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Abstract

The Mycobacterium tuberculosis (Mtb) serine protease Hip1 (hydrolase important for 

pathogenesis; Rv2224c) promotes tuberculosis (TB) pathogenesis by impairing host immune 

responses through proteolysis of a protein substrate, Mtb GroEL2. The cell surface localization of 

Hip1 and its immunomodulatory functions make Hip1 a good drug target for new adjunctive 

immune therapies for TB. Here, we report the crystal structure of Hip1 to a resolution of 2.6 Å and 
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the kinetic studies of the enzyme against model substrates and the protein GroEL2. The structure 

shows a two-domain protein, one of which contains the catalytic residues that are the signature of 

a serine protease. Surprisingly, a threonine is located within the active site close enough to 

hydrogen bond with the catalytic residues Asp463 and His490. Mutation of this residue, Thr466, 

to alanine established its importance for function. Our studies provide insights into the structure of 

a member of a novel family of proteases. Knowledge of the Hip1 structure will aid in designing 

inhibitors that could block Hip1 activity.

Graphical Abstract

Tuberculosis (TB) remains a serious global public health problem with about 1.5 million 

deaths reported in 2014 and an estimated 480,000 new cases of multidrug-resistant TB.1 The 

bacterium that causes TB, Mycobacterium tuberculosis (Mtb), has evolved a wide array of 

strategies to evade host innate immunity and cause disease. Mtb can replicate within 

macrophages, inhibit phagosome maturation and acidification, interfere with responses to 

gamma interferon (IFN-γ), and resist the microbicidal functions of macrophages.2,3 In 

addition, Mtb modulates macrophage responses and interferes with the function of dendritic 

cells (DCs), which enable this pathogen to escape early detection by innate immunity and 

prevent optimal adaptive immunity. Delineating the mycobacterial factors that modulate host 

immunity and promote pathogen virulence is therefore important for developing new 

therapeutics for TB. We have identified a cell wall-associated Mtb serine hydrolase, Hip1, 

(hydrolase important for pathogenesis; Rv2224c), as a key immunomodulatory virulence 

factor.4 We have shown that Hip1 is a serine protease that dampens macrophage 

proinflammatory responses, inhibits maturation of DCs, and impairs antigen presentation 

and T cell responses.5,6 Further, we have shown that Hip1-mediated proteolytic cleavage of 

a specific protein substrate, Mtb GroEL2, is an immune evasion mechanism that serves to 

dampen innate immunity.7 Thus, while a cleaved form of GroEL2 predominates in wild-type 

Mtb, a hip1 mutant strain of Mtb retains a full length, uncleaved form of GroEL2 that is 

more immunostimulatory. Indeed, mice infected with the hip1

mutant survive significantly longer than wild-type Mtb-infected mice and display only mild 

lung immunopathology despite high bacterial burdens.7 These studies suggest that Hip1 

functions to restrict beneficial immune responses and thereby promotes progression to TB 
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disease. The contribution of GroEL2 proteolysis to Hip1-dependent dampening of innate 

immune responses indicates that Hip1-mediated cleavage of GroEL2 represents a novel 

immune evasion mechanism that allows the pathogen to manipulate host immunity to its 

advantage and drive disease progression and pathology. Thus, Hip1 protease activity is a 

good drug target for developing adjunctive immunomodulatory therapeutics against Mtb.

Hip1 is predicted to be a lipoprotein based on an N-terminal type II signal peptide and a 

cysteine that is expected to be a lipoprotein anchor residue.8 Sequence analysis shows Hip1 

has limited similarity to the Streptomyces lividans tripeptidyl-peptidases; TPP A (Tap; 30% 

seq ID), TPP B (SlpD; 36% seq ID) and TPP C (SlpE; 36% seq ID), as well as proline 

iminopeptidases (PIPs; also known as prolyl aminopepidases, PAPs); such as XCPIP (24% 

seq ID) and SPAP (21%) (Figure S1). These enzymes are all serine peptidases and are 

categorized in clan SC, family S33.9 Characteristics of the clan include a catalytic triad in 

the order of Ser, Asp, and His within the sequence with the active site Ser residue usually 

part of a GXSXG consensus sequence.10 All families within the clan are structurally similar 

in that they share an α/β hydrolase fold, a fold common among other enzymes including 

hydrolases, esterases, lipases, and proteases.11 The S33 family consists mainly of 

exopeptidases that act on the N-terminus of peptides, preferably cleaving at a Pro residue. 

However, there are other homologues within the family that are not peptidases such as 

epoxide hydrolases and haloalkane dehalogenase. At the level of sequence identity given 

above, it is not possible to predict the exact activity and substrate specificity of Hip1. 

Consequently, a three-dimensional structure is needed to clarify the biochemical role of the 

enzyme and provide an accurate model to aid in the design of specific inhibitors.

We have recently published a molecular and biochemical characterization of Hip1 enzymatic 

activity and demonstrated that Hip1 exhibits serine protease activity against protein and 

peptide substrates and against a physiological substrate, Mtb GroEL2. By screening standard 

inhibitors directed at serine proteases, we demonstrated that 4-(2-aminoethyl) 

benzenesulfonyl fluoride (AEBSF) inactivated the enzyme. In an effort to identify substrate 

specificity, small peptide p-nitroanilide substrates were tested with Hip1. Substrates were 

chosen by analogy to the substrate specificity of the exopeptidases TPP A and TPP B that 

share some sequence similarity with Hip1. The enzyme can recognize and cleave at the C-

terminus of small peptides such as Ala-Pro-Ala and Gly-Pro-Leu, albeit inefficiently. 

Unfortunately, these experiments did not address the substrate specificity of the enzyme. 

Surprisingly, we also observed that Hip1 cleaves human GroEL2 within the N-terminus of 

the protein (between Arg12 and Gly13), releasing a peptide fragment of 12 amino acid 

residues.12 Taken together, these experiments indicate that the specific substrate and 

cleavage site preferences of Hip1 remain unclear and that the protease may have both exo- 

and endopeptidase activity. In addition, it is likely that this protease has additional 

physiological substrates.

In order to better understand the mechanism of the Hip1 cleavage reaction and to gain 

insight into the determinants for substrate recognition, we have crystallized the protein in its 

apo form and determined its three-dimensional structure. The resulting model shows 

structural similarities to the S33 family of serine peptidases but also has several novel 

features that may be related to its specific recognition of a large protein substrate. The active 

Naffin-Olivos et al. Page 3

Biochemistry. Author manuscript; available in PMC 2018 July 05.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



site region is accessed through a large opening that suggests that the enzyme has 

endopeptidase activity rather than exopeptidase activity. The P1 pocket (see Schechter and 

Berger for nomenclature13) can accommodate a side chain larger than the proline residue 

that is the signature for S33 family serine peptidases.

MATERIALS AND METHODS

Cloning, Expression, and Purification of Proteins

Hip1wt, Hip1T466A, and Hip1SeMet—Mtb Hip1 protein was expressed from the 

plasmid, pET28Hip1Δ49, which was reported previously.12 This construct lacks the first 49 

amino acids of the protein, which removes the N-terminal signal sequence and contains a 

histidine affinity tag (6xHis-tag) at the N-terminus. To produce Hip1 protein with a 

threonine to alanine mutation at amino acid residue 466, plasmid pET28Hip1Δ49 T466A 

was obtained by site-directed mutagenesis using primers 5′-

CCCATGACCCGGCGGCGCCGTACAAGGCC-3′ and 5′-

GGCCTTGTACGGCGCCGCCGGGTCATGGG-3′. The plasmids were transformed 

separately into E. coli BL21 Star (DE3) cells (Invitrogen, Carlsbad, CA) and grown in 

Luria–Bertani (LB) broth for both the wild-type protein (Hip1wt) and Hip1 threonine to 

alanine mutation (Hip1T466A). In addition, cells containing the plasmid pET28Hip1Δ49 

were also grown in minimal media to produce protein with the methionine residues replaced 

with selenomethionine (Hip1SeMet).

For expression of Hip1wt or Hip1T466A, 1 L of LB broth containing 50 μg/mL kanamycin 

was inoculated with 5 mL of overnight culture and incubated at 37 °C to an OD600 of 0.6 to 

1.0. The cells were cooled to room temperature for 15–30 min, and then, protein production 

was induced with 1 mM IPTG (isopropyl β-D-thiogalactopyranoside, Gold Biotechnology, 

St. Louis, MO). After overnight incubation at 25 °C, the cells were harvested by 

centrifugation for 30 min to 1 h at 5,000 rpm. The pellet was resuspended in 25 mL of water 

to wash away any residual media. The cells were once again pelleted by centrifugation for 

30 min at 3,500 rpm and frozen at −80 °C until further use.

For expression of Hip1SeMet, 3 mL of LB was inoculated and grown for 9 h at 37 °C. The 

cells were pelleted to remove LB media, resuspended in 20 mL of M9 minimal media, and 

grown overnight at 37 °C. The overnight culture (5 mL) was used to inoculate 1 L of M9 

minimal media. Once an OD600 of 0.5 to 0.6 was reached, an amino acid mixture was added 

(100 mg K, F, and T; 50 mg I, L, and V; and 60 mg SeMet), and the cells were allowed to 

grow for an additional 15 min. Protein production was induced and cells harvested as given 

for Hip1wt. All media contained 50 μg/mL kanamycin.

Purification of Hip1wt and Hip1T466A was performed as previously reported.12 The 

Hip1SeMet was purified the same way as Hip1wt. In summary, the cells were sonicated and 

the insoluble fraction containing inclusion bodies was washed and then resuspended in 

buffer containing 8 M urea. After the protein was solubilized, nickel resin (Qiagen) was 

added, and the protein was refolded on the beads within an anaerobic chamber by decreasing 

the concentration of urea in a stepwise gradient. The protein was eluted with 250 mM 

imidazole and dialyzed overnight against 50 mM Tris-HCl at pH 8.0 plus 10% glycerol 
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(Buffer A) using 10 kDa molecular cutoff dialysis tubing. The dialyzed protein was loaded 

onto a MonoQ column equilibrated with Buffer A and eluted using a gradient of Buffer B 

(50 mM Tris at pH 8.0, 1 M NaCl, and 10% glycerol). The protein eluted at approximately 

100–160 mM NaCl. The protein fractions were aliquoted and stored at −80°C. Incorporation 

of selenium was validated by mass spectroscopy (data not shown).

GroEL2—GroEl2 protein was expressed and purified as reported previously.12 Briefly, the 

plasmid pACYCDUET-1 GroEL2, which contains full-length GroEL2 with an added 

histidine affinity tag (6xHis-tag) at the N-terminus and a S-tag at the C-terminus, was 

transformed into E. coli BL21 Star (DE3) cells (Invitrogen). LB broth (1 L) containing 34 

μg/mL chloramphenicol was inoculated with 5 mL of overnight culture and incubated at 

37 °C to an OD600 of 0.6–0.8. After cooling cells for 15–30 min to room temperature, 1 mM 

IPTG was added, and the cells were incubated overnight at 28 °C followed by 

centrifugation. The cell pellet was lysed by sonication after resuspension in 50 mM NaPO4 

at pH 8.0, 300 mM NaCl, 10 mM imidazole, and protease inhibitor cocktail (Roche 

Diagnostics, Indianapolis, IN). The GroEl2 protein was purified via a series of three 

columns. First, the protein was bound and eluted from Ni-NTA beads, followed by a MonoQ 

anion exchange column, and a last size exclusion S200 column equilibrated with buffer 

containing 50 mM Tris at pH 8.0 and 150 mM NaCl. The final protein was concentrated, 

aliquoted, and stored at −80 °C.

All proteins were analyzed for purity by SDS–PAGE. The Bradford assay was used to 

determine the concentration of the purified proteins with bovine serum albumin (BSA) as a 

standard.

Circular Dichroism (CD)

CD spectra were acquired at room temperature using a Jasco J-810 Spectropolarimeter 

scanning from 200 to 280 nm at a rate of 20 nm/min and a bandwidth of 1.0 nm. The 

resulting spectra are an average of five scans. Hip1wt and Hip1T466A concentrations were 

1.5 and 2.3 μM, respectively, in buffer containing 50 mM sodium phosphate at pH 7.0 plus 

150 mM NaCl. A spectrum of the buffer only was obtained and subtracted from the protein 

spectra. The data were then converted to molar ellipticity [θ] using the equation [θ] = (100 × 

θ)/(C × l), where θ is the degree of ellipticity or raw data, C is the concentration in molar, 

and l is the cell path length in cm. A plot for the molar ellipticity vs wavelength from 200 to 

240 nm was generated using GraphPad Prism version 7.0a for MacOS X, GraphPad 

Software, La Jolla California USA (www.graphpad.com).

Thermofluor Assay

Screening for Crystal Growth Conditions.14—To determine the optimal solution 

conditions for stability, the protein was tested against a number of pH values, salts, and 

additives. Hip1wt protein was buffer exchanged into 50 mM Tris at pH 8.0 to remove the 

glycerol and concentrated to 125 μM. The protein was diluted to 5–10 μM in various buffers 

at 50 mM concentration including sodium phosphate at pH 4.25, 5.0, 6.0, 7.0; sodium 

acetate at pH 4.6; Hepes at pH 8.0; Tris at pH 8.0; CHES at pH 9.0. At pH 8, 40% PEG 

(range 200–6000) or 20% glycerol was added to test for their effects on protein stability. 
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Sypro orange dye (Invitrogen) was diluted to a final concentration of 10×. The assays were 

performed in a 96 well plate with a final volume of 25 μL. To determine thermo-stability, the 

temperature was increased from 25 to 95 °C in increments of 0.3 °C per second using a 

StepOnePLus real-time PCR system (Applied Biosystems). The raw data were normalized 

using Perl Script and then plotted using Excel (data not shown).

Stabilities of Hip1 Proteins—Hip1wt, Hip1SeMet, Hip1S228A, or Hip1T466A protein 

(2 μM) were added to a 96 well plate with buffer (50 mM sodium phosphate at pH 7.4, and 

150 mM NaCl) and 10× Sypro orange dye to a final volume of 25 μL. The stability of the 

proteins was monitored by increasing the temperature from 25 to 95 °C in increments of 

0.3 °C per second. The raw data were normalized using Perl Script and then plotted using 

GraphPad Prism 7.0a.

Enzyme Activity

Azocasein Assay—Hip1wt, Hip1SeMet, Hip1S228A, or Hip1T466A proteins (2 μg in 25 

μL) were incubated for 30 min at 37 °C before the addition of the substrate. BSA (Thermo 

Scientific) and the protease Subtilisin Carlsberg (Sigma-Aldrich) were used as negative and 

positive controls, respectively, and treated the same as the Hip1 proteins. Azocasein (Sigma-

Aldrich) was reconstituted in 1× phosphate buffered saline, pH 7.4 (Boston BioProducts), to 

produce a 5% solution and then passed through a 0.22 μm filter. Addition of the Hip1 

proteins, BSA, or the protease Subtilisin Carlsberg resulted in a final concentration of 4% 

azocasein in 200 μL of total volume. After incubation for 1 h at 37 °C, the reactions were 

terminated by the addition of 200 μL of 10% trichloroacetic acid and incubated on ice for 30 

min. The reactions were then centrifuged at 13,200 rpm for 10 min at 4 °C. The supernatant 

(200 μL) was transferred to a 96 well plate to which was added 50 μL of 1.8 N NaOH, and 

the absorbance was read at 440 nm. The enzyme activities are expressed as units of 

enzyme/mg protein (one enzyme unit is the quantity of enzyme required to increase the 

absorbance by 0.01 at 440 nm). The assay was performed in triplicate and graphed using 

GraphPad Prism 7.0a.

GroEL2 Substrate Assay—Hip1wt, Hip1SeMet, Hip1S228A, or Hip1T466A proteins (2 

μM) and purified GroEl2 protein (0.65 μM) in 25 μL of 50 mM sodium phosphate at pH 7.4, 

and 150 mM NaCl were incubated for 16 h at 37 °C. SDS–PAGE loading dye (6×) was 

added to the samples, which were then boiled for 5 min and separated on a 10% SDS–PAGE 

gel. The protein bands were transferred onto a PDVF membrane (Millipore) and probed 

using an S-tag antibody (Novagen) followed by Goat Anti-Mouse IR Dye 800CW (LI-

COR). Proteins were detected by IR fluorescence using an Odyssey Imager. Signal 

intensities for full-length GroELl2 and cleaved GroEL2 product were quantified with ImageJ 

software. The intensities for the two bands were converted to percentages of the two forms 

for each reaction. Since the GroEl2-only reaction does not have a band corresponding to the 

cleaved GroEl2 product, the percentage obtained for GroEl2 full-length was set to 100% and 

was used to normalize those reactions containing Hip1 proteins. The percent of GroEl2 

cleaved product was graphed using GraphPad Prism 7.0. To compare Hip1wt and 

Hip1T466A cleavage of GroEl2 over time, the assay was repeated as previously described 

with the exception that Hip1wt or Hip1T466A proteins (1 μM) and GroEl2 protein (0.33 
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μM) were incubated in 1× Tris buffered saline, pH 7.4 (Boston BioProducts). Time points 

were taken at t = 0, 2, 4, 6, 14, 17, 21, and 25 h.

Kinetic Measurements

BApNA (Nα-Benzoyl-D,L-arginine 4-nitroanilide) Substrate—Hip1wt or 

Hip1T466A proteins at 40 μM was preincubated at 37 °C for 1 h in buffer A (50 mM sodium 

phosphate, pH 7.4, 150 mM NaCl). Trypsin and BSA were used as a positive and negative 

control, respectively, and treated the same as Hip1 proteins with the exception of the 

addition of 10 mM CaCl2 to the trypsin buffer. BApNA (Sigma-Aldrich) was dissolved in 

100% DMSO, heated at 37 °C for 10 min, and then diluted to concentrations ranging from 1 

mM to 3 mM in buffer A + 4% DMSO. To a 96 well plate, 50 μL of each concentration of 

BApNA (1 mM to 3 mM) was added and incubated at 37 °C for 10 min. Hip1wt, 

Hip1T466A, BSA, or trypsin (50 μL) was added to BApNA for a final total volume of 100 

μL, a DMSO concentration of 2%, a protein concentration of 20 μM, and BApNA 

concentrations ranging from 0.5 to 1.5 mM. The reaction was incubated at 37 °C and 

allowed to proceed for 2 h with a reading every 1 min. The enzyme activity was followed by 

monitoring the release of the para-nitroaniline in a continuous assay at 410 nm. Samples 

containing BApNA only at each concentration were used to subtract any absorbance due to 

the instability of the substrate itself. A standard curve was generated using para-nitroaniline 

(Sigma-Aldrich) to convert absorbance to μmol product released. GraphPad Prism 7.0a was 

used to plot μmol product released versus time.

GroEL2 Substrate—Hip1wt protein (74 μM in 50 mM Tris at pH 8.0, 150 mM NaCl, and 

10% glycerol) was preincubated at 37 °C for 30 min. GroEL2 (at six concentrations between 

10 μM to 200 μM in 50 mM sodium phosphate at pH 7.4, and 150 mM NaCl) was also 

preincubated for 10 min at 37 °C. The Hip1wt protein was diluted 1:18.5 with the GroEL2 

solution for a final Hip1wt concentration of 4 μM. The final solution was kept at 37 °C, and 

aliquots were taken every 10 or 20 min up to 2 h and then every hour up to 5 h. SDS gel 

loading dye was added to stop the reaction and then stored at −80 °C. Once all time points 

were collected, the protein samples were separated on a 10% SDS–PAGE gel, transferred 

onto a PDVF membrane (Millipore), and probed using an S-tag antibody (Novagen) 

followed by Goat Anti-Mouse IR Dye 800CW (LI-COR). Proteins were detected by IR 

fluorescence using an Odyssey Imager. Signal intensities for full-length GroEL2 and cleaved 

GroEL2 product were quantified with ImageJ software, and the intensities for the two bands 

were converted to percentages of the two forms for each reaction. Using the value for the 

initial concentration of GroEL2, the percentages were converted to molarity, and the initial 

velocities of the reactions were obtained. The data were then plotted and fitted to the 

Michaelis–Menten equation by nonlinear regression using GraphPad Prism 7.0a software. 

The errors are reported for kcat and Km, and are determined from the standard deviation of 

three replicates.

Crystallization

Hip1wt, Hip1SeMet, or Hip1T466A, in storage buffer (50 mM Tris at pH 8.0, 10% glycerol, 

and approximately 130 mM NaCl) were concentrated to 15–30 mg/mL. To determine 

crystallization conditions, screening solutions were made based on the results of the 
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thermofluor assays. Hip1 was more stable at lower pH values, as well as with the additives 

PEG 3350, PEG6000, and glycerol. In addition, various salts were screened for their effects 

on crystallization. Optimal conditions for crystal formation and growth of Hip1wt were the 

following: crystals were grown at room temperature by the hanging drop method in 3 μL by 

mixing protein solution at 25 mg/mL (1:1) with well solution containing 30% PEG 3350, 0.1 

M sodium acetate at pH 5.6, 0.2 M ammonium sulfate, and 10% glycerol. Crystals formed in 

4–5 days as long thin rods, typically 0.6 mm × 0.06 mm. Seeding increased the rate of 

formation (crystals were observed in 2–4 days) but did not significantly improve the size of 

the crystals. For cryo protection, crystals were transferred to a solution consisting of 20% 

PEG400 plus native mother liquor and then flash-frozen with liquid nitrogen. Crystals of 

Hip1SeMet and Hip1T466A were obtained under the same conditions as for Hip1wt.

Data Collection

Data were collected at the National Synchrotron Light Source (NSLS-I), Brookhaven 

National Laboratory (Upton, NY) using beamline X29A equipped with an ADSC Q315 

CCD X-ray area detector. Data for the SeMet derivative crystals were obtained by scanning 

for the optimal wavelength of the Se anomalous signal. The peak of the anomalous signal 

was found to be at 0.9790 Å. Data were collected from a single crystal at 100 K for 360° 

with a 1° oscillation angle and an exposure time of 0.6 s per image. Data were indexed, 

integrated, and scaled using the HKL 2000 software package.15 The crystals possess 

symmetry corresponding to space group P3121 and contain one molecule per asymmetric 

unit. See Table S1 for details.

For Hip1wt, data were collected at the Advanced Photon Source (APS), Argonne National 

Laboratory (Argonne, IL) using the SBC-CAT beamline 19-ID equipped with a ADSC 

Q315r 315 mm × 315 mm mosaic CCD X-ray detector. Data were collected at a wavelength 

of 0.9793 Å from a single crystal at 100 K for 100° with a 1° oscillation angle and an 

exposure time of 2 s per image. Hip1T466A data were also collected at the Advanced 

Photon Source (APS), Argonne National Laboratory (Argonne, IL) using the GM/CA-CAT 

beamline 23-ID-B equipped with a MAR300 CCD X-ray detector. Data were collected at a 

wavelength of 1.033 Å from a single crystal at 100 K for 100° with a 0.5° oscillation angle 

and an exposure time of 1.5 s per image. The data were processed as previously described.

Phasing and Refinement

Se atoms were identified using the Autosol program in Phenix.16 The eight expected sites 

were found; however, only six were used to determine phases as the other two Se atom sites 

had low occupancy. These two methionine residues are located at the N-terminus, a region 

with weak overall electron density. Initial phasing gave a figure of merit (FOM) of 0.34, 

followed by density modification to give a FOM of 0.66. Application of the sequence in the 

Autobuild program in Phenix gave an initial model with an Rwork and Rfree of 0.31 and 0.37, 

respectively. Manual rebuilding using Coot,17 followed by several rounds of refinement in 

Phenix, resulted in a final model for Hip1SeMet with an Rwork and Rfree of 0.20 and 0.24. 

The Hip1SeMet model was then used for molecular replacement with diffraction data 

obtained for Hip1wt. After several rounds of refinement, a final model was obtained for 

Hip1wt with an Rwork and Rfree of 0.21 and 0.25. In turn, the Hip1wt model was then used 
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for molecular replacement with diffraction data obtained for Hip1T466A. After several 

rounds of refinement, a final model was obtained for Hip1T466A with an Rwork and Rfree of 

0.22 and 0.26.

The final models for Hip1SetMet, Hip1wt, and Hip1T466A all contain 463 out of 492 

residues. The first 21 amino acids of the N-terminus that include the His6 tag and linker 

region are not modeled due to poor electron density. The remaining 471 amino acids were 

renumbered to match the full-length native protein (residues 50–520). Residue numbers 57–

64 (SSNPQVKI) were also not included due to poor electron density. Residues with electron 

density for the backbone but missing electron density for side chains (Glu51, Arg56, 

Lys128, and Lys423) were modeled and then refined with the occupancies of the side chain 

atoms being set to 0. The model was then validated using RAMPAGE: Ramachandran Plot 

Assessment.18 There is one (0.2%) outlier, residue V492. Figures were generated with 

Pymol.19 Atomic coordinates and experimental structure factors are available in the RCSB 

protein data bank and are accessible with the codes 5UGQ (Hip1SeMet), 5UNO (Hip1wt), 

and 5UOH (Hip1T466A).

RESULTS AND DISCUSSION

Overall Structure and Topology of Hip1

Mtb Rv2224c encodes a 520 residue protein, Hip1, with a molecular weight of 55 kDa.20 

We cloned and purified an N-terminal 6XHis epitope tagged fusion protein that excludes the 

first 49 amino acids, which constitute a type II signal sequence (His6Hip1Δ49). The protein 

was expressed in the presence of selenomethionine in order to incorporate selenium with the 

intent to derive phase information from the anomalous scattering of the selenium atoms. It is 

important to note that the selenium had no effect on enzyme activity or protein stability as 

the Hip1SeMet protein behaved the same as wild-type Hip1 in a thermostability assay 

(Figure 1) and protease assays (Figure 2). The resulting SeMet structure was used as a 

model to solve the native (wild-type His6Hip1Δ49) structure by molecular replacement. In 

both structures, the N-terminal 6× His epitope tag was disordered. Therefore, the final model 

of Hip1 contains the residues 50–520, numbered according to the full-length protein 

sequence. The models for SeMet and wild-type Hip1 protein are essentially identical (rmsd 

of Cα atoms = 0.2 Å); the following discussion is focused on the wild-type Hip1 structure.

Hip1 crystallized with one molecule in the asymmetric unit. The Hip1 protein is kidney-

shaped, with the approximate dimensions 68 Å × 48 Å × 42 Å (Figure 3A). Full-length Hip1 

contains 11 cysteine residues and therefore has the potential to form 5 disulfide bonds. We 

had previously encountered difficulties with refolding of Hip1 in our initial efforts to obtain 

the active Hip1 protease, and this difficulty has been attributed to the problem of forming 

these disulfide bridges correctly. The electron density shows clearly that 5 disulfide bonds 

are formed: between residues Cys55–Cys70, Cys153–Cys189, Cys282–Cys288, Cys393–

Cys433, and Cys499–Cys520. (The disulfide bonds are shown in black in Figure 3A.) The 

cleft of the kidney-shaped Hip1 separates the protein into two domains that we distinguish 

by their secondary structure characteristics: one domain is a mixed alpha/beta (α/β) domain 

and the other is an alpha (α) only domain (Figure 3B). The α/β-domain that includes 

residues 50–140, 203–251, and 456–520 consists of a β-sheet comprising eight β-strands 
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that are all parallel with the exception of antiparallel β-strand 2. This core β-sheet is 

surrounded by seven α-helices, three on one side of the β-sheet and four on the other side. 

The sheet is twisted such that the first and last strands are oriented at right angles to each 

other. Structure based similarity searches (Dali Server23) of the α/β domain resulted in an 

extensive list of proteins all containing structural features reminiscent of α/β hydrolase fold 

enzymes11,24 such as the proline iminopeptidases (PIPs)/propyl aminopeptidases (PAPs).

The α-domain comprised a cluster of α-helices arising from the α/β-domain in two sections 

(Figure 3B). The first insert (annotated as Chain B in Figure 3B) is composed of residues 

260–435 that connect β-strands 6 and 7, forming a series of nine α-helices (α8- α16). Other 

members of the α/β hydrolase family have this insert, often referred to as the cap or lid, 

although it varies greatly in size and make up.11,24 The second insert (Chain A), comprising 

residues 155–201 that connects β-strand 3 and α-helix 5, contains two α-helices (α3–α4). 

This feature is unique to Hip1 (Figure 4).

Structure-based similarity searches (Dali Server23) of the α-domain only resulted in one hit, 

dipeptidyl peptidase 2 (PDB 3n0t), with poor alignment (Z score = 1.8; rmsd = 5.6 Å). Like 

Hip1, dipeptidyl peptidase 2 (DPP2) also contains two domains: an α/β domain with an α/β 
hydrolase fold and an α-domain comprising nine α-helices connecting β strands 6 and 7 

(Chain B). The nine α-helices are arranged differently and are of different lengths than those 

in Hip1. In another notable difference, DPP2 has a loop (residues 106–129) with just a 

small, five-residue, α-helix in place of Chain A of Hip1 (Figure 4).

Residues from the helices of the α-domain-Chain A form a pocket that contains unmodeled 

electron density as seen in both Hip1 SeMet and Hip1 wt models. Mainly hydrophobic 

residues, including Leu162, Tyr170, Ile178, Phe185, and Val389, as well as residues 

Gln167, Gly385, Pro429, and Thr432, line this pocket and therefore would most likely bind 

a hydrophobic molecule. Since Hip1 is a cell wall-associated lipoprotein, it is possible that a 

hydrocarbon chain could be modeled into the density. Hip1 was unfolded, then washed and 

refolded bound to Ni-NTA resin, so it is unlikely that this unknown bound molecule was 

carried over from the purification. Therefore, we looked to the crystallization conditions and 

modeled a small molecular weight polyethylene glycol (PEG) molecule. Tetra-ethylene 

glycol fit the density nicely, although possibly a longer PEG chain could also be modeled 

(Figure S2). What binds in the pocket in vivo, as well as the function of this domain, 

remains to be determined.

Predicted Active Site

Catalytic residues of the protein were previously predicted by sequence alignment of the 

hip1 gene product to its then available homologues.25 Ser228 is located within a GXSXG 

motif, a conserved region among α/β hydrolase family members. Residues Asp463 and 

His490 are also conserved and suspected to be part of the catalytic triad. Single point 

mutations of these residues to alanine abolished esterase activity. Further studies in our 

laboratory confirmed that Ser228 is part of the catalytic triad and responsible for protease 

activity.12
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In the crystal structure, residues Ser228-Asp463-His490 are in close enough proximity to 

form a hydrogen bond network similar to those described for catalytic triads of serine 

proteases.26 These residues are located in the α/β-domain within the cleft of the kidney-

shaped protein and are at the center of the cavity (Figure 5). The cavity is formed by parts of 

both the α/β-and α-domains and extends approximately 20 Å deep. The entrance to the 

cavity is lined with hydrophilic residues (Glu113, Glu117, Gln124, Thr125, Ser343, 

Asn345, Arg374, Asn382, and Gln495) with a hydrophobic pocket located at the upper part 

of the cavity (Met339, Tyr342, Leu346, Met 371, and Try 372). Close to the catalytic triad 

are three loops forming an active site pocket. One loop contains the catalytic residue 

Asp463, as well as residues Ala465 and Thr466. The other two loops are made up mainly of 

aliphatic residues; the first loop with residues Gly252 and Val254 lies at the bottom of the 

pocket. The second loop, on the opposite side of the pocket to the first loop, contains 

residues Gly109 and Gly110.

As previously mentioned, the eponymous serine of this serine protease, Ser228, is contained 

within the conserved sequence, GXSXG. More specifically, sequence alignment of Hip1 

with tripetidyl peptidases (TPPs) and proline iminopeptidases (PIPs) shows a consensus 

sequence of GXSBG where X is any residue, and B is a bulky aromatic residue (Tyr229 for 

Hip1) (Figure S1). Structurally, Ser228 is located in a tight turn between the β-strand 5 and 

α-helix 7, referred to as the nucleophilic elbow. Another common feature of the α/β 
hydrolase family is that the Ser228 is in a strained position, placing the side chain in a 

“generously allowed” region according to Ramachandran angles (φ = 61.71, ψ = −111.74). 

We have observed previously in many other enzymes that residues involved in catalysis 

frequently have conformation torsion angles indicative of strain.27 Furthermore, Ser228 is 

exposed to the bulk solvent and is spatially flanked by Gly109–Gly110 and Gly252.

Hip1 residues Gly109 and Gly110 are also in a conserved region, GGPG (Figure S1). In 

PIPs, the backbone amides from the second Gly in the GGPG sequence and the bulky 

aromatic residue B in the GXSBG sequence have been shown to form the oxyanion hole, a 

small pocket that stabilizes the tetrahedral intermediate in the catalytic mechanism by 

interacting with the carbonyl oxygen of the scissile residue. The Pro111 residue within this 

conserved sequence (GGPG) is in a cis conformation to allow the NH group of Gly110 to be 

positioned in a manner necessary to form this oxyanion hole, as seen also in PIPs. Hip1 

residues Tyr229 and Gly110 are in the same spatial position and overlay nicely with the 

oxyanion binding site residues of PIPs and PAPs. Therefore, we conclude that Gly110 and 

Tyr229 are involved in forming the oxyanion hole in Hip1.

Like Ser228, residue His490 is also exposed to the bulk solvent. It is located in a loop 

between β-strand 8 and α-helix 18 and is spatially flanked by the two threonine residues, 

Thr466 and Thr491. Importantly, the imidazole ring is perpendicular to the hydroxyl group 

of Ser228 and is therefore in a position to abstract a proton to assist the nucleophilicity of 

the catalytic serine. In contrast, the Asp463 side chain is approximately 60° to the His490 

side chain; however, both carboxylate oxygen atoms of Asp463 are within hydrogen bonding 

distance to Nδ1 of His490, 3.0 and 2.8 Å, respectively, to allow for proton transfer. Although 

Thr466 is not part of the traditional catalytic triad, it is located on the same loop as Asp463, 

in between β strand 7 and α helix 17 and is close enough to form hydrogen bonds with 
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either (or both) His490 or Asp463 at 3.2 and 2.9 Å, respectively (Figure 5). The effect of 

Thr466 on the enzymatic activity of Hip1 will be discussed later.

Structural Comparison to PIPs/PAPs

Although proline iminopeptidase (PIPs) and propyl aminopeptidases (PAPs) show low 

sequence identity to Hip1 (Seq ID approximately 20%), a Dali search showed high structural 

similarity in the α/β-domain (rmsd approximately 2.0 Å). The highest statistics (Z score = 

15.4 ; rmsd = 2.0 Å) were for Tricorn-interacting aminopeptidase F1. The eight β-strands of 

the α/β-domains align and are nearly identical in length. The β-sheet is sandwiched between 

six α-helices, four on one side and two on the other. However, the α-domains are strikingly 

different. Although both proteins have a series of α-helices forming the α-domains, that of 

F1 is much smaller in size with large segments missing relative to Hip1. In particular, two α-

helices (α3–α4) from Chain A of Hip1 do not appear in the F1 structure. (Figure S3)

The active sites of these proteases and Hip1 also show some significant differences. Fl has a 

small opening to the active site and a small active site cavity, with a network of tunnels 

allowing for the access of small peptides and an exit tunnel for the cleaved amino acids.28 

Other PIPs and PAPs, such as XCIP and SPAP, have larger openings to the active site but a 

rather small cavity that allows for small dipeptides to enter and exit.29,30 In contrast, Hip1 

has a rather large opening to access the active site as well as a deep cavity to accommodate 

larger peptides. These structural features are consistent with the fact that PIPs, PAPs, and F1 

are exopeptidases, whereas our data indicate that Hip1 may be an endopeptidase.31 The large 

active site region of Hip1 can accommodate not only a single strand of a longer peptide but 

could also interact with the complex structure of a protein surface.

The catalytic residues of F1 were shown to adopt two forms, an “inactive” form and an 

“active” form upon covalently binding the irreversible inhibitor phenylalanyl 

chloromethylketone (PCK). In the inactive form, the oxygen (O-γ) from the catalytic Ser105 

resides in the oxyanion pocket preventing interaction with His271. Binding of the inhibitor, 

PCK, displaced the oxygen of Ser105 allowing the former carbonyl oxygen of PCK to 

occupy the oxyanion pocket. The oxygen of Ser105 was moved toward the nitrogen (N-ε) of 

His271, which also is reoriented, thereby reducing the distance of the N-ε-O-γ hydrogen 

bond from 3.9 to 2.8 Å. Hence binding of the inhibitor causes a conformational change of 

the catalytic residues of F1 to distances more optimal for protease activity.28 The Hip1 

catalytic residues, Ser228 and His460, overlay nicely with the catalytic residues of the active 

bound form of F1 (Figure 6A). However, one difference is the slight rotation of the catalytic 

Asp463 residue of Hip1 in reference to the catalytic Asp244 residue of F1. Still, the Hip1 

Asp463 residue does align with the catalytic Asp in other PIPs: XCPIP and SPAP (Figure 

6B). Therefore, this slight rotation of the Asp residue should allow for protease activity to 

occur and is not unique to Hip1.

The catalytic Asp residue for Hip1 and F1, as well as XCPIP and SPAP, is located in a loop 

5–7 amino acids in length. For Hip1, this loop also contains Thr466, which places the 

residue in close proximity to interact with the catalytic residues histidine and aspartic acid, 

3.2 and 2.9 Å, respectively. Since Thr can also act as an active site nucleophile, we have 

looked at this residue more carefully in comparison to other serine proteases in this family. 
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In F1, this residue is Val246 which cannot form hydrogen bonds and is in the same position 

spatially as Thr466 of Hip1 with the side chain turned away from the His and Asp. In XCPIP 

and SPAP, a Cys residue located in the same position of each structure was thought to be the 

active site nucleophile. Specifically, a decrease in protease activity of XCPIP and SPAP is 

observed with cysteine protease inhibitors that exclusively interact with the thiol group of 

cysteines. These cysteines have since been shown to be important but not necessary for 

protease activity. Although the Cys residue is located in the active site, it is approximately 

4.5–5 Å away from the residues of the catalytic triad. More importantly, mutagenesis studies 

showed that the Ser residue and not the Cys residue is necessary for activity.32 Likewise, we 

have previously shown by mutagenesis that Ser228 is critical for cleavage of GroEL2.

Characterization of Hip1 Mutant T466A

We were interested in testing the effect residue Thr466 has on the activity and stability of 

Hip1. To accomplish this task, we made a single mutation of Hip1 residue 466 from 

threonine to alanine to produce Hip1T466A. We purified Hip1wt alongside of Hip1T466A 

to have a direct comparison of the two proteins. The chromatograms of the MonoQ (anion 

exchange) column, which is the final step in purification, are practically identical (Figure 

S4A). Also, the circular dichroism (CD) spectra of the two proteins are similar indicating 

that the two proteins have the same secondary structure (Figure S4B). However, according to 

thermostability assays, the melting temperature for Hip1T446A is approximately 2 °C lower 

than that for Hip1wt (46.6 °C vs 44.8 °C) (Figure 1). Other mutations and modifications of 

Hip1, such as Hip1S228A (inactive mutant) and Hip1SeMet, have little (46.9 °C for 

Hip1SeMet) or even a positive effect (47.8 °C for Hip1S228A) on protein stability.

Next, we wanted to determine the activity of Hip1T446A mutant as a protease. First, we 

tested azocasein, a general protease substrate, and detected a small decrease in activity 

(approximately 15–25%) (Figure 2A). Then, we tested Hip1T446A against GroEl2, Hip1’s 

cognate substrate, and found that cleavage of GroEL2 was almost completely abolished 

(Figure 2B). It is important to note that in both of these assays, Hip1S228A and Hip1SeMet, 

were also tested and behaved as expected with Hip1S228A completely inactive and 

Hip1SeMet comparable to Hip1wt. Also, we tested Hip1T466A in the same pH range in 

which Hip1wt is active (pH 5.4–7.4), and the result was still that Hip1T466A is practically 

inactive (data not shown). These data suggest Hip1’s ability to cleave GroEl2 is very specific 

and that residue Thr466 is an important player in its ability to act upon GroEL2.

To gain insight as to how residue T466 may help in the cleavage of GroEl2, we crystallized 

the mutant under the same conditions as Hip1wt. The Hip1wt structure was used as a model 

to solve the Hip1T466A structure by molecular replacement. The model for Hip1wt and 

Hip1T466A protein are nearly identical (rmsd of Cα atoms = 0.12 Å). Closer examination 

of the active site confirms that there are no differences in the positioning of the catalytic 

triad. At least under crystallographic conditions, there are no differences that can account for 

the role of residue T466.

One possibility may be the stability of the protein. As mentioned previously, Hip1T466A is 

less stable than Hip1wt. In addition, the mutation of the threonine to alanine does not alter 

the conformations of the active site residues, and therefore, we expect that the mutant 
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enzyme will still hydrolyze a nonspecific peptide such as azocasein. These results suggest 

that Thr466 may be needed to maintain a competent conformation of the catalytic triad after 

binding to GroEL2.

Kinetic Studies of Hip1wt and GroEL2

On the basis of the structure and the positioning of the catalytic residues, one would suspect 

Hip1 to be a robust serine protease. To determine the efficiency of Hip1 at cleaving GroEL2, 

we studied the enzyme reaction over time. GroEL2 was incubated at 37 °C with Hip1wt or 

Hip1T466A and cleavage monitored by stopping the reaction at several time points over a 

course of 25 h (Figure 7A). Cleavage of GroEL2 by Hip1wt was observed even at 2 h and 

was 50% complete by 6 h, whereas no cleavage occurred with the Hip1T466A mutant.

To obtain kcat and Km for the proteolysis of GroEL2 by Hip1, the reaction was again 

monitored over time, and time points were taken every 10 or 20 min to observe the initial 

velocity. Greater concentrations of GroEL2 protein were used (10 to 200 μM) to saturate the 

Hip1 enzyme. Also, in order to obtain reproducible kinetic parameters, it is necessary to 

preincubate the enzyme at 37 °C as has been observed by others.33 For Hip1wt protein, kcat, 

Km, and kcat/Km were calculated to be 0.45 ± 0.27 min−1, 1.9 × 10−4 ± 1.6 × 10−4 M, and 

2.4 × 103 M−1min−1, respectively. However, under these conditions Hip1T466A was still 

inactive. Although in the 3D structure the alignment and distances of the catalytic residues 

are in accordance with other serine proteases, the activity against its native protein substrate 

indicates that Hip1 is a relatively inefficient enzyme compared to the standard serine 

proteases. Other proteases have been studied that are also inefficient except with their 

specific cognate substrates.34,35

Specificity of Active Site

Previous work from our groups showed that Hip1 cleaves GroEL2 within the N-terminus of 

the protein (between Arg12 and Gly13) releasing a peptide fragment of 12 amino acid 

residues.12 Therefore, we wanted to determine if Hip1 could cleave a small peptide or 

peptidomimetic containing an arginine residue in the P1 position. We chose the simplest 

substrate BApNA (Nα-benzoyl-D,L-arginine 4-nitroanilide) to compare Hip1wt to the 

Hip1T466A mutant. BApNA was incubated with Hip1wt or Hip1T466A at 37 °C and 

monitored continuously for 2 h. Hip1T466A was not active in this assay. Hip1wt, however, 

was active and exhibited hydrolysis at 1 mM BApNA concentration (Figure 7B) 

reproducibly. The substrate was insoluble at higher concentrations, and therefore, we are 

unable to calculate kcat or Km for the reaction.

We have seen that Hip1 is able to process substrates with arginine in the P1 position. 

However, results from a recent publication differ from our findings. Screening of 

combinatorial libraries of small peptides was used to profile substrate specificity of Hip1 and 

resulted in the observation of a positively charged residue being favored in the P2 position of 

the peptide substrate.33 These differences may lie in the binding of a large protein substrate 

to the enzyme versus small peptides.
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Putative S1 Binding Pocket from Peptide Model

Substrates for Hip1 range from a large protein, GroEL2, to a small molecule BApNA, both 

containing an arginine residue at the cleavage site. Therefore, the Hip1 S1 pocket should be 

able to accommodate a large positively charged residue in the P1 position. In comparison, 

F1, PIPs, and PAPs can specifically cleave after a Pro residue or in some cases, to a lesser 

extent, Ala, but are unable to cleave after an Arg or Asp residue. The S1 binding pocket of 

XCPIP and SPAP, formed by large hydrophobic residues, is small and can accommodate Ala 

or Pro residues. The S1 pocket of F1 is also small (8 × 10 × 12 Å) and comprises the 

residues from both domains.

To predict the S1 pocket of Hip1, we modeled a dipeptide into the active site of Hip1 based 

on an overlay of the Hip1 model and the model of F1 with a bound peptide (Figure 8). Using 

the positions of the oxyanion hole, the S1 site, and the Phe-Leu peptide that is observed in 

the structure of F1,36 we modeled Arg-Gly into the active site of Hip1 by substituting the 

Leu residue with Gly and the Phe residue with an Arg and selecting the most common 

rotamers of the Arg side chain without change to main chain configuration. As a result, the 

S1 pocket of Hip1 is clearly defined and comprises residues from the α-domain, including 

Pro260, Ala263, Glu264, and Gln267. The large pocket of Hip1 can clearly accommodate a 

large side chain such as Arg in the P1 site. In addition, residue Glu264 is in a prime position 

to interact with the Arg side chain, possibly forming a salt-bridge.

Structural Comparison to Other Mtb Proteases

The structure reported here contributes new insights into Mtb proteases. Structures for a 

number of other proteases from Mtb that are important for Mtb function in the host cell have 

been reported previously. For instance, Rv3671c, a putative serine protease, is crucial for the 

persistence of Mtb in the hostile environment of the phagosome.37 Another is Mycosin-1, 

one of five proteases essential for secretion and shown to be involved in processing of type 

VII-exported proteins. The secretion systems in which these proteases function are 

particularly important to disease progression.38 The structure of a ClpP protease from Mtb 

has recently been reported. These proteases are important for protein degradation, 

highlighted by the fact that genes for clP1 and clpP2 are essential and that mechanism-based 

inhibitors have been shown to suppress growth.39 Although all of these proteases are related 

to the function of the bacterium in the host environment, none of these proteases are similar 

to each other structurally, nor is Hip1 related to these others. Therefore, Hip1 is a unique 

protease with novel function.

Summary

Mycobacterium tuberculosis (Mtb) protein Hip1 is a serine protease with limited similarity 

to the Streptomyces lividans tripeptidyl-peptidases, TPPs (approximately 30% seq ID), and 

proline iminopeptidases (PIPs; also known as prolyl aminopepidases, PAPs); such as XCPIP 

(24% seq ID) and SPAP (21%). Although no structures are available for the Streptomyces 
lividans TPPs for comparison, structures for PAPs and PIPs are known and have many 

features similar to those of Hip1. Nevertheless, Hip1 has features that are distinct from these 

other proteases and serve to specify its function.
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There are four main structural features common to Hip1, F1, and PIPs/PAPs: (1) an α/β 
hydrolase fold as seen in α/β hydrolase enzymes, (2) two distinct domains, (3) active site 

residues in the same spatial position, and (4) residues Tyr229 and Gly110 that overlay nicely 

with residues that are known to form the oxyanion hole.

Despite the similarities mentioned above, the structure of Hip1 can account for the 

differences in specificity within these proteins. PIPs and PAPs are specific for cleavage after 

Pro or Ala residues from small two residue peptide amide substrates. F1, also specific for 

cleavage after Pro or Ala, with limited access to the active site due to the small opening, also 

cleaves small peptides. As exopeptidases, PIPs, PAPs, and F1 all possess two Glu residues 

within the active site that are shown to be involved in binding the imino group of a 

substrate’s N-terminal Pro. Not surprisingly, there are no Glu residues in the same spatial 

position for Hip1 consistent with its role as an endopeptidase. Instead, a large opening 

leading to the active site, as well as a deep cavity, can account for Hip1’s ability to 

accommodate larger peptide chains and to interact with a protein surface. The deep cavity, as 

well as a Glu residue (E264) in the putative S1 pocket, can potentially recognize a positively 

charged side chain in the P1 position. This is consistent with our previous findings that Hip1 

exhibits endopeptidase activity, cleaving the peptide bond at a positively charged residue.

Another unique feature of Hip1 is the placement of residue Thr466 in close proximity to the 

Asp463 and His490 of the catalytic triad. This residue seems to be important for function as 

mutation of the threonine to alanine nearly abolished cleavage of GroEL2. Although the 

structure of the protein remained unchanged according to CD and a model obtained from 

crystallography, thermostability assays indicate the HipT466A mutant is somewhat less 

stable than the wild type.

Overall, the model of Hip1 will be very useful for further studies. First, modeling of the 

Hip1 protein may help elucidate the structures of proteins within S33 serine protease family 

not yet known, including the Streptomyces lividans TPPs. Second, we will use the Hip1 

protein model to perform studies to gain a greater understanding as to the specificity of Hip1 

and more importantly its selectivity toward the Mtb protein GroEL2 including the role of 

residue Thr466. Third, of particular interest is the use of the model for drug design, as Hip1 

has been shown to be an important immunomodulatory protein. Blocking Hip1 activity is 

attractive for designing adjunctive immune therapeutics that could synergize with anti-TB 

antibiotics.
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Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Thermo-stability assay of Hip1 proteins. See Materials and Methods for assay conditions.
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Figure 2. 
Protease activity of Hip1wt, Hip1SeMet, Hip1S228A, and Hip1T466A proteins observed 

using two different protein substrates, azocasein and GroEL2. (A) Bovine serum albumin 

(BSA) and protease Subtilisin Carlsberg were used as a negative and positive control, 

respectively. (B) The GroEL2-only sample contained no cleaved product; therefore, this 

band was set to 100% and used to normalize the samples containing Hip1 proteins. The 

graph represents the precentage of cleaved GroEl2 product formed.
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Figure 3. 
Overall structure of the Hip1 monomer. (A) Ribbon diagram based on Cα’s of the final 

model. Helices are colored red, β-strands are yellow, and the loop regions are green. The 

catalytic residues, as well as the cysteine residues involved in the formation of disulfide 

bridges, are represented as sticks and are colored blue and black, respectively. Black arrows 

are used to indicate the five disulfide bridges. N and C termini are indicated. (B) Topology 

model based on structural assignments made according to DSSP. The diagram was first 

generated using PDBSUM21,22 to determine the length of helices and then redrawn to depict 

a more accurate representation of the two domains. A solid black line is used to indicate a 

distinction between the two domains referred to as the α-domain and the α/β-domain. The 

same color scheme is used as that for the ribbon diagram in part A. The catalytic residues 

are denoted by the blue circles and are annotated. The N-terminus is on the left side, which 

is the same orientation relative to the ribbon diagram in part A.
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Figure 4. 
Comparison of Hip1, F1, SPAP, and DPP2 structures. Ribbon diagrams are shown of Hip1, 

F1, SPAP, and DPP2 structures to compare the two domains of each protein with emphasis 

on the different α-domains, in particular, the insert in chain A of Hip1 shown in blue 

(residues inserted between β-strand 4 and α-helix 5 that form part of the α-domain). Also 

shown are the corresponding regions of F1 (residues Asp62–Pro72), SPAP (residues Asp70–

Asn86), and DPP2 (residues Glu106-L129) colored in dark blue. For all proteins, helices are 

colored red, β-strands are yellow, the loop regions are green, and the catalytic residues, 

shown in stick representation, are dark blue. Arrows indicate the locations of the active site 

in each protein.
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Figure 5. 
Surface diagram of the Hip1 model. The active site opening is indicated by an arrow. 

Catalytic triad residues are colored by element: carbon in yellow, oxygen in red, and 

nitrogen in blue. Also included is residue Thr466, which is in close proximity spatially to 

Asp463 and His490. Measurements of the distances (in Å) between potential interactions of 

the residues are also depicted.
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Figure 6. 
Overlay of Hip1 with F1, XCPIP, and SPAP active sites. (A) Overlay of Hip1 and F1 

catalytic residues. Hip1 residues are colored blue, F1 (active form) residues are green, and 

F1 (inactive form) residues are yellow. His490 and Ser228 of Hip1 align well with His271 

and Ser105 of the active form of F1. Note the Ser105 of the inactive form is turned away 

from the His271 residue. Also, the His residue has moved slightly in the active form to align 

with the Ser. The position of the Asp244 residue of F1 does not change upon activation. 

However, Asp463 of Hip1 is slightly tilted out of line with His490; instead of being 

perpendicular (90° angle) such as with F1, it is approximately at a 60° angle. (B) Alignment 

of Hip1, XCPIP, and SPAP catalytic residues. Hip1 residues are colored blue, XCPIP 

residues are light blue, and SPAP residues are gray.
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Figure 7. 
Kinetic studies of Hip1wt and Hip1T466A. (A) Time course comparing the proteolysis of 

GroEL2 protein by Hip1wt and Hip1T466A using a Western blot probed with S-tag 

antibody to observe only the GroEL2 protein. An arrow indicates the cleaved product 

formed upon addition of Hip1wt. (B) Representative graph of the hydrolysis of the substrate 

BApNA at 1 mM.
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Figure 8. 
S1 pocket of Hip1 with a model of the Arg-Gly dipeptide. Surface diagram of Hip1 showing 

a model of the RG dipeptide in the active site of Hip1 based on an overlay of the Hip1 model 

and the model of F1 with a bound peptide. The RG dipeptide is colored by element: carbon 

in green, oxygen in red, and nitrogen in blue. Residues within the active site are represented 

as sticks and are colored by element: carbon in light gray, oxygen in red, and nitrogen in 

blue. The putative oxyanion hole is indicated by an arrow and comprises the backbone 

nitrogen of Tyr229 and Gly110. Residue Glu264, which is suspected to be part of the S1 

pocket, is also indicated.
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