6284 Biochemistry2001,40, 62846292

Insight into the Mechanism of SerpitProteinase Inhibition from 2D'H-1°N] NMR
Studies of the 69 kDa;-Proteinase Inhibitor Pittsburgtirypsin Covalent
Complex

Francis C. Peterson and Peter G. W. Gettins*

Department of Biochemistry and Molecular Biology, M/C 536, College of Medicine;esity of Illinois at Chicago,
1853 West Polk Street, Chicago, lllinois 60612

Receied January 16, 2001; Résed Manuscript Receed April 3, 2001

ABSTRACT. We have used'H-*N]-HSQC NMR to investigate the structural changes that occur in both
serpin and proteinase in forming the kinetically trapped covalent proetgimtein complex that is the

basis for serpin inhibition of serine proteinases. By alternately ushglanine specifically-labeled;-
proteinase inhibitord;P1) Pittsburgh (serpin) and bovine trypsin (proteinase), we were able to selectively
monitor structural changes in each component of the 69 kDa complex. Residue-specific assignments of
four alanines in the reactive center loop and seven other alanines aided interpretation of the spectral
changes in the serpin. We found that the majority of the alanine resonances, including those from reactive
center loop residues P12, P11, and P9, were at identical positions in covalent complex and in cleaved
osPl. Five alanines that are close to the contact region with proteinase showed some chemical shift
perturbation compared with cleavedPI, indicating some degree of structural deformation. Wk

label in the proteinase, an HSQC spectrum was obtained that more closely resembled that of a molten
globule, suggesting that the structure of the proteinase had been significantly altered as a result of complex
formation. Large increases in line width for aliPl resonances in the covalent complex, with the sole
exception of two residues in the flexible N-terminal tail, indicate that, unlike the noncovei@t
anhydroproteinase complex, the covalent complex is a rigid body of effectively increased molecular weight.
We conclude that the mutual perturbations of serpin and proteinase result from steric compression and
distortion, rather than simple contact effects. This distortion provides a structural basis for the greatly
reduced catalytic efficiency of the proteinase in the complex and hence kinetic trapping of the covalent
reaction intermediate.

Serpins are a most unusual family of protein proteinase complex thus chemically represents an intermediate on the
inhibitors that employ a unique mechanism to inhibit their normal substrate cleavage pathway, but one that, as a result
serine proteinase targets. Each contains an exposed reactivef the conformational changes, deacylated-8 orders of
center loop consisting of approximately 20 residues within magnitude slower than in a normal substrate react®n (
which is an appropriate substrate recognition site for the The proteinase has thus bdeneticallytrapped. The critical
target proteinase. Rather than forming a thermodynamically question for understanding the mechanism of proteinase
stabilized noncovalent complex with the serpin, however, inhibition is therefore how this dramatic reduction in catalytic
the proteinase attacks the-PR1 ! bond within the reactive efficiency of the proteinase has been effected.
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L o . o cence resonance energy transfer, to localize the proteinase
conformational change occurs within the serpin that involves trvpsin in covalent complex with the serpin-proteinase
insertion of the reactive center loop infbsheet A of the yb b pa-p

serpin and translocation of the covalently bound proteinase ET 'blto.rd (alzl) Pl;ttsbur%h [a r:ja’;ural varlts;\]nt n W["Ch the.
toward the distal end oB-sheet A 8, 4). The resulting resicue has been changed from methionin€ to arginine

(6)], and shown that it is at the “bottom” of the serpin with
_ respect to the location of the reactive center loop (“top”) in
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copy represent the only real ways of obtaining the necessaryously (10) and involved single and double changes of alanine
structural details for the whole complex. The former approach to serine and comparison of the resulting HSQC spectrum
had previously been handicapped by the difficulty of with that of the normal protein.

obtaining crystals of the complex, but was recently successful - sample PreparatiorCleavedx; Pl samples were prepared
with a nearly identical serpinproteinase pair to that py dissociation of the covalent complex formed betw&sh
examined hered). We chose NMR spectroscopy as a |abeleda;Pl Pittsburgh andgs-trypsin through raising the
sensitive and information-rich means of looking at sefpin  temperature to 75C for 10 min. This exploits the extremely
proteinase complexes in solution that might be fairly gener- high thermal stability of the cleaved form of serpiriEn(
ally applicable to a range of serpiproteinase pairs. Since  >120°C) (13), so that the trypsin moiety, once dissociated,
it is a solution method, it has the capability of examining can be removed by thermal denaturation and precipitation.
conformational heterogeneity and dynamics as well as moreCovalent complexes oé; P! Pittsburgh and recombinant
straightforward structural changes. We have recently dem-p189S trypsin were generated by addition of a small excess
onstrated the utility of this approach on a noncovalent  of serpin (20% molar excess) over proteinase zymogen, in
Pl—anhydrotrypsin complex, showing that HSQC NMR can sjty activation of the zymogen with enterokinase, and
readily distinguish between loop-inserted and nativelike sypsequent purification of the covalent complex by HPLC
structures for the serpin in the complex and also provide ysing a chromatofocusing column. The reactions were carried
information both on conformational change within the gutin 25 mM Bis-Tris at pH 6.25; 5 units of enterokinase
proteinase and on motional freedom of the component (Sigma) was added to the mixture @fPl and trypsinogen
proteins in the complex1(). We report here the application  and reacted fio4 h atroom temperature. The mixture was

of 2D [**N-*H] NMR to a structural examination ofN- run over a monoP column at a flow rate of 1 mL/min. Native
alanine-labeled.;-proteinase inhibitor (Pittsburgh variant)  and cleavedyPI bound to the column, whereas the covalent
bovine trypsin complexes, where th# label was incor- complex passed through. The sample was dialyzed into NMR

porated either into the serpin or into the proteinase, therebypyffer and concentrated. For covalent complexes where the
providing information on each component. The results are 15\ |abel was in the trypsin, a 15% excess of unlabeled
discussed in light of the recent X-ray structure of an almost ¢, p| was added to labeled trypsinogen in NMR buffer and
identical complex ). the proteinase activated in situ by addition of 5 units of
MATERIALS AND METHODS enterokinase. The reaction was allowed to proceed at room
temperature for 4 h. The sample was then concentrated.
Protein ExpressiorRecombinant bovine trypsinogen was [H-15N]-HSQC NMR.AIl NMR experiments were per-

expressed in high yield iE. coli as inclusion bodies and  ¢5-med on a Bruker DRX600 spectrometer equipped with a
refolded after guanidine hydrochloride resolubilization, as g CH/AN/SC) triple resonance probe and pulse field
described in the preceding pap&B|. A D189S background 4 ient capability. All NMR spectra were collected at 310
was used rather than wild-type, since this had been reportedy | njess otherwise noted. in 90%®10% DO, 20 mM

to have lower substrate reactivittl) and was found, in g44jym phosphate, pH 6.0, and 150 mM sodium chloride.
our hands, to give a covalent complex witiP!I Pitisburgh  prein concentrations and data accumulation times are as
that deacylated at least 10 times slower than that formed;jicated in the figure legends. NMR data were processed

with wild-type trypsin, but was otherwise normal. This was using Tripos 6.3 software (Tripos, Inc., St. Louis, MO).
advantageous for long data acquisitions used for the covalent ’ ' ’

complexes to minimize decomposition of the complex ResuULTS
through deacylation. For production 8N-alanine-labeled
trypsinogen, 100 mg/E5N-labeled alanine was added to the ~ Assignments of Resonances from Alanine Residues in
growth medium, which consisted of M9 minimal medium Native and CleaedoPl. We have previously made residue-
supplemented with 100 mg/L of all other amino acids. specific assignments for the four reactive center loop alanines
Trypsin was prepared from recombinant trypsinogen by of oyPl (P12, P11, P9, and P4; residues 347, 348, 350, and
activation with highly purified porcine enterokinase (Sigma). 355, respectively) as well as the two alanines close to the
Recombinant; Pl Pittsburgh was also expressedgncoli N-terminus (residues 7 and 8), in both the native and reactive
as inclusion bodies and purified and refolded as previously center loop-cleaved forms @f;PI (10). This showed that,
described 10). The background was the multi 9 variant that whereas the two N-terminal alanines, which have high
we have previously used for NMR studies, which comprises mobility, are insensitive to the major conformational change
seven mutations that have been found to stabilize the nativethat occurs when the reactive center loop is cleaved and
conformation with respect to polymerization, but not other- inserts into3-sheet A as an additional, central, antiparallel
wise to alter the inhibitory rate or efficiency of the serpin strand, the four reactive center loop alanines all experience
(12), as well as the change of P1 from methionine to arginine large changes in bothd and®*N chemical shifts, consistent
to permit more efficient complex formation with trypsin, and with a marked change in the exposure and hydrogen bonding
of the single cysteine at position 232 to serine to prevent of their backbones (Table 1) (Figure 1). In our examination
disulfide-mediated aggregation. The last two changes haveof HSQC spectra of the covalent complex @fPl with
also been shown not to alter the fundamental serpin inhibition trypsin (see below), we found four other, nonreactive center
mechanism of formation of SDS-stable covalent complexes loop alanine resonances that were significantly perturbed
with target proteinasedf. In addition, a reversion of one of compared to the spectrum of cleavedPl. To permit more
the seven stabilizing mutations was made to reintroduce adefinitive interpretation of these perturbations in terms of
reporter alanine at position 70. Variants used for assignmentstructural changes to the serpin moiety in the covalent
of reactive center loop alanines have been described previ-complex, we made additional single site mutantsxg®l,
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Native o4-Pl Cleaved o4-Pl

316

Ficure 1: Ribbon representations afPI in native and cleaved states with alanine backbone amides shown as spheres. Left panel, native
ouPl (pdb file 1atu); right panel, cleavetiPl (pdb file 7api). The alanines whose NMR resonances were assigned by mutagenesis are
numbered (with the exception of residues 7 and 8, which do not give visible electron density). Note the dramatic change in location and
exposure of the four reactive center loop alanines, P12, P11, P9, and P4, between the two structures. The use of the designations “top” and
“bottom” in the text relates to the orientation afPl depicted here.

Table 1: *H and**N Chemical Shifts of Assigned Alanines Pl to-alanine mUtation) were additionally Chos_en as being
Pittsburgh surface residues that might be close to the interface with
trypsin in the covalent complex, if our earlier positioning of
residue native NCC cleaved CC native NCC cleaved CC the proteinase were S“ghtly In error (Flgure 1)'
Zaee 1220 1220 1220 1219 812 817 813 813 Consistent with their surface location, alanines 68 and 70
7882 123.7 123.7 1237 123.7 8.13 818 813 814 Were almostinsensitive toloop insertion, giving béthand
P4(355) 1267 127.2 1297 1277 823 827 827 816 5N chemical shifts that were unchanged within experimental
P9(350) 1232 1232 1196 119.6 804 808 931 9.32 oror hetween native and cleaved states (Table 1, Figure

P11 (348) 1234 1232 1189 1188 821 8.26 9.03 9.04 .
P12 E347g 125.0 124.6 1284 1284 825 826 984 9.86 2A,B) In contrast, alanines 316, 325, and 332 showed mOStly

15N chemical shift (ppm) IH chemical shift (ppm)

68 1215 121.7 121.7 1218 741 750 7.45 7.44 large changes in botfH and >N chemical shift between

70 1230 nrh 1231 1231 877 nm 882 882 pative and cleaved states (Table 1, Figure 2A,B). The largest
183 n nv 1215 1223 nv nv 964 955 h ‘ due 332 1 hich. th

316 1241 1241 1240 1234 753 762 7.26 700 Changes were for residue » TOF which there was a
325 1202 1201 117.7 1160 7.34 7.41 6.92 6.86 difference of 0.44 ppm idH chemical shift and 5.6 ppm in
332 1299 130.1 1243 1234 9.69 976 925 9.08 15\ chemical shift. This residue is in strand 5®&heet A

a Alanines 7 and 8 were assigned as an undifferentiated pair. Their and So experiences a major change in environment upon
high mobility makes them insensitive to structural or dynamic changes insertion of the cleaved reactive center loop adjacent to it.
in the rest of the serpirt.nm: not measured (the G76A mutation The smaller!SN chemical shift change for alanine 316 is
was only made for examination of the covalent compléxi: not ) L . .
visible. consistent with its loop location at the bottom of the serpin.

Alanine 183 was only visible in the spectrum of cleaved
osPI, indicating possible exchange broadening in the native

and 332) or serine (residues 316 and 325), and recordetfmte_m' bu.t also thus shqwing sensitivity to cleavage and
HSQC NMR spectra of their native and cleaved forms to '00P insertion of the reactive center loop.
give additional residue-specific assignments. Structural Changes ino;Pl upon Caalent Complex

To minimize the number of variants that had to be made Formation.A 1:1 covalent serpiftproteinase complex was
and expressed, we selected alanines to replace based on ounade between'*N-alanine-labeledo;PI Pittsburgh and
earlier model of the serpirproteinase complex derived from  unlabeled recombinant bovine trypsin, and its HSQC NMR
fluorescence measuremen®. (Accordingly, alanines 183,  spectrum was recorded. All 27 alanines present gave observ-
316, 325, and 332 were mutated, based on their location inable, relatively broad resonances with good overall dispersion
the bottom part of3-sheet A or in a loop at the bottom of in both the®N and!H dimensions. Comparison with the
the serpin, and therefore possibly sensitive to structural spectrum of the same serpin in the uncomplexed native state
changes caused by the proteinase in the body of the serpin(Figure 2C) shows an almost complete mismatch between
Alanines at 68 and 70 (the latter was introduced as a glycine-the resonance positions in the two spectra. Even with only

with change of individual alanines to glycine (residues 183
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FiGURE 2: [!*N-1H]-HSQC NMR spectra of native, cleaved, and covalently complex&d Pittsburgh, with'®N-alanine labeling only of

the a;PI. (A) Native a;PI (1 mM). (B) P1-cleaved;PI (1 mM). (C) Covalent complex af;PI with recombinant bovine trypsin (1 mM)

(blue spectrum) overlaid by the spectrum of nati®l (same as panel A). (D) Covalent complexogP| with recombinant bovine trypsin

(2 mM) (blue spectrum) overlaid by the spectrum of cleawglll (same as panel B). In panels A and B, all assigned alanines are marked.
Those from the reactive center loop are given their Schechter and Bdjgeurfiberings, P12, P11, P9, and P4, while the remaining
resonances are given their number in the primary structure. Alanines 7 and 8 were assigned as an undifferentiated pair and are each indicated
by an asterisk. In panel D, the most likely assignments of the five alanines that shift between spectra of cleaved and coiRplared

indicated, together with arrows linking their position in each spectrum. Spectra were recorded at 310 K in pH 6.0 phosphate buffer.

limited assignments for the nonreactive center loop reso- In contrast to the mismatch between spectra of covalent
nances, the fundamental difference in appearance of the twocomplex and nativePl, there is very close coincidence in
spectra indicates that the conformation of the serpin in the resonance positions between spectra of covalent complex and
covalent complex is very different from that in the native cleaveda,PI (Figure 2D). For the nonreactive center loop
state. resonances, 19 out of 23 are in identical positions, whereas
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Table 2: Line Widths of Assigned Alanine Residues I_Dll' Pg’ and P4) all have very high intensity and n‘?rrow
line width, consistent with a much higher degree of motional
freedom. While this is expected for residues 7 and 8, which

residue native (H?) cleaved (H® covalent complex (H2)

&8 18 18 18 are likely to be in a mobile region of the protein, since the
gég‘ 8 1386 13% iAé region up to residue 22 is not visible in the crystal structures
70 36 24 54 of either native or cleaved form&4, 15), it is not necessarily
183 np 24 60 expected for the reactive center loop, which the X-ray
316 30 24 54 structure shows to be in extendgeconformation, with a
gg‘;’ gg gg ig potentially strong salt bridge between the P5 glutamic acid
P4 24 36 48 (residue 354) and an arginine in the body of the serpin
P9 18 30 48 (residue 196) that anchors the reactive center loop to the
EE 13 gg 4513 serpin core. Our data in solution suggest, however, a very

mobile, untethered reactive center loop in natiueI.

a Digital resolution limited accuracy of line width measurements to Upon formation of the cleaved, loop-inserted form of the
+3 Hz.®nv: resonance not visible in the spectrum of the native protein. serpin, the nonreactive center loop alanines showed no

significant change in line width (Figure 2B), within experi-

for the 4 reactive center loop alanines, those at positions P12mental error, consistent with their location in the body of
P11, and P9 gave resonances at identical chemical shifts inthe serpin, or in the mobile N-terminal tail, and the expected
the spectra of complexed and cleawedPl, with only the similar mobility of these regions compared with native
resonance from P4 not being coincident in the 2 spectra. o;Pl. In contrast, all four of the reactive center loop alanines
Reasonably confident assignments can be made for the fivechanged line width and intensity from those characteristic
alanines in the covalent complex that are not at identical of more mobile residues to those of the remainder of the
chemical shifts to cleaved,Pl, based on the relatively small  serpin body. This is entirely consistent with the known
chemical shift differences between each of these resonanceshanges in secondary structure of inhibitory serpins upon
and a resonance in cleavegP| (Figure 2D). Any alternative  cleavage and loop insertion.
set of assignments would require much larger shift perturba- Formation of the covalent complex with trypsin resulted
tions for at least two of the alanines, and so is consideredin the most widespread changes in line width. With the
much less likely. exception only of the alanines in the N-terminus, 7 and 8,

As had been hoped, the five resonances that were atall other resonances showed large increases in line width
slightly different chemical shifts in the spectra of cleaved (Figure 2D), consistent with the covalent complex being a
and covalently complexed;PIl were all from alanines that rigid body, with larger mass and size than the serpin alone,
we had assigned by mutagenesis, and which are located aand with a corresponding increase of approximately 50% in
the bottom of the serpin (Figure 1B). The largest difference line width (Table 2). This suggests that the proteinase in the
in chemical shift was for the P4 alanine, with &\ Ao of complex must be held tightly against the serpin.
2 ppm. The other four alanines had differences*iN Changes in Trypsin upon @alent Complex Formation.
chemical shift between 0.6 and 1.7 ppm. Difference®Hn As described in the preceding pap&8) we have established
chemical shift were between 0.06 and 0.26 ppm (Table 1). a high-yield expression system for bovine trypsin that has
Significantly, none of the other three reactive center loop allowed us to specifically incorporatéN-labeled alanine into
alanines (P12, P11, and P9) showed any differences intrypsin and to obtain good-quality, well-resolved, and
chemical shift between cleaved and complexed states, despitelispersed spectra of S195A trypsin, both alone and in
each of these alanines having chemical shifts that are verynoncovalent complexes with proteinase inhibitors, including
sensitive to loop insertion itself (see above). The surface a;Pl. An [**N-*H]-HSQC NMR spectrum of D189S/S195A
alanines 68 and 70 also showed no difference betweentrypsin (Figure 3B) showed the expected number of alanine
cleaved and complexed states. Although these residues areesonanceslf) while that of trypsinogen gave 13 of the 15
not sensitive to loop insertion, they should have been (Figure 3A). Although there are significant differences in
perturbed by contact with proteinase if they were located chemical shift for a number of the alanines between the
within the a,PI—trypsin interface. zymogen and activated forms of the proteinase, there is

Mobility Changes ino;Pl upon Cleaage and Coalent nevertheless good chemical shift dispersion in Béthand
Complex FormationAlthough we did not carry out detailed *H dimensions for both spectra. The original motivation for
relaxation time measurements of alanine resonances fromdeveloping this system was to enable us to examine the
osPl in native, cleaved, and complexed states, we can proteinase in covalent complex with trypsin. Accordingly,
nevertheless make useful conclusions based on very largeve recorded an HSQC spectrum of covalent D189S trypsin
changes in line width and/or peak intensity seen for some a;Pl complex, in which there walSN-labeling of alanines
of the resonances. In the native state, all resonances havenly in the trypsin moiety. Given the well-behaved nature
similar intensity and/or line width with the exception of the of spectra of both trypsin and trypsinogen, as well as for the
four reactive center loop alanines and residues 7 and 8,noncovalent complex of S195A witl;Pl shown in the
consistent with the body of the protein behaving as a rigid preceding paper, the appearance of the spectrum of covalent
entity. Values are given in Table 2 for the assigned complex was altogether unexpected (Figure 3C). With the
resonances, though it can be seen from Figure 2A that theexception of resonances at 119/7.2 ppm and 123/7.5 ppm,
line widths for other nonassigned residues appear to bewhich are still clearly resolved, albeit with significantly
similar. In contrast, both the N-terminal alanine pair 7 and increased line width, there is poor correspondence between
8 and the four alanines from the reactive center loop (P12, the spectrum of the covalent complex and the spectrum of
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FIGURE 3: ['®N-H]-HSQC NMR spectra of trypsinogen, trypsin, and trypsin covalently complexedow®h Pittsburgh, witht>N-alanine

labeling only of trypsin or trypsinogen (panels-&£) and, for comparison, spectrum of the same covalent complex as in panel C, but with
15N-alanine only in thex;PI (panel D). All samples were at 1 mM for the labeled species. Panel A, D189S/S195A trypsinogen; panel B,
D189S/S195A trypsin; panel C, covalent complex of D189S trypsin wjfll Pittsburgh. All spectra were recorded at°& and pH 6.0.

The spectra in panels C and D were collected under similar conditions. Note the much lower intensity in panel C compared with panel D,
and poorer spectral dispersion in panel C compared with panels A and B.

trypsin (Figure 3B), as well as a loss of expected signal equivalent covalent trypsina; Pl complex with'>N-alanine
intensity. Comparison to the spectrum of trypsinogen (Figure in o4PI, and collected under the same experimental condi-
3A) shows a closer resemblance, particularly the group of tions, is shown in Figure 3D.

four peaks around 125/8.5 ppm, though even here there are Because of the unusual appearance of the spectrum, we
clear absences of some of the trypsinogen resonances. T@ought to determine if it arose from conformational inter-
emphasize the difference in behavior of the serpin and conversion on an intermediate NMR time-scale, by recording
proteinase components of the complex, the spectrum of thethe spectrum at both higher and lower temperature. Spectra
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the inhibition mechanism of the serpin. Although we have

90— . A B previously shown by fluorescence resonance energy transfer
70— . for the samex,PI Pittsburgh-trypsin covalent complex that
- —CC the trypsin is located at the bottom of the serpin, and
60— consequently involves full insertion of the reactive center
- . =y loop into3-sheet A, as shown in Figure 5, we were not able
40-9. le to use such fluorescence approaches to provide direct
evidence for loop insertion, for the structure of the remainder
of the serpin moiety, for the conformation of the proteinase,
30— or for the rigidity of the complex. The NMR spectra
described above have been able to address each of these
issues and thereby illuminate the mechanism of proteinase
20— inhibition by serpins. Consistent with the global placement
of the proteinase at the bottom of the serpin by FRET, our
5 NMR data have shown that the reactive center loop of the

serpin is fully inserted intg@-sheet A and that most of the
remainder of the serpin has a conformation identical to that
Ficure 4: SDS-polyacrylamide gel of the covalent complex of of cleaveda,PI. From previous modeling of trypsm_and
osPl Pittsburgh with recombinantsN-alanine-labeled bovine  CcleavedasPI (7), we had found that the structure in Figure
trypsin. Lane 1, complex frozen immediately after generation and 5 involved steric clashes between surface loops of the trypsin
just preceding recording of the NMR spectrum in Figure 3C; lane and the bottom of the serpin. The present findings that five
2, same sample 14 days after collection of the NMR spectrum,  gjanines inayPI in complex are at chemical shifts close to,

showing no change in the relative amounts of native, cleaved, andb t not quit incident with. th fel Pl | t
complexedoyPl. The NMR sample was generated with a molar ut not quite coincigent with, those of cleaved-l IS mos

excess ofy Pl to ensure that there was no free trypsin present in easily explained as resulting from small distortions of the
the sample. SincN-alanine is only present in the trypsin moiety, serpin moiety, restricted just to the bottom part of the serpin,
the presence of some native and cleauglll does not affect the  pyt including residues of-sheet A including P4 of the
mﬁ;pae&:]“ d”;'n (S:g‘%%\tlhi?]sﬁ]gpsee?&f] _are essentially invisible at theyo 5 five center loop and alanines in the immediately flanking
strand 3 (alanine 183) and strand 5 (alanine 332), to
accommodate the proteinase. For the proteinase, the conse-
There was a further reduction in signal intensity due to slower quence Of. this “tight fit” s comparable dlsFortlon Of. 't.s
molecular motion as the solution was cooled. but no conformation that results in a spectrum that is more similar
i to that of either inactive zymogen or molten globule forms

discernible increase in dispersion at the expense of intensity ) . : . :
from resonances in the central region of the spectrum, suc O_f trypsin than of active rypsin. In keeping with the expected

as might have been expected if any exchange process ha(ﬁ'gidity of such afirmly interacting pair_of proteins, the Iine_
been slowed from intermediate to slow exchange conditions.WIdthS of resonances in the complex (viewed from the serpin

To confirm that the trypsin in the complex was otherwise moiety) are u.niformly and greatlly increased over thgsg for
intact, i.e., that it had not been adventitiously cleaved by the free protein components. This contrasts'wnh our findings
free trypsin, we ran an SDS gel of the complex after for a noncoyalt_ant cpmplex betwemPl Pittsburgh and
collection of the NMR spectrum and compared this with the _anhydrotryps!n n ‘f}’h'Ch ho copformaﬂona_l change occurr_ed
same sample immediately after it had been formed. The" e|t_her serpin or "proteinase and_forwh|ch th_ere was still
NMR sample complex gave a single, well-defined band at conS|der_abIe ﬂeX|b|I|ty_of the proteinase domain rglatlve to
the position expected for a covalent complex of mass equal the serpin, made possmle .by docking of the proteinase with
to the sum of the masses of the proteinase and the serpir‘f". rglgtlvely .”?O.b."e reactive  center I_oop that was not
(Figure 4), confirming that the trypsin was unaltered, other significantly r|g|d|f|ed by complex for'matlorﬂ.@). Our NMR :
than being covalently linked through its active site serine to resqlts Fhus prqwde comp'ellmg ewdence for a mechanism
the serpin. Although there are additional bands from cleaved of kinetic trapping of trypsin byxPl in which full translo-
Pl (very minor) and nativeosPl, these resulted from cation of_ the covalently bound trypsin to the d|sta! en_d of
addition of excess,; Pl in the initial formation of the complex the serpin, at th? stage Of. the _acyl enzyme reaction inter-
to ensure that there would be no free trypsin. Importantly, mediate, results in global distortion of the trypsin, with con-

these do not show a time-dependent change such as woulgeauent abrogation .Of ?ts catalytic activity. Oth_er so[ution
occur if the complex were being degraded over time (note studies have also indicated structural alterations in the

that the presence of some native and cleaxe®l has no proteinase moiety, both in the active sif3(16) and more

effect on the appearance of the NMR spectrum, since visibleglo_l?a"y from alterations in stab_ility and proFequtic suscep-
15N-alanine is only present in the trypsin, all of which is in “b'"tY (13,17). Such a_mechanlsm also satls_ﬂes the known
covalent complex) requirement for a precise length for the reactive center loop,

since the distortion-based inhibition mechanism requires
DISCUSSION compression of the proteinase, which must therefore be held
close enough to the body of the serpin. Similarly, since the
We have used®N NMR on residue-specifi¢®N-labeled distortion is based on resolving steric clashes rather than
protein components to provide insight into the structure and matching complementary binding surfaces, it explains the
dynamics of the covalent serptproteinase complex formed  promiscuity of serpins in their ability to inhibit proteinases
betweena,PI Pittsburgh and bovine trypsin and hence into of common specificity but different surface structure.

were also recorded at 4, 12, and 20 (data not shown).
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Ficure 5: Model of the covalent complex af;Pl and trypsin, based on our previous solution fluorescence resonance energy transfer
measurements’f and using the coordinates of cleavedP! (7api) (L5) and trypsin (1smf)19). This model is very similar in placement

of the serpin and proteinase to that found in the crystal structure of trypsimgidpdb coordinate file 1ezx)9}. The latter does not

include coordinates for 40% of the trypsin, which is invisible in the electron density map. The locations of assigned alanines in the bottom
portion of theo; Pl are numbered.

Despite the fact that the present NMR approach is not one0.52 A. However, this may not be uniformly distributed
of complete three-dimensional structure determination, it is throughout the structure, and in addition any small differ-
nevertheless a very sensitive method for addressing theences, e.g., in hydrogen bond length witBisheet A, might
specific questions of the conformation of serpin and pro- be too small to be detected at the resolution of the structure
teinase and the location of the reactive center loop. The (2.9 A). Our NMR findings, however, strongly suggest that,
alanine HSQC resonances of the native protein are extremelywhile the top two-thirds of the serpin are identical in cleaved
sensitive to loop insertion, with large chemical shift changes and complexed states, the bottom portiorfesheet A has
even for alanines that are not part of the reactive center loop.been perturbed as a consequence of compression against the
The consequence of this is that for such a conformation- proteinase.
sensitive resonance to have identical chemical shift in the The strangest aspect of our results is the appearance of
spectra of cleaved and covalently complexed serpin requiresthe spectrum of the trypsin moiety in the covalent complex.
that the local environment of that alanine be essentially Whereas trypsin alone or in noncovalent complex with
identical in both species. Conversely, any difference in inhibitors of different sizes, up to that ofiPI, gives well-
chemical shift, such as was seen for alanines 183, 316, 325resolved and dispersed HSQC specti@) (the spectrum of
and 332 and P4, implies that there must be some structuralcovalently bound trypsin is very poorly dispersed for most
difference between cleaved and complexed states for theseesonances and appears more like that of a molten globule,
residues. What cannot be quantified is how such chemicalhence explaining the failure of a reduction in temperature
shift perturbations correlate with specific structural differ- of 33°C (from 37 to 4°C) to improve the spectral dispersion.
ences. In this regard, it is worthwhile to compare the In the crystal structure of the complex, only 60% of the
structures of cleaved;PI (15) and theo;Pl moiety in the trypsin gave traceable electron density, and furthermore
recently published X-ray structure of the covalenPl— crystals could only be grown at 4C and dissolved if the
trypsin complex 9). In the latter study, the overall rmsd of temperature was raised. This suggests that the trypsin in
Co. atoms between the two structures was found to be complex may be able to sample many different conforma-
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tions on a rapid time scale and for crystallization to be

Peterson and Gettins

3000730017.

successful at least some of this (representing 60% of the 6. Owen, M. C., Brennan, S. O., Lewis, J. H., and Carrell, R.

structure) must be frozen out. This still leaves a significant
fraction of the proteinase that is still plastic. While this

plasticity may not be the direct cause of the loss of catalytic
competence of the proteinase in the complex, it may be

essential to allow suitable accommodation to occur between
the interacting surfaces of the serpin and proteinase, thereby ™
eliminating what would otherwise be steric clashes and hence

allow different proteinases to be inhibited by the same serpin
(e.g., thrombin and factor Xa by antithrombin).
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