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tSN NMR assignments were made to the backbone amid¢ nitrogen atoms at natural isotopic abundance of  intact and reactive-site (ArgS-ll© ~) 
hydrolyzed Cucurbita maxima trypsin inhibitor II I (CMTI-III and CMTI-III*. respectively) by m~ans of 2D proton-detected hctoront,¢lcar single 
bond chemical shift correlation (HSBC) spectroscopy, utilizing the previously made sequence.specific JH NMR assignments (Kfishnamoorthi ct 
al. (1992) Biochemistry 31. 898-904). Comparison of the ~SN chemical shifts of the t~vo forms of the inhibitor molecule revealed siBnifi~nt changes 
not only for residues located near the reactive-site region, but also for those distantly located. Residues Cys 3, ArcS0 Leu ~, MeP, Cyst°. Cys ~, Glu ~9. 
His :~, Tyr '7, Cys '~ and Gly -~ showed significant chemical shift changes ranging from 0.3 to 6. I ppm. thus indicating structural perturbations that 

were transmitted throughout the molecule. These findings confirm the earlier conclusions based on q-I NMR investigations. 

Inhibitor; Serin¢ protease; Cucurbita maxima; Pumpkin; Trypsin: Activated Hageman factor; Blood coagulation; J H-~N chemical shift correlation 

1. INTRODUCTION 

Cucurbfta maxima trypsin inhibitor (CMTI's) are 
small globular proteins (Mr 3 kDa) belonging to the 
recently characterized squash inhibitor family [1,2]. 
They each contain 29 to 32 amino acid residues, includ- 
ing three disulfide bridges. CMTI-I and CMTI-III differ 
fi-om each other by the single amino acid substitution 
o f  G I u  9 in the former by a Lys in the latter. While an 
X-ray crystallographic structure is available for CMTI- 
I complexed with trypsin [3], a solution N M R  structure 
e~ists for the free inhibitor molecule [4]. The structural 
data reveal that the secondary structure of  CMTI-I con- 
sists mainly of two tight turns, a 3~o-helix, and a triple- 
stranded sheet. The reactive-site has been established to 
be the peptide bond between Arc s and lie G [1]. Reaction 
of an intact CMTI with a serine proteinase such as 
trypsin results in the formation of a reactive-site hydro- 
lyzed (modified) inhibitor, CMTI*, in which the two 
fragments are held together by a disulfide bond. 

Abbreviations: CMTI. Cucurbita maxima trypsin inhibitor; HPLC, 
high-performance liquid chromatography; NMR, nuclear magnetic 
resonance; HSBC, heteronuclear single bond chemical shift correla- 
tion spectroscopy; ppm, parts per million. 

Correspondence address: R. Krishnamoorthi, Department of Bio- 
chemistry, Willard Hall, Kansas State University, Manhattan, KS 
66506, USA. Fax: (1) (913) 532-6666. 

While the intact inhibitors inhibit both trypsin and 
activated Hageman factor, a blood coagulation protein, 
the modified forms inhibit only trypsin but not acti- 
vated Hageman factor [5,6]. In an effort to characterize 
the structural changes induced by hydrolysis ofthe reac- 
tive-site peptide bond, we recently carried out a 2D 
NMR investigation of modified CMTI-III and estab- 
lished that while the secondary structural elements were 
preserved in CMTI-ilI*, tertiary structural changes oc- 
curred throughout the molecule [7]. 

~SN NMR spectroscopy offers a particularly attrac- 
tive tool for monitoring the changes in structures and 
dynamics of proteins [8,9]. To date two-dimensional 
~H-t~N chemical shift correlation spectroscopy has 
been mainly applied to a number of large proteins that 
have been labeled with JSN at the backbone amide nitro- 
gens [10]. A few examples exist in which the NMR 
experiments were performed at natural isotopic abun- 
dance [11-13]. CMTI-III, being small in size, has per- 
mitted the application of  ~N NMR at natural isotopic 
abundance. Here we report the tSN NMR assignments 
of the backbone amide nitrogen atoms of CMTI-III and 
CMTI-III*, as obtained by proton-detected 2D hetero- 
nuclear single bond chemical shift correlation spectros- 
copy (HSBC). Comparison of the assigned chemical 
shifts of the two forms of  the inhibitor molecule reveals 
that not only residues located near the reactive region, 
but also those located far away are l~rturbed by the 
cleavage of the seissile bond. These results confirm our 
earlier work involving ~H NMR chemical shifts. 
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2. M A T E R I A L S  A N D  M E T H O D S  
2,1, Proteins 

CMTI-III and CMTI-III* were isolated from pumpkin seeds by 
means of trypsin affinity chromatography and reverse-phase high- 
performance liquid chromatography (HPLC), as described earlier [5]. 
The separated protein fractions wer~ repeatedly submitted to HPLC 
to achieve homogeneity. CMTI-III was also produced by reacting 
CMTI-III* with trypsin and separating the products by means of 
HPLC, An NMR sample was typically prepared by dissolving about 
30 mg of the protein in 03 ml o1" water containing 10% ~H:O (by 
volume~. The sample also contained 0,2 M KCI. The pH of the NMR 
sample was adjusted to 4.71 at 30°C with 0,2 M KOH or 0.2 M HCI, 
using an lngold microcombination glass electrode and a Fisher (model 
815 MP) pH meter. 

2.2. NMR spectroscopy 
A 500 MHz GE Omega NMR spectrometer was employed to collect 

2D ~H-~N chemical shift correlation data. Proton.detected HSBC 
experiments were performed. Data were collected with and without 
~SN decoupling, employing standard pulse sequences and phase.cy- 
cling schemes [14], tSN deeoupling was achieved by means of the 
WALTZI6 pulse scheme [15]. The decoupler power was 5 W. The 
water peak was saturated continuously during the relaxation delay 
with the low power transmitter. Typically, a 2D data set was acquired 
by collecting 128 t~ blocks of free induction decays containing 1024 
data points each. Each block contained 128 acquisitions in the case 
of CMTI-III* and 400 in the case of CMTI-III. The 2D data sets which 
were acquired without ~SN decoupling contained 800 acquisitions per 
block in the case of CMTI.III, and 128 acquisitions per block in the 
case of CMTI-III*. A proton spectral width of 6,600.66 Hz in the t= 
dimension and a nitrogen spectral width of 2,500 Hz in the t~ dimen- 
sion were used. The tt dimension was zero.filled four times, and the 
t., dimension once. A 90* phase-shifted sinesquared window function 
was employed in both the dimensions. A ~H-~SN chemical shift corre- 
lation 2D NMR experiment took approximately 30 h in the ease of 
CMTI-III. and 65 h in the case of CMTI-III*. The reported ~N 
chemical shifts are relative to a value of 118.71 ppm for acetamide in 
tHaO at 30'C, 

3. RESULTS 

The ~H-~SN chemical shift correlation spectra 
(HSBC) of  CMTI-II I  and  CMTI-III*  at  pH 4.71, 30°C 
are shown in Figs. 1 and 2, respectively, tSN decoupling 
was employed to remove the single bond  scalar coupling 
between ~SN and ~H. As a resu!t, only a single cross peak 
appears for each of  the peptide N - H  pairs. Splitting of  
each proton signal due to spin coupling with C,.H is 
visible in the proton dimension. The proton N M R  spec- 
tra of  both CMTI-I I I  and CMTI- I I I*  under similar 
conditions of pH and temperature have been previously 
assigned [7]. It was, therefore, s traightforward to assign 
the cross peaks in Fig. 1 by simple chemical shift corre- 
lation, No  difficulty was experienced in assigning any  
of  the existing cross peaks, as they were well-resolved 
and no problem due to  overlap was encountered. The 
~SN chemical shifts determined for the backbone amide 
nitrogens of  CMTI-I I I  and CMTI-I I I*  are collected in 
Table I. The free amino groups of  CMTI- I I I  (Arg ~) and 
CMT!-I!!* (Arg ~ and I!e ~) co,a!d not be observed due 
to a rapid exchange with solvent water molecules, which 
were presaturated with a low power pulse. Weak cross 
peaks assigned to Val: and Met  s in CMTI-I I I  (Fig. 1) 
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Fig. 1. J H-'SN chemical shift correlation map of CMTl-ll[ at pH 4.71, 
30°C. ten assignments are obtained by cross correlation with proton 

assignments [7]. 

were confirmed by the presence o f  relatively stronger 
peaks in the ~H-~SN chemical shift correlation spectrum 
obtained without ~SN decoupling (not shown). Simi- 
larly, the His '5 cross-peak position (Fig. 1) was deter- 
mined f rom the pair o f  cross peaks found in the correla- 
t ion spectrum collected without  ~SN decoupling, Poor 
S/N in both coupled and  decoupled spectra precluded 
identification o f  a cross peak due to amide ~SN-tH o f  
Val2 o f  CMTI-II I* .  

4. D I S C U S S I O N  

~N N M R  chemical shifts serve as powerful probes to 
detect structural changes. They are especially sensitive 
to changes in hydrogen bonding interactions [16]. ~SN 
chemical shifts have also been demonstra ted to be sensi- 
tive to nonbonded interactions [13]. Solvent effects ork 
hydrogen bonding interactions have been well-charac- 
terized by ~SN N M R  spectroscopy [16,17]. In the case 
el" CMTI- I I I  and CMTI-II I* ,  a comparison of  the ~SN 
chemical shifts (Fig. 1 and Table I) indicate changes for 
many  residues. Fig. 3 shows a plot o f  ~SN chemical shift 
differences between CMTI- I I I  and  CMTI-III* as a 
function of  residue position. It is thus evident that  resi- 
dues Cys 3, Are s, Leu ~, Met s, Cys 1°, Cys  16, Glu 19, His -'s, 
Tyr  27. Cys 2s and Gly 29 undergo chemical shift changes 
ranging from 0.27 to 6.08 ppm. The greatest shift 
change is observed for Arg s, which becomes free and  
exposed to more solvent interaction in CMTI-II I* .  
F r o m  proton N M R  investigation we earlier established 
that  residues Val 2, Cys ~, Arg 5, lle 6, L e u  7, Met s, Lye 9, 
Lys ~, Asp ~3, Asp ~5, Cys 16, Lea  ~7, Ala  Is, Cys -'°, Val -'t, 
Cys 22, Leu -'.~, His :j, Oly 26, Tyr 27, Cys 2s, and Gly :9 were 
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Fig, 2, tH-t+N chemical shiR correlation map of CMTI - I i I "  at pH 
4,71, 30~C. ~N assignments are obtained by cross correlation with 

proton assignments [7]. 

Table 1 

"N chemical shifts of backbone aside nitrogens of CMTI-III and 
CMTI-III* at pH 4,71.30°C 

Residue CMTI-II I  CMTi-III* 

Arg J 
Val: 134. I - 
Cys ~ 130.7 131.3 
Pro '  - - 
Arg s 127.4 133.5 
[1# 129.2 - 
Lea 7 136.9 133.5 
M~t" 135.3 132.6 
Lys ~ 132.0 131.9 
Cys I° 120.9 122,1 
Lys '~ 124,1 124.1 
Lys 12 124.5 124,4 
Asp t ~ 130.4 130,3 
Set  14 117,6 117,8 
AsptS 127,8 127.7 
Cy# + 123,! 123.8 
Lea 17 125,3 125.5 
Ala j" 127,9 127,9 
Olu j~ 125,2 124,3 
Cys ~ 127,5 127.6 
Val 2~ 121,5 121.7 
Cys-'" 127,3 127.4 
Lea '~ 137,4 137.5 
Olu :+ 126,2 126,3 
His :s 120,3 119.9 
e l y  :~ 113/'1 1 i 3.6 
Tyr ~7 121,8 122.1 
C~s ~ 130.6 132. I 
G ly "~ 123.3 123,6 

i 
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Fig, 3. Plot of differences in 'SN chemical shifts of CMTI . I I I  and 
CMTI-III* as a function o f  residue number. 

all affected by hydrolysis of the reactive-site peptide 
bond [7]. However, ~SN chemical shifts of CMTI-III and 
CMT[-III* (Table I; Fig. 2) reveal that the first eight 
N-terminal residues and those that form secondary 
structural elements show significant perturbations. The 
X-ray structure of CMT[-I reveals that residues Leu ~v 
to Cys 2° and Leu :3 to GIy ~ form two tight turns [3]. The 
N-terminal residues that are affected by cleavage of the 
ArgS-lle 6 peptide bond form part of  a hydrophobic sur- 
face in the intact molecule. Furthermore, the X-ray 
structure indicates involvement of the following resi- 
dues in hydrogen bonding interactions [3]: Met a, Cys I°, 
Lys ]2, Asp 13, Asp I~, Cys m, Va121, Lcu2~ Gly ~, Tyr ~7, 
Cys :s and Gly ~. Thus, the ~N chemical shift changes 
(Table I; Fig. 3) observed for CMTI-III* could aris¢ 
either from changes in solvent interactions or from 
inter-residue hydrogen bonding interactions. Deu- 
terium-exchange kinetics of poptide NH's did not reveal 
significant differences between CMTI-III and CMTI- 
III* on the time scale involved in the measurements (h) 
[7}. The assignments reported here could b¢ used to 
study the relaxation bohavior and heteronuclear Over. 
hauser effect in CMTI-[II and CMTI-III* to derive 
information on backbone dynamics [18]. 

The thermodynamic :~easurements of the equilib- 
rium between CMTI-1II and CMTI-III* at 30°C indi- 
cate that the modified form is more, stable, zl& being 
about -600 cal/mol and -45 ~ -8.89 e.u. (Krishna- 
moorthi et al., Biochemistry+ in press). Interpretation of 
thermodynamic parameters critically depends upon 
structural knowledge. The present investigation con- 
firms our previous conclusion based on tH N M R  work 
that structural changes are not confined to the reactive- 
site region of the inhibitor molecule, but arc transmitt~,.~, 
throughout the molecule [7]. While it is not possible to 
interpret changes in chemical shifts in terms of  specific 
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structural changes,  it is clear that structural changes 
occurring as a result of  hydrolysis  of  the reactive-site 
peptide bond  result in greater  stability o f  the inhibitor 
molecule, perhaps through more  extensive solvent inter- 
actions. The  loss o f  en t ropy  accompanying  hydrolysis 
of  the scissile peptide bond  suggests a more  ordering of  
so'.vent water  molecules a r o u n d  the modified inhibitor, 
It is of  interest to note  that  the residues that  are identi- 
fied as being per turbed due  to cleavage o f  the reactive- 
site peptide bond are known  to be involved in protein- 
protein interaction in the t rypsin: inhibi tor  complex, as 
determined by X-ray crysta l lography [3]. The present 
observat ion with CMTI - I I I*  is in contras t  to  the results 
obtained with other larger serine proteinase inhibitors, 
namely, modified ovomucoid  third domain  inhibitors, 
in which cases the hydrolysis of  the reactive-site bond 
causes s tructural  changes confirmed mainly to the reac- 
tive-site region [19,20], 
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