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ABSTRACT. The already known X-ray structures of lipases provide little evidence about initial, discrete
structural steps occurring in the first phases of their activation in the presence of lipids (process referred
to as interfacial activation). To address this problem, five riEvermomycegformerly Humicolg
lanuginosalipase (TIL) crystal structures have been solved and compared with four previously reported
structures of this enzyme. The bias coming from different crystallization media has been minimized by
the growth of all crystals under the same crystallization conditions, in the presence of detergent/lipid
analogues, with low or high ionic strength as the only main variable. Resulting structures and their
characteristic features allowed the identification of three structurally distinct species of this enzyme: low
activity form (LA), activated form (A), and fully Active (FA) form. The isomerization of the Cys268
Cys22 disulfide, synchronized with the formation of a new, sharhelix and flipping of the Arg84
(Arginine switch) located in the lid’s proximal hinge, have been postulated as the key, structural factors
of the initial transitions between LA and A forms. The experimental results were supplemented by theoretical
calculations. The magnitude of the activation barrier between LA (ground state) and A (end state) forms
of TIL (10.6 kcal/mol) is comparable to the enthalpic barriers typical for ring flips and disulfide
isomerizations at ambient temperatures. This suggests that the sequence of the structural changes, as
exemplified in various TIL crystal structures, mirror those that may occur during interfacial activation.

Lipases (EC 3.1.1.3) are esterases that can hydrolyze long-of a core of about five (or more) parall8tstrands flanked
chain acyl-triglycerides to di- and monoglycerides, glycerol, by severala-helices. Furthermore, the catalytic residues
and free fatty acids at a water/oil boundary. They were constitute a highly conserved trypsin-like Setlis-+-Asp-
originally defined by Sarda and Desnuell§ @s a special  (Glu) triad. The key atoms of these three residues in known
group of esterases which exhibit the phenomenon of so-calledlipase structures can be aligned very closely with an rms of
interfacial activation, deviating from classical Michaelis  0.34 A, despite much larger variation of the backbone peptide
Menten kinetics. Their activityvery low on monomeric  structure ). Another important feature of the majority of
substratesstrongly increases when the substrate reaches|ipases is the shielding of the catalytic site from the external
concentrations above its supersaturation level, where lipidsenvironment by loops or helices (variously referred to as
may exist as an emulsion or in the form of a micelle. Several “oops”, “flaps”, or “lids”), which lie over the catalytic triad.
lipases lacking interfacial activation properties have also beenThe |ids are displaced to different extent during the process
identified [e.g., guinea pig lipase2), coypu lipase J), of the interfacial activation, allowing the lipid substrate to
cutinase 4)], but they are still capable, contrary to the enter the active site. Although several lipase structures from
common esterases, of hydrolyzing long fatty acid glycerol gjyerse species have been solved, the detailed mechanism
esters. o . _ _ by which the lid movement operates is still poorly under-

In contrast to the diversity seen in their amino acid giood. Approximately 12 structures of different lipases have
sequences, there is much greater conservation in the secondseen determined so far. In the context of the interfacial
ary and tertiary structures of lipases (for reviews, see refs 4ivation mechanism they may be divided roughly into three

5-8). Previous crystallographic analyses of these enzymesg., s (only some representative structures are quoted): (i)
have revealed their typical/f hydrolase scaffold comprised lipases with the lids in a closed position (e.g., re€s-12),
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enzymes: (a) most of the lipases undergo profound structuralthe presence of nonionic detergents, (2) in the presence of

changes during interfacial activation; the lid blocking the
active site moves from a closed to an open conformation,
forming large hydrophobic proteitlipid interaction surfaces;

(b) at least some of the lipases may exist in solution in
dynamic equilibrium between the closed and the open form;
(c) opening of the lid may also be facilitated by organic
solvents, probably via lowering of the dielectric constant of
the media; (d) the lipase-lipid interaction is probably a

zwitterionic lipid analogues based on different alkyl chain
length phosphatidyl choline (POC) derivatives. All experi-
ments in both groups were carried out at the low and high
ionic strengths (low and high salt concentrations). In the co-
crystallizations with the use of €, (Sigma) polyoxyeth-
ylene ethers, many different detergents of this group were
screened at a wide range of concentrations. Best results were
obtained with the detergentEs at 0.5% v/v, just above its

complicated, multievent process, which cannot be describedcritical micelle concentration (cmc). Crystals of TIL in the

by one simple “substrate” or “enzyme” theory—<8).
However, several important problems regarding structural
aspects of the interfacial activation mechanism still remain
unsolved. This is mainly due to a lack of a systematic
combination of mutagenesis, X-ray crystallography and
biophysical studies on one particular lipase/lipid system.
In this paper, we would like to address the following

presence of €Es, closed form, high salt, TIL CsEs__cl__hi,
(where cl= closed, hi= high ionic strength, see Table 1
for details), were obtained from 50 to 60% v/v of saturated
ammonium sulfate. Crystals of TIL in the presence g4

at low ionic strength solutions, both in the closed and
open form [TIL_CgEs_cl_li (i = low ionic strength),
TIL _CgEs_op_li (op = open)], were obtained under the

questions: (a) is it possible to obtain the closed and the opensame conditions: 25 mM Mggl15-17% w/v of 5K PEG
forms of the lipase under the same physicochemical condi- MME, 0.5% v/v of GEs. Low and high ionic strength

tions, in a controlled way, giving structural evidence for the
dynamic equilibrium theory; (b) can lipase molecules be

conditions required the presence of ethylene glycol at 20%
viv.

trapped in the intermediate state between the open and the The best crystals of TIL in the presence of mixed micelles

closed form; and most importantly, (c) what triggers the
interfacial activation mechanism and stimulates the lid of
the lipase to move over from an active center other

words, is there any lipid/environment recognition site on the
lipase molecule which initiates this conformational transition?

were obtained with protein preincubated with mixed di-
dodecyl phosphatidyl choline (di-C12-POC)/taurodeoxy-
cholic acid (both Sigma) micelle prepared according to van
Tilbeurgh et al 14), with the most optimum micelle:protein
dilution ratio of 1:10, 25 mM MgGJ, 17% w/v 5K PEG

As the object of our studies we have chosen the relatively MME; structures obtained: closed, TIIMIC__cl_li; open,

well characterized fungal lipase fronmhermomycegormerly
Humicolg lanuginosareferred to as TIL}.Several structures

TIL_MIC_op_li. Details of the data collection and model
quality are given in Table 1. All X-ray experiments were

of this 30 kDa, 269 amino acid lipase have already been carried out at 100 or 120 K with ethylene glycol as cryo-

reported 18, 19, see Materials and Methods). In trying to
build up a structural database for TIL we have carried out

protectant except for TILMIC _op_li, which was collected
at room temperature. Data were integrated and reduced using

systematic crystallographic studies of this enzyme, obtaining DENZO and SCALEPACK Z1). All the new structures
several crystal forms in the presence of nonionic detergentreported here were solved by the molecular replacement

from the polyoxyethylene ether family (E.) and with the
use of mixed phospholipid micelles. All these experiments

method using the programs AMoR22j and MOLREP 23)
with the wild type (lid-truncated) TIL X8) as a model.

and resulting structures have been done simultaneously inStructures were refined using maximum likelihood tech-

low and high ionic strength media, and within the same very
narrow range of crystallization parameters [optimal pH of
the lipase (8.0), precipitant (PEG5K MME), buffer system
(Tris/HCI)], to minimize the bias coming from different
crystallization media. Here, we report five new TIL crystal

nigues with REFMAC 24), except TIL_MIC_op_li,
refined initially with XPLOR @5). The higher than expected
Rractof/ Riree Values for some of the structures reflect intrinsic
properties (internal disorder, high mosaicity, etc.) of the
crystals growing in the presence of the water/lipid interface.

structures and discuss these results in comparison with fourlmportantly, when the general set of the crystallization

already reported TIL structured&—20). These nine struc-

tures provide a unique insight into the interfacial activation
mechanism of Tl lipase. Additionally, we supplement our
observations and conclusions by theoretical calculations.

MATERIALS AND METHODS

Crystallization, Structure Solution, and Refineméhire
TIL was provided by NOVO-Nordisk A/S (Copenhagen).
The protein concentration used in all crystallizations was 30
mg/mL (5 mg) (~1 mM), in 10 mM Tris, pH 8.0; the
crystallization buffer used was 0.1 M Tris/HCI, pH 8.0. The
crystallization trials were divided into two groups: (1) in

1 Abbreviations: TIL,Thermomyces (Humicola) lanuginobpase;
RmL, Rhisomucor miehdipase; C12-POC, didodecyl-glycesmn3-
phosphocholine; DEP, diethyl phosphonate inhibitosE4C polyoxy-
ethylene 5 octyl ether; PEG 5K MME, poly(ethylene glycol) mono-
methyl ether (5000 molecular weight).

parameters was established, crystallization conditions were
not optimized further for the individual complexes in order
to provide a comparable chemical environment for all crystal
structures. Model building and inspection of the electron
density maps were performed using the X-FIT routirg) (

of QUANTA (QUANTA98; Molecular Simulations Inc., San
Diego, CA), which was also used for the analyses of the
structures and production of the figures.

Several previously reported X-ray structures of TIL are
included in this analysis: (1) a TIL structure in a closed form
obtained from high salt (high ionic strength) conditions,
TIL _cl_hi (18), (2) a TIL structure in an open form in a
covalent complex witm-dodecyl (C12) phosphonate inhibi-
tor from low salt conditions, TIL.C12_op_li (19), (3) a
covalent TIL complex with the diethyl phosphonate inhibitor,
open form, from high salt conditions, TILDEP_op_hi
(19), (4) a TIL structure obtained in low salt and at low pH
(4.0), with the lid almost in the closed form but substantially
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Table 1: Data Collection and Refinement Statistics

structure nante
data collection source

in-house Mar CuK

TIL _CgEs_Cl_”

ESRF ID14-4

TIL _CgEs_Op_li
in-house Mar Cuk

TIL _MIC_cl_li
EMBL Hamburg BW7A

TIL _MIC_op_li
in-house R-axis Il CuK

space group P6, P2, P2:2,2 P2:2,2 P65
unit cell parameters

a(h) 139.9 85.4 711 85.5 136.0

b (A) 139.9 162.9 82.8 171.2 136.0

c(A) 80.5 86.7 96.1 77.3 150.0

p (deg) 98.4
completeness (%) 98.8 (95.3) 98.4 (98.6) 89.2 (49.9) 99.2 (99.9) 99.5 (98.2)
resolution (A) 24525 20.0-2.4 20.0-2.35 30.0-2.5 27.4-3.0

(2.54-2.50) (2.44-2.40) (2.39-2.35) (2.54-2.50) (3.1-3.0)

Rmergeoverall (outer) 5.2 (15.5) 6.2 (42.4) 6.7 (11.6) 9.9 (31.3) 10.2 (42.5)
meanl/o(l) 26.5(9.4) 15.8 (8.31) 9.8 (8.6) 12.8 (9.5) 6.5(1.8)
unique reflections 31111 91415 24 301 39 743 31460
multiplicity 4.7 (4.0) 2.75(2.75) 3.1(4.2) 2.4 (3.7) 5.2(2.1)
no. of molecules/ 2 8 2 4 3
asymmetric unit
Reryst 29.6 24.4 26.3 22.6 21.0
Riree 37.2 315 35.2 32.7 24.1
rms bond (A) 0.007 0.009 0.016 0.010 0.008
rms angle (A) 0.025 0.030 0.048 0.035 0.029
rms plane (A) 0.024 0.031 0.047 0.035 0.029
avgB value (&) 61.2 61.0 32.8 36.7 34.1
main chain 62.4 61.2 32.7 31.6 32.9
side chaint- water 60.8 60.9 33.0 42.2 35.3
PDB code 1DT3 1DTE 1DT5 1DU4 1EIN
crystallization 50% sat. (NH).SOy PEG 5K MME 15-17% w/v, 25 mM MgC}
condition

a Crystallization conditions are given at the bottom of the table in an abbreviated form only (see Materials and Methods foP thzails$. are
abbreviated as follows: ¢k closed, op= open; hi= high ionic strength; li= low ionic strength, MIC= di-C12—POC micella, GEs = CgEs
polyoxyethylene detergent.

disordered, TIL_ds_li (where ds= disordered) Z0) (PDB NEZ2 and His145 and His198 being protonated on both ND1
code 1tib). Two structures of the relatBtiizomucor miehei  and NE2. The Arg/Lys side chains and the N-terminal residue
lipase (RmL) were also available: (1) a closed form from were assigned a net charge-bi, the Asp/Glu side chains
high salt, Rml_cl_hi (10), (2) an open form in a covalent and the C-terminus were assigned a net chargeloéach.
complex with then-hexyl (C6) phosphonate inhibitor from  The structure was subjected to restrained minimization as
high salt, Rml_C6_op_hi (ref 13, PDB code 5tgl). outlined previously30). The final structure, TILMIC_cl__li,

All newly obtained structures have been deposited with Was prepared by substituting residues-29, 264-269, and
the Protein Data Bank (PDB codes in Table 1). The 80-97 inthe starting TIL_cl_hi structure used above, and
coordinates of previously reported, but not deposited TIL the minimization protocol was repeated. Minimization was
structures may be obtained directly from the authors. continued after all restraints were reduced to zero and the

and hypotheses were verified by calculations involving ' P

simulations of the conformational change between the tChSRpZ}h\cl)vr%rgf3t1r)a2:|itrlr?nlyelegPe;vﬁsﬂfgl%guAt\igl lrjﬁc')r:j%ltehe
TIL_wt_cl_hi and TIL_MIC_cl_li structures. The Y P

CHARMM force field @7) employing a polar hydrogen of CHARMmM.

topology and associated parameters was used to represetpegyLTS

the protein. For the initial models, no explicit water

molecules were used and a distance-dependent dielectric Systematic crystallization experiments with TIL in deter-
function was employed to scale the electrostatic interactionsgent and micelle media resulted in five new structures. Only
with an attenuation factor of 4. Long-range electrostatics wereone of them was obtained at high ionic strength, the
truncated using a shift function operating to 12 A while van remaining four at low salt concentrations. From a whole
der Waals interactions were switched to zero between 8 andseries of GE, detergents only £§Es yielded crystals suitable
12 A. Nonbonded lists were generated using a cutoff distancefor X-ray experiments, at a concentration just above its
of 14 A, and the frequency of their generation was critical micelle concentration (cmc). TIL was also crystallized
determined using a heuristic algorithm implemented in in the presence of other detergents, lik&§ CsEs, and GEs,
CHARMM. Calculations were run on an SGI R10000 system. but the quality of these crystals was generally too poor for
The initial structure was modified by the addition of polar structural studies. Only the main, distinct features of new
hydrogens using the HBUILI2@) functionality of CHARMm. structures will be described briefly, followed by a discussion
The orientations of the Asn/GIn side chains and protonation of more general structural trends emerging from these data
states of His residues was optimized by minimizing the  TIL_CgEs_cl__hi structure This structure was obtained
positions of the hydrogen atoms iteratively until the energy in the presence of 0.5% v/vgEs, just above its cmc, in
had converged20). This led to His135 and His258 being conditions very similar to those already reported for the wild-
protonated at ND1, His110, and His215 being protonated attype TIL (TIL_wt_cl_hi), crystallized from 70% v/v of
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Ficure 1: Superposition of the € chain scaffold of all known closed and open TIL X-ray structures described and discussed in this paper:
TIL _cl_hi, TIL _CgEs__cl_hi, TIL _CgEs_cl_li, TIL _MIC_cl_li, TIL _CgEs_op_li, TIL _MIC_op_li, TIL _ds_lIi, TIL _C12_op_i,
TIL _DEP_op_li (see Materials and Methods and Table 1); C-terminus, N-terminus (divergent stereo).

saturated KHPQ,. Both structures are very similar with an
rms deviation of the @ atoms of 0.146 A (see Figure 1).
The lid (residues 8692) is in the same closed conformation
in both structures. The only substantial difference occurs in
the C-terminus of the firstt; helix [secondary structure
notation as in Lawson et al®)], next to its last helical
residue, Cys22. Cys22 forms a disulfide bridge with the

ties, new, interesting features can be observed. The most
significant structural rearrangements occur in the-28&
region and 266269 C-terminus of the enzyme. The

2 A displacement of Gly23, already observed in the
TIL _C8ES_cl_hi structure, is extended here in the same
direction by an additional 3.72 A (5.45 A from its original
position in TIL_cl_hi). This movement has dramatic

C-terminus Cys268, and remains in the same position as inconsequences for the surrounding region. First of all, the

the TIL_cl_hi lipase, preserving the conformation of the
Cys22-Cys268 disulfide. However, the residue next to this
cysteine, Gly23 (first residue of the lorfghairpin formed
by residues 2237), is shifted by almost 2 A, causing small
perturbations along the 283 fragment of this structural
element (movement of 0:3L.0 A in Co positions). The
hinge regions of the 1id§2—85, 93—96) possess the same
conformation as in the Tlwt_cl_hi lipase, with the
exception of the breaking of three stabilizing hydrogen bond
interactions. This includes Arg84 NHZD1 Asp57 (changed
from 2.77 to 3.76 A) and Ser85 OG-ND2 Asn88 (2:96
3.76 A) in the first hinge and Asn94 OBDD2 Asp96
(2.80-5.0 A) in the second hinge. The main chain confor-
mation of the hinge/lid region is fairly similar in both
structures, with Trp89 of the lid perfectly aligned in both
lipases. The largest &C movements are again seen only

pulling effect of this movement changes the local secondary
structure motifs. The flipping of Gly23 induces the formation
of a short mini helix (referred to later asy helix”) between
residues 28 and 23 (previously part of the longérairpin),

with the Cys22 bridging the oldy and newo, helices.
Second, these changes manifest themselves in the propaga-
tion of these movements into the Cys22ys268 disulfide
bridge region (one of the three-S bonds in TIL). The G

atom of Cys22 repositions itself, following the movement
of Gly23; in the process it pulls the Cys26&Carbon by
2.24 A, causing a concomitant change in the position of the
C-terminus Leu269. Spatial repositioning of Cys22 and
Cys268 results in the isomerization of the disulfide bridge
formed by these residues (see Figure 2, panels a and b). In
the already mentioned closed structures, Td¢l,_hi and

TIL _CgEs__cl_hi, the Cys22-Cys268 disulfide is in the

among the hinge residues: Arg84 (0.35 A) and Asn94 (0.52 typical left-handed,ng g~ conformation [notation as in

A). Despite the visible weakening of these interactions, all
hinge residues still maintain a similar framework of the
structure. The gEs detergent was not observed in the crystal
structure.

TIL_C8ES_cl_li Structure The application of the §Es
detergent, at the same concentration as for TEs__cl__hi
lipase, to low ionic strength conditions (PEG MME), resulted
in the rapid growth of crystals, minutes after the setup of
the crystallization trials. Crystals grow spontaneously in the
form of multilayered plates. Tens of crystals had to be
checked before finding a small (04 0.1 x 0.05 mn3)
crystal plate that gave a single diffraction pattern. The
TIL _CgEs_cl__li crystal structure is very similar to that of
TIL _cl_hi and TIL_CgEs_cl_hi (average @ rms devia-
tions are 0.202 and 0.204 A, respectively), with the lid again
in the closed conformation. However, despite these similari-

Srinivasan et aI 112)] with the following average parameters:
it = —50°, xi2 = =54, yes = —95°, X, = —64°, X

—56°, andr;* (C*—C® d|stance)— 5.69 A ryf (C.ﬁ C,
distance)= 3.39 A, rs(S—S distance)= 2.01 A (see Table
2).

In the closed, low ionic strength TILCgEs__cl__li struc-
ture, the Cys22Cys268 disulfide switches to almogty t
form, close to the right-hand conformation, wigt =
—33.2, 42 = —T1.0, yss= +92.5, rj¢ = 4.81 A, yf =
4.06 A, andrs= 2.03 A. The new position of this disulfide
is stabilized additionally by the formation of close van der
Waals contacts with another SS bridge in this region:
Cys36-Cys41. Before isomerization, the nearest distance
between sulfur atoms from these disulfides is in the range
of 6.29(10) A in both TIL_cl_hi and TIL_CgEs_cl_hi
lipases. After this structural change, SG of Cys22 is in a
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Ficure 2: Divergent stereoview of the Arg84 hinge and CysZ%/s268, Cys36Cys41, Gly23 regions for the same nine structures as in
Figure 1. Only Arg84, Asp57, Cys22, Cys268, and Gly23 side chains are represented for picture clarity. The two TIL structures before
Arg84 flip and disulfide isomerization: TILcl_hi and TIL_CgEs_cl_hi are colored in blue and orange, respectively, and the position

of Gly23 and Arg84 in these is marked (*); dashed circle surrounds part of the structures magnified in the middle panel. (Middle, bottom
panels) The Cys22Cys268 disulfide bond isomerization (circled area from the top panel) in TIL (divergent stereo). In blue: representative
structure for the right-hand form of this bondg(g~), TIL _cl_hi (all Cys residues marked in yellow). In brown: TUCgEs_cl_li

structure with the initiation of the Arg84 switch; blue and brown stars at Arg84 correspond to its position_icl Thi and TIL_C8E5_cl_i,
respectively. (Bottom panel) Typical representative of the left-hand form of this hund) ( TIL _CgEs_op_li (in magenta) (all Cys as
ball-and-stick models with sulfur atoms in yellow). Dotted black line: Arg®C (in red) Cys268 hydrogen bond; dashed green line
depicts van der Waals interactions between SG atoms of Cys22 and Cys36. The injtiel THi structure (from the top panel) is shown

in thin gray line for comparisons; arrows indicate some significant structural movements upon interfacial activation.

very close (3.79 A) interaction distance with SG of Cys 36. Figure 2), being engaged now in a new hydrogen bond
The Cys22-Cys268 isomerization is accompanied also by contact to the carbonyl oxygen of Cys268 (with Arg84NH2

the formation of new hydrogen bonds, structurally important Cys268 distance of 2.59 A). The *“hinge-lid” internal
for this region of the enzyme. First of all, Arg84, which in  hydrogen bond: Ser85 OGAsn88 OD1 (2.99 A in
TIL _cl_hi spans the lid’s first hinge region by a hydrogen TIL_cl_hi), is also completely broken (5.78 A in this
bond with Asp57, breaks this interaction and flips over (see structure). Interestingly, weakening of this interaction can
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Table 2: Comparison of the Parameters of Cys€9s268 Disulfide Bond Geometry with an Average Distribution of Their Values in All Nine
Tl Lipase Structures Discussed in this Paper and, for Comparison, in_Rmlhi (10) and RmL_C6_op__hi Lipases 13)?

1 2

Zi Xi Xss %t Vi r* ry’ Iss
TIL _cl_hi —50 (2) —54 (4) —95 (3) —64 (7) —56 (8) 5.69 (3) 3.39(2) 2.01 (3)
TIL _CgEs_cl_hi
TIL _CsEs_cl_li —-45(@8) —61(9) 102 (7) -168(8) —153(5) 4.79 (9) 408(7) 2.02(3)
TIL_MIC_cl_li
TIL _CgEs_op_li
TIL_MIC_op_li
TIL _DEP_op_li
TIL_C12 op_li
TIL _ds_ds_lis
Rhizomucor miehei —49(2)  69.5(5) 95 (6) 177.5 (5) 96 (4) 5.18 (13) 39(1) 2.06(3)
RmL_cl_hi (10)
RmL_C6_op_hi (13
left-handed —60 —60 (—80) —80 (—90) —60 —60,—80 58(5.7) —(3.7) 2.02
right-handed —60 —60,—90 4100 (+90) —60 —80,+90 54(4.6) —(4.1) 2.02

aThe parameters for the most typical left and right-handed disulfides are as in PeterserB88t ahd( Srinivasan et al3@) (in brackets if
different from ref33) (y values in degrees; values in angstroms).

already be observed in the TILCgEs__cl__hi structure, with new structural features around Gly23. In this structure, it
the Ser OG atom and OD1 of Asp 3.75 A apart. The C forms hydrogen bonds to the carbonyl oxygen of Tyr21
positions within the first hinge (e.g., Arg84 and Ser85) region (Arg84 NH1-0O Tyr21 3.0 A) and the carbonyl oxygen of
are displaced on average by 0.54 A; the remaining part of the C-terminal Leu269 (Arg84 NH20 Leu269 3.1 A),
the lid and second hinge movements are negligible, well rather than to Cys268 as in TILCgEs__cl_li. The roll over
within experimental error. The fundamental structural changes of the lid from the active center results in the formation of
in the Gly23 region also result in the modification of its new hydrogen bonds stabilizing its open conformation. One
hydrogen bond network. This especially affects Asn25, which of these interactions involves the first residue in the lid,
being involved in a strong hydrogen bond with Alal9 in Ser85, which moves by 5.53 A (Gose Colopen distance).
TIL _cl_hi and TIL_CgEs_cl_hi structures [with an aver-  |n its new position, it forms part of a hydrogen-bonding
age Asn25 ND2O Alal9 distance of 2.35(30) A], moves network: Ser85 OGOD?2 Asp62 (2.40 Ay-Asp62 OD1-
over in TIL_CgEs_cl_li toward Thr35 (2.83 A to the  OD2 Asp57 (2.71 A). These interactions are not seen in any
carbonyl oxygen of this residue), stabilizing the newly of the closed structures of TIL, in which the Asp57 is
formedao helix. The detergent molecule could not be located jyolved in the stabilization of the Arg84 in the proximal
in the crystal structure. o hinge. In the open TIL CsEs_op_li structure, Asp57 being
TIL_CsEs_op_li Structure.This third crystal form of TIL, freed from this role, participates in the locking of the lid in
grown also in the presence of the surfactagE{is of a the open form. This new, local hydrogen bond network is
special importance, as it is obtained from exactly the same 5550ciated with an adaptive movement of the whole &

crystallization conditions as the cIoseq TICsEs__cl__hi loop (in the range of 1.121.87 A for Gu’s), toward the
structure. In fact, these crystals grew in the same crystal-pgjiy of the lid. This is an important part of the stabilization
lization drops as the TILCsEs_cl_li crystals, but 4-6 mechanism of the activated conformation of the enzyme, not

weeks after the first (immediate) crystallization event. In
contrast to the TIL_.CgEs_cl_li structure, Tl lipase exists ) i
in this crystal form with the lid in a fully open conformation.  11L—MIC_cl_li Structure.To extend our studies of the
The lid, in this “activated” lipase form, positions itself in Intérfacial activation of Tl lipase with charged lipid ana-
the conformation identical to the previously described open 109ues, crystallization experiments with the micelle di-C12
forms of TIL lipase [TIL_DEP_op_hi, TIL_C12_op_li POC were performed. The C12 long fatty-acyl analogue was
(19)]. Relative to the previously reported Tllds_li struc- chosen becau;e of the high preference of TIL fpr trilaurate
ture 0), also obtained from a low ionic strength solution (€12 acyl chains) as a substrate (NOVO-Nordisk, unpub-
(and without the use of any detergent), the electron density“ShEd results). Thin, severely intergrown, platelike crystals
of the lid in TIL_CB8E5_op_li is well-defined, without any ~ were obtained within 24 h. Lipase in this crystal form has
evidence of disorder or a parua”y open conformation. There the lid in a closed conformation. This structure is very similar
are no detergent molecules in either the active site or in anyto the closed TIL CsEs_cl_li lipase obtained from a low
other part of the enzyme. The major structural rearrangementgonic strength solution, with € rms deviation of 0.12 A
observed in the previous, closed TICsEs_cl_li structure, ~ The marginally reduced similarity with the TILCsEs_cl__hi

flip of Gly23, formation of theo helix in the 23-28 region, structure is reflected in a higher, 0.23 A, rms of the &oms
and Cys22-Cys268 disulfide isomerization, occur also in between these two lipases. Like in the TICsEs_cl_li

this structure. There are no new significant changes in thesestructure, Arg84 is in the “flipped” conformation, forming a
regions in comparison with TIL-c8eLcl_li. The Ca’s strong hydrogen bond with the carbonyl oxygen of Cys268
overlap with an rms difference of 0.14 A and the overall (Arg84 NH2-O Cys268 2.42 A). The overall structure of
rms difference between TILCsEs_op_li and TIL_cl_wt the 56-67 loop resembles more the fold of this loop in the
is 0.26 A. The sulfur atoms of cysteines 22 and 36 are in a TIL_CgEs_cl_li than in both the high ionic strength
close van der Waals contact of 3.91 A. The Arg84 of the structures (TIl_cl_hi and TIL_CgEs_cl_hi). No di-C12
first, proximal hinge is also in a conformation stabilizing POC molecules were identified in the electron density maps.

engaging the potential ligand/substrate.
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Ficure 3: di-C12-POC binding in TIL.SN1andSN2mark C12 alkyl chains corresponding to similar chains in tri-acyl glycerol substrate
(divergent stereo). In green: ondt, — F. maximum likelihood density ma@4) for the ligand molecule contoured at 3evel.

TIL_MIC_op_li Structure.Using a crystallization pro-
tocol similar to that of the experiment withgEs in the low
ionic strength environment, the second crystal form of Tl
lipase in the presence of di-CtPOC micelle was obtained
(in the same conditions as for TILmic__cl_li). This form
grew over several months, after the first crystals of
TIL _MIC_cl_li had been found. Again, as in thefs case,
the lipase molecule in this crystal form is in the “active”
state, with the lid fully open. The TILMIC _op_li structure
is similar to the TIL_CgEs_op_li lipase. In the
TIL _MIC_op_li, Arg84 of the first hinge of the lid is also
involved in stabilization of the (Gly23-Cys22-Cys268)
region, employing in this case both the NH1 and the NH2
atoms to form hydrogen bonds with the carbonyl oxygen of
Cys268 (Arg84 NH2-O Cys268 2.68 A, NH+0 2.76 A).
This residue is also in a bracing connection with the CO
group of Tyr21 (3.11 A) and, additionally, with the carbonyl
oxygen of Gly266 (Arg84 NH1O Gly266 2.76 A), an
arrangement similar to that seen in TICgEs__op_li. The

on the lipid-binding surface affects to some extent the
position of the open lid, pushing it toward a slightly more
open conformation, akin to the covalent C12 inhibitor
complex structure TIL.C12_op_li (19). The largest dif-
ference among the main chain positions of the lid between
TIL_MIC_op_li (or TIL_C12 op_li) and open

TIL _CgEs_op_li (no ligand present) is about 0.8 A around
the Trp98 region; the differences taper off toward the hinges
(0.33 A at Arg84, 0.24 A for Asn94).

DISCUSSION

All “Closed Lid TIL Structures All closed structures of
TI lipase reported here, supplemented by the previously
reported “closed” form of TIL crystallized from high ionic
strength solutions, allow us to identify a few structural
hallmarks of these structures. First, the main conformational
distinguishing feature of these structures is the presence of
cis or trans (left or right-hand) forms of the Cys2268
disulfide bond. It should be noted that the region around

main outstanding feature of this new structure is the presenceCys22 and Cys268 is practically free from intermolecular
of a di-C12 POC molecule, occupying the putative substrate crystal contacts in all TIL structures therefore changes
site. The detailed description of the position of this lipid as occurring in this region may be linked to physiological

a substrate mime could be misleading, because alkyl-POCproperties of this lipase. In both “high ionic strength” lipases,

is not a physiological and TIL-specific lipid analogue.
However, the position of the firsitC12 alkyl chain of POC,

TIL _cl_hi and TIL_CgEs_cl__hi, this SS bond exists in
the typical left-handedhg g~ form (see Table 2), with the

occupying the same binding site 1 as the C12 chain of the neighboring Gly23 region pointing out into solution. In all

previously described C12-phosphonate inhibitt®)( indi-

cates strongly that the path lined up by His110, Phel13,

other known Tl closed structures, this disulfide bridge
undergoes cistrans isomerization and exists in almost trans,

Prol74, Val203, Leu206, Pro207, Pro208, and Phe211 ispgt conformation, with a pulling effect on Gly23, which

probably the most favorable binding pocket for gm&-alkyl

consequently becomes part of a new, shett.6 turn)ag

chain of the real triglyceride substrate (Figure 3). The second helix (residues 2228). The dihedral angles for Cys22 fall

alkyl chain, corresponding to tte? acyl substrate moiety,
fills up the already proposed minor binding sitel®), This
cavity involves part of the lid itself and extends into a

well into typical disulfide parameters obtained from protein
structure surveys3(, 32), while Cys268 belongs to the very
uncommon form of half cysteines, highlighting the structural

direction opposite to site 1, bending back at 1le255, over the importance of this conformation for the Tl lipase functional-

Trp89, with Arg84 also participating in the steric enclosure
of the fatty-acyl chain. The spatial limitations of this site
cause wrapping of this acyl moiety around Trp89, resulting
in the adaptive turning of this side chain along the-€Cj
bond by 57 relative to its position in TIL_.C12_op_li and
TI_DEP_op_hi. The possible position of then3 alkyl
group of potential real substrate, triacyl glycerol, may be

ity. The shortening of the;* distance and extension of the
ri# distance is also typical for the leftight disulfide bond
transformations. Moreover, the isomerization of the Cys22
Cys268 bridge is not an isolated event, but occurs in concert
with other striking long- and short-range structural rear-
rangements. First of all, there is the flipping of Arg84, located
on the first hinge of the lid, by~12C°. Although the @

envisaged as a direct extension of the phosphocholine chainatom of this residue remains almost in the same position,
emerging from the active-site cavity, normal to the surface the side chain of Arg84, which normally forms hydrogen
of the lipase molecule. The presence of the substrate analogudonds to Asp57 in TIL_cl_hi (and is in a very similar
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Ficure 4: Typical stabilization of the lid in the open conformation (LIMIC_op_li structure); lid region marked by gray cylinder,
di-C12—POC as a ball-and-stick-model, water molecules in red, hydrogen bonds as gray dashed lines (divergent stereo).

position in TIL_CgEs__cl_hi), switches to a completely of the closed Tl lipases. The open conformation of the lid is
different orientation in all other closed structures of Tl practically identical in all structures, being slightly pushed
lipases. In this new orientation, it forms a strong hydrogen outward (by~0.7 A) in the complexes with covalently bound
bond to the carbonyl oxygen of Cys268 (with an average inhibitors, which reflects a certain degree of inherent
distance of 2.5 A to NH2 of Arg 84). It is simultaneously plasticity of this part of the molecule. Surprisingly, the
engaged (via the same atom) in a second hydrogen bondstabilization of the lid in the open form is limited in all
with another residue from this disulfide region, Tyr21 (via known TIL structures to very few direct hydrogen bonds
its carbonyl oxygen), with an average distance between themonly. The N-terminal part of the lid, proximal to the first
of 2.87 A. The changes in the conformation of Arg84 also hinge (Arg84), is tethered into the main body of the protein
affect Ser85, the next residue in the hinge region, breaking via Ser85(0G)(0OD1)Asp62 (avg 2.5 A) and Asn88(ND2)
a weak hydrogen bond of its OG with OD1 of Asn88 (old (OC)Gly61 (avg 2.9 A) hydrogen bonds, while its distal part
distance on avg, 3.37 A, new distance, 5.4 A). Besides theinvolves Asp96(0OD2) and Asp111(OD1)(avg 3.10 A) only.
new hydrogen bond networks described above, the Cys22 Ser85, forming a rather local hydrogen bond internal to the
Cys268 bond is also stabilized in its new conformation by lid with Asp 88 in the closed TIL wt__hi structure, becomes
strong van der Waals interactions with the sulfur atoms of probably one of the most important interactions of the lid in
another disulfide bridge, Cys36Cys41. Before isomeriza- the fully open Tl lipase. The importance of Asp62 is
tion, the minimum distance between the SG atoms of Cys22 underlined by the movement of the whole-553 loop (in
and Cys 36 is in the range of 6.3 A in the Tlicl_hi and the case of Val60 or Gly61 by 1.4 and 1.72 A for example),
TIL _CgEs__cl structures. During isomerization, the pair of toward the lid. However, the lack of many directdigrotein
sulfur atoms of Cys22 and Cys268 are buried deeper into hydrogen bonds is substituted by a substantial network of
the protein interior, into close vicinity of the Cys3€ys41 these interactions facilitated by the water molecules, trapped
group, shortening the SG22SG36 distance te-3.8 A in in the cavity beneath the lid (see Figure 4). These water
all other closed TI lipase structures (see Figure 2, middle molecules (WAT) anchor the lid with the rest of the protein,
panel). It is quite likely that the Cys38Cys41 disulfide linking for example Asn92WAT1-WAT2—Serl16,
serves as an additional facilitating factor in the isomerization WAT2—WAT3(Gly61)-WAT4(Thr64)-WAT5—Asn88,
of the Cys22-Cys268 bond, providing an electrostatically WAT4—Asn26(Glu56>-WAT6—Arg81—WATS5 (in brack-
favorable environment in its proximity. The eitrans ets, branched, not continued interaction). Arg81, Ser85,
Cys22-Cys268 disulfide isomerization has therewith at least Asn26, and Asp62 plug the entrance to this water-filled
two considerable consequences for the Tl lipase molecule:cavity. The last two residues, spatially close together, also
it rearranges the 2127 and the C-terminal regions, and in  change their relative positions between closed and open
doing so, it affects the stability of the first hinge (Arg84) forms due to the pushing force exerted by Asn26, accom-
region, influencing also the mobility of the lid. modating itself to the structural changes of the Cys22
All “Open Lid TIL Structures.The Tl lipase structures  Cys268--Gly23 region. These interactions combine, in an
with the lid in the open position presented here maintain the interesting manner, three different regions of Tl lipase: the
same overall and local structural features characteristic of Cys22-Cys268--Gly23 region, the first hinge, and contigu-
the already described TMIC _op_li, TIL _C12_op_li, ous to it part of the lid’s helix, indicating the possible
and TIL_DEP_op_hi complexes 19). significance of structural changes appearing there during
The Cys22-Cys268 disulfide adopts the tranpg(t) activation _of Fhe Tl I|pas_e_. Tr_le structurgl importance of th_e
position, virtually identical with its form in all closed lipase ~Water cavity in the stabilization of the lid observed here is
structures after isomerization, and a new, shrhelix is also in good agreement with the already postulated special
formed in the same fashion. Arg84 is also positioned in the role of buried water clusters in the Tl lipasé4.
flipped orientation to form hydrogen bonds with Cys268,  Theoretical CalculationsTo probe further the character-
Gly266, and Tyr21, in a manner described above for someistics of the disulfide isomerization and associated confor-
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Ficure 5: Pathway of conformational change computed using CPR showing 19 structures including the starting (LA form) and end (A
form). Conformational states are shown with the order of events from dark blue (first three structures) to dark red (last three structures),
and by the direction of the arrows; key residues are labeled (divergent stereo).

mational changes in the initial steps of interfacial activation,
we have computed the pathway of this transition. We used
the TIL_cl_hi structure as the ground state and the
TI_MIC _cl_li structure as a representative of an end point
of this process (Cys22Cys268 inpg't form, Arg84 in a
flipped conformation, but with the lid still in the closed
position). The methodology involves employing an algorithm
that has already proved useful in accurate calculations of
the energetics of activation in proteins (see Materials and
Methods and ref30). The rms difference between the
minimized end-point structures of the computed reaction path
is 1.4 A over all non-hydrogen atoms (1.2 A over backbone
atoms). Large changes were localized in the “mobile” regions
only and are shown in Figure 5. The enthalpic difference
between the two structures was 3.52 kcal/mol with the
starting, ground state form lower in energy. This difference
arises from electrostaticst+(0.5), van der Waals—<(1.3),
dihedral (1.5), improper {1.5), angle {5.1), and bond
(—1.0) contributions, respectively. The vibrational entropy
difference, calculated by the method of Tidor and Karplus
(35) is 2.57 cal/mol/K (the starting structure is red shifted
in its vibrational frequencies relative to the end structure).
This leads to a further stabilization of the starting ground-
state TIL_cl_hi structure by 0.77 kcal/mol at 300 K giving

a net free-energy difference of 4.3 kcal/mol in favor of the
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FiGURe 6: Potential energy along the pathway of the conformational
change computed using CPR. Energies are shown relative to the
energy of the ground state. The ground state represents the LA
form of TIL while the end state represents the A form of the

enzyme. For a description of the “reaction coordinate” see Verma
et al. 30).

several chargecharge and chargalipole interactions.
Charged residues that move morertia A are Arg84 (7
A), Asp62 (5 A), Arg81 (2.6 A), GIu87 (2.5 A), Asp27 (2.2
A), and Asp122 (2.2 A). The motions of Arg84 lead to a
destabilization of its interactions with Asp67, Asp62, Asp57,

starting structure. The transition state (TS) was located closeand Asp27 by 0.813 kcal/mol (dominated by electrostatics).

to the end point of the reaction at an enthalpic height of
10.6 kcal/mol above the starting structure and 7.1 kcal/mol
above the end structure (TIAMIC _cl_li) (see Figure 6).

The rms difference between the GS and TS is 1.4 A over all

non-hydrogen atoms and 1.1 A over the backbone atoms.

As expected, large changes are localized in the region

Although in its new conformation Arg84 is stabilized by
0.6—8 kcal/mol due to interactions with the backbone of
Cys268, Leu269, Tyr21, Gly266, and Thr267, the repulsions
still dominate. The largest contribution from strained dihe-
drals also originates in Arg84 (3.5 kcal/mol) while the motion
of Arg81 releases its dihedral strainto-2.7 kcal/mol. The

undergoing the conformational changes. The enthalpy barrierdihedrals of the Cys22Cys268 disulfide-linked region

originates in destabilized electrostatieisy(8 kcal/mol) and
strained dihedral angles-{.3 kcal/mol), with van der Waals
interactions contributing only 1 kcal/mol. This destabilization
is offset by reduced tension in angles3.7 kcal/mol) and,
additionally, improper and bond terms contributing about 1
kcal/mol each. The origin of the substantial electrostatic

undergo significant changes: 4Q0° in y;%y? of Cys22,
50—12C in y;/y? of Cys268, and 200in the S-S linkage.
The total dihedral strain between these two Cys residues
increases by 3.6 kcal/mol of which 1.3 kcal/mol is in the
S-S linkage.

Interfacial Actvation Mechanism in Tl Lipaséhe wide

destabilization has a source in the large number of chargedspectrum of data resulting from the new structures reported
and neutral side chains that rearrange between the groundere and previous work on TI lipasd8-20) provide a
and end states of the pathway, leading to an increase ofstructural rationale for more general remarks about some
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Ficure 7: Schematic representation of the three major, structural forms of Tl lipase: (a) low activity form (LA), (b) activated form (A),
(c) full activity form (FA). Relative size of represented structural features is artificial for picture clarity. Green spheres correspond to the
disulfide bridges (left-hand form); green squares (with black contour) stand for the disulfide bridges in a right-hand form; red represents
Arg84 in the lid’s first hinge; the directions of the black arrows at the bottom of the scheme represent increasing lipid concentration, the
ionic strength or dielectric constant of the environment.

DIELECTRIC CONSTANT?

aspects of the interfacial activation mechanism in this TIL_DEP_op_li, and TIL_C12_op_li. Typical properties
enzyme. of this FA form are as follows: (@) the lid is in the maximally
First, we propose that on the basis of their characteristic open position, stabilized by hydrogen bonds between Asn88-
structural properties all known TIL structures can be divided (ND2)—(OC)Asp62, Asn88(ND2)(OC)Gly61, Asp96-
into three groups, corresponding to the three distinct physi- (OD2)—(OD1)Asp111, and indirect (through a water medi-
ological states of this enzyme. ated network) interactions of Arg81, Asn88, Asn92, with
The first group formed by two high ionic, closed structures, Serl16, Gly6l, Thr64, and Asn26; the features outlined
TIL _cl_hi and TIL_CgsEs_hi, can be considered as a low above in b-e are the same as those in group two of the
activity form (LA form). Its main features are as follows: activated (A) form of TIL (Figure 7c).
(a) the lid is in a closed position, (b) the Cys2RQys268 These three forms of TIL provide a clear answer to the
disulfide is in a classical, left-handedg~ form, (c) Gly23 guestion of whether intermediate and stable forms of the lid
points into solution, not being part of a regular secondary exist. Its occurrence in only two conformations, open and
structure element, (d) Arg84 in the first hinge of the lid forms  closed, and unsuccessful attempts to obtain any intermediate
a hydrogen bond with Asp57, (e) Ser85 is engaged in (or structure suggest that the two opposite positions of this helix
close to) the internal hydrogen bond with Asn88 within the represent the only structurally stable forms of this part of Tl
lid (Figure 7a). lipase. The “disordered” lid in TILds_li, reported by
The second, larger group of TIL structures represent in Derewenda et al.2(Q), likely reflects the mobility of this
our opinion the activated form of the Tl lipase (A form) region but not one of its energetically favorable, intermediate
and consist of the remaining closed TIL structures: conformations. However, although our data questions the
TIL _CgEs_cl_li, TIL _MIC_cl_li, and TIL_ds_li. Their possibility of a stable, intermediate form of the lid region, it
main structural characteristics are (a) the lid in a closed or also provides the first structural evidence of a dynamic
slightly disordered (but still in a closed position) conforma- equilibrium between and coexistence of closed and open
tion, (b) the Cys22Cys268 disulfide in the right-handed forms of TIL. Moreover, crystals of Tl lipase in the closed
pg t configuration, repositioned into the protein core, in van and open form have been obtained simultaneously, under
der Waals contact with the Cys3€ys41 disulfide bridge,  exactly the same physicochemical conditions, grown in the
(c) Cys22 move is concerted with thes.5 A reorientation ~ same hanging drop, for both co-crystallization experiments,
of Gly23 which is becoming now a part of a new, shast with CgEs detergent and Ct2POC micelle. This demon-
helix, (d) Arg84 is flipped toward the already isomerized strates that the presence of the lipid analogues, even at the
Cys268, forming hydrogen bonds with the carbonyl oxygens concentration above their cmc’s, does not immediately lead
of Cys268, Tyr2l, and Gly266, (e) the Ser85sn88 to a shift of the lid into an open state. Furthermore, the time
hydrogen bond is fully broken (Figure 7b). scale and sequence of the crystal growth (the closed form
The last group of Tl lipase structures may depict a fully almost immediately after setup and mixing lipids with the
activated (FA) form of this enzyme and is represented by mother liquor, and the open form after several weeks), may
all open TIL structures: TIL CgEs_op_li, TIL _MIC_op_i, indicate that the open-closed TI lipase equilibrium can be



Interfacial Activation in Fungal Lipase Biochemistry, Vol. 39, No. 49, 2005081

mediated by the prevailing form of the lipid structure in the effect of such a disulfidedisulfide contact is especially
solution. In the first phase of the crystallization, the lipid, clearly manifested in a 1.4 A structure of a BPTI mutant
being mostly in a dispersed phase, induces immediately (39), in which two Cys16-Cys38 disulfide bonds from two
changes in the lipase structure (disulfide isomerization, Arg84 symmetry related molecules, provide a tight interface, with
flipping, o helix formation, etc.), causing fast aggregation/ the SG atoms being only 3.77 A apart. The functional
crystallization of the enzyme. In fact, the_T¢8e5 _cl_li importance of Cys22Cys268 as well as Cys3611, linked
crystal formation resembles more a polymerization or with their proximity to the first hinge of the lid (the direct
spontaneous two-dimensional-like crystal formation than hydrogen bond interaction of the Cys268 region with Arg84
regular protein crystallization. Nonetheless, this process doesin the hinge is one of the crucial factors in the control of the
not result in the stable opening of the lid. This effect can be mobility of this helix), strongly suggests that these two
only achieved over a longer period of time, when the lipid structural elements of Tl lipase could be directly involved
in the solution becomes more structured in the form of a in the coordination of the first steps of the interfacial
micelle. However, the confirmation of this hypothesis would activation in this enzyme. Additionally, the Cys22ys268
require the technically difficult acquisition of a phase diagram --Arg84 region, due to its structural sensitivity, mutual
of the crystallization solution as a function of time. interdependence, and combined charge/hydrophobic proper-
Finally, all observations resulting from our work attempt ties may also serve as a lipid/environment surface recognition
to identify the key structural factors in the first phases of sensor, being prone to the disruptive effect of negatively
interfacial activation of Tl lipase. It is likely that the three charged lipophilic substrates and composition of the solution.
structural species of TIL, the LA, A, and FA forms reflect Our hypotheses are in very good agreement with the idea of
two main conformational transitions of this enzyme: the first electrostatic locks (with cationic residues on both sides of
step from LA to A form and the second one from A to FA the lid, e.g., Arg84, Arg81, and Lys98) as a crucial part of
form. The data presented here lead us to the proposal thathe lid opening, suggested by Berg et @0)(and Cajal et
the initiation of the first LA to A transition may be associated al. (41). Their extensive steady-state kinetic analysis showed
with two, almost simultaneous, structural events: Cys22 that the activity of the TIL is increased 100-fold in the
Cys268 disulfide isomerization and conformational modifica- presence of anionic POG micelle in comparison with
tion of the lid's first hinge, Arg84, a mechanism we refer to zwitterionic POC micelle, underlining the role of the lipase
later as an Arginine switch. In all structures discussed above, (positive charge on Arg), lipid (negative charge) electrostatic
we can follow, almost in a sequential manner, changes interactions. Additional evidence for the arginine switch
occurring in the Cys22Cys268 region: from a typical left-  mechanism comes from the Téls_cl_li structure solved
handng g~ disulfide to its right-hanggt form, synchro- by Derewenda et al20), in low ionic strength solution at
nized with the formation of the shotty helix and stabili- pH 4.0. Despite of the lack of lipid analogues in the mother
zation of this region by the flipped side chain of Arg84. It liquor, the lipase molecules in these crystals are in an
would seem that all these concerted conformational changesactivated (A) form. This phenomenon may be attributed to
are a prerequisite to the global roll over of the lid. the low pH (4.0) of the media used in this experiment (remote
The special role of the Cys22ys268--Arg84 region for from the optimum pH 8.0 for TIL), close to the&kpof Asp57.
TIL is reflected in the rather rare features of these parts of This low pH may have a weakening effect on the Arg84
the enzyme. First, the solvent accessibility of Cys268 in the Asp57 hydrogen bond, helping Arg84 to switch toward
LA forms of the lipase is unusually high, 53%, contrary to Cys268. To avoid the bias arising from low pH conditions
only 9—25% in all A and FA forms. The high solvent and possibly from high ionic strength of the solution, we
accessibility of the Cys268 in the LA forms is also in contrast believe it will be necessary to obtain a “reference” TIL
with data from a survey of disulfides by Petersen et28),( structure at pH 8.0 under the same conditions as those for
in which 50% of all half-cystines show less than ap- the A (or FA) form of this lipase, without any lipid analogues.
proximately 7.5% solvent exposure. The relatively long However, our present efforts have not produced such a
separation of Cys268 and Cys22 in the polypeptide chain structure to date.
(244 residues apart) also deviates considerably from the The disulfide isomerization/Arg switch hypothesis pre-
normal distribution of half-cystines found in 131 nonho- sented here is also supported by our theoretical calculations.
mologous proteins3@), being on average in the range of The average change in energy between successive states
12—16 in these structures. Natural selection of the very close along the computed pathway involves barriers of the order
proximity of Cys22-Cy268 and Cys36Cys41inthe Aand  of kT. Overall, the magnitude of the activation barrier
FA forms of TIL (average SG22..SG36 distance of 3.8 A), between the LA (ground state) and the A (end state) forms
and formation of strong van der Waals interactions betweenof TIL of 10.6 kcal/mol is comparable to the enthalpic
these two disulfides, provides striking evidence of their barriers encountered in ring flips of aromatic residues and
functional importance. If physiologically unnecessary, the disulfide bond isomerizations in proteins at ambient tem-
close proximity of the Cys22Cys268 and Cys36Cys41 perature 80, 38, 42). This and the order of roughness of the
groups could lead to profound, unfavorable effects on the energy surface suggest that EAA conformational change,
folding of Tl lipase. It could result in the multiple, misfolded also observed in our crystal structures, can be easily
protein species due to interexchangedSShbonds, in a  accomplished in a physiological pathway, especially in the
fashion similar to that found for Insulin like Growth Factor-I presence of negatively charged lipids.
and insulin itself 86, 37). The disulfide isomerization is a In this structural survey, we have deliberately limited
rarely documented event in protein structures, but severalourselves to the one fungal Tl lipase only, trying to dissect
different chiralities of this bond have been described previ- the distinct structural features of this enzyme and their impact
ously (for example in ref88 and39). The overall stabilizing on its function. In summary, we believe, that our results and
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observations shed light on the origins of the interfacial
activation mechanism in TIL, providing a structural rationale
for the consideration of the Cys2Zys268 disulfide isomer-
ization, ag helix formation, and Arg84 lock as possible initial

key features of this mechanism. However, further mutagen-
esis and structural studies will be necessary to elucidate the

role of particular residues in the Tl lipasépid recognition
phenomenon.
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NOTE ADDED IN PROOF

The recent mutation of Arg84 (proximal hinge residue)
to glycine drastically lowered TI lipase activity from 4500
LU/ Aggo (for wild-type) to ~66 LU/Azgo for the Arg84Gly
mutant (A.S., unpublished results).
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