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ABSTRACT: The importance of the evolutionarily conserved Gly-4 residue for the affinity and kinetics of
interaction of cystatin A with several cysteine proteinases was assessed by site-directed mutagenesis.
Even the smallest replacement, by Ala, resulte¢ #000-,~10- and~6000-fold decreased affinities for
papain, cathepsin L, and cathepsin B, respectively. Substitution by Ser gave furold reductions

in affinity, whereas the largest decrease4(®-fold, were observed for mutations to Arg and Glu. The
kinetics of inhibition of papain by the mutants with small side chains, Ala and Ser, were compatible with

a one-step bimolecular reaction similar to that with wild-type cystatin A. The decreased affinities of
these mutants for papain and cathepsin L were due exclusively to increased dissociation rate contants, but
the reduced affinities for cathepsin B were due also to decreased association rate constants. The latter
finding indicates that the intact N-terminal region serves as a guide directing cystatin A to the active site
of cathepsin B, as has been proposed for cystatin C. The kinetics of binding of the mutants with charged
side chains, Arg and Glu, to papain were consistent with a two-step binding mechanism, in which the
mutant side chains are accommodated in the complex by a conformational change. The NMR solution
structure of the Ala and Trp mutants showed only minor changes compared with wild-type cystatin A,
indicating that the large reductions in affinity for proteinases are not due to altered structures of the
mutants. Instead, a side chain larger than a hydrogen atom at position 4 affects the interaction with the
proteinase most likely by interfering with the binding of the N-terminal region.

Human cystatin A (stefin A) is a cysteine proteinase physiological roles of individual cystatins is emerging, e.g.,
inhibitor belonging to the cystatin superfamily. Cystatins a mutant of cystatin C is associated with hereditary amyloid
are classified in three main groups. Inhibitors of family | angiopathy, leading to brain hemorrhageé 8), and a
(also called stefins), to which cystatin A belongs, consist of deficiency of cystatin B has been demonstrated in a
about 100 amino acids and have no disulfide bors (  hereditary form of myoclonus epileps9, (10).

Family Il cystatins, represented by cystatin C and chicken  cystatin A, like other cystatins, inhibits lysosomal cysteine
cystatin, have about 120_ amino aqu and.c.ontaln two proteinases, e.g., cathepsins B, C, H, L, and S, and also
disulfide bonds 1, 2). Family Ill cystatins, or kininogens,
are larger multifunctional glycoproteins, present in blood
plasma, containing three family ll-like domains, two of which
can inhibit proteinasesl( 3). Cystatins are thought to
participate in the protection against unwanted proteolysis

cysteine proteinases from parasites e.g., cruzipain, and some
plant proteinases, e.g., papain and actinidin, by forming tight,
reversible complexes with the enzymés {1-14). The
solution structure of cystatin A was recently solved by NMR

' spectroscopy by two independent groups, (16) and was

with papain £7—19). These structures are all consistent with
: : : ~ amodel for cystatin inhibition of target proteinases, in which
G ! Tthzllsz XVZOEF VI\/%S)SU%Dgrted b¥ ?Wedhih \'\//lveﬂlca| Rf%seat“(:th %03120'; inhibition is due to a wedge-shaped edge of the cystatin being
ran O l.b.)an y grants rrom tnhe vvellcome lrust (to C.J.C.) : . i . .
and BBSRC (to N.J.H.). J.P.W. is a fellow of the Lister Institute of Inserteq into the active-site cleft ,Of the proteinase. Thls
Preventive Medicine. wedge is composed of several residues from the N-terminal
* To whom correspondence should be addressed at the Departmentegion of the inhibitor, a central hairpin-loop (the “first
i’fg\é%tgé'gé‘“&%eﬁ;-C"’}'ngcé'ﬁr;’r'sé%} J@%I\:j_rr?ES]l_l? 548714191~ Fax:+46 binding loop”) and another hairpin-loop (the “second binding
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Ficure 1: (A) Important features of the translated region of the modified expression vector for cystatin A. The OmpA signal peptide
targets the fusion protein to the periplasmic space, where processing by a signal peptidase removes the signal peptide. The bold, vertical
arrow shows the cleavage site for enterokinase, the enzyme used to release cystatin A, with an authentic N-terminus, from the His-tag
affinity handle. The two horizontal arrows represent the upstream (1, 3) and downstream (2) PCR primers used to generate the Gly-4
mutants, as detailed in the Material and Methods section. The DNA fragment excised by digesti@maidnd Psi was replaced with

the PCR products containing the Gly-4 mutations. (B) Detailed wiew of the regions in the cystatin A cDNA containing the nucleotides
complementary to the PCR primers, represented as arrows. The underlined bases are the cleavadensdemétPst, separated by 307

bp in the cDNA. TheC andG in codons 3 and 4, replacing A and C in the wild-type cDNA, were introduced to create a \Britgisite

as silent mutations at the same time as the His-tag was engineered.

of the two proteins are formed, explaining the high affinity measurement88) and by a more accurate procedure based
of the cystatins for their target proteinases, with dissociation on separate measurements of association and dissociation rate
constants as low as-107'4 M. Data from rapid-kinetic constants 13). In light of these discrepancies, we have
studies of the interaction of cystatins with most proteinases characterized the effects of mutations of the conserved Gly-4
are in agreement with the proposed binding model, indicating residue in cystatin A on the function of the inhibitor by both
a one-step binding mechanism, with close to diffusion- equilibrium and kinetic methods. The kinetic methods have
controlled association rate constants and with no evidenceallowed us to quantify with confidence some of the very
for conformational change$,(13, 20—23). However, the tight interactions involved and also to investigate the
binding of cystatin C to cathepsin B occurs in two steps, mechanism responsible for the decreased affinities caused
presumably because of the need for the inhibitor to displace by the mutations. In addition to papain, we have also studied
the occluding loop that partially covers the active site of this the inhibition of the more relevant physiological target
enzyme g4). enzymes, cathepsins B and L, for which the importance of
The contribution to the binding provided by the N-terminal - the N-terminal region of cystatin A has not been investigated.
region of the cystatins has been characterized in detail for we have also characterized the consequences of the mutation
family Il members, e.g., chicken cystatin and human cystatin for the structures of selected mutants by circular dichroism
C, by truncations and modifications of this region, as well gnd NMR.
as by site-directed mutagenesis of a Gly residue, conserved
in all cystatins 25—30). However, the role played by the MATERIALS AND METHODS
shorter N-terminal region of the family | cystatins is less
well characterized. Genetically engineered amino acid Construction of Expression Vectors for Cystatin A Gly-4
substitutions and N-terminal truncations of a recombinant Mutants. The previously constructed cystatin A expression
cystatin B (stefin B) variant31, 32), as well as mutations  Vvector, containing the cystatin A coding sequence preceded
of the conserved glycine and truncations of the N-terminal by the leader peptide for OmpALg), was engineered to
region of a recombinant cystatin A variaB8(34), in general include a sequence coding for a histidine-tag followed by
have shown decreased affinities of such modified inhibitors the recognition site (DDDDK) for the endopeptidase entero-
for papain. However, the results are somewhat contradictorykinase, immediately before the first codon of cystatin A
for the two cystatins, and the magnitudes of the observed (Figure 1). Atthe same time, a unique restriction sBm@
effects are uncertain, largely due to difficulties in quantifying andXmd) was introduced by mutation of Ato C and C to
the tight interactions involved by equilibrium methods. G in positions 9 and 12, respectively, of the cystatin A
These difficulties are borne out by the apparent difference cDNA, i.e., in the codons for Pro 3 and Gly 4 (Figure 1).
of about 4 orders of magnitude between values for the affinity These replacements did not affect the amino acid sequence
of wild-type cystatin A for papain obtained by equilibrium of the translated protein.



Gly-4 Cystatin A Mutants Biochemistry, Vol. 37, No. 20, 199&553

For generation of the mutants, G4S-, G4R-, G4E- and Institute, Wilmington, DE. Human cathepsin B (EC 3.4.22.1)
G4W-cystatin Al two PCR primers were designed (Figure from liver was purchased from Calbiochem (San Diego, CA).
1). The upstream primer '@&/G/T AC/IG GGGCTTATCT- The enzymes were activated with 8.5 mM dithiothreitol

GAGGC) was complementary with bases—b in the in the reaction buffer (see below) for 5 min at 25 before
coding region of cystatin A, although with the first two bases measurements.
degenerate. The downstream primerT3GCATGCCT- Circular Dichroism. Circular dichroism spectra were

GCAGGTCG) was complementary to a portion in the measured at room temperature @22 °C) in a Jasco J-41A
plasmid beyond the stop codon and includd®s site. For spectropolarimeter (Japan Spectroscopic Co., Tokyo, Japan).
the G4A cystatin A mutant, a different upstream primer was Measurements were done in the far ultraviolet 2280 nm)
made (5GCTGGCTTATCTGAGGC), also annealing from  region in cells with 0.1 cm path lengths and with protein
base 10 to 26, but with the second and third bases concentrations between 0.22 and 0.29 g/L. The bandwidth
mismatching (Figure 1). was 2 nm. A mean residue weight of 112, computed from
The expression vector was digested w#ma and Pst, the amino acid sequencg? 38), was used for all cystatin
and the resulting fragments, 4303 and 307 bp long, were variants in the calculations of mean-residue ellipticities.
separated and purified. The short fragment, containing most NMR. Samples of G4A- and G4W-cystatin A for NMR
of the cystatin A coding sequence, was the template for PCRanalyses were dialyzed against 50 mM potassium phosphate,
reactions with the primers described above. The products50 mM potassium chloride, pH 5.5. The concentrations of
of the reactions were cleaved wilst and purified. The G4A- and G4W-cystatin A were-3 and~1 mM, respec-
resulting fragments, blunt-ended upstream Batirestricted tively. All NMR spectra were acquired at 3& on a Bruker
downstream, were then ligated into the vector that had beenAMX-500 spectrometer, as described by Martin et &b, (
cleaved withSma and Pst. CompetentEscherichia coli 39). Data in the TOCSY experimentd@ were acquired
strain MC 1061 was transformed, and individual clones were with a DIPSI-2 spin locking period of 90 ms. In the NOESY
collected and sequenced to verify that the correct constructsexperiment 41), data were acquired with a mixing time of
were obtained. 150 ms. Wild-type cystatin A data acquisition has been
Expression and Purification of Cystatin A Gly-4 Mutants. reported elsewherel$, 39). All data analysis was carried
Expression of both wild-type cystatin A and the Gly-4 out with the program FELIX (MSI, San Diego, CA).
mutants was essentially as in &3, i.e., the bacteria were Modeling. The mutated cystatin A structures in Figure 2
grown at 30°C, expression was induced at 42, and the ~ Wwere created with the program X-PLOR 342| from the
content of the periplasmic space was extracted by cold coordinates of Martin et al.16) (PDB code 1DVC) by
osmotic shock. The expressed proteins were purified by deleting the ha2 atom of Gly-4 and then using energy
virtue of the attached His-tag. Concentrated buffer was Minimization to place the atoms of the new side chain,
added to the periplasmic extract to give 20 mM Tris-HCI, keeping all other atoms in the protein fixed. The coordinates
500 mM NaCl and 5 mM imidazole, pH 8.0, and the sample for Figure 4 were constructed by taking the coordinates for
was applied to a Ni chelate column (Novagen, Inc., the cystatin B-papain complex from Stubbs et 28)(PDB
Madison, W) equilibrated with the same buffer. The column code 1STF) and adding the tryptophan atoms in position 4,
was washed with 20 mM Tris-HCI, 500 mM NaCl, and 75 as for the cystatin A structures. However, rather than energy
mM imidazole, pH 8.0, and the bound protein was then eluted (Which is a poor measure of overlap in such a sterically
by increasing the imidazole concentration to 500 mM. conflicting case), the total number of heavy atom contacts
The eluted His-tagged protein was dialyzed against 70 mm <2 A was used as the measure of overlap. This parameter
Tris-HCl and 2 mM CaGl pH 7.4, and incubated with Was calculated ag was stepped through 36th 10° steps,
enterokinase (Biozyme, Blaenavon, Great Britain) at a weight 2nd the least overlapping conformation was chosen. Struc-
ratio of 1:1000 for 16-18 h at 37°C, which normally  tures were displayed and analyzed with X-PLOR or Rasmol
resulted in>90% cleavage of the fusion protein. After (43). L o . )
inactivation of the enterokinase by addition of tosyl phenyl-  Stoichiometric Titrations.Activated papain, at a constant
alanyl chloromethyl ketone to a concentration ofidd, the concentration in the range-26 M, depending on the
solution was reapplied to the i column to remove cysta_tln_A variant titrated, was incubated fc_>r 10 min at 25
uncleaved fusion protein and released His-tag. The flow- *C With increasing concentrations of cystatin A variants to
through fraction was dialyzed against 50 mM Tris-HCI, 100 9ive inhibitor:enzyme ratios of 0-24.2:1. The residual
mM NaCl, 0.1 mM EDTA, pH 7.4. enzyme activity was determined by_ diluting the incubation
Enzymes. The purification, properties and storage of mixture 2-fold with a 600uM solution of the substrate,

papain (EC 3.4.22.2) have been reported elsewl28SE). N-benzoylt -argininep-nitroanilide, and monitoring the lin-

: : ear rate of product formation by continuous measurement
gC:;ngj |Sn gLift(I?rgn? érz 2|'-\,1 5\)Nf ro'\r/ln a§ Qr? e%hlclr\ﬁGIX’ \évj SP?)nt of absorbance at 410 nm for-20 min. Substrate hydrolysis

never exceeded 5%. The residual activity obtained at each
— : : —  inhibitor concentration was plotted against the molar ratio
lAtbbreV"’;‘t'ot”SZ app. subscript denoting an apparent equiibrium petween inhibitor and enzyme, and the binding stoichiometry
or rate constant measured In the presence or an enzyme substrate, - . . .
[N—(L-34rans carboxyoxiran-2-carbonyl)-leucyll-amido-4-guanido- Was calculated by nonlinear least-squares regression analysis
butane; G4A-, G4S-, G4R-, G4E-, and G4W-cystatin A, cystatin A Of the data to the equilibrium binding equatiodb( 44).
variants in which Gly-4 is replaced with Ala, Ser, Arg, Glu, and Trp, Inhibition Constants. Inhibition constantsK;, for the
respectivelykass bimolecular association rate constdat, dissociation interaction of cystatin A mutants with papain, cathepsin L
rate constantKg, dissociation equilibrium constank, inhibition . . A !
constantieys observed pseudo-first-order rate constant; SBAGE, and cathepsin B were obtained from the equilibrium rates

sodium dodecyl sulfatepolyacrylamide gel electrophoresis. of cleavage of a fluorogenic substrate by the enzyme at
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FiGURE 3: Values ofkgysappfor the binding of cystatin A Gly-4
mutants to papain as a function of cystatin A concentration. (A)
Mutants giving a linear dependence &fpsapp With inhibitor
concentration, in accordance with a simple one-step binding
mechanism.@) G4A; (®) G4S; (d0) G4W. (B) Mutants giving a
hyperbolic dependence dfqps app With cystatin concentration,
FiIGURE 2: Representation of the backbone of wild-type cystatin consistent with a two-step binding mechanism, as detailed in
A, showing the modeled side chain of the mutated residue in Scheme 1. 4) G4R; (o) G4E. The vertical bars represent the
position 4 and the chemical shift changes observed by NMR for standard errors.

the G4A (A) and the G4W (B) mutants. Assignments were not

made for the disordered residues N-terminal to the mutation. For ot ot i ;
each other residue, a space-filled sphere is shown at-tterbon Association Kinetics. The rate of binding of cystatin A

position, the radius of the sphere being proportional to the largest MUtants to papain, cathepsin L, and cathepsin B was
chemical shift change noted in the residue. For scale, the shift evaluated under pseudo-first-order conditions by continuous

changes in panel A were 0.16 ppm for Val-47 and 0.04 ppm for measurements of the loss of enzyme activity in the presence
Ala-49 and in panel B were 0.16 ppm for Val-47 and 0.06 ppm for  of 4 fluorogenic substrate, either in a conventional fluorimeter
Ala-49. (F-4000; Hitachi, Tokyo, Japan) or in a stopped-flow
increasing concentrations of the inhibitor, as described earlierapparatus (SX-17MV; Applied Biophysics, Leatherhead,
(29, 30). The substrate was carbobenzaxphenylalanyl- ~ U.K.) essentially as in earlier work3( 29, 30). The
L-arginine 4-methylcoumaryl-7-amide (Peptide Institute, Substrates, their concentrations, and maximal substrate hy-
Osaka, Japan) for papain and cathepsin L and carbobenzoxydrolysis were the same as in the measurement§.ofThe
L-arginyH_-arginine 4_methy|coumary|_7_amide (Pept|de In- inhibitor concentration was at least 10-fold hlgher than that
stitute) for cathepsin B. The substrate concentration was 10 Of the enzyme. The apparent pseudo-first-order rate con-
20 uM; substrate hydrolysis never exceeded 10%. The Stants Kosap) Were obtained by nonlinear least squares
inhibitor concentration was varied from (0.2 to £)Ki.p ~ F€Qression analyses of the progress cur2éps (The apparent
(the apparent inhibition constant) to£{20) x Kiappand was bimolecular association rate consta_lngs,app derived from

at least 10-fold higher than that of the enzyme. For slow Plots 0fkess appVs inhibitor concentration, were corrected for
reactions, the equilibrium rates of substrate hydrolysis were Substrate competition to givessas described above.
evaluated by nonlinear least-squares regression analyses of Miscellaneous ProceduresSDS-PAGE under reducing

the progress curveg9). Values forK; ,,,were obtained by ~ conditions was run on 15% geld®). Relative molecular
nonlinear regression analyses of plots of the ratio betweenmasses and N-terminal sequences were determined as in refs
the inhibited and uninhibited rates of substrate hydrolysis 13 and20.

against inhibitor concentratiod®) and were corrected for Experimental Conditions and Protein Concentrations|
substrate competitior29, 30) to give K; with the use oKy, analyses of inhibitor-proteinase binding were carried out at
values reported elsewher2d( 36, 46). 25.0+ 0.2°C. The buffers used in these analyses were for
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Ficure 4: Demonstration of the steric incompatibility of a tryptophan substitution at position 4 of cystatin B in the cystgtap&n

complex. The coordinates were obtained as described in Materials and Methods. The region of papain that contacts cystatin B is shown
space-filled, with the active-site residue C25 shaded dark gray. The three papain-binding sections of the cystatin B backbone, colored gray,

are shown along with the side chain of Trp-4 in black.

papain, 50 mM Tris-HCI, 100 mM NaCl, 0.1 mM EDTA, 1 the Gly-4 cystatin A mutants should have resulted in nine
mM dithiothreitol, and 0.005% (w/v) Brij 35, pH 7.4; for different variants, i.e., G4G-, G4A-, G4S-, G4T-, G4K-,
cathepsin L, 100 mM sodium acetate, 1 mM EDTA, 1 mM G4R-, G4E-, and G4W-cystatin A, and a stop codon. After
dithiothreitol, and 0.005% (w/v) Brij 35, pH 5.5; and for partial sequencing of 48 clones, seven of the nine variants
cathepsin B, 50 mM Mes, 100 mM NaCl, 0.1 mM EDTA, were found, but G4A- and G4K-cystatin A were missing.
0.5 mM dithiothreitol, and 0.1% (w/v) poly(ethylene glycol), As characterization of the effects of the smallest possible
pH 6.0. substitution in position 4 was an important part of the study,

Concentrations of the cystatin A variants were determined a specific upstream primer was used to produce the G4A-
by absorption measurements at 280 nm. The molar absorpcystatin A mutant. Wild-type and G4A-, G4S-, G4R-, G4E-,
tion coefficient of wild-type cystatin A, 8800 M cm* (13), and G4W-cystatin A were expressed and purified in yields
was used for all variants except G4W-cystatin A, for which from 7 to 12 mg of protein/L of bacterial culture. The
an absorption coefficient of 14 300 Mcm~! was calculated inhibitors were>99% pure, as estimated by SBBAGE
from this value by addition of the molar absorption coef- under reducing conditions. N-terminal amino acid sequence
ficient of one tryptophan residuet§). Concentrations of  analyses of the recombinant cystatins confirmed correct
papain were determined by absorption measurements at 28@leavage by enterokinase, producing an authentic N-terminus,
nm from a molar absorption coefficient of 55 900" Mem™* and verified that the desired mutations of Gly-4 were present.
(35). The molar concentration of active sites of cathepsin The relative molecular masses of the variants, as determined
L was determined by titration with E-GQQ) The concen- by MALDI mass spectroscopy, differed by at most 8 mass
tration of cathepsin B was provided by the manufacturer. ynits (0.07%) from those expected. Titrations of papain,
RESULTS monitored by the loss of enzyme activity, gave binding

stoichiometries of 0.961.1:1 for wild-type cystatin A and

Expression, Purification, and Properties of Cystatin A the G4A and G4S mutants and 6:8.9:1 for the G4R, G4E,
Variants. A removable His-tag was inserted into the and G4W mutants. The somewhat lower values for the latter
previously constructed expression vector for cystatidi® (  mutants are presumably due to the low affinity of these
to simplify the purification of both the wild-type inhibitor ~ mutants for papain, which precluded optimal conditions in
and the Gly-4 mutants. In particular, affinity chromatogra- the determinations of the binding stoichiometries, i.e., a high
phy on matrix-linkedS-(carboxymethyl)papain used previ- ratio between the protein concentration and the inhibition
ously (13) was expected to be inefficient for purification of constant 49). Together, the data show that the expressed
mutants having appreciably decreased affinities for papain.and purified inhibitors had the intended mutations and were
The degenerate upstream PCR primer that was used to createf correct length and essentially fully active.
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Circular Dichroism. Far-UV CD spectra were measured affinity of this mutant for papain.kypsappfor the reaction
for wild-type cystatin A and all variants except G4AW-cystatin with papain showed a linear dependence on inhibitor
A. These spectra all had minima at approximately 215 nm concentration, within the range covered, for the G4A-, G4S-,
and identical magnitudes withie5% (not shown). The  and G4W-cystatin A mutants (Figure 3A). This behavior is
substitution of Gly-4 thus did not alter the overall conforma- compatible with a single-step binding reaction, as shown
tion of cystatin A sufficiently to perturb the far-UV CD  previously for the binding of wild-type cystatin A to papain
spectrum. G4W-cystatin A was not analyzed, as local (13). The slopes of the plots gawgssafter correction for
interactions between the extra tryptophan side chain andsubstrate competition. The dissociation rate consténmis,
adjacent residues would be expected to substantially affectwere undeterminable for the G4A and G4S mutants, as the
the far-UV CD spectrum of the protein, even in the absence intercepts on the ordinate were indistinguishable from zero,
of a conformational change(Q, 50, 51). and were instead calculated froKy and kiss (Table 1).

NMR. TOCSY and NOESY spectra were acquired for the However, a value forkgss could be obtained from the
G4A and G4W mutants of cystatin A and were of similar intercept for the G4W cystatin A mutant and was close to
high quality to those obtained previously for wild-type that calculated fronK; andkass(Table 1).
cystatin A (L5, 39). Resonance assignment was possible by  In contrast to the linear behavior observed for the smaller
comparison with the wild-type spectra, except for a few mutants and the G4W mutant, the concentration dependence
residues, less than 10 in each mutant, which showed largerof kops appfor the reaction of the GAR- and G4E-cystatin A
amide shift changes. These residues were assigned bymutants with papain was hyperbolic (Figure 3B), indicating
standard sequential assignment methods. A complete tablea two-step binding mechanism. The simplest such mecha-
of resonance assignments is available on request. nism that fits the data can be described as the formation of

The largest chemical shift changes within each residue for an initial, weak complex (El) between enzyme (E) and
the two mutants are shown in Figure 2. For guidance, the inhibitor (I) in a rapid equilibrium and with an apparent
positions of the side chains of the mutated residues are alsadissociation constanks .y, followed by a reversible con-
shown, as obtained by modeling onto the fixed mean formational change with rate constahts andk-,, giving
conformation of wild-type cystatin A determined previously the final, stable complex (EI*)49), as shown in Scheme 1.
(15). Apart from a few regions that are discussed further
below (see Discussion), the chemical shift changes observed>cheme 1
between the mutants and wild-type cystatin A were in general
very small,<0.03 ppm.

The NOESY spectra for the mutants were closely super-
imposable on that of the wild-type, taking into account the Ky app Ki2, @andk—, were obtained by nonlinear least-squares
shift changes discussed above. The spectra were analyzedegression analyses of the data to the equation for this
in greater detail for the first binding loop by comparing mechanismkops apy= Ki2[l] o/ (K1,appt [I] o) + k-2 (49), where
intensities of well resolved peaks in the spectra of the three[l] is the total concentration of the inhibitor. The values of
proteins. Approximately 25 cross-peaks involving residues K;, corrected for substrate competition, dndwere (7.3+
in the N-terminal region or the first binding loop were 0.9) x 1076 M and (3.9+ 0.1) s'%, respectively, for the G4R
examined within each mutant, and no changes in intensity mutant and (7.1 1.0) x 10® M and (3.3+ 0.1) s/,
of greater than a factor of approximately 2 were noted. respectively, for the G4E mutant. Values kf,s were
Given the strong dependence of NOESY cross-peak intensityobtained from the initial slopeg, /Ky app Of the hyperbolic
on distance, this difference corresponds to a maximum curves after correction for substrate competition (Table 1).
change in interproton distances of approximately 15%. No The calculated values for the overalks (Kiiss= Ki/kasy Were
nonsequential NOEs to the tryptophan side chain in G4W- in good agreement with the fitted values for, which is
cystatin A were observed, indicating that this side chain is equal tokgss in the mechanism of Scheme 1 (Table 1).
in a disordered state. The kinetics of association of the cystatin A mutants with

Inhibition Constants Dissociation equilibrium constants, cathepsin L could only be analyzed for mutants wdttower
Kg, for the binding of the Gly-4 cystatin A mutants to papain than~1 x 1078 M, i.e., G4A-, G4S-, and G4W-cystatin A
and cathepsins L and B were determined as inhibition (Table 1), as the amounts of enzyme available precluded
constantsK;, by measurements of the decrease caused bymeasurements at the high concentrations necessary for the
the inhibitor of the equilibrium rates of cleavage of a weaker-binding mutants. The binding kinetics for the G4A-
fluorogenic substrate by the proteinase (Table 1). The low and G4S-cystatin A mutants were monitored in a conven-
affinity for cathepsin B of the variants having substituents tional fluorimeter, with concentrations of the inhibitors
with bulky side chains, i.e., G4R-, G4E-, and G4W-cystatin ranging from~0.5 to 10 nM. Stopped-flow measurements
A, only allowed estimations of the lower limits for th& of were used to determine the binding kinetics of the G4W
these interactions (Table 1). mutant to cathepsin L, the concentration of the inhibitor being

Binding Kinetics. Values ofksssfor the reactions between  varied from~60 to 600 nM. The concentration dependence
the Gly-4 mutants and the cysteine proteinases were deter-of kqps appShowed no deviation from linearity for all mutants,
mined by continuously monitoring the loss of enzyme activity the slopes of the plots givirigssafter correction for substrate
in the presence of a fluorogenic substrate. Interactions with competition (Table 1). Théyss values obtained from the
papain were studied in a stopped-flow instrument with intercepts on the ordinates were in good agreementhkyith
inhibitor concentrations generally ranging fraad to 20uM. calculated fronK; andkass(Table 1).

However, instrument limitations narrowed the accessible In the case of the interaction between the Gly-4 mutants
range to 0.54 uM for G4W-cystatin A, due to the weak and cathepsin B, it was only possible to analyze the

Ky app Ko
E+I <——’EI<—k—’EI*
2
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Table 1: Values 0K, kass andkgiss for the Interaction of Wild-Type Cystatin A and Cystatin A Gly-4 Mutants with Papain, Cathepsin L, and

Cathepsin

enzyme cystatin A form Ki (M) Kass(M~1s71) Kaiss (S71)
papain wild-type 1.8¢< 10713b 3.1x10° 5.5x 1077
[1] 1] (1
G4A (1.7£0.1) x 10710(13) (3.9 0.05)x 10° (7) 6.6x 1074°¢
[900] [0.8] [1000]
G4S (1.3+ 0.1) x 107° (10) (3.7+ 0.05) x 10° (6) 4.8x 1073¢
[7000] [0.8] [9000]
G4R (4.9+ 0.3)x 107 (11) 5.3x 10P¢ 0.32+ 0.06 (9)
[3 x 109 [6] [6 x 107
0.26¢
G4E (1.3+ 0.06) x 1078 (11) 4.6x 10°¢ 0.67+0.1(8)
[7 x 107] [7] [1 x 109
0.60¢
GAW (5.1 0.3) x 1077 (11) (5.84+ 0.3) x 10° (7) 1.3+ 0.8 (7)
[3 x 10f] [0.5] [2 x 107]
3.0¢
cathepsin L wild-type 1% 101 5.2x 10° 9.9x 10°5¢
[1] (1 (1]
G4A (2.2+ 0.1) x 10710(9) (8.3+ 0.6) x 10° (9) (1.6+ 0.6) x 1073 (9)
[10] [0.6] [20]
1.8x 10°3¢
G4S (5.7+ 0.2) x 10710(12) (7.7+ 1.1) x 10° (12) (4.74+ 0.9) x 1073 (12)
(30] [0.7] [50]
4.3x 1078
G4R (3.3 0.3) x 107 (9) ND ND
[2 x 104
G4E (1.3 0.2) x 108 (7) ND ND
[7 x 104
GAW (1.06+ 0.03) x 1078 (7) (1.3£ 0.05)x 107 (5) 0.2+ 0.1 (5)
[600] [0.4] [2000]
0.14¢
cathepsin B wild-type 9.k 1070 3.9x 10¢ 3.5x 10°5¢
(1] (1 (11
G4A (5.3+ 0.4) x 10°6(9) (7.1+£ 0.5) x 107 (7) 3.8x 10°3¢
[6000] [50] [100]
G4S (2.4+ 0.1) x 1075 (8) (6.7 0.4) x 1% (7) (2.4+0.3)x 102(7)
[3 x 107 [60] [700]
1.6x 1072¢
G4R >1.3x 1074 (1) ND ND
[>1x 107
G4E >1.1x 1074 (1) ND ND
[>1x 107
G4W >9 x 1075 (3) ND ND
[21 x 107

a Experimental conditions are described in the Material and Methods. All values for wild-type cystatin A are taken from previouSané (
are shown for comparison. Measured values are given with standard errors and with the number of measurements in parentheses. Calculated values
and values obtained previously are given without errors. Relative values, defit@g.as(Kiuwid—type KasswitdtypéKassmutan@Nd Kaiss mutarKdiss,wild-types
are given within square brackets. Relative values @fthus indicate changes &, kassandkaiss expected to result in decreased binding affinity.
ND, not determined® Calculated fronkassandkgiss ¢ Calculated fromK; andk,ss ¢ Calculated from the initial slope of the curves in Figure 3B, as
described in the Results.

association kinetics for G4A- and G4S-cystatin A, due to in general decreases with increasing size of the side chain
the low affinity of the other mutants for cathepsin B (Table of the substituent, in qualitative agreement with a previous
1). For the G4A mutant, the decrease of cathepsin B activity report 33). However, much larger effects were observed
was continuously monitored by conventional fluorimetry, the in this work, rendering questionable the simple, quantitative
inhibitor concentrations being varied from 3 to 14, relationship between the size of the side chain in position 4
whereas the kinetics of inhibition of the G4S mutant was and theK; for the mutant proposed previousl§3). In this
measured in the stopped-flow fluorimeter with inhibitor ~study, even the smallest possible substituent, Ala, resulted
concentrations between 25 and 18@. kssshowed alinear  in about a 1000-fold lower affinity for papain than that of
dependence on the inhibitor concentration for both mutants, the wild-type (for whichKy is ~1.8 x 10713 M), and
the slopes givingass(Table 1). A value fokgsscould only  substitution to Ser gave a further approximately 8-fold
be determined from the intercept on the ordinate for the G4S reduction of this affinity. These effects should be compared
mutant and was close to the calculated value (Table 1).  with those of 16-20-fold reported previously for the same
replacements3@). Moreover, substitution of Gly-4 by larger
DISCUSSION or charged substituents, i.e., Arg, Glu, or Trp, resulted in
Decreased Affinity of the Gly-4 Cystatin A Mutants for affinity decreases 0£3 x 10°-fold from that of the wild-
Papain, Cathepsin L, and Cathepsin Bhese results show  type, i.e., to &; of ~1 uM, contrasting much smaller effects
that the affinity of Gly-4 mutants of cystatin A for papain of maximally ~250-fold reported previously for comparable
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replacements33). These differences are to a large extent changes are observed for Gly-5, Leu-6, and Val-47. These
due to a much loweKq for the binding of wild-type cystatin  shift changes are smallkQ.2 ppm), but indicate that the

A to papain used in this work. This value was obtained by mutation does have a minor effect on the residues close to
us in an earlier study by separate measuremenig.gdnd it in sequence and also on the first binding loop. In the Trp
kdiss @ procedure that is much more accurate than equilibrium mutant, the shift changes will have two components: con-
measurements for very high affinities3). However, also ~ formational changes in the protein and ring-current effects
the affinities of the mutants for papain differ between the from the tryptophan aromatic ring system. As the tryptophan
two investigations, th&; values obtained in this work being  side chain appears to be disordered, the ring current effect
lower than those reported in the previous study, e-450- can very plausibly explain the increased shift changes
and~40-fold lower for G4A- and G4S-cystatin A, respec- observed in a number of residues in this mutant, rather than
tively. These discrepancies may be due to the alternativethese changes being due to a significantly increased confor-
methodology and evaluation procedure used previo@dy (  mational change. This conclusion is supported by the
which is less appropriate for measurements of affinities of similarity of the pattern of NOEs observed. Although it is
the magnitudes involved. difficult to accurately quantify the difference in structure

The affinities of the Gly-4 mutants of cystatin A for the required to effect large changes i, it is clear that the

physiological target enzymes, cathepsins L and B, not differences in binding affinities between the G4A and G4W
investigated previously, were also found to decrease as themutants are not reflected in the relative size of changes in
size of the mutant side chain increased. The affinities for the structure of the free protein. The circular dichroism and
cathepsin L in general were comparable with those for NMR results thus do not support a change in the structure
papain. However, the affinity decrease was smaller for of the inhibitor as being the main cause of the decreased
cathepsin L than for papain, ranging from differences binding energy. Instead, they indicate that the decreased
compared with that of the wild-type of approximately 10- affinities of the G4 cystatin A mutants for proteinases are
and 30-fold for the Ala and Ser mutants, respectively, to caused predominantly by the mutant residue interfering with

differences of~5 x 10*fold for the mutants with the larger

the binding of the N-terminal region of the inhibitor to the

side chains. This reduced effect may be partly due to a proteinase.

somewhat uncertain value for the affinity of wild-type
cystatin A for cathepsin LK; ~2 x 10 M, which could
only be obtained by equilibrium measurementskasg for
the complex could not be determineti3]. However, the

Molecular Background to the Decreased Affinity Suggested
by Modeling. Computer modeling based on the structure of
the cystatin B complex with papainl®) provides an
indication why the interaction of cystatin A with proteinases

smaller differences most likely also reflect a larger tolerance is so strongly affected by mutations at the G4 position. The
of cathepsin L than of papain for side chains other than a structure of cystatin A, as determined by Martin et &b)(
hydrogen in position 4. Interestingly, the G4W mutant had overlays with a backbone root-mean-square deviation of 1.2
an anomalously high affinity for cathepsin L, 50-fold higher A onto the structure of cystatin B in the compfexModeling
than that for papain, probably reflecting specific interactions of a tryptophan side chain in position 4 of cystatin B shows
between the indole side chain and the enzyme. that there is severe steric hindrance between the mutated side
In contrast with the smaller effect seen for cathepsin L chain and the proteinase, the majority of the indole group
compared with papain, the consequences of mutations ofbeing buried in the papain structure (Figure 4). 1t is
Gly-4 in cystatin A were even more deleterious for the reasonable to assume that this steric hindrance in general
binding to cathepsin B than to papain. The decrease in theshould vary with the size of the side chain, which would
affinity of the mutants with small side chains, G4A and G4S largely explain the trends in the inhibition data.
(the only ones for which values could be obtained), for  Altered Kinetics of Interaction of the Gly-4 Mutants with
cathepsin B was-5000- and~25000-fold, respectively; the Target EnzymesG4A- and G4S-cystatin A were the
being increased te-5 and~24 uM, respectively, from~1 only mutants for which the binding kinetics could be
nM for the wild-type. The affinities of G4R-, G4E-, and analyzed with all enzymes. In the case of papain and
G4W-cystatin A were indeterminable, biitwas estimated  cathepsin L, thek,ss for the binding of these mutants was
to be above 10@M. The large effect of the mutations on  unaffected by the mutations, the decrease in affinity being
the interaction with cathepsin B may be due patrtially to the entirely due to an increasddss The mutations therefore
“occluding loop”, covering a large portion of the active site affect the strength of interactions between cystatin A and
of the enzyme §2) and absent in papain, interfering with papain or cathepsin L that keep the inhibitor and enzyme
the interaction of the new side chains of the mutants with attached in the complex and not the rate at which these
the proteinase. interactions are established. In contrast, in the case of
Evidence That the Decreased Affinity Is Not Caused by a cathepsin B, the mutations affected bkih which decreased
Conformational Change of the MutantsThe observed  ~60-fold, andkgss Which increased~100 and~700-fold
changes in binding affinity could be due to an altered forthe G4A and G4S mutants, respectively. This differential
conformation of cystatin A caused by the mutations or to a effect of the mutations on the rate of association of cystatin
change of the interactions between the inhibitor and the A with papain or cathepsin L and with cathepsin B is
enzyme. The circular dichroism spectra gave no evidence
for an altered conformation of the cystatin A mutants.  2An alternative structure of a variant of cystatin A, lacking the
Moreover, the very small changes in chemical shift seen in N-terminal Met and with Met-65 replaced by Leu, has been determined
the NMR analyses for the majority of residues provide by Tate et al. {6). The structure of this form of the protein does not
. . . . explain why the mutation at the G4 position affects the chemical shift
sensitive evidence that there is no overall conformational

: ) 'al of Val 47, since it places the N-terminus away from the first binding
change. In G4A-cystatin A, the largest chemical shift loop, and this structure therefore will not be considered further here.
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