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Abstract 

Serine proteinase protein inhibitors follow the standard mechanism of inhibition (Laskowski M Jr, Kat0 I, 1980, Annu 
Rev Biochem 49593-626), whereby an enzyme-catalyzed equilibrium between intact ( I )  and reactive-site hydrolyzed 
inhibitor (I*) is reached. The hydrolysis constant, K,,ydr is defined as [ I*] / [ I] .  Here, we explore the role of internal dy- 
namics in the resynthesis of the scissile bond by comparing the internal mobility data of intact and cleaved inhibitors 
belonging to two different families. The inhibitors studied are recombinant Cucurbifa m i m a  trypsin inhibitor III (rCMTI- 
111; M, 3 m a )  of the squash family and rCMTI-V (M, - 7 m a )  of the  potato I family. These  two inhibitors have different 
binding loop-scaffold interactions and different Khyd values-2.4  (CMTI-111) and 9 (CMTI-V)-at 25 “C. The reactive- 
site peptide bond (P,-P() is that between Arg’ and He6 in CMTI-111, and that between Lys@ and Asp4’ in CMTI-V. The 
order parameters ( S 2 )  of backbone NHs of uniformly “N-labeled rCMTI-I11 and rCMTI-III* were determined from mea- 
surements of ”N spin-lattice and spin-spin relaxation rates, and { ‘H}-”N steady-state heteronuclear Overhauser effects, 
using the model-free formalism, and compared with the data reported previously for rCMTI-V and rCMTI-V*. The back- 
bones of rCMTI-III ( (S’)  = 0.71) and rCMTI-III* ( ( S 2 )  = 0.63) are more flexible than those of rCMTI-V ((5’’) = 0.83) 
and rCMTI-V* ( (S’)  = 0.85). The binding loop residues, P4-P,, in the two proteins show the following average order 
parameters: 0.57 (ICMTI-111) and 0.44 (rCMTI-III*); 0.70  (rCMTI-V)  and 0.40 (rCMTI-V*). The P;-P4’ residues, on the 
other hand, are associated with (S’)  values of 0.56 (rCMTI-111) and 0.47 (rCMTI-HI*); and 0.73 (rCMTI-V)  and  0.83 
(rCMTI-V*). The newly formed C-terminal (P, residues) gains a smaller magnitude of flexibility in rCMTI-III* due  to 
the C y ~ ~ - C y s ’ ~  crosslink. In contrast, the newly formed N-terminal (Pi residues) becomes more flexible only in rCMTI- 
m*, most likely due  to lack of an interaction between the Pi residue and  the scaffold in rCMTI-111. Thus, diminished 
flexibility gain of the P, residues and, surprisingly, increased flexibility of the Pi residues seem to facilitate the resyn- 
thesis of the PI-P( bond, leading to a lower Khyd value. 
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Serine protease protein inhibitors function according to the stan- 
dard “lock and key” mechanism (Laskowski & Kato, 1980; Bode 
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& Huber, 1992): when a protein inhibitor ( I )  interacts with its 
cognate  serine protease ( E ) ,  its reactive-site peptide bond (PI-P;; 
Schechter & Berger, 1967)  is hydrolyzed to form the clipped in- 
hibitor (I*), albeit at a much slower rate compared to that of a 
substrate. The  cleaved form of the inhibitor, as in the case of 
Cucurbifa maxima trypsin inhibitors, generally has the two poly- 
peptide fragments connected by a disulfide bridge, and also inhib- 
its the enzyme. Thus, in I*, two binding loop fragments result, one 
fragment (P, residues) forming a new C terminal and the other (Pi 
residues) forming a new N terminal. These two fragments, which 
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move apart from  each other, however, come together at  the  active 
site of the  serine  protease  and resynthesize the  peptide bond. That 
involves  the nucleophilic attack of the N-terminal on the carbonyl 
carbon of the acyl intermediate formed between the PI residue of 
the inhibitor and the  catalytic Ser of the  enzyme (Fersht, 1985). 
Thus, an equilibrium between intact  and modified forms of a serine 
protease inhibitor is established, which is written as follows: 

In that process, the same enzyme:inhibitor complex intermediate, 
C,  is formed, when the  enzyme binds to I or I*. The equilibrium 
constant of hydrolysis  is  defined as: 

Khyd is thus a measure of the standard free energy change between 
the modified and  intact  forms of a given inhibitor. It  is also equal 
to the  ratio of the dissociation constants ( K * / K d )  of the enzyme: 
inhibitor  complexes  formed  by  the  enzyme with I* and I ,  
respectively: 

In certain cases,  the  clipped form of the inhibitor is not as effective 
as the intact form (Khyd  > 1). 

Laskowski and coworkers  have reported Khyd values for  42 avian 
ovomucoid third domains (M, - 6 kDa; Ardelt & Laskowski, 
1991), which are elastase inhibitors of the Kazal family (Laskowski 

ranges from -2.1 to +0.9 kcal/mol  at 25 "c). Changes  in AGzyd 
values  have been rationalized (Ardelt & Laskowski, 1991)  in  terms 
of changes  in residue-residue interactions, utilizing the X-ray crys- 
tal structures determined for intact and nicked inhibitors (Weber 
et al., 1981;  Papamokos et al., 1982;  Bode et al., 1985; Musil et al., 
1991), and the  complex  formed between turkey ovomucoid third 
domain and Streptomyces griseus protease B (Fujinaga  et al., 1982). 
The NMR solution structures of intact  and  clipped  forms of turkey 
ovomucoid third domain (Krezel  et al., 1994; Walkenhorst et al., 
1994) suggest that the  nascent terminals move apart from each 
other and that there is no  salt bridge formed between them. Re- 
cently, it  has been demonstrated (Qasim et al., 1997) that the free 

& Kato, 1980). The Khyd Values range from 0.4 to -35 ( A G ; , , d  

A 

energy  changes of association of enzyme-inhibitor complexes 
formed between six different proteases and the same PI mutants of 
two serine protease inhibitors belonging to two different families- 
eglin c of the potato I family  and turkey ovomucoid domain of the 
Kazal family-are similar. That study suggests that binding loop 
properties are largely independent of the protein scaffold, because 
the two inhibitor families  have different scaffolding designs. 

A limitation in  the use of X-ray crystal  structures for the ratio- 
nalization of Khyd values of a large  number of protein inhibitors is 
the neglect of internal dynamics. Internal motions of a protein on 
different time scales, extending  from picosecond to second, have 
been suggested to play an important role in  its functions, such as 
ligand binding, enzyme catalysis, antibody recognition, etc. (Kar- 
plus & McCammon,  1983; Karplus, 1986). Dynamics also influ- 
ences protein stability and folding (Richards, 1992). Unfolded 
proteins are typically more  flexible than native structures. 

We have performed extensive NMR studies  on CMTI-V (M, 
- 7 kDa; Fig. lA), a potato I family member, and characterized 
differences in  the structural, functional, thermodynamic, and dy- 
namic properties of both intact and modified inhibitor (Krish- 
namoorthi et al., 1990; Cai et al., 1995a, 1995b, 1996; Wen 
et al., 1995; Liu et al., 1996a, 1996b). The Khyd of CMTI-V is 
-9 at 25 "C, pH 6.8, and, as expected, the modified form  shows 
a reduction in its inhibitory activity toward trypsin and factor 
m a ,  a serine proteinase involved in blood coagulation (Cai 
et  al., 1995b). Structural and dynamical changes are mainly con- 
fined to the reactive-site region (Cai et al., 1995b; Liu et al., 
1996b). However, in  the clipped form of the recombinant inhib- 
itor, rCMTI-V*, the P, residues of the newly formed C terminal 
acquire considerable internal mobility, whereas the Pi residues 
of the newly formed N terminal remain as rigid as  in  the  intact 
form  (Liu et al., 1996b). Both these fragments remain attached 
to the protein scaffold by the hydrogen bonding side  chains of 
Arg" and k g s 0 ,  respectively, as in the  intact form (Liu et al., 
1996b). The decreased binding affinity of CMTI-V* appears to 
be consistent with the increased flexibility of the P, fragment. 
This has led us to raise  the following question: if there are two 
serine proteinase protein inhibitors belonging to two different 
families  and possessing different Khyd values for the trypsin- 
catalyzed equilibrium, can we gain an insight into  the role of 
internal dynamics of the binding loop  fragments in the resynthe- 
sis of the  P1-P[ bond from a comparative study? 

B 

Fig. 1. Ribbon representations of the three-dimensional structures of (A) CMTI-V (Liu et al., 1996a) and (B) CMTI-I (Bode et al., 1989).  showing  the 
binding loop anchors to the protein  scaffold. See text for details. Arrow identifies the reactive-site peptide bond (PI-P;) in each case. 
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What we have asked here involves not a direct correlation be- 
tween internal dynamics  and Kd or KZ for a pair of inhibitors, but 
a comparison between relative values of the ratio, K,*Kd (i.e., 
KhyJ, and the binding loop dynamics of intact and clipped forms 
of the two inhibitors. Because each family of serine proteinase 
protein inhibitors is characterized by a particular pattern of scaf- 
folding and amino acid sequence of the  binding  loop  region 
(Laskowski & Kato, 1980), a comparative study of changes in the 
internal mobilities of binding loop residues between intact and 
clipped states for the  two inhibitors is anticipated to provide clues 
into the role of internal dynamics in the mechanism of inhibition. 
Specifically, such a comparison may shed light on the role of 
internal dynamics of the binding loop fragments in the resynthesis 
of the scissile bond. 

CMTI-III (-3 m a ) ,  a member of the squash family (Wieczorek 
et al., 1985; for a review, see Otlewski & Krowarsch, 1996), pro- 
vides an excellent system for comparison with the much-studied 
potato I family member, CMTI-V. Both the crystal (Bode et al., 
1989) and the solution structure (Holak  et al., 1989a, 1989b, 1991) 
have been determined for CMTI-I, the natural E9K mutant of 
CMTI-111 (Fig. 1B). Natural and chemical variants of the squash 
inhibitor have been demonstrated to inhibit physiologically impor- 
tant serine proteinases, such as  factor XIIa (Hojima  et al., 1982; 
Krishnamoorthi et  al., 1990; Wynn & Laskowski, 1990; Hayashi 
et al., 1994), cathepsin G (McWherter et al., 1989), and plasmin 
(Otlewski et  al., 1990). Solution NMR studies of CMTI-III* and 
CMTI-I*, as well as the thermodynamics of the trypsin-catalyzed 
equilibrium, CMTI-111 * CMTI-III*, have been reported (Krish- 
namoorthi et al., 1992a, 1992b). The Khvd of  CMTI-111 is -2.4 at 
25"C, pH 4.7. The Khyd of CMTI-I, which is similar to that of 
CMTI-111, has been found to undergo no significant change be- 
tween pH 4 and 7.5 (Otlewski & Zbyryt, 1994). 

The scaffolding patterns differ between the potato I and squash 
families of inhibitors: in CMTI-V (Fig.  1A; Cai et al., 1995a; Liu 
et al., 1996a), the reactive-site loop (residues 40-49) is held in po- 
sition by two hydrogen bonds-the  Arg'" side chain anchoring the 
PL segment and the Args2 side chain holding in position the P,, re- 
gion. The C y ~ ~ - C y s ~ ~  crosslink provides additional support for the 
PL region. On the other hand, in CMTI-111 (or CMTI-I; Fig. 1B; Bode 
et al., 1989), the P,, region of its binding loop  is attached to the scaf- 
fold by a disulfide bond (Cys'-Cys2") and a hydrogen bond 
(Va12**-Glu19); similarly, the PL portion is supported by a hydro- 
gen bond (Met8...CysZ8) and a disulfide bridge ( C y ~ ' ~ - C y s ~ ~ ) .  
Thus, the differences in the binding loop interactions with the scaf- 
fold for the two inhibitors, together with the different Khyd values 
determined at 25 "C [2.4 for CMTI-III (Krishnamoorthi et al., 1992b) 
and -9 for CMTI-V (Cai et al., 1995b)], have motivated the present 
comparative study of internal mobilities of the binding loop resi- 
dues in intact and clipped forms of both inhibitors. 

Results 

Assignments of IH-I'N chemical shift correlation spectra 
of rCMTI-III  and  rCMTI-III* 

Assignments of "N-IH  cross peaks in the HSQC maps of rCMTI- 
111 and rCMTI-III* were made by comparing the spectra with the 
previously assigned spectra of intact and clipped forms of the 
natural protein (Krishnamoorthi et al., 1992c) and confirmed by 
the 15N-edited 2D HSQC-TOCSY (Oschkinat et al., 1994) exper- 
iment (results not shown) in which the complete spin systems of 

the individual amino acid residues were correlated with the 'H- "N 
cross peaks. The recombinant protein has two extra N-terminal 
residues, Gly-' and Ser". However, 'H-I'N cross peaks of these 
residues were not observed in the HSQC map, most likely due to 
rapid exchange of the NHs with water, whose magnetization was 
saturated during the experiment. The 'H-I'N cross peak assign- 
ments of rCMTI-111 and rCMTI-III* are given in the Electronic 
Appendix (Figs. S-1 and S-2, respectively). The two extra N-terminal 
residues do not affect the overall structure of the inhibitor mol- 
ecule, as confirmed qualitatively by the "N-edited HMQC-NOESY 
(Oschkinat et al., 1994) experiment (results not shown). Therefore, 
we use the structures of intact and modified forms of the natural 
protein (CMTI-I; Bode et al., 1989; Holak et al., 1989a; Krish- 
namoorthi et al., 1992a, 1992b) for the recombinant versions as 
well. It was observed previously that the extra N-terminal Gly 
residue did not affect the structures of rCMTI-V (Liu et al., 1996a) 
and rCMTI-V* (Liu et al., 1996b). The entire molecule of rCMTI- 
III* appears to have undergone tertiary structural changes, as ev- 
idenced by 'H, "N, and "C chemical-shift changes of its backbone 
and side-chain atoms (Krishnamoorthi et al., 1992a, 1992b. 1992c; 
Nemmers, 1992; J.  Liu & R. Krishnamoorthi, unpubl. results); 
however, it retains the secondary structural features of the intact 
inhibitor (Fig. 1B)"a 31n-helix (residues 13-16) and a triple- 
stranded antiparallel @-sheet (residues 8-10,  27-29, and 21-25). 

"N relaxation data and order parameters 

Figure 2 presents the "N longitudinal and transverse relaxation 
data, R ,  and R2, respectively, and NOES (Tables S-1 and S-2 in the 
Electronic Appendix) obtained for all the expected backbone NHs, 
except that of Ser-I. For most residues, the Rl  values are higher in 
rCMTI-111 than in rCMTI-III* (Fig. 2A). This  is reflected in the 
trimmed average R ,  values of 2.13 f 0.07 and 2.02 f 0.02 s- '  for 
the intact and hydrolyzed inhibitor, respectively. This trend is also 
noticed in the R2 values (Fig. 2B). Significant differences are noted 
between the two forms of the inhibitor for the R2 values of the 
binding loop residues, which form the N-terminal. 

Values  of 1.37 * 0.04 and 1.42 f 0.02 were used for the R2/RI 
ratios of  rCMTI-111  and rCMTI-III*, respectively, to obtain their 
respective overall correlation times, T,,, of 1.9 t 0.1 and 2.1 * 
0.1 ns. 

The NOEs measured for residues 1-8 (Fig. 2C) show signif- 
icant differences between the two  forms of the inhibitor. The 
NOE values for Arg ' and Val2 are negative in both rCMTI-111 
and rCMTI-ID*; Cys',  Arg', Leu7, and  Met' show positive NOEs 
in rCMTI-111, but negative values in rCMTI-III*. Decreased or 
negative NOE values indicate increases in internal mobility (Peng 
& Wagner, 1994). 

Relaxation rate constants were not determined for the two argi- 
nine side chain N,Hs, because the experimental data resulted in 
poor R ,  and/or R2 fitting curves; however, the relatively large 
negative NOEs observed for Arg and Arg' indicate that both their 
side chains are freely mobile. 

The Lipari and Szabo parameters, determined under the assump- 
tion of an overall  isotropic  molecular  tumbling,  are  given in 
Tables S-3 and S-4 of the Electronic Appendix and displayed in 
Figure 3. The S 2  values calculated for rCMTI-I11 and rCMTI-III* 
(Fig. 3A; Tables S-3 and S-4 in the Electronic Appendix) indicate 
that most of the backbone is moderately constrained; however, the 
first three N-terminal residues, Glyp2, Ser", and Arg', and the 
binding loop residues 3-8, are quite flexible. Generally, rCMTI-III* 
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Discussion 
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Fig. 2. Plot  of  the  measured  '.'N  relaxation parameters as  a function  of 
amino acid  residue  number for rCMTI-111 and rCMTI-HI* at 30 "C. pH 4.7. 
A: Spin-lattice  relaxation  rate constants (/?I). B: Spin-spin  relaxation  rate 
constants ( R 2 ) .  C: {lH)-lsN steady-state NOE measurements. Error  bars 
represent  standard deviations calculated from  the tits to Equations 4-6 in 
the  text.  Data  were  not  obtained  for the N-terminal Gly-'. Ser-I, and Pro4 
residues; in the case of rCMTI-HI*, data  were  not  obtained for Ile'. 

shows  lower  order parameters than does rCMTI-111. The binding 
loop residues experience a notable increase in flexibility in the 
cleaved inhibitor. The effective correlation times, T,, of most res- 
idues are within 100  ps  (Fig. 3B). Conformational exchange  terms 
are included for  eight residues of rCMTI-I11 and seven residues of 
rCMTI-III* (Fig. 3C), the maximum value used being 3.7 Hz. 
Most of the exchange  terms  are associated with the binding loop 
residues. 

Internal mobilities of rCMTI-Ill and rCMTI-Ill* 

The internal correlation time, T ~ ,  and the exchange term, R,, are 
used to account for fast (nanosecond) and slow  (second) internal 
molecular motions, respectively, in the calculation of the model- 
free parameters. However, interpretation of 7, is not attempted 
because of its dependence on frequency and amplitude of motion 
and hence, on a physical model. Similarly, the R ,  values are not 
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Fig. 3. Plot of  the  model-free  parameters as  a function  of amino acid  res- 
idue  number for rCMTI-I11 and rCMTI-III*. A: Generalized order param- 
eters (S'). B: Effective internal  correlation  time (T~). C: Chemical exchange 
term (Rcr).  Data  were  not  obtained for the  N-terminal Gly -', Ser",  and Pro' 
residues: in the case of rCMTI-Ill*. data were  not  obtained  for He'. 
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interpreted quantitatively here, because they may simply be cor- 
rection terms to experimental data to achieve a better overall fit- 
ting. However, a large R,  term may, in general, indicate the existence 
of a chemical and/or conformational exchange process. The gen- 
eralized order parameter, s', is a quantitative measure of molec- 
ular flexibility or internal mobility; departure from unity for any 
I5N-H vector indicates the presence of internal motion that is faster 
than the overall molecular tumbling motion. Thus, S' values of 
different "NHs in different molecules provide a measure of rela- 
tive internal mobilities. 

In an earlier natural abundance I5N NMR study of  CMTI-111 and 
CMTI-III* (Krishnamoorthi et al., 1992c),  on the basis of a com- 
parison of chemical shifts, we obtained additional evidence  for the 
occurrence of tertiary structural changes throughout the molecule 
upon hydrolysis of the scissile bond (Krishnamoorthi et al., 1992a, 
1992b). Recent analyses of order parameters in peptides and pro- 
teins using a simple model of internally restricted correlation 
rotations suggest that peptide NH order parameters are sensitive 
to structural perturbations (Daragan Kz Mayo, 1996). This  seems 
to be reflected by the  observed  changes  in  order  parameters 
(Fig. 3A). For most of the residues, the modified inhibitor shows 
decreased S 2  values. The average  order  parameters ( (S2))  of 
rCMTI-I11 and rCMTI-III*  are 0.71 f 0.06 and 0.63 f 0.06, 
respectively, thus indicating moderately ordered backbones. 

Except for the p-strand involving the C-terminal residues 27-29, 
all  the  other  secondary  structural elements-a 310-helix  and two 
P-strands-experience significant decreases in their (S2) values upon 
hydrolysis of the Pl-P; bond (Table 1). The  disulfide bonds of the 
inhibitor contribute to the backbone rigidity. Thus, peptide NHs be- 
longing to the six Cys residues at positions 3, 10, 16,20,22, and 28, 
and some adjoining residues show increased rigidity compared to 
the rest of the molecule (Fig.  3A). Decrease in protein hydration has 
been correlated with decrease  in internal flexibility in the case of 
bacteriorhodopsin (Fitter  et al., 1996). That appears to be consistent 
with the increased internal mobility-especially of the binding loop 
fragments-of rCMTI-III*, whose reverse-phase HPLC elution be- 
havior indicates that it is more hydrophilic (and thus more hydrated) 
than is rCMTI-111 (Cai et al., 1996). 

N-terminal and binding loop region (residues 1-10) 

This region shows the biggest changes in flexibility when the 
reactive site  is hydrolyzed, as expected (Fig. 3A). The order pa- 
rameters of all the binding loop residues decrease upon hydrolysis 
of the Arg5-Ile6 peptide bond, consistent with the decreased enzyme- 
binding affinity of the modified inhibitor. The relatively very low 
S2 values determined for Arg' in both rCMTI-I11 and rCMTI-III* 

Table 1. Mean order  parameters ( (S2))  of secondary structural 
elements in  rCMTI-III and rCMTI-III* 

Number of (S2) 
Secondary 
structure Sequence residues KMTI-I11 KMTI-III* 

3,o-Helix 13-16 4 0.73 k 0.02 0.66 f 0.02 
P-Strand 1 8-10 3 0.64 + 0.03 0.54 f 0.02 
P-Strand 2 27-29 3 0.68 f 0.02 0.65 f 0.02 
P-Strand 3 21-25 5 0.75 f 0.02 0.65 f 0.02 

indicate almost completely unrestricted motion for this residue. 
Although lower  order parameters are measured for Val2 and Cys', 
the magnitude of decrease in each  case  is no larger than observed 
anywhere else in the molecule-for example, residues 7, 8, 20, and 
21. This is attributable to the presence of a hydrogen bond between 
Val2 and GluI9 and the C y ~ ~ - C y s * ~  crosslink. Leu7 and Met' also 
show decreased order parameters in the nicked inhibitor, although 
the latter is involved in a P-sheet. rCMTI-111 shows significant R ,  
values (>1 Hz) for residues Val2, Arg5,  Ile6, Leu', and Met' 
(Fig.  3C; Table S-3 in  the Electronic Appendix), suggesting con- 
formational averaging motions on a time scale of seconds for these 
residues. In the case of rCMTI-III*, Arg5 is associated with a 
significant R ,  value (2 Hz). 

Internal mobility and protein  function 

Internal mobility plays an important role in protein function, as 
illustrated by the following few examples. In the case of a zinc 
finger DNA-binding domain, which has 25 amino acid residues, 
residues in the zinc-binding region are found to exhibit greater 
internal mobility compared to the rest of the molecule (Palmer 
et al.,  1991). "C relaxation data of staphylococcal  nuclease 
(Nicholson  et al., 1992) show that, upon ligand binding, leucine 
residues in the ligand-binding site lose considerable internal mo- 
bility. The side-chain dynamics of the C-terminal SH2 domain of 
phosphoinositol-specific phospholipase C-yl (Kay  et al., 1996) 
demonstrates that residues coming into contact with the C-terminal 
residues of the phosphorylated tyrosine (pTyr) containing peptide 
are highly mobile both in free and bound state, whereas residues in 
the pTyr binding site are significantly restrained; that points out the 
dichotomous correlation between dynamics and binding specific- 
ity, on the one hand, and between dynamics and binding, on the 
other. Very recently, the hinge-bending motion in T4 lysozyme has 
been shown to be important in the opening of the active-site cleft 
(Mchaourab  et  al.,  1997). 

The effect of conformational flexibility on receptor-ligand bind- 
ing free energy has been computed (Rosenfeld et al., 1995); for ex- 
ample, flexibility is credited with 30-50%  of free energy change in 
the case of class I major histocompatibility complex receptor-peptide 
complexes (Vajda et al., 1994). Recent theoretical studies on glob- 
ular proteins (Bhaskaran  et al., 1996) indicate an inverse correla- 
tion between fluctuations and internal packing of amino acid residues, 
and suggest that such a correlation may be useful in identifying func- 
tionally important residues in proteins. Good correlations have been 
found between order  parameters of amino acid residues of lyso- 
zyme and their surface accessibilities (Buck  et al., 1995). 

In the case of serine proteinase protein inhibitors, any correlation 
between binding loop flexibility and binding affinity is yet to be ex- 
plored for  the intact  form.  Dynamical studies of rCMTI-V  and 
rCMTI-V* (Liu et al., 1996a, 1996b) have shown that the newly 
formed C terminal (P, segment) in rCMTI-V*  becomes  more 
flexible, whereas the newly formed N terminal (PL fragment) re- 
mains as rigid as in the intact form. The reduced binding affinity of 
CMTI-V* relative to that of CMTI-V (Khyd = K:/Kd 9) may be 
attributed to the increased flexibility of the binding loop fragment, 
because the other regions of the inhibitor do not undergo any sig- 
nificant structural or dynamical changes. Therefore, we ask whether 
we can obtain clues from the determination of internal dynamics of 
rCMTI-III and CMTI-III* as to the increased prospects of resyn- 
thesis of the scissile bond, a necessary condition for the lower value 
of Khvd of CMTI-III (2.4), relative to that of CMTI-V (9). It is also 
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of interest to attribute any observed changes in internal dynamics to 
specific structural aspects of the binding loop anchors. 

Comparison with rCMTI-V  and rCMTI-V* 

The (S2) values determined for the structured regions of ICMTI-V 
(Liu et al., 1996a)  and ICMTI-V* (Liu  et al., 1996b) are  0.83 and 
0.85, respectively. In contrast, both ICMTI-III and rCMTI-III* 
show  less constrained backbones with ( S ' )  values of 0.71 and 
0.63, respectively. Reactive-site hydrolysis significantly affects the 
backbone dynamics of structured regions of rCMTI-111 (Table 1). 
but not rCMTI-V, Furthermore, residues in the a-helix and @sheet 
regions of EMTI-V and CMTI-V* show higher average order 
parameter than other residues. This  is, however, not observed in 
ICMTI-I11 and ICMTI-III*. 7, values compare well among KMTI- 
III, ICMTI-III*, EMTI-V, and ICMTI-V*, with most of the values 
below 120 ps. The Re, values observed in KMTI-V and ICMTI-V* 
are less significant than those obtained for rCMTI-III. 

Comparisons of the binding loop regions between KMTI-111 
and rCMTI-V, and between rCMTI-III* and rCMTI-V*, are shown 
in  Figure 4. For the intact inhibitors, the binding loop residues 

B 
F46 ~ 4 7  '!* N49 

p, p4 p, p* P, P,' P,'  P,' P; P,' 

Fig. 4. Comparison of order parameters of binding loop residues in (A) 
KMTI-111 and rCMTI-V; and (B) rCMTI-HI* and rCMTI-V*. Data for 
rCMTI-V and KMTI-V* are taken from Liu et al. (1996a) and Liu et al. 
(1996b), respectively. Data were not obtained for Pro and  free P; residues 
in both proteins. 
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(except P3 and P5'), especially those in the PA region, are more 
flexible in ICMTI-111 than in ICMTI-V (Fig. 4A, Table 2). The P3 
residue in EMTI-III is Cys that is crosslinked to Cys2'. In rCMTI-V, 
the first half of the binding loop is supported by a hydrogen bond 
between the  side  chains of Arg52 and, most likely, Thr43  (Liu  et al., 
1996b). The differences in S 2  values of the PL residues of the 
binding loop  regions  in rCMTI-I11  and rCMTI-V probably arise 
from the stronger anchoring effect in rCMTI-V due to a hydrogen 
bond between the  side chain of  Arg5' and the main-chain oxygen 
atom of Asp45 (Fig. 1A; Liu et ai., 1996a). In rCMTI-In, the 
corresponding anchor is provided by a hydrogen bond between 
Met' and  Cys2*  (Fig. 1B; Bode et al., 1989). 

Disulfides have been demonstrated to play both stabilizing and 
destabilizing roles in different proteins (Betz, 1993). Removal of 
the disulfide bridge, Cys"-Cys'O', near the reactive site in Strep- 
tomyces subtilisin inhibitor by replacement of the  Cys residues 
with Ser residues results in the double mutant initially showing 
inhibitory activity similar to the wild-type protein; however, en- 
zyme inhibition is found to be relieved with increase in time of 
incubation, because the hydrolyzed form  is a poor inhibitor, most 
likely due  to greater flexibility of the binding loop fragments in  the 
mutant (Kojima  et  al., 1993). Removal of disulfide bridges in 
Erythrina trypsin/tissue plasminogen activator @PA) inhibitor re- 
sults in decreased thermal stability (Lehle  et al., 1996). A study of 
four variants of staphylococcal nuclease, each of which contains an 
engineered disulfide  bond,  indicates that the presence of a disulfide 
has effects not only on the folded state, but also  on the unfolded 
state, depending upon the location of the disulfide bridge (Hinck 
et al., 1996). Interestingly, an engineered disulfide bridge in a 
femcytochrome c variant (connecting positions 20 and 102) makes 
the molecule less stable than the wild-type protein, whereas local 
stability, as indicated by amide H/D exchange data, near the cross- 
link increases (Betz et al., 1996). CMTI-III* is thermodynamically 
more stable than CMTI-111, i.e., AHo is negative (Krishnamoorthi 
et  al., 1992b). However, whether it is due partly to one or more of 
the three disulfides present in the molecule has not been deter- 
mined. The  dynamic data, on the other hand, provide evidence that 
the Cy~'-Cys*~ disulfide bond contributes to the rigidity of the P, 
segment of the binding loop in  ICMTI-I11 and CMTI-111'. This 
results in a smaller magnitude of increase in internal mobility that 
accompanies the hydrolysis reaction (Table 2). 

For the modified forms of the inhibitors (Fig. 4B), interesting sim- 
ilarities and dissimilarities are noted: S 2  values of residues P3-P,, 
constituting the first half of the binding loop, are highly similar 
(Table 2). But, order parameter decreases observed for  the residues 
Px-P, are smaller for rCMTI-III* than those observed for the cor- 
responding residues in rCMTI-V*. This is attributable to the Cys" 
CyszO disulfide bridge in rCMTI-III*. Strikingly lower S 2  values are 
observed for the PL segment of the binding loop in ICMTI-III* than 
in rCMTI-V*. In rCMTI-V*, the order parameter of Phe46 (P2' res- 
idue) increases, suggesting a strengthened hydrogen bond between 
Arg5' and Asp4s (Pi residue). The newly formed N-terminal is sig- 
nificantly less ordered in rCMTI-III*, because there is  no anchoring 
interaction between the Pi residue (He6) and the protein scaffold. 

Internal dynamics and  mechanism of inhibition 

Mechanistically, resynthesis of the reactive-site peptide bond (P,- 
Pi) involves the nucleophilic attack of the amino terminus of the Pi 
residue on the carbonyl  carbon of the acyl intermediate formed be- 
tween the PI residue and the catalytic Ser of trypsin (Fersht, 1985). 
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Table 2. Comparison of order parameters ( S 2 )  of backbone NHs of binding loop residues 
in intact and reactive-site hydrolyzed rCMTI-111 and rCMTI-V 

Residuea 
(rCMTI-IlI/rCMTI-V) rCMn-I11 rCMTI-III* ~ C M T I - V ~  rCMTI-V*' 

Ps (R 1 /T40) 
P4 (V2/P41) 
P3 (C3/V42) 
Pz (P4/T43) 
PI  (R5/K44) 
Pi (I6/D4S) 
Pi (L7/F46) 
Pi  (M8/R47) 
Pi (K9/C48) 
Pi  (C 1 O/N49) 

0.2s f 0.01 
0.63 f 0.04 
0.66 f 0.01 

d 

0.43 f 0.02 
0.4.5 f 0.04 
0.53 f 0.03 
0.61 f 0.03 
0.64 f 0.01 
0.68 f 0.01 

- 

0.07 k 0.16 
0.45 f 0.04 
0.51 f 0.01 

d - 
0.37 f 0.01 

nd" 
0.38 f 0.01 
0.44 f 0.01 
0.58 f 0.01 
0.59 f 0.01 

0.80 f 0.01 
d - 

0.68 f 0.01 
0.72 k 0.01 
0.69 f 0.03 
0.56 f 0.01 
0.72 f 0.01 
0.80 f 0.02 
0.82 f 0.01 
0.83 k 0.02 

0.70 f 0.02 
d 

0.49 f 0.01 
0.40 k 0.06 
0.31 f 0.01 

nde 
0.84 f 0.01 
0.81 f 0.03 
0.84 f 0.03 
0.83 f 0.01 

- 

"According to the nomenclature of Schecter and Berger (1967). The P1-P; bond is the reactive-site peptide bond. 
bData taken from Liu et al. (1996a). 
'Data taken from Liu et al. (1996b). 
dPro, which does not possess an NH group, occurs at this position. 
eNot determinable because the P; residue becomes the newly formed, second N-terminus. 

From the work described, we identify two factors associated with 
rCMTI-III*: (1) reduction inflexibility gain of the P, segment due 
to the Cys3-CysZo disulfide bridge; and (2) increase inflexibility of 
the PL segment upon cleavage of the scissile bond. The resynthesis 
reaction is facilitated in CMTI-111 (Khyd = 2.4, as opposed to 9 for 
CMTI-V).  The second factor  is  a surprising one, because it has been 
thought generally that rigidity of the Pi segment would enable it to 
successfully compete against water molecules by virtue of increased 
"local" concentration of the Pi residue in the vicinity of the acyl in- 
termediate. Structural,  functional,  and  dynamical  studies of mu- 
tants of rCMTI-V in which a disulfide bond is engineered between 
the P, region of the binding loop and the protein scaffold should pro- 
vide further support for the first factor identified. Alternatively, the 
Cys 'O-CYS~~ crosslink in rCMTI-111 may be eliminated by the dou- 
ble mutation, CIOS+C22S, in order to increase the flexibility of the 
Pi segment. Such experiments are in progress. 

Conclusions 

Internal dynamics of binding loops in serine proteinase protein 
inhibitors belonging to two families (squash and potato I) show 
characteristic differences reflecting structural variations in binding 
loop-protein scaffold interactions. Thus,  a disulfide crosslink be- 
tween the P, region and the scaffold decreases the flexibility gain 
of the newly formed C terminal in the cleaved inhibitor. Absence 
of any interaction between the Pi residue and the scaffold results 
in increased flexibility of the newly formed N terminal. The  dif- 
ferent hydrolysis equilibrium constants measured for the represen- 
tative members may, in part, be attributed to such dynamical 
differences. Resynthesis of the PI-P; bond seems to be better fa- 
vored by a more ordered PI  residue and  a more flexible Pi residue. 

Materials  and  methods 

"N-labeled recombinant CMTI-111 

Escherichia coli strains JM109 and BL21 were used as hosts. The 
glutathione S-transferase (GST) fusion vector pGEX-2T (Pharma- 

cia Biotech) was used for the expression of CMTI-I11 as  a fusion 
protein with GST. The CMTI-111 gene was custom-synthesized 
(Genosys) in the form of two  overlapping oligonucleotides- 
CMTI-IIIF (forward) and CMTI-IIIR (reverse). The sequence of 
CMTI-IIIF (52-mer) was: 5'-CGC GTA TGT CCA CGC ATC 
TTG ATG AAA TGC AAG AAA GAT TCC GAT TGC  CTG 
G-3'.  The sequence of CMTI-IIIR (54-mer) was: 5'-CTA ACC 
ACA ATA GCC ATG TTC CAA  GCA CAC GCA TTC TGC CAG 
GCA ATC GGA ATC-3'. No-hundred nanograms of each syn- 
thetic oligonucleotide was mixed, annealed, and primer extended 
with the Klenow fragment (Sambrook et al., 1989). The resultant 
products and 100-bp DNA ladder were analyzed on a 3% agarose 
gel. The band at about 105 bp was excised, purified, and amplified 
by PCR (Perkin Elmer Cetus), using two flanking primers, CMTI- 
I I F  5' primer and CMTI-IIIR 3' primer. The PCR product was 
subjected to electrophoresis on a 3% agarose gel, and the band at 
105 bp was excised and isolated. The PCR-amplified gene was 
double-digested with BamH I and EcoR I  (both from New England 
Biolabs), ligated with the pGEX-2T vector, using T4 DNA ligase 
(New England Biolabs), and transformed into JM109 or BL21 
competent cells. The recombinant DNA-containing colonies were 
screened by the PCR, using the CMTI-111 5' and 3' primer pair. 
The sequence of the clone was confirmed by sequencing both DNA 
strands with Sequenase  (United  States Biochemicals). 

The CMTI-111 gene was expressed in E. coli JM109 or BL21. 
Cells were grown in Luna-Bertani broth containing ampicillin. 
The recombinant protein, separated by SDS-PAGE (Laemmli, 1970) 
and visualized by Coomassie Brilliant Blue, was found to be ex- 
pressed within 2 h  and the level remained the same after overnight 
incubation. 

For the production of uniformly "N-labeled CMTI-TII fusion pro- 
tein, the E. coli cells were grown in a medium containing "NH4CI 
as the sole nitrogen source. The "N-labeled recombinant CMTI-111 
was cleaved off GST by digestion with thrombin and purified by 
reverse-phase HPLC. The recombinant protein (yield = 3-5 mg/L 
of cell culture), rCMTI-111, was found to inhibit trypsin by the assay 
method described previously (Wen et al., 1993). The nucleic acid 
and amino acid sequences of  rCMTI-111 are as follows: 



Dynamics of serine proteinase protein inhibitors of two families 139 

G G A T C C C G C G T A T G T C C A C G C A T C T T G A T G A A A T G C A A G A G C A  60 

G S R V C P R I L M K C K K D S D C L A  20 

GAATGCGTGTGCTTGGAACATGGCTATTGTGGTTAGGIUiTTC 102 

E C V C L E H G Y C G <  3 1  

Thus, rCMTI-111 contains  two  extra N-terminal amino acid resi- 
dues, G I Y - ~  and Ser-'. 

"N-labeled recombinant CMTI-III* 

rCMTI-m was reacted with trypsin (5 mol%) to produce ICMTI-III*, 
which was separated and purified by RP-HPLC, as described pre- 
viously (Krishnamoorthi et al., 1990). 

NMR spectroscopy 

A typical NMR sample  was prepared by dissolving about 1-2 mg 
of the protein in 0.2 mL of 90% H20/10% D20 (v/v), which con- 
tained 50 mM KCI. The pH of the NMR sample was adjusted to 4.74 
at 30 "C with 0.1 M K02H or 0.2 M 2HC1, using an Ingold micro- 
combination glass electrode and a Fisher pH-meter (model 815 MP). 

NMR experiments were performed at 30 "C with a 1 1.75 Tesla 
(499.496  MHz  for 'H)  Varian Unityplus  spectrometer.  Two- 
dimensional 'H-"N HSQC experiments (Kay et al., 1989) were 
performed with spectral widths of 6,000 and 3,500 Hz for the 'H 
and ''N dimension, respectively. A typical data matrix consisted of 
4,096 X 256 complex data points in the fl(   'H) X f2(''N) dimen- 
sions,  respectively. The water  peak  was  assigned a value of 
4.71 ppm and thus used as an internal reference. The "N chemical 
shift  reference  was CH3N02, which was assigned a value of 
380.23 ppm (Live et  al., 1984). 

Two-dimensional  sensitivity-enhanced  pulse  sequences  (Ca- 
vanagh et al., 1991; Palmer et  al., 1991; Skelton et al., 1993) were 
employed for the inversion-recovery (Vold et al., 1968), CPMG 
spin-echo (Meiboom & Gill, 1958), and steady-state NOE  (Noggle 
& Shirmer, 1971) experiments to measure the spin-lattice relax- 
ation rate constants @'), spin-spin relaxation rate constants (R2) .  
and {'H}- "N steady-state NOES, respectively, of backbone and 
arginine side chain "NH groups in rCMTI-III and rCMTI-III*. 
One-hundred twenty-eight increments of 4K data points each were 
collected with 16 transients per increment for the R I  and R2 mea- 
surements, and with 32 transients per increment for the NOE ex- 
periments. A total recycling delay of 4 s was used for the NOE 
experiments. For the R ,  determination, eight data sets were  col- 
lected corresponding to relaxation periods of 0.008, 0.05, 0.12, 
0.25, 0.4,  0.7, 1.1, and 2.5 s; similarly, eight data sets were ac- 
quired for the R2 measurement with relaxation intervals of 0.015, 
0.032, 0.055, 0.13, 0.23, 0.34, 0.52, and 0.87 s. The  NOE mea- 
surements were performed in duplicate. A line-broadening factor 
of 6 Hz was applied to the f2 dimension; a shifted Gaussian win- 
dow function was used in the f l  dimension. The water signal was 
digitally filtered out before Fourier transformation (Marion  et al., 
1989). 

Determination of I5N relaxation parameters and computation 
of model-free parameters 

R I  and R2 were determined by nonlinear least-squares fitting of 
experimental peak heights to the following equations: 

I( t )  = I ,  - ( I ,  - Io)exp(-RI * t )  (4) 

I( t )  = Io exp(-R2 * t ) ,  ( 5 )  

where t is the parametrical relaxation delay in each measurement 
and I is the long-time steady-state resonance intensity. Uncertain- 
ties in peak heights were assessed by the RMS baseline noise level. 
Heteronuclear NOES were calculated according to the equation: 

T = ~ * u l l ~ u n ~ u I ~  (6) 

in which Isat and are the experimental peak heights measured 
from spectra recorded with and without proton irradiation during 
the recycling delay. Uncertainties were calculated by the sum of 
the RMS of the uncertainties of peak heights about the RMS base- 
line noise level for I,,, and I,,,,,. Model-free parameters (Lipari & 
Szabo, 1982a, 1982b)-S2, T,, and R,,-were computed, using the 
software, Model-Free (version 3.0), kindly provided by Professor 
Arthur G. Palmer 111 of Columbia University, New York. 

Supplementary  material  in  Electronic  Appendix 

Supplementary material includes two figures showing assigned 
'H-I5N HSQC maps of rCMTI-111 and rCMTI-In* and four tables 
containing experimental R I  , R2, and NOE data and computed model- 
free parameters ( S 2 ,  T,, and R,) of  rCMTI-I11 and rCMTI-III*. 
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