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ABSTRACT: Eglin c from the leeclidirudo medicinaliss a potent protein inhibitor of many serine proteinases
including chymotrypsin and subtilisins. Unlike most small protein inhibitors whose solvent-exposed enzyme-
binding loop is stabilized primarily by disulfide bridges flanking the reactive-site peptide bond, eglin ¢
possesses an enzyme-binding loop supported predominantly by extensive electrostatic/H-bonding
interactions involving three Arg residues (Arg48, Arg51, and Arg53) projecting from the scaffold of the
inhibitor. As an adjacent residue, the C-terminal Gly70 participates in these interactionsovizaitsoxyl

group interacting with the side chain of Arg51 and the main chain of Arg48. In addition, the amide NH
group of Gly70 donates an H-bond to the carbons@ groups of Arg48 and Arg51. To understand the
structural and functional relevance of the electrostatic/H-bonding network, we chemically synthesized
wild-type eglin ¢ and three analogues in which Gly70 was either deleted or replaced by glycine amide
(NH2.CH,CONH,) or by a-hydroxylacetamide (HOC}¥ONH,). NMR analysis indicated that the core
structure of eglin c was maintained in the analogues, but that the binding loop was significantly perturbed.
It was found that deletion or replacement of Gly70 destabilized eglin ¢ by an average of 2.7 kcal/mol or
20 °C in melting temperature. As a result, these inhibitors become substrates for their target enzymes.
Binding assays on these analogues with a catalytically incompetent subtilisinrBiRaht indicated that

loss or weakening of the interactions involving the carboxylate of Gly70 caused a decrease in binding by
approximately 2 orders of magnitude. Notably, for all four synthetic inhibitors, the relative free energy
changesAAG) associated with protein destabilization are strongly correlated (stdp&4,r2 = 0.9996)

with the AAG values derived from a decreased binding to the enzyme.

Most small protein inhibitors of serine proteinases obey a analyses, certain flexibility in the binding loop seems to be
so-called “standard mechanism” by which they interact, like necessary for an inhibitor to be able to target a number of
a good substrate, with their cognate enzymes by fitting the different enzymes?). It has been suggested that the interplay
exposed reactive-site binding loop into the active-site cleft of rigidity and flexibility of the binding loop plays an
of the enzymeX—3). Even though the reactive-site binding important role in defining an inhibitor’s binding actiod)(

loop in inhibitors, upon binding to the enzyme, adopts the  Tne rigidity of the binding loop in most small protein
same complementary, canonical conformation as it does inprgteinase inhibitors is provided by covalent interactions
substrates, the turnover rate (enzymatic cleavage at theyetyeen the loop region and the rest of the molecule through
scissile reactive-site peptide bond) for inhibitors is in general yisuifide bridges flanking the reactive-site peptide bond.
extremely slow. Eglin c of the leectHirudo medicinalis(5, 6), a 70-residue

A slow turnover rate has often been suggested t0 be ygtein inhibitor of many serine proteinases such as human
attributable to the rigidity of the binding loop. This is leukocyte elastase, human cathepsin G, bovirghymo-
understandable because a rigid reactive-site peptide bond Wl|ltrypsin, and subtilisins7, 8), is clearly an exception. Three-
effectively elevate the activation energy barrier to the §imensional structures of eglin 9,(10) and eglin ¢
transition state, deterring a productive nucleophilic attack complexes with a number of serine’proteinases have been
on the peptide bond by the enzyme. On the other hand, sincggnqrted; including bovine-chymotrypsin L), subtilisin
the binding loop of inhibitors becomes more rigid UPON ' aygherg 12, 13), subtilisin BPN (14), and thermitasels).
complex formation, as observed in high-resolution structural ;e recently, a chemically synthesized truncated form of

eglin ¢, (8-70)S41C, has been crystallized in complex with
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Ficure 1: Panel A: X-ray crystal structure of synthetic{80)S41C eglin c in complex with SBPM)( The enzyme-binding loop of eglin

c is depicted in green. Panel B: Close-up view of the electrostatic interactions that support the binding loop of eglin c, as seen in the crystal
structure of the complex. The nitrogen and oxygen atoms are depicted in blue and red, respectively. The C-terminal Gly70 participates in
these interactions via its-carboxyl group forming a salt bridge with the side chain of Arg51 and accepting an H-bond donated by Arg48N.

In addition, the amide NH group of Gly70 donates a bifurcated H-bond to the carber@l @oups of Arg48 and Arg51.

structuring of the binding loop comes from interactions purchased from Novabiochem; Boc-Gly-O&RAM-resin,
between Asp46 and Arg48. Mutations involving Thr44Pro, Boc-Val-OCH-PAM-resin, and DIEA were obtained from
Asp46Ser, Arg51Lys, and Arg53Lys cause either a decreaseApplied Biosystems. Boc-Gly-(thioester linker)-amino-
in inhibition or a transformation of the inhibitor into a methyl-resin was prepared by Gina Figliozzi according to
substrate, presumably due to the weakening of the H-bondingpublished procedure4 8, 19). Thiophenol, bromoacetic acid,
network and a corresponding increase in flexibility of the and glycolic acid were purchased from Aldrich Chemical
enzyme-binding loop1(). Co. CHYM was purchased from Worthington Biochemical
The C-terminal Gly70 is adjacent to the loop region in Co. SCAR was obtained from Sigma Chemical Co. Gene-
the folded state of the protein, and also forms an important nase, a catalytically incompetent H64A mutant of SBRB (
element of the structure. Specifically, the Gly residue partici- 21), was generously provided by the Wells laboratory at
pates in the extensive electrostatic/H-bonding network by Genentech, Inc. The chromagenic substrate Suc-GGF-pNA
interacting itsa-carboxyl group with Arg51Nand Arg51N? used in enzyme activity assays was purchased from Bachem
(a salt bridge), and by accepting an H-bond donated by Bioscience Inc. Solvents commonly used in peptide synthesis
Arg48N (Figure 1). In addition, the amide NH group of and purification, namely, TFA, DMF, DCM, and ACN, were
Gly70 forms an H-bond to the carbony=D groups of obtained in HPLC grade or better.
Arg48 and Arg51. To understand the structural and functional MethodsAnalytical and preparative reversed-phase HPLC
importance of these interactions involving Gly70 in eglin ¢, was performed on a Rainin Dynamax HPLC system equipped
we chemically synthesized, via native chemical ligatib?) with interchangeable pump heads, an analytical Vydac C-18
(1—70)S41C eglin ¢ and three analogues in which Gly70 column (5um, 4.6 x 150 mm), and a preparative Vydac
was either deleted or replaced by glycine amide or by C-18 column (1520 um, 22 x 250 mm). Solvent A for
o-hydroxylacetamide. We report here a characterization of HPLC purification was water containing 0.1% TFA, solvent
the covalent and three-dimensional structure of the four B 100% ACN containing 0.1% TFA. Mass spectrometry
synthetic proteins by electrospray ionization mass spectrom-analysis was carried out on a PE Sciex ARdlectrospray
etry and'H NMR? spectroscopy, and an in-depth evaluation
of their kinetic and biophysical properties by inhibitory 1 Abbreviations: 2D, two-dimensional; ACN, acetonitrile; Boext-
activity assay, calorimetric thermal denaturation, and GUHCI- butyloxycarbonyl; CD, circular dichroism; CHYM, bovinechymo-
induced denaturation monitored by circular dichroism. Our t[?I’ESAi”,:\I ﬁ%?Y’ forff';’iﬁi?"ms_r?e_cgﬁﬂsgog)r’; ?hcl'}"’r rgicr:]‘_'g“?g‘agge?
_reSUIt_S show that the, ?lec,trOSta_CtiC_/ I—_i-bonding_ interac;ions dimet’hyI’ sulflé)sxci’gec;)%/S%,)(/ji?ferler?fial st:a’\nr:in(ga CZIoorimgte;; eD’SS, 3-(t}i-
involving Gly70 are critical in the inhibitory activity of eglin  methylsilyl)-1-propane-1,1,2,2,3@ sulfonic acid; ESI-MS, electro-
c. This supports the premise that the rigidity of the binding spray ionization mass spectrometry; HBTU, H¢benzotriazol-1-yl)-

; ; imhilhi ; in 1,1,3,3-tetramethyluronium hexafluorophosphate; MBHA, 4-methylbenz-
loop in proteinase inhibitors plays an important role in hydrylamine; NMR, nuclear magnetic resonance; NOESY, nuclear

turning an inhibitor into a substrate or vice versa. Overhauser effect spectroscopy; PAM, 4-hydroxymethylphenylacet-
amidomethyl; RP-HPLC, reversed-phase high-pressure/performance
EXPERIMENTAL PROCEDURES liquid chromatography; SBPN, subtilisin BPNSCAR, subtilisin

. . . . Carlsberg; SPPS, solid-phase peptide synthesis; Suc-GGF-pNA, suc-
Materials.Boc--amino acids were purchased from Peptide ¢jnyi-Gly-Gly-Phep-nitroanilide; TFA, trifiuoroacetic acid; TOCSY,

Institute, Inc., Osaka, Japan. MBHA-resin and HBTU were total correlation spectroscopy.
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ionization mass spectrometer (ESI-MS), with a direct sample fractions were dialyzed against 1 mM HCI and lyophilized.

infusion by a syringe pump at &L/min. Thermal denatur-
ation was performed in 0.2 M KiPQ/NaHPO, buffer, pH

The overall yield is 5%; i.e., about 70 mg of purified, folded
protein can be obtained from a typical 0.2 mmol scale

5.4, on a Calorimetry Sciences Nano differential scanning synthesis.

calorimeter (DSC) with a scanning rate ofC/min.
Solid-Phase Peptide Synthesis (SPH®BE strategies for

the syntheses of (170)S41C eglin ¢ and three analogues

[(1-69)S41C, (+ 70)0CONH,-S41C, and (£[0]70)ol CONH,-

NMR Spectroscopyll NMR experiments were acquired
on a Bruker AMX-500 spectrometer equippediwi 5 mm
inverse triple resonance probe with three-axis gradients at
27 °C. Standard pulse sequence$)(were used to collect

S41C] were essentially as described in the previous publica-2D homonuclear COSY, TOCSY (83 ms mixing time), and

tion (4). The amino acid sequence of naturally occurring eglin
c is as follows: TEFGSELKSF PEVVGKTVDQAREY-
FTLHYPQYNVYFLPEG SPVTLDLRYN RVRVFYNPGT
NVVNHVPHVG. All four synthetic proteins contain a
Ser41—Cys mutation in order to introduce a ligation site
between Gly40 and Cys41.

The peptide segments, {#0)aCOSH, (41-70)S41C,
(41-69)S41C, (4170)0CONH,-S41C, and (4%[0]70)-
oCONH,-S41C, were all synthesized manually in stepwise
fashion using the published in situ neutralization/HBTU
activation protocol for Boc chemistry SPPZ2]. The two
a-carboxylate-ending peptides, (410)S41C and (4169)-
S41C, were synthesized on Boc-Gly-O£PIAM-resin and
Boc-Val-OCH-PAM-resin, respectively. While the thio acid
peptide (+40)0COSH was made on Boc-Gly-(thioester
linker)-aminomethyl-resin, MBHA-resin was used for the two
peptides ending witli-CONH,. Couplings of glycolic acid

NOESY (100 ms mixing time) spectra of wild type and all
three eglin ¢ analogues. Samples were prepared at a
concentration of £2 mM by dissolving each protein in 92%
H,0, 8% DO, pH 5.7. All spectra were processed and
analyzed using FELIX 97.0 (Molecular Simulations, Inc.).
3Jyv_pe coupling constants were determined using a Leven-
berg—Marquardt line-fitting algorithm Z7) to measure
splittings from the antiphase double-Lorentzian cross sections
of HN—H®* cross-peaks in COSY spectra processed with high
digital resolution inF,. Chemical shifts were referenced to
internal DSS.

Inhibitory Activity Assays.Inhibition assays were con-
ducted on a Hewlett-Packard HP8453 spectrophotometer at
room temperature in 50 mM Bis-Tris propane buffer
containing 20 mM CaG) 0.005% Triton X-100, 0.01%
p-mercaptoethanol, pH 7.0. Equal molar amounts of enzyme
and inhibitor were mixed in 3 mL cuvettes with a final

and the subsequent amino acid were carried out accordingenzyme or inhibitor concentration of 24 10~7 M. After

to the procedure published previousBB). The following
side chain protection was used: Arg(Tosyl); Asn(Xanthyl);
Asp(OcHxl); Cys(4MeBzl); Glu(OcHxI); His(DNP); His-
(Bom); Lys(2CIZ); Ser(Bzl); Thr(Bzl); Tyr(BrZ).

After HF deprotection and cleavage from the resin, the

an incubation of different time lengths (0, 30 s, 1 min, 2
min, 4 min, 6 min, 10 min, 30 min, 1 h, 2h, 4 h,6 h, 12 h,
18 h, and 24 h), 10L of Suc-GGF-pNA dissolved in DMSO
at 25 mg/mL was added. Enzymatic activity was then
monitored by following the hydrolysis of Suc-GGF-pNA at

crude peptides were purified by preparative RP-HPLC. The 4 = 380 nm with a background subtraction averaging over

thioester peptide (240)axCOSCHCOOH used in the liga-
tion reactions was obtained by reacting crude4Q)oCOSH
(10 mg/mL) with bromoacetic acid (2 mg/mL) in 0.1 M
sodium acetate buffer contaigjr6 M GuHCI, pH 4.0, for

the range from 650 to 700 nm. Initial slopes of the substrate
hydrolysis curves were converted to percent residual enzyme
activity, and were plotted versus incubation time.

Binding Assay with GenenasAssociation equilibrium

45 min. The resultant product was subsequently purified by constants of eglin ¢ analogues were determined by surface

preparative RP-HPLC. Molecular weights of all the peptides
were verified by ESI-MS (data not shown).

Native Chemical LigationNative chemical ligation of (
40)aCOSCHCOOH and the four C-terminal peptides, 41
70)S41C, (4169)S41C, (41 70)CONH,-S41C, and (4%
[O]70)aCONH,-S41C, was carried out individually at a total
peptide concentration of 10 mg/mL in 0.1 M sodium
phosphate buffer containing 2% (v/v) thiophenol and 6 M
GuHCI, pH 7.5. The principles of native chemical ligation
reactions have been described in detail elsewhEre24).
Typically the ligation reaction proceeded to completion
within 8 h. The final ligation product was purified by
preparative C-18 RP-HPLC, and its molecular weight was
determined to be within experimental error of expected
values by ESI-MS (Table 1).

Protein Folding and PurificationThe ligated synthetic
polypeptide was dissolved at 1.2 mg/miL6 M GuHCI, to
which 12 mM MES buffer, pH 6.0, was added to make a
rapid 6-fold dilution. After 2 h, the folding solution was then
loaded onto a methyl-CHYM-Sepharose FF affinity column
prepared according to Ryan and Feeney et2d) and the
coupling procedures provided by Pharmacia. Following
washes by 0.2 M NaCl, 0.1 M HCI containing 0.2 M NaCl

plasmon resonance on a BIAcore 2000 instrument (BIAcore,
Inc.). Analogues (5@g/mL in 10 mM sodium acetate buffer,
pH 4.5) were covalently coupled to a CM5 carboxylated
dextran chip usingN-hydroxysuccinimide (NHS) and-ethyl-
N'-[(3-dimethylamino)propyl]carbodiimide hydrochloride
(EDC) chemistry. Uncoupled NHS-ester groups were blocked
with 1 M ethanolamine, and about 1:6Q00 resonance units
(RU’s) of each eglin ¢ analogue were coupled to the sensor
chip by this procedure. Interaction analysis was carried out
at 25 °C in 10 mM HEPES, 150 mM NacCl, 0.005%
surfactant P20, pH 7.4 (HBS-P Buffer, BlAcore Inc.).
Concentrations of Genenase ranging from 0.5 to 100 nM
were injected at a flow rate of 20L/min over each flow
cell, and binding was experimentally determined by compar-
ing the number of RU’s observed as a function of time to
an activated and blocked flowcell containing no covalently
bound eglin c.

GuHCI-Induced DenaturationProtein denaturation in
guanidine hydrochloride (GuHCI) was carried out at°5
using an Aviv 62A DS circular dichroism spectrometer
equipped with a Hamilton Microlab 500 dual-syringe liquid
diluter/dispenser. An initial 1.8 mL of protein solution
prepared in 10 mM KkKPO/NaOH, pH 5.4, with an

was used to elute the active, folded protein. The resultantabsorbance of 0.8 at 222 nm (approximately /Z\Nb) was
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Table 1: Calculated Average Isotopic Masses and Observed Masses Determined by ESI-MS
(1-70)s41C (1-70)0.CONH,-S41C (1—[O]70)aCONH,-S41C (1-69)s41C
eglinc eglinc eglinc eglinc
calculated 8106.1 8105.2 8106.1 8049.1
observed 8106.5% 0.5 8105.8+ 0.6 8106.7+ 0.5 8049.6+ 0.5

aliquoted inb a 3 mL cuvette. Under constant stirring, an
increasing amount of aliquot was withdrawn, followed
immediately by an injection of an equal amount of protein
solution of the same concentration, prepared in 10 mM-KH
PQOJ/NaOH, 7.2 M GuHCI, pH 5.4. After each withdrawal/
injection, the solution in the cuvette was mixed for 30 s

the enzyme, as indicated by high-resolution structural
analysis, the Ser-to-Cys mutation was expected to have no
functional consequences. This was confirmed experimentally
(4).

Previously, we synthesized a truncated form; 8)S41C
eglin ¢, using the native chemical ligation technique. The

before signals were sampled over a 40 s period. A typical X-ray crystal structure of (870)S41C eglin ¢ in complex
run performs 30 withdrawals/injections, generating a linear with SBPN has been solved at 2.04).(The overall structure
gradual increase in the concentration of GUHCI in the cuvette of the synthetic protein was identical to that of recombinant

from 0 to 7 M. Aliquot withdrawals and injections as well

and naturally occurring forms. In this work, we used native

as data acquisition were fully automated with the control chemical ligation to form a full-length synthetic €¥0)-

software Star 3.0 and Igor Pro provided by Aviv Instruments,

Inc.
For a two-state protein denaturation process:
N=D
D f
AG= —RTIN2 = “Rrin_2_

IN] 1-f,

wherefp stands for the fraction denatured £0fp < 1). If
On and6p represent the CD signal (ellipticity at 222 nm) of

S41C eglin ¢ from (+40)0xCOSR and (4170)S41C.
Analogues were simply made by syntheses of the appropriate
segments as described under Experimental Procedures.
ESI-MS All four synthetic proteins were analyzed on RP-
HPLC to ensure chromatographic purity. The molecular
masses and purity of the synthetic proteins were also
determined by ESI-MS, and the results are tabulated in Table
1 along with calculated average isotopic masses. The
observed masses, though well within the experimental error
(=0.01%), are consistently higher by half an atomic mass

the native form and of the denatured form, respectively, then Unit (amu) than the expected values, indicating a systematic

at a given concentration of GUHGH| and the correspondent
CD signal @), fo can be expressed as

Therefore

0—0
m_ N
AG™= —RTIng—7

The equation can be rearranged as follows:
o Oy + 05 exp—AG"/RT)
1+ exp—AG"RT)

Since, AG™ = AG°(1 — m/my) whereAG’ is the free energy
change of unfolding atn = 0 andnmy,; is the characteristic
concentration of GUHCI when [BF [N], 6 can be therefore
defined by the following equation:

b 0y + 0 exp[~AG(1 — m/m,,,)/RT] _
1+ exp[-AG’(1 — m/m,,,)/RT]
(a+ bm) + (c + dm) exp[AGY(m/m,;, — 1)/RT]
1+ exp[AG’(m/m,,, — 1)/RT]

whereR = 1.987 caimol~1-K~=1, T = 298.2 K.
RESULTS

deviation resulting probably from a small calibration error
of the mass spectrometer used. Nevertheless, the ESI-MS
results corroborate well with the modifications made at the
position of Gly70, attesting to the quality of the synthetic
products.

NMR Analysis2D NMR spectroscopy was used to assess
the structural consequences of modifying the C-terminus of
eglin c. Initial comparison of even the simplest modification,
that of changing the C-terminal carboxylate to an amide,
revealed surprisingly large changes in chemical shifts (Figure
2). The spectra of the three analogues, while quite different
from wild type, are all rather similar to each other (Figure
3). Therefore, detailed analyses of only wild type-{D)-
S41C and (£ 70)aCONH,-S41C are presented. The back-
bone proton resonances of wild-type—20)S41C eglin ¢
were assigned primarily by inspection from resonance
assignments reported previouslg8); assignments were
confirmed by sequential NOE analysi29. Backbone
assignments for the (170)aCONH,-S41C analogue were
obtained by standard 2D analysis relying on sequential NOEs
for sequence-specific assignmer28)(

The chemical shift differences for the amide angdrotons
of each residue observed between wild-type and (1
70)CONH,-S41C eglin ¢ are shown in Figure 4A; those
residues that undergo a large change in chemical shift (i.e.,
a combined M and H' chemical shift change of greater than
0.15 ppm) are colored in Figure 4B. Residues exhibiting large
chemical shift differences are localized to the binding loop
and the four strands of thg-sheet, including primarily

All the synthetic eglin ¢ constructs described here contain residues proximal to Gly70 (Figure 4B). Interestingly, the

a Ser to Cys mutation at position 41 (P5). This mutation residues that have the largest change in chemical shift
was used to introduce a ligation site at Gly40-Cys41. Since between wild type and the analogue are Thr44, Arg48,
the side chain of the P5 residue makes no direct contact withAsn50, Arg51, and Arg53. These residues make intimate
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Ficure 2: Fingerprint region of the 2D COSY spectra for wild-type-{#I0)S41C (black) and 270)aCONH,-S41C (red) eglin c. Spectra
were acquired under identical conditions as indicated under Experimental Procedures. Lines are shown to indicate the change in resonance
positions in the two spectra. Boxes indicate peak positions for resonances that are too weak to be visible in this spectrum.

contact with the C-terminal carboxylate in the structure of
enzyme-bound eglin ¢ either directly through hydrogen-
bonding and/or van der Waals interactions or indirectly

proteolytic cleavage by CHYM and SCAR. As illustrated
in Figures 5 and 6, the wild-type inhibitor{70)S41C eglin
¢ formed a stable complex with both enzymes over a 24 h

through the extended hydrogen-bonding netwatk1(1— incubation period. However, after an initial stoichiometric
15) (Figure 1). inhibition by the three analogues, CHYM regained 100%
Despite the significant chemical shift changes in the activity within 24 h, and SCAR within 6 h, indicating that
[-sheet, all the cross-strand NOEs expected from the wild- the inhibitors were hydrolyzed and subsequently dissociated
type structure are observed in the analogue, indicating thatfrom the inhibitor-enzyme complexes initially formed. The
the secondary structure has been preserved. Furthermorehalf-lives ;) for (1-69)S41C and (£70)aCONH,-S41C
analysis of backbonélyv_pe coupling constants indicates  with respect to CHYM were about 4 h, whereas thefor
that the only residues (that are sufficiently resolved in both (1—[0]70)aCONH,-S41C with CHYM was only 2 h.
spectra) that have significantly different values between wild Notably, hydrolysis of the analogues by SCAR is much faster
type and (+70)aCONH,-S41C are located within the than that by CHYM. While half of (+70)aCONH,-S41C
binding loop. Val43 has a 9.0 Hz coupling constant in wild was hydrolyzed by SCAR within 30 min, thg, for both
type that is only 7.7 Hz in (370)aCONH,-S41C; Arg48 (1-69)S41C and (2[0O]70)aCONH,-S41C was merely 5
has a 9.1 Hz coupling constant that is only 7.0 Hz in the min. It should be pointed out that in the absence of inhibitors,
analogue. Thus, residues in the binding loop that are fully both enzymes, under the same conditions used above, showed
extended in wild-type eglin ¢ exhibit signs of conformational full activity after 24 h.
averaging in the analogue. There is the formal possibility  Hydrolysis analysis was also carried out using analytical
that the different coupling constants observed for the RP-HPLC and ESI-MS to follow cleavage products (data
analogue reflect an altered, but still rigid, conformation; not shown). The results were in excellent agreement with
however, this is less likely, particularly given that the the kinetic data. Interestingly, both HPLC and ESI-MS results
analogue has decreased stability (see below). Hence, ouunambiguously demonstrated that the first three residues,
analysis indicates that the structure of the core of the protein Thr-Glu-Phe, of the full-length wild type (170)S41C eglin
is relatively unperturbed, but suggests that the binding loop ¢ were slowly cleaved by CHYM during incubation (80%
has changed significantly and is less rigid in molecules where cleaved in 24 h). On the contrary, no cleavage at any position
the C-terminal carboxylate group has been modified. was detected with SCAR during the same period of time.
Inhibition AssaysWild-type (1-70)S41C eglin c is a  Similar results were also observed with-@9)S41C eglin
potent inhibitor of both CHYM and SCAR. The inhibition c¢. While the first three residues, Thr-Glu-Phe, in-@9)-
constants K;) of the wild-type inhibitor with respect to  S41C eglin ¢ were removed by CHYM within 10 min of
CHYM and SCAR have been determined to be in the'd0  incubation, no cleavage by SCAR other than hydrolysis at
M range at pH 7.04). Attempts to measure the binding the reactive-site peptide bond (PR21) was detected during
constants for the three eglin ¢ analogues, nonetheless, failedhe first 5 min, even though 50% of the protein was shown
due to hydrolysis of the inhibitors by the enzymes during to have already been hydrolyzed at the reactive site. These
incubation. For this reason, hydrolysis kinetics were used to observations are in conflict with earlier suggestions that the
compare the relative resistance of the eglin ¢ analogues toabsence of electron density for the first seven residues of
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Ficure 3: Amide to aliphatic proton region of the 2D TOCSY
spectra for (+70)aCONH,-S41C (red), (+69)S41C (blue), and
(1—[O]70)aCONH,-S41C (green) eglin c. Spectra were acquired
under identical conditions as indicated under Experimental Proce-
dures.

eglin ¢ in the crystallographic work was due to enzymatic
cleavage between residues 7 and 8 by CHYM, SCAR, or
SBPN during the complex crystallizatioh, 12, 14). More
likely the enhanced mobility of the N-terminal residues
(Thrl—Lys8), as shown from NMR dynamic analyses of free
eglin c, is responsible3(Q, 31).

Binding Assays with Genenasthe fact that the three
inhibitor analogues were not resistant to proteolysis by
CHYM, SCAR, and most likely other serine proteinases
effectively prevented us from quantitatively investigating 0 .
effects of the Gly70 modifications on the binding to native 0 4 8 12 16 20 24
enzymes. To circumvent this problem, Genenase, a catalyti- Incubation time (h)
cally incompetent mutant SBPN Whpse Ca,talytlc His64 was FiIcUrRe 5: Resistance of eglin ¢ analogues to proteolytic cleavage
replaced by Ala21), was used. This engineered enzyme py CHyM. At time zero, the enzyme was stoichiometrically
becomes partially active in the presence of a proximal His inhibited, showing a residual enzyme activity close to 0%. The
residue at the P2 position of substrates, a phenomenon terme@nzyme activity fully recovered within 24 h, indicating that the
“substrate-assisted catalysi€0}. Since the synthetic inhibi- analogue inhibitors were hydrolyzed and subsequently dissociated

. . . . L . from the enzymeinhibitor complexes formed during initial incuba-
tors do not contain His residues in the binding loop region, tion. In contrast, the enzyme remained inhibited by the wild-type

no cleavage was expected with Genenase during bindinginnibitor. ) Wild-type (1-70)S41C eglin ¢;®) Gly70 to glycine
assays, and none was observed. amide; €) Gly70 to a-hydroxylacetamide;A) Gly70 truncated.
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Table 2: Association Equilibrium Constants for Eglin ¢ Analogues Int

eracting with Genenase

(1-70)s41C (1—70)0.CONH,-S41C (1-[O]70)aCONH,-S41C (1-69)s41C
eglinc eglinc eglinc eglinc
kon (M~1s7Y) 3.5+ 1.1)x 107 (6.0+0.3)x 1° (4.9+05)x 1C° (3.0+04)x 1°
Kot (S7) (25+0.2)x 10 (24+0.1)x 10 (45+0.1)x 103 (4.6+0.2)x 10°°
Ka(M™Y) 1.4 x 10w 25x 10° 1.1x 1¢ 6.6 x 107
—y 85

- 80 | ;'4
9
> 75 | %
2
° G0t %
° <
E- £ 65| % 62.2
5 / 5
E 0T / // > 56.5
7 55 | / / ? 7
[
« 50 % Z A

12 16

Incubation time (h)

20 24

Ficure 6: Resistance of eglin ¢ analogues to proteolytic cleavage
by SCAR. In contrast to what was observed with respect to CHYM
(Figure 5), the hydrolysis of the eglin ¢ analogues by SCAR was
substantially faster. The enzyme regained its activity within 6 h,
even though it remained inhibited by wild type within 24 A1) (
Wild-type (1-70)S41C eglin c¢;®) Gly70 to glycine amide;<})
Gly70 to a-hydroxylacetamide;A) Gly70 truncated.

Association equilibrium constantKy) determined by
BlAcore were obtained from the ratio of the kinetic associa-
tion and dissociation ratek.f andk.x) (Table 2). Association
and dissociation rate constants were determined using
BlAevaluation 3.0.2 (BlAcore Inc.) software, and experi-
mental data were fit globally to a 1:1 (Langmuir) binding
model. This model fit the entire sensorgram well, suggesting
a homogeneous 1:1 binding event. A low-density surface was
used to avoid mass transport limitations and to reduce the
effect of rebinding. The equilibrium constants were found
to be independent of surface density (up to 500 RU),
Genenase concentration, and the flow rate of the injection.
For wild-type eglin c, the association rate constant was very
fast (3.5x 10" M~ s71); thus, even at very low Genenase
concentrations, mass transport limitations were a concern.
However, it was found that for wild-type eglin c, a 1:1

wild type glycine amide tr ted

hydroxyt

Eglin ¢ analogues at position 70

FIGURE 7: Melting temperature value${) measured by differential
scanning calorimetry at pH 5.4.

Calorimetric studies of thermal denaturation at pH 5.4 on
the synthetic wild type (£70)S41C eglin ¢ and three other
analogues have clearly demonstrated that replacement or
deletion of Gly70 significantly compromises the stability of
the protein. As seen in Figure 7, substitution of the
o-carboxylate of Gly70 with an amide decreasedTfhealue

by 17°C, whereas deletion of Gly70 destabilized the protein
by as much as 23C. Since thermal denaturation of eglin ¢
at pH 5.4 was found to cause irreversible protein precipita-
tion, GUHCI-induced reversible denaturation was used instead
to quantify the free energy changes associated with protein
unfolding.

The experimental data were subjected to a six-parameter
(a, b, ¢, d, myz, and AG®) nonlinear regression analysis
(Figure 8) using the computer program Enzfitt8B) The
results are listed in Table 3. For wild-type<{Z0)S41C eglin
c at 25°C, pH 5.4, the native state is stabilized by 6.5 kcal/
mol as compared with the denatured state.

DISCUSSION

It has long been realized that the presence of a structured

binding model that incorporates a correction for mass scaffold supporting the binding loop in a protein proteinase
transport producet, values that differed by only a factor inhibitor is a necessity for potent inhibition. Efforts to design
of 2. Similarly, for the other eglin ¢ analogues, there was strong inhibitors based on small peptide fragments compris-
very little change in the observed fit. This indicates that mass ing the sequence of the binding loop of a protein inhibitor
transport limitations do not seriously affect the binding data have not been successful. The problem is 2-fold. There is
at the surface density and Genenase concentrations used foain entropy loss for an otherwise disordered small peptide to
these measurements. adopt a fixed canonical conformation upon binding to the
It is worth noting that thek. rates for wild-type eglin ¢~ enzyme. Second, due to added flexibility in the backbone
and its three analogues vary by only a factor of 2, whereas of small peptides, the energy barrier to the transition state
the kon rates span 2 orders of magnitude. Apparently, large of the peptide-enzyme complex is low enough that a
changes in th&, values for the binding to Genenase are a productive proteolytic hydrolysis often occurs even before
direct consequence of changes in the association rateany inhibition can be detected. Strategies such as peptide
constants. cyclization have often been used to stabilize peptide inhibi-
Protein Stability Native eglin ¢ has been shown to be a tors. While cyclization does improve inhibition potency and
very stable small protein with a melting temperatufg)(of alleviate proteolysis to a certain extent, cyclized peptides are
86 °C and an enthalpy change of 71 kcal/mol at pH B2 .( generally weak inhibitors. This has been demonstrated in
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Table 3: my, and AG° Values As Determined by GuHCI Titration at pH 5.4

(1-70)s41C (1-70).CONH,-S41C (1-[O]70)aCONH,-S41C (1-69)S41C
eglinc eglinc eglinc eglinc
my2 (M) 3.874+0.01 2.56+ 0.02 2.36+ 0.02 2.18+0.02
AG? (kcal/mol) 6.50+ 0.15 4.20+0.18 3.83+0.15 3.514+0.17
0 . . . . . . mation with target enzyme®,37). It is conceivable that

destabilization in the scaffold of eglin ¢ may seriously
compromise the internal rigidity in the binding loop, leading
to deleterious functional effects. The functional consequences
are likely to include weakened inhibition due to an excessive
entropic cost upon binding, and susceptibility of being
hydrolyzed by target enzymes due to a lowered activation
energy barrier to the transition state in the complexes. Results
of current work clearly demonstrated that whenever the
electrostatic/H-bonding network that directly stabilizes the
binding loop in eglin c is weakened, deleterious functional
effects follow.

The C-terminal residue of Gly70, even though a peripheral
element to the main binding interface, plays an important
role in supporting the binding loop of eglin ¢, by making a
. . ) ] critical salt bridge with Arg51, which in turn interacts with
Ficure 8: GuHCI-induced protein denaturation monitored at 222 the P1 Asp46. Compromising the integrity of the interaction

nm by circular dichroism. The curves were subjected to a . : . -
six-parameter, nonlinear regression analysis according to the PEWWeen Aspd6 and ArgS1 invariably results in weak binding

-5

Ellipticity 0,5, (mdeg)

[GuHCI] (M)

equation described under Experimental Procedusw(ild-type and/or temporary inhibition to target enzymekg) It is
(1-70)S41C eglin c;[@) Gly70 to glycine amide; 4) Gly70 to noteworthy that disruption of the salt bridge between Arg51
a-hydroxylacetamide;<) Gly70 truncated. and Gly70 as a result of the Gly-to-glycine amide replace-

bovine pancreatic trypsin inhibitor (BPTIB4) and eglin ¢ ment, i.e., loss of a_single negative charge, c_aused the protein
(35), where cyclized peptide inhibitors derived from the inhibitor to destabilize by 2.3 kcal/mol (17°Z in T). NMR

sequence of the binding loop are approximately 6 orders of analysis shows surprisingly large changes in chemical shifts
magnitude weaker than their parent inhibitors. for residues surrounding Gly70 in the binding loop. The
Based on the importance of the scaffold present in a secondary structure and overall fold of the analogue appear
protein inhibitor for its proper function, we were interested SiMilar to wild-type eglin ¢, but backbone coupling constants
in the question of how will the function of a protein inhibitor ~ SU99€st the binding loop is significantly less rigid. Moreover,

be adversely affected by a destabilized binding loop and/or the resultant analogue {T70)aCONH-S41C became a

by a destabilized scaffold. This question was addressed byt€mporary inhibitor against CHYM{, = 4 h) and SCAR
= 30 min), and its binding to Genenase was weakened

the Laskowski group in their early work on BPTI of the (2
Kunitz family of serine proteinase inhibitor3@). They made Y 56-fold (2.4 kcal/mol) due solely to a decreasggrate.

the observation that a single peptide bond cleavage on the'Vhen Gly70 was replaced by-hydroxylacetamide, in
backside of the molecule in BPTI destabilized the protein 2ddition to the breakage of the Gly#Brg51 salt bridge, a
to such an extent that the clipped BPTI was partially unfolded Pifurcated H-bond donated by Gly70N to Arg480 and
at room temperature. When incubated with CHYM, the Arg510 was also lost. The resultant protein |nh]bltor
clipped inhibitor was quickly hydrolyzed, which effectively ~analogue (+[0]70)aCONH,-S41C was further destabilized
led to a total loss of inhibition against the enzyme. However, [ATm = —21.4°C andAAGriing = +2.7 kcal/mol compared
the inhibition was fully restored when binding assays were With wild-type (1-70)S41C], and became more susceptible
conducted at 5C. This observation suggests that destabiliza- {0 Proteolytic cleavage by CHYMt{, = 2 h) and SCAR
tion of the scaffold of a protein inhibitor such as BPTI does (tvz = 5 min). Expectedly, (£+[0]70)JaCONH,-S41C was
not automatically contribute to a decrease in inhibition, so & Weaker Genenase binder thar-{D)xCONH,-S41C Ka
long as the functional assay is performed under conditions 4ecreased by 130-fold, i.e., 2.9 kcal/mol).
that the protein folds predominantly. Deletion of Gly70 led only to a marginal further desta-
Unlike BPTI and most small protein proteinase inhibitors, bilization of the protein with respect to {10]70)aCONH,-
eglin ¢, which has no disulfide bridges, possesses a bindingS41C AT, = —22.9 °C and AAGroing = +3.0 kcal/mol
loop solely supported by electrostatic interactions. NMR relative to wild type). While the binding to Genenase was
studies on free eglin c indicate that the binding loop residues weakened by 210-fold (3.2 kcal/mol), the resistance of (1
(Vald3—Leu47) exhibit greater motion than those from the 69)S41C eglin c to proteolytic cleavage remained unchanged
core of the domain; the data are consistent with a hinge- with SCAR {1, = 5 min) and actually improved with respect
bending motion where the loop has internal rigidity but to CHYM (ti2 = 4 h). This observation seems to indicate
exhibits a rigid body motion with respect to the rest of the that resistance of the inhibitor analogues to proteolytic
molecule (0, 30). Crystallographic analyses on free and cleavage by their target enzymes is not necessarily correlated
bound eglin c further suggest that the wedge-shaped inhibitorto the stability of the proteins. With the deletion of Gly70,
undergoes a conformational adjustment upon complex for- the contacts made previously by the main-chain atoms of
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4 between protein stability and protein binding has been
demonstrated in this study. While this might not be applicable
y = 0.9447x + 0.0073 . . S ; :

3 1 Al in every proteir-protein interacting system, the correlation
- R? = 0.9996 AT ; .
3 has some general implications with respect to protein
E recognition, particularly when protein stabilization or desta-
8 2 T bilization directly involves the binding loop studied. In
z addition, our results reported here are likely to shed light on
g 1 T how protein recognition, in general, can be regulated through
% modulating rigidity and/or flexibility of the binding loop

0 t } + involved.
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