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ABSTRACT. Cholinesterases use a GlHlis—Ser catalytic triad to enhance the nucleophilicity of the catalytic
serine. We have previously shown by proton NMR that horse serum butyryl cholinesterase, like serine
proteases, forms a short, strong hydrogen bond (SSHB) between théliSlpair upon binding mechanism-

based inhibitors, which form tetrahedral adducts, analogous to the tetrahedral intermediates in catalysis
[Viragh, C., et al. (2000)Biochemistry 39 16200-16205]. We now extend these studies to human
acetylcholinesterase, a 136 kDa homodimer. The free enzyme at pH 7.5 shows a proton resonance at 14.4
ppm assigned to an imidazole NH of the active-site histidine, but no deshielded proton resonances between
15 and 21 ppm. Addition of a 3-fold excess of the mechanism-based inhil{f&N,N-trimethylammonio)-
trifluoroacetophenone (TMTFA) induced the complete loss of the 14.4 ppm signal and the appearance of
a broad, deshielded resonance of equal intensity with a chemicad ift7.8 ppm and a D/H fractionation
factor ¢ of 0.76 £ 0.10, consistent with a SSHB between Glu and His of the catalytic triad. From an
empirical correlation ob with hydrogen bond lengths in small crystalline compounds, the length of this
SSHB is 2.62+ 0.02 A, in agreement with the length of 2.830.03 A, independently obtained from

Upon addition of a 3-fold excess of the mechanism-based inhibitor 4-nitrophenyl diethyl phosphate
(paraoxon) to the free enzyme at pH 7.5, and subsequent deethylation, two deshielded resonances of
unequal intensity appeared at 16.6 and 15.5 ppm, consistent with SSHBs with lengthsAf@®@3and

2.65+ 0.02 A, respectively, suggesting conformational heterogeneity of the active-site histidine as a
hydrogen bond donor to either Glu-327 of the catalytic triad or to Glu-199, also in the active site.
Conformational heterogeneity was confirmed with the methylphosphonate ester anion adduct of the active-
site serine, which showed two deshielded resonances of equal intensity at 16.5 and 15.8 pgm with
values of 0.47 0.10 and 0.49t 0.10 corresponding to average hydrogen bond lengths of 2.89D4

and 2.61+ 0.04 A, respectively. Similarly, lowering the pH of the free enzyme to 5.1 to protonate the
active-site histidine (82 = 6.0 &= 0.4) resulted in the appearance of two deshielded resonances, at 17.7
and 16.4 ppm, consistent with SSHBs with lengths of 2t6@2.02 and 2.63t 0.02 A, respectively. The
NMR-derived distances agree with those found in the X-ray structures of the homologous acetylcho-
linesterase fronTorpedo californicacomplexed with TMTFA (2.66+ 0.28 A) and sarin (2.53 0.26 A)

and at low pH (2.52+ 0.25 A). However, the order of magnitude greater precision of the NMR-derived
distances establishes the presence of SSHBs at the active site of acetylcholinesterase, and detect
conformational heterogeneity of the active-site histidine. We suggest that the high catalytic power of
cholinesterases results in part from the formation of a SSHB between Glu and His of the catalytic triad.

With butyrylcholinesterase (BChEjrom horse serum, a  catalytic triad (). This SSHB was observed following
360 kDa homotetramer, we have recently reported the covalent modification of the enzyme with mechanism-based
detection by NMR of a short, strong hydrogen bond (SSHB) inhibitors, which formed tetrahedral adducts of the catalytic
between the Glu and His residues of the GHis—Ser serine analogous to the tetrahedral intermediates in catalysis.
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Ficure 1: Stereopair showing the X-ray structure of the active sit€.afalifornicaAChE complexed with the mechanism-based inhibitor

TMTFA (21). Hydrophobic residues are shown in green. Shown in red are the catalytic triad (Glu-327, His-440, and Ser-200), the oxyanion
hole (Gly-118, Gly-119, and Ala-201), and Glu-199. The carboxylate of Glu-199 approaches both the tetramethylammonium group of
TMTFA (3.5 A) and the face of the imidazolium ring of His-440 at distances of 4.2 and 3.3 A frérarld N, respectively. While close

enough for van der Waals and electrostatic interactions, both the distances and angles are inappropriate for hydrogen bonding between
Glu-199 and His-440 in this complex.

Deshielded proton resonances at 18.1 and 16.1 ppm appearedith mechanism-based inhibitors, which form tetrahedral
upon addition ofn-(N,N,N-trimethylammonio)trifluoroaceto-  serine adducts (Figure 1), show distances between Glu-327
phenone (TMTFA) and 4-nitrophenyl diethyl phosphate Oe and His-440 N of the catalytic triad which range from
(paraoxon), respectively. From the chemical shifts and the 2.52 + 0.25 to 2.67+ 0.23 A (21—23). Although these
low D/H fractionation factors of these resonances, hydrogen distances may reflect the presence of a SSHB, the error
bond distances of 2.6%& 0.03 and 2.63+ 0.04 A were ranges do not rule out a normal, weak hydrogen bari75
calculated for the TMTFA and paraoxon adducts, respec- A in length, as found in ice24).
tively, establishing the presence of a SSHB at the active site  Scheme 1 illustrates a mechanism for cholinesterases
of a serine esterase analogous to those previously found inshowing the participation of SSHBs in the tetrahedral
serine protease{9). For both proteases and esterases, intermediates of the acylation and deacylation reactions of
which use serine nucleophiles, it was proposed that the SSHBthe catalytic serinel{ 25). The SSHB forms when the
between the carboxylate group and th&HNof the histidine catalytic His becomes protonated as a result of its deproto-
in the catalytic triad increased the basicity of the histidine, nation of the Ser (or water) nucleophile.
permitting it to deprotonate the catalytic sering Q). AChEs hydrolyze their natural substrate, acetylcholine, at
Molecular dynamics simulations of acetylcholinesterase low concentrations with &/Kn of 1.6 x 108 M1 st at
(AChE) from Torpedo californicasuggested the shortening 25 °C, pH 7.4, and an ionic strengti)(of 0.1 26),
of the Glu to His distance upon the binding of mechanism- approaching the diffusional rate limit at low ionic strength
based inhibitors {0—13). and viscosity 27, 28), and with akey of 1.6 x 10* st at
NMR criteria for the detection of SSHBs have been set Saturating substrate concentrations. Comparisdg.ofith
forth (9, 14), and have been applied to ketosteroid isomerase the pseudo-first-order rate constant for the spontaneous
(15, 16), triosephosphate isomeras&7), methylglyoxal hydrolysis of acetylcholine at the same temperature and pH
synthase 18), serine proteases), and BChE {). Briefly, reveals a rate acceleration or catalytic power of*fold
the proton in a SSHB is highly deshielded, resulting in a (27 28), which is 1G-fold greater than those of serine
low-field *H resonance between 15 and 19 ppm. The D/H Proteases. The high catalytic power of AChE, and of
fractionation factors of such protons are significantly lower cholinesterases in general, may be attributed to their efficient
than 1.0. Their solvent exchange rates are slowed by at least!S€ Of the catalytic triad, the oxyanion hole, and at least two
1 order of magnitude, and their strengths ai® kcal/mol ~ Substrate binding regions or subsites (Figure 1). The X-ray
(9, 14). Further, the chemical shifts and fractionation factors Structures off. californicaAChE indicate that the catalytic
of the protons in hydrogen bonds provide independent, triad consists of Glu-327, His-440, and Ser-2Q0,(21).?

precise, and accurate methods for measuring hydrogen bond he 0xyanion hole consists of the backbone NH groups of
lengths with errors 0&0.05 A (1, 9, 14). Gly-118, Gly-119, and Ala-201, three potential hydrogen
ond donors rather than two as found in serine proteases.
he-288, Phe-290, and Trp-233 are components of the acetyl-
binding subsite; Glu-199 and Trp-84 contribute to the
choline-binding subsite, and Phe-331 contributes to both

In general, the presence of a SSHB cannot be establishe
by protein X-ray diffraction because the errors in interatomic
distances are 0-10.3 times the resolution, a£0.2—0.6 A
for a typicd 2 A X-ray structure 9, 19). These large errors
preclude distinguishing between a SSHB 2-2565 A in _ _ _
length and a normal, weak hydrogen bond 2:390 Rin 2The residue numbering used here is that of the homologous

’ : californicaacetylcholinesterase for which several X-ray structures exist.

length @). Thus, the X-ray structures of AChE frof. The catalytic triad in human acetylcholinesterase is Glu-33¢-447—
californicaat low pH @0), and in a number of its complexes Ser-203, and the nearby glutamate is Glu-202.




5684 Biochemistry, Vol. 40, No. 19, 2001 Massiah et al.

Scheme 1
His His Ser
Gl Glu | o
\ 0 g{\ Ser 4 \ 0 g"\ 0.0
Y% —— <)
/9 B NQH—$' ”) __—-k—1- 8|mnu]—{|n||N @ N—H~-!-/~'E><CH
O---"H=N TN el T ka e | 3
3 - R
|
R Tetrahedral
Resting Enzyme + Substrate Intermediate
ko
CH3COOH 4\1 k3 ROH
His His Ser
Glu g/\ < Glu g/\ |
\ O €1 \ 0 (@) /O
/e '®— N—H----+ (|) Oe e /e B Ni-----H—0¢ \(\A
O“II””H"I”NVJ \-/><<) _— O----- H—N\,/ Uy ’ CH3
0 e, H
Tetrahedral @

Intermediate R =(CH3)3N CH2CH>- Acetylenzyme

subsites. In addition, Glu-199 has been implicated in promot- with Chelex-100 resin to remove trace paramagnetic metals
ing the dealkylation of phosphonylated adducts of cholinest- before addition to NMR samples.
erases 29—-31) and may also serve as a surrogate base Enzyme PreparatiorDimeric recombinant human AChE
catalyst in the hydrolysis of bulky substrat&2). Thus, it (EC 3.1.1.8) was prepared and assayed as described previ-
is possible that Glu-327 and Glu-199 can function as alternateously 33). The enzyme preparations were purified by two
hydrogen bond acceptors of the protonated His-440 donorcycles of affinity chromatography on acridinium chloride
in the active site of AChE. resin to=95% homogeneity as determined by SEFSAGE.
Because of the critical role of AChE in neurotransmission The purity of the enzyme was confirmed by its specific
and because of its high catalytic power, we have extendedactivity (6000 units/mg of protein), where 1 unit represents
the use offH NMR to recombinant human AChE, a 136 the hydrolysis of 1umol of ATC per minute 84). The
kDa homodimer §3), to determine whether SSHBs form at  concentration of the enzyme was determined by its UV
the active site, as we had previously found with equine BChE absorbance at 280 nmAfngm. = 1.92). The enzyme
(1). With AChE, when a tetrahedral adduct was formed with preparations were preserved with decamethonium chloride
the mechanism-based inhibitor TMTFA, a single, highly until they were used for NMR studies, when they were
deshielded proton resonance with a low D/H fractionation dialyzed against 50 mM sodium phosphate buffer (pH 7.5)
factor was detected, indicating the formation of a SSHB until essentially complete activity was recovered.
between His-440 and Glu-327 of the catalytic triad/hen Mechanism-Based Inhibitor MTFA was prepared as
the pH is lowered to 5.1 with free, human AChE, or on described previous|y36)_ The intermediatem(N,N_di_
formation of tetrahedral phosphate or phosphonate adductsmethylamino)trifluoroacetophenone, was purified by suc-
of the active-site seringwo deshielded proton resonances cessive silica gel column chromatographies. The TMTFA
were detected, the sum of which was approximately sto- product was further purified by repeated washing with dry
ichiometric with the active-site concentration. We aSSign ether and dried in vacuo at room temperature. Characteriza-
these two signals to SSHBs between slowly interconverting tion by 'H NMR confirmed the correct structure3s).
conformers of His-440 and the alternate acceptors, Glu-327paraoxon was from Aldrich. The sarin ana|ogue, 4-nitro-
and Glu-199. This conformational heterogeneity of the active- phenyl-2-propyl methylphosphonate (NPMP), was synthe-
site histidine was not observed with equine BChE in solution sjzed as described previouslg6j and purified by column
(1), or with T. californicaAChE in the crystalline stat€(— chromatography on silica gel (2230 mesh) eluting with a
23), which show onlyone hydrogen-bonded species of the  20:1 chloroform/acetone mixture to 95% purity as determined
catalytic histidine under these conditions. by its boiling point,'H NMR spectrum, and hydrolysis to
yield 4-nitrophenol.
EXPERIMENTAL PROCEDURES General NMR MethoddJnless otherwise stated, 0.6 mL
Materials. Anhydrous methanol, 2-propanol, tetrahydro- NMR samples contained 0.09 mM human AChE subunits
furan, diethyl ether, benzene, 3-bromoaniline, dimethyl in 50 mM sodium phosphate buffer (pH 7.5) and 10% (v/v)
sulfate tert-butyllithium, ethyl trifluoroacetate, iodomethane, D,O for field/frequency locking. When present, the mech-
dichloromethylphosphonate, 4-nitrophenol, potassium car- anism-based inhibitors TMTFA, paraoxon, and NPMP were
bonate, and deuterium oxide /D, 99.96 at. % D) were at 3-, 6-, and 4-fold molar excess, respectively, over the
purchased from Aldrich Chemical Co. Chelex-100 was from enzyme subunit concentration. The NMR data were collected
Bio-Rad. DTNB and ATC were from Sigma. All solvents on a Varian Unity Plus 600 MHz spectrometer using a Varian
and reagents were analytical or reagent grade and were use8 mm triple-resonance probe at 25. Data were processed
without further purification unless otherwise indicated. All  on a Sun workstation operating the NMR spectrometer using
buffer solutions used in the NMR experiments were treated the VNMR 6.1b software and/or on a Silicon Graphics
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Indigo2 XZ workstation using the Felix 2.3 software package obtained by solid-state NMR studies of the same crystals
(Molecular Simulations Inc.). The 1:3:3:1 pulse sequence (38), was well fitted by the empirical relationshig)(

(37) was used to avoid water excitation. One-dimensional

IH NMR data sets were collected as described previously D = 1.99+ 0.198 Inp) + (10.145)° 3

(14) with the following modifications. The delays between . . .
the pulses were adjusted for a maximum excitation at 16.7 Equation 3 has been shown to yield precise measurements
¢ of hydrogen bond lengths in BChE)(and in several serine

ppm (i.e., 12 ppm from the carrier which is positioned a ) X ,
H,0), and the acquisition parameters included a 2.5 Sprotease%,whlch agreed with those independently deter-
mined from the D/H fractionation factors of these protons,

relaxation delay, a 512 ms acquisition time, and a8QC . . . . .
pulse width. A one-dimensional spectrum of free AChE at as well as with the less precise distances obtained by protein
' crystallography.

pH 7.5 was collected using 8000 transients. In addition, one- he fracti ion h ; ¢
dimensional spectra of the free enzyme were also collected, 1€ fractionation factorg) measures the preference of a
at pH 6.5, 5.7, and 5.1 using 24000 transientéith hydrogen-bonded S|te. for deutgrlum over protium, relative
TMTFA-treated enzyme samples, spectra were collected ©© solvent (eq 1). As d|scus§ed In dgtaﬂ elsewherd4), a .
using 15000 transients. With paraoxon-treated samples,"ydrogen-bonded proton vibrates in one of two potential
spectra were collected 3, 5, 18, and 35 days after addition€neray wells, each centered at one covalent bond length from
of the inhibitor to permit the slow deethylation of the Ser the donor and acceptor heavy atoms. As the hydrogen bor_1d
diethyl phosphate triester, using 5000, 23 000, 24 000, and becomes shorter, these wells approach each other, becoming
27000 transients, respectively. All chemical shifts are broader and shallower. The latter effect decreases the zero-
reported with respect to external TSP, similarly locked on Point vibrational energy of the hydrogen-bonded proton.
D,O. To permit comparison of intensities of deshielded Because of the 2-fold greater mass of a deuteron, its zero-
proton resonances in different spectra, the integrated aregPoInt vibrational energy decrease$2)1’_2 -fold less, res_ultlng
of each resonance was normalized to a methyl signaDa3 In a decreased preference for dgutenum_ over prptm)ras .
ppm in the same spectrum, the intensity of which was the hydrogen bond shortens. Using quartic potential functions
constant. ' as proposed by Kreevoy and Liang89, Bao et al. have
The D/H fractionation factordf) of a hydrogen-bonded derived a graph, which relates_/alues_to distances between
site on an enzyme is defined as the two proton wells §). With this graph, we have
determined distances between the two proton wells from
= [Enz-DI[H /IEnz-HIID 1 measuredp values and have shown that precise hydrogen
o =1 IHzovend D <civerd @ bond lengths can be obtained by adding two covalent bond

To measure the fractionation factors of the deshielded proton!€N9ths t0 this distancel(9, 14).

resonances at maximal sensitivity 9), the TMTFA_—AChE _ RESULTS AND DISCUSSION

sample was divided into two halves (0.050 mM final subunit

concentration). To one half was added agOHsolution of Interaction of TMTFA with AChEAs found by X-ray

50 mM sodium phosphate buffer (pH 7.5) containing 9.99% studies 21), the mechanism-based inhibitor TMTFA forms
(v/v) deuterated BD, and to the other half was added an a tetrahedral adduct of Ser-200 at the active site of AChE,
otherwise identical buffer solution in 99.9% (v/v).D, analogous to the first tetrahedral intermediate formed with
resulting in samples with mole fractions ob® of 0.9004 acetylcholine (Figure 1). The downfield region of the

and 0.5004, respectively. NMR spectra of the sample NMR spectrum of free AChE (0.09 mM subunits), in the
containing 0.9004 mole fraction,® (35 000 transients) were ~ presence of 45 mM sodium phosphate buffer (pH 7.5) and
collected first, allowing the 0.5004 mole fraction®sample ~ 10% D;O, at 25°C, showed a strong resonance at 14.4 ppm,
to equilibrate at £C for at least 48 h. Data on both samples 200 Hz in width, but no signals between 15 and 21 ppm
were collected and processed identically. This identical (Figure 2A and Table 1). Addition of a 3-fold molar excess
procedure was used with the NPMP-modified sample, which of TMTFA (0.27 mM) to the NMR sample resulted in the
had been aged for 17 days at@. The final NPMP-modified immediate and complete disappearance of the resonance at
samples contained 0.040 mM enzyme subunits and 0.900414.4 ppm and the appearance of a highly deshielded

and 0.5004 mole fraction . The fractionation factorg( resonance at 17.8 ppm, 170 Hz in width, with an integrated
was calculated by simultaneous equations of the form of eqarea that was 95- 10% of that of the 14.4 ppm resonance
2, which is derived from eq 1. that had disappeared (Figure 2B and Table 1). This downfield
resonance indicates the formation of a SSHB in the TMTFA
I = [ a1 — X) + X] (2) adduct, which was confirmed by its low D/H fractionation

factor ® = 0.76 + 0.10), determined as described in

where X is the mole fraction of KD, 1 — X is the mole Experimental Procedures. Thtsvalue is in good agreement
fraction of D,O, | is the observed peak intensity, akdy s with the transition state fractionation factors of 0-3076
the maximal peak intensity & = 1.00 (L4). (error range of 27%) obtained from solvent isotope effects

Determination of the Lengths of the SSHBs in the AChE and proton inventory studies oke./Km for the AChE-
Adducts Chemical shifts and fractionation factors provide catalyzed hydrolysis of phenyl aceta#0), 4-nitrophenyl
precise and independent measurements of hydrogen bondcetate4l), o-nitroacetanilidesZ7), and methyl acetat6).
lengths (, 9, 14). A correlation of hydrogen bond distances Since acetylation is probably the dominant rate-determining
(D) for 12 crystalline imidazoliurcarboxylate interactions ~ Step in these reactions at low substrate concentrations, the
from small molecule, high-resolution X-ray diffraction, with
chemical shifts of the protons in the hydrogen bonds ( 3A. S. Mildvan and T. K. Harris, unpublished observations, 2000.
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Table 1: NMR Properties of Hydrogen-Bonded Protons of Human Acetylcholinesterase at pH 7.5 @hd 25
resonance ty Of
adduct o (ppm) width (Hz) relative area aging (days) Kex (571) pKa
none 14.4 200 1.00 - <630 5.9+ 0.3
TMTFA 17.8 170 0.95+ 0.10 <0.04 <530 -
paraoxon 15.5 164 0.56 0.04 114+ 2¢ <515 -
16.6 212 0.28t 0.02 11+ 2¢ <666 -
H* (pH 5.1) 16.4 280 0.94-0.10 <0.04 <880 5.8+ 0.3
17.7 280 0.3Gt 0.10 <0.04 <880 6.3+ 0.2
NPMP 15.8 109 0.46- 0.03 0.63+ 0.28 <342 -
16.5 144 0.5H 0.04 0.47+£0.13 <452 -

2 The integrated areas of all deshielded resonances were normalized to a methyl resonance in the same spe@tBuppnat which did not
change?® From the pH dependence of the integrated atéd.2 °C. ¢ From the pH dependence of the chemical shift, which increased by 2.0 ppm

between pH 6.5 and 5.1.

16.5 ppm — / \ « 15.8 ppm
M\EMM/\W\/ \W

17.7¢ppm « 16.4 ppm

D

<« 15.5 ppm

16.6 ppm
1

<« 17.8 ppm

14.4 ppm —>

A

T T T T

18.0 17.0 16.0
ppm

Ficure 2: One-dimensiondH NMR spectra obtained by the 1:3:
3:1 pulse sequence at 26 showing the downfield region (13-6
19.0 ppm) of solutions of human AChE (0.09 mM subunits). Other
components were 45 mM sodium phosphate buffer (pH 7.5) and
10% D,O. (A) Free AChE at pH 7.5 showing a resonance at 14.4
ppm assigned to neutral His-440 imidazole-NH. (B) AChE reacted
with a 3-fold excess of TMTFA showing a resonance at 17.8 ppm.
(C) AChE reacted with a 6-fold excess of paraoxon and fully

.0

dealkylated showing resonances at 15.5 and 16.6 ppm. (D) Free

200). The complete disappearance of the resonance at 14.4
ppm and its quantitative replacement with the signal at 17.8
ppm suggests its assignment to either thiHNor the NeH

of neutral His-440 in the free enzyme.

From eq 3, the chemical shift of 1728 0.05 ppm for the
AChE-TMTFA adduct yields a hydrogen bond length of
2.624 0.02 A, taking into account the experimental error
in 0 (Table 2). Independently, the fractionation facgoof
0.76+ 0.10 yields a distance between the two proton wells
of 0.634 0.03 A, taking into account the experimental error
in ¢. Adding two covalent bond lengths (2.00 A) to this
distance yields a hydrogen bond length of 2:630.03 A
(Table 2). Such simple addition assumes the hydrogen bond
is linear. If the hydrogen bond were bent, it would be even
shorter 9, 14). These NMR-derived distances agree with
each other and with those found by NMR in the BChE
TMTFA complex [2.61+ 0.03 A (1)]. They also agree with
the distance from His-440 dNto Glu-327 Q in the X-ray
structure of the TMTFA adduct of the homologous AChE
from T. californica 2.66+ 0.28 A 21) (Table 2 and Figure
1). However, the order of magnitude greater precision of the
NMR-derived distances establishes the presence of a SSHB
in the AChE=TMTFA complex, as was found in the BChE
TMTFA complex ().

Interaction of Paraoxon with AChH he mechanism-based
inhibitor paraoxon initially phosphorylates the active-site Ser-
200, with the departure of 4-nitrophenolate, and then slowly
undergoes deethylatiotyf ~ 41 h at 37°C (42)], yielding
a serine ethyl phosphate diester anion, an analogue of the
tetrahedral intermediate formed after water attack on the acyl
enzyme {, 28). The addition of a 6-fold excess of paraoxon
(0.54 mM) to a solution of AChE (0.09 mM subunits)
containing 45 mM sodium phosphate buffer (pH 7.4), 10%
D,0, and 0.47% methanol at 2& resulted in the release

AChE at pH 5.1 showing resonances at 16.4 and 17.7 ppm. (E) Of 4-nitrophenolate within minutes, and the rapid and

AChE reacted with a 4-fold excess of NPMP and fully dealkylated

complete disappearance of the resonance at 14.4 ppm, within

showing resonances at 15.8 and 16.8 ppm. Note the disappearancgnhe 2 h required to obtain an acceptable spectrum. This was

of the 14.4 ppm resonance assigned to His-440 imidazole-NH in
spectra B-E.

kinetically determined fractionation factors likely apply to
the proton transferred from Ser-200 to the of His-440.
The agreement of the NMR with kinetically determined
¢ values and the fact that the SSHB forms on binding the
mechanism-based inhibitor TMTFA indicates that the SSHB
is at the active site, very likely between His-44@0M and
Glu-327 G of the catalytic triad (Glu-32#His-440-Ser-

followed by the very slow appearandg{= 11+ 2 days at

2 °C) of two deshielded resonances at 15.5 and 16.6 ppm
with line widths of 164 and 212 Hz and relative integrated
areas of 2 and 1, respectively (Figure 2C and Table 1). After
35 days of aging at 2C, the sum of the integrated areas of
these deshielded signals corresponded ta-840% of the
area of the 14.4 ppm signal that had disappeared, reflecting
the nearly complete deethylation of the paraoxon adduct. The
chemical shifts of 16.6 and 15.5 ppm yielded, from eq 3,
hydrogen bond distances of 2.630.02 and 2.65- 0.02 A,
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Table 2: Hydrogen Bond Distances at the Active Site of Human Acetylcholinesterase from NMR and X-ray Data
distance (A)

enzyme complex 02 (ppm) ¢ from o from ¢ from X-ray
TMTFA 17.8 0.76+ 0.10 2.62+ 0.02 2.63+ 0.03 2.66+ 0.28
paraoxon 155 - 2.65+ 0.02 - 2.64+0.2Z
16.6 - 2.63+0.02 - 2.534 0.24

H* (pH 5.1) 16.4 - 2.63+0.02 - 2.52+0.2%
17.7 - 2.62+ 0.02 - 252+ 0.2%

NPMP 15.8 0.49+ 0.10 2.65+ 0.02 2.56+ 0.03 2.53+ 0.26
16.5 0.47+ 0.10 2.63+ 0.02 2.55+ 0.03 2.53+ 0.26

agrrors ind are+0.05 ppm.? AChE—TMTFA adduct @1). ¢ AChE—VX adduct @2). ¢ Aged AChE-VX adduct @2). ¢ Free AChE at pH 5.8
(21). f Aged sarin adduct2). The aged soman adduct, identical in structure, shows a distance of:20622 A (23).

respectively (Table 2), indicating that both protons are in Scheme 2
SSHBs. In contrast to the deethylated paraoxon adduct of ,,O
AChE, the deethylated paraoxon adduct of BChE showed % —

only a single downfield resonance at 16.1 ppm with a 199 o

hydrogen bond length of 2.68 0.04 A, based on both its Ol Ser

o and¢ values (). 322_0\(') ______ H—N/\\NQH—O/ 200
With AChE, the detection of two downfield resonances }_/ ' \

of unequal intensity, with the same half-time for appearance, His PI‘{O/\ A2

is most simply explained by the presence of two unequally 440 AN

populated states of the SSHB in the serine ethyl phosphate
diester anion. One state is very likely the hydrogen bond in
the catalytic triad from His-440 &H to Glu-327 @, as found

in the X-ray structure of the aged, deethylated VX adduct

-
N
w2
(2]
=1

of AChE, with a hydrogen bond length of 2.58 0.24 A Glu—c?’? C,H;0

(22). The other state may well involve a SSHB from His- 199 \\o.\_\ 5 0C,H;

440 NSH to Glu-199 @, another active-site residue as o H\N_,/,—\ y

illustrated in Scheme 2. Such a hydrogen bond, 2:6%422 Glu—C- /Kg/N\H o

A in length, was found in the X-ray structure of the initial . O Hi Oy

VX adduct of AChE, prior to its deethylatior2®). Alter-

natively, both states of the SSHB could be between His-440 l

NOH and Glu-327 @, differing only in the hydrogen bond

acceptor of the kH of His-440, which could be directed 0 l

toward the bridging Ser-O-P in one state and to a nonbridging Gla—c%- Ser

anionic phosphate oxygen in the other state. While evidence 199 O"”///H//,,N/\ O/

exists from neutron diffraction studies of DIFP-inhibited )\/N\H o o R
trypsin that His NH points to an anionic phosphate oxygen Gli—C O0—P7 "+ GHsOH + H

(43), and the X-ray structures of phosphorylated and dealky- 21 o OC,H;s

lated adducts of AChE also permit such a H-boRg, ¢3),

this explanation is unlikely, since two similarly deshielded M

resonances are also seen in free AChE, without tetrahedral o Ser

adducts, but at low pH where His-440 is protonated (see G c’

below). For this same reason, the existence of two environ- 199 0 N o CHOH + H°
ments for His-440 probably does not result from steric effects 0 P /H___..---O—/P’ T s

of the bulky adduct, but from the availability of Glu-199 at Glu— c N N C,Hs0

the active site. In contrast, in the ACREMTFA adduct, 7. o >¢/

where Glu-199 approaches the quaternary nitrogen of the His

adduct and is therefore unavailable for hydrogen bonding
(Figure 1), only one SSHB was observed, that between Glu- adducts of Ser-200, as suggested by the observation that the
327 and His-440. E199Q mutation of AChE is an order of magnitude more
The NMR data with the ethyl phosphate derivative of damaging to the rate of dealkylation thankg; (44—47).
AChE show that the longer hydrogen-bonded species pre-Moreover, the pH dependence of the rate of dealkylation of
dominate 2:1, and the two positions of His-440 interchange the soman adduct of AChE suggests the participation of two
at a rate much slower than 666'sat 25°C on the basis of ~ carboxylate groupsl@, 46, 47), and molecular dynamics
their resonance widths (Table 1). The slowness of this calculations suggest that Glu-199 is closer to His-440 in
exchange of His-440 &H between two acceptors (Glu-327 phosphonate adducts than in the tetrahedral intermediate
Oe¢ and Glu-199 @) precludes the participation of this formed during the hydrolysis of the acetyl enzyni®,(11,
process in catalysis with acetylcholine, which occurs with a 13).
keatOf 1.6 x 10 s71 (26, 27). However, this exchange may The absence of deshielded proton resonances in the initial
well contribute to the slow dealkylation of phosphorylated serine diethyl phosphate ester adduct may result from steric
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440 in free AChE resulted in the formation of SSHBs
involving this residue.

From the chemical shifts of 17.7 and 16.4 ppm, hydrogen
bond lengths of 2.62= 0.02 and 2.63: 0.02 A, respectively,
are calculated with eq 3 (Table 2), in agreement with the
distance of 2.52+ 0.25 A found between His-440MNand
Glu-327 & in the X-ray structure of free AChE at pH 5.8
(20). As with the deethylated paraoxon adduct (Figure 2C),
the finding of two SSHBs in free human AChE at low pH
(Figure 2D) indicates the presence of two slowly exchanging,
unequally populated hydrogen bonding environments for
cationic His-440. The failure of the X-ray structure ©f
californica AChE at pH 5.8 to detect this conformational
heterogeneity of His-440 may result from the species
difference between the homologous enzymes from human
andT. californica or from the inability of the mixture of
conformers to form suitable crystals.

Interaction of AChE with NPMPTo provide additional
evidence that the detection of two deshielded resonances with
the aged paraoxon adduct of AChE did not result from the
slow and incomplete dealkylation of bound paraoxon, a
different tetrahedral adduct which dealkylates much more

FiGURE 3: Effect of pH on the intensities of the deshielded proton apidly was studied. The compound NPMP is a less volatile
resonances of free AChE. Components and conditions were asanalogue of the nerve agent sarin. After initially phospho-
described in the legend of Figure 2. The pH was lowered by the nylating the active-site serine of human AChE with the loss

integrated and normalized to the intensity of an unchanging methyl .. _ . .
resonance of the enzyme a0.3 ppm in the same spectra and its isopropyl group with 4y, f 3.3 h at 37.°C (48), a rate
expressed as the fraction of their respective maximal intensities. 12.4-fold greater than the rate of deethylation of the paraoxon

The maximal intensity of the 17.7 ppm resonance was-300% adduct of human AChE at the same temperature ancl@hl (

of that of the 14.4 ppm resonance. The fitted titration curves were |eaving a methylphosphonate ester anion of Ser-200.

gﬁ?ﬁljft_idpvg'r:] rgasgﬁgfcsegf ?égipe%tzivi?yq 5.9t 0.3 for the 17.7 The addition of a'4—.fold excess of NPMP (0.4 mM) to an
NMR sample containing human AChE (0.09 mM subunits)

in the presence of 45 mM sodium phosphate (pH 7.5), 80

mM NacCl, and 10% RO resulted in the rapid appearance

Fraction of Maximal Intensity

distortion of the active site by the triester, which might
weaken the hydrogen bonds from His-440 to both Glu-327 - T, ey

. . =~ of free 4-nitrophenol within seconds, and the rapid disap-
and Glu-199 shifting the NH resonances upfield to a position pearance of the His-440 resonance at 14.4 ppm, well within
under the envelope of numerous other unresolved NH signals

N . . . > ““the 3 h required to obtain an acceptable spectrum. This was
in this 136 kDa homodimer. Upon dealkylation, the distortion :
would be relieved, permitting the formation of SSHBS. followed by the slower and simultaneous appearance of two

. deshielded proton resonances at 16.5 and 15.8 ppm (Figure
Alternatively, the NH resonances may be undetected as %E and Tab[I)e 1). The average half-time for app%gragcg of
result of exchange broadening. both signals was 13.2 5.7 h at 25°C (Table 1), in good

Effect of pH on the Deshielded Resonances of AGsE agreement with a previous measurerfentich was 20+

described above, free AChE at pH 7.5 showed a SONY g ¢01d faster than the rate of deethylation of the paraoxon

resonance at 14.4 ppm (Figure 2A). A stepwise decrease N, dduct (at 2°C), as measured b -
AR o~ . , y the appearance of its
pH 10 5.1 by _rnlcrollter ad_dltlons_ of 0.6 M HQI result_ed N downfield resonances (Table 1). These relative rates of
the progressive loss of intensity of this _5|gnal with an dealkylation of the NPMP and paraoxon adducts are com-
a?parent a of 5'? it7%3’ and t?ﬁ pro_gr_(lesswe apgétarance parable to literature values measured afG742, 48). The
g Sair%sgnancée z'ith L pzpm .\;V' thatSIml Zrﬂi%%?r fﬂ:pft widths of the resonances at 16.5 and 15.8 ppm in the aged
fth ._,lanl Wi ?nt';fzs' y r';l:.was 3 and 'T’Obl i‘ | NPMP adduct were 144 and 109 Hz, respectively, and their
of the original signai at L=.4 ppm (Figure 3 and Table 1). In integrated areas were approximately equal, with an intensity
addition, at pH 5.1, a 3.2-fold stronger resonance appearedratio of 1.10+ 0.10 for the 16.5 ppm/15.8 ppm resonances
at 16.4 ppm with an intensity that was 3410% of that of (Table 1). Their total integrated area, after 3.4 half-times,

the originall signal (Figure 2D). Th.e chemica! shift of this was 97+ 10% of the initial 14.4 ppm resonance of His-440
resonance increased by 2.0 ppm with decreasing pH betweeqhat had disappeared, indicating essentially stoichiometric

pH 6.5 and 5.1, yielding an appareitjof 5.8+ 0.3 (Table hosphonvlati f 1h i i X d dealkviati
1). Separate experiments showed that these effects of pH> ooP o/ y'aton of the active-site serine and deafkyiation.
) P D b The chemical shifts of these resonances at 16.5 and 15.8

are reversible. At pH 5.1, the sum of the intensities of the ielded hvd bond | h
resonances at 17.7 and 16.4 ppm (¥220%) is comparable ~ PPM Yielded, from eq 3, hydrogen bond lengths of 2463
0.02 and 2.65+ 0.02 A respectively, consistent with two

to the intensity of the 14.4 ppm signal that disappeared. The ) .
widths of these two deshielded resonances (280 Hz) indicateSIOWly €xchanging, equally populated SSHBs in the dealky-

exchange rates 6f880 s for both (Table 1). Thus, as found
with serine proteases at low pi,(5), protonation of His- 41. M. Kovach, unpublished data, 1990.




IH NMR of Acetylcholinesterase and Its Adducts Biochemistry, Vol. 40, No. 19, 2005689

lated methylphosphonate ester of the active-site serine inGlu-327 of the catalytic triad, and the nearby residue, Glu-
AChE. The low fractionation factors of these resonances 199. This conformational heterogeneity of His-440, readily
(Table 2) confirm the presence of SSHBs, yielding slightly detected by NMR, is not seen in the X-ray structures of the
shorter distances of 2.5% 0.03 and 2.56+ 0.03 A, phosphorylated or phosphonylated adducts of the homolo-
respectively. The fractionation factors of 0-40.49+ 0.10 gous AChE fromT. californicaor in the protonated form of
obtained by NMR (Table 2) overlap with those obtained for this enzyme, either due to the species difference or because
keas Which is determined partially by acetylation and partially the mixtures of conformers did not form suitable crystals.
by deacetylation in the AChE-catalyzed hydrolysis of phenyl The formation of a SSHB between Glu and His of the
acetate ¢ = 0.413+ 0.004) @0), o-nitroformanilide and catalytic triad in the reaction mechanism (Scheme 1) would
o-nitroacetanilidesg = 0.541-0.571) @7), and 4-methoxy-  facilitate the deprotonation of Ser in the acylation reaction,
phenyl formate ¢ = 0.38 + 0.02) @7), although the and the deprotonation of the attacking water in the deacy-
kinetically determined fractionation factors likely involve lation reaction, thus contributing to the high catalytic power
proton transfer to His-440 &from Ser-100 in acetylation,  of cholinesterases.
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