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ABSTRACT. Intermolecular main chain H-bonding networks are frequently encountered at the interface of
complexes of protein proteinase inhibitors and their cognate enzymes. Studies of X-ray crystal structures
of many protein inhibitors complexed with serine proteinases have revealed that the amide NH group of
the P1 residue in the inhibitor donates an H-bond to the carbom® @roup of Set4and Set®> O in

the enzyme (Sé#® and Set?! in subtilisins, respectively). To probe the energetic contribution of this
backbone H-bond in the complexes of OMTKY3 with several serine proteinases, native chemical ligation
was used for the total synthesis of a backbone-engineered analog of OMTKY3, in which the amide peptide
bond between TAf (P2) and Letf (P1) was replaced by an ester bond, FeGONH— to —COO~-. This
chemical “mutation” effectively eliminated the backbone H-bond donated by the NH group 5t LBy
measuring association equilibrium constants for synthetic wild-type OMTKY3 and the backbone-engineered
ester analog interacting with a panel of six serine proteinases, we have determined that the-PO NH
substitution weakens the binding of OMTKY3 to its cognate enzymes by an average of 15-fold, i.e., 1.5
+ 0.3 kcal/mol. These results place a quantitative value on the contribution of the intermolecular backbone
H-bond in enzyme-inhibitor recognition.

H-bonding has long been the subject of debate with regard means necessary to directly address their role.
to its precise role in protein folding and protein stability as  Site-directed mutagenesis is commonly used for studying
well as in protein recognition (Kauzmann, 1959; Dill, 1990; side chain H-bonding in proteins (Fersht et al., 1985; Alber
Honig & Yang, 1995; Myers & Pace, 1996). Despite et al., 1987; Shirley et al., 1992). However, removal of a
tremendous progress made in the past decade, the energetisackbone H-bond can only be achieved by proline substitu-
significance of H-bonds in proteins continues to remain tion. Such mutation invariably causes additional structural
poorly understood largely due to the complexity resulting perturbation, which can complicate the subsequent assess-
from entropic and enthalpic contributions to the H-bond ment of the free energy change associated with removal of
formation (Fersht, 1987; Dill, 1990; Connelly et al., 1994). the backbone H-bond. A recently developed technique of

The vast majority of H-bonds in proteins are formed in vitro translation (Mendel et al., 1995) allows many
between the backbone amide NH group (as a donor) andnoncoded amino acids to be incorporated into proteins and
the backbone carbonyl=€0 group (as an acceptor) (Pauling therefore holds great promise for protein backbone engineer-
et al., 1951; Baker & Hubbard, 1984; Stickle et al., 1992). ing. Even so, systematic removal of backbone H-bonds in
Not surprisingly, backbonebackbone H-bonding networks ~ proteins still remains a challenging task.
are often observed at the interface of protein complexes and Total chemical synthesis (Muir & Kent, 1993) possesses
are believed to be important in determining the specificity a unigue ability and versatility in incorporating into proteins
of protein recognition (Jencks, 1969; Fersht, 1985). Thus,
studying backboneH-bonding appears to be essential in 1 Abbreviations: OMTKY?3, turkey ovomucoid third domain; BPTI,
undefstanding the energetic c.on'tributior?s of H-bonds to g%innepg?gﬁ;e%tg:ngér;;g iglf;igti;%gCFFHEM,h%%/;n:f:glgggépigstase_
fgg;elt?]i?Iﬂ;%?giﬁ?ﬁﬂgﬁhnsIﬂfgicgl?gf}eggcgéhﬁtt|e SCARL, subtilisin Carlsberg; SGPAtreptomyces griseysoteinase

- : A; SGPB,S. griseugproteinase B; SPPS, solid-phase peptide synthesis;
attention, presumably because of the lack of the experimentalRP-HPLC, reversed-phase high-pressure liquid chromatography; ESI-
MS, electrospray ionization mass spectrometry; MALDI-MS, matrix-
assisted laser desorption ionization mass spectrometry; ok,
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to a few special positions in the protein. Recent advances
in chemical synthesis (Muir, 1995), particularly the develop-

ment of the native chemical ligation technique (Dawson et
al., 1994), have made possible direct incorporation of ester
bonds into proteins by total chemical synthesis.

OMTKY3 (Figure 1) is a potent protein inhibitor of many
serine proteinases that have a neutral S1 specificity pocket
(Empie & Laskowski, 1982). Systematic site-directed mu-
tagenesis studies at the P1 position of OMTKY3 (Lu et al.,
1996a) have revealed that proline is the most deleterious
residue at the P1 position of OMTKY3 for most of the

) ) ] enzymes studied. In contrast, the introduction of a P1 residue
Ficure 1: Amino acid sequence of {66)OMTKY3. The residues

in black are involved in direct contact with cognate enzymes. The with an aliphatic side chain of similar size to Pro, namely,

arrow indicates the reactive site scissile peptide bond; the shaded--¢-@minopentanoic acid (Ape) (Bigler et al., 1993),
residues Letf—Cy< represent the site for native chemical ligation. enhancedthe binding by an average of8 kcal/mol

In this work, the P1 residue Létwas replaced by-leucic acid to compared with the P1 Pro (Lu et al., 1996a). One obvious
incorporate an ester bond between Tkand Leu®. consequence of introducing proline at P1 is deletion of a

unnatural amino acids and a variety of other novel structural H-bond donated by the amide NH group of the P1 residue

and functional modifications in both side chains and the getlgg (')r;r:'nb'tfé ;?]Zth;gaz::bioﬂgg %O ?‘L?;?ﬁﬂoﬁfﬁaingeen
backbone of the polypeptide. Introduction of N-alkylated tound 1o be hiahl y 9 di ’ t seri tei
amino acids is a straightforward way of removing backbone ounc 1o be nighly CONServed in Most Serine proteirase
H-bonds in synthetic proteins (Rajarathnam et al., 1994). prote!n inhibitor complexesf crystaliized (Read & James,
However, due to the fact that extra alkyl groups can 1986; Bode & Huber, 1992; Huang et al., 1995).
sometimes cause unnecessary structural and thermodynamic How important energetically is this particular backbone
perturbation, a better approach would be to replace theH-bond? Itis unreasonable to assume thattBekcal/mol
peptide amide by an ester, i.e:CONH— to —COO-. Ester from the P1 Pro—~ Ape substitution is entirely due to deletion
bonds were routinely incorporated into small peptides (Arad of the backbone H-bond. In order to address this issue, we
& Goodman, 1990) and enzyme substrates (Bramson et al.have applied the native chemical ligation method to the
1985; Thomas et al., 1987). Nonetheless, reports on esteisynthesis of a backbone-modified analog of OMTKY3,
bond analogs of proteins made by total chemical synthesiswhere the amide peptide bond between!T(#2) and Letf

are extremely scarce in the literature. In one case, semi-(P1) was replaced by an ester bond, i.eCONH- to
synthesis was used to replace a peptide bond in bovine—COO-. Here we report the total chemical synthesis of
pancreatic trypsin inhibitor (BPT)y an ester bond; binding  (6—56)Th(COO)LedSOMTKY3 and the results of ther-
of the resultant BPTI analog to trypsin was reduced by 25- modynamic studies of the ester-containing inhibitor interact-
fold, i.e., 1.9 kcal/mol (Groeger et al., 1994). However, ing with a panel of six serine proteinases: bovieehy-
backbone engineering by semisynthesis is generally limited motrypsin (CHYM); subtilisin Carlsberg (SCARL); human

“J SER1o5s . SER214

Ficure 2: Close-up view of the intermolecular backbone H-bonding at the interface of CHYM-OMTKY3 (Fujinaga et al., 1987). The

residues of the inhibitor (P3P2, in Schechter and Berger notation) and of the enzyme (in chymotrypsinogen numbering) are depicted in
green and in pink, respectively. The main chain N atoms are in blue and the carbonyl O atoms are in red. The backbone H-bond donated

by the P1 NH group in the inhibitor to S&t O and Se¥® Or in the enzyme is highlighted in the box.
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leukocyte elastase (HLE); porcine pancreatic elastase (PPE); AM-S@  stepwise SPPS AA-@
Streptomyces griseuproteinases A and B (SGPA and | (0.2 mmol) \
SGPB). AAz —AA-S-@ LYISRVYIE |
EXPERIMENTAL PROCEDURES 6 ; 24 N 56
233_‘

Materials. Boc-+-amino acids and HBTU were purchased 1 Cleavage in HF
from Novabiochem; Boc-Cys-(4-GBzl)OCH,-PAM-resin l 2 Reacﬁ,?g wi BILBr l ! glegfvag:_e e
and DIEA were obtained from Applied Biosystems. Ami- 3. Purification by HPLC reaton By

nomethyl-resin was prepared in this laboratory by Dr. Lynne N

Canne according to published procedures (Mitchell et al., w_@@ \-/\/
1978). L-leucic acid [§)-2-hydroxyisocaproic acid], benzyl 0.03 mmol) US (0.03 mmol)
bromide, benzyl mercaptan, and thiophenol were purchased o

from Aldrich Chemical Co. CHYM was purchased from ch:em'ca' igation

Worthington Biochemical Co.; HLE was purchased from Q
Elastin Products Co., Inc.; PPE was a generous gift from \_/\—C\,\ >\_/\_/

the late Dr. M. Laskowski, Sr.; SCARL was obtained from S

Sigma Chemical Co. SGPA and SGPB were purified from } Purification by HPLC

Pronase (Sigma). All of the chromogenic substrates were ¢

purchased from Bachem Bioscience Inc. Wﬁ
Methods. Methylchymotrypsin was prepared according { Folding & Oxidation

to Ryan and Feeney (1975) and was coupled to CNBr- | Affinity Purification

activated Sepharose 4B (Pharmacia) according to the cou-
pling procedures provided by the manufacturer. Analytical
RP-HPLC was performed on an Applied Biosystems 140B
solvent delivery system equipped with an HewAd®ackard
Series 1050 detector, using a Vydac C18 narrow-bore column
(5um, 2.1x 150 mm). Preparative RP-HPLC was carried
out on a Waters Delta Prep 4000 system using a Vydac C18
column (15-20 um, 50 x 250 mm). Solvent A for HPLC
was water containing 0.1% TFA; solvent B was 90% ACN
containing 0.09% TFA. Analytical cation-exchange chro-
matography was performed on a Pharmacia FPLC system Z

using a Mono-S HR5/5 column. Buffer A was 50 MM Fgure 3: Strategies for the total synthesis of—B6)Thi’-
NaOAc, pH 5.0; buffer B was buffer A ptul M NaCl. Mass (COO)Led®OMTKY3.

spectrometry analysis was carried out on a PE Sc_lex API- protection was used: Arg(tosyl): Asn(xanthyl); Asp(OcHxI):
Il quadrupole ESI mass spectrometer and a C'pherge”Cys(4Mele); Glu(OcHxl); His(DNP); Lys(2CIZ); Ser(Bz);
prototype MALDI mass spectrometer. . Thr(Bzl); Tyr(Brz). Boc-amino acids (2.2 mmol) were
Thermal denaturation studies were carried out in 50 MM gctivated by HBTU in the presence of DIEA and were
KOAc, pH 4.3, on a PerkinElmer LS50 spectrofluorometer  coupled onto 0.2 mmol of preloaded Boc-Cys-(4-8k)-
equipped with an automated temperature control unit. ocH,-PAM-resin. TFA (100%) was used for removal of
Fluorescence change induced by the rupture of thé“Fyr  Ne.Boc groups; DMF was used for flow washes throughout
Asp?’ H-bond in OMTKY3 upon heating was monitored at  the entire synthesis. Coupling yields were quantitated by
an excitation wavelength of 275 nm and an emission pinhydrin assay for residual free amine (Sarin et al., 1981).
wavelength of 305 nm, with constant stirring of about 100 after the chain assembly was complete, crude peptides were
#g sample in a 3-mL stoppered cuvette. Heating, integrating, geprotected and cleaved from the resin by treatment with
data sampling, and processing were fully automated. Melting gnhydrous HF in the presence of 58cresolp-thiocresol
temperaturesT(,) were obtained by nonlinear least squares (1:1) for 1 h at 0°C. Following the purification on
analysis using Enzfitter with an accuracy-61 °C, and data  preparative C18 RP-HPLC by running a gradient of-25
were then normalized on the basis of fraction of denaturation. 4094 B over 60 min at 30 mL/min, the fractions of correct
The inhibitor-enzyme association equilibrium constants mass were pooled and lyophilized. The molecular weight
were measured on a Hewlett-Packard HP8450A spectrophowas ascertained by ESI-MS (observed mass 3533@&6
tometer by a modified version of the Green and Work method Da; calculated 3512.9 Da, average isotope composition). The
(Green & Work, 1953; Empie & Laskowski, 1982). The typical yield of the purified (24 56)OMTKY3 in the reduced
experiment was carried outat 212°C atpH 7.0in 0.1 M form was 0.05 mmol on a 0.2 mmol scale synthesis.
Bis-Tris buffer containing 0.02 M Cagénd 0.005% Triton Synthesis of (623)Th/(COO)Led8aCOSH. The thio-
X-100. For most enzymes, the dynamic rang&gfalues acid peptide (6-23)ThA’(COO)Led8oCOSH was also syn-
is from 1 to 10 with an accuracy of-20%. thesized manually (Figure 3) by stepwise SPPS methods
Synthesis of (2456)OMTKY3. (24—56)OMTKY3 was using the same protocol as used for Boc chemistry discussed
manually synthesized (Figure 3) in stepwise fashion using above. The synthesis was performed on 0.2 mmol of Boc-
the publishedn situ neutralization/HBTU activation protocol  Leu-(thioester linker)-aminomethyl-resin prepared according
for Boc chemistry (Schileer et al., 1992). All amino acids to Canne et al. (1995). The coupling of leucic acid and the
were of theL-configuration. The following side chain  following Boc-Thr was conducted using a modified version
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of HBOT/DIC and DMAP/DIC chemistry (Bramson et al.,
1985). Excess-leucic acid (2.2 mmol) was coupled to the A. t=7 hr
growing peptide chain in DMF/DCM (1:1) in the presence (24-56)OMTKY3
of 2.2 mmol of DIC, 2.5 mmol of HOBT, and 0.8 mmol of
NEM. The reaction proceeded to completion in 30 min as
judged by standard ninhydrin assay. The coupling of Boc-
Thr (2.2 mmol) was carried out for 60 min in DMF/DCM
(2:1) in the presence of 2.2 mmol of DIC, 0.8 mmol of NEM,
and catalytic amount of DMAP (less than 0.04 mmol). These
reaction conditions were based on model studies (below).

Formation of an ester bond is slower than that of an amide jv
bond due to the fact that the hydroxyl group is less reactive | —m—————+r—++—+rrrr—r—++r+++++
as a nucleophile than is an amine. Conditions that favor |° Time (min) 80
esterification often cause racemization, which may become
progressively worse as the peptide chain grows on resin. In
the synthesis of the N-terminal segment-@8)Tht’(COO)-
LeuttolCOSH, the primary concerns were coupling efficiency
and possible racemization. To address these issues, a five- (24-56)OMTKY3
residue model peptide encompassing the reactive site of the
inhibitor, H-Cys-Thr-(COO)Leu-Glu-Tyr-OH, was made on
MBHA resin. The cleaved product was analyzed by analyti-
cal RP-HPLC and ESI-MS. Neither termination nor deletion  (6-23)0C08B2
products were detected, indicating that the esterification l “ f\
reaction was indeed highly efficient under the conditions | - —*—7—7 Y ~ 7 —————
used. In order to investigate possible racemization, racemic |0 Time (min) 30
leucic acid [&)-2-hydroxyisocaproic acid] was incorporated
into the model peptide, and the two resultant diastereomersE'eGuLisR;CgSB’\Z‘?t;vned ((lnggg)?g'Mq_g}gt(ign(f (;Drf d(gtgﬁgThsr;ZC&O()e—ri
(1:1) were separated to baseline on C18 RP-HPLC. By mental Procedures). The ligation reaction was monitor;ed by
comparison of the chromatograms, it was concluded that ipjecting 1,1 of aliquot onto a narrow-bore C18 RP-HPLC running
racemization in the synthesis of the model peptide usifjg (  a gradient of 26-55% B at a flow rate of 30QL/min over 24
L-leucic acid was not detecteck1%). min. The reaction went to completion in 36 h.

After the chain assembly was complete, peptides were . . I
deprotected and cleaved in HF containing 5% anisole for 1 Protein I_:oldmg and Pur|f|cat|on.(6—_56)Thr17(COO)LeL}8—
hat 0°C. The crude peptide was dissolved in 40% B HPLC QMTKYS in the reduced form was dissolved at 1.2 mg/mL
solvent and then lyophilized. The fully unprotected thioacid N 0-6 M Tris=HCI, 6 M GUHCI, and 6 mM EDTA, pH 7.5.
peptide, (6-23)ThA(COO)Led®aCOSH, was dissolved, at Protein refolding was initiated by a rapid 6-fold dilution with
6—7 mé/mL in 0.1 M acetate @6 M GuHCI pH 4.0 water. The solution was gently stirred in an open air
followed by the addition of benzyl bromide (4/mL). The ~ container fo 8 h before being loaded onto a methylchymo-
reaction was allowed to proceed with stirring for 30 min, trypsin—Sepharose affinity column equilibrated at pH 7.5.
and the reaction mixture was then loaded onto preparativeAft?; being washed with 0.2 M NaCl, active {66)-
C18 RP-HPLC (36-55% B over 60 min at 30 mL/min). The Thrt’(COO)Led®OMTKY3 was eluted with 0.01 M HCl and
resultant benzyl thioester peptide, «B3)Thi/(COO)- 0.2 M NaCl. The bound fraction was then desalted on a
Leu®aCOSBzI, was pooled and lyophilized (yield 0.03 mmol Se_pha_dex G-25 column and lyophilized for further charac-
on a 0.2 mmol scale synthesis). The observed mass of thel€rization.
product was 2191.% 0.4 Da (calculated monoisotopic mass ~ An ester bond, in general, is more susceptible than an
2190.0 Da; average isotopic mass 2191.4 Da). amide bond to attack by nucleophiles such as hydroxyl ion.

Native Chemical Ligation.The ligation of (6-23)Thi’- Therefore, the stability of the ester-containing protein in
(COO)Led®aCOSBzI and (2456)OMTKY3 was carried aqueous solution was a major concern. It was found that
out according to the principles described in Dawson et al. unfolded (6—56)Th(COO)Led®*OMTKY3, when sus-
(1994, 1996) and Lu et al. (1996b). In brief, equal molar pended in Tris buffer of pH 8.7, underwent rapid hydrolysis
amounts of (6-23)Th/(CO0)LedaCOSBzl and (24-56)- (t2 =~ 4 h), even though it was very stable at acidic pH. For
OMTKY3 were dissolved, at a total concentration of about this reason, protein refolding should, in principle, be
8 mg/mL, in 0.1 M phosphate buffer contaigié M GuHCI, performed at low pH so that hydrolysis can be kept at a
pH 7.5, to which 1% benzyl mercaptan and 3% thiophenol minimal level. However, low pH significantly slowed the
(v/v) had been added. The ligation reaction was allowed to refolding process presumably because of protonation of the
proceed to completion with stirring for 36 h (Figure 4) before sulfhydryl group of Cys. A compromise was reached at pH
being loaded onto preparative C18 RP-HPLC using 25% 7.5. Even so, after purification on a methylchymotrypsin
B over 60 min at 30 mL/min. The desired fractions were affinity column, the final yield (defined as the weight ratio
pooled and lyophilized for protein folding (yield 0.015 mmol of lyophilized active protein after purification and desalting
on a 0.2 mmol scale synthesis). It is worth noting that the to the starting unfolded form) of (656)Th’(COO)Leu®-
ester bond seemed to be very stable during the entire periodOMTKY3 was only about 15%. Nonetheless, the folded
of ligation at pH 7.5. ester-containing protein is fully active and stable at neutral

/ (6-23)aCOSBzI

-—— benzyl mercaptan

— thiophenol

B. t=24 hr ligation product
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A. Before Folding & Oxidation _é & 5) é é @
I hg
(5573.8+0.8 Da)
1 Base Hydrolysis
- P — o
.............................. TTTYT Y11 g
0 Time (min) 30 (5591.8+0.8 Da)
100 +4 = 5580.0 l Trypsin Digestion
z 75 ;
[} -:‘i 2
g 50 " : ~ £ 2 ;rl T * — 9
§ 5400 5500 ;%30 5700 5800 (3568.9 £1.3 Da) (951.0£0.5 Da)
5 257 47 P +3 l Chymotrypsin Digestion
S N L
750 1000 1250 15?20 1750 2000 2250 & & . & & .
(2043.7 0.5 Da) (770.6% 0.3 Da) (603.8+0.3 Da)
B. After Folding & Oxidation . L o L
FiGure 6: Strategies for the determination of disulfide pairing in
(6—56)ThE(COO)LedOMTKY3.
as was the case with both synthetic and recombinant wild-
type (6-56)OMTKY3 (Lu et al., 1996b), the ester OMTKY3
rn also showed a broad front-tailing peak on analytical C18 RP-
o " Time(mn 20 HPLC (data not shown). However, the corresponding
100 “ 5573.8 reduced form as well as the base-hydrolyzed oxidized form
g 2 of (6—56)ThA(COO)Led®OMTKY3 both gave very sharp
z 78 § peaks. These observations were attributed to partial dena-
8 50 +5 g turation of highly stable OMTKY3 in the acidic HPLC
< 400 8500 5600 5700 5800 solvent (Lu et al., 1996b). In order to demonstrate the
= MW . . .
B 25 +3 chromatographic purity of the ester analog, Mono-S cation-
¢ 0 L exchange FPLC was used to analyze the material (Figure
750 1000 1250 1500 1750 2000 2250 5).
miz The correct pairing of three disulfides in the folded ester-
Ficure 5. (A) Purified unfolded ligation product (656)- containing inhibitor was ascertained using limited proteolysis

Thri’(COO)Led8OMTKY3 on a narrow-bore C18 RP-HPLC  combined with analyses of cleaved peptide fragments by both
running a gradient of 2040% B at a flow rate of 30@L/min MALDI-MS and ESI-MS (Figure 6). Wild-type OMTKY 3,
over 24 min. The observed mass of 5588:M.9 Da (calculated |ike many other protein proteinase inhibitors, is proteolysis

average isotope mass: 5580.3 Da) was determined by ESI-MS. . : ; e ;
(B) Folded and affinity-purified final product (656)Thi- resistant under mild conditions (unpublished results). The

(COO)Led*OMTKY3 on a Mono-S cation-exchange FPLC running ester analog, howe_ver,lafter cleavage c_)f the base-labile ester
a gradient of 8-75% B at a flow rate of 1 mL/min over 15 min.  bond, could be easily digested by trypsin and chymotrypsin.
The observed mass of 5573t80.8 Da (calculated average isotope Digestion with trypsin generated on RP-HPLC a major
maSS:. 55743 Da) is 6 Da IO_WGr'than that of the unfolded reduced Component of 3568.9- 1.3 Da and a minor Component of
form, indicating that three disulfides have formed. 951.0+ 0.5 Da, which corresponded to the fragment (6
17)-(35-55) held together by two disulfides (Cys8, Cys16,
Cys35, and Cys38; calculated average isotope mass 3569.0
Da) and the fragment (2229)-(56) interlinked by Cys24
RESULTS and Cysb6 (calculated monoisotopic mass 951.4 Da, average
mass 952.1 Da), respectively. Further digestion of the major
The synthetic P1 ester OMTKY3 was characterized by component with chymotrypsin yielded three major fragments
electrospray mass spectrometry, analytical catexchange = whose masses were found to be 2048.9.5, 770.6+ 0.3,
chromatography, disulfide mapping, and thermal denaturationand 603.8t 0.3 Da. They were identified as<{8.3)-(38-
studies. ESI-MS analysis of the product before and after 48) (calculated average isotope mass 2044.3 Da,; single
folding and oxidation is presented in Figure 5. The observed isotope mass 2042.9 Da), (247)-(35-37) (calculated
masses of the reduced form (558G00.9 Da) and the average isotope mass 770.9 Da; single isotope mass 770.3
oxidized form (5573.8t 0.8 Da) were within experimental  Da), and fragment 4953 (calculated average isotope mass
error of the calculated masses based on average isotop&03.7 Da; single isotope mass 603.3 Da), respectively. The
composition (5580.3 and 5574.3 Da, respectively). The masstopology of the three disulfides, Cys24-Cys56, Cys8-Cys38,
difference of 6 Da between reduced and oxidized forms was and Cys16-Cys35, was therefore found to be identical to that
consistent with the formation of three disulfides. Previously, in the native OMTKY3, suggesting that the ester analog was
synthetic wild-type (6-56)OMTKY3 was prepared by both  correctly folded.
stepwise SPPS and native chemical ligation and was found A strong H-bond between A3p0O%2 and Ty#! O7 (O++-H—
to be structurally as well as functionally identical to its O, 2.45 A) is almost totally conserved among natural
recombinant counterpart (Lu et al., 1996b). Interestingly, ovomucoid third domain variants isolated from egg whites

pH, and no appreciable hydrolysis was detected 24 h after
being suspended in Bis-Tris buffer at pH 7.0.
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10 [E>C=0-+"H,0] + [I>N—H--H,0] =
Tm (°C) [E>C=0--*H—N<I] + 2H,0 AG, (1)
Wild Type 74.9
§ 981 | (eseouTkYs : . _
s (6-56)T17Co0)L18 | __ [E>C=0-+-H, 0] + [I>O-+-H,0] =
3 (o] . —
g osf MTKvS [E>C=0--O<I] + 2H,0 AG, (2)
[V
95 In egs 1 and 2 (E, enzyme; |, inhibitoAG; andAG; are
g 04r the apparent free energy changes associated with the binding
‘§ to the enzyme of wild-type OMTKY3 and its P1 ester analog,
L ool respectively. AAGa™de-estercan be therefore defined as
AAGamide*esterZ AG _ AG :AGOO+
2 1
Oo 1 1 il 1 1
1>NH >0 H-bond
40 50 60 70 80 90 100 (AG ™ vation— AG “sovation — AG™T" <0y 3)
Temperature (°C)
Ficure 7: Thermal denaturation of (656)ThA7(COO)Leu- Appare_ntly, _thg decrease in binding for the ester analog
OMTKY3 and synthetic wild-type (656)OMTKY3 at pH 4.3. could, in principle, n_ot only result from the loss of the
H-bond but also be influenced by the van der Waals and
Table 1: K, Values Measured at 2% 2 °C, pH 7.0 electrostatic interaction between the two O atoms in the
OMTKY3 _ OMTKY3 K. ratio AAGS H-bond-depleted compIeAGO"'?, as well as the differential
enzymes (ester analog) (wild type) (amide/ester) (kcal/mol) solvation energy of the two inhibitors in the free form,
CHYM 4410 6.8 100 15 16 [AG"NHggation — AG'”Ogonatiod. It has been suggested by
PPE 1.1x 100 3.2x 10w 29 2.0 calculations that an amide bond has a higher solvation energy
SCARL 1.0x 1®  9.3x 10° 9 1.3 than does an ester bond (Bash et al., 1987). However, there
ggﬁg i-ﬁx ig %g x ig; ig i? have been no documented experimental data to substantiate
AX U X . . . P crre .
HLE 6% 1F 24 10° P 08 the difference. While it is difficult to directly assess the

magnitUde OfAGomo and [AGI>NHsoIvation_ AG|>Osolvatior] in
] eq 3, experimental evidence suggested that it is negligible.
(Apostol et al., 1993). The rupture of this H-bond upon | an elegant study, Groeger et al. (1994) substituted through
heating gives rise to a characteristic fluorescence Signa|semisynthesis both an O atom and a methylene group
which can be used for monitoring melting transition and (—CH,—) for the P2 amide NH in BPTI, which is H-bonded
determining melting temperatureg.. The melting behav-  to the carbonyl &0 group of Ph& in trypsin (Huber et
ior of the P1 ester OMTKY3 and the synthetic wild type al., 1974). They found that both substitutions decreased the
were compared after normalization as fraction denaturation binding of the backbone-engineered BPTI to trypsin by 25-
curves; the results were identical with regard to their melting fold, or 1.9 kcal/mol, which reflected an intrinsic energy of
transition curves andy, values (Figure 7), which again the H-bond between the PRIH and the Ph& C=0 in the
strongly indicates that the ester-containing polypeptide chain BPTI—trypsin complex. Clearly, if the contribution of
folded correctly. AGO0 and AG”Msonaion — AG'Osonaio] Were to be
significant, the AAG value would be different when a
methylene group is used to replace the amide NH group.
In OMTKY 3, the experimentally measuredA Gamide-ester
value, 1.5+ 0.3 kcal/mol, is in good accord with many
results reported by others in the literature. Fersht et al.
. . (1985) concluded from mutation studies of tyrosyl-tRNA
an increase in the dfreet: energy changde were calculatedgy yhetase that removal of the partner of an uncharged donor/
according t0AAGATEEesEr = RT In(KLM9K€).  The acceptor increases the free energy by-A®B kcal/mol.
results indicated that the P1 NH O substitution weakens  ghjrjey et al. (1992) determined that most intramolecular

the binding of OMTKY3 to its cognate enzymes by an H.ponds in ribonuclease T1 contribute 130.6 kcal/mol

Association equilibrium constant&{s) were measured
for (6—56)ThA/(COO)LedBOMTKY3 and wild type (6-
56)OMTKY 3 interacting with a panel of serine proteinases
comprising CHYM, PPE, HLE, SCARL, SGPA, and SGPB
and are given in Table 1AAGamide-esteryglyes that reflect

average of 15-fold, i.e., 1.5 0.3 kcal/mol. to the stability of the protein. It is conceivable that 15
0.3 kcal/mol associated with the substitution of an ester for
DISCUSSION the P2-P1 amide peptide bond in OMTKY3 is a realistic

We h q dth bstituti o for th measure of the loss of the backbone H-bond donated by the
e have demonstrated that substituting an O atom for the o1 (osique of the inhibitor to the enzyme.

P1 NH group in OMTKY3 weakens the binding of OMT- e restingly, Bartlett and Marlowe (1987) reported that
KY3 to the six serine proteinases by an average of£.5  enjacement of a backbone phosphonamidate NH group,
0.3 kcal/mol. In order to understand the physical meaning \yhich is H-bonded to the carbonyHeD group of Ald3in

of this experimentally determined value, we need some thermolysin (3.0 A), by an O atom in a series of phospho-
detailed analysis of the following equations to elucidate pamidate inhibitors of thermolysin reduced the binding by
factors influencing the differential binding. (Note thatonly 4.0 kcal/mol. The X-ray crystal structure revealed that the
one H-bond acceptor, the carbony+=0O group of Set*, is resultant phosphonate O atom occupies essentially the same
represented in the following equations. However, the position as did the phosphonamidate NH (Tronrud et al.,
simplified treatment will affect neither qualitative nor 1987). The reduction of inhibitory activity was attributed
guantitative conclusions to be made below.) solely to the loss of the backbonbackbone H-bond (Bartlett



Backbone H-Bond in Enzymenhibitor Complex
& Marlowe, 1987). Itis not unlikely that the unusually large

Biochemistry, Vol. 36, No. 4, 199679

Navia, M. A., Thomsom, J. A., & Wilson, K. P. (199#roc.

free energy change could have been caused by a significant Natl. Acad. Sci. U.S.A. 911964-1968.

entropy loss during complexation, because replacement o

fDawson, P. E., Muir, T. W., Clark-Lewis, I., & Kent, S. B. H.

(1994) Science266, 776-779.

phosphonamide by phosphonate in the small three-residuebawvSon P. E.. Churchill. M.. Ghadiri. M. R.. & Kent. S. B. H.

peptide inhibitor would certainly constitute great flexibility
in the backbone.

(1996)J. Am. Chem. So¢submitted for publication).
Dill, K. A. (1990) Biochemistry 297133-7155.

In summary, the backbone H-bond donated by the P1 Empie, M. W., & Laskowski, M., Jr. (1982Biochemistry 21

residue is energetically significant. It provided an average

of —1.5 4+ 0.3 kcal/mol to the free energy change of the
formation of six enzymeinhibitor complexes. However,

2274-2284.

Fersht, A. R. (1985)Enzyme Structure & MechanisnwV. H.
Freeman & Co., New York.

Fersht, A. R. (1987)rends Biochem. Sci. 1301—304.

the magnitude of the contribution is far less than enough to Fersht, A. R., Shi, J. P., Knill-Jones, J., Lowe, D. M., Wilkinson,

account for the huge deleterious effect of Pro substitution at

the P1 position of OMTKY3. The structure of Pfo
OMTKY3 in the complex of SGPB has been solved recently

A. J., Blow, D. M., Brick, P., Carter, P., Waye, M. M. Y., &
Winter, G. (1985)Nature 314 235-238.

Fujinaga, M., Sielecki, A. R., Read, R. J., Ardelt, W., Laskowski,
M., Jr., & James, M. N. G. (1987). Mol. Biol. 195 397-418.

(Huang & James, personal communication). The side chaingeen "N, M., & Work, E. (1953Biochem. J54, 347-352.

of P1 proline was found to be unable to fit into the S1 pocket.

Consequently, two additional backbone H-bonds at the

interface of the complex (the PRIH to the carbonyl &0
of Arg*! and the NH of Séf® to the P1 carbonyl €0)
lengthened by 0.5 A. In addition, an intramolecular side
chain H-bond between THrand GIu® of OMTKY3, which
is believed to be very important in maintaining the rigidity

Groeger, C., Wenzel, H. R., & Tschesche, H. (1984) J. Pept.
Protein Res. 44166—-172.

Honig, B., & Yang, A.-S. (1995Adv. Protein Chem46, 27—58.

Huang, K., Lu, W., Anderson, S., Laskowski, M., Jr., & James,
M. N. G. (1995)Protein Sci. 4 1985-1997.

Huber, R., Kukla, D., Bode, W., Schwager, P., Bartels, K.,
Deisenhofer, J., & Steigemann, W. (194 Mol. Biol. 89, 73—
101.

of the binding loop (Read & James, 1986), stretched by 0.5 Jencks, W. P. (1969} atalysis in Chemistry & Enzymologppver

A

It is conceivable that the steric noncomplementarity of

P1 Pro and the subsequent weakening of intermolecular a:

well as intramolecular H-bonds are important factors in
determining the extremely poor binding of Pro at the P1

Publications, Inc., New York.

Kauzmann, W. (1959dv. Protein Chem14, 1-63.

Lu, W., Apostol, I., Qasim, M. A., Warne, N., Wynn, R., Zhang,
W., Anderson, S., Chiang, Y.-W., Ogin, E., Rothberg, I., Ryan,
K., & Laskowski, M., Jr. (1996a). Mol. Biol. (in press).

position. More ester analogs that specifically delete other Lu, W., Qasim, M. A., & Kent, S. B. H. (1996h). Am. Chem.

intermolecular backbone H-bonds in the complexes of
OMTKY3 with different serine proteinases will ultimately
give rise to a better answer.
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