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Abstract

Biophysical studies in proteases are severely hampered due to the auto-cleavage property of these enzymes. In this context, we develop here a
kinetic model and an NMR-based strategy to use this very autolytic property to derive useful insights into multiple unfolding pathways and
mutational plasticities in these proteins. The basic idea lies in the interpretation of the auto-cleavage-driven decay of the folded protein peaks in the
HSQC spectra as a function of time. The different peaks are seen to decay at different rates. As unfolding is the rate-determining step in the auto-
cleavage reaction, the NMR spectral changes reflect on local unfolding processes at the residue level. A formalism is presented to gain insights
into unfolding free energies and evaluate local perturbations due to single point mutations. The model is applied to HIV-1 protease-tethered dimer
as an example, considering mutations at a particular site. Significant perturbations are seen even at very remote areas from the site of the mutation.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Insights into protein unfolding mechanisms and stabilities
are commonly derived from a combination of several
biophysical techniques such as real-time NMR involving
hydrogen exchange, fluorescence, circular dichroism, mass
spectrometry, and so on [1-9]. However, in proteases, the
autolytic activity is a major impediment for such detailed
studies. Nevertheless, it is also recognized that autolysis itself
proceeds via unfolding in some sense and thus has the potential
to throw light on the unfolding mechanisms in the protein.
Following protein engineering methods, Vriend et al. [10]
investigated the effects of different mutations on the overall
stabilities and inactivation of thermolysin-like proteases and
concluded that (i) partial unfolding is the rate-limiting step for
protease inactivation and, (ii) unfolding can start from many
parallel sites on the protein and they can produce different
species which are sufficiently unfolded to undergo autolysis.
Similar conclusions were arrived at by Rose et al. [11] and
Mildner et al. [12] in the case of HIV-1 protease, based on
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activity measurements in different mutant proteins. Besides,
MALDI, a technique which provides molecular mass informa-
tion, used in conjunction with protein engineering experiments,
has provided insights into sequence—autolysis relationships in
proteases [13—16]. However, for most proteases which have
multiple cleavage sites, the hierarchy of cleavages has been
difficult to establish; some insights regarding intrinsic cleavage
differences have been derived, however, using peptides
corresponding to the potential autocleavage sites as substrates
[17-20]. Furthermore, thermodynamic information such as
stabilities and mutational plasticities has been difficult to derive
for autolytic proteases.

In this context we presented earlier a simplistic model to
derive useful information on proteases from the autolytic
reaction itself [21]. In the present paper, we have discussed the
time dependence of the intensities of the peaks in the real-time
NMR spectra, on the relative magnitudes of the primary and
secondary cleavage rates, and show that, under certain
experimental conditions, reasonable estimates of primary
cleavage rates can be extracted. These reflect on the possibility
of a variety of unfolding pathways. Furthermore, we show that
comparison of the rates in two mutant proteins differing at a
particular site by a single residue provides insights into
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mutational plasticities in the protease. This could possibly be
the only way to extract such information in proteases, which are
not readily analyzable by NMR hydrogen exchange experi-
ments, the most commonly used method for deriving local
stability and plasticity information in proteins.

The model is applied to HIV-1 protease-tethered dimer,
which functions similarly to the usual homodimeric enzyme, as
an example. Three different mutant proteins, C95M, (C95M,
C1095A) and (C95M, C1095F) have been used for comparing
the effects of single point mutations; the numbering goes from 1
to 99 in the first monomer and from 1001 to 1099 in the second
monomer. These three mutant proteins are referred hereafter as,
HIVTD-C, HIVTD-A and HIVTD-F, respectively. These were
prepared in different contexts (C95F is, for example, a drug-
resistant mutation in the normal protease, C95M is observed in
HIV-2 protease, while C95A prevents oxidation and enhances
stability). The choice of mutations has no particular significance
for the present study except that their crystal structures are very
similar [22—24]. Needless to say that, such investigations can be
extended to other mutant proteins prepared with specific
purposes.

2. Materials and methods
2.1. Protein preparation

The original clone of the HIV-1 protease-tethered dimer
obtained as a kind gift from Dr. J. W. Erickson, had C95M
mutation only on the first monomer. The clones for HIVTD-A
and HIVTD-F were obtained using standard PCR-based
strategies. Protein expression and purification protocols were
also the same as described earlier [21].

All the isotopically labelled ('°N) proteins required for this
work were bacterially expressed and purified as described
previously [22]. The yield of the protein in each case was
around 40mg/l. For NMR sample preparation, the protein
solution was concentrated and exchanged with pHS5.2 buffer
containing 50mM Na-acetate, SmM EDTA, 150mM dithio-
threitol (DTT), by ultrafiltration at 4°C; such a high DTT
concentration was used to prevent cysteine oxidation during the
course of the experiments.

2.2. Mass spectroscopy

MALDI-TOF mass spectrometry analyses were carried out
with Micromass (UK) MALDI-TOF Spec 2E spectrometer
equipped with a UV nitrogen laser (337nm) and a dual
microchannel microplate detector. The recombinant purified
protein in the NMR buffer was concentrated to ~1mM as
required for NMR experiments, kept at 42°C, and from this,
aliquots were taken at regular time intervals and immediately
diluted with acetic acid to ~20uM. This was done for two
reasons, first this stopped the autolysis reaction by unfolding the
protein; second MALDI experiments require low concentra-
tions of a protein sample. Further 1l of this protein aliquots
was mixed with 1 pl of freshly prepared matrix solution (10 mg/
ml of 2,5-dihydroxybenzoic acid in 3:2 0.1% TFA/acetonitrile)

and a total of 1pl of this mixture was placed on the stainless
steel probe plate and allowed to dry at room temperature. The
spectra were recorded in the positive reflector linear mode at an
accelerated voltage of 20kV in the range from 2500 to
25000Da. For each measurement, the spectra were externally
calibrated using myoglobin and trypsinogen.

2.3. NMR experiments

The NMR spectra were recorded on a 600MHz three-
channel Varian Unity Plus spectrometer equipped with pulsed
field gradients, with 1 mM samples of '*N-labeled HIVTD’s in
NMR buffer. A series of 2D >N HSQC spectra were collected
as a function of time at 42°C. Each spectrum was a result of
70complex #; increments, with 4scans, for each fid (free
induction decay), and took approximately 11 min. The kinetic
data was collected over about 100min for each protein. In every
case the protein preparations were carried out in identical
fashions so as to maintain the same time profile for the autolysis
reaction at the start of the NMR data collection. One spectrum
was also collected after about 48 h in each case to see how much
of the folded protein was still present after continuous auto-
cleavage of the protein.

2.4. Intensity measurements

The peaks belonging to several backbone amide protons and
tryptophan side chains (assigned earlier for the folded protein
[25]) in the HSQC spectra of the proteins, recorded as a function
of time, were integrated using FELIX 97.0 software (Molecular
Simulation Inc., San Diego, CA). The daughter peaks of W6 and
W42 arising as result of autolysis were distinguished by the fact
that in the real-time experiment, the daughter peak of W6 which
lies closer to the primary cleavage site appears first and is
consequently more intense than that of W42 all through the
experiment. Next, the intensities of the backbone peaks
belonging to the folded protein in each spectrum were divided
by the total (folded +unfolded) peak intensity of W42 side chain
within the same spectrum, to normalize intensity variations from
one spectrum to another; the total intensity (folded+unfolded)
of W42 side chain peaks was nearly constant (indicating
conserved magnetization) throughout the kinetic experiment.

2.5. Data fitting

Our model requires that the intensities decay as sum of
exponentials. However, when the decay is slow, the decay may
appear like a linear decay. To quantitate the goodness of fits, we
fitted the normalized HSQC peak intensities to straight lines,
single exponentials as well as sums of exponentials (up to five)
using SIGMAPLOT (Version 8.0, SPSS Inc.). Between five and
seven points were used for the different peaks. It turned out that
the single exponential fitting yielded the best x* and in some
cases where this was similar to those with the other fits, the
single exponential fits had the lowest percentage fitting errors;
the % values varied between 0.70 and 0.99 for the different
peaks for the single exponential fits.
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3. Results and discussion
3.1. Theory

3.1.1. Model for kinetics of autolysis

Autolysis occurs at specific sites in most proteases. The
most vulnerable site of cleavage may be called the primary
site, and the products of primary cleavage can undergo further
cleavages at other sites which may be termed secondary sites,
and so on. Our model of autolysis shown schematically in Fig.
1 can be enunciated as follows: (i) The unfolding process
leading to the species susceptible to primary cleavage can
occur along many parallel pathways starting from many
different sites, in fact every residue. Thus in the ensemble
there will be a population of molecules unfolding by each
path. The protein solution consists of a mixture of fully folded
native species and several partially folded species some of
which are vulnerable to auto-cleavage. (ii) Unfolding is a slow
process compared to the enzymatic cleavage reaction.
Unfolding at the initiation site is considered to be the slowest
along the whole pathway in every case, and therefore is the
rate-limiting step. This will be referred to as ‘initiator
unfolding rate’ and all the residues along the path will
effectively unfold at this rate. (iii) The product following
primary cleavage, is not unfolded at some other sites and
hence can unfold further (secondary unfolding) and some of
these may undergo secondary cleavages; this is a fast process.
This can be represented as:
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where N; represents the native protein population in the
ensemble wherein unfolding starts at residue i leading to a
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species susceptible to primary cleavage, P is the first
generation product from primary cleavage of N; in which the
environment around residue j is unaltered, P,, is the second
generation product where j is also irreversibly unfolded, and
kY and kb are the respective rate constants of the primary and
secondary reactions; the superscript ‘in’ is used to indicate
‘initiator unfolding rate’. (iv) P/ will not fold back to the
native protein as far as residue 7 and the residues that unfolded
along with it, are concerned, and so also, P, will not fold back
to Ply. (v) The primary cleavage can be further described by a
fundamental kinetic scheme as shown below,

(2)

where U;, is the species sufficiently unfolded to undergo
cleavage, R;,, R;s are the unfolding and folding rate constants,
respectively, and R,. is the rate constant for enzymatic
cleavage reaction. Similar equation can be written for
unfolding of P, to Uj» and subsequent cleavage to fragmented
products. The sequential reactions in Eq. (1) can be described
by the rate equations,
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The solutions of these equations can be readily obtained.
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Fig. 1. Schematic showing the kinetic scheme used to derive the autolysis-based model.
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where NY refers to the initial population.

3.2. NMR spectral changes due to autolysis

The heteronuclear 'H—'"N HSQC spectrum of a protein
represents a finger print of the protein. Every correlation peak
belongs to one non-proline residue and its position is sensitive
to the chemical environment around the residue in the three
dimensional structure of the protein. The intensity of the peak is
a monitor of the protein concentration, although variations in
the intensities do occur due to other factors such as different
exchange rates of the amide protons with the solvent, different
relaxation rates of the amide and nitrogen nuclei, etc. However,
for a given protein under given conditions, changes in the
intensity of any particular peak would reflect only the changes
in the concentration of the species contributing to that peak.
This fact can be utilized to monitor the autolytic reaction of the
protein.

In the above scheme of autolytic reactions, as the
environment around residue i unfolds, leading to a species
susceptible to primary cleavage reaction, the protein under-
goes cleavage. Since in the cleaved product, residue i and so
also those which unfolded along the particular path cannot
fold back to the native form, there will be a depletion of the
‘folded peak’ intensities of all those residues at the
unfolding rate of i, which is the slowest being the initiator.
A particular residue may lie along many different pathways
initiated at different residues. Thus the net depletion of the
population contributing to the intensity of a folded peak will

be the sum of the contributions from the individual
pathways.
]vl( ) — knt 4+ ZNOe nt (5)

where, £ is the initiator unfolding rate constant of residue i,
n; is the number of unfolding pathways initiated at other
residues (indexed by /) that include 7 along their paths. At the
same time, this primary cleavage may not cause unfolding at
many other residues, and therefore let us consider residue j,
for example, to be in folded condition. Under these
conditions, the intensity of the peak due to residue j in the
HSQC spectrum remains unaltered. The intensity of the peak
belonging to j can change only due to unfolding in its own
environment in the native protein (as described above), and/or
due to unfolding of the product P}, both of which will
produce new peaks in the spectrum, at the cost of the folded
peak intensity of ;. Thus, for every j peak, the time dependence
of the protein population contributing to the peak intensity

as the autolytic reaction progresses can be easily derived
as,

Ni(t) = NPe i + ZNO

(6)

Here, m; is the number of unfolding pathways initiated at other
residues (indexed by /) that include j along their paths. The
first two terms represent primary unfolding of environment
around residue j and the third term arises from secondary
unfolding of all those species, in which ‘ residue unfolding’
did not occur in the primary reaction. We assume at this stage,
for the sake of simplicity, that all the individual pathways are
equally probable and hence their initial populations N, N0 are
all equal (say, N°); note, however, that this assumption does
not really affect our conclusions, except that it may modify
some of the forthcoming equations.

While the above discussion focused on population changes
in the ensemble, the individual peak intensities in the HSQC
spectra will vary, even in a properly folded protein, because of
differences in the exchange rates of the amides with the solvent
and relaxation rates of the '°N nuclei. Therefore, the time
dependence of intensity of j peak, /(f), can be written as,

Ij(t):;“jNO e lt+Z€_k’1t+Zk] km( e kil —e” Hzt)]
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where 4; is an adjustable parameter to take care of the residue
wise intensity variations in the folded protein spectra. Explicit
estimation of the contributions of the secondary cleavages to /;
(t) would require monitoring the time profiles of the additional
peaks arising due to unfolding of P},. This, however, requires
assignment of those peaks, which is hard to obtain. Two special
cases can be distinguished:

Case A. k> k™ and K> 1.

This implies that the secondary unfolding after the primary
cleavage is much faster than the primary unfolding process.
This situation applies mostly to residues that are close to the
primary cleavage site and their local unfolding can be nearly
instantaneous after the primary cleavage resulting in chemical
shift changes for their peaks in the HSQC spectra. For these
residues, Eq. (7) reduces to,

; mj .
eW+zﬂﬂ ®)
=1

Thus, in addition to the primary unfolding of the residue j, the
primary unfolding of several other residues / leading to primary
cleavage will contribute to the depletion rate of the peak
intensity of j. If the primary unfolding rate of residue j is
extremely small, then it is actually the primary events of the
other residues which will dictate the depletion of the folded
peak of j as a function of time.

L(1) = 4N°
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Case B. i, < k.

This implies that the secondary unfolding after the primary
cleavage is very slow compared to the primary unfolding itself
and this situation applies mostly to residues far removed from
the cleavage site, and perhaps engaged in stable secondary and/
or tertiary structure formations away from the cleavage site. For
these residues, Eq. (7) reduces to,

el 4 i e i~ Z(e kit g™k )] 9)
=

i<j

L(1) = 4iN°

However, if data analysis is restricted to very short time points
(initial rate approximation), such that,

kjt<1; k<1 (10)
Then, it is easy to see that the contribution of the third term will
be very small and hence can be neglected, i.e. the change in
folded peak intensity with time will be largely dictated by the
first two terms, which represent primary unfolding processes
only. Then,

L(O)]initial = )NO

e i +Z "“1"1 (11)

The right-hand sides of Egs. (8) and (11) are identical, except
that in the latter case the data collection has to be restricted to
short time periods. A priori, there is no easy way of figuring out
how many independent pathways contribute to the unfolding of
residuej. As a lowest order approximation, the data can be fitted
to multiple exponentials and the best fit can be interpreted to
indicate the number of pathways with different rate constants
and the individual rate constants can be extracted. It could
happen that some of the independent pathways have the same
rate constant, and then these will not be distinguished by the
fitting procedure.

3.3. Unfolding free energies

From Eq. (2), under conditions R;r>> R;., which is generally
satisfied (folding which is intramolecular occurs on ms time
scale, while cleavage which is intermolecular occurs on sec to
min time scale), it follows that,

K = KR, (12)

where, Igtn is the equilibrium constant for the unfolding
reaction, Il\z] /it This leads to the equation
i

~RTInk} = ~RTInK"~RTInR;, (13)
or
~RTInk}} = AG"~RTInR;, (14)

Here the superscript ‘in” helps to remind that there are many free
energy contributors to the overall unfolding free energy of the
environment around residue ;. If the rate constant is degenerate

for a few pathways, then the corresponding free energy change
(calculated per mol) accounts for the total ensemble population
representing those pathways. If the NMR data for any peak can
be fitted to multiple exponentials, say, p, as discussed above,
then there will be as many different rate constants contributing
to the decay of the peak due to j. Now, for all of these, the
enzymatic cleavage rate constant R;., being the intrinsic rate
constant for a particular chemical reaction, can be assumed to be
the same. Then, it follows that,

—RTZ nklh), =

q

P
AG‘“ |;=PRT InR;, (15)
=1
The total unfolding free energy change per mol for residue j will
be,
1 & <
AG; :EZ [AGY], (16)

g=1
3.4. Mutational perturbations

For any two proteins, differing by a single point mutation,
unfolding processes around a particular residue i, which is
reasonably far from the mutation site, would be the same,
provided, of course, the structures of the two proteins are
similar. Further, the intrinsic catalytic rate (R;.) can also be
considered to be the same in the two cases except when the
cleavage site is close to the mutation site along the sequence;
note that we are referring here to closeness along the sequence
and not on the structure, since the structure has to get unfolded
around the cleavage site for the cleavage to occur. Consequent-
ly, comparison of the rates as per Eq. (15) will eliminate the
second term on the right hand side and thus yields exclusively a
comparison of the free energy changes associated with
unfolding around that residue in the two proteins. Considering
two mutants 4 and B,

)4 )4
(RTZ [1nkg}]l.> (RTZ [1nkg}],.>
g=1 B g=1 4
= AGy—AG;3 = AAG;(4,B) (17)

AAG; (4,B) represents the stability of environment around
residue 7 in A4 in comparison to that in B. A positive value
indicates higher relative stability and vice versa.

4. Application to HIV-1 protease-tethered dimer as an
example

4.1. Autolysis-driven changes in HSQC spectra

We have applied the above ideas to HIV-1 protease-tethered
dimer (HIV-1 PRTD), which functions similarly to the natural
homodimeric enzyme, using representative mutants, (C95SM),
(C95M, C1095A) and (C95M, C1095F), which have been
referred to as HIVTD-C, HIVTD-A, and HIVTD-F, respective-
ly, in the Introduction. The studies can, of course, be extended to
other mutants as well. The HSQC spectra of the three proteins
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with freshly prepared samples were qualitatively very similar;
overlays of the spectra of HIVTD-A and HIVTD-F on that of
HIVTD-C are given in Fig. 2A and B, respectively. The nearly
exact overlaps of the spectra indicate that the three mutant
proteins have very similar structural features. Indeed, as
mentioned before, the crystal structure of HIVTD-C, HIVTD-
A and HIVTD-F are nearly identical [22—24]. The spectra had
also many common peaks compared to the HSQC spectrum of
the protein—pepstatin A complex. The complex was stable for
several months and it was thus possible to obtain complete
protein assignments there [25]. Then, a comparison of the
spectra of the free proteins with those of the complex allowed us
to obtain several assignments for the free proteins by simple
inspection and the unambiguously assigned peaks have been
labeled in the figure.

As must be expected, because of the autolysis reaction, the
peaks belonging to the native protein lose intensity with time.
The most interesting feature of these changes is that the different
native peaks lose intensity at different rates in every protein and
furthermore, for a given peak, the decay rates are different for
the different mutant proteins; this is in accordance with the
parallel unfolding pathways discussed above. For the measure-
ment of these rates, the spectra have to be recorded rapidly, and
this of course will be at the cost of some resolution. Fig. 3A
shows one of the HSQC spectra of the kinetic data on the three
proteins. We observe that the central region is very crowded and
unusable for detailed quantitative analysis. In this region,
neither can the assignments be obtained unambiguously nor can
the peak intensities be measured reliably. Because of this, our
analysis is restricted to the distinct peripheral peaks in the
HSQC spectrum whose assignments are marked in the figure.
Fig. 3B shows typical decay profiles for a few selected peaks.

4.2. MALDI monitoring

We have tried to characterize the autolytic behavior of HIV-
1 protease with the aid of MALDI (Fig. 4). The molecular

weight of HIVI-PRTD is ~21.9kDa. Earlier it has been
shown by mutational studies, activity assays and peptide
substrate studies that the primary cleavage sites are most
probably L5-W6 and the secondary cleavage sites are at L33-
E34 and L63-164 [19,26—30]. In the present case, since we
have a tethered dimer, we have another set of primary and
secondary cleavage sites, namely, L1005-W1006 for primary
and L1033-E1034 and L1063-11064 for secondary cleavage.
Accordingly, we should have, in the MALDI spectra, species
corresponding to MW of ~21.9kDa for the native protein,
~10.2, ~11.7 and 21.4kDa for primary cleavage products,
and MW of less than 7kDa for secondary cleavage products.
Indeed, in our MALDI data, all such species are seen. In the
initial 2h, we have essentially the native protein and the
primary cleavage products (peaks: N*, P, N**| P?") while the
secondary products (peaks: S*, Sm") show markedly lesser
presence (Fig. 4A); here, all the secondary cleavage products
which can be many in number have been grouped in the
symbols S, S™" (m=1, 2, 3). However, as the reaction
proceeds for more than 24h, the secondary products show up
more prominently (Fig. 4B).

4.3. Primary cleavage rates and mutational plasticity

As discussed in the previous sections, the primary
autocleavage rates can be obtained from the ‘initial rate
approximation’ applied to the decay profiles of the intensities
of the folded peaks in the HSQC spectra of the proteins. We
observed that the autolysis reaction proceeds extremely slowly
and even after 48h, a large number of peaks, especially those
which we are considering here, had fair amount of intensity
(Fig. 3C) indicating that there was still a substantial fraction of
folded protein in the solution. The MALDI data also indicated
that the extent of secondary cleavage was very small even after
several hours after protein preparation. Thus it seems reasonable
that, the HSQC spectra recorded for about 1-2h at 11-min
intervals, following a ‘dead time’ of approximately 4 h required
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Fig. 2. "H-""N HSQC spectrum overlay of HIVTD-C (red contours) over (A) HIVTD-A (black contours) and (B) HIVTD-F (black contours). The residues monitored
have been labeled. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)



A. Chatterjee, R.V. Hosur / Biophysical Chemistry 123 (2006) 1-10 7

A ’ C
G40
L '
G17 | 2
" < =
et B “TB - o ' 7
Gasy'' 0 | )
s, B0 -
] " i U]
agte i ' = M ¢ st 4 =
' ? f [T L8g E ‘w i E
. D Q£ o3 Q.
TNk (33 : o 2 S
& = 02 &
{0 ol 0o .'Q92“§ el _.22
29 1l 0.1 _'\'\.\.
g '] P
0
oo 00 L —— -
. oL38 1 2 4 5 6 : \
0 W71 g p . 5 b a7t
we [ i Q Time (x10°) sec s ' )
In' '% ‘”' §
LWz | 42 "
100 90 80 7.0 100 90 80 7.0
N IN
HN (ppm) H" (ppm)

Fig. 3. Kinetic NMR data. (A) First time point (after a dead time of 4h required for sample concentration at 4°C) "H-">N HSQC spectrum of HIVTD-F of the real time
NMR experiment. (B) Illustrative decay profiles of two selected native peaks from HIVTD-F spectra; solid lines represent the single exponential fits. (C) "H-'"N
HSQC spectrum of HIVTD-F after 48 h from the start of the kinetic experiment. The assignments of the peaks used in the present study are marked in A and C. The
peaks enclosed in the box correspond to the tryptophan side chains; both intact (labeled) and cleaved products are seen. The daughter peak of W6 is stronger than that

of W42 (see Materials and methods).

to concentrate the protein from low concentration to NMR
concentration (~0.8mM), which was carried out at 4°C to
minimize autolysis during this step, can be taken to satisfy the
condition of initial rate approximation. We analyzed the NMR
data for about 10 residues (these exclude residues near the
mutation site) in the three mutant proteins to extract the primary
cleavage rates from multi-exponential fits. We fitted the data to
single exponentials and sums of exponentials (up to five) as
well as to straight lines, to check for the validity of the model,
the best fits and to extract the cleavage rates from the derived
parameters. It turned out that in all the cases single exponential
gave the best fit. The fitting statistics in the form of * is
presented in Table 1. The percentage fitting errors for the
derived rate constants were also lowest for the single
exponentials. These errors along with the rate constants derived
are displayed in Fig. 5A. This implies that within the
experimental errors, for each residue considered, the rate
constants for the overlapping pathways are similar. Interesting-
ly, the rate constants for the different residues within the same
protein are different (well beyond the fitting errors), and like
wise, the rate constants for any given residue in the three mutant
proteins are also significantly different. The first observation
consolidates the previous observations that: (i) ‘unfolding is the
rate-limiting step as apposed to the enzymatic cleavage
reaction’, and (ii) ‘there are parallel unfolding pathways with
different rate constants operating in the ensemble’. The second
observation indicates remote stability perturbations in the
protein structure by the mutations.

Analysis of the &I} rates as per Eq. (17) yielded the relative
residue wise local unfolding free energy changes, AAG; (4,
C), AAG; (F, C), and AAG; (F, A) where C, A and F inside
the parentheses refer to the proteins HIVTD-C, HIVTD-A and
HIVTD-F respectively. These are displayed in Fig. 5B. Some

estimates of the errors in AAG; were obtained as below: First,
the error in the cleavage rate was related to a maximum
possible error (6G;") in AG;" (although this is not explicitly
measured) by differentiating Eq. (14) and taking the absolute
value,

A dkin
3G = RT—LL (18)
ki

Since there was only one rate constant found for each
residue, there is only one free energy term on the right hand side
of Eq. (16)”” and hence we drop the superscript ‘in” hereafter for
the free energies. Then, the error (66G;) in AAG; was calculated
as,

55G(4.8) = [{(66} + (66221 /2] (19)

Though this simple procedure may not be the most rigorous
way of estimating the errors, these do give a reasonable feel for
the interpretability of the differences in the AAG; values. The
derived errors are also shown in the Fig. 5B.

The data in Fig. 5B help to compare the relative stability
patterns in HIVTD-C, HIVTD-A and HIVTD-F. For example, a
negative number for a given residue in the column AAG; (4, C)
indicates lesser stability in HIVTD-A compared to that in
HIVTD-C and vice versa. Thus, environments around residues
38, 40, 42, 71 and 92 have lower stability in HIVTD-A
compared to HIVTD-C and the magnitude of destabilization
ranges from 1.0kJ/mol to 3.4kJ/mol. On the other hand,
environments around residues 16, 17, 48, 61 and 89 are more
stable in HIVTD-A compared to HIVTD-C, the stability
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Fig. 4. MALDI-TOF analysis of HIVTD-C autolytic activity. (A) MALDI
spectrum of HIVTD-C after 2h of autolysis at 42°C. Peaks due to singly [N]",
[PT", [ST; doubly [NT**, [PT*"; and other [S]"" charged species of the protease
and its autolytic products are seen. The peaks [N]", [P]" and [S]"" (m=1,2,3)
correspond to the intact protein, primary cleavage product and secondary
cleavage products, respectively. (B) MALDI spectrum of HIVTD-C after 24 h of
autolysis at 42 °C. Insets show blow ups with peaks labeled by the respective m/z
values.

variation being in the range, 0.9-3.1kJ/mol. In contrast, in
HIVTD-F, all of the 10 residues except residue 48 have reduced
local stabilities compared to HIVTD-C, and again there is a
wide range of free energy variation. The overall reduction in
stability in HIVTD-F could be the result of introduction of large

. Chatterjee, R.V. Hosur / Biophysical Chemistry 123 (2006) 1-10

A
20 N HVTD-C
HNVTD-A T
HNVTD-F
15
By _
[<T]
[} e
— _
o 10
e
x
£ =
X
5 -
0 T i[ il iI I-I T I Ihl T T
G16 G17 L38 G40 W42 G48 Q61 A71 L89S Q92
Residues
B 6
EE AAG(F,C)
AAG(F,A)
4 - AAG(A,C)
24
2 i
0
-4 -
_G ad
T T T T T T T T T T

G16 G17 L38 G40 W42 G48 Q61 A71 L89 Q92
Residues

Fig. 5. (A) Exponential decay rates for different residues derived for the three
mutant proteins of HIVTD at 42°C. (B) AAG values calculated for the different
residues in the three mutant pairs (HIVTD-A, HIVTD-C), (HIVTD-A, HIVTD-
F), (HIVTD-C, HIVTD-F).

bulky group in the protein structure. Between HIVTD-F and
HIVTD-A, all of the 10 common residues have reduced local
stability in the former. All the pair-wise relative stabilities
around individual residues in HIVTD-A, HIVTD-F and

Table 1
¥ fitting statistics of the normalized intensity decay profiles for the residues monitored in the three proteins, HIVTD-C, HIVTD-A, and HIVTD-F

7

HIVTD-C HIVTD-A HIVTD-F

Linear fit Single Double Linear fit Single Double Linear fit Single Double

exponential fit exponential fit exponential fit exponential fit exponential fit exponential fit

Gl6 0.93 0.95 0.93 0.96 0.97 0.96 0.79 0.81 0.81
G17 0.97 0.99 0.98 0.70 0.71 0.70 0.85 0.87 0.86
L38 0.68 0.70 0.68 0.70 0.71 0.71 0.68 0.70 0.70
G40 0.82 0.83 0.83 0.74 0.75 0.73 0.96 0.98 0.98
w42 0.87 0.88 0.86 0.82 0.82 0.82 0.71 0.75 0.74
G438 0.89 0.92 0.89 0.67 0.70 0.69 0.84 0.84 0.84
Q61 0.95 0.96 0.95 0.94 0.97 0.96 0.96 0.97 0.97
AT1 0.91 0.92 0.90 0.84 0.85 0.85 0.98 0.99 0.98
L89 0.74 0.75 0.72 0.84 0.85 0.84 0.64 0.70 0.70
Q92 0.75 0.76 0.75 0.88 0.89 0.89 0.82 0.86 0.85
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Fig. 6. Relative local stabilities (AAG) of different residues in HIVTD-A,
HIVTD-F and HIVTD-C, displayed in a colour coded manner on the native
structure of HIVTD-C. The colour codes of increasing stability (kJ/mol) are the
following: red (—6 to —4), magenta (—4 to —2), green (—2 to 0), cyan (0 to 2),
blue (2 to 4). The orange ball indicates the cleavage site and the orange square
identifies the mutation site. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

HIVTD-C are displayed in a color-coded manner on the
structure of the native protein in Fig. 6. The residues in both the
halves of the dimer have been marked keeping in mind the
chemical shift equivalence of the residues. Color increments are
used for every 2.0kJ/mol, which is much larger than the average
error (0.8kJ/mol) and thus represent significant differences in
the stabilities. From the different colour patterns it is evident
that there are substantial differences in the local stabilities of the
mutant proteins. In other words, the effects of single point
mutation at position 95 are significantly felt at very remote
places and the magnitudes of the effects are also very varied,
depending upon the nature of the mutation. These would have
significant implications for mutation-induced alterations in
substrate-binding efficacies, as well as in drug-binding
efficacies of the protease.

5. Conclusions

The present study attempts to develop an NMR-based
theoretical model to derive useful insights into unfolding
characteristics in proteases from an analysis of the kinetics of
the autolytic cleavage reaction. It relies on the interpretation of
the decay rates of the folded protein peaks in the HSQC
spectra of proteases as a function of time. A formalism has
been presented to extract the differences in the free energy

changes for unfolding of the environment around any given
residue far removed from the mutation site, between two
proteins differing by a single point mutation. As an example,
the model has been applied to HIV-1 protease-tethered dimer,
using three different mutant proteins carrying mutations at a
particular site in the dimerization domain. The results show
interesting variations in the relative stabilities. While these
results provide the ‘proof of principle’ for the new ideas in the
model, they are also of much significance from the point of
view of protein unfolding concepts, in general, as they
demonstrate existence of multiple unfolding pathways under
native conditions. Further, with regard to the protein under
investigation, these results have significant implications in the
context of drug resistant mutations, so commonly observed. It
is evident that non-active site mutations can cause stability
changes around the hinge region of the dimer, the binding
sites of the drugs, etc., and thus can influence their binding
efficacies.
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