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I. INTRODUCTION  

Respondents’ proposed constructions bring the claims in line with the specification and 

the scope of what the patentee clearly identified as the invention. BioMarin’s constructions are 

generally overbroad and attempt to read limitations out of the claims. They should be rejected. 

II. PERSON OF ORDINARY SKILL IN THE ART 

The parties dispute the requirements of a POSA. It does not appear, however, that the 

POSA’s experience is dispositive of any claim construction dispute. Thus, it is unnecessary to 

resolve the dispute at this time. Regardless, BioMarin contests Respondents’ definition only “to 

the extent they presuppose the POSA would be focused on ‘developing PEGylated CNP variants’ 

or ‘therapeutic CNP,’ as the pertinent field is broader.” BioMarin’s Opening Brief (“BM Br.”) at 

7 n.5. As explained in Respondents’ opening brief, the role of CNP in promoting bone growth 

was known in the prior art; the problem to be solved was the short half-life in the body of 

natriuretic peptides. Respondents do not require the pertinent field to be limited to therapeutic 

CNP, but note that BioMarin’s competing “treatment of bone-related disorders” cannot be the 

pertinent field. “Bone-related disorders” would include fractures, osteoporosis, and bone cancer. 

A POSA in the field of RE’267 works in drug design and development for delivering therapeutic 

peptides.   

III. DISPUTED CLAIM CONSTRUCTIONS  

A. “CNP variant” (claims 15–22, 31–49, 54) 

 BioMarin argues that, because the Markush group lists a set of CNP variants, the term 

“CNP variant” itself needs no construction. BM Br. at 23. That is legally erroneous.  

The mere fact that a Markush group lists species for a recited genus does not transform 

the genus’s name into a nonce word. See, e.g., Warner Chilcott Co., LLC v. Zydus Pharms. Inc., 

C.A. No. 11-1105-RGA, 2013 WL 1729383, at *6, 8 (D. Del. Apr. 22, 2013) (construing multiple 
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Markush groups, including the genus “enteric polymer,” which the Court found to impose 

functional limitations on the polymer species listed in the Markush group). Courts often construe 

genus names to confer functional or structural limitations beyond merely containing the listed 

species. See, e.g., Abbott Lab’ys v. Sandoz, Inc., 529 F.Supp.2d 893, 908-09 (N.D. Ill. 2007) 

(construing “pharmaceutically acceptable polymer” to require the ability to extend release of a 

drug while maintaining certain pharmacokinetic limitations, where the recited pharmaceutically 

acceptable polymer was selected from a Markush group). The term “CNP variant” here is 

similarly functional as it requires the peptide to be natriuretic. 

To illustrate, a claim reciting “a container selected from the group consisting of a cup, a 

bottle, and a box” may have a different scope than “a drinking vessel selected from the group 

consisting of a cup, a bottle, and a box.” The former could refer to any kind of box because all 

boxes are containers. The latter would require a specialized box, such as milk carton, and not a 

banker’s box for holding paper files. The genus “drinking vessel” requires the box species to 

have a structure to support that specified function. Likewise, the genus “enteric polymer” in 

Warner Chilcott was selected from the group consisting of various polymethacrylates, but the 

term itself was construed to require resistance to drug release in the stomach or ingress of gastric 

fluids. See Warner Chilcott, 2013 WL 1729383, at *8. The Markush genus “pharmaceutically 

acceptable polymer” in Abbott similarly required specific functionality. Abbott, 529 F.Supp.2d at 

909. 

Here, the genus “CNP variant” is not merely a nonce word. It denotes that the listed 

species have a particular structure to support a particular natriuretic function, as described in the 

specification. To achieve that function, the structure requires an intact ring between Cys6 to Cys22 

of CNP-22 (and includes any modifications, substitutions, or conjugations). That is, it must 

support the function of binding to and activating NPR-B, thereby inducing cGMP production. 
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Put simply, a peptide with the amino acids listed in the Markush group, but without the ring, does 

not have the structure to bind to and activate NPR-B. Conversely, a molecule that has the 

relevant amino acid sequence and the ring formed by Cys6 to Cys22 would not be a “CNP 

variant” within the meaning of the claims if it has some other component that renders it 

incapable of binding to NPR-B and activating cGMP. BioMarin’s proposed construction simply 

ignores the function of the CNP variant in the context of the claimed invention. But one cannot 

drink from a banker’s box.  

B.  “hydrolysis” (claims 15–17 and 31–39) 

 BioMarin opens its brief by suggesting that there is no need to clarify the scope of the 

term “hydrolysis” because “there can be no reasonable dispute that the accused product can 

release the active CNP variant by ‘hydrolysis.’” BM Br. at 8. BioMarin knows that statement to 

be false, as it has already been served with extensive nonburden contentions detailing the legal 

and factual bases for Respondents’ noninfringement position for this claim limitation. It is 

important to define hydrolysis for the exact reason that BioMarin wants to avoid doing so: the 

word “hydrolysis,” as used in the asserted patent, would have been understood by a POSA in 

2009 to have one meaning in the context of the specification, and to have a different meaning in 

other contexts. Those other contexts include the extrinsic evidence describing the accused 

product that BioMarin cites. Contra id. BioMarin’s strategic desire to conflate the uses of that 

word is the exact situation that claim construction law is designed to guard against. See Phillips 

v. AWH Corp., 415 F.3d 1303, 1315 (Fed. Cir. 2005) (en banc) (“[T]he specification ‘is always 

highly relevant to the claim construction analysis. . . . [I]t is the single best guide to the meaning 

of a disputed term.’” (quoting Vitronics Corp. v. Conceptronic Inc., 90 F.3d 1576, 1582 (Fed. Cir. 

1996)).  
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 The term “hydrolysis” appears in claim 15 in the context of “the hydrolysable linkage 

releas[ing] the CNP variant.” Ex. 1 at 270:64–65. The specification does not define the terms 

“hydrolysis” or “hydrolysable linkage.” The specification, however, discloses “hydrolysable 

linkages” only in the context of conjugating a PEG to a CNP variant. EX1001 at 10:37-38; see 

also id. at 60:63-61:19. All uses of the term “hydrolysis” in the specification relate to other 

reactions—not releasing a CNP variant. Thus, the term “hydrolysis,” as used in the claims, must 

be read in the specific context of the recited “hydrolysable linkage,” as opposed to other contexts 

where it may have a broader meaning. Phillips, 415 F.3d at 1315. To the extent BioMarin points 

to other instances of “hydrolysis” in the specification as being probative, those examples are also 

consistent with Respondents’ construction (as explained in detail below).  

 Hydrolysis is a term of art in chemistry, and it has a specific chemical meaning consistent 

with its use by the RE’267 specification. See Sessler Opening Decl., ¶¶ 26-36. That meaning is 

captured in Respondents’ proposed construction. Id. It is true that in some contexts, the term has 

been used more loosely to describe cleaving chemical bonds without regard to the specific 

mechanism employed. That is, however, not the plain meaning that “hydrolysis” would have 

absent a context-specific indication that the term is being used more broadly. For example, in 

Ascendis’s own later patents (on which BioMarin improperly relies in support of its 

construction), the applicants acted as their own lexicographers and provided an express, broader 

definition of “hydrolysis” that departed from the traditional chemical meaning of the term. 

Compare US 11,311,604 B2 at 12:60-67 (“A ‘biodegradable linkage’ or a ‘reversible linkage’ is a 

linkage that is hydrolytically degradable, i.e. cleavable, in the absence of enzymes under 

physiological conditions” in “aqueous buffer at pH 7.4.”) with BM Br. at 13-14. 

 The Tsubery reference may also be an example of some authors using hydrolysis more 

loosely or broadly. See BM Br. at 13 (citing Ex. O at 38118). BioMarin appears to cite Tsubery 
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solely because Ascendis cited it in its third-party protest of the reissue application as prior art 

disclosing a hydrolysable linkage. Id. While that document is referenced in the prosecution 

history, it is no more probative than any other extrinsic evidence as to the meaning of the term 

“hydrolysis.” Phillips, 415 F.3d at 1315-16 (explaining that extrinsic evidence is less probative, 

if at all). Moreover, neither BioMarin nor the Examiner indicated that they agreed with Ascendis 

regarding the relevance of Tsubery’s disclosure. A person of ordinary skill reading the 

prosecution history would not consider Tsubery informative as to the meaning of the term 

“hydrolysis.” See Sessler Reply Decl., ¶¶ 13-17. 

  

 

  

 

 

 

 

  

 The relevant question here is how a skilled artisan reading the specification of 

BioMarin’s patent in 2009 would have understood BioMarin to be using the term in the context 

of PEG-CNP conjugates—not how others in the art used the term in a different context or how 

 
1 BioMarin’s reliance (at 14) on the Cleemann reference, U.S. Pat. No. 8,906,847, another 
Ascendis patent, is even less apposite because Cleemann uses a different term, “autohydrolysis.” 
In Cleemann’s autohydrolysis reaction, water does not react with another substance. See Sessler 
Reply Decl., ¶¶ 18-19. It would not fit Respondents’ or BioMarin’s proposed constructions. Id. 
Cleemann’s reference to “autohydrolysis” is therefore not probative of the plain meaning of 
“hydrolysis” in the specific context of BioMarin’s patent. 

 

PUBLIC VERSION

Page 10 of 69



 
  

 

6 

Ascendis sometimes used the term when talking about a different invention or in different 

contexts years later. Phillips, 415 F.3d at 1315-16. BioMarin’s attempt to construe the claims at 

issue in light of Ascendis’s accused product is legal error. “It is only after the claims have been 

construed without reference to the accused device that the claims, as so construed, are applied to 

the accused device to determine infringement.” In re Entresto, 125 F.4th 1090, 1098-99 (Fed. 

Cir. 2025). Claims must be construed according to how a skilled artisan would have understood 

the terms at the time the application was filed—not how the patent applicant might have 

attempted to stretch the terms many years later in view of after-arising technology. See 

Kopykake, 264 F.3d at 1383; Fundamental Innovation Sys. Int’l LLC v. Anker Innovations Ltd., 

No. CV 21-339-RGA, 2025 WL 459916, at *8 (D. Del. Feb. 11, 2025) (“Terms must be given 

their meaning at the time of filing.”). 

 The question before the CALJ is simply whether a skilled artisan reading the 

specification at the time of the invention would have understood the term “hydrolysis” as being 

used in its traditional chemical sense or as something broader. To answer that question, one needs 

to focus chiefly on the intrinsic evidence of BioMarin’s patent, which is consistent with the 

traditional chemical use of the term. Importantly, the relevant hydrolysis is of a linkage 

connecting a CNP variant to a synthetic polymeric group, such as a PEG, and the only kinds of 

linkage mentioned in the specification are amide, imine, aminal, and ester bonds, which can 

undergo traditional chemical hydrolysis under certain conditions. Ex. 1 at 10:33-43. 

 BioMarin’s chief intrinsic evidence—three uses of the term “hydrolysis” that it claims 

would lead a skilled artisan to understand that hydrolysis is being used loosely when referring to 

the release of CNP variants—do not support BioMarin’s conclusion. BioMarin starts with 

“deamidation,” which is a kind of natural occurring degradation reaction by which certain amino 

acids in peptides are slowly converted into other amino acids. See Sessler Reply Decl., ¶¶ 5-6. 
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The specification discusses measures “to minimize or avoid deamidation of a CNP variant” 

during manufacture and storage. Ex. 1 at 139:37-40. The specification says that “[b]ecause 

deamidation occurs by hydrolysis, the substitution of an organic cosolvent for water minimizes 

contact of the CNP variant with water” and suggests that “[a]lso to minimize or avoid 

deamidation of a CNP variant, water can be removed from the formulation by lyophilization [i.e, 

freeze drying].” Id. at 139: 40-42, 46-48.  

 BioMarin admits that deamidation can happen directly by hydrolysis in accordance with 

Ascendis’s proposed construction (BM Br. at 10 (right-side reaction)), but argues that it can also 

occur via a multi-step reaction that involves internal ring formation as an intermediate product 

(id., left-side reaction). BioMarin concedes that Respondents’ construction captures deamidation 

through the right-hand pathway, which occurs by hydrolysis in acidic conditions. BM Br. at 9-11. 

BioMarin suggests, however, that Respondents’ construction is under-inclusive because it does 

not capture deamidation by the left-hand pathway that occurs in physiological conditions. Id. But 

BioMarin ignores that the context in which the specification seeks to “minimize or avoid 

deamidation” by hydrolysis is indeed in acidic conditions—not in physiological conditions. Ex. 1 

at 139:24-42 (describing the conditions as “a pH of about 3-7, or about 3-6, or about 3.5-6.5, or 

about 4-6, or about 4-5, or about 4.5-5.5”); see also Sessler Reply Decl., ¶ 6 (explaining that the 

specification’s conditions for deamidation hydrolysis are strictly acidic). Thus, the intrinsic 

evidence of the meaning of the term “hydrolysis” in the context of deamidation is fully 

consistent with Respondents’ construction of the term. See Sessler Reply Decl., ¶¶ 6-9. 

The patent also discusses “acidic hydrolysis” (Ex. 1 at 101:23-27), “NEP hydrolysis” (id., 

at 113:39-42), and “water-driven hydrolysis” (id. at 138:61-63, 139:22-23). BM Br. at 9. These 

reactions are discussed in different contexts scattered about the patent. None of them refers to 

releasing a CNP variant. Nonetheless, they are also consistent with Respondents’ definition. See 
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Sessler Reply Decl., ¶¶ 4, 9. For example, the specification mentions “acidic hydrolysis” in the 

context of manufacturing peptides in recombinant microorganisms. The resulting peptides are 

exposed to formic acid to cleave a particular peptide bond in order to achieve peptides of the 

desired length. Ex. 1 at 101:11-16. Sometimes the acidic environment resulted in additional 

smaller peptides being created “by excess acidic hydrolysis.” Id. at 101:23-27. As explained in 

Respondents’ opening claim-construction brief, the cleavage of peptide bonds by hydrolysis is 

consistent with Respondents’ proposed construction—and also with the Examiner’s statement 

during prosecution that “peptide bonds” are “a type of amide bond, that can be broken by amide 

hydrolysis, wherein the bonds are cleaved with the addition of a water molecule.” Ex. 23 at 9; 

Sessler Reply Decl., ¶ 9.  

The specification’s mention of “NEP hydrolysis” is similarly consistent with 

Respondents’ construction because it refers to the cleavage of peptide bonds by the enzyme NEP, 

using water to break the bonds. Ex. 1 at 113:39-42. Again, the fact that the hydrolysis reaction is 

catalyzed by an enzyme does not bring it outside Respondents’ construction. See Sessler Reply 

Decl., ¶¶ 10-11. Finally, the specification’s mention of “water-driven hydrolysis” is consistent 

with Respondents’ construction because the phrase simply denotes a pure hydrolysis reaction that 

does not involve acid or enzymatic catalysis. Ex. 1 at 138:61-63, 139:22-23. A water molecule 

cleaves the bond and is added to the product(s) where the bond was broken. See Sessler Reply 

Decl. ¶¶ 10-11. Thus, none of the phrasing in the specification to which BioMarin points would 

lead a skilled artisan to conclude that the named inventors were using the term “hydrolysis” to 

mean something broader than its traditional chemical definition, in which the water components 

are added at the site of cleavage. Id., ¶¶ 4-12. 

In sum, BioMarin wants to buck the claim-construction process and jump right to 

infringement by pointing to extrinsic evidence describing the accused product many years after 
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the relevant date. BM Br. at 6, 8. That is entirely improper. Claims must be construed “without 

the objective of capturing or excluding the accused device.” Vita-Mix Corp. v. Basic Holding, 

Inc., 581 F.3d 1317, 1324 (Fed. Cir. 2009). Indeed, it is inappropriate to even consider evidence 

describing the accused product when informing claim construction. See NeoMagic Corp. v. 

Trident Microsystems, Inc., 287 F.3d 1062, 1074 (Fed. Cir. 2002) (“It is well settled that claims 

may not be construed by reference to the accused device.”) (citing SRI Int’l v. Matsushita Elec. 

Corp. of Am., 775 F.2d 1107, 1118 (Fed. Cir. 1985) (en banc)).2 Meanwhile, BioMarin 

completely ignores the “reference work” that the specification calls out as providing definitions 

for standard chemistry terms, which supports Respondents’ construction. See Res. Br. 18-19. The 

term “hydrolysis” should be given its plain meaning as a “standard chemistry term” as it would 

be understood to a skilled artisan reading the specification and Carey in 2009.  

C. “coupled to the CNP variant through a hydrolysable linkage” (claims 15–20, 
31–48) 

 All of the arguments discussed above for the “hydrolysis” term apply here as well, 

because the related term “hydrolysable linkage” should reflect a proper construction for the term 

“hydrolysis.” See Sessler Reply Decl., ¶ 23. That alone is a reason to reject BioMarin’s 

construction (which incorporates BioMarin’s flawed construction of hydrolysis) in favor of 

Respondents’ construction.  

Additionally, BioMarin’s opening brief does not engage with the fact that a skilled artisan 

would understand a hydrolysable linkage to be a chemical bond (as opposed to a larger 

 
2 BioMarin’s citation of Wilson Sporting Goods Co. v. Hillerich & Bradsby Co., 442 F.3d 1322, 
1326-27 (Fed. Cir. 2006) does not counsel otherwise. BM Br. at 6. The “meaningful context” 
discussed in that case provided an understanding of why the disputed term needed to be 
construed and whether the proposed construction would resolve the parties’ actual dispute. Id. 
Wilson does not stand for the proposition that the accused product itself can be used as evidence 
of the proper construction.  
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structure), in the context of the specification and the understanding of a POSA in 2009. See 

Sessler Reply Decl., ¶ 24. All the examples of hydrolysable linkages in the specification are 

chemical bonds, and what makes those linkages hydrolysable is that the bond is cleaved by an 

addition of a water molecule in a classic hydrolysis reaction. Id., ¶ 25. That is another reason to 

reject BioMarin’s construction and adopt Respondents’. 

Regarding the capability component of BioMarin’s proposed construction for “coupled… 

through a hydrolysable linkage,” BioMarin misapprehends Respondents’ proposal. Respondents 

are not reading into the term “hydrolysable” a requirement that the bond must actually be 

cleaved at the time of infringement (or ever). But the description of the CNP variant as being 

coupled to the synthetic polymeric group via a hydrolysable linkage indicates that the decoupling 

of the CNP variant from the synthetic polymeric group happens by hydrolysis. See Sessler Reply 

Decl., ¶ 26. Respondents’ point is merely that, if the claim specifies “hydrolysable linkage,” then 

a skilled artisan would understand that language as requiring a bond that undergoes hydrolysis as 

the mechanism by which it cleaves, as opposed to something that is actually cleaved by some 

other process that is not hydrolysis. Id. 

BioMarin’s proposed capability-based construction for “hydrolysable” is a fallback 

attempt to capture Ascendis’s product, even where a POSA would understand that Ascendis’s 

CNP is not released by “hydrolysis” as those terms would be understood in 2009. Regardless, 

whether Ascendis described its linker as “hydrolysable” years after the asserted patent was filed 

is not probative as a matter of law. See In re Entresto, 125 F.4th 1090 (Fed. Cir. 2025); Kopykake, 

264 F.3d at 1383; Fundamental Innovation, 2025 WL 459916, at *8. BioMarin violates basic 

canons of claim construction by relying on extrinsic evidence describing the accused product 

rather than confining its analysis to the way a POSA would have understood the claim terms in 

view of the specification in 2009. See Vita-Mix, 581 F.3d at 1324; NeoMagic, 287 F.3d at 1074. 
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That the patent’s description of hydrolysable linkages is minimal is not a reason to construe the 

term more broadly than the specification would support. BioMarin’s consequence-driven 

construction should be rejected.    

D. “formulation” (claims 18–20, 40–48) 

BioMarin collapses the definitions of “formulation” and “sustained release CNP variant 

formulation,” leaning into its position that the words of the preamble are, not only non-limiting, 

but meaningless. BioMarin proposes the same construction for both, even though they have 

dramatically different language and scope. As discussed below for the term “sustained release 

CNP variant formulation,” BioMarin’s position is at odds with basic canons of claim 

construction and conflicts with the prosecution history. The Examiner treated the preamble as a 

limitation in finding the claims allowable. See Res. Br. at 13-14. Specifically, the term 

“formulation” alone does not connote a sustained-release system. BioMarin’s construction 

should be rejected.    

E.  “sustained release CNP variant formulation” (claims 18–20, 40–48) 

BioMarin first argues that Ascendis “agreed” during prosecution that the preambles were 

non-limiting. That mischaracterizes the record. To be sure, Ascendis argued in its third-party 

opposition that the preamble did “not appear” to be limiting. See Ex. B at -999 (Ascendis Third 

Party Protest). What BioMarin neglects to mention is that Ascendis’s opposition did not prevail, 

and the Examiner treated the preamble as a limitation in ultimately allowing the claims to 

reissue. See Ex. 20.  

BioMarin then attempts to rebut Ascendis’s reliance on the specification’s description of 

sustained-release formulations as physical delivery through excipients by again pointing to 

Ascendis’s unsuccessful arguments to the Patent Office during its protest. BM Br. at 21 (citing 

Ex. B at -999 at 8). That is, again, the opposite of how statements in prosecution history are 
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treated. Ascendis is not bound to positions on which it lost. See, e.g., SkyHawke Techs., LLC v. 

Deca Int’l Corp., 828 F.3d 1373, 1376 (Fed. Cir. 2016) (“judicial estoppel only binds a party to a 

position that it advocated and successfully achieved”). Rather, BioMarin is held to the positions 

on which it won to secure the patent. To hold otherwise would give BioMarin the benefit of 

narrower claims during prosecution and then allow it to broaden them in asserting its patent.  

Finally, BioMarin quibbles with the intrinsic support for Ascendis’s construction by 

observing that it is based on “a single specification passage” describing examples of sustained 

release formulations. BM Br. at 22. But that “single specification passage” is the entirety of the 

specification’s disclosure of the term “sustained-release formulations.” Id. BioMarin does not 

point to anything else. That the patent’s written description is minimal is not a reason to construe 

the term more broadly than the specification would support. The sole description of sustained-

release formulations identifies them as those known in the art to provide for slow delivery of an 

API over time using physical (rather than chemical) means to attain the desired release profile. 

There is no indication in the specification that the molecular structure of the CNP variant 

construct recited in the body of claim 18 could itself be the source of a sustained-release 

mechanism. 

F. “macromolecule” (claims 15–17, 31–39) 

A POSA reading the specification in view of the prosecution history would understand 

that a “macromolecule” is a functionally active molecule and would understand what that means. 

Respondents’ construction does not inject any uncertainty. Contra BM Br. at 26-27. The 

functional activity of the macromolecule as described in the specification is the functional 

activity of the CNP variant. Ex. 25 at 10:9-16. The point of Respondents’ construction is to 

confirm that the “macromolecule” retains the function of the CNP variant that it contains. It is 

not an inactive construct that nullifies the activity of the CNP variant within. The specification 
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makes clear that preserving the functionality of the CNP variant while in the PEGylated form 

was the purpose of the invention. Ex. 1 at 9:9-20, 80:19-22. BioMarin’s own brief admits that 

“by arranging the elements as described in the body of claim 15, the half-life of the therapeutic 

CNP peptide can be extended so as to allow the active molecule to exist in the body for a desired 

time period.” BM Br. at 19 (emphasis added). The inventors were looking for ways to extend the 

half-life of CNP without diminishing its functionality. The PEGylated constructs that the 

inventors disclose purport to achieve that purpose: extending the half-life of the attached CNP 

variant without compromising that CNP variant’s activity. Ex. 1 at 4:33–35. That is all 

Respondents’ construction requires.   

G.  “synthetic polymeric group” (claims 15–20, 31–48) 

Respondents’ construction for “synthetic polymeric group” achieves the same purpose as 

the construction for macromolecule: staying true to what the inventors identified as their 

invention. Ex. 1 at 10:33-55. As discussed above, the functional activity of the macromolecule 

described in the specification is the functional activity of the CNP variant. See Section III.A., 

supra. In order for the macromolecule to retain the function of the CNP variant, the synthetic 

polymeric group must not nullify that function. The specification makes clear that the source of 

the extended half-life for the CNP variant is the size and placement of the synthetic polymeric 

group, which is attached outside the ring structure and is small enough to avoid compromising 

the CNP variant’s activity. See, e.g., Ex. 1 at 7:5-39, 9:9-46, 10:33-43, 115:38-43, 61:48-57, 

Table 4. The synthetic polymeric group should therefore be limited to structures that do not 

defeat the entire purpose of the invention. That is all Respondents’ construction requires.  

H. “contacting the/a cell” (claims 21, 22, 49, and 54) 

BioMarin’s Brief underscores the broad nature of claims 21, 22, 49, and 54. BioMarin 

does not dispute that “contacting a cell” means “touching the cell itself,” consistent with the 
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plain meaning of the phrase, and as understood and confirmed by one of the named inventors, 

Joshua Bliesath. But BioMarin improperly adds “including NPR-B” to what a “cell” is, even 

though claims 22 and 54, for example, do not even require that a “cell” express or include NPR-

B (compare claims 21 and 22). As BioMarin notes, however, its construction is effectively the 

same as the simpler construction offered by Respondents, which is “touching the / a cell itself.” 

BM Br. at 29. BioMarin’s “including NPR-B” adds nothing. Both constructions cover CNP 

variants stimulating cGMP production (claims 21 and 49) and reversing cell growth arrest 

(claims 22 and 54) by contacting any part of the cell, including but not limited to NPR-B if cells 

express it. 

BioMarin complains that “Bachem has never identified any support for its contention that 

the CNP variant recited in the claims must contact something on the cell other than the NPR-B 

receptor,” BM Br. at 30. This misunderstands Bachem’s position. Bachem does not contend that 

the CNP must contact something on the cell other than NPR-B. Bachem’s point is that the 

claims are broad enough to achieve the claimed result by CNP contacting the cell anywhere.  

Bachem’s construction is supported by the portions of the specification BioMarin cites. 

See BM Br. at 30 (citing Ex. 1 at 2:37-54 and 116:5-117:23). Those passages describe CNP 

binding to and activating NPR-B, but the claims are not limited to binding NPR-B. Indeed, the 

“cell” of claim 22, for example, need not even express and include NPR-B. The patentee clearly 

knew how to describe CNP binding to and activating specific receptors, such as NPR-B or NPR-

C (Ex. 1 at 116:5-117:23, but chose not to limit the claims in that way.  

When applicants know how to use narrowing language but choose not to include it in the 

claims, that choice has consequences. See Enzo Biochem, Inc. v. Applera Corp., 599 F.3d 1325, 

1333 (Fed. Cir. 2010) (“The applicants knew how to claim a linkage group that does not 

substantially interfere with hybridization…but specifically omitted that language from the 
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claims.”). BioMarin appears to acknowledge this breadth, as it does not dispute that the claims 

extend beyond binding to and activating NPR-B. BM Br. at 29-31. But Respondents’ 

construction better follows the claim language and avoids adding limitations from the 

specification. Also, testimony supports interpreting “contacting” to mean “touching,” rather than 

binding to NPR-B. See Ex. 31 (10/24/2025 Deposition Transcript of Joshua Bliesath (newly 

added inventor)) at 220:1–16 (analogizing contacting to touching a table). 

Conversely, BioMarin’s construction, “contacting the cell, including NPR-B,” introduces 

extra wording that is unnecessary and improper. Deere & Co. v. Bush Hog, LLC, 703 F.3d 1349, 

1354 (Fed. Cir. 2012) (“While claim terms are understood in light of the specification, a claim 

construction must not import limitations from the specification into the claims.”). The claims 

themselves illustrate the problem. Claims 22 and 54 apply to any cell that expresses 

constitutively active FGFR-3. Ex. 1 at 273:15-19 (“22. A method of overcoming cell growth 

arrest…comprising contacting a cell expressing the constitutively active FGFR-3 with a CNP 

variant…”). Nothing here suggests that the cells must have an NPR-B receptor. Similarly, 

BioMarin cites parts of the specification that discuss “downstream signaling of CNP/NPR-B” 

(BM Br. at 30) and the “proliferation and differentiation of chondrocytes in the growth plate.” 

(Br. at 30-31). Once again, the claims are not limited to chondrocytes or any type of signaling, 

and claims 22 and 54 cover cells that lack NPR-B. Phillips, 415 F.3d 1303, 1312 (Fed. Cir. 2005) 

(“[W]e look to the words of the claims themselves . . . to define the scope of the patented 

invention.”) (quotations omitted). If the applicants had wanted to claim only chondrocytes, or 

only NPR-B expressing cells, they could have done so. They chose broader language instead. 

BioMarin’s effort to read NPR-B into the term “contacting the cell” is therefore improper. 

IV. CONCLUSION  

The CALJ should adopt Respondents’ proposed constructions of the disputed claim terms.  
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I, Jonathan Sessler, hereby declare as follows: 

1. The scope of my commission in this matter, my background and qualifications, 

the materials and legal principles considered, and the bases for my opinions are set forth in my 

opening declaration previously submitted in the above-captioned Investigation.  

2. This Rebuttal Declaration is limited to providing my responses to Dr. Davies’s 

declaration regarding the parties’ proposed claim constructions for the terms “hydrolysis” and 

“coupled . . .  through a hydrolysable linkage.” 

3. In preparing this Rebuttal Declaration, I have reviewed Dr. Davies’s declaration 

and the materials cited therein.  

I. Hydrolysis 

4. Dr. Davies identifies several examples of hydrolysis reactions disclosed in the 

specification, including “deamidation occur[ring] by hydrolysis” (Ex. 1 at 139:40), “acidic 

hydrolysis” (id., at 101:23-27), “NEP hydrolysis” (id., at 113:39-42), and “water-driven 

hydrolysis” (id., at 138:61-63, Table 16 (footnote), 139:22-23 Table 17 (footnote)). Ex. C ¶ 24. 

He opines that a POSA would consider these reactions to be hydrolysis. Id., at ¶¶ 24-26. I agree 

with Dr. Davies that these reactions are examples of hydrolysis, but disagree that any of them are 

excluded from Respondents’ construction. Further, from the passage that Davies cites (Ex. 1 at 

138:61-63, Table 16 (footnote)), it is clear the inventors considered hydrolysis and deamidation 

as separate processes, as they are explicitly separated in their characterization: “hydrolysis, 

deamidation, isomerization, or cleavage[.]” Ex. 1 at 138:61-63, Table 16 (footnote). A similar 

distinction is made elsewhere in the patent. See, e.g., Ex. 1 at 139:22-23, Table 17 (footnote). 

5. The only example that Dr. Davies expands upon is the specification’s mention of 

“deamidation occur[ring] by hydrolysis.” Ex. 1 at 139:40-42; Ex. C ¶¶ 25-26. In doing so, he 

provides a reaction from the literature that he contends is a counterexample to Respondents’ 
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construction. Id. (citing Ex. T at 787-793). Dr. Davies illustrates two possible pathways for this 

reaction, one occurring at physiological conditions (left-hand side) and one occurring in acidic 

conditions (right-hand side). Ex. C. at FIG. 1. Dr. Davies appears to contend that the right-hand 

side of the reaction pathway fits Respondents’ construction for hydrolysis (and I agree), but the 

left-hand side does not (I agree that it does not). He concludes that Respondents’ construction is 

therefore incorrect because both reaction pathways are embraced by the specification’s reference 

to “deamidation occur[ring] by hydrolysis.” Ex. C at ¶ 25. I disagree with that conclusion. 

6. The specification explains that care should be taken to avoid exposing the CNP 

variants to water, because the water may deamidate the peptide by hydrolysis. Ex. 1 at 139:37-

42. Importantly, the preparation and storage conditions of the peptide described are acidic. Id., at 

139:24-42 (cautioning one to “minimize or avoid deamidation” during preparation and storage at 

“a pH of about 3-7, or about 3-6, or about 3.5-6.5, or about 4-6, or about 4-5, or about 4.5-5.5”), 

see also id., at Table 16, Table 17. A POSA would know that a pH of less than 7 is acidic, and 

does not reflect the physiological conditions of the claimed peptide constructs in the 

bloodstream. The deamidation reaction that takes place under these conditions—which the patent 

cautions one to avoid—would follow the right-hand pathway of Dr. Davies’s illustration and not 

the left-hand side. Ex. C ¶¶ 25-27, FIG. 1. 

7. The specification does not state that all deamidation reactions necessarily occur 

by hydrolysis—only that the particular deamidation reaction one should avoid during preparation 

and storage occurs by hydrolysis. Ex. 1 at 139:40-43. The specification’s reference to 

“deamidation occur[ring] by hydrolysis” therefore only implicates the right-hand pathway which 

both Dr. Davies and I agree is hydrolysis. Id. Furthermore, Patel is clear that, in basic conditions, 

the deamidation is a separate step from the ensuing hydrolysis. See Ex. T at 792 (observing 

“formation of a cyclic imide intermediate” in neutral and basic pH), Scheme I. 
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8. I have annotated Dr. Davies’s figure below, showing how Dr. Davies erroneously 

conflates separate steps of a two-step reaction. Here, it is clear than even though hydrolysis may 

occur later on in a series of reactions, hydrolysis is not inherent to the deamidation reaction. I 

also note that the “water components” that Dr. Davies points out contain an extra proton—he 

points to three hydrogen atoms and one oxygen atom in his purported “hydrolysis” example. Ex. 

C at FIG. 1. This extra H atom comes from a simple protonation of an amine in a previous step in 

his multiple-reaction scheme, further evidencing that it is a separate acid/base reaction, and not 

an example of hydrolysis. Respondents’ construction of the term hydrolysis is therefore 

consistent with Patel’s figure: deamidation by hydrolysis under acidic aqueous conditions 

contains a protonation step, followed by a hydrolysis step consistent with Respondents’ 

construction. Ex. T at Scheme I. 
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Ex. C at Figure 1 (annotated). 

9. Dr. Davies does not specifically explain how the other examples of hydrolysis in 

the specification might be inconsistent with Respondents’ construction, but for completeness I 

will walk through them. First, the specification’s mention of “acidic hydrolysis” is also 

consistent with Respondent’s construction, as it is the reaction between a compound and water, 

catalyzed by an acid, where a bond is cleaved and a constituent H+ and OH- are added where the 
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bond was broken. Ex. 1 at 101:23-27. This is illustrated by the “acid hydrolysis” mechanism 

disclosed by O’Connor in 1970, shown below. That an acid (or acidic environment) is also 

involved does not exclude the reaction from Respondents’ construction.  

 

Ex. 28 at Scheme 1. 

10. The specification’s mention of “NEP hydrolysis” is similarly consistent with 

Respondents’ construction because it refers to the cleavage of peptide bonds by the enzyme 

NEP, using water to break the bonds. Ex. 1 at 113:39-42. As disclosed by Devault et al., NEP 

“hydrolyses peptide bonds” and describes the mechanism by comparing it to a similar protein, 

thermolysin:  

According to Hangauer et al. (1984), Glu-143 of thermolysin plays a major role in 
catalysis. First, as a base catalyst, it triggers the nucleophilic attack of a water 
molecule on the carbonyl group of the scissile peptide bond. It also acts as a 
proton shuttle between the water molecule and the nitrogen of the amide bond to 
be cleaved. The observation that recombinant neutral endopeptidase enzymes 
containing mutations at Glu-584 are virtually devoid of activity strongly 
suggests a similar role for this residue.  

Ex. 29 at 4040 (emphasis added). 

11. A POSA would understand that “nucleophilic attack of a water molecule on the 

carbonyl group” results in the addition of OH to one side of the bond to be broken (the “scissile” 

bond), and H to the other side via a “proton shuttle.” Id. One probable mechanism for this 
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transformation is depicted below.1 Further, structural studies of the NEP protein reveal that an 

amino acid in the active site “is in position to be involved in catalysis by polarizing the attacking 

water molecule.” Ex. 30 at 345-46; see also Ex. 29 at 4040. A POSA would understand that the 

“attacking water molecule” is used for hydrolysis in a manner consistent with Respondents’ 

construction. Ex. 30 at 346; see also Ex. 29 at 4040. The fact that the hydrolysis reaction is 

catalyzed by an enzyme does not bring it outside Respondents’ construction and would not 

change a POSA’s appreciation that the cleavage involves hydrolysis. 

 

12. I also note that the specification’s mention of “water-driven hydrolysis” is 

consistent with Respondents’ construction because the phrase simply denotes a pure hydrolysis 

reaction that does not involve acid or enzymatic catalysis. Ex. 1 at 138:61-63, 139:22-23. A 

water molecule cleaves the bond and is added to the product(s) where the bond was broken. 

Accordingly, Respondents’ construction does not exclude any examples of hydrolysis disclosed 

in the specification. It is entirely consistent with the specification and how a POSA in 2009 

would interpret the term hydrolysis. 

 
1 A POSA would also understand that the subsequent amine and carboxylic acid products 

of this transformation might undergo additional proton transfer reactions, as per typical acid-base 
chemistry. 
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13. Dr. Davies next discusses the hydrolysis reaction in Tsubury, as a purported 

counterexample to Respondents’ proposed construction. Ex. C ¶¶ 28-31. I disagree with Dr. 

Davies that Tsubury discloses an example of a hydrolysis reaction. Ex. O at 38118. As a 

preliminary matter, it appears that Dr. Davies points to Tsubury only because Ascendis cites it as 

an example of a hydrolysable linker during prosecution. Id. There is no indication that BioMarin 

or the Examiner agreed with Ascendis as to what Tsubury would teach a skilled artisan about 

hydrolysis or hydrolysable linkers. I note that Tsubury states that the linker disclosed can 

undergo “spontaneous chemical hydrolysis,” but it does not explain what is meant by that phrase. 

(Ex. O at 38118).  

14. There is one reaction illustrated in Tsubury, but that reaction does not appear to 

show hydrolysis. Id., at 38119. Indeed, there is no indication that water is involved at all in that 

reaction. Dr. Davies takes this reaction and annotates it with water molecules to hypothesize how 

the reaction might proceed by hydrolysis. Ex. C at FIG. 3. I note that Tsubury itself does not 

disclose these water molecules or provide any context from which a POSA might envision their 

involvement. Dr. Davies is an expert in the field and can draw upon his exceptional experience 

and creativity to hypothesize obscure reactions that would not be understood by a person of 

ordinary skill reading Tsubury. 

15. To that end, Dr. Davies’s annotated figure reflects his own hypothesis about how 

water molecules might move through the reaction shown in Tsubury. But a POSA would know 

that the water molecules he has added are neither necessary nor sufficient to cause the 

elimination reaction discussed in Tsubury to occur. Indeed, while it is possible that water acts as 

a base to cause the reaction to occur, it is my opinion that a POSA, upon reading the 

specification, claims, and prosecution history of the RE’267 patent, would not envisage base-

promoted elimination to be encompassed by the scope of “hydrolysis.” Rather, a POSA would 
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understand that water must be a necessary reactant for a reaction to correctly be described as a 

hydrolysis reaction.  

16. Further, it is clear that Dr. Davies invokes a chemical mechanism that is 

implausible to the point of being nonsensical in an attempt to incorporate the components of 

water into the reaction products of Tsubury. Tsubery’s release mechanism is a mass-balanced 

reaction—no atoms are added or removed from the reaction. Rather, a base promotes a proton 

transfer from the linker to the released peptide. No atoms are gained or lost in this reaction. Dr. 

Davies stretches the limits of chemical possibility by showing a weak base – hydroxide – 

subsequently attacking a methylene to produce a carbanion. Conversion from a weak base (OH-) 

to a strong base (R3C-) is close to chemically impossible in this context. I suspect that Dr. Davies 

proposes this tortured mechanism so that he can inappropriately fit it into Complainant’s 

definition of “hydrolysis.” 

17. In my opinion, a person of ordinary skill reading the prosecution history might 

consult Tsubury because Ascendis suggested that it discloses an example of a hydrolysable 

linkage that is relevant to the claims. But upon reading Tsubury, a person of ordinary skill would 

not understand Tsubury to illustrate any hydrolysis reactions. A person of ordinary skill would 

not redefine their understanding of the plain meaning of hydrolysis to include the reaction 

disclosed in Tsubury simply because a third-party cited the article as potentially relevant. Rather, 

a person of ordinary skill would read Tsubury’s reference to “spontaneous chemical hydrolysis” 

(Ex. O at 38118) as being a confusing turn of phrase that is being used loosely, and which sheds 

little light on what is actually happening when the linker molecule breaks down.  

18. Dr. Davies next identifies one of Ascendis’s patents from around 2009, 

“Cleemann,” as an example of usage in the art of the term hydrolysis. Ex. C ¶¶ 32-36. I disagree 

with him that this is a relevant counterexample to Respondents’ construction. Cleemann does not 
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use the term “hydrolysis.” Cleemann uses a different term, “autohydrolysis.” Ex. P at 4:7-11. 

Despite having the root word “hydrolysis” in its name, the “autohydrolysis” release mechanism 

depicted by Cleemann does not implicate water as a reactant. It is not hydrolysis. 

19. The so-called “autohydrolysis” described in Cleemann would not satisfy either 

party’s proposed construction for “hydrolysis.” This is because water does not “react with 

another substance” in the release step described in Cleemann. Therefore, I do not think a POSA 

in 2009 would consider Cleemann’s reference to “autohydrolysis” to reflect the plain meaning of 

the unmodified term “hydrolysis” in the context of BioMarin’s patent, which uses that word 

consistently with its standard chemistry definition. 

20. I note that BioMarin has also cited a few documents that purport to describe 

Ascendis’s accused product using the term “hydrolysis.” See BM Opening Exhibits I, J, L. At 

least two of them do not appear to be publicly available. I have reviewed these documents, but 

they do not change my opinion on how a POSA in 2009 would understand the term in the 

context of the RE’267 patent. These documents post-date the RE’267 patent by many years and 

do not appear to be using the term “hydrolysis” in a way that is precise or consistent with its 

ordinary meaning in chemistry in 2009 or even today.  

21. Finally, I note that Dr. Davies does not address the example of ring-opening 

hydrolysis in his declaration, which is irreconcilable with BioMarin’s proposed construction. 

Specifically, a bond may be cleaved by hydrolysis without forming “two or more new 

substances.” Sessler Opening Decl.¶ 34-36. I provided a few examples of ring-opening 

hydrolysis in my opening declaration, including a succinimide ring and an epoxide. Id.  

22. Accordingly, even in view of Dr. Davies’s declaration, it remains my opinion that 

Respondents’ construction for “hydrolysis” best captures the plain meaning that the term 

“hydrolysis” would have to a POSA in the context of the RE’267 specification in 2009. 
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II. Coupled to the CNP variant through a hydrolysable linkage 

23. My opinions discussed above for the “hydrolysis” term apply here as well, 

because the related term “hydrolysable linkage” should reflect a proper construction for the term 

“hydrolysis.” Respondents’ proposed construction for “coupled to the CNP variant through a 

hydrolysable linkage” does that, while BioMarin’s competing proposal does not.  

24. I note that Dr. Davies’s declaration does not address whether a POSA would 

understand a hydrolysable linkage to be a chemical bond (as opposed to a larger structure), in the 

context of the specification and the understanding of a POSA in 2009. All of the examples of 

hydrolysable linkages in the specification are chemical bonds, and what makes those linkages 

hydrolysable is that the bond is cleaved by addition of a water molecule in a classic hydrolysis 

reaction. This is another reason I believe that Respondents’ proposed construction better captures 

the meaning of “hydrolysable linkage” as used in the claim.  

25. The specification discloses “hydrolysable or stable linkage[s],” as “amide, imine, 

aminal, alkylene, or ester bond,” and mentions Sunbright CS as a commercial example. Ex. 1 at 

10:37-39 (emphasis added); Ex. 12. To the extent these linkages are hydrolysable,2 the 

hydrolysis proceeds according to Respondents’ construction: the linkage is cleaved, and 

constituents of a water molecule are added where the bond was broken. Thus, all “hydrolysable 

linkages” described in the RE’267 patent are consistent with Respondents’ construction, which 

reflects the plain meaning the term would have to a POSA in 2009.  

26. I note that Dr. Davies interprets the term “hydrolysable” to require only a 

capability of being hydrolyzed. Ex. C ¶ 39. I do not disagree but maintain my opinion that by 

specifying “hydrolysable linkage” the claim communicates to a POSA that the bond coupling the 

 
2 Not all linkages are hydrolysable (e.g., alkylene bonds are not hydrolysable). Some linkages are 
hydrolysable only under certain conditions. 
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Acidic and Basic Amide Hydrolysis 

By Charmian O'Connor 
CHEMISTRY DEPARTMENT, UNIVERSITY O F  AUCKLAND, NEW ZEALAND 

The rates of acid catalysed reactions depend on acid concentration. Most 
reactions are accelerated, and some rates reach a maximum, while others pass 
through a maximum and then decrease.ls2 Recently it has been shown that this 
behaviour may be further complicated as some reactions which have a rate 
maximum at intermediate acid concentrations may decrease to a minimum and 
then increase in rate at high acid  concentration^.^*^ Amides exhibit all these 
patterns of behaviour and attempts have been made to explain them. These 
explanations have usually been based on small amounts of data. 

The mechanism of basic amide hydrolysis is straightforward, and recent 
investigations have interpreted substituent, catalytic, and isotope effects. 

1 Acid Hydrolysis 

A. Substituent Effects.-The mechanism generally accepted (Scheme 1) for the 
hydrolysis of amides in dilute acid solutions involves attack by a water molecule 
on the conjugate acid of the amide (1) as the rate determining step. 

0 +OH OH 
kl / + H,O I 

+ RICNHR* 3 R*COOH+R2NH8+ 
// 

RIC + H30++R1C 

Scheme 1 

Reids studied the acid catalysed hydrolysis of amides and showed that the rate 
was first order in both total amide and hydrogen ion concentrations, at least in 
reasonably dilute solutions. He also investigated the effect of substituents on the 
hydrolysis rates of substituted benzamides, and found there were no marked 

J. F. Bunnett, J .  Amer. Chem. SOC., 1961, 83, 4956; 4968; 4973; 4978. 
* C. K. Ingold, 'Structure and Mechanism in Organic Chemistry,, Cornell University Press, 
Ithaca, N.Y., 1953. 
a D. Jaques, J .  Chem. SOC., 1965, 3874. ' K. Yates and R. A. McClelland, J .  Amer. Chem. Suc., 1967, 89, 2686. 

M. L. Bender, Chem. Rev., 1960,60, 53. 
E. E. Reid, Amer. Chem. J. ,  1899,21,284; ibid., 1900,24,397. 
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Acidic and Basic Amide Hydrolysis 

effects for meta- and para- substituents, but ortho- substituents retarded the rate. 
Leisten' found that when substituted benzamides were hydrolysed in concentrated 
perchloric acid solutions electronic effects occurred, and that electron-attracting 
groups accelerated, while electron-donating groups retarded, the rate. (Relative 
rates for hydrolysis of p-nitrobenzamide, benzamide, and p-toluamide in 7.1 9~ 
HC104 at 95 "C were 1-40, 0.228, and 0-129 hr-l.) Meloche and Laidler* found 
that the activation energy for hydrolysis of substituted benzamides in an ethanol- 
water mixture was raised by electron-attracting, and lowered by electron- 
donating, substituents. Bruylants and Kezdyg summarised results and suggested 
that increasing chain length in aliphatic R groups retarded the rate (n-butyramide 
twice as slow as propionamide), but halogen substituents enhanced the rate 
(trichloroacetamide twice as fast as chloroacetamide). Their conclusion was that 
polar effects are not as important as steric hindrance either by increased chain 
length or by ortho- substituents in substituted benzamides. KoshylO demonstrated 
the marked stabilising effect of the hydroxy-group in the ortho- position when he 
compared the stability of benzamide, salicylamide, and some N-substituted 
derivatives. Bolton and co-workers,ll studying the hydrolysis of primary aliphatic 
amides in dilute acids, found that the hydrolysis was governed by a combination 
of steric and conjugative substituent effects.'la Their data for halogen-amides1lb 
showed that amides might be slightly sensitive to polar effects. 

B. Occurrence of a Rate Maximum.-Since the acid hydrolysis of amides is 
reasonably slow, reactions may be carried out in quite high acid concentrations, 
and as the acid concentration is increased the hydrolysis rate increases to a 
maximum and then decreases. Benrath12 was the first to discover this phenomenon 
and subsequent  worker^^^-^^ indicate that it generally occurs. The position of the 
maximum appears to differ with respect to hydrogen ion concentration both with 
different amides and different mineral acids.lB 

C. Deuterium Isotope Effect.-Reitz16 and Bunton, O'Connor, and Turney" 
have studied the deuterium isotope effect on the acid hydrolysis of acetamide and 
benzamide respectively in protium and deuterium oxide. Both investigations 
showed that the overall effect was to shift the entire rate of acidity profile so that 
the maximum occurred at lower hydrochloric acid concentration in D20 than in 

J. A. Leisten, J. Chem. SOC., 1959, 765. 
I. Meloche and K. J. Laidler, J.  Amer. Chem. SOC., 1951,73, 1712. 
A. Bruylants and F. Kezdy, Rec. Chem. Progr., 1960,21,213. 

lo K. V. Koshy, f. Pharm. Sci., 1969,58,560. 
l1 (a)  P. D. Bolton and I. R. Wilson, Austru1.f. Chem., 1965,18,795; (b) P. D. Bolton, Austral. 
J .  Chem., 1966,19,1013; (c)  P. D. Bolton and G. L. Jackson; Austru1.f. Chem., 1969,22,527. 
l2 A. Benrath, Z. unorg. Chem., 1926, 151, 53. 
l3 H. V. Euler and A. Olander, Z.  phys. Chem. (Leiprig), 1927,131,107. 
l4 T. W. J. Taylor, J .  Chem. SOC., 1930,2741. 
l5 0. Reitz, Z .  phys. Chem. (Leipzig), 1939, 183, 371. 

l7 C. A. Bunton, C. J. O'Connor, and T. A. Turney, Chem. and Ind., 1967, 1835. 
V. K. Krieble and K. A. Holst, J .  Amer. Chem. SOC., 1938,60,2976. 
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O’Connor 

H20. BelP and Wiberglg account for this by stating that D20 is a weaker base 
than H20 because its ionic product is one fifth that of water. Hence for a reaction 
involving a substrate only partially protonated in a rapid pre-equilibrium, the 
rate determining step will occur faster in D20 than in H20, i.e. ~D//?H > 1. In 
higher acidities the substrate is essentially entirely protonated, and reaction of the 
protonated substrate becomes important in the kinetic rather than the equilibrium 
step. Since D20 is less nucleophilic than H20 a ratio k ~ / k ~  < 1 is observed. Both 
these observations and Arrhenius parameter work20-22 are in accord with a 
bimolecular mechanism. 

D. UnimoIecuIar Mechanism.-During hydrolysis of the nitro-derivatives of 
acetanilide in sulphuric a ~ i d ~ ~ a e b t ~ ~  a more complex dependence of k,, (the 
pseudo first-order rate constant) on acid concentration was observed, viz., a rate 
maximum at intermediate acidities followed by a minimum and subsequently 
increasing rate at high acid concentration. Duffy and L e i ~ t e n ~ ~  discuss their 
results in terms of a change in mechanism from A A ~ ~  to AAJ. Similar rate profiles 
have more recently been observed for esters3s4 and ethyl ~arbarna te .~~ It is 
proposed23 that Scheme 2 occurs above 70% wlw sulphuric acid, 

+OH 0 
fast // slow fast 
$ R2C + R1NH2 + R2COf 4 products 

// 

\ 
R2C 

\ 
+NH2R1 NHRl 

Scheme 2 

and in a unimolecular mechanism the position of protonation is important 
because dissocation of the oxygen-protonated form cannot seriously be con- 
sidered to explain the reaction in highly acidic media. 

Vinnik22b agrees that the mechanism changes from bimolecular to uni- 
molecular at ca. 70% w/w sulphuric acid but differs in his explanation of the 
increasing rate of hydrolysis. He assumes that in concentrated solutions of 
sulphuric acid the protonated amide and molecules of undissociated sulphuric 
acid react. The activated complex incorporates the AH+ ion and the sulphuric 
acid molecule, whereas in the bimolecular mechanism at low acidities it incor- 
porates the amide, water molecules, and a proton. 

l* R. P. Bell, ‘Acid Base Catalysis’, Oxford University Press, 1941. 
l9 K. B. Wiberg, Chem. Rev., 1955,55, 713. 
2o B. S. Rabinovitch and C. A. Winkler, Canad. J .  Res., 1942, 20, B, 73. 
21 H. H. G. Jellinek and A. Garden, J .  Phys. and Colloid Chem., 1949, 53, 996; H. H. G. 
Jellinek and J. R. Urwin, J. Phys. Chem., 1953, 57, 900. 
22 (a) M. I. Vinnik, I. M. Medvetskaya, L. R. Andreeva, and A. E. Tiger, Russ. J. Phys. Chem., 
1967,41, 128; (b) M. I. Vinnik and I. M. Medvetskaya, Rum, J. Phys. Chem., 1967,41,947; 
(c) M. I. Vinnik and I. M. Medvetskaya, Run.  J .  Phys. Chern., 1969,43, 345. 
23 J. A. Duffy and T. A. Leisten, J .  Chem. SOC., 1960,853. 
34 V. C. Armstrong and R. B. Moodie. J .  Chem. SOC. ( B ) ,  1969,934. 

555 

Pu
bl

is
he

d 
on

 0
1 

Ja
nu

ar
y 

19
70

. D
ow

nl
oa

de
d 

on
 2

6/
08

/2
01

6 
13

:2
9:

38
. 

View Article Online

Page 38 of 69



Acidic and Basic Ami& Hydrolysis 

E. Position of Protonation.-Several authors8~0~aa~zs have suggested that the acid- 
catalysed hydrolysis of amides may go via either of two mechanisms involving 
distinct intermediates and transition states, depending on whether the oxygen or 
nitrogen of the amide has been protonated. The following indicates some of the 
controversies regarding the position of protonation. 
(i) TheoreticaZ considerations. The usual justification for considering oxygen - 
protonation is that amides are mesomeric.28 Proton addition could occur at the 
atom carrying the partial negative charge. Moreover, O-protonated amide ions 
are themselves mesomeric, unlike the N-protonated cations. Protagonists of 
nitrogen-protonati~n~~ have argued that the mesomeric stabilities would not be 
important enough to outweigh the inherently greater basicity of nitrogen over 
oxygen. 

Theoretical calculations have been made2B on the protonation in the gas phase 
of various carboxylic acid derivatives. The opposite site of protonation from that 
observed experimentally in solution was predicted for compounds containing two 
heteroatoms. Allowances made for stabilisation by solvation of the oxygen- but 
not the nitrogen-protonated forms of formamide were insufficient to reverse the 
order of energies of the two conjugate acids. The authors used as partial support 
for their prediction of nitrogen-protonation the lack of oxygen e x ~ h a n g e ~ ~ ~ ~ ~  
between benzamide and Hz180 in acid solution. However, Benderze explains that 
this result is not inconsistent with oxygen-protonation if in Scheme 1 k, % k,. 
(ii) Chemical evidence. Trialkylammonium salts are readily hydroly~ed,~~ whereas 
amide hydrolysis is relatively dificult. Klages and Zange3' considered this as 
evidence that the major component of the protonated amide was the O-proto- 
nated form, but that acid hydrolysis occurred through the N-protonated species. 
This interpretation was supported by Pracejus,s2 who made the amide (2) and 

found that it is rapidly hydrolysed. In (2) the lone pair of electrons on the 
nitrogen atom is in an orbital perpendicular to the v orbital of the :C=O group, 

26 J. T. Edward and S. C. R. Meacock, J .  Chem. Suc., 1957,2000; 2007; 2009. 
26 R. Huisgen and H. Brade, Chem. Ber., 1957,90, 1432. 
27 J. T. Edward, H. S. Chang, K. Yates, and R. Stewart, Canad. J. Chem., 1960,38, 1518. 
28 A. C. Hopkinson, R. A. McClelland, K. Yates, and I .  G. Csizimadia, Theor. Chim. Acta, 
1969, 13, 65. 
29 (a) N. L. Bender and R. D. Ginger, J .  Amer. Chem. Suc., 1955,77,348; (b) M. L. Bender, 
Y. L. Chow, and F. Chloupek, J .  Amer. Chem. Suc., 1958,80,5380. 
9o C. A. Bunton, T. A. Lewis, and D. R. Llewellyn, Chem. and hd . ,  1954,1154. 
a1 V. F. Klages and E. Zange, Annalen, 1957,607, 35. 

H. Pracejus, Chem. Ber., 1959, 92, 988. 
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O'Connor 

thus preventing mesomerism, and it is likely that a N-protonated cation is 
formed. 

(iii) Basicities. Huisgen and Brade26 presented evidence pointing to the predomin- 
ance of 0-protonation. They found that N-substituents have less effect on the 
basicities of amides than on those of corresponding amines, suggesting that the 
basic centre of amides is further from the nitrogen atom than in amines. 

to basicities of meta- and 
para-substituted bcnzamides led to better correlation of pKm+ with cr than with 
the (T+ values required for protonation of the carbonyl oxygen of carboxyl 
~ o u p s , ~ *  suggesting, therefore, that amides protonate on nitrogen. However, the 
authors note that care is necessary in making this comparison, since the concept 
that all reactions comply with a set of unique (T or cr+ values has been criticised.ss 

However, applicationz7 of the Hammett 

(iv) Ultraviolet spectra. H a n t ~ s c h ~ ~  used the similarities in U.V. spectra of benz- 
amide and ethylbenzamidoether to suggest 0-protonation. Edward et UI.,~' 
however, showed that the evidence was also compatible with N-protonation. The 
spectrum has also been interpreted in terms of two eq~ilibria,~? of which the first 
was assumed to involve 0-protonation, and the second (occurring at low 
acidities) involved resonance of electronic structures. The hypsochromic shift 
observed for thioacetamide3* was favoured as evidence of N-protonation. 

(v) Infared and Raman spectra. Evidence from these sources, e.g. shifts in 
freq~ency,~' has generally been interpreted in terms of N-protonation, but 
Katritzky and Jones39 state that some assumptions were not justified, and they 
do not consider that the evidence negates the possibility of 0-protonation. 

(vi) Proton magnetic resonance. The strongest support for 0-protonation comes 
from lH n.m.r. Gillespie and Birchal140 slowed down the rate of exchange of 
protons of acetamide, NN-dimethylacetamide, formamide, and dimethyl- 
formamide with the solvent by lowering the temperature and unambiguously 
assigned the spectra to the C=OH+ group. The spectrum of pure liquid dimethyl- 
formamide41 shows two peaks for the two methyl groups, which have different 
environments about the OC-NMe, bond as a result of its partial double bond 
character. These peaks remain unchanged in aqueous strong It is 
assumed then that the 0-protonated form predominates in strong acid solution, 

33 L. P. Hammett, 'Physical Organic Chemistry', McGraw-Hill, New York; 1940, p. 184. 
8 p  R. Stewart and K. Yates, J. Amer. Chem. SOC., 1960, 82, 4059. 
35 H. van Bekkum, P. E. Verkade, and B. M. Wepster, Rec. Trav. chim., 1959,78,815. 
86 A. Hantzsch, Ber., 1931, 64, 667. 
31 A. R. Goldfarb, A. Mele, and N. Gutstein, J. Amer. Chem. Sac., 1955, 77, 6194. 
38 H. Hosoya, J. Tanaka, and S. Nagakura, Bull. Chem. SOC. Japan, 1960,33, 850. 

A. R. Katritzky and R. A. Jones, Chem. and Ind., 1961, 722. 
40 R. J. Gillespie and T. Birchall, Canad. J.  Chem., 1963, 41, 148. 
41 W. D. Phillips, J. Chem. Phys., 1955,23,1363; H. S .  Gutowsky and C. H. Holm, ibid, 1956, 
25, 1228. 

G. Fraenkel and C. Franconi, J. Amer. Chem. SOC., 1960,82,4478. 
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Acidic and Basic Amide Hydrolysis 

because the NHMe, group should be free to rotate. Similar results have been 
obtained with other amides. 43* 

(vii) Conclusion. It appears that the O-protonated form predominates but that 
N-protonation occurs to a small degree. Thus it is reasonable to postulate 
hydrolysis mechanisms involvingarapid protonation pre-equilibrium on either the 
oxygen or nitrogen atom. Acid dissociation constants in the literature are 
assumed to refer to the O-protonated conjugate acid. The N-protonated forms 
will be strong acids and will therefore exist only in small concentrations even in 
concentrated acid solutions. 

F. Amide Acidity Function.-The original Ho function has recently been recog- 
nised as having less applicability than was formerly Y a t e ~ ~ ~  extended 
the idea of having a specific acidity function for a particular structural type of 
base to amides, by producing the HA function, which is analogous to H,,, but 
applicable to the ionisation of amides by proton addition. HA is based on a set of 
primary substituted benzamides, except in dilute acids where there is no substi- 
tuted benzamide basic enough to be considerably protonated, so it is initially 
based on p-nitroaniline as the primary indicator. Bunnett and O l ~ e n ~ ~  noted this 
uncertainty and suggest that the whole function is too negative by ca. 0.3 units, 
and this will affect pKm+ values determined using HA. The values have beer, 
measured in s ~ l p h u r i c ~ ~ a  and hydrochloric46c acids and the function t e ~ t e d ~ ~ b  for 
several amides other than those used originally, with generally good agreement. 

Yates and Stevens46b stress that rate-acidity correlations of the Zucker- 
Hammett4' or Bunnett w-function1 types lose much significance if the correct 
acidity function for the particular base type being studied is not used. 

G. Explanation of Rate Maximum.-Various attempts have been made to inter- 
pret the maximum and subsequent decrease in the acid hydrolysis rate profile. 
BenrathQB suggested that the rate maximum occurred at the point of complete 
ionisation and the subsequent decrease might be due to complex salt formation. 
Taylor14 thought this suggestion unlikely since the position of the maximum was 
independent of the amide concentration, and suggested that the mechanism might 

* Recently, however, this technique has provided the first direct proof of an equilibrium 
concentration of an N-protonated amide. 

S. R. de Lockerente, 0. B. Nagy, and A. Bruylants, Org. Mag. Resonance, 1970, 2, 179, 
studied the protonation of five substituted anilides and in the case of 2,4 dinitroformanilide 
a new peak discovered at 6 equals 8.25 was attributed to the formyl proton undergoing a 
diamagnetic displacement by reason of N-protonation, occurring because of enhanced basi- 
city of the nitrogen atom. 
48 A. Berger, A. Loewenstein, and S. Meiboom, J.  Amer. Chem. SOC., 1959, 81, 62. 
44 E. M. Arnett, Progr. Phys. Org. Chem., 1963, 1, 233. 
46 (a) K. Yates, J. B. Stevens, and A. R. Katritzky, Canad. J.  Chem., 1964, 42, 1957; (b) K. 
Yates and J. B. Stevens, Canad. J .  Chem., 1965, 43, 529; (c) K. Yates and J. C. Riordan, 
Canad. J. Chem., 1965,43,2328. 
46 J. F. Bunnett and F. P. Olsen, Canad. J.  Chrm, 1966,44,899. 
47 L. Zucker and L. P. Hammett, J.  Amer. Chem. Soc., 1939,61,2791. 
48 A. Benrath, Z.  anorg. Chem., 1926, 151, 53. 
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0' Connor 

change as the acid concentration increased. It was further suggested16 that the 
decrease in rate was due to decreasing water activity. Ingold2 explained that an 
increase in solute concentration reduces water activity, and when this effect was 
proportionally greater than its effect in enhancing acidity, the rate of hydrolysis 
fell. Edward and Meacock2s accepted this explanation and extended it slightly to 
obtain an equation (1) which gave satisfactory theoretical rateacidity profiles up 
to the maximum. 

k s  = k KA.H+[H@+]/(KAH+ + ho) (1) 
They regarded the hydrolysis of amides as a bimolecular process with the equa- 
tion for the rate of the limiting stage including the ionised form of the reactant 
and water. They also suggested that the intermediate could be either the 0- or 
N-protonated form, both forms leading to kinetically indistinguishable results. 
Vinnik et aZ.22a used equation (2) for that portion of the profile up to a minimum 
in the hydrolysis of o-nitroacetanilide, 

kerf = kCHso+/(l f h o / K ~ )  (2) 
where kerf is the effective rate constant, KB is the acid dissociation constant, and 
k is the rate constant corrected for the degree of protonation of the substrate; 
this reduces to equation (1)in terms of the symbols used by Edward and Meacock. 
A convenient method for plotting the data to test this equation by rearranging to 
equation (3) was noted,22a 

C~30+/keft = l / k  + ho/k& (3) 

and this gave a good linear plot up to the local minimum at ca. 75 % sulphuric acid 
More recently Vinnik and Medvetskaya22C used equation (2) in a slightly modified 
form (equation 4), 

keii 1 ~ C H ,  o+ fA'-8f~3 o+'-Or/( 1 4- h o / K ~ )  (4) 

where a and /3 are parameters independent of the solution. They state that for 
o-nitroacetanilide the rate constant is proportional to the hydronium ion 
concentration, therefore the product f ~ l - B f ~ 3  ~ + l - ~  is independent of water in 
solution, and the parameters (Y and /3 are unity. According to the mechanism 
proposed, equation (4) operated over the whole sulphuric acid concentration 
range and the activity of the activated complex was expressed in terms of the 
product of the ionised form of the anilide and sulphuric acid, a* = am+ . ~ H ~ s o ~ .  
This relationship could not be tested because of the lack of physical data for 7 0 -  
100 % w/w sulphuric acid. 

The Zucker-Hammett hypothesisq7 breaks down in even moderately concen- 
trated acids when applied to amides. In 1961 Bunnettl presented the Hydration 
Parameter Treatment, which attempted to overcome the problem of disentang- 
ling the roles of proton and water molecule. He plotted (log kS - log a) vs. 
log aH20, where a (the fraction of protonated substrate) equals ho/(ho + K=+), 
and obtained slopes (w) which he classified according to mechanism. Yates and 
S t e ~ e n s ~ ~ b  criticised Bunnett's relationship, saying that w parameters for reac- 
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Acidic and Basic Amide Hydrolysis 

tions of substrates which do not follow Ho as bases cannot be simply related to 
hydration changes in the rate determining step, and devised a modification using 
HA to calculate a. Without relying on an acidity function, CY can be obtained 
spectrophotometrically and a value of ca. 3 was obtained (over a fairly small 
acidity range) for the number of water molecules in the transition state (3) during 
hydrolysis of ben~amide .~~b1~~ 

OH 
I 
I 

/ \  

Ph-C-FJHa 

0 

H H 

The non-linearity of w treatment plots is thought to be due to a decrease in the 
number of water molecules in the transition state with increasing acid concentra- 
tion.'? Bunnett' noted that if a w plot showed persistent curvature then a plot of 
log k+ - log [HX]/(hO + KAH+) vs. log ~ H ~ O  (for a moderately basic substrate) 
might be linear with a slope of w*, but this modification did not give linear plots 
for benzamide, N-methylbenzamide, or NN-dimethylben~arnide.'~ 

The linear free energy relationship (1.f.e.r.) proposed by Bunnett and Olsen60 is 
the most general treatment for reaction rates (equation 5 )  

log k+ + Ho = $ (Ho + log [H+ 1) + log kgo (5 )  

kao is the second-order rate constant at infinite dilution. The slope parameter 9 
characterises the response of the reaction rate to changing acid conditions and its 
values are approximately the same for a series of compounds, and may be 
related to changes in hydration parameters. Bunton et a l l7  applied the 1.f.e.r. to 
their data without obtaining linear plots. Bunnett and Olsen60 discussed several 
reasons for non-linearity, including a suggestion that the reaction may be 
occurring via two pathways simultaneously. 

Because all these theories, involving only a one-term mechanistic pathway, 
seemed to be inadequate for amides, Bunton et al." formulated a new reaction 
scheme involving two transition states (4) and (5 ) ,  arising from two distinct 
mechanistic paths involving protonation on both oxygen and nitrogen. 

Two assumptions were made, viz. the activity coefficients of the free amides.61 
and activity coefficient ratios of ions of like charge' are essentially independent of 
the medium. The Brransted-Bjerrum rate equation then gives equation (6), 

u R. B. Moodie, P. D.  Wale, and T. J. Whaite, J .  Chem. SOC., 1963,4273. 
ti0 J. F. Bunnett and F. P. Olsen, Canad. J.  Chem., 1966,44, 1899; 1917. 
61 F. A. Long and W. F. McDevit, Chem. Rev., 1952,51, 119; N. C. Deno and C. Perizzolo, 
J. Amer. Chem. SOC., 1957, 79, 1345. 
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H3 0' 
R'CONR: - 
11.' 

+ 
R2 - C =NR;  

OH 
I 

R2 
I 
I 

HZO ---- c=o 

HNR: 

(4) 

+ 

e--9 

- R2 

products 

T 
Scheme 3 

kfiCA = (klCACH+ k,CJ Qw (6) 
where CA is the stoicheiometric concentration of amide. Substituting for a (the 
amount of protonated amide), equation (6) gives equation (7). 

k + / ~ w  = k,CH+(1- a)/a + ka (7) 
This treatment correlated their data well. Criticism of this two-term.treatment 
came from Armstrong, Farlow, and Moodie,62 who did not dispute the possi- 
bility of both 0- and N-protonation but believed that the assumption about the 
activity coefficient (i.e. cancellation OffH+ with f J )  was unrealistic. Instead they 
treated their results for butyramide hydrolysis in sulphuric and perchloric acids 
byplotting log kpvs.log aw.(kp is the specific first order rate constant for hydroly- 
sis of the protonated substrate.) The plots showed curvature which they said was 
typical of a bimolecular mechanism. The hydrolysis data of carbamates has 
recently been treated similarly.a4 

2 Basic Hydrolysis 
The kinetics of basic amide hydrolysis are relatively uncomplicated. In 1899 
Reid' showed that the reaction was second order, and most recent investigations 
have included substitutent, catalytic, and isotope effects. 

A. Mechanism.-The mechanism generally accepted6 for basic amide hydrolysis 
involves a reaction scheme (Scheme 4) in which an intermediate (7) partitions to 
give products or regenerate reactants, and, provided the oxygen atoms in (7) 
become equivalent by rapid proton transfers, this reverse step leads to oxygen 
exchange. 

62 V. C. Armstrong, D. W. Farlow, and R. B. Moodie, J .  Chem. SOC. (B) ,  1968,1099. 
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Acidic and Basic Amide Hydrolysis 

I 1  ka I ka 
RC-X + HZO + RC-X --+ RCOzH + HX 

kg I 
OH 
(7) 

Scheme 4 

The rate constants for exchange and hydrolysis are then related by 
ke/kh = k2/2k3. In the basic hydrolysis of primary and secondary amides, where 
ke/kh > 1, the rate of hydrolysis should therefore be considerably less than that 
of formation of the intermediate (7).29a~309s3 

There is evidence that the equilibration of the oxygen atoms in (7) is not always 
faster than its breakdown,s4 and it was suggested that the relatively fast oxygen 
exchange during the alkaline hydrolysis of amides arose because the negative 
charge could be located on the nitrogen atom cf the intermediate, as in (8).30~53 

OH 
I -  
I 

R-C-NH 

OH 
(8? 

There is direct evidence for the formation of tetrahedral intermediates in the 
alkaline hydrolysis of a n i l i d e ~ . ~ ~ - ~ ’  The amide residue should be a poorer 
leaving group than either hydroxy- or alkoxy-groups, and the ready return of (7) 
to reactants is expected. The alkaline hydrolysis of NN-dimethylbenzamide, 
where structures like (8) cannot be formed, was not accompanied by oxygen 
exchange. 

Bender and Ginger29a found that ke/kh for benzamide increased with increasing 
temperature, and they calculated the activation parameters for the step involving 
the intermediate and for the difference of two subsequent steps in which the 
intermediate is partitioned. The ratio decreased with increasing hydroxyl ion 
concentration and the values were greater in deuterium than in protium oxide. 
The deuterium solvent isotope effect6s upon ke/kh suggests either that interoxygen 
proton transfers are fast or that k, and k, both depend upon rate-limiting proton 
transfers between oxygen or nitrogen atoms. 

Absence of oxygen exchange during hydrolysis of carboxyl derivatives does 

53 M. L. Bender and R. J. Thomas, J.  Amer. Chem. SOC., 1961,83,4183; 4189. 
54 (a) C. A. Bunton and D. N. Spatcher, J. Chem. SOC., 1956, 1079; (b)  M. L. Bender, R. D. 
Ginger, and J. P. Unik, J. Amer. Chem. SOC., 1958,80, 1044. 
66 S. S. Biechler and R. W. Taft, J. Amer. Chem. SOC., 1957,79,4927. 
56 P. M. Mader, J.  Amer. Chem. SOC., 1965, 87, 3191. 
67 R. L. Schowen and G. W. Zuorick, J. Amer. Chem. SOC., 1966,88,1223; R. L. Schowen, H. 
Jayaraman, L. Kershner, and G. W. Zuorick, ibid., 4008. 
58 C. A. Bunton, B. Nyak, and C. J. O’Connor, J. Org. Chem., 1968,33,572. 
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0’ Connor 

not distinguish between unfavourable partitioning of (7) or slow isotopic 
scrambling of its oxygen atoms. There are many anilide hydrolyses for which 
proton transfers to and from the leaving group are kinetically important and 
there is strong evidence that slow proton transfers are involved in the de- 
composition of tetrahedral  intermediate^.^^^^^ Bender and explained 
thus the structural effects upon kelkh for anilide hydrolyses, but Shain and 
KirschSs have suggested that this earlier experimental workS3 was in error. 

The solvent isotope effect, koH-/koD- > 1, for the basic hydrolysis of benz- 
amideb8 is similar to that found for a~e tamide ,~~ but for NN-dimethylben~amide~~ 
the ratio ~ o H - / ~ o D -  < 1. This difference was considered to arise because of the 
solvent isotope effect upon partitioning of (7). 

B. Substituent Effects.-Reids investigated the effect of nuclear substituents on 
the rates of basic hydrolysis of benzamide and observed that meta- and para- 
substituents such as -NH2, --OMe, and -Me retarded the rate, whilst -1, 
-Br, and -NO, accelerated it. All ortho- substituents retarded it. 

Electron-attracting groups lowered the activation energy of substituted- 
benzamide hydrolyses, while electron-repelling groups raised it. 

The structures and reactivities of an extensive range of primary amides, in which 
substituent changes were confined to alkyl groups, were correlated well by a 
Taft-type steric energy equation. Boltonllb re-examined these hydrolyses and 
found the data to be better correlated by an equation including polar, steric, and 
conjugative influences of the substituents. 

Anilides are generally stable towards basic hydrolysis, but compounds con- 
taining strongly electron-attracting groups in the acyclic part of the molecule are 
hydrolysed fairly rapidly. Moreover, the rate may not be proportional to the 
hydroxide ion concentration. Orders either greater or less than unity have been 
~ b s e r v e d , ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ - ~ ~  when either the amide itself was sufficiently acidic to be 
partially ionised, e.g. trifluor~acetanilide,~~~~~ or when (7) could be further 
ionised. 

C. Catalysis.-Eriksson and Holstso showed that in the hydrolysis of trifluoro- 
and trichloro-acetanilide, breakdown of (7) to products was catalysed not only 
by a second hydroxyl ion but also by species able to donate or accept a proton 
simultaneously, e.g. by HC03-, H2P04-, and HP042- ions. Cationic acids of the 
amine type, e.g. monoethanolamine, which cannot both donate and accept a 
proton in a concerted mechanism and are therefore supposed to act only as 
general acids, can be very effective catalysts.s1 The reactions were characterised as 
nucleophilic or general basic attack of the amhe and were first-order both in 
unionised substrate and amine base. Whereas bulky groups completely inhibited 
the activity of the cation as a general acid, the same groups seemed to assist its 

69 S. A. Shain and J. F. Kirsch, J. Amer. Chem. SOC., 1968,90, 5848. 
6o S. 0. Eriksson and C. Holst, Acta Chem. Scand., 1966, 20, 1892. 
61 S. 0. Eriksson and L. Bratt, Acta Chem. Scand., 1967,21,1812. 
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Acidic and Basic Amide Hydrolysis 

action as a basic catalyst. Thus, e.g. triethanolamine was an unexpectedly 
effective catalyst. 

The hydrazinium and hydroxylammonium ions were very effective in catalysing 
the breakdown of the tetrahedral intermediate formed between trifluoroacet- 
anilide and hydroxyl ions,62 and the constants for these catalyses gave, together 
with the constants for acids of the ammonium cation type,61a Brransted plot with 
slope 0.9. The reaction rates with these two catalysts were calculated with an 
equation containing terms first and second order in base. 

3 Conclusion 
The kinetics of acidic amide hydrolysis are subject to uncertainty. It may be 
argued that there is no reason why there should be any simple relalion between 
the various parameters. The kinetics of basic amide hydrolysis are, however, 
clearly understood. 

The author thanks Professor Bunton for arousing her interest in this subject, 
and Gorham Milbank and James Barnett for assistance. 

6a S. 0. Eriksson, Acra Chem. Scand., 1968,22,892. 
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Neutral endopeptidase (EC 3.4.24.1 1) is  an  integral 
membrane protein found in  the plasma membrane of 
many cell types. The cDNA coding for  the complete 
primary  structure of neutral endopeptidase has re- 
cently been cloned and sequenced (Devault, A. Lazure, 
C., Nault, C., Le Moual, H., Seidah, N. G., Chretien, 
M., Kahn, P., Powell, J., Mallet, J., Beaumont, A., 
Roques, B. P., Crine, P., and Boileau, G. (1987) EMBO 
J. 6,1317-1322). Comparison of the sequence of neu- 
tral endopeptidase with that of thermolysin, a bacterial 
Zn-metalloendopeptidase, suggests that Glu-584 in 
neutral endopeptidase probably corresponds  to Glu- 
143 in  thermolysin, which is an essential amino acid 
involved in catalysis. To test  directly  the  importance 
of Glu-584 in the  catalytic  activity of neutral endopep- 
tidase by site-directed metagenesis, we have con- 
structed  an  expression vector in which the  rabbit  kid- 
ney cDNA encoding the  entire  neutral endopeptidase 
sequence is introduced  downstream  from  the SV40 
virus  early promotor. After  transfection  in COS-1 
monkey kidney cells, this  vector  was found to promote 
the expression of a protein  with biochemical and  cata- 
lytic  properties  identical  to  kidney  neutral endopepti- 
dase. Oligonucleotide-directed mutagenesis of Glu-584 
to  either  valine or aspartic acid completely abolished 
the  enzymatic  activity of the recombinant protein 
without  changing its  affinity  for  the  substrate-related 
tritiated inhibitor [SH]N-[(2R,2S)-3-hydroxyamino- 
carbonyl-2-benzyl-1-oxopropyll-glycine. This obser- 
vation  clearly  identifies  Glu-584 as one of the impor- 
tant residues responsible for  the  catalytic  activity of 
the enzyme, 

Neutral  endopeptidase  (EC 3.4.24.11) is a membrane-bound 
Zn-metalloendopeptidase located in  the  plasma  membrane of 
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many  tissues  (Kenny, 1986). Neutral  endopeptidase  is  an 
ectoenzyme with  its  active  site exposed at the cell surface 
(Kenny  and Maroux, 1982) and hydrolyses peptide  bonds 
involving the  amino group of hydrophobic amino acid  residues 
(Matsas et al., 1984). The  best  substrates for the enzyme 
appear  to be small peptides  rather  than  proteins.  It  has 
therefore been  suggested that  neutral  endopeptidase could be 
important for inactivating small  regulatory peptides at the 
cell surface (Bowes and  Kenny, 1986). In  mammalian  brain, 
the enzyme has been  shown to  be involved in  the  inactivation 
of the opioid peptides  methionine-  and  leucine-enkephalins 
(Malfroy et al., 1978; Almenoff et al., 1981) and is therefore 
often called “enkephalinase.” 

We have recently deduced the  entire  amino acid  sequence 
of rabbit  neutral  endopeptidase from  kidney  cDNA  clones 
(Devault et al., 1987). Neutral  endopeptidase  is a 749-residue 
protein  consisting of a short  NH,-terminal cytoplasmic do- 
main (27 residues), a  single membrane  spanning  segment  (23 
residues),  and  an  extracellular  domain  that comprises  most 
of the  protein mass. This ectodomain  also contains 5 aspara- 
gine  residues that  are  part of consensus sequences  for N- 
glycosylation as well as 12 cysteine residues that may be 
involved in disulfide  bridges  stabilizing the  conformation of 
the  active enzyme (Tam et al., 1985). 

There  is very little overall homology between neutral  en- 
dopeptidase  and  other  Zn-metalloproteases  (Devault et d., 
1987; Malfroy et al., 1987). However, the  substrate specificity 
of neutral  endopeptidase  and  thermolysin, a bacterial  metal- 
loendopeptidase (Matthews et al., 1972),  clearly indicates 
large  analogies  between the  active  sites of both enzymes (Kerr 
and  Kenny, 1974; Roques and Fournib-Zaluski, 1986). Indeed, 
most of the  important  amino acids present  in  the  active  site 
of thermolysin  have been  conserved in  neutral endopeptidase. 
These include  two of the  Zn-coordinating residues, His-583 
and His-587 in  neutral  endopeptidase (which most probably 
correspond  to His-142 and His-146 in  thermolysin),  and two 
of the  essential  amino acids involved in catalysis  (Glu-584 
and His-637 in  neutral endopeptidase, and Glu-143 and  His- 
231 in  thermolysin).  In  both enzymes these  amino  acids  are 
found within  similar sequences (Devault et al., 1987). 

In  this  paper we report  the  synthesis of recombinant  neutral 
endopeptidase after  transfection of monkey  kidney  cells  with 
an SV40-derived  expression  vector and  the use of this  system 
to test directly the  importance of Glu-584 in  the  catalytic 
activity of neutral  endopeptidase by site-directed  mutagene- 
sis. Our  results show that  the  replacement of Glu-584 by 
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4034 Site-directed Mutagenesis of Neutral Endopeptidase 

either  an  aspartic acid or valine residue  completely abolishes 
the  catalytic  activity of the  recombinant enzyme. 

EXPERIMENTAL  PROCEDURES 

Materials-Peptides Tyr-Gly-Gly and Leu-enkephalin were bought 
from Institut Armand-Frappier (Laval, Qu6bec). The  tritiated inhib- 
itor [3H]N-(2R,2S)-3-hydroxyaminocarbonyl-~-benzyl-l-oxopropyl]- 
glycine  (['HIHACBO-Gly,' 30 Ci/mmol) (Waksman et al., 1985) was 
synthesized in the laboratory of one of us (B. P. R.) and tritiated at 
the Commissariat B l'Energie Atomique (CEA, Saclay, France). All 
the other radiochemicals were bought from Amersham Corp. Phos- 
phoramidon was from Sigma. Thiorphan was synthesized in  the 
laboratory of  B. P. R. 

Construction of  Vector and Transfection of COS-1  Cells-Vector 
pSVENK19 was constructed from plasmids pENK19 and pSVP3. 
pENK19 contains the  entire neutral endopeptidase cDNA sequence 
as previously reported (Devault et al., 1987) and pSVP3 is a eukaryotic 
expression vector using the SV40 early promoter to direct the  tran- 
scription of pro-opiomelanocortin (POMC) cDNA (Noel et al., 1987). 
Fig. 1 schematizes the different steps  in the construction of 
pSVENK19. First,  pSVP3 was digested with endonuclease AuaI, and 
the ends of the vector were filled in with the Klenow fragment of 
DNA polymerase I. This digestion removes all POMC coding se- 
quences, leaving 85 nucleotides of POMC mRNA 5' untranslated 
sequences and 30 nucleotides of the 3' untranslated sequences. Sec- 
ond, pENK19 was digested with endonuclease HpaI to release a DNA 
fragment of 2598 base pairs  containing  all of neutral endopeptidase 
coding sequences, 19 nucleotides of the mRNA 5' untranslated se- 
quences, and 486 nucleotides of the 3' untranslated sequences. Fi- 
nally, this DNA fragment was ligated to the A d - c u t  pSVP3 to 
generate pSVENK19. The proper orientation of the DNA fragment 
in pSVENK19 was verified by restriction nuclease mapping. Prepa- 
ration of the plasmid DNA and transfection of COS-1 cells were as 
described previously (Noel et d., 1987). 

Binding of  '26Z-Labeled Antibodies to Transfected COS-1 Cells- 
mAb  2B12 (Crine et al., 1985) was iodinated by the chloramine-T 
method (Stahli, 1983) to a specific activity of 2 X 10' cpm/pg. A t  
various times  post-transfection, cell monolayers were incubated in 
phosphate-buffered saline containing 1% bovine serum albumin 
(PBS-BSA) for 30 min at 37 "C to  saturate nonspecific binding sites. 
The radiolabeled antibody (1 X lo6 cpm/l50-mm Petri dish) was then 
added in fresh PBS-BSA and incubation was resumed for 30 min at  
37 "C. After several washes in PBS-BSA, cells were  lysed in 0.5 M 
NaOH and  the radioactivity measured. 

Incubation of Transfected COS-1  Cells  with PSJMethwnine  and 
Immunoprecipitation of Labeled Neutral Endopeptidme-Metabolic 
labeling of COS-1 cell proteins was performed 40-48 h  after  transfec- 
tion. Cells were washed in Tris-buffered saline (TBS)  and incubated 
for 1 h  in methionine-free RPMI medium. The incubation medium 
was then supplemented with [35S]methionine (60 Ci/mmol; 100 pCi/ 
ml, Amersham Corp.) and incubation continued for 5 h. Proteins 
were solubilized in TBS containing 1% octylglucoside, 2 mM EDTA, 
and aprotinin (16 pg/ml) (buffer A). Immunoprecipitation was per- 
formed by incubating cell extracts for 16 h at 4 "C with protein A- 
agarose (Boehringer-Mannheim, Canada) previously saturated with 
mAb  2B12. Proteins were eluted in Laemmli's sample buffer (Laem- 
mli, 1970) and electrophoresed on an 8% polyacrylamide gel. Proteins 
used as standards were: phosphorylase b (94,000), bovine serum 
albumin (67,000), ovalbumin (45,000), carbonic anhydrase (30,000), 
trypsin  inhibitor (20,000). and lactalbumin (14,000). 

Electron Microscopy-Colloidal  gold particles with a mean diame- 
ter of 15 nm  were prepared by the method of Frens (1973) using 

to mAbs  by standard methods (De Mey et al., 1981; Roth, 1982). 
sodium citrate as a reducing agent. The gold particles were  complexed 

Immunogold labeling of cultured cells was usually carried out 40-48 
h  after  transfection. Cell monolayers were first rinsed in PBS  and 
incubated in PBS-BSA for 30 min at  22  "C. Labeling was performed 
by adding the immunogold reagents resuspended in  the same buffer 
(final ALZS = 0.3) and incubating for an additional period of 30 min 

The abbreviations used are: [3H]HACBO-Gly, [3H]N-[(2R,2S)-3- 
hydroxyaminocarbonyl-2-benzyl-l-oxopropyl]-glycine; POMC, pro- 
opiomelanocortin; mAb, monoclonal antibody: EGTA, [ethylene- 
bis(oxyethylenenitrilo)]tetraacetic acid; TBS, Tris-buffered saline; 
PBS, phosphate-buffered saline; BSA, bovine serum albumin; MES, 
4-morpholineethanesulfonic acid; HPLC, high pressure liquid chro- 
matography. 

a t  22 "C. After labeling, cell monolayers were  washed first  in PBS- 
BSA and  then in PBS alone. The cells were  fixed in PBS containing 
3% glutaraldehyde and processed for electron microscopy. For some 
experiments, cells were first permeabilized by a modification of the 
methodof Willingham (1983) before adding the immunogold reagents. 
Briefly, cell monolayers were incubated for 30 min at 22  "C in PBS 
containing 1% saponin, 1% BSA, and  5% sucrose (buffer B). The 
immunogold reagent in buffer B was then added (final A6z6 = 0.3) 
and  the incubation resumed for 30 min. Finally the cells were  washed 
in buffer B without BSA and fixed in PBS containing 5% sucrose 
and 3% glutaraldehyde. 

Enzyme Assays-Neutral endopeptidase was first solubilized  from 
COS-1 cells or kidney brush border membranes (Aubry et al., 1987) 
in buffer A lacking EDTA. Immunoprecipitation of the enzyme  was 
performed as described (Crine  et al., 1985) and the amount of neutral 
endopeptidase in the immunoprecipitate was determined by a  dot- 
blot assay using mAb 23Bll-gold (Moeremans et al., 1984). Known 
amounts of pure kidney neutral endopeptidase were used to construct 
a calibration curve. The spots obtained after silver enhancement were 
quantitated by microdensitometric scanning. The limit of sensitivity 
of this method is around 1 ng of neutral endopeptidase. Unless 
otherwise stated, all the enzymatic assays were performed in 0.05 M 
Tris, pH 7.4 at 25 "C, using [tyrosyl-3,5-'H]Leu-enkephalin (25 nM; 
34 Ci/nmol, Amersham Corp.) as a  substrate. The concentration of 
the substrate was varied by the isotopic dilution method. Separation 
of metabolites from the substrate was performed by chromatography 
on Sep-Pak  Cle cartridges (Waters Associates, Milford, MA) as de- 
scribed elsewhere (Crine et al., 1985). The K ,  values were calculated 
from Eadie-Hofstee plots. 

HPLC Analysis of Leu-enkephalin Metabolites-For assessing the 
specificity of the enzyme, [tyro~y1-3,5-~H]Leu-enkephalin was com- 
pletely digested with an excess of neutral endopeptidase purified from 
COS-1 cell extracts. The reaction medium  was then analyzed by 
HPLC on a CIS pBondapak column (Waters). Elution of the metab- 
olites was performed by washing the column successively with the 
following buffers a t  a flow rate of 1.5 ml/min: from 0 to 15 min, an 
isocratic step of 100% of solvent A (0.15 M Na,HPO,-HClO,, pH 2.85, 
2.5% methanol); from 15 to 25 min, a linear gradient from 100% 
solvent A to 52% of solvent A  and 48% of solvent B (methanol); from 
25 to 40 min, an isocratic step of 52% of solvent A and 48% of solvent 
B. 

Site-directed Mutagenesis-For site-directed mutagenesis, an neu- 
tral endopeptidase cDNA fragment (X ENK7; Devault et al., 1987) 
was cloned in  an M13 vector. The conversion of the Glu-584 codon 
(GAA) to either Asp (GAC) or Val (GTA) was accomplished by 
oligonucleotide-directed mutagenesis according to  the method of Tay- 
lor et al. (1985). Mutant cDNAs were screened by sequencing (Sanger 
et al., 1977), and a XbaZ-BstEII fragment containing the mutated 
region was isolated from the replicating form of the M13 recombinant 
phage and substituted in pSVENK19 to generate either pSVENK19- 
I (Glu to Val mutation)  or  pSVENKl9-I1 (Glu to Asp mutation). 
Both pSVENK19-I and pSVENK19-I1 were characterized by restric- 
tion mapping to ensure that no rearrangement of  DNA had occurred 
and the mutated region sequenced (Maxam and Gilbert, 1977) to 
confirm that  the mutation had been introduced in the expression 
vector. 

Binding of PHJHACBO-Gly  to  COS-1  Cells-Binding  was per- 
formed on COS-1 cells 40-48 h  after transfection. Cells  were har- 
vested from Petri dishes by treatment with 4 mM EGTA in TBS. 
Binding of [3H]HACBO-Gly was assayed in TBS  at 22 "C for 45  min 
using 4 X io5 cells.  Cells  were then collected by centrifugation and 
the pellet was  washed  twice with cold TBS. Cells were dissolved in 
Protosol, and radioactivity was quantitated by liquid scintillation 
counting. 

RESULTS 

Expression of Neutral  Endopeptidase by COS-1 Cells-COS- 
1 cells were transfected  with  an SV40-derived expression 
vector containing  the  entire coding  sequence of neutral  en- 
dopeptidase inserted  downstream from the SV40 early  pro- 
moter. This vector is called pSVENK19 (Fig. 1). The expres- 
sion of neutral  endopeptidase  was  monitored  with 2B12 mono- 
clonal  antibody  (mAb)  as previously  described (Crine et  al., 
1985). This mAb recognizes a conformational  epitope located 
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FIG. 1. Construction of vector pSVENK19. Vector 
pSVENKl9 was constructed by inserting a HpaI fragment containing 
all  neutral endopeptidase coding sequences downstream of the SV40 
early promoter in plasmid pSVP3 deleted of all POMC coding se- 
quences. (See “Experimental Procedures’’ for details). Thin lines 
indicate pBR327 sequences; thick lines, pUC19 sequences;filled boxes, 
SV40 sequences; open boxes, porcine POMC cDNA hatched boxes, 
rabbit kidney neutral endopeptidase cDNA. 

on the extracellular domain of neutral endopeptidase.’ This 
antibody was first radioiodinated as described under “Exper- 
imental Procedures” and used in  a binding assay on intact 
cells still  attached to  the culture dishes. As seen in Fig. 2 A ,  
COS-1 cells transfected with pSVENK19 started to bind 
measurable amounts of lZ5I-labeled 2B12  mAb 6 h  after  trans- 
fection. Binding increased thereafter reaching a maximum 40 
h  after  transfection. As a control, COS-1 cells were also 
transfected with pSVP3 (see Fig. I), a vector containing the 
cDNA coding for an unrelated  protein (pro-opiomelanocor- 
tin). Control cells did not  bind  any radioactivity (Fig. 2 A ) .  
These  results therefore suggest that pSVENK19 specifically 
directs the synthesis of rabbit  neutral endopeptidase in  trans- 
fected COS-1 cells. Moreover, since the antibody cannot  pen- 
etrate  the cells, it appears that  at least part of the enzyme 
expressed by transfected COS-1 cells is correctly transported 
to  the cell surface. 

Immunoprecipitation of Biosynthetically Labeled Neutral 
Endopeptidase Expressed in COS-1 CelLs-In order to char- 
acterize further  the immunoreactive material, COS-1 cells 
were transfected  either with pSVENK19 or pSVP3  as  a con- 
trol,  and incubated in the presence of [35S]methionine for 5 
h. Membrane proteins were solubilized with octylglucoside 
and immunoprecipitated with 2B12  mAb. Analysis of the 
immunoprecipitate by sodium dodecyl sulfate-polyacrylamide 
gel electrophoresis showed a  protein of  94,000 daltons  in the 
extract of pSVENK19-transfected cells (Fig. 2B, lane 2) which 
was absent from the  extract of control cells (Fig. ZB, lane 1). 

* M. Aubry, C. LeGrimellic, and P. Crine, unpublished results. 

This protein  band migrated at M, identical to  that of the 
native enzyme purified from rabbit kidneys (Aubry et al., 
1987). 

The primary structure of neutral endopeptidase predicted 
from the cDNA sequence contains 5 asparagine residues that 
are  part of the consensus sequence Asn-X-Ser/Thr for N -  
glycosylation. Digestion of neutral endopeptidase purified 
from rabbit kidney, with peptide:N-glycosidase F shifts the 
M,, as measured by its mobility on sodium  dodecyl sulfate 
gels,  from  94,000 to 85,000 (Devault et al., 1987). The  fact 
that  the enzyme synthesized by  COS-1 cells has an apparent 
molecular weight identical to  that of the native kidney enzyme 
suggests that  the enzyme has received a similar amount of 
glycosylation in this heterologous system. 

Orientation of Neutral Endopeptidase in the COS-1 Cell 
Plasma Membrane-Neutral endopeptidase is  a membrane 
glycoprotein anchored in the lipid bilayer by a 23-residue 
hydrophobic segment located near  its amino terminus. To 
determine the orientation of neutral endopeptidase in the 
plasma membrane of COS-1 cells, cell monolayers were trans- 
fected with pSVENK19 or pSVP3 and incubated with anti- 
body-gold particle complexes of either 2B12 or 23Bll mAbs. 
The 2B12  mAb  recognizes a conformational epitope on the 
ectodomain of the enzyme while 23Bll mAb binds a  contin- 
uous epitope located in  its cytoplasmic domain.’ After an 
incubation period of  30 min, the cells  were  collected and 
processed for electron microscopy.  Fig. 3 clearly shows that 
when COS-1 cells were transfected with pSVENK19, intense 
labeling was obtained with 2B12-gold  complexes  on the  extra- 
cellular side of the plasma membrane (Panel A). There was 
no labeling when the cells were transfected with pSVP3 as  a 
control  (Panel B )  or when labeling was performed with 
23Bll-gold  (not shown). However labeling of pSVENK19- 
transfected COS-1 cells with 23Bll-gold could be obtained by 
permeabilizing the cells with saponin before incubation with 
the immunogold reagent. Under those conditions labeling 
could be observed on the cytoplasmic side of the plasma 
membrane (Panel C). When the  23Bll-gold reagent was  used 
with control cells transfected with pSVP3, no labeling was 
observed (Panel D). Taken together these  results indicate 
that most of the  neutral endopeptidase molecules synthesized 
by COS-1 cells are  transported  to the cell surface and correctly 
inserted  in the membrane. 

Activity and Specificity of Neutral Endopeptidase Synthe- 
sized in COS-1 Cells-Neutral endopeptidase is known to 
hydrolyze  specifically the Gly3-Phe4 bond of the opioid pen- 
tapeptides methionine- and leucine-enkephalin (Malfroy et 
al., 1978;  Almenoff et al., 1981). Neutral endopeptidase activ- 
ity in extracts of transfected COS-1 cells was therefore as- 
sayed with [3H]leucine-enkephalin as  a  substrate. Monolayers 
of cells were transfected with either pSVP3 or pSVENK19 
and  extracted with octylglucoside 44 h later. Neutral endo- 
peptidase was then immunopurified by adsorption to 2B12 
antibody coupled to protein A-Sepharose, and  its activity was 
monitored by measuring the  rate of hydrolysis of the Leu- 
enkephalin substrate. Hydrolysis of the substrate was  ob- 
served with the extract of cells transfected with pSVENK19 
but not with pSVP3 (not shown). Furthermore, the enzymatic 
activity of the  extract could be completely inhibited by addi- 
tion of 1 PM thiorphan  or 1 PM phosphoramidon (not shown), 
two  well characterized neutral endopeptidase inhibitors (Ro- 
ques et al.,  1980; Kerr  and Kenny, 1974). The specificity of 
the enzyme synthesized by pSVENK19-transfected COS-1 
cells was also verified  by analyzing the peptides resulting from 
the hydrolysis of [3H]Leu-enkephalin by reversed phase 
HPLC. As can be seen in Fig.  4, a single radioactive peak 
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FIG. 2. Expression of neutral  endopeptidase  in COS-1 cells. A, binding of iodinated 2B12  mAb to 

transfected COS-1 cells. Binding of 2B12 mAb to monolayers of COS-1 cells transfected  with  pSVP3 (solid symbols) 
or pSVENK19 (open symbols) was carried out a t  different times  after transfection. The binding of  mAb was 
assessed by measuring the  amount of radioactivity  associated to  the cell pellet. B, autoradiogram of immunopre- 
cipitated  [35S]methionine-labeled proteins from transfected COS-1 cells. COS-1 cells transfected with pSVP3 (lam 
1 )  or pSVENK19 ( l a n e  2) were labeled with  [35S]methionine  for 5 h. After extraction of the cells with octylglucoside, 
the  proteins were immunoprecipitated  with 2B12  mAb and analyzed by sodium dodecyl sulfate-polyacrylamide gel 

~~ 

electrophoresis. 

comigrating with the tripeptide Tyr-Gly-Gly used as a stand- 
ard could be detected  on the chromatogram, as expected from 
the known specificity of neutral endopeptidase (Guyon et al., 
1979). 

Characteristics of Recombinant Rabbit Neutral Endopepti- 
dase-To investigate whether the characteristic  properties of 
the native enzyme are  shared by the recombinant gene prod- 
uct, we next compared several typical  parameters of the 
enzyme produced by COS-1 cells with  those of its  natural 
homologue purified from rabbit kidneys. We first examined 
the  pH  and  temperature optima for both enzymes. The  pH 
optimum was determined by progressively increasing the  pH 
of the  standard  Tris buffer from 7.0 to 9.0 or by replacing it 
with MES buffers of varying pH values from 5.0 to 7.0. As 
seen in Fig. 5A, the  pH optimum for both  the recombinant 
and native  rabbit kidney enzyme is around 7.0. The temper- 
ature optimum was determined by performing the  standard 
Leu-enkephalin hydrolysis assay at  temperatures ranging be- 
tween 5 and 55 "C (Fig. 5B). A functional  optimum for the 
30-min reaction was found a t  37 "C for both the recombinant 
and native kidney enzyme. 

We next studied the effect of thiorphan, a potent inhibitor 
of neutral endopeptidase on  the hydrolysis of [3H]Leu-en- 
kephalin by both  the recombinant and native kidney enzymes. 
Very similar dose-response curves were obtained  in both cases 

(Fig. 5C). Furthermore, the ICso values of  5.1 and 7.9  nM 
obtained for the recombinant enzyme and native kidney neu- 
tral endopeptidase, respectively, were  very  close to previously 
published results (Scott et al., 1985; Fournib-Zaluski et al., 
1986). Finally we used Eadie-Hofstee plots to calculate the 
K,,, values of the two enzymes using [3H]Leu-enkephalin as  a 
substrate (Fig. 50) .  A K,,, value of 16 PM was found for neutral 
endopeptidase produced in COS-1 cells, which is very similar 
to  that of 18 PM determined for the enzyme purified from the 
kidney. 

Site-directed Mutagenesis of Neutral Endopeptidase-X-ray 
diffraction studies have indicated that Glu-143 is involved in 
the catalytic  action of the bacterial Zn-metalloendopeptidase 
thermolysis. In neutral endopeptidase, Glu-584 is found in a 
sequence very similar to  the segment of thermolysin contain- 
ing Glu-143 (Fig. 6). To  test directly the involvement of Glu- 
584 in the active site of neutral endopeptidase, conversion of 
the Glu-584 codon to  either Asp or Val codons was  accom- 
plished by oligonucleotide-directed mutagenesis of the cDNA. 
Several Petri dishes of COS-1 cells were transfected with 
either pSVENK19, pSVENK19-I, or pSVENK19-I1 to pro- 
mote the synthesis of normal Glu-584-neutral endopeptidase, 
Val-584-neutral endopeptidase, and Asp-584-neutral endo- 
peptidase. One dish from each transfection was used to mon- 
itor  the presence of neutral endopeptidase at  the cell surface 
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FIG. 3. Electron micrographs of transfected COS-1 cells labeled with gold-antibody complexes. Cells 
transfected with pSVP3 or pSVENK19 were labeled with 2B12  mAb  or 23Bll mAb gold-antibody complexes and 
examined by electron microscopy. A, cells transfected with plasmid pSVENKl9  and labeled with mAb  2B12. B, 
cells transfected with plasmid pSVP3 and labeled with mAb  2B12. C, cells transfected with plasmid pSVENK19 
and permeabilized with saponin before labeling with mAb 23Bll. D, cells transfected with pSVP3 and permeabilized 
with saponin before incubation with mAb 23Bll. 
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by binding with the 2B12  mAb. Nearly identical levels of 
binding were obtained using normal or  mutated expression 
vectors (not shown). Cells from the remaining dishes were 
collected, and  the enzymes were purified from  octylglucoside 
cell extracts  as described above. To compare the activity of 

"1 

t ime(rnin) 

FIG. 4. HPLC analysis of tritiated metabolites of 13H]Leu- 
enkephalin. COS-1 cells transfected with pSVENK19 were ex- 
tracted with octylglucoside and  the proteins precipitated with 2B12 
mAb. To determine the specificity of the [3H]Leu-enkephalin degrad- 
ing activity present  in the immunoprecipitated proteins, the  tritiated 
metabolites were analyzed by HPLC. Arrows indicate the elution 
position of standard peptides. 

FIG. 5. Characterization of neu- 
tral endopeptidase activity pro- 
duced  by COS-1 cells. The  pH  and 
temperature optima, the inhibition hy 
thiorphan, and  the K, value for Leu- 
enkephalin were determined for neutral 
endopeptidase extracted from COS-1 
cells transfected with pSVENK19 and 
compared to the values found for neutral 
endopeptidase extracted from rabbit kid- 
ney. A, activity as a  function of pH. 0.05 
M MES (filled symbols) and 0.05 M Tris 
(open symbols) were used as buffers for 
the  pH ranges of  5.0-7.0 and 7.0-9.0, 
respectively. B, activity as a function of 
temperature. C, inhibition of activity by 
thiorphan. Activity was determined for 
a substrate concentration of 25 nM in 
the presence of varying concentrations 
of thiorphan. 0, Eadie-Hofstee plots. 
Solid symbols, COS-1-produced neutral 
endopeptidase; open symbols, kidney- 
produced neutral endopeptidase. See 
"Experimental Procedures" for details. 
All assays were performed in triplicate. 

mutated  neutral endopeptidase with that of Glu-584-neutral 
endopeptidase, kinetics on the substrate t3H]Leu-enkepha1in 
were studied. Assays  were performed on equal amounts of 
neutral endopeptidase as determined by immunogold blots 
(see "Experimental Procedures"). Fig. 7a shows that Glu-584- 
neutral endopeptidase hydrolyzed approximately 80% of the 
substrate  present in the assay over a period of 30 min. During 
the same period, no activity could  be detected for either Asp- 
584-neutral endopeptidase or Val-584-neutral endopeptidase. 
Increasing the amount of mutated enzyme in the assay by a 
factor of 6 did not allow the detection of enzymatic activity. 
Since the enzymatic assay can easily detect the hydrolysis of 
5 fmol of substrate, we estimate that  the activity of the 
mutated enzymes, as measured by the initial  rate of hydrolysis 
at a  substrate  concentration of  25  nM, is less than 0.25%  of 
that of Glu-584-neutral endopeptidase. Such a drastic effect 
could either be due to  the inability of the  substrate to bind to 
the mutated enzymes, or to  the incapacity of the mutated 
enzymes to cleave the peptide bond after formation of the 
Michaelis complex. In order to distinguish between these two 
possibilities, we next performed binding experiments using 
the high affinity nonhydrolyzable neutral endopeptidase sub- 
strate-derived inhibitor [3H]HACBO-Gly (Waksman et al., 
1985). Binding was assayed directly on transfected cell sus- 
pensions. Nonspecific binding was determined in the presence 
of 1 HM thiorphan  and was  always less than 10% of the total 
binding observed. Similar background values were obtained 
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FIG. 6. Sequence  comparison  between  segments of thermol- 
ysin (Thermo) and  neutral  endopeptidase  (NEP). Numbers 
refer to  the last amino  acid  position  in  each  protein  segment. Asterisks 
indicate the position of Zn-coordinating  and  catalytic  residues  in 
thermolysin.  Identical  residues are boxed, while  conservative  amino 
acid  changes are indicated by broken lines. Gaps are  represented by 
dashes. 
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FIG. 7. Enzymatic  characterization of normal  and  mutated 
neutral endopeptidase. a, neutral endopeptidase  kinetics of [3H] 
Leu-enkephalin  hydrolysis.  COS-1  cells were transfected  with either 
pSVENK19,  pSVENK19-I, or pSVENK19-11.  Recombinant neutral 
endopeptidase was immunoprecipitated  using 2B12  mAb  fixed to 
protein A-agarose and the activity of normal  and  mutated  neutral 
endopeptidase was determined by measuring the rate of hydrolysis of 
[3H]Leu-enkephalin. Filled circles, Glu-584-neutral  endopeptidase; 
open  triangles, Asp-584-neutral  endopeptidase; filled  triangles, Val- 
584-neutral  endopeptidase. All  assays  were  performed  in triplicate. b, 
binding of [3H]HACBO-Gly to normal  and  mutated  neutral  endopep- 
tidase.  Binding was performed  on  COS-1  cells transfected with either 
pSVENK19,  pSVENK19-I,  or  pSVENK19-I1 as described  under “Ex- 
perimental  Procedures.”  Scatchard  plots  were  obtained  from  specific 
binding  values  (performed  in triplicate) for Glu-584-neutral  endopep- 
tidase (-), Val-584-neutral  endopeptidase (-), and Asp-584- 
neutral  endopeptidase (-). & values  were  deduced  from the slopes 
and calculated from  two independent  experiments:  Glu-584-neutral 
endopeptidase, 1.4  nM; Val-584-neutral  endopeptidase, 0.8 nM; Asp- 
584-neutral  endopeptidase, 1.8 nM. 

with control cells transfected  with  the  pSVP3  vector  (results 
not  shown).  The  affinity  constants for the  binding of [3H] 
HACBO-Gly to  enzymes has  been  determined  from  Scatchard 
plots. As shown  in Fig. 76, very similar Kd values were ob- 
tained  for  the  normal  and  the  mutated  enzymes (1.4,0.8, and 
1.8 nM for Glu-584-neutral  endopeptidase,  Val-584-neutral 

endopeptidase,  and Asp-584-neutral  endopeptidase, respec- 
tively). These  results  indicate  that  substitution of either Val 
or Asp for  Glu at position 584 does not  interfere  with  the 
binding of [3H]HaCBO-Gly to  the enzyme. 

DISCUSSION 

The  experiments described here were designed to  test  the 
importance of selected amino acid  residues in  the  catalytic 
activity of neutral  endopeptidase by site-directed  mutagene- 
sis. As a prerequisite,  it was essential  first  to  establish  and 
validate a system capable of expressing neutral  endopeptidase 
activity  in heterologous cells. From  the  inserts initially  iso- 
lated  and cloned from kidney  cDNA banks, we constructed 
an expression  vector in which the  entire coding  sequence of 
neutral  endopeptidase was placed under  the  control of the 
SV40 early  transcription  promoter.  The vector  also contains 
the origin of replication of the SV40  virus, allowing autono- 
mous replication of the  shuttle vector after  transfection  into 
COS-1 cells (Gluzman, 1981). Transfected  COS-1 cells were 
found  to  synthesize  substantial  amounts of neutral  endopep- 
tidase. Furthermore,  the enzyme appears  to  be  transported  to 
the cell surface. The  insertion of neutral endopeptidase in  the 
plasma  membrane was characterized with  two  monoclonal 
antibodies, 2B12 and  23Bl1, which recognize the  extracellular 
and cytoplasmic domains of neutral endopeptidase,  respec- 
tively. Antibody-gold complexes were found  associated  with 
COS-1 cell plasma  membrane  in a pattern similar to  the one 
previously found  in  the kidney  cortex brush border membrane 
labeled with  the  same immunogold reagents.’ This is in good 
agreement  with  the  analysis of the  neutral  endopeptidase 
hydropathy  plot which predicts  that  the  protein  is  anchored 
in  the  plasma  membrane by  a  23-residue  peptide  located near 
its  NH,  terminus  (Devault et al., 1987). It  therefore  appears 
that  neutral  endopeptidase  contains,  in  its  structure,  all  the 
information required for  its  proper  integration  into  the  plasma 
membrane  and  that  COS-1 cells can use this  information for 
the  correct  intracellular  transport of the  protein. 

Our  results  further  demonstrate  that  the  recombinant  en- 
zyme encoded by pSVENK19  exhibits biochemical and  kinetic 
properties  similar  to  those of native  neutral  endopeptidase 
purified  from  kidney BBM  extracts.  The significant  similari- 
ties include the following. 1) The values for  the  apparent K,,, 
of the hydrolysis of Leu-enkephalin  are similar.  2)  Recombi- 
nant  rabbit  neutral endopeptidase,  like its  natural homologue 
from the  rabbit kidney, is inhibited by thiorphan  and  phos- 
phoramidon.  Furthermore,  the ICso of thiorphan for the  re- 
combinant enzyme is very close to  the value found in  the 
same  conditions for the kidney  enzyme. 3)  The  optimal  con- 
ditions for the hydrolysis of Leu-enkephalin  (pH,  tempera- 
ture)  are very  similar. 4)  From  the  apparent molecular weight 
of the  recombinant enzyme it  appears  that  COS-1 cells are 
capable of adding a similar  complement of asparagine-linked 
oligosaccharide  side chains  to  the  recombinant enzyme. Thus 
transfection of an SV40-derived neutral  endopeptidase 
expression  vector in  COS-1 cells constitutes a very convenient 
experimental  system  for  undertaking  site-directed mutage- 
nesis  studies. 

Our  first  target  in  mutation  experiments was Glu-584. This 
residue is  found  within a region of neutral  endopeptidase  that 
is very similar  to  the region of thermolysin known to  contain 
many of the  amino acids involved in zinc  coordination and 
catalytic  activity  (Kester  and  Matthews, 1977; Weaver et al., 
1977). It is therefore  most likely that Glu-584 of neutral 
endopeptidase plays a role similar to  that of Glu-143 in 
thermolysin, which is thought  to be involved in several steps 
of peptide bond hydrolysis (Hangauer et al., 1984). To  test 
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this assumption, this Glu  was replaced by 2 different residues: 
valine, a noncharged residue, and aspartic acid, which main- 
tains  a negative charge at  the same position but  retracts the 
carboxylic group by a  distance of approximately 1.4 A due to 
shortening of the side chain. Expression of cDNAs harboring 
these  mutations produced enzymes whose activities were  re- 
duced at least 400-fold. This effect could result from 1) the 
change of a key catalyst  essential in peptide bond cleavage, 
2) change of a crucial residue involved in  substrate binding, 
or 3)  the indirect alteration of the active site  tertiary  structure. 
Our finding that normal and mutated enzymes showed vir- 
tually identical affinities for HACBO-Gly, a  substrate-derived 
neutral endopeptidase competitive inhibitor  (Waksman et al., 
1985) strongly suggests that Glu-584 is directly involved in 
peptide bond cleavage. 

According to Hangauer et al. (1984), Glu-143 of thermolysin 
plays a major role in catalysis. First,  as  a base catalyst, it 
triggers the nucleophilic attack of a water molecule on the 
carbonyl group of the scissile peptide bond. It also acts  as  a 
proton  shuttle between the water molecule and  the nitrogen 
of the amide bond to be  cleaved. The observation that recom- 
binant  neutral endopeptidase enzymes containing  mutations 
at Glu-584 are virtually devoid of activity strongly suggests a 
similar role for this residue. 

Several studies indicate that neutral endopeptidase is a key 
enzyme in the homeostasis of the opioid peptides methionine- 
and leucine-enkephalin in mammalian brain (Malfroy et al., 
1978;  Almenoff et al., 1981). Inhibitors of neutral endopepti- 
dase such as  thiorphan (Roques et al., 1980) and  retrothior- 
phan (Roques et al., 1983) are capable of inducing a naloxone- 
reversible analgesic response. Inhibitors of neutral endopep- 
tidase therefore could represent  a new class of analgesic drugs 
(Dickenson, 1986; Roques and  Fournii-Zaluski, 1986). Up to 
now, the design of these compounds has been based on a 
generalized active site model for Zn-metalloproteases (Ondetti 
et al., 1977). Better knowledge of the main structural  and 
functional features of the enzyme would  be of great  interest 
for the design of new drugs for clinical applications. Such 
information could  be obtained by performing site-directed 
mutations on the cDNA and studying the catalytic properties 
of the mutated enzyme expressed in heterologous cells. It is 
clear that  the system we have established will  be  very useful 
for  further probing the importance of selected amino acids is 
the catalytic activity and substrate binding of neutral endo- 
peptidase. 
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COMMUNICATION

Structure of Human Neutral Endopeptidase
(Neprilysin) Complexed with Phosphoramidon

Christian Oefner, Allan D'Arcy, Michael Hennig, Fritz K. Winkler
and Glenn E. Dale*

Pharma Preclinical Research
F. Hoffmann-La Roche Ltd.
CH-4070, Basel, Switzerland

Neutral endopeptidase is a mammalian type II integral membrane zinc-
containing endopeptidase, which degrades and inactivates a number of
bioactive peptides. The range of substrates cleaved by neutral endopepti-
dase in vitro includes the enkephalins, substance P, endothelin, brady-
kinin and atrial natriuretic factor. Due to the physiological importance of
neutral endopeptidase in the modulation of nociceptive and pressor
responses there is considerable interest in inhibitors of this enzyme as
novel analgesics and anti-hypertensive agents. Here we describe the crys-
tal structure of the extracellular domain (residues 52-749) of human NEP
complexed with the generic metalloproteinase inhibitor phosphoramidon
at 2.1 AÊ resolution. The structure reveals two multiply connected folding
domains which embrace a large central cavity containing the active site.
The inhibitor is bound to one side of this cavity and its binding mode
provides a detailed understanding of the ligand-binding and speci®city
determinants.
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Neutral endopeptidase (NEP) (EC 3.4.24.11),
also known as neprilysin, enkephalinase, NEP,
CALLA or CD10, is a membrane-bound zinc-
dependent endopeptidase originally extracted
and puri®ed from the brush border of rabbit
kidney (Kerr & Kenny, 1974). This ectoenzyme is
widely distributed in mammalian tissues and is
involved in the inactivation of a variety of sig-
naling peptides (Erdos & Skidgel, 1989; Roques
et al., 1993; Turner & Tanzawa, 1997). NEP has
been implicated in the regulation of opioid pep-
tide action through the degradation of endogen-
ously released enkephalins (Roques et al., 1980).
Furthermore, it is involved in the physiological
degradation of the peptides modulating blood
pressure, such as the cardiac hormone atrial
natriuretic peptide (ANP), bradykinin and
endothelin. There is great interest in the identi®-
cation of novel inhibitors of NEP for application

in clinical treatment (Abassi et al., 1992; Kenny
& Stephenson, 1988; Pham et al., 1993). Potent
inhibitors of NEP have been synthesized which
produce a pharmacological response through
increase in opioid or vasoactive peptide levels,
indicating their therapeutic potential as novel
analgesics or antihypertensive agents (Burnett,
1999; Chen et al., 1998; Robl et al., 1997, 1999;
Roques & Beaumont, 1990).

The primary sequence of NEP has been deter-
mined by cloning its cDNA from several species
(Devault et al., 1987; Malfroy et al., 1987, 1988).
NEP is the prototype of a group of metallopepti-
dases which includes the endothelin-converting
enzymes (ECE-1 and ECE-2), the erythrocyte sur-
face antigen KELL, and the PEX gene product.
They belong to the M13 subfamily of mamma-
lian neutral endopeptidases and consist of a
short N-terminal cytoplasmic domain, followed
by a single transmembrane helix, and a large C-
terminal extracellular domain that contains the
active site (The HYP consortium, 1995; Emoto &
Yanagisawa, 1995; Lee et al., 1991; Shimada et al.,
1994). The extracellular domain of NEP contains
12 cysteine residues, all involved in disul®de
bridges, ten of which are conserved in ECE,
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Abbreviations used: NEP, neutral endopeptidase;
ANP, atrial natriuretic peptide; TLN, thermolysin;
SNEP, soluble extracellular domain of human neutral
endopeptidase; NAG, N-acetyl-glucosamine.
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KELL, and PEX (Figure 1). The overall homology
between NEP and ECE-1, ECE-2, KELL and PEX
is 35 %, 30 %, 31 %, and 25 %, respectively, but
increases to 51 %, 44 %, 43 %, and 39 % if only
the 250 C-terminal residues are considered. This
degree of similarity is suf®cient to indicate that
these proteins share a common origin and a
similar fold.

The catalytic properties of NEP resemble those
of a group of zinc-dependent bacterial endopepti-
dases of which thermolysin (TLN) is the best
characterized. Early structure-activity studies
showed that TLN and NEP cleave the peptide

bond of their substrates at the amino side of hydro-
phobic residues and that both enzymes are inhib-
ited by the same type of molecules, such as
phosphoramidon and thiorphan, with the same
stereochemical dependence (Benchetrit et al., 1987;
Fulcher et al., 1982; Hersh & Morihara, 1986).
Although there is very limited homology between
the primary sequences of mammalian and bacterial
enzymes, they are characterized by two consensus
sequences HExxH and ExxxD, involved in zinc
binding and catalysis (Matthews, 1988). Hydro-
phobic cluster analysis suggested important simi-
larities in their active sites and putative residues

Figure 1. Multiple sequence alignment of selected mammalian membrane metallopeptidases NEP, ECE, KELL and
PEX. The a-helices, ®lled cylinders, b-strands, open cylinders, are drawn above the sequence. Coloring as indicated in
Figure 2. Zinc-binding residues, crosses; ligand-binding residues; open squares. Residues implicated in the stabiliz-
ation of the active site are labeled by circles and glycosylation sites are indicated with diamonds. Cysteine residues
and their respective disul®de-bond partners are indicated. Protein expression, puri®cation and crystallization will be
described in detail elsewhere (Dale et al., unpublished results). Brie¯y, the extracellular domain of human NEP
(residues 52-749) was cloned into pPICZa-C to create a fusion with the a-mating factor signal sequence and protein
produced in the yeast Pichia pastoris GS115. Protein expression was accomplished using YP medium with 3 % metha-
nol. The secretion level of sNEP was modest at 10 mg/l. The sNEP could be puri®ed to homogeneity using ®ve chro-
matographic steps. The N-terminal sequence of puri®ed sNEP indicated that the protein was ef®ciently processed by
the STE13 signal peptidase. The kinetic properties of sNEP were similar to that of the native enzyme (data not
shown). Mass spectral analysis of the puri®ed protein resulted in a mass of 92,186 Da (predicted molecular mass is
80,086 Da) indicating that the protein is signi®cantly glycosylated. Treatment of sNEP with Endo-F1 glycosidase
resulted in a decrease in approximately 10 kDa giving a ®nal mass of 81,369 Da indicating that a small degree of
glycosylation remained. Light-scattering analysis of both sNEP and the de-glycosylated sNEP showed a narrow
unimodal size distribution suggesting that they were suitable for crystallization trials.
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involved in zinc coordination, catalysis and sub-
strate binding have been identi®ed in NEP by site-
directed mutagenesis experiments (Benchetrit et al.,
1988; Devault et al., 1988a,b; Dion et al., 1993, 1995;
Le Moual et al., 1991, 1994). In the absence of struc-
tural information for any member of the neprilysin
family, the observed three-dimensional fold for the
TLN family has been used to generate a model of
the active site region of NEP for the design of new
NEP inhibitors (Gaucher et al., 1999; Ksander et al.,
1997a,b; Tiraboschi et al., 1999).

In order to aid in the design of potent and
selective inhibitors of this structural class, we
have solved the three-dimensional structure of
human NEP by X-ray crystallography. The
soluble extracellular domain (D52 to W749) of
human NEP (sNEP) was expressed in the yeast
Pichia pastoris and the protein puri®ed to
homogeneity (Figure 1). Crystals could be
obtained for the Endo-F1 glycosidase treated
enzyme in the presence of the inhibitor
phosphoramidon (N-(a-L-rhamnopyranosyl-
oxyhydroxy-phosphinyl)-L-leucyl-L-tryptophan), a
metabolite produced by Streptomyces tanashiensis.
The structure was solved by the multiple iso-
morphous replacement method and re®ned to a
crystallographic R-factor of 19.5 % (Rfree � 24.2 %)
at 2.1 AÊ resolution (Figure 2). Data collection
and re®nement statistics are summarized in
Table 1.

The overall shape of the monomeric ectodomain
is an ellipsoid with a major axis of 95 AÊ and minor
axes of approximately 55 AÊ . It is composed of two
largely a-helical domains which can be considered
as two lobes connected by intertwining polypep-
tide segments. A cartoon depicting the overall fold
of human sNEP together with the secondary struc-
ture assignment is shown in Figure 3. The larger
N-terminal domain (domain 1), which follows the
trans-membrane anchor of the mature enzyme is
321 residues long and consists of three non-con-
secutive polypeptide segments (Figure 3). The resi-
dues essential for zinc coordination and catalysis
are located within this domain. It is structurally

most closely related to other zinc metalloproteases
such as TLN, bacterial metallo-elastase and the
neutral protease from Bacillus cereus. The smaller
second domain (domain 2) is 286 residues long
and composed of two non-consecutive polypeptide
segments and shows a weak structural similarity
with glycosyl hydrolase (Tews et al., 1996). The
enzyme has six disul®de bridges, ®ve of which
are conserved among the other members of the
mammalian membrane metallopeptidase family
(Figure 1). Four of these are located within the cat-
alytic domain 1, a single disul®de bridge is found
within the inter-domain linker fragments, and the
non-conserved disul®de bond is present within
domain 2. Unlike ECE, which exists as a disul®de-
linked homodimer, sNEP is a monomer in solution.
However, when E403, located on the surface in the
linker region, is mutated to a cysteine residue
(C412 in ECE) it results in the formation of a
disul®de-bridged homodimer (Hoang et al., 1997).
N-Glycosylation on N144, N304 and N627 is
con®rmed by electron density consistent with a
single N-acetyl-glucosamine (NAG) moiety.

Together with four inter-domain linker frag-
ments both domains form a central, roughly
spherical cavity, which bears the active site of
the enzyme (Figures 3(a) and 4). The cavity has
a diameter of approximately 20 AÊ and is accessi-
ble via a small, circular opening formed primar-
ily by charged residues. One of the main
differences between the mammalian metallopepti-
dases of the neprilysin family and the bacterial
proteases is that the majority of the natural sub-
strates of NEP are restricted to about 3000 Da.
This selectivity is possibly due to the presence
of domain 2 (not present in TLN), which
restricts the active site access and thus functions
as a molecular sieve. The inhibitor phosphorami-
don is nestled in the interior of the cavity and
binds near the highly conserved residues of the
consensus sequences 583HExxH687 and 646ExxxD650

and the residues of the 542NAFY545 motif
(Figures 1 and 5). The residues belong to the
zinc-binding helix F1, the helix J1 forming the

Figure 2. An Fo ÿ Fc omit electron-density map of phosphoramidon, zinc and the three metal binding ligands of
the protein (H583, H586 and E646), calculated with phases from the re®ned model at 2.1 AÊ resolution. The map is
contoured at 3s.
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base of the active site cleft, and b-strand III1
which acts as a cap holding the well-ordered
inhibitor in the active site (Figure 5) (Sansom
et al., 1998).

The zinc ion is coordinated in an approxi-
mately tetrahedral geometry, as observed in
TLN. Its binding involves a single oxygen atom
(O1) of the tetrahedral N-phosphoryl moiety of
the inhibitor with an inter-atomic distance of
1.93 AÊ , as well as three ligands from the protein,
H583 (2.03 AÊ ), H587 (2.01 AÊ ), and E646 (1.96 AÊ )

(Figure 5). The side-chains of D590 and D650
appear to be part of two Asp-His-Zinc triads,
which involve H587 and H583 on the N and C-
terminal site of the N-phosphoryl moiety,
respectively. The latter triad is believed to be
involved in the precise positioning of the zinc
ion for catalysis (Le Moual et al., 1994). A simi-
lar role can be expected for the N-terminal triad,
which is conserved in all members of the nepri-
lysin family. The side-chain of H711 is hydrogen
bonded to the zinc ligand of the inhibitor and

Figure 3. Ribbon plot and topology of sNEP complexed with phosphoramidon. (a) Stereoview of a cartoon model
of human neprilysin, showing the catalytic domain 1, violet; the smaller domain 2, blue; and the three inter-domain
linker fragments, cyan. The transition-state mimetic phosphoramidon is shown in CPK representation. Glycosylation
sites and disul®de bonds are indicated. (b) Topological diagram of sNEP colored as above. Arrows denote strands
and cylinders indicate helices numbered as in Figure 1.
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has been implicated in the stabilization of the
transition state (Dion et al., 1995). Furthermore,
this residue interacts with D709 and stabilizes a
complex hydrogen bonding network, similar to

that observed in TLN. This network also
involves the residues E584, R717, as well as the
tri-peptide 541VNA543. In the crystal structure
E584 is hydrogen bonded to the second oxygen

Table 1. Crystallographic data and re®nement statistics

Data sets (soaking conditions) Native-1 Native-2
EuCl3 (3 mM, 28

hours)

Thiomersal
(5 mM, 120

hours)

K3UO2F5

(2.5 mM, 144
hours)

Data collection
Exposure time/frame (s) 900 120 500 600 600
Angular increment per frame (deg.) 0.5 1.0 0.5 0.5 0.5
Total rotation range (deg.) 75 61 41.5 58.5 55
Crystal to detector distance (mm) 180 360 200 200 200
Unit cell parameters a and c (AÊ ) 107.6, 112.8 107.6, 112.8 107.8, 112.5 107.8, 112.8 107.7, 112.8

Data reduction
Maximum resolution (AÊ ) 2.44 2.00 2.44 2.44 2.44
Number of measurements 91.966 189.020 65.138 82.229 65.005
Number of unique reflections 26.702 49.828 26.578 26.761 25.817
Completeness (%)a 93.7 (79.9)a 99.4 (98.9)a 93.5 (92.3)a 93.5 (95.7)a 90.7 (95.5)a

Rsym
b 9.6 (37.4) 5.3 (30.1) 11.5 (36.5) 6.6 (20.8) 8.21(37.5)

Heavy-atom refinement parameters
Figure of merit (acentric/centric) 0.38/0.42
Rcullis

c (acentric/centric) 0.84/0.48 0.75/0.78 0.89/0.88
Phasing powerd (acentric/centric) 1.05/0.86 1.07/0.76 0.97/0.79

Refinement statistics
Resolution range (AÊ ) 20-2.1
Rcryst (Rfree) (%)e 19.5 (24.2)
Number of protein atomsf (mean B in AÊ 2) 5595 (29.1)
Number of water molecules 465
Number of ligand atoms (mean B in AÊ 2) 37 (20.8)
Number of glycerol atoms (mean B in AÊ 2) 6 (44.9)
Number of NAG atoms (mean B in AÊ 2) 42 (48.9)
rmsdg bonds (AÊ 2) 0.009
rmsd angles (deg.) 1.48

a Values in parentheses are statistics for highest resolution bin.
b Rsym � �h�ijIi(h) ÿ hI(h)ij/�h�i(h), where Ii(h) and hI(h)i are the ith and mean measurement of the intensity of re¯ection h.
c Rcullis � �hFD(h) ÿ jFN(h) � jFH(h)jj/�hjFD(h) ÿ FN(h)j, where FH(h), FD(h) and FN(h) are the heavy atom, derivative and native

structure factor amplitudes of re¯ection h.
d Phasing power � �hFH(h)/�hjFD(h) ÿ jFN(h) � FH(h)jj.
e �hjjFobsj ÿ jFcalcjj/�hjFobsj, where jFobsj and jFcalcj are the observed and calculated structure factor amplitudes for the re¯ection h,

applied to the working (Rcryst) and test (Rfree) sets, respectively.
f Non-hydrogen atoms, only.
g rmsd: root-mean-square deviation from mean.
A binary complex of the Endo-F1 glycosidase treated sNEP at 20 mg/ml and the inhibitor phoshoramidon at a concentration of

1 mM was formed. Crystals of the inhibited protein complex were obtained by vapor diffusion with 25 % PEG 3350, 200 mM ammo-
nium sulfate 100 mM bis-Tris at pH 7.5 as the precipitating agent. Crystals belong to the trigonal space group P3221 with one mole-
cule in the asymmetric unit. All crystals were ¯ash frozen in a cryoprotectant solution corresponding to the reservoir condition
containing 30 % (v/v) glycerol and measured at 120 K. All data sets, except Native-2, were measured with CuKa radiation provided
from a NONIUS FR591 rotating anode generator equipped with an OSMIC mirror system, recorded on a MAR-Research image
plate area detector and evaluated with the XDS software (Kabsch, 1988). The Native-2 data set, used for re®nement, was collected at
the Swiss-Norwegian beam line (SNBL) at the European Synchrotron Radiation Facility (ESRF, Grenoble) on a MAR image plate at
0.86633 AÊ . Data were processed and scaled with DENZO and SCALEPACK (Otwinowski, 1993). All data sets were further analyzed
with the CCP4 program suite (CCP4, 1994). A EuCl3 derivative was solved from the isomorphous amplitude differences relative to
Native-1 using the program SHELXS-97 (Sheldrick et al., 1993). Three sites were identi®ed and initial phases obtained from the iso-
morphous and anomalous differences of this derivative were used to solve a mercury and a uranyl derivative by difference Fourier
methods. All heavy atom re®nement and phasing was performed with the program SHARP (de La Fortelle & Bricogne, 1997). The
initial SHARP electron density was modi®ed and further improved with the program SOLOMON by applying iterative rounds of
solvent-¯ipping and a ®nal cycle of solvent-¯attening using a solvent content of 56 % (Abrahams & Leslie, 1996). This lead to a trace-
able electron density for about 90 % of the structure at 2.5 AÊ resolution. Model building was performed with the in-house graphics
program MOLOC, stereochemically restrained positional and temperature-factor re®nement was done with CNS 0.5 against the
amplitude based maximum likelihood target ``MLF1``, using parameters for ideal stereochemistry as described by Engh & Huber
and a bulk solvent correction (BruÈ nger et al., 1998; Engh & Huber, 1991; Gerber, 1992; Jiang & BruÈ nger, 1994; Kostrewa, 1997). Itera-
tive rounds of model building and re®nement lead to a model (lacking the N-terminal two residues D52 and D53) with excellent
stereochemistry as examined by PROCHECK and converged to an R-factor of 0.194 using all data in the resolution range between
20.0 and 2.1 AÊ (42,045 re¯ections) with an Rfree of 0.242 (2210 re¯ections) (BruÈ nger, 1992; Laskowski et al., 1993). All residues fall
within the allowed regions of the Ramachandran Plot, with the exception of L199, which has a clearly de®ned backbone conforma-
tion. All Figures were generated with the programs MOLSCRIPT, RASTER3D, or GRASP (Kraulis, 1991; Merrit & Bacon, 1997;
Nicholls & Honig, 1992).

Neutral Endopeptidase-Phosphoramidon Complex 345

               

Page 62 of 69



atom of the tetrahedral N-phosphoryl moiety of
the inhibitor (O2) with an inter-atomic distance
of 2.73 AÊ and is in position to be involved in
catalysis by polarizing the attacking water mol-
ecule (Devault et al., 1988a). The side-chain of
R717 participates in a salt bridge with D650 and
plays a role in substrate hydrolysis and inhibitor
binding (Marie-Claire et al., 1997). It interacts
with the inhibitor by forming a hydrogen bond
with the carbonyl oxygen atom of the L-leucyl
residue in the P1

0 position. Additionally, the car-
bonyl oxygen atom of A543 is hydrogen bonded
with the peptide amide group of the P1

0 residue
of phosphoramidon. The side-chain of N542
forms two hydrogen bonds with the NH and
CO groups of the P2

0 residue of the inhibitor
with hydrogen-bonding distances of 3.27 AÊ and
3.20 AÊ , respectively, and thus plays an analogous
role to that of N112 in TLN (Dion et al., 1995).
The indole NH of the L-tryptophan residue is
hydrogen bonded to the main-chain carbonyl
group of V541 (2.83 AÊ ).

The rhamnose moiety of the P1 residue of the
inhibitor is mainly exposed to solvent, leaving
80 % of the surface of phosphoramidon in direct

contact with the enzyme (Figure 5). This re¯ects
the minor stabilizing role of the S1 subsite
expected by the slight increase in af®nity of
inhibitors with a P1 side-chain (Gaucher et al.,
1999; Ksander et al., 1997a,b). The absence of a
stringent speci®city for the S1 subsite is in con-
trast to that observed for the binding site of the
P1
0 residue. The S1

0 subsite of sNEP forms a
large hydrophobic pocket that interacts preferen-
tially with aromatic or large hydrophobic moi-
eties (Tiraboschi et al., 1999). It is formed by the
side-chains of F106, I558, F563, M579, V580,
V692 and W693. This subsite has a volume of
approximately 220 A3 and is only partially ®lled
by the L-leucyl side-chain of the inhibitor. The
indole moiety of the P2

0 residue of the inhibitor
is in van der Waals contact to the side-chain of
F106. The S2

0 subsite is large and extends to the
solvent across the linker helix A3 towards the
side-chains of R102, D107 and R110. This con-
®rms the observation that the S2

0 subsite of
sNEP has reduced speci®city and can accommo-
date bulky side-chains. None of these charged
residues is involved in inhibitor binding. More-
over, the guanidinium group of both arginine
residues is disordered in the otherwise well-
de®ned active site. This is consistent with the
role of R102 in substrate binding believed to be
dependent on the geometry and the nature of
the P2

0 residue (Kim et al., 1992). Interestingly,
no residue of domain 2 is involved in inhibitor
binding or subsite formation.

This is, to our knowledge, the ®rst three-
dimensional structure of a member of this phar-
macologically important family of proteins.
Among the wide range of biologically active
peptide substrates for NEP, the enkephalins and
the atrial natriuretic peptide have assumed great-
est signi®cance. They re¯ect the important role
of this membrane peptidase in the modulation of
nociceptive and pressor responses which has
stimulated considerable interest in inhibitors of
this enzyme to treat a variety of disease states
including acute pain and hypertension. In the
background of this rich biological context further
understanding of NEP is poised to bene®t from
this structural study. The information provided
by the three-dimensional structure presents an
attractive challenge to increase the potency and
selectivity of known inhibitor classes through
docking studies. Moreover, this structure pro-
vides a tool for further characterization of other
members of the neprilysin subfamily, such as
ECE.

Protein Data Bank accession numbers

The NEP coordinates have been deposited in the
RCSB Protein Data Bank (PDB code 1DMT).

Figure 4. Ribbon plot of sNEP depicting the volume
of the active site cavity.

346 Neutral Endopeptidase-Phosphoramidon Complex

Page 63 of 69



Acknowledgments

The authors thank Brigitte D'Arcy and Chantana
Yuvaniyama for excellent technical assistance, Beat Wipf
for carrying out fermentation experiments and Denise
Blum for activity tests. We also thank Neera Borkakoti
and Dave Banner for critically reading the manuscript,
and Johannes Aebi for continual support.

References

Abassi, Z. A., Tate, J. E., Golombe, E. & Keiser, H. R.
(1992). Role of neutral endopeptidase in the metab-
olism of endothelin. Hypertension, 20, 89-95.

Abrahams, J. P. & Leslie, A. G. W. (1996). Methods used
in the structure determination of bovine mitochon-
drial F1 ATPase. Acta. Crystallog. sect. A, 52, 30-42.

Benchetrit, T., Fournie-Zaluski, M. C. & Roques, B. P.
(1987). Relationship between the inhibitory poten-
cies of thiorphan and retrothiorphan enantiomers
on thermolysin and neutral endopeptidase 24.11
and their interactions with the thermolysin active
site by computer modelling. Biochem. Biophys. Res.
Commun. 147, 1034-1040.

Benchetrit, T., Bissery, V., Mornon, J. P., Devault, A.,
Crine, P. & Roques, B. P. (1988). Primary structure
homologies between two Zn-metallopeptidases, the
neutral endopeptidase 24.11 ``enkephalinase'' and
the thermolysin through clustering. Biochemistry, 27,
592-597.

BruÈ nger, A. T. (1992). Free R-value: a novel statistical
quantity for assessing the accuracy of crystal struc-
tures. Nature, 355, 472-475.

BruÈ nger, A. T., Adams, P. D., Clore, G. M., DeLano,
W. L., Gros, P., Grosse-Kunsteleve, R. W., Jiang,
J. S., Kuszewski, J., Nilges, M., Pannu, N. S., Read,
R. J., Rice, L. M., Simonson, T. & Warren, G. L.
(1998). Crystallography & NMR system: a new soft-
ware suite for macromolecular structure determi-
nation. Acta Crystallog. sect. D, 54, 5.

Burnett, J. C. (1999). Vasopeptidase inhibition: a new
concept in blood pressure management. J. Hypertens.
17, s37-43.

Chen, H., Noble, F., Coric, P., Fournie-Zaluski, M.-C. &
Roques, B. P. (1998). Aminophosphinic inhibitors as
transition state analogues of enkephalin-degrading
enzymes: a class of central analgesics. Proc. Natl
Acad. Sci. USA, 95, 12028-12033.

Figure 5. Inhibitor binding to the
active site of human sNEP.
(a) Stereo view of the active site
inhibited by phosphoramidon,
green. Hydrogen bonds and ionic
interactions are indicated by broken
lines, a-helices are shown as cylin-
ders, b-strands are represented by
arrows: catalytic domain, violet; the
smaller domain 2, blue; the three
interdomain linker fragments, cyan.
The zinc ion is shown in yellow.
(b) Molecular surface of the phos-
phoramidon recognition site
colored by electrostatic potential:
positive, blue; negative, red.

Neutral Endopeptidase-Phosphoramidon Complex 347

Page 64 of 69



Collaborative Computational Project No. 4 (1994). The
CCP4 suite: programs for protein crystallography.
Acta Crystallog. sect. D, 50, 760-763.

de La Fortelle, E. & Bricogne, G. (1997). Maximum likeli-
hood heavy-atom parameter re®nement for multiple
isomorphous replacement and multiwavelength
anomolous diffraction. Methods Enzymol. 276, 472-
494.

Devault, A., Lazure, C., Nault, C., LeMoual, H., Seidah,
N. G., Chretien, M., Kahn, P., Powell, J., Mallet, J.,
Beaumont, A., Roques, B. P., Crine, P. & Boileau, C.
(1987). Amino acid sequence of rabbit kidney neu-
tral endopeptidase 24. 11 (enkephalinase) deduced
from complementary DNA. EMBO J. 6, 1317-1322.

Devault, A., Nault, C., Zollinger, M., Fournie-Zaluska,
M.-C., Roques, B. P., Crine, P. & Boileau, G.
(1988a). Expression of neutral endopeptidase (enke-
phalinase) in heterologous COS-1 cells. J. Biol. Chem.
263, 4033-4040.

Devault, A., Sales, N., Nault, C., Beaumont, A., Roques,
B. P., Crine, P. & Boileau, G. (1988b). Exploration of
the catalytic site of endopeptidase 24.11 by site-
directed mutagenesis. Histidine residues 583 and
587 are essential for catalysis. FEBS Letters, 231, 54-
58.

Dion, N., Le, Moual H., Crine, P. & Boileau, G. (1993).
Kinetic evidence that His-711 of neutral endopepti-
dase 24.11 is involved in stabilization of transition
state. FEBS Letters, 318, 301-304.

Dion, N., Le, Moual H., Fournie-Zaluski, M.-C., Roques,
B. P., Crine, P. & Boileau, G. (1995). Evidence that
Asn542 of neprilysin (EC 3.4.24.11) is involved in
binding of the P20 residue of substrate. Biochem. J.
311, 623-627.

Emoto, N. & Yanagisawa, M. (1995). Endothelin-convert-
ing enzyme-2 is a membrane bound, phosphorami-
don-sensitive metalloprotease with acidic pH
optimum. J. Biol. Chem. 270, 15262-15268.

Engh, R. & Huber, R. (1991). Accurate bond and angle
parameters for X-ray protein re®nement. Acta Crys-
tallog. sect. A, 47, 961-963.

Erdos, E. G. & Skidgel, R. A. (1989). Neutral endopepti-
dase 24.11 (enkephalinase) and related regulators of
peptide hormones. FASEB J. 3, 145-151.

Fulcher, I. S., Matsas, R., Turner, A. J. & Kenny, A. J.
(1982). Kidney neutral endopeptidase and the
hydrolysis of enkephalin by synaptic membranes
show similar sensitivity to inhibitors. Biochem. J.
203, 519-522.

Gaucher, J. F., Selkti, M., Tiraboschi, G., Prange, T.,
Roques, B. P., Tomas, A. & Fournie-Zaluski, M. C.
(1999). Crystal structures of a-Mercaptoacyldipep-
tides in the thermolysin active site: structural par-
ameters for a Zn monodentation or bidentation in
metallopeptidases. Biochemistry, 38, 12569-12576.

Gerber, P. (1992). Peptide mechanics: a force ®eld for
peptides and proteins working with entire residues
as small units. Biopolymers, 32, 1003-1017.

Hersh, L. B. & Morihara, K. (1986). Comparison of sub-
site speci®city of the mammalian neutral endopepti-
dase 24.11 (enkephalinase) to the bacterial neutral
endopeptidase thermolysin. J. Biol. Chem. 261, 6433-
6437.

Hoang, M. V., Sansom, C. E. & Turner, A. J. (1997).
Mutagenesis of Glu403 to Cys in rabbit neutral
endopeptidase-24.11 (neprilysin) creates a disul-
phide-linked homodimer: analogy with endothelin-
converting enzyme. Biochem. J. 327, 925-929.

Jiang, J. S. & BruÈ nger, A. T. (1994). Protein hydration
observed by X-ray diffraction. Solvation properties
of penicillopepsin and neuraminidase crystal struc-
tures. J. Mol. Biol. 243, 100-115.

Kabsch, W. (1988). Evaluation of single crystal X-ray dif-
fraction data from a position sensitive detector.
J. Appl. Crystallog. 21, 916-924.

Kenny, A. J. & Stephanson, S. L. (1988). Role of endo-
peptidase-24.11 in the inactivation of atrial natriure-
tic peptide. FEBS Letters, 232, 1-8.

Kerr, M. A. & Kenny, A. J. (1974). The puri®cation and
specici®ty of a neutral endopeptidase from rabbit
kidney brush border. Biochem. J. 137, 477-488.

Kim, Y. A., Shriver, B., Quay, T. & Hersh, L. B. (1992).
Analysis of the importance of arginine 102 in neu-
tral endopeptidase (enkephalinase) catalysis. J. Biol.
Chem. 267, 12330-12335.

Kostrewa, D. (1997). Bulk solvent correction: practicle
application and effects in real and reciprocal space.
Joint CCP4 ESF-EACBM Newsletter Protein Crystallog.
34, 9-22.

Kraulis, P. J. (1991). MOLSCRIPT: a program to produce
both detailed and schematic plots of protein struc-
tures. J. Appl. Crystallog. 26, 946-950.

Ksander, G. M., de Jesus, R., Yuan, A., Ghai, R. D.,
Trapani, A., McMartin, C. & Bohacek, R. (1997a).
Ortho-substituted benzofused macrocyclic lactams
as zinc metalloprotease inhibitors. J. Med. Chem. 40,
495-505.

Ksander, G. M., Ksander, G. M., de Jesus, R., Yuan, A.,
Ghai, R. D., Trapani, A., McMartin, C. & Bohacek,
R. (1997b). Meta-substituted benzofused macrocyclic
lactams as zinc metalloprotease inhibitors. J. Med.
Chem. 40, 506-514.

Le, Moual H., Devault, A., Roques, B. P., Crine, P. &
Boileau, G. (1991). Identi®cation of glutamic acid
646 as a zinc-coordinating residue in endopepti-
dase-24.11. J. Biol. Chem. 266, 15670-15674.

Le, Moual H., Dion, N., Roques, B. P., Crine, P. &
Boileau, G. (1994). Asp650 is crucial for catalytic
activity of neutral endopeptidase 24-11. Eur. J. Bio-
chem. 221, 475-480.

Laskowski, R. A., MacArthur, M. W., Moss, D. S. &
Thorton, J. M. (1993). PROCHECK: a program to
check the stereochemical quality of protein struc-
tures. J. Appl. Crystallog. 26, 283-291.

Lee, S., Zambas, E. D., Marsh, W. L. & Redman, C. M.
(1991). Molecular cloning and primary structure of
KELL blood group protein. Proc. Natl Acad. Sci.
USA, 88, 6353-6357.

Malfroy, B., Scho®eld, P. R., Kuang, W. J., Seeburg,
P. H., Mason, A. J. & Henzel, W. J. (1987). Mol-
ecular cloning and amino acid sequence of rat
enkephalinase. Biochem. Biophys. Res. Commun. 144,
59-66.

Malfroy, B., Kuang, W.-J., Seeburg, P. H., Mason, A. J. &
Scho®eld, P. R. (1988). Molecular cloning and
amino acid sequence of human enkephalinase (neu-
tral endopeptidase). FEBS Letters, 229, 206-210.

Marie-Claire, C., Ruffet, E., Antonczak, S., Beaumont,
A., O'Donohue, M., Roques, B. P. & Fournie-
Zaluski, M.-C. (1997). Evidence by site-directed
mutagenesis that arginine 203 of thermolysin and
arginine 717 of neprilysin (neutral endopeptidase)
play equivalent critical roles in substrate hydrolysis
and inhibitor binding. Biochemistry, 36, 13938-13945.

Matthews, B. (1988). Structural basis of the action of
thermolysin and related zinc peptidases. Acc. Chem.
Res. 21, 333-340.

348 Neutral Endopeptidase-Phosphoramidon Complex

Page 65 of 69



Merrit, E. A. & Bacon, D. J. (1997). Raster3D: photo-
realistic molecular graphics. Methods Enzymol. 277,
505-524.

Nicholls, A. & Honig, B. (1992). GRASP: Graphical Rep-
resentation and Analysis of Surface Properties, Colum-
bia University, New York.

Otwinowski, Z. (1993). Oscillation data reduction pro-
gram. In Proceedings of the CCP4 Study Weekend:
Data Collection and Processing (Wawyey, L., Isaacs,
N. & Bailey, S., eds), pp. 56-62, SERC Daresbury
Laboratory, Daresbury.

Pham, I., El Amrani, A. I. K., Fourne-Zaluski, M. C.,
Corvol, P., Roques, B. P. & Michel, J. B. (1993).
Effects of converting enzyme inhibitor and neutral
endopeptidase inhibitor in experimental hyperten-
sion. J. Pharmacol. Exp. Ther. 265, 1339-1347.

Robl, J. A., Sun, C.-Q., Stevenson, J., Ryono, D. E.,
Simpkins, L. M., Cimarusti, M. P., Dejneka, T.,
Slusarchyk, W. A., Chao, S., Stratton, L., Misra,
R. N., Bednarz, M. S., Asaad, M. M., Cheung, H. S.
& Abboa-Offei, B. E., et al. (1997). Dual metallopro-
tease inhibitors: mercaptoacetyl-based heterocyclic
dipeptide mimetics as inhibitors of angiotensin-con-
verting enzyme and neutral endopeptidase. J. Med.
Chem. 40, 1570-1577.

Robl, J. A., Sulsky, R., Sieber-McMaster, E., Ryono, D. E.,
Cimarusti, M. P., Simpkins, L. M., Karanewsky,
D. S., Chao, S., Asaad, M. M., Seymour, A. A., Fox,
M., Smith, P. L. & Trippodo, N. C. (1999). Vasopep-
tidase inhibitors: incorporation of geminal and
spirocyclic substituted azepinones in mercaptoacyl
dipeptides. J. Med. Chem. 42, 305-311.

Roques, B. P. & Beaumont, A. (1990). Neutral endopepti-
dase-24.11 inhibitors: from analgesics to antihyper-
tensives? Trends Pharmacol. Sci. 11, 245-249.

Roques, B. P., Fournie-Zaluski, M. C., Soroca, E.,
Lacomte, J. M., Malfroy, B., Llorens, C. & Schwartz,

J. C. (1980). The enkephalinase inhibitor thiorphan
shows antiociceptive activity in mice. Nature, 288,
286-288.

Roques, R. P., Noble, F., Dauge, V., Fournie-Zaluski, M.-
C. & Beaumont, A. (1993). Neutral endopeptidase
24.11: Structure, inhibition, and experimental and
clinical pharmacology. Pharmacol. Rev. 45, 87-146.

Sansom, C., Hoang, M. V. & Turner, A. J. (1998). Mol-
ecular modelling and site-directed mutagenesis of
the active site of endothelin-converting enzyme.
Protein Eng. 11, 1235-1241.

Sheldrick, G. M., Dauter, Z., Wilson, K. S., Hope, H. &
Seiker, L. C. (1993). The application of direct
methods and Patterson interpretation to high-resol-
ution native protein data. Acta Crystallog. sect. D,
49, 18-23.

Shimada, K., Takahashi, M. & Tanzawa, K. (1994). Clon-
ing and functional expression of endothelin-convert-
ing enzyme from rat endothelial cells. J. Biol. Chem.
269, 18275-18278.

Tews, I., Perrakis, A., Oppenheim, A., Dauter, Z.,
Wilson, K. S. & Vorgias, C. E. (1996). Bacterial
chitobiase structure provides insight into catalytic
mechanism and basis of Tay-Sachs disease. Nature
Struct. Biol. 3, 638-641.

The HYP Consortium (1995). A gene PEX with hom-
ologies to endopeptidases is mutated in patients
with X-linked hypophosphatemic rickets. Nature
Genet. 11, 130-136.

Tiraboschi, G., Jullian, N., Thery, V., Antonczak, S.,
Fournie-Zaluski, M.-C. & Roques, B. P. (1999). A
three-dimensional construction of the active site
(region 507-749) of human neutral endopeptidase
(EC.3.4.24.11). Protein Eng. 12, 141-149.

Turner, A. J. & Tanzawa, K. (1997). Mammalian mem-
brane metallopeptidases: NEP, ECE, KELL, and
PEX. FASEB J. 11, 355-364.

Edited by R. Huber

(Received 4 November 1999; received in revised form 17 December 1999; accepted 17 December 1999)

Neutral Endopeptidase-Phosphoramidon Complex 349

Page 66 of 69



 
Exhibit 31 

Redacted in its Entirety 

Page 67 of 69



CERTAIN DRUG PRODUCTS 
CONTAINING C-TYPE NATRIURETIC 
PEPTIDE VARIANTS, AND 
COMPONENTS THEREOF 

Inv. No. 337-TA-1447 

 

 
 

CERTIFICATE OF SERVICE 
  

I, hereby certify that on this day, February 5, 2026 a true and correct copy of the 

foregoing PUBLIC VERSION OF RESPONDENTS’ REPLY CLAIM CONSTRUCTION 
BRIEF was filed and served upon the following as indicated: 

 
The Honorable Lisa R. Barton  
Secretary to the Commission 
U.S. International Trade Commission 
500 E Street, S.W., Room 112 
Washington, DC 20436 

 
 Via EDIS 
 Via Hand Delivery 
 Via First Class Mail 
 Via Electronic Mail 
 Via Overnight Courier 

 
 
The Honorable Clark S. Cheney 
Chief Administrative Law Judge 
U.S. International Trade Commission 
500 E Street, S.W., Room 112 
Washington, DC 20436 
Cheney1447@usitc.gov 
 

 
 Via Hand Delivery 
 Via First Class Mail 
 Via Electronic Mail 
 Via Box 

 

 
Jennifer Dienes, Esq. 
Office of Unfair Import Investigations 
U.S. International Trade Commission 
500 E Street, S.W., Room 112 
Washington, DC 20436 
jennifer.dienes@usitc.gov 
anne.goalwin@usitc.gov 
 

 
 Via Hand Delivery 
 Via First Class Mail 
 Via Electronic Mail 
 Via Box 

 

 
Kecia J. Reynolds  
PAUL HASTINGS LLP  
2050 M Street NW  
Washington, DC 20036  
Tel: 202-551-1700  
PH-BioMarin-ITC@paulhastings.com 
 
Counsel for Complainant BioMarin 
Pharmaceutical Inc.  
 

 
 Via Hand Delivery 
 Via First Class Mail 
 Via Electronic Mail 
 Via Overnight Courier 

 

Page 68 of 69



 

 - 2 - 
 
 

 
Mareesa A. Frederick 
FINNEGAN, HENDERSON, FARABOW 
GARRETT & DUNNER, LLP 
901 New York Avenue, N.W. 
Washington, D.C. 20001 
Tel: 202-408-4383 
FH-BioMarin-Wacker-ITC@finnegan.com 
 
Counsel for Respondent Wacker Biotech GmbH 
 

 
 Via Hand Delivery 
 Via First Class Mail 
 Via Electronic Mail 
 Via Overnight Courier 

 

 
Michael T. Renaud 
MINTZ LEVIN COHN FERRIS 
GLOVSKY AND POPEO PC 
One Financial Center 
Boston, MA 02111 
Tel: (617) 542-6000 
Bachem-ITC@mintz.com 
 
Counsel for Respondent Bachem AG 
 

 
 Via Hand Delivery 
 Via First Class Mail 
 Via Electronic Mail 
 Via Overnight Courier 

 

 
        /s/ Russell W. Warnick  
        Russell W. Warnick   
        Litigation Paralegal 
 

Page 69 of 69




