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Chapter I11

Towards the computational design of a Kemp elimination enzyme
and investigation of an inactive design

A majority of the experimental work described in this chapter was performed in the Mayo
laboratory. Dr. Leonard Thomas of the Caltech Molecular Observatory solved and
refined the crystal structure of HG-1 and Gert Kiss of the Houk lab (UCLA) carried out
the molecular dynamics simulations.

Abstract

A general method for the de novo design of enzymatic activity has long been a
major goal in computational protein design. Previous de novo enzyme design efforts
placed little, if any, emphasis on the analysis of inactive designs, and the highly active
designed enzymes that were recently reported were identified through the synthesis and
screening of a large number of designs. Here, we describe an iterative method for the
computational design of enzymes that combines computational enzyme design techniques
with molecular dynamics simulations and crystallographic analysis of inactive designs.
We used these methods to design and analyze an inactive design for the catalysis of the
Kemp elimination, which helped us to understand the causes of our design’s inactivity,
including excessive solvent exposure and active site flexibility. We then applied this

information to adjust our design procedure for future rounds of design.
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Introduction

In early incarnations of computational protein design methodology, the strategy
for software development was put forth in terms of the so called “protein design cycle”
(Figure 1-1) where the experimental evaluation of an initial design is used to inform the
adjustment of the design process for further rounds of designs.'” These steps would
ideally be continued iteratively until the protein sequences predicted by the algorithm
have the desired characteristics. However, there is little evidence that this strategy has
actually been used outside of force-field parameterization purposes,'”~ and most inactive
proteins from subsequent design efforts were likely discarded without comment or further
investigation into the cause of the inactivity. This is unfortunate because little
information can be gained from such an approach to protein design. Without detailed
analysis of failed designs, flaws in the design procedure cannot be identified and adjusted
to produce designed proteins with the desired characteristics.

Despite the lack of the type of systematic approach described above, the field of
computational enzyme design has seen some success in the past ten years. The first
successful computational introduction of de novo enzymatic activity into an inert scaffold
was a protozyme, which catalyzed the hydrolysis of an activated ester with a very small
rate enhancement (Keqs/kuncar of about 10%).° Additional incremental advances were made
with the design of metalloenzymes and computationally designed changes in enzyme
specificity.” In 2008, a breakthrough in de novo computational enzyme design came
when the Rosetta protein design software was used to introduce catalytic activity for two

10,11

distinct chemical reactions into a variety of inert scaffolds. The reaction rates of

these designed enzymes are impressive, but still well below those of natural enzymes.
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Directed evolution was subsequently used to substantially increase the k../K,, and the rate
enhancement of one of the active designs."’

The synthesis and experimental evaluation of each potential enzyme is expensive
both in terms of time and money. In the case of the enzymes designed by Roéthlisberger
et al., over 70 individual designs, which were predicted to be active by their protein
design methodology, were screened in order to identify 8 active enzymes.!' While their
methodology was successful in terms of producing active enzymes, the necessity of a
“shotgun” approach suggests an incomplete understanding of some details of the
enzymatic system and/or inaccurate modeling by the protein design algorithm.

Here, we focused on the development of a single design to rigorously test our
understanding of enzymatic catalysis and the applicability of the protein design cycle to
de novo enzyme design problems. To this end, we used our protein design software,
ORBIT, in an attempt to design a catalyst for a model chemical system, the Kemp
elimination (Figure 1-2). These methods resulted in a design called HG-1, which showed
no Kemp elimination activity. In collaboration with the Houk lab at UCLA and the
Molecular Observatory at Caltech, molecular dynamics simulations and crystallographic
techniques were used to identify the possible sources of the inactivity, and a plan for

future redesigns of the protein to create an active Kemp elimination enzyme was outlined.
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Materials and Methods

Transitions state (TS) structure

Our TS structure was previously calculated ab initio’* using the partial atomic
charges used listed in Table 3-1. To assist with defining geometric constraints in the
calculations, a pseudoatom named PSA with no charge and a negligible radius was added
0.01 A from H3 in the plane of the TS. The final TS structure is shown in Figure 3-1

along with the atom names.

Scaffold selection

For the initial design, the xylanase from the thermophilic fungus 7. aurantiacus
(TAX) was chosen as the scaffold. TAX has a (a/p)s-barrel fold with a large, solvent-
exposed active site. The crystal structure (PDB code: 1GOR) is 1.7 A resolution with
xylobiose bound in the active site.”” The structure from the PDB was used without

minimization and hydrogens were added with Molprobity."*

Active site search

All non-Pro positions within 5 A of xylobiose in IGOR were designated as design
positions (residues 50, 83, 84, 87, 90, 130, 172, 207, 209, 267, and 275). Catalytic
positions were defined as all of the carboxylate residues within 5 A of xylobiose in
IGOR (E46, E131, and E237). All design positions were allowed to sample all
conformations of Gly, His, Phe, Trp, Ser, Thr, and Tyr. Catalytic positions were allowed
to sample all conformations of Glu and Asp. A backbone-independent conformer library

was used to approximate sidechain flexibility.”” As described in Chapter I, a library of
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TS poses was generated in the active site by targeted ligand placement in which a defined
set of ligand structures is built with respect to each conformation of the general base
(Asp/Glu) at each catalytic position. The contact geometries that represent this set of
ligand poses are listed in Table 3-2. After the generation of ligand poses, interaction
energies were calculated, and TS-sidechain interaction energies were then biased to favor
interactions that satisfy the geometric constraints in Table 3-3. An additional energy-
biasing step was carried out to favor the hydrogen bond interactions to the base that were
required (Table 3-4). The energy calculation and energy biasing steps are described in

detail in Chapter II.

Active site repacking

For the repacking calculation, the initial TS position was taken from the results of
the active site search. From this initial position, the TS structure was translated + 0.2 A
in x, y, and z in 0.1 A steps and rotated 5° in each direction in 2.5° steps. The geometric
constraints from Tables 3-3 and 3-4 were applied to enforce the contacts between the TS
and each of the three catalytic residues identified in the active site search (Y90, E237,
and W275) as well as between E237, and H209. Positions 83 and 239, which are
positioned such that they could be members of a potential hydrogen bond network with
E237 were allowed to sample all conformations of all residues except for Cys and Pro.
All other positions that clashed with the TS or catalytic residues including 21, 46, 87, 89,
and 267 were allowed to sample all conformations of any non-polar residue.

Lazaridis-Karplus occlusion-based solvation'® was applied with a scale factor of

1.0 for nonpolar burial and nonpolar exposure and a scale factor of 0.6 for polar burial.
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Other standard ORBIT parameters were applied as in Lassila ef al., and a backbone-
independent conformer library was used to represent sidechain flexibility."> As in the
active site search, sidechain-TS interaction energies were biased to favor those contacts
that satisfy the geometries in Tables 3-3 and 3-4. Sequence optimization was carried out
with FASTER,'"”'® and a Monte Carlo-based algorithm'®*® was used to sample sequences

around the minimum energy conformation identified by FASTER (FMEC).

Hydrophobic active site repacking

This repacking calculation was similar to the previous active site repacking
described above. All polar residues within the active site that were not directly
contacting the base were designed and restricted to sampling conformations of
hydrophobic residues only (Ala, Val, Leu, Ile, Phe, Tyr, Trp, and Met). Residues 46, 47,
84, 87, 89, 130, 131, 207, and 267 were allowed to sample all conformations of Ala, Val,
Leu, Ile, Phe, Tyr, and Trp. In addition, residues 83, 21, and 50 were also allowed to

sample conformations of Met.

Gene synthesis and cloning

The gene for TAX was back-translated from the protein sequence using the codon
usage bias of E. coli in DNA 2.0.>' The DNA sequence for a Factor Xa cleavage site and
six-histidine purification tag were added to the 3’ end of the gene. Overlapping
oligonucleotides spanning the gene sequence and flanking primers were designed using
the Assembly PCR Oligo Maker web server.”” The basic melting temperature calculation

method was used along with a 50 mM cation concentration, a DNA concentration of 0.5
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uM, maximum oligo length of 40, a 55°C annealing temperature, and a 40°C acceptable
overlap T,. The resulting oligonucleotides were 31-41 base pairs in length and the full-
length gene was constructed by recursive PCR of the overlapping oligonucleotides using
a method based on the one described by Stemmer et al.”

A primer mix was made by combining 2 uL each of the oligonucleotide primers,
which had been diluted to 10 uM in H,O. The 50 uL gene assembly reactions contained
5 uL 10x KOD buffer (Applied Biosystems), I mM MgCl, (Applied Biosystems), 0.2
mM dNTP mix (Novagen), 2.5 U KOD hot start (Applied Biosystems), and 10 uL of the
primer mix. Gene amplification was carried out in 50 uL reactions containing 1 uL of
the assembly reaction, 5 uLL 10x KOD buffer (Applied Biosystems), 1 mM MgCl,
(Applied Biosystems), 0.2 mM dNTP mix (Novagen), 2.5 U KOD hot start (Applied
Biosystems), and 1 uM of the forward and reverse flanking primers. The reactions were
carried out on Mastercycler Personal Thermocycler (Eppendorf) using the temperature
program described in Table 3-5.

After amplification, the reactions were purified with a QIAquik PCR Purification
Kit (Qiagen) then digested with BamHI and Ndel (New England Biolabs). The digested
genes were then run on a 1% agarose gel, extracted and purified using a QIAquik Gel

Extraction Kit (Qiagen), and ligated into similarly digested pET11a vector (Novagen).

Site-directed mutagenesis
Mutagenesis primers were designed using the rules outlined in the Site-Directed
Mutagenesis Kit (Stratagene). Primer melting temperatures were calculated using

Equation 3-1:
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T.= 81.5+0.41(%GC)—@—%mismatch )
N . [Equation 3-1]

Mutagenesis primers were phosphorylated in 50 uL reactions containing 5 uL 10x T4-
ligase buffer (New England Biolabs), 4 ug primer, and 10 units T4-polynucleotide kinase
(New England Biolabs). Phosphorylation reactions were incubated at 37°C for 2 hours.
Mutants were created using a protocol modified from the QuickChange Multi Site-
Directed Mutagenesis Kit (Stratagene). Each 50 uL site-directed mutagenesis reactions
contained 50 ng template, 120 ng of each phosphorylated mutagenesis primer, 3 uL. each
10x Pfu Turbo buffer, 3 uL 10 x Taq ligase buffer (New England Biolabs), 2 mM dNTP
mix (Stratagene), 2.5 U Pfu Turbo (Stratagene), and 40 U Taq DNA ligase (New England
Biolabs). PCR was carried out on Mastercycler Personal Thermocycler (Eppendorf)

using the temperature program described in Table 3-5.

Protein expression and purification

TAX and HG-1 were expressed in BL-21 (DE3) E. coli cells in LB with
ampicillin. 30 mL starter cultures were grown overnight at 37°C and then used to
innoculate 1L cultures. The cells were grown with shaking at 37°C until ODgg ~ 0.3 and
were then grown at 25°C until ODgop ~ 0.6. Expression was induced with 1 mM
isopropyl B-D-1-thiogalactopyranoside (IPTG) and carried out at 25°C for 12-18 hours.
Cells were harvested by centrifugation and were resuspended in 30 mL buffer 1 (20 mM
Tris pH 7.4, 300 mM NaCl, 10 mM imidazole). 10 mM MgCl,, ribonuclease A, and
deoxyribonuclease 1 (Stratagene) and the cells were lysed mechanically with an

Emulsiflex-C5 (Avestin). The soluble fraction was incubated for ~ 1 hour with 3 mL Ni-
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NTA resin (Qiagen) that had been equilibrated with 10 bed volumes of buffer 1. The

resin was washed in a gravity column with 10 bed volumes of buffer 2 (20 mM Tris pH
7.4, 300 mM NaCl, 20 mM imidazole) and HG-1 was eluted with 3 bed volumes of
buffer 3 (20 mM Tris pH 7.4, 300 mM NaCl, 250 mM imidazole). The eluate was
concentrated using Amicon 10,000 MWCO centrifugal concentrators (Millipore) and the
buffer was exchanged to 50 mM sodium citrate, 150 mM NaCl pH 5.5 using PD-10

desalting columns (GE).

Protein characterization

The molecular weights of all proteins were confirmed by electrospray mass
spectrometry at the Protein/Peptide MicroAnalytical Laboratory (PPMAL) at Caltech.
The secondary structure and stability of the proteins were characterized by circular
dichrosim (CD) spectroscopy with an Aviv 62DS spectrometer equipped with a
thermoelectric temperature controller. All CD experiments were carried out in a 1 mm
cuvette with 10 uM protein in 50 mM MES pH 5.5, 100 mM NaCl, or 50 mM potassium
phosphate, 100 mM NaCl pH 7.5. Wavelength scans were performed at 25°C with 3 sec
of averaging at each point. Thermal denaturation was monitored at 222 nm from 4°C to
98°C with 1°C temperature steps, 2 min of temperature equilibration time, and 30 sec of
averaging. Apparent midpoints of thermal denaturation (Ty,) were obtained using the
equation of Minor and Kim.** T,, values should be considered approximate and not
actual thermodynamic parameters, as the denaturation was not reversible in any case

tested.
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Substrate synthesis and purification

5-nitrobenzisoxazole was synthesized as described. Briefly, 3.5 g benzisoxazole
(Alfa Aesar) was added to 15 mL concentrated H,SO4 cooled in an ice water bath. 2 mL
of concentrated HNO3; was added dropwise to the mixture. Nitrification was carried out
for 30 min with stirring at 0°C. The reaction mixture was poured into 100 mL ice water
and the yellow precipitate was filtered. The solid was recrystalized three times from 60
mL of warm absolute ethanol yielding long, colorless needles. m.p.: 126 °C (lit.> m.p.
126-127°C).

IR (CDCl,): v =1620 (arom);1520, 1352 (NO,) cm

IH-NMR (CDCl,): 6 =7.75 (d, 1H); 8.5 (dd, 1H); 8.75 (d, 1H); 8.9 (d, 1H) ppm

MS: m/z = 163.1 (100%, M), 133.0 (47%, M- NO), 117.9 (7%. M - NO»)

Nuclear magnetic resonance (NMR) analysis was performed on a Varian Mercury 300
MHz machine and IR spectra were recorded using a Perkin-Elmer Spectrum BX

spectrometer. Electrospray mass spectrometry was performed at PPMAL (Caltech).

Kinetic measurements

The production of the phenolate product (Figure 1-2) was monitored at 405 nm
using a Shimadzu UV-1601 spectrophotometer equipped with a temperature-controlled
cell holder. A 40 mM stock of 5-nitrobensoxazole was made in acetonitrile and stored at
-20°C. Assays were carried out with 250 uM protein in 40 mM buffer, 100 mM NaCl at

20°C and 37°C.
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Crystallization conditions

Crystallization conditions were set up by hand in 24-well hanging drop plates
using 2.0 x 2.0 uL drops and Index, Crystal 1, and Crystal 2 screens (Hampton Research)
as well as a variety of custom screens using conditions similar to the crystallization
conditions for 1GOR."” The protein sample contained 10 mg/mL HG-1 in 50 mM
sodium citrate pH 5.5, 100 mM NaCl. A single large crystal (~ 0.5 mm) with multiple
protrusions was found in buffer containing 0.8 M posassium-sodium tartrate, 0.1 M Tris
pH 8.5, 0.5% PEG-MME 5000. A smaller single crystal (~ 0.1 mm) was identified in

100 mM sodium phosphate pH 6.5, 12% PEG-600.

X-ray diffraction data collection and refinement

The spikes projecting off the 0.5 mm crystal were broken off for diffraction
screening. The best diffraction was obtained from a crystal cryoprotected in the reservoir
solution (0.8 M posassium-sodium tartrate, 0.1 M Tris pH 8.5, 0.5% PEG-MME 5000)
with 15% ethylene glycol.

Data were collected using a MicroMax-007HF X-ray generator with a RAXIS
IV++ detector (Rigaku Corp.) All data were processed using CrystalClear (Rigaku
Corp.) and Mosflm.”® The indexed and scaled data were further evaluated using CCP4.*’
Molecular replacement was carried out using Phaser version 1.3.3*® and 1GOR as the

starting model.”” Further refinement was performed with Coot™ and Refmac.*

Molecular dynamics (MD) simulations

MD simulations were carried out for 20 ns for each enzyme-substrate complex at
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NPT conditions (constant number of particles, pressure, and temperature) with a pressure
of 1 bar and temperature of 300 K. The TIP3P explicit solvent model’’ was used to
solvate the protein in an octahedral-shaped volume, ensuring a solvent layer of at least 10
A from any point of the protein surface. Each face of the octahedral box is connected to
a mirror image of itself, which allows the system to be treated with periodic boundary
conditions: when a water molecule “escapes” the original octahedral box, it re-enters
from the opposite face of that same box. This ensures equilibration through diffusion,
while the number of particles is kept constant. The temperature is regulated and evenly
distributed through a Langevin equilibration scheme. The benzisoxazole substrate was
parameterized from quantum mechanical calculations in order to be treated correctly by
the AMBER force field.”> Prior to production MD, the geometry of the X-ray-based
structure was optimized and slowly heated to 300 K over a time period of 300 ps at NVT

conditions, and then equilibrated at NPT conditions for 2 ns.

Results and Discussion
Design procedure

TS theory suggests that natural enzymes achieve their large rate accelerations
through preferential stabilization of the TS.”> Thus, our computational enzyme design
strategy is based on a TS or high-energy intermediate structure and the active site
residues are chosen for their ability to stabilize the TS as well as participate in the

reaction chemistry."
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As mentioned in Chapter I, our computational protein design software was
optimized for stabilizing small proteins and required adaptation to the unique
requirements of enzymatic catalysis.'> Specifically, the interactions that are predicted to
stabilize the TS were to be enforced through geometric requirements and the positioning
of the TS was varied systematically within the binding pocket during the sequence
optimization. The details of this design methodology are described in Chapter II.

The catalytic contacts that were predicted to stabilize the Kemp elimination (KE)
TS are shown in Figure 3-2. These contacts were inspired by the catalytic residues
observed in the catalytic antibody 34E4 (Figure 1-3). A carboxylate-containing residue
was chosen as a general base in analogy to the Glu that was determined to be the general
base in the catalytic antibody 34E4.’* In addition, a carboxylate base avoids problems
with the protonation state variations of His and the large number of rotameric states of
Lys. A m-stacking residue was required to facilitate electron delocalization within the
TS. A hydroxyl group was added to stabilize the negative charge that develops on the
benzisoxazole oxygen in the TS.'? No analogous hydrogen bond donor is observed in the
catalytic antibody, although water is postulated to fill this role.* During the course of
this study, a similar active site arrangement was used by Roéthlisberger et al. to obtain
active KE enzymes.''

In addition to the direct contacts to the TS, a supporting contact to the general
base was also required to stabilize its conformation. As shown in Figure 3-3, this contact
is a hydrogen bond to the general base from a His (Hie and Hid are His residues, which

are protonated at Ne or N9, respectively), Glu, or Asp residue. This contact was required
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through a second, separate geometry-biasing step. The geometric definitions for the three

catalytic contacts and the additional base contact are shown in Table 3-2.

Active site search

The active site search resulted in multiple possible active site configurations that
satisfied all four of the required contacts. The active sites were assessed visually and
active site 1-2 was chosen for repacking (Figure 3-4A). In 1-2, the general base is a wild-
type Glu at position 237 that is in a conformation similar to that seen in the crystal
structure. The base is held in place by a wild-type His at position 209 that preserves a
contact seen in the crystal structure of the wild-type TAX. A wild-type Trp at position
275 makes a stacking contact to the TS and is in its crystallographic conformation.

Finally, the hydrogen bond contact is fulfilled by a Tyr at position 90.

Active site repacking

The active site repacking calculation resulted in a seven-fold mutant called HG-1
(Figure 3-4B). This design features an extensive hydrogen bond network supporting the
conformation of the base, E237, which is similar to the hydrogen bond network
surrounding E237 in the wild-type protein. In the crystal structure of TAX, His209
makes a bridging contact between Glu237 and Asp239, indicating that it is in its fully
protonated state which would also serve to stabilize the negative charge on both
carboxylates. As a result, the pKa of Glu237 is probably quite low. This bridging
contact is part of a larger hydrogen bond network that includes the indole of Trp275.

One difference between the hydrogen bond network in the design and the one in TAX is
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the D127N mutation, which should help to ensure that H209 is not positively charged,

thus stabilizing the protonated form of E237 and increasing its pKa. The pKa of E237
was predicted to be 7.1 by PROPKA,> which may be sufficient for proton abstraction
from the substrate.

Other mutations in the active site include W267A, W87G, A21M, E46M, and
S89F (Figure 3-4B), which were introduced to make room in the pocket for substrate

binding and to pack tightly around the substrate once it is bound.

HG-1 activity assays

HG-1 showed no KE activity over background under any of the conditions tested
(pH 5.0-9.0, 20-37°C) (Figure 3-5). Analysis by circular dichroism (CD) spectroscopy
showed that the protein had similar secondary structure as the wild-type scaffold,
indicating that the inactivity was not due to global unfolding or misfolding of the protein
(Figure 3-6A). The Ty, for HG-1, also determined by CD, was about 10°C lower than the
wild-type scaffold at pH 5.5 (Figure 3-6B). At pH 7.5, an additional 10°C decrease in
melting temperature was seen compared to wild-type TAX at pH 5.5. However, the HG-
1 was fully folded at all of the temperatures and pHs tested at which KE activity was
assayed. Single and double mutants of HG-1 were also tested including N239D,
N239D/M46A, and M46A. No rate acceleration was seen for any of these variants above

the scaffold-catalyzed reaction.
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HG-1 crystal structure

In an effort to understand the source of the inactivity of HG-1, we crystallized and
solved the crystal structure of HG-1 to a resolution of 2.0 A in collaboration with the
Molecular Observatory at Caltech (Table 3-6). The overall RMSD of HG-1 with respect
to the scaffold is 0.36 A, confirming that the overall fold has been maintained (Figure 3-
7A).

The structure fits well to the electron density as shown in Figure 3-7B. One
concern with using molecular replacement (MR) to calculate the phases is potential bias
from the template structure 1GOR. As shown in Figure 3-8, the electron density around
the mutated positions is well-defined and shows no signs of the wild-type amino acid,
indicating little bias.

The active site residues of HG-1, including the base, the hydrogen bond donor,
and most of the hydrogen bond network, overlay well with the conformations predicted
by ORBIT (Figure 3-9). The largest deviations of the active site residues from the design
are in the m-stacking residue (W275), the associated Arg (R276) and N172, which acts as
a hydrogen bond bridge between the indole of W275 and H209 (Figure 3-9B). W275 and
R276 are both rotated out of the active site with respect to the design, removing potential
binding interactions with the substrate and exposing the active site to solvent. In
addition, N172 is rotated 90° from the predicted conformation, but it is unclear if this
deviation is the cause for the conformation of W275.

The crystal structure revealed the presence of six ordered water molecules in the
active site of HG-1 (Figure 3-10), five of which must be displaced before substrate

binding could occur. The presence of these waters could result in a large desolvation
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penalty, which could prevent substrate binding as well as a reduction the pKa of the base
through stabilization of the anionic form.

Overall, the crystal structure indicates that the active site configuration predicted
by ORBIT is correct with the exception of N172, W275, and R276. The flexibility of the
active site, indicated by the deviation of W275 and the associated R276, could result in
the loss of favorable binding interactions. The movement of these residues could also
expose the active site to solvent, further decreasing the energetic benefit of substrate
binding. Unfortunately, the crystal structure could not unambiguously identify the cause
of the protein’s inactivity, but these two factors could be significant impediments to

activity.

MD simulations

The hypothesis of active site flexibility and solvent exposure being the cause of
the inactivity was supported by MD simulations carried out by Gert Kiss in the Houk lab
at UCLA. The design model of HG-1 with the substrate bound in the active site was used
as the starting structure of the simulations. Figure 3-11 shows that the substrate-protein
complex exists predominantly in two states. In state 1, the substrate is stably bound and
maintains a substrate-base distance of about 3 A. In state 2, a major reorientation of the
substrate occurs and the substrate exits the active site. Closer analysis of the active site
residues during the transition between state 1 and state 2 indicates that within 2 ns, R276
flips away from the active site, followed by W275 at 5 ns. The loss of these binding
interactions seems to directly contribute to the reorientation and subsequent expulsion of

the substrate from the active site around 7 ns. In addition, solvent molecules moving
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rapidly into and out of the active site preferentially interact with the base and other polar
residues causing significant destabilization of the bound substrate, actually pushing it
from the active site. These results suggesting that the active site is very flexible near
W275 and R276 and is occupied by a large number of solvent molecules agree with

findings from the crystal structure of HG-1.

Design of a more hydrophobic active site

The more hydrophobic design of HG-1 resulted in the sequence HG-1h, an eight-
fold mutant with respect to HG-1 (N47F, KS0M, M64A, H83V, T84F, F8IL, N130F, and
E131A). Figure 3-12 shows that the overall conformation of the active site in HG-1h,
including the TS and catalytic residues, is very similar to that in HG-1. The pKa of E239
in HG-1h was predicted to be about 1.0 pH unit higher than in HG-1. MD analysis of this
design shows that as in HG-1, the active site is very flexible and allows the substrate to
exit the active site during the simulation. The active site is still very solvent exposed, and
solvent molecules still enter the active site over the course of the simulation to interact
with the remaining polar residues and crowd the substrate out of the active site. Figure 3-
13A shows representative configurations of HG-1h before and after the MD simulation.
In the final configuration, the substrate-base distance is over 10 A and the substrate-base
distances shown in Figure 3-13B and 3-13C indicate that the contact is not maintained for
any significant length of time. These results suggest that our redesign is not likely to be

active for many of the same reasons as HG-1.
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Conclusions

While we were unsuccessful in designing an active KE enzyme, we were able to
solve the crystal structure of one of our inactive designs, allowing us to gain further
insight into the cause of the inactivity. Unfortunately, neither the crystal structure nor the
MD simulations of HG-1 were able to unambiguously determine the cause of HG-1’s
inactivity. However, both analyses indicated that the active site is very solvent exposed,
flexible, and occupied by a large number of water molecules. While it is not certain that
these factors are the cause of the inactivity, any one of them could have a negative effect
on substrate binding as well as on the base pKa and all three issues could be addressed by
choosing an active site that is more deeply buried within a protein scaffold. The natural
active site of TAX, which was the focus of the designs presented here, was too solvent
exposed and flexible to be amenable to this reaction. Future redesigns of this scaffold
must locate the active site away from the natural binding pocket in a location that is more
deeply buried, perhaps in the barrel of the scaffold. Other scaffolds with less solvent-
exposed active sites should also be explored. A more deeply buried active site could
effectively reduce the flexibility of the binding residues and shield the active site from
solvent, though it remains to be seen if the resolution of these factors alone will result in

an active KE enzyme.
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Table 3-1. Partial atomic charges for 5-nitrobenzisoxazole (5-NBZ).

atom name charge

o1 -0.586
N2 -0.212
C3 0.041
Cc4 -0.252
C5 -0.148
Cé6 0.099
N6 0.517
061 -0.484
062 -0.506
c7 -0.168
C8 -0.269
co 0.516
H3 0.490
H5 0.275
H7 0.251

H8 0.212
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Table 3-2. Variation of contact geometry for targeted ligand placement. The TS was
placed at every indicated geometry for every rotamer of Asp or Glu in the design

calculation.

Placement: H3 from Aspartate (OD1)
type atom1 atom2 atom3 atom4 min max step
DISTANCE OoD1 H3 1.1 1.5 0.2
ANGLE oD2 OoD1 H3 70.0 110.0 20.0
TORSION CG 0oD2 oD1 H3 160.0 200.0 20.0
ANGLE OoD1 H3 PSA 70.0 110.0 20.0
TORSION OoD2 OoD1 H3 PSA 0.0 360.0 20.0
TORSION OoD1 H3 PSA C3 160.0 200.0 20.0
Placement: H3 from Aspartate (OD2)
type atom1 atom2 atom3 atom4 min max step
DISTANCE oD2 H3 1.1 1.5 0.2
ANGLE OoD1 0oD2 H3 70.0 110.0 20.0
TORSION CG OoD1 OoD2 H3 160.0 200.0 20.0
ANGLE OoD2 H3 PSA 70.0 110.0 20.0
TORSION OoD1 0oD2 H3 PSA 0.0 360.0 20.0
TORSION OoD2 H3 PSA C3 160.0 200.0 20.0
Placement: H3 from Glutamate (OE1)
type atomi1 atom2 atom3 atom4 min max step
DISTANCE OE1 H3 1.1 1.5 0.2
ANGLE OE2 OE1l H3 70.0 110.0 20.0
TORSION CD OE2 OE1 H3 160.0 200.0 20.0
ANGLE OE1l H3 PSA 70.0 110.0 20.0
TORSION OE2 OE1l H3 PSA 0.0 360.0 20.0
TORSION OE1l H3 PSA C3 160.0 200.0 20.0
Placement: H3 from Glutamate (OE2)
type atom1 atom2 atom3 atom4 min max step
DISTANCE OE2 H3 1.1 1.5 0.2
ANGLE OE1l OE2 H3 70.0 110.0 20.0
TORSION CD OE1l OE2 H3 160.0 200.0 20.0
ANGLE OE2 H3 PSA 70.0 110.0 20.0
TORSION OE1l OE2 H3 PSA 0.0 360.0 20.0
TORSION OE2 H3 PSA C3 160.0 200.0 20.0

Because Asp and Glu both have two equivalent, but distinctly named,
oxygens in their sidechains, a separate set of geometries is described for each oxygen.
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Table 3-3. Geometric constraints contacts between the active site residues and the
transition state in the active site search. Three contacts are required: Asp/Glu,

Phe/Trp and Ser/Thr/Tyr. Distance measurements are given in Angstroms. Angle,
torsion, and plane measurements are given in degrees.
Contact: Asp/Glu to H3
residue type atom1 atom2 atom3 atom4 min max
Asp DISTANCE OoD1 H3 1.0 1.6
ANGLE 0oD2 OoD1 H3 69.0 111.0
TORSION CG 0oD2 OoD1 H3 159.0 201.0
ANGLE OoD1 H3 PSA 69.0 111.0
TORSION 0oD2 oD1 H3 PSA 0.0 360.0
TORSION OoD1 H3 PSA C3 159.0 201.0
Asp DISTANCE OD2 H3 1.0 1.6
ANGLE OoD1 0OD2 H3 69.0 111.0
TORSION CG OoD1 0D2 H3 159.0 201.0
ANGLE 0OD2 H3 PSA 69.0 111.0
TORSION OoD1 0oD2 H3 PSA 0.0 360.0
TORSION OoD2 H3 PSA C3 159.0 201.0
Glu DISTANCE OE1 H3 1.0 1.6
ANGLE OE2 OE1l H3 69.0 111.0
TORSION CD OE2 OE1 H3 159.0 201.0
ANGLE OE1 H3 PSA 69.0 111.0
TORSION OE2 OE1l H3 PSA 0.0 360.0
TORSION OE1 H3 PSA C3 159.0 201.0
Glu DISTANCE OE2 H3 1.0 1.6
ANGLE OE1 OE2 H3 69.0 111.0
TORSION CD OE1l OE2 H3 159.0 201.0
ANGLE OE2 H3 PSA 69.0 111.0
TORSION OE1 OE2 H3 PSA 0.0 360.0
TORSION OE2 H3 PSA C3 159.0 201.0
Contact: Ser/Thr/Tyr to O1
residue type atom1 atom2 atom3 atom4 min max
Ser DISTANCE oG o1 2.6 4.0
ANGLE 0G HG 01 150.0 180.0
ANGLE HG o1 N2 100.0 160.0
TORSION HG 02 N2 C3 120.0 240.0
Thr DISTANCE 0G1 01 2.6 4.0
ANGLE 0G1 HG1 o1 150.0 180.0
ANGLE HG1 o1 N2 100.0 160.0
TORSION HG1 02 N2 C3 120.0 240.0
Tyr DISTANCE OH 01 2.6 4.0
ANGLE OH HH o1 150.0 180.0
ANGLE HH o1 N2 100.0 160.0
TORSION HH 02 N2 C3 120.0 240.0
Contact: Phe/Trp to PS2
residue type atom1 atom2 atom3 atom4  atom5 atom6 min max
Phe PSEUDO_ATOM PS1, equidistant between CE1 and CD2
PSEUDO_ATOM PS2, equidistant between C4 and C9
DISTANCE PS1 PS2 3.0 4.0
PLANE CG CE1 CE2 C5 C8 N2 0.0 40.0
Trp PSEUDO_ATOM PS1, equidistant between CE2 and CD2
PSEUDO_ATOM PS2, equidistant between C4 and C9
DISTANCE PS1 PS2 3.0 4.0
PLANE CD1 CE3 CH2 C5 C8 N2 0.0 40.0
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Table 3-4. Geometric constraints for additional base contact. A single hydrogen
bond contact was required to one of the carboxylate oxygens of the general base.
Distances are given in Angstroms. Angles are given in degrees.

Contact: His to OD1/0D2

residue type atom1 atom2 atom3 min max
Hie DISTANCE NE2 OoD1 2.6 4.0
ANGLE NE2 HE2 oD1 130.0 180.0
ANGLE HE2 OoD1 CG 120.0 180.0
Hie DISTANCE NE2 0oD2 2.6 4.0
ANGLE NE2 HE2 0oD2 130.0 180.0
ANGLE HE2 0oD2 CG 120.0 180.0
Hid DISTANCE ND1 oD1 2.6 4.0
ANGLE ND1 HD1 oD1 130.0 180.0
ANGLE HD1 OoD1 CG 120.0 180.0
Hid DISTANCE ND1 0oD2 2.6 4.0
ANGLE ND1 HD1 oD2 130.0 180.0
ANGLE HD1 0oD2 CG 120.0 180.0
Contact: His to OE1/OE2
residue type atom1 atom2 atom3 min max
Hie DISTANCE NE2 OE1 2.6 4.0
ANGLE NE2 HE2 OE1 130.0 180.0
ANGLE HE2 OE1 CD 120.0 180.0
Hie DISTANCE NE2 OE2 2.6 4.0
ANGLE NE2 HE2 OE2 130.0 180.0
ANGLE HE2 OE2 CD 120.0 180.0
Hid DISTANCE ND1 OE1 2.6 4.0
ANGLE ND1 HD1 OE1 130.0 180.0
ANGLE HD1 OoD1 CD 120.0 180.0
Hid DISTANCE ND1 OE2 2.6 4.0
ANGLE ND1 HD1 OE2 130.0 180.0
ANGLE HD1 OE2 CD 120.0 180.0
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Table 3-5. Thermocycler temperature programs for gene construction and
mutagenesis reactions.

gene nbly amplification site-directed mutagenesis
Temp Time # Temp Time # Temp Time #
(°C) (min) cycles (°C) (min) cycles (°C) (min) cycles
95 1 95 1 95 1
95 1 95 1 95 1
55 1 25x 55 1 23x 55 1 30x
68 14 68 14 68 14

4 hold 4 hold 4 hold



Table 3-6. Crystallographic statistics for HG-1.

Data collection
Space group
Cell dimensions

P2,2,2,

a,b,c (R) 48.3, 72.5, 74.6

B,y (deg) 90.0, 90.0, 90.0
Resolution (R) * 2.0 (2.1 - 2.0)
Number of reflections 48807

unique reflections 18096
Rmerge (%) * 2.5 (4.4)
I/ol * 30.7 (21.1)
Completeness (%) * 99.2 (98.2)
Redundancy * 2.7 (2.6)
Refinement
Resolution (A) 29.5-2.0
Number of reflections

working set 17163

test set 924
Rwork/Rfree 16.4 / 23.0 %
No. atoms

protein 2326

solvent 187
B-factors

protein 13.9

water 19.7
R.m.s deviations

bond lengths (R) 0.027

bond angles 1.938
Ramachandran plot

favored (%) 91.0

allowed (%) 8.6

generously allowed (%) 0.4

disallowed (%) 0

* Last shell is shown in parentheses
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Figure 3-1. 5-NBX transition state. (A) 5-NBX atom names. The bonds being broken
are shown as dotted lines. (B) Stick representation of the transition state structure. The
pseudoatom is shown as an orange star near H3.
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H-bond donor
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Figure 3-2. Kemp elimination ideal active site. The enzyme design calculations
required either an Asp or Glu as a general base, a Ser, Thr, or Tyr as a H-bond donor to
the phenolic oxygen, and a m-stacking residue above or below the plane of the TS
structure (blue). The pseudoatoms that were used to define the m-stacking contact are
shown in pink.

GeXer7é?ase }’J Base H-bond donor
sp/Glu /L Hie/Hid/GIn/Asn
(o) (o)

Figure 3-3. Additional hydrogen bond contact. An additional contact
(Hie/Hid/GIn/Asn) was required to the base (shown in blue).
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Figure 3-4. Predicted active site structure of HG-1. (A) Active site 2-1, identified
through the active site search. The catalytic residues and TS are shown in green overlaid
with the wild-type crystal structure in grey. (B) Repacked active site. The TS model is
shown in pink and all seven mutations are identified. The hydrogen bond network
supporting the conformation of the base is indicated with green dotted lines.
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Figure 3-5. First-order rate constants for KE reaction. The rate constants for the
reactions including 200 uM wild-type TAX, HG-1, HG-1a (HG-1/N239D), HG-1b (HG-
1/N239D/ M46A), HG-1c (HG-1/M46A), and the buffer-catalyzed background reaction
are given. No significant rate acceleration was seen above that for the scaffold (wild-type
TAX)-catalyzed reaction for any of the variants assayed under any of the conditions
tested. Sodium citrate was used for pH 5.0 and 5.5, sodium phosphate was used for pH
6.5 and 7.5, and sodium borate was used for pH 8.5.
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Figure 3-6. CD analysis of HG-1. (A) Far-UV wavelength scan indicating that HG-1 is
folded. (B) Thermal denaturation curve indicating that HG-1 is significantly destabilized
compared to TAX.
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Figure 3-7. Crystal structure of HG-1. (A) Overlay of backbone structure of HG-1
(magenta) and wild-type TAX structure IGOR (grey). (B) Electron density in active site
of HG-1.



Figure 3-8. Electron density of HG-1 mutation sites. (A) A24M/E46M. (B)
S89F/Q90Y. (C) W87G. (D) W267A.
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Figure 3-9. Overlay of HG-1 crystal structure active site with design model. The
structure predicted by ORBIT (grey) is very similar to the actual conformations seen
in the crystal structure (magenta). Predicted hydrogen bonds are represented as yellow
dotted lines. (A) E237 and the supporting hydrogen bond network and Y90. (B) E237
and supporting hydrogen bond network including H209, N239, and W275.
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Figure 3-10. Ordered water molecules near E237 in the active site. Residues that
participate in the hydrogen bond network to E237 are shown in yellow, additional polar
residues in the active site are shown in pink, and water molecules are shown as red
spheres. The modeled TS is shown in grey.
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Figure 3-11. MD analysis of HG-1. (A) Representative structures of HG-1 in state 1
where the substrate is bound in the active site and in state 2 after the substrate has exited

the active site. (B) The substrate-base distance over the course of the simulation. States
1 and 2 are indicated.
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Figure 3-12. Active site of HG-1h. The active site residues of HG-1h (green) are shown
overlaid with the HG-1 active site (grey). Mutations with respect to HG-1 are indicated.
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Figure 3-13. MD analysis of HG-1h. (A) Representative structures before (green) and
after the MD simulation (blue). (B) The substrate-base distance over the course of the
simulation. (C) The distribution of the substrate-base distances for the entire simulation.
The substrate-base distance for the initial configuration is indicated by a green line and
the substrate-base distance for the final configuration is indicated by a red line.



