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ABSTRACT. Vibrational Stark effect spectroscopy was used to measure electrostatic fields in the hydrophobic
region of the active site of human aldose reductagé R2). A new hALR2 inhibitor was designed and
synthesized that contains a nitrile probe with a Stark tuning rate of 0.7/@/cm). Mutations to

amino acid residues in the vicinity of the nitrile functional group were selected based on electrostatics
calculations, possible complications from hydrogen bonds near the nitrile, and comparison with the active
site of human aldehyde reductase, whose structure is very similar. Changes in the absorption energy of
the nitrile probe when bound to those mutated proteins were then used to quantify perturbations to the
protein’s electrostatic field. Electrostatic field changes as largel&sMV/cm were observed. Measured
electrostatic fields were compared to predictions based on continuum electrostatics calculations, revealing
that substantial modifications to the calculation strategy are necessary. The effects of hydrogen bonding
of amino acid side chains to the nitrile probe are considered, and applications of vibrational Stark effect
spectroscopy to investigations of ligand binding and biological function are discussed.

The highly organized three-dimensional structure of a of a known applied external electric field on an oscillator’s
protein can support large variations in internal electrostatic vibrational frequency and the absorption frequency shifts in
fields that influence every aspect of the protein’s function the IR spectrum of the calibrated spectator vibrational probe
(1—3) including folding @), chemical reactivity and kinetics ~ when it is exposed to a perturbation inside a protein.
(5-7), and proteir-protein interactionsg). Measurements Here we introduce an ideal vibrational Stark probe, the
of the strength and direction of these fields are therefore of njtrjle (C=N) functional group 19), into the active site of
great importance, and represent a long-standing biophysicalne protein human aldose reductasal(R2) through inhibi-
challenge 9—16). One strategy that has been developed in oy pinding (7). Aldose reductase is a 36 kDa, soluble,
recent years is vibrational Stark effect (V3Epectroscopy,  monomeric enzyme that reduces aldehydes using the NAD-
which describes the influence of an electric field on & py cofactor and that is believed to be responsible for many
molecular vibrational frequency and can be observed throughof the |ong-term health consequences of diabe?€s-25)
infrared spectroscopyl¥, 1§. VSE spectroscopy is a two-  and so has been the subject of extensive structural and
step experiment. In the first step, a vibrational probe is catalytic experiments and calculatior0( 26, 27. Tight-
selected and the effect of a known external applied electric yinging inhibitors of this enzyme have been developed for
field on the infrared absorption frequency is used to calibrate pharmacological treatment of diabet@®, 24, 25, 28, 29
sensitivity of the oscillator’s vibrational frequency to an  5nq high-quality crystal structures ¢fALR2 bound to
electric field. The magnitude of this effect is called the Stark jnpibitor molecules have been publishé@®( 3. One such
tuning rate, and is taken as an intrinsic property of the jnnipjtor, IDD594 (indexed by the Institute for Diabetes
oscillator. In the second step, the calibrated vibrational probe piscovery) 9), was recently characterized in a remarkable
is inserted into a protein of interest and used as a highly crystal structure solved to 0.66 A resolutid®®), providing
local, sensitive, and directional reporter of changes of the high quality structural information on the position of the
protein’s electrostatic field as perturbations are made to thejnpipitor, amino acid residues, and solvent molecules in the
protein, f‘or example by amino "aC|d mutagenesis. We Use 4tive site of the enzyme. The molecular scaffold of this class
the term “vibrational Stark effect” to describe both the effect ot jnhipitors can be functionalized with a variety of chemical
groups and still bind to the active site bALR2 (17, 29.
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tures of related inhibitors, IDD59439) and IDD393 81).
This strategy was used successfully for estimating the
position of yet anothehALR2 inhibitor, IDD743, in the
active site of the protein, which has recently been confirmed
by a crystal structure3@). The model structure for inhibitor
lis seen in Figure 1, and shows that one phenyl ring of this
inhibitor is buried deep in the active site of the enzyme,
where crystallography data has confirmed that no water is
present82). By placing the nitrile group at the para position
of the buried phenyl ring, the location of the=Bl Stark
probe while the inhibitor is bound to the active site of the
enzyme is unambiguous, in the sense that rotation of the
phenyl ring does not affect the nitrile position.

In the work described here, compouhdvas synthesized
and then bound to a series lRALR2 enzymes with amino
acid mutations in the vicinity of the nitrile group. The choice
of which mutations to express and investigate was guided
by three strategies: (1) those that were predicted to cause a
large change in the enzyme’s electrostatic field at the position
of the G=N bond, (2) removal of a possible hydrogen bond
between the nitrile probe and a nearby residue, and (3) com-
parison to the structurally similar protein aldehyde reductase.
Changes in the absorption frequency of theNCbond in
each mutant with respect to the wild-type (WT) protein were Cl, and chilled to 0°C. Diisopropylethylamine (DIEA, 11
then related directly to changes in the protein electrostatic mL) was added dropwise. 6.28 g of 4-(aminomethyl)-
field caused by those amino acid mutations. This study benzonitrile hydrochloride (Aldrich, 97%) was added, and
demonstrates the largest observed changes in electrostatithe solution was stirred at room temperature for 24 h. The
field measured by a completely general VSE probe, rather CH,Cl, was then removed under vacuum, and the amide
than more specialized probes of metal-bound CO and NO product was extracted with ethyl acetate, washed sequentially
(34, 3. In subsequent publications, electrostatics data from with 1—2 M HCl(aq) and saturated NaCl(aq), and dried over
VSE spectroscopy will be used to test a theoretical strategy MgSQ,. The MgSQ was removed by filtration, excess ethyl
in which extensive molecular dynamics simulations are acetate was removed under vacuum, and the product was
coupled to electrostatics calculations in the context of high- separated and isolated by FCC (product eluted with 20% (v/
resolution structural data dfbound to both WT and mutant  v) ethyl acetate in heptane). Yellow fractions were combined,
hALR2, as well as detailed investigation of electrostatic and excess solvent was removed under vacuum.
contributions to biological function diALR2 and closely Ethyl (5-Chloro-Z [(4-cyanobenzyl)amino]carboriyphen-
related enzymes. oxy) AcetateThe amide starting material was dissolved in
MATERIALS AND METHODS 15 mL of acetone, and 9.5 mlf @ M K,COs(aq) was added.

Ethyl bromoacetate (500L) was added, and the solution
A. Synthesis of a Nitrile-Containing Inhibitor of hALR2.

was heated at 50C for 2 h. After returning to room
The nitrile-containing inhibitor ohALR2, (5-chloro-4 [4- temperature, the solution was cooled té@and 1 M HCI-
cyanobenzyl)amino]carborjyphenoxy) acetic acidl, was (aq) was added until the solution was pH1. The product
synthesized according to the procedure described in Schemevas extracted with ethyl acetate, washed with saturated NaCl-
1 (29). Unless noted, all starting materials were used without (aq), and dried over MgSQOThe MgSQ was removed by
further purification, and all reactions were carried out under filtration, and the resulting product was purified by FCC

an atmosphere of Xg). Flash column chromatography (product was eluted at 20% (v/v), 60% (v/v), and 100% (v/

Ficure 1: Location of bound inhibitof. (wheat) and the NADP
cofactor in WThALR2. The nitrile functional group is shown in
green.

(FCC) was carried out with silica gel (Aldrich, 23@00

mesh, 60 A) equilibrated in heptane. The proton nuclear

magnetic resonance spectrum of prodletas obtained on

a 200 MHz Varian Gemini spectrometer.
4-Chloro-2-hydroxybenzoyl Chloridé slurry of 5.96 g

v) ethyl acetate in heptane). Yellow fractions were combined,

and excess solvent was removed under vacuum.
(5-Chloro-4 [(4-cyanobenzyl)amino]carborjyphenoxy) Ace-

tic Acid (1). The acetate product from the previous reaction

was dissolved in 12 mL of ethanol, and 2 mt.20M NaOH-

of 4-chloro-2-hydroxybenzoic acid (Aldrich, 93%) in 20 mL  (aq) was added. The solution was stirred at room temperature
of CH,CI, was prepared, and 50 mL of oxalyl chloride was for 4 h, after which the ethanol was removed under vacuum.
added dropwise over several minutes. A drop of dimethyl- 1 M HCl(agq) was added to the solution until pH 0,
formamide (DMF) was added, and the solution was stirred resulting in a white precipitate. The precipitate was extracted
at room temperature for 24 h. Excess oxalyl chloride was into ethyl acetate, washed with saturated NaCl(aq), and dried
removed under vacuum, the solution was filtered, and excesswith MgSQ,. After removing the MgS®by filtration, the
CH,CI, was removed under vacuum. The acid chloride ethyl acetate was removed under vacuum. The resulting white

product was used in the next reaction without further

purification.
4-Chloro-N-(4-cyanobenzyl)-2-hydroxybenzamiriee acid

chloride starting material was dissolved in 30 mL of £H

powder was washed with GBN and HO (neutral pH), and
dried. (9.2 ppm, t, 1 H; 7.9 ppm, d, 1 H; 7.8 ppm, d, 2 H;
7.5ppm,d, 2 H; 7.3 ppm, s, 1 H; 7.2 ppm, d, 1 H; 4.9 ppm,
s, 2 H; 4.6 ppm, d, 2 H.) 34BVz (ESt), 344.6 calculated.
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B. hALR2 Expression and Purificationhe expression and  where E is the enzyme concentration, is the inhibitor
purification ofhALR2 was conducted as described previously concentration, and; is the apparent inhibition constant
with several modificationsl(7, 3§. The gene for wild-type (36, 37.

(WT) hALR2 was obtained from Dr. Alberto Podjarny in D. Continuum Electrostatics Calculations To Predict
the pET-15b expression vector (Novagen) and sequencedpyotein Electrostatic FieldsA model structure ofl in
Amino acid mutations were made using the Quikchange nao| R2 was constructed from a crystal structure of two
mutagenesis kits (Stratagene) with PCR primers obtainedgjmilar molecules, IDD594 3?2 and IDD393 B81), as
from Elim Biopharmaceuticals, Inc. (Hayward, CA). WT and \ye|| as the oxidized cofactor NADFbonded to WThALR2
mutant plasmids were transformed into #scherichia coli as previously described17). This model was further
strain BL21(DE3) (Novagen) for protein expression. In a 6 amended to include the appropriate Cl argCfunctional

L shake flask2 L of sterilized LB media with 10@g/mL groups on the two phenyl rings df Mutants of interest
ampicillin added were inoculated with the plasmid-containing \yere constructed in the program PyMd@8[. In cases

E. coliand grown for approximatgh h at 37°C. Expression  \yhere multiple conformations of the mutant amino acid’s
of hALR2 was then induced with the addition of IPTG to a  sjde chain were possible, several conformers were selected
concentration of 1 mM. After induction, the growth was for continuum electrostatics calculations. As described
maintained at 37C for approximately 4 h. The cells were  pejow, these side chain conformations can radically affect
then pelleted, resuspended in a lysis buffer of 50 mM phos- the calculated fields, and extensive molecular dynamics
phate pH= 8, 300 mM NaCl, and 10 mM imidazole, flash  (MD) sampling of these conformations may be required to

frozen, and stored at20°C until further use. Isolation and  optain meaningful average values for comparison with the
purification of hALR2 from frozen cells was carried out as  qata.

previously describedl{). Typical yields were approximately
10 mg of purified protein per liter of growth media. The
purity of the final cleaved product was confirmed by SBS
polyacrylamide gel electrophoresis and mass spectrometry.
C. hALR2 Kinetics and Inhibitor BindingAll kinetic
measurements were performed with-glyceraldehyde as
substrate and NADPH as cofactor in 20 mM phosphate pH
= 7 buffer at room temperature. Enzyme reaction kinetics
were measured by monitoring the decrease in NADPH
adsorption at 340 nm over 5 min of at least 2 replicates of
each sample. Typical reactions contained 1200 nM
hALR2, 100 uM NADPH, and 5-100 uM bL-glyceralde-
hyde. Data were fit directly to the Michaetidlenten
equation to determinie, = 0.31 s for WT hALR2, similar
to what has been described befoi6)( The inhibition
constantK|, of 1 in WT and each mutant diALR2 was
determined under conditions of saturating concentrations of
pL-glyceraldehyde and NADPH, and concentration lof
typically in the range of 0.0210 uM. The decrease in
absorption of NADPH at 340 nm was observed for 5 min,
and the slope\() was divided by that obtained with no added
inhibitor (Vo). This ratio was fit to eq 1:

Electrostatic potentials and fields were calculated using
DelPhi v.4 @9). This program reads in atomic coordinates,
charges, and radii and solves the PoissBoltzmann
equation with the finite difference methodQj. Charges and
radii for protein atoms were taken from the PARSE
parameter set, last modified in 19941J. Inhibitor 1 and
the NADP'" cofactor were parametrized with the antechamber
package using amlbcc charges in Ambeid).(Charges
from the inhibitor molecule on and near the nitrile bond were
expected to dominate the calculation to the extent that they
would mask any changes in the electrostatic field of the
protein, the value of interest in this stud$7j. To avoid
this problem, the carbon and nitrogen atoms of the nitrile
and atoms of the phenyl ring within six bonds of the nitrile
were left uncharged in the calculation. A focusing strategy
was used to balance the needs of accuracy and computation
time. An initial calculation that included the entire protein
using a coarse grid spacing (0.75 grid*A65 grid lattice)
was used to determine the boundary of a subsequent
calculation that included only 1/8 of the system with double
the grid spacing. This process was repeated three more times
to result in a lattice with a grid spacing of 0.167 A centered

V.o E—I-K+[E—I— K')2 n 4EK’]1’2 on the midpoint of the &N bond.
VI = ! 5E ! ! (1) E. VSE Spectroscopy of Inhibitor The sensitivity of the
0

energy of a vibrational transition of the nitrile groupg, to
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an electric field was calibrated in an external applied field, [ ' ' ' ' ' ' ' ]
Fex, according to eq 2: 1.0 A 1

AE = hcADcy = —AdicyFeg 2) -
0.8
where Atcy is the change in the absorption frequency of I
the nitrile vibrational transition andiicy is the difference
dipole moment of the probe’s nitrile bond, also called the
Stark tuning rate. A custom sample cell was made of two
windows of sapphire coated with 4 nm of Ni separated by
30um spacers and attached by copper wires to a high voltage
DC power supply (Trek Instruments Inc19, 43. This cell -
was filled with a solution of 50 mML in 2-methyltetrahy- 0-2_
drofuran (MeTHF) and immediately immersed in liquid
nitrogen to form a homogeneous frozen glass. Applied fields

0.6}

Absorbance

0.4}

of ~0.7 MV/cm were synchronized to scans from a Bruker 0.006
Vertex 70 FTIR with a home-built control unit. Samples were i
illuminated through a notch filter which transmitted light of 0,004:
2000-2500 cnt, and spectra were collected with a liquid i
nitrogen cooled indium antimonide detector at 1 ém 0.002
resolution. 128 scans with the field applied were alternated

with 128 scans with no applied field, and the field-on-minus- 0f
field-off difference spectrum was obtained. This spectrum [
was fit as described previousl{q, 19, 43 to determine a ‘é -0.002¢
Stark tuning rateAzicn, of the G=EN probe.

F. Measuring Electrostatic Fields in WT and Mutant -0.004} p
hALR2.Solutions ofhALR2:1:NADP* of 1:1:2 were equili- 0 006:— ]
brated for~1 h, then flushed with an excess of 20 mM : i
phosphate pH= 7 in a concentrating centrifuge to a final -0.008L 1
concentration of~2 mM. The absorption frequency of the i 1
nitrile group on inhibitorl was collected at room temperature 0.0 e
on the FTIR apparatus described above in a cell made of 2210 2220 2230 2240 2250
two sapphire windows separated by Teflon spacersilT® wavenumber (cm‘1)

#M th'_Ck' Spectra 1""er_e Coﬂected with 128 scans at a FicUrRe 2: Vibrational Stark effect spectrum of inhibit@rdissolved
resolution of 0.5 cme. With Alicn of the probe kn_O\_’an the  in 2-methyltetrahydrofuran (2-MeTHF). (A) Absorption spectrum
observed change in absorption energy of the nitrile stretch, of 1 at 77 K in the absence of an external applied electrostatic
Avops could be used to determine the change in the field normalized to an absorbanceloffrom a measured absorbance

i~ fi IANE i of 0.035). (B) Difference spectrudA (field on minus field off)
electrostatic field of the proteimFyren due to a mutation, normalized to an applied field of 1 MV/cm (dashed line), contribu-

from eq 3: tions from the Oth (green), first (blue), and second (red) derivative
_ ~ - to the spectrum, and the overall fit (blackMzicn| = 0.046D =
AE = heAyp = —Alicy AF progein 3) 0.77 cnr¥(MV/cm).

with the convention that the probe difference dipole points of +1 MV/cm (i.e., increasing in the direction that a point
from the partial positive charge on the carbon atom to the positive test charge would move if placed in the field)
partial negative charge on the nitrogen atdr, 44. In this projected onta\zicy Will cause the vibrational energy of the
conventionAzicy < 0 and the angle between the difference C=N bond to shift by+0.77 cnt! (see Appendix for sign
dipole and the coordinate axis is T8 his convention is  convention). Given that electrostatic fields in proteins are
explained and discussed in the Appendix. With this defini- predicted to range over greater th&20 MV/cm and the
tion, a shift inAvgpsto lower energy indicate&Fprotein < 0. resolution (0.5 cmt) and sensitivity £ 100 S/N) of our FTIR

It is important to note that in this experiment the absolute instrument under standard experimental conditions, this
field of the protein,Fproein is Not defined and cannot be  molecule is indeed a sensitive probe of a protein’s electro-
measured directly. Instead, the change in protein field uponstatic environment. Assuming thatzicy lies along the
making a perturbation such as an amino acid mutation is internuclear axis of the €N bond, which has been shown

the observed quantity. to be the case in the nitrile probes examined to date and is
expected for a localized oscillato43), then both the
RESULTS AND DISCUSSION magnitude and the direction of the shift in protein electro-

The low temperature absorption and Stark spectra of Static field can be measured.
inhibitor 1 are shown in Figure 2. The magnitude of the Stark  In general the active site dfALR2 proved to be quite
tuning rate of the nitrile group in inhibitot was found to robust to mutation. WHALR2 displayedk.,:= 0.30+ 0.06
be 0.046 D or 0.77 cmt/(MV/cm), similar to what has been s, and every mutant discussed here hagd > 0.1 s*.
seen previously for nitrile-functionalized phenyl rind$). Inhibitor 1 bound strongly to WThALR2 and all mutants
This Stark tuning rate means that a change in electric field except T113A/F115Y, withK| ranging from 40 nM to 8
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uM (compared to 20 nM for IDD743 in WHALR?2). (45) «
The absorption frequency of the nitrile dnin buffered
solvent was~2236 cm’, > 3 cnr! higher than the
absorption energy measured in WT or any mutaft R2
(vide infra). The full width at half-height (FWHH) ofl in
buffered solvent was 10 cmy but when bound to WT
hALR2 decreased to 8 cm. Thus line widths and peak
positions were clear spectroscopic evidence that the inhibitor
remained tightly bound to each enzyme during the course
of the experiment.

A primary reason for using theALR2/IDD-type inhibitor
system is the high quality of multiple inhibitor/protein
structures available. Three inhibitors, IDD594, IDD393, and
IDD388, have been characterized boundh®LR2 with
resolution ranging from 0.66 A to 1.55 B1, 32, 46. These
structures show an almost identical conformation of the :
inhibitor in the active site pocket (RMSE1.7 A of the FicURe 3: Expanded view of the phenyl ring dfbearing the nitrile
inhibitor heavy atom scaffold). The binding interactions for functional group (green) bound to WHALR2 showing nearby
the IDD-type scaffold have been shown to be due to the @mino acid residues that were selected for mutagenesis, C80, T113,

L . . - : F115, and C303. Distances from residues to the carbon atom of
hydrophobic pi stacking of the buried phenyl ring with an the G=N bond are noted in angstroms. The model is adapted from

active site tryptophan residue and hydrogen bonding betweene crystal structures of similar moleculeshALR2 (31, 32.
the carboxyl group of the inhibitor and the catalytically active

residues Y48 and H11®6). Furthermore, a recent crystal of 1 in hALR2 is still only an approximation derived from
structure of IDD743 in the active site dfiALR2 has crystal structures of slightly different inhibitors in the WT
confirmed that the original model structure replicated the protein. While this strategy has recently been validated with
actual position of the inhibitor reliablyl{, 33. Because the  a crystal structure of a previous inhibitor, IDD74383), it is

identical structural components are also presentlothe important to remember this caveat. X-ray studieslah
high reproducibility of this binding motif gives us confidence hALR2 are in progress.
that modeling the inhibitol into the active site this way is A continuum electrostatics calculation screen was run to

a reasonable estimate of the actual structure of this systemidentify mutations in the vicinity of the inhibitor’s nitrile
until a complete crystal structure is available. Furthermore, group that would cause large perturbations in the protein’s
extensive molecular dynamics simulations of this system areelectrostatic field. Five mutations at positions shown in
underway and will be reported in a later publication. As Figure 3 were selected for protein expression and spectros-
demonstrated below, small variations in the structure that copy. The largely hydrophobic active site has one threonine
would likely not be distinguishable by X-ray crystallography residue, T113, which lies quite near the inhibitor’s nitrile
or that could change easily with temperature (most high- bond and appeared as an ideal candidate to remove a polar
resolution structures are solved at low temperature) or group from the active site. This was mutated to both alanine
cryoprotectant, can produce very ladgeal changes in the  and valine to study the convolution of electrostatic and steric
electrostatic field which can be detected by VSE spectros- perturbations on the probe. A second residue, F115, located
copy. ~3 A above the plane of the nitrile bond axis, was mutated
Modeling the nitrile bond onto the IDD-type structures to tyrosine to introduce a polar functional group with minimal
seen in the high-resolution crystal structure gave a distancestructural perturbation. Cysteine 303 was mutated to aspar-
between the N atom of the nitrile and the O of a nearby agine to introduce polar groups in place of the hydrophobic
residue T113 of<2 A. Given this unrealistic distance, in  cysteine residue. Finally, cysteine 80 was mutated to alanine,
the model structure T113 was rotated around the G; bond which was predicted by DelPhi not to cause a major
to move the oxygen away from the nitrile. Although protein perturbation in the protein electrostatic field.
crystallography studies are ongoing to determine the actual Typical FTIR spectra of the nitrile group df bound to
structure of thhALR2/I/NADP™ system, in the absence of WT, T113A, and F115Y are shown in Figure 4, and values
these structures this is a reasonable compromise to modebf Avq,s and AFporein for all mutants examined are given in

the inhibitor into this protein. Table 1. The large shifts in absorption energy of the inhibitor
(1) Mutations Predicted To Cause a Large Change in nitrile functional group Avepe= —6.6 cmt for T113A and
Electrostatic Field The first strategy used to identifALR2 —4.5 cnrt for F115Y vs WT) were clearly resolved by our

mutants to express and study was based on computationainstrument (0.5 cm' resolution). Given the value aficy
predictions of perturbations that would cause a large changeof 0.77 cnmtY/(MV/cm), these energy shifts correspond to
in protein field. Previous work in our laboratory has relied changes in the protein electrostatic fielsFpotein Of —8.6

on a PoissofrtBoltzmann equation (PBE) continuum elec- and —5.7 MV/cm for the mutations T113A and F115Y,
trostatics technique to predict changes in electrostatic field respectively (eq 3). The mutations T113V and C303N, which
caused by amino acid mutations. A significant drawback of respectively remove and add polarity, also caused large
continuum electrostatics calculations for investigating local AFyowein of —4.5 (T113V) and—3.2 MV/cm (C303N).
electrostatic fields over the distance of a few amino acids is Finally, the mutant C80A, which was predicted not to perturb
that it is extremely sensitive to small changes in the structure the protein’s electrostatic field significantly, did result in a
that is input into the calculatiorily). The model structure  much smaller but measurabl&=,gein = —1.0 MV/cm.
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IITF115\T' LI I of the lack of a crystal structure of tHeALR2/1/NADP*

complex, no electrostatics calculations on double mutant
structures such as T113A/C303N were attempted.

(2) Remeal of a Possible Hydrogen Bond to the Nitrile
Group.The concept of interpreting Stark shifts as a measure
of electrostatic fields requires that the Stark tuning rsiey
should be constant, independent of the environment, and
insensitive to local bonding interactions. The best way to
test this is to perform the vibrational Stark measurements
on the probe in the protein as was done with CO and NO
bound to myoglobin mutants34, 35. This was possible
because the Stark tuning rate for CO and NO bound to the
heme iron is very large. The corresponding experiment would
be difficult with thehALR2/1/NADP* complex because of
the relatively smaller Stark tuning rate and absorptivity of
the nitrile. Previous theoretical analysis of vibrational
spectroscopy of acetonitrile dissolved in alcohol solvents has
shown that, when the=£N group’s nitrogen atom acts as a

=== =7 - S hydrogen bond acceptor, the absorption energy of #IC
2210 2220 2230 _12240 2250 bond is perturbed independently of electrostatic effe. (
wavenumber (cm’) The proximity of the &N bond of inhibitor 1 to the
FicURe 4: Vibrational absorption spectra in the nitrile regionlof  hydroxyl group of T113 (modeled at2 A for the N---O
bound to WThALR2 (black, Aveps= 2232.5 cm?), and mutants  distance, Figure 3) is therefore a possible complication for
F115Y (blue Avoys= 2228.0 cm?) and T113A (red, 2225.8 cr). measuring electrostatic fields in this regionr#LR2 with
a nitrile probe. Because the estimate of the location of the

The continuum electrostatics calculations that were pre- C=N is from a model ofl in a crystal structure solved with
formed to predict mutations that would cause latd&yotein a different inhibitor, it is possible that in theALR2/1/
were found to be inaccurate in these cases. The mutantNADP* complex the nitrile bond will not be so close to the
T113A, for example, was predicted to cause a change in theT113 hydroxyl group, and X-ray studies &fin WT and
protein field of+2.1 MV/cm, but was measured to change mutanthALR2 are in progress. Until crystal structures are
the field by—8.6 MV/cm. Continuum electrostatics provided available to refine the structural model, this question was
very poor predictions of electrostatic fields, even in this ideal investigated empirically with three mutants, T113A/C303N,
protein/inhibitor system. In some cases, these large differ- TL13A/C303D, and T113A/S302R/C303D, to compare the
ences may be due to the sensitivity of the calculation to local effect of the T113 side chain on the measured electrostatic
details of the protein structurd?). For example, in the case field. By comparing the electrostatic effects of the mutations
of the mutation F115Y there are two physically reasonable C303N, C303D, and S302R/C303D relative to WALR2
orientations for the hydroxyl group of the tyrosine to assume, versus T113A, it was possible to investigate whether T113
which are shown side-by-side in Figure 5. The direction of was influencing the vibrational Stark effect in a manner not
the hydroxyl hydrogen on the mutated side chain causes adescribed by eq 3.
radically different prediction ofAFprote.n either —12.4 or The single mutant C303D haNFprote.n of —6.5_ MV/cm,
+7.1 MV/cm. Both IR and activity measurements are approximately twice that of the mutant C303NRpotein =
measured at room temperature, and it is likely that neither —3.2 MV/cm, Table 1). When T113 was converted to alanine
extreme conformation will prevail and the OH bond will in the double mutants, this trend was reversed, with T113A/
rotate to some degree around the phenytCC bond. C303N displaying the largeXFpotein (—10.4 MV/cm vs—7.3
Interestingly, there is no evidence from the line shape for MV/cm for T113A/C303D). When compared to the WT
underlying structure or inhomogeneous broadening that is protein, both mutations C303D and C303N shifted the
different from what is observed in other mutants. High nitrile’s absorption maximum to lower energy, or negative
quality X-ray structures of the sort previously published for AFprotEIn. When compared to T113A, however, while the
hALR2/1/NADP* complexes include information on side- double mutant T113A/C303N still shifted the nitrile’'s
chain conformational disorder, though these ultrahigh resolu- absorption maximum to lower energy (2224.5 énfor
tion structures are carried out at low temperature. Molecular T113A/C303N vs 2225.8 cm for T113A), the opposite was
dynamics simulations of the structure run at room temper- seen for the double mutant T113A/C303D, which was found
ature can supply conformational statistics of the range of to have a nitrile peak at 2226.8 cfp higher than that of
motion of those side chains under the ambient conditions of T113A. The difference between T113A and T113A/S302R/
the VSE spectroscopy experiment. These highly local effects C303D @opse= 2231.8 cm') was even more dramatic. This
will not influence the overall electrostatic calculation across means that although both of the mutations C303D and
the entire protein, but will matter tremendously for specific S302R/C303D caused a negatlAX§prote.n when compared
ligand binding and catalysis. Previous work in our laboratory to WT, they caused a positiv&Fywein When compared to
on a G=N bond placed ilhALR2 found that continuum  T113A. While hydrogen bonding to the=eN probe could
electrostatics calculations could be improved significantly possibly affect the magnitude of the Stark tuning rate, it is
with molecular dynamics (MD) simulationd.7), and this very unlikely that it would alter the direction of the bond
work is underway on theALR2/1/NADP* system. Because  dipole, which would have to be the case if this observation

T113A

WT hALR2

Absorbance Units (normalized)
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Table 1: Measured Inhibition Constants and Vibrational Frequencies of Inhibitothe Active Site of WT and MutarttALR2. Avgps
AFprotein and AFpredicied Predicted of Each Mutant vs \WT

Ki Vobs A1_/0bs AFprotein AFpredicted
mutation (nM) (cm™) (cm™) (MV/cm) (MV/cm)
WT 2000+ 600 22325t 0.4
Mutations That Introduce or Remove Polar or Charged Residues
T113A 110+ 70 2225.8+ 0.2 —6.6 —8.6 +2.1
F115Y 620+ 30 2228.0£ 0.1 —4.5 —5.7 —12.4,4+7.°
T113V 2904+ 90 2229.0+£ 0.2 —-3.5 —4.5 +2.3
C303N 800+ 40 2229.9+ 0.4 —-2.5 —-3.2 -2.9,+8.7
C80A 4600 2231.#0.1 -0.8 -1.0 —-0.5
Mutations That Remove H-Bonding
T113A/C303N 60+ 40 22245+ 0.1 -8.0 -10.4 c
T113A/C303D 40 2226.8 0.1 —5.6 -7.3 c
T113A/S302R/C303D 223180.7 -0.7 -0.9 c
Mutations That RevettALR2 to hALR1

C80N 2000 2232.240.1 +0.2 0.3 —2.4,+2.2
T113Y 3900+ 500 2231.4+ 0.1 —0.8 -1.0 d
C303D 510+ 100 2227.5+£0.1 -5.0 —6.5 -3.7,+18.#4
S302R/C303D 29& 90 2228.9+ 0.1 —3.6 —4.7 c
T113Y/S302R/C303D 4006@ 3000 2229.4- 0.5 —-3.1 —-4.0 c
C80N/T113Y/S302R/C303D 7800 2227110.3 —5.4 -7.0 c

2 Errors reported foK| and Aveps are one standard deviation of multiple experimef®@ange of estimates &FyreqiceaWere calculated from at
least two reasonable orientations of the mutated side chain residue. The reported numbers are the low and high edfigate«of Continuum
electrostatic calculations were not run because of the large number of possible conformations of multiple amino acid rfi@atiinaum
electrostatic calculations were not run because of uncertainty about the posifian tife active site ohALR2 with the large steric perturbation

caused by the T113Y mutation.

F115Y

-12.4 MV/cm

AF predicted =

conformation 1

F115Y

conformation 2

Ficure 5: Two possible orientations of the mutation F115Y relative to inhiklt@nd the correspondinglépredimed The only difference
between the two structures is the orientation of the hydroxyl hydrogen atom of the side chain, which leads,tai@q0f either—12.4

or +7.1 MV/cm.

were due purely to significant change in the Stark tuning ments. This may indicate that the active site of the T113A/X

rate caused by hydrogen bonding to the nitrile. mutants is sufficiently perturbed from the WT enzyme that
Interestingly, the double mutant T113A/F115Y had the it is not reasonable to compare changes in the protein field

smallestk.,; Of any mutant surveyed in this study (0.30 through this strategy.

0.06 s for WT hALR2 vs ~0.03 s for T113A/F115Y) (3) Comparison to Structurally Similar Proteirighe third

even though the single mutants T113A and F115Y were both strategy for selecting mutations was inspired by examination

stable and active. Furthermore, T113A/F115Y was also the of a protein that is structurally similar tbALR2, human

only mutant ofhALR2 expressed in this study that did not aldehyde reductaseALR1). These two proteins have85%

bind to inhibitor 1 with sufficiently highK; for IR experi- sequence homology, and most importantly, the structures of
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their active sites are almost identic&9. The similarity ' ' ' "TTWTAALRZ | 4

between these two proteins has frustrated attempts to design 20x10¢F ;:ggggn °

inhibitor drugs for the treatment of diabetes that bind 3=T113V

exclusively tohALR2 without affectinghALR1 (29). Direct & C Eo02RIC303D

measurements of electrostatic fields in these two enzymes L5x10F 6 = c303D ]

would be an important contribution to elucidating the reasons - 7z TiiaAc3030

for this, particularly because traditional structural-based § 9=T113A/C303N

approaches to drug design have not proven fruitful. s 10x10% ]
In an effort to examine the effect of electrostatic field on 5 {3 §2

two structurally similar proteindhALR2 and hALR1, five 6

mutations were made that revert the active sitbAIfR2 to S0x1071 { 4 ]

what are found at the same locationixl_R1. Seven active 8 {

site residues differ between the two enzymes (30% of the o 9 $ s . . .

total number of residues lining the active site); four of these -0 -8 -6 -4 2 0

differences are witm 8 A of thenitrile bond of inhibitor1:
C80/N82 hPALR2/hALR1), T113/Y115, S302R/R311, and

C303/D312. Therefore the mutations T113Y, C80N, S302R, FIGURE 6: Inhibition constant ofl (Kj) shown vs measured

. . L AFpoeinOf 1 for WT hALR2 (indicated on plot) and several mutants.
and 0303_D were made 10ALR2 in var!ous Combm_at'ons Values forK| are given in Table 1, and error bars are one standard
to determine how these changes, which cause virtually nodeviation in K| measured on at least two repeats of protein

structural perturbation, might influence the active site expression and purification.% C80N; 2= C303N; 3= T113V;
electrostatic field. The mutation C303D made by far the QZSTi?%F;/CQSO?vTDl; 1R§AF/(1:13%Y3;N6:F C303Dt; 7? T1_13A/_C3T03btl>; .

H ; H H = 9= . Four mutants given in lable
'ahr.f!?St .ef{)e‘:t g%tl\r/‘l‘\aﬂe'ec”v\c/’sta“chf'e'g d‘?f thel active site, ~gna T113Y, T113Y/S302R/C303D, and C8ON/T113Y/S302R/
shifting it by —6. cm. When the additional mutations  £303p) are not shown on the plot.
S302R and T113Y were added to the background of this o . o
mutation, AFproein Was reduced somewhat, but this was €lectrostatic field can be seen clearly in the kinetics of
reversed when the final reversion mutation, C80N/T113Y/ inhibition of hALRZ with 1, shown in Figure 6. There isa
S302R/C303D, demonstrated one of the largest active siteclear trend between the measured strength of the electrostatic
perturbations observed in this studyRpoein= —7.0 My/ field of each mutant compared to WARLR2, AFprotein and
cm). the measured inhibition constaii, of 1 in that mutant. As

Considering all the mutations studied as a group, severalAFproein measured at the midpoint of the nitrile bond,
trends were observed. Examination of Table 1 shows thatdecréased, the inhibition constant of inhibitbto hALR2
with the exception of the mutant C80N, which caused the activity, K;, decreased in value, i.e., became a more potent
absorption energy of the nitrile bond to shift by a small hALR_Z |r_1h|b|tor. Thls_ (_:ould be due to eIectrogtaﬂc field
amount (0.2 cm?) higher in energy, all the mutations studied Stabilization of the nitrile bond ground state dipoj,
here caused large shifts to lower energy. This indicates thatWhich points in the same direction as the difference dipole,
all mutations studied here caused a lower absolute value ofAcn (44). This is evidence that a thorough understanding
the protein field. This was the case for both adding (F115Y, Of electrostatic differences between the active sitég\R2
C303N) and removing (T113A/V) polar groups from the _anql hALRl might enable_the design of more eff|C|e_nt
active site. The largest electrostatic field perturbation mea- inhibitors ofhALR2. Interestingly, all three mutants contain-
sured with this system was in the double mutant T113A/ ing the T113Y mutation did not displag; that followed the
C303N, which shifted the absorption energy of the nitrile trend seen in Figure 6, but instead had dramatically higher
group lower in energy by 8 cm, corresponding te\Fprotein Ki (>4 x 10° M) than WT hALR2, even though all of
of —10.4 MV/cm. A similar study oraldehydereductase is ~ theseé mutations also hatFyroein < 0 (Table 1). This could
currently underway. be due to the significant size perturbation of the T113Y

(4) Correlations between Electrostatic Fields and Enzyme mutation, or could relate to important electrostatic differences
Inhibition. It has long been speculated that the role of an Petween the active sites #ALR2 and hALR1. We are

enzyme’s active site is preorganization of the electrostatic currently performing the identical experiment bALR1 to
configuration of the transition state, not necessarily in determlne_lf th_ese particular mutations are responsible for
structural or dynamic organizatio®,(49. This study uses  €lectrostatic differences between these two enzymes that
a nonnatural substrate (nitrile group on an inhibitor) to probe could explain differences in their mechanism or reactivity.
a region ofhALR2’s active site that is far removed from 1hese experiments offer the promise of directly measuring
the catalytically important residues Y48 and H120,(26, electrostgtlc influences on an enzyme that wpuld be missed
27), so it is not testing this electrostatic hypothesis directly. PY @ straightforward structurefunction analysis.

Furthermore, detailed computational studies of the electro-

static effects orhALR2 catalysis concluded that they are CONCLUSION

relatively small in this active sit€Q, 27). Directly measuring This work demonstrates that when the nitrile Stark
electrostatic field changes caused by a wide variety of amino vibrational probe is removed from water and placed in a
acid mutations, all of which perturb the active site in the buried region of a protein, nitrile infrared absorption energy
same way, i.e.AFqowein < 0 MV/em, raises the interesting  shifts based on electrostatic perturbations are unambiguous,
possibility that this active site is indeed organized to support easy to measure, and provide a facile, direct way to quantify
a particular electrostatic interaction between the enzyme andelectrostatic fields in the vicinity of the protein. The
its substrate. An example of the biological importance of magnitude ofAFweinObserved in these studies;—10 MV/

AF protein (MV/cm)
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placed in an asymmetric box representing a protein environ-

ment, and where the dominate electrostatic field at the nitrile
0= 1807 bond is caused by a cloud of negative charge near the
nitrogen atom. Although VSE spectroscopy can only measure
changes in protein electrostatic field upon making some
perturbation, this discussion will be simplified by considering
+z only the direction of this hypothetical field;, caused by
the cloud of negative charge. In Figure 7A, the posithaxis
points from the nitrogen to the carbon, parallel to the
difference dipoleAzicn. This corresponds to the standard
definition of the direction of a dipole, anfliicy > 0. The
electrostatic field along the axis of the nitril&, whose
direction is defined by the direction in which a positive test
charge dropped into that field would move, therefore points
¥ toward the minug-axis and is less than zero (i.e., increasing
FiGURe 7: Schematic representation of two possible coordinate axesin the minusz direction). In this scenariayicy andF point
to define the direction oa&ﬁc,\j. In both caseg the nitrile bond isin "\ opposite directions, and the angl, separating them is

an asymmetrical box representing a protein where the dominate 180°- The energy of this interaction is

electrostatic field is caused by a cloud of negative charge near the ~ _

nitrogen atom of the nitrile. (A) The difference dipafgicn > O; AE = —Alic\F = —|AjicylIF| coso 4)
(B) A,“CN < 0.

L 4

=180

+z

cm, is similar to what has been seen before only with the andAE = 0. In this scenarioAE scales as the negative of

more limited metal-bound CO and NO VSE probes. Because F. i.e., AE decreases & increases.

the nitrile probe can be either covalently bonded to the The opposite scenario is shown in Figure 7B, where the
protein itself or introduced on a tight-binding ligand, it has Protein has been rotated so that the posithaxis points
potentially many more applications than CO or NO. This from the carbon to the nitrogen of the nitrile, but the
work demonstrates that VSE spectroscopy with the nitrile €lectrostatic environment of the nitrile bond itself in the
probe can be extended to many protein systems of interestorotein remains identical to the situation in Figure 7A. In

as a general tool for measuring electrostatic fields in proteins. this scenarioAzicy < 0, while F > 0 because the field is
increasing in the direction of the plusaxis. The angled

APPENDIX between these two vectors remains 180d AE > 0, the

same result found from the scenario shown in Figure 7A.
This is physically appropriate because the nature of the nitrile
in the protein does not change when the arbitrary bond axis

The difference dipole of the nitrile bondyzicn, which
relates the measuretvo,dic = AE and AF,oein has been

shown for nitrile probes to point from the nitrogen atom to . : .
P P g imposed by the experiment changes. In this scena,

the carbon atom parallel to the internuclear bond a&é. ( | itiVE (i = Ei |
It is therefore possible to use VSE spectroscopy to measure>C!€s as positiv (e, as "?Cfe‘?‘seSA Increases aso)'
the direction of the local electrostatic field along a probe but only with respect to the direction of the coordinate axis.

vibration as well as its magnitude, and because of this it is In both Figures 7A and B, the field points toward the nitrogen

important to define clearly the coordinate system used in &M Of the nitrile.
this work. This is necessary for two reasons. First, VSE  Previous work on VSE spectroscopy has used the coor-
spectroscopy has thus far been used to measure only a singléinate system shown in Figure 7B, with the positivexis
probe inserted into a protein, but future studies may use two pointing from the carbon to the nitrogen of the nitrile, and
independent and spectroscopically resolvable vibrational Azicy < 0. In this case, an amino acid mutation that causes
Stark probes. In this situation it will be necessary to define a change in electrostatic field of1.0 MV/cm along the
clearly the angle of\z of both probes with respect to the nitrile will cause a shift in nitrile stretching frequency of
coordinate axis. Second, measured valuef\Bfroin are +|Alicn| cm . Maintaining this axis definition here is
being compared in this study directly to calculated predic- consistent with previous literature in which the theoretical
tions, AFpredictea USiNg @ PoissonBoltzmann equation  and experimental development of VSE spectroscopy is
continuum electrostatics-based approach, which requires aexplained in detail. Definindwyicn < 0 is equivalent to fixing
coordinate system to be imposed on the protein. The directionthe angle betweeMicn| and the coordinate axis as T80
of this coordinate system with respect Agicy will alter and thus an observed shift in the absorbance frequency of
interpretations of the direction of botkiFprotein @NdAFpredicted the nitrile probe of 0.77 crt corresponds to an increase in
Choice of the coordinate axis is arbitrary, although once electrostatic field of 1.0 MV/cm in the direction of the
chosen it must be clearly defined and remain fixed. We nitrogen atom of the nitrile. Preliminary work in this
continue our development of VSE spectroscopy by briefly laboratory has shown the advantage of using two independent
describing the choice of coordinate axis system here. and resolvable vibrational Stark probes in a single protein,
For convenience, any coordinate system will have its origin and this is predicted to become an important application of
be at the midpoint of the €N bond, with thez-axis parallel VSE spectroscopysQ). In this situation it will be necessary
to the nitrile bond and intersecting both the carbon and to define clearly the angle &z of both probes with respect
nitrogen atoms. Two possible orientations of thaxis are to the coordinate axis, where at least one of those angles
shown in Figure 7, in which the RC=N group has been  will be something other than°tor 18C.
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