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ABSTRACT. We have determined the structures of

the wild type and seven active site variants of yeast

inorganic pyrophosphatase (PPase) in the presence &f 8Mal phosphate, providing the first complete
structural description of its catalytic cycle. PPases catalyze the hydrolysis of pyrophosphate and require
four divalent metal cations for catalysis; magnesium provides the highest activity. The crystal form chosen
contains two monomers in the asymmetric unit, corresponding to distinct catalytic intermediates. In the
“closed” wild-type active site, one of the two product phosphates has already dissociated, while the D115E
variant “open” conformation is of the hitherto unobserved two-phosphate and two-“bridging” water active
site. The mutations affect metal binding and the hydrogen bonding network in the active site, allowing us

to explain the effects of mutations. For instance, i

n Y93F, F93 binds in a cryptic hydrophobic pocket in

the absence of substrate, preserving hydrogen bonding in the active site and leading to relatively small

changes in solution properties. This is not true in t

he presence of substrate, when F93 is forced back into

the active site. Such subtle changes underline how low the energy barriers are between thermodynamically
favorable conformations of the enzyme. The structures also allow us to associate metal binding constants
to specific sites. Finally, the wild type and the D152E variant contain a phosphate ion adjacent to the

active site, showing for the first time how product
chains.

Soluble inorganic pyrophosphatases (PPa&#3,3.6.1.1)
catalyze one of the simplest phosphoryl transfer reactions
the hydrolysis of the pyrophosphate bond. Two structural

is released through a channel of flexible cationic side

pathway {, 7, 8). PPase catalysis requires three or four metal
,ions @), depending on pH and P&ncentration. In the yeast
cell, the PRPconcentration and pH are such that the three-

families encode PPases (family | and family Il PPases). The metal ion mechanism predominatéy, (and the hydrolysis

family | PPases are the most common; in this family,
Saccharomyces cearsiae (yeast) (Y-PPase) and the hex-
americ bacterial enzyme froBEscherichia col(E-PPase) are

the best-studied. The catalysis of these enzymes is well-

characterized1(—6), and structures exist along the reaction
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of the metal-complexed pyrophosphate is accelerated by a
factor of 16°in comparison to the uncatalyzed reacti@)(

The catalysis is based on leaving group activation and
effective nucleophile generation, (7).

Six separate steps have been identified by kinetic analysis
as shown in Scheme 1. The enzyme, which is activated by
two metal ions (Scheme 1, A), binds one or two additional
metal ions with the substrate (Scheme 1, B). The metal
positions in the active site are termed MW4 in the
proposed order of metal binding, where M1 and M2 are the
activating metal ions and M3 and M4 bind with substrate
(7) (Scheme 1). The number of metal ions involved depends
on the pH, but the four-metal ion mechanism dominates at
the crystallization pH (6.0). The enzyme undergoes an
isomerization (Scheme 1, B> C), which is supported by
both the enzymological( 11) and structural datal}. The
generation of the reactive nucleophilgetween M1 and
M2 is aided by a low-barrier hydrogen bond between D117
'and the nucleophilelj. Since the protonation state of the
nucleophile is not directly observed, we denote i, &s in
ref 1. After the hydrolysis step (Scheme 1, D), the two
phosphate metal complexes are released one by one (Scheme
1, E and F) and the enzyme returns to the two-metal ion
form (Scheme 1, A).

)
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Schene 1 : Six-State Mechanism of Yeast Inorganic EXPERIMENTAL PROCEDURES
Pyrophosphatase

The proteins were expressed and purified as described in
Mg,PP, H,0

ref 16. The proteins were stored in 50% glycerol, 5 mM
A . ° Z, ¢ Mg?*, and 75 mM Tris buffer (pH 7.2) at20 °C, and prior
EMgy(H,0), === EMg,(H,0),Mg,PP, === EMg,(H,0)Mg,PP, g=",and 75| pH 7. , P
g g
to crystallization, the glycerol was washed away by once

MgP, 1 being diluted to 1:20 and once to 1:10 (1:200 together) with

»

60 mM MES (pH 6.0) and 10 mM MJ. Proteins were
crystallized at £C in 8 uL sitting drops and in the presence

EMgz‘”zo‘Mgpif EMg, ;0 (MgP.), ~ EMg; (MgPi), of 5 mM Mg?" and 1 mM P@*~ and a MPD concentration
F g E o D gradient from 16 to 19%. Thin plates formed withir-2
MgP, 2

weeks. The crystals were soaked in the cold roomiG}#
with 32% MPD, 30 mM MES, 10 mM Mg, and 1 mM
PO2 a few minutes prior to being dipped into liquid
nitrogen. Once aligned with the cryostream, the crystals were
annealed once by blocking the cryostream to thaw the crystal
and then recooling.

The data for the wild-type crystal were collected at Swiss
S . ; Norwegian Beamline BMO1 at the ESRF using a MAR
which is structurally explained by the two-water bridge image plate system (Mar Research). Data for E48D and

collapsing into a single nucleophilic water between the M1 ) .
: S D115E were collected on a Rigaku R3HU generator running
and M2 metal ions. Of the two phosphate moieties in PP at 50 kV and 100 mA and an R-AXIS IV image plate

we define P2 as the electrophilic phosphate and P1 as the -
leaving group. The relative affinities of the P1 and P2 sites detector. The other data were collected on a Nonius generator

: : ; using Cu Ko radiation at 40 kV and 170 mA on an R-AXIS
depend on the identity of the metal ion. In the presence of . .
Mggﬂ P1 binds with h?/gher affinity%3, 14) and isr;eleased IV detector. All dgta were integrated with Denzbd) and
last, but the reverse is trug)(with Mn2*, scaled together with chlepac:k@![ (DE48 qnd DE1.15) or
In the earlier Y-PPase structures, the complexed metal ionSCala €0. Data collection and processing statistics are

is the less activel( 7) Mn?" or C&" (I. P. Kuranova et a| summarized in Table 1. _

unpublished PDB entry 1M38), each of which binds the _The structures were determined by molec_ular replacement
phosphates with higher affinityl4) and affects the order of with Mplrep (21), using PDB 1HUK (Swamlnathqn etal,
phosphate releasd 3, 15). Nonetheless, we were able to unpublished results) as a model. We.also switched the
describe structures corresponding to intermediates A andnomenclature of the chains SO that Cha‘f‘ A belongs to the
C—E in the proposed kinetic scheme (Scheme 1). ( enzymatic state before catalysis and chain B to the product-

; ; taining form. The density was fitted with automated
Intermediate A is represented by the Y-PPlbs® complex con . .
determined at 2.2 A, with metal sites M1 and M2 filled [PDB procedures using ARP./WARRZ). and quel Improvement
entry IWGI @)]. The fluoride-inhibited enzyme at 1.9 A in CCP4 Q). After this, the side _chams with the Zero-
resolution [PDB entry 1E6A1)] contains four metal ions, occupancy atoms were manually fit to the map inZ3)(
unhydrolyzed PR and a single fluoride ion replacing the the a}ctlve' site area was mspecteq for thg presence of the
nucleophile (intermediate C in Scheme 1). The product possible ligands, and all water residues with higsfactors

; : i [ 2Kor structures with a
| £1.15 A ut PDB entrv 1E t were o_mltted, using a cutoff of 35%Kor s _
fvsgnrég:fgrmat?o nsreosfotﬁ elorr:y[drolyze endr){)rodiqc?t](?/(v)r?i ;I]nior_ resolution 1.7 A or better and 402Aor the lower-resolution

respond to intermediates D and E (the latter being a h dratedStrUCtures' The refin(_ement was continued in Refma (
rearr)ranger‘rllent of DI) B and E ha\(/e not been Isgen y 24) through the ccp4i interface from CCP4 4.2.2, followed

We have mutated all the active site residues coordinating by a few cycles of solvent refinement in ARP/WARP and

the substrate electrophilic group P2 or the metal ions that mar:_l:al iptshpectio(rjl (I)f '_[he(\j mapki)nd(z_?g)_l(_)rbcllo%t @9). The
generate the nucleophild ). The mutated enzymes have quality of the models 1S gescribed in Table <. :
been previously functionally characterizet] (6, 17), and The c_oordlnates for the an!matlo.n In the_Supportmg
the structure of the D117E product complex with inas Information were prepared by linear interpolation between

also been determined§). We have now determined the (he structures listed in Figure 9 using LSQMANE.
structures of the wild type and all these mutants in the PY'ophosphate was modeled in the D13 3#ucture using
presence of Mgf. The differences between the ktg and Coot. The animation ‘?nd other figures were made with
Mn2*-containing structures are very small, demonstrating the PYMo!l (DeLano Scientific LLC).

relevance .of ou_r.earlier structures. However, the new RESULTS AND DISCUSSION

structures in addition explore the ensemble of low-energy

conformations accessible to the active site residues and All of the eight crystal structures we report here (Table
demonstrate the existence of various enzymatic hydration1) are in space group2; at resolutions between 1.5 and 1.9
states not yet directly observed by solution experiments. TheA. Because the concentration of phosphate and metal ion
current set of structures now allows us to describe all the was insufficient to occupy both active sites fully during
catalytic states in Scheme 1 {&). We have used these crystallization, the two monomers in the dimeric PPase adopt
structures to devise the first full structural model of PPase different conformations, and the active sites have different
catalysis, including nucleophile generation and product contents. One difference between the current crystal form
release pathways, and alternate hydration intermediates. and theP2,2,2; forms studied earlierl( 7) is that both open

The rate-determining step (RDS) for the forward reaction
with Mg?* is hydrolysis of PR whereas in the reverse, net
synthesis direction, the RDS is not the condensation of the
two R ions but the previous step (Scheme 1), which
involves isomerization of the enzyméd). Isomerization
decreases theip of the nucleophile fron+7 to 5.85 (1),
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Table 1: Data Collection and Processing Statistics

YWT E48D YO3F D115E D117E D120E D120N D152E
Space group P2 P2, P2 P2 P2, P2, P2, P2,
unit cell a=5192A a=5171A a=5177A a=5158A a=5176A a=5165A a=51.65A a=5177A
b=093.55A b=9320A b=9354A b=9337A Db=9323A b=9319A b=93.00A b=93.22A
c=69.17A c=6929A cc=69.44A c=6978A c=69.22A c=6938A c=6927A c=70.11A
f=99.66 p=99.47 p=99.88 f=99.86 p=99.58 p=99.62 f=99.3% p=100.0F
wavelength (A)  0.8727 1.5418 1.5418 1.5418 1.5418 1.5418 1.5418 0.8000
resolution (A} 100-1.5 50-1.7 100-1.7 50-1.8 100-1.8 100-1.8 100-1.9 100-1.5

(1.53-1.50) (1.76-1.70) (1.74-1.70) (1.86-1.80) (1.85-1.80) (1.85-1.80) (1.94-1.90) (1.55-1.50)
no. of unique 103964 (6946) 68800 (3877) 67570 (4572) 58354 (3832) 59558 (4078) 59922 (4148) 50505 (2671) 102428 (9238)
reflectiong

redundancy 7.4 35 4.1 3.2 35 4.1 3.5 8.3
completeness (%) 99.8 (100.0) 96.8 (84.0) 94.4 (94.4) 96.8 (93.6) 99.3(98.1) 99.9 (99.9) 99.3 (96.6) 97.7 (88.6)
Rsym (%0)2° 4.1(32.1) 6.7 (25.3) 6.5 (34.6) 6.7 (34.4) 5.6 (32.3) 5.9 (38.8) 9.1 (54.2) 3.5(15.4)
1/0? 21.7(3.2) 21.8(4.4) 7.9(2.2) 18.5(2.8) 9.8 (2.4) 9.5(1.9) 7.7(1.4) 33.2(6.5)

aValues for the highest-resolution shell are given in parenth@$@gm = Y null(hkl) — D(hK)OVY al (hkl), where d(hkl)Dis the mean of the
symmetry equivalent reflections ofhkl).

and closed forms are visible in a single structure. The All crystals were cocrystallised with 5 mM Mg and 1
monomer A active site is open; the bottom of the active site mM P, and soaked with 10 mM Mg and 1 mM R prior to
is occupied by two metal ions, M1 and M2, and the being frozen. The structures refined well (as described in
conformation of the protein allows the formation of a “two- Materials and Methods) with good stereochemistry and low
water” bridge between them. This form of the enzyme has B-factors (Table 2). The electron density maps were good,
previously been described with ¥thin an orthorhombic allowing Mg ions to be identified by their geometry (Figure
crystal form ofwt-Y-PPaseT) (A in Scheme 1). Inthe form  1). Each active site contains one to four ¥dpns and zero
described here, however, crystal contacts do not allow anto two phosphate ions (Table 3) depending on the mutation
open conformation for monomer B and its closed structure and possibly the exact soaking time.
is very similar to that of both monomers in the second  Overall Structures.We analyzed the differences in the
orthorhombic crystal form we1( 18) and others Z7) overall structures of the mutated proteins by superimposing
described earlier. In the closed monomer, the loop of residuesthe monomers on the corresponding chain of the wild-type
103-115 is ordered and E109 forms an ion pair with K255 enzyme. In most structures, the agreement with the wild type
of a crystallographically related molecule; the loop is is good at the backbone level and the overall root-mean-
disordered in the open form. The active site of monomer B square difference (rmsd) between the structures is from 0.1
thus has to be in a closed conformation, but the conformationto 0.28 A on 218-263 superimposed Latoms. The few
of monomer A appears to be determined by the concentra-exceptions are predominantly in open monomer A. In D115E,
tions of the metals and phosphate, which typically, but not D120E, D120N, and D152E, the monomer A backbone
always, led to open conformations. This, however, dependedstructure differs from that of thet so that 87, 88, 178, and
on the exact growth and soaking conditions. The active site 141 G, atoms, respectively, fall outside the 0.2 A cutoff and
conformations are (depending on the PPase variant) structurthe overall fit is 0.4-0.78 A for all residues. The worst fit
ally equivalent to various intermediates along the reaction is for D120N, where the level of fit is similar to the fit
pathway. between thevt open and closed monomers. In general, the
monomer B conformation is more constrained and all the
mutated structures adopt the same conformatiomt@xcept
éor D152E;, where the overall fit is 0.41 A. All the other
monomers fall within 0.18 A ofvtg.

Conversely, the differences between the A (open) and B

Neither conformation is an artifact of crystal contacts. The
monoclinic crystal form grows, however, at metal and
phosphate concentrations such that both open and close
conformations are in equilibrium in the mother liquor. If

either the open or closed form is dominant in solution, either ) ! .
the open or closed orthorhombic crystal forms will grow. (closed) monomers are larger (Figure 2a). For Instance, In
) ) . wt, the rmsd of G atoms between the two monomers is 0.76
In what follows, monomer A describes open active sit¢ & "and only 88 atoms fall inside the 0.2 A cutoff. The areas
structures and monomer B closed ones. The monomers argyit the biggest differences are the loops of residues-103
denot_ed with a subscript following the variant (e.g., E4BD 115 and 146-152, which coordinate M1 and M4. The two
or residue number (e.g., E4#h monomer B). positions of M1 and the loop of residues HBL5 appear
The seven point mutations that were introduced are all of to be related to opening and closing the active site. Also,
residues around the electrophilic phosphorus P2 and at thethe a-helix of residues 186195 and the loop of residues
“bottom of the active site”: the binding sites for M1, M2, 196-208 include residues that assume a different conforma-
and P2 and the nucleophilic water/hydroxide ion. The tion depending on the contents of the active site. The regions
residues changed are Y93 in the P2 site, the metal-are involved in P1 binding. Below we describe the most
coordinating E48, D115, D120, and D152 residues, and thesalient features of each structure in turn, fitting them and
nucleophile-orienting/activating residue, D117. All the muta- earlier structures into an expanded catalytic scheme (Scheme
tions are conservative in nature, so the mutated amino acid2), before discussing the resuiltstoto and in the context of
is chemically as close to the original as possible, except for previous work.
D120, where structures of both E120 and N120 have been Mg?*-Containing wt Y-PPase Structurtn wta, the two
determined. Mg?* ions at the base of the active site are 4.75 A apart
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b= ® Dy O ) 7]
la) = O N4 ~ o XM EN~M|
SeEde ¥ 8° sogqaS|d
28LYes « © NSO 2 (Figure 2b). The distance is slightly smaller than that in the
woe S Mn2*-containing structure (4.92 A)7J presumably due to
& & *3) the difference in the size of the metal ions. The water
ul o oN 3 =4 structure and the conformations of the metal-coordinating
5 8 28 N 5 residues are conserved, but the Mgstructure appears
al 2 L Q “5.° 3 ~a S N 3 slightly more tightly packed, probably for the same reason.
0gloes S5 ¢ ANQYoma| B e metal and phosphate conten able 3) indicate
xglge :° Q=88 The metal and phosphat tentswf (Table 3) indicat
n o = it represents the A intermediate (Scheme 2), analogous to
& < the earlier MiA*-containing structure [PDB entry 1WGT).
Q o = An additional phosphate ion,.f, is found in the putative
™ o™ ) 1eXIly
Bl 8 So N = product release channel, bound by K7R7&, and K198
=1 5e) 2 <
d4 ¥ co9wo ) < (see below).
[a) © _5NA © ~ O~ N O =
© § E’,E eg v 8 & _d S8t In wis, the two metals are now only 3.77 A apart, and
6 o BN concomitant with this?), the two-water bridge between them
= = has collapsed to only a single water, the reaction nucleophile.
s > < In addition, the P1 leaving group phosphate and the associ-
n 5 &9 s o ated metal ion, M3, are bound, matching the contents
ol 2 o % o © 2 Lo <o 1 expected for the F intermediate (Scheme 2) in theMg
~38%cS B 85 y852a4 |2 containing enzymes).
S5 o ° - R ° E48D Variant.In wt, E48 forms a hydrogen bond to one
~ 3 of the M2 coordination waters. In E48Donly M1 and M3
b= 5 ‘l’l“ are present (Table 3). This suggests that the 150-fold decrease
al § 8¢ 8 - in Kz due to this mutation (Table 4¥Y reflects not M2,
% © oF o L= é but rather M3, binding. Waters at the M2 binding site
28838 & L ITav 2o |2 rearrange slightly (with a maximum difference of 1.4 A
48 5 o + "® AR A compared to that oft), so only the waters hydrogen bonded
_ 5] to the backbone 940) and 11&(0O) atoms are as iwt. An
~ § £ additional water _ha; gppeared to replace A&@&) In
- S5 8o 5 5 E48D;, the situation is in some ways very similar: E48
| 2 Zv N ) (O2) has been replaced with a water, and the M2 shell
~| 85833 ¢ o 5 @eg_ox|g bonded by the backbone remains in place. Even though M2
wWeTZTS I bg Q84U d8S|s is absent, E48Ris clearly in the open conformation and
= & E48D; closed. These conformations can be distinguished
o s because, as iwty, D117, and M1, are separated by two
” e % water molecules, while D1%7s hydrogen bonded to a water
S a 2 directly coordinating Mg (Figure 3). The P1 phosphate is
% % = ;) present in both active sites. This is not surprising, as P1 is
n o 3 L not involved in closing the M*M2 bridge. Therefore,
= g g PN g & 2 E48D, is a model of the Fintermediate and E48Dof the
£ Ze 2 S g 4 g2 F intermediate (Scheme 2). M2 and M3 bind on the same
= S 8%8yes885csc  L|5¢ side of the active site. In the variant, M3 is bound in both
o RS %g E2Eog § 8 ?,é S f_—;’ g ok g 2 open and closed active sites, presumably to maintain charge
a4l |feog éﬁg%fggg%gam%a = balance.
=X T5T 50 = e 2= = = . . .
% EES 2228 9§ E g Eos=3w|> z Y93F Variant.In wt, Y93 makes a fairly short and tight
~ - - e hydrogen bond to one of the P2 oxygeisgnd a hydrogen
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Table 3: Active Site Contents of Y-PPase and Possible Role in Scheme 2

monomer A monomer B
species in species in
active site ligands Scheme 2 active site ligands Scheme 2 ref
wt Mgl, Mg2, Ryt A Mgl, Mg2, Mg3, P1 F this work
E48D Mg1, Mg3, P1 F Mg1, Mg3, P1 F this work
Y93F Mg1, Mg2 A Mgl this work
D115E Mg1, Mg2, Mg3, Mg4, P1, P2 'E Mg1l, Mg2, Mg3, Mg4, P1, P2 E this work
D117E Mg1l, Mg2 A Mgl, Mg2, Mg4, P2 C this work
D120E Mg1, Mg3, P1 Mg1, Mg3P1 this work
D120N Mg1, Mg3, P1 Mg1, P1 this work
D152E Mg2, Ruit Mg2, Mg9 this work
wt (LWGI)° Mn1, Mn2 A 7
wt (LE9G) Mn1l, Mn2, Mn3, Mn4, P1, P2 E,D 1
wt (LE6AY Mn1, Mn2, Mn3, Mn4, F-PP C 1
D117E (1178) Mn1, Mn2, Mn3, Mn4, P1, P2 E 18

2 Likely two conformations®? The P2;2;2; crystal form has two equivalent active sites featuring the same intermediate of the reaction scheme.

K56 K56

E48 E48

Ficure 2: (a) G, trace ofwta (blue, metals light blue) superposedwts (red, metals salmon), showing the main chain differences between

the open Wta) and closed Wtg) conformations. The major movements are in loops of residues-103 and 146-152. The active site

metals are represented spheres. (b) Stereofigure of the active siteés(bfue, metals light blue) andtg (red, metals salmon) superposed,
showing the closing of the active site and the collapse of the two-water bridge that activates the nucleophile. Coordination bonds are
represented with solid lines and hydrogen bonds with dashed lines.

bond to K154. Y93F has only 2.7% of thgy/Km, of wt (17). phobic cavity formed by Y89 L122,, W188,, and F189
The simple explanation for the change would be that neither (Figure 4). It replaces a buried water coordinated by the
of these hydrogen bonds can form. The reality is significantly backbone of 199 and the H9] side chain; the H9l side
more complex. In the absence of substrate,\F@3opts a  chain rotates 180around the g—C, axis so that its &
completely new conformation, binding in a cryptic hydro- atom faces into the hydrophobic pocket, while the X,89
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Schene 2 : Revised Reaction Scheme, Based on the Data in
This Paper

Mg,PP;
A L‘
EMg,(H,0), ——
MgP; L

H,0

AL

—

B
EMg,(H,0),Mg,PP,

Cc
EMg,(H,0)Mg,PP,

[

EMg,(MgP),
D

EMg,*(H0)."MgP —= EMg,*(H,0),(MgP),

F E
MgP;
H,0 H,0

EMg,H,0-MgP; EMg,H,0-(MgP),

F T_ E

MgP;

—_—

H,0

H91,, and F189 side chains move back byl A. Inwt, a

water molecule accepts a hydrogen bond from 190(N) and

probably donates one to the W188 ring and to T18%(O
Two waters fill the space occupied by the Y93 side chain,

leaving the overall conformation and the active site hydrogen
bonding pattern essentially unchanged (Figure 4). One would

thus naively expect an active enzyme with little effect on
keaf Km OF 0N the K, values on the enzyme. Indeed, th&,p

values measured before the substrate binds change by only

a pH unit or so. Howevelk./Kn changes to 3% of that of
wt and Kesy from 7.7 to>10 on mutation. It appears that
the mutation affects the behavior of the enzyme only when
the substrate is bound.

This is indeed shown in the structure. M2 is not bound in
Y93Fs even though it is in Y93k (Table 3 and Figure 4).
This would be expected to reduce the catalytic efficiency
through its effect on substrate binding and on nucleophile
activation. Why does this happen even though all the M2-
coordinating carboxylates are present? In Y§3ke closure
of the active site squeezes R9Back into thewt Y93
position; motions of~0.5 A at Y8% and F189 close the
cryptic hydrophobic pocket down. Consequently, the water
network found inwt and in Y93FR can no longer form,
disrupting the pattern of hydrogen bonds around K154.
Wat28, which binds to Y93and K154 in wt, is not present,
nor can the Wat276Wat433 network found in Y93fform
(Figure 4). Consequently, K154ow makes three hydrogen
bonds: to D12§(0y,), to a water, and to D1520). The
interaction of K154 with D152, which includes an elec-
trostatic interaction with the carboxylate group in addition
to the hydrogen bond, affects the conformation of the M2
and M4 binding loop (residues 14352). A water ligand
for M2 and P2 is missing, reducing the affinity for M2 and
P2. Consistent with the absence of M2,,Bhifts slightly
toward M1. The changes are subtle but far-reaching.

D115E Variant.In the wild-type enzyme, D115 coordi-
nates the first bound metal ion, M1, and the following
residue, N116, is involved in the formation of a low-barrier
hydrogen bond (LBHB) through its backbori§.(Preceding
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Table 4: Metal Binding Affinities

Ko (@M)®  likely M Kwz (uM)@  likely M
wt 0.7+0.1 34+ 6

E48D 0.7+ 0.1 M1 5000+ 1000 M3
Y93F 0.7+ 0.1 M1 60+ 10 M2
D115E 0.8+ 0.1 M1 400+ 100

D117E  14+0.1 M1 170+ 50 M2
D120E 24+ 2 M1 2800+ 700 M3
D120N  11+1 M1 1400+ 200 M3
D152E 2.8+ 0.2 M2 1700+ 500 M9

aData taken from ref.

Ficure 3: Active sites of E48RR (blue, metals light blue) and
E48D; (red, metals salmon) superimposedvaty (gray), showing

the loss of the M2 site and the difference in the hydrogen bonding
network of the open E48Dand closed E48R Even in the absence

of M2, the position of Q, is conserved, allowing the classification

of open and closed conformations. Coordination bonds are repre-
sented with solid lines and hydrogen bonds with dashed lines.

— B) or the equilibrium constant between intermediates B
and C, i.e., the closing of the active site. In either case, the
net binding affinity of substrate increases. Consistent with
this, both open and closed conformations of D115E contain
a full complement of ligands in the active site (Table 3).

The open conformation of the D11kBActive site contains
the two-water bridge between Mland MZ, (metals
separated by 4.4 A) as seen in the resting enzyme complex
(Scheme 2, A). The conformation of the EAl&ide chain
is such that one carboxylate oxygen{roordinates M4,
as inwt. The other carboxylate oxygen coordinatesavia
a water molecule. The longer side chain of E1J&ishes
back both N11§ and the loop from residue 107 to 113,
which is now disordered. Both active sites contain both
phosphates P1 and P2, making D14%Estructural mimic
of an overhydrated product release intermediate(&heme
2). Consistent with this, other active site residues are in
conformations typical of the “closed, bound” conformation.
As in wt product complexes, Mdis coordinated only to
D147 and D152, but at 5 A, it is farther from M1han in
Wia.

As the full complement of metals and phosphates is
present, D115f represents the E intermediate (Scheme 2

D115 in Y-PPase is a long and often disordered loop (Figure and Figure 5). The distance betweendviind M2; is 3.6

2a). During the catalytic cycle, this loop moves and allows

A, shorter than those afits (above) and the Maproduct

the D115-coordinated M1 and D117 to close the active site complex structurel) (3.7 A). In addition, the M3—M4g

and generate the nucleophil&).( Upon mutation, Kp
decreases somewhat, byi;is 1 order of magnitude lower
(17) and uniquely reflects the chemical catalysis step<C
D), which is then rate-determining. A, decreases, any
decrease ik, must be due to a decrease in the tKyg(A

distance is slightly shorter than in thet product complex
(PDB entry 1E9G). This may be because Egdébordinates
both M1z and M4, in contrast tanvt, where D115 coordinates
M1 only. In both E5& and E58, the G,—Cg bond rotates

to an anti conformation. This change is not unique and may
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Ficure 4: Structure of YO3F compared withit. Y93F, (blue, metals light blue) is an open and Y@3ffed, metals salmon) a closed
conformation. The opewt, structure (white) shows that the hydrophobic pockewtris slightly smaller. The transparent surface shows

the atomic surface of the hydrophobic pocket that forms in Y. 93Mowing binding of F93 in an unusual conformation. In the Y93F
structure, two water molecules replace the F93 phenyl ring. Coordination bonds are represented with solid lines and hydrogen bonds with
dashed lines.

D/E115

\ D/E115

D117

35

Ficure 5: Active sites of D115k (blue, metals light blue) and D115Hred, metals salmon) superposed on the high-resolution product
complex 1E9G (wheat). Coordination bonds are represented with solid lines and hydrogen bonds with dashed lines.

be required for formation of the M3 site. It also occurs in and orients a lone pair of electrons or,n an optimal
the product (PDB entry 1E9G) and substrate (PDB entry position for the reactionl). The effects of the mutation on
1E6A) complex structures but not in thé structure reported K, andkqcare similar to those for D115; the substrate binds
here. better, but the hydrolysis step is less efficiehT)(

D117E Variant.In wt, D117 is hydrogen bonded to one E117, has turned away from the two metal ions and forms
of the M2 coordination waters and, in the closed conforma- a multicenter ion pair with K6l and E63 instead of
tion of the active site, forms a low-barrier hydrogen bond to hydrogen bonding to the nucleophilicn®@ Unlike the
the nucleophile @, which increases the @ nucleophilicity D115E, structure, the open active site has no bound
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D115
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Ficure 6: Structures of D120k (red, metals salmon) and D12QKyellow) compared with open (white) and closed (graytonformations.
In the D120E variant, the M1 binding residues are in a closed-type conformation yet M1 is between the M1 positiong opte and

closed conformations. Metals are represented as spheres, coordination bonds with solid lines, and hydrogen bonds with dashed lines.

phosphate molecules. Hence, D1l7Eepresents the A
intermediate (Scheme 2). Consistent with this, R78 points
toward the outside of the molecule but does not interact with
D71 (18).

In the closed conformation, E147s forced to adopt the
space occupied byt D117 and hence cannot interact with
K61 and E62 as in monomer A. EID.;) and Q; replace
D117(0y,) and the nucleophilic water, leaving no space for
the catalytic water to bind, as in our earlier Mrstructure
(18). Both structures correspond to the C intermediate

(Scheme 2). The major difference between them is that the

P1 phosphate and M3 metals are missing from ouf*Mg
structure, presumably due to the tighter binding oPMand
P to the Mr#t-containing enzymes).

D120E and D120N Variantdn all wt structures, D120
simultaneously coordinates both M1 and M2 at the bottom
of the active site 7) (Figure 2b); not surprisinglyKy; is
more than 10-fold lower anly,, 40—80-fold lower (Table
4) in the D120E and D120N variants. On the basis of the
active site contents (Table 3), the measufgg values refer
to M3, not M2, binding, as for the E48D variant. Intriguingly,
the D120E variant has a stronger effect on metal binding
(Table 4), while the D120N variant has a greater effect on
the rate of hydrolysis; however, both are more than 1000
times less active thamt at pH 7.2 @). The structures appear
to provide an explanation for these results.

Both monomers in both variants bind M1, P1, and, all
except D120N, M3 (Table 3). The M1 position is distorted

FIGURE 7: Superposition ofwts (gray for carbon) and 1E9G
alternate conformation A (green for carbon and lime for phosphorus)
showing the waving motion of lysine side chains and the main chain
motion of the respective loops in the product release channel and
the coordination of the & phosphate by K73, R78, and K196.
Metals are represented as spheres, coordination bonds with solid
lines, and hydrogen bonds with dashed lines.

active site, but M3 is now very close to thevtg position
and the geometry improved. The lack of clear open and
closed states of the active site correlates with large<0.3

in all monomers, and M2 is not seen at all. The huge decrease0.7% of wt) changes in the net dissociation rate of RP

in the rate of hydrolysis further highlights the importance
of M2 in generating the nucleophile.

In D120E, the backbone is distorted byl A; however,
the position of E12(O.;) is almost the same as that of
D120,(0s2) in Wt, and as inwt, it accepts a hydrogen bond
from K154,. M1, is bound, but in a position the same as
neither thent open nomwt closed form (Figure 6), but quite
close to the position of an M1-coordinating water molecule
in wta. The bond distances from protein ligands to M1 are
consistent with considerably weakened M1 binding: 202
2.06 Ainwty and 1.99-2.20 A inwtg but 2.27-2.44 A in
D120E, with only square pyramidal rather than octahedral
geometry. The D120Eactive site is similar to the D12QE

the D120N and D152E variantd)( This may explain why
Km changes by a factor of only 3} substrate binding is
not significantly affected, although catalysis is.
Conversely, there is less backbone distortion in D120N
the backbone around N120 is essentially undistorted in
comparison with that ofwts. In comparison with E12Q
D120N binds M1 tighter (Table 4) even though the M1
ligand is now the amide N120 rather than the carboxylate
E120. Consistent with tighter binding, D120N Mhas
shorter proteirrmetal ion distances (2.62.36 A) and better
geometry and binds in the closed conformation position. The
distance to thevt M1, closed position is-0.3 A, similar to
that of the Mi*-containing product complex active site
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(PDB entry 1E9G). It thus appears that the level of distortion
at the M1 binding site, not the identity of the side chain at
position 120, correlates with metal binding affinity.
D152E Variant.The large-scale distortions of the active
site in the D152E variant are perhaps the most surprising
results in the context of this study. They may happen because
D152 is located at the end of the mobile loop of residues
146-152 (Figure 2a), so significant distortion is possible. Y89
Unlike the other D— E variants, none of the carboxylate -
oxygens of E152 and E152 overlap with the D152
carboxylates ofwt (the closest approach is 1.17 A to the
carboxylate oxygen that doestbind M1). Consistent with
this, M1 is absent in both monomers but M2 is present (Table
3); the Ky; binding constant X7) (Table 4) thus reflects
binding to the M2 site. E152 in both monomers fills the
empty M4 site and causes movement at the loops of residues P1
146-152 and 10+ 115; the distortion there, for instance, is ] )
larger than in the D120N variant. As M2 is present, the FiGURE 8: Potential general acid. The substrate complex [1LE6A
- - . (18)] (magenta) is shown superposed with D13 7green) and
nucleophile-D117 system is present, demonstrating that M2 £4gn, (cyan), showing the two conserved water molecules in the

is necessary, but not sufficient, for nucleophile generation. proximity of the bridging oxygen in RPCoordination bonds are
Indeed, the increases in the enzymi€, mre some of the  represented with solid lines and hydrogen bonds with dashed lines.

largest (7), and the enzyme is less active than D120E,

D147

showing dramatic effects okia, Km, andkea/Km (17). An in the variants. Conversely, in the open conformation, the
additional phosphate iongf, is visible in the product release  mutated residues have more space to adopt different con-
channel, bound to K73 K198,, and R74. formations than inwvt without causing large changes in the

In D152E;, the nucleophile D117 system is present, as overall structure. The open (non-substrate-bound) form thus
in D152E,, but in addition, we see both conformations of sometimes shows less change in kinetic parameters than
the D117% side chain and N13§0) as in the 1.1 A structure ~ when substrate is bound. An example is the Y93F variant.
of wt in the presence of product)( This is not visible in ~ In Y93F,, the phenyl ring of F93binds to the hydrophobic
the other structures described here; we believe that thiscore of the protein (Figure)4but the active site geometry
reflects the release of constraints in the active site as a resulénd solution properties4( 17) change relatively little. In
of the absence of M1. There is also an additional metal ion Y93Fs, it is forced back into the active site, and the binding
(M9) outside the active site, coordinated through waters to properties of M2 and RRchange significantly (Table 4)
E150; this may be due to the charge imbalance createdbecause the active site geometry is not properly conserved

through the absence of M1. (Figure 4) (see below).
Roles of the Two Forms of the AgdiSite.The active site This remarkable chain of events stems from the loss of
has two principal conformations: open and closégd (n just two hydrogen bonds in comparison with thiesubstrate

the open form, M1 and M2 are bridged by two water complex: Y93-K154 and Y93-P2. Furthermore, the slight
molecules, whereas in the closed form, only the activated decrease in substrate binding affinitl/7{ might be due to
nucleophile @, remains between the metals. This is effected the changes in the coordination of metal binding residues
chiefly by ordering and closure of the loops involved in D120 and D152 and the binding of M2 and M4. It indicates
binding M1: residues 7276, 103-115, and 14#152 (7) that the key to catalysis in this enzyme is precise preorga-
(Figure 2a). In addition, motions of K56 and R78 are nization £8) and that, even though substrate binding can be
probably involved in product release. This appears to be unaffected as measured Ky, the binding is no longer in a
triggered by a change in the hydrogen bonding to DIR);( catalytically competent mode. Not surprisingly, a stronger
in the closed conformation, D71 is hydrogen bonded to R78, effect is seen in the catalysis step itséf.{is 8% of that of
thus allowing K56 and R78 less freedom of movement than wt), again emphasizing the key nature of the Y32

in the open conformation. hydrogen bond.

In the presence of Mg, the P2 phosphate is released first ~ The previously determined structures containing substrate
(13). We believe that this is driven by electrostatic repulsion. (PDB entry 1E6A) and product (PDB entry 1E9G) also
What then drives the release of the more tightly bound include a rearrangement of the backbone and D117 residue,
product phosphate P1? A channel of flexible positively allowing formation of a short low-barrier hydrogen boridl (
charged residues could provide a low-energy pathway for between D117 and the nucleophile during catalysis (Scheme
its exit. A phosphate ion is indeed observed in this channel 2, between intermediates C and D). In the current structures,
in both wty and D152E. In the open conformation, K56 the rearrangement is not visible in the wild-type enzyme,
and R78 are in a “waving” position, ready to pass the product which is already at the F intermediate of the catalysis, but is
phosphate along the chain of lysines formed by K73, K74, present in the structure of D152E monomer B, providing
K76, K193, and K198 (Figure 7). independent conformation of this rearrangement. The D452E

In thewt closed conformation, there is tight coordination structure contains only the M2 metal in the active site, and
of the substrate, a detailed match to the hydrogen bondingeven though the changes in the main chain conformation
requirements of substrate and product, and efficient genera-relative to that ofwvt are the largest for this variant, they are
tion of the nucleophile. These requirements are not met well nonetheless rather small. The most marked are the movement
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Ficure 9: Structures of the active site in the various catalytic intermediates, labeled as in Scheme 2. Residues R78, Y93, D117, D120,
Y192, and K193 (labeled in intermediate A), as well as metals, phosphates, and the two waters bridging M1 and M2, are shown. The
structure for intermediate A is 1WGFY), for B D115E, with PR modeled, for C 1E6AX8), for D 1E9G conformation B(1), for E 1E9G
conformation A(1), for ED115E,, for F wtg, and for F E48Dx.

of N116(0) and the associated rotation of the peptide plane.also used it for intermediate B by modeling pyrophosphate
The observation of this alternate conformation probably into this structure. The existence of such a species was
results from the increased flexibility due to the lack of M1. suggested by Finhibition kinetics @), and the D115k
Completion of the Catalytic Cycl®©f the intermediates  structure confirms that the phosphate can bind at P2 even in
in the revised catalytic scheme (Scheme 2), structural modelsthe open conformation of the active site.
were previously available for A and-<€E (Table 3). The Metal Binding.We can now provide a structural assign-
biggest change with respect to our previous structures, allment to our published equilibrium dialysis data on g
with Mn?*, is in the metat-ligand distances, allowing usto  binding @) (Table 4), because specific variants exhibit
use relevant earlier structures in devising the structure-basedsignificantly altered active site contents. On the basis of this,
reaction scheme below. We believe that the structuresthe M2 site is destroyed in the E48D, D120E, and D120N
presented here allow us to produce a complete descriptionvariants. In each of these, monomer A contains only two
of the expanded catalytic cycle (Table 3). Although the Mg?" ions in M1 and M3. As M1 is the only metal ion in
structures are of variant proteins, they correspond to expectedd120Ns (Table 3), it is logical to assume that the second
hydration states and have the active site contents expectednetal binding constantK.) of 1.4—5 mM refers to the
from solution data. With the Mg-bound enzyme, P2 is  binding constant for Mg in the M3 site (Table 4). Similarly,
released first, and in the structures presented here, the sitén the D152k structure, M1 is absent, so the binding
is empty more often than not. This is consistent with earlier constant of 2.8M for the first metal ion Ky1) most likely
biochemical results5) and provides support for the notion refers to binding to the M2 site; the M2 binding constant
that the structures captured here represent typical states oflecreases more than 10-fold when M1 is absent. (A 4-fold
the enzyme during catalysis. Consequently, we have useddecrease would be expected by stochastical considerations.)
wt structures where possible to create a structural equivalentit is harder to identify the step to whidky, refers in the
(Figure 9) of Scheme 2, which we have converted into a D115E variant, where all four metal sites are occupied in
movie of catalysis (Supporting Information). In this figure, both monomers (Table 3), but it seems reasonable to suppose
only intermediates B, Eand F are from variant structures. it is M2, as D115 is in the M1-binding site. If this is the
D115E, formally corresponds to’EScheme 2), but we have case, then, on mutatiokyy; varies from 0.7«M (E48D) to
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24 uM (D120E), except for D152E, where M1 binding is CONCLUSIONS

presumably weaker than-3.0 mM, as theKy;, for D152E . . . .
is presumably the “M9” site (Table 4) seen in the exit channel Although the effects of conservative active site mutations
of D1525 on PPase catalysis are not straightforward, they arise from

O ) changes in metal binding or modification of the preferred

Similarly, Kw varies from 34:M (wi) to 400uM (D115E)  4rund state structure. They also indicate, as shown above,
to more than 510 mM (D48E) in the presence of M1, in  the yast array of conformations available to the enzyme, such
its absence, itis 2.8M (D152E). Finally, M3 bindingis in - 45 the alternative conformation observed in D152&en
the 1.4-5 mM range~10-fold weaker than in M2. As this  pefore in our high-resolutiowt structure, PDB entry 1E9G)
spans a range of only 3-fold, we posit that,wm the M3 and the surprising changes seen in YR3uch information
binding constant is also in the-b mM range in the absence || gllow the analysis of the correlated motions in the active
of substrate. It is striking that M4 binding has only been gjte We have completed the reaction scheme for Y-PPase
observed in t_he presence of su_bstrate or product. Th'S(Figure 9) by determining structures for intermediatesE
suggests that its binding constant in the absence of substratgnd £ and modeling intermediate B. These structures
is substantially weaker than that of M3, even though it has ygpresent a minimal set of hydration states that must exist
two direct protein ligands (D147 and D152) while M3 has o the enzyme (Scheme 2). The alternative routes for product
just one (ES8). We attribute this to the greater flexibility of ejease and nucleophile regeneration cannot be distinguished
the “M1 side” of the active site, in particular the loop of o the basis of these kinetic data and may indeed even
residues D147D152 (Figure 2a). In the absence of substrate, gperate in parallel. The observation of these various states
the free energy cost of organizing this loop around M4 offsets i the same crystal form suggests that they represent easily
the free energy gain of binding. Therefore, our earlier accessible low-energy conformations of the enzyme. Future
interpretation {) that M3 was the modulating metal ion is  work will focus on using these structures and kinetic data
incorrect; M4 plays that role. as input parameters for quantum-mechanical models of the

Phosphate Binding and Catalysi§he phosphate in the free energy landscape of the reaction.
P1 site can assume different orientations, even though it
remains coordinated by the same residues (R78, Y192, andACKNOWLEDGMENT

K193). When pyrophosphate is bound, the orientation of the  \ya acknowledge the help from Ed Hough, Ronny Helland,

P1 phosphoryl group is fixed by the covalent bpnd FO P2, Ingar Leiros, and Ole-Andreas Andersen with data collection
but when two phosphates are bound, P1 may orient like the 3 the help from Michael Merckel and Erik Axel Vollan
leaving group of the substrate, where one oxygen points,ith computers. Provision of beamtime at SNBL (BMO01)
toward P2, or it may turn away to allow room for P2 10 ¢ the European Synchrotron Radiation Facilities (ESRF) is
bind optimally. The first case is observed in the absence of gratefully acknowledged. We also thank Alexander Baykov

M4 and P2 and in the immediate product compl&}, (  for helpful comments and Igor Fabrichniy for inspiring
whereas the second case seems to be favored when bothiscssions.

product phosphates are bound. This rotation of the phosphates

is required for the transition between the immediate (D) and SUPPORTING INFORMATION AVAILABLE
relaxed (E) product complexes (Figures 2b and 4).

It has been proposed that the hydrolysis of phosphodiester
bonds is assisted by general acid catalysis at the bridging
oxygen @9). In the substrate complex (PDB entry 1E6A),
only two water molecules are found near the bridging
oxygen. One is hydrogen bonded to Y93 and Y89, whereasReFERENCES
the other coordinates M4 and forms a hydrogen bond to
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Animated movie based on a linear interpolation of our
models of the catalytic intermediates shown in Figure 9. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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