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Structure determination and analysis of a bacterial
chymotrypsin from Cellulomonas bogoriensis

The crystal structure of a secreted chymotrypsin from the alkaliphile
Cellulomonas bogoriensis has been determined using data to 1.78 A resolution
and refined to a crystallographic R factor of 0.167. The crystal structure reveals a
large P1 substrate-specificity pocket, as expected for chymotrypsins. The
structure is compared with close structural homologues. This comparison does
not reveal clear reasons for the alkali tolerance of the enzyme, but the greater
compactness of the structure and lowered hydrogen bonding may play a role.

1. Introduction

Proteases are found throughout the animal, plant and microbial
kingdoms and are of immense importance in physiology, disease,
medicine and biotechnology. A very large number of these are known
as serine proteases. Serine proteases consist of three major families:
chymotrypsin-like, subtilisins and «/B-hydrolases. Serine proteases
contain an Asp-His-Ser catalytic triad (Blow et al., 1969; Matthews et
al., 1967). This classic triad has been observed in a number of
enzymes with otherwise very different structures and is the first well
characterized example of convergent evolution at the molecular
level; numerous variations of the classic catalytic triad have been
discovered that catalyse the hydrolysis of many classes of substrate
(Dodson & Wlodawer, 1998). In the serine proteases, the catalytic
triad acts as a ‘charge-relay’ system (Blow er al, 1969). Histidine
removes a proton from the serine to make it a potent nucleophile.
Crucial to this catalytic scheme is the formation of an unusually short
‘catalytic’ hydrogen bond between the histidine and aspartate. This
makes the histidine a more potent base, facilitating its deprotonation
of serine. This hydrogen has recently been visualized in an ultrahigh-
resolution X-ray study of subtilisin (Kuhn et al., 1998). The enzymes
hydrolyse protein peptide bonds by attack of the nucleophilic serine
of the catalytic triad, which forms an enzyme-acyl intermediate that is
subsequently hydolysed by water.

A protease-secreting alkaliphile cellulomonad isolated from Lake
Bogoria, Kenya has recently been characterized and typed and given
the name Cellulomonas bogoriensis sp. nov. (Jones et al., 2005). The
gene and mature polypeptide of the secreted protease have been
characterized (M. Kolkman, personal communication) and the
polypeptide has been named cellulomonadin. The mature polypetide
is a bacterial chymotrypsin-family protease. It displays dimethyl-
casein activity at pH values above 5, is inhibited by PMSEF, is stable at
318 K and is insensitive to chelants and oxidants and is thus of
interest for biotechnological applications (Kolkman et al., manuscript
in preparation).

Analysis of the cellulomonadin gene reveals a precursor protein
consisting of three polypeptide domains with a total of 495 amino
acids. The mature catalytic domain consists of 189 amino acids
(unpublished data). It has 45-48% sequence identity to the strepto-
grisins and 44 % identity to a-lytic protease. Interestingly, the mature
catalytic domain contains ten arginine residues (and no lysine resi-
dues), two glutamic acid and four aspartic acid residues, suggesting a
high pl for the enzyme, which correlates with the alkaline environ-
ment in which it is found.
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Here, we describe the structure of cellulomonadin. The protein has
the expected fold for a bacterial chymotrypsin-like enzyme. The
structure is compared with those of five close structural homologues
in order to investigate potential structural factors for alkali tolerance.

2. Methods
2.1. Crystallization of cellulomonadin

High-quality single crystals were obtained using hanging-drop
vapor diffusion from 25% PEG 8000, 0.2 M ammonium sulfate, 15%
glycerol, conditions that are cryoprotective (see Fig. 1a). The crystals
were frozen in liquid nitrogen and kept frozen during data collection
using an X-stream. Data were collected using an R-AXIS IV image
plate equipped with focusing mirrors. X-ray reflection data were
obtained to 1.78 A resolution. The space group is P2,2,2,, with unit-
cell parameters a = 36.19, b = 52.49, ¢ = 76.63 A. There is one
molecule per asymmetric unit. Data-collection statistics are shown in
Table 1.

2.2. Molecular replacement, model building and refinement

Molecular replacement was performed with the HT-XMR program
suite from Accelrys Inc (San Diego, CA, USA) within the DS

Figure 1
(a) Crystals of cellulomonadin. (b) 2F, — F, electron density of cellulomonadin
around the catalytic triad, contoured at 1o.

Table 1
Data-collection and refinement statistics.

Values in parentheses are for the outermost resolution shell.

Data-collection statistics
Space group .
Unit-cell parameters (A)
Resolution (A)

P2,2,2,
a=3619, b =5249, c=76.63
19.16-1.78 (1.86-1.78)

Observed reflections 43192
Unique reflections 13319
Completeness (%) 93.1 (87.1)
Average Ilo(I) 34.0 (11.7)
Rym 0.021 (0.082)
Refinement statistics
R factor 0.167
Riree 0.196
Average B factor (A% 16.01
R.m.s.d. bonds (A) 0.011
R.m.s.d. angles (°) 1.382
No. of non-H atoms 1361

modeling environment. Streptogrisin A (coordinates unmodified)
from Streptomcyes griseus (PDB code 2sga) was used as the search
model; AMoRe was used to perform the molecular-replacement
calculation and rigid-body refinement was used to improve the
positioning of the molecular-replacement solution. Problem areas
were improved by manual rebuilding, followed by refinement with
CNX, water placement and final REFMAC refinement. Fig. 1(b)
illustrates the final 2F, — F. map.

2.3. Structural analysis

Structural alignment and analysis were performed using MOE
(Chemical Computing Corpotarion, Montreal, Canada; http://
www.chemcomp.com).

3. Results and discussion

The final model was refined using data to 1.78 A resolution and
contains 1361 non-H atoms, including 58 water molecules and three
sulfates. The model has a crystallographic R factor of 0.167 and an
Riree of 0.196 in the resolution range 19.16-1.78 A. Refinement and
final model statistics are shown in Table 1. The Ramachandran plot
shows no significant outliers.

3.1. Protein fold

Overall, the enzyme is roughly spherical with a diameter of
approximately 35 A (Fig. 2). As expected for this family of enzymes,
the protein fold consists of two mostly antiparallel B-sheet sub-
domains, with an extensive interface between the two. The N-term-
inal subdomain contains 11 S-strands and one short helix between
B-strands 5 and 6. The first eight S-strands form an antiparallel barrel
structure packed with hydrophobic residues. B-Strands 1, 8 and 9
form an additional mixed parallel/antiparallel structure and a long
loop connects this to the second subdomain. The C-terminal sub-
domain consists of six antiparallel f-strands, with a short helix
between strands 13 and 14 and a longer helix at the C-terminus, and
folds into a very compact barrel. There are three disulfide bridges:
Cys17-Cys33, Cys96—Cys105 and Cys137-Cys158.

3.2. Active site

The active site is found at the extensive interface between the two
B-barrel subdomains. The catalytic triad is formed by His32, Asp56
and Ser137. The hydrogen-bond distance between Asp56 OD1 and
His32 ND1is 2.9 A and that between of His32 ND2 and Ser137 OG1
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Table 2
R.m.s.d. (A) of aligned C* atoms for C. bogoriensis chymotrypsin structurally
aligned with five closely homologous structures.

1, C. bogoriensis chymotrypsin (PDB code 2ea3; present work); 2, S. griseus glutamic
acid-specific protease (lhpg); 3, Lysobacter enzymogenes a-lytic protease (ltal); 4,
S. fradiae serine protease (2sfa); 5, S. griseus protease A (2sga); 6, S. griseus protease B
(3sgb).

2 3 4 5 6
1 1.42 0.98 1.32 1.27 1.25
2 1.46 1.28 124 121
3 137 1.37 1.35
4 0.58 0.84
5 0.89

is 3.1 A. The histidine and serine side chains lie between two short
helices, one from each subdomain. Adjacent to these two residues is a
large P1 substrate side-chain binding pocket formed by the second
subdomain, which is characteristic of chymotrypsin-like enzymes

3.3. Substrate-binding cleft

The structure of the homologous streptogrisin B with a protein
inhibitor bound is known and when structurally aligned with
cellulomonadin reveals that in the latter six amino-acid residues are
likely to bind across the substrate-binding cleft, with four S sites and
two S’ sites. The protein self-cleaves to produce the mature protease
domain. The sequence at the N-terminal pro-domain-catalytic
domain junction is PRTMFD, where F is the first residue of the
catalytic domain. This indicates that a residue at least as large as
methionine can fit into the P1 specificity pocket.

3.4. Oxyanion hole

In addition to the conserved catalytic triad, serine proteases
usually contain an oxyanion hole. These are basic groups that stabi-

(@
Figure 2

Table 3
Summary of factors that may affect the stability of proteins in extreme
environments for cellulomonadin and five close homologues.

Surface exposed

PDB  Hydrogen Hydrophobic Ion Disulfide

code  bonds interactions pairs  bridges Asn  Asp/Glu  Arg/Lys
2ea3 31 52 3 3 7 2 9
lhpg 48 39 2 2 6 5 7
1tal 51 53 5 3 9 3 9
2sfa 38 50 2 2 6 5 7
2sga 41 49 1 2 10 3 6
3sgb 43 53 2 2 7 7 6

lize the developing negative charge of the tetrahedral intermediate.
Comparison with the structure of streptogrisin B (Fujinaga et al.,
1982) leads to the prediction that residues Gly135 and Asp136 should
form the oxyanion hole. The difference maps are ambiguous in this
region. The F, — F. map shows negative features at the carbonyl O
atom of Gly135 and a positive peak which suggests that the peptide
should be flipped. However, in the alternative conformation, the
carbonyl O atom once again has negative difference density and a
positive peak now appears where the O atom was previously. This
suggests that the structure is flexible in this region. The model has
been built with one conformation, with Gly135 forming the oxyanion
hole as expected.

3.5. Comparison with close structural homologues

C. bogoriensis was discovered in Lake Bogoria, Kenya. This is a
highly alkaline environment, having a pH of ~10. Cellulomonadin
was compared with five close structural homologues in order to
investigate any differences between them that may explain its alkali
tolerance. The r.m.s.d. for superposition of aligned C* atoms is shown
in Table 2 and the sequence alignment based on this structural

®)

Structure of cellulomonadin. (a) Topology diagram of cellulomonadin. B-Sheets are shown as blue arrows pointing in the direction from the N-terminal to the C-terminal
ends. a-Helices are shown as red cylinders. Connections between secondary-structure elements are shown as black line arrows. (b) Tertiary structure of cellulomonadin. The
catalytic triad residues His32, Asp56 and Ser137 are shown as ball-and-stick representations.
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Figure 3

1 FDVIGGNAYTIEEhSRCSIGFAVN ----- GGFlTAGHceR?EkTTAN ------ PTGTFAGS
VL%EPAIYGGGSR CSAAFNVTK" GGARYFVTAGHCTNéEﬁNWSASS GGSVVGVREGT
3 ANIVGGIEYSIEEASLCSVGFSVTR_EFTKGFVTAGHCGTVNATARIG "GAVVGTFAAR
4 IAGGEAIYAAGGGRCSLGFNVRSSSGATYALTAGHCTEIASTWYTNEEbTSLLGTRAGT
5 IAGGEAITT_ GGSRCSLGFNVYSV NGVAHALTAGHCINISASWS - TGTRIGT
6 ISEEDAIYSS'TGRCSLGFNVRS'EgTYYFLTAGHCTDGATTWWANngTTVLGTTSGS
55‘ 60 100 105
1 SFP%NDYA&VRTG&G'VNLLAQVNNYSGGRVQVAGHTAAPVGSAVCRSGSTTGWHCGTITA
2 |SEPTNDYGIVRYTDG SSPAGTVDLYNGSTQD | SSAANAVVGQA | KKSGSTTKVTSGTVTA
95 104 109_ 114 120 - = 120 123 131_ 136 141 158 163
3 [VFPGNDRAWVSLTSA QTLLPRVANG SSFVTVRGSTEAAVGAAVCRSGRTTGYQCGTITA
4 60 65 70 -— L 80 85 90 95 ﬂ 105 110 115
SFPGNDYGLIRHSNA SAADGRVYLYNGSYRD | TGAGNAYVGQTVQRSGSTTIGLHSGRVTG
S ISFPNNDYG I IRHSNP KKADGRVYLYNGSYQDITTAGNAFVEbAVQRSGSTTGLRSGSVTG
6 SFPNNDYGIVRYTNTTIPKDGTVG ----- GQDITSAANATVGMAVTRRGSTTGTHSGSVTA
115 P — 120 125 130 — 140 150 155 160
! ILNSSVTYPE GTVRGLIRTTVCAEPGDSGGSLLA GNQAQGVTSGGSG NCRTG -
2 —& 2 2 Bl
VNVTVNYGD GPVYNMVRTTACSAGGDSGGAHFA GSVALGIHSGSSG CSGTA -
KNVTANYAE GAVRGLTQGNACMGE&PSGGSWITSAGQAQGVMSGGNVQSNGNNCGIPASQ
4 LNATVNYGGGD | VSGL IQTNYCAEPGDSGGALFA GSTALGLTSGGSG NCRIG
5 [LNATVNYGSSGI|VYGMIQTNVCAQPGDSGGSLFA GSTALGLTSGGSG NCRTG
6 166 171 — 176 181 191 _194_ 199 208 213 218 223
LNATVNYGGGDVVYGMIRTNVCAEPGDSGGPLYS GTRAIGLTSGGSG - - - NCSSG -
i R — ——_ ' ‘
GTIFFQPYNP I LQAYGLRMITT
w 4
2 |GSA| HQPVTEALSAYGVTVY
“
® IRSSLFERLQP I LSQYGLSLVTG
18 185
4 |GTTFFQPVTEALSAYGVSIL
227 232 236 241
> [GTTFYQPVTEALSAYGATVL
M
8 IGTTFFQPVTEALVAYGVSVY

Structural alignment of C. bogoriensis chymotrypsin with closely homologous enzymes. Yellow bars indicate S-strands. Red bars indicate a-helices. Green and blue bars

indicates polypeptide turns. The sequences are labeled as in Table 2.

alignment is shown in Fig. 3. The structural alignment reveals one
loop (region 23-26) of cellulomonadin that is smaller than those of
the reference set. There are no regions of the polypeptide where
cellulomonadin has unique insertions compared with the reference
set. It is possible that the greater degree of compactness of cellulo-
monadin assists in alkali tolerance. Compactness may be of particular
importance to proteases, as they are prone to self-digestion (auto-
lysis) and surface-exposed loops may be the regions most prone to
autolysis, especially in extreme environments.

Analysis of other factors that may modulate stability are
summarized in Table 3. We can see that there is no difference in the
number of hydrophobic interactions, ion pairs and disulfide bridges
and of surface-exposed Asn, negatively charged and positively
charged residues compared with the reference set. Only the number
of hydrogen bonds appears to be different, with cellulomonadin
having 31 and the reference set having 38-51. It is possible that the
preponderance of hydroxyl ions in the pH 10 environment may
disrupt hydrogen bonds within the protein and thus the protein has a
reduced number. However, there are no obvious increases in other
interaction types to compensate for this.

4. Conclusions

We have reported the crystal structure of a bacterial chymotrypsin
from C. bogoriensis, an extremophile from the highly alkaline Lake
Bogoria, Kenya, at 1.78 A. Comparison with close structural homo-
logues does not provide any clear structural rationale for alkali
tolerance. Potential factors are greater compactness, providing
greater structural stability and/or lowered susceptibility to autolysis,
and a reduction in the total number of hydrogen bonds.
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