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ABSTRACT: Subtilisin BPN contains two cation binding sites. One specifically binds calcium (site A),
and the other can bind both divalent and monovalvent metals (site B). By binding at specific sites in the
tertiary structure of subtilisin, cations contribute their binding energy to the stability of the native state
and increase the activation energy of unfolding. Deconvoluting the influence of binding sites A and B on
the inactivation rate of subtilisin is complicated, however. This paper examines the stabilizing effects of
cation binding at site B by using a mutant of subtilisin BRhich lacks calcium site A. Using this
mutant, we show that calcium binding at site B has relatively little effect on stability in the presence of
moderate concentrations of monovalent cations. At [Na&€IP0 mM, site B is=98% occupied with
sodium, and therefore its net occupancy with a cation varies little as subtilisin is titrated with calcium.
Exchanging sodium for calcium results in a 5-fold decrease in the rate of inactivation. In contrast, because
of the high selectivity of site A for calcium, its occupancy changes dramatically as calcium concentration
is varied, and consequently the inactivation rate of subtilisin decreag68-fold as site A becomes
saturated with calcium, irrespective of the concentration of monovalent cations.

Cations have been shown to play an important role in
stabilizing proteins by binding at specific sites in their tertiary
structure. Examples where metal binding makes a pro-
nounced contribution to the stability of proteins are numerous
(1—9). Extracellular microbial proteases are examples of very
robust proteins which typically contain one or more cation
binding sites. For example, thermolysin, from the thermo-
philic organismBacillus thermoproteolyticysontains four
C&" binding sites 10). The contribution of C& binding
sites to theAG of unfolding for thermolysin was reported
to be between 8.1 and 9.2 kcal/mdllj. The thermophilic
fungal proteases proteinase K and thermitase have two and
three calcium binding sites, respectively, which make large
contributions to their high stabilityl@—14).

Subtilisin BPN is a 275 amino acid serine protease
secreted from the soil bacteriugacillus amyloliquefaciens
High-resolution X-ray structures of subtilisin BRNs well
as numerous homologueBA-17), have revealed details of
a conserved, high-affinity, calcium binding site, termed site
A. A second site (site B) is less conserved and has weaker
affinity for calcium (Figure 1).

Calcium at site A is coordinated by five carbonyl oxygen
y yloxyg Ficure 1: Ribbon drawing depicting the-carbon backbone of

I!gands and one asparﬂc acid. Eour of the carbony| °’?y9e” subtilisin. Cation binding sites A and B are depicted with only side
ligands to the calcium are provided by a loop comprising chain ligands shown.

amino acids 7583. The geometry of the ligands is that of ,

a pentagonal-bipyramid whose axis runs through the carbo-ffom 2.3 to 2.6 A, the shortest being to the aspartyl
nyls of 75 and 79. The other ligands in the loop are the delta C@rboxylate. Three hydrogen bonds link the N-terminal
oxygen of N77 and the carbonyl oxygen of V81. On one Ségment to loop residues #82 in a parallel-beta arrange-
side of the loop is the bidentate carboxylate (D41), while Mént. , ,

on the other side is the N-terminus of the protein and the 1he binding parameters of calcium at site A have been

side chain of Q2. The seven coordination distances rangedétermined previously by titration calorimetrysHeinging =
—11 kcal/mol andAGyinging= —9.3 kcal/mol at 25C (18).

* Supported by NIH Grant GM42560. Thus, the binding of calcmm is primarily entha_lp|cally driven
* To whom correspondence should be addressed. Tel: 301-738-6220 With only a small net loss in entropyAinding = —6.7 cal/
FAX: 301-738-6255. E-mail: bryan@umbi.umd.edu. (°C-mol)]. This is surprising since transfer of calcium into
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water results in a loss of entropy of60 cal/(C-mol). in vitro mutagenesis system, version 2 (Amersham Interna-
Therefore, the freeing of water upon calcium binding to the tional plc). Single-strand plasmid DNA was sequenced
protein will make a major contribution to the overaAs of according to Sequenase (United States Biochemical).

the process. The gain in solvent entropy upon binding must  protein Purification.Subtilisin BPN and a variant lacking
be compensated for by a loss in entropy of the protein. site A| S152, were expressed in a 1.5 L New Brunswick
Presumably, the loop amino acids—783 and the first few  fermentor at a level 0f-200 mg/L. After fermentation, 16
N-termlnal residues haye increased mobility when calcium g of Tris-base and 22 g of CaQldihydrate) were added to
is absent from the A site. ~1400 mL of broth. Cells and precipitate were pelleted in
A second ion binding site (site B) is located 32 A from 250 mL bottles by centrifugation at 120§@r 30 min, 4
site A in a shallow crevice between two Segments of the °C. Acetone (70% final Vo|ume) was added to the superna-
polypeptide chain near the surface of the molecule (Figure tant. The 70% acetone mixture was then centrifuged in 500
1). Evidence that site B binds calcium comes from determin- m|_ pottles at 1200 for 30 min, 4 °C. The pellet was
ing the occupancy of the site in a series of X-ray structures resuspended in150 mL of 20 mM HEPES, pH 7.0, 1 mM
from crystals grown in 50 mM NaCl with calcium concen-  caC}. Resuspended material was centrifuged at 18360
trations ranging from 1 to 40 mM1Q). In the absence of 10 min, 4°C, to remove insoluble material. Using a vacuum
excess calcium, this locus was found to bind a sodium ion. fynnel, the sample was passed over 150 g of DE52,

The binding of these two ions appears to be mutually equilibrated in 20 mM HEPES, pH 7.0. The DE52 was
exclusive so that as the calcium concentration increases, theyashed 2 times with 150 mL of 20 mM HEPES, 1 mM
sodium ion is displaced, and a water molecule appears in itscaCy, buffer, and all the washes were pooled. Solid ¢H
place directly coordinated to the bound calciut8)( When s, was added to the sample to a final concentration of 1.8
calcium is bound, the coordination geometry of this site M. Final purification was carried out using a2 30 cm
closely resembles a distorted pentagonal-bipyramid. Threeporos HP 20 column on a Biocad Sprint. The sample was
of the ligands are derived from the protein and include the |paded and washed in 1.8 M (NSO, 20 mM HEPES,
carbonyl oxygen atom of E195 and the two side-chain pH 7.0, and then eluted with a linear gradient [BM
carboxylate oxygens of D197. Four water molecules com- (NH,),SO, in 20 mM HEPES, pH 7.0]. Subtilisin BPN
plete the coordination sphere. When sodium is bound, its ejuted at a conductivity of 108 mS and S152 at 96 mS.
posmon is removed by 2.7 A from_that .Of caIC|um,. and the Activity Assays.Assays of peptidase activity were per-
ligation p'atFern chang_es. Thg sodium ligands derived from formed by monitoring the hydrolysis of SAAPF-pNA as
the protein include a side-chain carboxylate oxygen of D197 described by 73). The [subtilisin] was determined using 1
and the carbonyl oxygen atoms of G169, Y171, V174, and mg/mL = 1.17 at 280 nm. For S152 which has one fewer

Elr?esr.e Two water molecules complete the coordination tyrosine, the 1 mg/mL at 280 nm was calculated to be 1.12
P : (or 0.96 x wt), based on the loss of one Tyr resid@l)(

By binding at specific sites in the tertiary structure of ) . . .
subtilisin, cations contribute their binding energy to the Differential Scanning Calorimetry (DSCRSC measure-
stability of the native state and increase the activation energyMents were performed on the inactive subtilisin mutant,
S221C? using a Hart 7707 DSC heat conduction scanning

of unfolding. The rate of thermal inactivation of subtilisin - i | _
is decreased about 1000-fold as the calcium concentrationMicrocalorimeter mterfaced_wnh an IBM personal computer
(18). The temperature was increased from 20 to IQ&t a

is increased from near zero (excess EDT&) 100 mM :
CaCh (19). Deconvoluting the influence of binding sites A S¢an rate of 30 or 66C/h. The volume of all protein and
control solutions was near 0.70 mL per ampule. The

and B on the inactivation rate is complicated, however. This

paper examines the stabilizing effects of cation binding at concentration of S221C subtilisin was 3 mg/mL. Each
site B by using a mutant of subtilisin BPNvhich lacks experiment was comprised of four segments: (1) the first

calcium site A. Following the characterization of site B, we UPWard scan from 20 to 11T; (2) the first downward scan
are able to assess the relative contributions of each site orffom 110 to 20°C; (3) a second upward scan from 20 to

stability. 110 °C; and (4) a second downward scan returning to 20
°C. The power input from an upward scan of buffer vs buffer
MATERIALS AND METHODS was subtracted from the first upward scan to obtain the excess

) ] o ) power input for the unfolding transitions. The excess power
Cloning and Expressiofi.he subtilisin gene frorBacillus  thermal scans were converted to excess heat capacify vs
amyloliquefaciengsubtilisin BPN) has been cloned, se- gcans by dividing by the scan rate.
quenced, and expressed at high levels from its natural A . L
Determination of Inactiation Rates.The kinetics of

promoter sequences Bacillus subtlis(20, 20. All mutant inactivation were determined as follows. Subtilisin atNl

genes were recloned into a pUB110-based expression plasy .o yiation was dispensed in aliquots of 0.5 mL into 1
mid and used to transforf. subtilis TheB. subtilisstrain P q ’

used as the host contains a chromosomal deletion of itsmL glass test tubes and covered with Parafilm. The tubes

subtilisin gene and therefore produces no background wild- \t,(\:re‘rr\ee?:;ﬁ?g IRtaeg::rﬁutli&rlrgg]g c\)l\i/r?: e; ?SE)Z ﬁ;gieﬁg\r;%”:;%
type (wt) activity @2). Mutagenesis of the cloned prodomain P i point,

) ) o quickly transferred to an ice bath. A L@ aliquot was
gene was performed according to the oligonucleotide dwectedremove d, and residual activity was assayed in 90@®f 1

1 Abbreviations: DSC, differential scanning calorimetry; EDTA,
disodium salt of ethylenediaminetetraacetic acid; SAAPF-pNA, succinyl- 2 A shorthand for denoting amino acid substitutions employs the
L-Ala-L-Ala-L-Pro+-Phep-nitroanilide; Tris, tris(hydroxymethyl)ami- single-letter amino acid code as follows: N218S denotes the change
nomethanet,,,, half-life for a kinetic experiment; wt, wild type. of asparagine 218 to serine.
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Ficure 2: Comparison of the rates of irreversible thermal inactiva-
tion of S221C subtilisin with the rate of thermal unfolding of wt
subtilisin in 50 mM Tris-HCI, pH 8.0, 50 mM NacCl, 10 mM Cagl
over the temperature range of -6B5 °C. Unfolding rates are

measured by differential scanning calorimetry. Data are plotted as

the natural logarithm of the rate constants vs 1/K. Solid circles
show the rate of unfolding, and open circles show the rate of
inactivation. The activation energy of both processes86 kcal/

mol at 65°C.

mM sAAPF-pNA, 0.1 M Tris-HCI, pH 8.0, 0.1 M NaCl.
The inactivation time course was followed over four half-
lives.

RESULTS

Kinetics of Inactiation and the Unfolding RatdJnder
the conditions which we have employed in this paper
([subtilisin] = 1 uM and temperature: 65 °C), the rate of
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Ficure 3: Rates of thermal inactivation of subtilisin BPBt 65
°C are plotted as a function of calcium concentration. The data are
fit to mechanism 3 in the text.

previous work, we have shown that deleting amino acids
75—83 creates an uninterrupted helix and abolishes the
calcium binding potential at site A18, 29, 30. X-ray
structures have shown that except for the region of the
deleted calcium binding loop, the structures of the mutant
and wild-type protein are remarkably similar considering the
size of the deletion. The structures of subtilisin with and
without the deletion superimpose with an rms difference
between 261 & positions of 0.17 A. Following deletion of
amino acids 7583, a-helix C is uninterrupted and shows
normal helical geometry over its entire lengd). Never-
theless regions of subtilisin which were adjacent to the 75
83 loop have lost many favorable interactions. The N-ter-

thermal inactivation of subtilisin is characterized by a single- minus of the wild-type protein lies beside the site A loop,
exponential decay curve whose time constant is determinedfurnishing one calcium coordination ligand, the side chain
by the rate of subtilisin unfolding. This can be demonstrated oxygen of Q2. The deletion leaves residuesildisordered.

by comparing the rate of unfolding of an inactive (S221C) In addition to the N-terminal amino acids, the regions of
variant of subtilisin by scanning calorimetry with the rate the mutant most affected by deletion are the-38 w-loop,

of thermal inactivation of the corresponding active version the 63-85a-helix, and the 202219 -strand. Consequently,
(Figure 2). The proteolytic activity of the C221C mutant is a number of compensating mutations were identified and
about 50 000 times less than wt subtilisin, so that the rate of introduced into the deletion mutant to restore high stability.
unfolding can be observed independent of autoproteolysis This work is described in detail in Strausberg et al)@nd
(25—27). A rate constant for unfolding of the S221C mutant in the accompanying papeB3). The mutant used here to
was calculated from the DSC trace using the equatlon: characterize site B is denoted S152 and contains the
vCo/(Q: — Q), wherew is the scan rate, is the excess heat  following mutations: Q2K, S3C, P5S, K43N, A73\75—
capacity,Q; is the total heat of the unfolding process, apd 83, E156S, G166S, G169A, S188P, Q206C, N212G, K217L,
is the heat evolved at a given temperatuz8) ( N218S, T254A, and Q271E.

Kinetics of Irreversible Inactvation of Subtilisin vs Inactivation of S152 Subtilisin's [Sodium ] and [Cal-
[Calcium]. The calcium dependence of the inactivation rate cium]. Rates of inactivation as a function of [calcium] were
of wild-type subtilisin BPN is shown in Figure 3. The determined for S152 as for wild-type subtilisin (0.1M Tris-
calcium concentration was varied from 1081 to 100 mM. HCI, pH 8.0, 100 mM NaCl), except that the inactivation
The invariant buffer components were 100 mM Tris-HCI, temperature was 70C because of the higher stability of
pH 8.0, 100 mM NacCl. The rate of inactivation at 86 S152. The rate of inactivation of S152 decreases-y
decreases by 100-fold as [calcium] is increased from 100 fold as [calcium] is increased from 1Q¢M to 100 mM.
uM to 100 mM. Understanding the physical basis for this Thus, calcium binding at site B has relatively little influence
calcium effect requires examination of the mechanism of on S152 stability in the presence of 100 mM NaCl. In
thermal inactivation and the affinities of the two ion binding contrast, the inactivation rate of wild-type subtilisin decreased
sites. To separate the influence of site B on cation-dependent~100-fold as [calcium] was increased from 1001 to 100
stability from that of site A, we chose to analyze a mutant mM.
of subtilisin which lacks site A. We next evaluated the influence of [NaCl] on the inactiva-

Construction of a Subtilisin Mutant Lacking Site A tion rate of S152. The [NaCl] was varied from 10 to
(Subtilisin S152).The calcium binding loop of site A'is 100 mM in 0.1 M Tris-HCI, pH 8.0. Tris is a large, soft
formed from a nine amino acid bubble in the last turn of an cation which has little influence on the stability of subtilisin
o-helix, comprising amino acids 635 (helix C) (7). In (data not shown). The results are summarized in Figure 4A.
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A Table 1: Affinity of Site B for Various Catiorfs
0.12 cation Ca K Na NH Li
& o1 | Ka 67 MMt 10mM?! 13mM?!l 5mMt 12 mMt
‘e : ionicradius 0.99A 133A 095A 152A 060A
c  0.08 4 aBinding affinites were determined by measuring the inactivation
.f_j rate of A75—83 subtilisin as a function of [cation].
(]
Z 0.6 +
Q The same experiment was repeated using a@tead
£ 0.04 -+ of NaCl. The [CaC]] was varied from 10:M to 100 mM
° in 0.1 M Tris-HCI, pH 8.0. The results are summarized in
g 002 T Figure 4B. Fitting the inactivation data to mechanism 1 yields
= ol « o a binding constant of calcium for site B of 60 mi¥ about
10° 00001 0001 001 0.1 1 60-fold tighter than sodium. .
NaCl Since sodium and calcium compete for occupancy of site
[Nach B, one can calculate the influence of one ligand on the
B binding of the other according to the equations:
N 0.12 T [SCa)/[Soal = Ks-cdCal/(1+ Ks_cCa] + Ky [Na])
= 1
s 008 [SNal/[Spial = Ks_cdNal/(1 + Ks_cJCa] + Ks_y[Nal)
©
> €1
5 0.0 where [SCa]/[&tw] is the fraction of subtilisin bound to
< 0.04 1 calcium, [SNa]/[Stwa] is the fraction of subtilisin bound to
5 sodium,Ks_cais the binding constant for calcium (60 mi,
o 0.02 4 andKs-na is the binding constant for sodium (1 mi¥). In
e the presence of 100 mM NacCl, the observed binding constant
0 bl el of site B for calcium is~0.6 mM™. The calcium dependence
107 10° 10° 10* 10° 107 of inactivation of S152 in 0.1 M NaCl at 76C can be
[CaCl ] accounted for using the following model:

Ficure 4: (A) Rates of thermal inactivation of subtilisin S152 at

-1 -1
70 °C are plotted as a function of [sodium]. The data are fit to 60mM 1 mM

mechanism 1 in the text witK(site B)= 1 mM~%. (B) Rates of S(Ca-B) =N Ca+S+Na = S(Na-B)

thermal inactivation of subtilisin S152 at 7€ are plotted as a @)
function of [calcium]. The data are fit to mechanism 1 in the text { 0.0003 min-! U 0.11 min-1 U 0.001 min-!
with K(site B)= 60 mM1. U v U

The rate of inactivation of S152 at 7& decreased by 160-
fold as [NaCl] was increased from 1QiM to 100 mM.

J >>0.1 min-1

These data were used to determine the binding affinity of I

sodium to site B. In the presence of excess cation, the ) ) ) .
inactivation rate of S152 subtilisin can be diagrammed as S(Ca-B) denotes native S152 with calcium in site B, and
follows: S(Na-B) denotes native S152 with sodium in site B.

Rate of Thermal Inactation of S152 as a Function of

K (site B) [Ca], [Na], [K], [NH 4], and [Li]. To determine the prefer-
S(Cation) < S + Cation ences of sit_e B f_or qther monovalent_(_:a_tions, we measured
(1) the rate of inactivation of S152 subtilisin as a function of
UKy Uk, [KCI], [NH 4Cl], and [LiCl]. By measuring inactivation rate
U U for each cation and fitting the data to mechanism 1, the
b ook association constant to site B was determined for each (Table
> Kz

1). The association of site B to ammonium, potassium, and
I lithium cations is greater than to sodiu{,(= 12 mM!

for lithium, 10 mM™ for potassium, 5 mM* for ammonium,
and 1.0 mM? for sodium). The relative affinity of site B
for different ions appears to be a function of both the net
charge and the atomic radius of the cation. The ionic radii
of calcium and sodium are similar (0.99 and 0.95 A,
respectively). Presumably thet+2charge of calcium is
responsible for its 60-fold higher affinity. The ionic radii of
potassium and ammonium are similar (1.33 and 1.52 A,
respectively), and their binding affinities are similar. Lithium
binds as tightly as potassium and ammonium, despite its

S denotes native subtilisin) denotes unfolded subtilisin,
and| denotes irreversibly inactivated subtilisin. In excess
cation (e.g.,=100 uM) and at temperatures at which
unfolding of the free protein is slower than cation binding
(rapid binding equilibrium model), the rate of inactivation
will be determined by the fraction of each native species
times its unfolding rate. Fitting the inactivation data to
mechanism 1 yields a binding constant of sodium for site B
of 1 mM™
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small ionic radius (0.60 A). This may indicate that two
lithium ions can be bound at site B.

DISCUSSION

The major finding of this paper is the determination of
the ion affinities of site B in subtilisin. These findings have
significant implications on the interpretation of the calcium-
dependent stability of wild-type subtilisin. In the past, we
(19) and others32) have suggested that calcium binding to

site B is responsible for the large decrease in the inactivation

rate of subtilisin in the presence of millimolar concentrations
of calcium. Reexamination of calcium-dependent stability
data in light of a better understanding of the ion binding
preferences of site B shows that the calcium binding at site
B has relatively little effect on stability in the presence of
moderate concentrations of monovalent cations. At [NaCl]
= 0.1 M, site B is>98% occupied with sodium, and
therefore its net occupancy with a cation varies little as
subtilisin is titrated with calcium. Exchanging sodium for
calcium results in a 5-fold decrease in the rate of inactivation.
The region of subtilisin around site B has a high charge
density with two Glu, one Asp, one Arg, and one Lys within
a 8 A radius. Particularly striking is the close juxtaposition
of Glu 251 and Asp 197. Cations therefore would be expected
to stabilize the folded state. The specificity of site B for a
particular cation is low, however.

The occupancy of the calcium-selective site A does change

dramatically, as [calcium] is varied. Consequently, one can
model the inactivation data for wild-type subtilisin from
Figure 3 using a rapid binding equilibrium model:

100 M-1 4x104 M1

S(Ca-A,Ca-B) < S(Ca-ANa-B) + Ca & S(Na-B) +2Ca (3)

U 0.0015min.? U 0.0075 min-! U 1.7 min!

U U [0)

J >>1.7 min'!

I

S(Ca-A,Ca-B)denotes subtilisin with calcium in sites A and
B, S(Ca-A,Na-B)denotes subtilisin with calcium in site A
and sodium in site B, an8(Na-B) denotes subtilisin with
no cation in site A and sodium in B. Figure 3 plots the rate
of inactivation of BPN at 65°C as a function of calcium
concentration. The data closely fit the mechanism when the
K, of site A for calcium is 4x 10* M~ (65 °C). Because
the experiment is carried out in 0.1 M NaCl, site B of native
subtilisin is occupied with either calcium or sodium, and the
observed, of site B for calcium is 100 M! (65 °C). The
rate of inactivation of subtilisin with both sites occupied with
calcium is about 5 times slower than with site A occupied
with calcium and site B with sodium, and about 1000 times
slower than subtilisin with only site B occupied with sodium.
Thus, in the presence of 0.1 M NaCl, calcium-dependent
stabilization of subtilisin is dominated by site A rather than
site B.

The structure of the calcium A site in subtilisin is
fundamentally different from the more common EF hand
calcium binding sites of calbindin, parvalbumin, calmodulin,
o-lactalbumin, or troponin C. All of the protein ligands to

Alexander et al.

calcium in an EF hand structure are on a single loop of about
12 amino acids connecting @-helices, and 3 or 4 of the
side chain ligands to the calcium are aspartic acid or glutamic
acid. By contrast, the protein ligands of the A site come from
three noncontiguous regions of subtilisin, and only one of
the ligands (D41) carries a formal charge. THgof the A

site (~10" M~* at 25°C) is comparable to those of EF hand
structures, which range from 1@o 1 M. Also, the
binding of calcium to both types of site is enthalpically
driven. A major difference in the A site, however, is that
the on and off rates for calcium are-3 orders of magnitude
slower. This difference may reflect that EF hand proteins
are typically part of a calcium messenger system and are
designed to be responsive to changes in calcium concentra-
tion in order to trigger various biological processes. In
subtilisin, calcium is a integral part of the structure, and its
association or dissociation probably requires significant but
transient disruption in surrounding proteiprotein interac-
tions. This disruption in structure would explain the high
activation energy and slow kinetics of calcium binding and
dissociation. For example, breaking main-chain hydrogen
bonds between the N-terminal region and the loop region
would allow the relatively buried calcium a passageway into
or out of the protein. On the basis of this, we have argued
previously the calcium binding sites are common features
of extracellular microbial proteases probably because of their
large contribution to both thermodynamic and kinetic stabil-
ity. The results presented here, however, show that stabiliza-
tion of subtilisin by excess calcium at 8& is primarily a
thermodynamic effect. That is, at [calcium] 100 uM, the
inactivation rates can be modeled by assuming that calcium
binding to the native state remains at equilibrium. Only at
[calcium] below 10Q:M does the rate of calcium dissociation
from site A begin to influence the inactivation rate noticeably.

A final implication of this work is that caution is required
in interpreting mutations which alter the calcium-dependent
stability of subtilisin. Most stabilizing mutations isolated to
date affect the rate of subtilisin inactivation in a calcium-
dependent manner. That is, most mutations stabilize only in
the presence of excess calcium and not in the presence of
calcium chelators, such as EDTA. As will be discussed in
the following paper §3), the reason for this behavior is
related to the indirect influence of the global stability of
subtilisin on calcium binding at site A.
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