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ABSTRACT: We here present a study of the interaction betweertigarium solani pistutinase mutant

S120A and spin-labeled 4,4-dimethyloxazoliexyl-(DOXYL)-stearoyl-glycerol substrates in a micellar
system. The interaction is detected by NMR measuring changes in chemical shiftdod°N as well

as relaxation parameters for backbdhe(T;) and®N (Ty, T2) atoms as well as for side chain methyl
groupsH (T,). The detected interaction shows a weak binding of cutinase to the lipid micelles. Structural
and mobility changes are located inside and around the active site, its flanking loops, and the oxyanion
hole, respectively. Relaxation changes in the amino acid pairs Ser 92, Ala 93 and Thr 173, Gly 174
positioned at the edge of each of the active site flanking loops make these residues prime candidates for
hinges, allowing for structural rearrangement during substrate binding. The cutinase mutant S120A used
carries a 15 amino acid pro-peptide; the significance of this pro-peptide was so far undetermined. We
show here that the pro-peptide is affected by the presence of the micellar substrate. Relaxation enhancements
indicative of spatial proximity between the DOXYL group in the lipid chain and some hydrophobic residues
surrounding the active site could be found.

Cutinases are small lipolytic enzymes capable of hydrolyz- (14) was based on the protein carrying the additional
ing a vide variety of esters, including triglycerides of varying N-terminal 15 amino acids pro-peptide. X-ray crystal-
size. They show no interfacial activation above the CMC lographic data14) as well as nuclear magnetic resonance
and are therefore not categorized as classical lipases but aréNMR)! assignments 15, 16) showed that these 15 N-

placed as intermediates between lipases and esterkses (
4). Fusarium solani pistutinase is a member of the cutinase
family (EC 3.1.1.74). Cutinase fro. solani pisiwas first
isolated from the extracellular fluid of the fungus where it
showed activity toward cutirb-8). Cutinase was sequenced
first as cDNA @) and later as gene with minor changes in
the coding regionX0).

terminal amino acids constitute a very flexible region of the
protein, which appears to be unstructured. A construct for
fungal expression lacking the pro-peptide is also available
(12). In this investigation, we use the 214 amino acid-long
cutinase including these additional 15 amino acids.

Cutinase is a very well studied enzyme; a crystal structure
with 1 A resolution (7) and a complete assignment of its

The full-length cutinase gene codes for 230 amino acids NMR resonancesl§) are published. A number of investiga-

(9). As the N-terminal amino acid of the native mature
cutinase isolated frorf. solani pisicorresponds to Gly32
(11), it was inferred that the first 31 amino acids constitute
a transport peptide that is cleaved &.(The 31 amino acids

tions of the nature of the active site and its interaction with
diverse substrates have been performed. Starting with the
first X-ray investigation of the proteirlg), it was discovered
that cutinase has its catalytic serine exposed to the solvent,

stretch was later suggested to be consisting of a 16 aminoexplaining why cutinase does not show interfacial activation

acids pre-sequence followed by a 15 amino acids pro-

sequence 12, 13). For bacterial recombinant expression,
cutinase was N-terminally fused to thehoA transport

(14). Later, a crystal structure of the protein inhibited by a
substrate analogue was solvd®)( Also, investigations of
the intramolecular dynamics of cutinase with and without a

sequence to ensure transport to the periplasmic space. Thiphosphonate inhibitor have been report6, @0).

construct still contained the 15 amino acids pro-sequence in' The |ack of interfacial activation has prompted for
order to allow proper cleavage of tRé0A peptide ). The . egtigations of the environment surrounding the active site.
amino acid numbering used in the structure determination The active site pocket is flanked by two loops. The definition
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of which amino acids belong to these loop regions has varied HaC
between the various investigatiorigl(16, 19, 21). All seem "3°§_\
to include at least residues 887 and residues 180188.

N (o]

[o]
The spanning of the loops defined in this investigation is Ho\(\ /ll\}'/\></\/\/\/\/\/\CH
O 3

based on the most recent definitidrbf and includes residues
73—91 and residues 171191. oH A

The aim of this study is to investigate the interaction of CH,
cutinase with a lipid substrate and to detect the interaction J\/\/\/\NW><}
of the enzyme with the substrate, as well as investigate the o o
possibility of secondary interaction sites. To our knowledge, \E\ -
no data is currently available on the interaction of cutinase o \—ﬁ c
with a micellar glyceride substrate. A number of problems B Hat :
occur when trying to measure this interaction, the most Ficure 1: The structure of 5-DOXYL stearic acid (A) and 16-
obvious being that cutinase would catalyze the hydrolysis poxyYL stearic acid esterified to glycerol (B).
of the substrate during measurements at a rate which would
exceed sampling rates for structural investigations. We haveEXPERIMENTAL PROCEDURES
therefore chosen to work with the S120A cutinase mutant,
which has previously been structurally characterizad).(
Cutinase S120A shows a dramatically reduced catalytic rate
of <0.06% compared to the wild-type usipenitrophenyl-

:)r?atzzitr? stnajg|?ssr:r§jted;2()j ho aciivity could be detected o Xpression purposes, the mutated gene was cloned, using the
P ' Ndel/BamHI restriction sites, into a pET11a (Novagen),

In protein engineering, it is often vital to map the regions  generating the plasmid pFCEX1/S120A. Construction of the
of an enzyme where changes occur upon substrate interactionpFCEX1 plasmid is described in réB.

NMR can provide such local information on enzymes with ~ Production of CutinaseProduction of cutinase S120A was
two parameters: chemical shifts and nuclear magnetic performed inEscherichia colBL21(DE3), having pFCEX1/
relaxation rates. Chemical shifts are very sensitive local S120A, in minimal medium (M9) containing uniformly
probes for minute changes in the time-averaged chemicallabeled*C glucose anéd®N ammonium sulfate (99%, Spectra
environment experienced by a nucleus. Nuclear magnetic Stable Isotopes). The production and subsequent purification
relaxation provides one with the ability to investigate changes was carried out according to ré.

in intramolecular mobility upon changes in the chemical  Production of SASL Monoglycerides (MSGyvo varieties
environment, for example, the addition of substrate to an of MSG were synthesized from glycerol (8% pure from
enzyme. Sigma Aldrich) and 5-DOXYL-stearic acid or 16-DOXYL-

In this work, we wanted to observe the changes in the Stéaric acid (97% pure from Sigma Aldrich), respectively.
enzyme molecule brought about by interaction with a Th.e egterlflca_tt_mn reaction was car_rled out enzymatlcally
substrate. Usually, the alkyl chains of fatty acids constituting USing immobilized lipase fronCandida antarctica(No-
the acyl-glycerol substrate do not exert, in their vicinity, a V0Zyme 435 obtained from Novozymes, Denmark). A total
detectable influence on NMR signals. We chose to utilize of 5 mg of SASL, was dlssolveq in 50 mL ofhexane (95%
spin-labeled fatty acid analogues, namely, 5- and 16- from Sigma Aldrich), and a 10 times molar excess of glycerol

DOXYL-stearic acid (steric acid spin label, SASL) esterified and 10 mg of immobilized enzyme were added. The mixture

to a glycerol backbone. Spin-labeled fatty acids carry a stablevzastr?emly treflux_?r(]j, to _atccelerate thf(l':' re%cglonzjshv‘ell ?hs to
free radical. Such a free radical has a severe influence onSt' € MIXWUre. The mixture was retiuxed for orthe

the relaxation rates of the protein atoms in its vicinity. This 16-MSG and for 48 h for the 5-MSG. We attribute the longer

is directly detectable by measuring the relaxation behavior reaction time needed for esterification of 5"SASL. to the
. : . : . _sterical hindrance of the DOXYL group which is situated
of the groups of interest and is also evident in changes in

signal strengths of heteronuclear single-quatum coherenc closer to the carboxyl acid group. After stopping the reaction,

(HSQC) spectraZ?). Relaxation measurements are lengthy She mixture was filtrated to remove the immobilized lipase,

experiments: the experiments performed here tvpically take and the solvent was evaporated. The residual oily fraction
P ’ >XP NS Peric ypically was resuspended in chloroform, and the remaining nonre-
14 days of experimental time. It is therefore of extreme

; ) o . acted glycerol was removed by extracting the mixture with
importance to establish sample conditions under which the gy y g

) . . L . water. Verification of the formation of MSG was done using
physicochemical properties ofthe I|p|d/wat9r mixture dp ot \IMR. ESR was used to verify the presence of free radicals.
change over a long time. Attempts to obtain stable micellar

; o ! NMR Measurementéll NMR measurements were carried
solutions W!th triacylglycerols failed. However, monoacylg- out using a Bruker DRX600 NMR spectrometer with a triple-
lycerols (mixtures ofsn1, sn-2, andsn-3) of both 5- and 545 gradient TXI (H/C/N) probe at 298 K. All NMR data
16-DOXYL stearic acids (mono steric acid spin label \yere processed using XwinNMR3.6 and analyzed with the
glycerol, MSG) (Figure 1) proved to be stable in buffer at NEagy (25) tool of CARA (26). Samples for measuring
pH 7. the interaction of cutinase S120A with MSG were prepared

Here, we report changes F solani pisicutinase upon by mixing 10 mg of uniformly labeledC'*N S120A with
interaction with monoacylglycerols of both 5- and 16- the prepared MSG in 600L of phosphate buffer, pH 7,
DOXYL stearic acid (Figure 1) in solution. containing 5% RO (99% Cambridge isotope labs) and 5

Plasmid DesignThe mutation S120A was obtained by
site-directed mutagenesis using a Transformer Site-directed
Mutagenesis Kit (Clonetech Laboratories, Inc.) where the

rimer was 5CGGTGGCTAGCTCAGGTGCTG-3. For
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mM NaNs. The sample was sonicated for 5 min (Elma relaxation rate of aliphati€H® was determined by incorpo-
Transonic Digital) to create the micellar solution, and larger rating an inversion recovery element prior to the existing
lipid bodies were removed by low centrifugation (66 13CH-HSQC pulse program. The delays used were 0.0001,
80g). The final sample concentration was analyzed by FTIR, 0.02, 0.1, 0.4, 1, 2, and 5 s. The DOXYL group of 16-MSG
and micelle sizes were evaluated by DLS. The micellar was reduced by adding ascorbic acid to a final concentration
solution was found to be stable for more than 4 weeks. Visual of 80 mM and storing the sample at room temperature for
inspection did not indicate any signs of phase separation,96 h. Afterward, relaxation rates of aliphatiti® were
that is, loss of micelles. This was corroborated by NMR recorded as previously, with delays of 0.0001, 0.1, 0.4, 1,
measurements that do not exhibit any changes in the spectrand 5 s.

even after several months of storage and after freezing/ ESR MeasurementSpectra were recorded on a Bruker
thawing. Moreover, ESR showed that the free radical was EMX (Bruker, Rheinstetten, Germany) at room temperature.
still present, even after extended periods of storagb (  The microwave power was 20 mW, and a modulation
months). The reference sample of cutinase S120A wasfrequency of 100 kHz with an amplitude of 0.5 G was used.

prepared by dissolving 10 mg of uniformly label&C**N The conversion time and time constant were both 20.48 ms.
cutinase S120A in phosphate buffer, pH 7, containing 5%
D,O and 5 mM NaN. RESULTS

Characterization of MSG Micellar Solutions by FT-IR and .
DLS. The final concentration of MSG in the sample was _ ASsignment of the S120A Mutaiibe X-ray structure of

determined by ATR-FTIR measurements on a Bruker IFS the cutinase S120A mutant has previously been published

66V/S spectrometer. A total of 1@ of the final cutinase/ (21),’ but to our knowledge, no information on the NMR .
lipid interaction sample was extracted with 5@ of assignment has been reported. As the S120A mutation is

chloroform (99.9%- Sigmay), and chloroform was evaporated "€SPonsible for significant shifts in tHeNH-HSQC spec-
leaving the MSG. The MSG was dissolved in 20 of trum, it was necessary to make a new assignment of parts

toluene (99.9% Sigma), and 2g of octadecylsilane (97% of the backbone signals using HSQC and HNCA data, as

Sigma) was added as an internal standard. This was therV€!l @ building on the original NMR assignment data of

compared to standard curves using both nonanoic acid (freethe wild-type 5). The resulting assignment of S120A

fatty acid, 97% Sigma) and 1-monooleagk-glycerol (99% cutinase contains data for backbon& {98%), N (98%),
. . .. . . 0, 1 - i i
Sigma). The sizes of the lipid micelles were characterized 2Nd C (98%) with H'-N of amino acids 50, 87, 88, and 89

by DLS using a Postnova analytics instrument with a miss_ing. For visualization, thg changes are plotted on the
PDDLS/CoolBatch 90T detector. DLS measurements were Published 3D structure of wild-type cutinase (PDB code

carried out on the NMR samples containing both cutinase ,1CEX) @7. Thg wild-type structure was chosgn because of
and MSG. its better resolution of 1 A, rather than the published structure

ft of the S120A mutant (PDB code 1CUIRY) at 2.7 A

resolution. The changes plotted on the 1CEX structure can
be seen in Figure 2; the observed chemical shift changes
are mainly seen in and around the active site of cutinase,

shifts, HNCA spectra were used for sequential assignmentWlth the largest changes found n the loop regions and, as
of those regions of the protein where the changes in the expected, at the S't? Of_ the mutation. . )
chemical shift of the signals upon interaction with substrate ~Sample Characterizatiofthe produced MSG is essentially
made a safe assignment based on the reference spectrufdf the 1-monoacylglycerol type, but it is well-known that
impossible. The HSQC spectra were acquired using 4 scans®Cy! migration takes place3(), giving an equilibrium
with 4 K and 512 complex data points and a spectral width distribution of 1- and 2-monoacylglycerol with 88% of the
of 13 and 40 ppm in the direct and indirect dimension, Sh-1-isomer and 12% of then-2- isomer 81). Using FT-
respectively. The HNCA data was obtained using 32 scans!R. the final interaction sample was fognd to conta!n 2 mM
with 2 K complex data points and a spectral width of 13 5-MSG and 1.8 mM 16-MSG, respectively. DLS yielded a
ppm in the'H dimension, 24 complex data points and a hydrodynamic radius of the lipid aggregates of 4.3 nm.
spectral width of 40 ppm in théN dimension, and 64 Interaction with MSG.The signal-to-noise ratio in the
complex data points and a spectral width of 40 ppm in the HSQC spectra of the samples containing MSG was ap-
13C dimension. Thé5N T; andT, relaxation rate measure- ~ proximately 56-60% of its value in the spectra taken prior
ments R9) were acquired as pseudo-3D spectra using the to addition of MSG. Sincé*N-R; and R, did not change
standard Bruker interleaved pulse sequences. Delay timegor most residues, this is not a consequence of line broaden-
were 0.02, 0.1, 0.2, 0.4, 0.8, 1.6,chf s for theT, and 0,  ing, but attributed to a loss of protein during sample
16, 32, 48, 64, 80, 96, and 144 ms for fhedetermination. preparation, most probably in the centrifugation step em-
For theHN T, relaxation rates, a modified version of the ployed to remove large lipid aggregates.

HSQC spectrumZ7) was used incorporating an inversion The interaction of cutinase S120A with both the 5- and
recovery element (a 18@ulse onH followed by a variable 16-MSG resulted in significant chemical shift changes for
delay) prior to the HSQC pulse program. The data were approximately 20% of the residues. Their backbone signals
obtained with delay times of 0.01, 0.05, 0.15, 0.5, 0.9, 1.6, were reassigned using HSQC and HNCA spectra. In the
and 7 s.{'H}->N-NOE data 29) were collected with 72  presence of 5-MSG, the degrees of assignment obtained are
scans using the standard Bruker interleaved pulse programHN (96%), N (96%), and € (96%) with 194 H-N pairs
with 5 s ofirradiation on'H and a 3-9-19 water suppression assigned (amino acids 42, 43, 50, 87, 88, 89, 121, 177, 194
scheme in the reverse INEPT step prior to acquisition. The missing). In presence of 16-MSG, the degrees of assignment

NMR Measurement3o precisely determine chemical shi
changes from the reference to the interaction sample, both
13C decoupled®N'H-HSQC spectra7) and 3D-HNCA @8)
spectra were acquired. Apart from providing €hemical
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Ficure 2: Mapping on a 3D graphic representation of the calculated chemical shift changes between WT cutinase and S120A mutant.

Colors are black, no assignment; white) < 0.1 ppm; green, 0.X¥ Ad < 0.4 ppm; blue, 0.4< Ad < 0.8 ppm; and red, 0.8 Ad ppm.

A¢ is calculated aao =
picture. The structure used is 1CEX7].
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Ficure 3: Changes in chemical shifts in a region of cutinase S120A
HSQC spectrum upon addition of MSG. Green, no 5-MSG added;
Red, 1 mM of 5-MSG; blue, 2mM of 5-MSG.

are H' (95%), N (95%), and €(95%), with 193 H-N pairs

4/A6H2+(A6N/5)2. The N-terminal flexible tail is represented by a strand of 16 amino acids at the bottom of the

changes in the relaxation behavior of the protein upon
interaction with the spin-labeled monoacylglycerol. Through-

out this paper, changes in NMR parameters occurring upon
interaction with the lipid will be presented as

AX=X X

interaction” 1)
where X is the parameter in question and the subscript
“interaction” defines the parameter obtained in the presence
of MSG, while the subscript “reference” defines the param-
eter obtained in the absence of MSG.

The observed changes in relaxation behavior are sum-
marized in Figures 5 and 6. Data obtained fdR; y and
ARy N reveal only minute changes throughout the folded
domain of the protein. In the mobile N-terminal tail region,
changes ift®N relaxation behavior can be observed. On the
basis of the average,/R; ratio of the>N backbone atoms
of the structured parts of cutinase, the cutinase molecule has
a correlation time for overall tumbling,, of 18.3 ns. This
is somewhat higher than the 10.8 ns previously reported in
the literature 16). Differing sample conditions, especially
pH and ionic strength, can influence this value. The values
previously reported were measured at pH 5 in a 10 mM
acetate bufferi6). Changes observed in tfiéH} -1>N-NOE
upon interaction with MSG are shown in the Supporting

reference

assigned (amino acids 32, 42, 43, 50, 87, 88, 89, 121, 151,|nformation.

194 missing). An example of the observed changes in

More changes upon addition of MSG were observed in

chemical shift can be seen in Figure 3, showing the changeHN relaxation: large negativAR; 1 values are seen in the

in chemical shift with increasing 5-MSG concentration.

edges of the loop regions and, somewhat unexpected, also

Figure 4 shows the chemical shift changes plotted on the in the end of the N-terminal tail. Th&R; ;i data are plotted
3D-structure of cutinase. The changes in chemical shift were on the 3D-structure in Figure 7.

found to mainly occur within the active site and loop regions.

Relaxation rate changes of aliphatic protoA&{ ;) reveal

The magnitude and location of chemical shift changes upon a group of atoms that relax significantly faster upon addition

interaction with 5-MSG and 16-MSG are essentially identi-
cal.

Changes in the Relaxation Befar of Cutinase upon
Interaction with MSGBoth the presence of substrate itself

of 16-MSG. These data are visualized in Figure 8. A
corresponding effect could not be seen upon addition of
5-MSG. To verify, that the observed relaxation enhancements
originate from the DOXYL radical, relaxation rate changes

and the presence of a DOXYL radical in the substrate are of aliphatic protons were remeasured after reducing the
expected to modulate the relaxation parameters of the S120ADOXYL group with ascorbic acid. This resulted in a

cutinase. The effect is twofold: changes in local and overall
mobility will alter relaxation times, and the presence of the
free radical will enhance nuclear magnetic relaxation in its
proximity. *®N-T; and T, *HN-T;, and HC-T; relaxation
times as well as thg'H}-1>N NOE were measured to detect

complete removal of relaxation enhancements as seen in
Figure 6.

ESR.To verify the presence of the DOXYL radical during
the NMR data acquisition, an ESR spectrum was recorded
afterward, and as a reference, a sample of the pure
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Ficure 4: Mapping on a 3D graphic representation of the calculated chemical shift changes observed upon addition of (A) 5-MSG and (B)
16-MSG. Colors are black, no assignment; whit@, < 0.1 ppm; green, 0.X Ad < 0.4 ppm; blue, 0.4< Ad < 0.8 ppm; and red, 0.8

< A6 ppm.Ad is calculated agd\d = 4/Ad,*+(Ad,/5)°. The N-terminal flexible tail is represented by a strand of 16 amino acids at the

bottom of the picture. The structure used is 1CHEX)(
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FicURE 5: Measured changes in thé'ftbngitudinal relaxation rates\R; p, estimated uncertainty0.5 s'1) and NRy/R; relaxation rates
(ARi/R,, estimated uncertainty-0.08) upon addition of 5-MSG. Changes represented as a differexeeinteraction— reference. The
cutinase sequence is represented schematically on top of the graphe-métites ang3-strands as blue and black boxes, respectively.
Active site residues are marked with vertical bars. AS, active site; OX, oxyanion hole.

5-DOXYL-stearic acid was also measured. All NMR samples As no NMR assignment was available for this mutant, we
showed the presence of the DOXYL radical after NMR undertook a comparison between the active WT cutinase and

acquisition (data not shown). the inactive S120A mutant. Overall, no evidence for a change
in structure was found by introducing the mutation, as the
DISCUSSION detected changes in chemical shift wer8.05 ppm for H

S120Aversus WT Cutinasélhe S120A cutinase mutant and <0.1 ppm for N for all backbone Npairs, except for
was employed in this study in order to characterize inter- the N pairs in close vicinity to the S120A mutation. The
actions between the protein and monoglyceride substrateslargest chemical shift changes occurred at the mutation site
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FIGURE 6: Measured changes in relaxation rates upon addition of 16-M3®rgitudinal relaxation AR, y, estimated uncertaint0.65

s1), N R/R; relaxation ratesARy/R,, estimated uncertainty0.09), longitudinal relaxation rates from aliphatic side-chain protons before
(ARy 4, estimated uncertaint0.09 s1) and after AR a5 ase €Stimated uncertaint0.12 s1) reduction of the DOXYL radical by ascorbic

acid. Changes represented as a differente= interaction— reference. The cutinase sequence is represented schematically on top of the
graphs, witha-helices ang3-strands as blue and black boxes, respectively. Active site residues are marked with vertical bars. AS, active
site; OX, oxyanion hole.

and in the loop region immediately adjacent to the S120A 5N backbone relaxation measurements are used for the
mutation in space (Ala79Asn84) (Figure 2). This indicates  determination of the overall mobility. The common method
that the change brought about by the S120A mutation hadfor measuring mobility on the amino acid scale is {A} -
little or no influence on the actual structure of the protein. 15N NOE. NOEs are dependent on the mobility of the atoms
The published X-ray structure of S120A cutinagé)(also involved and are therefore a useful tool in describing local
indicates that the mutant structure is unaltered under crystal-mobility. In the case of cutinase, their use is, however, limited
lization conditions. This leads to the conclusion that cutinase to very flexible regions of the molecule, such as the tail
S120A only shows slight structural changes. The observedregion. Changes in intramolecular mobility of regions with
changes in chemical shift stem from changes in the chemicalmoderate flexibility can best be detected ¥y-relaxation,
environment caused by the removal of the Ser120-OH group. since!5N-relaxation is not sensitive enough in this particular
On the Interpretation of NMR DataVhen a protein is  motional regime{'H}-N NOE changes of cutinase upon
interacting with a substrate or a ligand, many effects come interaction with 5- and 16- MSG were collected. They did
into play, which make this event detectable by NMR. The not show any significant changes compared to the reference,
substrate will bind to the active site pocket of the enzyme, and are available as Supporting Information.
and this binding will alter the structure of the active site to correctly interpret the changes in the measured
some extent and change the mobility or freedom of motion. relaxation parameters, it is possible to simulate how they

qu'“ty changes can oceur-on the level of single amino depend on the correlation time, based on the equations given
acids, stretches of amino acids, or the whole protein by ref 32

molecule.

Several NMR tools are available to describe these changes; N @ddition, the MSG used here also carries a stable free
the simplest is to look for changes in the chemical shifts, as fadical in the form of a DOXYL spin label. Free radicals
the chemical shift for any given atom in the protein is given have the effect of enhancing relaxation. This effect is
by its chemical environment. Therefore, any change in the dlstance—dependgnt, and therefore, only atoms close to the
local structure of a protein will yield a change in the chemical POXYL group will show the effect.
shift of nearby atoms. However, chemical shift changes do Cutinase Interacts Weakly with the Lipid Micellékhe
not contain information about the nature of these changes.chemical shift changes occurring upon addition of lipids to

The information extracted from the various relaxation data the protein solution appear to be concentration-dependent
can be divided into three groups: overall molecular motion, at concentrations above the cmc (Figure 3). This is taken as
internal dynamics, and vicinity to the DOXYL moiety. evidence that the observed changes indeed stem from an
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Ficure 7: Mapping on a 3D graphic representation of the measured changes it baditudinal relaxation rates upon addition of (A)
5-MSG and (B) 16-MSG. Colors are black, either proline residues or no assignment or no reliable relaxation rate can be measured due to
spectral overlap; whiteAR; 4 > —3 s'%; green,—3 > AR,y > —8 s'%; blue,—8 > ARy yy > —16 s'; and red,—16 > AR, 4 s %

. Il ( r!- ~ N . -4
Ficure 8: Mapping of the changes in longitudinal relaxation rates from aliphatic side-chain pratBng)( upon addition of 16-MSG on
the structure 1CEX1(7). All methyl groups for which relaxation rates could be measured are shown in stick structure, with a detected

change ofAR; 5i > 0.3 st shown in red ARy 5i < —0.3 st shown in blue, and-0.3 < AR, 4 < 0.3 s'* shown in green. The active site
amino acids are colored in yellow. (A) All detected changes and (B) close-up of the active site region.

interaction of the protein with the lipid micelles. However, with the micelles is weak, and the association equilibrium
a strong binding of the cutinase molecule to the micellar is shifted toward the free enzyme molecule under our

surface can be ruled out based on th-R; and R, measurement conditions. However, during preparation of the
relaxation rates. The binding of a protein molecule to a larger protein/lipid sample, approximately 50% of the protein NMR
particle (e.g., a micelle) will result in an increasgg which signals were lost in a step involving centrifugation of large
in turn will result in an increasin@/R; ratio. As this was lipid aggregates. This indicates a significantly stronger

not observed, it is concluded that the interaction of cutinase interaction of the protein with these large aggregates.
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The Interaction between Cutinase and the Substrate Takes The fact that no significant differences are found in the
Place around the Acte Site.The observed chemical shift backbone relaxation data between the 5- and 16- MSG
changes upon lipid interaction are well in line with changes suggests that the glycerol moiety is responsible for the main
observed previously upon covalent binding dR®)-{,2- part of the changes observed.
dibutyl-carbamoylglycerol-33-p-nitrophenyl-butylphospho- Hydrophobic Residues Surrounding the AetiSite Are
nate (TC4) 20). Changes upon interaction larger than 0.1 Found To Interact with the Fatty Acidlhe ARy 4 only
ppm in'H and/or 0.2 ppm ir°N are found in the two loop  contains data for a limited number of atoms due to consider-
regions flanking the active site and the region around Ser able overlap in this region of the spectrum. In particular, we
42 of the oxyanion hole, suggesting that at least some |ack data from the N-terminal tail, as these signals are all
rearrangement is occurring in this region of the protein. The placed in crowded regions of the spectra. TR, 4 is the
oxyanion hole was reported to be preformed based on theonly data exhibiting the expected increase in relaxation rates
original X-ray structure X, 14); later NMR investigations  from the interaction with the DOXYL radical. Theoretically,
showed that the oxyanion hole had some flexibility in this enhanced relaxation rate could also stem from increased
solution and that this mobility was lost when binding to an molecular mobility upon protein substrate interaction. How-
inhibitor (16, 20). Chemical shift changes are low throughout ever, this is clearly not the case, as relaxation enhancements
the rest of the protein molecule. This leads to the conclusion vanish upon reduction of the DOXYL group by ascorbic acid,
that cutinase S120A mutant interacts with the substrate for some amino acids even turning into a relaxation decrease,
through the entrance of its active site pocket, as no chemicalshowing that the mobility of the loop in fact is decreased.
shift changes are detected on the rest of the surface. ThusAs seen in Figure 8, only residues in one of the loops next
no evidence for any secondary interaction site in the folded to the active site of cutinase exhibit enhanced relaxation. In
domain of cutinase has been found. In addition, there is alsoparticular, the atoms Leul82 {E1°), 11183 (QYH?%Y),
evidence that the bottom of the active site cavity is occupied Ala186 (C/HP), and Leul89 (&/H%) show an increasing
by the substrate. Thus, we conclude that cutinase S120Arelaxation rate. It must be noted that the Let/HZ pairs
interacts in the same way as the active wild-type protein are not stereospecifically assigned in the published NMR
would, even though S120A is lacking the ability to form assignment; thus, we do not know which of the two methyl
the covalent ES complex. groups is affected. Looking at Figure 8B, we see that the

Expected and Unexpected Mobility Changes upon Micelle invol\_/ed atoms are thqse protruding the furthest from the
Interaction.The data obtained foAR; ;4 show three distinct pr(gtelén surface. A previous studgq) reported that Leu189
regions for which relaxation properties change significantly. (C*/H°) directly interacts with TC4 (covalently bound
Two of these are located in the loops flanking the active inhibitor) and that residues 182, 1_83, 186, and 189 all have
site. Ser 92, Ala 93, Thr 173, and Gly 174 show the greatest & Contact surface larger than 16 ith TC4. Another study
changes upon interaction; both amino acid pairs are posi-With TC4 (20) also pointed at residues 183 and 189 to be
tioned at the edge of the loop regions, indicating that they mvol_v_ed in the interaction. Th|s study also reported altered
might act as a kind of hinges during the interaction, allowing mobility of the loop from re§|due 1719l )
for the loops to move. On the basis of our own relaxation ~Remarkably, only aliphatic methyl protons showed in-
data and data reported elsewhe26)( the effective correla- ~ creased relaxation rates upon interaction with the DOXYL

tion time for cutinase backbone atoms of the folded domain moiety, while not a single case of relaxation enhancement
is in the limit, where a decreasing, corresponds to  has been found for backboné'ldtoms. This is attributed to

decreasing molecular mobility. The loops surrounding the the fact that the relaxation enhancement is distance-dependent

active site are becoming less flexible upon interaction with and the effect on atoms on the surface of the protein is
the lipid micelle. This decrease in mobility of the loop therefore stronger than the effect on backbone atoms. Overall,

regions was also found when cutinase was covalently boundthe effect is very weak here, because the interaction between
to an inhibitor Q0). the protein and the lipid is quite weak, with its equilibrium

An interesting and somewhat unexpected finding is that shifted toward free cutinase.

also Thr 3, Ser 4, Asn 5, and to some extent a!l amino agids CONCLUSION

up to Thr 18 show a large change in relaxation behavior.

This strongly indicates that the tail region of cutinase is in  From the data presented above, it is possible to infer a
one way or another affected by the presence of the lipid. picture of the substrate interaction of cutinase. In solution,
The first 15 N-terminal amino acids of the cutinase used in cutinase maintains mostly a rigid structure with some flexible
the present study are a remnant of a 31 amino acid pre-pro-elements, essentially the N-terminal tail and the two loops
peptide and are, as such, not of prime interest. Neverthelessflanking the active site. The flexibility of the active site loops
in the literature, both this particular variant of cutinase as is likely to make it possible for cutinase to have an activity
well as a variant devoid of this N-terminal stretch of 15 toward water-soluble esters. When cutinase is presented with
amino acids have been used, and there seems to be n®MSG micelles, it will loosely interact with their surface. No
consensus on its significance (or lack thereof). We show heredirect evidence for an additional binding site was found in
that the N-terminal tail becomes less flexible by the binding this study. However, we observe mobility changes in the tail
of cutinase to a monoacylglycerol substrate. There is noregion of the protein, distant from the active site, upon
evidence for any role of the tail residues in substrate interaction with the lipid. Interaction with the micelles also
interaction. Probably, the random movement of the tail is results in a rearrangement of the active site loops and a
restricted to a smaller volume when cutinase binds to the lowered mobility of the loop regions. The fact that this
substrate, resulting in the observed lower mobility. mobility change is most predominant at the edge or anchor
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point of the loop region supports the idea of a “mini-lid” or
“flap helix” and the need for some structural rearrangement
upon substrate binding as suggested by Prompers €Gal. (

Spin-labeled lipids were shown to be a valuable means of
obtaining information on the interaction between esterases
and their substrates in solution.
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