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The catalytic power of enzymes originates from their ability to I
stabilize high-energy transition states and intermediates. In a recent il B fivie
article! we reported the 1.2 A resolution X-ray crystal structure of o : _— £ !
Lactococcus lactig-phosphoglucomutasg{PGM) cocrystallized HO. e O/'_"‘_“\.? g HO o ?_ _ﬁ’
from an equilibrated mixture containing substraté-g{ucose il e oo Ui
1-phosphateﬂ-GlP)), intermediatq@(—glucose 1,6'(bi$)ph03phate B-G6P pentavalent intermediate
(3-G16P)), and produciféglucose 6-phosphatg{G6P)), which Figure 1. Formation of intermediate ii-PGM.
revealed a covalent adduct formed between the active-site aspartate
nucleophile (Asp8) and the C(1) phosphoryl group of th&16P ; ;
ligand r:El:igu(re E).) The pentesvzzllgnt p?hos;hgrang th/ﬂqs@observedresomt!On Wlt-h arRyor = 29'8% aNCRree = 23'91/0 and o 1.90 A
" e ) o resolution with anRyok = 19.9% andRyee = 25.4% were
reflect_s_nucleophlllc substltutlor_l_wa an associative p_athway a_md indistinguishable (see Supporting Information). As pictured in
the ability of the enzyme to stabilize the phosphorane intermediate Figure 2, the active site containsGallP bound with its C(1)-

along that pathway. An alternative interpretation of the X-ray : “ - I :
. . phosphate group in the “nontransferring” phosphate binding site
diffraction data has been offered by Blackburn and co-workers, distal to the nucleophilic Asps.

\t/;/]ho |r;)g1l\e/||r (iommerétarr)]/ tScrlleTcefLargueE((j)thzﬁt the s_iLulc\;tlurf_S of Protein and phosphate assays were performed in duplicate and
ep- -glucose-6-phosphate-1-MgBomplex (wi g in triplicate, respectively, on protein solutions generated from rinsed

Epﬁ place of phosphlgrus and Feplacing th? equatorial olxygen’s). h crystals of thg8-PGM-o-GallP complex (control crystals) using a
is structure would represent a transition-state analogue rather ‘.10 standard ang-PGM-$-p-glucose-6-phosphate-1-phos-

thalmt. a true tre.actéorr:. |Etermedlalte_t. Becaﬁ\;e thg C%Sta”'éat'on phorane complex (test crystals). The phosphate determination (in
solutions contained high concentrations of Mg(0 mM) an triplicate) was repeated for th&PGM-3-p-glucose-6-phosphate-

EH“E (100 (;n_M) rr:md the apical b0r|1d Iengtzs (2.0 Zr‘dﬂd'%ll d 1-phosphorane complex (test crystals) four times using standards
) observed in the structure were longer than predicted base ONot either phosphate or G1P and G6P. The results (see Table 1)

those observed in crystal structures of pentaalkoxyphosphoranesshow that the control crystals contain the anticipated 1:1 ratio of
3 . . X

(1.66-1.76 A)? the Blackburn hypothes_ls was sufficiently credible enzyme-to-labile phosphorus in contrast to the test crystals that

to create a controvergyBecause of the significance of the proposed contain a 1:2 ratio. This finding is direct evidence for fh@GM-

phosphorane intermediate, it is imperative that this controversy beﬁ-D-gIucose-6-phosphate-1-phosphorane structure, for which a 12

resl_c:lveq. . | evid h bi | ratio is required and direct evidence against f¥GM{3-p-
eren we report experimental evidence that unambiguously glucose-6-phosphate-1-MgFstructure for which a 1:1 ratio is
supports the assignment of tfePGM3-p-glucose-6-phosphate- required

1;]phoshphorinl\j structure ;ng rgl‘“:js. omﬁil?eg/.lff -D-glucpser;6- It is noteworthy that thg-PGM-o-GallP complex provides the
phosphate-1- gfstructur - An Indisputable difference in t, €€ ideal binding partner for Mgf if such a chemical species were to
two complexes is that the phosphorane complex contains two ¢ .0 MgCh and NHF. Indeed, the3-PGM-Mg?*-a-Gal1P
phospllhorus allfjoms per-one errwlzym: molecule, while the sMgF structures (crystals grown with and without M contain three
complex would contain one pnOSpNOrus atom per one enzyme , yo o water molecules (temperature factors of 11.6, 15.9, and

molecule. Thus, the two complexes could be distinguished based14.8/3?compared to the average of 33.8Ar solvent) overlapping
on Malachite green phosphétand Bradford proteihanalyses of with the positions occupied by the equatorial oxygen atoms of the

the protein crystal provided that the proper standard could be applied (1)-phosphorane group in th&-PGM-glucose-6-phosphate-1-
for accurate calibration of the respective assays. The standard use hosphorane complex. The three equatorial oxygen atoms of the
was crystals of thgg-PGM-o-p-galactose-1-phosphate complex. C(1)-phosphorane group observed in the phosphorane complex are

a-D-Galactose-1-phosphate-(3al1P) was fOLfnd o be a linear engaged in hydrogen bonds with Val9, Asp10, Serl14, Alal15,
competitive inhibitor of-PGM (K; = 30 uM; see Supporting Lys145, and coordinated to the Kfgcofactor! If MgF;~ were

Im‘ormation): Crystals of thﬁ-PQMa-GallP complex Were grown present, would it not bind in place of the three water molecules?
from a solution of 100 mM Tris pH 8.5, 200 mM sodium acetate, Indeed it should
30% PEG 4000 also containing the 10 mM MgGind 100 mM The fact thato-GallP forms a catalytically competent complex

NH4't: Iused to grow thedori?ri]nal “phoz;:.horagez cryittlaﬁﬁtzln%rhol with 8-PGM is shown by its activity with the phosphorylated
crystals were Erown under edse Eon : |0nsH\.:de9m(|j edl 97?& enzyme3-PGM phosphorylated by th&G16P cofactor reacts with
structures in the presence and absence of ined to 1. o-GallP to forma-galactose 1,6-(bis)phosphate as prodkgt €
* Boston University School of Medicine. 334+ O.§ st Kn =.530i 20 uM; see Supporting Information).
* University of New Mexico. Thus, during catalytic turnover the C(6)OH of the bounallP
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Figure 2. Stereoview ofo-GallP (purple) bound in the active site/ P GM. The simulated annealirig, — F¢ electron density map contoured at With
o-GallP, selected waters, and Asp8 omitted is depicted (dark blue cages). Phedlactor is gray, and water molecules are cyan.

Table 1. Results for Bradford Protein and Malachite Green in a very recent article, the structure lipaseomplexed with its
Phosphate Assays of 0.40 + 0.02 mg/mL and 0.32-0.45 + 0.01 own phosphorane intermediate has been repéft€Hus, although
mg/mL Protein Solutions Prepared from 1.7 mg of Test Crystals of . . )
the Putative S-PGM-S-b-glucose-6-phosphate-1-phosphorane Fhe ﬁ-PGM-phosph_orane intermediate was the first to be trapp(_ed
Complex and 44 ug of Control Crystals of the 8-PGM-a-GallP in a crystal, there is now a second example, and we expect with
Complex® time others will be discovered.
standard dephosphorylation method phosphate/f-PGM Acknowledgment. We thank Mr. Liangbing Wang for carrying
Hosoh Hel Test 512 0.06 out the experiments that ruled out Fhibition of Mg*2-activated
phosphate . . _ _
G1P, G6P HCI and alkaline phosphatase 20.3 fAPGMd \|<1V|i| ?If:knqwle(ége IIIISL(C)EYI\/ZIZZ;.-OEiQ (Lt?NK_l'_N'A(': an(é'D.ItD.
G1P, G6P HCl and alkaline phosphatase +.0.3 ) an ra.unlng ran ; (to L.W.T.). Coor Ina €s
phosphate alkaline phosphatase 204 have been submitted to the Protein Data Bank under accession codes
Control 1Z4AN and 1Z40 for the structures with and without N
a-GallP alkaline phosphatase 129.08 respectively.

a2The phosphate determinations were first calibrated using a standard Supporting Information Available: - Crystallization and structure

curve generated from serial dilution of an inorganic phosphate standard, determinat.iO.n, summarized crystallographic data °9”e‘?“°” and refine-
then checked against phosphate determinations carried out with solutionsment statistics, phosphate assays, substrate kinetice-@Gal1P,

of G1P, G6P, on-GallP, hydrolyzed in the same manner as the protein inhibition kinetics ofa-GallP, and inhibition by F This material is
sample. available free of charge via the Internet at http:/pubs.acs.org.

aligns with the aspartyl phosphate group. In fREGM-Mg?*-a.- References
GallP complex, the C(6)OH aligns with the aspartate carboxylate, 1) Lahin. S. D 7h 6D Mati D Allen K. Sci
generating the ideal binding site for the putative MgFon. @ 2003 209, 20672071, ovay-ananc, . AT, 1. elence
However, in the crystal structure, three highly ordered and (2 (Sa)_ B'“'ﬁg‘é&”'g‘éi“"l';lg’ﬁi”‘&?sﬁgN' H.; Gamblin, S. J.; Smlerdo?(, SN J.
: H B cience . esponse to comment: en, K. N.;
triangularly arranged water molecules are observed at this site rather Dunaway-Mariano, DScience2003 301, 1184.
than Mgl-_g;’.8 (3) (a) Holmes, R. RPentacoordinated Phosphorgudolmes, R. R., Ed;
; e ; _ ACS Monograph 176; Washington, DC, 1980; Vol. II, p 9. (b) Corbridge,
These results validate our original assignment of fHeGM . D. E. C. C.The Structural Chemistry of Phosphoru&sevier Scientific
p-b-glucose-6-phosphate-1-phosphorane complex to the previously Publishing Co.: Amsterdam, 1974; p 296.

- i i _di (4) Yarnell, A.Chem. Eng. New2003 81, 30.
reported X-ray diffraction data. Moreover, an anomalous-difference (5) Crystals of the-PGM-giucose-6-phosphate-1-phosphorane complex were

electron density map calculated using a single-wavelength 1.2 A grown from 8-PGM and G1P (or G6P) from 100 mM NA, 10 mM
i H MgCl,, and 16% PEG 3350. The obvious experiment was to crystallize

Qataset and protein model Phase.s on_Iy (exclud_lng cofactor and thg p?otein without MgGl or without NH;F. Tt?e Mg+ is, howeve):, a
ligand) shows electron density of identical magnitude (contoured required cofactor and an essential component of the active site. Attempts
at 3.w) for both atoms assigned as phosphorus. This result is not to crystallize the protein in the absence of Myielded crystals, which

. . diffracted poorly. Stable crystals were, however, grown at low concentra-
consistent with th@-PGM-MgF; structure because the anomalous tions of NHF (1 mM). These crystals were shown by X-ray structure
scattering from the M ion is less than half that of the C(1)P at determination to contain th&-PGM-glucose-6-phosphate-1-phosphorane

. " lex.
the wavelength of dat.a collection (0.9000 A). In addition, when a ®) fg)mhﬁgéin, B.; Pallen, C. J.; Wang, J. H.; Graves, DJ.JBiol. Chem.
protein electron density map was calculated on an absolute scale %{9_83263 |_149'32'| (-b}Hfr?:ethé‘Wﬁ OW%r}L,QF;-; V%/gngégLé K.; Aebersold,
(number of electrons) using only observed amplitudes and protein (7, Bradford. M. M_Anal Blochem1076 72, L4 298 395.

model phases (excluding ligand), the same number of electrons was (8) We note in proof the paradox that crystals of f®GM-3-p-glucose-

; i 6-phosphate-1-phosphorane complex formed at 100 mMFA\#e also
found at peaks corresponding to the C(1)P and C(6)P positions. formed at 1 mM NHES yet we found that the MgGlactivated3-PGM

Also, we note that the controversfalong apical bond length is not inhibited even at 20 times this concentration of ,RHsee
; _ . A 1. Supporting Information).

observed in thqﬁ’ PGM4-p glycose 6 PhOSphate 1 phosphorang (9) Range, K.; McGrath, M. J.; Lopez, X.; York, D. M. Am. Chem. Soc.

structure has since been predicted by high level computation, which 2004 126, 1654. )

shows elongation of the apical bonds (to 1.9 A) as a result of (10) Leiros, I.; McSweeney, S.; Hough, &. Mol. Biol. 2004 339, 805.

hydrogen-bond formation to a phosphorane oxygen &t6imally, JA0509073
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