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ABSTRACT. Severe acute respiratory syndrome (SARS) is an infectious disease caused by the human
coronavirus, SARS-CoV. The main viral protease, SARSBTIs a validated target for the development

of antiviral therapies. Since the enzyme is a homodimer and the individual monomers are inactive, two
approaches are being used to develop inhibitors: enzyme activity inhibitors that target the active site and
dimerization inhibitors. Dimerization inhibitors are usually targeted to the dimerization interface and need
to compete with the attractive forces between subunits to be effective. In this paper, we show that the
dimerization of SARS 3Cht° is also under allosteric control and that additional and energetically more
favorable target sites away from the dimerization interface may also lead to subunit dissociation. We
previously identified a cluster of conserved serine residues (Serl39, Serl44, and Serl147) located adjacent
to the active site of 3C° that could effectively be targeted to inactivate the protease [Bacha, U et al.
(2004)Biochemistry 434906-4912]. Mutation of any of these serine residues to alanine had a debilitating
effect on the catalytic activity of 3G¥°. In particular, the mutation of Ser147, which does not make any
contact with the opposing subunit and is located approxim&dél away from the dimer interface, totally
inhibited dimerization and resulted in a complete loss of enzymatic activity. The finding that residues
away from the dimer interface are able to control dimerization defines alternative targets for the design
of dimerization inhibitors.

Severe acute respiratory syndrome (SARS)an upper inhibitors, HIV protease inhibitors, and dimerization inhibi-
respiratory tract disease caused by a novel human coronavitors based on the N-terminal residues of 3C(5—18).
rus, SARS-CoV {—3). Since the emergence of the virus in | 5| available crystal structures, SARS 3tLis a 68
late 2002, over 8000 people have been infected, resulting ingp4 homodimer, with the two protomers of the dimer
a mortality exceeding 50% for patients over age 65 with an qiented aimost perpendicular to one another, as shown in
estimated 10% mortality overall. Currently, no effective Figure 1A (L8—21). Each monomer consists of three domains
treatments are available against SARS. The recent identifica—and contains a catalytic dyad of His41 and Cys145 located
tion of a SARS-like coronavirus (SL-CoV) circulating inthe 3,5 cjeft hetween the first two domains. A water molecule
Chinese horseshoe bat population emphasizes the possibilit¥s hydrogen bonded to His41, a position usually occupied

of a reemergence of infection, calling for the development b . S :
o . . X i y the third member of the catalytic triad in other cysteine
of antiviral therapies targeting SARS-CoX)( The SARS proteasesi@8, 20, 21). The catalytic residues lie within a

CoV main protease, 3CL (also called M), has been chymotrypsin-like doubl@-barrel fold comprised of the first
identified as a key target for drug development. SARSBCL two domains of the protein (residues-184). The catalytic

plays a pivotal role in the life cycle of the coronavirus by ) . .
the extensive proteolytic processing of two highly conserved domains are connected by a long loop region (residues 185

e .+ 200) to a third globular domain composed of five antiparallel
polyproteins: ppla (486 kDa) and pplab (790 kDa), which X ;
encode for essential viral replicase proteins. The functional & N€lices (residues 264306). A surface area o0f 2300 A

importance of 3CE in the coronavirus life cycle makes it~ (~1250 A apolar and 950 A polar) is buried at the dimer
a highly attractive target for drug design. Several types of Interface. The N-terminus, or “N-finger”, comprised of
small molecule inhibitors targeting 3@ have been identi- residues 18 makes extensive interactions with the second

fied by high-throughput screening, computational docking, 90main of the parent protomer and the third domain of the
or structure-based drug design, some of which include opposing monomer near the active site, thereby preserving

bifunctional aryl boronic acid compounds, substrate analoguethe shape of the S1 pocket through hydrogen bond interac-
tions with the oxyanion loopl®, 19). The positioning of

t Supported by the National Institutes of Health Grant GM57144. these residues prompted speculation that the N-terminus is
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Ficure 1: Structure of the SARS 3@ dimer at pH 7.6 [pdb file LUK318)]. (A) Wild type SARS 3CIPr displayed in ribbon representation.

Domain 1 (residues-1100) is shown in blue, domain 2 (residues #1B3) are colored purple, the loop connecting these two domains to
domain 3 is shown in red, and domain 3 (residues-2806) is shown in yellow. The catalytic residues, His41 and Cys145, are located in

the cleft between the first two domains and are displayed as green spheres. The cluster of serines, Ser139, Serl144, and Ser147, are displayec
as orange spheres. Important residues surrounding (B) S139A, (C) S144A, and (D) S147A are shown.

Kinetic studies have demonstrated that the specific activity N-terminus resulted in only a moderate loss in activity and
of SARS 3ClIP° increases with protein concentration, dimerization, while deletion of the first four residues of the
indicating that the dimer is the functional form of the protein N-terminus resulted in a dramatic loss in both areas,
[refs 23 and?24; this work]. The enzyme exists as a dimer in  supporting the importance of Arg28). Furthermore, it has
solution over a wide range of concentratiod®,(24—27). been observed that deletion of the first seven residues at the
Reported dimerization dissociation constattg) for SARS N-terminus of 3CP™ interfered with protease activity and
3CLP™ range from low nanomolar affinities<0.35 nM) to dimerization (6, 28), although one group reported dimin-
high micromolar affinities £230 uM). Differences in the ished activity but no change in oligomeric state when the
values depend on the technique used to measurl {laes same mutation was mad@9). Mutation of Met6 to Ala
well as the presence of N- or C-terminal extensions or affinity completely interferes with both dimerization and enzymatic
tags. In addition, handling of the protease during purification activity (16). Met6 is proposed to form hydrophobic interac-
and storage appears to significantly affect the overall stability tions with Tyr126 and Phel40 of the opposing chain. In
of the protease, thereby affecting activity and dimerization addition, two peptides derived from the N-terminus of the
measurements. protein have been shown to inhibit the activity of 3CL

Residues at the dimer interface that are essential for SARSone of which has been shown to prevent dimerization,
3CLP™ dimerization and activity have been identified by supporting the idea that the N-terminus plays a role in
several groups. The N- and C-termini of the protease are maintaining the oligomeric state of 3€2(8, 16). Deletion
important for maintaining the oligomeric state of 3®|with of the third alpha helical domain also interferes with
the majority of interactions being either ionic or hydrophobic. dimerization and activity (ref27—29 and unpublished data
Chou et al. 26) observed that both enzyme dimerization and from this laboratory). The third domain alone has been
activity decrease at higher salt concentrations and at lowerobserved to dimerize on its own, leading to the hypothesis
pH and that a salt bridge between Arg4 and GIlu290 was that the role of this domain may be the regulation of
important for these interactions. Mutation of Glu290 to Ala enzymatic activity through dimerizatior27).
resulted in a complete loss of dimerization and activity while  All of the mutations affecting the dimerization of SARS
a mutation in Arg4 resulted in an approximately 5-fold loss 3CLP™ reported so far involve residues that are located
in dimerization and only a moderate loss of activity. Another directly at the dimer interface. Here we provide data that
study showed that deletion of the first three residues of the demonstrates that dimerization is also controlled by long-
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range cooperative interactions in 3€L Mutation of con- away resin (Invitrogen). The reaction mixture was passed
served Ser147 to Ala, located approximat@lA away from through a nickel affinity column to remove undigested
the dimer interface, inhibited dimerization and resulted in protease. The protease was buffer exchanged into storage
an inactive enzyme. The location of Serl47 suggests alternabuffer, concentrated to 10 mg/mL, and used immediately for
tive sites for SARS 3CR° dimerization inhibitors. experiments. The sample was more than 95% pure, as

EXPERIMENTAL PROCEDURES aSS.eSS?d by SDSDAG.E' - .
Kinetics. The catalytic activities of wild type and mutant

Cloning.cDNA encoding full-length SARS 3QI°(Tor2  5ARS 3CIPe were determined using a fluorescence-based
strain, GenBank entry AY274119) was previously cloned peptide cleavage assay with a commercially available fluo-
into @ pET 100 vector (Champion pET Directional TOPO  ggenic substrate, Dabcyl-KTSAVLQSGFRKME-Edans (Gen-
Expression and Cloning kit, Invitrogen) which carries an  ggjs Biotech, Taiwan), which corresponds to the N-terminal
N-terminal polyhistidine tag, an enterokinase cleavage Sitevauto-cleavage site of the proteas®)( The change in
and ampicillin resistancé). Mutations_ at selected ppsitions_ fluorescence intensity was monitored in a Cary Eclipse
(S139A, S144A, and S147A) were introduced using an in fjysrescence spectrophotometer (Varian) with 355 and 538
vitro site-directed mutagenesis kit (QuickChange, Stratagene),y, excitation and emission wavelengths, respectively. The

with the pET-SARS 3CE° vector as the template. The goyheriments were performed in 10 mM sodium phosphate,
sequences of the primers used to generate the mutants werey M sodium chloride. 1 mM EDTA. 1 mM TCEP pH
as follows: S139A: SCCA TTA AAG GTG CTT TCC 7 4 Kinetic parameters such Ks andk.. were determined

TTAATG G 3; S144A: TT; CTT AAT GGA GCA TGT by initial rate measurements of substrate cleavage 4C25
GGT AGT G 3 and S147A: GGA T.CA TGT GGT GQT The reaction was initiated by the addition of substrate such
GTT GGT TTT AAC ATT G 3. Following the PCRreaction -+ final concentration varied from 1 to 60/
carried out with Pfu turbo DNA polymerase (Stratagene), ) ) ) ) o _

poYy ( gene) Analytical UltracentrifugationSedimentation velocity and

the parent template was degraded witb@nl (Stratagene) S X :
digestion reaction fol h at 37°C. One shot TOPO10 equilibrium experiments were conducted using a Beckman-

competent cells (Invitrogen) were transformed with the PCR Coulter XL-I analytical ultracentrifuge. Wild type and mutant
product for plasmid amplification. The plasmid was then S@mples were prepared by exhaustive dialysis into 10 mM
purified and mutations were confirmed by DNA sequencing. 1"1S-HCI, 0.1 M NaCl, 1 mM TCEP, 1 mM EDTA, pH 7.5
This procedure was used to generate single, double, and triplénd then concentrated to 1 mg/mL. For sedimentation

mutations of the serines to alanine using plasmids and VelOCity experiments, reference (42Q) and sample (400
primers corresponding to the residue change. uL) solutions were loaded into double-sector centerpieces

Protein Expression and PurificatiolRecombinant SARS ~ and mounted in a Beckman An60Ti rotor. Protein concentra-

3CLPowas expressed as a soluble fraction in BL21 Star DE3 tions for these experiments were petween 0.25 mg/mL (7.4
Escherichia colcompetent cells (Invitrogen). The construct #M) and 1 mg/mL (29.5M). Experiments were performed
begins with residue Serd, and therefore does not contain thet 20 °C with a rotor speed of 50000 rpm. Sample
full N-terminal auto-cleavage site of the protein. Cells were absorbance at 280 nm was monitored in a continuous mode
grown in LB supplemented with ampicillin (50g/mL) at with no delay and a step size of_ 0.003 cm without averaging.
37 °C, induced with 1 mM IPTG when the optical density Multiple scans at different time points were fit to a
(as determined by absorbance at 600 nm) was 0.8 or greatercontinuous size distribution using SEDFIT version 9.30)(

and harvested after 4 h. Cells were resuspended in lysis bufferThe c(s) distribution in SEDFIT was exported to SEDPHAT
[50 mM potassium phosphate (pH 7.8), 400 mM sodium Where experimental values were corrected $9.331). A
chloride, 100 mM potassium chloride, 10% glycerol, 0.5% partial specific volume of 0.7331 ciig for wild type 3CLP™
Triton-X, and 10 mM imidazole]. The cells were broken by and 0.7334 ciifg for the S147A mutant were used in all
sonicating on ice for short pulse$ bs followed ty 3 s off calculations based on the amino acid sequence of the protein.
for a total of 16 min. Cell debris was collected by centrifuga- The solvent density and viscosity were calculated using
tion (2000@ at 4°C for 45 min). The supernatant was filtered SEDNTERP (Philo, J. website http://www.jphilo.mailway-
using a 0.45um pore size filter (Millipore) and applied .com/default.htm). Sedimentation equilibrium experiments
directly to a nickel affinity column (HiTrap Chelating HP, Wwere performed in the same buffer as sedimentation velocity
Amersham Biosciences) that had been pre-equilibrated with€xperiments at concentrations between 0.1 and 2 mg/mL
binding buffer (50 mM sodium phosphate, 0.3 M sodium (between 2.9 and 59,4M). Reference (12@L) and sample
chloride, 10 mM imidazole, pH 8.0). The protease was eluted (110uL) solutions were loaded into six sector centerpieces
with a linear gradient of 50 mM sodium phosphate, 0.3 M and mounted in a Beckman An60Ti rotor. Samples were
sodium chloride, 250 mM imidazole, pH 8.0. After elution, equilibrated at 20C and three speeds: 15 000, 20 000, and
the protein was buffer exchanged into 10 mM Tris-HCl pH 25 000 rpm. Sample absorbance at 280 or 250 nm was
7.5 and loaded onto a Q-sepharose anion exchange columeollected in step mode with a step size of 0.001 cm and 10
(Amersham Biosciences). The protease was eluted with areplicates at each radial position. The program WinMatch
gradient of 10 mM Tris-HGI1 M NaCl, pH 7.5. The pooled  (Biotechnology-Bioservices Center, University of Con-
fractions containing 3CI° were buffer exchanged into  necticut) was used to determine the point at which samples
storage buffer (10 mM sodium phosphate, 10 mM sodium reached equilibrium. Equilibrium was typically attained for
chloride, 1 mM TCEP, 1 mM EDTA, pH 7.4) and digested all samples between 24 and 30 h. All samples were visually
for 24 h at 4°C with enterokinase (Invitrogen, 0.1 units per inspected for clarity to ensure no precipitation had occurred
112 ug of protease) to remove the N-terminal polyhistidine during the runs. Dissociation constants were determined by
tag. The enterokinase was removed by incubation with EK- global fitting of multiple concentrations and rotor speeds in
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sk with similar affinities was not impaired. S139A had a
catalytic constantk.,, similar to the wild type, while the
S144A value was about half. The most significant effect was
. " observed for S147A, which had a 160-fold dropkig with
respect to the wild type enzyme. Consistent with previously
published observation238, 33), the activity of the wild type

IS
T

®
L]

o SARS 3CIP° and the three mutants showed a linear
% correlation with increasing enzyme concentration as shown
P in Figure 3.

° Structural Stability of Wild Type 3CL and Serine

;:&;' 2F - A — Mutants. To verify that the mutants were properly folded

and to assess the effect of the serine-to-alanine mutations,
the structural stability of the wild type and mutant proteases
was measured by differential scanning calorimetry. Figure
4 shows the temperature dependence of the heat capacity
function of wild type 3CIP, S139A, S144A, and S147A at
pH 7.4 and 10 mM NaCl. The denaturation transition for
[Substrate] (uM) wild type 3CLP™ is centered at 56.5& 0.1 °C at a protein
FIGURE 2: The enzymatic activities of wild type 3L (@), S139A concentration of 0.2 mg/mL (5.%M) and temperature
(eln)Z ?nl':rifgn(&)a,n?rnegisnlg'ﬂ) i\a/elfg ?nel\t/lemg?df(l)trzrﬁ\:ﬂvl\\,li;%ianl scanning rate (2C/min) used in these experiments. This
MMEDTA 1 mM TCEP (|c/)1r'\|/I 7.4). The initial velocity, which was ~ “2IU€ IS approximately £C higher than our previously
measured as arbitrary fluorescence units per second, is plotted aéep‘)”,e‘,j va_lueE() Wh'Ch Was_meas.ured using a COUStrUCt
a function of substrate concentration. containing five additional amino acids at the N-terminus of
the protein. The transition temperature is similar to the value
SEDPHAT using the monomedimer equilibrium model  obtained by circular dichroism (CDRY) but lower than
(32). others reported values-60 °C) obtained at faster scanning

Differential Scanning CalorimetryThe heat capacities of ~ 'at€S @9), as expected for irreversible denaturation. The
wild type 3CLP™® and the serine-to-alanine mutants were S139A mutant had a slight _effect on the stability of the
measured as a function of temperature with a high-precision Protéase with a downward shift i, of 0.9°C. The S144A
differential scanning VP-DSC microcalorimeter (Microcal Mutation resulted in a 1.9C upward shift in the transition
Inc., Northampton, MA). Protein samples and reference €mperature. The S147A mutation resulted in a downward

solutions were properly degassed and carefully loaded into Shift in the transition temperature of approximately 17

the cells to avoid bubble formation. Thermal denaturation Besides the changes in denaturation temperature, these
scans were performed with freshly prepared buffer-ex- €xperiments cpnflrmed that all four proteins were p.roperly
changed protease solutions using a temperature scan rate delded and indicate that the serine-to-alanine mutations did

1 °C/min. Data was analyzed by software developed in this not significantly affect the overall stability of the recombinant
laboratory. proteins. Furthermore, similar results were obtained through-

out the length of time required for other experiments (e.g.,
RESULTS AND DISCUSSION sedimentation equilibrium measurements) confirming the

structural integrity of the proteins in all experiments presented

Enzymatic Actiity. We previously identified a highly  here. The areas under the curvAsi, were also similar for
conserved cluster of serine residues: Serl39, Serl44, andy| proteins, indicating the absence of any significant
Serl147, which lie adjacent to the active site of SARSBCL  structural changes. A full thermodynamic analysis could not
(5). The location of this serine cluster in the structure of pe performed with any of the proteins due to precipitation
3CLP™ is shown in Figure 1A. Serines 139 and 147 are once the transitions were complete, which led to a lack of
absolutely conserved in all known coronavirus 3CL pro- reversibility in the microcalorimetric scans. This irrevers-
teases, while Serl44 is conserved in 55% of the reportedibility was observed regardless of buffer conditions used (pH
sequences. values between 3 and 9; NaCl concentrations between 0 and
The role played by the three serine residues in the catalytic3 M).

activity of SARS 3CIP'° was evaluated by generating serine-  Quaternary Structure of Wild Type 3€t and Serine
to-alanine mutants at the three positions. The catalytic Mutants.To investigate the effects of the serine-to-alanine
activities of wild type 3CP™ and the mutants S139A, S144A, mutations on the quaternary structure of SARS BCL
and S147A were measured aulM enzyme concentration  sedimentation velocity ultracentrifugation was performed at
using a fluorescence-based cleavage assay to obtain th€0 °C on all constructs at concentrations between 0.25 mg/
catalytic rate constant&{y) and the Michaelis constari,). mL (7.4 uM) and 1 mg/mL (29.5uM). Figure 5 shows
The results are shown in Figure 2. The wild type 3Chas typical sedimentation velocity profiles at 0.5 mg/mL (14.8
aKp, of 56.424 9.18 uM and akg, of 0.643+ 0.051 s*. uM) obtained using direct boundary modeling with the
The resulting<m, andk.,are of the same magnitude as those program SEDFIT 30). The experimental data is well
previously reported with the same substra2d)( Table 1 accounted for by the continuous sedimentation coefficient
shows the kinetic parameters obtained for wild type, S139A, model, ¢c(s), as indicated by the plot of the residuals in Figure
S144A, and S147A. All of the proteases exhibited very 5B. The sedimentation data for wild type 3€Llin Figure
similar Ky,'s, suggesting that their ability to bind the substrate 5C shows the presence of two peaksSat 2.5 andS, =

1] 10 20 30 40 50 g0 0 80 S0
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Table 1: Summary of Enzyme Kinetics, Structural Stability, and Dimerization Data
protein Km (uM)2 Keat(S™1)2 Keal K@ (MM~1571) T CC)P AT (°C) Kq (uM)©
WT 56.42+9.18 0.643+ 0.051 11.4 56.5& 0.03 0 1.3+1.8
S139A 61.35+9.38 0.615+ 0.102 10.02 55.58 0.02 —0.92 129+ 1.7
S144A 60.214 10.64 0.344+ 0.046 5.71 58.4& 0.01 +1.90 3.3t+14
S147A 52.8H4 13.24 0.004+ 0.001 .075 54.7& 0.02 —-1.72

aKinetic values were obtained by global nonlinear least-squares fit of initial rate measurements at increasing substrate concentyatlons at 1
enzyme concentratiod.Structural stability values were obtained by fitting excess heat capacity versus temperature data using software from this
laboratory.c DimerizationKq values were calculated from the global analysis of sedimentation equilibrium data at concentrations of 0.1 mg/mL

(2.9 uM), 0.25 mg/mL (7.4uM), 0.5 mg/mL (14.8«M), 0.75 mg/mL (22.1uM), 1 mg/mL (29.5uM), and 2 mg/mL (59.1uM) for each protein
using the monomerdimer self-association model using the program SEDPH3J). (
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Ficure 3: The catalytic efficienciesk{a/Ky,) of (A) wild type 3CLP, (B) S139A, (C) S144A, and (D) S147A are plotted as a function of
increasing protease concentration. KagandKy, values were obtained by global nonlinear least-square fit of the initial rate measurements
at increasing substrate concentrations. The experiments were performed with experimental conditions similar to that shown in Figure 2.

4.0. These results are consistent with previous reported values 40

in the literature {6, 26, 28). There did not appear to be a
concentration dependence of the peak positions of c(s) in I
the concentration range tested. Similar results were obtained 30

for the S139A and S144A proteins, shown in Figure 5D,E. S
Despite being located directly at the dimer interface, serine £

139 does not play a dominating role in enzyme dimerization. ®
Similarly, even though kinetic measurements show that £
S144A is less active than the wild type, the sedimentation o
profile was similar, albeit with a slight decrease in dimer 10
population, suggesting that this mutation directly affects 5]

catalysis. Like the wild type, neither of these mutants showed
a concentration dependence on the peak position of c(s).

Analysis of the S147A sedimentation velocity data unex-

35

pectedly produced a primary peak at 2.7S, as shown in Figure

5F. An additional small, broad peak can be seern40S,

dimer. This peak can be seen to increase slightly with
increasing protein concentration. The peak positions of this

25
20
15

50 55 60 65
Temperature ("C)

FiIGURE 4: Thermal denaturation of WT (black), S139A (red),
corresponding to the formation of a minimal amounts of S144A (green), and S147A (blue) 3€L as determined by

mutant also remained constant within the range of the proteinscanning rate of 2C/min.
concentrations tested. The presence of the S147A dimer is
short-lived, however, as ultracentrifugation experiments monomeric species. This correlates well with the lack of
performed later than 24 h after purification yielded solely a enzymatic activity observed in the kinetics measurements.

differential scanning calorimetry. Excess heat capacity is plotted
as a function of temperature. Calorimetric scans for both proteins
were performed at identical concentrations (0.2 mg/mL) at a
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of 14 uM obtained also by sedimentation equilibrium
ultracentrifugation 16). The slight discrepancy between the
two sedimentation equilibrium measurements may be due
to the extra amino acid on the N-terminus of the protein used
in the previously published work. It has been observed that
additional amino acids on the N-terminus of the protease
can increase the measurd€; value or interfere with
dimerization completely §4) and unpublished data from this

- " . : : laboratory]. If additional amino acids corresponding to a
67 68 69 70 74 3CLP cleavage site are added to the N-terminus of the

6.6
::: e protein, the protein is able to cleave them off through trans-
1.0 processing, albeit with a lower dimerizati&q. If the added
4

Residuals Absorbance, 280 nm

6.3 6.4 6.5

residues do not correspond to a cleavage site, as with the
previously published sedimentation equilibrium experiments,

) ) ) ) ) then the extra residue cannot be cleaved off and may have
5 6 78 9 10 an effect on the dimerizatiol.

961 Dissociation constants for the three mutants were also

obtained, the results of which are shown in Figure 6 and
Table 1. S139A showed a slight decrease in its ability to
dimerize with &y of 12.94+ 1.7 uM, and a molecular weight

) ) L ) . of the monomeric species calculated as 32 #3342 Da.

1 2 3 4 5 6 7 8 8 10 The decrease in catalytic efficiency is less than the one

0.7(E expected from the weaker dimerization constant, suggesting
o a better intrinsic catalytic activity of the mutant over the wild
0.4 type. On the other hand, the decrease in catalytic activity

¢(s) Distribution

observed with S144A was not mirrored by a large decrease
_ o in dimerization, confirming the sedimentation velocity results.
4 5 6 7 8 9 10 The dimerizatiorKy obtained for the mutant was 38 1.4

3
uM and the molecular weight obtained for the monomer was
/\ 33466 + 1121 Da. The reduction in S144A activity is

apparently not due to a weaker dimerization but to a direct

effect on the catalytic activity of the enzyme. It must be noted

. ‘ ‘ . . . ‘ ‘ that this enzyme is structurally more stable than the wild

© 1 2 3 4 5 6 7 8 9 10 type (Table 1) and that this added stability might reflect itself
Sedimentation Coefficient in a lower catalytic efficiency.

FiIGURE 5: Sedimentation velocity ultracentrifugation of wild type The sedimentation equilibrium profile of S147A fit

3CLPr and the serine mutants. The sedimentation of the four extreme'y well to a monomeric distribution’ as evidenced

recombinant proteins was carried out with a Beckman Coulter XL-I i ; ; ;
analytical ultracentrifuge at 20 and 50 000 rpm at concentrations by the well-dispersed residuals seen in Figure 6D. The

between 0.25 and 1 mg/mL. (A) Sedimentation velocity absorbance Molecular weight obtained for the monomer was 32 641
trace of WT 3CIP© at 280 nm. (B) Residuals of the experimental 210 Da, a value consistent with that obtained from the

Iit of WTffS(':LptmdattQ.l? rtng/mLt((l)Ag&M;. Eor}tipcél)oy\/snggg(eg)ta- sedimentation velocity experiments. If we assume that only
lon coetiicient distributions at ©.5 mg/mL. 0 the dimer is active and that the S147A mutant dimer has an
S139A, (E) S144A, and (F) S147A are shown. intrinsic ke Similar to that of the wild type, thEq for S147A

To obtain dimer dissociation constants for the four could be expected to be around 3@, i.e., more than 2
constructs, sedimentation equilibrium experiments were orders of magnitude weaker than the wild type.
performed with wild type 3CP° S139A, S144A, and In summary, we have carried out mutational analysis on
S147A. Global analysis for each of the proteins at multiple a cluster of conserved serine residues (Ser139, Serl44, and
concentrations between 0.1 mg/mL (2®1) and 2 mg/mL Serl47) found adjacent to the active site of SARS BCL
(59.1uM) and at multiple rotor speeds (15 000, 20 000, and We examined the effects of separately mutating each of these
25000 rpm) was carried out with the program SEDPHAT residues to alanine on the activity, stability, and oligomeric
using the monomerdimer self-association model32). state of the protease using a fluorescence-based cleavage
Figure 6 shows the results of the global fitting of each set assay, differential scanning calorimetry, sedimentation veloc-
of data at 0.5 mg/mL (14.8M). All sets of experimental ity ultracentrifugation, and sedimentation equilibrium sedi-
data fit well to the monomerdimer model; the molecular ~ mentation. Ser139, which makes interactions at the dimer
weight obtained for the wild type monomeric species was interface, does not appear to play a significant role in
33889+ 441 Da, which correlates exceedingly well with maintaining the dimeric state of the protease, showing only
the expected monomeric weight of 33 846 kDa as estimateda slight decrease in activity, thermal stability, and dimer-
by the protein sequence. The dissociation constant for theization as compared to wild type 3€2when mutated to
wild type 3CLP dimer was determined to be 1431.8 uM, alanine. Serl44, located closer to the active site cavity,
which is slightly higher than previously reported values of showed a 2-fold decrease in catalytic efficiency when
0.19uM (26) and 0.2&M (28) obtained using sedimentation mutated to alanine compared to that of the wild type but
velocity and slightly lower than a recently reportégivalue maintained a similar dimeric state and showed an increase
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in thermal stability by 1.9C. Mutation of Ser147, located The side chain hydroxyl of Serl44 forms hydrogen bonds
approximate) 9 A away from the dimer interface, to alanine  with the side chain and backbone of Asn142. The backbone
resulted in an approximately 150-fold loss in catalytic carbonyl of Serl44 interacts with the backbone amide of
efficiency in comparison to the wild type and an inability of Ser147 and the side chain of Asn28. Mutation of Ser 144 to
the protease to dimerize. This demonstrates that dimerizationAla results in a more structurally stable enzyme as reflected
in SARS 3CIP"™ can be controlled by long-range cooperative in the calorimetric data. Th&, and the dimerization constant
interactions, suggesting that targeting cavities nearby Serl47remain essentially the same while the catalytic conskagt,
with small molecule inhibitors may provide an alternative is reduced by half, suggesting that the structural rearrange-
way of inactivating the protease. ment induced by the mutant reduces the catalytic efficiency
Structural Analysis.According to the existing crystal- of the enzyme.
lographic structures, serine 139 is the only residue of the The Serl47 to Ala mutation induces the most dramatic
three considered in this paper directly located at the dimer- activity and structural effects even though this residue is 9
ization interface. Serines 144 and 147 are closer to the activeA away from the dimer interface. Serl47 makes several
site cavity and by visual inspection do not appear to play a backbone and side chain interactions with residues that are
key role in the dimerization of the enzyme. The interactions involved in an extensive hydrogen bonding network within
made by Ser139 are not bidirectional. Figure 1B shows the domains | and Il in the protein. The backbone of Serl47
residues surrounding Serl139 of chain A at pH 7.5 [pdb interacts with the backbones of residues Ser144 and His163.
structure 1UK3 18)]. In this structure, Serl39 of chain A Incidentally, His163 is important for catalytic activity, since
makes hydrogen bonds to the backbone of Gly2 from chain it comprises the S1 subsite that contributes to the specificity
B. Conversely, no side chain interactions are made by Ser13%f substrate bindingl®). The side chain of Ser147 makes
of chain B with residues in chain A. Mutation of Ser139 to two interactions with surrounding residues. The side chain
Ala disrupts the dimerization interface and weakens the hydroxyl of Serl47 hydrogen bonds to the backbones of
dimerization constant by about 10-fold but does not interfere Cys117 and Serl144. Cys117 forms two additional hydrogen
directly in the catalytic activity of the enzyme. bonds with Asn28 and Leul15. Asn28 may be important in
Serine 144 is located closer to the active site in comparisonmaintaining the structural integrity in and around the active
to Serl139. Figure 1C shows the residues surrounding Serl44site region of the protease. This residue makes several key
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interactions, including two interactions with the backbone
carbonyl of the catalytic residue Cys145. The hydrogen bonds
made by Asn28 to the backbones of Cys117 and Gly120
may be critical in maintaining the position of the beta strand
on which they reside, which is connected to and runs
antiparallel to the beta strand containing Tyr126. In turn,
Tyr126 forms a hydrophobic pocket with Phe140 of the same
chain and Met6 of the opposing chain. Met6 is the closest
residue of the opposing monomer to Serl47, which is
positioned approximatgl9 A away. As previously men-
tioned, there is evidence suggesting that Met6 plays a role
in maintaining dimerization, potentially through this hydro-
phobic interaction with Tyr126 and Phel4D6]. The loss

of Asn28 interactions with Cys117 and Gly120 may result
in the repositioning of thig sheet and the disruption of this
hydrophobic interaction. Additionally, structural rearrange-
ments due to the loss of these interactions may also interfere
with the hydrogen bond that Asn28 makes with the backbone
carbonyl Gly143. Gly143 lies at the top of the loop which
contains Phe140 which is part of the hydrophobic pocket.
Furthermore, the elimination of the hydroxyl group in the
S147A mutation not only eliminates the hydrogen bonds

made by this group but also allows some rearrangements 12.

due to the smaller van der Waals volume of the Ala mutation.

CONCLUSIONS

These studies reveal the possibility of new strategies for
engineering inhibitors of SARS 3CL by targeting sites that
are away from the dimer interface but involved in the
allosteric control of dimerization. Since Ser147 is conserved
in all known coronavirus 3CL proteases, this observation
opens the intriguing possibility that small molecules targeting
this site may have a broad antiviral spectrum against
infections caused by different coronaviruses.
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