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Abstract

Increasing awareness of the possible role of internal dynamics in protein function has led to the
development of new methods for experimentally characterizing protein dynamics across multiple
time scales, especially using NMR spectroscopy. A few analyses of the conformational dynamics
of proteins ranging from nonallosteric single domains to multi-domain allosteric enzymes are now
available; however, demonstrating a connection between dynamics and function remains difficult
on account of the comparative lack of studies examining both changes in dynamics and changes in
function in response to the same perturbations. In previous work, we characterized changes in
structure and dynamics on the ps-ns time scale resulting from hydrophobic core mutations in
chymotrypsin inhibitor 2 and found that there are moderate, persistent global changes in dynamics
in the absence of gross structural changes [Whitley MJ, et al. Biochemistry 2008; 47:8566-8576].
Here, we assay those and additional mutants for inhibitory ability toward the serine proteases
elastase and chymotrypsin to determine the effects of mutation on function. Results indicate that
core mutation has only a subtle effect on CI2 function. Using chemical shifts, we also studied the
effect of complex formation on CI2 structure and found that perturbations are greatest at the
complex interface but also propagate toward CI2’s hydrophobic core. The structure-dynamics-
function data set completed here suggests that dynamics plays a limited role in the function of this
small model system, although we do observe a correlation between nanosecond-scale reactive loop
motions and inhibitory ability for mutations at one key position in the hydrophobic core.
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INTRODUCTION

The steady development of both experimental and theoretical methods for the analysis of
internal dynamics in biomolecules has resulted in a paradigm shift in our understanding of
proteins. Once considered to fold into discrete, static conformations, proteins are now
known to undergo conformational fluctuations (structural dynamics) over time scales
ranging from faster than picoseconds to seconds and even slower. With the dynamical nature
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of proteins across multiple time scales well established, the obvious question then becomes
whether intrinsic dynamics can be related directly to protein function in some way.

In principle, the relationship between dynamics and function is in many cases difficult to
address because establishing a relationship requires paired measurements of both dynamics
and function for a series of perturbations, and, ideally, sufficient information to exclude
structural effects as a dominant influence. Such structure-dynamics-function data sets
exist}™, though they are rare. More generally, the set of proteins for which a systematic
experimental analysis of changes in dynamics in response to various perturbations includes:
analyses of the influence of temperature on the dynamics of calmodulin®-6 and ribonuclease
H7; the effects of mutation on the dynamics of calmoduling, eglin c9711, chymotrypsin
inhibitor 2 (C12)!2, cyclophilin A3, and PDZ domains13; and the effects of peptide binding
on the dynamics of calmodulin2, Pin114 and PDZ domains®®. Even for these relatively few
systems in which the effects of various perturbations on internal dynamics have been
characterized, it is commonly the case that data on the corresponding effects of a given
perturbation on function are not available.

In previous work, we have experimentally characterized the effects of multiple core
mutations on dynamics and internal communication in the small serine protease inhibitors
eglin ¢ and chymotrypsin inhibitor 2 (C12).9-10+12 These are small, ~70 residue globular
proteins of the potato I inhibitor family that inhibit serine proteases through the presentation
of a “reactive site” loop that protrudes from the core globule and binds in the protease active
site (Figure 1).16 The loop, which is moderately flexible, is structurally distinct from the
core, and hence core mutations would not be expected to affect the reactive loop. However,
in Cl2, and to a lesser extent in eglin ¢, mutation of core residues induces global changes in
ps-ns dynamics in the protein (detected by NMR relaxation), including the reactive loop;
these changes occur in the absence of detectable structural perturbations.9:12 Modulation of
dynamics on slower timescales does not appear to be at work, since there is little evidence of
significant us-ms maotions in WT or L68A (see below). In addition to the NMR findings,
ensemble-based theoretical studies of CI2 have showed that connectivity exists between the
core and loop.17718 Thus, the question arises as to whether coupling between the core and
loop regions of CI2 plays a role in CI2 function.

To resolve the relevance of core-loop coupling in CI2 function and to complete a novel
structure-dynamics-function data set, we have assayed the ability of a panel of CI2 (and
eglin ¢) mutants to inhibit elastase and chymotrypsin proteases. Because core mutations
induce changes in dynamics that propagate throughout CI12 without significant changes in
structurel2, this represents an opportunity to link dynamics directly with function. Although
few studies probing long-range dynamic effects on function have been reported, there is
some precedent for this idea, as distal mutations in a PDZ domain were demonstrated to
exert long-range effects on the kinetics of peptide binding19. Our results from the mutants
studied here indicate that, overall, core mutations have only a subtle or no effect on
inhibitory function. However, one of the more perturbing mutations, L68A, appears to have
a weak anti-correlation between nanosecond-scale loop motions and inhibitory power. To
further probe the nature of the inhibitory complex, we have measured and assigned NMR
chemical shifts of CI12 in complex with active chymotrypsin and used this information to
assess how the association of CI2 with the much larger protease in solution affects CI2
structure. To our knowledge, this is the first NMR study of a natural macromolecular
inhibitor bound to a serine protease. We conclude with a discussion of how these findings
might be related to the question of the role of internal dynamics in the function of more
complicated but also more biologically or biomedically interesting proteins.

Proteins. Author manuscript; available in PMC 2012 March 1.
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MATERIALS AND METHODS

Proteins

All variants of the protease inhibitors CI2 and eglin ¢ were created, expressed, and purified
as described in published work1%:12, For proteins used in NMR experiments, E. coli cultures
were grown in media supplemented with U-13C-glucose, 2°NH4Cl, and D,O as necessary to
yield suitably labeled proteins. Unlabeled proteins were used in all enzyme assays. Both
bovine a-chymotrypsin and porcine pancreatic elastase were purchased from Worthington
Biochemical Corporation (Lakewood, NJ, USA) in the purest grade available.

Determination of the apparent inhibition constant, K app, for inhibition of two serine

proteases

Enzyme assays were generally carried out according to a published protocol?0. Briefly, the
steady-state rate of enzymatic hydrolysis of a chromogenic substrate was measured both
before and after the addition of inhibitor by monitoring the increase in absorbance of the
reaction mixture at 410 nm as a function of time. Using the slopes of the absorbance curves
before and after inhibition addition as proxies for the uninhibited and inhibited reaction
rates, respectively, the apparent inhibition constant can be calculated from the equation

Vo/Vi=1+[1]/Kiapp Where V, and V; are respective rates of substrate hydrolysis in the
absence and presence of inhibitor, and [1] is the concentration of inhibitor in the assay
mixture. For each inhibitor variant, multiple independent measurements of K; o, were made
at different concentrations, and we report the results as the average value + standard
deviation (with 5 < n < 15). Linear regressions are shown in Supplementary Information.

Assays for porcine pancreatic elastase inhibition were carried out in a total volume of 1 mL
of buffer comprised of 100 mM Tris (pH 8.0), 5 mM CaCls,, and 0.05% v/v Tween-80. The
chromogenic substrate AAA (N-succinyl-Ala-Ala-Ala-p-nitroanilide) (Sigma-Aldrich, Inc.)
was used at an initial concentration of 1 mM. In each reaction, the concentration of elastase
was fixed at 1 nM, whereas the inhibitor concentration was varied through a range
surrounding the approximate value of Kj app, from 30 to 75 nM. Assays of a-chymotrypsin
inhibition were carried out similarly, except that AAPF (N-succinyl-Ala-Ala-Pro-Phe-p-
nitroanilide) (Sigma-Aldrich, Inc.) was used as the chromogenic substrate. The enzyme
concentration in each reaction was 100 pM, and inhibitor concentrations ranged from ~150
to ~500 nM. All measurements were made using a Shimadzu UV-1601 spectrophotometer
equipped with a six cell changer and a temperature controller used to maintain the reaction
temperature at 25 °C. The change in absorbance was monitored for at least 45 min both
before and after addition of inhibitor, and the data were analyzed using a script written for
MATLAB R2008b.

Nuclear magnetic resonance spectroscopy

We have used NMR spectroscopy to probe the structural response of WT CI2 upon binding
chymotrypsin in solution. Backbone resonance assignments of free C12 are known from our
previous work; assignments of HN, N, C* and CP atoms of CI2 in complex with
chymotrypsin were obtained during the present work using a combination of 3D HNCA and
HNCACB spectra in conjunction with a 2D 1H-1°N HSQC spectrum and the assignments of
free C12. NMR spectra were recorded on a 700 MHz Varian INOVA spectrometer equipped
with a cryogenic probe and z-axis pulsed field gradients. NMR samples consisted of
approximately 750 uM CI2 with at least a two-fold excess of protease in a buffer consisting
of 75 mM HEPES, pH 8.0, 50 mM NaCl, 5 mM CaCl,, and 10% D,0 v/v. The data were
processed using NMRPipe/NMRDraw?! and analyzed using NMRView?2. The NMR
spectra indicate that the inhibitor-protease complex was stable for approximately 15 hours
before signs of degradation began to appear, consistent with known rates of CI2 cleavage by

Proteins. Author manuscript; available in PMC 2012 March 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Whitley and Lee

RESULTS

Page 4

serine proteases?3. The assignments for protease-bound CI12 were used along with those for
free C12 to assess and localize structural perturbations upon protease binding via a backbone
chemical shift perturbation analysis. The chemical shift perturbation for each pair of
backbone HN-N backbone atoms was calculated according to the equation

2 . -0,
. _ Z N.complex N.free
Ad= \/(‘51}\'.(-0,,,,% 611"\'..1’:111) + 5 ) , Where Adgtq) represents the total
perturbation in ppm at the backbone amide position and dy y is the measured chemical shift
for nucleus x in state y.

Non-reactive loop mutants show little variability in inhibitory ability as reflected in Kj 5pp

To explore whether amino acid positions that can alter internal dynamics can also affect
function in CI12 and eglin c, we have determined the apparent inhibition constant, Kj app, for
a total of 13 CI2 variants and 5 eglin ¢ variants with porcine pancreatic elastase and also for
5 variants of CI2 with bovine a-chymotrypsin. The location of these mutants in the 3D
structure of CI2 is shown in Figure 1, with most mutations located away from the inhibitory
binding loop (“reactive site” loop), which competitively inhibits by binding in the protease
active site. An example of the primary cleavage velocity data used to calculate the apparent
inhibition constant for each mutant is shown in Figure 2. In addition to making multiple
independent measurements for each variant studied, positive and negative controls were
interspersed regularly with the experimental measurements. The positive control consisted
of a reaction mixture containing protease and substrate but no inhibitor; the slope of the
absorbance trace remains the same throughout the experiment, assuming that there is always
a large excess of substrate, and thus demonstrate that the protease does not become degraded
or otherwise functionally compromised over the length of the whole measurement (Figure 2,
reaction 6). The negative control consisted of a reaction containing substrate and inhibitor
but no protease. The absorbance of such a sample should not change over time, thus
ensuring that protease contamination is insignificant and that the substrate itself does not
undergo significant autohydrolysis over the course of the experiment.

The specific variants of each inhibitor studied were selected for particular reasons. C12
mutants V66A, V28A, 176V, L68V, and L68A were chosen so that a possible connection
between inhibitory function and changes in side-chain flexibility on the ps-ns time scale
observed in our earlier work2 could be probed. The other C12 mutants were selected for
their positions within the CI2 structure: E34D is located at the N-terminus of CI2’s a-helix,
and shortening this side chain may strain electrostatic interactions at this location, A35G
removes the side chain of the most important residue of C12’s folding nucleus?4-25, 139V
shortens the side chain of a residue pointing into the protein’s hydrophobic core, and the N-
terminal truncations should weaken the formation of secondary structures at this terminus.
Finally, the R65A mutation was chosen to serve as an internal control. This arginine side
chain makes a critical hydrogen bond to CI2’s reactive loop that is known to be critical for
maintaining the loop’s architecture; abolishing the hydrogen bonding capability at this
position is known to severely disrupt inhibitor function in both C1226 and C. maxima trypsin
inhibitor /27, a fellow member of the potato | inhibitor family. The mutants of eglin ¢ under
study were also chosen because of the availability of data on the dynamical consequences of
these mutations®-19, Furthermore, the eglin ¢ mutants V54A and V62A correspond to
positions 68 and 76 in C12, thus allowing the functional consequences of the mutations in
the two homologous proteins to be compared.

The results of the elastase inhibition experiments with CI2 and eglin c are presented in Table
I. The measured apparent inhibition constant of 12 nM for WT CI2 is similar to a previously
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published value of 35 nM obtained in slightly different buffer conditions2C. Viewed as a
whole, the most striking result of the C12 experiments is that most mutants show little
variability in inhibitory ability. Most mutant K; 5pp values fall within 35% of the WT value,
but the greatest measured change was a factor of 8 for the ABNT mutant, not considering the
R65A CI2 control mutant, which is an approximately 78-fold worse inhibitor than WT CI2
on account of the structural deformations resulting from the loss of hydrogen bonding
capability at this position.

A closer inspection of the C12 data shows that the results can be subdivided into two groups
based on the ratio of mutant to WT K app. Most CI2 mutants are part of a group in which the
mutant/WT ratio is at most 1.35, but the mutants L68A, A3NT, and R65A have ratios of 2.0,
7.7,and 78.0, respectively. The increased Kj app for R65A is easily rationalized because of
the known structural consequences of mutating this position, but the other two mutants are
known to be stable, well-folded proteins (data not shown). In essence, the L68A and A3SNT
mutations, both distal to the reactive loop, result in a small but measurable decrease in
inhibitory ability.

In contrast to the majority of mutants tested (Table 1), some additional activity patterns at
core residue L68 are suggestive of correlation between loop dynamics and inhibitory
function. Although the effects are small, the L68V and L68A mutations resulted in larger
increases in Kj app (1.35 and 2.0 fold, respectively) than for any other single point mutation
tested, excluding the control R65A. Residue L68 is thought to be a key energetic linchpin
connecting CI12’s hydrophobic core to its reactive loop!’. Interestingly, L68V and L68A also
display dynamical properties distinct from the other mutants tested previously; namely, an
expanded suite of NMR-based 2H relaxation measurements revealed the increasing presence
of side-chain motions on the nanosecond time scale concentrated in the reactive loop
(residues 53-63) as the side chain at position 68 is shortened from L to V to A12,
Specifically, ns-scale side-chain dynamics were detected at M59 in the L68V mutant and at
V53, T55, 156, T58, M59, and 163 in the L68A mutant. Dynamical analysis of the other
mutants tested (V66A, 176V, V28A) did not reveal the presence of ns-scale side-chain
dynamics in the loop, which correlates with no change in K app for those three mutants
(Table 1). On the slower us-ms time scale, C12 shows almost no motion from model-free
analysis of 15N relaxation data (see ref. 12). Furthermore, measurement of Rey from
relaxation dispersion experiments indicates no detectable Rey in wild-type and an Rey value
of 6 571 for 163 in L68A; all other Rey values in CI2 are essentially zero (Supplementary
Tables I and II). While it is possible that the ps-ms motion at 163 in L68A contributes to a
change in inhibitory function since this residue is at the base of the loop, the lack of
significant Rey elsewhere in the loop (or even outside it) is problematic for implicating
concerted hinge-like motions. It is also possible that the appearance of Rey at 163 in L68A
corresponds to a slowing of motion at this position upon mutation that would be somehow
correlated with slowing of ns-scale motion of the methyl residues mentioned above. Taken
together, the structural, dynamical, and functional data available concerning position 68
confirm that it is of special importance in this protein, as suggested by computational
analysis’. The results indicate a correlation between slowing of the reactive loop dynamics
(a shift from ps-scale to ns-scale processes) and a loss of inhibitory ability reflected by the
increased K zpp for the L68 mutants.

Several mutants of C12 were also assayed against a-chymotrypsin, the results of which can
be seen in Table 11. The numerical values of Kj app for WT CI2 and mutants 176V, V66A,
L68V, and L68A with chymotrypsin fall in the same order as they do when assayed against
elastase, with 176V yielding a very similar value to WT CI2, V66A being a slightly worse
inhibitor, and the L68 mutants again having the greatest negative impact on inhibitory
power. We note that our measured value of Kj app for WT CI2 in conjunction with
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chymotrypsin is an order of magnitude larger than the value reported in an earlier study?2°,
although the previously reported values were determined in slightly different buffer
conditions and at elevated temperature (37 °C compared to 25 °C in the present study). In
light of the fact that we are mostly interested in the differences among the assayed mutants
and not the absolute values themselves, it is clear that the subtle mutations tested have only a
subtle impact on CI2 inhibition of bovine a-chymotrypsin, as observed for the same
experiments with pancreatic elastase.

Finally, we also measured K app for several mutants of eglin c in order to discover whether
mutation at analogous positions results in similar functional consequences. All eglin ¢
mutants were low nM inhibitors of elastase, and little difference was detected among the
five variants tested (Table 1), just as for CI2. In eglin ¢, V54 occupies a position analogous
to L68 in CI2. In CI2, L68 mutations resulted in less effective inhibitors, but mutating the
analogous V54 in eglin c appears to slightly increase inhibitory function. The opposite
appears to be true for the pair V62A and 176V in eglin ¢ and CI2, respectively. 176V appears
to be a neutral mutation regarding CI2 function, but V62A has the greatest impact on eglin ¢
inhibition of elastase observed in this small set of mutants. Thus, homologous mutations in
the two inhibitors does not translate into the same functional effect. The two inhibitors are
known to experience distinct dynamical perturbations upon mutation at these analogous
positions9712, which suggests that dynamics (or dynamics in conjunction with subtle,
differential structural perturbations) does play a role in determining functional properties in
these model systems. Overall, however, it is clear that these conservative larger-to-smaller
aliphatic point mutations in CI12 and eglin ¢ have limited impact on their inhibitory ability
toward porcine pancreatic elastase.

CI2 chemical shift perturbation upon binding chymotrypsin radiates from the reactive loop
toward CI2's hydrophobic core

To probe Cl2-based inhibition from a more structural perspective, we initiated NMR studies
of a CI2-protease complex. Crystal structures are available for CI2 and mutants in complex
with subtilisin BPN’23:26:28 and subtilisin novo??, and similarly, structures of eglin ¢ have
been determined in complex with subtilisin novo3? and chymotrypsin3!. However,
ironically, there is no structure of CI2 in complex with chymotrypsin. We therefore decided
to apply NMR spectroscopy to perform an initial characterization of the 32 kDa CI2-
chymotrypsin complex in order to gain some insight into the structural consequences of
complex formation in solution. To our knowledge, this is the first solution NMR analysis of
a natural macromolecular protease inhibitor in complex with a serine protease target.

Using triple resonance NMR methods, assignments were made for the HN, N, C%, and CP
resonances of CI2 labeled uniformly with 13C and 15N and deuterated to approximately 80%
while in complex with chymotrypsin. An overlay of the free and bound CI2 spectra can be
seen in Figure 3A. NMR chemical shifts are exquisitely sensitive to the local environment
surrounding a particular NMR-active nucleus, and thus changes in the local structural
environment are reflected by changed chemical shifts. The chemical shift perturbations
experienced by WT CI2 upon binding chymotrypsin are shown in Figure 3B. The largest
perturbations are found in the reactive loop, reaching a maximum at the scissile bond
(residues 59-60) and generally decreasing moving along the primary sequence in either
direction. Upon complex formation, these residues become buried, though the conformation
of the reactive loop remains similar to the free-state conformation; thus, the large
perturbations in the reactive loop are due primarily to new contacts with chymotrypsin.
Figure 3C shows the entire range of chemical shift perturbations plotted onto the structure,
making clear the impact of complex formation on the reactive loop of CI2. Figure 3D shows
a rescaled view of the chemical shift perturbations with the reactive loop residues excluded.
By excluding these residues, significant perturbations that propagate beyond the reactive
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loop into C12’s -sheet are more easily seen. Chymotrypsin binding clearly has long
distance effects, as the chemical shift perturbation at A45 is 0.2 ppm even though A45 is
approximately 15 A from the nearest atoms the protease (using 1LW8). Of the residue
positions mutated and assayed against chymotrypsin (Table I1), V66 and L68, both located
on the central -strand, show the greatest change in Kj zpp. In summary, the perturbations are
highest within the reactive loop, but also significant along the p-strands.

Because the L68A CI2 mutant shows the largest difference in K; 5pp of any of the single
point mutations compared to the WT value for both chymotrypsin and elastase, and because
its side chain points from the p-strand into the hydrophobic core, we wondered whether
differential structural effects incurred upon protease binding might be responsible. To
answer this question, C12 chemical shift assignments were used for both free and bound WT
and for free L68A in conjunction with a tH-1°N HSQC spectrum of the L68A Cl2-
chymotrypsin complex to assign 45 of 64 total residues in the bound L68A mutant. The
results of chemical shift perturbation calculations for the transition from free to complexed
L68A CI2 are nearly identical to the chemical shift perturbations experienced by WT CI2
upon binding chymotrypsin with regard to both the overall pattern of chemical shift
perturbations and the magnitude of the perturbation for each individual residue (data not
shown). This suggests that differential conformational perturbations upon binding the
protease are not responsible for the variations in the measured values of K pp for the
variants tested and thus that the dominant conformation of the free state ensemble
determines inhibitory ability. The chemical shift results taken together lead us to conclude
that (i) the primary structural consequences upon complex formation in solution are
confined to CI2’s reactive loop, (ii) binding the protease at the reactive loop is sensed by the
core of the protein, as reflected by the significant detected chemical shift perturbations
throughout C12’s B-sheet, and (iii) the chemical shift perturbation analysis of L68A CI2
binding to chymaotrypsin results in nearly identical chemical shift perturbations compared to
chymotrypsin complex formation with WT CI2. This result suggests that complex formation
with the protease affects each of the tested CI2 variants in a similar manner.

DISCUSSION

In this paper, basic functional and structural features of serine protease inhibitors CI2 and
eglin ¢ were added to the existing knowledge base of structure and dynamics on these
inhibitors and their corresponding functional complexes. Specifically, we assayed the
inhibitory ability of a set of variants of Cl12 and eglin ¢ toward the serine proteases elastase
and a-chymotrypsin with the aim of creating a unique mutational structure-dynamics-
function data set to gain insight into the possible roles of dynamics and structure in the
function of these small model protein systems. We also characterized the conformational
perturbations to WT and L68A CI12 upon binding chymotrypsin to determine whether
differential structural perturbations among the various mutants upon binding a protease
might also play a role in inhibitory ability.

Overall, the functional assays revealed little significant change in the apparent inhibition
constant for the tested single-site variants of C12 and eglin c. Still, one noticeable result
concerns mutations at position L68 in CI2. Our previous work showed that shortening this
side chain from L=>V—>A leads to increasing levels of ns-scale side-chain dynamics, a
phenomenon not detected to the same degree in the other mutants studied.12 Interestingly,
the same mutations L68V and L68A have larger effects on inhibitory ability than any of the
other single point mutations tested in the hydrophobic core of CI2, even though the effects
on function are a mere factor of two. We note that some known allosteric systems do no
better; upon exposure to light, a photoallosteric PAS domain fused to DHFR results in an
enhancement of DHFR catalysis by a factor of two32, The L68 mutant results lend credence
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to the previously suggested notion that L68 mediates a connection between the hydrophobic
core “scaffold” of CI2 and the functional reactive loop that binds serine protease
targetsl’~18, Furthermore, it suggests that propagated dynamics to the loop might serve as
the mechanism for this connection. It is also interesting to point out that when four variants
of C12 were assayed against chymotrypsin, including L68A and L68V, the rank order of
reduction of inhibition was identical to that against elastase (Table 2). This suggests that
these CI2 core variants are indeed distinct from one another with regard to functional ability,
notwithstanding the only slight changes in Kj 55p. Based on principle, it is intriguing that
such subtle “allosteric-like” phenomena can be observed through functional measurements
even in simple model systems like CI2 that are classically non-allosteric. Taken as a whole,
the fact that global changes in dynamics detected in previous work results in only fine
changes in inhibitory ability in the variants tested leads us to conclude that dynamics, at
least in these single-site substitutions, plays at most a subtle role in the inhibitory function of
these model protein systems. Nevertheless, we did identify two CI2 mutants, L68A and
A3NT, the effects of which were sensed at the reactive loop and resulted in at least a twofold
change in K 5pp. Long range effects are the foundation of classical allostery, and it is
therefore intriguing to find such effects present in CI2 in response to relatively subtle
perturbations and despite it being a classically nonallosteric protein.

Because of the exquisitely sensitive dependence of the NMR chemical shift on the local
environment surrounding an NMR-active nucleus, NMR chemical shift perturbations are
often used as indications of structural perturbations when a protein binds another molecule.
We selected WT and L68A CI2 for an analysis of chemical shift perturbations upon binding
chymotrypsin, as these two variants showed the largest numerical difference in Kj pp. As
expected, chemical shift perturbations were extensive at the reactive loop, but there were
also significant perturbations along the p-strands, even though they are not in direct contact
with the protease, thus indicating that the force of binding propagates along the reactive loop
and is ultimately “sensed” in the core of the protein and outward to the edges of the -sheet.
Importantly, however, the chemical shift perturbation analysis for the L68A CI2 mutant in
complex with chymotrypsin yielded results very similar to the WT analysis. This suggests
that, whatever perturbations are experienced upon binding between WT CI2 and
chymotrypsin, similar perturbations are experienced by the L68A mutant. Thus, differential
structural responses upon protease binding can be ruled out as a major determinant of
functional ability. Because dynamics appears not to play a dominant role in determining CI2
function and because structural perturbations upon binding appear to be similar even among
the most functionally-distinct CI2 variants, we conclude that the architecture of the CI2
reactive loop in the unbound state plays the major role in CI2 function.

We also make the intriguing observation that the first third of the protein (from the N-
terminus until approximately residue 44) appears to be a “blind spot” to backbone structural
and dynamical perturbations. Our previous work demonstrated that mutations in the
hydrophobic core had little to no effect on backbone structure and dynamics, and the present
work reveals that binding to target proteases also results in no chemical shift perturbations in
this region. This represents nice example of an obvious pattern of correspondence between
lack of chemical shift changes and lack of dynamical changes upon perturbation. It thus
appears that perturbations in CI2, whether structural or dynamical, are directed toward or
localized in the functional region, namely the reactive loop and its B-sheet support structure,
a phenomenon also observed via statistical analysis of cooperative interactions among
residues in C1218, C12 and the other potato I inhibitor family members are classically non-
allosteric, but the fact that distal perturbations result in effects in the functional region is
reminiscent of allostery, albeit without major functional changes as the defining
characteristic.
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Finally, we return to the general question of what role dynamics might play in protein
function. In the present work, we detected no sizeable role for dynamics in CI2 function, but
that does not preclude that such a connection exists. It could simply be the case that the
conservative mutations we made in CI2’s hydrophobic core were not severe enough to result
in dynamical perturbations significant enough to clearly impact function, or it could also be
the case that perhaps multiple mutations are necessary instead of simple single point
mutations. The accumulation of incremental mutations to achieve a particular trait, such as
the emergence of a dynamics-based regulation of function, is the primary mechanism of
protein evolution. In this light, the subtle functional consequences resulting from
conservative mutations in CI2 could be considered to be a model of the early stages in the
evolution of allostery. The foundation of functional allostery is long range communication
and action at a distance — a perturbation at one site results in a functional change elsewhere
in the protein. Mutations in the hydrophobic core of CI2 result in dynamical changes
propagated from the reactive loop into the inhibitor’s core. In summary, CI2 exhibits the
capacity for long range communication, but it appears that CI2 has not evolved to harness
this ability to enhance function
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Figure 1.
The structure of chymotrypsin inhibitor 2 (PDB 2CI2) in the free state. The positions of
mutated side chains studied in the kinetics experiments are labeled and colored in black.
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Absorbance at 410 nm

Figure 2.

Representative data used in the determination of K ap, for L6BA CI2 in complex with
porcine pancreatic elastase. The graph shows the absorbance at 410 nm as a function of both
time and inhibitor concentration. The black arrow indicates time = 45 min, the point at
which inhibitor was added to each reaction cell. Reactions 1 and 6 are negative and positive
controls, respectively. Reaction 1 contains no protease, and the absorbance therefore does
not increase significantly throughout the experiment. Reaction 6 contains no inhibitor, and
therefore the slope remains large and constant over the course of the measurement; in fact,
the absorbance of this reaction increases to a very large value that is hidden by the scaling of
the z-axis in this figure. L68A CI2 was added to reactions 2-5 to final concentrations of 62.5,
53, 49, and 40 nM, respectively; the different inhibitor concentrations lead to the different
levels of substrate cleavage and thus to different maximum absorbances achieved during the
measurement time. Individual 2D plots of the data from reactions 2-5, as well as linear
regressions, can be found in Supplementary Figures 1 and 2.
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Figure 3.

Analysis of HN-N chemical shift perturbations in WT CI2 upon binding bovine a-
chymotrypsin. Panel A shows the overlaid 1H-15N HSQC spectra for CI2 in the free (black)
and chymotrypsin-bound (red) states. Panel B shows the calculated chemical shift
perturbation upon binding as a function of CI2 residue. The black bars represent CI2’s
reactive loop, the site of binding to its protease targets. Panel C shows the data from panel B
plotted onto the CI2 structure (PDB 2ClI2). The shading from white to red makes it visually
clear that the strongest perturbations are located in the reactive loop. Panel D is the same as
panel C, except that the data for the reactive loop (residues 53-63) perturbations have been
removed so as to reveal smaller but still significant changes that are visually masked by the
dominant reactive loop perturbations in panel C.
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