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ABSTRACT. Phosphatidylinositol-specific phospholipase Cs (PI-PLCs, EC 3.1.4.10) are ubiquitous enzymes
that cleave phosphatidylinositol or phosphorylated derivatives, generating second messengers in eukaryotic
cells. A catalytic diad at the active site Bécillus cereus?l-PLC composed of aspartate-274 and histidine-

32 was postulated from the crystal structure to form a catalytic triad with the 2-OH group of the substrate
[Heinz, D. W., et al. (1995EMBO J. 14 3855-3863]. This catalytic diad has been observed directly by
proton NMR. The single low-field line in thtH NMR spectrum is assigned by site-directed mutagenesis:
The peak is present in the wild type but absent in the mutants H32A and D274A, and arises from the
histidine H* forming the Asp274His32 hydrogen bond. This hydrogen is solvent-accessible, and
exchanges slowly with 0 on the NMR time scale. The position of the low-field peak shifts from 16.3

to 13.8 ppm as the pH is varied from 4 to 9, reflectingkq pf 8.0 at 6°C, which is identified with the

pK, of His32. The H! signal is modulated by rapid exchange of th@ with the solvent. Estimates of the
exchange rate as a function of pH and protection factors are derived from a line shape analysis. The
NMR behavior is remarkably similar to that of the serine proteases. The postulated function of the Asp274-
His32 diad is to hydrogen-bond with the 2-OH of phosphatidylinositol (PIl) substrate to form a catalytic
triad analogous to Asp-His-Ser of serine proteases. This is an example of substrate-assisted catalysis
where the substrate provides the catalytic nucleophile of the triad. This hydrogen bond becomes shorter
as the imidazole is protonated, suggesting it is stronger in the transition state, contributing further to the
catalytic efficiency. The hydrogen bond fits the NMR criteria for a short, strong hydrogen bond, i.e., a
highly deshielded proton resonance, bond length of 26804 A at pH 6 measured by NMR, a D/H
fractionation factor significantly lower than 1.0, and a protection faettf0.

Phosphatidylinositol-specific phospholipase C (PI-PLC) RCOQ
plays a central role in signal transduction initiated by binding RCOO
of many polypeptide hormones, growth factors, and neuro- o oH
transmitters to their receptors on plasma membranes of ? 5 Lo HO obo®
eukaryotic cells ). These enzymes cleave phosphorylated HOOI(F.;‘GO o \O \ Ho _6
forms of the specialized lipid phosphatidylinositol to form PY O\ S ;:OH iﬁOH
second messengers, which mediate the activation of protein HO%:?OH D AGHO HO - "G -
kinase C and release of intracellular’C42). PI-PLCs are
produced by a variety of aerobic or anaerobic Gram-positive
bacteria, including the pathogeBscillus cereusB. thur- _ . _
ingiensis Listeria monocytogenek. ivanaii, Staphylococ- ~ FGURE L The two reactions catalyzed by PI-specific phospholipase
L . C. The first step is a rapid phosphotransferase reaction in which
cus aureusClostridium nayi, andRhodococcus equithese e phospholipid is cleaved into two parts: the lipid-soluble
enzymes are possible virulence factors. Bacterial PI-PLCs diacylglycerol (DAG) and the water-soluble component (cIP). The
catalyze the cleavage of the lipid phosphatidylinositol (Pl) second step is a cyclic phosphodiesterase activity, a slow hydrolysis

into two parts: myoinositol 1,2-cyclic phosphate (clP) and ~ reaction which opens the ring of the cyclic phosphate to form I(1)P.
P y y P P (cIP) R, hydrocarbon chain.

PI cIP I(L)p
R = hydrocarbon chain
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Ficure 2: Comparison of the Asp-His catalytic diad in PI-PLC
(A) and the catalytic triad of serine proteases (B) exemplified by

o-chymotrypsin. R represents either a hydrogen atom of water or

the C2 carbon atom ahyacinositol.

more complex eukaryotic PI-PLCs. For these reasons, the » ; ) , X
SSolubilized in sodium deoxycholate as described previously

bacterial PI-PLCs have recently been the subject of numerou
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generated using the Chameleon kit (Stratagene, La Jolla, CA),
following the procedures recommended by the manufacturer.
A single nucleotide substitution was introduced into pHS475,
the expression vector for recombind@htcereus?l-PLC. This
vector is identical to pIC1(5) except that 3 kbp of noncoding

B. cereussequence have been deleted. The phosphorylated
selection primeAIwNI — Nrul was purchased from Strat-
agene. The mutagenic primer for D274A;GATTTATG-
TAGGCTTGAATTACCCAGCC-3 (the replaced base is
underlined), was from Biosource International (Camarillo,
CA). The mutagenic primer was phosphorylated with T4
polynucleotide kinase (New England Biolabs, Inc., Beverly,
MA) and purified using SELECT-D G-25 spin columns (5
Prime— 3 Prime, Inc., Boulder, CO). The region containing
the mutation was sequenced using the Sequenase Version
2.0 DNA sequencing kit (Amersham, Cleveland, OH).

Protein Purification, Enzyme Acity Assay, and Buffer
SystemRecombinant wild-type and mutai. cereusPI-
PLCs were purified as describetl§j. The enzyme activity
was assayed at pH 7.0 and 3T with *H-PI substrate

structural, kinetic, and mechanistic studies as reviewed in (14)- The purified proteins were exchanged into 20 mM Tris-

(3, 9).

The crystal structures @&. cereusandL. monocytogenes
PI-PLCs have been determinég(7). The enzyme consists
of a single domain, an irregulaf@)s fold with the active
site at the C-termini of the3 strands, characteristic of

triosephosphate isomerase (TIM) barrel-containing structures.
It was postulated from the crystal structure that active site

residues Asp274 and His32 form a catalytic diad, which
together with the 2-OH aiyeainositol of the substrate forms
a catalytic triad analogous to the well-known catalytic triad

of serine proteases and lipases (Figure 2). This is a novel

example of substrate-assisted cataly8js There is some

evidence supporting this hypothesis: Site-directed mutagen
esis has established that Asp274 and His32 are required fo

activity (5), and methylation of the 2-OH group of the
substrate abolishes activit@)(

A key issue is the nature of the hydrogen bonding in the
Asp274-His32 catalytic diad. Important information on

di-maleated, buffer for NMR experiments. For the pH-
dependence study, the protein samples in 20 mM dyris-
maleated,/10% D,O were adjusted to the desired pH by
addition of either 20 mM Trigh1/10% D,O or 20 mM maleic
acid-d,/10% D,O. The pH values were not corrected for the
isotope effect. For the pH titration of the low-field peak at
6 °C, the pH meter and electrode were calibrated in a cold
room at this temperature, and pH values were measured
before and after the acquisition of each spectrum. The
concentrations of the maleate buffer components, {MA
and [MAH], and the Tris buffer components, [Tris] and
[TrisH™], required for the intrinsic chemical exchange rate

_calculations were determined from the following relationships
Iderived from the acid dissociation equilibria: [MA = Aw,

[MAH "] = A(1 — w); [TrisH"] = Bz [Tris] = B(1 — 2);
wherew = KIS /(H*] + K%Y, z = [HH(HT] + KI™),
KM is the second ionization constant of maleic ad{d’®
is the dissociation constant of TrisHA = (Tz + [H'])/

catalytic diads and triads can be gained from NMR, in cases (1 :F w+2), andB =T — A At 6 °C, pK}}' = 6.23 and
where low-field (deshielded) proton resonances are resolvedpK,"* = 8.63 (Table 1). The maleate is added as maleic

(10—12). Earlier we observed a deshielded line in fhe
NMR spectrum oB. cereusPI-PLC during the course of a
study of histidine residuesl). Here we report a detailed
study of the low-field line position and line shape, providing

acid (MAH). The quantityA is the initial concentration of
MAH.. In the pH range examined, the maleic acid dissociates
completely, and only MAH and MA?" are present in
significant concentrations. Tris is added in the unprotonated

new insights regarding the hydrogen bonding and dynamicsform, andB is the initial concentration of Tris. The pH is

of the Asp274-His32 catalytic diad &. cereusPI-PLC.

EXPERIMENTAL PROCEDURES

Materials Radiolabeled PI*H-PI) was from NEN (Bos-
ton, MA) and bovine liver Pl from Avanti Polar Lipids, Inc.
(Alabaster, AL). Trisdy;; and maleic acidd, were purchased
from Cambridge Isotope Laboratories (Andover, MA). NMR
tubes were from Wilmad Glass Co., Inc. (Buena, NJ). The
concentration oB. cereus?|-PLC in solution was determined
from the absorbance at 280 nm using a calculd¥é of
18.4 (molar extinction coefficient of 6.4 10* M~* cm™?).

Site-Directed Mutagenesi$he H32A mutant was gener-
ated previously 14). The D274A mutant PI-PLC was

adjusted using aliquots of two equimolar stock solutions so
that T, the total concentration of buffer species present, is
constant at 2x 1072 M.

NMR Spectroscopyll NMR spectra were acquired on a
GE Omega 500 MHz NMR spectrometer using an 8 mm
triple-resonancéH/**C/**N probe with gradient (Nalorac,
Martinez, CA). Except where stated otherwidg,chemical
shifts were referenced to the external standard 2,2-dimethyl-
2-silapentane-5-sulfonate (DSS) at 0 ppm. The'iBpectra
were acquired using a jumeturn pulse sequencé?) to
maximize the intensity of the resonance of interest. A total
of 2500-5000 transients were accumulated for the spectra.
The spectral width was 16 129 Hz, and 2048 complex data
points were collected with a 200 ms delay between scans.



Catalytic Diad of PI-PLC

Table 1: Hydrogen Exchange of the Imidazolium Cation in
Aqueous Solution: Second-Order Rate Constants Used for Intrinsic
Exchange Rate and Line Shape Calculations

K
ImH'+X =

1

Im+XH" or ImH*+ X" = Im+XH
e K
Acceptor X* pKX* Bo's™ B
K™ =6.95, 25 °C
PR OH ¢ 15.74¢ 2.3% 10" 45
H,0° -1.74¢ 31 1.5x% 10"
MAT /e 6.23" 6.5 x 10° 3.4x 107
Tris*¢ 807 3.0 10° 22 % 10°
pKm=8.10,6°C
: OH & 16.43¢ 1.6 x 10'° 75
H,0 & -1.74° 2 1.1x 10"
MAZ ¥ 6237 5.6 x 10° 42 %107
Tris # 8.63" 8.0 x 10° 24 x 10°

a X is the acceptor of the ImHproton in the forward reactior.pK,
of the protonated acceptor XRate constants reported by Eigen and
Hammes 22). Errors range from:15% to+35% @1). 9 pK, from (49).
€ The Ka of hydronium ion results from an equilibrium constagy,
= 1 and [HO] = 55.5 M. K" from graph logk vs ApKa (22, 43), and
Kk is given by logk® — log K = pK* — pK!™. 9 Errors of up to
+35% are associated with the calculat¢dandk* values, reflecting
the error of the data from which they were derivegK, from (43).
" pK, from (50). | Rates calculated from givetpK, at 6°C and applying
E. = 3 kcal mol™! to the fast rate at 25C. kRates calculated from
givenApK, at 6°C, the correspondin@ from graph logk vs ApK, at
25°C (22, 43), and subsequent conversion from 25 ttJBusingE, =
3 kcal M~ for both rates! The K, of MA2~ is essentially the same at
25 and 6°C [ionization enthalpy= —0.83 kcal mot? (50)]. ™ Calcu-
lated from K, at 25°C using an enthalpy of ionization of 11.5 kcal
mol~* (50), and confirmed experimentally.

Data were processed using FELIX software (version 2.30,
BioSym Technologies). For all 1D spectra, zero-filling to

8K points and exponential multiplication of 20 Hz were

applied. Baselines were corrected with a fifth-order poly-
nomial.

D/H Fractionation Factor DeterminationThe fraction-
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species, an®, andPg are the corresponding mole fractions,
so that

Op + Op—0
5 = AR _5A+6Blo‘pH‘pKa)
obs i Ka - 1+ 10(DH*DKa) (l)
[H']

The low-field resonance was titrated over the pH range of
4.1-9.1 at 6°C, and the shift in line position was fitted

to a K, using eq 1. The quantitieda, dg, and K, were
fitted parameters determined using GraFit. The enzyme
concentration in the sample varied between 0.65 and 0.25
mM.

Fast Exchange Rate$he line broadening due to incom-
plete averagingAW, in the fast exchange regime is given
by (19, 20)

AW = P,Pam(Avyg)’t )
whereAuv,g is the difference between the two line positions
(in frequency units) in the absence of exchange,misdhe
reduced lifetime:

1_1..1
T T, Tg

(3)
andr, andtg are the mean lifetimes of the protons on the
two sites A and B. The fractional populatioRs and Pg
were calculated for I, = 8.1. To obtain the experimental
values ofAW, the total line width at half-height of the low-
field line was measured at each pH, and a constant line width,
representing the intrinsic line width in the absence of
exchange, was subtracted from each value. 2 6the line
width was about 140 Hz in the low-pH region<8), then

ation factor was determined as described by Loh and Markley jncreased with rising pH, passing through a maximum at pH

(18). The samples were prepared as follows: A sample
containing 13.5 mg/mL (0.39 mM) wild-type PI-PLC in 20
mM Tris-d;-maleated,, pH 6.6, was divided into six

8.1, and then decreased again to about 140 Hz at pH 9. This
limiting value of 140 Hz at low and high pH was taken as
the intrinsic line width. LikewiseAvag was determined from

aliquots. Care was taken to ensure that the six aliquots Ag, the difference between the limiting chemical shifts of

contain equal amounts of protein. A final concentration of

the low-field line at low and high pH values, obtained by

0.5 mM DSS was present in each sample to serve as thefitting the pH dependence of the low-field peak position.

internal standard for normalization of the integrals, and 5
uM MnCl, was added to relax the water resonance during
the NMR experiments. After lyophilization overnight, ali-
quots were dissolved in 1.1 mL of,B8/D,0 using a different
ratio for each aliquot. The dissolved samples were equili-
brated at 5°C for 3 days, and 1DH NMR spectra were
acquired for each sample af€. The data points were fitted

by nonlinear regression using the program GraFit (Erithacus

Software Ltd., Staines, U.K.). One sample was dissolved in
99.9% DO as a control for H/D exchange completeness.

The low-field resonance of this sample was not observable.

The Position of the Low-Field Line as a Function of pH.
In buffer, the His32 K¢ proton exchange rate with solvent

species is fast compared to the differences in chemical shifts

involved, so the observed chemical shif,s for the His32
N°I proton is the weighted averaggys = Pada + Psds,
where A and B refer to the imidazolium cation (ImpHand
the neutral imidazole (Im) ring of histidine 32, respectively.
O andog are the chemical shifts of protonated and neutral

With Aé = 2.96 ppm and an NMR spectrometer frequency
of 500 MHz, Avag = 1.48 x 10° st according toAvag =
A6 x NMR frequencyx 1076

Proton Exchange Rate Kinetids aqueous solution with
no buffer present, the two reactions responsible for hydrogen
exchange of an imidazole group are

H0
kfz

ImH" + H,0 s M+ H,O" 4
and
kpH-
IMH" + OH” =—1Im + H,0 (5)
Ko™ 2

Thus, the rate of the forward reactiaate;, and that of the
reverse reactiorate,, are

rate; = {ki”°[H,0] + k" [OHT}H[ImH]  (6)
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and

rate, = {K"°[H,0"] + k°" [H,OT}[Im] )

Ryan et al.

and Asp274 were prepared and examined by NMR. The low-
field peak was not present in the spectrum of either the H32A
or the D274A mutant. The enzyme activity was measured
for these mutants and found to be virtually abolished, yielding

The terms in the braces are the pseudo-first-order rateonly about (3x 107%)-fold of the wild-type activity [1.0x
constants, and the terms in brackets are the molar concentrai0~%% and 3.4x 107%% of wild type for H32A (4) and

tions of ImH" and Im. In the presence of the Tris-maleate
buffer system, two additional equilibria are introduced:

ris

. K .
ImH™ + Tris==Im + TrisH" (8)
k;l'rls

and

A2~

ImH++MA2_=kPA:‘_Im+MAH_ 9)
krMAZ

Thus, the pseudo-first-order rate const#gt,for the depro-
tonation of ImH" in the presence of buffer is given by

1ft, = ky = K'O[H,0] + K" [OH ] + K ™[Tris] +
K" IMAZ] (10)

And the pseudo-first-order rate constaky, for the proto-
nation of Im in the presence of buffer is

1ty = kg = K'O[H,0" + K" [H,0] + k/™[TrisH*] +
K" [MAH ] (12)

Since the equations are pseudo-first-order, the lifetimes
are inversely proportional to the pseudo-first-order rate
constants, and are independent of the concentration of ImH
and Im. The intrinsic rate constant of a free imidazole,
s was calculated by summirlg, andks from egs 10
and 11.
Protection FactorsThe protection factoP is defined by
P = KISk where the pseudo-first-order rate constant
osd — 1/r is obtained from the experimental NMR line
widths and egs 2 and 3. The intrinsic rate constant for a free
imidazole, k", is the product of the concentration of

D274A, respectively]. For comparison, the activity of the
D274N mutant is 4.2% of wild type. This mutations has a
much less severe effect on catalysis, probably because the
presence of an Asn side chain in residue 274 still allows the
formation of a hydrogen bond with His32%).

D/H Fractionation Factor.The D/H fractionation factor,
¢, for the N'! site of His32 is the equilibrium constant for
the equilibrium isotope exchange reaction:

N**—H + S—D =N°*-D + S—H

where S is the solventl{, 18). The preliminary value
obtained utilizing one set of five data points (i.e., enzyme
in 5%, 15%, 30%, 50%, and 75%,0D) at pH 6.6 and 7C
was¢ = 0.79, with a probable uncertainty &f0.11. This
must be regarded as a preliminary value since the duplicate
determination was not performed under exactly the same
conditions.

Slow Exchange of the His32°NProton with Sodent.
When DO was added, the low-field NMR peak disappeared
in a time shorter than the 15 min required for inserting the
sample in the NMR spectrometer and collecting the spectrum.
When the HO line was saturated, the low-field resonance
was also saturated. Thus, during the characteristic relaxation
time T, of water, solvent protons experience both the
environment of His32 and that of the solvent. Siflgeof
the water protons is about 1 s, this indicates that the exchange
rate is greater than 1°5 From the intrinsic width of the
low-field line, i.e., the minimum line width, the upper limit
of the exchange rate is about>3 1(? s™* (Table 2). The
line width at pH 6.3 increased with increasing temperature
over the range 625 °C. Assuming this increase is entirely
due to the exchange process, a plot of the log of the change
in line width vs 1T gives an estimate of the exchange rate
of ~1 x 10? st at 6 °C and an activation energy of 13

catalytic species times the second-order rate constants fola1/mol.
hydrogen exchange reactions of imidazole. The second-order Rapid Exchange of the His32<N\Proton with Sabent.
rate constants were estimated from relaxation data andpe His32 M2 resonance was not observed indicating that

equilibria measurements for an imidazole witk,p= 6.95

at 25°C, as listed in the top half of Table 21, 22). The
values for His32 with {; = 7.6 at 25°C, corresponding to
8.10 at 6°C, were estimated from these kinetic data and
thermodynamic data (lower half of Table 1).

NMR Line Shape Calculation&ine shape simulations
were based on the classical Bloch equations, modified for
chemical exchange between two sitg6,23). Calculations
were performed in MathCad (MathSoft, Inc., Cambridge,
MA) using the formalism of Nakagaw®4).

RESULTS

Assignment of the Deshielded Proton Resonance of PI-
PLC. A single broad resonance was observed at 16.4 ppm
at pH 6.3 in théH NMR spectrum at 500 MHz for a solution
of the wild-typeB. cereusPI-PLC in buffered HO. From
the crystal structure, His32 is within hydrogen bonding

the rate of exchange was rapid on the NMR time scale.
However, the low-field peak # line shifted from 16.3 ppm

at pH 4 to 13.8 ppm at pH 9 (Figure 3A). Th&pderived
from the titration points is 8.0 at 8C (Figure 3B). The K,

of His32 is 7.6 at 25C (14). It is known that the dissociation

of the imidazole cation into a neutral imidazole and a proton
is accompanied by a large positive standard enthalpy change,
AH°. Thus, the K, increases as the temperature is decreased.
For a free histidineAH® = 6.8 kcal/mol at 25C (26, 27.
From the van't Hoff equation, aia, = 7.6 at 25°C for an
imidazole with this enthalpy change correspondsKq &

8.06 at 6°C, in agreement with iy, = 8.0 derived from the
titration and K, = 8.1 used in line shape simulations. This
is consistent with the conclusion that the origin of the shift
of the low-field His32 H! NMR line is the state of
protonation of His32. The peak intensity remains ap-
proximately constant, while the line shape changes with pH.

distance of Asp274. For this reason, alanine mutants of His32The line shape change is caused by a modulation of the
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Table 2: Chemical Shift and Exchange Rates of the HisPtoton in PI-PLC and Comparison with a Serine Protease

assignment and o protection
system pH & (ppm) interaction KPSt (g1 nwrinsic (-1 factor
PI-PLC 9 13.8 Asfy)e-HOl—His© <3 x 1% 1.1x 10 >4 x 10*
6 16.4 Asfy)--HOl—His(™M <3 x 1% 3.0x 10° >1x 10*
chymotrypsinogeh 9 15.2 Asp)-+-HO1—His© 3.5x 10° 1.1x 10 3.0
3.5 18.1 Asfr)---HOl—His™) 9.5x 17 8.7x 10° 9.2
1 18.0 Asf)---HO1—His(*) 3.9x 10° 8.7 x 10° 2.2

2 This study. Errors iny are+0.05 ppm. The Asp274HKy is assumed to be5. P From (12).

A pH k/"™[Tris]. The contributions of the maleate were smaller
than Tris throughout the pH range of interest (pH9. In

the absence of buffer, the rate constants are much smaller.
For exampleko™* for an imidazole with K, = 8.1 in an
aqueous solution without buffer was calculated to be>3.7
10*stat pH 9 and 1.5¢< 10* st at pH 6. These values are

2 orders of magnitude smaller than the corresponding rate
constant in the presence of buffer (Table 2), and are similar
to the intrinsic rate constants calculated for chymotrypsinogen
by Markley and Westlerl2), which are listed for comparison

in Table 2. The intrinsic rate constants folgiven in Table

3 were calculated by the same procedure folKg @f 7.4,
reflecting the fact that theky, of He? is known to be about
0.7 K, unit lower than that of the imidazole®H(12, 28).

Line Shape Simulation&ine shapes as a function of pH
were calculated using general solutions to the classical Bloch
equations modified for exchange between two sites, valid
for slow and intermediate exchange as well as fast exchange.
The basis of the calculation is that the His3Z NMR line
width is modulated by pH-dependent exchange of the His32
N< proton with solvent. The only parameter is a scaling
180 170 160 150 140 130 factor applied to all terms (i.e., an average protection factor).

H (ppm) A representative set of line shapes as a function of pH is

given in Figure 4. In the presence of buffer, the average

B protection factor for His32 H which best fit the set of line
shapes over the entire pH range of% was 120. The
calculated exchange rates predict that the low-field line
becomes much broader in the absence of buffer, and too
broad to be detectable at the intermediate pH values. This is
in agreement with experiment. For example, no low-field
peak in the'H NMR spectrum was detected for a 0.27 mM
— e PI-PLC sample at pH 8.5 and & without buffer.

pH DISCUSSION

Ficure 3: pH dependence of the low-field resonance in the 500  Assignment, Line Position, and Bond Distandéss study
MHz H NMR spectrum oB. cereusPI-PLC. (A) Individual spectra has used a combination of site-directed mutagenékis,
_?_‘;g“:}[;?e% g’g daggﬁ%';'/i’&'/‘:e&raﬁgé”gggg?ng- (1) ftgfc'ﬁ ';‘ ggtmm chemical shifts, and an exchange rate analysis to characterize
is aligned with the pH value at which it was obtained. (Bp) Plot of the Asp-His catalytic diad itB. cereusPl-PLC. The X-ray
the peak positions of the spectra in (A) as a function of pH. The Crystal structure oB. cereusPl-PLC shows that the Natom
curve was obtained by fitting the data to eq 1 witk,p= 8.0. of His32 is within hydrogen bonding distance (2.6 A) from
the 0! atom of Asp274 §). Mutation of either His32 or
magnetic environment of His32°Hdue to rapid chemical ~ Asp274 to alanine essentially abolished enzymatic activity,
exchange of His32 fAwith solvent molecules. The exchange and the low-field NMR peak is missing in these mutants.
rate was calculated from the line broadenimg\() as a We therefore assigned the low-field peak to the histidife H
function of pH using eq 2, and selected values are given in forming the Asp274-His32 hydrogen bond iB. cereusPI-
Table 3. PLC. The crystal structures of several His32 and Asp274
Protection Factors for His32 ProtonsThe calculated mutants of B. cereusPI-PLC, including H32A, H32L,
pseudo-first-order proton exchange rate constant for a freeD274N, and D274S, have been examined, and there are no
imidazole in 20 mM Tris-maleate buffer at & and the  significant tertiary structural changes compared to wild type
corresponding protection factor for His32+are given in (25).
Table 2. At pH 6, the dominant term from eqs 10 and 11 A deshielded histidine imidazole proton resonance is

was Tris[TrisH*], and at pH 9, the dominant term was indicative of a significant hydrogen bond, the nature of which

9.0 4

8.0

7.0 H

6.0 J

.

5.0

4.0 -
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Table 3: NMR-Derived Properties of the His?Proton in PI-PLC and Comparison with a Serine Protease

assignment and o protection
system pH 5 (ppm) interaction KPSt (g1 nwrinsic (o1 factor
PI-PLC 9 not seen Hig)—He2-+-X 1.7 x 10° 5.1x 107 3.0x 10
6 not seen Hig)—H¢2---X 1.7 x 10 3.1x 10° 1.8x 17
chymotrypsinogeh 35 13.2 Hi§h—He<2---Sef?) 3.8x 107 1.7 x 10° 4.5
1 13.4 High—H¢2---Sef0) 1.2x 1C° 1.7x 1C¢° 1.4

aThis study. X is the proton acceptor (solvent or buffer component). Errors in the observed exchangﬁjsf’eaesio.s s ®From (12).

A B ments and proton chemical shifts from solid-state NMR
with buffer without buffer studies of amino acids. The empirical formulaDs= 1.99
PgH A P9H ~ + 0.198 Ing) + (10.145)° whereD is the distance between
) —— N 1  ~_ the two electronegative atoms in angstroms anis the
e NS ——— chemical shift in ppm. By this formula, the chemical shift
8] 8] of 16.4 ppm for the low-field line measured at pH 6 (Table
S — - 2) corresponds to an AsiHis hydrogen bond distance of
—_— - 2.63+ 0.04 A [essentially the same value can be interpolated
(R e — from Figure 1B of reference39)]. This may be compared

NN AN to the X-ray crystallographic value of 2.& 0.3 A (5).
6] N\ 6] N Furthermore, the D/H fractionation factas)(is less than 1.

A A A value of 0.794 0.11 at pH 6.7 corresponds to an Asp
His hydrogen bond distance of 2.63 A, using the methods

sl N sl N described by Bao et al3§), and the assumptions employed
N\ A\ by Harris and Mildvan40). Thus, both NMR measurements

A A of the hydrogen bond distance are in agreement with the
4- 4- X-ray crystallography data. The NMR chemical shift data

1000 500 0 500 1000 -1000 500 0 500 1000 provide the most accurate determination of the hydrogen
IH (Hz) IH (Hz) bond length in this case. The downfield shift from pH 9 to

Ficure 4: Calculated line shapes for the low-field region in the PH 6 indicates a shortening of the h}’dfo,ge” bon.d as His32
presence (A) and absence (B) of 20 mM Tris-maleic acid buffer. iS protonated, a result of the reduction in the mismatch of
The spectra were obtained utilizing the general Bloch equations the K, values of Asp274 and His32. This decrease in
modified to include exchange between two sites. Input param- chemical shift parallels that observed for chymotrypsinogen

eters: [K, values and second-order rate constants for hydrogen ; ; ~
exchange with imidazole at® (bottom half of Table 1), intrinsic (Table 2) and other serine proteases. Like PI-PLC, the

line width in the absence of exchangel40 Hz, NMR spectrometer  fractionation factors of the corresponding protonated His N
frequency= 500 MHz, and a protection factor of 120. In the in serine proteases are less than unity; epg= 0.40 for
absence of buffer, the exchange rates are reduced, and thechymotrypsinogen at pH 3.54{) and ¢ = 0.64 for
simulations predict that the line width is broadened beyond detection chymotrypsin at pH 335).

at intermediate pH values, in agreement with experiment.

Recently, a high-resolution X-ray and neutron diffraction

is a topic of broad interes2@—32). The earliest observations ~ Study of a model compound which contains an Asp-His diad
of deshielded proton NMR lines were on chymotrypsin and Was reported42). The compound, a cocrystal of betaine,
chymotrypsinogeni@, 33). These and other serine proteases iMmidazole, and picric acid, contains a two-center hydrogen
are being investigated in a number of laboratorit® g0, bond between a positively charged imidazole and a nega-
34, 35). A growing number of other proteins including tively charged carboxyl group with an overalt-ND distance
cholinesterases36, 37) and triosephosphate isomeragd)(  Of 2.685 A. The hydrogen atoms are resolved, and the
also exhibit deshielded proton NMR lines that have been POsitions |r_1d|cate.two separatg harmonic potgnﬂal wells. The
classified as short, strong hydrogen bonds (SSHB) by NMR hydrogen is localized at the nitrogen atom (i.e-; i---O).
criteria. NMR provides hydrogen bond length through Estimates based on charge densities indicate theHbond
correlations with high-resolution crystal structure data on €nergy exceeds that of a normal hydrogen bonel@kcal
model systems, and exchange rate information. NMR does™Mol™*). This model diad contains a short, strong hydrogen
not provide a thermodynamic value of the bond strength, Pond that is not a low barrier hydrogen bond (LBHB) or a
and indeed that is difficult to obtain by any method on single well pqtentlal hydrogen bond. The d_|stance between
proteins because of the many hydrogen bonds involved andthe N and O is shortened and the-N bond is lengthened
the aqueous environment. NMR data on bond lengths arecompared to an NH group in the absence of hydrogen
important because most protein X-ray crystallographic studiesonding. This and other model syster§)( and the present
do not observe the hydrogens directly, and the resolution isNMR results, support the conclusion that the Asp-His
insufficient to distinguish between small changes in bond catalytic diad of PI-PLC forms a short, strong hydrogen bond
distances, which can correspond to large differences in bond(SSHB) but not a LBHB, under the conditions examined.
strengths 8). Viragh et al. 86) have reported a correlation Proton Exchange Rate$he NMR data provide detailed

of the imidazolium-carboxylate hydrogen bond distances information about the exchange rates of the Asp-His catalytic
based on the data reported by Wei and McDermggj 6n diad. The data are summarized in Tables 2 and 3, and in
high-resolution, small-molecule X-ray diffraction measure- Figure 5. The His32 N proton hydrogen-bonded to Asp274
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Fast A Arg69 Asp33
) Exchange ) )\ )\
al \e Ka - @ HZN—;\N—H' _O‘—\o"'lﬂ Hisg2
0---H-NGN-H —— 0---H-N__N: + H M N is
RS B &7
\ X |\+
°© °© —<’o 0‘30_/_\ \N
Asp274—< - e
0---H-N" NN- 5 S P-oR H
Slow 0,0 || Hz0 Slow D,0 || He0 o
Exchange Exchange — OH
His32 HO OH
HO
Ground state
— - Michaelis complex
0---D-N&_,N-H 0---D-N_ _N:
CHE —<'@ ~ B Arg69 Asp33
o) o) e
i i H2N’¥N—H--O%O~-H )
FiGurRe 5: Summary of the hydrogen bonding dynamics of the Asp- N His82
His catalytic diad at the active site Bf cereusP|-PLC. The low- H ot |
field NMR line provides a direct observation of thé\proton of o R <§+
the hydrogen bond formed between Asp274 and His32. This Asp274—/~ 8 Q0 5 R y--N
hydrogen is solvent-accessible, but the rate of exchange with solvent o-- -H—N’/_\‘N--H--O- - _‘p'_ o
protons is slow on the NMR time scale. The2M of His32 & :
undergoes a rapid deprotonatigprotonation reaction.
His32 HO OH
exchanges slowly with solvent on the NMR time scale, —— HO OH
whereas the N proton exchanges rapidly with solvent. Both H-bond strengthens
observations are consistent with the crystal structure, which In transition state

shows the catalytic diad to be in a protected but accessibleFIGURE 6: The catalytic mechanism d. cereusPI-PLC shares

TSR : ; i features with both ribonuclease A and the serine proteases. (A) In
posmofn I: thrglacuve Slt.e p?Cket' Shurpn_smgly, thede;(Chak?ge the ground-state Michaelis complex, timgcinositol moiety of the
rate of the N* proton Is slower than Is reported for the  g,psirate assists by providing the nucleophile, 2-OH. Asp274,

corresponding proton of catalytic triads of serine proteasesHis32, and the 2-OH ofmycinositol form a triad similar to the
(Table 2). The protection factor for the’Nproton in PI- catalytic triad of serine proteases. His32, together with Asp274,

PLC is much greater than that reported previous|y for the activates the 2-OH, which then carries out a nUC'eOphi”C attack on

: - ; phosphorus. (B) Proposed pentacovalent transition state showing
serine proteases. One contributing factor is thg 'OYVef the positive charge buildup on His32. The other histidine shown,
exchange rate of the protons of the PI-PLC catalytic diad. njs 82 acts as the general acid, assisted by Asp33, donating a

Another factor is the choice of buffer system. The present proton to the leaving group, diacylglycerol {@®). Arg69 stabilizes
study was carried out in Tris-maleate buffer to facilitate the the negatively charged phosphate and Asp33. All of these residues
control of pH and because the enzyme was known to be Probably act in a concerted fashion.
stable and active in this environment. The Tris and maleate assisted by Asp33. The positively charged Arg69 serves to
buffer components greatly enhan&g""™", the intrinsic stabilize the negatively charged phosphate group. The three
exchange rate of a free imidazole, becatp, values, the groups Arg69, Asp33, and His82 are hydrogen-bonded in
difference between the{q values of the acceptor and donor the crystal structuresj, and recently it has been postulated
of the hydrogen, are relatively small. Proton transfer occurs that they act as a second catalytic trid@é)( Although this
by the formation of labile hydrogen bridges between donor is plausible, the hydrogen bonding distance for Asp3&82
and acceptor43). The generally accepted kinetic model for (=3.2 A) is much greater than the hydrogen bonding distance
hydrogen exchange is based on the assumption that a labildor Asp274-His32 (2.6 A), and we did not observe any
hydrogen atom in a protein can exchange only after the deshielded lines arising from His82. Only His32 produces a
breakage of any hydrogen bonds it forms with other residuesdeshielded line in théH NMR spectrum. The fact that the
in the protein, so that it is fully exposed to solvedt,(45). peak can be observed over a wide temperature rang2y6
There are two limiting cases; in one (designated,):¥e °C), and without the necessity of having an inhibitor
exchange rate is essentially the rate of breaking the hydrogercomplexed at the active site, indicates that this hydrogen bond
bond and exposing the proton to solvent, and in the otheris particularly robust. In the ground-state Michaelis complex,
(EX2), the catalysis step is limiting. The pH dependence of His32 is hydrogen-bonded to the 2-OH of timyoinositol
the rate constant and the observation that the buffer has amoiety of the substrate. This interaction increases the
large effect on the rate constant suggest that the exchangeucleophilicity of the oxygen atom. As the 2-OH oxygen
Kinetics are at or very near the EXmiting case for the carries out a nucleophilic attack on phosphorus, the proto-
proton shared in the Asp274-His32 diad. nated form of His82 begins to donate its hydrogen to the
Catalytic Mechanism and Substrate-Assisted Catalysis. scissile ester bond, producing a good leaving group, diac-
The NMR results support the catalytic mechanism shown in ylglycerol (ROH). In the pentavalent transition state, the
Figure 6, which summarizes the structural and mechanistic attacking 2-OH is at one apex and the leaving group ROH
studies of many laboratorieB. cereusPl-PLC has features is at the other. After dissociation of the products, the active
in common with both ribonuclease A and the serine pro- site is restored to its initial state either by reprotonation of
teases. Like ribonuclease A, it is a concerted generalacid His82 by water or by binding and hydrolysis of cIP to I(1)P.
base-catalyzed reaction involving two histidines. His32 is  PI-PLC is an example of substrate-assisted catalysis.
the general base, assisted by Asp274, and His82 is the acidSubstrate-assisted catalysis occurs when a functional group
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of the substrate accelerates the rate of reaction catalyzed by 18. Loh, S. N., and Markley, J. L. (1993) irechniques in Protein

the enzyme. In this case, the substrate provides the nucleo-

phile, 2-OH, which accelerates the reaction, forming the
cyclic product. The free 2-OH group is regenerated in a

second hydrolysis step. Ribonuclease A and ribozymes can ,q

be viewed as other examples, since th©# of ribose acts
in a similar way, providing the nucleophile necessary for

attack on phosphorus. There are an increasing number of

enzyme mechanisms utilizing substrate-assisted cata8)sis (
Mutating the catalytic histidine of subtilisin to alanine, for

example, essentially abolishes the activity of serine protease.

The activity can be partially rescued by incorporating a

histidine in the polypeptide substrate. When the substrate is
bound at the active site, it is possible to virtually superimpose

its imidazole group with that of the corresponding catalytic
histidine in the triad & 47). Similarly, the Asp-His-Ser
catalytic triads ofa-chymotrypsin, subtilisin, and lipase

superimpose on the substrate-assisted catalytic triad Asp-
His-

inositol of PI-PLC 5). The NMR behavior reported

here for the PI-PLC Asp274-His32 diad is remarkably similar
to that reported previously for the catalytic triad of serine
proteases 12, 48) and a growing list of other enzymes

(36,

the

40), strongly suggesting that the hydrogen bonding of
histidine in these catalytic triads are closely related.
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