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ABSTRACT: Human angiotensin-converting enzyme is an important drug target for which little structural
information has been available until recent years. The slow progress in obtaining a crystal structure was
due to the problem of surface glycosylation, a difficulty that has thus far been overcome by the use of a
glucosidase-1 inhibitor in the tissue culture medium. However, the prohibitive cost of these inhibitors
and incomplete glucosidase inhibition makes alternative routes to minimizirg-¢fygcan heterogeneity
desirable. Here, glycosylation in the testis isoform (tACE) has been reduced by Asn-GIn point mutations
at N-glycosylation sites, and the crystal structures of mutants having two and four intact sites have been
solved to 2.0 A and 2.8 A, respectively. Both mutants show close structural identity with the wild-type.
A hinge mechanism is proposed for substrate entry into the active cleft, based on homology to human
ACE?2 at the levels of sequence and flexibility. This is supported by normal-mode analysis that reveals
intrinsic flexibility about the active site of tACE. Subdomain I, containing bound chloride and zinc ions,

is found to have greater stability than subdomain | in the structures of three ACE homologues. Crystallizable
glycosylation mutants open up new possibilities for cocrystallization studies to aid the design of novel
ACE inhibitors.

Since its isolation in 1956 as “hypertensin-converting is mediated through cleavage of two of these substrates:
enzyme”, human angiotensin-converting enzyme (ACias inactive decapaptide angiotensin | is converted into the active
been known to play a key role in the regulation of blood vasopressor angiotensin Il, while cleavage of bradykinin
pressurel). ACE is a membrane-bound zinc metalloprotease inactivates this vasodilatory nonapeptide (reviewed ir2yef
of the M2 family, acting as a dicarboxypeptidase on a range Inhibitors of ACE have been shown to be effective in the
of oligopeptide substrates. Its hypertension-inducing activity treatment of hypertension and cardiac disease, and a number

of these drugs are commonly prescribed today (reviewed in

. . _ ref 3).
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and third N-glycosylation sites; tACE-G1234, mutant of human tACE  glycan chains on the surface of the enzyme, which prevented
lacking the N-terminal 36 residues and all but the first four N- crystallization (1). Crystallizable material was eventually
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ACE2c; NAG, N-acetyl glucosamine. presence of am-glucosidase-1 inhibitorN-butyl-deox-

10.1021/bi061146z CCC: $33.50 © 2006 American Chemical Society
Published on Web 10/03/2006



tACE Glycosylation Mutant Structures and Domain Movement Biochemistry, Vol. 45, No. 42, 20062655

ynojirimycin (NB-DNJ), which enforces uniform glycosy-  N-Glycosylation sequonno: 1 2 3 4 5 6 7 sheddase
lation to the simple high-mannose oligosaccharide lel/2l (
This approach was later also used in the crystallization and e - I I -1

; ) tACE NH [ H—E——#—8—8&—W1+#—CooH
solution of the structure of the N domain of human sACE ’
(Ndom) (13). . o _ CEG13 N —E—H O-— cooH

Another approach yielding promising initial results is the

elimination of N-linked glycosylation sites by point mutati_on. tACE-G1234 NH, 5 BB H-#— COOH
It has been demonstrated that selected, but not all, N-linked

glycosylation sites of human tACE can be removed, while Ficure 1: Schematic diagram of mutations introduced in tACE-
maintaining functional integrity and crystal morphologies G13 and tACE-G1234. Full-length wild-type tACE has an N-

similar to the wild-type {4). This method bears further terminal O-glycosylated region {136), N-glycosylated sites-16

; ot ; ; ot e (filled squares), one unglycosylated site (open square), and a
investigation since the extensive cocrystallization studies C-terminal transmembrane domain (TM). Both mutants lack the

desirable for a structure-based drug design process wouldyterminal 36 residues. Additionally, tACE-G13 lacks all but the
be prohibitively expensive given the cost of glucosidase-1 first and third N-glycosylation sites, while tACE-G1234 lacks the
inhibitors such as NB-DNJ. fifth and sixth sites. Expressed protein is shed into the medium by
The crystal structures of tACE alone and bound to C/€avage between Arg 627 and Ser 628.

inhibitors lisinopril, captopril, and enalaprilat revealed a
largely o-helical globular enzyme, divided down the middle
by a deep cleft10, 15). This cleft is largely closed off from
the external milieu, leaving only small pores less than 3
in diameter through which substrates could gain access to i, . . .
the active site. While the substrates of ACE are limited to A.CE activity was detgrmmeq by m_easurmg_the hydronS|s
short oligopeptides, even these would require an enlargingOf hlppuryITh|st|dyI-IeUC|rl1e (Sigma) in a fluonmetnc assay
of these openings in order to enter the cleft and access the(zo)' _Proteln concentration was d_etermlned by a Bradford
active site, and a flexibility or breathing motion has been protein assay (Bio-Rad protein microassay).

suggested to allow substrate bindirid), A similar closed Crystallization, Data Collection, and Processir@ystals_
conformation was also observed for Ndom, Disophila ~ ©Of tACE-G13 and tACE-G1234 were grown as for the wild-

homologue AnCE, and human homologue ACE2, all at least type structure, published previousl§Q). Diffraction data_
40% homologous to tACELG, 16, 17). However, in the case to 2.9 A for tACE-G13 were collected at 100. K at the in-
of ACE2, the structure determined without bound inhibitor NOUse X-ray source in the Department of Biotechnology,
was in an open conformation in which the sides of the active University of the Western Cape [comprising a Rigaku
cleft hinged apart by~16° (17). Given the structural RUH3R copper _rotatmg-an_ode X_—ray source operated at 40
similarity between Ndom, tACE, and ACE2, and the need KV, 22 MA, a Rigaku R-axis I image plate camera; an
for movement to allow substrate entry, it seems likely that X-Stream 2000 low-temperature system; and an AXCO

a similar hinge mechanism occurs in both domains of SACE PX50 glass capillary optic with a 0.1 mm focus]. Data for
during substrate binding. Such a hinge mechanism would ACE-G1234 and an additional dataset for tACE-G13 were
also explain the large contribution of entropy that has been collected t0 2.8 Aand 2.0 A, respectively, on station PX14.1
observed in the energetics of inhibitor binding by SACE, of the synchrotron radiation source (Daresbury, U.K.) using
since closing of the active site would result in the association & Quantum 4 CCD (Area Detection Systems, Poway, CA).
of numerous residues that would otherwise be bound to DENZO/SCALEPACKvere used to process the 2.9 A
ordered solvent molecules when in an open conformation tACE-G13 data21). Synchrotron data were processed and
(18). scaled_ using the _HKLZOOO_ software package, and data
reduction was carried out using the CCP4 program TRUN-
CATE (HKL Research, Charlottesville, VA, re®d, 22). The
symmetry and systematic absences in all cases were con-
sistent with theP2,2,2; space group with one protein
molecule per asymmetric unit.

Structure Determination, Model Building, and Refinement.
The tACE-G13 structure was solved twice, using independent
methodology. The 2.9 A dataset was solved by molecular
MATERIALS AND METHODS replacement wittEPMR2.5using protein atoms from the

structure of minimally glycosylated wild-type tACE (PDB

Protein Purification.Mutants tACE-G13 and tACE-G1234  ID 108A) as a modeld3). A correlation coefficient of 0.703
were previously constructed and expressed in Chinesewas obtainedCNSwas used to perform energy minimization
hamster ovary (CHO) celld4). Their sequences differ from  andB-factor refinement using bulk-solvent correctic&).
that of wild-type human tACE, in that they lack the 4.05% of reflections were reserved Ry calculation. Small
N-terminal O-glycosylated region (residuesi6) and have  adjustments to side chains and loops were made, and
had some of their N-glycosylation sites knocked out by-Asn  carbohydrates and acetates added u$in@®.0.7 against
GIn mutation (Figure 1). Specifically, tACE-G13 lacks all composite omit maps calculated IGNS composite_omit-
but the first and third sites, while tACE-G1234 lacks the _map using torsion angle simulated annealing (starting
fifth and sixth sites. The seventh potential glycosylation temperature 1000 K; drop, 50 K per set; 5.0% omission)
sequon was not mutated as it lies close to the cleavage sitg24, 25).

for shedding and has been shown to be unglycosyldi®d (
Soluble tACE-G13 and tACE-G1234 were expressed as
A previously described, and purified from harvested medium
by lisinopril-Sepharose affinity chromatograptyy 14, 19).

Here, we present the crystal structures of two glycosylation
mutants of human tACE and show that the removal of intact
glycan chains does not affect the three-dimensional structure.
In addition, we draw together lines of evidence from normal
mode analysis (NMA) and the crystal structures of ACE and
ACE homologues that support the hypothesis of a conserved
hinge mechanism for substrate entry.
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The 2.0 A tACE-G13 dataset was solved by molecular modes and the structural change was determined. Overlap
replacement wittiRefmadhrough theCCP4iinterface, again is a measure of the degree of similarity between the direction
using the wild-type tACE structure as a mod26,(27). 3% of the observed conformational change and the one described
of reflections were kept aside & calculation £8). Small by the normal mode in question, with a value of 1 indicating
alterations to side chains and a few loops were made, andcomplete agreement between the normal mode and the
carbohydrate chains and acetate molecules were added usingbserved change3{).

Coot(29). Water picking was achieved with the implementa-  For the modes showing the highest overlap with the

tion of the ARFWARPmModule inRefmacand peak picking
in Coot (27, 30).

The structure of tACE-G1234 was solved by refinement
of the 2.0 A tACE-G13 structure witltNS (24). 8.4% of
reflections were kept aside fé¥.e calculation 28). Small

observed structural change, the amplitude of perturbation
required for maximal agreement between the resulting
structure and the comparison structure was determined, and
perturbed models were generated accordingly—Co
distance fluctuations were calculated &jNemo and used

alterations to side chains and loops were made, and carboas an indication of the residues involved in the motion

hydrates and acetate added us@upt (29). Water picking described by the mode in question. The normal modes were
was done manually and using the peak picking option in also assessed in terms of collectivity, a measure of the
Coot (29). Structure validation was carried out using proportion of atoms displaying large-amplitude displacements

PROCHECKandSFCHECKfrom the CCP4suite @7, 31).

in the motion described by the modagy.

Rms deviations between structures were determined using

the rms deviation function oENS(24).

Identification of Hinge Regions in ACEZhe open and
closed structures of ACE2 (ACE20 and ACE2c, PDB IDs
1R4L and 1R42, respectively) were compared in order to
identify residues involved in the hinge-bending mechanism.
Structure alignments and root-mean-square deviationscor C
atoms were computed usig_IGN (32). Hinge regions in
ACE2 were defined as those residues to one side of which
the Gu atoms of ACE2o0 deviated from those of ACE2c by
>3 A, and to the other side of which the structures were
closely aligned. These residues were compared with the
corresponding residues in tACE (PDB ID 108A), Ndom
(PDB ID 2C6N), and AnCE (PDB ID 1J38), based on the
sequence alignments of re38 and 13.

Analysis of Temperature Factorés an indication of
structural order or disorder, the temperature factd@s (
factors) of the 2.0 A tACE-G13 structure were compared
with those from ACE homologues. Structures of wild-type
tACE, Ndom, human ACE2 (open and closed forms), and
DrosophilaAnCE were used for comparison (PDB entries
108A, 2C6N, 1R4L, 1R42, and 1J38, respectivel)land
o(B) were calculated for all & atoms, and th&-factor of
each individual @ atom was expressed as a functiomw(is).

Modeling of a Putatie Open Form of tACEOpen and
closed homology models of tACE (tACEo and tACEc) for
NMA were built based on ACE20 and ACE2c. Amino acid
sequences were aligned according to X&f and 25 open
and 25 closed models were generated uM@DELLERG2
(34). PROCHECKwas used to analyze the models. Based

RESULTS AND DISCUSSION

Structure of tACE Mutant§.he crystal structure of tACE-
G13 was determined to a final resolution of 2.0 A with an
R factor of 18.04% and afe. Of 22.01% (see Table 1).
The quality of the map allowed rebuilding of residues 40 to
623, which includes an additional six C-terminal residues
that were disordered in the wild-type structure. Two con-
formations were modeled for a few surface residues where
Fobs — Fcaic maps clearly indicated a second conformation.
The catalytic zinc ion and two chlorides could be modeled,
as well as onéN-acetyl-glucosamine residue at N72 and an
ordered partial glycan chain at N109 (Figure 2). The
structures solved independently using the 2.9 A and 2.0 A
datasets are in close agreement (Table 2).

The structure of tACE-G1234 was determined to a final
resolution of 2.8 A, including residues 40 to 592. The
catalytic zinc ion and both chloride residues were modeled,
but ordered glycan density was only seen at two of the four
glycosylation sites (N72 and N109), and a sinbjlacetyl-
glucosamine residue was modeled at each of these residues.

Density for the 3 helix 104-108 near the N109 glyco-
sylation site and for loop 434440 was weak in both
mutants, and E436 could not be modeled. This pattern of
loop disorder was also observed in the wild-tydé)(

Like the wild-type structure, these mutants are largely
o-helical, with a few short regions gfstrand. The molecules
are ellipsoid in shape and divided down the middle by a deep
cleft, in which the active site zinc ion is located. This cleft

on their Ramachandran plots, one model was selected fromis closed off from the external milieu by the N-terminal two

each group as having the fewest residues falling into
unfavorable regionsSCWRLwas used to optimize the side-
chain packing of these model35.

Normal Mode AnalysisSNMA of ACE2 and tACE was
carried out according to the elastic network model, as
implemented in theelNemo webserver 36, 37). The block
size was set to three residues, and the-Ca linkage cutoff
to 8 A, being the recommended default values for these
parameters.

The crystallographic structures of ACE20, ACE2c (minus
the collectrin-like domain) and unliganded wild-type tACE
were analyzed, as well as models tACEo and tACEc. In each

o-helices or lid-helices. Rms deviations computed between
tACE-G13, tACE-G1234, and the crystal structures of
unliganded and lisinopril-bound wild-type tACE revealed
very close structural identity between these structures,
especially around the active site zinc ion (Table 2). Each
mutant structure contains two chloride ions occurring at the
same sites as in wild-type tACE, and four of the five
conserved water molecules proposed to represent an entrance
pore for CL2 are also present in tACE-G13B( Figure 2A).

The lower resolution of the tACE-G1234 data set prevented
the detection of any water molecules at this site. The close
structural agreement further indicates that the difference in

case, the 10 lowest-frequency normal modes were calculatedglycosylation between tACE-G13, tACE-G1234, and wild-

and the degree of cumulative overlap between the normal

type tACE does not affect their structures in this crystal form.



tACE Glycosylation Mutant Structures and Domain Movement

Biochemistry, Vol. 45, No. 42, 2006.2657

Table 1: Data Collection and Model Refinement Statistics

tACE-G13 (2.9A) tACE-G13 (2.0A) tACE-G1234
Crystal Data

space group P2:212 P21212; P2,212;
unit cell parameters (A)

a 59.81 56.63 56.44

b 85.16 84.72 85.15

c 135.58 134.47 133.42
molecules in asymmetric unit 1 1 1

resolution limits (A)

Diffraction Data Used in Refinement

50.6-2.90 (3.0-2.9)

50.0-2.0 (2.07-2.00)

50.0-2.8 (2.9-2.8)

no. of observations 60 751 515 005 541512
redundancy 4.0 12.4 39.0
completeness (%) 89.9 (71.6) 96.2 (86.4) 83.6 (80.4)
Reym (%0)° 20.0 (41.3) 6.1(21.4) 11.4 (33.7)
averagd/o(l) 5.88 (1.86) 26.8 (6.7) 7.7 (2.8)
Refinement and Model Statistics

no. of reflections used in refinement 14 338 40 225 13572
Reyst [% reflections used] 21.62 [95.95] 18.04 [97.0] 20.06 [91.6]
Rireed [% reflections used] 24.29 [4.05] 22.01[3.0] 23.69 [8.4]
meanB-factor (A2)

protein 20.0 19.0 20.0

carbohydrate 46.0 50.4 58.6

water (no. of molecules) 14.8 (74) 25.0 (362) 15.3 (34)
rms deviations

bond lengths (A) 0.009 0.009 0.010

bond angles (deg) 1.57 1.12 1.46
Ramachandran plot % residues in

most favored regions 88.5 94.8 91.6

additional allowed regions 10.5 5.0 8.2

generously allowed regions 1.0 0.2 0.2

disallowed regions 0.0 0.0 0.0

2Values in parentheses are for the last resolution shBYm = Sn¥illi(h) — D(N)ITnYili(h), wherel(h) and di(h)Jare theith and the mean
measurements of the intensity of reflectionrespectively® Rys: = >nlFo — Fcl/>nFo, WhereF, andF. are the observed and calculated structure-
factor amplitudes of reflectioh, respectivelyd Ryee is equal toReys for a randomly selected 3% (tACE-G13 2.0 A), 4.05% (tACE-G13 2.9 A), or
8.4% (tACE-G1234) of reflections not used in the refinement.

N-Linked GlycansOrdered N-linked glycan density was hydrogen-bonding contact with E384 of the zinc-binding
present only for sites 1 and 3 (N72- and N109-linked) in motif, and superimposes onto the zinc-binding carboxyl
both mutants, with very little density being observed at sites group of the inhibitor lisinopril when aligned with the
2 and 4 (N90- and N155-linked) in the tACE-G1234 lisinopril-bound structure (PDB ID 108F). The active site
structure, although this may be attributable to its lower of tACE-G13 contains an additional acetate molecule
resolution. The glycan chain at site 3 showed a particularly coordinated by K511, Q281, and Y520, that superimposes
high degree of order in tACE-G13, allowing the positioning onto the carboxyl terminus of lisinopril. An actetate was also
of two N-acetyl-glucosamine residues (NAG), twp- observed in this position in the unliganded N domain
mannose residues, and one NAG-linked fucose residuestructure. In tACE-G1234, additional density at this site was
(Figure 2B). O4 of the fucose residue is in hydrogen bonding modeled as ah-carboxyalanine moiety that was also present
contact (2.6 A) with OE2 of E49 at the N-terminal end of in the unliganded wild-type tACE structure.
al, thus forming a glycan-mediated link between the  The presence of additional density or acetate molecules
N-terminus and the N-terminal end of3 (Figure 2B).  in the active sites of both tACE mutants and the wild-type
Glycan density for site 1, which lies in the loop betweeh  inhibitor-free structures of tACE and Ndom suggests that
and a2, was weaker, allowing the placement of only one these may not be true unliganded conformations of ACE
NAG in both mutants. This NAG is in close proximity (3:2 domains, but rather that the “unliganded” structures thus far
4.5 A) to the side chains of T74 and E76 at the C-terminal observed are equivalent to another liganded state.
end ofal. It thus appears that these two more ordered glycan  ACE2 Hinge RegionsTo investigate potential domain
chains, lying as they do at either end of the lid helices, may hinging in ACE, the residues involved in the motion observed
play a role in stabilizing the interactions between the lid in ACE2 were identified and compared with the equivalent
helices and the rest of the enzyme. This is consistent with residues in tACE. The structural change between the closed
the minimum requirement for the presence of an intact and open forms of ACE2 (ACE2c and ACE20) can be
glycosylation site at either site 1 or site 3 in order for tACE described as a hinge movement that opens up the active site.
to be properly expressed in an enzymatically active form The lid helicesal anda2 swivel to one side, and the cleft
(14). opens up more on one end than the other (Figure 3A).

Density in the Actie Site.In both mutants, the active-site  Looking down onto the active site cleft with the lid helices
zinc ion is tetracoordinated by H383, H387, E411, and the (ol anda?2) on top, the hinge axis stretches from under the
carboxyl oxygen of an acetate molecule (Figure 2C). This N-terminus to the middle of the underside of the active site
acetate, also modeled in unliganded wild-type tACE, makes (Figure 3A).
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FIGURE 2: tACE-G13 in Fgps — Feac map density to 2.0 A,
contoured at 18 (blue mesh). (A) Residues at the CL2 binding
site. Green star CL2; red stars= water; arrows indicate putative
CL2 pore waters. (B) Glycan residues at N109, with density for
selected protein residues only. NA&N-acetyl glucosamine; FUC

= fucose; BMA= f5-D-mannosepl ando3 = helicesal anda3

in cartoon representation. (C) Zinc-binding residues at the active
site. Black star= Zn; ACT = acetate. This figure was generated
usingPYMOL 0.98(DelLano Scientific).

Based on the structural alignment of ACE20 with ACE2c,
six hinge regions were identified: 9825, 296-297, 406~
409, 434-439, 535-537, and 569578 (tACE numbering;
Figure 3A). These regions were compared with their
equivalents in tACE, tACE-G13, tACE-G1234, Ndom, and
Drosophilahomologue AnCE in terms of sequence conser-
vation and flexibility as evidenced by their crystallographic
temperature factorB¢factors).

Watermeyer et al.

Based on their structural location these hinge regions can
be divided into two groups. The first group comprises two
loop regions (296297 and 434-439; tACE numbering) that
stretch one above the other, across the opening end of the
active site cleft (Figure 3A). These residues are not “hinge”
residues as such, but rather allow the active cleft to open by
becoming elongated in the unliganded open state. The
sequence of these residues is not conserved, but their
temperature factors are high in all of the structures consid-
ered, indicating the functional conservation of a degree of
flexibility (Figure 4; data for wild-type tACE and tACE-
G1234 not shown). In the case of wild-type tACE the S435
S439 loop was disordered in the wild-type crystal structure
and could not be modeled.

The second group comprises four regions<285, 400~
409, 535-537, and 569-578; tACE numbering) all located
along the hinge axis from the N-terminus side of the active
site cleft to its underside (Figure 3A). This group could thus
be described as the residues about which the hinge opens.
Three of these regions (46@09, 535-537, and 569-578)
show a high degree of sequence conservation, including
several conserved glycines, alanines, and serines, and low
temperature factors, indicative of a high degree of order in
the crystal structures (Figure 4). The fourth {2B5) lies
close to the surface between th& lid helix anda4, and
has low sequence conservation and high temperature factors,
indicating flexibility. 569-578 of this group lie between the
conserved HEMGH of the zinc-binding motif (H3881384
of tACE) and the additional conserved downstream zinc-
binding Glu (E411 of tACE). Although hinging about this
region does not alter the relative orientation of the zinc-
coordinating residues, it does move the zinc ion away from
the opposite wall of the active site cleft by3.8 A, thus
opening up the catalytic site.

Three of the six regions involved in hinging thus show
low sequence-conservation and a high degree of disorder or
flexibility in the crystal structures tACE, tACEG13, tACE-
G1234, AnCE, ACE2, and Ndom as evidenced by their
temperature factors. The other three regions display a high
degree of order in the crystal structures and are highly
conserved in the homologues considered. This indicates that
the end points of the ACE2 hinge motion represent two stable
conformations of these regions that have been captured under
the crystallographic conditions. The presence of glycines,
serines, and alanines in these regions may allow for more
than one stable conformation. Moreover, their sequence
conservation, together with the conservation of functional
flexibility in the loop regions, suggests a conservation of
the hinge mechanism among these homologues.

Consevation of Temperature Factor§.he conservation
of thermal stability or flexibility in these structures extends
beyond the hinge regions, with the patterrBefactors being
conserved in tACE-G13, tACE-G1234, wild-type tACE,
Ndom, ACE2, and AnCE structures (Figure 4; wild-type
tACE and tACE-G1234 data not shown). Furthermore,
residues having lower-than-average temperature factors (less
than—o(B)) are all located in the interior of subdomain II,
surrounding the CL1 binding-site and including chloride and
substrate ligands, whereas the residues having high temper-
ature factors are all on the surface, and fall largely into
subdomain I. The only residues in subdomain Il that have
high temperature factors are at the endxdf(which flanks
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Table 2: Structural Identity between tACE Glycosylation Mutants, Unl
Wild-Type tACE (PDB ID 108F)

iganded Wild-Type tACE (PDB ID 108A), and Lisinopril-Bound

rms deviations (49

all protein main side Zn-binding CL1- CL2-
structure comparison structure atoms chain chain residues associated associated
108F 108A 0.36 0.15 0.49 0.10 0.15 0.05
tACE-G13 (2.0 A) tACE-G13 (2.9 A) 0.79 0.39 1.04 0.27 0.77 0.33
tACE-G1234 tACE-G13 (2.0 A) 0.43 0.28 0.54 0.16 0.48 0.19
108F tACE-G13 (2.0 A) 0.53 0.69 0.27 0.14 0.40 0.14
108F tACE-G1234 0.56 0.30 0.73 0.14 0.50 0.20

aZn-binding residues:
407, 519, 521, and 522.

383, 384, 387, and 411. CL1-associated residues 186, 278, 485, 486, 489, and 507. CL2-associated residues: 220, 224,

Table 3: Normal Mode Analysis of tACE and ACE2. Statistics for
the Mode Having the Highest Overlap with the Proposed Structural
Transition for Each Structure Studied

structure comparison Jamplitude rmsd

analyzed structure mode overlap collectivity (DQ?) A)

ACE20 ACE2c 1 0.733 0.386 224 1.77
tACEO tACEcC 1 0.709 0.427 248 1.86
tACEo wt tACE 1 0.643 0.427 245 2.19
ACE2c  ACEZ20 2 0.117 0.132 85 3.43
tACEc tACEo 6 0.133 0.500 96 3.62
wt tACE tACEo 2 0.129 0.468 107 3.89

aThe relative amplitude of perturbation along the direction of the
normal mode concerned, required to achieve the best alignment with
the comparison structure; arbitrary unif®ms deviation for all @
atoms between the comparison structure and a model perturbed
according to the mode in question and the stated amplitude.

the lid helices), and in the C-terminal loop which was
disordered in the wild-type tACE structure. Thus subdomain
I, containing the zinc and chloride binding sites, has a greater
degree of structural rigidity than subdomain 1 in all of the
known structures of ACE homologues.

Since most of the residues involved in intermolecular
contacts in tACE crystals lie on the surface of subdomain
I1, it could be argued that the higher thermal stability of this
subdomain is an artifact of lattice packing. However, the
other structures studied were crystallized in different space
groups and under different conditions to tACE, indicating
that this is more likely to be a genuine conservation, which
may have functional significance.

Normal Mode Analysis Reals Intrinsic Flexibility. To
investigate the possibility of hinge-movement in tACE
further, NMA of tACE and ACE2 was carried out. Since
open structures of both were required for comparison, an
open model of tACE (tACE0) was generated, based on the
unliganded ACE2o0, and a model of tACE (tACEc) based
on ACE2c served as a control for errors introduced by the
modeling process (Figure 3). Low frequency normal modes

have been shown to depend more on overall shape or masg

distribution than on atomic structure, with coarse-grained
approaches such as that employed édjlemobeing as
effective as more detailed approaches at identifying biologi-
cally relevant modes3Q, 40). Thus despite the relatively
low homology between tACE and ACE2 (40%), these
models can be regarded as suitable for NMA.

NMA of both open structures tACEo and ACE2o0 yielded
a single normal mode (mode 1, having the lowest frequency,
in both cases) having a high degree of overlap with the
putative or observed structural change (Table 3; Figure 5
A.E,F). In both cases, this mode has moderate collectivity

A

535-537

Ficure 3: Hinging in the open model of tACE. (A) The open model

f tACE (tACEo0) used for normal mode analysis, showing ACE2
hinge residue equivalents. Hinge regions with low temperature
factors and high sequence-conservation (4009, 535-537, 569~

578) are colored blue; those with high temperature factors and low
sequence-conservation (9825, 296-297, 434-439) are colored
red. Note that S435G438 were omitted from the model, as they
were absent in the wild-type tACE structure. Deletion of the
equivalent residues in ACE2 had no effect on the modes calculated
(data not shown). (B) Alignment of the tACEo model perturbed in
the direction of the lowest-frequency normal mode calculated (gray)
with wild-type tACE (green). The amplitude of perturbation chosen
is that which generated the best fit to the closed structure. Hinge
residues in tACEo are colored as for the model in panel A. This
figure was generated usirRYMOL 0.98(DeLano Scientific).
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modeled in the crystal structures due to disorder. Residues are colored according to their temperature factorB-faciogegreater

thana(B); red, B-factors greater thand?B); green,B-factors less thar-o(B). Hinge regions in ACE2 are boxed; zinc ligands are marked

Ficure 4: Temperature factorB{factor) and sequence comparison between tACE-G13 (G13), the N domain of human sACE (Ndom,
with stars.
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Ficure 5: Normal mode analysis of tACE and ACE2: models perturbed according to the modes showing highest overlap with the putative
structural change, the amplitude of perturbation being that which resulted in the closest alignment with the comparison structure. (A)
ACE20 (vs ACEZ2c). (B) ACE2c (vs ACEZ20). (C) wild-type tACE (vs tACEO0). (D) tACEc (vs tACEO0). (E) tACEo (vs wild-type tACE).

(F) tACEo (vs tACECc). Colors are according to the residues showing the greatest relative displacements in ACE20 and tACEo: red residues
move apart and blue residues move together as the cleft closes in the modes for these two structures. Green arrows indicate the major
directions of movement in the mode in question. This figure was generated R¥M@L 0.98(DeLano Scientific).

and describes a closing of the active site cleft, with similar It could be argued that the similarity in behavior of the
amplitudes of perturbation required for maximal overlap with normal modes of tACEo and ACE2o0 is an artifact due to
the closed forms (Table 3). The residues on the undersidethe modeling of the open structure based on ACEZ20.
of the active site cleft, including most of subdomain Il, show However, the close alignment of the perturbed model of
little or no movement relative to neighboring residues. The tACEo with the wild-type tACE structure suggests that this
motion corresponds closely to the hinging observed in the model may represent a reasonable approximation of a real
ACE?2 crystal structures, as well as to that predicted by the open form of tACE (Table 3; Figure 3B).

tACEo model, as is evidenced by the low rms deviations  In contrast with these results, the closed structures (ACE2c,
between the resulting perturbed end-state models and theACEc, and wild-type tACE) did not yield normal modes
closed form comparison structures (Table 3). having high overlap with the structural change (Table 3;



12662 Biochemistry, Vol. 45, No. 42, 2006

Watermeyer et al.

Figure 5B,C,D). This is probably because the moving ACE homologues. This hypothesis is further supported by
residues are close together in the starting structure, becominghe observation that some kind of motion must occur to allow

linked in the force field so that largecC-Ca fluctuations

substrate access, the calorimetric evidence for a large entropic

between them are not favored. This tendency of closed contribution to substrate binding, and the presence of
structures to yield normal modes that do not describe the unexpected small molecules in the active sites of the
structural transition as well as those of the corresponding unliganded wild-type tACE, Ndom, and tACE glycosylation

open form has been documented for a number of ca€®s (
While the motions described by the normal modes showing

mutant structuresl(, 16, 18).

the highest overlap do involve partial opening of the active REFERENCES

site cleft, the amplitudes of displacement required for
maximum agreement with the comparison structure are low,
and the resulting structures do not align closely with the open
forms (Table 3). However, since these results were similar
for both wild-type tACE and ACEZ2c, they do not exclude
the possibility that tACE might undergo a hinge movement.
Rather, the fact that NMA of the wild-type structure of tACE
does yield some normal modes having high collectivity is a
further indication that some kind of concerted movement
about the active site is likely to occur.

This evidence, taken together with the necessity of opening
of the active cleft to allow substrate access, the entropically
driven nature of substrate binding, the hinging of homologue
ACEZ2, the presence of unexpected small molecules in the
active sites of unliganded tACE-G13, tACE-G1234, wild-
type tACE, and Ndom, and the conservation of the sequence
or at least flexibility of the proposed hinge regions in these
homologues, suggests that tACE and tACE homologues do
have an open form and that this open form is similar to
ACEZ20. Moreover, since tACE is essentially identical to the
C domain of sACE, this evidence points to a similar hinge
motion in both domains of sACE.

CONCLUSIONS

Glycosylation mutants tACE-G13 and tACE-G1234 crys-
tallize under the same conditions and in the same space group
as wild-type tACE expressed in the presenceajlucosi-
dase-1 inhibitor NB-DNJ. The structures of the glycosylation
mutants do not differ significantly from that of wild-type
tACE, despite the presence of more complex glycan chains
at the remaining glycosylation sites. It is thus possible to
solve tACE structures without the use of expensivglu-
cosidase-1 inhibitors, which in turn has important implica-
tions for future structural studies of ACE inhibitor binding.
Elucidation of glycan chains at N72 and N109 revealed that

interactions of glycan residues at these sites with adjacent 13.

protein residues may be important for the stabilization of
the lid helicesotl ando?2.

Based on analysis of temperature factors, subdomain II
of tACE-G13, containing bound chloride ions and the zinc-
binding site, displays a high degree structural rigidity while
subdomain | appears to be more flexible. This domain
stability is conserved in tACE-G1234, wild-type tACE,
Ndom, ACE2, and AnCE and may have functional signifi-
cance.

The residues involved in the hinge motion of ACE2 are
conserved, at least at the level of functional flexibility, in
tACE, Ndom, and AnCE. Normal mode analysis of the

closed tACE structure and a modeled open form demon- 17.

strated that the intrinsic flexibility of this structure about the
active site cleft is similar to that of ACE2. This suggests
that hinging is a common mechanism for substrate entry in
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