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Human ay-antitrypsin (¢1-P1) is a member of the serpin superfamily of proteins. The
reactive site loop (RSL) of the serpin binds to the active site of its target proteinase,
Deficiency of oj-antitrypsin is associated with a spontaneous conformational
transition in the molecule which leads to a polymer formation. Mild conditions (1 M
guanidinium-HCI), temperature and point mutations within the RSL are the factors
that induce polymerisation. Initiation of this process has been associated with the
disruption of a salt bridge Glu342—Lys290. In this paper the interaction of guani-
dinium ion with Glu342 and Lys290 as well as the effect of this interaction on the
mobility of RSL is studied by molecular modelling.

Human ay-antitrypsin (at;-PI), the mostabun-
dant circulating proteinase inhibitor, is a mem-
ber of the serpin superfamily of proteins [1].
The polypeptide chain structure of the inhibitor
is highly ordered into three B-sheets (A, B and
C) and several a-helices [2]. The region of ;-
antitrypsin that binds to the active site of its
target proteinase (residues 343-363) is an ex-
posed loop that has been called the reactive site
loop (RSL). The RSL of small proteinase inhibi-
tors, as those of the Kunitz family, are held in a
tightly constrained conformation by interac-
tion with the body of the inhibitor. The tertiary
structure of the RSL (called the canonical form)
is conserved among inhibitors from different

families. The RSL conformation of small inhibi-
tors is essentially the same in free and bound
inhibitors, and it is thought that the stabilisa-
tion of its structure, by interaction with the
body of the inhibitor molecule, is important for
the formation of the tight complex with cognate
proteinase [3]. In contrast to the tight con-
strained reactive site loop of Kunitz inhibitors,
serpins have mobile RSL able to move in and
out of the A f-sheet [4]. It is assumed that this
mobility is critical to serpin function. The pep-
tide bond between residues 358 and 359 of the
antitrypsin RSL is cleaved if the inhibitor-pro-
teinase complex is dissociated. The cleavage is
followed by the insertion of 16 residues on the
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amino terminal side of the RSL into the middle
of the A sheet. This places residues 358 and 359
at opposite ends of the molecule, about 70 A
apart, and results in loss of inhibitory activity.
Recent reports have confirmed that the ex-
posed RSLis able to adopt other conformations
such as in PAl-1 where full insertion of the
intact RSL into the A sheet has been crystal-
lographically demonstrated [5]. This confor-
mation has been known as a latent state and is
predicted for antitrypsin and found for ATIII
[6]. The exposed, mobile RSL can also interact
with the A and the C sheet of adjacent mole-
cules leading to the polymerisation via A sheet
and C sheet mechanisms, respectively. Mild
conditions (1 M GuHCI), temperature and
point mutations within the RSL are the factors
inducing polymerisation. OQur recent results
suggest that GuHCI highly increases the RSL
mobility [7]. This can be due to disruption of a
salt bridge between Glu342 and Lys290. The
lost salt bridge may cause insertion of the RSL
into the A sheet with simultaneous release of 1C
strand. The RSL of an adjacent molecule could
thus insert into the gap created in the C sheet.
In this paper we use molecular modelling to
study the details of the interaction between
guanidinium ion and the residues which com-
prise the salt bridge, as well as the influence of
the ligand on the RSL mobility.

MATERIALS AND METHODS

The three-dimensional crystal structure of the
cleaved ay-antitrypsin molecule (Met358 and
Ser359 of the reactive site loop are separated by
approx. 70 A) is deposited with the Protein Data
Bank (7api} [2]. The structure was the initial
configuration in the studies described in this
paper. The crystal structure of the uncleaved
aj-antitrypsin molecule has been determined
by X-ray crystallographic methods [8], how-
ever, it has not been deposited with Protein
Data Bank yet, neither has it been made avail-
able to us otherwise.

All simulations described in this paper were
performed with the molecular mechanical
simulation package Amber 4.0 [9]. The united-
atom OPLS [10] force field for the protein and
ligand molecules and TIP3P [11] force field for
the water were used. In the protein all terminal
residues were charged and histidines were in

the protonated form. In simulations where
water was not included explicitly, to mimic the
presence of water, the distance dependent die-
lectric constant was used, otherwise it was set
to 1.0. A residue based cutoff radius of 12 A was
applied. The pair list was updated every 50
steps. The integration time step was set to 2 fs.
The bonds involving hydrogen atoms were
kept rigid during molecular dynamics simula-
tions by using the SHAKE method [12].

Modifications of the protein structure were
done with modules of BioSym program [13].

Our first goal was to construct a stable
uncleaved form of aj-antitrypsin closest to the
one published by Song et al. [8]. The procedure
to obtain it consisted of several steps, First, 4A
strand and part of 1C strand, which comprise
the reactive site loop in the native molecule
(residues 343-363), were separated from the
molecule. The two strands were linked into one
fragment. Several torsion angles in the poly-
peptide chain of the fragment were changed to
form a distorted helical conformation resem-
bling the one found by Song ef al. [8]. Three
other conformations of the fragment were
generated in a similar way. Each of the above
four fragments (reactive site loops) was built
into a modified protein molecule and four such
generated protein structures were optimised by
energy minimisation. In further studies the
molecule of the lowest energy conformation
was used.

Molecular dynamics (MD) simulation of the
whole optimised structure of the uncleaved
molecule was performed for 500 ps. During the
first 150 ps temperature of the system was in-
creased from 10 K to 300 K; the last 350 ps
simulation was carried out at 300 K.

The first attempt to establish whether a gua-
nidinium ion can change the stability of the salt
bridge between Glu342 and Lys290 was to per-
form energy minimisation for the protein with
the ligand for six different, arbitrary chosen
starting arrangements. In four cases, the opti-
mised uncleaved protein molecule was used;
the ligand was placed in such a way that the
distance between its closest nitrogen atom and
the closest oxygen atom of the side chain of
Glu342 was 2.70, 3.54, 3.97 and 447 A, respec-
tively. In one of the minimisations (3.97 A) ex-
plicit water was included. In two other cases,
the molecule conformation was the one ob-
tained after 170 ps of MD simulation (cf. above)
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and the distance between Glu342 and the li-
gand was 2.74 A. One of the minimisations was
performed in the absence and the other in the
presence of water. In all calculations where
water was explicitly included, only a fragment
of the molecule comprising the reactive site
loop and adjacent residues (residues 341-364
and 290) was hydrated with a spherical cap of
Monte Carlo water. The number of hydrating
water molecules was 605.

Finally, MD simulation was performed for the
hydrated (see above) aj-antitrypsin in the
presence of 20 ligand molecules. The starting
conformation of the protein was its dynamic
structure obtained in the MD simulation with-
out explicit water and ligand molecules, after
500 ps. The ligand molecules in the cationic
form were randomly placed around Glu342
inside the water cap; their number corre-
sponded to the concentration (1 M GuHCI)
used in experiments [7]. No anions were added
to neutralise the solution. In this simulation only
the atoms of the hydrated residues and of the
ligand and water molecules were allowed to
move. The system temperature was set to 310 K.

RESULTS

The first step in the study of the effect of
guanidinium ions on the behaviour of the reac-
tive site loop of wty-antitrypsin was the con-
struction of an uncleaved molecule structurally
similar to its active form [8]. The presumption
that the guanidinium ion disrupts the salt
bridge Glu342—Lys290 (Fig. 1) was tested in
the series of energy minimisations of the pro-
tein with the ligand. To see the direct effect of
the ligand on the mobility of the reactive site
loop two MD simulations were performed: one
of the sole aj-antitrypsin molecule and the
other of the molecule in the presence of ligand
molecules and explicit water.

Optimised structure of the uncleaved w-anti-
trypsin

Four starting structures (cf. Materials and Me-
thods) of the uncleaved form of aj-antitrypsin
obtained by model building were optimised by
energy minimisation. The minimum energies
for the four structures were -3940.5, —4000.3,
—4001.8, —4026.4 kcal/mol, respectively. The
structure with the lowest energy was used for

further analyses. This structure resembles
closely the structure of the uncleaved ay-anti-
trypsin determined by Song et al. [8].

Molecular dynamics simulation of aj-antitrypsin
Protein without ligands — system equilibration

MD simulation was carried out for 500 ps
starting from the lowest energy, optimised
structure of o;-antitrypsin. The energy and
temperature profiles of the system are shown
in Fig. 2A. The potential energy stabilises after
approx. 250 ps. For further analyses 200 ps
trajectory (300-500 ps) was used.

Hydrated protein with ligands — system equilibration

MD simulation was carried out for 300 ps. The
starting conformation of the protein was the
dynamic structure obtained in the sole mole-
cule MD simulation (see above) after 500 ps.
Residues 341-364 and 290 were hydrated and
20 ligand molecules were placed around
Glu342 inside the water cap. The energy and
temperature profiles of the system are shown
in Fig. 2B. The potential energy stabilises within
100 ps. For further analyses 200 ps trajectory
(100-300 ps) was used.

Met358-5erdfd—

Glu342-Lys290

Fig. 1. The optimised structure of the uncleaved
ay-antitrypsin.

The place where the reactive site loop is cleaved after the
inhibitor-proteinase complex is dissociated isshown. The
salt bridge between Glu342 and Lys290 is also indicated.
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Fig. 2. The profiles of (a) potential energy and (b) temperature for the whole course of molecular dynamics
simulation of ci-antitrypsin without ligands (A); with ligands (B).

Effect of the guanidinium ion on the stability of
the salt bridge Glu342—Lys290

Energy minimisation of a-antitrypsin with ligand

Six energy minimisations of «j-antitrypsin
with one ligand molecule were performed (cf.
Materials and Methods).

Inall cases, except for 4.47 A, the final distance
between the closest nitrogen atom of the ligand
and the closest carboxylic oxygen atom of the
side chain of Glu342 in the energy optimised
configuration was approx. 3 A. Both in the hy-
drated and non-hydrated systems, the distance
between the carboxylic oxygen atom of Glu342
and the amine nitrogen atom of Lys290 slightly
increased (0.03-0.20 A) in the presence of li-
gand. Larger increase was observed in the cases
when the initial structure was the one after 170
ps of MD simulation. Such results suggest that
guanidinium ion might destabilise Glu342-
Lys290 interaction.

Molecular dynamics simulation of ai-antitrypsin with-
out ligand

To see a direct influence of the guanidinium
ion on the stability of the salt bridge
Glu342—Lys290 MD simulations of the protein
in the absence and in the presence of ligand
molecules were performed. In the absence of
ligand the distance between the atoms forming
the salt bridge (i.e. an oxygen atom of the
Glu342 carboxyl group, OE1, and the nitrogen
atom of the Lys290 amine group, NZ) is ap-
proximately constant over the whole course of

simulation (Fig. 3a). However, in the dynamic
structure of the protein the distance is smaller
by about 1.0 A than that in the crystal (Fig. 3a).
Geometrical analysis of the relative arrange-
ment of OE1 and NZ in the dynamic structure
of wy-antitrypsin indicates the formation of a
tight hydrogen bond (H-bond) between Glu342
and Lys290, whereas in the crystal (7api) such
a H-bond is not formed. Thus, the interaction
between these two residues is weaker in the
crystal.

Molecular dynamics simulation of hydrated ay-antitryp-
sin with ligand

The disruption of the salt bridge Glu342—
Lys290 induced by the presence of a guanidi-
nium ion resulted from the formation of stable
H-bonds between an oxygen atom of the Glu-
342 carboxyl group, OE], and a nitrogen atoms
of the ligand molecule, and also between the
nitrogen atom of the main chain of Lys290 and
the oxygen atom of Pro219. A H-bond was con-
sidered stable if its life time was longer than 100
ps.

In MD simulation one of the ligand molecules
forms stable H-bonds with Glu342 within first
picoseconds. In this interaction, the carboxylic
oxygen OE1 of the side chain of Glu342 forms,
for most of the time, H-bonds with two ni-
trogen atoms of one ligand molecule (Figs. 3
and 4). After about 230 ps, another stable H-
bond is formed between another ligand mole-
cule and the second carboxylic oxygen atom,
OE2, of Glu342. Concomitant with the forma-
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tion of the first H-bond between Glu342 and a
ligand molecule, the side chain of Lys290
moves away from Glu342 and its main chain
nitrogen atom eventually forms a H-bond with
the main chain oxygen atom of Pro219. During
the first picoseconds, when the first hydrogen
bond between OE1 and ligand is formed, there
is no water molecule in the vicinity of Glu342.
However, in later times, short lived (less than
40 ps) H-bonds between OE1 or OE2 and water
are occasionally formed (OE1 and OE2 have the
same point charges).

Figure 3 shows relative distances of the atoms
in Glu342 and Lys290 engaged in the salt bridge
during the course of simulation (a) without
ligand, (b) with ligands, as well as the relative
distances of atoms in Glu342 and ligand mole-

R W
250

HN1 (e) of another ligand mole-
cule, Ligand 2.

cules engaged in H-bonding (Figs. 3c, d, e). In
the absence of ligand molecules (simulation
started from the optimised crystal structure)
the initial distance between OE1 of Glu342 and
NZ of Lys290 is about 3.5 A. Such a distance
does not indicate a formation of a H-bond.
Within the first picoseconds, the distance de-
creases to an average value of 2.55 A £ 0.08
indicating a formation of a strong H-bond (the
average value of O—N—H angle is 7.6" £ 4.18).
In the presence of ligand molecules the initial
distance between OE1 and NZ is about 2.6 A
(simulation started from the dynamic struc-
ture). Within the first picoseconds, the distance
increases to an average value of 7.0 A + 1.2, At
the same time, a ligand molecule, initially away
from Glu342, approaches it and a stable H-
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Fig. 4. Two snapshots of the
relative arrangement of Glu342,
Lys 290 Lys290 and two :'Egand molecules,
Gu, at the initial time (t=0ps) and
after 300 ps molecular dynamics
sl oLl simulation (¢ = 300 ps).

bond is formed between OE1 and one of the
nitrogen atoms of the ligand (Fig. 3c). After a
few picoseconds a second H-bond is formed
between the same oxygen atom and another
nitrogen atom of the same ligand molecule (Fig.
3d). Another ligand molecule makes the third
H-bond with Glu342 after about 230 ps (Fig. 3e).
[n this bond the second carboxylic oxygen, OE2,
of the Glu342 side chain is engaged (Fig. 4).

Mobility of the as-antitrypsin RSL
Stability of the reactive site loop was de-
scribed in terms of the formation of H-bonds

between atoms of the site loop residues (343—
363) and atoms of other residues of oty-antitryp-

RA&F

a4 1 [y AT T R
o il LS T oo 135 150 175 i)
Time (pa)

Fig. 5. Rotational autocorrelation function of the
C=N bond of Gly349 (centre of the reactive site loop)
for molecular dynamics simulation of wy-antitryp-
sin (a) without ligands and (b) with ligands.

sin. Also, by calculating rotational auto- corre-
lation function of C—N bond of Gly349 which
is the central residue of the reactive site loop.
Results for the molecule in the absence of li-
gands were compared with those for the mole-
cule in the presence of ligands. As above, a
H-bond was considered stable if its life time
was longer than 100 ps.
H-bonding within aj-antitrypsin without ligand

One of the carboxylic oxygen atoms of Glu346
forms stable H-bonds with both the nitrogen
atom in the side chain of Arg196 and the ni-
trogen atom of the side chain of Lys201. The
other carboxylic oxygen atoms of Glu346 form
stable H-bonds with two nitrogen atoms of the
side chain of Argl96. Also, the oxygen atom of
the main chain of Ile356 makes two H-bonds
with the oxygen atom of the hydroxyl group of
Ser285 and a nitrogen atom of the ring of
His287. The carboxylic oxygen of Glu363 forms
a stable H-bond with the nitrogen atom of the
amine group of Lys368. Much less stable H-
bonds are made between Glu354 and Ser359
within the reactive site loop. Although tempor-
ary H-bonds involving sulphur atoms are
formed, their lifetimes are too short for them to
contribute significantly to the stability of the
reactive site loop structure.
H-bonding within aj-antitrypsin with ligands

Some of the intramolecular H-bonds present
in the system without ligand molecules are
found in the system with ligand molecules:
Glu346 forms H-bonds with Arg196 and Lys201
as well as Glu363 forms H-bond with Lys368.
However, the H-bonds made by Ile356 with



Vol. 43

o.1-Antitrypsin reactive loop _ 473

Ser285 and His287 appear only initially. In their
place a H-bond between the oxygenatom of the
main chain of Glu363 and the oxygen atom of
the side chain of Ser285 is formed. The “intra-
loop” H-bond between Glu354 and Ser359 is
not formed.

In the presence of ligands, the reactive site
loop assumes rather an upward whereas in the
absence of ligands rather a leaning towards the
molecule position.

Rotational mobility of the reactive site loop of wz-anti-
trypsin without ligand

Rotational autocorrelation function (RAF) of
C—N bond of Gly349 in the centre of the reac-
tive site loop was calculated (Fig. 5a). The func-
tion practically remains constant and equal to
1.0 for 300 ps analysis time. Small noise present
in the function indicates that the bond wobbles
inside a very restricted volume.

Rotational mobility of the reactive sife loop of aj-anti-
trypsin with ligands

Rotational autocorrelation function of the
same bond in the presence of ligands was cal-
culated for 200 ps analysis time (Fig. 5b). The
function decays to zero within approx. 130 ps
and then becomes negative, Large noise pres-
ent in the function indicates high amplitude
wobbling of the bond. The change in sign of
RAF means that the bond changes its direction
with time — this can result only from a substan-
tial bending of the loop.

DISCUSSION

It is now widely accepted that deficiency of
a-antitrypsin is associated with a spontaneous
conformational transition in the molecule
which leads to a polymer formation. The muta-
tion in Z aj-antitrypsin involves replacement
of only one amino acid at the base of the reac-
tive site loop (RSL) of the molecule (glutamic
acid at position 342 is replaced by lysine) [14].
This replacement is responsible for the loss of a
salt bridge occurring in the intact inhibitor be-
tween Glu342 and Lys290. This leads to a high
increase in the RSL mobility allowing sponta-
neous polymerisation of the variant by the in-
sertion of its RSL into the A sheet of an adjacent
molecule.

The formation of aj-antitrypsin polymers is
observed in the presence of 1 M GuHCI [7] at

physiological temperature. It has been postu-
lated that breaking of the salt bridge is also
involved in the process of native inhibitor poly-
merisation [7]. The above presumption, based
on the experimental results, was tested in the
course of molecular dynamics simulations. In
the systems containing the inhibitor and gua-
nidinium ions (their concentration correspon-
ded to 1 M solution) there are two concomitant
processes initiated within the first picoseconds.
The first, of forming stable H-bonds between
one of the ligand molecules and Glu342. After
about 200 ps another ligand molecule makes a
H-bond with the same residue. The second, of
moving Lys290 away from Glu342. Lys290
eventually forms a stable H-bond with Pro219.
In the absence of ligands the distance between
Glu342 and Lys290 decreases from its initial
value of 3.5 A in the crystal to 255 A. The
mobility of the RSL of aj-antitrypsin in the
presence of ligands is much higher then that in
the absence of ligands.

A strong H-bond between Glu342 and
Lys290 in the dynamic form of ay-antitrypsin
without ligand would indicate that stabilisa-
tion of RSL, due to Glu342-Lys290 interaction,
might be higher than it was anticipated from
the salt bridge distance in the crystal form.
Formation of the H-bond could explain the
results of Mast et al. [15] and Lomas et al. [16]
that polymerisation for native inhibitor takes
place at high temperature compared to that
inducing polymerisation for oy-antitrypsin
with Z mutation which lacks Glu342-Lys290
interaction.

Experimental results suggest that the GuHCI
induced disruption of the Glu342—Lys290 salt
bridge increases the RSL mobility and enables
insertion of the RSL into the A sheetat the depth
of at least five residues [7, 17]. The insertion of
oy-antitrypsin RSL into its own A sheet might
be accompanied by the release of 1C strand
which creates a free space for binding the RSL
of an adjacent molecule. MD simulation shows
that in the presence of ligands a new stable
hydrogen bond is formed between Glu363
(which belongs to 1C strand) and Ser285. This
might indicate that the 1C strand is pulled out
of the C sheet in these conditions. If this mech-
anism were proven in further computer mod-
elling studies it would explain the C sheet
polymerisation observed experimentally in the
presence of GuHCI [7].
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Although in MD simulation of the protein
without ligands water was not explicitly in-
cluded, the effect of water was approximated
by applying a distance dependent dielectric
constant. Such an approximation adequately
models the screening effect of water, however,
it cannot model direct interaction between the
molecule and solvent. For this reason, a special
attention was paid to establishing whether in
the explicitly hydrated system which includes
ligands, direct H-bonds with water in the site
of Glu342 and Lys290 are formed. During the
tirst picoseconds of simulation, when the dis-
ruption of the salt bridge occurs, such bonds
have not been formed. This result strongly sug-
gests that the disruption of the salt bridge in
mild conditions is due entirely (mainly) to the
interaction of guanidinium ions with Glu342.
Although direct effect of water or of the net
positive charge of the hydration sphere cannot
be totally ruled out at this stage, their signifi-
cant contribution to the salt bridge disruption
would be at variance with experimental results
[17]. Nevertheless, we will continue this study
to get better understanding of the basic pro-
cesses leading to oy-antitrypsin polymerisa-
hon.

REFERENCES

1. Carrell, R. & Travis, ]. (1985) cu-Antitrypsin and
the serpins: Variations and counter-variations.
Trends Biochem. Sci. 10, 20-24.

2. Loebermann, H., Tokuoka, R., Deisenhofer, J. &
Huber, R. (1984) Human o;-proteinase inhi-
bitor: Crystal structure analysis of two crystal
modifications, molecular model and preli-
minary analysis of the implications for function.
J. Mol. Biol. 177, 531-556.

3. Bode, W. & Huber, R. (1991) Ligand binding;
Proteinase-protein inhibitor interactions. Curr.
Opin. Struct. Biol. 1, 45-52.

4. Carrell, WR. & Evans, D.L.L (1992) Serpins:
Mobile conformation in a family of proteinase
inhibitors. Curr. Opin. Struct. Biol. 2, 438-446.

5. Mottonen, |., Strand, A., Symersky, J., Sweet,
R.M., Danley, D.E., Geoghegan, K.F, Gerard,
R.D. & Goldsmith, E.J. (1992) Structural basis of
latency in plasminogen activator inhibitor-1.
Nature (London) 355, 270-273.

6. Carrell, R.W.,, Stein, PE., Fermi, G. & Wardell,
M.R. (1994) Biological implications of a 3 A

structure of dimeric antithrombin. Structure 2,
257-270.

7. Koloczek, H., Guz, A. & Kaszycki, P. (1996)
Fluorescence detected polymerisation kinetics
of human ai-antitrypsin. J. Protein Chem. (in
press).

8. Song, HK,, Lee, KN., Kwon, K.-5,, Yu, M.-H. &
Suh, 5.W. (1995) Crystal structure of an uncle-
aved ai-antitrypsin reveals the conformation of
its inhibitory reactive loop. FEBS Lett. 377, 150
=154,

9. Pearlman, D.A., Case, D.A., Caldwell, ].C.,
Seibel, G.L., Singh, U.C., Weiner, P. & Kollman,
P.A. (1991) AMBER 4.0 University of California,
San Francisco.

10. Jorgensen, W.L. & Tirado-Rives, J. (1988) The
OPLS potential functions for proteins. Energy
minimization for crystals of cyclic peptides and
crambin. [. Am. Chem. Soc. 110, 1657-1666.

11. Jorgensen, W.L., Chandrasekhar, ]., Madura,
J.D., Impey, R. & Klein, M.L. (1983) Comparison
of simple potential functions for simulating
liquid water. [. Chem. Phys. 79, 926-935.

12. Ryckaert, |.P, Cicotti, G. & Berendsen, H.J.C.
(1977) Numerical integration of the Cartesian
equations of motion of a system with con-
straints: Molecular dynamics of n-alkanes. .
Comp. Phys. 22, 327-341.

13. Biosym Technologies Inc., San Diego, CA,
US.A.

14. Lomas, D.A., Evans, D. L.L, Finch, ].T. & Carrell,
R.W. (1992) The mechanism of Z a1-antitrypsin
accumulation in the liver. Nature (London) 357,
605-607.

15. Mast, A.E., Enghild, ]J. & Salvesen, G. (1992)
Conformation of the reactive site loop of
di-proteinase inhibitor probed by limited
proteolysis., Biochemistry 31, 2720-2728.

16. Lomas, D.A., Elliott, P.R., Chang, W.-5.W.,
Wardell, M.R. & Carrell, R.W. (1995) Preparation
and characterization of latent aj-antitrypsin. J.
Biol. Chem. 270, 5282-5288.

17. Kotoczek, H., Banbula, A., Salvesen, G.S. &
Potempa, J. (1996) Polymerization and confor-
mational status of the serpin aj-proteinase
inhibitor probed by intrinsic tryptophan
fluorescence spectroscopy. Protein Structure (in
press).



