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Abstract. The mutant His-107-Tyr of human carbonic anhydrase II (HCA II) is highly unstable and has
long been linked to a misfolding disease known as carbonic anhydrase deficiency syndrome (CADS). High
temperature unfolding trajectories of the mutant are obtained from classical molecular dynamics simulations
and analyzed in amulti-dimensional property space.Whenprojected along a reaction coordinate these trajectories
yield four distinguishable sets of structures that map qualitatively to folding intermediates of this mutant
postulated earlier from experiments. We present in this article a detailed analysis of representative structures and
proton transfer activity of these intermediates. It is also suggested that under suitable experimental conditions,
these intermediates may be distinguished using circular dichroism (CD) spectroscopy.
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1. Introduction

The three dimensional, native folded structure of a
protein is widely known to govern its stability and
highly specific biological function.1–5 Starting with ala-
nine dipeptide6 as the prototype, remarkable advances
have been achieved in the understanding of folding
of small proteins.7 However, for a large protein, the
multi-dimensional folding free energy surface is far
more complex. Thus, even a rudimentary identification
of major folding/unfolding intermediate(s) becomes a
computational challenge. In this article, we discuss a
computational method for the identification of unfold-
ing intermediates of a large protein.
Carbonic anhydrase (CA),8 our system of interest, is

a ubiquitous enzyme that facilitates the transport and
elimination of CO2 from tissues in all animals, photo-
synthesizing organisms and in some non-photosynthetic
bacteria. The isozyme II of human CA (HCA II) is a
moderately large enzyme comprised of 259 amino acid
residues. It catalyzes the reversible hydration of CO2

into bicarbonate8 with an exceptionally high turnover
rate of about 106 sec−1. Its native fold is characterized
by a highly stable ten-stranded twisted β-sheet (βA to
J) at the center flanked by seven α-helices (αA to G).

*For correspondence
†Dedicated to the memory of the late Professor Charusita
Chakravarty.

It has a very high thermal stability under physiolog-
ical condition as evident from its melting temperature,
Tm ∼ 58 ◦C. It is estimated to become catalytically inac-
tive at∼60 ◦C. Figure 1 highlights the residue 107 in the
wild type enzyme that is present in a region near but out-
side the active site. His-107 is a part of hydrogen bonded
network that starts from His-119 at the active site and
ends at Trp-209 via Glu-117, Tyr-194, Ser-29 and Ser-
197.9 This network contributes to protein stability by
holding the large aromatic moiety of Trp-209 residue on
the β-core with the N-terminal invariant residue Ser-29.

Replacement of His by Tyr at the residue 107 leads
to the loss of at least two hydrogen bonds between the
side chains of Glu-117 and His-107. This results in a
remarkably destabilizing folding mutation and loss of
function that has long been linked to the misfolding dis-
ease carbonic anhydrase deficiency syndrome (CADS).
The mutant His-107-Tyr of HCA II shows 64% of CO2

hydration activity compared to that of the wild-type pro-
tein at low temperature where the mutant is stable.10 On
the other hand, its stability towards thermal and guani-
dine hydrochloride (GuHCl) denaturation is found to be
highly compromised. Researchers have utilized activity
assays, CD, fluorescence, NMR, cross-linking, aggrega-
tion measurements and molecular modeling to map the
properties of this remarkable mutant.10 Loss of enzy-
matic activity occurs at∼16 ◦Cwhile itsmelting temper-
ature, Tm is reduced to ∼22 ◦C.10 GuHCl-denaturation

1031

http://crossmark.crossref.org/dialog/?doi=10.1007/s12039-017-1279-1&domain=pdf
http://orcid.org/0000-0003-3330-6033


1032 Srabani Taraphder et al.

Figure 1. High resolution crystallographic
structure of wild type HCA II (PDB id: 2CBA[8])
highliting (a) the active site (blue surface) with
zinc ion (grey sphere) and the region around the
mutation site of His-107 (green surface); (b)
important amino acid residues interacting with
His-107 at the mutation site. Upper portion of the
active site region containing His-64 is shown as a
red surface in (b).

study at 4 ◦C showed that the native state of themutant is
destabilized by 9.2 kcal mol−1. 19 This is reportedly the
greatest degree of protein destabilizationmeasured for a
naturally occurring human mutation.10 However, in the
absence of structural data, the correlation between its
instability and impaired catalytic function is not clearly
understood.

Extensive folding studies on wild type HCA II and its
mutants at the residue 107 have led to the postulation of
following major intermediates.

(i) For the wild type HCA II, the transition between the
folded native (N) and unfolded (U) states is medi-
ated primarily by a partially unfolded intermediate,
termed as the molten globule (MG). The MG inter-

mediate has a largely native-like βC-G segment, but
no native folded active site. It is catalytically inactive
and highly prone to aggregation.

(ii) For the mutant His-107-Tyr of HCA II, an early
unfolding intermediate, termed as the molten glob-
ule light (MGL) state, is detected preceding the MG
intermediate during chemical denaturation at 4 ◦C.
Like MG, it is catalytically inactive, but appears to
be less prone to aggregation.

(iii) For Cyp18-assisted refolding of denatured HCA II
and its two destabilized mutants (His-107-Asn and
His-107-Phe), two kinetic intermediates (MGLk

and MGk) are detected similar to MGL and MG
as mentioned above. A second pathway is involved
in the formation of an equilibrium intermediate,
MGLe that is misfolded with reduced catalytic
activity. In addition, MGLe does not exhibit any
notable aggregation propensity. However, interme-
diates equivalent to MGLk or MGLe have not been
investigated so far in the most unstable mutational
variant His-107-Tyr.

Near-UVCD spectroscopic studies have been carried
out on MGL/ MG intermediates of the mutant His-107-
Tyr of HCA II as a highly sensitive diagnostic tool for
the tertiary structure. A model of the wild type struc-
ture exhibits strong spectral bands in the near-UV region
that remain nearly unchanged if the temperature is raised
from 8 to 50 ◦C.19 For themutant, the near-UVCD spec-
tral bands contain all features characteristic of the native
conformation of HCA II. However, the mean residue
ellipticity, θ is reduced to ∼30% of that of the wild type
model. Upon raising the temperature, the magnitudes
of the spectral bands decrease. But they do not vanish
completely even at 50 ◦C indicating retention of some
residual tertiary structure in the vicinity of some Trp
residues even at this elevated temperature. However, no
quantitative information on the secondary and tertiary
structure contents is available from these studies.
In view of the above, one may put forward a simple

hypothesis. Under physiological condition, the mutant
His-107-Tyr may be present in a misfolded and cat-
alytically impaired state such as MGLe. Alternatively,
it may be found as a mixture of partially unfolded states
closely mimicking the intermediates MGLe, MGLk and
MGk. Therefore, determination of structural analogues
of these intermediates, if any, in His-107-Tyr appears to
be the first step in establishing our hypothesis.
HCA II is a moderately large protein. Identification

of potential (un)folding intermediates for this system
is thus a non-trivial computational challenge. Unlike
small proteins, a single collective system variable,
often referred to as the reaction coordinate for folding,
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may not correctly map out the (un)folding pathways
or the major intermediates along the path. Moreover,
our objective is to identify (un)folding intermediates
having distinct aggregation propensity and catalytic
activity. Following the original proposal by Daggett and
Levitt, 11 we have recently used high temperature classi-
calmolecular dynamics simulations to identify potential
unfolding intermediates ofHis-107-Tyr ofHCA II. Such
simulations are well-known to accelerate sampling of
different regions of the folding landscapewithout affect-
ing the pathways.20 However, relative flatness of the free
energy landscape at high temperatures makes it diffi-
cult to extract structures of desired properties that would
eventually correspond to a folding intermediate. There-
fore, a computational methodology has been designed
and described in Ref.12 to address this issue specifically.
Different steps adopted in this method are schematically
shown in Figure 2 and their salient features are summa-
rized below.

(i) Full atomistic trajectories at high temperatures are
used to create a Np-dimensional property space.
This space is constructed by computing along the
trajectories Np properties such as total Cα root-
mean-square deviations (RMSD), radius of gyra-
tion (Rg), overall solvent accessible surface area
(SASA), fraction of native backbone ( fbb) and side
chain ( fsc) contacts, selected backbone dihedral
angles, native state-like integrity of the active site
and aggregation propensity of several hot spots for
aggregation.12

(ii) A one-dimensional reaction coordinate, dmean is
defined in this property space such that wild type-
like structures appear at lowvalues ofdmean and those
with greater degrees of unfolding are located at pro-
gressively higher values of dmean.

(iii) All Np properties are then simultaneously used as
clustering parameters to carry out K-means cluster-
ing of different protein conformations along each of
the high temperature trajectory. Twomajor clusters
are obtained at different stages of unfolding. The
structures corresponding to each of these clusters
show up as two overlapping peaks in their respec-
tive population histograms projected along dmean.
Accordingly, the presence of at least two unfolding
intermediates (labelled as I.1 and I.2 and schemat-
ically shown in Figure 2) are postulated along the
simulated high temperature trajectories.12

(iv) Several structures belonging to each of these clus-
ters are further annealed to lower temperatures,
equilibrated and their population histogram pro-
jected along dmean. It may be expected that the
minima in the free energy landscapewould become

Figure 2. Schematic representation of the computational
methodology designed in Ref.12 First putative unfolding
intermediates I.1 and I.2 are detected from high tempera-
ture simulations followed by conformational clustering in
property space. Several structures are harvested at lower tem-
peratures by annealing those of I.1 and I.2 and projected along
the reaction coordinate dmean. Partially unfolded structures
that are also potential candidates of unfolding intermediates
are associated with the peak maxima at high values of dmean.

deeper at lower temperatures. Therefore, structures
associated with these minima will appear as peaks
as high values of dmean when projected along dmean.
Therefore, putative structures are chosen by select-
ing structures corresponding to a narrow range of
values of dmean under each peak maximum. This
procedure ensures that the population histogram
will show better separated peaks along dmean corre-
sponding to persistentminima (albeit localminima)
in the free energy landscape.

(v) Four major peaks are identified in the combined
population histogram derived from all the trajecto-
ries. The structures corresponding to each of these
peaks are analyzed and qualitatively mapped on to
MGLe, MGLk and MGk.
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Following the above method, four distinct sets of
structures, A, B, C1 and C2 are detected as putative
unfolding intermediates of the mutant His-107-Tyr of
HCA II.12 The structures belonging to set A are least
unfolded and least prone to aggregation. They are found
to have a native-like active site to some extent. The
structures in sets B, C1 and C2 exhibit progressively
higher degrees of unfolding and loss of native active
site structure along with increasingly higher propen-
sity to aggregate. Our earlier study12 was restricted to
structure based analysis only. Experiments indicate dif-
ferent catalytic activity of the postulated intermediates.
However, at the high temperatures employed in our sim-
ulation, protein hydration undergoes very large changes.
Therefore, any projection of the catalytic activity based
upon the high temperature structures is not expected to
be accurate.

In this article, the primary aim is to map the sim-
ulated unfolding intermediates to the experimentally
postulated ones. For this purpose, selected minimum
energy structures are harvested from the sets A, B, C1
and C2 and characterized in terms of several key prop-
erties. It is assumed that persistence of a catalytically
important proton transfer path at the active site region is
a good indicator of the catalytic potential of a detected
intermediate structure. Based on this assumption, pro-
jected catalytic activities of the selected structures are
estimated. We also examine the possibility of detect-
ing the proposed intermediate structures using far and
near-UV CD spectroscopy.

The present work, although similar in spirit, does
not attempt to perform a replica exchange molecular
dynamics simulation. This is because any such project
would involve enormous computational cost on account
of size of the protein. Even if any such project is
taken up, lack of quantitative information folding path-
ways and structure of intermediates involvedmay hinder
fruitful corroboration to experimental results. There-
fore, we focus our search instead on partially unfolded
structures that have properties as suggested by experi-
ments.

2. Computational method

Detailed methodology of generating the high temperature
unfolding trajectories for the mutant His-107-Tyr has been
discussed earlier12 and is briefly outlined here.

2.1 Molecular dynamics simulation

Wehave utilized in the present study following sets ofmolecu-
lar dynamics trajectories for thewild type andmutant proteins.

(1) Trajectory wt: wild type enzyme at 300 K,
(2) Trajectorymut: the mutant His-107-Tyr at 277 K where it

is expected to be most stable, and
(3) Trajectories mut-ht: the mutant His-107-Tyr simulated

at 500 K under four different conditions of heating to
500 K.12

Each set of trajectory has been generated from an input
model structure, solvated, energy minimized and heated to a
desired temperature in a large cubic box with around 15,000
TIP3P15 water molecules with periodic boundary condi-
tions using the solvation utilities of NAMD.13 In the next
step, 1 ns of equilibration and 50 ns of production runs
are carried out under isothermal-isobaric conditions using
CHARMM2216 force field parameters. The multiple time
step algorithm (RESPA17) was used with a MD time step
of 1 fs. The particle-mesh-Ewald18 summation method was
applied to treat the electrostatic interactions. The pressure
was kept constant at 1 atm using Langevin piston method
with a damping coefficient of 5 ps−1. The simulation temper-
ature was fixed at the desired value using Langevin damping
with a coefficient of 5 ps−1. An atom based cutoff of 13.5 Å
with switching cutoff at 10 Å was used for non-bonded van
der Waals interactions. Upon equilibration, all trajectories
exhibit relative energy fluctuations σE /E ∼ 10−3 (data not
shown).

2.2 Structural variation upon partial unfolding

In order to monitor the variation of secondary structure
(SS) elements associated with partial unfolding, the protein
structure is divided in to ten different regions as shown in
Table 1 and Figure 3. For a given structure, the percent-
age of α- and 310-helices within a given region is denoted
as PH = nH/nH,re f , where nH is the number of amino
residues in this region forming the helix compared to that
of a reference structure. In the present work, the structure
of the wild type protein generated at 300 K at the end of
a 50 ns MD run has been used as the reference. Analo-
gous percentage of β-sheets is labelled as PS . Estimates
of PH and PS are presented in Table 1 for the wild type
protein and its mutant have been estimated from the trajecto-
ries wt and mut using the software STRIDE interfaced with
NAMD.13

The active site of HCA II is known to be comprised of the
amino acid residues 5, 7, 62, 64, 67, 92–96, 106, 117–121
and 143–145. Since the active site is expected to be perturbed
during the thermal unfolding process, it is found convenient
to define the volume, Vas of a partially unfolded structure as
that of a sphere that circumscribes all these residues notwith-
standing the extent of deviations from thewild type-like active
site structure. The center of this sphere is assumed to coin-
cide with the center of mass of Cα-atoms of all the residues
listed above. The radius of this circle is approximated by the
distance between this center of mass and theCα-atom located
farthest from it.
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2.3 Construction of multi-dimensional property
space and reaction coordinate

Several propertiesweremonitored along each trajectory listed
above and 35 of them were found to exhibit substantial
dynamical variation in the trajectories mut-ht compared to
the two reference trajectories, wt and mut. Selected few of
these, relevant to the present study, are listed in Table 2. A
complete list is available in Ref.12

The extent of unfolding of a given structure is conven-
tionally monitored in terms of structural parameters such as
RMSD, Rg and solvent accessible surface area (SASA). We
have used the change in SASA (compared to wt or mut) as
one of the indicators of increasing aggregation propensity
displayed by a given structure. In addition, any change in
structural integrity of the active site is characterized in terms
of (i) tilt angle θt and (ii) distance das . The tilt angle is defined
as the angle between two vectors drawn from the Cα-atom of
Ser-105, first to the zinc ion and second to the Cα-atom of
residue 107. The distance das refers to the normal distance
between zinc ion and the plane containing Cα-atoms of its
three coordinated ligands, His-94, His-96 and His-119. If a
stable coordination environment ismaintained around the zinc
ion (as in wt or mut), θt lies between 23◦ and 48◦ or 73◦ and
95◦ and 3.0 � das � 5.2 (in Å).12

The property space is also used to define a
multidimensional-embedded, one-dimensional reaction coor-
dinate, dmean as12

dmean
2 (ti ) = 1

NpNt

Np∑

j=1

Nt∑

k=1

[
X j (ti ) − X j

ref (tk)
]2

In this notation, Np properties span the property space.
The mean distance, dmean(ti ) corresponds to the distance in
Np-dimensional property space at time ti between a given
dynamical trajectory and a reference trajectory. Nt denotes
the number of time slices along each of them. While com-
puting dmean(ti ), the j-th property X j (ti ) is compared to the
entire range of values of the same property, X j

ref exhibited by
a reference system. We have used a 50 ns long MD trajectory
of the wild type enzyme at 300 K as the reference. Therefore,
structures representing the stable native fold of HCA II are
associated with a narrow distribution near dmean = 0. Struc-
tures with higher degree of unfolding compared to the native
fold are expected to appear at progressively higher values of
dmean.

2.4 Detection of unfolding intermediates

The high temperature trajectories are subjected to K-means
clustering using Np = 35 properties as clustering parame-
ters in the multi-dimensional property space.12 A potential
unfolding intermediate is detected as the cluster with max-
imum mean silhouette value. As mentioned earlier, these
clusters appear at higher values of dmean(compared to the wild
type) when projected along the reaction coordinate.



1036 Srabani Taraphder et al.

Figure 3. Representation of the structures wt and mut of the wild type and mutant
protein from the terminal snapshots of the respective 50 ns long trajectories. Also
shown are the ten different regions chosen for secondary structure segments as 1 (red),
2 (blue), 3 (yellow), 4 (green), 5 (orange), 6 (cyan), 7 (purple), 8 (ice blue), 9 (pink)
and 10 (black).

Table 2. Selected properties of wild type HCA II (wt) and its mutant His-107-Tyr (mut) in the
multi-dimensional property space.

wt mut A B C1 C2

1 Total RMSD (Å) 0.0 0.87 2.17 3.17 3.44 5.89
2 Radius of gyration (Rg in Å) 38.5 38.3 42.1 42.3 42.8 42.3
3 Total SASA (Å2) 57,235.8 54,662.8 123,955.4 126,342.5 141,178.5 125,223.2
4 Tilt angle θt (◦) 79.2 70.3 90.64 95.28 81.09 87.12
5 das (Å) 4.36 5.76 4.74 4.30 2.21 2.86
6 Fraction of backbone contacts – – 0.18 0.19 0.18 0.17
7 Fraction of side chain contact – – 0.80 0.72 0.77 0.67

Also shown are the estimated values of the same for representative structures A, B, C1 and C2
belonging to potential unfolding intermediates of the mutant. The fraction of contact is calculated
with respect to the stable mutant structure mut with a cutoff distance equal to 6 Å (backbone) and
8.5 Å (side chain).

2.5 Identification of proton transfer path

The rate determining catalytic step for HCA II is an intra-
molecular proton transfer from a zinc-bound water molecule
to the side chain of His-64 (located ∼10 Å away on the other
side of the active site). A highly efficient proton transfer in
the wild type enzyme is mediated by a hydrogen bonded net-
work of 2–3 water molecules at the active site. In the present
work, we have chosen four minimum energy structures, one
each from the sets A, B, C1 and C2. Each structure is then
solvated, energy minimized and equilibrated at 300 K using
the solvation utilities of NAMD.13 The protein atoms were
kept fixed to obtain a reasonable approximation of the active
site hydration without altering the protein structure. For this

purpose, we enlist the heavy atoms of all polar amino acid
residues and O atoms of water molecules as probable nodes
in the proton relay and classify them in hydrogen bonded clus-
ters using an upper cutoff of 3.5 Å.9 A catalytically important
proton path is detected when side chain (Nδ1 and Nε2) atoms
of His-64 and O of the zinc-bound water molecule belong to
the same cluster. Therefore, the projected catalytic activity
of a structure is assumed as high if any analogue of the key
proton transfer pathway persists in it.

Tohave abetter solvationprofile of these equilibrated struc-
tures that were extracted from trajectories at 500K, additional
dynamical trajectories X-ext-solv (X=A, B, C1, C2) were
allowed to evolve for another for 2–5 × 105 steps at 300 K
starting from structure X and keeping all the protein atoms
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Figure 4. Variation of overall Cα root-mean-square devia-
tion (RMSD) (top) and radius of gyration (Rg) (bottom) along
the 50 ns long trajectories corresponding to the wild type pro-
tein at 300 K (wt, grey) and four different mutant trajectories
at 500 K (mut-ht; red, green, blue and pink).

fixed. These trajectories were then used to generate occu-
pancy plots for the water oxygen atoms created using the
volmap tool in VMD.21 These plots are useful in detecting
transient hydrogen bonds that may complete the key proton
transfer pathways for a short time.

2.6 Predicted circular dichroism (CD) spectra of
intermediate structures

Theoretical estimation of CD spectra of wild type HCAII
and its mutant His-107-Tyr has been carried out by using the
matrix method with ab-initiomonopoles implemented within
DichroCalc. 14

3. Results and Discussion

3.1 Reference structures of wild type and mutant
protein

We have obtained the structures wt and mut of the wild
type and mutant protein from the terminal snapshots
of the respective 50 ns long trajectories. These two

are used in our analysis as reference for the highly
stabilized native fold of wild type HCA II and the
most stable structure that could be modeled for the
His-107-Tyr mutant. They are presented in Figure 3
where we have also highlighted using different col-
ors the ten regions defined in Table 1. Variation of
the protein structure along the trajectories wt and mut-
ht has been shown in Figure 4 in terms of total Cα

root mean square deviation (RMSD) and radius of
gyration (Rg).

3.2 Putative unfolding intermediates

Quite a few significant transitions are observed in Fig-
ure 4 that could correlate to transitions along different
folding pathways. However, as discussed at length in
Ref.12, use of one or two such properties as clus-
tering parameter are found to yield overlapping clus-
ters from the high temperature trajectories mut-ht. To
address this issue, conformational clustering was car-
ried out using 35 properties as clustering parameters
to obtain clusters having substantially reduced over-
lap. Two clusters thus obtained are labeled as I.1 and
I.2.

Subsequently, the structures belonging to the sets
I.1 and I.2 are annealed fast to lower temperatures
(290 and 310 K, below and above the melting tem-
perature of 295 K of the mutant) and equilibrated to
harvest a large number of replicas of possible interme-
diate structures. Structures from different trajectories
are combined and projected along dmean. The resultant
population histograms are shown in Figure 5 for a few
representative sets. For every such structure set com-
piled, the distribution is scanned for predominant peaks
(such as the peaks A-F as shown in Figure 5). A narrow
interval of dmean is chosen around the position of each
peak and the structures contributing to this interval by
different trajectories are collected in separate sets. These
structure sets are evidently well separated along dmean
and are highly probable in comparison to other struc-
tures sampled. They are further subjected to analysis
to determine their aggregation propensity and integrity
of the active site. This procedure yields four sets of
partially unfolded mutant structures with the following
properties.12

1. Set A: 6455 partially unfolded mutant structures are
harvested that have both active site and inner β-core
intact and a low propensity to aggregate.

2. Set B: 8320 partially unfolded structures that have
lost the active site integrity but still retain a nearly
invariant innerβ-core. They are also characterized by



1038 Srabani Taraphder et al.

Figure 5. Population histogram of representative structure sets along dmean considered as potential candidates for unfolding
intermediates of themutant. Different colors are used to indicate that the underlying structures have been harvested by annealing
different sets of structures belonging to I.1 or I.2.

Figure 6. Most stable structure of the mutant derived at 277 K (Mut) and partially
unfolded structures A, B, C1 and C2 representing putative unfolding intermediates of
the mutant.

Table 3. Calculated active site volume for thewild type protein (structurewt) and itsmutant His-107-Tyr
(structure mut) compared to the partially unfolded mutant structures A, B, C1 and C2.

Structure wt mut A B C1 C2

Active site volume, Vas (Å3) 12,502.92 12,628.49 14,435.84 31,464.82 7188.61 12,065.91
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Figure 7. Variation of periph-
eral helices (orange) around the
hydrophobic β-core (blue) in the
structures mut, A, B, C1 and C2.

relatively higher aggregation propensity compared
to those of Set A.

3. Set C1 and C2: These structures are substantially
unfolded compared to the sets A and B, do not
satisfy the conditions of the active site integrity,
show the onset of unfolding of the inner β-core
and exhibit high aggregation propensity. The 6989
structures belonging to set C1 exhibit on an average
smaller deviation from the conditions of stable active

site structures in comparison to the 7718 structures
belonging to set C2.

Evidently, sets A and B appear to corroborate to the
properties of proposed intermediates MGLe and MGLk

qualitatively, while sets C1 and C2 appear to mimicMG
intermediate. Average properties calculated for each of
these sets have been presented earlier12 and they justify
such correlation.

3.3 Analysis of representative mutant structures

We have next selected the minimum energy structure
from each of the four sets used in our subsequent anal-
ysis. These four representative structures are labeled as
A, B, C1 and C2 from the corresponding sets of partially
unfolded structures of the mutant. These are presented
in Figure 6.

It is clear from Figure 6 that unfolding of mut leads
to variation in the secondary structure elements. The
percentages, PH and Ps of helical and β-sheet content,
respectively, in each of the ten regions are presented in
Table 1 and compared with those obtained for wt and
mut. As expected for the regions near the N-terminus,
regions 1 and 2 exhibit large variations with the αA
and B helices that are lost in structure B, but eventu-
ally reforms in C1 and C2. αC and D helices are not
seen beyond the structure B. αE helix persists in struc-
tures A, B and C2 while being completely unfolded
in structure C1. Variation of peripheral helices around
the β-core are highlighted for all four structures in
Figure 7.

Stability of the β-core is evident from the little or
no variation in the regions 3 (βB, C, D, E, J), 5 (βF)
and 8 (βG, H). The onset of perturbation of the stable
hydrophobic core is indicated mainly by the regions 7
and9 (associatedwith the loss ofβAandαG)alongwith
small fluctuations in region 3. The associated changes
in active site are well-reflected in the calculated values
of active site volume, Vas presented in Table 3. Space-
fillingmodels of the residues supposed to be forming the
active site are presented in Figure 8 for the mutant struc-
tures A, B, C1 and C2 as a visual guide. The structures
wt and mut have active site volumes within about 1% of
each other. Structures A and C2 exhibit only marginal
deviations in Vas from the reference structures. Remark-
ably, Vas of structure B becomes nearly 1.5 times that of
wt. The active site appears to shrink considerably in C1.
It is beyond the scope of present work (limited to only
four structures) to establish if this is an artifact of our
simulations or whether these observations can be statis-
tically significant. At this stage, no apparent correlation
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Figure 8. Van der Waals surfaces of all
amino acid residues considered for the cal-
culation of active site volume, Vas for the
partially unfolded mutant structures A, B,
C1 and C2.

is evident between Vas and retention of wild type-like
environment at the active site.

Table 2 summarizes some key properties of A, B,
C1 and C2. The variation of RMSD, Rg and total
SASA values evidently indicates an increasing degree
of unfolding as wemove from structure A to C1 and C2.
The increase in total SASA is found to be maximum in
the structure C1. With increasing unfolding, regions 3
and 9 are found to undergo most prominent changes in
their SASA values (∼5%) in the structure C2 compared
to the structure mut. These data are consistent with the
observed values of fraction of native backbone and side
chain contacts in these structures.

It has been shown in Table 2 that the structural fea-
tures of set A resemble that of the mutant most closely.
Deviations of the active site from its most stable con-
figuration are more prominent in the structures C1 and
C2. In particular, the active site shows signs of col-
lapsing as evident from rather small value of das for
set C2. In addition, only about 18% hydrophobic Cα–
atom contacts are retained in these structures compared
to those present in the most stable mutant structure,
mut.

3.4 Hydrogen bonded network at the active site

The solvation environment of the catalytic zinc ion
changes as the zinc-boundwatermolecule forms a small
hydrogen bonded cluster with Glu-106 and Glu-117
along with His-96 (structures B and C1) and with His-
119 (structure C2). His-64, the key catalytic residue,
points away from the active site in the structures B, C1
andC2.This, coupled to the depletion of active sitewater
molecules, makes formation of stable proton transfer
paths highly unlike in these structures. Therefore, the
structures B, C1 and C2 appear to mimic the loss of
catalytic activity and increased propensity of aggrega-
tion exhibited by the intermediates MGLk and MGk.
The residue His-64 points to the active site cavity in
structure A, thus retaining its optimal side chain ori-
entation for an efficient transfer of proton. However,
structure A is found to lack water molecules that can
reside at the active site long enough to form the pro-
ton transfer path between the zinc bound water and
His-64.
It is natural to question the validity of the analy-

sis presented above given the fact that these structures
were generated from high temperature MD trajectories
and therefore, would not represent the hydration struc-
ture around the active site accurately. Therefore, we
further analyzed the hydration of this region at 300 K
along extended trajectories generated from the struc-
tures.When equilibrated at 300 K for 3×105 steps more
keeping the protein atomsfixed, severalwatermolecules
are found to populate the active site. The isosurface
corresponding to 50% occupation probability of water
molecules within a distance of 8 Å from the catalytic
zinc ion has been shown in Figure 9. Extended regions
of hydration are observed that may lead to the forma-
tion of proton paths transiently at a much longer time.
Proton transfer under such circumstances is expected to
encounter a higher free energy barrier in A compared to
wt or mut. This corroborates well with a lower catalytic
activity of this class of structures and hence the latter
seem to agree with the features of intermediate MGLe

(Figure 10).
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Figure 9. Lack of hydrogen bonded proton path between the zinc-bound water and His-64 at the active
site of the unfolding intermediates A, B, C1 and C2 of the mutant His-107-Tyr of HCA II. Catalytically
important active site residues are shown using sticks and O-atoms of active site water molecules are shown
as red spheres. Hydrogen bonds between network nodes are highlighted using red sticks.

The change in structure around the active site of
the intermediates C1 and C2 is fairly evident from the
observed deviation (Table 3) of the associated tilt angle
θt and distance das compared to those of the structures
wt andmut. Alignment of the structures C1 and C2 with
respect to the zinc ion indicates a significant perturbation
of the active site region especially for residues Trp-5,
Tyr-7 and His-64. This observation correlates well with
the calculated values Vas of structures C1 and C1 as
shown in Table 3.
We also investigated the hydration structure by allow-

ing the high temperature structures C1 and C2 to

equilibrate at 300 K for 2–5 × 105 steps keeping all
the protein atoms fixed. The results are shown in Fig-
ure 11 for the structures C1-ext-solv and C2-ext-solv,
respectively. A partial collapse of the tetrahedral coor-
dination environment of the zinc ion is more prominent
in C2 than in C1. This results in the expulsion of water
molecules from the erstwhile active site. The isosurfaces
corresponding to 50% occupation probability by water
molecules are found to be concentrated around the zinc
ion along with Glu-106 and Glu-117 in both the cases.
It therefore appears that both these structures are inca-
pable of showing any catalytic activity.
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Figure 10. Hydration of the active site of
the unfolding intermediate (structure A) of
the mutant His-107-Tyr of HCA II showing
the isosurface with 50% occupation proba-
bility by water molecules (upper panel) and
a molecular representation of the active site
hydration at long times keeping the protein
structure fixed (lower panel).

3.5 Calculated CD spectra

We have presented in Figure 12 theoretically predicted
CD spectra of the structures wt, mut, A, B, C1 and C2
at both far- and near-UV regions. Structure A gives
the most distinct spectral band in the near-UV region
compared to either wild type or the most stable mutant
structure. As pointed out earlier, the observed changes
with higher degree of unfolding seem to indicate the
underlying changes in tertiary contacts around the Trp
residues present in these structures. However, the results
presented in this figure take into consideration only
one structure from each set of intermediates. There-
fore, the trends shown here are merely indicative of
the fact if the mutant can eventually be experimentally
trapped, these data may be used to estimate relative
populations of MGLe, MGLk or MG-like structures in
it.

4. Conclusions

In this article, we have utilized a recently proposed
computational methodology to detect and characterize
potential unfolding intermediates of a moderately large
protein His-107-Tyr mutant of HCA II. It is found that a
misfolded intermediate with lowest degree of unfolding
and relatively lower SASA is expected to exhibit cat-
alytic activity. However, such activity will depend on
the dynamics of hydration of the active site. The other
intermediates showmarked deviation from the bothwild
type and stable mutant structures. Unfolding seems to
remove water molecules from the active site, thereby
rendering themcatalytically inactive. It is also suggested
that near-UV CD spectra will be helpful in distinguish-
ing these structures.

Figure 11. Comparison of isosurfaces (green) corresponding to 50% probability of occu-
pation by water molecules from prolonged equilibration of the structure C1 and C2 showing
lack of water molecules in the erstwhile active site.
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Figure 12. Far-UV (top) and near-UV (bottom) CD spectra predicted for wild type
HCA II (wt) and its mutant (mut). Also shown are the calculated spectral bands of
potential unfolding intermediates A, B, C1 and C2 of the mutant.

The work presented here has been restricted to
selected structures for each class of intermediates
detected in the multi-dimensional property space. Our
results seem to indicate that further insight into the
mechanism of unfolding of the mutant and its corre-
lation to its reduced catalytic activity may be probed
if optimum pathways between these intermediate states
may be developed. This will be addressed in near future.
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