145, Lys202 , Cys244) are outside the ener

getically suitable regions. These residues are well-defined 

on the electron density maps. The disposition of Ser145 (ƒÓ 

39•‹; ƒµ, -127) in these distinctive areas is discussed later. 

Lys202 (ƒÓ, 58•‹;ƒµ , -117•‹) is located at the end of a ,8 -strand 

(residues 194-201) and is in the i+1 position of a distorted 

type 1 turn. Cys244 (ƒÓ,-87•‹;ƒµ, -131•‹) forms a disulfide 

bond with Cys235.

The secondary structure of Lipase II consists of nine 

a-helices and eight ƒÀ-strands. These eight ƒÀ-strands are 

arranged in sequence and in parallel but are slightly wound

TABLE V. Main chain conformational angles around active 

serine in Lipase II and RmL.a

a The value for RmL is extracted from the Protein Data Bank. bG/A: 

Glycine corresponds to the amino acid of Lipase II and alanine 

corresponds to that of RmL. cR: The regions of the conformation space 

favoring phi-psi combination in the Ramachandran plot. Abbrevia

tions are meanig as follows: ƒ¿, allowed alpha helix; ƒÀ, allowed beta 

sheet; ƒÃ, allowed epsilon positions; n, not allowed for non-glycine 

residues.

Fig. 4. A structural comparison of Lipase II, RdL and RmL. A: A stereo diagram showing the superposition of Lipase II (thick line) and 
RdL (thin line); the Ca atoms only and the catalytic triad of Lipase II are shown. N and C indicate the amino and carboxyl termini of Lipase 
II. B: A diagram of Lipase II (thick line) and RmL (thin line); details as in A.
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Structure of Lipase II from R. niveus 509

Fig. 5. A comparison of lids be
tween Lipase II and RmL. The 
predicted lid of Lipase II (residues 
86-92) is shown by thicker lines, and 
the lid of RmL (residues 85-91) is 
shown by thinner lines.

(Fig. 2). The first of the eight ƒ¿-helices passes across one 

side of the parallel ƒÀ-strands, while on the other side it 

interacts with many loops and turns. Three disulfide bonds 

(residues 29-268, 40-43, and 235-244) stabilize the 

molecule.

It has been shown that the catalytic center consists of a 

triad of three amino acids (Ser145, Asp204, and His257) 

based on a comparison of a sequence analysis of cDNA 

encoding R. niveus lipase (26) and the tertiary structure of 

RmL (2). These three amino acids interact through hydro

gen bonds in their side chains, as shown in Fig. 3. The Or of 

Ser145 bonds to NE2 of His257, and NƒÂ1 of the imidazole 

group (His257) bonds to OƒÂ1 of Asp204. The carboxyl 

oxygen atoms of Asp204 form hydrogen bonds with On of 

Tyr260 and the main-chain N of Va1206 to stabilize the 

aspartic acid. Catalytic serine (Ser145) is located outside 

the energetically suitable region as stated above. However, 

the disposition of this residue is similar to that of the serine 

which forms the active center of serine proteinases and 

other lipases. Lipase II has a so-called consensus sequence, 

Gly-X-Ser-X-Gly, like serine proteinases and other lipases 

(18). The oxyanion hole is presumably formed in the active 

species by the hydroxyl and main chain amide groups of 

Thr83. However, it has been suggested that lipases and 

wheat carboxypeptidase exhibit a secondary structure very 

different from that of serine proteinases (35).

Lipase II has a catalytic center conformation similar to 

that of RmL, except for glycine in position 1 (Table V). In 

addition, the structure around the active center resembles 

the structure in lipases known as the ƒ¿/ƒÀ hydrolase fold 

(19); the consensus pentapeptide forms a ƒÀ-ƒÃ Ser-a motif 

(36), which consists of a sharp turn at the active serine that 

connects aƒÀ-sheet and an a-helix. The catalytic center of 

Lipase II is buried in the molecule, as in other lipases. In 

general, lipases have an a-helix lid which covers the 

catalytic center. In Lipase II, an a-helix (helix No. 4; 

Phe86-Asp92) is in a position where it can shelter the 

catalytic triad. It is believed that this a -helix forms a lid, 

which moves to expose the catalytic center in the presence 

of substrates, based on a comparison with the conformation 

of RmL.

Lipase II has structural properties that are found in other 

lipases. In particular, the degree of identity of Lipase II and 

RmL is 55.7% in the primary structure and that of Lipase

 II and R. delemar lipase (RdL) is 100%. The overall 
structures of Lipase II, RdL and RmL all resemble each 
other. RmL and RdL (molecule A) are lacking in the first 
four amino acid residues in their electron density maps, as 
is Lipase II. So, it is suggested that these residues are 
conformationally unstable in solution. The coordinates of 
RdL deposited in the Brookhaven Protein Data Bank cover 
only the Ca atoms. So, we can not compare Lipase II with 
RdL in detail. Lipase II and RmL show similar secondary 
structures and disulfide bonds. However, the average rms 
(Ca) of the same amino acids in the primary structures of 
Lipase II (molecule No. 1) and RmL is 0.750 A and that of 
Lipase II and RdL (molecule B) is 0.581 A. These value are 
high, and it is implied that the details of the tertiary 
structure of Lipase II are different from those of RmL and 
RdL (Fig. 4).

In RdL, the conformation of the lid is heterogeneous (6). 
The asymmetric unit of the RdL crystals contains two 
molecules which have different conformations owing to a 
combination of the effects of the protein-detergent interac
tion with the crystal contacts. The lid of one molecule is in 
the expected closed conformation blocking the active site 
(molecule B), while that of another molecule is in the 
intermediate position between the closed one and the open 
one (molecule A). The conformation of the lid of Lipase II 
resembles that of the closed form of RdL molecule B. The 
presence of detergent during the crystallization of RdL 
presumably has an effect on the packing of the crystal. 
There is no detergent in the crystal of Lipase II. Conse
quently, although the identity in primary structure be
tween Lipase II and RdL is 100%, some differences at the 
molecular surface exist between Lipase II and RdL (Fig. 
4A).

The structure of the lid in Lipase II differs from that in 
RmL (Fig. 5). In the lid of RmL, Arg86 has been shown to 
stabilize the active form (37), and Trp88 undergoes a 
significant change to expose the hydrophobic area and 
blocks the position which the inhibitor (the analog for the 
substrate) occupies in the complex (21). In these positions 
of Lipase II, arginine is preserved as Arg87, but tryptophan 
is replaced by A1a89. Alanine is a smaller amino acid than 
tryptophan. Moreover, the tetrapeptide which interacts 
with the lid in the open form (Tyr-Asp-Thr-Asn in RmL) is 
different among the lipases. At the N-terminal amino acid
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(Tyr60) of the tetrapeptide of RmL, the carbonyl group 
bonds the polar side chain of Asn87 in the lid (21). In Lipase 
II, tyrosine and asparagine are replaced by Ser6l and 
Ser88, respectively. These replacements be related to the 
difference in specific activity between Lipase II and RmL 
[Lipase II, 6,200 U/mg protein (27); RmL, 1,900 U/mg 
protein (38)]. So, it is expected that the open form of 
Lipase II is different from that of RmL.

The coordinates of Lipase II will be deposited in the 
Brookhaven Protein Data Bank. Further, we have recently 
crystallized the complex of Lipase II with its inhibitor and 
Lipase I. We hope to elucidate the active form of Lipase II 
and the role of the A-chain of Lipase I.
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