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The Protein Backbone Makes Important Contributions to 4-Oxalocrotonate
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ABSTRACT: The role of polypeptide backbone interactions in 4-oxalocrotonate tautomerase (40T) catalysis
has been investigated using a combination of site-directed mutagenesis experiments with unnatural amino
acids and quantum mechanical/molecular mechanical (QM/MM) calculations of the 40T reaction
mechanism. Energy barriers for the wild-type enzyme (wt-40T) and for a 40T analogue containing a
backbone amide to ester bond mutation between lle-7 and Leu-8 [(OL8)40T] were determined by both
theory and experiment. The amide to ester bond mutation in (OL8)40T effectively deleted a putative
hydrogen bonding interaction between the enzyme’s polypeptide backbone and its substrate. Recent
theoretical calculations for the 40T reaction mechanism suggested that this hydrogen bonding interaction
helps properly position the substrate in the active site [Cisneros, GtAl, (2003)J. Am. Chem. Soc

125, 10384-10393]. Our experimental results for (OL8)40T reveal that the energy barrier for the (OL8)-
40T-catalyzed reaction was increased 1.8 kcal/mol over that of the wild-type enzyme. This increase was
in good agreement with the 1.0 kcal/mol increase obtained from QM/MM calculations for this analogue.
Our theoretical calculations further suggest the hydrogen bond deletion in (OL8)4OT results in a
rearrangement of the substrate in the active site. In this rearrangement, an ordered water molecule loses
its ability to stabilize the transition state (TS), and Arg-61 gains the ability to stabilize the TS. The predicted
role of Arg-61 in (OL8)40T catalysis was confirmed in kinetic experiments with an analogue of (OL8)-
40T containing an Arg to Ala mutation at position 61.

Interactions involving the polypeptide backbone of proteins 2-oxo-4-hexenedioate (204hex) to 2-oxo-3-hexenedioate
can play important roles in protein folding and functidi. ( (203hex) (see Figure 1Y). A recent theoretical study of
Theoretical calculation®) on model systems have suggested 40T’s catalytic properties implicated a hydrogen bond
that hydrogen bonding interactions involving backbone amide between the backbone NH group of Leu-8 and the substrate
groups can stabilize enzymsubstrate complexes, and 2-oxo-4-hexenedioate in the enzymatic reactidh (The
experimental investigation8) utilizing unnatural amino acid ~ X-ray crystal structure of 40T6} shows that the backbone
mutagenesis techniques have helped substantiate the hypotiNH group of Leu-8 is located very close to the active site of
esis that hydrogen bonding interactions involving the peptide the enzyme at the end of/astrand near the major subunit
backbone can contribute to protein folding and function. interface. On the basis of the results from these earlier
However, while several different protein systems have beentheoretical and structural studies on 40T, we designed a set
subjected to such theoretical and experimental analyses, taof experiments to elucidate the role of the backbone NH
our knowledge there has been no study of backbone group of Leu-8 in 40T’s catalytic mechanism.
interactions and enzyme catalysis in which theory and As part of this work, we prepared a synthetic 40T
experiment have been applied to the same protein systemanalogue, (OL8)4OT, in which the amide bond between lle-7
Here we use a total chemical synthesis strategy to understanchind Leu-8 was replaced with an ester bond. This mutation
the role of the protein backbone in the catalytic mechanism was designed to effectively delete a putative backbone
of 4-oxalocrotonate tautomerase (4CTgand we compare  hydrogen bond interaction between the NH group of Leu-8
these experimental results with theoretical simulations of the and the substrate. Our experimental results indicate that the
enzyme’s reaction mechanism. structural and catalytic properties of (OL8)4OT were nearly

40T is a homohexameric bacterial enzyme that catalyzesidentical to those of the wild-type enzyme with the exception
the ketonization of both 2-hydroxymuconate (2HM) and
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Ficure 1: Proposed mechanism for 40T cataly$s12).

that thek., for (OL8)40T was reduced approximately 20- Experimental Methods and Instrumentatiémalytical and
fold compared to that of the wild-type enzyme. This preparative reversed-phase high-performance liquid chro-
reduction ink.,: can be equated with a 1.8 kcal/mol increase matography (RP-HPLC) separations were performed on a
in the energy barrier for the enzymatic reaction, and it is Rainin instrument consisting of a Dynamax SD-200 solvent
consistent with the 1.0 kcal/mol increase in the energy barrier delivery system and a Dynamax variable-wavelength-UV
for the enzymatic reaction predicted from our QM/MM visible absorbance detector. Analytical RP-HPLC was per-
calculations on (OL8)40OT. Moreover, our theoretical cal- formed on a G Vydac column (0.46 cmx 15.0 cm, 300
culations on (OL8)40T suggested that the hydrogen bond A) at a flow rate of 1 mL/min. Preparative RP-HPLC was
deletion in (OL8)40T results in a rearrangement of the performed on a G Vydac column (2.2 cnmx 12.0 cm, 300
substrate in the active site. As part of this rearrangement, A) at a flow rate of 10 mL/min. All RP-HPLC separations
Arg-61 gains the ability to stabilize the TS in (OL8)40T were performed using linear gradients of buffer B in buffer
catalysis. This was confirmed in experiments on a second A (buffer A consisting of 0.1% TFA in water and buffer B
synthetic analogue of 40T in which the amide bond between of 90% acetonitrile in water containing 0.09% TFA).

lle-7 and Leu-8 was replaced with an ester bond and in which petection for analytical and preparative separations was at

Arg-61 was replaced with an Ala. 214 and 230 nm, respectively. Size-exclusion chromatogra-
phy (SEC) was also performed on the Dynamax system using
MATERIALS AND METHODS a Superdex 75 HR 10/30 column (Pharmacia Biotech) at a

flow rate of 1 mL/min. The mobile phase was 20 mM sodium

Materials. The tert-butoxycarbonyl (Boc).-amino acids phosphate buffer (pH 7.0), and the detector was set at 214

were purchased from Peptide Institute, Inc., and Novabio-
chem, andtert-Boc-Arg(tosyl) OCH PAM resin was ob-
tained from Applied Biosystems:2-Hydroxyisocaproic acid ESI-MS spectra were obtained using a PE-Sciex API
(OLeu),N,N-diisopropylethylamine, diisopropylcarbodiimide, 150EX instrument. Samples were typically diluted into 40%
andN-ethylmorpholine were purchased from Sigma-Aldrich. buffer B in buffer A, and then infused directly into the mass
L-(+)-Lactic acid was purchased from Fluka. 24cBenzo- spectrometer at a flow rate of 1l./min using a Harvard
triazol-1-yl)-1,1,3,3-tetramethyluronium hexafluorophosphate syringe pump. All far-UV-CD measurements were per-
(HBTU) was obtained from Quantum Biotechnologies. Neat formed on a Jasco-710 spectropolarimeter. Spectra were
trifluoroacetic acid (biograde) was purchased from Halocar- acquired at 25C using a bandwidth of 0.5 nm. All U¥

bon, and spectroscopic grade dimethylformamide was ob-vis absorbance data were collected using a Hewlett-Packard
tained from J. T. Baker. Anhydrous HF (UHP) was purchased 8452A diode array UY-vis spectrophotometer. All far-UvY

from Matheson Gas. HPLC grade acetonitrile was purchasedCD data were acquired using a quartz cuvette (1 mm)-UV
from Mallinckrodt. All other chemicals were reagent grade vis absorbance spectra were acquired using quartz cuvettes
or better. with path lengths of either 1.0 cm or 1.0 mm. Enzyme
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concentrations were determined using the Waddell methodrates were used to create LineweavBurk plots, and linear-
. least squares analyses of these plots of 1/rate versus 1/[2HM]
Peptide Synthesis and Purificatiofhe two synthetic 40T  were ultimately used to calculates and Ky values in
constructs in this study were both prepared by total chemical triplicate.
synthesis using manual solid-phase peptide synthesis (SPPS) Computational Method€QM/MM calculations were per-
methods andh situ neutralization protocols for Boc chem- formed on a (OL8)40T enzymesubstrate complex and on
istry as described elsewhei®.(Each synthesis was initiated the wild-type enzymesubstrate complex. The initial struc-
on Boct-Arg(tosyl) OCH PAM resin. Side protection was tures of the enzymesubstrate complexes used in our
as follows: Arg(Tos), Asp(OcHex), Glu(OcHex), His(Bom), calculations were identical to those for the reactant structure
Lys(2-Cl-z), Ser(Bzl), and Thr(Bzl) where Tos is tosyl, for wild-type 40T (wt-40T) determined in our previous work
OcHex is cyclohexyl, Bom igert-butyloxymethyl, 2-Cl-Z (5). Briefly, the initial structure of inactivated wt-40T was
is 2-chlorobenzyloxycarbonyl, and Bzl is benzyl. Side chain taken from the Protein Data Bank (1BJP); the inhibitor was
deprotection and cleavage of the peptide from the resin werereplaced with the substrate, and MD simulations and QM/
carried out by treatment with anhydrous HF &®for 1 h. MM optimizations were performed to relax the structure and
Following removal of HF under reduced pressure, the crude obtain an initial enzymesubstrate complex. For the initial
peptide product from each synthesis was precipitated andstructure of (OL8)4OT, the NH group of Leu-8 was replaced
washed with cold anhydrous diethyl ether, dissolved in a with an O atom on all six monomers, resulting in six atoms
minimal amount of 70% acetonitrile containing 0.1% TFA, being removed overall. We also note that in this case both
diluted with water, frozen, and lyophilized. The desired wt-40T and (OL8)4OT included 2HM as the substrate for
product form was purified by preparative RP-HPLC using a comparison with the experimental determinations presented
40 to 60% linear gradient of buffer B in buffer A. Pure RP- here, not 204hex as in our previous study. (

HPLC fractions, as judged by ESI-MS analysis, were pooled, In all cases, the QM subsystem consisted of 36 atoms that
frozen, and lyophilized to a dry, white solid. include Pro-1, the substrate molecule, and a water molecule
The ester bonds in (OL8)40T and (OL8)40T(R61A) were (H,O-1); the rest of the enzyme and the solvation (water)
incorporated into the polypeptide backbones of these two sphere were located in the MM subsystem to give a total of

proteins by couplingL-2-hydroxyisocaproic acid (OLeu) 13 197 atoms in wt-40T and 13 191 atoms in (OL8)40T.
instead ofL-leucine at position 8 according to a previously All MM calculations were performed using the criteria for
established protocol3p). The appropriate Boc-protected convergence and methodology, as well as using the programs
amino acid was coupled to the OLeu residue for 1 h developed in our previous study of the wild-type enzyme
according to a previously reported protoc8b), and this (5). All energy paths were calculated with a modified version
coupling procedure was repeated twice to increase theof Gaussian98 that interfaces with a modified version of
coupling yield. The (OL8)40T analogue also contained a TINKER (9).
methionine to norleucine mutation at position 45 in 40T's  The initial structures generated for the wild-type enzyme
polypeptide chain. and (OL8)40T analogue were minimized and subjected to
Protein Folding Protocal The pure, lyophilized product a 200 ps MD equilibration. The overall rmsd between the
from each synthesis was folded as described previd@sly. crystal structure and the calculated ground state structures
Briefly, ~0.5-1.0 mg of the RP-HPLC-purified product was less than 1.0 A for both structures. After the reactant
from each synthesis was dissolved in-D uL of 50 mM structures were obtained, the reaction paths were determined
phosphate buffer (pH 7.0) containing 5.0 M guanidine by means of the reaction coordinate driving method (RCDM)
hydrochloride (GuHCI). The resulting protein solution was (10) for both steps of the wt-40T and (OL8)40T reaction
diluted at least 50-fold into 50 mM phosphate (pH 7.0), and mechanisms.
each protein was allowed to refold rfal h at room In all cases, the geometries for each point in the paths
temperature. Any insoluble material was pelleted by ultra- were optimized at the HF/3-21G level, and subsequently, a
centrifugation prior to analysis by SEC. The folded hexamers single-point calculation at the B3LYP/6-31G* level was
were further purified by SEC, concentrated using Microcon performed, as well as single-point calculations at the B3LYP/
YM-3 centrifugal filter devices, and analyzed by far-BV 6-311G** level for the stationary points only. Frequency
CD spectroscopy and catalytic activity measurements. calculations were performed for the structures located on the
Catalytic Actvity MeasurementsThe catalytic activities ~ maxima and minima along the paths. Reactants, products,
of the (OL8)40T and (OL8)40T(R61A) analogues were and intermediates were characterized as not having any
assayed using the substrate 2HM as described previouslynegative frequencies. All TSs were found to be maxima
(39). Briefly, this was accomplished by monitoring the exclusively along the reaction coordinate and minima along
change in absorbance at 232 nm, corresponding to the ratell other directions, and also presented only one negative
of product formation. For each rate, absorbance data werefrequency (see the Supporting Information).
collected n 1 s intervals over a time period of 5 s, and the  Once the structures in the reaction path were determined,
catalytic rate was determined in absorbance units per secondt was possible to dissect the contributions of individual
by linear least-squares analysis of the raw data. In eachresidues to catalysis by breaking down the energy into
activity assay, the final concentration of the enzyme was contributions per residue in a perturbative way. This per-
1-50 nM, and the final concentration of the substrate was turbative analysis was carried out by breaking the energy
20—400 uM. All activity measurements were recorded in barriers into components and considering only the changes
20 mM phosphate buffer (pH 7.0), and measurements werein electrostatic contributions. The interaction energies be-
recorded in triplicate at multiple concentrations of 2HM. In tween individual residues and the QM subsystem when the
accordance with MichaelisMenten enzyme kinetics, these enzyme moves from the reactant state to TSs are calculated
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Ficure 2: RP-HPLC and ESI-MS analysis of (OL8)40T synthesis. 600 800 1000 1200 1400 1600 1800
(A) RP-HPLC of the (OL8)40T crude product mixture after HF m/z (amu)

cleavage. The major peak at approximately 31 min corresponds t0g,c re 3: RP-HPLC and ESI-MS analvsis of (OL8)40T(R61A
the full-length 62mer. (B) Analytical RP-HPLC of (OL8)40T after gy nhesis. (A) RP-HPLC of the crude );)roducg mix%ure fE\fter H)F
purification by RP-HPLC. The major peak at approximately 24 min  cjeayage. The major peak at approximately 31 min corresponds to

is the purified 62mer. (C) ESI-MS of material collected from the e fyii-length 62mer. (B) Analytical RP-HPLC of (OL8)40T-
24 min peak in the chromatogram shown in panel B. The multiple (R61A) after purification by RP-HPLC. The major peak at

charge states are labeled next to each ion signal corresponding tag,, ; P & _ ;
) ; pproximately 26 min is the purified 62mer. (C) ESI-MS of material
(OL8)4OT, and the inset shows the reconstruction of the raw MS ¢qjiected from the 26 min peak in the chromatogram shown in panel

data along with the calculated mass. B. The multiple charge states are labeled next to each ion signal
] o . ) corresponding to (OL8)40T(R61A), and the inset shows the
by averaging the electrostatic interaction energies betweenreconstruction of the raw MS data along with the calculated mass.

the residues and the QM subsystem for an ensemble Ofcqonsirycts prepared in this work were ultimately compared
structures (generally 50), where the conformational space;q those we have previously reported for 40T(N).
of the MM part is sampled to obtain the free energy  The RP-HPLC-purified synthetic products obtained from
contnpuu_on. This defines the perturbative anlaysis We ihe total chemical syntheses of (OL8)40T and (OL8)40T-
describe in our results. (R61A) were folded and analyzed by SEC (Figure 4). The
SEC chromatograms we obtained for (OL8)40T, (OL8)40T-
RESULTS AND DISCUSSION (R61A), and the synthetic wild-type control, 40T(N),
Chemical Synthesis and Characterization of (OL8)40T included peaks at 11, 13, 17, and 21.5 min. The retention
and (OL8)40T(R61A)he 62-amino acid polypeptide chains time of the 11 min peak is consistent with that expected for
of (OL8)40T and (OL8)40T(R61A) were readily assembled the native 40T hexamer, and the small amount of GUHCI
by SPPS and easily purified by RP-HPLC (see Figures 2 that is carried over from the protein folding protocol elutes
and 3). The (OL8)40T and (OL8)40T(R61A) constructs in in the 21.5 min peak. The 13 and 17 min peaks are similar
this work both contained a methionine to norleucine mutation to those observed in our earlier SEC studies on other ester
at position 45 in 40T's polypeptide chain. This mutation bond-containing analogues of 40T. The polypeptide material
was incorporated into our synthetic constructs to eliminate that elutes in the 13 and 17 min peaks apparently adopts a
the possibility of side chain oxidation during synthesis and non-native-like, partially folded structure, as judged by far-
purification. We have previously shown that this mutation UV—CD analysis (data not shown). The relative amount of
does not alter the structural or catalytic properties of the polypeptide material that elutes in the 13 and 17 min peaks
enzyme (1). Our previous calculations on the wild-type appears to be related to the folding yields of our synthetic
enzyme also showed that Met-45 does not contribute to 40T constructs and not the presence of different equilibria.
catalysis §). The catalytic properties of the synthetic Evidence supporting this conclusion comes from the fact that
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11 min. Table 1: Catalytic Activity Parameters of 40T Analogues
AAG:texp AAEtheor
A analogue Keat (71) Kw (M)  (kcal/mol) (kcal/mol)
40T(N) 1600 93 c c
(OL8)40T 804+ 2 270+ 110° 1.8 1.0
13 min. (OL8)40T(R61A)  11+3° 128440 1.0 1.5

aData taken from re8g. ® Errors aret1 standard deviatiorf.Not
available.? Energy difference taken with respect to (OL8)40T (see the
text). ¢Energy difference calculated from perturbative analysis on
(OL8)40T (see the text and Table 2).

17 min.
l 21.5 min.

lle-7 and Leu-8 with an ester bond significantly decreases
the catalytic efficiency of 40T. These results also indicate
that Arg-61 contributes to the catalytic properties of (OL8)-

40T. This is in contrast to the nonexistent role that Arg-61

has been shown to play in the catalytic properties of the wild-
type enzyme 12h).

We have previously reported on the chemical synthesis
and biophysical characterization of two additional ester bond-
containing 40T analogues3d), and we currently have
preliminary data on the structure and function of eight
additional ester bond-containing 40T analogues in which the
ester bond mutation was introduced into a series of different
backbone positions in thé-sheet andx-helical regions of
40T’s three-dimensional structuré3). We note that of a
total of seven ester bond-containing 40T analogues that have
been prepared and found to fold into a native-like hexamer,
the (OL8)40T analogue was the only analogue with altered
catalytic properties.

FIGURE 4: SEC analysis of 40T analogues in 20 mM phosphate To date, the catalytic contributions of three major residues

buffer at pH 7.0 and 25C: (A) 40T(N), (B) (OL8)4OT, and (C) in 40T’s primary amino acid sequence (i.e., P_ro-l, Arg—l;,
(OL8)40T(R61A). Peaks with retention times of 11 min correspond and Arg-39) have been elucidated. There is substantial
to folded 40T hexamers, and peaks with retention times of 13 and biochemical evidence suggesting that Pro-1 is the general

]:7 min correqund to non-native material. Peaks with retention pgse catalyst. An unnatural amino acid-containing analogue
times of 21.5 min correspond to GUHCI. of 40T in which Pro-1 was replaced with cyclopentane-

when material isolated from the 11 min peak in the (OL8)- carboxylate displayed_ no meas_urgble catalytic acitivity (i.e.,
40T and (OL8)4OT(R61A) chromatograms was collected, Kear < 157) (11). Alanine substitutions at Arg-11 and Arg-
allowed to equilibrate for 5 h, and reanalyzed by SEC, only 39 resulted in decreaseg values that were 19- and 140-
a single peak at 11 min was observed (data not shown). fold smaller, respectively, than thea value of the wild-
Shown in Figure 4 is the far-UVCD spectra recorded ~ YPe enzymeX2). The overall catalytic efficiencies (i.ea/
for material isolated in the 11 min SEC peaks of the 40T- Ku values) of these two alanine-containing 40T analogues
(N), (OL8)40T, and (OL8)40T(R61A) samples. The three Were decreased 20- and 170-fold, respectively. In compari-
spectra in Figure 4 are nearly identical and consistent with SON, thekea/Ki values for (OL8)40T and (OL8)40T(R61A)
spectra previously reported for the wild-type enzyme. These Were decreased 57- and 160-fold, respectively, compared to
results suggest that the ester bond mutations in (OL8)40T that of our synthetic wild-type control, 40T(N).
and (OL8)40OT(R61A) do not dramatically alter 40T's Theoretical CalculationsThe 40T reaction mechanism
native, three-dimensional structure. Thg andKy values was modeled as a two-step process. The first step was defined
determined for the material isolated in the 11 min peak of by the abstraction of a proton from the 2HM substrate by
the SEC chromatogram of the (OL8)40T and (OL8)40T- Pro-1, and the second step was defined by the transfer of
(R61A) constructs are presented in Table 1 along with similar this proton from Pro-1 back to the substrate to form the final
values previously reported for 40T(N) and for a 40T(R61A) product in the isomerization reaction, 2-oxo-3-hexenedioate.
construct. While no error was reported in r&g for the The B3LYP/6-31G* energy barriers for the first step of the
kinetic parameters of 40T(N), it is expected that the relative reaction mechanism are 8.19 kcal/mol for the wild type and
standard deviation of these measurements is comparable td5.47 kcal/mol for (OL8)4OT (Supporting Information). If
that of our measurements on (OL8)40T and (OL8)40T- a 6-311G** basis set is used in the calculations, the energy

0 30

Time (min)

(R61A) (i.e.,+20—30%).

The experimental data in Table 1 indicate that kiygof
(OL8)40T is reduced 20-fold compared to that of 40T(N)
and that thek.y of (OL8)4OT(R61A) is reduced 8-fold

barriers for the first step are 7.47 and 16.71 kcal/mol for the
wild-type and (OL8)4OT construct, respectively. In the

second step, the calculated B3LYP/6-31G* energy barriers
for the wild type and (OL8)40T mutant are 14.47 and 15.17

compared to that of (OL8)4OT. These results suggest thatkcal/mol, respectively (or 16.98 and 19.76 kcal/mol, respec-
the replacement of the native backbone amide bond betweertively, if the 6-311G** basis set is used).
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_The differences between the rate-limitir_lg barriers, for the Table 2: Electrostatic Contributions to TS Stabilization for Selected
wild type and the (OL8)40OT analogue, yieldAa\E value Residues with a Significant Change between wt-40T and (OL8)40T
of 1.0 using the 6-31G* basis set and\AE value of 2.8 (see the texd)
kcal/mol using the 6-311G** basis set in the calculations. first step second step
We note that the second step was the rate-limiting step for . . .

: . d Idtype  (OL8)40T Id t 0L8)40T
both the wild type and (OL8)40T when the 6-311G** basis resicie  Wiep (OL8) widtype (L)

set was used, but when the 6-31G* basis set was employed, k‘fg_'gl, :8'22 :(1)';21 :égg :g'g;
the first step in the (OL8)40T reaction became rate-limiting. H,0-2 —1.99 —0.01 —214 —0.42
The rate-limiting step of the wild-type reaction was un- H,0-5 -0.17 —1.87 -0.17 —2.07

changed when the 6-31G* basis set was used. Significantly, a A summary of all the (de)stabilization data that were collected is
the AAE values calculated above are in reasonably good provided in the Supporting Information. A negative value means that
agreement with thAAG* value of 1.8 kcal/mol that can be this_ residue sta_b_ilizes the TS, while a positiv_e value means th_at this
derived with transition state theory using our experimentally residue destabilizes the TSvalues for the first-step stabilization
determined difference ik., values between 40T(N) and gggﬂ?ﬁ;&;ﬁ%@ﬁmgﬁf};iﬁ;e obtained between both TSs in the first
(OL8)40T. However, we note that the inclusion of a zero-

point energy correction at the HartreEock level yields a

AAE value of 4.3 kcal/mol at the B3LYP/6-31G* level of % 23000

theory or 3.02 at the B3LYP/6-311G** level of theory (see 5 20000 e 40T(N)

the Supporting Information). ;& 15000 o (OL8)40T
It is important to note that the reaction mechanism for 5 o (OL8)40T(R61A)

both native and mutant structures proceeds through a general < 10000

acid—base mechanism; however, there is no generalarid = 5000

se in agreement with our previous results (see Figuré&)) ( é

In both cases, the negative charge that is formed in the & 0

intermediate and transition state structures is stabilized via °é 50001

electrostatic interactions from Arg-3@nd an ordered water g

in the active site, labeled 4-2, without a proton transfer -10000}

to the oxygen on C2 of the substrate. In our notation, as in -15000

our previous work %), the unprimed and singly primed
residues belong to two different monomers of the same
dimer, and the doubly primed residue belongs to a third Wavelength (nm)
monomer. FiIGUrRe 5: Far-UV—CD analysis of 40T analogues at pH 7.0 and
A comparison between the calculated reactant structures25 °C. The spectra for 40T(N)&), (OL8)40T (), and (OL8)-
of wt-40T and (OL8)4OT helps explain (OL8)40T’s 40T(R61A) ©) were acquired using a quartz cuvette with a path
reduced catalytic activity. Specifically, the amide to ester length of 1 mm, and the protein concentration was approximately
bond mutation in the (OL8)40T analogue produces a slight
rearrangement of the substrate in the active site with respectpreviously explaineds). This is in contrast to our quantita-
to wt-40T. In wt-40T, the substrate forms a H-bond with tive QM/MM calculations on the wild-type enzyme and on
the backbone NH group of Leu-8, as well as a H-bond with the (OL8)40OT analogue that lead to the calculation of a
Arg-61 (Figures 6A and 7A). Arg-6lalso forms a H-bond  specificAAE value for the amide to ester bond mutation in
to a water molecule (labeled:8-2) which permits this water ~ (OL8)40T, although it is interesting to note that the 1.3 kcal/
to approach the carbonyl site and stabilize the negative chargemol contribution of Leu-8 predicted in our perturbative
that is formed in the TSs5j. In (OL8)40T, the mutation  calculations is in reasonably good agreement with that
removes the backbone H-bond, which causes a rearrangemergredicted in our QM/MM calculations, 1.0 kcal/mol.
of the substrate in the active site and allows the formation Significantly, a qualitative analysis of the,8-2 data in
of a second H-bond between the substrate and Afg-61 Table 2 supports a reaction scheme for the wild-type enzyme
(Figures 6B and 7B). The formation of this second H-bond in which a water molecule helps to stabilize the negative
forces HO-2 to change its position in the active site, charge formed in the TS without acting as a general acid
rendering this water molecule unavailable for the stabilization (5). Interestingly, the data in Table 2 show that such a water
of the negative charge in the TSs. is not involved in the reaction scheme for (OL8)40T. In the
In Table 2, we present a comparison of the residues andcase of wild-type 40T, bD-2 contributes approximately 2
water molecules that present a significant change in (de)- kcal/mol of stabilization to both steps of the reaction. For
stabilization of the TS in (OL8)40T with respect to the wild (OL8)40T, this water molecule’s contribution is significantly
type. Other residues that are important to TS stabilization reduced. Moreover, while another water moleculgO¥5,
have been discussed in our previous wék These residues  was found to contribute to the stabilization for (OL8)40T
for both structures with important contributions, which do (see Table 2 and Figure 6), it was found that this water
not change between wt-40T and (OL8)40T, are discussedmolecule is not in a position to help stabilize the negative
in the Supporting Information. It is important to note that charge, resulting in an increase in the energy barrier. No
the energy breakdowns in Table 2 and in the Supporting other water molecules were found to be available to stabilize
Information can be seen as only a first-order approximation the negative charge.
to the contribution of the residues to the TS stabilization,  Another important theoretical result from the calculations
and therefore, the results are only qualitative, as has beersummarized in Table 2 is that Arg-6does not significantly
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Ficure 6: Three-dimensional representation of calculated reactant structures for wt-40T (A) and (OL8)40T (B).
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Ficure 7: Two-dimensional representation of the reactant structures for wt-40T (A) and (OL8)40T (B). Only those residues whose orientation

in the active site was changed upon mutation are shown.

stabilize the TSs in the wild-type reaction pathway, whereas ACKNOWLEDGMENT
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experimental results obtained in this work on (OL8)40T- REFERENCES

(R61A). The Arg-61 to Ala mutation in this analogue did
have a measurable effect on the catalytic properties of (OL8)-
40T.

In conclusion, our results suggest that the backbone of
40T plays a significant role in enzyme catalysis. QM/MM
calculations show that interactions involving the NH group
of Leu-8 lower the energy barrier of the enzymatic reaction,
not only through electrostatic contributions but also by
forming a H-bond with the substrate in the native structure.
Replacement of the NH group of Leu-8 with an O atom
deletes this H-bond and destabilizes the TSs. AAeG*
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