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Abstract: We have used vibrational spectroscopy to study bonding in monosubstituted dianionic phosphates,
both to learn more about basic properties intrinsic to this important class of biological substrates and to
assess the ability of vibrational spectroscopy to provide a “sensor” or probe of the local environment
experienced by the phosphoryl group. We examined the bonding properties of the phosphoryl group via
vibrational spectroscopy for a series of compounds in which the phosphoryl substituent was varied
systematically and extensively. A broad linear correlation of the bridging P—O(R) bond length and the pK,
of the substituent alcohol was observed. The results indicate that the P—O(R) bond changes by only ~0.04
A with alcohol substituents that vary in pKa by ~12 units, suggesting that phosphoryl group bonding responds
in a subtle but regular manner to changes in the local environment. We also determined the effect on the
phosphoryl bonding from changes in the solvent environment. Addition of dimethyl sulfoxide (DMSO)
elongates the bridging bond, presumably as a result of lessened solvation to the nonbridging oxygens and
conservation of bond order to phosphorus. Finally, we have addressed the relationship between ground-
state bonding properties and reactivity, as changing the leaving group substituent and adding DMSO have
large rate effects, and it was previously proposed that lengthening of the bond to be broken is the cause
of the increased reactivity. The results herein suggest, however, that the change in the bridging bond energy
is small compared to the changes in energy that accompany the observed reactivity differences. Further
analysis indicates that electrostatic interactions can provide a common driving force underlying both bond
lengthening and the observed rate increases. We suggest that ground-state distortions of substrates bound
to enzymes can provide a readout of the electrostatic active site environment, an environment that is
otherwise difficult to assess.

Introduction bond reorganization procek&or instance, these residues may

Enzymatic catalysis is central to biological function, and much acti;[o dform a (l:)ovagent_tﬂdduct, to i?]Sttr%Ct orldonatﬁ a pro.t ont,hor
effort over the past decades has focused on elucidating the basid® y.t.roge:l t onH. Vr\:' a lg;oupx a t—:ve :)ps ¢ ?rge In the
mechanisms of enzymatic catalysis. In recent years, approachegans' lon state. High-resolution A-fay SHUclUres ot enzymes,
of molecular biology have readily allowed assessment of the especially in complex \_N'th _substrates .Emd transmon.-state
catalytic effects of individual side chain mutations. Residues ?nalog![l;es, havke hel%ﬁd tlrcilenufybtfleste re_ls_lr:juestz;nd tr][e |nttera}c-
that give large effects upon mutation are typically found within uons they make wi © substrate. Thus, Tis stuctura
active sites and most often appear to play direct roles in the information has served as a powerful aid in the development

of coherent mechanistic descriptions of the reactions taking place
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catalytic power must extend beyond the energetic view provided behavior of monosubstituted phosphates and the electrostatic
by rate effects from site-directed mutagenesis and the pictorial environment of the phosphoryl group, including that within
account of the bound reactants obtained by X-ray crystal- enzyme active sites.
lography. )

Polanyi, Pauling, Jencks, and others recognized that enzymeg\/late”aIS and Methods
provide an environment that is preorganized for recognition of  Chemicals.Disodium salts opara-nitrophenyl phosphateiNPPY
transition states and distinct from that in aqueous solition. and phenyl phosphate (PP) were purchased from Aldrich and used
However, the specific properties of active site environments have Without further purification. The disodium salt of methyl phosphate
been more difficult to describe and understand. For example, Was obtained via hydrolysis of the methyl phosphorodichloridate with

there has been much discussion of the dielectric constant withinSCdium hydroxide in access. Dicyclohexylammonium salts of isopropy|

. . . . hosphate, butyl phosphate, allyl phosphate, 2-methoxyethyl phosphate,
enzyme active sites, as electrostatic interactions are generaII)P :

L . . . 2-cyanoethyl phosphate, propargyl phosphate, 2,2,2-trifluoroethyl phos-
more effectlve in a low d'_elecmc environmehtiowever, the phate, 2,2,2-trichloroethyl phosphate, and 2,2,3,3,3-pentafluoropropyl
dielectric constant describes a bulk property of a substance, jposphate were synthesized as previously descfilBisodium salts
whereas our interest is in describing the effects of the enzyme of the above series of alkyl phosphates were obtained via anion
environment on substrates that are bound within the active site.exchange chromatography. Cyclohexylammonium salts of 4-cyanophe-
Specific local and molecular interactions between the enzyme nyl, 3-nitrophenyl, 4-bromophenyl, 4-fluorophenyl, and 4-methylphenyl
and the substrate determine the energetic effect of a change irphosphates were synthesized and characterized as previously described.
charge distribution and therefore must be considéred. 2-Aminoethyl, acetyl, 1-naphthyl, 2-naphthyl, glucose-1-, uridine-5-,

The most common probe of local effects within enzymes and 9uanosine-5-, glycerol-2-, glucose-6-, and inorganic phosphate, phos-

their active sites has been measurementKefplues*6 These phorylcholine, and phosphoenolpyruvate were purchased from Sigma
imethyl sulfoxide (DMSO) and tetramethylammonium hydroxide

values can be measured in favorable cases and compared ¢, ) i )
those observed in water. the aas phase. and vario po an.erAH) were also purchased from Sigma. Sodium hydroxide (NaOH)
S SEervea in w ’ gas phase, varlous organic, sodium chioride were purchased from Fisher.

solvents. Neverth.eless,.the observd_iq B not S|mply_ a function Raman SpectroscopyThe Raman spectrometer used in these studies
of the electrostatic environment prior to protonation (or depro- pas peen described in detdilLight at 568.2 nm at about 100 mW
tonation). Upon protonation, for example, a hydrogen bond from a Coherent INNOVA 400-K3-krypton ion laser was used to excite
acceptor is converted to a hydrogen bond donor, and additionalRaman scattering from the sample. Scattered light was analyzed by a
space is required to accommodate the transferred proton; theTriplemate spectrometer (Spex Industries, Metuchen, NJ) and detected
enzyme (or complex) therefore rearranges. Thus, the change inby an optical multichannel analyzer (Model LN/CCD-1152UV detector
pKais a function of both the electrostatic environment preceding with a ST-133 controller; Princeton Instrument, Princeton, NJ). Data
protonation and the ability of the site to rearrange to accom- Wereé acquired, stored, and analyzed on a Macintosh Ilfx computer
modate the newly protonated functional group. (Apple, Cupertlnq, CA). All spectra were calibrated agalnst the known
Computation offers a nonperturbing approach to assess theRaman frequencies of toluene. Sample concentrations were 50 mM

. . e . . and spectra were taken at room temperature, unless noted otherwise.
electrostatic environment within an active sité/hile powerful i
FTIR Spectroscopy.IR absorbance spectra were measured with a

n p”nc'pl_e’ “m'tatlons_ remain |n_ Fhe accuracy of ComPUtat'on Magna 760 Fourier transform spectrometer (Nicolet Instruments Corp.,
and, as importantly, in the ability to test computation and \y)y ysing a MCT detector. A dual cell shuttle accessory was used to
connect it to relevant experimental observables. keep the sample and reference in identical environments to obtain
In this work, we use nonenzymatic systems to show that difference spectra of the highest possible quality (discussed in detail
vibrational spectroscopy can provide a sensitive probe of the in ref 11); this permits a sequential and repeated measurement of the
environment of the phosphoryl group, a group commonly sample and reference spectra. Spectra were collected in the range of
transferred in enzymatic catalysis. The bond order and length 740-4000 cm* with BaF; cells and 25m spacers, although data
of the bridging P-O bond, the bond that is broken during the Pelow 900 cmit is obscured by the water and cell background. The
transfer reaction appears to be accurately determined by resolution was set at 2 cthand a Happ-Genzel apodization was
vibrational spectroscopy. We have used Raman and infraredapp“ed' Temperature of the sample cell.was controlled by a model
. . . . RTE-111 (Neslab Instruments Inc.) bath circulator. Sample concentra-
(IR) spectroscopy to determl_nethe vibrational _propertles of the tions were 5 mM and spectra were taken at %5 unless noted
phosphoryl group for a series of monosubstituted phosphate sieryise, For both Raman and FTIR measurements in agueous
dianions. We have also determined these properties for two so|ution, the pH was at least 1.5 pH units above th@zgor the
phosphate esters as a function of solvent composition. Thecompound, to ensure that the spectra of the dianion was monitored.
results provide a foundation for understanding both the bonding No buffer was used in the sample. To ensure that the spectra of the
dianion was monitored for mixed water/DMSO solutions, all the
measurements were performed ir2Z0 mM sodium or tetramethyl-

(3) (a) Pauling, LChem. Eng. New$946 24, 1375. (b) Warshel, AJ. Biol.
Chem.1998 273 27035. (c) Jencks, W. RCatalysis in Chemistry and
Enzymology McGraw-Hill: New York, 1969. (d) Fersht, AEnzyme

structure and mechanisnw/. H. Freeman & Co.: New York, 1977. (e) (7) Abbreviations: DMSO, dimethyl sulfoxide; FTIR, Fourier Transform
Bruice, T. C.; Benkovic, S. Biochemistry200Q 39, 6267. (f) Polanyi, Infrared; MCT, Mercury-Cadmium-Telluride; NaOH, sodium hydroxide;
M. Z. Elektrochem1921, 27, 142. pNPP, para-nitrophenyl phosphate; FO, phosphorusoxygen bond;

(4) See, for example: (a) Rees, D.L.Mol. Biol. 198Q 141, 323. (b) Li, Y. P-:O, the phosphorusoxygen nonbridging bond (there are three such
K.; Kuliopulos, A.; Mildvan, A. S.; Talalay, PBiochemistry1993 32, bonds in monosubstituted phosphates}(XR), the phosphorusoxygen
1816. (c) Sternberg, M. J. E.; Hayes, F. R. F.; Russell, A. J.; Thomas, P. bond bridging the phosphate moiety with the leaving group for monosub-
G.; Fersht, A. RNature 1987, 330, 86. stituted phosphates; PP, phenyl phosphate; TMAH, tetramethylammonium

(5) (a) Gilson, M. K.; Honig, B. HNature 1987, 330, 84. (b) Warshel, A; hydroxide; TS, transition state; vu, valence unjtfundamental frequency;
Russell, S. TQ. Re. Biophys.1984 17, 283. (c) Lee, L. P.; Tidor, B. v, antisymmetric stretch frequencys, symmetric stretch frequency.

Nat. Struct. Biol2001, 8, 73. (d) Schaefer, M.; Karplus, M. Phys. Chem. (8) Kirby, A. J.Chem. Ind.1963 1877.
1996 100, 1578. (9) (a) Hall, A. D.; Williams, A.Biochemistryl986 25, 4784. (b) Zhang, Z.-

(6) See, for example: (a) Thornburg, L. D.; Henot, F.; Bash, D. P.; Hawkinson, Y.; Etten, R. L. V.J. Biol. Chem.1991, 266, 1516.

D. C.; Bartel, S. D.; Pollack, R. MBiochemistry1998 37, 10499. (b) (10) Callender, R.; Deng, HAnnu. Re. Biophys. Biomol. Strucl.994 23, 215.
Czerwinski, R. M.; Harris, T. K.; Massiah, M. A.; Mildvan, A. S.; Whitman, (11) Cheng, H.; Sukal, S.; Deng, H.; Leyh, T. S.; CallenderBRchemistry
C. P.Biochemistry2001, 40, 1984. 2001, 40, 4035.
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out reactions in glass vials, as reaction mixtures in Eppendorf tubes
T gave side products at elevated temperatures used to follow PP
hydrolysis. For bothpNPP and PP, reactions were first order in

substrate, and rate constants were obtained by a nonlinear fit to a single
exponential (Kaleidagraph, Synergy Software). End points of inorganic
phosphate for PP reactions were routinely-80% of the total amount

i I
o O~ RO O

0 \O of starting phosphate ester (determined following total enzymatic
\ hydrolysis withE. coli alkaline phosphatase), suggesting the occurrence
of side reactions. This introduces uncertainty in the measured rate
symmetric stretch antisymmetric stretch constants of on the order ef2-fold. For bothpNPP and PP, varying

the hydroxide ion concentration over a 20-fold range gave effects of
<2-fold on the observed rate constants, suggesting that hydrolysis of
the dianion was being followed. The rate constants with tetramethyl-
ammonium hydroxide and sodium hydroxide were the same, within
experimental error, suggesting that there were no ion specific effects.
Control reactions with PP in which sodium chloride was used to
maintain constant ionic strength gave the same rate constants, within
error.

Figure 1. The symmetric and antisymmetric stretches of theOP
nonbridging bonds.

ammonium hydroxide (see Hydrolysis pNPP and PP in DMSO)
The IR measurements of each sample were completed within 20 min
of sample preparation, to ensure that significant hydrolysis does not
occur. The Raman measurements were performed8d min.

Data ProcessingOmnic 4.0a (Nicolet Instruments, Corp.) and Igor
pro 3.1 (Wavemetrics Inc.) software were used to analyze and processResults

the data. Spectra subtraction, second derivative, and Fourier self- I : o
deconvolution (FSD) were performed with the Omnic 4.0a software. The vibrational frequencies of thePO;™" moiety were used

As the conditions for the sample and reference measurements werel® detérmine the bond length and bond order of the bridging
the same, a direct subtraction of reference from sample usually resulted®ond for a wide series of monosubstituted phosphates,
in a good difference spectrum. In particular, because water has no peakRO—PQs?~, in aqueous solution and for two of these compounds
around the phosphate bands, a direct subtraction for spectra obtainedn mixed water/DMSO solutions. In general, a highly accurate
in aqueous solution is reliabté.The spectrum of DMSO contains  determination of bond lengths of small molecules in solution
substantial absorbance at 1316 ¢mnd 1406-1450 cnm?. Thus, small from vibrational frequencies is feasible (see below). This

differences between the sample and reference can give spurious bandgpproach, however, has not seen wide use in recent years. For
at these wavelengths. To remove spectral contributions from the DMSO this reason, we provide an overview of how vibrational

peaks at 1316 cm and 1406-1450 cnt! for experiments in water/

DM i he ref Itipli f . . . o
_ SO mlxtyres, the reference spectrum was multiplied by a factor Vibrational Data Analysis: General Principles. Gordy33
slightly varying from one.

The antisymmetric stretching band of inorganic phosphate in the IR on the t_)aS'S of Ff'ar"er work of Badgjélre_Stab_“Shed empirical
spectra is distinct from other bands, so that the frequency can be readcorrelations relating the frequencies of vibrational modes to bond
directly from the spectrum. For monosubstituted phosphates on the other€ngth and bond order, through the force constant of the mode.
hand, the observed antisymmetric stretching band (Figure 1) exhibits These correlations hold up well for simple molecules or
small features on top of the otherwise smooth absorption band. In thesemolecular fragments whose vibrational coordinates can be
cases, th€;, symmetry of the-PO:>~ moiety has been lifted and the ~ approximated as a diatomic oscillator; i.e., the measured fre-
observed band is the superposition of two broad “antisymmetric-like” quency is proportional to the square root of the bond’s force
bands at slightly different frequencies. Two approaches were taken to constant divided by a suitable reduced mass. The accuracy of
obtain the frequency of the antisymmetric streteh,in these cases.  cqjcylating a bond length from vibrational frequencies in these
One was to take, as the frequency at the center of the absorption cases was as good as the accuracy of bond length measurements
band. The other was to determine the two-component antisymmetric- . . ,

via crystallography, about 1% at the time of Gordy’s work.

like stretch frequencies by calculation from the second derivative or | | bond | h f lati |
by Fourier spectral deconvolution. The two approaches yielded the same n general, bond length versus frequency correlations are less

frequencies are related to bond lengths and bond orders.

value for bond lengths, using the formulas below, to withi®.001 A. accurate for polyatomic molecules. This is because interactions
Hence, the simpler method was adopted and the average antisymmetrid®€tween nonbonded atoms show up as madede coupling
stretch frequency is reported below. The only exceptiopNBP, for between internal coordinates of the molecule. Hence, the normal

which the positions of the antisymmetric bands were difficult to mode for a polyatomic molecule is typically not a simple
determine because the two antisymmetric modes overlap with a modediatomic oscillator but rather involves contributions from several
arising from the phenyl moiety. It was found useful in this case to jnternal coordinates. For phosphates of varying ionization states,
employ Gaussian curve fitting of the FTIR spectra, using the peak jncjyding dianionic phosphate monoesters, the subject of this
positions found by second derivative and spectra deconvolution as initial report, the normal modes of the stretch motions of nonbridging
peak placeme_nt. Th.e corresponding Raman Spec““"‘.““@" was taken P--:O bonds are not simple diatomic oscillators. For example,
also to help identify the observed phenyl band in the phosphoryl o . L .
antisymmetric stretch mode region, as this band was simultaneouslythe 'nd'VIdu_al frequer_mes of the dianionic p_hosphate Ssymmetric,
Raman and IR active (unlike the antisymmetric stretch mode). vs, and antisymmetricy,, stretch modes (Figure 1) depend on
Hydrolysis of pNPP and PP in DMSO. Reactions were carried  the force constant and reduced mass of the relevaar bBond
out with 50-2004M pNPP (25°C) or 200-5004M PP (95°C) and and also on the molecule’s geometry and, to a lesser extent,
1-20 mM sodium hydroxide or tetramethylammonium hydroxide ina Other factors, such as off-diagonal coupling teffs.
series of water/DMSO mixtures. FpNPP, aliquots were removed and Normal-mode analysis guided by ab initio calculations
production ofp-nitrophenolate was followed at 410 nm € 1.82 x suggested an approach to isolate the properties of {e P
10* Mt cmt at pH 10). For PP, inorganic phosphate formation was

; ; ifi (13) Gordy, W.J. Chem. Phys1946 14, 305.
monitored using a modified molybdate as$alf.was necessary to carry (14) Badger, R. M.; Bauer, S H. Chem. Phys1937, 5, 839,
(15) Deng, H.; Wang, J.; Callender, R.; Ray, WJJPhys. Chem. B998 102
(12) Taussky, H. H.; Shorr, E.; Kurzmann, &.Biol. Chem.1953 202, 675. 3617.
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bonds: in the geometric average frequency of the phosphate

o]
D

symmetric and antisymmetric stretch frequencies, geometrical A
contributions cancel one another. Thus, the geometrical mean 20
is referred to as the “fundamental frequenéyThe fundamental P
frequency, denoted ashere, is then approximated as propor- %
tional to the square root of the4® force constant divided by o 10
the reduced mass. Previous results with inorganic phosphate S 5
ions suggest that bond lengths can be determined to a high 'g
degree of accuracy via this approdéiBelow we describe how a2 0 l
the fundamental frequency is obtained for monosubstituted < 10 B.
phosphate dianions. & 0.0
There are three independent nonbonde®Fstretch modes
of the —POx?>~ moiety. For dianionic phosphate monoesters that Q‘rg 1O |
preserve thez, symmetry of the—=POs?>~ moiety, the normal “ 20k l 2
modes are characterized by two doubly degenerate antisym- 30L 8 =
metric stretchesy,, located near 1110 cm, and one symmetric ' 980
stretch,vs, located near 970 cm (Figure 1). The symmetric A40E V. . , , ,
mode is allowed in Raman spectroscopy and weakly observed 950 1000 1050 1100 1150 1200
in the IR while the antisymmetric mode is allowed in IR and Wavenumber, cm’™’

only weakly observed in Raman, allowing the above assign- figure 2. Vibrational spectra of allyl phosphate in an aqueous solution.
ments. It is sometimes necessary to perform both Raman and@) IR spectrum of allyl dianionic phosphate and (b) the corresponding
; ; ; i second derivative spectrum. The spectrum is of 10 mM allyl phosphate in
IR spectroscopies to measure the symmetric and annsymmetrlc;0 WM NaOL at a resolution of 2 cri
modes.
The fundamental frequency is given by 0O:-P--O angle adopts a range of angles by thermal motion, and
this results in a range of bond force constant values. These

changes are additive for the antisymmetric mode frequency but

For monosubstituted phosphates, the bond lengths of the thregf@ncel out for the symmetric mode.
nonbridging P-O bonds are equal. When ti&, symmetry is The three frequencies for allyl phosphate, 980, 1084, and 1109

not retained, the degeneracy of the antisymmetric stretch mode<c™ * yield a fundamental frequency of= 1059 cmi* using
is lifted, and three different frequencies are measured for the Eauation 2. Using the average frequency of the antisymmetric

stretch modes of the-PO2~ fragment. The fundamental stretche),= 1096 cnT?, rather than the two peak frequencies
frequency is then defined by revealed by the second derivative analysis, agrek 980 cnT?!

in Equation 1 yields the same value for
v= [(USZ + Ua12 + Uazz)/(g)]l’2 ) Prior work comparing vibrational spectra and bond lengths
derived from X-ray structures for crystals of inorganic phosphate
Typically, one of the bands is “symmetric-like” and the other and phosphate esters yielded the following empirical relationship
two are “antisymmetric-like” in their polarization attributes as between the fundamental frequency and length of the nonbridg-
well as their relative band intensities in the Raman and IR ing bond (or average bond length in a nonsymmetrigaz?

v =[(vs + 20))(3)]"* 1)

spectra. fragment)®
Vibrational Spectra, Fundamental Frequency, and Bond
Orders and Lengths: Allyl Phosphate as an ExampleFigure R.o = 0.2835 Aln(224500 C,ﬁl/v) (3)

2a shows the IR spectrum of allyl phosphate dianion. The
relatively weak band near 980 ctnis assigned to the symmetric The bond length of the nonbridging=® bonds of allyl

mode stretch of the nonbridging-#® bonds of the-PO?" phosphate dianion is then calculated toRg, = 1.518 A,
fragment while th_e relat|ve_ly stronger band near 1100 tm using the fundamental frequency= 1059 cn? derived above.
represents the antisymmetric stretches. The 980 trand was Determination of Bond Order and Bond Length for the

observed in separate Raman measurements (data not shown}g_o(R) Bridging Bond: The Allyl Phosphate Example
put the two antisymmetric modes were too Wea.k tq be observgd Continued. The intensity of the stretching mode of the ©(R)
in the Raman spectrum. The two antisymmetric-like modes in pigging bond is typically substantially weaker than the non-
this spectrum are not at the same frequency, as two overlappingyrigging R-O vibrations. It is therefore difficult to measure,
bands are evident near 1100 cinSecond derivative analysis  ggpecially for compounds bound to proteins. In addition, while
of the IR spectrum (Figure 2b) yields peak frequencies for the {he pond lengths determined using an equation analogous to
two antisymmetric modes of 1084 and 1109 ¢mThe Equation 3 and the nonbridging® stretch frequencies have
antisymmetric modes are not only more intense than the peen empirically quite close to bond lengths determined from
symmetric stretch, as expected in the IR spectrum, but alsoy 4y crystallography the exact equation parameters have not
substantially broader. We have attributed this difference in peen determined for calculating the bridging bond length using
bandwidth to the dependence of the symmetric and antisym- gqation 3. Nevertheless, this bond is often of primary interest,
metric stretch frequencies on the=:-0 angle!>® The as it is the bond that is broken in many nonenzymatic and
(16) Wang, J.; Xiao, D.; Deng, H.. Webb, M. R.; Callender,Bochemistry enzymatic react_ions. We therefore outl_ine an indirect _approach,
1998 37, 11106. developed previously and used by us in several studies (e.g.,
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ref 11 and 16), to estimate the bond order and bond length for
the bridging P-O bond from the vibrational frequencies of the
nonbridging bonds. Results described in a later section (Direct
Measurement of the-PO(R) Bond Length opNPP Using the
P—O(R) Stretch) offer support for the accuracy of this approach.
The first step in determining the bridging bond order and
length from the nonbridging-FO stretch frequencies rests on
the network theory developed by Brown and co-workers as a
refinement method for small molecule crystallograpky¢ In

this approach, the sum of the bond orders of all the bonds of a _cyanoethanol

specific atom is fixed to the atomic valence; for phosphates this
is 5.0. Although conservation of valence lacks theoretical basis,

this bond valence paradigm has been shown to yield accurate

bond length refinements in small molecule crystallographic

studies and appears to have reasonable predictive value for2-propanol

modest changeéda¢ In addition, analysis of crystal structures
of a wide series of-PQy derivatives indicates that the sum of
all the P-O bond lengths to a single phosphorus atom is nearly
constant (6.17% 0.030 A), providing specific support for the
validity of conservation of valence for phosphofig.

Table 1. Vibrational Frequencies of the —PO32~ Moiety and the
Derived P—O(R) Bond Length for a Series of Alkyl Phosphate
Monoesters

alcohol substituent pK2 v em ) veem ) vaem ™) Ruiggng® (A)
pentafluoro-2-propanol 10.1 983 1110 1069 1.616
phosphoenolpyruvate 121 976 1112 1069 1.615
trichloroethanol 12.2 981 1106 1066 1.612
trifluorethanol 12.4 985 1112 1071 1.619
2-aminoethanol 12.65 981 1105 1065 1.612
2-propynol 13.6 980 1104 1064 1.611
choline 13.9 986 1103 1065 1.612

140 982 1100 1062 1.608
2-glycerol 14.4 978 1098 1060 1.605
2-methoxyethanol 14.8 981 1194 1058 1.603
2-propenol 15.5 980 1196 1059 1.605
methanol 15.5 983 1195 1059 1.605
butanol 16.1 973 1092 1053 1.599

17 971 1089 1050 1.596

a2The K, of the alcohol substituent is from ref 37, unless otherwise
noted.? Symmetric mode frequency.Doubly degenerate antisymmetric
mode frequency. The average frequency is reported for cases in which the
degeneracy of the two antisymmetric modes has been IftEdndamental
frequency (Equation 1fBond length of the bridging PO(R) bond,
calculated as described in the ResulfEhe K, of pentafluoroisopropyl

The second step of the analysis rests on relating bond order alcohol is approximated on the basis of thé palues for the tri- and hexa-

bond length, and vibrational frequencies. The equation that

fluoro-2-propanol (from ref 37). Each additional fluorine atom is expected
to lower the X, of the 2-propanol by~0.8 K, units.9 The Kj of “the

defines the relationship between bond order and bond lengthengl of pyruvate” is assumed to be equal to that of hydroxyethyRihgrom

for phosphates 18

S0 (V) = (Re_/1.620 Ay **° 4)
Furthermore, appropriate substitution of bond length derived
in Equation 3 into Equation 4 yields the following relationship
between the bond order of the-® nonbridging bonds and the
fundamental frequency:

Sh..o (VU) = [0.175In(224500 cm*/v)] **°  (5)
S o is the bond order of the PO bond (either bridging or
nonbridging), Re—o is the length of the PO bond (either
bridging or nonbridging), and is the fundamental frequency
for the nonbridging RO bonds as defined above (Equations 2
and 3; in units of cm). Equation 4 holds for either bridging

or nonbridging bonds while Equation 5 holds only for the
nonbridging bonds. When used to calculate bond order of the
P—O(R) bridging bond, Equation 5 underestimates the bond
order by about 5%, according to network thedtylhe total
bond order of the nonbridging bonds in thé?O2~ fragment

is therefore determined from empirical relationship in Equation
5, and the bond order of the bridging bond is then inferred by
subtracting this number from 5. The bond length of the bridging
P—O(R) bond is subsequently calculated through the use of
Equation 4.

The value ofv = 1059 cnv? for allyl phosphate dianion (see
previous section) yields an average bond orderSgf,
1.320 valence units (vu) for each of the three nonbridging
P--O bonds using Equation 5. Multiplying 1.320 by three, for

(17) (a) Brown, I. D.; Shannon, R. DActa Crystallogr.1973 A29, 3617. (b)
Brown, I. D.; Wu, K. K.Acta Crystallogr.1976 B32 1957. (c) Brown, I.

D. Acta Crystallogr.1992 B48 553. (d) Calleri, M.; Speakman, J. Bcta
Crystallogr. 1964 17, 1097.

(18) Inherent to this error analysis is the assumption that the total bond order to
phosphorus is equal to five (see refs 15 and-1@)aThe bond order of the
bridging P-O(R) bond is underestimated by about 5% via the use of
Equation 5, compared to the bond order calculated for th@(R) bridging
bond by subtracting from five the total bond order for thedPnonbridg-
ing bonds (calculated via the use of Equatiort%).

ref 38.1 From ref 39.JFrom ref 40.

the three RO bonds, and subtracting the total from five yields
1.040 vu for the bridging PO(R) bond. Use o0& o = 1.040
vu in Equation 4 gives a bridging bond length of 1.605 A.
The accuracy in the absolute value of the bond lengths
obtained from this method has been estimated te-0604 A
on the basis of comparisons of spectroscopically determined
bond lengths for methyl phosphate and triphenylphosphine oxide
crystals to bond lengths from small molecule diffraction studies
of these compounds. A large part of this error arises from
mode-mode couplings between-4 stretches and other
modes, which affect the character of the stretch mode. These
couplings vary among the different phosphate compounds to
some extent. An accuracy &f0.004 A corresponds to an error
of £13 cnT?, using Equation 3 to relate frequency to bond
length. The precision of the measurement of vibrational
frequencies is much higher than this, abéit cnt, and the
issue of mode-mode coupling is not as important for compari-
sons of the same molecule in different environments since the
coupling parameters remain essentially constant. Hence, calcu-
lating bond length changes when a specific molecule undergoes
a change in environment is expected to be more accurately
determined. It is unclear what the accuracy is in that case as
there are no experimental benchmarks, but an accuracy of better
than+0.001 A is possible using the ultimate accuracy provided
by the precision in the measurement of frequency. Finally, the
conclusions drawn herein rely on the interpretation of the
vibrational frequencies and would be unaffected by limitations
in our ability to convert frequencies to accurate bond lengths.
Vibrational Spectra and Bridging P—O Bond Length for
a Series of Monosubstituted PhosphatesTables 1 and 2
tabulate the vibrational frequencies of the nonbridgingOP
stretches, the calculated bridging © bond length, and thea
of the ROH substituent for several R®0s;?~ compounds, in
aqueous solution. The vibrational data analysis employed was
the same as that described above by way of example for the
allyl phosphate dianion.
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Table 2. Vibrational Frequencies of the —PO32~ Moiety and the Table 3. Vibrational Frequencies of the —PO32~ Moiety and the
Derived P—O(R) Bond Length for a Series of Aromatic (A) and Derived Bridging P—O(R) Bond Length of pNPP in Varying
Other (B) Monosubstituted Phosphates Amounts of DMSO Cosolvent
compound Pt v lem™) vefem™) v (em™)  Ruigging® (A) %DMSO  loglkng?® v (em™)  wat(em™)  wgflem™)  vem™)  Rugng® (A)
(A) aromatic phosphates 0 —7.0 981 1111 1133 1077 1.625

4-nitrophenyl-PG*~ 7.1 983 1120 1076 1.625 25 —6.6 980 1110 1136 1077 1.625
4-cyanophenyl-P&~ 7.95 983 1118 1075 1.622 50 —6.0 978 1110 1137 1077 1.625
3-nitrophenyl-PG*~ 8.4 985 1118 1076 1.622 60 —5.7 978 1112 1139 1078 1.627
4-Br-phenyl-P@~ 9.3 982 1108 1068 1.614 70 -5.0 977 1113 1141 1079 1.628
1-naphthyl-PG*~ 9.3 980 1110 1068 1.615 80 —4.2 977 1119 1146 1082 1.632
2-naphthyl-PG@*~ 9.6 986 1112 1072 1.619 90 —-25 976 1125 1156 1088 1.638
phenyl-PQ%~ 9.95 982 1108 1068 1.614
4-F-phenyl-PG*~ 9.95 983 1109 1069 1.616 aThe hydrolysis rate constark(q) in min—* was measured as described
4-methylphenyl-Pg¥~  10.2 983 1108 1068 1.615 in the Materials and Method8 Symmetric mode frequency.Two anti-

(B) sugar phosphates and other phosphates symmetric mode fr_equenme‘éFundamentaI frequency (Equation 2Bond
glucose-1-PgH 12.4 968 1106 1062 1.608 length of the bridging PO(R) bond, calculated as described in the Results.
5-GMP 14 978 1098 1060 1.605

Table 4. Vibrational Frequencies of the —PO32~ Moiety and the

ZIIJ%EASF;—&P@* lﬁ @ ggg iégg iggg 1282 Derived Bridging P—O(R) Bond Length of PP in Varying Amounts
acetyl-PQZ- 48 983 1130 1083 1632  °f DMSO Cosolvent
HPO2~ 16.4 984 1084 1052 1.597 %DMSO  T(°C) logkaa)® v (cm™)  wfem™)  viem™)  Ryiggng (A)

aThe Ka of the alcohol substituent is from ref 37, unless otherwise 8 Sg 723: gg(l) ﬂﬂ iggg igig
noted.? Symmetric mode frequenc§Doubly degenerate antisymmetric 0 05 —2'8 975 1125 1077 1‘ 625
mode frequency. The average frequency is reported for the cases in which 05 95 _1'7 973 1131 1081 1.630
the degeneracy of the two antisymmetric modes has been Ifffeahda- ) )
mental frequency (Equation 19Bond length of the bridging PO(R) bond, . . )
calculated as described in the Resulstom ref 41.9 From ref 38.MIn ~ @The hydrolysis rate constarki(q) in min~* was measured as described
the absence of experimen[aj data, we approximate}(aefnhe 5.hydr0xy| in the Materials and Methods, Unl.ess nOteq OtherV\HéiymmetrIC mode
of guanosine and uridine to be14. This is because theKp for frequency.° Doubly degenerate antisymmetric mode frequency (the average
2-methoxyethanol is 14.8, and the presence’of8d 2-hydroxyls in the frequency is reported for the cases in which the degeneracy of the two
sugar moiety is expected to lower thEgfor the 5-hydroxyl, relative to antisymmetric modes has been lifteélFundamental frequency (Equation
the [Ka for the 2-methoxyethanol.From ref 43. 1). e Bond length of the bridging PO(R) bond, calculated as described in

the Resultsf The hydrolysis rate constant for the aqueous reaction has been
extrapolated on the basis of a series of measurements at higher temperatures
(O'Brien, P. J.; Wolfenden, R.; Herschlag, D. unpublished results).

spectrum of phenyl phosphate. The two strong bands at 1111
1111 1137 and 1137 cm! are assigned to the two antisymmetric-like
vibrations of the nonbridging :PO bonds. Substituting 978,
1111, and 1137 cri into Equation 2 fows, va1, andv, yields
978 a fundamental frequency of= 1077 cnt®. The P-O(R) bond
B lengths can then be determined as described above (Determi-
nation of Bond Order and Bond Length for the-©(R)
Bridging Bond: The Allyl Phosphate Example Continued).
Table 3 lists the measured hydrolysis rate constanisN&P
- in various water/DMSO mixtures at 2&. The rate constant is
highly sensitive to the DMSO content, increasing dramatically
for DMSO concentrations greater than—780%, as previously
noted!® Also given in Table 3 are the nonbridging phosphate
i stretch modes (see Figure 3 for the 50/50% spectrum), the
o sm——" T060——T100——T120—— 1901750 calculated fundamental frequency, and the calculated bridging
Wavenumber, cm’™ bond length (see above). Table 4 provides the hydrolysis rate
Figure 3. Vibrational spectra opNPP in 50% DMSO/water solution. The constants for phenyl phosphate (see Materials and Methods).
spectrum between 1000 chand 1070 cm! is not shown because of the ~ The measured frequencies are quite insensitive to temperature
large absorbance of DMSO in this region. The spectrum is that of 5 mM \hile the hydrolysis rate constants are quite sensitive. This is

pNPP and 7 mM TMAH, at room temperature, and the resolution is Z2cm - :
The left band at 978 ch corresponds to the symmetrie-P stretch of expected if temperature has little effect on the structure of the

phosphate. The peak on the right, corresponding to the antisymmetric stretchground state but simply raises the percentage of molecules with
is composed of several bands. A Gaussian decomposition fit using three sufficient energy to cross the transition-state barrier.

Gaussian functions is shown. Direct Measurement of the P-O(R) Bond Length of pNPP
Bridging P—O Bond Length of pNPP and PP in Water/ Using the P-O(R) Stretch. The bond length of the bridging
DMSO Mixtures. Figure 3 shows the IR spectraglPP ina ~ P—O(R) bond can be estimated directly from Equation 3, using
50% water/DMSO mixture. The symmetric stretch is located the same parameters derived for the nonbridging bonds. The
at 978 cntl. The spectrum in the antisymmetric mode frequency frequency of the bridging bond stretch is then substituted for

range is complicated. Gaussian curve fitting of the spectrum in the fundamental frequency, We estimate that the bond length
this region revealed three overlapping peaks at 1111, 1113, and
1137 cntl (Figure 3). The small peak at 1113 chis assigned (19) (a) Abell, K. W. Y.; Kirby, A. J.Tetrahedron Lett1986 27, 1085. (b)

: o : Grzyska, P. K.; Czyryca, P. G.; Golightly, J.; Small, K.; Larsen, P.; Hoff,
to a mode on the phenyl ring as a similar band shows up in the R. H.; Hengge, A. CJ. Org. Chem2002 67, 1214.

1113

IR Absorbance
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comparison shows that consistent values of the bridging bond
length are obtained from the two methods.

3
715 -

Discussion

Phosphoryl transfer is likely the most common class of
reactions in biology. Decades of study of phosphoryl transfer
by structure-reactivity approaches have provided much insight
into these reactions and their transition stdf3.To further
our understanding of how phosphoryl compounds react, we have
focused on determination of basic properties of these com-
pounds, and to further our understanding of how phosphoryl
transfer reactions are catalyzed, we have focused on understand-
ing the environment at the site of catalysis.

Vibrational spectroscopy offers a unique and direct probe of
the actual bonding and bond properties of phosphoryl com-
pounds. Previous work and the results described herein suggest
that properties of the nonbridging bonds of the phosphoryl group

(e)

722 -\ 720

Raman Intensity

1 1 " " 1 1 " 1
690 700 710 720 730 740 750 can be ascertained to high precisiah0(004 A), despite the
Wavenumber, cm” occurrence of complex vibrational modes; this is accomplished
Figure 4. The Raman spectra of the#®(R) stretch ofpNPP in DMSO/ by appropriate combination of the observed phosphoryl vibra-
water mixtures, (a) to (f): 0, 20, 50, 60, 70, and 80% DMSO. 6-Deuterated 5| modes. Assuming only a conservation of the valence bond

DMSO was used to avoid the high Raman signal from protonated DMSO . .
in this region. The spectra are of 10 mpNPP in 20 mM NaOH at a  order for the phosphorus atom, this analysis can be extended to

resolution of 6 cmZ. yield the bonding properties of the-f(R) bridging bond-
the bond that is broken during phosphoryl transfer (see ref 15

Table 5. Compatison of the P—O(R) Bridging Bond Lengths and Restlts herein). The ability to obtair©(R) bridging bond

Determined from the Analysis of the Nonbridging Bond Vibrational

Modes and from Direct Analysis of the P—O(R) Bond Vibrational lengths via this analysis, which are in agreement with those
Mode obtained by direct consideration of the stretching vibrational
%DMSO  Myigging® (€M™ Ruiogin® (B)  Ruvisging™ (B)  Rovtgng Rorioging (A) mode of the P-O(R) bridging bond within experimental error,
0 733 1.623 1.625 —0.002 provides further support for this approach.
25 730 1.624 1.625 —0.001 In the sections that follow, we address what has been revealed
28 ;gg i:ggg }:gg? 8:883 about the fur!damgntal properties of the®(R) bridging bond. .
70 720 1.628 1.628 0.000 and the applicability of vibrational spectroscopy as a sensitive
80 715 1.630 1.632 —0.002 probe for the electrostatic environment of the phosphoryl group.

a Stretehing f f the bridging (R) bond opNPP | ) First, we describe bonding properties derived from vibrational
retcning trrequency o e priagin ond O In various . .
water/DMSO solutions (data presented in FigurebBond length of the SpeCtrOS(POpy fpr a series of monosubst!tuted phosphoryl CQm'
bridging P-O(R) bond, calculated directly from Equation 3 and the pounds, in which the phosphoryl substituent has been varied
E‘rfggc.gg‘gpf_rg‘(l;‘;”ggn‘éf “;:I é)fl'g?e'ggggf)thbeom%;Er‘?é‘gr:gngghngfS‘Hgtch systematically and extensively. Next, we describe phosphoryl
idgi s u idgi . e .
frequencies using Equations 4 and 5, as discussed in the Results. valueonding _changes dl'_'e to_ variation of the solvent enV|roqment,
are from Table 3. also derived from vibrational spectroscopy. We then discuss
3 the relationship between the ground-state bonding properties
and reactivity. Finally, we discuss implications of this work for
enzymatic catalysis.

Substituent Effects on Phosphoryl Group Bonding: Cor-

of the P-O(R) bond derived from the direct use of Equation
will yield results that underestimate the-P(R) bond length
by ~0.2%, on the basis of comparisons with crystallographic
data for model compound8Figure 4 shows the Raman spectra ! ~Ut )
of pNPP in various water/DMSO mixtures in the region of the 'élation of the Bridging P—O(R) Bond Length with Sub-
P—O(R) bridging bond stretch (Raman spectroscopy is used stituent pK,. Kirby and co-workers carried put a systematlc
since this mode is highly obscured by solvent and cell Small molecule crystallography study, probing bonding for a
background in the IR). Table 5 gives the values of the bridging S€Mes of substituted aryl acetals. The results suggested that

P—O(R) stretch frequency f@NPP in water/DMSO mixtures substituents that lowered th&pof the aryl group stabilized a
and the P-O(R) bond lengthRp_or, calculated using the longer CG-O(R) bond?223 presumably because of electron-

bridging P-O(R) stretch frequency directly asin Equation withdrawing effects that lessen the electron density on the
3. Also tabulated is the bond lengtRe o) derived from oxygen atom and thereby weaken the bond or through-space

Equations 4 and 5, using the frequencies associated with theSubstituent effects that electrostatically stabilize greater electron

nonbridging bonds and the network theory, as described above: :
(20) (a) Cleland, W. W.; Hengge, A. EASEB J1995 9, 1585. (b) Benkovic,

The bond lengths derived from the two procedures are in close S.J.; Schray, K. J. Iffransition States of Biochemical Processgandour,
agreement. R. D., Schowen, R. L., Eds.; Plenum: New York, 1978; p 493. (c) Williams,
. . . . A. J. Am. Chem. S0d985 107, 6335. (d) Thatcher, G. R. J.; Kluger, R.
These results validate two important points. First, the bond  Adv. Phys. Org. Chem1989 25, 99. .
order of the bridging PO(R) bond does indeed weaken as the (21) Hengge, A. C. I€omprehensie Biological CatalysisSinnott, M. L., Ed.;
. Academic Press: London, 1998; p 517.

amount of DMSO is increased. The-B(R) stretch frequency  (22) (a) Allen, F. H.; Kirby, A. JJ. Am. Chem. S04984 106 6197. (b) Briggs,

is directly correlated to the electron density in the bond so that éai'igéi”?bg'éﬁ%es’ P. G.; Kirby, A. J.; Ramaswamy.;Am. Chem.

a lower frequency means a smaller bond order. In addition, the (23) Jones, P. G.; Kirby, A. I. Am. Chem. S0d.984 106, 6207.
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Scheme 1
A.
Ko <Kp <K, 2 1.62
K, <
—— :
@—CHZOH‘_Q—CHzo' + H* s
3
e cho- + H B 161}
CH20H » 8
_
) :
@CHZOH o @—cmo -+ H* a
1.60 F
B. , , n
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i
@—crlzo—g—o Leaving Group pK,

Figure 5. The bond length of the bridging FO(R) bond for alkyl

2-

? phosphate monoesters, REGO;Z-, plotted as a function of thekp of the
CHZO_'T:_O alcohol (ROH) substituent. The data are taken from Table 1 for a series of
(o] alkyl phosphates, the point for trifluroethyl phosphate is depicted by the
0o 2 open symbol. The line is a least-squares fit to the data; excluding the

CH O—:||°=O trifluoroethyl phosphate data pofAtopen square) giveR (A) = 1.647—

2 I: 0.00284pK,, with the correlation coefficienR2 = 0.87. Inclusion of

o trifluoroethyl phosphate gave (&) = 1.650— 0.00304x pK,, with the

. ) - lati ffici =0.82.
density on the oxygen atom and thereby preferentially stabilize correlation coefficienf = 0.8

alonger C-O(R) bond. An analogous correlation was suggested series of simple alkyl phosphate dianions. There is a linear
for phosphoryl compounds but acquiring data for an extensive ~ increase in the bond length as the substituefy gecreases,
series of phosphoryl compounds is hampered by the difficulty suggesting that phosphoryl group bonding responds in a regular
in crystallizing these compounds in homologous crystal environ- manner.
ments. For this reason and because vibrational studies can be Given this trend, we next determined whether an extended
carried out in and compared between solution, protein, and correlation could be obtained for a wider variety of monosub-
crystal environments, we have turned to Raman and IR stituted phosphoryl compounds. Figure 6 presents data for the
spectroscopy of a series of phosphoryl compounds to probe thealkyl phosphates as well as several aryl phosphates, more
bonding properties of the phosphoryl group in aqueous solution. complex alkyl phosphates, and inorganic phosphate, as a
In the simplified model of Scheme 1, the alkyl substituents function of the [K, of the phosphoryl substituent. A single line
of dianionic alkyl phosphate monoesters are schematically andgives a good fit to all of the data, spanning a range of substituent
approximately represented as dipdl€She greater the positive ~ PKa values of>12 units (see Figure 6 legend). The slope of
charge potential from this dipole, the lower th&gpof the this line is ~0.003 A/(K, unit). Nevertheless, there may be
alcohol, as the dipole provides greater stabilization of the small differences in the dependencies for the alkyl and aryl
negative charge present in the alkoxide but not the alcohol. phosphates and the deviations may arise because of different
Analogously, as the PO(R) bond lengthens, negative charge mechanisms underlying th&peffects (such as inductive versus
accumulates on the bridging oxygen, all other factors being resonance).
equal. (This can be thought of as a greater contribution from  The slope of the correlation in Figure 6 is of the same order
an alkoxide ion resonance form.) Thus, there is a simple of magnitude as the slope 00.006 A/(fK, unit) estimated
prediction that the PO(R) bond will lengthen as thekq of from the previous limited X-ray dat&, although a direct
the alcohol substituent decreases. Nevertheless, the extent ogomparison is difficult because of the following: the lower
bond lengthening from this effect could not be predicted, nor dielectric and different local environment in the crystal compared
was it apparent if the effect would be large enough to detect or to aqueous solution, the effects of different counterions and
if other factors idiosyncratic to the individual alkyl phosphate crystal forms on the bond lengths for the four compounds used
dianions would obscure the predicted trend. in the X-ray correlation, and the relatively large uncertainty in
Figure 5 shows the bond length for the bridging ®(R) the bond lengths determined crystallographically (standard
bond, derived from vibrational spectra (Table 1 and Results), deviations of +£0.005 to +£0.02 A)? The possibility of

plotted as a function of thekfa of the alcohol substituent fora  Systematic errors in determination of bond lengths from
vibrational data has also not been rigorously eliminated.

(24) We use a simplified model to understand stabilization of the leaving group i i -
alkoxide ion substituent. Several studies have suggested that substituents The phosphoryl substituents span of 121, pinits Corre.
in nonconjugated systems exert their effects predominantly through space Sponds to aAAG of 16.8 kcal/mol for the deprotonation

rather than through the bonded chain (see, for example, ref 25 and referencesequi”brium to form the oxyanioﬁ‘? Thus. a group that stabilizes

therein), so that consideration of substituents as attached dipoles, as in .
Scheme 1, may provide a reasonable representation. This approximationthe oxyanion by~17 kcal/mol lengthens the-FO—(R) bond

is useful conceptually for the treatment presented in the text, but it is not ~ ; ; ; ;
required for the conclusions that are drawn. For instance, for conjugated by O_nly Q'O4 A. As described in the foIIowmg Sect!ons, the
systems, resonance effects are likely important. relationship of these parameters to changes in reactivity and to
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1.64 Scheme 2
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~
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3]
Q Dielectric Constant, ¢ 47 80
g
x 1.60 -
o B' 0 H\ H
Q. b o-
H-c-S O-y
/ C—-H 1
H / H H-O
HH H
1.58 L ; v L 1 L cl) * (l) :
4 6 8 10 12 14 16 18 RO—i:I’.=O RO—i:I’.=0 "
. o H o} (
Leaving Group pK, H.d-H Hb-H H°
Figure 6. The bond length of the bridging-FO(R) bond for various |'_'|':c—‘s¢o O-H
monosubstituted phosphates, RPO;?~, plotted as a function of theka Ill H
of the ROH substituent. The data are taken from Table 1 and Table 2B for
alkyl phosphatesl), Table 2A for aromatic phosphate®)( and Table 2B ROPO:Z,' in DMSO ROPOZ:; in water

for acetyl phosphatea() and inorganic phosphater). The solid line is a

least-squares fit to all the dat&® (A) = 1.642— 0.00257pK,, with the . . .
correlation coefficienR = 0.92. The dotted line is a least-squares fit to  (Scheme 2), DMSO is poor at solvating anions, such as the

the aromatic phosphates dat® (A) = 1.650 — 0.00356pK, with the nonbridging phosphoryl oxygen atoms (see, for example ref 27).
correlation coefficienR? = 0.80. The dashed line is a Iea_st-sqt_lares fitto  This limitation presumably arises because the positive end of
the alkyl phosphate data from Tables 1 and 2B, excluding trifluoroethyl . . .

phosphaté? R (A) = 1.645 — 0.00275 x pKa with the correlation the DMSO dipole is sequestered behind the two methyl groups
coefficientR2 = 0.83. (Scheme 2A). This limits both the close approach of the dipole
more general changes in environment may contribute to our @"d the number of DMSO molecules that can align around the
fundamental understanding of these reactions, of the enzymePh0SPhoryl group. The lessened favorable electrostatic inter-
active environment, and the ability of this environment to actions with the nonbridging phosphoryl oxygen atoms upon

provide transition-state stabilization via electrostatic interactions 2ddition of DMSO will favor states with less charge accumula-

(see Implications for Reactivity of Phosphoryl Compounds and tion on these atoms; this provides an ent_ergetic “|“ncentive” to
Implications for Enzymatic Catalysis below). In addition, shorten these bonds (Scheme 2B). Analysis of the “fundamental

vibrational spectra and their response to substituents andfrequency” described in the Results indicates that as the fraction
environmental changes provide incisive physical descriptions °f PMSO in the solvent increases, the nonbridging@bonds
of monosubstituted phosphoryl compounds that may provide are mde_ed shortened by a_small _but readily m_easurabl_e amount.
critical guides and decisive tests of future computational models. Shortening of these bonds is equivalent to an increase in double-
Environmental Changes and Phosphoryl Group Bond- bond character, and, given conservation of bond order around
ing: The Effect of DMSO on the Bridging P—O(R) Bond phosphorus, the bond order of the bridging®(R) bond
Length. We have used the addition of DMSO as a cosolvent decreases and this bond lengthens (Tables 3 and 4). Vibrational
to directly probe the effect of changes in the environment SPectra probing the stretching mode for the bridging bond
surrounding the phosphoryl group on its bonding. This general provide direct and independent support for this conclusion (see

question is of particular importance for understanding enzymatic Table 5 and. Direct Measurement OT the ®(R) Bond Length
catalysis, as enzymes create an idiosyncratic environment within®f PNPP Using the PO(R) Stretch in Results).

which catalysis takes place (see Introduction and Implications " sSummary, bonding of the phosphoryl group responds to
for Enzymatic Catalysis below). DMSO was chosen because it the environment. ThIS is observed directly in th(_e DMSO e_ffectsf.
is compatible with IR and Raman spectroscopy and because 1 Ne effect of substituents on phosphoryl bonding, described in

DMSO addition was previously shown to exert a large rate effect the .previous section, can ‘5_“50 be considgred as .a model for
on the hydrolysis of a phosphate estaXPP° environmental effects. In this model, a series of dipoles were
Upon addition of DMSO, the PO(R) bridging bond length- introduced intramolecularly and varied regularly; in enzymes,

ens for bottpNPP and PP (Tables-3). The changes are small the active site environment includes several dipolar, charged,
(=0.015 A), but there is a steady trend as the amount of DMSO and hydrophobic groups; the sum of these interactions defines
the environment of the reactive group (see Implications for

cosolvent is increased. ) i
Scheme 2 presents a crude model that can account for thisEnzym,at'C, Catalysis be'QVY)-
Implications for Reactivity of Phosphoryl Compounds.

trend. Despite the high dielectric constant of DMSO solutions - ] -
The phosphoryl substituents described in Scheme 1 that lengthen

(25) (a) Cole, T. W.; Mayers, C. J.; Stock, L. Nl. Am. Chem. S0d.974 96,
4555, (b) Petti, M. A.; Shepodd, T. J.; Barrans, R. E.; Dougherty, DL A. (27) (a) Kolthoff, I. M.; Chantooni, M. K., Jr.; Bhowmik, 9. Am. Chem. Soc.

Am. Chem. S0d.988 110, 6825. (c) Cozzi, F.; Cinquini, M.; Annunziata, 1967 90, 23. (b) Matthews, W. S.; Bares, J. E.; Bartmess, J. E.; Bordwell,
R.; Siegel, J. SJ. Am. Chem. S0d.993 115, 5330. F. G.; Cornforth, F. J.; Drucker, G. E.; Margolin, Z.; McCallum, R. J.;

(26) (a)Ky/Kp = 101471748 = 10123 AAG = RTIn(K4/K3) = 16.8 kcal/mol (at McCollum, G. J.; Vanier, N. RJ. Am. Chem. Sod 975 97, 7006. (c)
298 K). Bordwell, F. G.Acc. Chem. Re4.988 21, 456.
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Scheme 3 Scheme 5
i o st 9
RO- + 'O—F"—OR‘—»[RO----;/P\B----OR] — "0-P-OR + -OR' . reaction 0
o ° 0" ————  DMSO reaction / —\ICAC_/
/ /
the P-O(R) bridging bond increase the rate of breaking of that OR & 0 ’;
bond in phosphoryl {P0Os?") transfer reactions (Scheme 3). \/ Dﬁf.qo — AAG* RO -;'!LQ_--QH2
DMSO, which lengthens the-FO(R) bridging bond inopNPP T _i/c{_ 0 » o o
and PP, also increases the rate of phosphoryl transfer (Tables 5 g i \ _\c / /
and 4 and ref 19). Thus, bond length correlates with reaction < §-C—
rate. Kirby, and more recently Hengge, suggested that the O d
increase in bond lengths might be the cause of the increasec /0““ —0 s O &
reaction rateg3%°More generally, it is important to ascertain, 9z \ RO‘---"Fl'Q:--DHz
for any correlation, whether there is a catséfect relationship, RO—f1=0 \ o o /
a common underlying causative feature, or simply a coincidence. [ ° O~ 0— g
The following analyses suggest that the magnitude of the effects o=

on reactivity is much larger than can be accounted for by
weakening of the bridging bond. Instead, the data and correla-
tions are readily accounted for by a common underlying . .
mechanism based on stabilization of negative charge on the!€ngthening is causative of the observed rate enhancement.
bridging oxygen leaving group alkoxide or phenoxide ion. Such Consideration of the energetics of the substituent oxygen

effects can in certain cases be described solely by electrostatidnteractions, however, leads to a different conclusion.
interaction energies. In the transition state for transfer of thePOs?~ group, the

bond to the leaving oxygen atom is nearly broken, as judged

Scheme 4 by linear free-energy relationships, kinetic isotope effects, and
" measurements of entropy and volume of activation (Scheme

s O 3)2021Thus, a nearly full negative charge is expected to reside
°"2°;)',,P\'5°“z on this oxygen atom in the transition state. Because of the large
increase in negative charge potential at the bridging oxygen

position in the transition state, the interaction energy with the

substituent dipole is expected to be much larger in the transition

i state than in the ground state. Thus, the reaction rate will
cH %__g___gﬂ} increase for the same reason underlying the bond lengthening:
2 VA 2

Reaction Coordinate

A=

the electrostatic interaction energy (Schemes 1 and 4).
Analogous considerations hold for the DMSO result (Scheme
5).28 As noted above, DMSO is less effective than water at
solvating localized negative charges. Thus, the free-energy
change for transfer of a phosphoryl group from water to DMSO
is unfavorableé?? In the transition state, charge is presumably
Reaction Coordinate dispersed, relative to the ground st&té°This charge dispersal
can occur despite the increase in charge density on the leaving
Scheme 4 shows a free-energy-reaction coordinate diagramgroup oxygen. A decrease in charge on the three nonbridging
for two phosphate esters that vary in reactivity because of a oxygen atoms and the ability of the aromatic ring to partially
substituent on the leaving group alcoR®lAs in Scheme 1 disperse charge accumulated on the bridging oxygen atom
above, the substituent interacts energetically with the bridging presumably both contribute to the charge dispersal in the
oxygen. We assume a (small) partial negative charge on thistransition state. Thus, the energy penalty for transfer of the
oxygen atom so that the substituent dipole that lowers the transition state from water to DMSO is expected to be less than
leaving group i, would have a small favorable interaction in  that for the ground state. That is, the weaker solvation of charge
the ground state; this would lower the free energy of compound on the phosphoryl oxygens by DMSO relative to water is
B relative to compound A, all other factors being equal. This is expected to both lengthen the-B(R) bridging bond, as
represented by the slightly lower free-energy position for described above (Scheme 2), and lower the free-energy barrier
compound B in Scheme 4. As described above (Scheme 1 andor reaction. Apparently, the solvation differences between water
Substituent Effects on Phosphoryl Group Bonding: Correlation and DMSO, traceable to electrostatic interaction differences,
of the Bridging P-O(R) Bond Length with Substituent<p), are responsible for both the longer ®(R) bonds and the faster
the substituent dipole is expected to lengthen th©FR) bond, reactions in DMSO.
as is observed; we therefore also depict compound B’s ground
state as further advanced along the reaction coordinate thar(29) The attached alkyl group of the phosphate ester is ignored in this treatment.
. . This is because the phosphate ester can vary in differential solubility in
compound A’s ground state. It is this movement along the water versus DMSO depending on the alkyl group used, but this alkyl chain
reaction coordinate that led to the suggestion that bond G2 & e RoE PR TRd e e om Tesctiviy, we 46 not
consider this portion of the phosphate ester.

(28) The free-energy reaction profile is grossly simplified, with only one (30) (a) Herschlag, D.; Jencks, W. .Am. Chem. Sod.989 111, 7579. (b)
coordinate depicting the reaction progress. Westheimer, F. HChem. Re. 1981, 81, 313.
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It is notable, from Schemes 4 and 5, that in one case (the Scheme 6
substituent effect) both the ground state and the transition state
can be stabilized from the interaction of the substituent oxygen
with the dipole, but the transition state is stabilized more,
whereas in the other case (the DMSO effect) both the ground
state and the transition state can be destabilized because of the
addition of DMSO, but the ground state is destabilized more.

Another way of addressing the relationship between reactivity
and bond length is to consider the energetic perturbation of the
bridging bond over the correlation range for both the substituent
and the DMSO effect (Figure 6 and Table 3). The hydrolysis
rate is expected to change byl5 orders of magnitude over a
12 pK, unit range?* This corresponds to a-20 kcal/mol common driving force in both lengthening the-B(R) bond
difference in the free energy of activation for the compounds 5.4 in increasing the reaction rates.
at the extremes of theka range. Ninety percent DMSO Implications for Enzymatic Catalysis. Vibrational spectra
increases the reaction rate pRPP by 310 fold (Table 3), have been obtained for ligands of several enzymes, revealing
which corresponds to 6.2 kcal/mol of the free energy of y)onging properties within active site environmeHtghe results
activation difference. The-0.04 A difference in the ground- herein concerning bonding of phosphoryl compounds and their
state bond length of the-FO—(R) bond observed over the  gqytion reactivity have implications for enzymatic catalysis and
leaving group K, range or the~0.01 A bond length change s mechanistic dissection. They underscore the potential of
observed for the water/DMSO study represents very small \;prational spectroscopy for future investigation of enzymatic
distortions of.the pndgmg bono! |n.energet|c terms. For example, phosphoryl transfer, as the-® bond is highly sensitive to its
for a small distortion of the bridging-PO bond the change in  g,rroundings and can be well-characterized by vibrational
potential energy of the molecule is given by (2RJR-R,)?, spectroscopy. The results herein also provide a series of

wherek is the force constant anB, is the bond length at  gtandards to gauge the behavior of phosphoryl compounds
minimum energy. The force constant is calculated from the \yiiin active sites and potentially to unravel catalytic contribu-
frequency of the PO stretch mode and the reduced mass of {ions Finally, the underlying origin of relationships between

this internal coordinate. Usinig= 334 N/m obtained fromthe 45 nd-state bond distortions and reactivity described herein
frequency of 733 cm' observed fopNPP in aqueous solution 55 impjications for understanding ground-state destabilization

(Table 5), a 0.04 and a 0.01 A distortion (i.eR~(R) yield a in enzymatic catalysis. Each of these points is discussed briefly
potential energy change of 0.4 and 0.02 kcal/mol, respectively. pajqw.

This is in general agreement with ab initio quantum mechanical

calculations which suggest that a 0.1 A elongation of a bridging giaplization of transition states relative to ground states; this is
P—O(R) bond corresponds to forces that bring to bear a stresSgimpiy the definition of catalysis according to transition-state
on the bond of only-1 kcal/mol:* Thus, the energy change in  theory. For phosphoryl transfer, groups in and around the active
the barrier to reaction is much greater than the bond energyjie which create a positive potential at the position of the
difference in both correlations. leaving group oxygen atom, can stabilize the charge buildup
Finally, the relationship between bond length in the ground o this atom in the transition state (Scheme 6). The dipolar
state and reactivity can also be addressed by considering thesypstituents of the series of alkyl phosphates described above
following thought experiment. There are cases of phosphoryl provide a simplified model for this effect, showing that the
transfer reactions with the same leaving group that involve P—O(R) bond is affected by its environment (Scheme 1 and
different amounts of bond cleavage in the transition state. This Figyre 5). Thus, the extent of perturbation of this bond may
is the case for reactions involving pyridine leaving groups, which provide a readout of the electrostatic environment within the
give Brgnsted value@ieaving group = —1.02 and—0.79 for active site. As emphasized in the Introduction, this critical
reactions with water and hydroxide ion, respectivélyhis catalytic feature is difficult to probe by traditional means.
means that a fixed set of phosphoryl compounds with a fixed  Quantitating contributions from individual catalytic mecha-
set of ground-state bond lengths has different relative reaction nisms has been notoriously difficult in enzymology, in large
rates, depending on the nature of the nucleophile used in thepart hecause of the interdependence of active site interactions;
reaction. The ability to have different rate effects from a for example, mutating a residue that acts as a general base can
common change in bond length indicates that the change in bondy|sg affect the alignment of substrates in the active site. The
length is not fully causative of the observed changes in apility of vibrational spectroscopy to probe the electrostatic
reactivity. environment of ligands within active sites without perturbing
In summary, we suggest that the correlations between bondthose sites might ultimately allow quantitation of catalytic
lengths and reactivity are neither a coincidence nor indicative contributions from preferential electrostatic interactions in the
of a causative relationship between bond length and reactivity. transition state. Such approaches would compare vibrational
Rather, the same electrostatic interaction energies provide aspectra of enzyme complexes to nonenzymatic standards that

relate rate effects to the local electrostatic environment deduced

(31) (a) On the basis @icavi = —1.23 (see ref 31b). log/k, = —1.23 i ; i
PKa= —1.23(4.8-17 1) = 15.1: AAG = RTin(ke/k») = 20.6 kcalimol via vibrational spectroscopy.
(at 298 K). (b) Kirby, A. J.; Varvoglis, A. GJ. Am. Chem. S0d.967, 89,
415

By definition enzymes are designed to provide preferential

. (33) For review, see: (a) Carey, P. R.Raman Spectrosd998 29, 7. (b)
(32) Herschlag, D.; Jencks, W. P. Am. Chem. S0d.989 111, 7587. Callender, R.; Deng, HAnnu. Re. Biophys. Biomol. Struci994 23, 215.

J. AM. CHEM. SOC. = VOL. 124, NO. 38, 2002 11305



ARTICLES Cheng et al.

There has been much discussion in enzymology of substratevibrational spectroscopy. Nevertheless, we suggest that these
destabilization and distortion and their possible roles in catalysis. distortions are not necessarily the “intent” of the enzyme in its
Minimally, the transition state must be preferentially stabilized mission to facilitate catalysis, i.e., that these distortions are not
relative to the ground state, as noted above, and severalthecauseof catalysis, just as we have suggested that the ground-
mechanisms of ground-state destabilization have been sug-state bond distortions caused by substituents in the alkyl
gested?* A “mild” form of substrate destabilization may be phosphate series are not the cause of the observed rate effects.
situations in which the enzyme picks out a minor conformer Rather, we suggest that distortions may be the natural conse-
from solution, i.e., a conformation that is not energetically quence of placing substrates in environments designed to be
preferred, and stabilizes it at the active site because it is morecomplementary to transition states. As for the model monosub-
reactive. This is relatively straightforward when the conformers stituted phosphates, the interactions from the surrounding
are close in energy, as is often the case for bond rotations; forenvironment are the cause of both the ground-state physical
example, rotations of amino acid conjugates about the pyridoxal- distortions and the transition-state energetic stabilization. The
amine bond results in preferential activation of different bofids.  extent of distortion in the ground state will reflect the stiffness

More severe forms of substrate destabilization have also beenof the bonds in question and the nature of the surroundings,
discussed historically, including consideration of enzymes as properties that are of fundamental importance for understanding
analogous to the ancient torture device, the “ra€k&ccording reactivity and catalysis.
to this view, the enzyme would stretch the bond to be broken,
thereby activating it for reaction. Indeed, there is considerable ~Acknowledgment. This work was supported by the David
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